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Chapter 1 Commentary

GENERAL PROVISIONS

Chapter 1 sets forth general requirements for applying the analysis and design provisions contained in
Chapters 2 through 14 of the NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures. It 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, 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 Provisions is intended to serve as a resource 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 Use
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 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 an unspecified
“authority having jurisdiction.” 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. 1.1.2.5 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, it 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 “authority having jurisdiction” 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 Appendix A to this Commentary volume presents a detailed explanation of the development of
Provisions Maps 1 through 24 and Appendix B describes development of the U.S. Geological Survey
seismic hazard maps on which the Provisions maps are based. An overview of the Building Seismic
Safety Council (BSSC) and its activities appears at the end of the volume.

1.1 GENERAL

1.1.1 Purpose. The goal of the Provisions is to present criteria for the design and construction of new
structures subject to earthquake ground motions in order to minimize the hazard to life for all structures,
to increase the expected performance of structures having a substantial public hazard due to occupancy
or use as compared to ordinary structures, and to improve the capability of essential facilities to function
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after an earthquake. To this end, the Provisions provides the minimum criteria considered prudent for
the protection of life safety in structures subject to earthquakes. The Provisions document has been
reviewed extensively and balloted by the architectural, engineering, and construction communities and,
therefore, it is a proper source for the development of building codes in areas of seismic exposure.

Some design standards go further than the Provisions and attempt to minimize damage as well as protect
building occupants. For example, the California Building Code has added property protection in
relation to the design and construction of hospitals and public schools. The Provisions document
generally considers property damage as it relates to occupant safety for ordinary structures. 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 in the structural system. For ground motions
in excess of the design levels, the intent of the Provisions is for the structure to have 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 for most structures. However, a high degree of
life safety, albeit with some structural and nonstructural damage, can be achieved economically in
structures by allowing inelastic energy dissipation in the structure. The objective of the Provisions
therefore is to set forth the minimum requirements to provide reasonable and prudent life safety. 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, but the damage may not be
economically repairable.

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, partitions, 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 should be protected from deformations
that can cause cracking; otherwise, one must expect such damage. It should be recognized, however,
that major earthquake ground motions can cause deformations much larger than the specified drift limits
in 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.

1.1.2.1 Scope. The scope statement establishes in general terms the applicability of the Provisions as a
base of reference. Certain structures are exempt and need not comply:
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1. Detached one- and two-family dwellings in Seismic Design Categories A, B, and C are exempt
because they represent low seismic risks.

2. Structures constructed using the conventional light-frame construction requirements in Sec. 12.5 are
deemed capable of resisting the seismic forces imposed by the Provisions. While specific elements
of conventional light-frame construction may be calculated to be overstressed, there is typically a
great deal of redundancy and uncounted resistance in such structures. Detached one- and two-story
wood-frame dwellings have generally performed well even in regions of higher seismicity. The
requirements of Sec. 12.5 are adequate to provide the safety required for such dwellings without
imposing any additional requirements of the Provisions.

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

4. Structures in areas with extremely low seismic risk need only comply with the design and detailing
requirements for structures assigned to Seismic Design Category A.

The Provisions are not retroactive and apply only to existing structures when there is an addition,
change of use, or alteration. As a minimum, existing structures should comply with legally adopted
regulations for repair and rehabilitation as related to earthquake resistance. (Note: Publications such as
the Handbook for the Seismic Evaluation of Buildings—A Prestandard [FEMA 310] and the
Prestandard and Commentary for the Seismic Rehabilitation of Buildings [FEMA 356] are available.)

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.

1.1.2.2 Additions. Additions that are structurally independent of an existing structure are considered to
be new structures required to comply with the Provisions. For additions that are not structurally
independent, the intent is that the addition as well as the existing structure be made to comply with the
Provisions except that an increase of up to 5 percent of the mass contributing to seismic forces is
permitted in any elements of the existing structure without bringing the entire structure into compliance
with the Provisions. Additions also shall not reduce the lateral force resistance of any existing element
to less than that required for a new structure.

1.1.2.3 Change of use. When a change in the use of a structure will result in the structure being
reclassified to a higher Seismic Use Group, the existing structure must be brought into compliance with
the requirements of the Provisions as if it were a new structure. Structures in higher Seismic Use
Groups are intended to provide a higher level of safety to occupants and in the case of Seismic Use
Group 11 to be capable of performing their safety-related function after a seismic event. An exception
is allowed when the change is from Seismic Use Group | to Seismic Use Group Il where Sps is less than
0.3. The expense that may be necessary to upgrade such a structure because of a change in the Seismic
Use Group cannot be justified for structures located in regions with low seismic risk.

1.1.2.4 Alterations. Alterations include all significant modifications to existing structures that are not
classified as an addition. No reduction in strength of the seismic-force-resisting system or stiffness of
the structure shall result from an alteration unless the altered structure is determined to be in compliance
with the Provisions.

Like additions, an increase of not greater than 5 percent of the mass contributing to seismic forces is
permitted in any structural element of the existing structure without bringing the entire structure into
compliance with the Provisions.




2003 Commentary, Chapter 1

The cumulative effects of alterations and additions should not increase the seismic forces in any
structural element of the existing structure by more than 5 percent unless the capacity of the element
subject to the increased seismic forces is still in compliance with the Provisions.

1.1.2.5 Alternate materials and alternate means and methods of construction. It is not possible for
a design standard to provide criteria for the use of all possible materials and their combinations and
methods of construction either existing or anticipated. While not citing specific materials or methods of
construction currently available that require approval, this section serves to emphasize the fact that the
evaluation and approval of alternate materials and methods require a recognized and accepted approval
system. The requirements for materials and methods of construction contained within the document
represent the judgment of the best use of the materials and methods based on well-established expertise
and historical seismic performance. 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, authorities having
jurisdiction 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 structure. These conditions, where applicable, should include
several cycles of full reversals of loads and deformations in the inelastic range.

1.2 SEISMIC USE GROUPS

The expected performance of structures shall be controlled by assignment of each structure to one of
three Seismic Use Groups. Seismic Use Groups are categorized based on the occupancy of the
structures within the group and the relative consequences of earthquake-induced damage to the
structures. The Provisions specify progressively more conservative strength, drift control, system
selection, and detailing requirements for structures contained in the three groups, in order to attain
minimum levels of earthquake performance suitable to the individual occupancies.

In previous editions of the Provisions, this categorization of structures, by occupancy, or use, was
termed a Seismic Hazard Exposure Group. The name Seismic Use Group was adopted in the 1997
Provisions as being more representative of the definition of this classification. Seismic hazard relates to
the severity and frequency of ground motion expected to affect a structure. Since structures contained
in these groups are spread across the various zones of seismicity, from high to low hazard, the groups do
not really relate to hazard. Rather the groups, categorized by occupancy or use, are used to establish
design criteria intended to produce specific types of performance in design earthquake events, based on
the importance of reducing structural damage and improving life safety.

In terms of post-earthquake recovery and redevelopment, certain types of occupancies are vital to public
needs. These special occupancies were identified and given specific recognition. In terms of disaster
preparedness, regional communication centers identified as critical emergency services should be in a
higher classification than retail stores, office buildings, and factories.

Specific consideration is given to Group 111, essential facilities required for post-earthquake recovery.
Also included are structures that contain substances, that if released into the environment, are deemed to
be hazardous to the public. The 1991 Edition included a flag to urge consideration of the need for utility
services after an earthquake. It is at the discretion of the authority having jurisdiction which structures
are required for post-earthquake response and recovery. This is emphasized with the term “designated”
before many of the structures listed in Sec. 1.2.1. Using Item 3, “designated medical facilities having
emergency treatment facilities,” as an example, the authority having jurisdiction should inventory
medical facilities having emergency treatment facilities within the jurisdiction and designate those to be
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required for post-earthquake response and recovery. In a rural location where there may not be a major
hospital, the authority having jurisdiction may choose to require outpatient surgery clinics to be
designated Group Il structures. On the other hand, these same clinics in a major jurisdiction with
hospitals nearby may not need to be designated Group 11 structures.

Group |1 structures are those having a large number of occupants and those where the occupants’ ability
to exit is restrained. The potential density of public assembly uses in terms of number of people warrant
an extra level of care. The level of protection warranted for schools, day care centers, and medical
facilities is greater than the level of protection warranted for occupancies where individuals are
relatively self-sufficient in responding to an emergency.

Group | contains all uses other than those excepted generally from the requirements in Sec. 1.1.2.1.
Those in Group | have lesser life hazard only insofar as there is the probability of fewer occupants in the
structures and the structures are lower and/or smaller.

In structures with multiple uses, the 1988 Edition of the Provisions required that the structure be
assigned the classification of the highest group occupying 15 percent or more of the total area of the
structure. This was changed in the 1991 Edition to require the structure to be assigned to the highest
group present. These requirements were further modified to allow different portions of a structure to be
assigned different Seismic Use Groups provided the higher group is not negatively impacted by the
lower group. When a lower group impacts a higher group, the higher group must either be seismically
independent of the other, or the two must be in one structure designed seismically to the standards of the
higher group. Care must be taken, however, for the case in which the two uses are seismically
independent but are functionally dependent. The fire and life-safety requirements relating to exiting,
occupancy, fire-resistive construction and the like of the higher group must not be reduced by
interconnection to the lower group. Conversely, one must also be aware that there are instances,
although uncommon, where certain fire and life-safety requirements for a lower group may be more
restrictive than those for the higher group. Such assignments also must be considered when changes are
made in the use of a structure even though existing structures are not generally within the scope of the
Provisions.

Consideration has been given to reducing the number of groupings by combining Groups I and Il and
leaving Group Il 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 performance desired of structures in these individual groups.

Although the Provisions explicitly require design for only a single level of ground motion, it is expected
that structures designed and constructed in accordance with these requirements will generally be able to
meet a number of performance criteria, when subjected to earthquake ground motions of differing
severity. The performance criteria discussed here were jointly developed during the BSSC Guidelines
and Commentary for Seismic Rehabilitation of Buildings Project (ATC, 1995) and the Structural
Engineers Association of California Vision 2000 Project (SEAOC, 1995). In the system established by
these projects, earthquake performance of structures is defined in terms of several standardized
performance levels and reference ground motion levels. Each performance level is defined by a limiting
state in which specified levels of degradation and damage have occurred to the structural and
nonstructural building components. The ground motion levels are defined in terms of their probability
of exceedance.

Although other terminology has been used in some documents, four performance levels are commonly
described as meaningful for the design of structures. These may respectively be termed the operational,
immediate occupancy, life safety, and collapse prevention levels. Of these, the operational level
represents the least level of damage to the structure. Structures meeting this level when responding to
an earthquake are expected to experience only negligible damage to their structural systems and minor
damage to nonstructural systems. The structure will retain nearly all of its pre-earthquake strength and
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stiffness and all mechanical, electrical, plumbing, and other systems necessary for the normal operation
of the structure are expected to be functional. If repairs are required, these can be conducted at the
convenience of the occupants.

The risk to life safety during an earthquake in a structure meeting this performance level is negligible.
Note, that in order for a structure to meet this level, all utilities required for normal operation must be
available, either through standard public service or emergency sources maintained for that purpose.
Except for very low levels of ground motion, it is generally not practical to design structures to meet
this performance level.

The immediate occupancy level is similar to the operational level although somewhat more damage to
nonstructural systems is anticipated. Damage to the structural systems is very slight and the structure
retains all of its pre-earthquake strength and nearly all of its stiffness. Nonstructural elements, including
ceilings, cladding, and mechanical and electrical components, remain secured and do not represent
hazards. Exterior nonstructural wall elements and roof elements continue to provide a weather barrier,
and to be otherwise serviceable. The structure remains safe to occupy; however, some repair and
clean-up is probably required before the structure can be restored to normal service. In particular, it is
expected that utilities necessary for normal function of all systems will not be available, although those
necessary for life safety systems would be provided. Some equipment and systems used in normal
function of the structure may experience internal damage due to shaking of the structure, but most
would be expected to operate if the necessary utility service was available. Similar to the operational
level, the risk to life safety during an earthquake in a structure meeting this performance level is
negligible. Structural repair may be completed at the occupants’ convenience, however, significant
nonstructural repair and cleanup is probably required before normal function of the structure can be
restored.

At the life safety level, significant structural and nonstructural damage has occurred. The structure may
have lost a substantial amount of its original lateral stiffness and strength but still retains a significant
margin against collapse. The structure may have permanent lateral offset and some elements of the
seismic-force-resisting system may exhibit substantial cracking, spalling, yielding, and buckling.
Nonstructural elements of the structure, while secured and not presenting falling hazards, are severely
damaged and cannot function. The structure is not safe for continued occupancy until repairs are
instituted as strong ground motion from aftershocks could result in life threatening damage. Repair of
the structure is expected to be feasible, however, it may not be economically attractive to do so. The
risk to life during an earthquake, in a structure meeting this performance level is very low.

At the collapse prevention level a structure has sustained nearly complete damage. The seismic-force-
resisting system has lost most of its original stiffness and strength and little margin remains against
collapse. Substantial degradation of the structural elements has occurred including extensive cracking
and spalling of masonry and concrete elements and buckling and fracture of steel elements. The
structure may have significant permanent lateral offset. Nonstructural elements of the structure have
experienced substantial damage and may have become dislodged creating falling hazards. The structure
is unsafe for occupancy as even relatively moderate ground motion from aftershocks could induce
collapse. Repair of the structure and restoration to service is probably not practically achievable.

