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Low Modest

Structural Stability,
Life safety (LS) for
simple, foundation
insensitive, buildings

1. Initial Inexpensive Existing reports Soilprofile
(minimum) Drawings selection

(SA, Sa .. J
Construction

Type andrecords

Regional mans .
condition of
existing footings

Existing load data Soils classification
Visual inspections Genericstiffness

and capacity (see
Tables 10.7 & 10.8)

2. Inexpensive to Shallow test pits Moisture contents
supplemental moderate standard Approximate
(as needed) penetration test densities

(SPT blow counts) Cohesion
Torvane shear tests Angle of shearing

resistance

3. Advanced Moderate to Borings Refined strength
{as needed} expensive _ Cone penetrometer and stiffness

te5ts{CPT/SCPTI

Undisturbed'
samples

Laboratory tests

Theoretical analyses

In situ load tests

Moderate

High

Average

LS for buildings with
some sensitivity to
foundation effects .

Damage control for
simple insensitive
buildings

Enhanced

LS for very
foundation sensitive
buildings

Damage centro: for
moderate to
sensitive bUilding~

(
(

(

(

(

Records may also be available indicating
ultimate pile capacities if load tests were
performed. Construction records can be important,
since footing characteristics are often changed in
the field by the geotechnical engineer on the basis
of actual subsurface conditions. Finally,
information on the existing loads on the structure
is needed to determine the amount of existing dead
load on foundation elements to be included in the
analysis.

In addition to reviewing existing documents,
the structural engineer, with the possible assistance

10-26

of a geotechnical counterpart, should conduct a
visual site reconnaissance to observe the
performance of the site and building foundation to
gather information for several purposes. First, the
reconnaissance would confirm that the actual site
conditions agree with information obtained from
the building drawings. Variances from the building
drawings should be noted and considered in the
evaluation. Such variances would include building
additions or foundation modifications that are not
shown on the existing documentation. The second
purpose of the site reconnaissance is to document

Chapter 10, "Foundation Effects
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off-site development that may have a potential
.impact on.the building. Such.off-site .development.i., _
could include building grading activities that may
impose loads or reduce the level of lateral support
to the structure under consideration. The final
aspect of the visual site reconnaissance is to
document the performance of the existing building
and the adjacent area to record signs of poor
foundation performance, such as settlement of
floor slabs, foundations, or sidewalks. These
indicators may suggest structural distress that
could affect performance during a future
earthquake.

10a5a2 supplemental Information
The existing site data and information gained

from the initial geotechnical investigation may
need to be supplemented by additional site
explorations and geotechnical analysis. The
structural engineer, in consultation with a
geotechnical engineer, should formulate a scope of
further investigation after preliminary structural
analysis to assess the sensitivity of the building
performance to foundation effects. The purpose of
the supplemental investigation normally would be
to refine the estimates of the stiffness and strength
of geotechnical components. Supplemental data
may also be necessary for sites where there is a
significant potential for liquefaction, lateral
spreading, or landsliding.

It is sometimes possible to excavate relatively
shallow test pits at the exterior or interior of the
building to examine typical footings and soils
materials. The geotechnical engineer can do some
simple field tests to get a better idea of the soil
properties, particularly for spread footing
foundations. Fairly inexpensive laboratory tests of
samples taken from the site can provide additional
useful information on moisture content, density,
and other basic properties. On the basis of this
information, the geotechnical engineer can make a
judgment as to a refined range of stiffness and
strength parameters for analysis. Upon this advice,
the structural engineer can decide to utilize the
refined range of properties for further analysis or

Chapter 10, .Foundation Effects

to proceed with more-detailed geotechnical
_ Investigation,__._____ _ _

10.5.3 Advanced Investigations
The purpose of advanced geotechnical

investigations is to reduce the range of
geotechnical component properties to the minimum
necessary for an acceptable level of confidence in
the behavior of the existing and/or retrofitted
building (see Section 10.6). The scope of advanced
investigations depends on the specific uncertainties
regarding the performance of the building and
their implications for potential costs. On the basis
of knowledge gained from analysis, the structural
engineer estimates the degree of confidence
required for an effective decision on performance.
This implies a definable range of stiffness and
strength parameters for geotechnical components.
The geotechnical engineer advises the structural
engineer as to the type of investigation necessary.
The geotechnical engineer might also speculate on
the likelihood of specific results for certain critical
parameters. This speculation is important in some
cases to avoid investigation costs that are unlikely
to support assumptions necessary for compensating
construction cost savings.

By definition, the advanced investigations are
relatively expensive. There is, however, a fairly
broad range of costs within this general category.
Exploration borings, cone penetrometer tests, and
conventional laboratory tests are generally at the
less expensive end of the spectrum. Theoretical
analyses using linear and nonlinear finite-element
techniques can be utilized to generate refined
estimates of the force-displacement characteristics
of foundation elements. The associated costs range
from minor to significant, depending on the
complexity of the' problem. In situ, large-scale
load tests on real or prototype foundation elements
provide a high degree of reliability. The costs of
such tests must be considered carefully in light of
potential savings.
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10.6.2 Permanent Foundation
Displacements

Accurate predictions of permanent foundation
displacements due to earthquakes are not possible.
For performance objectives beyond Life Safety,
nonetheless, these permanent displacements and
their influence throughout the building may be
significant. As a general-order-of-magnitude _
estimate of permanent foundation displacements, it
seems reasonable to focus on the portion of the
total foundation movement attributable to inelastic
effects. These displacements are-those that occur
after the component capacity has been reached. By
definition they are the maximum component
displacements less the elastic displacements. It is
probably overly conservative to assume that these
are the permanent displacements in all cases, since
load reversals would probably recover some of the
inelastic movement. However, depending on
specific foundation characteristics and the duration
of intense shaking, the ratcheting effect illustrated
in Figure 10-7 can cause CUI accumulation on
inelastic displacement. For this reason,' the
inelastic portion of foundation displacement and its
pro rata effect on the building should be assumed
to ~~ pe~anent.

different conclusions, then their specific results
_...need to.he.carefully compared., .-- -. -- - - -

Flexible/weak foundation assumptions tend to
lead to solutions that indicate lower forces and­
larger displacements in structures when compared
with stiff/strong assumptions. This may lead to a
more favorable prediction of performance overall
if, for example, the lower forces are in shear
critical members and the other elements can
sustain the larger displacements. The reliability of
the more favorable prediction of performance may
be highly dependent on the geotechnical
parameters. If this is the case, then investigations
should be considered to refine these properties.
Alternatively, the more conservative prediction of
performance can be assumed and addressed
accordingly by retrofit measures.

10",& Response Limits and
-- _·_------Acceptabili1!y- £riteria-- -_. ..

The recommendation for a force-displacement
envelope for geotechnical components in Section
10.4 recognizes the inherent uncertainty in the
properties of soil materials. These uncertainties
are generally greater than those associated with
structural materials when it comes to strength and
stiffness. In contrast with geotechnical
components, the greatest uncertainty with
structural components often is in their ductility and
post-elastic behavior. characteristics. As illustrated
in Figure 10-7, most individual geotechnical
components have very large ductilities. For the
Life Safety or Structural Stability performance
objectives, individual geotechnical components are
acceptable regardless of their maximum
displacements. This, of course, does not mean that
the effects of these displacements on the structure
are acceptable. These effects are reflected in the
zlobal structural model automatically if theb

foundation elements are included. For
performance objectives beyond Life Safety for
damage control, the effects of permanent
displacements of geotechnical.components warrant
consideration.

10.6.1 Foundation Influence on
structural Response

The results of preliminary analyses using the
force-displacement envelopes· of Section 10.4
indicate the sensitivity of a building to foundation
effects. Generally two analyses are required-one
assuming stiff/strong geotechnical components and
the other assuming flexible/weak. If the results of
each analysis indicate that performance objectives
are met for both assumptions, then further
refinement of geotechnical properties is _
unnecessary. Similarly, if both assumptions lead to
the conclusion that retrofitting is required for
essentially the same deficiencies, then it is
normally sufficient to correct the deficiencies
without reducing the uncertainty in geotechnical
parameters. If the two assumptions lead to

(

(
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10.7 Modifications to
.-..-_..__ ..--- -----Foundation-S·ystems----·-· ....--

Foundation modifications might be required
because of inadequate capacity of existing
foundations to resist the effects of seismic shaking.
New structural improvements, such as new shear
walls or the strengthening of existing shear walls,
might also require foundation modifications or
additions. Improvements might also address site
hazards other than shaking, such as liquefaction or
landslides. These objectives might be accomplished
by one or a combination of the basic construction
techniques as summarized in Table 10-10.

