1 Introduction: Concepts of
Seismic Design

1.1 SEISMIC DESIGN AND SEISMIC PERFORMANCE: A REVIEW

Design philosophy 1s & somewhat grandiose term that we use for the funda-
mental basis of design. It covers reasons underlying our choice of design
loads, and forces., our analytical techniques and design procedures, our
preferences for particular structural configuration and materials, and our
aims for economic oplimization. The importance of a rational design philosoe-
phy becomes paramount when seismic considerations dominate design. This
15 hecause we typically accept higher risks of damage under seismic design
forces than under other comparable extremce loads, such as maximum live
load or wind forces. For example, modern building codes typically specily an
intensity of design earthquakes corresponding to & return period of 160 to
500 years for ordinary structures, such as office buildings, The corresponding
design lorces are generally too high to be resisted within the clastic range of
material response, and it 15 common to design for strengths which are a
fraction, perhaps as low as 15 to 25%., of that corresponding o elastic
response, and 1o cxpect the structures to survive an earthquake by large
inclastic deformations and energy dissipation corresponding to material
distress. The consequence is that the full strength of the building can be
developed while resisting forces resulting from very much smaller earth-
quakes, which occur much more frequently than the design-level earthquake.
The annual probability of developing the full strength of the building in
seismic response can thus be as high as [ to3%. This compares with accepted
annual probabilities for achieving ultimate capacity under gravity loads of
perhaps 0015 Tt follows that the consequences resulting from the lack of a
rational scismic design philosophy are hkely to be severe.

The incorporation of setsmic design procedures in building design was first
adopted in 2 general scnse in the 1920s and 1930s, when the importance of
inertial loadings of buildings began {o be appreciated. In the absence of
reliable measurements of ground accelerations and as a conscquence of the
lack of detailed knowledge of the dynamic response of structures, the
magnitude of seismic inertia forces could not be estimated with any reliabil-
ity, ‘Typically. design for lateral forces corresponding to about 147 of the
building weight was adopted. Since elastic design to permissible stress levels
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2 INTRODUCTION: CONCEPTS OF SEISMIC DESIGN

was invariably used, actual building strengths for lateral forces were generally
somewhat larger.

By the 196)s accelerograms giving detailed information on the ground
acceleration occurring in carthquakes were becoming more generally avail-
able. The advent of strength design philosophies, and development of so-
phisticated computer-based analytical procedurcs, facilitated a much closer
examination of the seismic response of multi-degree-of-freedom structurcs. It
quickly became apparent that in many cases, seismic design to existing lateral
force levels specified in codes was inadecquate to ensure that the structural
strength provided was not c¢xceeded by the demands of strong ground
shaking. At the same time, observations of building responses in actual
earthquakes indicated that this lack of strength did not always result in
failure, or even neccssarily in severe damage. Provided that the structural
strength could be maintained without cxcessive degradation as inelastic
deformations developed, the structures could survive the earthquake, and
frequently could be repaired economically. However, when inelastic deforma-
tion resulted in severe reduction in strength. as, for example, often occurred in
conjunction with shear failure of concrete or masonry clements. severe
damage or collapse was common.

With increascd awareness that excessive strength is pot essential or even
necessarily desirable, the emphasis in design has shifted from the resistance
of large seismic forces to the “evasion” of these forces, Inclastic structural
response has emerged from the obscurity of hypotheses, and become an
essential reality in the assessment of structural design for carthquake forces.
The reality that all inelastic modes of deformation are not equally viable has
become accepted. As noted above, some lead to failure and others provide
ductility, which can be considered the essential attribute of maintaining
strength while the structure is subjected to reversals of inelastic deformations
under seismic response.

More recently, then, it has become accepted that seismic design should
cncourage structural forms that are more likely to possess ductility than those
that do not. Generally, this relates to aspects of structural regularity and
careful choice of the locations, often termed plastic hinges, where inelastic
deformations may occur. In conjunction with the careful selection of struc-
tural configuration, required strengths for undesirable inelastic deformation
modes are deliberately amplified in comparisen with those for desired
inelastic modes. Thus for concrete and masonry structures, the shear
strength provided must exceed the actual flexural strength to ensure that
inelastic shear deformations, associated with large deterioration of stiffness
and strength, which could lead to failure, cannot occur. These simple
concepts, namely (1} sclection of a suitable structural configuration for
inclastic response, {2} selection of suitable and appropriately detailed loca-
tions (plastic hinges} for inclastic deformations to be concentrated, and (3)
insurance, through suitable strength differentials that inclastic deformation
does not occur at undesirable locations or by undesirable structural
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Fig. 1.1 Soft-story sway mechanism, 1990 Philippine carthquake. (Courtesy of EQE
Engineering Inc.}

modes—are the bases for the capacity design philosophy, which is developed
further in this chapter, and described and implemented in detail in subse-
quent chapters.

Despite the increased awareness and understanding of factors influencing
the seismic behavior of structures, significant disparity between earthquake
engineering theory, as reported, for example, in recent proceedings of the
World Conferences on Earthquake Engineering [1968-88], and its applica-
tion in design and construction still prevails in many countrics, The damage
in, and even collapse of, many relatively modern buildings in seismically
active regions, shown in Figs. 1.1 to 1.7, underscores this disparity,

Figure 1.1 illustrates one of the most common causes of failure in earth-
quakes. the “solt story mechanism.” Where one level, typically the lowest, is
weaker than upper levels. a column sway mechanism can develop with high
local ductility demand. In taller buildings than that depicted in Fig. 1.1, this
often results from a functional desire to open the lowest level to the maximum
extent possible for retail shopping or parking requirements.

Figure 1.2. also from the July 1990 Philippine’s earthquake. shows a con-
finement failure at the base of a first-story column. Under ductile response
to earthquakes, high compression strains should be expected from the
combined effects of axial force and bending moment. Unless adequate,
closely spaced, well-detailed transverse reinforcement is placed in the poten-
tial plastic hinge region, spalling of concrete followed by instability of the
compression reinforcement will follow. In the example of Fig. 1.2, there is
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Fig. 1.2 Confincment failure ol column basc of 10-story building, (Courtesy of EQE
Engineering, Inc.)

clearly inadcquate transverse reinforcement to confine the core concrete and
restrain the bundled fcxural reinforcement against buckling. It must be
recognized that even with a weak beam/strong column design philosophy
which seeks to dissipate seismic energy primarily in well-confined beam
plastic hinges, a column plastic hinge must still form at the base of the
column., Many structures have collapsed as a result of inadcquate confine-
ment of this hinge,

The shear failure of a column of a building in the 1985 Chilean earth-
quake, shown in Fig. 1.3, demonstrates the consequences of ignoring the
stiflening ¢ffects of so-called nonstructural partial height masonry or concrete
infill built hard up against the column. The column is stiffened in comparison
with other columns at the same level, which may not have adjacent infill {e.g.,
interior columns) attracting high shears to the shorter columns, often with
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Fig. 1.3 Influence of partial height infill increasing column shear force (1985 Chilean
carthquake). (Courtesy of Earthguake Spectra and the Earthquake Engineering
Research [nstitute.)

Fig. 1.4 Failure of structural wall resulting frem inadequate fexural and shcar
strength (1990 Philippine earthquake). (Courtesy of EQE Engineering Inc.)
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Fig. 1.5 Failure of coupling beams between shear walls (1964 Alaskan carthquake).
(Courtesy of the American Iron and Stecl [nstitute.)

disastrous cffects. This common structural defect can easily be avoided by
providing adequate separation between the column and infill for the column
to deform freely during seismic response without restraint from the infill.

Unless adequately designed for the levels of flexural ductility, and shear
force expected under strong ground shaking, flexural or shear failures may
develop in structural walls forming the primary lateral force resistance of
buildings. An example from the 1990 Philippine carthquake is shown in Fig.
1.4, where failure has occurred at the level corresponding to a significant
reduction in the stiffness and strength of the lateral force resisting system—a
common location for congcentration of damage,

Spandrel beams coupling structural walls are often subjected to high
ductitity demands and high shear forces as a consequence of their short
length. It is very difficult to avoid excessive strength degradation in such
elements, as shown in the failure of the McKinley Building during the 1964
Alaskan earthquake, depicted in Fig. 1.5, unless special detailing measures
are adopted involving diagonal reinforcement in the spandrel beams.

Figure 1.6 shows another common failure resulting from “nonstructural™
masonry infills in a reinforced concrete frame. The stiffening cffect of the
infill attracts higher seismic forces te the infilled frame, resulting in shear
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Fig. L.6 Failurc of lower level of masonry-infilled reinforced concrete frame (1990
Philippine earthquake), (Courtesy of EQE Engineertng Inc.}

tailure of the infill, followed by damage or failure to the columns. As with the
partial height infill of Fig. 1.3, the effect of the nonstructural infill is to
modify the lateral force resistance in a way not anticipated by the design.

The final example in Fig. 1.7 shows the failure of a becam—column
connection in a reinforced concrete frame. The joint was not intended to
become the weak link between the four components. Such elements are
usually subjected to very high shear forces during seismic activity, and if
inadcquately reinforced this will result in excessive loss in strength and stiff-
ness of the frame. and even collapse.

While there is something new to be learned from each earthquake, it may
be said that the majority of structural lessons should have been learncd.
Patterns in observed earthquake damage have been identified and reported
IB10, J2, M15, P20, §4, 810, U2, W4] for some time, Yet many conceptual,
design, und construction mistakes, that are responsible for structural damage
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Fig. 1.7 Becam—column connection failure (1990 Philippine carthquake). (Courtesy of
T. Minami.)

in buildings arc being repeated. Many of these originate from traditional
building configurations and construction practices, the abandonment of which
societies or the building industry of the locality arc reluctant to accept. There
is still widesprecad lack of appreciation of the predictable and quantitiable
eflects of carthquakes on buildings and the impact of seismic phenomena on
the philosophy of structural design.

Well-established tcchnigues, used to determine the safe resistance of
structures with respect to various static toads, including wind forces, cannot
simply be extended and applicd to conditions that arise during earthquakes,
Although many designers prefer to assess earlhquake-induced structural
actions in terms of static equivalent loads or forces. it must be appreciated that
actual seismic responsc is dynamic and is related primarily to imposed defor-
mation rather than forces. To accommaodate large seismically induced
deformations, most structures need te be ductile. Thus in the design of
structures for earthquake resistance, it is preferable to consider forces
generated by carthquake-induced displacements rather than traditional loads.
Because the magnitudes of the largest seismic-displacement-gencrated forces
in a ductile structure will depend on its capacity or strength, the evaluation of
the latter is of importance.