The design ground motion contained in the Provisions is taken as two-thirds of the maximum
considered earthquake ground motion. Such ground motion may have a return period varying from a
few hundred years to a few thousand years, depending on the regional seismicity. It is expected that
structures designed in accordance with the requirements for Group | would achieve the life safety or
better performance level for these ground motions. Structures designed in accordance with the
requirements for Group I11 should be able to achieve the Immediate Occupancy or better performance
level for this ground motion. Structures designed to the requirements for Group 11 would be expected to
achieve performance better than the life safety level but perhaps less than the immediate occupancy
level for this ground motion.
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While the design ground motion represents a rare earthquake event, it may not be the most severe event
that could ever affect a site. In zones of moderate seismicity, it has been common practice in the past to
consider ground motion with a 98 percent chance of non-exceedance in 50 years, or an average return
period of 2,500 years, as being reasonably representative of the most severe ground motion ever likely
to affect a site. This earthquake has been variously termed a maximum credible earthquake, maximum
capable event and, most recently, a maximum considered earthquake. The recent terminology is
adopted here in recognition that ground motion of this probability level is not the most severe motion
that could ever effect the site, but is considered sufficiently improbable that more severe ground motions
need not practically be considered. In regions near major active faults, such as coastal California,
estimates of ground motion at this probability of exceedance can produce structural demands much
larger than has typically been recorded in past earthquakes. Consequently, in these zones, the maximum
considered earthquake is now commonly taken based on conservative estimates of the ground motion
from a deterministic event, representing the largest magnitude event that the nearby faults are believed
capable of producing.

It is expected that structures designed to the requirements for Group | would be capable of responding to
the maximum considered earthquake at a near collapse or better performance level. Structures designed
to the requirements for Group 111 should be capable of responding to such ground motions at the life
safety level. Structures designed and constructed to the requirements for Group Il structures should be
capable of responding to maximum considered earthquake ground motions with a performance
intermediate to the near collapse and life safety levels.
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Figure 1.2-1 Expected building performance.

In zones of high seismicity, structures may experience strong motion earthquakes several times during
their lives. It is also important to consider the performance expected of structures for these somewhat
less severe, but much more frequent, events. For this purpose, earthquake ground shaking with a 50
percent probability of non-exceedance in 50 years may be considered. Sometimes termed a maximum
probable event (MPE), such ground motion would be expected to recur at a site, one time, every 72
years. Structures designed to the requirements for Group | would be expected to respond to such ground
motion at the Immediate Occupancy level. Structures designed and constructed to either the Group Il or
Group 111 requirements would be expected to perform to the Operational level for these events. This
performance is summarized in Figure C1.2-1.

It is important to note that while the performance indicated in Figure C1.2-1 is generally indicative of
that expected for structures designed in accordance with the Provisions, there can be significant
variation in the performance of individual structures from these expectations. This variation results
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from individual site conditions, quality of construction, structural systems, detailing, overall
configuration of the structure, inaccuracies in our analytical techniques, and a number of other complex
factors. As a result of these many factors, and intentional conservatism contained in the Provisions,
most structures will perform better than indicated in the figure and others will not perform as well.

1.2.5 Seismic Use Group I11 structure access protection. This section establishes the requirement for
access protection for Seismic Use Group I11 structures. There is a need for ingress/egress to those
structures that are essential post-earthquake facilities and this shall be considered in the siting and
design of the structure.

1.3 OCCUPANCY IMPORTANCE FACTOR

Although the concept of an occupancy importance factor for structural systems has been included in the
Uniform Building Code for many years, it was first adopted into the 1997 Edition of the Provisions.
The inclusion of the occupancy importance factor is one of several requirements included in this edition
of the Provisions where there are attempts to control the seismic performance capability of structures in
the different Seismic Use Groups. Specifically, the occupancy importance factor modifies the R
coefficients used to determine minimum design base shears. Structures assigned occupancy importance
factors greater than 1.0 must be designed for larger seismic forces. As a result, these structures are
expected to experience lower ductility demands than structures designed with lower occupancy
importance factors and, thus sustain less damage. The Provisions also include requirements that attempt
to limit vulnerability to structural damage by specifying more stringent drift limits for structures in
Seismic Use Groups of higher risk. Further discussion of these concepts is found in Commentary

Sec. 4.2.1and 4.5.

1.4 SEISMIC DESIGN CATEGORY

This section establishes the design categories that are the keys for establishing design requirements for
any structure based on its use (Seismic Use Group) and on the level of expected seismic ground motion.
Once the Seismic Design Category (A, B, C, D, E, or F) for the structure is established, many other
requirements such as detailing, quality assurance, system limits, height limitations, specialized
requirements, and change of use are related to it.

Prior to the 1997 edition of the Provisions, these categories were termed Seismic Performance
Categories. While the desired performance of the structure, under the design earthquake, was one
consideration used to determine which category a structure should be assigned to, it was not the only
factor. The seismic hazard at the site was actually the principle parameter that affected a structure’s
category. The name was changed to Seismic Design Category to represent the uses of these categories,
which is to determine the specific design requirements.

The earlier editions of the Provisions utilized the peak velocity-related acceleration, A,, to determine a
building’s Seismic Performance Category. However, this coefficient does not adequately represent the
damage potential of earthquakes on sites with soil conditions other than rock. Consequently, the 1997
Provisions adopted the use of response spectral acceleration parameters Sps and Spy, which include site
soil effects for this purpose. Instead of a single table, as was present in previous editions of the
Provisions, two tables are now provided, relating respectively to short-period and long-period ground
motions.

Seismic Design Category A represents structures in regions where anticipated ground motions are
minor, even for very long return periods. For such structures, the Provisions require only that a
complete seismic-force-resisting system be provided and that all elements of the structure be tied
together. A nominal design force equal to 1 percent of the weight of the structure is used to proportion
the lateral system.

It is not considered necessary to specify seismic-resistant design on the basis of a maximum considered
earthquake ground motion for Seismic Design Category A structures because the ground motion
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computed for the areas where these structures are located is determined more by the rarity of the event
with respect to the chosen level of probability than by the level of motion that would occur if a small but
close earthquake actually did occur. However, it is desirable to provide some protection against
earthquakes and many other types of unanticipated loadings. Thus, the requirements for Seismic Design
Category A provide a nominal amount of structural integrity that will improve the performance of
buildings in the event of a possible but rare earthquake even though it is possible that the ground
motions could be large enough to cause serious damage or even collapse. The result of design to
Seismic Design Category A requirements is that fewer building would collapse in the vicinity of such an
earthquake.

The integrity is provided by a combination of requirements. First, a complete load path for lateral
forces must be identified. Then it must be designed for a lateral force based on a 1 percent acceleration
of the mass. The minimum connection forces specified for Seismic Design Category A also must be
satisfied.

The 1 percent value has been used in other countries as a minimum value for structural integrity. For
many structures, design for the wind loadings specified in the local buildings codes normally will
control the lateral force design when compared to the minimum integrity force on the structure.
However, many low-rise, heavy structures or structures with significant dead loads resulting from heavy
equipment may be controlled by the nominal 1 percent acceleration. Also, minimum connection forces
may exceed structural forces due to wind in some structures.

Seismic Design Category B includes Seismic Use Group | and Il structures is regions of seismicity
where only moderately destructive ground shaking is anticipated. In addition to the requirements for
Seismic Design Category A, structures in Seismic Design Category B must be designed for forces
determined using Maps 1 through 24.

Seismic Design Category C includes Seismic Use Group 11 structures in regions where moderately
destructive ground shaking may occur as well as Seismic Use Group | and Il structures in regions with
somewhat more severe ground shaking potential. In Seismic Design Category C, the use of some
structural systems is limited and some nonstructural components must be specifically designed for
seismic resistance.

Seismic Design Category D includes structures of Seismic Use Group I, I1, and Il located in regions
expected to experience destructive ground shaking but not located very near major active faults. In
Seismic Design Category D, severe limits are placed on the use of some structural systems and irregular
structures must be subjected to dynamic analysis techniques as part of the design process.

Seismic Design Category E includes Seismic Use Group | and 11 structures in regions located very close
to major active faults and Seismic Design Category F includes Seismic Use Group IlI structures in these
locations. Very severe limitations on systems, irregularities, and design methods are specified for
Seismic Design Categories E and F. For the purpose of determining if a structure is located in a region
that is very close to a major active fault, the Provisions use a trigger of a mapped maximum considered
earthquake spectral response acceleration parameter at 1-second period, S;, of 0.75 or more regardless of
the structure’s fundamental period. The mapped short period acceleration, Ss, was not used for this
purpose because short period response accelerations do not tend to be affected by near-source conditions
as strongly as do response accelerations at longer periods.

Local or regional jurisdictions enforcing building regulations need to consider the effect of the maps,
typical soil conditions, and Seismic Design Categories on the practices in their jurisdictional areas. For
reasons of uniformity of practice or reduction of potential errors, adopting ordinances could stipulate
particular values of ground motion, particular Site Classes, or particular Seismic Design Categories for
all or part of the area of their jurisdiction. For example:
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1. An area with an historical practice of high seismic zone detailing might mandate a minimum
Seismic Design Category of D regardless of ground motion or Site Class.

2. Ajurisdiction with low variation in ground motion across the area might stipulate particular values
of the ground motion rather than requiring use of the maps.

3. An area with unusual soils might require use of a particular Site Class unless a geotechnical
investigation proves a better Site Class.

There are two limits on period for permission to ignore Sp; when establishing the Seismic Design
Category. The first rule, requiring T, be less than 80% of T, allows some conservatism for the
uncertainty in estimating periods. The second rule only applies where a different period is used for
computing drift than for computing forces. In that case, the period used for establishing drift must be
less than the corner period, Ts. It should be noted that the period used for establishing drift could simply
be T,and, as such, does not require that the actual building period be calculated.

1.4.2 Site limitation for Seismic Design Categories E and F. The forces that result on a structure
located astride the trace of a fault rupture that propagates to the surface are extremely large and it is not
possible to reliably design a structure to resist such forces. Consequently, the requirements of this
section limit the construction of buildings in Seismic Design Categories E and F on sites subject to this
hazard. Similarly, the effects of landsliding, liquefaction, and lateral spreading can be highly damaging
to a building. However, the effects of these site phenomena can more readily be mitigated through the
incorporation of appropriate design measures than can direct ground fault rupture. Consequently,
construction on sites with these hazards is permitted if appropriate mitigation measures are included in
the design.

1.5 REQUIREMENTS FOR SEISMIC DESIGN CATEGORY A

Because of the very low seismicity associated with sites with Sps less than 0.25 and Sp; less than 0.10, it
is considered appropriate for Category A buildings to require only a complete seismic-force-resisting
system, 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 requirements as being suitable to
reduce the windstorm risk. Since the Provisions considers only earthquakes, no other requirements are
prescribed for Category A buildings. Only a complete seismic-force-resisting system, ties, and wall
anchorage are required by these Provisions.

Construction qualifying under Category A may be built with no special detailing requirements for
earthquake resistance. Special details for ductility and toughness are not required in Category A.

1.5.1 Lateral forces. This analysis procedure, which was added to the Provisions in the 1997 edition,
is applicable only to structures in Seismic Design Category A. Such structures are not designed for
resistance to any specific level of earthquake ground shaking as the probability that they would ever
experience shaking of sufficient intensity to cause life threatening damage is very low so long as the
structures are designed with basic levels of structural integrity. Minimum levels of structural integrity
are achieved in a structure by assuring that all elements in the structure are tied together so that the
structure can respond to shaking demands in an integral manner and also by providing the structure with
a complete seismic-force-resisting system. It is believed that structures having this level of integrity
would be able to resist, without collapse, the very infrequent earthquake ground shaking that could
affect them. In addition, requirements to provide such integrity provides collateral benefit with regard
to the ability of the structure to survive other hazards such as high wind storms, tornadoes, and
hurricanes.

The procedure outlined in this section is intended to be a simple approach to ensuring both that a
building has a complete seismic-force-resisting system and that it is capable of sustaining at least a
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minimum level of lateral force. In this analysis procedure, a series of static lateral forces equal to 1
percent of the weight at each level of the structure is applied to the structure independently in each of
two orthogonal directions. The structural elements of the seismic-force-resisting system then are
designed to resist the resulting forces in combination with other loads under the load combinations
specified by the building code.

The selection of 1 percent of the building weight as the design force for Seismic Design Category A
structures is somewhat arbitrary. This level of design lateral force was chosen as being consistent with
prudent requirements for lateral bracing of structures to prevent inadvertent buckling under gravity
loads and also was believed to be sufficiently small as to not present an undue burden on the design of
structures in zones of very low seismic activity.

The seismic weight 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
authority having jurisdiction 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 authority having jurisdiction.

1.5.2 Connections. The requirements in this section are a simplified version of the material found in
Sec. 4.6.1.1. For Seismic Design Category A, 5 percent is always greater than 0.133 times Sps.

1.5.3 Anchorage of concrete or masonry walls. The intent of this section is to ensure that out-of-
plane inertia forces generated within a concrete or masonry wall can be transferred to the adjacent roof
or floor construction. The transfer can be accomplished only by reinforcement or anchors.
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Chapter 2 Commentary

QUALITY ASSURANCE

2.1 GENERAL

2.1.1 Scope. Quality assurance (control and verification) for structures assigned to Seismic Design
Categories C, D, E and F, is necessary due to the complexity of the seismic-force-resisting systems and
is important because of the serious consequences of the failure of structures. The level of quality
assurance varies with the degree of seismic risk.

Quality Assurance requirements involve many aspects of the structural design and construction
process—from the selection of the design team and their suitability for the project to the capabilities of
the construction contractor(s) and subcontractors, whether selected by qualification or by low bid.
Where structures are to be located in areas with a high probability of having damaging earthquake
ground motion, adequate quality assurance is required to provide life safety. Unfortunately, in recent
seismic events there have been numerous earthquake-related failures that are directly traceable to poor
design or poor quality control during construction; these deficiencies must be eliminated. The
earthquake requirements included in the Provisions rely heavily upon the concept of adequate quality
control and verification to assure sound construction. It is important that all parties involved in the
design and construction process understand and support the quality assurance requirements
recommended in the Provisions.