10.7.1 soil Removal and Replacement
Soil removal and replacement can increase

strength and stiffness locally or over large areas.
The technique is to excavate material and then
backfill with compacted suitable material. Cement
or other stabilizing agents can improve the
effectiveness of the fill material. This approach is
not effective in most circumstances to correct
deficiencies beneath existing buildings, since
extensive shoring is normally required for
excavation. III some instances, local areas
supporting existing or new foundation elements
can be improJe<t For ~xample, removal and
recompaction of material adjacent to spread
footings or pile/pier caps can improve lateral
resistance.

Removal and replacement is often an
alternative for global site stabilization. Transverse
buttresses can improve resistance to landsliding or
block sliding induced by liquefaction. Often
improved drainage is installed in conjunction with
soil removal and replacement.

10.7.2 In Situ Soil Densification
Densification to improve stiffness and strength

of soils can sometimes be accomplished without
removal. Impact and vibration are often effective,
especially for granular materials. The direct effect
of vibration and the settlement resulting from
volume change pose a problem near existing

Chapter 10, Foundation Effects

buildings, however. Different grouting techniques
can.densify.some soils.in .a.large-..or.small-scale__ ._0 __ .

application. Compaction grouting consists of the
injection under pressure of a mixture of soil,
cement, and water into a soil mass. The grout
forms a bulb that displaces and densities the soil:
Care must be taken near existing improvements
because of the potential for heaving and lateral
displacement. Chemical, or permeation, grouting
replaces the pore water in soil materials to
improve-stability. Jet grouting is a technique that
uses high-velocity jets to inject and mix a
stabilizing agent into a soil mass. Field testing
usually is required for in situ grouting to verify the
quality and extent of the process. Also
preconstruction testing to determine the
effectiveness of the proposed method is common.

10.7.3 Underpinning
Underpinning is a common solution to increase

the stiffness and strength of existing foundation
elements. The objective of underpinning is to
transfer the foundation loads to a deeper, more
competent bearing zone. This can be accomplished
in a number of different ways. Pits can be
excavated beneath existing footings and then filled
with concrete. This is done segmentally to
minimize temporary shoring. Piles, or more
commonly drilled piers, can be installed adjacent
to and tied to existing footings or pile caps.
Drilling equipment for large-diameter piers often
cannot access the interior of existing buildings.
Micropiles ranging in size from 3 to 8 inches in
diameter can be installed with portable equipment.
Depending on the specific soil conditions, these
small-diameter shafts can carry fairly large loads
(100 to 200 kips).

Underpinning can be designed to resist both
compression and tension loads. The design and
construction of underpinning should also address
effective load transfer. In some cases, preloading

o using jacks ensures that loads are transferred to the
underpinning without excessive displacement.
Often it is necessary only to install nonshrink grout
between the existing footing and the new elements.
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Table 10-10. Ti:chniques For and Objectives ofFoundation Modifications
(

(

Soil Removaland
Replacement

In Situ SoilDensification

Impact and Vibration

Grouting

underpinning

conventional block

Piles or Piers

structural Additions or
Modifications

Slabs

GradeBeamslWalls

spread Footings

Piers/Piles

Base Isolation

Can be effective locally; large scale use usually impractical

Normally impractical near existing improvements

Can be effective locally and on a larger scale; most effective
for granular materials

common alternative Not applicable

Piers more common because of Not applicable
vibration

Can be effective in mobilizing more elements for horizontal
resistance

Often usedto spread loads to increased number of elements

Existingcomponents can be New components can be
enlarged installed

components can be added to New elements can be
existing groups/elements; large installed
diameters diffcult in interior

Requires evaluation of benefits/costs; more applicable for
damagecontrol objectives

common alternative

Common alternative

Common alternative

Not applicable

Not applicable

Not applicable

Can be effective for
horizontal stabilization

Not applicable

can be used for vertical
and horizontal stbilization

Not applicable

(
(

10.7.4 structural Additions or
Modifications

Foundation improvements can include the
addition of new elements to support new shear
walls or columns for the structural retrofitting and
modification of existing foundation elements.

Where the potential for differential lateral
displacement of building foundations exists, the
provision of interconnecting grade beams or a
well-reinforced slab on grade can provide effective
mitigation of these effects. Grade beams and walls
can also augment the rotational resistance of the·
foundation system by spreading overturning forces
to a larger number of resisting elements.

10..30

Driven piles made of steel, concrete, or wood
or cast-in-place concrete piers may be used to
supplement the vertical and lateral capacities of
existing foundation elements or to support new
elements. Similarly, existing spread footings may
be enlarged or new footings added to improve
foundation performance. Capacities and stiffnesses
of new or supplemental foundation elements and
components should be determined in accordance
with the appropriate procedures of Section 10.4.
The potential for differential strengths and
stiffnesses among individual elements and
components should be included. In some cases,
jacking and shoring ·can be incorporated in the

Chapter 10, Foundation Effects
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.-

construction of new foundation elements to
mitigate. these .effects _ _"., _ . .._.. .

10.7.5 Base Isolation
Base isolation and energy dissipation systems

are retrofit strategies that have been used for a
number of existing buildings. Conceptually, base
isolation is an attempt to reduce the response of
the building by decoupling it from the ground.
Since this decoupling occurs at the base, it may be
viewed as a foundation modification. But the
inability of existing systems to meet performance

Chapter 10, Foundation Effects

objectives need not be confined to, or necessarily
__.even.include,._the. foundation.in.order.for. base __ _..... _

isolation to be considered as a strategy for a given
building. The practicality of the use of this
technology for existing buildings is highly
dependent on the characteristics of the specific
building. Basements or crawl spaces facilitate the
installation of isolation systems. Because of the
costs of typical systems, the benefits of base
isolation normally need to include significantly
large reductions in damage potential and expected
loss of revenue.
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Chapter 11

imits

AUdience Interest spectrum

Owner. Architect . Bldg. Official Engineer Analyst

motion exceeds any of the global building or
element and component acceptability limits given
in this chapter for the appropriate performance
level, then the building should be deemed to not
achieve the performance objective.

In addition to the numerical response limits of
Sections 11.3 and 11.4, this chapter also presents
descriptive limits of expected performance in
Section 11.2. These descriptive limits are intended

to guide selection
of appropriate
performance levels,
and are not
intended to be used
as strict acceptance
criteria. See
Section 9.6 for
notation.

Where
.acceptance criteria

are not met, it is necessary either to redefine the
performance objectives or to retrofit the building.
Chapter 6 describes a variety of retrofit strategies.

Commentary: The response limits in this
chapter relate only to the building structure.
Nonstructural response limits are not included in
the discussion, except to the extent that global
building drift limits will influence nonstructural
element acceptability.

Ceneral11..1
To determine whether a building meets a

specified performance objective, response
quantities from a nonlinear static analysis (Chapter
8) are compared with limits for appropriate
performance levels (Chapter 3). This chapter
presents those structural response limits, which
constitute acceptance criteria for the building
structure. The response
limits fall into two
categories:

.. Global building
acceptability limits.
These response
limits include
requirements for
the vertical load
capacity, lateral
load resistance, and
lateral drift. They
are given in Section 11.3.

.. Element and component acceptability limits.
Each element (frame, wall, diaphragm, or
foundation) must be checked to determine if its
components respond within acceptable limits.
Section 11.4 describes the minimum checks
that must be made for each building element.

As described in Chapter 3, a performance
objective represents a desired performance level
for a specified earthquake ground motion. If
calculated response for the specified ground

Chapter 11, Response Limits
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11.3.1 Gravity Loads
The gravity load capacity of the building

structure must remain intact for acceptable
performance at any level. Where an element or
component loses capacity to support gravity loads,
the structure must be capable of redistributing its
load to other elements or components of the
existing or retrofit system.

Commentary: Older reinforced concrete
construction often contains proportions and details

that make it prone to
collapse in strong
earthquake ground motions
Loss ofgravity load
carrying capacity in
columns, beam-column
joints, or slab-column
connections has been the
primary cause ofcollapse
in past earthquakes. The
analysis must evaluate the

consequences of loss of vertical load carrying
capacity in any structure components.

11.3.2 Lateral Loads
As discussed in Chapter 9, some component

types are subject to degrading over multiple load
cycles. If a significant number' of components
degrades, the overall lateral force resistance of the
building may be affected. The lateral load
resistance of the building system, including
resistance to the effects of gravity loads acting
through lateral displacements, should not degrade
by more than 20 percent of the maximum
resistance of the structure. Where greater
degradation occurs, either the structure should be
retrofit to reduce the degradation, oralternative
methodologies should be employed to refine the
estimates of expected response. Degrading of
secondary elements (Section 11.4.2.1) need not be
considered for this check..