1.1.1  Seismic Design Limit States

It is cuslomary to consider various levels of protection, cach of which
emphasizes a differenl aspect to be considered by the designer. Broadly,
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these relate to preservation of functionality, different degrees of efforts to
minimize damage that may be caused by a significant scismic cvent, and the
prevention of loss of lifc.

The degree to which levels of protection can be afforded will depend on
the willingness of society to make sacrifices and on economic constraints
within which society must exist. While regions of seismicity arc now rcason-
ably well defined, the prediction of a seismic event within the projected
lifespan of a building is extremely crude., Nevertheless, cstimates must be
made for potential scismic hazards in affected regions in an attempt to
optimize between the degree of protection sought and its cost. These aspects
are discussed further in Chapter 2.

(a) Serviceability Limit State Rclatively frequent carthquakes inducing
comparatively minor intensity of ground shaking should not interfere with
functionality, such as the normal operation of a building or the plant it
contains. This means that no damage needing repair should oceur to the
structure or to nonstructural compencnts, including contents. The appropri-
ate design effort will necd to concentrate on the control and limitation of
displacements that could occur during the anticipated earthquake, and to
ensure adequate strengths in all components of the structure to resist the
earthquake-induced forces while remaining essentially elastic, Reinforced
concrete and masonry structures may develop considerable cracking at the
serviceability Himit state, but no significant yielding of reinforcement, result-
ing in large cracks, nor crushing of concrete or masonry should result. The
frequency with which the occurrence of an earthquake corresponding to the
serviceability limil statec may be anticipated will depend on the importance of
preserving functionality of the building. Thus, for office buildings, the service-
ability limit state may be chosen to correspond to a level of shaking likely to
occur, on average, once every 50 vears {i.c., a 50-ycar-return-period earth-
quake). For a hospital, fir¢ station, or telecommunications center, which
requirc a high degree of protection to preserve functionality during an
cmergency, an earthquake with a much longer return period will be ap-
propriate.

(b} Damage Control Limit State For ground shaking of intensity greater
than that corresponding to the serviceability limit state, some damage may
occur. Yiclding of reinforcement may result in wide cracks that require repair
measures, such as injection grouting, to avoid later corrosion problems. Also,
crushing or spalling of concrete may occur, necessitating replacement of
unsound concrete. A second limit state may be defined which marks the
houndary between economically repairable damage and damage that is
irreparable or which cannot be repaired economically. Ground shaking of
intensity likely to induce response corresponding to the damage control limit
state should have a low probability of occurrence during the expected life of
the building. It is expected that after an earthquake causes this or lesser
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intensity of ground shaking, the building can be successfully repaired and
reinstated to full service.

{¢) Survival Limif State In the development of modern seismic design
strategies, very strong cmphasis is placed on the criterion that loss of life
should be prevented even during the strongest ground shaking feasible for
the site. For this reason, particular attention must be given to those aspects
of structural behavior that are relevant to this single most important design
consideration; survival, For most buildings, extensive damage to both the
structure and building contents, resulting from such severe but rare events,
will have to be accepted. In some cascs this damage will be irreparable, but
collapse must not occur. Unless structurcs are proportioned to possess
exceptionally large strength with respect to lateral forces, usually involving
significant cost increasc, inclastic deformations during large seismic ¢vents
are to be expected. Therefore, the designer will need to concentrate on
structural qualities which will ensurc that for the expected duration of an
earthquake, relatively large displacements can be accommodated without
significant loss in lateral force resistance, and that integrity of the structure to
support gravity loads is maintained. In this book, particular emphasis is
placed on these aspects of structural response.

It must be appreciated that the boundaries between different intensities of
ground shaking, requiring each of the foregoing three levels of protection to
be provided cannot be defined precisely. A much larger degree of uncertainty
is involved in the recommendations of building codes to determine the
intensities of lateral scismic design forces than for any other kind of loading
to which a building might be exposed. The capacity design process, which is
developed In this book, aims to accommodate this uncertainty. To achieve
this, structural systcms must be conceived which are tolerant to the crudeness
in seismological predictions.

1.1.2  Structural Propertics

The specific structural properties that need o be considered in conjunction
with the three levels of seismic protection described in the preceding section
are described below,

{a} Stiffness If deformations under the action of lateral forces arc to be
reliably quantificd and subsequently controlled, designers must make a
realistic estimate of the relevant property—stiffness, This quantity relates
loads or forces to the ensuing structural deformations. Familiar relationships
are readily establishcd from first principles of structural mechanics, using
geometric properties of members and the modulus of clasticity for the
matcrial, In reinforced concrete and masonry structures these relationships
are, however, not quitc as simple as an introductory text on the subject may
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Fig. 1.8 Typical load—displacement relationship for a reinforced concrete element.

suggest, If serviceability criteria are to be satisfied with a reasonable degree
of confidence, the extent and influence of cracking in mcmbers and the
contribution of concrete or masonry in tension must be considered, in
conjunction with the traditionally considered aspects of section and element
geometiry, and material properties.

A typical nonlinear relationship between induced forces or loads and
displacements, describing the responsc of a reinforced concrete component
subjected to monotonically increasing displacements, is shown in Fig. 1.8. For
purposes of routine design computations, one of the two bilinear approxima-
tions may be used, where §, defines the yield or ideal strength §; of the
member. The slope of the idealized linear clastic response, K = S./A, s
used to quantify stiffness. This should be based on the effective sccant
stiffness to the real load-displacement curve at a load of about 0755, as
shown in Fig. 1.8, as it is effective stiffness at close to yvield strength that will
be of concern when cstimating responsc for the serviceability limit state.
Under cyclic Toading at high “clastic” response levels, the initial curved
load-displacement characteristic will modify to close to the linear relation-
ship of the idcalized response. An early task within the design process will be
the checking of typical interstory deflections (drift), using realistic stiffness
valucs to satisfy local requirements for serviceability [Scetion 1.1.1(a)].

{b) Strength If a concrete or masonry structure is to be protected against
damage during a sclected or specified seismic event, inelastic excursions
during its dynamic responsc should be prevented. This means that the
structure must have adequate strength to resist internal actions generated
during the clastic dynamic response of the structure. Therefore, the appro-
priate techmigue for the cvaluation of earthquake-induced actions is an
elastic analysis, based on stiffness propcrtics described In the preceding
section. These scismic actions, combined with those due to other loads on the
structure, such as gravity, will lead, perhaps with minor modifications, to
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the proportioning of structural members. Thereby the designer can provide
the desired strength, shown as §; in Fig. 1.8, in tecrms of resistance to lateral
forces cnvisaged.

{¢) Ductility To minimize major damage and to ensurc the survival of
buildings with modcrate resistance with respect to lateral forees, structures
must be capable of sustaining a high proportion of their initial strength when
a major carthquake tmposcs large deformations. These deformations may be
well beyond the clastic limit, This ability of the structure or its components,
or of the materials used to offer resistance in the inclastic domain of
responsg, Is described by the gencral term ductifiry. It includes the ability to
sustain large deformations, and a capacity to absorb energy by hysteretic
behavior, as discussed in Section 2.3.3. For this reason it is the single most
important property sought by the designer of buildings located in regions of
significant seismicity,

The limit to ductility, as shown for cxample in Fig. 1.8 by the displacement
of A,, typically corresponds to a specificd limit to stremgth degradation.
Although attaining this limit is sometimes tcrmed failure, significant addi-
tional inclastic deformations may still be possible without structural collapsc.
Hence a ductile failure must be contrasted with brittle failure, represented in
Fig. 1.8 by the dashed curves. Brittle failure implics near-complete loss of
resistance, often complete disintegration, and the absence of adequate warn-
ing. For obvious rcasons, brittle failure, which may be said to be the
overwhelming cause for the collapsc of buildings in earthquakes, and the
consequent loss of lives, must be avoided. More precise definitions for
the essential characteristics of ductility arc given in Section 3.5.

Ductility is defined by the ratio of the total imposed displacements A at
any instant to that at the onset of yicld A,. Using the idealizations of Fig. 1.8,
this is

po=A74, > 1 (1.1)

The displacements A, and A i Eq. (1.1} and Fig. 1.8 may represent strain,
curvature, rotation, or deflection. The ductility developed when failure is
imminent is, from Fig. 1.8, u, = A /A . Ductility is the structural property
that will need to be relicd on in most buildings if satisfactory bchavior under
damage control and survival limit state is to be achieved. An important
consideration in the determination of the required scismic resistance will he
that the estimatcd maximum ductility demand during shaking, ¢, = 4, /A,
{Fig. 1.8), does not exceed the ductility potential .

The roles of both stiffness and strength, as well as their quantification, are
well established, The sources, development, quantification, and utilization of
ductility, to serve best the designer’s intent, are gencrally less well under-
stood. For this reason many aspects of ductile structural responsc arc
examined in considerable detail in this book.
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Structures which, because of their nature or importance to society, are to
be designed to respond elastically, even during the largest expected seismic
event, may be readily designed with the well-established tools of structural
mechanics. Henee these structures will reccive only superficial mention in the
remainder of the book,

Ductility in structural members can be developed only if the constituent
material itself is ductile. Thus it is relatively easy to achieve the desired
ductility if resistance is to be provided by steel in tension, However, precau-
tions need to be taken when steel is subject to compression, to cnsurc that
premature buckling does not interfere with the development of the desired
large inelastic strains in compression.

Concrete and masonry are inherently brittle materials. Although their
tensile strength cannot be relied on as a primary source of resistance, they
are eminently suited o carry compression stresses. However, the maximum
strains developed in compression are rather limited unless special precau-
tions are taken. The primary aim of the detailing of composite structures
consisting of concrcte or masonry and stecl is to combing these materials in
such a way as to produce ductile members, which are capable of meeting the
inelastic deformation demands imposed by severe earthquakes,

in the context of reinforced concrete and masonry structures, detailing
refers to the preparation of placing drawings, reinforcing bar configurations,
and bar lists that are uscd for fabrication and placement of reinforcement in
structurcs, But detailing also incorporates a design process by which the
designer ensures that cach part of the structure can perform safely under
service load conditions and also when specially selected critical regions are to
accommodatc large inglastic deformations. Particularly, it covers such aspects
as the choice of bar sizes, the distribution of bars, curtailment and splice
details of flexural reinforcement, and the size, spacing, configuration, and
anchorage of transverse reinforcement, intended to provide shear strength
and duectility to critical regions. Detailing based on an understanding of and a
feeling for structural behavior, on the appreciation of changing demands of
economy, and on the limitations of construction practices is at least as
important as other attributes in the art of structural design [P1].