The technological complexity of the design of modern structures necessitates employment of a team of
registered design professionals. Each member in responsible charge of design of each element or
system of the structure must be qualified and licensed by the jurisdiction to practice in their technical
fields of practice. Structures located at a site with a potential to have damaging earthquake ground
motion must be designed to withstand the resulting seismic forces and accommodate element
displacements.

Every element of a structure is a part of a continuous load path transmitting seismic forces from and to
the foundations, which must be adequately strengthened and appropriately anchored to resist the seismic
forces and to accommodate the resulting displacements. Many of the failures in recent earthquakes have
been attributed to weak links in the seismic-force-resisting load paths. Since the connections between
adjacent elements of the structure often involve different registered design professionals and different
construction trades during installation, it is imperative that these connections be adequately described in
the construction documents and observed during installation. In order to accommodate these constraints
and produce a coordinated design, the registered design professionals must function as an integrated and
well coordinated team.

The selection of the size and configuration of the structure, and the type of structural seismic-force-
resisting system(s) selected, can have a significant impact on the performance of the structure in an
earthquake. Since the selection can affect the design and cost of construction of almost every element
of the structure, it is essential that the entire design team participate in making these preliminary design
decisions and appropriately accommodate them in their design. While not required by the Provisions, it
is recommended that a quality assurance plan be prepared for the design process.

For quality assurance during construction, the following is included in the Provisions: (1) the registered
design professional(s) in responsible charge of the design specifies the quality assurance requirements;
(2) the prime contractor(s) exercises the control necessary to achieve the required quality; and (3) the
owner monitors the construction process by means of consultants who perform special inspections,
observations, and testing. It is important that all of the parties involved recognize their responsibilities,
understand the procedures, and are capable of carrying them out. Because the contractor and specialty
subcontractors are performing the work and exercising control of quality, it is essential that the special
inspections and tests be performed by someone not in their direct employ. For this reason, the special
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inspectors are the owner’s inspectors and serve at the discretion of the authority having jurisdiction.
When the owner is also the contractor, the owner, to avoid a potential conflict of interest, must engage
independent agencies to conduct the special inspections and tests rather than try to qualify his own
employees for that purpose.

The contractual responsibilities during the construction phase vary from project to project depending on
the structure, and the desires of the owner. The majority of building owners use the standard contract
forms published by the American Institute of Architects (AlA) or the Engineers’ Joint Contract
Documents Committee (EJCDC) (or a contract modeled therefrom) which include specific construction
phase responsibilities.

The registered design professional in responsible charge for each portion of the project is the most
knowledgeable person available for assuring appropriate conformance with the intent of the design as
conveyed in the construction documents. It is essential that a registered design professional be
sufficiently involved during the construction phase of the project to assure general conformance with
the approved construction documents. Courts are ruling more frequently that the above responsibilities
remain that of the registered design professional in responsible charge of the design regardless of the
language included in the contract for professional services.

The quality assurance requirements included in Chapter 2 of the Provisions are the minimum
requirements. It could be the decision of the owner or registered design professional to include more
stringent quality assurance requirements. The primary method for achieving quality assurance is
through the use of special inspectors and testing agencies.

Registered design professional(s) in responsible charge, or their employees, may perform the special
inspections, when approved by the authority having jurisdiction. Increased involvement by the
registered design professional in responsible charge allows for early detection of problems during
construction when they can be resolved more easily.

2.2 GENERAL REQUIREMENTS

Because of the complexity of design and construction for structures included in Seismic Design
Categories C, D, E, and F, it is necessary to provide a comprehensive written quality assurance plan to
assure adequate quality controls and verification during construction. Each portion of the quality
assurance plan is required to be prepared by the registered design professional responsible for the design
of the seismic-force-resisting system(s) and other designated seismic systems that are subject to
requirements for quality assurance. When completed, the quality assurance plan must be submitted to
the owner and to the authority having jurisdiction.

The performance for quality control of the contractors and subcontractors varies from project to project.
The quality assurance plan provides an opportunity for the registered design professional to delineate
the types and frequency of testing and inspections, and the extent of the structural observations to be
performed during the construction process and to assure that the construction is in conformance with the
approved construction documents. Special attention should be given in the quality assurance plan for
projects with higher occupancy importance factors.

The authority having jurisdiction shall approve the quality assurance plan and shall obtain from each
contractor a written statement that the contractor understands the requirements of the quality assurance
plan and will exercise the necessary control to obtain conformance. The exact methods of control are
the responsibility of the individual contractors, subject to approval by the authority having jurisdiction.
Special inspections, in addition to those included in the quality assurance plan, may be required by the
authority having jurisdiction to ensure that there is compliance with the approved construction
documents.

As indicated in Sec. 2.2, certain regular, low-rise structures assigned to Seismic Use Group | are exempt
from preparation of a quality assurance plan. Any structure that does not satisfy all of the criteria
included in the exception or is not otherwise exempted by the Provisions is required to have a quality
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assurance plan. It is important to emphasize that this exemption only applies to the preparation of a
quality assurance plan. All special inspections and testing that are otherwise required by the Provisions
must be performed.

2.3 SPECIAL INSPECTION

Special inspection is the monitoring of materials and workmanship that are critical to the integrity of the
structure. The requirements listed in this section, from foundation systems through cold-formed steel
framing, have been included in the national model codes for many years. It is a premise of the
Provisions that there will be an adequate supply of knowledgeable and experienced inspectors available
to provide the necessary special inspections 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 authority having jurisdiction as being qualified to
perform special inspections for the category of work involved. As a guide to the authority having
jurisdiction, it is suggested that the special inspector is to be one of the following:

1. A person employed and supervised by the registered design professional in responsible charge for
the design of the designated seismic system or the seismic-force-resisting system for which the
special inspector is engaged.

2. A person employed by an approved inspection and/or testing agency who is under the direct
supervision of a registered design professional also employed by the same agency, using inspectors
or technicians qualified by recognized industry organizations as approved by the authority having
jurisdiction.

3. A manufacturer or fabricator of components, equipment, or machinery that has been approved for
manufacturing components that satisfy seismic safety standards and that maintain a quality
assurance plan approved by authority having jurisdiction. The manufacturer or fabricator is
required to provide evidence of such approval by means of clear marks on each designated seismic
system or seismic-force-resisting system component shipped to the construction site.

The extent and duration of special inspections, types of testing, and the frequency of the testing must be
clearly delineated in the quality assurance plan. In some instances the Provisions allow periodic special
inspection rather than continuous special inspection. Where periodic special inspections are allowed,
the Provisions do not state specific requirements for frequency of periodic inspection, but do indicate
stages of construction at which inspection is required for a particular category of work. The quality
assurance plan should generally indicate the timing and extent of any periodic special inspections
required by the Provisions.

2.3.9 Architectural components. It is anticipated that the minimum requirements for architectural
components (such as exterior cladding) are satisfied if the method of anchoring components and the
number, spacing, and types of fasteners used conform to approved construction documents.

For ceilings and access floors compliance with the construction documents should concentrate on
critical details. For ceiling grids those details are the location and installation for grid bracing, the
connection of runners to the perimeter edge member along two adjacent sides, and the gap provided
between ends of runners and the edge member on the remaining two sides.

2.3.10 Mechanical and electrical components. It is anticipated that the minimum requirements for
mechanical and electrical components are satisfied if the method of anchoring components and the
number, spacing, and types of fasteners actually used conform to the approved construction documents.
It is noted that such special inspection requirements are for selected electrical, lighting, piping, and
ductwork components in any Seismic Design Category except A or B, and for all electrical equipment in
Seismic Design Category E or F.

2.4 TESTING
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Compliance with nationally recognized test standards provides the authority having jurisdiction and the
owner a means to determine the acceptability of materials and their placement. Most test standards for
materials are developed and maintained by the American Society for Testing and Materials (ASTM).
Through their reference in model building codes and material specifications, ASTM Standards and other
standard testing procedures provide a uniform measure for acceptance of materials and construction.
The Provisions and the model building codes require that standard tests be performed by an approved
testing agency.

Special inspector(s) are responsible for the observation and verification of the testing procedures
performed in the field. Special inspectors determine compliance with test standards based on their
interpretation of the standards, as measured against acceptance criteria that are included in the
construction documents and the quality assurance plan.

Test standards also assign responsibility to others. For example, the ASTM A 706 specification for low-
alloy steel reinforcing bars requires the manufacturer to report the chemical composition and carbon
equivalent of the material. In addition, the ANSI/AWS D1.4 Welding Code requires the contractor to
prepare written specifications for the welding of reinforcing bars. It is necessary, therefore, that each
member of the construction team has a thorough knowledge of the specified test standards that cover
their particular work.

2.4.5 Mechanical and electrical equipment. The registered design professional should consider
requirements to demonstrate the seismic performance of mechanical and electrical components critical
to the post-earthquake life safety of the occupants. Any requirements should be clearly indicated on the
construction documents. Any currently accepted technology should be acceptable to demonstrate
compliance with the requirements.

Itis intended that the certificate only be requested for components with an importance factor (1) greater
than 1.00 and only if the component has a doubtful or uncertain seismic load path. This certificate
should not be requested to validate functionality concerns.

In the context of the Provisions, seismic adequacy of the component is of concern only when the
component is required to remain operational after an earthquake or contains material that can pose a
significant hazard if released. Meeting the requirements of this section shall be considered as an
acceptable demonstration of the seismic adequacy of a component.

2.5 STRUCTURAL OBSERVATIONS

The purpose of structural observations is to allow the registered design professional(s) in responsible
charge or other registered design professional(s) to visit the site to observe the seismic-force-resisting
systems. Observations include verifying that the seismic-force-resisting system is constructed in general
conformance with the construction documents, that the intent of the design has been accomplished, and
that a complete lateral load path exists.

Every effort shall be made to have the registered design professional in responsible charge make the
observations. If another registered design professional performs the observations he is expected to be
familiar with the construction documents and the design concept.

2.6 REPORTING AND COMPLIANCE PROCEDURES

The purpose of this section is to keep key parties informed of the special inspector’s observations and
the contractor’s corrections.
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Chapter 3 Commentary

GROUND MOTION

3.1 GENERAL

3.1.3 Definitions. The Provisions are intended to provide uniform levels of performance for
structures, depending on their occupancy and use and the risk to society inherent in their failure. Sec.
1.2 of the Provisions establishes a series of Seismic Use Groups, which are used to assign each
structure to a specific Seismic Design Category. It is the intent of the Provisions that meeting the
seismic design criteria will provide a uniform margin against failure for all structures within a given
Seismic Use Group.

In past editions of the Provisions, seismic hazards around the nation were defined at a uniform 10
percent probability of exceedance in 50 years and the design requirements were based on assigning a
structure to a Seismic Hazard Exposure Group and a Seismic Performance Category. While this
approach provided for a uniform likelihood throughout the nation that the design ground motion would
not be exceeded, it did not provide for a uniform probability of failure for structures designed for that
ground motion. The reason for this is that the rate of change of earthquake ground motion versus
likelihood is not constant in different regions of the United States.

The approach adopted in the Provisions is intended to provide for a uniform margin against collapse at
the design ground motion. In order to accomplish this, ground motion hazards are defined in terms of
maximum considered earthquake ground motions. The maximum considered earthquake ground
motions are based on a set of rules that depend on the seismicity of an individual region. The design
ground motions are based on a lower bound estimate of the margin against collapse inherent in
structures designed to the Provisions. This lower bound was judged, based on experience, to
correspond to a factor of about 1.5 in ground motion. Consequently, the design earthquake ground
motion was selected at a ground shaking level that is 1/1.5 (2/3) of the maximum considered
earthquake ground motion.

For most regions of the nation, the maximum considered earthquake ground motion is defined with a
uniform probability of exceedance of 2 percent in 50 years (return period of about 2500 years). While
stronger shaking than this could occur, it was judged that it would be economically impractical to
design for such very rare ground motions and that the selection of the 2 percent probability of
exceedance in 50 years as the maximum considered earthquake ground motion would result in
acceptable levels of seismic safety for the nation.

In regions of high seismicity, such as coastal California, the seismic hazard is typically controlled by
large-magnitude events occurring on a limited number of well-defined fault systems. Ground shaking
calculated at a 2 percent probability of exceedance in 50 years would be much larger than that which
would be expected based on the characteristic magnitudes of earthquakes on these known active faults.
This is because these major active faults can produce characteristic earthquakes every few hundred
years. For these regions, it is considered more appropriate to directly determine maximum considered
earthquake ground motions based on the characteristic earthquakes of these defined faults. In order to
provide for an appropriate level of conservatism in the design process, when this approach to
calculation of the maximum considered earthquake ground motion is used, the median estimate of
ground motion resulting for the characteristic event is multiplied by 1.5.

Sec. 4.1.1 of the Provisions defines the maximum considered earthquake ground motion in terms of the
mapped values of the spectral response acceleration at short periods, Ss, and at 1 second, S; , for Class
B sites. These values may be obtained directly from Maps 1 through 24, respectively. A detailed
explanation for the development of Maps 1 through 24 appears as Appendix A to this Commentary
volume. The procedure by which these maps were created, as described above and in Appendix A, is
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also included in the Provisions under Sec 3.4 so that registered design professionals performing such
studies may use methods consistent with those that served as the basis for developing the maps.

3.2 GENERAL REQUIREMENTS

3.2.2 Procedure selection. This section sets alternative procedures for determining ground shaking
parameters for use in the design process. The design requirements generally use response spectra to
represent ground motions in the design process. For the purposes of the Provisions, these spectra are
permitted to be determined using either a generalized procedure in which mapped seismic response
acceleration parameters are referred to or by site-specific procedures. The generalized procedure in
which mapped values are used is described in Sec. 3.3. The site-specific procedure is described in Sec.
3.4.