11.2 Descriptive Limits of 11 ...3 Global Building
--Expected--performance-- ,- , --, --- -,----- - Acceptability--liiim'its - --------, '.-
Performance levels given in Chapter 3 are

broad, general categories used to set performance
objectives. For the structural elements and
components commonly found in the building types
addressed by this methodology-cast-in-place
concrete nonductile frame and wall frame
structures-a brief description of anticipated
damage at four structural performance levels is
outlined in Table 11-1 (Table 11-1 also includes
descriptions of nonstructural damage expected in
typical buildings). The Damage Control
performance level
represents a range of
states bounded by Life
Safety and Immediate
Occupancy; in Table
11-1, it is distinguished
by a level of
nonstructural damage
higher than that
permitted for Immediate
Occupancy. Although
the descriptions focus on existing building
elements, similar descriptions could be appended
for buildings with added retrofit elements.

Damage descriptions in Table 11-1 contain two
types of information: first, the absolute statements
that the gravity load capacity of the building .
remains substantially intact, and second, the
qualitative/quantitative statements regarding the
magnitude of observed damage to structural and
nonstructural components. Qualitative descriptions
are based on damage observed in prior
earthquakes; they describe the borderline between
building collapse and maintenance of the gravity
load system. Accurate quantitative descriptions,
perhaps more useful to engineers and building
officials, are difficult to construct; they typically
reflect damage observed in prior earthquakes as
well as reports on similar structural systems tested
to varying degrees of destruction.

11..2 Chapter 11, Response Limits
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Table 11-1. Representative Damage Descriptions for Elements and Components in Nonductile Concrete Frame and Frame-Wall Suildings

Very limited flexural
and shear cracking
With no spailing. j\lo
permanent horizontal
offset. Gravity
capacity maintained.

limited flexural and
shear cracking with
little or no spalling.
No permanent
horiZontal offset.
Gravity capacity
maintained.

Hinges have formed in the
lower portions of the
building, causing spalling
above and below beam­
column joints. Permanent
horizontal offset approaching
2.0% interstory driftwith
small areas marginally higher.
Gravity capacity maintained.

Hinges have formed in the lower portions of
the building causing significant spalling
above and below beam-column joints and
pulverizing of concrete within the core.
Permanent horizontal orrset approaching
3.5% interstory drift with small areas
marginally higher. Gravity capacity
maintained throughout nearly all of the
structure.

Beams Very limited spalling
around beam column
joint. very limited
flexural cracking in
hinge region. No
permanent
deflection. Gravity
capacity maintained.

limited spalling Spalling around hinge region
around beam column and beam column joint.
joint. Limited flexural Flexural and shear cracking in
cracking in hinge hinge region progressing into
region. No permanent the beam column joint.
deflection. Gravity Elongation of shear stirrups
capacity maintained. adjacent to joint. Permanent

vertical deflection
approaching U175. Gravity
capacity maintained.

Extensive spalling around hinge region and
beam column joint. Extensive flexural and
shear cracklnq in hinge region, progressing
into beam column joint. Rupture of shear
stirrups, permanent vertical deflection
approaching U75. Gravity capacity
maintained.

Slabs Very limited cracking
adjacent to beam­
column joint or other
supports. Gravity
capacity maintained.

Limited cracking
adjacent to beam­
column joint or other
supports. Gravity
capacity maintained.

Cracking adjacent to beam­
column joint or other
supports. Gravity capacity
maintained.

Extensive cracking adjacent to beam-column
joint or other supports. Chunks of concrete
pulverized and missing from areas between
slab steel. Vertical offsets in slabs adjacent to
supports amounting to one-rourtn the slab
thickness but no collapse.

walls and
Pilasters
(Piers)

Very minor shear Minor shear cracking
cracking in plane of in plane of wall. Little
wall. very little or no or no cracking at end
cracking at end of wall of wall or of pilasters.
or of pilasters. No No permanent
permanent horizontal horizontal offset.
offset. Gravity Gravity capacity
capacity maintained. maintained.

Extensive spalling and shear
and flexural cracking,
particularly at the ends and
heels of shear walls. Evidence
of sliding shear failures.
Permanent horizontal offset
approaching 2.0% interstory
drift With other areas
marginally higher. Gravity
capacity maintained.

Extensive spalling and shear and flexural
cracking throughout wall, particularly in areas
with greatest permanent offset. Evidence of
longitudinal rebar buckling. Evidence of
sliding shear failures along construction
joints and at base of wall. Permanent
horizontal offset approaching 3.5%
interstory drift with other areas marginally
higher. Gravity capacity maintained
throughout neartv all of structure.

Foundations No evidence of
differential
settlement between
two adjacent
columns.

No evidence of
differential
settlement between
two adjacent
columns.

Differential settlement
approaching U150 between
two adjacent columns.

Differential settlement approaching Ll60
between two adjacent columns.

Nonstructural
Elements

No exterior glass Very limited exterior
crushed. All exterior glasscrushed. All
and interior doors exterior and interior
operative. Very doors operative.
limited damage to limited damage to
suspended ceilings suspended ceilings
and light fixtures and and light fixtures.
no collapse. Very few Isolated furniture
furniture items overturned. Limited
overturned. Very cracking of interior
limited cracking of partitions and
interior partitions and stairwell finishes.
stairwell finishes. Elevators and building
Elevators and building utilities operative.
utilities operative. limited damage to
very limited damage penthouses.
to penthouses.

Some glasscrushed and
limited portions missing on
floors with greatest
permanent Offset. Most
exterior doors operational.
Someinterior doors racked
and inoperative. Some
suspended ceilings collapsed.
Light fixtures damaged.
Interior partitions extensively
cracked with limited toppling.
Stairwell interiors extensively
cracked. Building furniture
overturned. Elevators and
building utilities inoperative.
Penthouses extensively
damaged.

Most exterior glass crushed and missing at
floors with greatest permanent displacement
and smaller amounts of glass crushed on
other floors. Exterior and interior doors
racked and inoperative. Most suspended
ceilings and light fixtures collapsed. Interior
partitions extensively cracked and partially
toppled. stairwell interiors extensively
cracked. Furniture overturned. Elevators and
building utilities inoperative. Penthouses
partially collapsed.

Chapter 11, Response limits
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-o--Checking-for-A-cceptable-perPormance-

For a given performance Objective,
calculated response quantities at the
performance point must not exceed
appropriate response limits associated
with:

Global Building Response
CIt Gravity load support
• Lateral load stability
CII Drift limits

Element and
Component Response
Check all components for:
• Strength
• Deformation capacity

Commentary." Two effects can lead to loss of
latera/load resistance with increasing
displacement. The first is gravity loads acting
through lateral displacements, known as the P-iJ.
effect. The P-L1 effect is most prominent for flexible
structures with little redundancy and low lateral
load strength relative to the structure weight. The
second effect is degradation in resistance of
individual components of the structure under the
action of reversed deformation cycles (see Sections
9.5.1 and 9.5.4.1). When lateral load resistance of
the building degrades with increasing
displacement, there is a tendency jor displacements
to accumulate in one direction. This tendency is
especially important jor long-duration events.

11..4

The nonlinear static procedures presented
---in-this-methodology.-lzav.e-not-been..adequatel¥- ­

verifiedfor structures whose resistance
degrades substantially. For this reason, and
to preclude the potential failure to identify
inadequate performance ofdegrading
structures, the methodology does not permit
more than 20% strength degradation. Where
resistance degrades by more than 20 percent
of the maximum resistance, "either nonlinear
dynamic analysis methods should be used to
assess earthquake demands (although
software limitations may be prohibitive), or,
preferably, the structure should be retrofitted.
By definition, secondary elements are not
essential to lateral load resistance, so their
degradation is not a particular concern to
global building performance.

1.1.3.3 Lateral Deformations
Lateral deformations at the performance

point displacement (see Chapter 8) are to be
checked against the deformation limits of this
section.

Table 11-2 presents deformation limits for
various performance levels. Maximum. total
drift is defined as the interstory drift at the
performance point displacement. Maximum
inelastic drift is defined as the portion of the
maximum total drift beyond the effective yield

point. For Structural Stability,the maximum total
drift in story i at the performance p<?int should not

Table 11-2. DeFormation Limits

Maximum 0.01 . 0.01· 0.02
O.33~total drift 0.02 r,

Maximum 0_005 0.005 - no no limit
inelastic 0.015 limit
drift

Chapter 11, Response Limits
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roof f d oft f roof driftroo n ra 10 = Hdrift

11.4.1 General
Each element must be checked to determine

whether its individual components satisfy
acceptability requirements under performance
point forces and deformations.

Section 11.4.2 defines primary and secondary
components and presents general information on
strength and defonnability checks. Sections 11.4.3
through 11.4.7 present specific recommendations
for various elements and the components that
typically compose those elements.