1.2 ESSENTIALS OF STRUCTURAL SYSTEMS FOR
SEISMIC RESISTANCE

All structural systems are not created equal when response to earthguake-
induced forces is of concern. Aspects of structural configuration, symmetry,
mass distribution, and vertical regularity must be considered, and the impor-
tance of strength, stiffness, and ductility in relation to acceptable response
appreciated. The first task of the designer will be to sclect a structural system
most conducive to satisfactory seismic performance within the constraints
dictated by architectural requirements. Where possible, architect and struc-
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tural engineer should discuss alternative structural configurations at the
earliest stage of concept development to ensure that undesirable geometry is
not locked-in to the system before structural design begins.

Irregularitics, often unavoidable, contribute to the complexity of structural
hehavior. When not recognized, they may result in unexpected damage and
even cotlapse. There are many sources of structural irregularities. Drastic
changes In geometry, interruptions in load paths, discontinuitics in both
strength and stiffness, disruptions in critical regions by openings, unusual
proportions of members, reentrant corners, lack of redundancy, and interfer-
cnce with intended or assumed structural deformations are only a few of the
possibilities. The recognition of many of these irregularities and of concep-
tions for remedial measurcs for the avoidance or mitigation of their unde-
sired effects rely on sound undcerstanding of structural behavior. Awareness
to scarch for undesired structural features and design experience are invalu-
able attributes. The relative importance of some irregularities may be quanti-
fled. In this respect some codes provide limifed guidance. Examples for
estimating the criticality of vertical and horizontal irrcgularitics in framed
buildings are given in Scction 4.2.6. Before the more detailed discussion of
thesc aspects later in this chapter, it is, however, necessary tO review some
general aspects of seismic forces and structural systems.

1.2.1  Structural Systems for Seismic Forees

The primary purpose of all structures used for building is to support gravity
loads. However, buildings may also be subjected to lateral forces due to wind
or earthquakes. The taller a building, the more significant the cffects of
lateral forces will be. It is assumed here that seismic criteria rather than wind
or blast forces govern the design for lateral resistance of buildings, Three
types of structures, most commonly used for buildings, are considered in this
book.

fa) Structural Frame Systems Structurcs of multistory reinforeed concrete
buildings often consist of frames. Beams, supporting floors, and columns are
continuous and meet at nodes, often called “rigid” joints. Such frames can
readily carry gravity loads while providing adequate resistance to horizontal
forces, acting in any direction [B4]. Chapter 4 deals with the design of
reinforced concrete ductile frames.

(b) Structural Wall Systens  When functional requirements permit if, resis-
tance to lateral forces may be assigned entirely to structural walls, using
reinforced concrete or masonry [B4). Gravity load effects on such walls are
seldom significant and they do not control the design. Usually, there are also
other elements within such a building, which are assigned to carry only
gravity loads. Their contribufion to lateral [orce resistance, if any, is often
neglected. In Chapter 5 we present various structural aspects of buildings in
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which the resistance to lateral forces is assigned entirely to structural walls,
The special features of reinforced masonry, particularly suited for the con-
struction of walls that resist both gravity loads and lateral forces, are
presented in Chapter 7.

{¢) Dual Systems Finally, dual building systems are studied bricfly in
Chapter 6. In these, reinforced concrete frames interacting with reinforced
concrete or masonry walls together provide the necessary resistance to lateral
forces, while each system carries its appropriate share of the gravity load,
These types of structures are variously known as dual, hybrid, or wall-frame
structures,

The selection of structural systems for buildings is influenced primarily by
the intended function, architectural considerations, internal traffic flow,
height and aspect ratio, and to a lesser extent, the intensity of loading. The
selection of a building’s configuration, one of the most important aspects of
the overall design [A4], may impose severe limitations on the structure in its
role to provide seismic protection. Because the intent is to present design
concepts and principles, rather than a sct of solutions, various alternatives
within each of these three groups of distinet structural systems, listed above,
will not be considercd. Some structural forms are, however, deliberately
omitted. For example, construction consisting of flat slabs supported by
columns is considered to be unsuitable on its own to provide satisfactory
performance under scismic actions becausc of excessive lateral displacements
and the difficulty to providing the adequate and dependablc shear transfer
between columns and slabs, necessary to sustain lateral torces, in addition to
gravity loads.

Sufficicnt information for both the design and detailing of components of
the principal structural systems is provided in subsequent chapters to allow
easy adaptation of any principle to other structural forms, for example thosc
using precast concrete components, which may occur in buildings, Valuable
information in this respect may be obtained from a report by ACI-ASCE
Committee 442 on the response of concrete buildings to lateral forces [Al4l

1.2.2 Gross Seismic Response

{a) Response in Elevation: The Building as a Vertical Cantilever When
subjected to lateral forces only, a building will act as a vertical cantilever. The
resulting total horizontal force and the overturning moment will be transmit-
ted al the level of the foundations. Once the lateral forces, such as may act at
cach level of the building, are known, the story shear forces, as well as the
magnitude of overturning moments at any level, shown in Fig. 1.9, can rcadily
be derived from usual equilibrium relationships. For example, in Fig. 1.9(a},
the sum V; of all floor forces acting on the shaded portion of the building
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must be resisted by shear and axial forces and bending moments in the
vertical elements in the third story.

In the description of multistory buildings in this book, the following
terminology is used. All structures are assumed to be founded at the base or
level 1. The position of a floor will be identified by its level above the base,
Roof level is identical with the top level. The space or vertical distance
between adjacent levels is defined as a story. Thus the first story is between
fevels 1 and 2, and the top story is that below roof level {Fig. 1.9).

(b) Response in Plan: Centers of Mass and Rigidity The structural system
may consist of a number of frames, as shown in Fig. 1.9(a), or walls, or a
combination of these, as described in Section 1.2.1 [Fig. 1.10(d}. The
position of the resultant force V; in the horizontal plane will depend on the
plan distribution of vertical elements, and it must also be considered. As a
conscquence, two Important concepts must be defincd, These will enable the
effeets of building configurations on the response of structural systems to
lateral forces to be better appreciated. The evaluation of the effects of lateral
forces, such as shown in Fig. 1.9(a), on the structural systems described in
Section 1.2.1 is given in Chapters 4 through 6.

i)  Center of Mass: During an earthquake, accelcration-induced incrtia
forces will be generated at each floor level, where the mass of an entire story
may bc assumed to be concentrated. Hence the location of a force at a
particular level will be determined by the center of the accelerated mass at
that level. In regular buildings, such as shown in Fig. 1.10(d), the positions of
the centers of floor masses will differ very little from level to level. However,
irregular mass distribution over the height of a building may result in
variations in centers of masses, which will nced to be evaluated. The
summation of all the floor forces, £, in Fig. 1.9(a), above a given story, with
duc allowance for the in-plane position of each, will then locate the position
of the resultant force V) within that story. For example, the position of the
shear force ¥; within the third story is determined by point CV in Fig.
1.10(4), where this shear force is shown to act in the east—west direction.
Depending on the dircction of an earthquake-induced acccleration at any
instant, the force V; passing through this point may act in any direction. For a
building of the type shown in Fig. L.10(d), it is sufficient, however, to
consider scismic attacks only along the two principal axes of the plan.

(it} Center of Rigidiry: If, as a tesult of lateral forces, one floor of the
building in Fig. 1.9 translates horizontally as a rigid body relative to the floor
belew, as shown in Fig. 1.10{4), a constant interstory displacement Ax" will
be imposed on all frames and walls in that story. Therefore, the induced
forces in thesc clastic frames and walls, in the rc¢levant east—west planes, will
be proportional to the respective stiffnesses. The resultant total force, V; = V,,
induced by the translational displacements Ax’, will pass through the center
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of rigidity (CR) in Fig. 1.10(<}. Similarly, a rclative floor translation to the
north, shown as Ay’ in Fig. 1.10{(5), will induce corresponding forces in each
of the four frames [Fig. 1.10{d)], the resultant of which, V,, will also pass
through point CR. This point, defincd as the center of rigidity or center of
stiffness, locates the position of a story shear force V;, which will cause only
relative floor translations.

The position of the center of rigidity may bc different in cach story. Tt is
relevant to story shear forces applied in any direction in a horizontal plane.
Such a force may be resolved into components, such as V, and V, shown in
Fig. 1.10{a) and (b}, which will cause simultancous story translations Ax’ and
Ay, respectively,

Since the story shear force ¥} in Fig. 1.10(4) acts through point CV rather
than the center of rigidity CR, it will cause floor rotation as well as relative
fioor translation. For convenience, ¥, may be replaced by an cqual force
acting through CR, thus inducing pure translation, and a moment M, = eV,
about CR, leading to rigid floor rotation, as shown in Fig. 1.10(c). The
angular rotation A# is termed story fwisi. It will cause additional interstory
displacements Ax" and Ay"” in lateral force resisting elements in both
principal directions, x and y. The displacements due to story twist are
proportional to the distance of the element from the center of rotation, [i.e.,
the center of rigidity (CR}],

Displacements due to story twist, when combined with those resulting
from floor translations, can result in total element interstory displaccments
that may be difficult to accommodate, For this reason the designer should
attempt to minimize the magnitude of story torsion M,. This may be achicved
by a deliberatc assignment of stiffnesses to latcral force-resisting compo-
nents, such as frames or walls, in such a way as to minimize the distance
between the center of rigidity (CR) and the line of action of the story shear
force (CV). To achieve this in terms of floor forces, the distance between the
center of rigidity and the center of mass should be minimized,

1.2,3 Influence of Building Configuration on Seismic Response

An aspect of seismic design of equal if not greater importance than structural
analysis is the choice of building configuration [A4)]. By observing the follow-
ing fundamental principles, relevant to seismic response, more suitable
structural systems may bce adopted.

1. Simple, regular plans are preferable. Building with articufated plans
such as T and L shapes should be avoided or be subdivided into simpler
forms {Fig. 1.11).

2. Symmetry in plan should be provided where possible. Gross lack of
symmetry may lead to significant torsional response, the reliable predic-
tion of which is often difficult. Much greater damage due to carth-
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quakes has been observed in buildings situated at street corners, where
structural symmetry is more difficult to achieve, than in those along
streets, where a more simple reclangular and often symmetrical siruc-
tural plan could be utilized.

3. An integrated toundation system should tie together all vertical struc-
tural elements in both principal directions. Foundations resting partly
on rock and partly on soils should preferably be avoided.

4, Lateral-force-resisting systems within one building, with significantly
diffcrent stifinesses such as structural walls and frames, should be
arranged in such a way that at every level symmetry in lateral stiffness is
not grossly violated, Thereby undesirable torsional effects will be mini-
mized.