3.3 GENERAL PROCEDURE

This section provides the procedure for obtaining design site spectral response accelerations using the
maps provided with the Provisions. Many buildings and structures will be designed using the
equivalent lateral force procedure of Sec. 5.2, and this general procedure to determine the design
spectral response acceleration parameters, Sps and Sp;, that are directly used in that procedure. Some
structures will be designed using the response spectrum procedure of Sec. 5.3. This section also
provides for the development of a general response spectrum, which may be used directly in the modal
analysis procedure, from the design spectral response acceleration parameters, Sps and Sp;.

Maps 1 and 2 respectively provide two parameters, Ss and Sy, based on a national seismic hazard study
conducted by the U.S. Geological Survey. For most buildings and sites, they provide a suitably
accurate estimate of the maximum considered earthquake ground shaking for design purposes. For
some sites, with special soil conditions or for some buildings with special design requirements, it may
be more appropriate to determine a site-specific estimate of the maximum considered earthquake
ground shaking response accelerations. Sec. 3.4 provides guidance on site-specific procedures.

Ss is the mapped value, from Map 1 of the 5-percent-damped maximum considered earthquake spectral
response acceleration, for short period structures founded on Class B, firm rock, sites. The short-
period acceleration has been determined at a period of 0.2 seconds. This is because it was concluded
that 0.2 seconds was reasonably representative of the shortest effective period of buildings and
structures that are designed by the Provisions, considering the effects of soil compliance, foundation
rocking, and other factors typically neglected in structural analysis.

Similarly, S; is the mapped value from Map 2 of the 5-percent-damped maximum considered
earthquake spectral response acceleration at a period of 1 second on Site Class B. The spectral
response acceleration at periods other than 1 second can typically be derived from the acceleration at 1
second. Consequently, these two response acceleration parameters, Ss and S, are sufficient to define
an entire response spectrum for the period range of importance for most buildings and structures, for
maximum considered earthquake ground shaking on Class B sites.

In order to obtain acceleration response parameters that are appropriate for sites with other
characteristics, it is necessary to modify the Ss and S; values, as indicated in Sec.3.3.2. This
modification is performed with the use of two coefficients, F, and F,, which respectively scale the Ss
and S; values determined for firm rock sites to values appropriate for other site conditions. The
maximum considered earthquake spectral response accelerations adjusted for Site Class effects are
designated Sys and Sy, respectively, for short-period and 1-second-period response. As described
above, structural design in the Provisions is performed for earthquake demands that are 2/3 of the
maximum considered earthquake response spectra. Two additional parameters, Sps and Sp;, are used to
define the acceleration response spectrum for this design level event. These are taken, respectively, as
2/3 of the maximum considered earthquake values, Sus and Su;, and completely define a design
response spectrum for sites of any characteristics.
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Sec. 3.5.1 provides a categorization of the various classes of site conditions, as they affect the design
response acceleration parameters. Sec. 3.5.2 describes the steps by which sites can be classified as
belonging to one of these Site Classes.

3.3.2 Site coefficients and adjusted acceleration parameters. The site coefficients Fa and Fv
presented in Provisions Tables 3.3-1 and 3.3-2 are based on the research described in the following
paragraphs.

It has long been recognized that the effects of local soil conditions on ground motion characteristics
should be considered in building design. The 1989 Loma Prieta earthquake provided abundant strong
motion data that was used extensively together with other information in introducing the site
coefficients Fa and Fv into the 1994 Provisions.

The amount of ground motion amplification by a soil deposit relative to bedrock depends on the wave-
propagation characteristics of the soil, which can be estimated from measurements or inferences of
shear-wave velocity and in turn the shear modulus for the materials as a function of the level of
shaking. In general, softer soils with lower shear-wave velocities exhibit higher amplifications than
stiffer soils with higher shear velocities. Increased levels of ground shaking result in increased soil
stress-strain nonlinearity and increased soil damping which in general reduces the amplification,
especially for shorter periods. Furthermore, for soil deposits of sufficient thickness, soil amplification
is generally greater at longer periods than at the shorter periods. Based on the studies summarized
below, values of the soil amplification factors (site coefficients) shown in Tables 3.3-1 and 3.3-2 were
developed as a function of site class and level of ground shaking. Table 3.3-1 presents the short-period
site coefficient, F,; Table 3.3-2 presents the long-period site coefficient, F,. As described in Sec. 3.5,
Site Classes A through E describe progressively softer (lower shear wave velocity) soils.

Strong-motion recordings obtained on a variety of geologic deposits during the Loma Prieta earthquake
of October 17, 1989 provided an important empirical basis for the development of the site coefficients
F,and F,. Figure C3.3.2-1 presents average response spectra of ground motions recorded on soft clay
and rock sites in San Francisco and Oakland during the Loma Prieta earthquake. The peak acceleration
(which plots at zero-period of the response spectra) was about 0.08 to 0.1 g at the rock sites and was
amplified two to three times to 0.2 g or 0.3 g at the soft soil sites. The response spectral accelerations
at short periods (~ 0.2 or 0.3 second) were also amplified on average by factors of 2 or 3. It can be
seen in Figure C3.3.2-1 that, at longer periods between about 0.5 and 1.5 or 2 seconds, the
amplifications of response spectra on the soft clay site relative to rock were even greater, ranging from
about 3 to 6 times. Ground motions on stiff soil sites were also observed to be amplified relative to
rock sites during the Loma Prieta earthquake, but by smaller factors than on soft soils.
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Figure C3.3.2-1. Average spectra recorded during the 1989 Loma Prieta earthquake in San
Francisco Bay area at rock sites and soft soil sites (modified after Housner, 1990).

Average amplification factors derived from the Loma Prieta earthquake data with respect to “firm to
hard rock” for short-period (0.1-0.5 sec), intermediate-period (0.5-1.4 sec), mid-period (0.4-2.0 sec),
and long-period (1.5-5.0 sec) bands, show that a short-period factor and a mid-period factor (the mid-
period factor was later renamed the long-period factor in the NEHRP Provisions) are sufficient to
characterize the response of the local site conditions (Borcherdt, 1994). This important result is
consistent with the two-factor approach to response spectrum construction summarized in Figure
C3.3.2-2. Empirical regression curves fitted to these amplification data as a function of mean shear
wave velocity at a site are shown in Figure C3.3.2-3.
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Figure C3.3.2-2. Two-factor approach to local site response.
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Figure C3.3.2-3. Short-period Fa and long-period Fv site coefficients with respect to site class B
(firm to hard rocks) inferred as a continuous function of shear-wave velocity from empirical
regression curves derived using Loma Prieta strong-motion recordings. The 95 percent
confidence intervals for the ordinate to the true population regression line and the corresponding
site coefficients in Tables 3.3-1 and 3.3-2 for 0.1g acceleration are plotted. The curves show that a
two factor approach with a short- and a long-period site coefficient is needed to characterize the
response of near surface deposits (modified from Borcherdt 1994).

The curves in Figure C3.3.2-3 provide empirical estimates of the site coefficients F, and F, as a
function of mean shear wave velocity for an input peak ground accelerations on rock equal to about 0.1
g (Borcherdt, 1994; Borcherdt and Glassmoyer, 1994) The empirical amplification factors predicted by
these curves are in good agreement with those obtained from empirical analyses of Loma Prieta data
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for soft soils by Joyner et al. (1994) shown in Figure 3.3.2-4. These short- and long-period
amplification factors for low peak ground (rock) acceleration levels (~ 0.1 g) provided the basis for the
values in the left-hand columns of Tables 3.3-1 and 3.3-2. Note that in Tables 3.3-1 and 3.3-2, a peak
ground (rock) acceleration of 0.1g corresponds approximately to a response spectral acceleration on
rock at 0.2-second period (Ss) equal to 0.25g (Table 3.3-1) and to a response spectral acceleration on
rock at 1.0-second period (S;) equal to 0.1g (Table 3.3-2).
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Figure C3.3.2-4. Calculation of average ratios of response spectra (RRS) curves for 5 percent
damping from records of 1989 Loma Prieta earthquake on soft soil sites. The middle curve gives
the geometric average ratio as function of the period. The top and bottom curves show the range
from plus to minus one standard deviation of the average of the logarithms of the ratios. The
vertical lines show the range from plus to minus standard deviation of the logarithms of the
ratios (Joyner et al., 1994).

The values of F, and F, obtained directly from the analysis of ground motion records from the Loma
Prieta earthquake were used to calibrate numerical one-dimensional site response analytical techniques,
including equivalent linear as well as nonlinear programs. The equivalent linear program SHAKE
(Schnabel et al. 1972), which had been shown in previous studies to provide reasonable predictions of
soil amplification during earthquakes (e.g., Seed and Idriss 1982), was used extensively for this
calibration. Seed et al. (1994) and Dobry et al. (1994) showed that the one-dimensional model
provided a good first-order approximation to the observed site response in the Loma Prieta earthquake,
especially at soft clay sites. Idriss (1990, 1991) used these analysis techniques to study the
amplification of peak ground acceleration on soft soil sites relative to rock sites as a function of the
peak acceleration on rock. Results of these studies are shown in Figure 3.3.2-5, illustrating that the
large amplifications of peak acceleration on soft soil for low rock accelerations recorded during the
1985 Mexico City earthquake and the 1989 Loma Prieta earthquake should tend to decrease rapidly as
rock accelerations increases above about 0.1 g.
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Figure C3.3.2-5. Relationships between maximum acceleration on rock and other local site
conditions (Idriss, 1990, 1991).

After calibration, these equivalent linear and nonlinear one-dimensional site response techniques were
used to extrapolate the values of F, and F, to larger rock accelerations of as much as 0.4g or 0.5g.
Parametric studies involving combinations of hundreds of soil profiles and several dozen input
earthquake rock motions provided quantitative guidelines for extrapolation of the Loma Prieta
earthquake results (Seed et al. 1994; Dobry et al. 1994). Figure C3.3.2-6 summarizes some results of
these site response analyses using the equivalent linear method. This figure presents values of peak
amplification of response spectra at long periods for soft sites (termed maximum Ratio of Response
Spectra, RRSpyax) calculated using the equivalent linear approach as a function of the plasticity index

(PI) of the soil and the rock shear wave velocity V, for both weak (0.1 g) and strong (0.4 g) input rock
shaking. The effect of Pl is due to the fact that soils with higher PI exhibit less stress-strain
nonlinearity and a lower material damping (Vucetic and Dobry 1991). For peak rock acceleration =
0.1 g, Vr = 4,000 ft/sec (1220 m/s) and Pl = 50, roughly representative of San Francisco Bay area soft

sites in the Loma Prieta earthquake, RRSyax = 4.4, which for a soil shear wave velocity of 150 m/sec
coincides with the upper part of the range in Figure 3.3.2-3 inferred from the ground motion records.
Note the reduction of this value of RRSyax from 4.4 to about 3.3 in Figure C3.3.2-6 when peak rock
acceleration = 0.4 g, due to soil nonlinearity. Results such as those in Figure C3.3.2-6 provided the
basis for the values of F, and F, shown in the right-most four columns of Tables 3.3-1 and 3.3-2.
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Figure C3.3.2-6. Variation of RRSmax of uniform layer of soft clay on rock from equivalent
linear site response analyses (Dobry et al., 1994).

Graphs and equations that provide a framework for extrapolation of F5 and F, from Loma Prieta results
to larger input ground motion levels continuously as a function of site conditions (shear-wave velocity)
are shown in Figure C3.3.2-7. The site coefficients in Tables 3.3-1 and 3.3-2 are superimposed on this
figure. These simple curves were developed to reproduce the site coefficients for site classes E and B
and provide approximate estimates of the coefficients for the other Site Classes at various ground
acceleration levels. The equations describing the curves indicate that the amplification at a site is
proportional to the shear velocity ratio (impedance ratio) with an exponent that varies with the input
ground motion level (Borcherdt, 1994).
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Figure C3.3.2-7. Graphs and equations that provide a simple framework for inference of (a) F,
and (b) F, values as a continuous function of shear velocity at various input acceleration levels.
Site coefficients in Table 3.3-1 and 3.3-2 are superimposed. These simple curves were developed
to reproduce the site coefficients for site classes E and B and provide approximate estimates of
the coefficients for the other site classes at various ground acceleration levels (from Borcherdt
1994).

A more extensive discussion of the development of site coefficients is presented by Dobry, et al.
(2000). Since the development of these coefficients and the development of a community consensus
regarding their values in 1992, recent earthquakes have provided additional strong motion data from
which to infer site amplifications. Analyses conducted on the basis of these more recent data are
reported by a number of researchers, including Crouse and McGuire, 1996; Dobry et al., 1999; Silva et
al., 2000; Joyner and Boore, 2000; Field, 2000; Steidl, 2000; Rodriquez-Marek et al., 2001; Borcherdt,
2002, and Stewart et al., 2003. While the results of these studies vary, overall the site amplification
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factors are generally consistent with those in Tables 3.3-1 and 3.3.2 and there is no clear consensus for
change at the present time (end of 2002).

3.3.4 Design response spectrum. This section provides a general method for obtaining a 5-percent-
damped response spectrum from the site design acceleration response parameters S,s and S,;. This
spectrum is based on that proposed by Newmark and Hall, as a series of three curves representing in
the short period, a region of constant spectral response acceleration; in the long period, a range of
constant spectral response velocity; and in the very long period, a range of constant spectral response
displacement. Response acceleration at any period in the long period range can be related to the
constant response velocity by the equation:
2

S,=0S, = ?SV
where w is the circular frequency of motion, T is the period, and S, is the constant spectral response
velocity. Thus the site design spectral response acceleration at 1 second, S,1, is simply related to the
constant spectral velocity for the spectrum as follows:

S, =278, (C3.3-2)

(C3.3-1)

and the spectral response acceleration at any period in the constant velocity range can be obtained from
the relationship:

S, = So1 (C3.3-3)
T

The constant displacement domain of the response spectrum is not included on the generalized
response spectrum because relatively few structures have a period long enough to fall into this range.
Response accelerations in the constant displacement domain can be related to the constant
displacement by a 1/T? relationship. Sec. 5.3 of the Provisions, which provides the requirements for
modal analysis also provides instructions for obtaining response accelerations in the very long period
range.