Commentary: Together with the global
requirements of Section 11.3, acceptability limits
for individual components are the main criteria for
assessing the calculated building response.
Section 11.4 defines those components and actions
that must be checked and recommends specific
limits. As described in Chapter 9, elements
(frames. walls, diaphragms. and foundations) are

levels is lacldng. Laboratory tests on relatively
complete-structuraLsyst.enzs-seldom..extel.'lcLbe;jol1d_,,
this deformation level. Furthermore, most tests
have been conducted on structures satisfying or
nearly satisfying current proportioning and
detailing requirements for new buildings.
Measured responses of buildings subjected to
actual earthquakes also do not extend beyond this
limit.

For Structural Stability, the maximum total
drift limit is derived franz similar limits in the
NEHRP provisions for design ofnew buildings
(BSSe, 1995). This limit is not very restrictive.
For example, for a structure with a base shear
coefficient of15 percent of the building weight. the
maximum total drift limit is 0.33 x 0.15 = 0.05.
Many engineers would find this level of drift
unacceptably high, especially for an older building
with questionable details: Lower limits may be
appropriate in many cases.

Element and
Component
Acceptability Limits

11 ..4

For Life Safety, the maximum total drift limit
of o. 02 is recommended because significant
experience with responses to larger deformation

.e.x,c_e,:-c!-~~qu~ti~~:?} ~'-\Yl1ere_~ is the_!o!..al_ .
I

calculated lateral shear force in story i and Pi is
'the total gravity load (i.e. dead plus likely live
load) at story i.

Commentary: The maximum drifts in
Table 11-2 are based on judgment of the project
team. The following considerations were used to
establish the recommended limits.

For immediate Occupancy, the maximum total
drift limit of O. 01 is based on observed damage in
laboratory tests on well-detailed frame structures.
The maximum inelastic drift limit is based on the
objective ofavoiding significant residual
deformations after the earthquake. Lower drifts
may be required to avoid damage in other types of
structures; component deformation limitsin
Section 11.4 are available for this purpose.
Table 11-2 limits consider the building structure
only. Additional limits may be required to protect
nonstructural components and contents.

Chapter 11, Response Limits
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11.4.2.2 component
strenatn

.Strength demands at
the performance point are
not permitted to exceed
the strengths established in
Chapter 9. For ductile,

deformation-controlled actions (see
Section 9.5.4.1), inelastic response is acceptable
as long as deformation acceptance limits are not
exceeded. Furthermore, analysis results should be
checked to ensure that strain hardening of the
analytical model does not result in unrealistic
internal actions that exceed the component's
expected strength.. For brittle, force-controlled
actions, components should be modeled with
degrading resistance once the strength is reached.

Commentary: Section 9.5.1 commentary
discusses techniques for modeling degradation.
Some applications are illustrated in Volume 2,
Example Building Studies.

11.4.2.:5 Component DeFormation
Capacity

Calculated component deformations are not
permitted to exceed deformation limits for
appropriate performance levels.

Where test data or analyses are used directly to
develop deformation accept~ce criteria, their use
should be consistent with the descriptions in

11.4.2 General Approach for
component Acceptability

11.4.2.1 primary and secondary Elements
and Components

Each element and component is classified as
primary or secondary depending on its significance
to the lateral load resisting system at or near the
performance point. Elements and components that
provide a significant portion of the structure's
strength or lateral stiffness at the performance
point are considered primary. Other elements and
components may be considered secondary.

Commentary: Primary and secondary
components are defined in terms of significance to
building performance, not in terms of stiffness or
strength and not in terms of the need to model
them (see Chapter 9) .. Therefore, participation in
the lateral load resisting system is measured at the
performance point as a means of distinguishing
those components that are able/needed to resist
lateral load"after several Cycles of earthquake

the main load resisting pans of the building and ground motion; these are considered primary, (
... .are.composed.of.camponents.tsuch.asbeamsc.:.: ----- .-.- .Some.componenis. may-carry.Iateral.load.and: stilL -...- .'."'"7

columns, slabs, chords, and connections). be considered secondary; examples include weak (
All structural elements and components should ductile components that yield early and carry little . ('

be assessedfor combined vertical and lateral load relative to the performance point base shear (
forces and deformations. Components should be and stiffcomponents that degrade and shed their
classified as primary or secondary (see loads long before the performance point is
Section 11.4.2.1) and reached. Flexible gravity
checked against the load resisting elements in
requirements of an otherwise stiff building
Section 11.4.2 and are generally secondary.
Tables 11-3 through "Significant portion" both
11-10. Secondary requires and allows for
components that do engineering judgment.
not carry gravity
loads need not be
checked against
specific deformation
limits. Refer to
Section 11.4.2.3
commentary for
additional discussion.

( "

(
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Table 11-1. A multilinear load-deformation
...relation. should. be.. established..using procedures- ....
described in Section 9.5 (see Figures 9-10 and
9-11). The deformation acceptability criteria
should be established as follows:

• For primary actions, components, and
elements: The component deformation capacity
at the Structural Stability performance level is
defined as the deformation at which significant
lateral load strength degradation begins. The
component deformation capacity at the Life
Safety performance level is defined as 75
percent of the Structural Stability deformation.

.. For secondary actions, components, and
elements: The component deformation capacity
at the Structural Stability performance level is
defined as the deformation at which vertical
load carrying capacity is lost. The component
deformation capacity at the Life Safety
performance level is defined as 75 percent of
the Structural Stability deformation.

Commentary: Defining the component
deformation capacities at the Life Safety
performance level as 75percent of the Structural
Stability deformation is largely judgmental and
arbitrary. It is believed to provide a reasonable
margin of safety.

As an alternative to calculating deformation
capacities or deriving them from test data, the
numerical limits in Tables 11-3 through 11-10 (at
end of this chapter) may be used. To use these
tables, the components 'must have been modeled
according to the procedures in Chapter.9, with
modeling parameters according to Tables 9-6
through 9-12. Sections 11.4.3 through 11.4.7
provide additional information on application of
tabulated criteria.

Commentary: Deformation acceptance criteria
may be calculated or derived directly from test
data. Figure 11-1 illustrates the deformation
acceptance criteria when this approach is used. In
this figure a relatively simple load-deformation
relation. is shown. Point C (to which primary
actions, components, andelements are linked)

Chapter 11, Response Limits

corresponds to the deformation at which significant
.. ...-str-ength-degradation. begins.. Poini.Euto.which:

secondary actions, components, and elements are
linked) corresponds to the deformation at which
gravity load resistance is lost.

Secondary components that do not carry
gravity loads need not be checked against specific
deformation limits because they do not lead to
collapse (assuming excessive deformation does not
make them falling hazards themselves). However,
engineering judgment must still be used to assess
performance relative to general expectations and
requirements for desired performance levels. For
example, short, force-controlled coupling beams
that reach their shear capacity long before the
performance point are likely to be classified as
secondary components carrying no gravity load.
After degrading, they can probably undergo
excessive deformations without affecting the
behavior or capacity of adjacent components, so
specific deformation limits may not apply. Still, if
the performance objective involves an Immediate
Occupancy performance level, the associated
cracking and spalling may be unacceptable. A
similar example involves hollow clay tile
floor-to-floor partitions in aframe building. As
long as they do not affect exits or corridors, these
nonstruetural components can be heavily damaged
without affecting structural performance. Their
assessment will be based on repair and
inconvenience costs. This is a matter of
engineering judgment; specific deformation limits
probably do not apply.

11.4.3 Concrete Frame Acceptability

11.4.3..1 sesm-cotumn Frames
Acceptability should consider the strength and

deformation capacity of beams, columns,
beam-column joints, and other components,
considering also connections with adjacent
elements. The assessment should consider at least
the following:

.. Axial-flexural response of beams and columns,
including evaluation of likely yield mechanisms



Structural stability
performance level

SEISMIC EVALUATION AND RETRDFJT OF CDNCRETE BUILDINGS

O/Qc '-_---Ufe safety performance
------...:--~-.I4-~.:..!:!...t..- - ..- --- -,evel------------------------·---- --- -.

o
-J 1.0 -----------
~ ,8
~ ,
j 'A:

-4 .6.

Lateral Deformation

(a) Primary Actions. Components and Elements

Ufe safety performance
level

Structural stability
performance level

/1

Lateral Deformation
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and calculation of inelastic strength and
rotation demands

+ Shear response of beams and columns, at
component ends and at locations along the
span where reinforcement changes

+ Actions on beam-column joints considering
equilibrium of forces from beams and columns
framing into the joint

• Adequacy of development lengths, splice
lengths, and embedments of longitudinal and
transverse reinforcement in beams, columns,
and beam-column joints

+ Potential for loss of gravity load capacity due
to failure of beams, columns, or beam-column
joints

Inelastic response is restricted to those
components and actions listed in Tables 11-3
through 11-5, except where it is demonstrated by
analysis or tests that other inelastic action can be
tolerated considering the selected performance
levels. In Table 11-3 for beams and Table 11-4 for

11-8

columns, acceptance criteria are expressed in terms
of plastic rotation angles within the yielding plastic
hinge. In Table 11-5, the acceptance criteria are
expressed in terms of total shear .angle of the joint.