5. Regularity should prevail in elevation, in both the geometry and the
variation of storv stiffnesses.

The principles described above are examined in more detail in the following
seclions.

fa) Role of the Floor Digphragm Simple and preferably symmetrical build-
ing plans hold the promise of more efficicnt and predictable seismic response
of each of the structural componcnts. A prerequisite for the desirable
mnteraction within a building of all lateral-force-resisting vertical components
of the structural system is an effective and relatively rigid interconnection of
these componcents at suitable [evels. This is usually achieved with the use of
floor systems, which generally possess large in-plane stiffness. Vertical ele-
ments will thus contribute to the total lateral lorce resistance, in proportion
to their own stifllness. With large in-plane stiffness, foors can act as di-
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aphragms. Hence a close to linear relationship between the horizontal
displaccments of the various lateral-force-resisting vertical structural ele-
ments will exist at every level. From rigid-body translations and rotations,
shown in Fig. 1.10, the rclative displacements of vertical elements can readily
be derived. This is shown for frames in Appendix A.

Another function of a floor system, acting as a diaphragm, is to transmit
inertia forces generated by carthquake accelerations of the floor mass at a
given level to all horizontal-force-resisting elements. At certain levels, partic-
ularly in lower storys, significant horizontal forces from one element, such as
a frame, may necd to be transferred to another, usually stiffer clement, such
as a wall. These actions may generate significant shear forces and bending
moments within a diaphragm. In squat rectangular diaphragms, the resulting
stresscs will be gencrally insignificant. However, this may not be the casc
when long or articulated fleor plans, such as shown in Fig. 1.11{g) have to be
uscd. The correlation between horizontal displacements of vertical elements
[Fig. 1.11(#)] will be more difficult to ¢stablish in such cases. Reentrant
corners, inviting stress concentrations, may suffer premature damage. When
such configurations arc necessary, it is preferable to provide structural
s¢parations. This may lead to a2 number of simple, compact, and indepcndent
plans, as shown in Fig. 1.11(¢). Gaps separating adjacent structurcs must be
large enough to ensure that ¢ven during a major seismic event, no hammer-
ing of adjacent structures will occur due to cut-of-phase relative motions of
the independent substructurcs. Inelastic deflections, resulting from ductile
dvnamic response, must be allowed for.

Diaphragm action may be jeopardized if openings, necessary for vertical
traffic within a multistory building or other purposcs, significantly reduce the
ability of the diaphragm to resist in-plane flexure of shear, as seen in
examples in Fig. L.1H{d). The relative importance of openings may be
cstimated readily from a simple cvaluation of the flow of forces within the
diaphragm, necessary to satisfy cquilibrium criteria. Preferred locations for
such openings arc suggested in Fig. 1.11{e).

As a gencral rule, diaphragms should be designed to respond elastically, as
they are not suitable to dissipate cnergy through the formation of piastic
regions. Using capacity design principles, to be examined subsequently, it is
relatively casy to estimate the magnitudes of the largest forces that might be
introduced to diaphragms. These are usually found to be casily accommo-
dated. Other aspects of diaphragms, including flexibility, arc discussed in
Scction 6.5.3.

(b)  Amelioration of Torsional Effects [t was emphasized in Section 1.2.2 that
to avoid oxcessive displacements in latersl-force-resisting components that
are located in adverse positions within the building plan, torsional effects
should be minimized. This is achieved by reducing the distance betwecn the
center of mass (CM), where horizontal seismic floor forces are applied, and
the center of rigidity (CR) (Fig. 1.13}). A numbcr of examples for both
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undesirable positioning of major lateral-force-resisting elements, consisting
of structural walls and frames, and for the purposc of comparison, preferred
locations, are given in Fig. 1.12. For the sake of clarity the positioning of
frames required solely for gravity load resistance within cach floor plan is
gencrally not shown, While the primary role of the frames in these examples
will be the support of gravity load, it must be appreciated that frames will
also contribute to both lateral force resistance and torsional stiffness.

Figure 1.12(a) shows that because of the location of a stiff wall at the west
end of a building, very large displacements, as a result of floor translations
and rotations (Fig. 1.10), will occur at the cast end. As a conseguence,
members of a frame located at the cast end may be subjected to excessive
inclastic deformations (ductility). Excessive ductility demands at such a
location may cause significant degradation of the stiffness of a frame, This
will lead to further shift of the center of rigidity and conscquently to an
amplification of torsional effects. A much improved solution, shown in Fig.
1.12(h)}, where the service core has been made nonstructural and a structural
wall added at the east end will ensure that the centers of mass and stillness
virtually coincide, Hence only dominant floor (ranslations, imposing similar
ductility demands on all lateral force resisting frames or walls, arc to be
expected.

Analysis may show that in some buildings torsional effects [Fig. 1.12{c}]
may be negligible. However, as a result of normal variations in matcrial
properties and section geometry, and also due to the effects of torsional
components ol ground motion, torsion may arise also in theoretically per-
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fectly symmetrical buildings, Hence codes require that allowance be made in
all buildings for so-called “accidental™ torsional effects.

Although a reinforced concrete or masonry core, such as shown in Fig,
1.12{¢}, may exhibit good torsional strength, its torsional stiffness, particularly
after the onset of diagonal cracking, may be too small to prevent excessive
deformations at the cast and west ends of the building. Similar twisis may
lcad, however, to acceptable displacements at the perimeter of squarc plans
with rclatively large cores, seen in Fig. 1.12(d). Closcly placed columns,
interconnected by relatively stiff beams around the perimeter of such build-
ings [Fig. 1.12{e)], can provide excellent control of torsional response. ‘The
ceeentrically placed scrvice core, shown in Fig, 1.12( ), may lead o cxcessive
torsional effects under scismic attack in the cast—west direction unless
perimeter lateral force resisting elements are present to limit torsional
displacements.,

The advantages of the arrangement, shown in Fig. 1.12{g), in terms of
response to horizontal forces are obvious. While the locations of the walls in
Fig. 1.12(h}, to resist lateral forces, it satisfactory, the large eccentricity of the
center of mass with respect to the center of rigidity will result in [arge torsion
when l[ateral forces are applied in the north—south direction, The placing of
at least one stiff element at or close to each of the four sides of the buildings,
as shown in Fig, 1,12(;), provides a particularly desirable structural arrange-
ment. Further examples, showing wall arrangements with large cccentricities
and preferred alternative solutions, are given in Fig. 1.12(;) to {m). Although
large cecentricities are indicated in the examples of Fig, 1,12() and (4}, both
stiffness and the strength of these walls may well be adequate to accommo-
date torsional cffects,

The examples of Fig. 1.12 apply to structures where walls provide the
primary lateral load resistance. The principles also apply to framed systems,
although it is less common for excessive torsional effects to develop in frame
structures,

{¢) Vertical Configurations A selection of undesirable and preferred con-
figurations is illustrated in Fig. 1.13. Tall and slender buildings [Fig. 1.13(«)]
may require large foundations to enable large overturning moments to be
transmitted in a stable manner. When subjected to seismic accelerations,
concentration of masses at the top of a huilding [Fig. 1.13(h)] will similarly
impose heavy demands on both the lower stories and the foundations of the
structure. In comparison, the advantages of building elevations as shown in
Fig. 1.13(¢) and {d) are obvious.

An abrupt change in elevation, such as shown in Fig. 1.13{e}, also called a
setback, may resultl in the concentration of structural actions at and ncar the
level of discontinuity. The magnitudes of such actions, developed during the
dynamic response of the building, are difficult to predict without sophisti-
cated analytical methods. ‘The separation into two simple, regular structural
systems, with adequate separation [Fig. 1.13(f)] between them, is a prefer-
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ablc alternative, Irregularitics within the framing system, such as a drastic
interference with the natural flow of gravity loads and that of lateral-force-
induced column loads at the center of the frame in Fig. 1.13(g), must be
avoided.

Although two adjacent buildings may appear to be identical, there is no
assurance that their response to ground shaking will be in phase. Hence any
connections (bridging) between the (wo that may be desired [Fig. 1.13(i)
should be¢ such as to prevent horizontal force transfer betwecn the two
structures [Fig. 1.13(j)].

Staggered floor arrangements, as scen in Fig, 1.13(k), may invalidate the
rigid interconnection of all vertical lateral-force-resisting units, the impor-
tance of which was emphasized in Section 1.2.3(a). Hoerizontal inertia forces,
developed during dynamic response, may impose severe demands, particu-
larly on the short interior columns. While such frames [Fig. 1.13(k}] may be
readily analyzed for horizontal static forces, results of analyses of their
inelastic dynamic response 10 realistic ground shaking should be treated with
suspicion.

Major deviations from a continuous variation with height of both stiffness
and strength arc likely to invite poor and often dangerous structural re-
sponse. Because of the abrupt changes of story stiffnesses, suggested in Fig.
1.14{a) and (b), the dynamic responsc of the corresponding structures [Fig.
1.14{e} and ()] may be dominated by the flexible stories. Reduced story
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stiffness is likely to be accompanied by reduced strength, and this may result
in the concentration of extremely large inclastic deformations [Fig. 1.14(¢)
and (f)] in such a story. This feature accounts for the majority of collapsed
buildings during recent earthquakes, Constant or gradually reducing story
stiffness and strength with height [Fig. 1.14¢), (d), and (g)] reducc the
likclihood of concentrations of plastic deformations during scvere s¢ismic
events beyond the capacitics of affected members.
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Examples of vertical irregularities in buildings using structural walls as
primary lateral-force-resisting elements are shown in Fig. 1.15, together with
suggested improvements. When a large open space is to be provided in the
first story, designers are often tempted to terminate structural walls, which
may extend over the full height of the building, at level 2 [Fig. 1.15(a)].
Unless other parallel walls, perhaps at the boundaries of the floor plan, are
provided, a so-called soft story will develop. This is likely to impose ductility
demands on columns which may well be beyond their ductility capacity, A
continuation of the walls, interconnected by coupling beams at each fioor,
down to the foundations, shown in Fig. [.15(5), will, on the other hand, result
in one of the most desirable structural configurations. This system is exam-
incd in some detail in Section 5.6.

Staggered wall panels, shown in Fig. 1.15(c), may provide a stiff load path
for lateral earthquake forces. However, the transmission of these forces at
corners will make detailing of reinforcement, required for adequate ductility,
extremely difficult. The assembly of all panels into one single cantilever [Fig,
1.15{(d)] with or without interacting frames will, however, result in an excel-
lent lateral force resisting system. The structural system of Fig. 1.13(d) is
discussed in Chapter 6.

An interruption of walls over one or more intermediate storics [Fig.
1.15{e)] will invite concentrations of drift in thosc storics, as suggested in Fig.
1.14(a) and (e). Discontinuities of the type shown in Fig. 1.15(f), arc, on the
other hand, acceptable, as strength and stiffness distribution with height is
compatible with the cxpected forces and displacements.