The T, maps were prepared following a two-step procedure. The first step consisted of establishing a
correlation between earthquake magnitude and T,. This correlation was established by (1) determining
the corner period between intermediate and long period motions based on seismic source theory and (2)
examining the response spectra of strong motion accelerograms recorded during moderate and large
magnitude earthquakes. This corner period, T,, marks the transition between the constant displacement
and constant velocity segments of the Fourier spectrum representing a theoretical fault-rupture
displacement history. T, which was considered an approximation for T,, was related to moment
magnitude, M, through the formula, log T, =-1.25 + 0.3 M. This formula was selected from several
available formulas based on comparisons of T, predicted by this equation and T, estimated from strong
motion accelerograms with reliable long period content. The results were used to establish the
following half-unit ranges of M for given values of T...
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M T, (sec)
6.0-6.5 4
6.5-7.0 6
7.0-75 8
75-8.0 12
8.0-85 16
8.5-9.0+ 20

To determine the T, values for the U.S., the USGS constructed maps of the modal magnitudes (Mg) in
half-unit increments (as shown in the above table). The maps were prepared from a deaggregation of
the 2 percent in 50-yr hazard for S, (T = 2 sec), the response spectral acceleration at an oscillator period
of 2 sec. (for HI the deaggregation was only available for T = 1 sec). The My that was computed
represented the magnitude interval that had the largest contribution to the 2 percent in 50-yr hazard for
S..

The My maps were judged to be an acceptable approximation to values of My that would be obtained if
the deaggregation could have been computed at the longer periods of interest. These My maps were
color coded to more easily permit the eventual construction of the T, maps. Generally the T maps
corresponded to the My maps, but some smoothing of the boundaries separating T, regions was
necessary to make them more legible. A decision was made to limit the T, in the broad area in the
central and eastern U.S., which had an My of 16 sec, to 12 sec, Likewise, the T, for the areas affected
by the great megathrust earthquakes in the Pacific Northwest and Alaska, was limited to 16 sec.

3.4 SITE-SPECIFIC PROCEDURE

The objective in conducting a site-specific ground motion analysis is to develop ground motions that
are determined with higher confidence for the local seismic and site conditions than can be determined
from national ground motion maps and the general procedure of Sec. 3.3. Accordingly, such studies
must be comprehensive and incorporate current scientific interpretations. Because there is typically
more than one scientifically credible alternative for models and parameter values used to characterize
seismic sources and ground motions, it is important to formally incorporate these uncertainties in a site-
specific probabilistic analysis. For example, uncertainties may exist in seismic source location, extent
and geometry; maximum earthquake magnitude; earthquake recurrence rate; choices for ground motion
attenuation relationships; and local site conditions including soil layering and dynamic soil properties
as well as possible two- or three-dimensional wave propagation effects. The use of peer review for a
site-specific ground motion analysis is encouraged.

Near-fault effects on horizontal response spectra include (1) directivity effects that increase ground
motions for periods of vibration greater than approximately 0.5 second for fault rupture propagating
toward the site; and (2) directionality effects that increase ground motions for periods greater than
approximately 0.5 second in the direction normal (perpendicular) to the strike of the fault. Further
discussion of these effects is contained in Somerville et al. (1997) and Abrahamson (2000).

Conducting site-specific geotechnical investigations and dynamic site response analyses.

Provisions Tables 3.3-1 and 3.3-2 and Sec. 3.5.1 require that site-specific geotechnical investigations
and dynamic site response analysis be performed for sites having Site Class F soils. Guidelines are
provided below for conducting site-specific investigations and site response analyses for these soils.
These guidelines are also applicable if it is desired to conduct dynamic site response analyses for other
site classes.

Site-specific geotechnical investigation: For purposes of obtaining data to conduct a site response
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analysis, site-specific geotechnical investigations should include borings with sampling, standard
penetration tests (SPTs) for sandy soils, cone penetrometer tests (CPTs), and/or other subsurface
investigative techniques and laboratory soil testing to establish the soil types, properties, and layering
and the depth to rock or rock-like material. For very deep soil sites, the depth of investigation need not
necessarily extend to bedrock but to a depth that may serve as the location of input motion for a
dynamic site response analysis (see below). It is desirable to measure shear wave velocities in all soil
layers. Alternatively, shear wave velocities may be estimated based on shear wave velocity data
available for similar soils in the local area or through correlations with soil types and properties. A
number of such correlations are summarized by Kramer (1996).

Dynamic site response analysis: Components of a dynamic site response analysis include the
following steps:

1. Modeling the soil profile: Typically, a one-dimensional soil column extending from the ground
surface to bedrock is adequate to capture first-order site response characteristics. For very deep
soils, the model of the soil columns may extend to very stiff or very dense soils at depth in the
column. Two- or three-dimensional models should be considered for critical projects when two or
three-dimensional wave propagation effects should be significant (e.g., in basins). The soil layers
in a one-dimensional model are characterized by their total unit weights and shear wave velocities
from which low-strain (maximum) shear moduli may be obtained, and by relationships defining the
nonlinear shear stress-strain relationships of the soils. The required relationships for analysis are
often in the form of curves that describe the variation of soil shear modulus with shear strain
(modulus reduction curves) and by curves that describe the variation of soil damping with shear
strain (damping curves). In a two- or three-dimensional model, compression wave velocities or
moduli or Poisson ratios also are required. In an analysis to estimate the effects of liquefaction on
soil site response, the nonlinear soil model also must incorporate the buildup of soil pore water
pressures and the consequent effects on reducing soil stiffness and strength. Typically, modulus
reduction curves and damping curves are selected on the basis of published relationships for
similar soils (e.g., Seed and Idriss, 1970; Seed et al., 1986; Sun et al., 1988; Vucetic and Dobry,
1991; Electric Power Research Institute, 1993; Kramer, 1996). Site-specific laboratory dynamic
tests on soil samples to establish nonlinear soil characteristics can be considered where published
relationships are judged to be inadequate for the types of soils present at the site. Shear and
compression wave velocities and associated maximum moduli should be selected on the basis of
field tests to determine these parameters or published relationships and experience for similar soils
in the local area. The uncertainty in soil properties should be estimated, especially the uncertainty
in the selected maximum shear moduli and modulus reduction and damping curves.

2. Selecting input rock motions: Acceleration time histories that are representative of horizontal rock
motions at the site are required as input to the soil model. Unless a site-specific analysis is carried
out to develop the rock response spectrum at the site, the maximum considered earthquake (MCE)
rock spectrum for Site Class B rock can be defined using the general procedure described in Sec.
3.3. For hard rock (Site Class A), the spectrum may be adjusted using the site factors in
Tables 3.3-1 and 3.3-2. For profiles having great depths of soil above Site Class A or B rock,
consideration can be given to defining the base of the soil profile and the input rock motions at a
depth at which soft rock or very stiff soil of Site Class C is encountered. In such cases, the MCE
rock response spectrum may be taken as the spectrum for Site Class C defined using the site factors
in Tables 3.3-1 and 3.3-2. Several acceleration time histories of rock motions, typically at least
four, should be selected for site response analysis. These time histories should be selected after
evaluating the types of earthquake sources, magnitudes, and distances that predominantly
contribute to the seismic hazard at the site. Preferably, the time histories selected for analysis
should have been recorded on geologic materials similar to the site class of materials at the base of
the site soil profile during earthquakes of similar types (e.g. with respect to tectonic environment
and type of faulting), magnitudes, and distances as those predominantly contributing to the site
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seismic hazard. The U.S. Geological Survey national seismic hazard mapping project website
(http://geohazards.cr.usgs.gov/eq/) includes hazard deaggregation options and can be used to
evaluate the predominant types of earthquake sources, magnitudes, and distances contributing to
the hazard. Sources of recorded acceleration time histories include the data bases of the
Consortium of Organizations for Strong Motion Observation Systems (COSMOS) Virtual Data
Center web site (db.cosmos-eq.org) and the Pacific Earthquake Engineering Research Center
(PEER) Strong Motion Data Base website (http://peer.berkeley.edu/smcat/). Prior to analysis, each
time history should be scaled so that its spectrum is at the approximate level of the MCE rock
response spectrum in the period range of interest. It is desirable that the average of the response
spectra of the suite of scaled input time histories be approximately at the level of the MCE rock
response spectrum in the period range of interest. Because rock response spectra are defined at the
ground surface rather than at depth below a soil deposit, the rock time histories should be input in
the analysis as outcropping rock motions rather than at the soil-rock interface.

3. Site response analysis and results interpretation: Analytical methods may be equivalent linear or
nonlinear. Frequently used computer programs for one-dimensional analysis include the
equivalent linear program SHAKE (Schnabel et al., 1972; Idriss and Sun, 1992) and the nonlinear
programs DESRA-2 (Lee and Finn, 1978), MARDES (Chang et al., 1991), SUMDES (Li et al.,
1992), D-MOD (Matasovic, 1993), TESS (Pyke, 1992), and DESRAMUSC (Qiu, 1998). If the
soil response is highly nonlinear (e.g., high acceleration levels and soft soils), nonlinear programs
may be preferable to equivalent linear programs. For analysis of liquefaction effects on site
response, computer programs incorporating pore water pressure development (effective stress
analyses) must be used (e.g., DESRA-2, SUMDES, D-MOD, TESS, and DESRAMUSC).
Response spectra of output motions at the ground surface should be calculated and the ratios of
response spectra of ground surface motions to input outcropping rock motions should be
calculated. Typically, an average of the response spectral ratio curves is obtained and multiplied
by the MCE rock response spectrum to obtain a soil response spectrum. Sensitivity analyses to
evaluate effects of soil property uncertainties should be conducted and considered in developing
the design response spectrum.

3.4.2 Deterministic maximum considered earthquake. It is required that ground motions for the
deterministic maximum considered earthquake be based on characteristic earthquakes on all known
active faults in a region. As defined in Sec. 3.1.3, the magnitude of a characteristic earthquake on a
given fault should be a best-estimate of the maximum magnitude capable for that fault but not less than
the largest magnitude that has occurred historically on the fault. The maximum magnitude should be
estimated considering all seismic-geologic evidence for the fault, including fault length and
paleoseismic observations. For faults characterized as having more than a single segment, the potential
for rupture of multiple segments in a single earthquake should be considered in assessing the
characteristic maximum magnitude for the fault.

3.5 SITE CLASSIFICATION FOR SEISMIC DESIGN

3.5.1 Site Class Definitions. Based on the studies and observations discussed in Sec. 3.3-2, the site
categories in the 2003 Provisions are defined in terms of the small-strain shear wave velocity in the top
100 ft (30 m) of the profile, v, as might be inferred from travel time for a shear wave to travel from

the surface to a depth of 100 ft (30m). If shear wave velocities are available for the site, they should be
used to classify the site.

However, in recognition of the fact that in many cases the shear wave velocities are not available,
alternative definitions of the site classes also are included in the 2003 Provisions. They use the
standard penetration resistance for cohesionless and cohesive soils and rock and the undrained shear
strength for cohesive soils only. These alternative definitions are rather conservative since the
correlation between site amplification and these geotechnical parameters is more uncertain than the
correlation with ;. That is, there will be cases where the values of F, and F, will be smaller if the site
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category is based on v/, rather than on the geotechnical parameters. Also, the site category definitions

should not be interpreted as implying any specific numerical correlation between shear-wave velocity
and standard penetration resistance or shear strength.

Equation 3.5-1 is for inferring the average shear-wave velocity to a depth of 100 ft (30m) at a site.
Equation 3.5-1specifies that the average velocity is given by the sum of the thicknesses of the geologic
layers in the upper 100 ft divided by the sum of the times for a shear wave to travel through each layer,
where travel time for each layer is specified by the ratio of the thickness and the shear wave velocity
for the layer. It is important that this method of averaging be used as it may result in a significantly
lower effective average shear wave velocity than the velocity that would be obtained by averaging the
velocities of the individual layers directly.

Equation 3.5-2 is for classifying the site using the standard penetration resistance (N-value) for
cohesionless soils, cohesive soils, and rock in the upper 100 ft (30 m). A method of averaging
analogous to the method of Equation 3.5-1 for shear wave velocity is used. The maximum value of N
that can be used for any depth of measurement in soil or rock is 100 blows/ft.

Equations 3.5-3 and 3.5-4 are for classifying the site using the standard penetration resistance of
cohesionless soil layers, N¢, and the undrained shear strength of cohesive soil layers, s,, within the top
100 ft (30 m). These equations are provided as an alternative to using Eq. 3.5-2 for which N-values in
all geologic materials in the top 100 ft (30 m) are used. When using Eq. 3.5-3 and 3.5-4, only the
thicknesses of cohesionless soils and cohesive soils within the top 100 ft (30 m) are used.

As indicated in Sec. 3.3-2 and 3.5-1, soils classified as Site Class F according to the definitions in Sec.
3.5-1 require site-specific evaluations. An exception is made, however, for liquefiable sites where the
structure has a fundamental period of vibration equal to or less than 0.5 second. For such structures,
values of F, and F, for the site may be determined using the site class definitions and criteria in Sec.
3.5-1 assuming liquefaction does not occur. The exception is provided because ground motion data
obtained in liquefied soil areas during earthquakes indicate that short-period ground motions are
generally attenuated due to liquefaction whereas long-period ground motions may be amplified. This
exception is only for the purposes of defining the site class and obtaining site coefficients. It is still
required to assess liquefaction potential and its effects on structures as a ground failure hazard as
specified in Chapter 7.