Commentary: Primary causes of collapse in
beam-column frames are failures in columns and
injoints. The evaluation should be especially
attentive to flexural, shear, and splice actions in
columns with nonconforming transverse
reinforcement, and shear actions in joints with
minimal transverse reinforcement.

The numerical acceptance criteria in Tables
11-3 through 11-5 were established from data
identified in Chapter 9. The criteria are in terms of
deformation quantities (plastic hinge rotations in
beams and columns and total shear deformations
in joints) recommendedfor these components in
Chapter 9.

11.4.3.2 stsn-cotumn Frames
Acceptability should consider the strength and

deformation capacity of slabs, columns,
slab-column connections, and other components;

Chapter 11, Response Limits
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indicates plastic hinge zone

e = rotation in plastic hinge zone

Note: e= ey + ep

where ey =yield rotation = (MIEI)/p

and ep = plastic hinge rotation

11.4.4 concrete Shear Wall
Acceptability

11.4.4. 1 Solid Walls
Acceptability should consider the strength and

deformation capacity of the wall and its
connections with adjacent elements. The
assessment should consider at least the following:

+ Flexural deformation capacity

.. Shear strength of the panel

.. Sliding shear strength.

.. Foundation uplift

applies primarily where the connections do not
- .. have-effectively. continuous-bottorn-reinfor-cement-.. -­

sufficient to catch the slab in the event that
punching shear failure occurs. In other cases,
punching shear failure is likely to be localized and
unlikely to lead to progressive collapse.

The numerical acceptance criteria in
Table 11-6 were establishedfrom data identified in
Chapter 9. The criteria are in terms of deformation
quantities (plastic hinge rotations in slabs and
plastic connection rotations in connections)
recommended for these components in Chapter 9.

considering also connections with adjacent
.elements ..-.The. assessment..should.considerat.least,. ..
the following:

+ Flexural response of slabs and columns,
including evaluation of likely yield
mechanisms and calculation of inelastic
strength and rotation demands

.. Shear and moment transfer capacity of
connections

.. Adequacy of development lengths, splice
lengths, and embedinents of longitudinal and
transverse reinforcement in slabs, columns,
and slab-column joints

.. Potential for loss of gravity load capacity due
to failure of slabs, columns, or slab-column
connections
Inelastic response should be restricted to those

components and actions listed in Tables 11-4 and
11-6, except where it is demonstrated by analysis
or tests that other inelastic action can be tolerated
considering the selected performance levels. In
Table 11-6 acceptance criteria are expressed in
terms of plastic rotation angles within the yielding
plastic hinge of the slab; alternatively, they refer
to the plastic rotation of the connection element if
one is used.

Commentary: Primary
causes of collapse in
slab-column frames are
failures in columns and
slab-column connections.
The evaluation should be
especially attentive to
flexural, shear, and splice
actions in columns with
nonconforming transverse
reinforcement, and shear
and moment transfer
actions in slab-column
connections with heavy
gravity load shears (VgIVo
> 0.4). The concern for
slab-column connections

Chapter 11, Response Limits 11..9
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11..4..4..2 Coupled, PerForatet:t or
punched Walls

Acceptability should consider the
strength and deformation capacity of
walls, wall segments, coupling beams,
and pier-spandrel connections,
considering also connections with adjacent
elements. The assessment should consider
at least the following:

.. Flexural deformation capacity of
walls, coupling beams, piers, and
spandrels

.. Shear strength or the wall panel,
coupling beams, piers", spandrels, and
connections

.. Sliding shear strength at construction
joints, intersections of walls and coupling
beams, and interfaces between wall segments

.. Foundation uplift

.. Adequacy of development lengths and splice
lengths of longitudinal and transverse
reinforcement

Inelastic response should be restricted to those
components and actions listed in Tables 11-7
through 11-10, except where it is demonstrated by
analysis or tests that other inelastic action can be
tolerated considering the selected performance

(

(
'(

criteria are in terms ofdeformation quantities (
- .-.(plastic-hinge-r-(}tations-in-waU~-tangential-dr-ift--· "... _.. --('"

ratio in walls or wall segments, and slip along the
construction joint) recommendedfor these
components in Chapter 9. Refer to Section 9.4.3.1
commentary for a discussion of construction joint

slip. .
Tangential drift is "the drift due to

actual shear andflexural distortion of the
wall, not including drift due to rigid body
rotations (which may be caused by
foundation yield or hinging at the wall
base): Tangential drift ratio, in radians,
is calculated as the tangential drift
divided by the wall or story height.

+ Adequacy of development lengths and splice
---I€ngths-ef-10ag-itudinal-ana-transve-rse--·---· '-­

reinforcement

Inelastic response should be restricted to those
components and actions listed in Tables 11-7
through 11-9, except where it is demonstrated by

Interstory Drift Versus Tangentiallnterstory Drift

J.4--~-- interstory drift

analysis or tests that other inelastic action can be
tolerated considering the selected performance
levels. In Table 11-7; acceptance criteria are
expressed in terms of plastic hinge rotation angles
within the yielding plastic hinge. In Table 11-8,
acceptance criteria are expressed in terms of
tangential shear drift of the wall or wall segment.
In Table 11-9, acceptance criteria are expressed in
terms of total slip along the construction joint.

Commentary: The numerical acceptance
criteria in Tables 11-7 through 11-9 were
established from data identified in Chapter 9. The

Chapter 11, Response Limits
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ch 0 rd rotatio n = Q
In

.. Force transfer mechanisms between the
discontinuous wall and the supporting
components .

+ Foundation uplift

Inelastic response should be restricted to those
components and actions identified for the separate
wall and frame elements, as described above.

Commentary: Discontinuous walls supported
on columns have contributed to damage and
collapse of numerous structures during strong
earthquakes. The primary causes of collapse are
compression. failure of the column due to
overturning action of the wall on the column, or
soft-story failure itt either column shear or flexure

should also be assessed. The assessment should
--.... -consideLat.least-the-follo..wing:----._-_._._----- ---_._-- -

+ Flexure, shear, sliding shear, anchorage,
development, and splice actions in the wall, as
discussed in Sections 11.4.3.1 and 11. 4·.3.2

+ Flexure, shear, sliding shear, anchorage,
development, and splice actions in the
components supporting the discontinuous wall,
as discussed in Sections 11.4.2 through
11.4.3.2

levels. In Table 11-7, acceptance criteria are
" ._expressecli.n..terms._o[plastic..hinge.rotation.angles.

within the yielding plastic hinge. In Table 11-8,
acceptance criteria are expressed in terms of
tangential shear drift of the wall or wall segment.
In Table 11-9, acceptance criteria are expressed in
terms of total slip along the construction joint. In
Table 11-10, acceptance criteria are expressed in
terms of total chord rotation for the coupling
beam.

Commentary: The numerical
acceptance criteria in Tables 11-7
through 11-10 were established
from data identified in Chapter 9.
Note that no tests on perforated
walls and only very few data on
walls with irregular openings were
available. Instead, tabulated limits
are based on judgment and on
results from tests of other wall
element types:

The criteria are in terms of
deformation quantities (plastic
hinge rotations in walls, tangential
drift ratio in walls or wall
segments, slip along the
construction joint, or total chord
rotation for coupling beams)
recommended for these components
in Chapter 9.

Refer to Section 9.4.3.1 commentary for a
discussion of construction joint slip. Refer to
Section 11.4.2.3 commentary for a discussion of
deformation limits for coupling beams or wall
segments that might be classified as secondary
components with no gravity load.

11.4.4.3 Discontinuous Walls
Acceptability should consider the strength and

deformation capacity of the element, with special
attention given to components supporting the wall,
mechanisms for transferring loads to those
elements, and mechanisms for transferring loads to
the floor diaphragm. Interconnecting elements

Chapter 11, Response Limits
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11.4.7 Foundation Acceptability
The acceptability of foundations in most cases

will be determined by the effect of soil­
deformations on the supported structure, In
addition, acceptability of structural foundation
components should consider the following:

+ Embedment of vertical reinforcement in
footing or pile cap

.. Footing, mat, or pile cap shear capacity

.. Tensile capacity of footing, mat, or pile cap
reinforcement

.. Flexural, tensile, and shear capacity of piles or
piers, including consideration of pile or pier
connection to the cap
Additional guidance on foundations is given in

Chapter 10.

due to discontinuity in the shear transfer path over .. Tension due to out-of-plane anchorage of
.the. buildingheighi..Dfteas.the. best.appzaach.is.ta ----.- .. ----walIs,wall-panels-,-.and-other.elemeats.andc.L>. - _.._.
forego the numerical acceptance criteria and focus components
on retrofitting the building so as to remove the In general, inelastic response should not be
discontinuity. permitted in diaphragms, except where it is

demonstrated by analysis or tests that inelastic
action can be tolerated considering the selected
performance levels. Where inelastic action is
permitted, the acceptability limits should be
established on the basis of the general modeling
procedures of Section 9.5 and the general
acceptability-guidelines of Section 11.4.2.