The side view of the structure shown in Fig. 1.15(@) may be as shown in
Fig. 1.15(g). It shows that a major portion of the accumulated earthquake
forces from upper levels, resulting in large shear at level 2 of the wall
extending above that level, will need to be transferred to a very stiff short
wall at the opposite side of the building. The arrows in Fig. 1.15(g} indicate
the gross deviation of the path of internal forces lcading to the foundation,
which may impose excessive demands in both torsion in the first story and
actions within the floor diaphragm. Both of these undesired effects will be
alleviated if the tall wall terminates in the foundations [Fig. 1.15(b}], while
sharing the base shcar with a short wall, as shown in Fig. 1.15(k).

Another source of major damage, particularly in columns, repeatedly
observed in earthquakes, is the interference with the natural deformations of
members by rigid nonstructural elements, such as infill walls. As Fig. 1.16
shows, the top edge of a brick wall will reduce the effective length of one of
the columns, thereby increasing its stiffness in terms of lateral forces. Since
seismic forces are attracted in proportion to element stiffness, the column
may thus attract larger horizontal shear forces than it would be capable of
resisting. Moreover, a relatively brittle flexural failure may occur at a location
{midheight} where no provision for the appropriate detailing of plastic
regions would have been made. The unexpected failure of such major
gravity-load-carrying elements may lead to the collapse of the entire building.
Therefore, a very important task of the designer is to ensurc, both in the
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Fig. 1.16 Unintended interference with struc-
tural deformtations.

design and during construction, that intended deformations, including those
of primary latcral-force-resisting components in the inelastic range of seismic
response, can take place without interference.

A wide range of irregularities, together with considerations of numerous
other very important issues, relevant to the overall planning of buildings and
the selection of suitable structural forms within common architectural con-
straints are cxamined in depth by Arnold and Reitherman [A4] In the
context of scismic design the obscrvance of principles relevant to configura-
tions is at least as important as thosc of structural analysis, the art in
detailing for ductilities of critical regions, and the assurance of high quality in
workmanship during construction.

1.2.4 Structural Classification in Terms of Design Ductility Level

It is possible to satisfy the performance criteria of the damage control and
survival limit states of Section 1.1.1 by any one of three distinct design
approaches, related to the level of ductility permitted of the structure. A
qualitative illustration of these approaches is shown in Fig, 1.17, where
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strength §,., required to resist earthquake-induced forces, and structural
displacements A at the development at different levels of strength are related
to cach other.

(a) Elastic Response Because of their great importance, certain buildings
will need to posscss adeguate strength to ¢nsure that they remain essentially
elastic. Other structures, perhaps of lesser importance, may nevertheless
possess a level of inherent strength such that elastic response is assured. The
analysis and design of both catcgories of structures can be carried out with
conventional procedurcs. Although the determination of the required resis-
tance at each critical section will usually be based on the principles of
strength design, implying that a plastic state is achieved at thesc sections, it is
unlikely that inelastic deformations of any significance will be developed in
the structure when the intensity of lateral design forces is attained. This is
because specified (nominal) material strength properties and various strength
reduction factors, considered in Sections 1.3.3 and 1.3.4, are uscd when
members are being proportioned. The extra protection thus provided ensures
that, at most, only insignificant inclastic deformations during an earthquake
are expected. Hence the need for special detailing of potential plastic regions
does not arise. Even with dctailing practices cstablished for structurcs in
reinforced concrete and masonry, subjected only to gravity loads and wind
forces, a certain amount of ductility can always be devcloped. As no special
features arisc in the design of these structures, even when subjected to design
earthquake forces of the highest intensity, no further attention will be given
them in this book.

The idealized response of such a structure is shown in Fig. 1.17 by the
bilinear strength—displacement path Q44" The maximum displacement A,
is very close to the displacement of the ideal clastic structure A, and the
displacement of the real structure A, at the onset of yielding.

{b) Ductile Response Most ordinary buildings are designed to resist lateral
seismic forces which are smaller than those that would be developed in an
elastically responding structure, implying, as Fig. 1.17 shows, that inelastic
deformations and hence ductility will be required of the structure. Depend-
ing on the force level adopted for strength design, the level of ductility
required may vary from insignificant, requiring no special detailing, to consid-
erable, requiring most careful consideration of detailing. I is convenient to
divide ductile responding structures into the fwo subcategories discussed
helow.

{i) Fully Duciile Structures: These arc designed to possess the maximum
ductility potential that can rcasonably be achicved at carefully identified and
detailed inelastic regions. A full consideration must be given to the effects of
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dynamic response, using simplified design procedures, to ensure that nonduc-
tite modcs or undesirable location of inclastic deformation cannot occur.

The idcalized bilinear r¢sponse of this type of structure is shown in Fig.
1.17 by the path OCC’. The magnitude of ductility implied is u, = A, /4
where A, and A, are the maximum expected and yield displacements,
respectively, and Sg. is the required strength of the fully ductile system.
Dectails of thesc relationships are also shown in Fig. 1.8. A more realistic
strength—displacement path is the curve OfY, which shows that the strength
§,. devcloped at maximum displacement A ., may in fact be larger than the
required strength Sp, used for design purposes. The principal aim of this
book is to describe design procedures and detailing techniques for such [ully
ductile structures.

{ii}  Structures with Restricted Ductility: Certain structures inherently posscss
significant strength with respect to lateral forces as a conscquence, for
example, of the presence of large arcas of structural walls. 1t may well be that
very little strength, if any, in addition to that obtained for the resistance of
gravity loads and wind forces would need to be provided to achieve seismic
resistance corresponding with elastic response. In other buildings, because of
less than ideal structural configurations, it may be difficult to develop large
ductilitics, which would allow the use of {ow-intensity seismic design forces.
Instead, it may be possible to provide greater resistance to lateral forces with
relative ease, to rcduce ductility demands. These are structures with re-
stricted ductility, sometimes termed fimited ductility.

An cxample of the response of a structure with restricted ductility is
shown in Fig. 1.17 by the curve OBA’. It shows that the displacement ductility
demand is 1 <p, =4, /A < g A more realistic response s shown by
the dashed curve, Because reguirements for the seismic resistance of such
structures are seldom critical, the use of [ess ongrous and simpler design
procedures, combined with simpler defailing requirements for components,
are recommended by some codes [Al, X3

It should be appreciated that precise limits cannot be set for structures
with full and reduced ductility, The transition from one system to the other
will be gradual. Figure 1.17 shows approximate values of ductility factors
w=4,/A which may be used as guides for the limits of the catcgories
discussed. Although displacement ductilities in ¢xcess of 8 can be developed
in som¢ well-detailed reinforced concrete structures, the associated maxi-
mum displacements A, arc likely to be beyond limits set by other design
criteria, such as structural stability. Elastically responding structures, imply-
ing no or negligible ductility demands, represent the other limit. This
suggests that a procedure, incorporating transitions in its requirements for
fully ductile to those of elastically responding structures, may be used when
designing structures with reduccd ductility. This is examined in Chapter 8,
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1.3 DEFINITION OF DESIGN QUANTITIES

1.3.1 Design Loads and Forces

In this boek the following distinction between loads and forces is made:

1. Leads results from the effect ol gravity. Dead loads, live loads, and
snow loads are typical cxamples.

2. Wind, earthquakes, or restraints against deformations, such as shrink-
age or creep, lead to forces. Although the term load is often also used
to describe these forces, it will be avoided herein.

Most codes give characteristic values for design loads or forces, when
these cannot be derived simply from the weights of materials 1o be sustained
or from first principles.

{a} Dead Loads (D) Dead loads result from the weight of the structure and
all other permanently attached materials. Average or typical values for
superimposcd materials and Joads are rcadily obtained rom manuals. The
characteristic fcature of dead loads is that they are permancnl. Codes
prescribe certain variable loads, such as movable partition walls, to be
considered as permanent. For the sake of safetv, dead loads are customarily
overcstimated. This fact should be considered In seismic design, whenever
gravity load effects enhance strength when combined with effects of seismic
forces, such as may occur when estimating moment capacity of columns.

(b) Live Loads (L} Livc loads result from expected usage. They may be
movable and their intensity may vary. Maximum intensities specified by codes
are bascd on probablistic cstimates. In most cases they are simulated by
uniformly distributed loads placed over the entire area of the floor. However,
for certain areas with specizl use, point loads may also be specified.

The probability of an area being subjected to the maximum specified
intensity ol live Joad diminishes as the size of the Joaded Joor area increases.
Floors used for offices are typical cxamples. While an clement of floor slab
must be designed to sustain the full intensity of the live load, a beam or a
column, receiving live load from a considerable tributary floor area A, may
be assumed to receive live loads with smaller intensity. A typical code [X8]
recommendation is that

wherce

r=03+3/VA <10 (1.3)
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and L = code specified live Joad, usually expressed in kPa {or psf)

I., = reduced live load, assumed to be uniformly distributed over the
area tributary to a beam, or to a column extending over the height
of on¢ of more stories

r = live-load reduction factor

A = total tributary arca in m?, not to be taken less than 20 m?

Only the symbol L is used in this book, whenever reference to live load is
made, but this will imply that reduced live load L, will be substituted where
appropriate. Equation (1.3) is appropriate for tloor slabs of office buildings,
but not for storage areas. which have a high probability of being subjected to
close to their full design live load over extensive areas.

Dead and live loads need also be considercd when an estimate is made for
the cquivalent mass of a building. For the purpose of estimating seismic
acceleration-induced horizontal inertia forces, it is sufficient to assume that
the mass of the floor system, including finishes, partitions, bcams, and
columns one-half story above and below a finor, and with a fraction of the
five load acting over the entire floor of a story, is concentrated at the floor
level of the structural model (i.e., at the center of the mass) [Section 1.2.2(5)].
In asscssing inertia forees some codes ignore some types of live loads [X10],
while others [X8] specity that a certain fraction, typically one-third of the
code-specificd intensity, be converted inte an equivalent mass,

(¢) Earthquake Forces (E) 1n Chapter 2 the various techniques ol simulat-
ing the effects of carthquakes on structures for buildings arc described. The
design quantitics and procedures used in this book arc based on effects
resulting from the application of equivalent static horizontal earthquake
forces, the determination of which is given in Scetion 2.4.3. This technique is
preferred for its simplicity, its reliability for most common regular building
structures, and because most designers are familiar with its use. It will be
seen, however, that the method of capacity design for ductile structures, the
principal subject of this book, does not depend on the technique with which
design earthquake clTects have been derived.