3.5.2 Steps for classifying a site. A step- by- step procedure for classifying a site is given in the
Provisions. Although the procedure and criteria in Sec. 3.5.1 and 3.5.2 are straightforward, there are
aspects of these assessments that may require additional judgment and interpretation. Highly variable
subsurface conditions beneath a building footprint could result in overly conservative or
unconservative site classification. Isolated soft soil layers within an otherwise firm soil site may not
affect the overall site response if the predominant soil conditions do not include such strata.
Conversely, site response studies have shown that continuous, thin, soft clay strata may increase the
site amplification.

The site class should reflect the soil conditions that will affect the ground motion input to the structure
or a significant portion of the structure. For structures receiving substantial ground motion input from
shallow soils (e.g. structures with shallow spread footings, laterally flexible piles, or structures with
basements where it is judged that substantial ground motion input to the structure may come through
the side walls), it is reasonable to classify the site on the basis of the top 100 ft (30 m) of soils below
the ground surface. Conversely, for structures with basements supported on firm soils or rock below
soft soils, it is reasonable to classify the site on the basis of the soils or rock below the mat, if it can be
justified that the soft soils contribute very little to the response of the structure.

Buildings on sloping bedrock sites and/or having highly variable soil deposits across the building area
require careful study since the input motion may vary across the building (for example, if a portion of
the building is on rock and the rest is over weak soils). Site-specific studies including two- or three-
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dimensional modeling may be appropriate in such cases to evaluate the subsurface conditions and site
and superstructure response. Other conditions that may warrant site-specific evaluation include the
presence of low shear wave velocity soils below a depth of 100 ft (30 m), location of the site near the
edge of a filled-in basin, or other subsurface or topographic conditions with strong two- and three-
dimensional site-response effects. Individuals with appropriate expertise in seismic ground motions
should participate in evaluations of the need for and nature of such site-specific studies.
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Chapter 4 Commentary

STRUCTURAL DESIGN CRITERA

4.1 GENERAL

4.1.2 References. ASCE 7 is referenced for the combination of earthquake loadings with other loads as
well as for the computation of other loads; it is not referenced for the computation of earthquake loads.

4.2 GENERAL REQUIREMENTS
4.2.1 Design basis. Structural design for acceptable seismic resistance includes:

1. The selection of gravity- and seismic-force-resisting systems that are appropriate to the anticipated
intensity of ground shaking;

2. Layout of these systems such that they provide a continuous, regular, and redundant load path capable
of ensuring that the structures act as integral units in responding to ground shaking; and

3. Proportioning the various members and connections such that adequate lateral and vertical strength
and stiffness is present to limit damage in a design earthquake to acceptable levels.

In the Provisions, the proportioning of structural elements (sizing of individual members, connections,
and supports) is typically based on the distribution of internal forces computed based on linear elastic
response spectrum analyses using response spectra that are representative of, but substantially reduced
from the anticipated design ground motions. As a result, under the severe levels of ground shaking
anticipated for many regions of the nation, the internal forces and deformations produced in most
structures will substantially exceed the point at which elements of the structures start to yield or buckle
and behave in an inelastic manner. This approach can be taken because historical precedent and the
observation of the behavior of structures that have been subjected to earthquakes in the past demonstrates
that if suitable structural systems are selected and structures are detailed with appropriate levels of
ductility, regularity, and continuity, it is possible to perform an elastic design of structures for reduced
forces and still achieve acceptable performance. Therefore, these procedures adopt the approach of
proportioning structures such that under prescribed design lateral forces that are significantly reduced, by
the response modification coefficient R, from those that would actually be produced by a design
earthquake they will not deform beyond a point of significant yield. The elastic deformations calculated
under these reduced design forces are then amplified, by the deflection amplification factor C4 to estimate
the expected deformations likely to be experienced in response to the design ground motion. (Use of the
deflection amplification factor is specified in Sec. 5.2.6.1.) Considering the intended structural
performance and acceptable deformation levels, Sec. 4.5.1 prescribes the story drift limits for the
expected (amplified) deformations. These procedures differ from those in earlier codes and design
provisions wherein the drift limits were treated as a serviceability check.

The term “significant yield” is not the point where first yield occurs in any member but, rather, is defined
as that level causing complete plastification of at least the most critical region of the structure (such as
formation of a first plastic hinge in the structure). A structural steel frame comprising compact members
is assumed to reach this point when a “plastic hinge” develops in the most highly stressed member of the
structure. A concrete frame reaches significant yield when at least one of the sections of its most highly
stressed component reaches its strength as set forth in Chapter 9. These requirements contemplate that the
design includes a seismic-force-resisting system with redundant characteristics wherein significant
structural overstrength above the level of significant yield can be obtained by plastification at other points
in the structure prior to the formation of a complete mechanism. For example, Figure C4.2-1 shows the
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lateral load-deflection curve for a typical structure. Significant yield is the level where plastification
occurs

at the most heavily loaded element in the structure, shown as the lowest yield hinge on the load-deflection
diagram. With increased loading, causing the formation of additional plastic hinges, the capacity
increases (following the solid curve ) 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 design ground motion.

It should be noted that the structural
Elastic response of structure overstrength described above results from
.Y / the development of sequential plastic
...... hinging in a properly designed, redundant
: structure. Several other sources will
further increase structural overstrength.
First, material overstrength (that is, actual
« material strengths higher than the nominal
_ material strengths specified in the design)
S ) may increase the structural overstrength
:(d@/ @ significantly. For example, a recent
ol Design force level survey shows that the mean yield strength
> D of A36 steel is about 30 to 40 percent
Bs ¢, De higher than the minimum specified
\\D‘"Sig” ant strength, which is used in design
Lateral Deformation (Drift), D calculations. Second, member design
strengths usually incorporate a strength
Figure C4.2-1 Inelastic force-deformation curve. reduction (or resistance) factor, ¢, to
ensure a low probability of failure under
design loading. Third, designers themselves introduce additional overstrength by selecting sections or
specifying reinforcing patterns that exceed those required by the computations. Similar situations occur
when minimum requirements of the Provisions, for example, minimum reinforcement ratios, control the
design. Finally, the design of many flexible structural systems, such as moment resisting frames, are
often controlled by the drift rather than strength limitations of the Provisions, with sections selected to
control lateral deformations rather than provide the specified strength. The results is that structures
typically have a much higher lateral resistance than specified as a minimum by the Provisions and first
actual significant yielding of structures may occur at lateral load levels that are 30 to 100 percent higher
than the prescribed design seismic forces. If provided with adequate ductile detailing, redundancy, and
regularity, full yielding of structures may occur at load levels that are two to four times the prescribed
design force levels.

succesive
yield hinges

:Dri)'r Hnder dssign fomas

Lateral Seismic Force, V

Figure C4.2-1 indicates the significance of design parameters contained in the Provisions including the
response modification coefficient, R, the deflection amplification factor, Cq, and the structural
overstrength coefficient Q,. The values of the response modification coefficient, R, structural
overstrength coefficient, £, and the deflection amplification factor, C4 provided in Table 4.3-1, as well
as the criteria for story drift, including P-delta effects, have been established considering the
characteristics of typical properly designed structures. If excessive “optimization” of a structural design
is performed, with lateral resistance provided by only a few elements, the successive yield hinge behavior
depicted in Figure C4.2-1 will not be able to form and the values of the design parameters contained in
the Provisions may not be adequate to provide the intended seismic performance.

The response modification coefficient, R, 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 (see Figure C4.2-1). The structure is to be designed so that the level of
significant yield exceeds the prescribed design force. The ratio R, expressed by the equation:
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R= e

=—E C4.2-1
v, ( )

is always larger then 1.0; thus, all structures are designed for forces smaller than those the design ground
motion would produce in a structure with completely linear-elastic response. This reduction is possible
for a number of reasons. As the structure begins to yield and deform inelastically, the effective period of
response of the structure tends to lengthen, which for many structures, results in a reduction in strength
demand. Furthermore, the inelastic action results in a significant amount of energy dissipation, also
known as hysteretic damping, in addition to the viscous damping. The combined effect, which is also
known as the ductility reduction, explains why a properly designed structure with a fully yielded strength
(Vy in Figure C4.2-1) that is significantly lower than the elastic seismic force demand (Ve in Figure
C4.2-1) can be capable of providing satisfactory performance under the design ground motion excitations.
Defining a system ductility reduction factor Ry as the ratio between Ve and Vy (Newmark and Hall, 1981):

_Ve

R, =
d VY

(C4.2-2)
then it is clear from Figure C4.2-1 that the response modification coefficient, R, is the product of the
ductility reduction factor and structural overstrength factor (Uang, 1991):

R=R,Q, (C4.2-3)

The energy dissipation resulting from hysteretic behavior can be measured as the area enclosed by the
force-deformation curve of the structure as it experiences several cycles of excitation. Some structures
have far more energy dissipation capacity than do others. The extent of energy dissipation capacity
available is largely dependent on the amount of stiffness and strength degradation the structure undergoes
as it experiences repeated cycles of inelastic deformation. Figure C4.2-2 indicates representative load-
deformation curves for two simple substructures, such as a beam-column assembly in a frame. Hysteretic
curve (a) in the figure is representative of the behavior of substructures that have been detailed for ductile
behavior. The substructure can maintain nearly all of its strength and stiffness over a number of large
cycles of inelastic deformation. The resulting force-deformation “loops” are quite wide and open,
resulting in a large amount of energy dissipation capacity. Hysteretic curve (b) represents the behavior of
a substructure that has not been detailed for ductile behavior. It rapidly loses stiffness under inelastic
deformation and the resulting hysteretic loops are quite pinched. The energy dissipation capacity of such
a substructure is much lower than that for the substructure (a). Structural systems with large energy
dissipation capacity have larger Ry values, and hence are assigned higher R values, resulting in design for
lower forces, than systems with relatively limited energy dissipation capacity.

Deflection

a. Ductile hysteris loops b. Pinched hysteris loops

Figure C4.2-2 Typical hysteretic curves.

Some contemporary building codes, including those adopted in Canada and Europe have attempted to
directly quantify the relative contribution of overstrength and inelastic behavior to the permissible
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reduction in design strength. Recently, the Structural Engineers Association of California proposed such
an approach for incorporation into the 1997 Uniform Building Code. That proposal incorporated two R
factor components, termed Ry and Ry, to represent the reduction due to structural overstrength and
inelastic behavior, respectively. The design forces are then determined by forming a composite R, equal
to the product of the two components (see Eq. C4.2-3). A similar approach was considered for adoption
into the 1997 NEHRP Provisions. However, this approach was not taken for several reasons. While it
was acknowledged that both structural overstrength and inelastic behavior are important contributors to
the R coefficients and that they can be quantified for individual structures, it was felt that there was
insufficient research available at the current time to support implementation in the Provisions. In
addition, there was concern that there can be significant variation between structures in the relative
contribution of overstrength and inelastic behavior and that, therefore, this would prevent accurate
guantification on a system-by-system basis. Finally, it was felt that this would introduce additional
complexity into the Provisions. While it was decided not to introduce the split R value concept into the
Provisions in the 1997 update cycle, this should be considered in the future as additional research on the
inelastic behavior of structures becomes available and as the sophistication of design offices improves to
the point that quantification of structural overstrength can be done as a routine part of the design process.
As a first step in this direction, however, the factor 2, was added to Table 4.3-1, to replace the previous
2R/5 factor used for evaluation of brittle structural behavior modes in previous editions of the Provisions.

The R values, contained in the current Provisions, are largely based on engineering judgment of the
performance of the various materials and systems in past earthquakes. 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. Since it is difficult for individual
designers to judge the extent to which R factors should be adjusted based on the inherent redundancy of
their designs, a coefficient, p, which is calculated based on the amount of the total lateral force resisted by
any individual element, is found in Provisions in Sec. 4.3.3. Additional discussion of this issue is
contained in that section.

In a departure from previous editions of the Provisions, the 1997 edition introduced an importance factor
I into the base shear equation, which factor varies for different types of occupancies. This importance
factor has the effect of adjusting the permissible response modification factor, R, based on the desired
seismic performance for the structure. It recognizes that greater levels of inelastic behavior, correspond to
increased structural damage. Thus, introducing the importance factor, I, allows for a reduction of the R
value to an effective value R/l as a partial control on the amount of damage experienced by the structure
under a design earthquake. Strength alone is not sufficient to obtain enhanced seismic performance.
Therefore, the improved performance characteristics desired for more critical occupancies are also
obtained through application of the design and detailing requirements set forth in Sec. 4.6 for each
Seismic Design Category and the more stringent drift limits in Table 4.5-1. These factors, in addition to
strength, are extremely important to obtaining the seismic performance desired for buildings in some
Seismic Use Groups.

Sec. 4.2.1 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.

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 construction for resisting earthquake loadings, and in the methods
of analysis, good earthquake engineering practice has been to provide as much redundancy as possible in
the seismic-force-resisting system of buildings.
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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 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 earlier in this section.)

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 multiple different types of seismic-force-
resisting systems in a building. The backup system can prevent catastrophic effects if distress occurs in
the primary system.

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

4.2.2 Combination of load effects. The load combination statements in 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. The pertinent combinations are:

1.2D + 1.0E + 0.5L + 0.2S (Additive)
0.9D + 1.0E (Counteracting)

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

The design basis expressed in Sec. 4.2.1 reflects the fact that the specified earthquake loads are at the
design level without amplification by load factors; thus, for sufficiently redundant structures, a load factor
of 1.0 is assigned to the earthquake load effects in Eq. 4.2-1 and 4.2-2.

4.2.2.1 Seismic load effect. In Eq. 4.2-1 and 4.2-2 , a factor of 0.2Sps was placed on the dead load to
account for the effects of vertical acceleration. The 0.2Sps factor on dead load is not intended to represent
the total vertical response. The concurrent maximum response of vertical accelerations and horizontal
accelerations, direct and orthogonal, is unlikely and, therefore, the direct addition of responses was not
considered appropriate.