Commentary: There is relatively little
analytical or experimental experience associated
with nonlinear response of concrete diaphragms.
Some local inelastic response may need to be
accepted, but its acceptability should be gauged on
a case-by-case basis. Widespread inelastic
response ofdiaphragms should.not be accepted.

11.4.5 Combined Frame-Wall Element
Acceptability

Acceptability should consider the strength and
deformation capacity of the wall and frame
system, as well as connections with adjacent
elements. The assessment should consider aspects
of performance for individual wall and frame
elements, plus at least the following:

.. Strength and deformability of wall and frame
elements, as described in Sections 11.4.3 and
11.4.4

.. Strength and deformability of connections
between the frame and wall components
Inelastic response should be restricted to those

components and actions identified for the separate
wall and frame elements, as described in Sections
11.4.3 and 11.4.4.

11.4.6 Concrete Floor Diaphragm
Acceptability

Acceptability should consider the strength of
the diaphragm and its connections with adjacent
elements. The assessment should consider at least
the following:

.. Shear strength of the slab and its connections
with walls or other elements and components

.. Adequacy of chords along the boundaries of
the diaphragm, at reentrant comers, and at
other irregularities in plan or elevation

.. Strength of drag struts and collectors near
concentrated loads and openings

11-12 Chapter 11, Response LImits
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Table 11-$. NumericalAcceptance Criteria For Plastic Hinge Rotations in ReinForced
_. .~'?'!~t:e~_~e~!!1s'_!!!_r!!J!!?.!!~ . ~~~-~-;,.;;..~~~

1. Beams controlled by flexure1

p-p Trans. v 4

Rein~.2
bwd.fi:

Pbal

:;0.0 C :;3 0.005 0.02 0.025 0.02 0.05

:;0.0 C ~6 0.005 0.01 0.02 0.02 0.04

~0.5 C :;3 0.005 0.01 0.02 0.02 0.03

~ 0.5 C ~6 0.005 0.005 0.015 0.015 0.02

:;0.0 NC :;3 0.005 0.01 0.02 0.02 0.03

:;0.0 NC ~6 0.0 0.005 0.01 0.01 0.015

~ 0.5 NC :;3 0.005 0.01 0.01 0.01 0.015

2 0.5 NC 26 0.0 0.005 0.005 0.005 0.01

2. Beams controlled by shear"

stirrup spacing s; d/2 0.0 0.0 0.0 0.01 0.02

stirrup spacing> d/2 0.0 0.0 0.0 0.005 0.01

3. Beams controlled by inadequate development or splicing along the span"

stirrup spacing s d/2 0.0 0.0 0.0 0.01 0.02

stirrup spacing > d/2 0.0 0.0 0.0 0.005 0.01

0.03

4. Beams controlled by inadequate embedment into beam-column joint1

. 1 0.01 I 0.01 I 0.015 '-0-.0-2---r---
e
1. When more than one of the conditions 1, 2, 3, and 4 occur for a given component, use the

minimum appropriate numerical value from the table. See Chapter 9 for symbol definitions.
2. Under the heading "transverse reinforcement," "C" and "NC" are abbreviations for conforming

and non-conforming derails, respectively, A component is conforming if within the flexural
plastic region: 1) closed stirrups are spaced at::; d/3, and 2) for components of moderate and high
ductility demand the strength provided by the stirrups C~) is at least three-fourths of the design
shear. Otherwise, the component is considered non-conforming.

3. Linear interpolation between values listed in the table is permitted.
10 = Immediate Occupancy
LS = Life Safety
SS = Structural Stability

4. V=Design Shear.
S. For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).

Chapter 11, Response Limits
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Table 11-4. Numerical Acceptance Criteria For Plastic Hinge Rotations in ReinForced
Concrete columns, in radians

1. columns controlled by flexure1

pS Trans. Reinf.2 V6

Agfc' bwdE

~0.1 C ~3 0.005 0.01 0.02 0.015 0.03

~0.1 C ~6 0.005 0.01 0.015 0.01 0.025

~0.4 C ~3 0.0 0.005 0.015 0.010 0~025

~0.4 C ~6 0.0 0.005 0.01 0.01 0.015

~0.1 NC ~3 0.005 0.005 0.01 0.005 0.015

~0.1 NC ~6 0.005 0.005 0.005 0.005 0.005

~0.4. Nt ~3 0.0 0.0 0.005 0.0 0.005

~0.4 NC ~6' 0.0 0.0 0.0 0.0 0.0

2. Columns controlled by shear1•3

Hoop spacing s an,
P 0.0 0.0 0.0 0.01 0.015

or--. ~0.1

Agfc

other cases 0.0 0.0 0.0 0.0 0.0

3. Columns controlled by inadequate development or splicing along the clear
height1•3

./
/
\.

.(

(

(

(

(
\

Hoop spacing s d/2 0.0

Hoop spacing> d/2 0.0

0.02

0.01

4. Columns with axial loads exceeding O.70Po1.3

conforming reinforcement over 0.0 0.0 0.005 0.005 0.01·
the entire length

Allother cases 0.0 0.0 0.0 0.0 0.0

11...14

1.

2.

3.

4.

5.

6.

7.

When more than one of the conditions 1.2, 3, and 4 occur for a given component, use the minimum
appropriate numerical value from the table. See Chapter 9 for symbol definitions. .

Under the heading "transverse reinforcement." "C" and "NC" are abbreviations for conforming and
non-conforming details, respectively. A component is conforming if within the flexural plastic hinge
region: 1) closed hoops are spaced at =:;; d/3, and 2) for components of moderate and high ductility
demand the strength provided by the stirrups (lTs) is at least three-fourths of the design shear.
Otherwise, the component is considered non-conforming.

To qualify. 1) hoops must not be lap spliced in the cover concrete, and 2) hoops must have hooks
embedded in the core or must have other details to ensure that hoops will be adequately anchored
following spalling of cover concrete.

Linear interpolation between values listed in the table is permitted.
10 = Immediate Occupancy
LS = Life Safety
SS = Structural Stability
P = Design axial load

V= Design shear force

For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).

Chapter 11, Response Limits
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:

Table 11-5. Numerical Acceptance criteria for Total Shear Angle in ReinForced
Concrete seam-Column Joints, in radians

1. Interior joints

p Trans. V
2 Reinf. 1 - 3

Agic' Vn

s;; 0.1 C s 1.2 0.0 0.0 0.0 0.02 0.03

::; 0.1 C ~ 1.5 0.0 0.0 0.0 0.015 0.02

;::: 0.4 C s 1.2 0.0 0.0 0.0 0.015 0.025

;:::0.4 C ~ 1.5 0.0 0.0 0.0 0.015 0.02

s 0.1 NC ::;1.2 0.0 0.0 0.0 0.015 0.02

s;; 0.1 NC ;::: 1.5 0.0 0.0 0.0 0.01 0.015

~ 0.4 NC ::;1.2 0.0 0.0 0.0 0.01 0.015

;::: 0.4 NC z 1.5 0.0 0.0 0.0 0.01 0.015

2. other joints

p Trans. V
-- 2 Reinf. 1 - 3

Agfc' Vn

s 0.1 C s 1.2 0.0 0.0 0.0 0.015 0.02

s 0.1 C ;::: 1.5 0.0 0.0 0.0 0.01 0.015

;::: 0.4 C ::;1.2 0.0 0.0 0.0 0.015 0.02

~ 0.4 C ;::: 1.5 0.0 0.0 0.0 0.01 0.015

s 0.1 NC ::; 1.2 0.0 0.0 0.0 0.005 0.01

::; 0.1 NC ;::: 1.5 0.0 0.0 0.0 0.005 0.01

;::: 0.4 NC ::;1.2 0.0 0.0 0.0 0.0 0.0

~ 0.4 NC ;::: 1.5 0.0 0.0 0.0 0.0 0.0

1. Under the heading "transverse reinforcement," "e" and "'NC" are abbreviations for conforming and
non-conforming details, respectively. A joint is conforming if closed hoops are spaced at::;; hc/3
within the joint. Otherwise. the component is considered non-conforming. Also. to qualify as
conforming details under ii., 1) hoops must not be lap spliced in the cover concrete, and 2) hoops
must have hooks embedded in the core or must have other details to ensure that hoops will be
adequately anchored following spalling of cover concrete.

p

2. The ratio Agf~ is the ratio of the design axial force on the column above the joint to the product of

the gross cross-sectional area of the joint and the concrete compressive strength. The design axial
force is to be calculated considering design gravity and lateral forces.

