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THE BUILDING SEISMIC SAFETY COUNCIL AND ITS PURPOSE

The Building Seismic Safety Council (BSSC) was established in 1979 under the auspices of the National Institute
of Building Sciences (NIBS) as an entirely new type of instrument for dealing with the complex regulatory,
technical, social, and economic issues involved in developing and promulgating building earthquake hazard mitiga-
tion regulatory provisions that are national in scope. By bringing together in the BSSC all of the needed expertise
and all relevant public and private interests, it was believed that issues related to the seismic safety of the built |
environment could be resolved and jurisdictional problems overcome through authoritative guidance and assistance
backed by a broad consensus. -

The BSSC is an independent, voluntary membership body representing a wide variety of building com-
munity interests. Its fundamental purpose is to enhance public safety by providing a national forum that fosters
improved seismic safety provisions for use by the building community in the planning, design, construction, regula-
tion, and utilization of buildings. To fulfill its purpose, the BSSC:

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

L Recommends, encourages, and promotes the adoption of appropriate seismic safety provisions in voluntary |
standards and model codes;

° Assesses progress in 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;

® Promotes the development of training and educational courses and materials for use by design
professionals, builders, building regulatory officials, elected officials, industry representatives, other
members of the building community, and the public;

® Advises government bodies on their programs of research, development, and implementation; and

® Periodically reviews and evaluates research findings, practices, and experience and makes recommenda-
tions for incorporation into seismic design practices.

The BSSC's area of interest encompasses all building types, structures, and related facilities and includes
explicit consideration and assessment of the social, technical, administrative, political, legal, and economic impli- |
cations of its deliberations and recommendations. The BSSC believes 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 (i.e., 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 parti- |
cipate. The BSSC also believes that the regional and local differences in the nature and magnitude of potentially {
hazardous earthquake events require a flexible approach to seismic safety that allows for consideration of the rela-
tive risk, resources, and capabilities of each community.

The BSSC is committed to continued technical improvement 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 I
and institutions and incorporated, whenever possible, into their legislation, regulations, practices, rules, codes, relief [
procedures, and loan requirements so that these measures and initiatives become an integral part of established i
activities, not additional burdens. The BSSC itself assumes no standards-making and -promulgating role; rather, |
it advocates that code- and standards-formulation organizations consider BSSC recommendations for inclusion into
their documents and standards. |

See Appendix E of the Commentary volume for a full description of the BSSC program. ' |
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NOTE

Those portions of the 1994 Edition of this Commentary volume that are substantively different
from the 1991 Edition are identified in the margins as follows:

Additions
or
revisions
Deletions -

Not highlighted are editorial and format changes; however, Appendix A of the the Provisions
volume presents a summary of the substantive differences between the 1991 and 1994 Editions
and includes an explanation of the format changes and a comparison of 1991 and 1994 chapter
and section numbers.







Chapter 1 Commentary

GENERAL PROVISIONS

Chapter 1 sets forth general requirements for applying the analysis and design provisions
contained in Chapters 2 through 9 of the NEHRP Recommended Provisions. 1t is similar to what
might be incorporated in a code as administrative regulations.

Chapter 1 is designed to be as compatible as possible with normal code administrative
provisions (especially as exemplified by the three national model codes), but 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 of performance.

It is important to note that the NEHRP Recommended Provisions is intended to serve as
a source document for use by any interested member of the building community. Thus, some
users may alter certain information 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 design requirements were necessary). It
is strongly emphasized, however, 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, although the NEHRP Recommended Provisions is national in scope, it presents
minimum criteria. It is neither intended to nor does it justify any reduction in higher standards
that have been locally established, particularly in areas of highest seismicity.

Reference is 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 establish standards and approval systems to
accommodate the use of the document for development of a regulatory system. A good example
of this is in Sec. 1.5, "Alternative 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 place. In some instances, the decision-making mechanism referred to is clearly
most logically the province of a building official or department; in others, may be a law-making
body such as a state legislature, a city council, or some other state or local policy-making body.
The term "regulatory agency” has been used to apply to all of these entities. A good example
of the need for keeping such generality in mind is provided by the California law concerning the
design and construction of schools. That law establishes requirements for independent special
inspection approved and supervised by the Office of the State Architect, a state-level office that
does not exist in many other states.

Note that appendices to this Commentary volume present general discussions of topics
related to the Provisions. Appendix A describes the development of Provisions Maps 1 through
4; Appendix B discusses the cost implications of application of the Provisions, Appendix C




Commentary, Chapter 1

provides a discussion of risk; and Appendix D presents additional background concerning the site )
response provisions introduced in the 1994 Provisions.

1.1 PURPOSE: The goal of the NEHRP Recommended Provisions is to present criteria for the
design and construction of new 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 after an earthquake. To this end, the Provisions provides the
minimum criteria considered prudent and economically justified for the protection of life safety
in buildings subject to earthquakes at any location in the United States. The Provisions document
has been reviewed extensively and balloted by the building community and, therefore, it is 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 document generally ]
considers property damage as it relates to occupant safety for ordinary buildings. For high
occupancy and essential facilities, damage limitation criteria are more strict in order to better |
provide for the safety of occupants and the continued functioning of the facility.

Some structural and nonstructural damage can be expected as a result of the "design
ground motions" because the Provisions allow inelastic energy dissipation by utilizing the defor-
mability of the structural system. For ground motions in excess of the design levels, the intent |
is that there be a low likelihood of collapse. |

It must be emphasized that absolute safety and no damage even in an earthquake event ‘

with a reasonable probability of occurrence cannot be achieved economically for most buildings.
The objective of the Provisions therefore is to present the minimum requirements to provide
reasonable and prudent life safety for building 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; however, this would depend upon a number of factors in-
cluding 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),
the Provisions presents only minimum criteria in general terms. These criteria reflect both
scientific and engineering data supplemented with judgment based on past earthquake experiences
and design applications and, as a result, significant variability is associated with them,

The process of designing and constructing an earthquake-resistant structure involves
several steps that require use of input parameters with significant variability.

Tabie C1.1 lists the key steps involved in the seismic design process and estimates of the
variability associated with each step along with a more detailed breakdown of the parameters [

|
!

associated with each step. The ranges of variability are intended to give some guidance to the
user of the Provisions by pointing out the possible range of values provided, calculated, or used
in the seismic design-construction process. They are not related to code values. They are a .
judgmental quantification developed by the 1994 BSSC Design Values Panel after extensive |
discussion and review. They were not computed from statistics and, thus, should not be used to |
impute levels of reliability. ] |

_I.



The goal of the seismic design process is to design a structure that will remain stable
when it is subjected to seismic forces. Thus, the structure should be designed with appropriate
margins or conservatism considering the variability of the input. The design steps associated with
determining seismic demand are the seismic hazard, the site response factors, and the structural

General Provisions
TABLE Cl1.1
Major Seismic Design Input Parameters |
Design Approximate |
Step Parameters Variability )
Seismic Hazard Source zones
Recurrence rates 100% = ‘
Maximum magnitudes |
Ground motion attenuation 'I
Site Response Soil/rock impedance |
Factors Soil depths 40% =+ |
Soil properties ,
Strain levels |
Structural Analy- | Material properties 0 to 20% Il |
sis Damping 0 to 50%
Elastic moduli 0 to 50% |
Weights 15% + '
Modeling of structure 15% %
Modeling of foundation 0 to 50%
Combination of modal responses 0 to 50% _
Combination of directions 0 to 50% | '
R factors/ductility 0 to 50% |
Structural Design | Seismic Hazard Exposure Group | ‘
Selection of seismic resistant system ‘
Redundancy 1
Story drift determination 40% =+ |
Detailing requirements |
P-delta effects |
Load combinations
Material strength properties !
Quality Assurance | Application of the procedures
and Control Pro- Review of the calculations and plans 100% + I
cedures Materiat tests |
Construction Prac- | Use of proper materials |
tices Proper placement and erection of materials and 25% +
components Il
Inspection '




Commentary, Chapter |

analysis. The design steps associated with seismic capacity are structural design data, quality
assurance and control procedures, and construction practices.

The seismic demand parameter with possibly the greatest associated variability involves
seismic hazard determination and, consequently, use of the seismic hazard maps. Most of this
uncertainty derives from the nature of seismicity. Due to uncertainty in ground motion
attenuation functions, the U.S. Geological Survey (USGS) has performed sensitivity studies for
several U.S. cities to quantify the variability associated with the attenuation functions used in the
development of the spectral response seismic hazard maps in the 1994 Provisions Maps 5 through
12. These studies suggest that the seismic hazard values in the Provisions range from 30 to 70
percent above the values obtained when the median attenuation functions are used without
considering the uncertainty associated with the attenuation functions except in some areas with
higher seismic hazard. Also, Thenhaus and coworkers. (1987) have demonstrated that the
variability in expected ground motion in the eastern United States due to different characteriza-
tions of seismic source zones is 1.2 to 3.1 (ratio between the maximum and minimum ground
motions). Similar or greater variability exists with respect to the seismic hazard maps defining
effective peak acceleration (EPA) and effective peak velocity (EPV) in the Provisions, Maps 1
through 4. The EPA and EPV values are used with standard spectral shapes which, for many
U.S. sites, provide conservatism especially at fundamental periods over about 1 sec. This
conservatism results because the standard spectral shapes were developed to envelope all site
conditions and earthquake magnitudes.

Site response factors are another seismic demand parameter with significant variability.
The factors in the 1994 Provisions were developed as a result of discussions and recommenda-
tions made at a National Center for Earthquake Engineering Research/Structural Engineers
Association of California/Building Seismic Safety Council Site Response Workshop in November
1992. Following the workshop it was suggested that the acceleration based site-coefficient (F)
values generally represent mean values and the velocity-based site coefficient (F,) values
represent site response factors between the mean and the mean plus about one sigma (standard
deviation).

The last step in defining seismic demand is determination of the earthquake structural
forces by analyses. As shown in Table C1.1, the structural damping, elastic moduli, weights,
modeling (including soil-structure interaction), combination of modes, combination of directions,
and the R factors (representing inelastic behavior and other energy dissipation characteristics) all
contribute to the variability in determining the structural forces. Note that although the R factor
could be ccnsidered to be part of seismic capacity instead of demand, it is considered on the
demand side of the equation because it is used to determine the structural loads. All of these
parameters affect prediction of the seismic structural responses. The estimates in Table C1.1
represent the best judgment of the BSSC Design Values Panel members participating in the 1994
Provisions update effort and represents their opinions based on nearly 300 years of cumulative
structural design experience. The ASCE Working Group on Quantification of Uncertainties of
the Committee on Dynamic Analysis of the Committee on Nuclear Structures (1986) discussed
in some detail the variability in most of these parameters and generally supported the variability
of 0 to 50 percent in soil-structure interaction. As the ASCE Working Group indicated, the
combined effect of all these variabilities is desirable, but it is difficult to determine. Ang and
Newmark (1977) have performed some simplified studies that suggest the total variability with
respect to the prediction of structural response could be from 0 to 60 percent.
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The design steps associated with determining the seismic capacity are the structural design
process, quality assurance and control (QA&C) procedures, and construction practices. The
various parameters of the structural design process identified in Table C1.1 could be generalized
in two parts--structural design and material strength properties. The variability in structural
design (story drift, detailing requirements, P-delta effects, load combinations) was identified as
10 to 25 percent. The variability in material strength properties was identified as 15 to 20
percent, which is similar to values reported by the ASCE Working Group (1986). Table C1.1
reports a combined value for structural design.

The variability associated with construction practices was estimated to be about 10 to 25
percent while the variability associated with QA&C procedures could be from 0 to 100 percent
depending on whether QA&C procedures are prepared and implemented. The main point to be
made is that QA&C procedures along with construction procedures and inspection are essential
to ensure that a structure is built to satisfy the seismic design requirements. Proper implementa-
tion of the procedures should limit the variability such that the seismic safety of the structure is
not impacted.

As stated above, the goal of the design process is to ensure that the seismic capacity of
the structure exceeds the seismic demand placed on the structure with appropriate margins or
conservatism considering the variabilities of the input. It would be desirable to quantify the
appropriate margins and conservatism but it is difficult to do so. However, for the present, the
experienced structural engineer together with the design team must be relied upon to exercise
judgment in interpreting and adapting the basic principles and the relevant associated variabilities
to a specific project.

The Provisions document is 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 50-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 is not true in many other earthquake-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 acceleration and velocity coefficients with 90 percent probabilities of
not being exceeded in 50 years and another set giving acceleration and velocity coefficients with
90 percent probabilities of not being exceeded in 250 years. Use of these maps will help
regulatory agencies to rationally appraise the possibility that larger earthquakes will occur and
to modify the Provisions accordingly. Alternative actions could include obtaining a specific site
evaluation, ignoring 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 the proper stiffness to limit 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, parti-
tions, and wall panels. The nonstructural elements can be separated or floated free and allowed
to move independently of the structure. If these elements are tied rigidly to the structure, they
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should be protected from deformations that can cause cracking; otherwise, pne 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 the Provisions.

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

A 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:

1. To ensure that the design has fully identified the seismic force resisting system and its
appropriate design level and

2. To ensure that the design basis is 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 Provisiens
as a base of reference. Certain buildings are exempt and need not comply:

1. Detached one- and two-family dwellings located at sites where the seismic coefficient C,
is less than 0.15 also are exempt because they represent exceptionally low risks (see Sec.
1.2).

2. A simple procedure is specified for detached 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. 9.10 are adequate to
provide the safety required based on the history of such frame construction--especially
low structures--in earthquakes.

3. Agricultural storage buildings are generally exempt from most code requirements because
of the exceptionally low risk to life involved and that is the case of the Provisions.

Existing buildings, except for additions thereto and changes of occupancy therein, are not
within the scope of the Provisions. FEMA, however, currently is sponsoring a program on
mitigation of the seismic hazard to existing buildings; for information, write FEMA, Earthquake
Programs, Washington, D.C. 20472. For the first time, this 1994 Edition of the Provisions
includes a section (Sec. 2.7) that presents guidance for the seismic design of nonbuilding
structures such as vessels, silos, chimneys, and towers. Other structures such as power plants,
bridges, dams, retaining walls, docks, and off-shore platforms require seismic design procedures
that are beyond the scope of the Provisions and the structural engineer must establish criteria to
suit the special requirements for performance and reliability of these structures.
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The Provisions are not written to prevent damage due to earth slides (such as those that
occurred in Anchorage, Alaska), to liquefaction (such as occurred in Niigata, Japan), or to
tsunami (such as occurred in Hilo, Hawaii). It provides for only minimum required resistance
to earthquake ground-shaking, without settlement, slides, subsidence, or faulting in the immediate
vicinity of the structure.

1.3 APPLICATION OF PROVISIONS: The requirements for application of the provisions
in Chapters 2 through 9 to new buildings, additions to existing buildings, and changes of use are
established in this section. :

1:3.2 ADDITIONS TO EXISTING BUILDINGS: The requirements for additions--both
horizontal and vertical reflect the fact that the Provisions does not include criteria for alterations
and repairs to existing buildings. Thus, additions that are structurally independent of an existing
building are considered to be new buildings required to conform with the Provisions. For
additions that are not structurally independent, the intent is that the addition as well as the
existing building be made to comply with the Provisions except that an increase of up to S
percent of the mass contributing to seismic forces is permitted in any elements of the existing
building without bringing the entire building into conformance with the Provisions.

1.3.3 CHANGE OF USE: Although the Provisions document does 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 building,
2. Should provide for the seismic forces required by the Provisions, 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 (SHEG),
the building must be made to conform to the Provisions for the new Seismic Hazard Exposure
Group except that buildings in areas with an effective peak velocity-related acceleration (4,)
value of less than 0.15 being reclassified from SHEG I to SHEG II need not comply.

1.4 SEISMIC PERFORMANCE: The Provisions requirements for analysis and design of
buildings are based on a seismic hazard criterion that reflects the relationship between the use
of the building and the level of shaking to which it may be exposed. This relationship primarily
reflects concern for life safety and, therefore, the degree of exposure of the public to the hazard
based on a measure of risk.

The purpose of Sec. 1.4.1 and 1.4.2 is to provide the means for establishing the 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 is identified.

1.4.1 SEISMIC GROUND ACCELERATION MAPS: This section introduces the seismic
ground acceleration maps, Maps 1 through 4 and the values of effective peak acceleration (4,)
and effective peak velocity-related acceleration (4,) for the various map areas. See Appendix
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A of this Commentary volume for a discussion of the development of the maps. Probabilistically
based Maps 1 through 4 were developed about 20 years ago, and newer data (see the "Appendix
of Chapter 1" of the Provisions) indicate that these maps could underestimate the seismic
exposure in some areas of the country, especially portions of the Pacific Northwest, California,
Utah, New England, and the Mississippi Valley. Jurisdictions in those areas and others using
these guidelines for those areas should consider all available information before selecting 4, and
A, values for their jurisdiction or use.

In Sec. 1.4.1.2, it is intended that the values of 4, and 4, may be determined directly
from Maps 3 and 4 instead of the 4, and 4, values in Table 1.4.1.1. Maps 3 and 4 are contour
maps of effective peak acceleration coefficients. For a particular site or jurisdiction, the 4, and
A, values may be read by interpolation of the contour maps or the highest 4, and 4, value may
be selected for design purposes.

Local jurisdictions may wish to stipulate a single 4, and 4,, value for design which would
eliminate potential interpolation interpretations. The selection of a single value for jurisdiction
use would be extremely conservative for large geographical areas where the 4, and 4,, values
vary significantly within the boundaries of the jurisdiction. For this situation, a jurisdiction may
elect to allow direct interpolation of Maps 3 and 4 for a given site within the jurisdiction
boundaries.

1.4.2 SEISMIC COEFFICIENTS: This commentary section focuses on site coefficients and
related topics. Sec. 2.5 and its commentary provide background on soil-structure interaction.
Sec. 1.4.5 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
located over an active fault. Although it is known that some structures could and must be
designed to remain intact even if a fault surface rupture goes through their bases, it is inappro-
priate for critical facilities to be so located.

In previous editions of the Provisions, the term A, was used as a "trigger" value
throughout. The 4, term was chosen because it was equal to or greater than 4, in all map areas.
The 1994 Edition of the Provisions introduces new site coefficients, ¥, and F,, that recognize
the nonlinearity of the soils factors, and it was concluded that most trigger values should be
modified to incorporate these factors. However, the terms 4 F, and A F, were perceived as
being cumbersome and it therefore was decided to introduce the new C, and C,, terms which are
based on the following formulas:

C, = A,F, and C, = AF,

Unfortunately, this decision was reached relatively late in the 1994 update process and there was
insufficient time to thoroughly explore the impact of making this change in all places where the
A, trigger appeared, most notably in Table 1.4.4. It should be clearly noted, however, that the
intent of the 1994 PUC is that future editions of the Provisions will have the site coefficients
incorporated into Table 1.4.4 as well as in other sections where the A, trigger was retained for
1994,

In general, the 4, trigger value has been replaced with the seismic coefficient C, in the
1994 Provisions. One notable exception is Table 2.3.3 where C,, is used as the trigger value.
Since the purpose of the table is to determine the upper bound limit for calculating the
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fundamental period, it was felt that maintaining a velocity-related coefficient was more
appropriate in this instance.

The values for the site coefficients, F, and F,, used to determine the seismic coefficients,
C, and C,, are shown in Tables 1.4.2.3a and 1.4.2.3b but are not used directly in the Provisions.
Provisions Tables 1.4.2.4a and 1.4.2.4b were developed by multiplying the values in Tables
1.4.2.3a and 1.4.2.3b for each of the Soil Profile Types by the acceleration coefficients, 4, and
A, respectively. '

Site Conditions: It has long been recognized that the effects of local soil conditions on ground
motion characteristics should be considered in building design, and most countries considering
these effects have developed different design criteria for several different soil conditions. The
1989 Loma Prieta earthquake provided abundant strong motion data that was used extensively
together with other information in developing the 1994 Provisions. Evidence of the effects of
- loc¢al soil conditions has been observed globally including eastern North America. An example
of the latter is a pocket of high intensity reported on soft soils in Shawinigan, Quebec, ap-
proximately 155 miles (250 km) from the 1925 Charlevoix magnitude 7 earthquake (Milne and
Davenport, 1969).

The Applied Technology Council (ATC) study that generated the preliminary version of
the Provisions provided for the use of three Soil Profile Types considered, in the late 1970s, to
be different enough in seismic response to warrant separate site coefficients (S factors) and
experience from the September 1985 Mexico City earthquake prompted the addition of a fourth
Soil Profile Type. These have been revised for the 1994 Provisions to conform to the
experiences of the Mexico City and the 1989 Loma Prieta earthquake in California as well as to
other observations and studies showing the effects of level of shaking, rock stiffness, and soil
type, stiffness and depth on the amplification of ground motions at short and long periods. The
resulting use of higher seismic coefficients in areas of lower shaking and the addition of a "hard
rock" category in the 1994 Provisions better reflect the conditions in some parts of the country
and incorporate recent efforts toward a seismic code for New York City (Jacob, 1990 and 1991).
The need for improvement in codifying site effects was discussed at a 1991 National Center for
Earthquake Engineering Research (NCEER) workshop devoted to the subject (Whitman, 1992),
which made several general recommendations. At the urging of Robert V. Whitman, a committee
was formed during that workshop to pursue resolution of pending issues and develop specific
code recommendations. Serving on this committee were M. S. Power (chairman), R. D.
Borcherdt, C. B. Crouse, R. Dobry, I. M. Idriss, W. B. Joyner, G. R. Martin, E. E. Rinne, and
R. B. Seed. The committee collected information, guided related research, discussed the issues,
and organized a November 1992 Site Response Workshop in Los Angeles (Martin, 1994). This
workshop discussed the results of a number of empirical and analytical studies and approved
consensus recommendations that form the basis for the 1994 Provisions.

Amplification of Peak Ground Acceleration: Seed and coworkers (1976a) conducted a
statistical study of peak accelerations developed at locations with different site conditions using
147 records from each western U.S. earthquake of about magnitude 6.5. Based on these results,
judgment and analysis, they proposed the acceleration relations of Figure C1.4.2-1a that are
applicable to any earthquake magnitude of engineering interest. It must be noted that the data
base of that study did not include any soft clay sites and, thus, the corresponding curve in the
figure was based on the authors' experience and, consequently, was somewhat more speculative.
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Idriss (1990a and 1990b), using data from the 1985 Mexico City and 1989 Loma Prieta
earthquakes, recently modified the curve for soft soil sites as shown in Figure C1.4.2-1b. In
these earthquakes, low maximum rock accelerations of 0.05g to 0.10g were amplified by factors
of from about 1.5 to 4 at sites containing soft clay layers ranging in thickness from a few feet
to more than a hundred feet and having depths of rock up to several hundred feet. As shown by
the data and site response calculations included in Figure C1.4.2-1b, the average amplification
factor for soft soil sites tends to decrease as the rock acceleration increases--from 2.5 to 3 at low
accelerations to about 1.0 for a rock acceleration of 0.4g. Since this effect is directly related to
the nonlinear stress-strain behavior in the soil as the acceleration increases, the curve in Figure
C1.4.2-1b can be applied in first approximation to any earthquake magnitude of engineering
interest.