The p factor was introduced into Eq. 4.2-1 and 4.2-2 in the 1997 Provisions. This factor, determined in
accordance with Sec. 4.3.3, relates to the redundancy inherent in the seismic-force-resisting system and is,
in essence, a reliability factor, penalizing designs which are likely to be unreliable due to concentration of
the structure’s resistance to lateral forces in a relatively few elements.

There is very little research that speaks directly to the merits of redundancy in buildings for seismic
resistance. The SAC joint venture recently studied the relationships between damage to welded steel
moment frame connections and redundancy (Bonowitz et al., 1995). While this study found no specific
correlation between damage and the number of bays of moment resisting framing per moment frame, it
did find increased rates of damage in connections that resisted loads for larger floor areas. This study
included modern low-, mid-, and high-rise steel buildings.

Another study (Wood, 1991) that addresses the potential effects of redundancy evaluated the performance
of 165 Chilean concrete buildings ranging in height from 6 to 23 stories. These concrete shear wall
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buildings with non-ductile details and no boundary elements experienced moderately strong shaking
(MMI1 VII to VIII) with a strong shaking duration of over 60 seconds, yet performed well. One plausible
explanation for this generally good performance was the substantial amount of wall area (2 to 4 percent of
the floor area) commonly used in Chile. However, Wood'’s study found no correlation between damage
rates and higher redundancy in buildings with wall areas greater than 2 percent.

4.2.2.2 Seismic load effect with overstrength. The seismic load effect with overstrength of Sec. 4.2.2.2
is intended to address those situations where failure of an isolated, individual, brittle element can result in
the loss of a complete seismic-force-resisting system or in instability and collapse. This section has
evolved over several editions. In the 1991 Edition, a factor equal to 2R/5 factor was introduced to better
represent the behavior of elements sensitive to overstrength in the remainder of the seismic-force-resisting
system or in other specific structural components. The particular number was selected to correlate with
the 3R,,/8 factor that had been introduced in the Structural Engineers Association of California (SEAOC)
recommendations and the Uniform Building Code. This is a somewhat arbitrary factor that attempts to
quantify the maximum force that can be delivered to sensitive elements based on historic observation that
the real force that could develop in a structure may be 3 to 4 times the design levels. In the 1997
Provisions, an attempt was made to determine this force more rationally through the assignment of the ©,
factor in Table 4.3-1, dependent on the individual system. Through the use of the Q, coefficient, this
special equation provides an estimate of the maximum forces likely to be experienced by an element.

In recent years, a number of researchers have investigated the factors that permit structures designed for
reduced forces to survive design earthquakes. Although these studies have principally been focused on
the development of more reliable response modification coefficients, R, they have identified the
importance of structural overstrength and identified a number of sources of such overstrength. This has
made it possible to replace the single 2R/5 factor formerly contained in the Provisions with a more
system-specific estimate, represented by the €, coefficient.

It is recognized, that no single value, whether obtained by formula related to the R factor or otherwise
obtained will provide a completely accurate estimate for the overstrength of all structures with a given
seismic-force-resisting system. However, most structures designed with a given seismic-force-resisting
system will fall within a range of overstrength values. Since the purpose of the €, factor in Eq. 4.2-3 and
4.2-4 is to estimate the maximum force that can be delivered to a component that is sensitive to
overstress, the values of this factor tabulated in Table 4.3-1 are intended to be representative of the larger
values in this range for each system.

Figure C4.2-3 and the following discussion explore some of the factors that contribute to structural
overstrength. The figure shows a plot of lateral structural strength vs. displacement for an elastic-
perfectly-plastic structure. In addition, it shows a similar plot for a more representative real structure, that
posses significantly more strength than the design strength. This real strength is represented by the lateral
force F,. Essentially, the Q, coefficient is intended to be a somewhat conservative estimate of the ratio of
Fn to the design strength Fe/R. As shown in the figure, there are three basic components to the
overstrength. These are the design overstrength (©p), the material overstrength (2y) and the system
overstrength (£s). Each of these is discussed separately. The design overstrength (£p) is the most
difficult of the three to estimate. It is the difference between the lateral base shear force at which the first
significant yield of the structure will occur (point 1 in the figure) and the minimum specified force given
by Fe/R. To some extent, this is system dependent. Systems that are strength controlled, such as most
braced frames and shear wall structures, will typically have a relatively low value of design overstrength,
as most designers will seek to optimize their designs and provide a strength that is close to the minimum
specified by the Provisions. For such structures, this portion of the overstrength coefficient could be as
low as 1.0.

40



Structural Design Criteria

Elastic response force
Fe o
— Design Overstrength
— Material Overstrength
— System Overstrength

@
o
S
LL E
— R S-i-a = n
S —F |
2 £ 8
S s g

F 5 g

T g 1

FRIY | |- Design force P
eTE '
I
S|2 /
e ML -

+= i T
c:u N 5c/R Co/R 8¢

Lateral Displacement (Drift)

Figure C4.2-3 Factors affecting overstrength.

Drift controlled systems such as moment frames, however, will have substantially larger design
overstrengths since it will be necessary to oversize the sections of such structures in order to keep the
lateral drifts within prescribed limits. In a recent study of a number of special moment resisting steel
frames conducted by the SAC Joint Venture design overstrengths on the order of a factor of two to three
were found to exist (Analytical Investigation of Buildings Affected by the 1994 Northridge Earthquake,
Volumes 1 and 2, SAC 95-04A and B. SAC Joint Venture, Sacramento, CA, 1995). Design overstrength
also has the potential to be regionally dependent. The SAC study was conducted for frames in Seismic
Design Categories D and E, which represent the most severe design conditions. For structures in Seismic
Design Categories A, B and C, seismic force resistance would play a less significant role in the sizing of
frame elements to control drifts, and consequently, design overstrengths for these systems would be
somewhat lower. It seems reasonable to assume that this portion of the design overstrength for special
moment frame structures is on the order of 2.0.

Architectural design considerations have the potential to play a significant role in design overstrength.
Some architectural designs will incorporate many more and larger lateral-force-resisting elements than are
required to meet the strength and drift limitations of the code. An example of this is warehouse type
structures, wherein the massive perimeter walls of the structure can provide very large lateral strength.
However, even in such structures, there is typically some limiting element, such as the diaphragm, that
prevents the design overstrength from becoming uncontrollably large. Thus, although the warehouse
structure may have very large lateral resistance in its shear walls, typically the roof diaphragm will have a
lateral-force-resisting capacity comparable to that specified as a minimum by the Provisions.

Finally, the structural designer can affect the design overstrength. While some designers seek to optimize
their structures with regard to the limitations contained in the Provisions, others will intentionally seek to
provide greater strength and drift control than required. Typically design overstrength intentionally
introduced by the designer will be on the order of 10 percent of the minimum required strength, but it
may range as high as 50 to 100 percent in some cases. A factor of 1.2 should probably be presumed for
this portion of the design overstrength to include the effects of both architectural and structural design
overstrength. Designers who intentionally provide greater design overstrength should keep in mind that
the Q, factors used in their designs should be adjusted accordingly.
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Material overstrength (Qy) results from the fact that the design values used to proportion the elements of
a structure are specified by the Provisions to be conservative lower bound estimates of the actual probable
strengths of the structural materials and their effective strengths in the as-constructed structure. It is
represented in the figure by the ratio of F,/F;, where F, and F; are respectively the lateral force at points 2
and 1 on the curve. All structural materials have considerable variation in the strengths that can be
obtained in given samples of the material from a specific grade. The design requirements typically base
proportioning requirements on minimum specified values that are further reduced through strength
reduction (¢) factors. The actual expected strength of the as-constructed structure is significantly higher
than this design value and should be calculated using the mean strength of the material, based on
statistical data, by removal of the ¢ factor from the design equation, and by providing an allowance for
strain hardening, where significant yielding is expected to occur. Code requirements for reinforced
masonry, concrete and steel have historically used a factor of 1.25 to account for the ratio of mean to
specified strength and the effects of some strain hardening. Considering a typical capacity reduction
factor on the order of 0.9, this would indicate that the material overstrength for systems constructed of
these materials would be on the order of 1.25/0.9, or 1.4.

System overstrength (Qs) is the ratio of the ultimate lateral force the structure is capable of resisting, F, in
the figure, to the actual force at which first significant yield occurs, F, in the figure. It is dependent on
the amount of redundancy contained in the structure as well as the extent to which the designer has
optimized the various elements that participate in lateral force resistance. For structures, with a single
lateral-force-resisting element, such as a braced frame structure with a single bay of bracing, the system
overstrength (2s) factor would be 1.0, because once the brace in the frame yields, the system becomes
fully yielded. For structures that have a number of elements participating in lateral-force resistance,
whether or not actually intended to do so, the system overstrength will be significantly larger than this,
unless the designer has intentionally optimized the structure such that a complete side sway mechanism
develops at the level of lateral drift at which the first actual yield occurs.

Structural optimization is most likely to occur in structures where the actual lateral-force resistance is
dominated by the design of elements intended to participate as part of the lateral-force-resisting system,
and where the design of those elements is dominated by seismic loads, as opposed to gravity loads. This
would include concentrically braced frames and eccentrically braced frames in all Seismic Design
Categories and Special Moment Frames in Seismic Design Categories D and E. For such structures, the
system overstrength may be taken on the order of 1.1. For dual system structures, the system
overstrength is set by the Provisions at an approximate minimum value of 1.25. For structures where the
number of elements that actually resist lateral forces is based on other than seismic design considerations,
the system overstrength may be somewhat larger. In light framed residential construction, for example,
the number of walls is controlled by architectural rather than seismic design consideration. Such
structures may have a system overstrength on the order of 1.5. Moment frames, the design of which is
dominated by gravity load considerations can easily have a system overstrength of 2.0 or more. This
effect is somewhat balanced by the fact that such frames will have a lower design overstrength related to
the requirement to increase section sizes to obtain drift control. Table C4.2-1 presents some possible
ranges of values for the various components of overstrength for various structural systems as well as the
overall range of values that may occur for typical structures.
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Table C4.2-1 Typical Range of Overstrength for Various Systems

Design Material System
Structural System Overstrength | Overstrength | Overstrength 9
(P Ly £

Special moment frames (steel, concrete) 1.5-25 1.2-1.6 1.0-15 2-3.5
Intermediate moment frames (steel, concrete) 1.0-2.0 1.2-1.6 1.0-2.0 2-3.5
Ordinary moment frames (steel, concrete) 1.0-15 1.2-1.6 1.5-2.5 2-3.5
Masonry wall frames 1.0-2.0 1.2-1.6 1.0-15 2-2.5
Braced frames 1.5-2.0 1.2-1.6 1.0-1.5 1.5-2
Reinforced bearing wall 1.0-15 1.2-1.6 1.0-15 1.5-25
Reinforced infill wall 1.0-1.5 1.2-1.6 1.0-1.5 1.5-2.5
Unreinforced bearing wall 1.0-2.0 0.8-2.0 1.0-2.0 2-3
Unreinforced infill wall 1.0-2.0 0.8-2.0 1.0-2.0 2-3
Dual system bracing and frame 1.1-1.75 1.2-1.6 1.0-15 1.5-25
Light bearing wall systems 1.0-0.5 1.2-2.0 1.0-2.0 2.5-3.5

In recognition of the fact that it is difficult to accurately estimate the amount of overstrength a structure
will have, based solely on the type of seismic-force-resisting system that is present, in lieu of using the
values of the overstrength coefficient £, provided in Table 4.3-1, designers are encouraged to base the
maximum forces used in Eq. 4.3-3 and 4.3-4 on the results of suitable nonlinear analysis of the structure.
Such analyses should use the actual expected (rather than specified) values of material and section
properties. Appropriate forms of such analyses could include a plastic mechanism analysis, a static
pushover analysis, or a nonlinear response history analysis. If a plastic mechanism analysis is utilized,
the maximum seismic force that ever could be produced in the structure, regardless of the ground motion
experienced, is estimated. If static pushover or nonlinear response history analyses are employed, the
forces utilized for design as the maximum force should probably be those determined for Maximum
Considered Earthquake level ground shaking demands.

While overstrength can be quite beneficial in permitting structures to resist actual seismic demands that
are larger than those for which they have been specifically designed, it is not always beneficial. Some

elements incorporated in structures behave in a brittle manner and can fail in an abrupt manner if

substantially overloaded. The existence of structural overstrength results in a condition where such
overloads are likely to occur, unless they are specifically accounted for in the design process. This is the

purpose of Eq. 4.3-3 and 4.3-4.

One case where structural overstrength should specifically be considered is in the design of column
elements beneath discontinuous braced frames and shear walls, such as occurs at vertical in-plane and
out-of-plane irregularities. Overstrength in the braced frames and shear walls could cause buckling
failure of such columns with resulting structural collapse. Columns subjected to tensile loading in which
splices are made using partial penetration groove welds, a type of joint subject to brittle fracture when
overloaded, are another example of a case where the seismic effect with overstrength should be used.
Other design situations that warrant the use of these equations are noted throughout the Provisions.

Although the Provisions note the most common cases in which structural overstrength can lead to an
undesirable failure mode, it is not possible for them to note all such conditions. Therefore, designers
using the Provisions should be alert to conditions where the isolated independent failure of any element
can lead to a condition of instability or collapse and should use the seismic effect with overstrength of Eq.
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4.2-3 and 4.2-4 for the design of such elements. Other conditions which may warrant such a design
approach, although not specifically noted in the Provisions, include the design of transfer structures
beneath discontinuous lateral-force-resisting elements and the design of diaphragm force collectors to
shear walls and braced frames, when these are the only method of transferring force to these elements at a
diaphragm level.

4.3 SEISMIC-FORCE-RESISTING SYSTEM

4.3.1 Selection and limitations. For purposes of these seismic analyses and design requirements,
building framing systems are grouped in the structural system categories shown in Table 4.3-1. These
categories are similar to those contained for many years in the requirements 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.