3. The ratio V/Vn is the ratio of the design shear force to the shear strength for the joint.
4. Linear interpolation between values listed in the table is permitted.

10 = Immediate Occupancy
LS = Life Safety
SS = Struct:rrrai Stability _

5. For lightweight concrete. use 75 percent of tabulated values (see Section 9.5.2.2).
6. No inelastic deformation is permitted since joint yielding is not allowed in a conforming building.

Chapter 11, Response Limits
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Table 11-6. NumericalAcceptance Criteria For Plastic Hinge Rotations in ReinForced
. " . _.. ---::.a..::..,o!!.cr~!!!. TfJ!!..o:YJlJ!.Y S!§!.~s t!.!!t!....S!~-'!::..f.o~¥.J!1n SP!J.!!ecti0lJ.?t in rat!iaJ!L .. ..

1. Slabs controlled by flexure, and slab-column ecnnectlcns"

Vg
continuity

2 Reinforcement3

Vo

s;0.2 Yes 0.01 0.015 0.02 0.03 0.05

~ 0.4 Yes 0.0 0.0 0.0 0.03 0.04

s;0.2 No 0.01 0.015 0.02 0.015 0.02

~0.4 NO 0.0 0.0 0.0 0.0 0.0

(

(
(

(

(

(
(

(
('

(
(

(
(

(

2. Slabs controlled by inadequate development or splicing along the span1

_________1 0.0 I 0.0 I 0.0 I 0.01

3. Slabs controlled by inadequate embedment into slab-column joint1 .

0.02

11-16

1.

2.

3.

4.

5.

0.03 .

When more than one of the conditions 1, 2, and 3 occur for a given component. use the minimum
appropriate numerical value from the table.
Vg = the gravity shear acting on the slab critical section as defined by ACI 318. Vo = the direct
punching shear strength as defined by ACI 318.
Under the heading "Continuity Reinforcement," assume "Yes" where at least one of the main
bottom bars in each direction is effectively continuous through the column cage. Where the slab
is post-tensioned, assume "Yes" where at least one of the post-tensioning tendons in each
direction passes through the column cage. Otherwise, assume "No."

Linear interpolation between values listed in the table is permitted.
10 = Immediate Occupancy
LS = Life Safety
SS = Structural Stability

For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).

. -
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(

(

i
(

(

(

t-
{

(
(

(



SEISMIC eVALUATION AND RETROFIT OF CONCRETE BUU.,OU\iGS

Table 11-7. Numerical Acceptance Criteria for Plastic Hinge Rotations in Reinforced Concrete Waifs
_..?.!!cf ¥J(§(!§f:.g!17.~!1..t..~ _c.C!lJrrp!!£J.J!./.J.r. f!e..x~r..eJj!J..!~-,,!ia!!§. ;;~~~;;;;;;

(As - A~)fy + p v 2 Boundary
1

twlwR
stement'

tjwfc'

::;; 0.1 ::;;3 C 0.005 0.010 0.015 0.015 0.020

:::; 0.1 ~6 C 0.004 0.008 0.010 0.010 0.015

2= 0.25 :::;3 C 0.003 0.006 0.009 0.009 0.012

2= 0.25 2=6 C 0.001 0.003 0.005 0.005 0.010

::;; 0.1 :::;3 NC 0.002 0.004 0.008 0.008 0.015

::;; 0.1 2=6 NC 0.002 0.004 0.006 0.006 0.010

2= 0.25 :::;3 NC 0.001 0.002 0.003 0.003 0.005

2= 0.25 ~6 NC 0.001 0.001 0.002 0.002 0.004

1. Ar = the cross-sectional area of longitudinal reinforcement in tension, At' = the cross-sectional area of longitudinal
reinforcement in compression, fy = yield stress of longitudinal reinforcement, P = axial force acting on the wall
considering design load combinations, lw = wall web thickness, llV = wall length, andfl-' = concrete compressive
strength.

2. V = the design shear force acting on the wall, and other variables are as defined above.
3. The term "en indicates the boundary reinforcement effectively satisfies requirements of ACI 318. The term. "NC"

indicates the boundary requirements do not satisfy requirements of ACI 318.
4. Linear interpolation between values listed in the table is permitted.

10 = Immediate Occupancy
LS = Life Safety
SS = Structural Stability

5. For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).

Chapter 11, Response Limits
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Table 11-8. NumericalAcceptance Criteria for TangentialDriftRatios for Reinforced concrete
__~€!(!P and}!!f..alJ..-?.!J.91JJIlnts t;t1..l1..t[:t;J!If!(!.-'!YJhea~jn radl;m$ . _

1. Walls and wall segments controlled by shear

(,

(
.. - -.... f..

(

(

(

(

(

(

0.015

For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).
10 = Immediate Occupancy
LS = Life Safety
SS = Structural Stability

All cases 0.004

1.

(

Table 11-9. Numerical Acceptance Criteria for ShearSliding Displacements for Reinforced (
Concrete Walls and Wall segments ControlledbyShear, in inches (

1. Walls and wall segments controlled by shear

(

(
For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).
10 = Immediate Occupancy
LS = Life Safety
SS -= Structural Stability

All cases 0.8

1.

(

(
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Table 11-10. Numerical Acceptance Criteria for Chord flotations for eeinforced Concrete coupling
._ ._ ~f!E!1!!§, jn._rC!f!if!.!J.~_ .. _ __ _._ . .... - -. . -- .------- --- .. --- -- ---...-.- -.-- --- ..----- -.. -".

1. coupling beams controlled by flexure

Longitudinal reinforcement and V 2

transverse relntorcement' bwd..Jl

conventional longitudinal reinforcement ~3 0.006 0.015 0.025 0.025 0.040
with conforming transverse
relnf'orcernent

conventional longitudinal reinforcement ::::6 0.005 0.010 0.015 0.015 0.030
with conforming transverse
reinforcement

conventional longitudinal reinforcement ~3 0.006 0.012 0.020 0.020 0.035
with non-conforming transverse
reinforcement

conventional longitudinal reinforcement ::::6 0.005 0.008 0.010 0.010 0.025
with non-conforming transverse
reinforcement

Diagonal reinforcement N/A 0.006 0.018 0.030 0.030 0_050

2. coupling beams controlled by shear

Longitudinal reinforcement and V 2

transverse retnrorcernent'
bwd..Jl

conventional longitudinal reinforcement ~3 0.006 0.012 0.015 0.015 0.024
with conforming transverse
reinforcement

conventional longitudinal reinforcement ;:;:6 0.004 0.008 - 0.010 0.010 0.016
with conforming transverse
reinforcement

conventional longitudinal reinforcement ~3 0.006 0.008 0.010 0.010 0.020
with non-conforming transverse
reinforcement

conventional longitudinal reinforcement ;:;:6 0.004 0.006 0.007 0.007 0.012
with non-conforming transverse
reinforcement

1. Conventional longitudinal steel consists of top and bottom steel parallel to the longitudinal axis of the beam. The
requirements for conforming transverse reinforcement are: 1) closed stirrups are to be provided over the entire
length of the beam at spacing not exceeding d/3; and 2) the strength provided by the stirrups ("Vs-) should be at least
three-fourths of the design shear.

2. V = the design shear force on the coupling beam in pounds, bw = the web width of the beam, d = the effective
depth of the beam, andfi' = concrete compressive strength in psi.

3. Linear interpolation between values listed in the table is permitted.
10 Immediate Occupancy
LS = Life Safety ..
SS = Structural Stability

4. For lightweight concrete, use 75 percent of tabulated values (see Section 9.5.2.2).

Chapter 11, Response Limits
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Chapter 12

st

Owner

AUdience Interest spectrum

Architect Bldg. Official

12..1 Introduction
Five levels of performance of nonstructural

components and systems are described in Chapter
3: Operational, Immediate Occupancy, Life
Safety, Hazards Reduced, and Not Considered.
These nonstructural performance levels are
combined with certain limits on structural damage,
i.e., structural performance levels, to form a
complete target Building Performance Level as
shown in Table 3-1.

Depending on the performance goals for a
particular building, the scope of the field
investigation for nonstructural elements will vary.
General Guidance for field investization is
provided in Chapter 5. Some nonstructural items
are relatively sensitive to accelerations and others
are more affected by displacement or drift. This
needs to be considered in the acceptability analysis
on nonstructural components. The technical
procedures currently available are limited and only
qualitative in many instances. The recent federal
guidelines (ATC 1996a) provide a comprehensive
summary and commentary.