It is clear from Figure C1.4.2-1b that low peak accelerations can be amplified several
times at soil sites, especially those containing soft layers and where the rock is not very deep.
On the other hand, larger peak accelerations can be amplified to a lesser degree and can even be
slightly deamplified at very high rock accelerations. In addition to peak rock acceleration, a
number of factors including soil softness and layering play a role in the degree of amplification.
One important factor is the impedance contrast between soil and underlying rock.

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

The mean spectral shapes determined directly from the study by Seed and coworkers
(1976b), based on 104 records from 21 earthquakes in the western part of the United States,
Japan and Turkey, are shown in Figure C1.42-2. The ranges of magnitudes and peak
accelerations covered by this data base are 5.0 to 7.8 and 0.04g to 0.43g, respectively. All
spectra used to generate the mean curve for soft to medium clay and sand in Figure C1.4.2-2
correspond to rather low peak accelerations in the soil (less than 0.10g). The spectral shapes in
the figure 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 C1.4.2-3. The curves in this figure therefore apply to the three soil
conditions in the original version (1985) of the Provisions.

The three conditions corresponding to the three lines in Figure C1.4.3-3 plus a fourth
condition introduced following the 1985 Mexico City earthquake are described as follows:

1. Soil Profile Type S;--A soil profile with either: (1) rock of any characteristic, either
shale-like or crystalline in nature, that has a shear wave velocity greater than 2,500 ft/s
(762 m/s) or (2) stiff soil conditions where the soil depth is less than 200 ft (61 m) and
the soil types overlying the rock are stable deposits of sands, gravels, or stiff clays.

7 Soil Profile Type S,--A soil profile with deep cohesionless or stiff clay conditions where
the soil depth exceeds 200 ft (61 m) and the soil types overlying rock are stable deposits
of sands, gravels, or stiff clays.
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3. Soil Profile Type S;--A soil profile containing 20 to 40 ft (6 to 12 m) in thickness of soft-
to medium-stiff clays with or without intervening layers of cohesionless soils.

4, Soil Profile Type S,--A soil profile characterized by a shear wave velocity of less than
500 ft/sec (152 m/s) containing more than 40 ft (12 m) of soft clays or silts.

The post-Loma Prieta studies (Martin, 1994) have resulted in considerable modification
of these profile types resulting in the Soil Profile Types in the 1994 Provisions, A through F.

Response of Soft Sites to Low Rock Accelerations: Earthquake records on soft to medium clay
sites subjected to low acceleration levels indicate that the soil/rock amplification factors for long-
period spectral accelerations can be significantly larger than those in Figures C1.4.2-1 and
C1.4.2-2 (Seed et al., 1974). Furthermore, the largest amplification often occurs at the natural
- period of the soil deposit. In Mexico City in 1985, the maximum rock acceleration was
amplified four times by a soft clay deposit that would have been classified as S, whereas the
spectral amplitudes were about 15 to 20 times larger than on rock at a period near 2 sec. In
other parts of the valley where the clay is thicker, the spectral amplitudes at periods ranging
between 3 and 4 sec also were amplified about 15 times, but the damage was less due to the low
rock motion intensity at these very long periods (Seed et al., 1988). Inspection of the records
obtained at some soft clay sites during the 1989 Loma Prieta earthquake indicates a maximum
amplification of long-period spectral amplitudes of the order of three to six times. Figure C1.4.2-
4 shows a comparison of average response spectra measured on rock and soft soil sites in San
Francisco and Oakland during this magnitude 7.1 earthquake. A preliminary study of the Loma
Prieta records at one 285-ft (87 m) soil deposit on rock containing a 55-ft (17 m) soft to medium
stiff clay layer (Treasure Island) seems to suggest that the largest soil/rock amplification of
response spectra occurred at the natural period of the soil deposit, similarly to Mexico City (Seed
et al., 1990).

Some relevant theoretical and experimental findings are reviewed briefly below to clarify
the role of key site parameters in determining the magnitude of the soil/rock amplification of
spectral ordinates at long periods for sites containing soft layers. These parameters are the
thickness of the soft soil, the shear wave velocity of the soft soil, the soil/rock impedance ratio
(IR), the layering and properties of the stiffer soil between soft layer and rock, and the modulus
and damping properties of the soft soil. The basic assumptions used are those typically used in
one-dimensional site response analyses and, thus, the conclusions drawn are restricted to sites
where these conditions are fulfilled (i.e., flat sites with horizontal layering of significant extension
and far from rock outcrops and with a clear soil-rock interface at a depth not exceeding several
hundred feet).
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The uniform layer on elastic rock sketched in Figure C1.4.2-5 is subjected to a vertically |
propagating shear wave representing the earthquake. The soil layer is assumed to behave linearly
and it has a thickness A, total (saturated) unit weight y,, shear wave velocity v;, and internal
damping ratio B,. The rock has total unit weight y,, shear wave velocity v,, and zero damping.
Due to the soil-rock interaction effect, the motion at the soil-rock interface C is different
(typically less) from that at the rock outcrop B. Only if the rock is rigid (v, = ) are the motions |
at C and B equal. Of interest here is the ratio between the motions on top of the soil (point A) |

and on the rock outcrop (point B).
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FIGURE C1.4.2-4 Average spectra recorded during 1989 Loma Prieta earthquake at rock
sites and soft soil sites (Housner, 1990).
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Shear
Wave

FIGURE C1.4.2-5 Uniform soil layer on elastic rock subjected to vertical shear waves.

When the acceleration at B is a harmonic motion of frequency f (cps) and amplitude aj,
the acceleration at A is also harmonic of the same frequency and amplitude a,. The
amplification ratio a/ap is a function of the ratio of frequencies f/(v/4h), of the soil damping
B,, and of the rock/soil impedance ratio which is equal to y,v,/y,v,. Figure C1.4.2-6 presents
a4lag calculated for a layer with # =100 ft (30.5 m), v/4h = 1.88 cps, and IR = 6.7 (Roesset,
1977). The maximum amplification occurs essentially at the natural frequency of the layer, £, ;
= V/4h, and is approximately equal to:

[f;i] ¥ ! = Bs (C1.4.2-1)
e ()5

That is, the maximum soil/rock amplification for steady-state harmonic motion in this simple
model depends on two factors-- B, and /R. When /R = « (rigid rock), the only way the system
can dissipate energy is in the soil and (a/ag),, .. = 2/% B, can be very large. For example, if /R
= wand B, = 0.04, (a,/ap),, . = 16. If IR decreases, the amplification (a/ap),, .. also decreases.
For example, if /R = 15 and B, = 0.04, the amplification is cut in half, (a /ag),, = 8.

Another way of expressing the contribution of the impedance ratio /R in Eq. C1.4.2-1 is
as an "additional equivalent soil damping" with a total damping B, in the system at its natural
frequency:

B 4| 2 Cl1.4.2-2
Bro! BS [an] ( )

Eq. C1.4.2-2 is very important since the maximum amplification (a j/ag),,.. is always inversely
proportional to §,,,, not only for the case of the uniform layer but also for other soil profiles on
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rock. B,,, always includes an internal damping contribution (8;) and a second term reflecting the
rock-soil impedance contrast /R although the specific definition of /R and the numerical factor
2/m generally will change depending on the profile. When a soft layer lies on top of a significant
thickness of stiffer soil followed by rock, Eq. C1.4.2-2 is still qualitatively valid, but the
calculations are more complicated. In that case, the impedance contrast must consider the whole
soil profile and, thus, both soft and stiff soils play a role in determining B,,, and (@ /ag),m-
Also, the maximum amplification may occur at the natural frequency of the soft layer, of the
whole profile, or at some other frequency.
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FIGURE C1.4.2-6 Amplification ratio soil/rock for & - 100 ft (30.5 m), V, = 1.88 cps, and
IR = 6.7 (Roesset, 1977).

Two-Factor Approach and the 1992 Site Response Workshop: The recommendations
developed during the NCEER/SEAOC/BSSC Site Response Workshop mentioned above were
summarized by Rinne and Dobry (1992) and are reprinted as Appendix D of this commentary
to provide the reader with a better understanding of the thinking behind the current provisions.
Some additional background information taken mostly from the proceedings of that workshop
(Martin, 1994) is included below.

As discussed above, soil sites generally amplify more the rock spectral accelerations at
long periods than at short periods and, for a severe level of shaking (4, = 4, = 0.4), the short-
period amplification or deamplification is small; this was the basis for the use in the previous
versions of the Provisions of normalized spectra such as shown in Figure C1.4.2-3 in previous
versions of the Provisions. However, the evidence that short-period accelerations including the
peak acceleration can be amplified several times, especially at soft sites subjected to low levels
of shaking, suggested the replacement of the normalized spectrum approach by the two-factor
approach sketched in Figure C1.4.2-7. In this approach, adopted in the 1994 Provisions, the
short-period plateau, of height proportional to 4, is multiplied by a short-period site coefficient
F, and the curve proportional to 4,/T is multiplied by a long-period site coefficient F,. Both F,
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and F, depend on the site conditions and on the level of shaking, defined respectively by the
values of 4, and 4,. In both the 1994 and previous versions of the Provisions, the descendin
branch proportional to 4,/7 in Figure C1.4.2-7 is replaced by a curve proportional to A‘/Tz" ;
which decreases more slowly with increasing 7. This change is based on structural consider-
ations discussed in Sec. 2.3.2 of this Commentary:
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FIGURE C1.4.2-7 Two-factor approach to local site response.

Strong-motion recordings, as obtained from the Loma Prieta earthquake of October 17,
1989, provide important quantitative measures of the in situ response of a variety of geologic
deposits to damaging levels of shaking. Average amplification factors derived from these data
with respect to "firm to hard rock" for short-period (0.1-0.5 sec), intermediate-period (0.5-1.5
sec), mid-period (0.4-2.0 sec), and long-period (1.5-5.0 sec) bands show that a short- and mid-
period factor are sufficient to characterize the response of the local site conditions (Borcherdt,
1994). This important result is consistent with the two-factor approach summarized in Figure
C1.4.2-7. Empirical regression curves fit to these amplification data as a function of mean shear
wave velocity at the site are shown in Figure C1.4.2-8. These curves provide empirical estimates
of the site coefficients F, and F, as a function of mean shear wave velocity for input ground
motion levels near 0.1g (Borcherdt and Glassmoyer, 1993). The empirical amplification factors
predicted by these curves are in good agreement with those derived independently based on
numerical modelling of the Loma Prieta strong-motion data (Seed et al., 1992) and those derived
from parametric studies of several hundred soil profiles (Dobry et al., 1994b). These empirical
relations are consistent with theory in that they imply that the average amplification at a site
increases as the rock/soil impedance ratio (IR) increases, similar to the trend described by Eq.
C1.4.2-1. They also are consistent with observed correlations between amplification and shear
velocity for soft clays in Mexico City (Ordaz and Arciniegas, 1992). These short- and mid-
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period amplification factors implied by the Loma Prieta strong-motion data and related
calculations for the same earthquake by Joyner et al. (1994) as well as modelling results at the
0.1g level provided the basis for the consensus values provided in Tables 1.4.2.3a and 1.4.2.3b.
Values at higher levels were initially determined from modelling results for soft clays derived
by Seed (1994) with values for intermediate soil conditions derived by linear extrapolation. A
rigorous framework for extrapolation of the Loma Prieta results consistent with the results in
Tables C1.4.2a and C1.4.2b is given in the following paragraph.

Extrapolation of amplification estimates at the 0.1g level as derived from the Loma Prieta
earthquake must necessarily be based on laboratory and theoretical modelling considerations
because few or no strong-motion recordings have been obtained at higher levels of motion,
especially on soft soil deposits. Resulting estimates should be consistent with other relations
between large rock and soil motions and local site conditions as summarized in Figure C1.4.2-1.
The form of the regression curve in Figure C1.4.2-8 suggests a simple and well defined
procedure for extrapolation. It shows that the functional relationship between the logarithms of
amplification and mean shear velocity is a straight line (Borcherdt, 1993). Consequently, as the
amplification :factor for "firm to hard" rock is necessarily unity, the extrapolation problem is
determined by specification of the amplification factors at successively higher levels of motion
for the soft-soil site class. For input ground motion levels near 0.1g, Borcherdt (1993) began
with amplification levels specified by the empirical regression curves (Figure C1.4.2-8) for the
Loma Prieta strong-motion data. Higher levels of motion were inferred from laboratory and
numerical modelling results (Seed et al., 1992; Dobry et al., 1994a). The resulting short-period
(F,) and mid-period (F,) site coefficients as a function of mean shear velocity (v--labelled v,
elsewhere in this Commentary and in the Provisions) and input ground motion level (/,) specified
with respect to "firm to hard" rock are given in Figure C1.4.2-9 and plotted with logarithmic
scales. These expressions state that the average amplification at a site is equal to the "rock-soil"
impedance ratio raised to an exponent (ma or mv). These exponents are defined as the slope of
the straight line determined by the logarithms of the amplification factors and the shear velocities
for the soft-soil and the "firm to hard" rock site classes at the specified input ground motion level
(Borcherdt, 1993). The equations in Figure C1.4.2-9 provide a framework to illustrate a simple
procedure for derivation of amplification factors that are in general agreement with the consensus
values included in Tables 1.4.2.3a and 1.4.2.3b of the Provisions. However, the numbers in these
tables of the Provisions are not necessarily identical to the equations' predictions due to other
considerations discussed during the consensus process.

Extensive site response studies using both equivalent linear and nonlinear programs were
conducted by several groups as listed by Rinne and Dobry (1992). The main objectives of these
studies were to generalize the expefience of well documented earthquakes such as Loma Prieta
and Mexico City to a variety of site conditions and earthquake types and levels of shaking.
Some results obtained by Dobry et al. (1994a) are reproduced in Figures C1.4.2-10 to C1.4.2-12.
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Figure C1.4.2-10 presents values of peak amplification at long periods for soft sites
(labelled RRS,, . in the figure) calculated using the equivalent linear approach as a function of
the plasticity index (P]) of the soil, rock wave velocity v,, and for weak and strong shaking. The
effect of PI is due to the fact that soils with higher PI exhibit less stress-strain nonlinearity and
a lower damping B, (Vucetic and Dobry, 1991). For 4, =4, =0.1g, v, = 4,000 ft/sec (1220 m/s)
and PI = 50, roughly representative of Bay area soft sites in the Loma Prieta earthquake, RRS,, .
= 4.4, which coincides with the upper part of the range backfigured by Borcherdt from the
records. Note the reduction of this value of RRS,, . from 4.4 to about 3.3 when 4, =4, =0.4g
due to soil nonlinearity. Evidence such as this is used in the 1994 Provisions to extrapolate

values of F, and F, at low levels of shaking--based on both analysis and observations--to high

levels of shaking for which no observations on soft sites currently are available.

6 — ; ; .
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FIGURE C1.4.2-10 Summary of uniform layer analyses using simple SHAKE (Dobry et
al., 1994a)
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situation are included in Figure C1.4.2-11 while Figure C1.4.2-12 summarizes and compares them
with calculations by Joyner et al. (1994) from the Loma Prieta records on soft sites similar to the
work by Borcherdt mentioned above.

Another important observation from analytical results such as shown in Figure C1.4.2-11
is that the values of nae are about 20 percent higher for soft sites on "hard rock"--
characterized by v, = 7,500 ft/sec (2290 m/s)--than for soft sites on "regular rock" corresponding
to v, = 4,000 ft/sec (1220 m/s). This is again the impedance ratio effect previously discussed.
Separate studies indicate that earthquake motions on outcrops of "hard rock" tend to be smaller
than on outcrops of "regular rock" by 10 to 40 percent at both short and long periods (except at
very small periods under about 0.2 sec where the reverse may be true); see Su et al. (1992) and
Silva (1992). On the basis of these studies and observations, the 1994 Provisions incorporate the
difference between "regular" rock (B) and "hard" rock of v, > 5,000 ft/sec (1520 m/s) by defining
a new "hard rock" site category (A) and assigning to it site factors F, = F,, = 0.8.

60 T I 1 1 T T 1
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5.0
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FIGURE C1.4.2-11 Summary of uniform layer analyses using SHAKE program, & > 50 ft
(15.2 m) (Dobty et al., 1994a).
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5
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FIGURE C1.4.2-12 Comparison between RRS SHAKE program results and those obtained
by Joyner et al. (1994) for the 1989 Loma Prieta event (Dobry et al., 1994a).

Use of Geotechnical Parameters Instead of v Based on the studies and observations
discussed above, the site categories in the 1994 Provisions are defined in terms of the average
shear wave velocity in the top 100 ft (30.5 m) of the profile, v,. If the shear wave velocities are
available for the site, they should be used.

However, in recognition of the fact that in many cases the shear wave velocities are not
available, alternative definitions of the site categories also are included in the 1994 Provisions.
They use the standard penetration resistance for cohesionless soil layers and the undrained shear
strength for cohesive soil layers. These alternative definitions are rather conservative since the
correlation between site amplification and these geotechnical parameters is more uncertain than
that with v, That is, there will be cases when the values of F, and £, will be smaller if the site
category is based on v, rather than on the geotechnical parameters. Also, the reader must not
interpret the site category definitions as implying any specific numerical correlation between
shear wave velocity on the one hand and standard penetration or shear strength on the other.

1.4.3 SEISMIC HAZARD EXPOSURE GROUPS: Historically, building code occupancy
classifications are based primarily on fire-safety considerations. It was concluded, however, that
these traditional classifications would at least in part reflect some considerations contrary to good
seismic design. Thus, it was decided that 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 involve evaluation of parameters consisting of, but
not limited to the number, age, and condition of the persons normally expected to be within or
without the immediate environs of the building; the size, height, and area of the building; 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; and the varying degree
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of built-in or brought-in hazards based on possible use of the building. Accordingly, early in the
development of the preliminary version of the Provisions occupancy types were regrouped and
expanded to cover the range of factors critical to seismic safety in terms of life loss. The
expanded classification types were derived from the 1973 Uniform Building Code (UBC).

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

Because of vital public needs immediately following a natural disaster, attention also was
given to the preservation of strategic contents in distinct building types (e.g., storage facilities
for medical supplies, critical foodstuffs, and other emergency materials). 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, however, 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 de-
signed on the basis of their maximum level of intended function or, to state it another way,
medical supply warehouses being designed under higher standards may house anything while
storage facilities of lesser ratings may not store critical supplies unless brought up to a higher
level of seismic performance. Subsequent discussions with disaster recovery officials revealed
that emergency contingency plans contemplated bringing needed medical and other recovery
items including foodstuffs into a disaster area from outside staging areas and, therefore, no
separate category of warehousing was required for the storage of critical materials. Thus, nine
occupancy groups, A through I, were identified 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 com-
promises. This consolidation was done in an effort to place those occupancies initially identified
into groups that shared common component performance criteria. The consolidation indicated
that these groups were easily identifiable by use patterns, confirmation of the original
occupancy-component-performance criteria rating. The intermediate grouping involved the
following: Group I--fire, police, hospitals; Group II--public assembly, open air stands, day care,
schools, colleges, retail stores, shopping centers, offices, hotels, apartments, emergency vehicles,
power utilities; Group IIl--restrained occupants, nurseries (nonambulatory); Group IV--aircraft
hangers, woodworking, factories, repair garages, service stations, storage garages, wholesale,
general warehouse, printing plants, factories, ice plants, dwellings, hazardous flammable storage,
less hazardous flammable storage; and Group V--private garages, sheds, barns.

The occupancy grouping used in the 1985 Edition of the Provisions resulted from a
logical consolidation of the grouping, 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 Edition and also appear in the 1991 and 1994 Editions. It
is felt that this grouping can be augmented as local conditions warrant.

Specific consideration is given to Group IIl, essential facilities required for post-
earthquake recovery. Also included are buildings housing substances. deemed to be dangerous
to the public if they are released. Added in the 1991 Edition was a flag to urge consideration
of the need for utility services after an earthquake.
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Group II contains those occupancies that have large numbers of occupants either due to
the overall size of the building or the number of stories; the character of the use, such as public
assembly, schools, or colleges; or a height that exposes the occupants to greater life safety
hazard. Other considerations included uses wherein the occupants were restrained or otherwise
handicapped from moving freely, such as day care centers, hospitals, and jails. Note that the
safety afforded the occupants in an assembly or living (sleeping) environment should be greater
than that provided for general uses. The potential density of public assembly uses in terms of
number of people warrant an extra level of care. The same is true of multifamily residential
buildings where people spend a majority of their time. Because of the nature of the occupants
of secondary schools through day-care centers, the level at which protection is warranted is less
than those where individuals are relatively self-sufficient in responding to an emergency. The
sleeping environment of the multifamily residential uses is considered equivalent to the potential
mobility deficiencies within secondary schools through day-care centers.

Group I contains all uses other than those excepted generally from the provisions in Sec.
1.2. Those in Group I have lesser life hazard only insofar as there is the probability of lesser
numbers of occupants in the buildings and the buildings are lower and/or smaller.

In buildings with multiple uses, the 1988 Edition of the Provisions required that the
building be assigned the classification of the highest group occupying 15 percent or more of the
total building area. This was changed in the 1991 Edition to require the building to be assigned
to the highest group present.

Such assignments also must 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
change of use in a building of Seismic Hazard Exposure Group I involves the introduction of a
Group I occupancy, the Provisions requires that the building conform to the requirements for
Group II unless the building is in a seismic map area having an effective peak velocity-related
acceleration (4,) value of less than 0.15.

Consideration has been given to reducing the number of groupings by combining Groups
I and II and leaving Group III the same as is stated above, however, the consensus of those
involved in the Provisions development and update efforts to date is that such a merging would
not be responsive to the relative life hazard problems.

1.4.4 SEISMIC PERFORMANCE CATEGORY: 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 effective peak velocity-related coefficient, 4,). Once the Seismic Performance 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.

1.4.5 SITE LIMITATION FOR SEISMIC PERFORMANCE CATEGORY E: Essential
facilities that may be required after an earthquake and that are located in zones of higher seismi-
city 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 avoided.

1.5 ALTERNATIVE 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
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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 implied by the Provisions.

It also is recognized that until needed approval standards and agencies are created,
regulatory agencies will have to operate on the basis of the best evidence available to substantiate
any application for alternates. If accepted standards are lacking, it is strongly recommended that
applications be supported by extensive reliable data obtained from tests simulating, as closely as
is practically feasible, the actual load and/or deformation conditions to which the material is
expected to be subjected during the service life of the building. These conditions, where
applicable, should 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 literature is replete with reports
pointing out that collapse may have been prevented had proper quality assurance been exercised.
The remarkable performance during earthquakes by California schools constructed since 1933 is
due in great part to the rigorous supervision of design and construction by the Office of the State
Architect as required by state law. The Provisions is written to rely heavily on the concept of
special quality controls to ensure good construction.