Specification 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 4.3-1 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 dissipate 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,4 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 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
becomes capable of providing a nominal secondary line of resistance even though the components of the
seismic-force-resisting system are designed to carry all of 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 primary 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 4.3-1 and limited by the
Seismic Design Categories.

Special moment frames must meet all the design and detailing requirements of Chapter 8, 9, 10, or 11.
The ductlllty requwements for these frame systems are approprlate for aII structures ant|C|pated to
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large anticipated ground shaking accelerations. In zones of lower seismicity, the inherent overstrength in
typical structural designs is such that the anticipated inelastic demands are somewhat reduced, and less
ductile systems may be safely employed. 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.

Requirements for composite steel-concrete systems were first introduced in the 1994 Edition. The R, £,
and Cq values for the composite systems in Table 4.3-1 are similar to those for comparable systems of
structural steel and reinforced concrete. The values shown in Table 4.3-1 are only allowed when the
design and detailing requirements for composite structures in Chapter 10 are followed.

Inverted pendulum structures are singled out for special consideration because of their unique
characteristics. These structures have little redundancy and overstrength and concentrate inelastic
behavior at their bases. As a result, they have substantially less energy dissipation capacity than other
systems. A number of buildings incorporating this system experienced very severe damage, and in some
cases, collapse, in the 1994 Northridge earthquake.

4.3.1.1 Dual system. A dual system consists of a three-dimensional space frame made up of columns
and beams that provide primary support for the gravity loads. Primary lateral resistance is 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 Chapters 8, 9, 10, or 11. The moment
frame is required to be capable of resisting at least 25 percent of the specified seismic force; this
percentage is based on the judgment of the writers. Normally the moment frame would be a part of the
basic space frame. The walls or bracing acting together with the moment frame must be capable of
resisting all of the design seismic force. The following analyses are required for dual systems:

1. The frame and shear walls or braced frames must resist the prescribed lateral seismic force in
accordance with their 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 their 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.

4.3.1.2 Combinations of framing systems. For those cases where combinations of structural systems
are employed, the designer must use judgment in selecting appropriate R, £,, and Cq4 values. The intent of
Sec. 4.3.1.2.1 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. 4.3.1.2.2 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.

4.3.1.3-4.3.1.6 Seismic Design Categories. General framing system requirements for the building
Seismic Design Categories are given in these sections. The corresponding design and detailing
requirements are given in Sec. 4.6 and Chapters 8 through 14. There are no restrictions on the selection
of structural systems in Seismic Design Category A. Table 4.3-1 indicates the systems permitted in all
other Seismic Design Categories.
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4.3.1.4 Seismic Design Category D. Sec. 4.3.1.4 covers Seismic Design Category D, which compares
roughly to California design practice for normal buildings away from major faults. In keeping with the
philosophy of present codes for zones of high seismic risk, these requirements 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 requirements are arbitrary. Considerable
disagreement exists regarding the adequacy of these values, and it is intended that these limitations be the
subject of further study.

According to these requirements require that buildings in Category D over 160 ft (49 m) in height must
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 this chapter, 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 recommendations. 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 shaking. It should be noted that SEAOC and UBC
requirements 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. The Provisions require
only that the true interaction behavior of the frame-shear wall (or braced frame) system be
considered. If the analysis of the interacting behavior is based only on the vertical distribution of
seismic lateral forces determined using the equivalent lateral force procedure of Sec. 5.2, the
interpretation of the results of this analysis for designing the shear walls or braced frame should
recognize the effects of higher modes of vibration. The internal forces that can be developed in the
shear walls in the upper stories can be more severe than those obtained from the ELF procedure.

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 only if braced frames or shear walls in any plane do not resist
more than 60 percent of the seismic design force including torsional effects and the configuration of
the lateral-force-resisting system is such that torsional effects result in less than a 20 percent
contribution to the strength demand on the walls or frames. 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 C4.3-1
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 C4.3-2). The latter system is believed to be more suitable in
view of the lack of reliable data regarding the behavior of tall buildings having structural systems based
on central cores formed by coupled shear walls or slender braced frames.
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Figure C4.3-1 Arrangement of shear walls and Figure C4.3-2 Arrangement of shear walls and
braced frames — not recommended. Note that the braced frames —recommended. Note that the
heavy lines indicate shear walls and/or braced heavy lines indicate shear walls and/or braced
frames. frames.

4.3.1.4.2 Interaction effects. This section relates to the interaction of elements of the seismic-force-
resisting system with elements that are not part of this system. A classic example of such interaction is
the behavior of infill masonry walls used as architectural elements in a building provided with a seismic-
force-resisting system composed of moment resisting frames. Although the masonry walls are not
intended to resist seismic forces, at low levels of deformation they will be substantially more rigid than
the moment resisting frames and will participate in lateral force resistance. A common effect of such
walls is that they can create shear-critical conditions in the columns they abut by reducing the effective
flexural height of these columns to the height of the openings in the walls. If these walls are neither
uniformly distributed throughout the structure nor effectively isolated from participation in lateral force
resistance, they can also create torsional irregularities and soft story irregularities in structures that would
otherwise have regular configuration.

Infill walls are not the only elements not included in seismic-force-resisting systems that can affect a
structure’s seismic behavior. For example, in parking garage structures, the ramps between levels can act
as effective bracing elements and resist a large portion of the seismically induced forces. They can induce
large thrusts in the diaphragms where they connect, as well as large vertical forces on the adjacent
columns and beams. In addition, if not symmetrically placed in the structure they can induce torsional
irregularities. This section requires consideration of these potential effects.

4.3.1.6 Seismic Design Category F. Sec. 4.3.1.6 covers Category F, which is restricted to essential
facilities on sites located within a few kilometers of major active faults. Because of the necessity for
reducing risk (particularly in terms of providing life safety or maintaining function by minimizing
damage to nonstructural building elements, contents, equipment, and utilities), the height limitations for
Category F are reduced. Again, the limits—2100 ft (30 m) and 160 ft (49 m)—are arbitrary and require
further study. The developers of these requirements believe that, at present, it is advisable to establish
these limits, but the importance of having more stringent requirements for detailing the seismic-force-
resisting system as well as the nonstructural components of the building must be stressed. Such
requirements are specified in Sec. 4.6 and Chapters 8 through 12.

4.3.2 Configuration. The configuration of a structure 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 configurations. Past earthquakes have repeatedly shown that
buildings having irregular configurations suffer greater damage than buildings having regular
configurations. This situation prevails even with good design and construction. There are several reasons
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for this poor behavior of irregular structures. In a regular structure, inelastic demands produced by strong
ground shaking tend to be well distributed throughout the structure, resulting in a dispersion of energy
dissipation and damage. However, in irregular structures, inelastic behavior can concentrate in the zone
of irregularity, resulting in rapid failure of structural elements in these areas. In addition, some
irregularities introduce unanticipated stresses into the structure which designers frequently overlook when
detailing the structural system. Finally, the elastic analysis methods typically employed in the design of
structures often cannot predict the distribution of earthquake demands in an irregular structure very well,
leading to inadequate design in the zones of irregularity. For these reasons, these requirements are
designed to encourage that buildings be designed to have regular configurations and to prohibit gross
irregularity in buildings located on sites close to major active faults, where very strong ground motion and
extreme inelastic demands can be experienced.

4.3.2.2 Planirregularity. Sec. 4.3.2.2 indicates, by reference to Table 4.3-2, under what circumstances
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-force-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. In the 1997 Provisions, torsional irregularities
were subdivided into two categories, with a category of extreme irregularity having been created.
Extreme torsional irregularities are prohibited for structures located very close to major active faults and
should be avoided, when possible, in all structures.

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 concentrated 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 Sec. 5.2.4.3.

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 application of the Provisions without modification.
Other plan configurations such as H-shapes that have a geometrical symmetry also would be classified as
irregular because of the response of the wings.

Significant differences in stiffness between portions of a diaphragm at a level are classified as
irregularities since they may cause a change in the distribution of seismic forces to the vertical
components and create torsional forces not accounted for in the normal distribution considered for a
regular building. Examples of plan irregularities are illustrated in Figure C4.3-3.
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Figure 4.3-3 Building plan irregularities

Where there are discontinuities in the path of lateral force resistance, 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 about 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.”

4.3.2.3 Vertical irregularity. Sec. 4.3.2.3 indicates, by reference to Table 4.3-3, under what
circumstances 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. 5.2.

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 design did not compensate for the resulting decrease in
stiffness that would normally occur. Examples of vertical irregularities are illustrated in Figure C4.3-4.
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Figure C4.34 Building elevation irregularities

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.

Weak story irregularities occur whenever the strength of a story to resist lateral demands is significantly
less than that of the story above. This is because buildings with this configuration tend to develop all of
their inelastic behavior at the weak story. This can result in a significant change in the deformation
pattern of the building, with most earthquake induced displacement occurring within the weak story. This
can result in extensive damage within the weak story and even instability and collapse. Note that an
exception has been provided in Sec. 4.6.1.6 where there is considerable overstrength of the “weak” story.

In the 1997 Provisions, the soft story irregularity was subdivided into two categories with an extreme soft
story category being created. Like weak stories, soft stories can lead to instability and collapse.
Buildings with extreme soft stories are now prohibited on sites located very close to major active faults.

4.3.3 Redundancy. The 1997 Provisions introduced specific requirements intended to quantify the
importance of redundancy. Many parts of the Provisions. particularly the response modification
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coefficients, R, were originally developed assuming that structures possess varying levels of redundancy
that heretofore were undefined. Commentary Sec. 4.2.1 recommends that lower R values be used for non-
redundant systems, but does not provide guidance on how to select and justify appropriate reductions. As
a result, many non-redundant structures have been designed in the past using values of R that were
intended for use in designing structures with higher levels of redundancy. For example, current R values
for special moment resisting frames were initially established in the 1970s based on the then widespread
use of complete or nearly complete frame systems in which all beam-column connections were designed
to participate in the lateral-force-resisting system. High R values were justified by the large number of
potential hinges that could form in such redundant systems, and the beneficial effects of progressive yield
hinge formation described in Sec. C4.2.1. However, in recent years, economic pressures have encouraged
the now prevalent use of much less redundant special moment frames with relatively few bays of moment
resisting framing supporting large floor and roof areas. Similar observations have been made of other
types of construction as well. Modern concrete and masonry shear wall buildings, for example, have
many fewer walls than were once commonly provided in such buildings.

In order to quantify the effects of redundancy, the 1997 Provisions introduced the concept of a
redundancy factor, p, that is applied to the design earthquake loads in the seismic load effect equations of
Sec. 4.2.2.1, for structures in Seismic Design Categories D, E, and F. The value of the reliability factor p
varies from 1 to 1.5. In effect this reduces the R values for less redundant structures and should provide
greater economic incentive for the design of structures with well distributed lateral-force-resisting
systems. The formulation for the equation from which p is derived is similar to that developed by
SEAOQC for inclusion in the 1997 edition of the Uniform Building Code. It bases the value of p on the
floor area of the building and the parameter “r” which relates to the amount of the building’s design
lateral force carried by any single element.

There are many other considerations than just floor area and element/story shear ratios that should be
considered in quantifying redundancy. Conceptually, element demand/capacity ratios, types of
mechanisms which may form, individual characteristics of building systems and materials, building
height, number of stories, irregularity, torsional resistance, chord and collector length, diaphragm spans,
number of lines of resistance, and number of elements per line are all important and will intrinsically
influence the level of redundancy in systems and their reliability.

The SEAOC proposed code change to the 1997 UBC recommends addressing redundancy in irregular
buildings by evaluating the ratio of element shear to design story shear, “r” only in the lower two-thirds
of the height. However, in response to failures of buildings that have occurred at and above mid-heights,
the writers of the Provisions chose to base the p factor on the worst “r” for the least redundant story. The
resulting factor is then applied throughout the height of the building.

The Applied Technology Council, in its ATC 19 report suggests that future redundancy factors be based
on reliability theory. For example, if the number of hinges in a moment frame required to achieve a
minimally redundant system were established, a redundancy factor for less redundant systems could be
based on the relationship of the number of hinges actually provided to those required for minimally
redundant systems. ATC suggests that similar relationships could be developed for shear wall systems
using reliability theory. However, much work yet remains to be completed before such approaches will
be ready for adoption into the Provisions.

The Provisions limit special moment resisting frames to configurations that provide maximum p values of
1.25 and 1.1, respectively, in Seismic Design Categories D, and E or F, to compensate for the strength
based factor in what are typically drift-controlled systems. Other seismic-force-resisting systems that are
not typically drift controlled may be proportioned to exceed the maximum p factor of 1.5; however, it is
not recommended that this be done.
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4.4 STRUCTURAL ANALYSIS

4.4.1 Procedure selection. Many of the standard procedures for the analysis of forces and deformations
in structures subjected to earthquake ground motion are listed below in order of increasing rigor and
expected accuracy:

1. Equivalent lateral force procedure (Sec. 5.2).

2. Response spectrum (modal analysis) procedure (Sec. 5.3).
3. Linear response history procedure (Sec. 5.4).
4

Nonlinear static procedure, involving incremental application of a pattern of lateral forces and
adjustment of the structural model to account for progressive yielding under load application (push-
over analysis) (Appendix to Chapter 5).

5. Nonlinear response history procedure involving step-by-step integration of the coupled equations of
motion (Sec. 5.5).

Each procedure becomes more rigorous if effects of soil-structure interaction are considered, either as
presented in Sec. 5.6 or through a more complete analysis of this interaction, as appropriate. Every
procedure improves in rigor if combined with use of results from experimental research (not described in
these Provisions).

4.4.2 Application of loading. 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
maxima 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:

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.

4.5 DEFORMATION REQUIREMENTS

4.5.1 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 requirements.

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

The design story drift limits of Table 4.5-1 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 w