{d) Wind Forces (W) It was shown in Section 1.2.4 that the design intensity
of the horizontal carthquake forces, duly adjusted for potential ductility
capacity, may be a small fraction of that which would be gencrated in the
elastic structure by the motions of the design earthquake. Thus it may
well be, particularly in the case of tall or rather flexible buildings, that
code-specificd wind, rather than carthquake forces, when combined with ap-
propriate gravity loads, will control strength requirements for many or all
components of the structure. While ductility requirements do not arise, or
arc negligible, in the cas¢c when wind forces dominate structural strength,
they are of paramount importance if the satisfactory response of the building
during a strong ground motion is te be assured. The intensity of horizontal
forces, corresponding with the true elastic response ol the building to design
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seismic excitation, may in fact be many times that of design wind force. For
this reason the application of capacity design procedures is still relevant to
the majority of multistory buildings, even though wind rather than earth-
quakc forces may control strength requirements.

{e) Other Forces Other force cflects, including those due to shrinkage,
creep, and temperature, must be considered in conventional strength design.
Although these have significance when considering the strength design of
buildings during clastic response, they have little, if any relevance to struc-
tures responding with full or reduced ductility. This is because this category
of force effects occurs as a result of small imposed displaccments on the
structure. The magnitude of forces induced in responding to these effects
depends on the incremental stiffness. When fully ductile, or reduced ductile
responsc is assurcd, the incremental stiffness for imposed displacements is
negligible. The structural cffect is no longer that of significant increase in
force, but of insignificant decrcase in ductility. For example, strains induced
by thermal or shrinkage effects, when compensated for creep relaxation, will
rarcly exceed 0.0002, This is less than 7% of the dependable unconfined
compression strain capacity of concrete and masonry, and a much smaller
proportional of the compression strain capacity when confinement, as dis-
cussed in Section 3.2.2, is provided. Although the elastic compression force
corresponding to a strain of 0.0002 may be as high as 20% of the compression
strength, the significance for a ductile system decreases as ultimate strain
capacity incrcases. As 4 consequence, it is unnecessary to consider strain-
induced forces in conjunction with the ductile response of building systems,
and such forces will be ignored in the following,

1.3.2 Design Combinations of Load and Force Effects

Design bending moments, shears, and axial forces are effects developed as a
consequence of loads and forces in appropriate combinations. To this end an
appropriate model of the real structure must be established which {ends itself
to rational analyses. Appropriate analytical models ar¢ discussed in the
relevant chapters on structural tvpes: in particular, Chapters 4 to 6. Loads
and forces may be superimposed for structural analysis, or if the structure
can reasonably bhe represented by clastic response, load effects may be
superimposed.

Critical combinations of load and force effects to be considered for
member design are based on the limit state for strength. The required
strength, S, defined in Section 1.3.3(4), to be provided at any section of a
mcmber is thus

S, = vpSp + viSL + Sy (1.4)
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TABLE 1.1 Commonly Used Load Factors?

Country Yr Yo Vg

United States 411 1.40 1.70 —
1.05 1.28 1.40°
0.90 — t.43%

New Zealand*¥ 1.40 1.70 —
1.00 1.30 100"
{1.90 — L.o0®?
1.00¢ 1.00° 1.00¢
0.90" — 1.00¢

“Applicable also to effects due to reduced live load £, [Eq. (1.1}

PThe intensities of specified earthquake forces in the Uniled States and New Zealand, when
factored, are similar,

“These factors are applicable only when actions due to earthquake effects are derived from
capacily design considerations.

where S = denotes strength in general
D, L, I’ = denotes the causative [oad or force (i.e., dead load, live load,
etc.)

Y5 ¥, ¥e = specified load factors relevant to dead load. live load, and
earthquake forces, respectively

Relevant codes specify values for load factors to be used for diffcrent load
combinations or combinations of load cffccts. Some typical values, relevant to
building structures studied in this book, are listed in Table 1.1. Load factors
are intended to ensure adequate safety against increadse in service loads
beyond intensities specificd, so that failure is extremely unlikely, Load factors
also help to ensure that deformations at service load are not excessive.

Although load factors for dead and live loads are very similar in the
United States and New Zealand, it will be seen that a substantial discrepancy
exits in the trecatment of the factors applicable to earthquake forces. In the
United States, factors of approximatelv 1.40 are adoptcd, while in New
Zealand, the appropriate factor is unity.

The original intention of load factors, when first implemented in strength
design of structural elements in the 1960s, was to avoid the development of
the resistance capacity of elements under maximum loads likely to occur
during the building’s economic life. With a s¢ismic design philosophy bascd
on ductility this approach is inappropriate, since development of strength, or
resistance capacity, is expected under the design-level ground shaking. Apply-
ing load factors to a force level that has alrcady been reduced from the level
corresponding to elastic response merely implies a reduction to the expected
ductility requircment. Unfortunately, this obscures the true level of ductility
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required. As a consequence, examples of seismic design developed later in
the book will be based on load factors of unity for seismic forces.

Thus typical combinations [X&8] of bending moments M for a beam,
leading to the determination of its rcquired flexural strength, would be

M, = 1AM, + 1.7M, (1.5a)
or M, = 1.0M, + 1.3M, + M, (1.5b)

The design axial load P on a column would be obtained, for example, from

P, =P, + 13P, +P; (1.6a)
or P, =09P, ~ P, (1.6b)

The Jatter combination is often critical when the scismic and gravity axial
forces counteract each other, For example, a column, under compression due
to dead load, may be subjected to axial tension due to earthguake forces.

Where gravity load effects are 1o be combined with effects resulting from
the ductile response of the structure, with overstrength being developed at
plastic hinges, as defincd in Secction 1.3.3(d) and Eg. (1.10), little if any
reserve strength is nccessary. Hence, where using capacity design procedurces
to satisfy the limit state for survival, the following combinations of actions
[X3] may be used:

S, =Sy + S, +S, (1.7a)
and S, =095, +5, (1.7h)

where S, denotes an action derived from considerations of earthquake-
induced overstrengths of relevant plastic regions, examined in detail in
Section 1.3,3(d) and (/) and Chapters 4 and S.

1.3.3 Strength Definitions and Relationships

Definitions of the strengths of a structure or its members, made in subsc-
quent sections, correspond in general with the intent of most codes. In
conformance with gencral usage, the term strength will be used to express
the resistance of a structure, or 2 member, or a particular section. In terms of
design practice, strength, however, is not an absolute. Material strengths and
section dimensions are not known precisely but vary between probable limits.
Choices of these properties should be made dependent on the purpose of
application of the computed strength. The meaning of strengths developed at
different levels and their relationships as used in this book are given in the
following paragraphs.
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{a) Required Strength (S,) The strength demand arising from the applica-
tion of prescribed loads and forees, in accordance with Section 1.3.2, defines
the required strength, §,. The principal aim of the design is to provide
resistance, also termed design strength [Al] or dependable strength [X3], to
meet this demand.

(b) Ideal Strength (S,) The ideal or nominal strength of a section of a
member, S, the most commonly used term, is based on established theory
predicting a preseribed limit state with respect to failure of that section. It is
derived from the dimensions, reinforcing content, and details of the section
designed, and code-specified nominal material strength propertics. The defi-
nition of nominal material strengths differs from country to country, In some
cascs it Is a specified minimum strength, which suppliers guarantee (o exceed;
in others a characteristic strength is adopted, typically corresponding to the
lower 5 percentile limit of measured strengths. A summary of cstablished
procedures for the determination of the ideal strengths of scctions, subjected
to different kinds ol actions, is reviewed in Chapter 3. The ideal strength to
be provided is related to the required strength by

6S; = S, (1.8)

where ¢ is a strength reduction factor, typical values of which are given in
Section 3.4.1. The designer will aim to proportion member sections so that
the relationship 8, = §,, /¢ is satisficd. Because of the necessity to round off
various quantities in practice, the equality §;, = 8, /¢ will scldom be achieved.
Because the design philosophy, pursued in this book, relies on the hicrarchy
of capacities (i.e., strengths provided in various members), it is important to
remember that as a gencral rule, the ideal strength S, is not the optimum
strength desired, but it is the nominal strength that will be provided in the
construction. It will be scen that often the ideal strength of a section may
well be in excess of that which is required (i.e., 5; > 5, /d).

{c} Probable Strength (Sp) The probable strength, §,, takes into account
the fact that material strengths, which can be utilized in a member, are
generally greater than nominal strengths specified by codes. The prebable
strength of matcrials can be established from routine testing, normally
conducted during construction. Altcrnatively, it may be based on previous
expericncee with the relevant materials. The probable strength, or mcan
resistance, can be related to the ideal strength by

Sp = d)pSi (}‘9)

where ¢, is the probable strength factor allowing for materials being stronger
than specified, and is thus greater than 1.
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Probable strengths are often used when the strength of existing structures
are estimatcd or when time-history dynamic analysis, to predict the Tikely
behavior of a s{ructure when it is exposed to a sclected earthquake record
{Scction 2.4.1), is undertaken. Developments to adopt probable strength as a
hasis for design, replacing the idcal strength, were known to the authors
when preparing this book. Strength reduction factors would then relatc
dependable strength to probabic rather than ideal strength.

{d) Overstrength (S,) The overstrength of a section, S, takes into account
all possible factors that may contributc to strength exceeding the nominal or
ideal valuc, These include stcel strength greater than the specificd vield
strength, additional strength enhancement of steel due to strain hardening at
large deformations, concrete of masonry strength at a given age of the
structure being highcr than specified, unaccounted-for compression strength
enhancement of the concrete due to its confinement, and strain rate cllects.
The overstrength of a section can be related to the ideal strength of the same
section by

SO = AOSE (1]‘0)

where A, is the overstrength factor duc to strength enhancement of the
constituent materials, This is an important property that must be accounted
for in the design when large ductility demands are imposed on the structure,
since brittle elements must possess strengths exceeding the maximum feasible
strength of ductile elements. Typical values of A, for both reinforcing steel
and concrete are given in Sections 3.2.4{e). Similar strength enhancement in
confined concrete is given by Eq. (3.10) and in members subjected to moment
and axial compression by Eq. (3.28).

{e) Relationships Between Strengths Becausc strengths to be considered in
design arc most conveniently expressed in terms of the ideal strength §; of a
section, as constructed, the following simple relationships exist:

5, =28,/¢6 (1.8a)
S, 28,5, 2,5,/ (1.9a)
S, = A8, 24,8, /9 (1.10a)

For example, with typical values of ¢ = 0.9 and A, = 1.25, §, = 1.385,, ie.,
the overstrength of the section designed “exactly” to match the required
strength would be 39% larger than that required by Eq. {1.4).