For buildings located in areas of seismic risk and subject to potential earthquake ground
motion, good quality control and verification are especially important because of the serious
consequences of failure and the unique, generally more complex, nature of building design and
construction when required to resist earthquake forces. The weakest links in the seismic force
resisting systems are affected by lateral forces. Building failures generally can be traced directly
to a lack of quality control during design or construction or both when these links or details are
slighted.

The building designer specifies the quality assurance requirements, the prime contractor
exercises the control to achieve the desired quality, and the owner monitors the construction
process through special inspection and testing to protect the public interest in safety of buildings.
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 subcontractors are doing the work and exercising control on
quality, it is essential that the special inspection be performed by someone not in their direct
employ and also be approved by the regulatory agency. When the owner is also the builder, he
or she should engage independent agencies to conduct these inspections rather than try to qualify
his or her own employees.

These provisions are concerned with those components that affect building performance
during an earthquake or that may be adversely affected by earthquake motions as specified of
other sections of the Provisions. The requirements under Sec. 1.5 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
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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 function of the building. These provisions permit the designer or his employee to perform
these inspections as long as they are approved by the regulatory agency having jurisdiction and
can demonstrate reasonable competence in the particular category of work they inspect.

1.6.1 QUALITY ASSURANCE PLAN: Introduced here is the concept that the quality
assurance plan (QAP) must be prepared by the person responsible for the design of each seismic
system subject to quality assurance whether it be architectural, electrical, mechanical, or structural
in nature. The plan may be a very simple listing of those elements of each system that have been
designated as being important enough to receive special inspection and/or testing. The extent and
duration of inspection must be set forth as well as the specific tests and the frequency of testing.

Although some design professionals have expressed reluctance to assume this duty be-
cause of an assumed increase in potential liability, it has been demonstrated by the performance
of schools in California earthquakes that the improved quality also acts to protect the
professional. Furthermore, the design professional is the most qualified person to prepare such
a plan since he or she 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 contractor understands the requirements of the
plan and will exercise control to obtain conformance. The exact methods of control are left up
to the individual contractor subject to approval by the regulatory agency. However, special
inspection of the work is required in specific situations to give the agency reasonable assurance
that the approved drawings and specifications are followed.

1.6.2 SPECIAL INSPECTION: The requirements listed in this section from foundations
through structural wood have been included in the model codes for years and it is a premise of
these provisions that there will be available an adequate supply of knowledgeable and experi-
enced inspectors to draw upon for the structural categories of work. Special training programs
may have to be developed and implemented for the nonstructural categories.

A special inspector is a "person approved by the regulatory agency as being qualified to
perform special inspection for the category of work involved." As a guide to such agencies, it
is contemplated that the special inspector may be one of the following:

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

2 A person employed by an approved inspection and testing agency who is under the direct

supervision of a registered engineer also employed by the same agency, using certified
inspectors or technicians qualified by recognized industry organizations as approved by
the regulatory agency.

3. A manufacturer or fabricator of components, equipment, or machinery who has been
approved for manufacturing components meeting seismic safety standards and who main-
tains a quality assurance plan approved by the regulatory agency. Evidence of such
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approval must be clearly marked on each designated seismic 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 satisfied that the
method of anchorage or fastening and the number, spacing, and types of fasteners actually used
conform with the plans and specifications for the component installed. It is noted that such
special inspection requirements are only for those components in Seismic Performance Categories
DorE.

1.6.2.9 Mechanical and Electrical Components: It is anticipated that the minimum
requirements for mechanical and electrical components will be complied with when the special
inspector is satisfied that the method of anchorage or fastening and the number, spacing, and
types of fasteners actually used conform with the plans and specifications for the component
installed. It is noted that such special inspection requirements are for selected power, piping, and
ductwork components in all Seismic Performance Categories except A, and for all other electrical
equipment in Seismic Performance Category E. '

1.6.3 TESTING: The specified testing of the structural materials follows procedures and tests
long established by industry standards. The acceptance criteria should be included in the project
construction documents.

1.6.3.5 Mechanical and Electrical Equipment The facility designer should consider
requirements to demonstrate the seismic performance of mechanical or electrical components
critical to the post-earthquake life safety of the occupants. Any requirements should be clearly
indicated on the contract drawings and/or specifications. Any currently accepted technology
should be acceptable to demonstrate compliance with the requirements.

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 the inspector's reports. It 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 contractor, having day-to-day knowledge of the
installation, is in the best position to state whether or not all the construction has been completed
in accordance with approved plans and specifications. To be fully aware, however, the contractor
must institute a system of reporting within his 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 and the special testing conducted by the testing agency.
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Chapter 2 Commentary

STRUCTURAL DESIGN CRITERIA, ANALYSIS, AND PROCEDURES

2.1 REFERENCE DOCUMENT: ASCE 7 is referenced for the combination of earthquake
loadings with other loads as well as t:or the computation of other loads; it is not referenced for
the computation of earthquake loads.

2.2 STRUCTURAL DESIGN REQUIREMENTS:

2.2.1 DESIGN BASIS: In these provisions, the design of a structure (sizing of individual
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 the
prescribed forces, will 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. 2.3.7.) Sec. 2.2.7 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 earlier
codes and design provisions wherein the prescribed loads, sizing, and drift limits were at service
or working stress levels.

The term "significant yield" specifically is not the point where first yield occurs in any
member but is defined as that level causing complete plastification of at least the most critical
region of the structure (e.g., formation of the first plastic hinge in the structure). A 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 yield in
its response to the prescribed forces when at least one of the sections of its most critical
component reaches its strength as set forth in Chapter 6. For other structural materials that do
not have their sectional yielding capacities as easily defined, modifiers to working stress values
are provided in Chapters 8 and 9.

These provisions contemplate a seismic force resisting system with redundant characteristics
wherein overstrength above the level of significant yield is obtained by plastification at other
points in the structure prior to the formation of a complete mechanism. For example, in the
two-story bent in Figure C2.2.1, 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 in-
creased loading, causing the formation of additional plastic hinges, the capacity increases
(following the solid line) until a maximum is reached. The overstrength capacity obtained by
this continued inelastic action provides the reserve strength necessary for the structure to resist
the extreme motions of the actual seismic forces that may be generated by the specified ground
motion. The dotted line in Figure C2.2.1 is the load-deflection curve including the P-delta

* It should be noted that the 1993 Edition of ASCE 7 is essentially the same as the 1991 Edition of the Provisions
and that the 1995 Edition of ASCE 7 is expected to reflect the 1994 Edition of the Provisions.
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effects. The dash-dot line is the elastoplastic curve that results with certain systems and mater-
ials.
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FIGURE C2.1.1 Formation of plastic hinges.

The response modification factor, R, and the C, value for deflection amplification (Table
2.2.2) as well as the criteria for story drift including 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 essentially represents the ratio of the forces
that would develop under the specified ground motion if the structure had an entirely linearly
elastic response 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 structures 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
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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 various materials and systems in past earthquakes.

Note that the value of R increases with higher toughness and damping whereas the design
seismic force decreases. In Eq. 2.3.2.1-1, R is used in the denominator of the term to calculate
the seismic base shear.

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 situation can result in considerably more
detrimental P-delta effects.

It should be noted that Eq. 2.3.2.1-1 does not include a factor that varies for different types
of occupancies. This point reflects the belief that increasing the forcing function alone does not
necessarily increase performance and is discussed more fully later in this commentary. The
improved performance characteristics desired for more critical occupancies are provided by the
design and detailing requirements set forth in Sec. 2.2.5 for each Seismic Performance Category
and the more stringent drift limits in Table 2.2.7.

Sec. 2.2.1 in effect calls for the seismic design to be complete and in accordance with the
principles of structural mechanics. The loads must be transferred rationally from their point of
origin to the final points of resistance. This should be obvious but it often is overlooked by those
inexperienced in earthquake engineering.

2.2.2 STRUCTURAL FRAMING SYSTEMS: For purposes of these seismic analyses and
design provisions, building framing systems are grouped in the structural system categories shown
in Table 2.2.2. 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 the various types
of vertical components in the seismic force resisting system.

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

Selection of R factors requires considerable judgment based on knowledge of actual
earthquake performance as well as research studies; yet, they have a major effect on building
costs. The factors in Table 2.2.2 continue to be reviewed in light of recent research results.

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

A bearing wall system refers to that structural support system wherein major load-carrying
columns are omitted and the walls and/or partitions are of sufficient strength to carry the gravity
loads for some portion 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 loads. 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
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horizontal load support. The category designated "light frame walls with shear panels" is
intended to cover wood or steel stud wall systems with finishes other than masonry veneers.

A building frame system is a system in which the gravity loads are carried primarily by a
frame supported on columns rather than by bearing walls. Some minor portions of the gravity
load may 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 frame walls with shear panels are intended only for use with wood
and steel building 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 connections. In reinforced concrete, continuity and full
anchorage of longitudinal steel and stirrups over the length of beams and girders framing into
columns would be a good design practice. With this type of interconnection, the frame provides
a nominal secondary line of resistance even though the components of the seismic force resisting [
system are designed to carry all the seismic force.

A moment resisting space frame system is a system having an essentially complete space
frame as in the building frame system. However, in this system, the lateral resistance is provided
by moment resisting frames composed of columns with interacting beams or girders. Moment
resisting frames may be either ordinary, intermediate, or special moment frames as indicated in
Table 2.2.2 and limited by the Seismic Performance Categories.

Special moment frames must meet all the design and detail requirements of Sec. 5.6.3,6.33,
or 8.1.2. The ductility requirements for these frame systems are required in areas where high
seismic hazards are anticipated. Intermediate moment frames of concrete must meet the require-
ments of Sec. 6.3.2. For buildings in which these special design and detailing 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
Sec. 2.2.2 (Table 2.2.2) requires moment frames in Categories D or E greater than 160 ft and 100
ft in height, respectively, to be special moment frames.

Provisions for composite steel-concrete systems are new in the 1994 Edition. The R and Cy
values for the composite systems in Table 2.2.2 are similar to those for comparable systems of ( |

structural steel and reinforced concrete. The values shown in Table 2.2.2 are only allowed when

the design and detailing provisions for composite structures in Chapter 7 are followed.
Inverted pendulum structures are singled out for special consideration because of their unique ‘ |

characteristics and because they are often associated with buildings. Frequently overlooked

design aspects and field experience make it desirable to give these structures special attention.

2.2.2.1 Dual System: A dual system consists of a three-dimensional space frame made up of l

columns and beams that provides primary support for the gravity loads. Lateral resistance is l

supplied by structural nonbearing walls or bracing; the frame is provided with a redundant lateral

force resisting system that is a moment frame complying with the requirements of Sec. 5.6 and #

Sec. 6.3.1 or 6.3.2. The moment frame is 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: '
I
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1. The frame and shear walls or braced frames must resist the prescribed lateral seismic force
in accordance with the relative rigidities considering fully the interaction of the walls 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
the elements and torsion in the system. Deformations imposed upon members of the moment
frame by the interaction with the shear walls or braced frames must be considered in this
analysis.

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.

2.2.2.2 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 C
values. The intent of Sec. 2.2.2.2.1 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.

Sec. 2.2.2.2.2 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 force resisting system.

2.2.2.3 - 2.2.2.5 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. 2.2.5
and Chapters 5 through 9. 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 6 and 8. Limitations regarding the use of different structural
systems are given for Categories D and E.

2.2.2.4 Seismic Performance Category D: Sec. 2.2.2.4 covers Category D, which compares
roughly to California design practice for normal buildings other than hospitals. According to the
requirements of Chapters 5 and 6, all moment-resisting 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 ft (49 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 structures
over 160 ft (49 m) in height but with some changes. Although it is agreed that the lack of
reliable data on the behavior of high-rise buildings whose structural systems involve shear walls
and/or braced frames makes it convenient at present to establish some limits, the values of 160
ft (49 m) and 240 ft (73 m) introduced in these provisions are arbitrary. Considerable
disagreement exists regarding the adequacy of these values, and it is intended that these
limitations be the subject of further study.
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These provisions require that buildings in Category D over 160 ft (49 m) in height have one
of the following seismic force resisting systems:

1. 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
recommendations. |

2. A dual system as defined in the Glossary, wherein the prescribed forces are resisted by the
entire system and the special moment frame is designed to resist at least 25 percent of the
prescribed seismic force. This requirement is also similar to SEAOC and UBC recommenda- !
tions. The purpose of the 25 percent frame is to provide a secondary defense system with
higher degrees of redundancy and ductility in order to improve the ability of the building to
support the service loads (or at least the effect of gravity loads) after strong earthquake shak-
ing. 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 2.2.2). .
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 Sec. 2.3, the interpre- |
tation of the results of this analysis for designing the shear walls or braced frame should J
recognize the effects of higher modes of vibration. The internal forces that can be developed | I
in the shear walls in the upper stories can be more severe than those obtained from such l
analysis.

3. The use of a shear wall (or braced frame) system of cast-in-place concrete or structural steel
up to a height of 240 ft (73 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 a structural system with lateral force resistance concentrated in the interior core
(Figure C2.2.2.4-1) is acceptable according to the provisions, it is highly recommended that use
of such a system be avoided, particularly for taller buildings. The intent is to replace it by the
system with lateral force resistance distributed across the entire building (Figure C2.2.2.4-2). The
latter system is believed to be more suitable in view of the lack of reliable data regarding the be-
havior of tall buildings having structural systems based on central cores formed by coupling shear '
walls or slender braced frames.
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FIGURE 2.2.2.4-1 Arrangement of shear walls and braced frames--not recommended.
Note that the heavy lines indicate shear walls and/or braced frames.
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FIGURE C2.2.2.4-2 Arrangement of shear walls and braced frames--recommended.
Note that the heavy lines indicate shear walls and/or braced frames.

2.2.2.5 Seismic Performance Category E: Sec. 2.2.2.5 covers Category E, which is restricted H
to essential facilities in zones of relatively high seismicity. Because of the necessity for reducing |
risk (particularly in terms of protecting life safety or maintaining function by minimizing damage
to nonstructural building elements, contents, equipment, and utilities), the height limitations for |

Category E are reduced. Again, the limits--100 ft (30 m) and 160 ft'(49 m)--are arbitrary and ||
require further study. The developers of these provisions believe that, at present, it is advisable |
to establish these limits, but the importance of having more stringent requirements for detailing
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the seismic force resisting system as well as the nonstructural components of the building must
be stressed. Such requirements are specified in Sec. 2.2.5 and Chapters 5 through 9.

The response of a building will depend not only on the structural elements that the designer
has calculated but rather on all elements, structural and nonstructural, calculated or not. In the
initial stages of a large earthquake for example, the base shear and the distribution of shear
throughout the height of a building 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 con-
nections to bend will contribute to the shortening of the building period.

The enclosing of a space frame by rigid 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 designer
assumed, with higher overturning stresses, different diaphragm shears, etc. Insome earthquakes,
this uncalculated redistribution of forces has caused strictural components to fail before the
nonstructural partitions failed. Equation 2.3.3.1-1 (for period) in Sec. 2.3.3 partially accounts for
this stiffening effect since it is based on observations of actual buildings before, during, and after
earthquakes. Any stiffening effect in the building due to nonstructural components must be
accounted for in the period determination of the structure and, consequently, in the design.

In many buildings, the seismic force 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 height in which the lateral seismic loads are resisted by exterior shear walls or
exterior ductile moment resisting frames. The internal slabs and columns that resist gravity loads
ordinarily are not designed to resist lateral seismic loads since their resistance is small in
comparison with the resistance of the exterior walls or frames. However, although they are not
needed for lateral resistance, they do deform with the rest of the structure as it deforms under
lateral loads.

Sec. 2.2.2.4.3 requires that the vertical load-carrying capacity be reviewed 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 Cj as noted elsewhere) and the resulting imposed
moments and shears, it must be demonstrated that the members and connections will not fail
under the design gravity loadings. The loading is cyclical so static ultimate load capacities may
not be reached. If the combination of these loads and deformations results in stresses below
yield, it can be assumed that the system is capable of supporting the gravity loads. 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 force resisting system (no
matter how small), the detailing for ductility must be consistent with the values given in Table
2.2.2. In the example of the flat-slab warehouse, the connections can still carry the design
gravity loadings if they satisfy the requirements of Sec. 6.3.3.

2.2.3 BUILDING CONFIGURATION: The configuration of a building can significantly affect
its performance 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 configura-
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tions. 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 buildings
be designed to have regular configurations.

2.2.3.1 Plan Irregularity: Sec. 2.2.3.1 indicates, by reference to Table 2.2.3.1, 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. Torsional effects in earthquakes can occur even when the static centers of mass and
resistance coincide. For example, ground motion waves acting with a skew with respect to the
building axis can cause torsion. Cracking or yielding in a nonsymmetrical fashion also can cause
torsion. 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 perpendicular to the
direction of the seismic force should be classified as irregular. The vertical resisting components
may be arranged so that the static centers of mass and resistance are within the limitations given
above and still be unsymmetrically arranged so that the prescribed torsional forces would be
unequally distributed to the various components.

There is a second type of distribution of vertical resisting components that, while not being
classified as irregular, does not perform well in strong earthquakes. This arrangement is termed
a core-type building with the vertical components of the seismic force resisting system concen-
trated near the center of the building. Better performance has been observed when the vertical
components are distributed near the perimeter of the building. In recognition of the problems
leading to torsional instability, a torsional amplification factor is introduced in Section 2.3.5.1.

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 configuration. The
response of the wings of this type of building is generally different from the response of the
building as a whole, and this produces higher local forces than would be determined by applica-
tion 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 C2.2.3.1.

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."
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2.2.3.2 Vertical Irregularity: Sec. 2.2.3.2 indicates, by reference to Table 2.2.3.2, when a
structure must be considered to have a vertical irregularity. Vertical configuration irregularities
affect the responses at the various levels and induce loads at these levels that are significantly
different from the distribution assumed in the equivalent lateral force procedure given in Sec.
23.

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 C2.2.3.2.

A building would be classified as irregular if the ratio of mass to stiffness in adjoining
stories differs significantly. This might occur when a heavy mass, such as a swimming pool, is
placed at one level. Note that the exception in the Provisions provides a comparative stiffness
ratio between stories to exempt structures from being designated as having a vertical irregularity
of the types specified.

One type of vertical irregularity is created by unsymmetrical geometry with respect to the
vertical axis of the building. The building may have a geometry that is symmetrical about the
vertical axis and still be classified as irregular because of significant horizontal 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 percent. 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 previously 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. 2.2.5.2.4 when there is considerable overstrength of
the "weak" story.

2.2.4 ANALYSIS PROCEDURES: Many of the standard procedures for the analysis of forces
and deformations 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 (Sec. 2.3).

2. Modal analysis procedure with one degree of freedom per floor in the direction being
considered (Sec. 2.4).

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 involving step-by-step integration of the coupled equations
of motion with several degrees of freedom per floor.

44




Structural Design Criteria, Analysis, and Procedures

PLAN IRREGULARITIES |

a/L > 15-20 a/L>u5-20 f

o " a/U>us-z20

GEOMETRY

""""" iz
17 ‘

| O A
1

Sl L
v Z hy 3

-
P~ #
P

e - e o e o

[
\~VERT|CAL COMPONENTS OF SEISM!C RESISTING SYSTEM'

MASS-RESISTANCE ECCENTRICITY

i
" I I I
|
) ~__
. FLEXIBLE S E
e Bl o P E N
DI APHR AGM )
l I DIAPHRAGH! g

B L =

\‘VERTICAL COMPONENTS OF SEISMIC RESISTING SYSTEM”

DISCONTINUITY IN DIAPHRAGM STIFFNESS |

FIGURE C2.2.3.1 Building plan irregularities. I

45 ' ‘|




Commentary, Chapter 2

VERTICAL IRREGULARITIES

MASS RATIO

A/L> .25 % AfL>.5 A AJL> .10
L . - A -
GEOMETRY
U A \
\\HEAVY MAss'i-—*’”""ﬂ—‘/f// %
\ A A A,

11

e

MOMENT FRAMES

STIFFNESS RATIO

SHEAR WALL

FIGURE C2.2.3.2 Building elevation irregularities.

46




Structural Design Criteria, Analysis, and Procedures

Each procedure becomes more rigorous if effects of soil-structure interaction are considered,
either as presented in Sec. 2.5 or through a more complete analysis of this interaction as
appropriate. Every procedure improves in rigor if combined with use of results from exper-
imental research (not described in these design provisions).

The equivalent lateral force (ELF) procedure specified in Sec. 2.3 is similar in its basic
concept to SEAOC recommendations in 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 first time that modal analysis has been
included in design provisions for buildings. The modal analysis procedure specified in Sec. 2.4
is simplified from the general case by restricting consideration to lateral motion in a plane. Only
one degree of freedom is required per floor for this type of motion.

The ELF procedure of Sec. 2.3 and the modal analysis procedure of Sec. 2.4 are both based
on the approximation that the effects of yielding can be adequately accounted for by linear
analysis of the seismic force resisting system for the design spectrum, which is the elastic accel-
eration response spectrum reduced by the response modification factor, R. The effects of the
horizontal component of ground motion perpendicular to the direction under consideration in the
analysis, the vertical component of ground motion, and torsional motions of the structure are all
considered in the same simplified approaches in the two procedures. The main difference
between the two procedures lies in the distribution of the seismic lateral forces over the height
of the building. In the modal analysis procedure, the distribution is based on properties of the
natural vibration modes, which are determined from the actual mass and stiffness distribution
over the height. In the ELF procedure, the distribution is based on simplified formulas that are
appropriate for regular buildings as specified in Sec. 2.3.4. Otherwise, the two procedures are
subject to the same limitations.

Either of the two analytical procedures is likely to be inadequate if the lateral motions in two
orthogonal directions and the torsional motion are strongly coupled. Such would be the case if
the building were irregular in its plan configuration (see Sec. 2.2.3.1) 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 translational and torsional motion.
Analysis procedures similar to those specified in Sec. 2.4 can be applied to buildings of this type,
with suitable generalization 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.

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 translation
and three rotational) connected by generalized stiffness elements.

The ELF procedure (Sec. 2.3) and both versions of the modal analysis procedure (the simple
version given in Sec. 2.4 and the general version with several degrees of freedom per floor
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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
distribution is discussed below in the commentary for Sec. 2.2.5.4.2.

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. If the two lateral motions and the torsional motion are expected
to be essentially uncoupled, it would be sufficient to include only one degree of freedom per
floor, the motion in the direction along which the building is being analyzed; otherwise at least
three degrees of freedom per floor, two translational motions and one torsional, should be
included. It should be recognized that the results of a nonlinear response history analysis of such
mathematical 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. Furthermore, reliable results can be achieved only by calculating the response to several
ground motions--recorded accelerograms and/or simulated motions--and examining the statistics
of response.

It is possible with presently available computer programs to perform two-dimensional
inelastic analyses of reasonably symmetrical structures. The intent of such analyses could be to
estimate the sequence in which components become inelastic and to indicate those components ,
requiring strength adjustments so as to remain within the required ductility limits. It should be 1
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 reliability of the analytical results are
sensitive to:

1. The number and appropriateness of the time-histories of input motion,

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

3. The nonlinear algorithms, and !

4. The assumed hysteretic behavior.

Because of these sensitivities and limitations, the maximum base shear produced in the inelastic J ]
analysis should not be less than that required by Sec. 2.4.

The least rigorous analytical procedure that may be used in determining the design
earthquake forces and deformations in buildings depends on the Seismic Performance Category
and the structural characteristics (in particular, regularity). Regularity is discussed in Sec. 2.2.3.

Neither regular nor irregular buildings in Seismic Performance Category A are required to
be analyzed as a whole for seismic forces, but certain minimum requirements are given in Sec.
2.2.5.1. For the higher Seismic Performance Categories, the ELF procedure is the minimum level |
of analysis except that a more rigorous procedure is required for some Category D or E buildings I
as identified in Table 2.2.4.3. The modal analysis procedure adequately addresses vertical
irregularities of stiffness, mass, or geometry. Other irregularities must be carefully considered.
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The basis for the ELF procedure and its limitations were discussed above. It is adequate for

most regular buildings; however, the designer 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:

1.

Buildings with irregular mass and stiffness properties in which case the simple equations for
vertical distribution of lateral forces (Eq. 2.3.4-1 and 2.3.4-2) may lead to erroneous results;

Buildings (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 stories 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 Sec. 2.3. 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 indicated 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 Sec.
24.

The base and tower portions may be analyzed as separate buildings in accordance with the
following:

a. The tower may be analyzed in accordance with the procedures in Sec. 2.3 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 Sec. 2.3
using the height of the base portion of A, 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 Sec. 2.4 include a simplified version of modal analysis that

accounts for irregularity in mass and stiffness distribution over the height of the building. It
would be adequate, in general, to use the ELF procedure for buildings whose floor masses and
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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 buildings, the following procedure should be used to determine whether the modal
analysis procedures of Sec. 2.4 should be used:

1. Compute the story shears using the ELF procedure specified in Sec. 2.3.

2. Onthis bésis, approximately dimension the structural members, and then compute the lateral
displacements of the floor.

3. Replace hﬁ in Eq. 2.3.4-2 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 Sec. 2.3 by more than 30 percent, the building should be analyzed
using the procedure of Sec. 2.4. If the difference is 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 Sec. 2.4 are not required.

Application of this procedure to these buildings requires far less computational effort than the
use of the modal analysis procedure of Sec. 2.4 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.

Section 2.2.4.3 of the Provisions requires "special consideration of dynamic characteristics"
when:

1. The building is assigned to Seismic Performance Category D or E and

2. The building has one or more of the plan structural irregularities listed in Table 2.2.3.1
and/or

3. The building has a vertical structural irregularity of Type 4 and/or 5 listed in Table 2.2.3.2.

When special dynamic analysis is required and irregularities of the plan type exist, three-
dimensional response spectrum analysis typically will be employed; however, the Provisions
contain no explicit criteria for such an analysis. Thus, the design engineer must extrapolate the
. requirements of Sec. 2.4. This commentary is intended to provide the analyst who has
determined that three-dimensional analysis is necessary with sufficient guidance in the
interpretation of the Provisions.
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The major components of three-dimensional response spectrum analysis include the following

steps (additional comments are provided to clarify certain issues that remain ambiguous):

1.

Development of a mathematical model of the structure -- This model should include all
possible sources of structural deformation and, when appropriate, may incorporate foundation
flexibility and the effects of soil-structure interaction. Sources of structural deformation
include axial, flexural, and shear deformation in all structural members as well as flexural
and shear deformations occurring in the beam-column joints of framed structures. Joint
flexibility may be modeled by the use of "centerline” dimensions. Typically, in-plane
flexibility of floor diaphragms is insignificant and, hence, the diaphragm may be modelled
as infinitely rigid in its own plane. This often allows for significant reduction in
computational effort. When diaphragm flexibility exists, the building may be modeled using
any number of general-purpose finite element analysis programs. Some special-purpose
building analysis programs also account for diaphragm flexibility.

P-delta effects -- Since many computer programs automatically include P-delta effects, these
may be incorporated into the three-dimensional analysis. Gravity forces to be used in P-delta
analysis include all dead load plus life load reduced according to the applicable code. The
analyst should run the dynamic analysis with and without the P-delta effects so that the
magnitude of these effects may be monitored. If drifts with P-delta effects are more than
about 1.33 times the drifts without P-delta effects, the structure is excessively flexible and
should be stiffened.

Selection of the design basis response spectrum or spectra -- In lieu of a site-specific
spectrum, the spectral shape provided by Eq. 2.4.5-3 may be used. In certain cases, the low
period and/or the high period ordinates of the response spectrum may be reduced to values
less than those given by Eq. 2.4.5-3.

Computation of a sufficient number of "modes" of vibration to capture the dynamic response
-- Mode shapes may be represented by traditional Eigenvectors or by Ritz vectors (Wilson
et al, 1982). In many cases, a given number of Ritz vectors provide greater accuracy than
a larger number of Eigenvectors. Ritz vectors also are more computationally efficient in
many circumstances. A sufficient number of mode' shapes must be used to capture a
minimum of 90 percent of the seismic reactive mass of the structure in each of the two
principal directions of response. The first principal response direction may be computed as
the arctangent of ratios of the X and Y modal base shears for the first mode of response.
The second principal direction of response also lies in the horizontal plane and is orthogonal
to the first. It is important to note that a well designed structure should have a minimum
amount of torsion in the mode shapes associated with the lowest frequencies of the structure
(Wilson et al., 1989).

Statistical combination of modal response maxima -- Modal response maxima for three-
dimensional structural systems should be combined using the complete quadratic combination
(CQC) technique (Wilson et al., 1981). Time history analysis has shown CQC analysis to
be more reliable than conventional methods such as the square root of the sum of the squares
method (SRSS), particularly when modes are closely spaced. A damping value of 5 percent
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of critical may be used in the CQC combinations for steel and reinforced concrete buildings.
Larger values may be more appropriate for masonry and timber systems. CQC modal
combinations should be performed on the structure for nonconcurrent applications of the
normalized response spectrum along each principal axis of the building. These nonconcur-
rent loadings will be used to satisfy the orthogonal loading requirements of the Provisions.

The requirements of the Provisions that may also need to be incorporated into the analysis

include the following:

1.

Scaling of results of dynamic analysis -- Section 2.4.8 of the Provisions requires that
dynamic base shears in each of the principal directions be not less than the shear computed
according to Sec. 2.3 but with 1.2T,C, being substituted for 7 in Eq. 2.3.2.1-1. If the
dynamic base shear in either principal direction is greater than the shear computed according
to Sec. 2.3, the shear may be reduced to the value given by Eq. 2.3.2.1-1 with 7,C, being
used for 7. These requirements generally will produce different scaling factors in each of
the principal directions.

Orthogonal loading effects -- Section 2.2.5.4.1 of the Provisions requires that Category D
or E buildings be designed for orthogonal loading conditions. This may be satisfied by
applying 100 percent of the load in one principal direction while applying 30 percent of the
load in the orthogonal direction. This can be done in one of two ways:

a. By applying scaled response spectra simultaneously in the two orthogonal directions--one
spectrum having 100 percent of its scaled value and the other having 30 percent of its
scaled value. This process should be repeated for loadings rotated 90 degrees about the
vertical axis. In each analysis, modal combination should be by CQC.

b. By applying 100 percent of the scaled spectra in one direction and 30 percent of the
spectra in the orthogonal direction nonconcurrently. The results from each separate
analysis then should be combined using the sum of absolute values (although each
separate run would be combined using CQC). The process should be repeated for
loadings rotated 90 degrees about the vertical axis.

A method similar to but somewhat more conservative than Method b above would be to
apply 100 percent of the scaled spectra in each direction nonconcurrently and then to
combine these results using SRSS (Wilson et al., 1989).

Accidental torsion -- Section 2.3.5.1 of the Provisions requires that seismic torsional
moments, M,, be added to the equivalent static horizontal seismic forces. These moments
result from mass centers for each floor plate being displaced S percent of the length of the
building perpendicular to the direction of motion. Further, for Category C, D and E
buildings with torsional irregularities, these effects must be amplified by 4,. In computing
A,, the analyst needs to know the quantities 6,,,, 6,4, and 8,,,, where 6, is simply (6,,,,
+ 68,,,,)/2. The analyst should be careful when using this provision with the results of
response spectrum analysis since 6,,, and 4, ,. will always be positive (signs are lost in
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CQC or SRSS modal combinations). The analysis can include torsional effects in one of two
ways:

a. By physically displacing the masses thereby directly incorporating the effects into the
subsequent dynamic analysis.

b. By computing torsional static moments and applying these as an additional load case.
This loading will be combined with the results of dynamic analysis with masses located
in the original positions.

The second of the two methods is preferred since it is computationally more efficient and
since the effects of torsional eccentricity may be more easily monitored. The first method
will give (sometimes substantially) different mode shapes and frequencies than analysis with
undisplaced mass. For the first type of analysis, the torsional amplification factor, 4,, may
not be necessary.

2.2.5 DESIGN, DETAILING REQUIREMENTS, AND STRUCTURAL COMPONENT
LOAD EFFECTS: The design and detailing requirements for components of the seismic force
resisting system are stated in this section. The combination of load effects is specified in Sec.
2.2.6. Some of the requirements introduced here are not commonly 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 earthquake 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 desi gn
requirements should be. Not all of the necessary design requirements are expressed in codes, and
although experienced 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:

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

2. The soil-structure-foundation interaction;

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

4. The mechanical characteristics of the different structural materials, particularly when they
undergo significant cyclic straining in the inelastic range 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 uncertainties by increasing
the level of design forces, it is considered more feasible to provide a building system with the
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largest energy dissipation consistent with the maximum tolerable deformations of nonstructural
components and equipment. This energy dissipation capacity, 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 stringent 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 moderate and severe earthquakes.

It should be kept in mind that a buiiding's response to seismic ground motion most offen
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 stringent the design and detailing requirements
should be. In defining these requirements, the Provisions uses the concept of Seismic Perfor-
mance Categories (Table 1.4.4), which relates to the coefficient 4, (Sec. 1.4.1) and the Seismic
Hazard Exposure Group (Sec. 1.4.3).

2.2.5.1 Seismic Performance Category A: Because of the very low seismicity associated with
regions of 4, 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 this
section. Category A buildings will be constructed in a large portion of the United States that is
generally subject to strong winds but low earthquake 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 requirements are prescribed for Category A buildings. Only 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 requirements can be improved
gradually, a major reduction in potential hazard can be achieved at low cost and with little
inconvenience.

2.2.5.1.1 Connections: The analysis of a structure and the provision of a design ground motion
alone do not make a structure earthquake resistant; additional design requirements are necessary
to provide adequate earthquake resistance in buildings. Experienced seismic designers normally
fill these requirements, 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 in resisting
high winds, floods, explosion, progressive failure, and even such ordinary hazards as foundation
settlement. Sec. 2.2.5.1.1 requires that all parts of the building (or unit if there are separation
joints) be so tied together that any part of the structure is tied to the rest to resist a force of 4,/3
(with a minimum of 5 percent g) times the weight of the smaller. In addition, beams must be
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tied to their supports or columns and columns to footings for a minimum of 5 percent of the dead
and live load reaction. :

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 Sec. 2.2, 2.3, and 2.4
(see Sec. 2.2.5.4.2).

2.2.5.1.2 Anchorage of Concrete or Masonry Walls: One of the major hazards from buildings
during an earthquake is the pulling away of heavy masonry or concrete walls from floors or ro-
ofs. 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 anchorage be provided in any locality to the extent of 1,0004, pounds per
linear foot (plf) or 14,600 times 4, Newtons per meter (N/m). This requirement alone may not
provide complete earthquake-resistant design, but observations of earthquake damage indicate that
it can greatly increase the earthquake resistance of buildings and reduce hazards in those localit-
ies where earthquakes may occur but are rarely damaging.

2.2.5.1.3 Anchorage of Nonstructural Systems: Anchorage of nonstructural systems and
components of buildings is required when prescribed in Chapter 3.

2.2.5.2 Seismic Performance Category B: Category B and Category C buildings will be
constructed in the largest portion of the United States. Earthquake-resistant requirements are
increased appreciably over Category A requirements, but they still are quite simple compared to
present requirements in areas of high seismicity.

The Category B requirements specifically recognize the need to design diaphragms, provide
collector bars, and provide reinforcing around openings. There requirements may seem
elementary and obvious but, because they are not specifically covered in many codes, some
engineers totally neglect them.

2.2.5.2.1 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
building in a direction other than the main axes, corner columns can be subjected to higher
stresses, which may partially explain the vulnerability of such columns in past earthquakes.

2.2.5.2.5 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
in the magnitude and characteristics of earthquake loading, in the materials and systems of con-
struction 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 force
resisting system of buildings.

Redundancy plays an important role in determining the ability 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
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system that retains its integrity and can continue to resist lateral forces, albeit with diminished
effectiveness.

Redundancy often is accomplished by making all joints of the vertical load-carrying frame
moment resisting and incorporating them into the seismic force resisting system. These multiple
points of resistance can prevent a catastrophic collapse due to distress or failure of a member or
joint. (The overstrength characteristics of this type of frame were discussed in the commentary
on Sec. 2.2.1.)

The designer should be particularly aware of the proper selection of R when using only one
or two one-bay rigid frames in one direction for resisting seismic loads. A single one-bay frame
or a pair of such frames provides little redundancy so the designer may wish to consider a
modified (smaller) R to account for a lack of redundancy. As more one-bay frames are added
to the system, however, overall system redundancy increases. The increase in redundancy is a
function of frame placement and total number of frames.

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

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

2.2.5.2.6 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 C2.2.5.2.6. Consider a building
as shown in the plan with four short shear walls at the corners arranged as shown. For north-
-south earthquake forces, the diaphragm shears on Line AB are uniformly distributed between
A and B if the chord reinforcing is 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 C2.2.5.2.6
reinforcing 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.

2.2.5.2.7 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 ft (6 m) from the edge in several industrial buildings.

When openings occur in shear walls, diaphragms, etc., it is not adequate 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
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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 static and the elastic
deformations.

2.2.5.2.8 Bearing Walls: A minimum anchorage of bearing walls to diaphragms or other
resisting elements is specified. To ensure that the walls and supporting framing system interact
properly, it is required that the interconnection of dependent wall elements and connections to
the framing system have 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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FIGURE 2.2.5.2.6 Collector element used to (a) transfer shears and (b) transfer drag |
forces from diaphragm to shear wall.

2.2.5.2.9 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

57 ' '




Commentary, Chapter 2

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 horizontal element of the T due to rotation at the top of the column, resulting in vertical
accelerations acting in opposite directions on the overhangs of the structure. Dynamic response
amplifies this rotation; hence, a bending moment would be induced at the top of the column even
though the procedures of Sec. 2.3.2 and 2.3.5 would not so indicate. A simple provision to
compensate for this is specified in this section. The bending moments due to the lateral force
are first calculated for the base of the column according to the provisions of Sec. 2.3.2 and
2.3.5. 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. 2.3.2 and 2.3.5 is based
on analyses of inverted pendulums covering a wide range of practical conditions.

2.2.5.3 Seismic Performance Category C: The material requirements in Chapters 5 through
9 for Category C are somewhat more restrictive than those for Categories A and B. Also, a
nominal interconnection between pile caps and caissons is required.

2.2.5.4 Seismic Performance Categories D and E: Category D requirements compare roughly
to present design practice in California seismic areas for buildings other than schools and hospi-
tals. All moment resisting frames of concrete or steel must meet ductility requirements. Inter-
action effects between structural and nonstructural elements must be investigated. 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 and E
construction.

Sec. 2.2.5.4.1 requires for Category D or E buildings that the effects from seismic loads
applied in one direction be combined with those from the other direction. This may affect more
than just the columns. The second order effect that is referenced is explained more fully in Sec.
2.3.7.

Category E construction is required for critical structures in relatively 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. 1.4.5). Because of the necessity for reduced risk, height
limitations are reduced (see Sec. 2.2.2.5). The specific material provisions include additional
requirements and limitations for the design of this building category.

2.2.5.4.1 Orthogonal Effects: Earthquake forces act in both principal directions of the building
simultaneously, but the earthquake effects in the two principal directions are unlikely to reach
their maximum simultaneously. This section provides a reasonable and adequate method for
combining them. It requires that structural elements be designed for 100 percent of the effects
of seismic forces in one principal direction combined with 30 percent of the effects of seismic
forces in the orthogonal direction.

The following combinations of effects of gravity loads, effects of seismic forces in the
x-direction, and effects of seismic forces in the y-direction (orthogonal to x-direction) thus
pertain:
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gravity £ 100% of x-direction £ 30% of y-direction
gravity £ 30% of x-direction £ 100% of y-direction

The combination and signs (plus or minus) requiring the greater member strength are used for
each member. Orthogonal effects are slight on beams, girders, slabs, and other horizontal
elements that are essentially one-directional in their behavior, but they may be significant in
columns or other vertical members 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
lines one and one-half times the slab thickness either side of the column to transfer all the minor
direction moment.

2.2.5.4.2 Discontinuities in Strength of Vertical Resisting System: This section requires
consideration of discontinuities in strength. It is not generally recognized that large discontinu-
ities in story strength can cause adverse response effects in a building. Usual practice is 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 procedures in Sec. 2.3 or 2.4 due to the concentration of
inelastic deformations in a weak story. A prohibition on weak story buildings was new with the
1988 Edition.

The early developers of the Provisions considered the following approach to this problem:

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

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

3. If for any Story r,, is less than 2/3r, modify R and C, for the building as given by Table
2.2.2 to R and C, where:

Cd-l

64-14‘

and

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

It is believed that further study should be given to this problem.
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2.2.5.4.3 Vertical Seismic Forces 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 protection
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 protection
against the possible effects of the vertical component of earthquake motions are given. In the
case of standard structures, these effects are taken into account by the variation of 0.5C, which
is placed on the dead load (see Sec. 2.2.6). 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 horizontal components for similar but regularly reinforced concrete components.
Thus, it is recommended that Eq. 2.2.6-2 be replaced by Eq. 2.2.6-3. 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 0.2D. 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 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 fulfilled by simply supported or cantilevered beams, girders, and slabs or by
many prestressed concrete members.

2.2.6 COMBINATION OF LOAD EFFECTS: The load combination statements in the 1994
Edition of the Provisions combine the effects of structural response to horizontal and vertical
ground accelerations. They do not show how to combine the effect of earthquake loading with
the effects of other loads. For those combinations, the user is referred to ASCE 7 (Ref. 2-1).
The pertinent combinations are:

12D + 1.0E + 0.5L + 028 (Additive)

and

09D + 1.0E (Counteracting)

where D, E, L, and S are, respectively, the dead, earthquake, live, and snow loads.

The design basis expressed in Sec. 2.2.1 reflects the fact that the specified earthquake loads
are at the design level without amplification by load factors; thus the load factor of 1.0 is
assigned to the earthquake load effects in Eq. 2.2.6.-1 and 2.2.6-2.

In Eq. 2.2.6.-1 and 2.2.6-3, a factor of #0.5C, was placed on the dead load to account for
the effects of vertical acceleration. The 0.5C, factor on dead load is not intended to represent
the total vertical response. The concurrent maximum response of vertical accelerations and
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norizontal accelerations, direct and orthogonal, is unlikely and, therefore, the direct addition of
responses was not considered appropriate.

The 2R/5 factor in Eq. 2.2.6-3 and 2.2.6-4 was introduced in the 1991 Edition to better
represent the behavior of elements sensitive to overstrength in the remainder of the structural
seismic resisting system or in specific other structural components. The particular number was
selected to correlate with the 3R, /8 factor that had been introduced in Structural Engineers
Association of California (SEAoC) recommendations and the Uniform Building Code.

2.2.7 DEFLECTION AND DRIFT LIMITS: This section provides procedures for the
limitation of story drift. The term "drift" has two connotations:

1. "Story drift" is the maximum lateral displacement within a story (i.e., the displacement of
one floor relative to the floor below caused by the effects of seismic loads).

2. The lateral displacement or deflection due to design forces is the absolute displacement of
any point in the structure relative to the base. This is not "story drift" and is not to be used
for drift control or stability considerations since it may give a false impression of the effects
in critical stories. However, it is important when considering seismic separation require-
ments.

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 effect). Under small lateral deformations, secondary stresses are
normally within tolerable limits. However, larger deformations with heavy vertical loads can lead
to significant secondary moments from the P-delta effects in the design. The drift limits
indirectly provide upper bounds for these effects.

Buildings subjected to earthquakes need drift control to restrict damage to partitions, shaft
and stair enclosures, glass, and other fragile nonstructural elements and, more importantly, to
minimize differential movement demands on the seismic safety elements. Since general damage
control for economic reasons is not a goal of this document and since the state of the art is not
well developed in this area, the drift limits have been established without regard to considerations
such as present worth of future repairs versus additional structural costs to limit drift. These are
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 2.2.7 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 yield 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. ,
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To provide a higher performance standard, the drift limit for the essential facilities of
Seismic Hazard Exposure Group III is more stringent than the limit for Groups I and II except
for masonry shear wall buildings.

The drift limits for low-rise structures are relaxed somewhat provided the interior walls,
partitions, ceilings, and exterior wall systems have been designed to accommodate story drifts.
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, 4, of Table 2.2.7 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, 4, is to be compared to the design story
drift as determined by Sec. 2.3.7.1,

Stress or strength limitations imposed by design level forces occasionally may provide
adequate drift control. However, it is expected that the design of moment resisting frames,
especially steel building frames, and the design of tall, narrow shear wall or braced frame
buildings will be governed at least in part by drift considerations. In areas having a large seismic
coefficient, C,, 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 generally will control, at least in the lower stories.

Due to probable first mode drift contributions and the term C; being generally conservative
at higher values of T or T, the Sec. 2.3 ELF procedure may be too conservative for drift design
of very tall moment-frame buildings. It is suggested for these buildings, where the first mode
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 Sec. 2.4 be
used for design even when not required by Sec. 2.2.4.

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 buildings or parts to respond independently to earthquake ground motion. Unless all
portions of the structure have been designed and constructed to act as a unit, they must be
separated by seismic joints. For irregular structures that cannot be expected to act reliably as a
unit, seismic joints should be utilized to separate the building into units whose independent
response to earthquake ground motion can be predicted.