(f)  Flexural Qverstrength Factor ¢, To quantify the hierarchy of strength in
the design of ductile structures, it is convenient to express the overstrength of
a member in flexure S, = M, at a specific section, such as a node point of
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the analytical medel, in terms of the required flexural strength S, = M. at
the same scction, derived by an clastic analysis [or earthquake forces alonc.
The ratio so formed,

(:bu = SO/SE - M(}/‘{WE (l.ll)

is defincd as the flexural overstrength factor. When the two factors ¢, and
A, given by Eq. (1.10), are compared, it should be noted that apart from the
overstrengths of materials, the following additional sources of flexural over-
strength are also included in Eg. (1,11

1. The strength reduction factor ¢ [Eq. (1.8)] used to relate ideal to
required strength

2. More scvere strength requirements, il any, due to gravity Joads and
wind forces

3. Changes in design moments due to any redistribution of these, which
the designer may have undertaken (sce Scetion 4.3)

4. Deviations from the optimum ideal strength duc to the choice of the
amount of reinforcement as dictated by practicality (availability of bar
sizes and nurmbers)

Morcover, the overstrength factor, A, is relevant to the critical section of
a potential plastic hinge which may be locatcd anywhere along a member,
while the flexural overstrength factor, ¢,. expresses strengths ratios at node
points. Where the critical section coincides with a node point, as may be the
casc of a cantilever member, such as a structural wall resisting seismic forces,
the relationships from Egs. (1.8}, (1,10}, and (1.11) reveal that M, = A M, =
¢, My and hence that

M A M, AM. /D A,
(—,’/__} - (1.12)
M, &

o
i
I
A

An equality mcans that the dependable strength &AM, provided, for
example, at the base of a cantilever wall is exactly that (M) required 1o
resist seismic forces, With typical values of A, = 1.25 and ¢ = 09, the
flexural overstrength factor in this casc becomes ¢, = 1.39. Valucs of ¢,
larger than A /¢ indicate that the dependable tlexural strength of the base
secetion of the wall is in excess of rcquired strength (i.c., the overturning
moment M, resulting from design earthquake forces only). When &, < A/,
a deficiency of required strength is indicated, the sources of which should be
identified.
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Any of, or the combined sources (2} to (4) of overstrength listed above, as
well as computational errors, may be causes of ¢, being more or less than
the ratio A, /¢. The flexural overstrength factor ¢, is thus a very convenient
parameter in the application of capacity design procedurcs. It is a useful
indicator, cvaluated as the design of members progresses, to measure frst,
the extent to which gravity loads or earthquakes forces dominate strength
requirements, and second, thc relative magnitudes of any over- or under-
design by choice or as a result of an crror made.

g} System OQverstrength Factor , The flexural overstrength factor ¢,
measures the flexural overstrength in terms of the required strength for
earthquake forces alone at onc node point of the structural model. In certain
situations it is equally important to compare the sum of the overstrengths of
a number of interr¢lated members with the total demand made on the same
members by the specified earthquake forces alone. For example, the sum of
the flexural overstrengths of all column sections of a framed building at the
bottom and the top of a story may be compared with the total story moment
demand due to the total story shear foree, such as V, in Fig. 1.9.
The system or overall overstrength factor, ¢, may then be defined:

_ X’So _ Z(!boSE
Vo = LS, XS,

(1.13)

As an example, consider a multistory building in which the entire seismic
resistance in a particular direction is provided by n reinforced concrete
structural walls. The relevant material overstrength and strength reduction
factors in this cxample are A, = 1.4 and ¢ = 0.9. The flexural overstrength
factor, relevant to the base moments of each of these walls, may well he more
or less than ¢, = A, /¢ = 1.56 [Eq. (1.12)]. Deviations would indicatc that
some walls have been designced for larger or smaller moments than required
for seismic resistance €i.e., M; < Mg/ ). However, if the valuc of the system
overstrength factor

"-{!02 ZMO/ZMLz Z_((-bn‘ E)/EML

is less than 1.56, this indicates that the strength requirement for the structure
as a whole, to resist seismic design forces, has been violated. On the other
hand, a value much larger than 1.56 in this cxample will warn the designer
that for reasons which should be identified, strength well in excess of that
required to resist the specified earthquake forces has been provided. This is
of importance when the design of the foundation structure, examined in
Chapter 9, is to be considered.



38 INTRODUCTION: CGNCEPTS GF SEISMIC DESIGN

1.3.4 Strength Reduction Factors

Strength reduction factors ¢, introduced in Section 1.3.3(h), are provided in
codes [Al, X3] to allow approximations in the calculations and variations in
material strengths, workmanship, and dimensions. 1n addition, consideration
has becn given to the seriousness and consequences of failure of a member in
respect to the whole structure and the degrec of warning involved in the
mode of failure [P1].

Thus the overall safety factor for a structure, subjected to dead and live
loads only, from Eqgs. (1.4) and (1.8) may be expressed by the ratio

S . S, . Yoo + veS,
S.'J + SL B ‘?b(SD + S.L) ‘f’(’sn + 5.!,)

(1.14)

For example, with . = D and y, = 1.4, v, = 1.7 and ¢ = 0.9, the overall
safety factor with respect to the ideal strength S, to be reached, is 1.72.
Commonly used valucs of strength reduction factors are given in Section
3.4.1.

In some recent codes, strength reduction factors, applicable to a specific
action such as flexure or shear, have been replaced by resistance factors with
valucs specified for each of the constituent materials, such as concrete and
different types of steels [X5]. Values of load and load combinations factors
have been adjusted accordingly, With the use of resistance factors, relation-
ships between ideal, requircd, probable and overstrength are similar to those
described in the previous sections. However, instead of using the cquations
given here, these relationships have to be established for cach case using
¢clementary first principles.

14 PHILOSOPHY OF CAPACITY DESIGN

1.4.1 Main Features

Procedures for the application of capacity design to ductile structures, which
may be subjected to large earthquakes, have been developed primarily in
New Zealand over the last 20 vears [P1, P3, P4, Pa, P17), where they have
been used extensively [X3, X8]. With some modification the philosophy has
also been adopted in other countries [AS5, C11, X5]. However, for specific
situations, the application of capacity design principles was already implied in
carlicr editions of some codes [X4, X10]. The seismic design stratcgy adopted
in this book is based on this philosophy. It is a rational, deterministic, and
relatively simple approach.

In the capacity design of structures for earthquake resistance, distinet
elements of the primary lateral force resisting system are chosen and suitably
designed and detailed for energy dissipation under severe imposed deforma-
tions. The critical regions of these members, often termed plastic hinges, are
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detailed for inelastic flexural action, and shear failurc is inhibited by a
suitable strength differential. All other structural elements are then pro-
tected against actions that could causc failure, by providing them with
strength greater than that corresponding to development of maximum feasi-
ble strength in the potential plastic hinge regions,

It must be recognized that in an element subjected to full or reduced
ductility demands, the strength devcloped is considerably less than that
corresponding to elastic response, as shown, for example, in Fig. 1.17. Tt
follows that it is the actual strength, not the nominal or ideal strengths, that
will be developed, and at maximum displacement, overstrength 5, response
is expected. Nonductile elements, resisting actions originating from plastic
hinges, must thus be designed for strength based on the overstrength 5,
rather than the code-specified strength §,, which is used for determining
required dependable strengths of hinge regions. This “capacity’” design
procedure ensures that the chosen means of energy dissipation can bhe
maintained.

The following fcatures characterize the procedure:

1. Potential plastic hinge regions within the structure are ¢learly defined.
These are designed to have dependable flexural strengths as close as
practicable to the required strength §,. Subsequently, thesc regions are
carefully detailed to ensure that estimated ductility demands in these
regions can be reliably accommodated. This is achieved primarily by
close-spaced and well-anchored transverse reinforcement.

2. Undesirable modes of inelastic deformation, such as may originate from
shear or anchorage failures and instability, within members containing
plastic hingcs, are inhibited by ensuring that the strengths of these
modes exceeds the capacity of the plastic hinges at overstrength.

3. Potentiglly brittle regions, or those components not suited for stable
energy dissipation, arc protected by ensuring that their strength ex-
ceeds the demands originating from the overstrength of the plastic
hinges. Therelore, these regions are designed to remain elastic irre-
spective of the intensity of the ground shaking or the magnitudes of
inelastic deformations that may occur., This approach enables tradi-
ticnal or conventional detailing of these elements, such as uscd for
structures designed to resist only gravity loads and wind forces, to be
cmployed during construction.

An example illustrating the application of these concepts to a simple struc-
ture is given in Section 1.4.4.

As discussed in Chapter 2, the intensity of design earthquake forces and
structural actions which result [rom these are rather crude estimates, irre-
spective of the degree of sophistication on which analyses may be bascd.
Provided that the intended lateral force resistance of the structurce is assured,
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approximations in both analysis and design can be used. within reason,
without affecting in any way the scismic performance of the structure. The
arca of greatest uncertainty of response of capacity-designed structurcs is the
level of inelastic deformations that might occur under strong ground motion.
However, the high quality of the detailing ol potential plastic regions, the
subject addressed in a considerable part of this book, will ensure that
significant variations in ductility demands from the expected value can be
accommodated without loss of resistance to lateral forces. Hence capacity-
designed ductile structures are extremely tolerant with respect to imposed
seismic deformations,

It is emphasized that capacity design is not an analysis technique but a
powerful design tool. It cnables the designer to ““tell the structure what to
do” and to desensitize it to the characteristics of the earthquake, which are,
after all, unknown. Subsequent judicious detailing of all potential plastic
regions will enable the structure to [ulfill the designer’s intentions,

1.4.2 Illustrative Analogy

To highlight the simple concepts of capacity design philesophy, the chain
shown in Fig, 1.18 will be considered. Using the adage that the strength of a
chain is the strength of its weakest link, a very ductile link may be used to
achieve adcquate ductility for the entire chain. The idcal or nominal tensile
strength [Section 1.3.3(a)] of this ductile steel link is P, but the actual
strength is subject to the normal uncertaintics of material strength and strain
hardening effects at high strains. The other links are presumed to be brittle.
Note that il they were designed to have the same nominal strength as the
ductile link, the randomness of strength variation between all links, including
the ductile link, would imply a high probability that failure would occur in 4
brittle link and the chain would have no ductility. Failure of all other links
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Fig. 1.18 Principle of sirength hmitation illustrated with ductile chain,
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can, however, be prevented if their strength is in excess of the maximum
feasible strength of the weak link, corresponding to the level of ductility
cnyisaged. Using the terminology defined in Scction 1.3.3, the dependable
strength ¢ P, of the strong links should therefore not be lcss than the
overstrength £, of the ductile link A, P, As ductility demands on the strong
links do not arise, they may be brittle {cast iron).