Although the Provisions do not give precise formulations for the separations, it is required
that the distance be "sufficient to avoid damaging 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 increasing separations with height). If 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 in. (25 mm) plus 1/2 in. (13
mm) for each 10 ft (3 m) of height above 20 ft (6 m) be followed.
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2.3 EQUIVALENT LATERAL FORCE PROCEDURE:

2.3.1 GENERAL: This section discusses the equivalent lateral force (ELF) procedure for
seismic analysis of buildings.

2.3.2 SEISMIC BASE SHEAR: The heart of the ELF procedure is Eq. 2.3.2-1 for base shear,
which gives the total seismic design force, V, in terms of two factors: a seismic response
coefficient, C,, and the total gravity load of the building, #. Equations 2.3.2.1-1 and 2.3.2.1-2
give the coefficient C,, which defines the design spectrum. This spectrum is discussed more fully
in Sec. 1.4.2 of the "Chapter 1 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 permanent and movable partitions and permanent equipment such as mechanical and
electrical equipment, piping, and ceilings. The normal human live load is taken to be negligibly
small in its contribution to the seismic lateral forces. Buildings designed for storage or
warehouse usage should have at least 25 percent of the design floor live load included in the
weight, W. Snow loads up to 30 psf (1400 Pa) are not considered. Freshly fallen snow would
have little effect on the lateral force in an earthquake; however, ice loading would be more or
less firmly attached to the roof of the building and would contribute significantly 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 really 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 base shear formula and the various factors contained therein were arrived at as explained
below.

Elastic Acceleration Response Spectra: See Sec. 1.4.2 of the "Chapter 1 Commentary" for
a full discussion of the shape of the spectra accounting for dynamic response amplification and
the effect of site response.

Elastic Design Spectra: As described in Sec. 1.4.2, the elastic acceleration response spectra
for earthquake motions has a descending branch for longer values of 7, the period of vibration
of the system, and it varies roughly as 1/7. 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. 2.3.2.1-1.

Among the reasons for designing long period buildings more conservatively are the follow-

ing:

1. The fundamental period of a building increases with number of stories. The longer the 7,
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 concentrated in a few stories of the
building, at least for some earthquakes.
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2. The number of potential failure modes increases generally with 7. If design spectra were
proportional to response spectra for single-degree-of-freedom systems, the probability of
failure would increase with 7.

3. Building instability is more of a problem with increasing T.

Response Modification Factor: The factor R in the denominator of Eq. 2.3.2.1-1 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 surpass initial yield and
approach the ultimate load displacement of the structural system. Thus, for a lightly damped
building structure of brittle material that would be unable to tolerate any appreciable deformation
beyond the elastic range, the factor R would be close to 1 (i.e., no reduction from the linear
elastic response would be allowed). At the other extreme, a heavily damped building structure
with a very ductile structural system would be able to withstand deformations considerably in
excess of initial yield and would, therefore, justify the assignment of a larger response reduction
factor R. Table 2.2.2 in the Provisions stipulates R coefficients for different types of building
systems using several different structural materials. The coefficient 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 2.2.2 is .
explained in the Sec. 2.2.1. . 1'

In establishing Eq. 2.3.2.1-1 for determining the design base shear of a building, the use of 1
a factor (such as an occupancy factor) related to the Seismic Hazard Exposure Group was |
discussed. After lengthy consideration 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 with previous design codes, it was ]
decided that the specified force levels provide an adequate force function for design of all I

[
|

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 III) was handled by using more conservative drift controls (Sec. 2.2.7)
and by providing special design and detailing requirements (Sec. 2.2.5) and materials limitations
(Chapters 5 through 9).

2.3.3 PERIOD DETERMINATION: In the denominator of Eq. 2.3.2.1-1, 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 involve 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 initial base shear and proceed with a preliminary design. For preliminary |
member sizing, it is advisable that this base shear and the corresponding value of T be |
conservative. Even for final design, use of a large value for Tis unconservative. Thus, the value
of T used in design should be smaller than the true period of the building. Equations 2.3.3.1-1
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and 2.3.3.1-2 for the approximate period 7, are therefore intended to provide conservative
estimates of the fundamental period of vibration. An upper bound is placed on T based on 7,
and the factor C,,.

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 is generally accepted that the empirical
equations for T, are tailored to fit the type of construction common in areas with high lateral
force requirements.

It is unlikely that buildings in lower risk seismic areas would be designed to produce as high
a drift level as allowed in the provisions due to stability problems (P-delta) and wind require-
ments. For buildings that are actually "controlled" by wind, the calculation of a large 7 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 to vary as 1/T*? and assuming 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 resisting frame structures varies roughly as h,,3/ 4 where h,, equals the total
height of the building as defined elsewhere. Equation 2.3.3.1-1 is therefore appropriate and the
values of the coefficient C have been established to produce values for 7, generally lower than
the true fundamental vibration period of moment frame buildings. This is apparent in Figures
C2.3.3-1 and C2.3.3-2.

In these figures, Eq. 2.3.3.1-1 is compared with fundamental vibration periods computed
from accelerograph records from upper stories of several buildings during the 1971 San Fernando
earthquake. The optional use of 7 = 0.1N (Eq. 2.3.3.1-2) is an approximation for low to
moderate height frames that has been long in use.

As an exception to Eq. 2.3.3.1-1, these provisions allow the calculated fundamental period
of vibration, 7, of the seismic force resisting system to be used in calculating the base shear.
However, the period, T, used may not exceed C, T, with T, determined from Eq. 2.3.3.1-1.

For exceptionally stiff or light buildings, the calculated 7 for the seismic force resisting
system may be significantly shorter than T, calculated by Eq. 2.3.3.1-1. For such buildings, it
is recommended that the period value 7 be used in lieu of T, for calculating the seismic response
coefficient, C;.
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FUNDAMENTAL BUILDING PERIOD

= IN LONGITUDINAL AND TRANSVERSE

DIRECTIONS T. =0.035h, " =
et . *

BUILDING IDENTIFICATION NUMBER ’

Structural Design Criteria, Analysis, and Procedures
|
|

T;=0.025h,%

PERIOD, T {SECONDS)

|
AVERAGE STORY HEIGHT, |
Moy 9[65 FEET |

100 200 300 |
TOTAL BUILDING HEIGHT, hn (FEET)
|

FIGURE C2.3.2-2 Periods computed from accelerograph records during the 1971 San

Fernando earthquake--reinforced concrete frames. The equation T = 0.0304," Is intended to be a
conservative estimate. The mean value estimate is T = 0.0354,*%. The identification numbers, names, and
addresses of the buildings considered are as follows: (1) Holiday Inn, 8244 Orion Street; (2) Valley Presbyterian
Hospital, 15107 Vanowen Boulevard; (3) Bank of California, 15250 Ventura Boulevard; (4) Hilton Hotel, 15433
Ventura Boulevard; (5) Sheraton-Unlversal, 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) 5§33 South
Fremont; (12) Mohn Olympic, 1625 Olympic Boulevard; (13) 120 Robertson; (14) Holiday Inn, 1640 Marengo.
Incomplete study data have suggested that Buildings 1, 3, 4,7, 8,9, 10, 11, 13, and 14 may not act as true frames;
these building numbers are marked with an asterisk.
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FIGURE C2.3.3-3 Periods computed from accelerograph records during the 1971 San

Fernando earthquake--reinforced concrete shear wall buildings. The equation Ty = 0.54,/VD is
intended to be a conservative estimate for all buildings other than steel frames and reinforced concrete frames.
The mean value estimate is T = 0.074,vD. The identification numbers, names, and addresses of the buildings
considered are as follows: (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) Airport Marina Hotel, 8639 Lincoln, Marina Del Ray.

The fundamental period of vibration of the seismic force resisting system is to be calculated
according to established methods of mechanics (Clough and Penzien, 1975; Newmark and
Rosenblueth, 1971; Thomson, 1965; Wiegel, 1970). Computer programs are available for such
calculations. One method of calculating the period, probably as convenient as any, is the use of
the following formula based on Rayleigh's method (Clough and Penzien, 1975, Newmark and
Rosenblueth, 1971; Thomson, 1965; Wiegel, 1970):
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(C2.3.3)
where:
F; = the seismic lateral force at Level i,
w; = the gravity load assigned in Level 4,
8, = the static lateral displacement at Level i due to the forces F; computed on a linear
elastic basis, and
g = s the acceleration of gravity.

The calculated period increases with an increase in flexibility of the structure because the
3 term in the Rayleigh formula appears to the second power in the numerator but to only the first
power in the denominator. Thus, if one ignores the contribution of nonstructural elements to the
stiffness of the structure in calculating the deflections &, the deflections are exaggerated and the
calculated period is lengthened, leading to a decrease in the seismic response coefficient C; and,
therefore, a decrease in the design force. Nonstructural elements do not know that they are non-
structural. They participate in the behavior of the structure even though the designer may not
rely on them for contributing any strength or stiffness to the structure. To ignore them in
calculating the period is to err on the unconservative side. The limitation of C, T, is imposed as

a safeguard.

2.3.4 VERTICAL DISTRIBUTION OF SEISMIC FORCES: The distribution of lateral
forces over the height of a building is generally quite complex because these forces are the result
of superposition 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 stiffness over the height (see Sec. 2.2.3).
The basis of this method is discussed below. In buildings having only minor irregularity of mass
or stiffness over the height, the accuracy of the lateral force distribution as given by Eq. 2.3.4-2
is much improved by the procedure described in the last portion of Sec. 2.2.4 of this
commentary. The lateral force at each level, x, due to response in the first (fundamental) natural
mode of vibration is:

w.by

Y woy

i=1

Sar =0 (C2.34)
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where:

V;= the contribution of this mode to the base shear,

A
I

; the weight lumped at the ith level, and

the amplitude of the first mode at the it level. .

5
|

This is the same as Eq. 2.4.6-2 in Sec. 2.4 of the Provisions, but it is specialized for the first
mode. If ¥, is replaced by the total base shear, V/ this equation becomes identical to Eq. 2.3.4-2
with k = 1 if the first mode shape is a straight line and with k¥ = 2 if the first mode shape is a '
parabola with its vertex at the base.

It is well gnown that the influence of modes of vibration higher than the fundamental mode
is small in the earthquake response of short period buildings and that, in regular buildings, the
fundamental vibration mode departs little from a straight line. This, along with the matters discu-
ssed above, provides the basis for Eq. 2.3.4-2 with £ = 1 for buildings having a fundamental
vibration period of 0.5 seconds or less.

It has been demonstrated that although the earthquake response of long period buildings is
primarily due to the fundamental natural mode of vibration, the influence of higher modes of
vibration can be significant and, in regular buildings, the fundamental vibration mode lies approxi- :
mately between a straight line and a parabola with the vertex at the base. Thus, Eq. 2.3.4-2 with 1
k = 2 is appropriate for buildings having a fundamental period of vibration of 2.5 seconds or |
longer. Linear variation of k between 1 at a 0.5 second period and 2 at a 2.5 seconds period provides- ”

the simplest possible transition between the two extreme values.

2.3.5 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 (Figure C2.3.5). Reasonable and consistent assumptions regarding the stiffness of con-
crete 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 moment or braced
frames will establish the distribution of the story shear to the vertical resisting elements in that
story.

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

1. M, 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.

2. M,,, commonly referred to as "accidental torsion," is to be computed as the story shear times
the "accidental eccentricity," 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 M, in this manner is equivalent to the procedure in Sec. 2.3.5 which implies that
the dimension of the building is the dimension in the story where the torsional moment is being
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computed and that all the masses above that story should be assumed to be displaced in the same
direction at one time (e.g., first, all of them to the left and, then, to the right).

Force Fp > Level n
Story n
Force Fp.| — Level n-l
iz
(
Force Fyy|—> mm=—m——= Level x+1 P |
|
Story x+1
Force Fy —> Level x '
Story x
Force Fy_|—> Level x-1 ‘
/
v
Force | —= Level 1
Base

77777 077 707707 s ALl L7777

FIGURE C2.3.5 Description of story and level. The shear at Story x (V,) is the sum
of all the lateral forces at and above Story x (F, through F,).

Dynamic analyses assuming linear behavior indicate that the torsional moment due to
eccentricity between centers of mass and resistance may significantly exceed M, (Newmark and
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 linear behavior.

The torsional moment M, 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 recommended that the torsional
moment in any story be not smaller than the following two values (Newmark and Rosenblueth,
1971):
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1. The story shear times one-half of the maximum of the computed eccentricities in all stories
below the one being analyzed and

2. One-half of the maximum of the computed torsional moments for all stories above.

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

There are indications that the 5 percent accidental eccentricity may be too small in some
buildings 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 particularly uncertain (e.g., those that
depend largely on masonry walls for lateral force resistance 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 concrete frames). The amplification factor for torsionally irregular
buildings (Eq. 2.3.5.1) was introduced in the 1988 Edition as an attempt to account for some of
these problems in a controlled and rational way.

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

Where the diaphragm stiffness in 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 its lateral stiffness and the square of its distance
to the center of resistance of the story. Alternatively, the story shears and torsional moments
may be distributed on the basis of a three-dimensional analysis of the structure, consistent with
the assumption of linear behavior.

Where the diaphragm in its own plane is very 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 dia-
phragm acting as a continuous horizontal beam or truss on rigid supports leads to the distribution
of shears. Because the properties of the beam or truss may not be accurately computed, the
shears in vertical elements should not be taken to be less than those based on "tributary areas.”
Accidental torsion may be accounted for by adjusting 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 either rigid or very flexible in its own plane for purposes of distributing story shear and
considering torsional moments. For example, a solid monolithic reinforced concrete slab, square
or nearly square in plan, in a building with slender moment resisting frames may be regarded as
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rigid. A large plywood diaphragm with widely spaced and long, low masonry walls may be
regarded as very flexible. In intermediate situations, the design forces should be based on an
analysis that explicitly considers diaphragm deformations and satisfies equilibrium and com-
patibility requirements. Alternatively, 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.

2.3.6 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. 2.3.6. There are several reasons for reducing the statically computed overturning
moments:

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

2. It is intended that the design shear envelope, which is based on the simple distribution of
forces specified in Sec. 2.3.4, 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.

3. Under the action of overturning moments, one edge of the foundation may lift 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 similar to those obtained from results of
dynamic analysis taking into account 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 buildings because design of vertical elements in these stories is rarely governed by overturning
moments. For the eleventh to the twentieth stories from the top, linear variation of t provides
the simplest transition between the minimum and maximum values of 0.8 and 1.0.

In the design of the foundation, the overturning moment may be calculated at the
foundation-soil interface using Eq. 2.3.6 with t = 0.75 for all building heights. This is
appropriate because a slight uplifting of one edge of the foundation during vibration leads to
reduction in the overturning moment and because such behavior does not normally cause
structural distress.

Formerly, many building codes and design recommendations allowed more drastic reduction
in overturning moments relative to their value statically consistent with the design story shears.
These reductions appeared to be excessive in light of the damage to byildings during the 1967
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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. 2.3.6, 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 justified in light of the reasons mentioned
above. 1

2.3.7 DRIFT DETERMINATION AND P-DELTA EFFECTS: This section defines the
design story drift as the difference of the deflections, 8,, at the top and bottom of the story under
consideration. The deflections, 8, are determined by multiplying the deflections, 4,,
(determined from an elastic analysis), by the deflection amplification factor, C,, given in Table
2.2.2. The elastic analysis is to be made for the seismic force 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 force resisting system should not be included since they may not {
be reliable at higher inelastic 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 deflections are
determined initially on the basis of the distribution of lateral forces stipulated in Sec. 2.3.4. For |
frame structures, the axial deformations from bending effects, although contributing to the overall i
building distortion, may or may not affect the story-to-story drift; however, they are to be !
considered. Centerline dimensions between 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. 2.2.7, the deflections, §,,
may be calculated as indicated above for the seismic force resisting system and design forces
corresponding to the fundamental period of the building, T (calculated without the limit "< C, T,
specified in Sec. 2.3.3), may be used. The same model of the seismic force resisting system used
in determining the deflections must be used for determining 7. 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. 2.3.7.2 are significant, the design story drift must
be increased by the resulting incremental factor.

The P-delta effects in a given story are due to the eccentricity of the gravity load above that
story. If the story drift due to the lateral forces prescribed in Sec. 2.3.4 were 4, the bending
moments in the story would be augmented by an amount equal to 4 times the gravity load above
the story. The ratio of the P-delta moment to the lateral force story moment is designated as a
stability coefficient, 8, in Eq. 2.3.7.2-1. If the stability coefficient 8 is less than 0.10 for every
story, the P-delta effects on story shears and moments and member forces may be ignored. If,
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, a; = 6/(1 - 6). a, 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 + 67 + 63 ..., which is

/(1 -6)or(1+ay.
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2. Multiply the story shear, V,, in each story by the factor (1 + a,) for that story and recompute |
the story shears, overturning moments, and other seismic force effects corresponding to these !
augmented story shears.

This procedure is applicable to planar structures and, with some extension, to three-
dimensional structures. Methods exist for incorporating two- and three-dimensional P-delta
effects into computer analyses that do not explicitly include such effects (Rutenburg, 1982).
Many programs explicitly include P-delta effects. A mathematical description of the method
employed by several popular programs is given by Wilson and Habibullah (1987).

The P-delta procedure cited above effectively checks the static stability of a structure based
on its initial stiffness. Since the inception of this procedure with ATC 3-06, however, there has
been some debate regarding its accuracy. This debate stems from the intuitive notion that the
structure's secant stiffness would more accurately represent inelastic P-delta effegts. Given the
additional uncertainty of the effect of dynamic response on P-delta behavior and the (apparent)
observation that instability-related failures rarely occur in real buildings, the P-delta provisions
remained as originally written until revised for the 1991 Edition.

There was mcreasmg evidence that the use of inelastic stiffness in detenmnmg theoretical
P-delta response is unconservative. Given a study carried out by Bernal (1987), it was argued
that P-delta amplifiers should be based on secant stiffness and that, in other words, the C; term
in Eq. 2.3.7.2-1 should be deleted. However, since Bernal's study was based on the inelastic
response of single-degree-of-freedom elastic-perfectly plastic systems, significant uncertainties
existed regarding the extrapolation of the concepts to the complex hysteretic behavior of multi-
degree-of-freedom systems.

Another problem with accepting a P-delta procedure based on secant stiffness was that design
forces would be greatly increased. For example, consider an ordinary moment frame of steel
with a C; of 4.0 and an elastic stability coefficient 8 of 0.15. The amplifier for this structure
would be 1.0/0.85 = 1.18 according to the 1988 Edition of the Provisions. If the P-delta effects
were based on secant stiffness, however, the stability coefficient would increase to 0.60 and the
amplifier would become 1.0/0.4 = 2.50. (Note that the 0.9 in the numerator of the amplifier
equation in the 1988 Edition was dropped for this comparison.) This example illustrates that
there could be an extreme impact on the provisions if a change was implemented that
incorporated P-delta amplifiers based on static secant stiffness response.

There was, however, some justification for retaining the P-delta amplifier as based on elastic
stiffness. This justification was the apparent lack of stability-related failures. The reasons for
the lack of observed failures included:

1. Many structures display strength well above the strength implied by code-level design forces
(see Figure C2.1.1). This overstrength likely protects structures from stability-related
failures.

2. The likelihood of a stability failure decreases with increased intensity of expected ground-
shaking. This is due to the fact that the stiffness of most buildings designed for extreme
ground motion is significantly greater than the stiffness of the same building designed for
lower intensity shaking or for wind. Since damaging low-intensity earthquakes are somewhat
rare, there would be little observable damage.
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Due to the lack of stability-related failures, therefore, the requirements of the 1988 Edition
of the Provisions regarding P-delta amplifiers remain in the 1991 and 1994 Editions with the
exception that the 0.90 factor in the numerator of the amplifier has been deleted. This factor
originally was used to create a transition from cases where P-delta effects need not be considered
(8 < 0.10, amplifier = 1.0) to cases where such effects need be considered (8 > 1.0, amplifier
> 1.0).

However, the 1991 Edition introduced a requirement that the computed stability coefficient,
8, not exceed 0.25 or 0.5/BC,, where BC, is an adjusted ductility demand that takes into account
the fact that the seismic strength demand may be somewhat less than the code strength supplied.
The adjusted ductility demand is not intended to incorporate overstrength beyond that computed
by the means available in Chapters 5 through 9 of the Provisions.

The purpose of this requirement is to protect structures from the possibility of stability
failures triggered by post-earthquake residual deformation. The danger of such failures is real
and may not be eliminated by apparently available overstrength. This is particularly true of |
structures designed in regions of lower seismicity. |

The computation of 8,,,., which, in turn, is based on SC,, requires the computation of story
strength supply and story strength demand. Story strength demand is simply the seismic design
shear for the story under consideration. The story strength supply may be computed as the shear
in the story that occurs simultaneously with the attainment of the development of first significant
yield of the overall structure. To compute first significant yield, the structure should be loaded
with a seismic force pattern similar to that used to compute seismic story strength demand. A
simple and conservative procedure is to compute the ratio of demand to strength for each member
of the seismic force resisting system in a particular story and then use the largest such ratio as
B. For a structure otherwise in conformance with the Provisions, f = 1.0 is obviously
conservative. "

The principal reason for inclusion of f is to allow for a more equitable analysis of those
structures in which substantial extra strength is provided, whether as a result of added stiffness
for drift control, from code-required wind resistance, or simply a feature of other aspects of the
design.

Story Shear Demand
Story Shear Capacity

is conservatively 1.0 for any design that meets the remainder of the Provisions. Some structures
inherently possess more strength than required, but instability is not typically a concern for such
structures. For many flexible structures, the proportions of the structural members are controlled
by the drift requirements rather than the strength requirements, consequently, B is less than 1.0
because the members provided are larger and stronger than required. This has the effect of
reducing the inelastic component of total seismic drift and, thus, B is placed as a factor on C,,. .
Accurate evaluation of B would require consideration of all pertinent load combinations to |
find the maximum value of seismic load effect demand to seismic load effect capacity in each
and every member. A conservative simplification is to divide the total demand with seismic |
included by the total capacity; this covers all load combinations in which dead and live effects
add to seismic. If a member is controlled by a load combination where dead load counteracts
seismic, to be correctly computed, the ratio B must be based only on the seismic component, not
the total; note that the vertical load P in the P-delta computation would be less in such a
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circumstance and, therefore, 8 would be less. The importance of the counteracting load
combination does have to be considered, but it rarely controls instability.

2.4 MODAL ANALYSIS PROCEDURE:

2.4.1 GENERAL and 2.4.2 MODELING: Modal analysis (Newmark and Rosenblueth, 1971;
Clough and Penzien, 1975; Thomson, 1965; Wiegel, 1970) generally is applicable for calculating
the linear response of complex, multi-degree-of-freedom structures and is based on the fact that
the response is the superposition of the responses of individual natural modes of vibration, each
mode responding with its own particular pattern of deformation, the mode shape, with its own
frequency, the modal frequency, and with its own modal damping. The response of the structure
therefore can be modeled by the response of a number of single-degree-of-freedom oscillators
with properties chosen to be representative of the mode and the degree to which the mode is
excited by the earthquake motion. For certain types of damping, this representation is mathemati-
cally exact and, for building structures, numerous full-scale tests and analyses of earthquake
response of structures have shown that the use of modal analysis, with viscously damped
single-degree-of-freedom oscillators describing the response of the structural modes, is an
accurate approximation for analysis of linear response.

Modal analysis is useful in design. The formulas describing seismic coefficients (e.g., Eq.
2.3.2.1-1) are simply an expansion of acceleration design spectra and therefore can be used to
determine the maximum response of each mode of a complete building. This maximum modal
response can be expressed in several ways. For the Provisions, it was decided that the modal
forces and their distributions over the structure should be given primary emphasis to highlight
the similarity to the equivalent static methods traditional in building codes (the SEAOC
recommendations and the UBC) and the ELF procedure in Sec. 2.3. Thus, the coefficient Cg,
in Eq. 2.4.5-1 and the distribution equations, Eq. 2.4.6-1 and 2.4.6-2, are the counterparts of Eq.
2.3.4-1 and 2.3.4-2. This correspondence helps clarify the fact that the simplified modal analysis
contained in Sec. 2.4 is simply an attempt to specify the equivalent lateral forces on a building
in a way that directly reflects the individual dynamic characteristics of the building. Once the
story shears and other response variables for each of the important modes are determined and combined-

to produce design values, the design values are used in basically the same manner as the
equivalent lateral forces given in Sec. 2.3.

The modal analysis procedure specified in Sec. 2.4 is simplified from the general case by
restricting consideration to lateral motion in a plane. Only one degree of freedom is required per
floor for this type of motion. The effects of the horizontal component of ground motion
perpendicular to the direction under consideration, the vertical component of ground motion, and
the torsional motions of the building are all considered in the same simple manner as in the ELF
procedure.

2.4.3 MODES: This section defines the number of modes to be used in the analysis. For many
structures, including low-rise buildings and structures of moderate height, three modes of
vibration in each direction are nearly always sufficient to determine design values of the
earthquake response of the building. For buildings of only one or two stories, a number of
modes equal to the number of stories suffices for purposes of design and, hence, the last phrase.
For high-rise structures, however, more than three modes may be required to adequately
determine the forces for design. In this case, all modes having natural periods larger than 0.40
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second are to be used. For very tall or very flexible structures, it may be necessary to consider
six or more modes in each direction.

Although this section is intended to specify the minimum number of modes to be considered,
there may be instances in which the designer should include additional modes in the analysis in
order to obtain a more reliable indication of the possible earthquake response of the structure.

2.4.4 PERIODS: Natural periods of vibration are required for each of the modes used in the
subsequent calculations. These are needed to determine the modal coefficients C,,, from Eq.
2.4.5-3. Because the periods of the modes contemplated in these provisions are those associated
with moderately large, but still essentially linear, building response, the period calculations should
include only those elements that are effective at these amplitudes. Such periods may be longer
than those obtained from a small-amplitude test of the building when completed or the response
to small earthquake motions because of the stiffening effects of nonstructural and architectural
components of the building at small amplitudes. During response to strong ground-shaking,
however, measured responses of buildings have shown that the periods lengthen, indicating the
loss of the stiffness contributed by those components. ,

There exists a wide variety of methods for calculation of natural periods and associated mode
shapes, and no one particular method is required by the Provisions. It is essential, however, that
the method used be one based on generally accepted principles of mechanics such as those given
in well known textbooks on structural dynamics and vibrations (Clough and Penzien, 1975,
Newmark and Rosenblueth, 1971; Thomson, 1965; Wiegel, 1970). Although it is expected that
in many cases computer programs, whose accuracy and reliability are documented and widely
recognized, will be used to calculate the required natural periods and associated mode shapes,
their use is not required.

2.4.5 MODAL BASE SHEAR: A central feature of modal analysis is that the earthquake
response is considered as a combination of the independent responses of the building vibrating
in each of its important modes. As the building vibrates back and forth in a particular mode at
the associated period, it experiences maximum values of base shear, interstory drifts, floor
displacements, base (overturning) moments, etc. In this section, the base shear in the m™ mode
is specified as the product of the modal seismic coefficient C,,, and the effective weight W, for
the mode. The coefficient C,, is determined for each mode from Eq. 2.4.5-3 using the
associated period of the mode, 7,,, in addition to the factors C, and R, which are discussed
elsewhere in the Commentary. An exception to this procedure occurs for higher modes of those
buildings that have periods shorter than 0.3 second and that are founded on soils of Soil Profile
Type D, E, or F. For such modes, Eq. 2.4.5-4 is used. Equation 2.4.5-4 gives values ranging
from A /R for very short periods to 2.54 /R for T,, = 0.3. Comparing these values to the limiting
values of C, of 2.54 /R for soils with Soil Profile Type D as specified following Eq. 2.4.5-3, it
is seen that the use of Eq. 2.4.5-4, when applicable, reduces the modal base shear. This is an
approximation introduced in consideration of the conservatism embodied in using the spectral
shape specified by Eq. 2.4.5-3 and its limiting values. The spectral shape so defined is a
conservative approximation to average spectra that are known to first ascend, level off, and then
decay as period increases. Equation 2.4.5-3 and its limiting values conservatively replace the
ascending portion for small periods by a level portion. For soils with Soil Profile Type A, B and
C, the ascending portion of the spectra is completed by the time the period reaches a small value
near 0.1 or 0.2 second. On the other hand, for soft soils the ascent may not be completed until
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a larger period is reached. Equation 2.4.5-4 is then a replacement for the spectral shape for soils
with Soil Profile Type D, E and F and short periods that is more consistent with spectra for
measured accelerations. It was introduced because it was judged unnecessarily conservative to
use Eq. 2.4.5-3 for modal analysis in the case of soils with Soil Profile Types D, E, and F. The
effective modal gravity load given in Eq. 2.4.5-2 can be interpreted as specifying the portion of
the weight of the building that participates in the vibration of each mode. It is noted that Eq.
2.4.5-2 gives values of W,, that are independent of how the modes are normalized.

The final equation of this section, Eq. 2.4.5-5, is to be used if a modal period exceeds 4
seconds. It can be seen that Eq. 2.4.5-5 and 2.4.5-3 coincide at T, = 4 seconds so that the effect
of using Eq. 2.4.5-5 is to provide a more rapid decrease in Cg, as a function of the known
characteristics of earthquake response spectra at intermediate and long periods. At intermediate
periods, the average velocity spectrum of strong earthquake motions from large (magnitude 6.5
and larger) earthquakes is approximately constant, which implies that C,, should decrease as
1/T,,. Equation 2.4.5-3 decreases as 1/T,,,; for reasons discussed in Sec. 2.3.2 of this
commentary and this slower rate of decrease, if extended to very long periods, would result in
an unbalanced degree of conservatism in the modal force for very tall buildings. In addition, for
very long periods, the average displacement spectrum of strong earthquake motions becom es con-
stant which implies that C,,,, a form of acceleration spectrum, should decay as 1/T . The period
at which the displacement response spectrum becomes constant depends on the size of the
earthquake, being larger for great earthquakes, and a representative period of 4 seconds was
chosen to make the transition.

2.4.6 MODAL FORCES, DEFLECTIONS, AND DRIFTS: This section specifies the forces
and displacements associated with each of the important modes of response.

Modal forces at each level are given by Eq. 2.4.6-1 and 2.4.6-2 and are expressed in terms
of the gravity load assigned to the floor, the mode shape, and the modal base shear V,,. In
‘ applying the forces F,,, to the building, the direction of the forces is controlled by the algebralc
‘ sign of ¢,,,. Hence, the modal forces for the fundamental mode will all act in the same direction,

but modal forces for the second and higher modes will change direction as one moves up the
building. The form of Eq. 2.4.6-1 is somewhat different from that usually employed in standard
references and shows clearly the relation between the modal forces and the modal base shear.
It therefore is a convenient form for calculation and highlights the similarity to Eq. 2.3.4-1 in the
ELF procedure.

The modal deflections at each level are specified by Eq. 2.4.6-3. These are the displace-
ments caused by the modal forces F,,, considered as static forces and are representative of the
maximum amplltudes of modal response for the essentially elastic motions envisioned within the
concept of the seismic response modification coefficient R. This is also a logical point to
calculate the modal drifts, which are required in Sec. 2.4.8. If the mode under consideration
dominates the earthquake response, the modal deflection under the strongest motion contemplated
by the Provisions can be estimated by multiplying by the deflection amplification factor C;. It
should be noted also that 4,,, is proportional to ¢, (this can be shown with algebraic
substitution for F_, in Eq: 2.4.6-4) and will therefore change direction up and down the structure
for the higher modes.

2.4.7 MODAL STORY SHEARS AND MOMENTS: This section merely specifies that the
forces of Eq. 2.4.6-1 should be used to calculate the shears and moments for each mode under
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consideration. In essence, the forces from Eq. 2.4.6-1 are applied to each mass, and linear static
methods are used to calculate story shears and story overturning moments. The base shear that
results from the calculation should check with Eq. 2.4.5-1.

2.4.8 DESIGN VALUES: This section specifies the manner in which the values of story shear,
moment, and drift quantities and the deflection at each level are to be combined. The method
used, in which the design value is the square root of the sum of the squares of the modal quanti-
ties, was selected for its simplicity and its wide familiarity (Clough and Penzien, 1975; Newmark
and Rosenblueth, 1971; Wiegel, 1970). In general, it gives satisfactory results, but it is not
always a conservative predictor of the earthquake response inasmuch as more adverse
combinations of modal quantities than are given by this method of combination can occur. The
most common instance where combination by use of the square root of the sum of the squares
is unconservative occurs when two modes have very nearly the same natural period. In this case,
the responses are highly correlated and the designer should consider combining the modal quan-
tities more conservatively (Newmark and Rosenblueth, 1971). The 1991 and 1994 Editions of
the Provisions also include the combining of these quantities by the complete quadratic
combination (CQC) technique.

This section also limits the reduction of base shear that can be achieved by modal analysis
compared to use of the ELF procedure. Some reduction, where it occurs, is thought justified
because the modal analysis gives a somewhat more accurate representation of the earthquake
response. Some limit to any such possible reduction that may occur from the calculation of
longer natural periods is necessary because the actual periods of vibration may not be as long,
even at moderately large amplitudes of motion, due to the stiffening effects of elements not a part
of the seismic resisting system and of nonstructural and architectural components. The limit is
imposed by comparison to the ELF procedure with a 20 percent increase in the factor C,.

2.4.9 HORIZONTAL SHEAR DISTRIBUTION AND TORSION: This section requires that
the design story shears calculated in Sec. 2.4.8 and the torsional moments prescribed in Sec. 2.3.5
be distributed to the vertical elements of the seismic resisting system as specified in Sec. 2.3.5
and as elaborated on in the corresponding section of this commentary. This is consistent with
the assumption of planar motion used in this simplified version of modal analysis and is intended
to provide resistance against torsional response.

However, lateral and torsional motions may be strongly coupled if the building is irregular
in its plan configuration (see Sec. 2.2.3) or if the building, although regular in plan and even with
nearly coincident centers of mass and resistance, has its lower natural frequencies nearly equal.
The designer should account for the effects of torsion in such buildings in a more accurate
manner using methods of modal analysis capable of at least three degrees of freedom per floor
(two translational and one torsional). (See Sec. 2.2.3.1 of this commentary).

2.4.10 FOUNDATION OVERTURNING: Because story moments are calculated mode by
mode (properly recognizing that the direction of forces F,,, is controlled by the algebraic sign
of ¢,,,) and then combined to obtain the design values of story moments, there is no reason for
reducing these design moments. This is in contrast with reductions permitted in overturning
moments calculated from equivalent lateral forces in the analysis procedures of Sec. 2.3 (see Sec.
2.3.6 of this commentary). However, in the design of the foundation, the overturning moment

80

—.




rF

calculated at the foundation-soil interface may be reduced by 10 percent for the reasons
mentioned in Sec. 2.3.6 of this commentary.
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2.4.11 P-DELTA EFFECTS: Section 2.3.7 of this commentary applies to this section. In addi-
tion, to obtain the story drifts when using the modal analysis procedure of Sec. 2.4, the story drift
for each mode should be independently determined in each story (Sec. 2.4.6). The story drift
should not be determined from the differential combined lateral building deflections since this
latter procedure will tend to mask the higher mode effects in longer period structures.

2.5 SOIL-STRUCTURE INTERACTION EFFECTS:
2.5.1 GENERAL:

Statement of the Problem: Fundamental to the design provisions presented in Sec. 2.3 and 2.4
is the assumption that the motion experienced by the base of a structure during an earthquake is
the same as the free-field ground motion, a term that refers to the motion that would occur at the
level of the foundation if no structure was present. Strictly speaking, this assumption is true only
for structures supported on essentially rigid ground. For structures supported on soft soil, the
foundation motion generally is different from the free-field motion and may include an important
rocking component in addition to a lateral or translational component. The rocking component
may be particularly significant for tall structures.

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

The effects of soil-structure interaction accounted for in Sec. 2.5 represent the difference in
| the response of the structure computed by assuming the motion of the foundation to be the same
as the free-field ground motion and considering the modified or actual motion of the foundation.
This difference depends on the characteristics of the free-field ground motion as well as on the
properties of the structure and the supporting medium.

The interaction effects accounted for in Sec. 2.5 should not be confused with "site effects,"
which refer to the fact that the characteristics of the free-field ground motion induced by a
' dynamic event at a given site are functions of the properties and geological features of the
subsurface soil and rock. The interaction effects, on the other hand, refer to the fact that the
dynamic response of a structure built on that site depends, in addition, on the interrelationship
of the structural characteristics and the properties of the local underlying soil deposits. The site
effects are reflected in the values of the seismic coefficients employed in Sec. 2.3 and 2.4 and
are accounted for only implicitly in Sec. 2.5.

Possible Approaches to the Problem: Two different approaches may be used to assess the
effects of soil-structure interaction. The first involves modifying the stipulated free-field design
| ground motion and evaluating the response of the given structure to the modified motion of the
foundation whereas the second involves modifying the dynamic properties of the structure and
evaluating the response of the modified structure to the prescribed free-field ground motion
(Veletsos, 1977). When properly implemented, both approaches lead to equivalent results.
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However, the second approach, involving the use of the free-field ground motion, is more
convenient for design purposes and provides the basis of the provisions presented in the Sec. 2.5.

Characteristics of Interaction: The interaction effects in the approach used here are
expressed by an increase in the fundamental natural period of the structure and a change (usually
an increase) in its effective damping. The increase in period results from the flexibility of the
foundation soil whereas the change in damping results mainly from the effects of energy
dissipation in the soil due to radiation and material damping. These statements can be clarified
by comparing the responses of rigidly and elastically supported systems subj ected to a harmonic
excitation of the base. Consider a linear structure of weight W, lateral stiffness k, and coefficient
of viscous damping ¢ (shown in Figure C2.5.1-1) and assume that it is supported by a foundation
of weight W, at the surface of a homogeneous, elastic halfspace.

The foundation mat is idealized as a rigid circular plate of negligible thickness bonded to the
supporting medium, and the columns of the structure are considered to be weightless and axially
inextensible. Both the foundation weight and the weight of the structure are assumed to be
uniformly distributed over circular areas of radius ». The base excitation is specified by the
free-field motion of the ground surface. This is taken as a horizontally directed, simple harmonic
motion with a period 7, and an acceleration amplitude a,,.

The configuration of this system, which has three degrees of freedom when flexibly
supported and a single degree of freedom when fixed at the base, is specified by the lateral
displacement and rotation of the foundation, y and 6, and by the displacement relative to the base
of the top of the structure, . The system may be viewed either as the direct model of a one-story
building frame or, more generally, as a model of a multistory, multimode structure that responds
as a single-degree-of-freedom system in its fixed-base condition. In the latter case, h must be
interpreted as the distance from the base to the centroid of the inertia forces associated with the
fundamental mode of vibration of the fixed-base structure and W, k, and ¢ must be interpreted
as its generalized or effective weight, stiffness, and damping coefficient, respectively. The
relevant expressions for these quantities are given below.

The solid lines in Figures C2.5.1-2 and 2.5.1-3 represent response spectra for the steady-state
amplitude of the total shear in the columns of the system considered in Figure C2.5.1-1. Two
different values of A/r and several different values of the relative flexibility parameter for the soil
and the structure, ¢,, are considered. The latter parameter is defined by the equation:

3 Ea (C2.5.1-1)

R &

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

The results in Figures C2.5.1-2 and 2.5.1-3 are displayed in a dimensionless form, with the
abscissa representing the ratio of the period of the excitation, 7, to the fixed-base natural period
of the system, 7, and the ordinate representing the ratio of the amplitude of the actual base shear,
V. to the amplitude of the base shear induced in an infinitely stiff, rigidly supported structure.
The latter quantity is given by the product ma,, in which m = Wig, g is the acceleration of
gravity, and a,, is the acceleration amplitude of the free-field ground motion. The inclined scales
on the left represent the deformation amplitude of the superstructure, #, normalized with respect
to the displacement amplitude of the free-field ground motion:
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d =n
" 4n?

oh

(C2.5.1-2)

The damping of the structure in its fixed-base condition, B, is considered to be 2 percent of the
critical value, and the additional parameters needed to characterize completely these solutions are
identified in Veletsos and Meek (1974), from which these figures have been reproduced.

FIGURE C2.5.1-1 Simple system investigated.
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FIGURE C2.5.1-3 Response spectra for systems with h/r = 5§
(Veletsos and Meek, 1974).

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

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

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

It follows that, to the degree of approximation involved in the representation of the actual
system by the replacement SDF oscillator, the effects of interaction on maximum response may
be expressed by an increase in the fundamental natural period of the fixed-base system and by
a change in its damping value. In the following sections, the natural period of replacement
oscillator is denoted by 7" and the associated damping factor, by B. These quantities will also
be referred to as the effective natural period and the effective damping factor of the interacting
system. The relationships between 7 and T and between 3 and 8 are considered in Sec. 2.5.2.1.1
and 2.5.2.1.2.

Basis of Provisions and Assumptions: Current knowledge of the effects of soil-structure
interactions is derived mainly from studies of systems of the type referred to above in which the
foundation is idealized as a rigid mat. For foundations of this type, both surface-supported and
embedded structures resting on uniform as well as layered soil deposits have been investigated
(Bielak, 1975; Chopra and Gutierrez, 1974; Jennings and Bielak, 1973; Liu and Fagel, 1971;
Parmelee et al., 1969; Roesset et al., 1973; Veletsos, 1977; Veletsos and Meek, 1974; Veletsos |
and Nair, 1975). However, only a small amount of information is available concerning the |
interaction effects for structures supported on spread footings or pile foundations (Blaney et al.,
n.d.; Novak, 1974; Rainer, 1975b). The provisions presented in Sec. 2.5 for the latter cases
represent the best interpretation and judgment of the developers of the provisions regarding the
current state of knowledge.

Fundamental to these provisions is the assumption that the structure and the underlying soil
are bonded and remain so throughout the period of ground-shaking. It is further assumed that
there is no soil instability or large foundation settlements. The design of the foundation in a
manner to ensure satisfactory soil performance (e.g., to avoid soil instability and settlement
associated with the compaction and liquefaction of loose granular soils), is beyond the scope of
Sec. 2.5. Finally, no account is taken of the interaction effects among neighboring structures.

Nature of Interaction Effects: Depending on the characteristics of the structure and the -»
ground motion under consideration, soil-structure interaction may increase, decrease, or have no |
effect on the magnitudes of the maximum forces induced in the structure itself (Bielak, 1975;
Jennings and Bielak, 1973; Veletsos, 1977; Veletsos and Meek, 1974; Veletsos and Nair, 1975).
However, for the conditions stipulated in the development of the provisions for ri gidly supported |
structures presented in Sec. 2.3 and 2.4, soil-structure interaction will reduce the design values
of the base shear and moment from the levels applicable to a rigid-base condition. These forces
therefore can be evaluated conservatively without the adjustments recommended in Sec. 2.5.

Commentary, Chapter 2
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Because of the influence of foundation rocking, however, the horizontal displacements
relative to the base of the elastically supported structure may be larger than those of the
corresponding fixed-base structure, and this may increase both the required spacing between
buildings and the secondary design forces associated with the P-delta effects. Such increases
generally are small.

Scope: Two procedures are used to incorporate effects of the soil-structure interaction. The |
first is an extension of the equivalent lateral force procedure presented in Sec. 2.3 and involves '
the use of equivalent lateral static forces. The second is an extension of the simplified modal
analysis procedure presented in Sec. 2.4. In the latter approach, the earthquake-induced effects
are expressed as a linear combination of terms, the number of which is equal to the number of
stories involved. Other more complex procedures also may be used, and these are outlined
briefly at the end of this commentary on Sec. 2.5. However, it is believed that the more involved
procedures are justified only for unusual buildings of extreme importance and only when the re-
sults of the specified simpler approaches have revealed that the interaction effects are indeed of ;
definite consequence in the design.

2.5.2 EQUIVALENT LATERAL FORCE PROCEDURE: This procedure is similar to that '
used in the older SEAOC recommendations except that it incorporates several improvements (see

Sec. 2.3 of this commentary). In effect, the procedure considers the response of the structure in

its fundamental mode of vibration and accounts for the contributions of the higher modes

implicitly through the choice of the effective weight of the structure and the vertical distribution

of the lateral forces. The effects of soil-structure interaction are accounted for on the assumption

that they influence only the contribution of the fundamental mode of vibration. For building

structures, this assumption has been found to be adequate (Bielak, 1976; Jennings and Bielak,

1973; Veletsos, 1977).

2.5.2.1 Base Shear: With the effects of soil-structure interaction neglected, the base shear is
defined by Eq. 2.3.2:

v=CWw (2.3.2.1)

in which W is the total dead weight of the building and of applicable portions of the design live
load (as specified in Sec. 2.3.2) and C; is the dimensionless seismic response coefficient (as
defined by Eq. 2.3.2.1-1). This term depends on the seismic zone under consideration, the
properties of the site, and the characteristics of the building itself. The latter characteristics
include the fixed-base fundamental natural period of the structure, T, the associated damping
factor, B; and the degree of permissible inelastic deformation. The damping factor does not
appear explicitly in Eq. 2.3.2.1-1 because a constant value of g = 0.05 has been used for all
structures for which the interaction effects are negligible. The degree of permissible inelastic
action is reflected in the choice of the reduction factor, R.
It is convenient to rewrite Eq. 2.3.2.1 in the form:

V = C(T,p)W + C(T,p)[W - W) (C2.5.2.1-1)

where W represents the generalized or effective weight of the structure when vibrating in its
fundamental natural mode. The terms in parentheses are used to emphasize the fact that C;
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depends upon both T'and B. The relationship between W and W is given below. The first term
on the right side of Eq. C2.5.2.1-1 approximates the contribution of the fundamental mode of
vibration whereas the second term approximates the contributions of the higher natural modes.