The chain is to be designed to carry an earthquake-induced tensile foree
P, =P, Hence the ideal strength of the weak link needs to be F, = Pr/¢
[Eq. (1.8)]. Having chosen an appropriate ductile [ink, its overstrength can be
readily established (i¢., P, = A P, = ¢, P;) [Egs. {1.10) and (1.11)], which
becomes the design force £, and hence required strength, for the strong
and brittle links. Therefore, the idcal or nominal strength of the strong link
needs to be

R'.s‘ > Rrs/(fbs = Pn/(f).\' = qboPI'.'/QS.?

where quantities with subscript s refer to the strong links. For example, when
¢ =09, &,=13 and ¢, = 1.0, we find that P > 1.11P; and P, = 1.3
(L11P) /1.0 = 144P,

The example ol Fig. 1.18 may also be used to draw attention to an
important relationship between the ductility potential of the entirc chain and
the corresponding ductility demand of the single ductile link. Linear and
bilinear force—elongation relationships, as shown in Fig. [.18(5) and (¢}, are
assumed for all links. Inelastic elongations can develop in the ductile link
only. As Fig. 1.18 shows, elongations at the onset of yielding of the brittle and
ductile links are A} and &, respectively. Subsequent and significant yielding
of the weak link will increase its elongation from &, and A,, while its
resistance increases from P, = P, to £, due to strain hardening. The weak
link will thus exhibit a duetility of u, = A,/A&,. As Fig. 1.18(¢) shows, the
total clongation of the chain, comprising the weak link and » strong links, at
the onset of yielding in the weak link will be & =nA'| + A,. At the
development of the overstrength of the chain (i.e., that ol the weak [ink), the
elongation of the strong link will increase ouly slightly [rom &, to A,. Thus at
ultimate the clongation of the entire chain becomes A, = nA; + A, As Fig.
1.1& shows, the ductility of the chain is then

o= Au/‘y = (HAI - ‘52)/(HA’| + A:'2)
With the approximation that A, = A = A}, = A jt is found that the
relationship between the ductility of the chain g and that of weak link is u,
is

w={n+u,}/ (n+1)

If the example chain of Fig, 1.18 consists of eight strong links and the
maxmmum elongation of the weak link A, is to be limited to 10 times its
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elongation at yield, A, (i.c., u, = 10), we find that the ductility of the chain is
limited to g = (8 + 11 /(8 + 1} = 2. Conversely, if the chain is expected to
develop a ductility of g = 3, the ductility demand on the wcak Tink will
increase to u, = 19. The examplc was uscd to illustrate the very large
differences in the magnitudes of overall ductilities and local ductilities that
may occur in certain types of structures. In some structures the overall
ductility to be considered in the design will necd to be limited to ensure
that ductility demands at a critical locality do not become excessive. Specific
ductility relationships are reviewed in Scction 3.4,

1.4.3 Capacity Design of Structures

The principles cutlined for the example chain in Fig, .18 can be extended to
encompass the more complex design of a large structure (¢.g., a multistory
building). The procedure uscs the following major steps:

1. A kinematically admissible plastic mechanism is chosen.

2. The mechanism chosen should be such that the necessary overall
displacement ductility can be developed with the smallest inelastic
rotation demands in the plastic hinges (Fig. 1.19q).

3. Once a suitable plastic mechanism is selected, the regions for energy
dissipation {i.e., plastic hinges} ar¢ determined with a relatively high
dcgree of precision.

4, Parts of a structure intended to remain ¢lastic in all events are designed
so that under maximum feasible actions corresponding to overstrength
in the plastic hinges, no inelastic deformations should occur in those
regions. Therefore, it is immaterial whether the failure of rcgions,
intended to remain elastic, would be ductile or brittle (Fig. 1.8}, The
actions originating from plastic hinges arc those associated with the
overstrength {Scction 1.3.3(d4)] of these regions. The required strength
of all other regions [Section 1.3.3(h)] is then in cxcess of the strength
demand corresponding to the overstrength of relevant plastic hinges.

A
_.[

&
o % z
Fig. 119 Comparison of energy-dissipating

mechanisms. {a) fb)
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5. A clear distinction is made with respect to the naturc and quality of
detailing for potentially plastic regions and those which are to remain
elastic in all events.

A comparison of the two cxample frames in Fig. 1.19 shows that for the
same maximum displacement A at roof level, plastic hinge rotations #, in
casc {«) are much smaller than those in case {(b), #,. Thercfore, the overall
ductility demand, in terms of the large deflection A, is much more readily
achieved when plastic hinges develop in all the beams instead of only in the
first-story column. The column hinge mechanism, shown in Fig. 1.19(5b), also
referred to as a soft-story, may imposc plastic hinge rotations, which even
with good detailing of the allected regions, would be difficult to accommo-
date. This mechanism accounts for numerous cellapses of framed buildings in
recent earthquakes. In the case of the example given in Fig. 1.19, the primary
aim of capacity design will be to prohibit formation of a soft story and, as 4
corollary, to ensure that only the mechanism shown in Fig. 1.19(a}, can
deveclop.

A capacity design approach is likely to assurc predictable and satisfactory
inelastic rcsponse under conditions for which even sophisticated dynamic
analyscs techniques can vield no more than crude estimates, This is because
the capacity-designed structure cannot develop undesirable hinge mccha-
nisms or modes of inelastic deformation, and is, as a consequence, insensitive
to the earthquake characteristics, except insofar as the magnitude of inelastic
flexural deformations are concerncd. When combined with appropriate de-
tailing for ductility, capacity design will enable optimum energy dissipation by
rationally sclected plastic mechanisms to be achleved. Moreover, as stated
earlier, structurcs so designed will be extremely tolerant with respect to the
magnitudes of ductility demands that future large earthquakes might impose.

1.4.4 Illustrative Example

The structure of Fig. 1.20(¢} consists of two reinforced concrete portal
frames connected by a monolithic slab. The slab supports computer cquip-
ment that applies a gravity load of W to each pertal as shown in Fig. 1.20(5).
The computer equipment is located at level 2 of a large light industrial
two-story building whose design strength, with respect to lateral forces, is
governed by wind forces. As a consequence ol the required strength for wind
forces, the building as a whole can sustain lateral accelerations of at least
0.6 g elastically (g is the acceleration due to gravity). However, the computer
cquipment, which must remain functional even aftcr a major earthquake,
cannot sustain lateral dccelerations greater than 0.35g. As a conscquence,
the equipment is supported by the structure of Fig. 1.20(a), which itself is
isolated from the rest of the building by adcquate structural sgparation. The
design requiremcnts are that the beams should remain clastic and that the
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Fig. 1.200 Dimensions and moments of example portal frame.

columns should provide the required ductility by plastic hinging. Columns are
to be symmetrically reinforced over the full height.

Elastic response for the platform under the design carthquake is estimated
to be 1.0g, and a dependable ductility capacity of p, = 5 is assessed 1o be
reasonabie, Correspondingly, the design scismic force at level 2 s based on
£.2 ¢ lateral acceleration. Design combinations of loads and forces are

U=14D0 4+ 1.74L
U0+ 13L+E

(i} Gravity Load: The computer is permancnt equipment of accurately
known weight, so is considered as superimposed dead load. The weight of the
platform and the beam and live load are small in comparison with the weight
of the equipment, and hence for design purposes the total gravity load W,
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corresponding to &/ = D + 1.3L, can be simulated as shown in Fig. 1.20(4),
where the induccd momcents are also shown.

{fi} Seismic Forces: The center of mass of the computer is some distance
above the platform; hence vertical seismic forces of +0.2F,. as well as the
lateral force F,. are induced, as shown in Fig. 1.20(4) and (¢). Moments
induced by this system of forces are shown in Fig. 1.20(c).

(tii} Combined Actions: Figure 1.20(d)} shows the moments under W and
F,.. where the seismic moments are based on the ductile design level of
F=102W (ic,, 0.2g lateral acceleration) and W is based on D + L3L. It
will be noted that the bending moments generated in the two columns arc
very different. If column strength is based on the computed moments for the
right-hand column, and if the influence of variable axial loads between the
two columns is considered to be small enough to ignore, the dependable
shear strength of cach column will be V= (0.073 Wi + 0.087WT) /i = 016,
since both columns will have the same reinforcement. (The seismic forces
could, of course, act from right to left, making the left-hand column critical.)

The moment pattern of Fig, 1.20(d} correspoends to the elastic distribution
of momcnts applicable at the yicld displacement A . Since the design
ductility factor is p, = 3, the structure is ¢xpected to deform to five times
this displacement. Under the large displacements, the left-hand column
could also develop its strength at top and bottom, and both columns could be
expected to develop overstrength moments. Thus if a strength reduction
factor of ¢ = 0.9 was used and A, = 1.25 is applicable at overstrength, the
maximumn horizontal force £, that could be sustained would be, from Egs.
(1.8) and (1.10),

E, = (1/0.8)1.25(2 x 0.160)W = 0.444W

corresponding to a lateral acceleration of (1.444g. This exceeds the permissi-
ble limit of 0.35g.

{iv) Redistribution of Design Forces; A solution is to redistribute the
moments in Fig. 1.20(d) so as to reduce the shear developed in the right
column and increase the shear carried by the left column, as shown in Fig.
1.20(e). Flere the maximum moments at the top and bottom of the right
column have been decreased to 0.060W!, and those of the left column have
been increased to 0.040MW1. The total lateral force carried at this stage by the
portal, which is the sum of the shear forces in the two columns, is 0.2H. It
would be possible to make all column end moments equal at 0.05%7, but that
would make the column top moment significantly less than that reguired for
gravity load alone (U =z 1.40; M, = 1.4 x 0.04WT = 0.056W7). Also, to re-
duce elastic design moments by 43% might be considered excessive.
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(v} Evaluation of Ouverstrengths: After selection of suitable reinforcement,
the dependable column moment strengths are found to be, for both columns,

oM, = 0.061W1
The dependable lateral strength of the frame is thus
GF, = (4 x 0.061HYWI/1 = 02440 = 1.22F,.

The column overstrength moment capacity is, from Eq. (1.10), M, = A M, =
1.25 % 0.0061W7 /¢ = 0.085W], and the system overstrength factor is, from
Eq. (1.13) and Fig. 1.20(f) and (¢), ¢, = (4 X (.085)/{2 x (0.233 + 0.267) X
0.2] = 1.70. Thus the maximum feasible strength will correspond to 1.7 X
(0.2g = 0.34g, which is less than the design limit of (.35g. Moments at
overstrength response are shown in Fig. 1.20(f).

To ensure ductile response (u, = 1.0/0.244 = 4.1 required), shear failure
must be avoided. Conscquently, the required shear strength of each column
must be based on flexural overstrength, that is,

V, = 2 X 0.085WI/1 = 0.17TW = 0.5¢F,

The beam supporting the computer platform must be designed for a maxi-
mum required positive moment capacity of 0.143W7 to ensure that the
platform remains clastic. Note that this is 1.72 times the initial value given in
Fig. 1.20(d). In a more realistic example, however, it might bc necessary to
design for even larger flexural strength because of higher mode response,
corresponding to the computer equipment “bouncing” on the vertically
flexible beam,