Inasmuch as soil-structure interaction may be considered to affect only the contribution of
the fundamental mode and inasmuch as this effect can be expressed by changes in the
fundamental natural period and the associated damping of the system, the base shear for the inter-
acting system, ¥, may be stated in a form analogous to Eq. C2.5.2.1-1:

V = C(T,BYW + C(T,B)[W - W] (C252.1-2)

The value of C; in the first part of this equation should be evaluated for the natural period
and damping of the elastically supported system, 7" and J, respectively, and the value of C; in
the second term part should be evaluated for the corresponding quantities of the rigidly supported
system, T and B.

Before proceeding with the evaluation of the coefficients C, in Eq. C2.5.2.1-2, it is desirable
to rewrite this formula in the same form as Eq. 2.5.2.1-1. Making use of Eq. 2.3.2.1 and re-
arranging terms, the following expression for the reduction in the base shear is obtained:

AV = |C(TB) - C:(T,ﬁ)]W (C2.5.2.1-3)

Within the ranges of natural period and damping that are of interest in studies of building
response, the values of C; corresponding to two different damping values but the same natural
period (e.g., 7), are related approximately as follows:

I
|
|
0.4
C,(T,B) = Cﬂ,c)[E] (C2.5.2.1-4)
p
This expression, which appears to have been first proposed in Arias and Husid (1962), is in good |
agreement with the results of recent studies of earthquake response spectra for systems having '
different damping values (Newmark et al., 1973).
Substitution of Eq. C2.5.2.1-4 in Eq. C2.5.2.1-3 leads to:

(C2.5.2.1-5)

AV = w

0.4
C,(T.p) - C,(T,m[%]

where both values of C; are now for the damping factor of the rigidly supported system and may
be evaluated from Eq. 2.3.2. If the terms corresponding to the periods 7 and 7 are denoted more |
simply as C, and C,, respectively, and if the damping factor § is taken as 0.05, Eq. C2.5.2.1-5
reduces to Eq. 2.5.2.1-2.

Note that C in Eq. 2.5.2.1-2 is smaller than or equal to C, because Eq. 2.3.2 is a nonincreas- !
ing function of the natural period and 7 is greater than or equal to 7. Furthermore, since the |
minimum value of J is taken as = B = 0.05 (see statement following Eq. 2.5.2.1.2-1), the shear
reduction 4V is a non-negative quantity. It follows that the design value of the base shear for *
the elastically supported structure cannot be greater than that for the associated rigid -base
structure.
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The effective weight of the building, W, is defined by Eq. 2.4.5-2 (Sec. 2.4), in which ¢,
should be interpreted as the displacement amplitude of the i" floor when the structure is vibrating
in its fixed-base fundamental natural mode. It should be clear that the ratio W/W depends on the
detailed characteristics of the structure. A constant value of W = 0.7 W is recommended in the
interest of simplicity and because it is a good approximation for typical buildings. As an
example, it is noted that for a tall building for which the weight is uniformly distributed along
the height and for which the fundamental natural mode increases linearly from the base to the
top, the exact value of W = 0.75 W. Naturally, when the full weight of the structure is
concentrated at a single level, W should be taken equal to .

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

2.5.2.1.1 Effective Building Period: Equation 2.5.2.1.1-1 for the effective natural period of the
elastically supported structure, 7. is determined from analyses in which the superstructure is
presumed to respond in its fixed-base fundamental mode and the foundation weight is considered
to be negligible in comparison to the weight of the superstructure (Jennings and Bielak, 1973;
Veletsos and Meek, 1974). The first term under the radical represents the period of the
. fixed-base structure. The first portion of the second term represents the contribution to T of the
translational flexibility of the foundation, and the last portion represents the contribution of the
corresponding rocking flexibility. The quantities k¥ and / represent, respectively, the effective
stiffness and effective height of the structure, and K, and K, represent the translational and
rocking stiffnesses of the foundation. _

Equation 2.5.2.1.1-2 for the structural stiffness, £, is deduced from the well known expression
for the natural period of the fixed-base system:

T = 2% (l)(i’) (C2.5.2.1.1-1)

8\ k

The effective height, A, is defined by Eq. 2.5.3.1-2, in which ¢;, has the same meaning as the
quantity @,,, in Eq. 2.4.5-2 (Sec. 2.4) whenm = 1._ In the interest of simplicity and_consistency
with the approximation used in the definition of W, however, a constant value of 7 = 0.7h,, is
recommended where &, is the total height of the structure. This value represents a good
approximation for typical buildings. As an example, it is noted that for tall buildings for which
the fundamental natural mode increases linearly with height, the exact value of A is 2/3h,.
Naturally, when the gravity load of the structure is effectively concentrated at a single level, h,,
must be taken as equal to the distance from the base to the level of weight concentration.

Foundation stiffnesses depend on the geometry of the foundation-soil contact area, the
properties of the soil beneath the foundation, and the characteristics of the foundation motion.
Most of the available information on this subject is derived from analytical studies of the
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response of harmonically excited rigid circular foundations, and it is desirable to begin with a
brief review of these results.

For circular mat foundations supported at the surface of a homogeneous halfspace,
stiffnesses K, and K4 are given by:

J A (C2.5.2.1.1-2)
Y @2 -VvGr
and
K, =[ 8a, ]G,s (C2.5.2.1.1-3)
31 - v)

where 7 is the radius of the foundation; G is the shear modulus of the halfspace; v is its Poisson's
ratio; and a,, and a, are dimensionless coefficients that depend on the period of the excitation,
the dimensions of the foundation, and the properties of the supporting medium (Luco, 1974;
Veletsos and Verbic, 1974; Veletsos and Wei, 1971). The shear modulus is related to the shear
wave velocity, v, by the formula:

G (C2.5.2.1.1-4)

in which y is the unit weight of the material. The values of G, v, and v should be interpreted
as average values for the region of the soil that is affected by the forces acting on the foundation
and should correspond to the conditions developed during the design earthquake. The evaluation
of these quantities is considered further in subsequent sections. For statically loaded foundations,
the stiffness coefficients a, and ag are unity, and Eq. C2.5.2.1.1-2 and 2.5.2.1.1-3 reduce to:

8Gr
K = C252.1.1-5
A ( )
and
8Gr?
j L C252.1.1-6
T e ( )

Studies of the interaction effects in structure-soil systems have shown that, within the ranges of
parameters of interest for building structures subjected to earthquakes, the results are insensitive
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to the period-dependency of «, and @4 and that it is sufficiently accurate for practical purposes
to use the static stiffnesses, defined by Eq. C2.5.2.1.1-5 and C2.5.2.1.1-6.

Foundation embedment has the effect of increasing the stiffnesses K, and K5 For embedded
foundations for which there is positive contact between the side walls and the surrounding soil,
Ky and K, may be determined from the following approximate formulas:

K, - [23?"’ 1+ (%)(Lr’)] (C2.5.2.1.1-7)
and
[ 8Gr’ ][1 s o9 (€2.5.2.1.1-8)

in which d is the depth of embedment. These formulas are based on finite element solutions
(Blaney et al., n.d.).

Both analyses and available test data (Erden, 1974) indicate that the effects of foundation
embedment are sensitive to the condition of the backfill and that judgment must be exercised in
using Eq. C2.5.2.1.1-7 and C2.5.2.1.1-8. For example, if a structure is embedded in such a way
that there is no positive contact between the soil and the walls of the structure, or when any
existing contact cannot reasonably be expected to remain effective during the stipulated design
ground motion, stiffnesses K, and K, should be determined from the formulas for surface-
supported foundations. More generally, the quantity d in Eq. C2.5.2.1.1-7 and C2.5.2.1.1-8
should be interpreted as the effective depth of foundation embedment for the conditions that
would prevail during the design earthquake.

The formulas for K, and K 4 presented above are strictly valid only for foundations supported
on reasonably uniform soil deposits. When the foundation rests on a stratum of soft soil
underlain by a much stiffer, rock-like deposit with an abrupt increase in stiffness, X, and Ky may
be determined from the two generalized formulas in which G is the shear modulus of the soft soil
and D, is the total depth of the stratum. First, using Eq. C2.5.2.1.1-7:

K, - [f’Gr_le . (glg)][l : (%XDL)HI . (%Iui)} (C2.5.2.1.1-9)
Second, using Eq. C2.5.2.1.1-8:

-l -4 )

These formulas are based on analyses of a stratum supported on a rigid base (Elsabee et al.,1977,

Kausel and Roesset, 1975).
The information for circular foundations presented above may be applied to mat foundations

of arbitrary shapes provided the following changes are made:

1+ 07(3)] (C2.5.2.1.1-10)
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r - |4 (C2.5.2.1.1-11)

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

2. The radius r in the expressions for K in Eq. 2.5.2.1.1-6 is replaced by the quantity:

o |k (C2.5.2.1.1-12)
k]

which represents the radius of a disk that has the moment of inertia, I,, of the actual
foundation. |
For footing foundations, stiffnesses K, and K4 are computed by summing the contributions
of the individual footings. ‘If it is assumed that the foundation behaves as a rigid body and that
the individual footings are widely spaced so that they act as independent units, the following

formulas are obtained: .|

K, = Tk, (€2.5.2.1.1-13)

and

KO = Ekdy‘z + Ekﬂl (C25211-14)

The quantity k, represents the horizontal stiffness of the ih footing; k,; and kg represent,
respectively, the corresponding vertical and rocking stiffnesses; and y; represents the normal
distance from the centroid of the /! footing to the rocking axis of the foundation. The |
summations are considered to extend over all footings. The contribution to K of the rocking
stiffnesses of the individual footings, kg, generally is small and may be neglected. |

The stiffnesses ,;, k,;, and kg are defined by the formulas:

k. = (”Gf’u] 1 + 234, (C2.5.2.1.1-15)
= 2 -v T
k- (“Gr'd) 1 04d, (C2.5.2.1.1-16)
N 1-v r, }
and f
K, - 8Grm ||1 + 24, (C2.5.2.1.1-17) |
2(1 - v) T

in which d; is the depth of effective embedment for the i footing; G, is the shear modulus of

the soil beneath the i™ footing; 7, = VA4, ; 7 is the radius of a circular footing that has the area
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of the i footing, A,;; and r,,; equals ¥4, ; /= = the radius of a circular footing, the moment of
inertia of which about a horizontal centroidal axis is equal to that of the i footing, I, in the
direction in which the response is being evaluated.

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

For closely spaced footings, consideration of the coupling effects among footings will reduce
the computed value of the overall foundation stiffness. This reduction will, in turn, increase the
fundamental natural period of the system, T, and decrease the value of AV, the amount by which
the base shear is reduced due to soil-structure interaction. It follows that the use of Eq.
C2.5.2.1.1-13 and 2.5.2.1.1-14 will err on the conservative side in this case. The degree of
conservatism involved, however, will partly be compensated by the presence of a basement slab
that, even when it is not tied to the structural frame, will increase the overall stiffness of the
foundation.

The values of K, and K g for pile foundations can be computed in a manner analogous to that
described in the preceding section by evaluating the horizontal, vertical, and rocking stiffnesses
of the individual piles, &, k,; and kg, and by combining these stiffnesses in accordance with Eq.
C2.5.2.1.1-13 and 2.5.2.1.1-14.

The individual pile stiffnesses may be determined from field tests or analytically by treating
each pile as a beam on an elastic subgrade. Numerous formulas are available in the literature
(Nair et al., 1969) that express these stiffnesses in terms of the modulus of the subgrade reaction
and the properties of the pile itself. Although they differ in appearance, these formulas lead to
practically similar results. These stiffnesses typically are expressed in terms of the stiffness of
an equivalent freestanding cantilever, the physical properties and cross-sectional dimensions of
which are the same as those of the actual pile but the length of which is adjusted appropriately.
The effective lengths of the equivalent cantilevers for horizontal motion and for rocking or
bending motion are slightly different but are often assumed to be equal. On the other hand, the
effective length in vertical motion is generally considerably greater. For further details, the
reader is referred to Nair et al. (1969).

The soil properties of interest are the shear modulus, G, or the associated shear wave
velocity, v,; the unit weight, y; and Poisson's ratio, v. These quantities are likely to vary from
point to point of a construction site, and it is necessary to use average values for the soil region
that is affected by the forces acting on the foundation. The depth of significant influence is a
function of the dimensions of the foundation base and of the direction of the motion involved.
The effective depth may be considered to extend to about 4r, below the foundation base for
horizontal and vertical motions and to about 1.5, for rocking motion. For mat foundations, the
effective depth is related to the total plan dimensions of the mat whereas for buildings supported
on widely spaced spread footings, it is related to the dimensions of the individual footings. For
closely spaced footings, the effective depth may be determined by superposition of the "pressure
bulbs" induced by the forces acting on the individual footings.

Since the stress-strain relations for soils are nonlinear, the values of G and v also are
functions of the strain levels involved. In the formulas presented above, G should be interpreted
as the secant shear modulus corresponding to the significant strain level in the affected region
of the foundation soil. The approximate relationship of this modulus to the modulus G,
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corresponding to small amplitude strains (of the order of 103 percent or less) is given in Table
2.5.2.1.1. The backgrounds of this relationship and of the corresponding relationship for v /v,
are identified below.

The low amplitude value of the shear modulus, G,, can most conveniently be determined
from the associated value of the shear wave velocity, v, by use of Eq. C2.5.2.1.1-4. The latter
value may be determined approximately from empirical relations or more accurately by means
of field tests or laboratory tests.

The quantities G, and v,, depend on a large number of factors (Hardin and Black, 1968;
Hardin and Dmevich, 1972; Richart et al., n.d.), the most important of which are the void ratio,
e, and the average confining pressure, 0,. The value of the latter pressure at a given depth
beneath a particular building foundation may be expressed as the sum of two terms as follows:

T =0+ o, (C2.5.2.1.1-18)

in which g, represents the contribution of the weight of the soil and o,, represents the
contribution of the superimposed weight of the building and foundation. The first term is defined
by the formula:

|
LB [1 *32K«]Y/, (C2.5.2.1.1-19)

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

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

v, = ¢,(2.17 = e)(0)°® (C2.5.2.1.1-20)

in which c; equals 78.2 when G is in 1b/ft> and v,, is in ft/sec; °y equals 160.4 when o is in
kg/cm? and v,, is in m/sec; and c; equals 51.0 when o is in kN/m? and v, is in m/sec.

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

v, = (297 - )(0)** (C25.2.1.1-21)

in which ¢, equals 53.2 when o is in Ib/ft? and v, is in fsec; 3 equals 109.7 when o is in
kg/cm? and v, is in m/sec; and c, equals 34.9 when o is in kN/m? and vy, 18 in m/sec.
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Equation C2.5.2.1.1-21 also may be used to obtain a first-order estimate of v, for normally
consolidated cohesive soils. A crude estimate of the shear modulus, G, for such soils may also
be obtained from the relationship:

G, = 1,000S, (C2.5.2.1.1-22)

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

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

Field evaluations of the variations of v,, throughout the construction site can be carried out
by standard seismic refraction methods or by the cross-hole method. The cross-hole method
(Ballard and McLean, 1975; Stokoe and Woods, 1972) provides information from undisturbed
soils below the proposed location of a particular building foundation. The method permits
evaluation of v, in layered soils and is not affected by the presence of water in the soil. The
low-amplitude procedure is relatively inexpensive and easy to use. The disadvantage of this
method is that v, is determined only for the stress conditions existing at the time of the test
(usually o,,). The effect of the changes in the stress conditions caused by construction must be
considered by use of Eq. C2.5.2.1.1-19 and Eq. C2.5.2.1.1-20 to C2.5.2.1.1.21 to adjust the field
measurement of v, to correspond to the prototype situations. The influence of large-amplitude
shearing strains may be evaluated from laboratory tests or approximated through the use of Table
2.5.2.1.1. This matter is considered further in the next two sections.

Laboratory tests to evaluate v, are usually carried out with resonant column devices (Richart
et al., n.d.). Such tests may be used to assess the effects of changes in confining pressures,
shearing strain amplitudes, stress histories, temperature, and other variables. Consequently, they
can easily simulate variations in prototype loading conditions. They are particularly useful in
establishing the effects of changes in confining pressures. In fact, Eq. C2.5.2.1.1-20 and
C2.5.2.1.1-21 were developed from the results of such tests.

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

The results of such tests form the basis for the information presented in Table 2.5.2.1.1. For
each severity of anticipated ground-shaking, represented by the effective peak acceleration
coefficients A, and 4,, a representative value of shearing strain amplitude was developed. A
conservative value of v/v,, that is appropriate to that strain amplitude then was established. It
should be emphasized that the values in Table 2.5.2.1.1 are first order approximations. More
precise evaluations would require laboratory tests on undisturbed samples from the site and
studies of wave propagation for the site to determine the magnitude of the soil strains induced.

It is satisfactory to assume Poisson's ratio for soils as: v = 0.33 for clean sands and gravels,
v = 0.40 for stiff clays and cohesive soils, and v = 0.45 for soft clays. The use of an average
value of v = 0.4 also will be adequate for practical purposes.
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Regarding an alternative approach, note that Eq. 2.5.2.1.1-3 for the period 7 of buildings
supported on mat foundations was deduced from Eq. 2.5.2.1.1-1 by making use of Eq. C2.5.2.1.1- i
5 and C2.5.2.1.1-6, with Poisson's ratio taken as v = 0.4 and with the radius r interpreted as r,
in Eq. C2.5.2.1.1-5 and as r,,, in Eq. C2.5.2.1.1-6. For a nearly square foundation, for which rs
«r, =r, Eq. 2.5.2.1.1-3 reduces to:

T=T||1 + 25« _th_ [1 . (I.IZZﬂ (C2.5.2.1.1-23)
V:T2 r |

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

P p——

2.5.2.1.2 Effective Damping: Equation 2.5.2.1.2-1 for the overall damping factor of the
elastically supported structure, B, was determined from analyses of the harmonic response at
resonance of simple systems of the type considered in Figures C2.5.1-2 and 2.5.1-3. The result I
is an expression of the form (Bielak, 1975; Veletsos and Nair, 1975): i

.o .8 |
=8, (f}’ (C2.5.2.1.2-1)

T

in which B, represents the contribution of the foundation damping, considered in greater detail
in the following paragraphs, and the second term represents the contribution of the structural
damping. The latter damping is assumed to be of the viscous type. Equation C2.5.2.1.2-1
corresponds to the value of B = 0.05 used in the development of the response spectra for rigidly
supported systems employed in Sec. 2.3.

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

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

The variation of B, with 7/T and /r is given in Figure 2.5.2.1.2 for two levels of excitation.
The dashed lines, which are recommended for values of the effective ground acceleration coeffi-
cient, A,, equal to or less than 0.10, correspond to a value of AW /W, = 0.3, whereas the solid
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lines, which are recommended for 4, values equal to or greater than 0.20, correspond to a value
of AWJW, = 1. These curves are based on the results of extensive parametric studies (Veletsos,
1977; Veletsos and Meek, 1974; Veletsos and Nair, 1975) and represent average values. For the
ranges of parameters that are of interest in practice, however, the dispersion of the results is
small.

For mat foundations of arbitrary shape, the quantity r in Figure 2.5.2.1.2 should be
interpreted as a characteristic length that is related to the length of the foundation, L, in _the
direction in which the structure is being analyzed. For short, squatty structures for which A/L,
F 0.5, the overall damping of the structure-foundation system is dominated by the translational
action of the foundation, and it is reasonable to interpret r as r,, the radius of a disk that has the
same area as that of the actual foundation (see Eq. 2.5.2.1.1-5). On the other hand, for structures
with /L, 2 1, the interaction effects are dominated by the rocking motion of the foundation, and
it is reasonable to define r as the radius r,, of a disk whose static moment of inertia about a
horizontal centroidal axis is the same as that of the actual foundation normal to the direction in
which the structure is being analyzed (see Eq. 2.5.2.1.1-6).

Subject to the qualifications noted in the following section, the curves in Figure 2.5.2.1.2 also
may be used for embedded mat foundations and for foundations involving spread footings or
piles. In the latter cases, the quantities 4, and I, in the expressions for the characteristic foun-
dation length, r, should be interpreted as the area and the moment of inertia of the load-carrying
foundation.

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

There is one additional source of conservatism in the application of the recommended
provisions to buildings with embedded foundations. It results from the assumption that the
free-field ground motion at the foundation level is independent of the depth of foundation
embedment. Actually, there is evidence to the effect that the severity of the free-field excitation
decreases with depth (Seed et al., 1977). This reduction is ignored both in Sec. 2.5 and in the
provisions for rigidly supported structures presented in Sec. 2.3 and 2.4.

Equations 2.5.2.1.2-1 and C2.5.2.1.2-1, in combination with the information presented in
Figure 2.5.2.1.2, may lead to damping factors for the structure-soil system, B, that are smaller
than the structural damping factor, 8. However, since the representative value of g = 0.05 used
in the development of the design provisions for rigidly supported structures is based on the
results of tests on actual buildings, it reflects the damping of the full structure-soil system, not
merely of the component contributed by the superstructure. Thus, the value of B determined
from Eq. 2.5.2.1.2-1 should never be taken less than f, and a low bound of B =B =0.05 has
been imposed. The use of values of B > B is justified by the fact that the experimental values
correspond to extremely small amplitude motions and do not reflect the effects of the higher soil
damping capacities corresponding to the large soil strain levels associated with the design ground
motions. The effects of the higher soil damping capacities are appropriately reflected in the
values of B, presented in Figure 2.5.2.1.2.

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

T, = ¢ (C2.5.2.1.2-2)

is smaller than the natural period of the flexibly supported structure, 7 The quantity D, in this
formula represents the depth of the stratum. It follows that the values of B, presented in Figure
2.5.2.1.2 are applicable only when:

L.%,, (€2.5.2.12-3)
T v,T

For | ||
L., (C2.5.2.1.2-4) |
T v T

the effective value of the foundation damping factor, B/, is less than B,, and it is approximated |
by the second degree parabola defined by Eq. 2.5.2.1.2-4. |

For T/T = 1, Eq. 2.5.2.1.2-4 leads to B; = B, whereas for /T = 0, it leads to B,=0,a 1
value that clearly does not provide for the effects of material soil damping. It may be expected, '
therefore, that the computed values of B corresponding to small values of 7. /T will be conser- ‘
vative. The conservatism involved, however, is partly compensated by the requirement that j
be no less than B = B = 0.05. |

2.5.2.2 Vertical Distribution of Seismic Forces and 2.5.2.3 Other Effects: The vertical
distributions of the equivalent lateral forces for flexibly and rigidly supported structures are
generally different. However, the differences are inconsequential for practical purposes, and it
is recommended that the same distribution be used in both cases, changing only the magnitude
of the forces to correspond to the appropriate base shear. A greater degree of refinement in this
step would be inconsistent with the approximations embodied in the provisions for rigidly
supported structures.

With the vertical distribution of the lateral forces established, the overturning moments and
the torsional effects about a vertical axis are computed as for rigidly supported structures.

The above procedure is applicable to planar structures and, with some extension, to three-
dimensional structures. Methods exist for incorporating two- and three-dimensional P-delta
effects into computer analyses that do not explicable include such effects (Rutenburg, 1982).
Many programs explicitly include P-delta effects. A mathematical description of the method f
employed by several popular programs is given by Wilson and Habibullah (1987). I

The P-delta procedure cited above effectively checks the static stability of a structure based
on its initial stiffness. Since the inception of this procedure in the ATC 3-06 document, however,
there has been some debate regarding its accuracy. This debate reflects the intuitive notion that
a structure's secant stiffness would more accurately represent inelastic P-delta effects. Due to
the additional uncertainty of the effect of dynamic response on P-delta behavior and on the
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(apparent) observation that instability-related failures rarely occur in real buildings, the P-delta
provisions as originally written have remained unchanged until now.

There is increasing evidence, however, that the use of inelastic stiffness in determining
theoretical P-delta response is unconservative. Based on a study carried out by Bernal (1987),
it can be argued that P-delta amplifiers should be based on secant stiffness. In other words, the
C,term in Eq. 2.3.7.2-1 of the Provisions should be deleted. Since Bernal's study was based on
the inelastic dynamic response of single-degree-of-freedom elastic-perfectly plastic systems,
significant uncertainties exist in the extrapolation of the concepts to the complex hysteretic
behavior of multi-degree-of-freedom systems.

Another problem with accepting a P-delta procedure based on secant stiffness is that current
design forces would be greatly increased. For example, consider an ordinary moment frame of
steel with a C; of 4.0 and an elastic stability coefficient, 8, of 0.15. The amplifier for this
structure would be 1.0/0.85 = 1.18 according to the current provisions. If the P-delta effects
were based on secant stiffness, however, the stability coefficient would increase to 0.60 and the
amplifier would become 1.0/0.4 = 2.50. (Note that the 0.9 in the numerator of the amplifier
equation in the 1988 Edition of the Provisions has been dropped for this comparison.) From this
example, it can be seen that there could be an extreme impact on the provisions if a change was
implemented that incorporated P-delta amplifiers based on static secant stiffness response.

Nevertheless, there must be some justification for retaining the P-delta amplifier as based
on elastic stiffness. This justification is the apparent lack of stability-related failures. The
reasons for the lack of observed failures are, at a minimum, twofold:

1. Many structures display an overstrength well above the strength implied by code-level design
forces (see Figure 2.2.1). This overstrength likely protects structures from stability-related
failures.

2. The likelihood of a stability failure decreases with the increased intensity of expected
ground-shaking. This is due to the fact that the stiffness of most buildings designed for
extreme ground motion is significantly greater than the stiffness of the same building deigned
for lower intensity shaking or for wind. Since damaging low-intensity earthquakes are
somewhat rare, there would be little observable damage.

Due to the lack of stability-related failures, therefore, the 1991 Edition of the Provisions
regarding P-delta amplifiers has remained unchanged from the 1988 Edition with the exception
that the 0.90 factor in the numerator of the amplifier has been deleted. This factor originally was
used to create a transition from cases where P-delta effects need not be considered (6 > 1.0,
amplifier > 1.0).

Aside from the amplifier, however, the 1991 Edition of the Provisions added a new
requirement that the computed stability coefficient, 8, not exceed 0.25 or 0.5/8C, where BC, is
an adjusted ductility demand that takes into account the fact that the seismic strength demand
may be somewhat less than the code strength supplied. The adjusted ductility demand is not
intended to incorporate overstrength beyond that computed by the means available in Chapters
5 through 9 of the Provisions.

The purpose of this new provision is to protect structures from the possibility of stability-
related failures triggered by post-earthquake residual deformation. The danger of such failures
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is real and may not be eliminated by apparently available overstrength. This is particularly true
of structures designed in for regions of lower seismicity.

The computation of 8,,,, which in turn is based on BC, requires the computation of story
strength supply and story strength demand. Story strength demand is simply the seismic design
shear for the story under consideration. The story strength supply may be computed as the shear
in the story that occurs simultaneously with the attainment of the development of first significant
yield of the overall structure. To compute first significant yield, the structure should be loaded
with a seismic force pattern similar to that used to compute seismic story strength demand. A
simple and conservative procedure is to compute the ratio of demand to strength for each member
of the seismic force resisting system in a particular story and then use the largest such ratio as
B. For a structure otherwise in conformance with the Provisions, B = 1.0 is obviously
conservative.

The principal reason for inclusion of B is to allow for a more equitable analysis of those
structures in which substantial extra strength is provided, whether as a result.of adding stiffness
for drift control, of code-required wind resistance, or simply of a feature of other aspects of the
design.

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

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

2
w-w - ) (C2.5.3)
Ewid)fz,

which is the same as Eq. 2.4.5-2, and his computed from Eq 2.5.3.1-2. The quantity ¢, il in these
formulas represents the displacement amplitude of the i floor level when the structure is vibra-
ting in its fixed-base fundamental natural mode. The structural stiffness, , is obtained from Eq.
2.5.2.1.1-2 by taking W= Wl and using for 7 the fundamental natural period of the fixed-base
structure, 7). The fundamental natural period of the interacting system, 7}, is then computed from
Eq. 2.5.2.1.1-1 (or Eq. 2.5.2.1.2-4 when applicable) by taking 7= 7. The effective damping in
the first mode, B, is determined from Eq. 2.5.2.1.2-1 (and Eq. 2.5.2.1.2-4_when applicable) in
combination with the information given in Figure 2.5.2.1.2. The quantity 4 in the latter figure
is computed from Eq. 2.5.3.1-2.
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With the values of 7, ; and ﬂ, established, the reduction in the base shear for the first mode,
AV, is computed from Eq. 2.5.2.1-2. The quantities C; and C, in this formula should be
interpreted as the seismic coefficients corresponding to the periods 7; and T}, respectively; B
should be taken equal to i, and ¥ should be determined from Eq. C2.5.3.

The sections on lateral forces, shears, overturning moments, and displacements follow
directly from what has already been noted in this and the preceding sections and need no ela-
boration. It may only be pointed out that the first term within the brackets on the right side of
Eq. 2.5.3.2-1 represents the contribution of the foundation rotation.

2.5.3.3 Design Values: The design values of the modified shears, moments, deflections, and
story drifts should be determined as for structures without interaction by taking the square root
of the sum of the squares of the respective modal contributions. In the design of the foundation,
the overturning moment at the foundation-soil interface determined in this manner may be
reduced by 10 percent as for structures without interaction.

The effects of torsion about a vertical axis should be evaluated in accordance with the
provisions of Sec. 2.3.5 and the P-delta effects should be evaluated in accordance with the
provisions of Sec. 2.3.7.2, using the story shears and drifts determined in Sec. 2.5.3.2.

OTHER METHODS OF CONSIDERING THE EFFECTS OF SOIL-STRUCTURE
INTERACTION: The procedures proposed in the preceding sections for incorporating the
effects of soil-structure interaction provide sufficient flexibility and accuracy for practical appli-
cations. Only for unusual structures of major importance, and only when the provisions indicate
that the interaction effects are of definite consequence in design, would the use of more elaborate
procedures be justified. Some of the possible refinements, listed in order of more or less
increasing complexity, are:

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

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

3. Incorporate the effects of interaction for the higher modes of vibration of the structure, either
approximately by application of the procedures recommended in Bielak (1976), Roesset et
al. (1973), and Tsai (1974) or by more precise analyses of the structure-soil system. The
latter analyses may be implemented either in the time domain by application of the impulse

101




Commentary, Chapter 2

response functions presented in Veletsos and Verbic (1974). However, the frequency domain
analysis is limited to systems that respond within the elastic range while the approach in-
volving the use of the impulse response functions is limited, at present, to soil deposits that
can adequately be represented as a uniform elastic halfspace. The effects of yielding in the
structure and/or supporting medium can be considered only approximately in this approach
by representing the supporting medium by a series of springs and dashpots whose properties
are independent of the frequency of the motion and by integrating numerically the governing
equations of motion (Parmelee et al., 1969).

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

It should be emphasized that, while these more elaborate procedures may be appropriate in
special cases for design verification, they involve their own approximations and do not eliminate
the uncertainties that are inherent in the modeling of the structure-foundation-soil system and in
the specification of the design ground motion and of the properties of the structure and soil.

2.6 PROVISIONS FOR SEISMICALLY ISOLATED STRUCTURES: Seismic isolation,
commonly referred to as base isolation, is a design concept based on the premise that a structure
can be substantially decoupled from potentially damaging earthquake motions. By decoupling
the structure from the ground motion, the level of response in the structure can be significantly
reduced from the level that would otherwise occur in a conventional fixed-base building.
Conversely, seismic isolation permits designing with a reduced level of earthquake load to
achieve the same degree of seismic protection and reliability as a conventional fixed-base
building. P

The potential advantages of seismic isolation and the recent advancements in isolation-system
products already have led to the design and construction of over 90 seismically isolated buildings
and bridges in the United States. A significant amount of research, development, and application
activity has occurred over the past 20 years. The following references provide a summary of
some of the work that has been performed: Applied Technology Council (1986, 1993), ASCE
Structures Congress (1989, 1991 and 1993), EERI Spectra (1990), Skinner, et al. (1993), U.S.
Conference on Earthquake Engineering (1990), and World Conference on Earthquake Engineering
(1988, 1992).

In the mid-1980s, the initial application activity identified a need to supplement existing
codes with design requirements developed specifically for seismically isolated buxldmgs Code
development work occurred throughout the late 1980s. The status of U.S. seismic isolation
design requirements as of August 1993 was as follows:

1. Inlate 1989, the Structural Engineers Association of California (SEAQOC) State Seismology
Committee adopted an "Appendix to Chapter 2" of the SEAOC Blue Book entitled, "General
Requirements for the Design and Construction of Seismic-Isolated Structures." These
requirements were submitted to the International Conference of Building Officials (ICBO)
and were adopted by the Uniform Building Code (UBC) in September 1990. They have been
updated on an annual basis since that time.
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2. The Building Safety Board (BSB) of California, Office of the State Architect, has adopted
An Acceptable Method for Design and Review of Hospital Buildings Utilizing Base Isolation.
The Northern and Southern Sections of SEAOC completed and submitted to the BSB a
revised version of the document; the revision was adopted by the BSB in May 1989. The
BSB is currently updating the hospital guidelines to incorporate the SEAOC/UBC criteria
developed since 1990.

3. In October 1990, the American Association of State Highway and Transportation Officials
(AASHTO) Bridge Committee adopted guide specifications entitled, Seismic Isolation Design
Requirements for Bridge Structures. These requirements were developed to be compatible
with the 1983 AASHTO Guide Specifications for the Seismic Design of Bridges, which were
adopted in October 1990 as the Standard Design Specifications by the AASHTO Bridge
Committee.

It was decided to use the latest version (1993 approved changes) of the SEAOC/UBC
provisions as a basis for the development of the requirements included in the Provisions. The
only significant changes involved an appropriate conversion to strength design and making the
provisions applicable on a national basis.

Rather than addressing a specific method of base isolation, the provisions in Sec. 2.6 provide
general design requirements applicable to a wide range of possible seismic isolation systems.
Although remaining general, the design requirements rely on mandatory testing of isolation-
system hardware to confirm the engineering parameters used in the design and to verify the
overall adequacy of the isolation system. Some systems may not be capable of demonstrating
acceptability by test and, consequently, would not be permitted. In general, acceptable systems
will:

1. Remain stable for required design displacements,

2. Provide increasing resistance with increasing displacement,

3. Not degrade under repeated cyclic load, and

4. Have quantifiable engineering parameters (e.g., force-deflection characteristics and damping).

Conceptually, there are four basic types of force-deflection relationships for isolation
systems. These idealized relationships are shown in Figure C2.6 with each idealized curve
having the same design displacement, D, for the design-level earthquake.

A linear isolation system is represented by Curve A and has the same isolated period for all
earthquake load levels. In addition, the force generated in the superstructure is directly
proportional to the displacement across the isolation system.

A hardening isolation system is represented by Curve B. This system is soft initially (long
effective period) and then stiffens (effective period shortens) as the earthquake load level
increases. When the earthquake load level induces displacements in excess of the design
displacement in a hardening system, the superstructure is subjected to higher forces and the
isolation system to lower displacements than a comparable linear system.
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FIGURE C2.6 Idealized force-deflection relationships for isolation systems (stiffness
effects of sacrificial wind-restraint systems not shown for clarity).

A softening isolation system is represented by Curve C. This system is stiff initially (short
effective period) and softens (effective period lengthens) as the earthquake load level increases. !
When the earthquake load level induces displacements in excess of the design displacement in '
a softening system, the superstructure is subjected to lower forces and the isolation system to
higher displacements than a comparable linear system.

A sliding isolation system is represented by Curve D. This system is governed by the
friction force of the isolation system. Like the softening system, the effective period lengthens
as the earthquake load level increases and loads on the superstructure remain constant.

The total system displacement for extreme displacement of the sliding isolation system, after
repeated earthquake cycles, is highly dependent on the vibratory characteristics of the ground
motion and may exceed the design displacement, D. Consequently, minimum design
requirements do not adequately define peak seismic displacement for seismic isolation systems
governed solely by friction forces.

2.6.1 GENERAL: The design requirements permit the use of one of three different analysis
procedures for determining the design-basis seismic loads. The first procedure uses a simple-
lateral-force formula (similar to the lateral-force coefficient now used in conventional building
design) to prescribe peak lateral displacement and design force as a function of seismic zone, Soil
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Profile Type, proximity to active faults, and isolated-building period and damping. The second
and third methods, which are required for geometrically complex or especially flexible buildings,
rely on dynamic analysis procedures (either response spectrum or time history) to determine peak
response of the isolated building.

The three procedures are based on the same level of seismic input and require a similar level
of performance from the building. There are benefits in performing a more complex analysis in
that slightly lower design forces and displacements are permitted as the level of analysis becomes
more sophisticated. The design requirements for the structural system are based on a severe level
of earthquake ground motion, which corresponds approximately to a 500-year return-period event
as described by the recommended ground-motion spectra of the Provisions. The isolation system,
including all connections, supporting structural elements and the "gap," is required to be designed
(and tested) for the effects of a 1000-year return-period event. Structural elements above the
isolation system, however, are not necessarily required to be designed for the full effects of the
500-year return-period event, but may be designed for slightly reduced loads (i.e., loads reduced
by a factor of up to 2.0) if the structural system has sufficient ductility, etc., to respond
inelastically without sustaining significant damage. A similar fixed-base structure would be
designed for loads reduced by a factor of 8 rather than 2.

Ideally, lateral displacement of an isolated structure will result, predominantly due to the
deformations of the isolation system, rather than in distortion of the structure above.
Accordingly, the lateral-load-resisting system of the structure above the isolation system should
be designed to have sufficient stiffness and strength to avoid large, inelastic displacements. For
this reason, the Provisions document contains criteria that limit the inelastic response of the
structure above the isolation system. Although damage control for the design-basis earthquake
is not an explicit objective of the provisions, an isolated structure designed to limit inelastic
response of the structural system also will reduce the level of damage that would otherwise occur
during an earthquake. In general, isolated structures designed in conformance with the provisions
should be able to:

1. Resist minor.and moderate levels of earthquake ground motion without damage to structural
elements, nonstructural components, or building contents and

2. Resist major levels of earthquake ground motion without failure of the isolation system,
without significant damage to structural elements, without extensive damage to nonstructural
components, and without major disruption to facility function.

The above performance objectives for isolated structures considerably exceed the performance
anticipated for fixed-base structures during moderate and major earthquakes. Table C2.6.1
provides a tabular comparison of the performance expected for isolated and fixed-base structures
designed in accordance with the Provisions. Loss of function is not included in Table C2.6.1.
For certain (fixed-base) facilities, loss of function would not be expected to occur until there is
significant structural damage causing closure or restricted access to the building. In other cases,
the facility could have only limited or no structural damage but would not be functional as a
result of damage to vital nonstructural components and contents. Isolation would be expected
to mitigate structural and nonstructural damage and protect the facility against loss of function.

The requirements of Sec. 2.6 provide isolator design displacements, structure-design-shear
forces, and other specific requirements for seismically isolated structures. All other design
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requirements including loads (other than seismic), load combinations, allowable forces and
stresses, and horizontal-shear distribution are covered by the applicable sections of the Provisions
for nonisolated structures.

TABLE C2.6.1 Protection Provided by NEHRP Provisions for Minor,
Moderate and Major Levels of Earthquake Ground Motion

Earthquake Ground Motion Level

Risk Category
Minor Moderate Major
Life safety” F/ F/1 F/1
Structural damage® F/I F/I I
Nonstructural damage® (contents damage) F/1 I I

9 Loss of life or serious injury is not expected for fixed-base (F) or isolated (I) buildings.
b Significant structural damage is not expected for fixed-base (F) or isolated (I) buildings. |

< Significant nonstructural (contents) damage is not expected for fixed-base (F) or isolated (I)
buildings.

2.6.2 CRITERIA SELECTION: This section delineates the requirements for the use of the
equivalent-lateral-force and dynamic methods of analysis and the conditions for developing a site-
specific response spectrum. The limitations on the simplified lateral-force design procedure are
quite severe at this time. Limitations cover the site location with respect to active faults; soil
conditions of the site, the height, regularity and stiffness characteristics of the building; and the
characteristics of the isolation system. In fact, the current limitations will necessitate a dynamic
analysis for most isolated structures. Additionally, time-history analysis is required to determine
the design displacement of the isolation system (and the structure above) for the following 1
isolated structures:

1. Isolated structures with a "nonlinear" isolation system including, but not limited to, isolation
systems utilizing friction or sliding surfaces, isolation systems with effective damping values
greater than about 30 percent of critical, isolation systems not capable of producing a |
significant restoring force, and isolation systems that restrain or limit extreme earthquake
displacement;

2. Isolated structures with a "nonlinear" structure (above the isolation system) including, but
not limited to, structures designed for forces that are less than those specified by the
Provisions for "essentially-elastic" design; and

3. Isolated structures located on Soil Profile Type E or F sites (i.e., very soft soil).

The restrictions placed on the use of equivalent-lateral-force design procedures effectively

require dynamic analysis for virtually all isolated structures. However, lower-bound limits on
isolation system design displacements and structural-design forces are specified by the Provisions
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in Sec. 2.6.4 as a percentage of the values prescribed by the equivalent-lateral-force design
formulas, even when dynamic analysis is used as the basis for design. These lower-bound limits
on key design parameters ensure consistency in the design of isolated structures and serve as a
"safety net" against gross under-design. Table C2.6.2 provides a summary of the lower-bound
limits on dynamic analysis specified by the Provisions.

TABLE C2.6.2 Lower-Bound Limits on Dynamic Analysis
Specified as a Percentage of Static-Analysis Design Requirements

Dynamic Analysis
Design Parameter Static Analysis Response Time
Spectrum | History
Design displacement D = (gF ANTp/(4 7r2B,) - -
Total design displacement Dy 2 11D 2 09Dy 2 0.9D;
Total maximum displacement Dpy = MyDyc 2 0.8Dp, | 2 0.8Dp,
Design shear (at or below isolation Vi = kyoad 2 0.9V 2 0.9Vp
system)
Design shear ("regular” superstruc- Ve =k D/Ry > 0.8V 2 0.6V
ture)
Design shear ("irregular" superstruc- Vi = kyaxDR; 2 1.0V > 0.8V
ture)
Drift 0.010/R, 0.015/R, | 0.020/R,

A site-specific design spectrum for both the design (500-year) and maximum-capable (1000-
year) events have to be developed if the site is within 15 km of an active fault, if the Soil Profile
Type is E or F, or if isolated period is greater than 3.0 sec. Lower limits are placed on these
site-specific spectra and they must not be less than 80 percent of those given in Sec. 2.6.4.4.

2.6.3 EQUIVALENT-LATERAL-FORCE DESIGN PROCEDURE: The lateral displace-
ments given by Eq. 2.6.3.3.1 approximate the long-period displacements obtained from 5 percent
damped response spectra for the soil types defined in Sec. 1.4.2. For Zone 4, these response
spectra are considered compatible with a 0.4 EPA at a distance of 15 km from the fault.

2.6.3.3 Minimum-Lateral Displacements: Eq. 2.6.3.3.1 is an estimate of peak displacement
in the isolation system. In formulating this equation, some of the terms are similar to those used
to define the seismic response coefficient, C, in the Provisions but are used in either different
ways or with different values. The principal differences in use of terms are:

1. D is proportional to 7, rather than T’ 23 as would be implied from the lateral-force equation.
The lateral-force equation for conventional buildings was chosen to attenuate more slowly
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with period to recognize the need for additional conservatism in tall buildings, which always
have longer periods than short or low structures and may experience multimode response.
The direct proportionality of displacement to T applies over the portion of each response
spectrum where pseudo-relative velocity is constant. It is anticipated that most base-isolation
systems will have period values within this range. For very long-period isolation systems
(i.e., T greater than S sec), Eq. 2.6.3.3.1 will tend to overpredict peak displacement; however,
it was felt that the large uncertainty in long-period displacements justified this conservatism
for design.

2. Two new terms are contained in Eq. 2.6.3.3.1. The first of these is the coefficient, N, which
is used to increase the maximum displacement in the regions closer than 15 km from an
active fault. Evidence obtained during recent earthquakes suggests that ground displacements
may be larger in the region close to the rupture surface. Although definitive data on the
extent of this increase are not available, the values of the coefficient, N, as given in Table
2.6.3.3.1a are given as recommended increases of both proximity and expected earthquake
magnitude. For an maximum capable earthquake event of magnitude 8, MV, is increased from
1 to 1.2 for distances between 10 and 5 km from the fault and is further increased to 1.5 for
distances less than 5 km.

3. The maximum displacement, D, given in Eq. 2.6.3.3.1 is estimated from spectral response ‘I
for an isolated structure with S percent damping. The coefficient, B, in Eq. 2.6.3.3.1 is an '
isolation-system damping-related term that is used to decrease (or increase) the computed |
displacement when the equivalent damping coefficient of the isolation system is greater (or
smaller) than 5 percent of critical damping. Values of coefficient B, for different damp