12.2 Acceptability criteria
This chapter gives minimum criteria that are

expected to provide the Immediate Occupancy,
Life Safety and Hazards Reduced levels of
nonstructural performance. Considerations
required to develop criteria for the Operational
level of performance are noted but complete

criteria for this level are not included in this
document. The Not Considered level of
performance requires no criteria.

Commentary: In this document, acceptance
criteria are limited to a listing of the nonstructural
components and systems that should be considered
for each performance level.

12..2..1 operational, NP-A
The Operational level of performance for the

building's nonstructural systems and components
requires consideration of the following:

.. Internal damage and disruption

• The ability of critical equipment to function
after being subjected to the motion of the
building

.. Limitations that may be imposed by the
external availability of utilities, supplies, or
communications

These considerations are in addition to the
criteria for the Immediate Occupancy level of
performance. Development of criteria to maintain
function of critical equipment and to provide
adequate backup or alternate sources for external
services is building specific and is not included in
this document.

12.2.2 Immediate Occupancy, NP-B
AIl equipment,. systems, and fmishes

permanently attached to the building structure, as

Chapter 12, Nonstructural components 12..1
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Table 12-1. Items to be Investigated for the LiFe saFetyNonstructuraJ perFormance L6vel*

(

(
(

(
(

(
(

(
(

(

"-- --------- _ .. -~

* The items listed in this table include all items listed in Table 12-2.
** To be investigated regardless of location.

.. Gas or fuel boilers and furnaces**

.. Independently mounted or hung overhead
HVAC equipment weighing over 20 lb.

.. High pressure steam piping over 2n 10

.. Fire suppression piping*

.. Hazardousmaterial piping*

.. Light fixtures, diffusers, or returns
supported only by light gage lay-inceiling
runners

listed in Table 16A-O of the 1995 California
Building Code (CBSC 1995), should be
investigated for their ability to·remain in place
with only minor damage under the demands of the
earthquake ground motions incorporated in the
designated performance objective. For
consideration under the Design Earthquake, the
acceptance criteria listed therein for essential
facilities may be used.

Contents, not permanently attached to the
building, are not controlled by design codes, but
can be the source of considerable damage and
disruption that could affect continued occupancy of
some spaces. The anchorage and storage of
contents should be reviewed by owners and tenants
of buildings that require immediate occupancy.

12.2.3 Life Safety, NP-C
The equipment, systems, and finishes

permanently attached to the building structure
listed in Table 12-1 and located in or over
occupied areas, should be included for
consideration for the Life Safety nonstructural
performance level. Occupied areas are defined as
spaces intended for more than incidental human

12-2

.. Exterior cladding and decoration

.. Masonry partitions

.. Partitions that are unusually tall, heavily
decorated, or that support heavy casework
or shelving

.. suspended lath and plaster or heavily
decorated ceilings

.. Traction elevators

.. Hazardousmaterial storage

use or regularly occupied by persons for
approximately two hours per day or more.

The items listed in Table 12-1 shall be shown
by analysis or test not to present a falling or
secondary risk under the demands of the
earthquake ground motion incorporated in the
designated performance objective, or shall be
replaced or retrofitted.

As noted in the nonstructural performance
level descriptions in Chapter 3 and the
representative damage descriptions in Table 11-1,.
drift-sensitive components may be expected to
experience considerable damage for this and lower
levels of performance.

12.2.4 Hazards Reduced, NP-D
The nonstructural components or systems listed

in Table 12-2 should be included for consideration
under the Hazards Reduced nonstructural
performance level. In general, elements should be .
investigated if their failure would endanger a large
area or would likely injure more than one person.

The items listed in Table 12-2. shall be shown
by analysis or test not to present a falling or
secondary risk under the demands of the
earthquake- ground motion incorporated in the

Chapter 12, Nonstructural components
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;

Interior masonrywalls or partitions

Elements and equipment that store or transport
hazardous materials

+

+

designated performance objective, or shall be Table 12-2. Items to be Investigated for the
. ~~Rl?:ce(tQ.U~.tr9fjJt~.d~ __. ._ _ .. _ _ _ ....!!C!~a.!'!~~~1!~'?~.!!!.'?!1~!!:..1.!£t.¥!:.a.L.._._ __ _. __ _. _..

Commentary: The cost and disruption of Performance Level

bringing nonstructural systems in older buildings
into conformance with current codes islzigh.
Although these systems have suffered considerable
damage in past earthquakes, the damage has
generally not caused extensive hazardous
conditions. Nonstructural systems, therefore, have
not been reviewed in most retrofits to date.
However, large, highly vulnerable elements have
often been investigated for their potential to fall
and cause injury, particularly over points of
egress. The criteria used to determine the need to
investigate is unclear, but vulnerability-to-damage
and the extent of occupant-exposure are initial
considerations. The extent of retrofit is often a cost
consideration. The Nonstructural Performance
Level of Hazards Reduced is intended to include
only major hazards and encourage cost effective
risk reduction.

Chapter 12, Nonstructural Components
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Architect Bldg. Official

13..1 Introduction
Initially the focus of the .development of this

document was directed toward an analytical
methodology. Specifically the project team
intended to adapt nonlinear static structural analysis
procedures to the evaluation and retrofit of concrete
buildings using capacity spectrum techniques.
While the promise of these analytical procedures is
formidable, their use has wide ranging implications.
The ability to estimate realistically the response of a
building to actual earthquakes naturally leads to the
question of whether this response is adequate. The
systematic evaluation of the adequacy of building
response for earthquakes of various probabilities of
occurrence is the essence of performance-based
design. The subsequent decisions have implications
that extend beyond the realm of the engineer. In
fact, the impact on conventional practice for
building owners, architects, engineers, building
officials and others is fundamental. With this
realization, the perspective of the methodology
expanded beyond the analytical to the general.

The development of this document benefited
greatly from input from numerous sources. The
project team consisted of a large group of
experienced engineers. An oversight panel of
qualified individuals monitored the progress and
reviewed each of the drafts. Engineering firms

tested the basic concepts on example buildings. A
benefit/cost analysis explored economic
implications. There were a series of workshops for
practitioners and other potential users to discuss the
document and provide suggestions for
improvement. This chapter summarizes collective
opinions as to the strengths and weaknesses of the
current methodology and presents consolidated
recommendations for future improvements. These
general conclusions fall into two categories in
accordance with the dual perspective of the
methodology itself. At one end of the spectrum are
the technical issues of analysis, testing, component
behavior and others of primary concern to engineers
and analysts. The broader interests of owners
architects, and building officials in performance­
based design, quality control, and costs of design
and construction complete the picture of meeting
the challenge of concrete buildings effectively and
efficiently.

13..2 Additional Data
The development of this document relied

heavily upon the collective past experience of the
project team members. Supplemental specific
studies augment and enhance this empirical base.
Practicing engineers tested preliminary procedures
on example buildings and provided guidance for

Chapter 13, Conclusions and Future Directions
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further development. The results of the example Finally, the document includes several techniques to
__ ._.building_studie.s_were. ultimately.thesubject of.an, ._.__offer_altematives, dependingon.rhe.inclinarion.nf.;.. ..

independent benefit!cost study. In order to
formulate the foundation procedures of Chapter 10,
a group of structural and geotechnical engineers
reviewed and summarized relevant technical
information on the seismic performance of building
foundations. Wbile none of these supplemental
efforts are directly applicable to specific evaluation
and retrofit projects, the information is instructive
and useful to others.

13.2.1 Example Building Studies-
Appendices A, B, C, and D document technical

analyses of four concrete buildings. Each structural
engineering firm responsible for one of the analyses
had a representative on the product development
team; however, other individuals from each firm
performed the work on the example buildings.
Consequently, their efforts provided a degree of
independent testing of the procedures as they were
developed.

The interchange of information between the
developers of the methodology and the example
building analysts occurred continuously over time.
Initially, meetings among the entire group
concentrated on preliminary analyses of each
building. These consisted of traditional procedures
(FEMA 178, code analysis, inelastic demand ratio
procedures) and nonlinear procedures in some
cases. Based on these meetings, the scope and
emphasis of the technical procedures were adjusted
to address the practical issues evident from the
example building studies. The preliminary
procedures were subsequently applied to the
example buildings. The project team then
continued the cycle of testing and improving the
overall methodology. An example of this process is
the procedure for determining. displacement demand
using the capacity spectrum method. Initially, the
procedure was graphical in nature. Those working
on the example buildings suggested a more
numerical approach compatible with computer­
oriented procedures. An iterative technique was
formulated and applied -to the -example buildings.

13-2

individual users.
The example buildings served several other

purposes: In order to assess the effects of variable
soil strength and stiffness in building foundations,
comparative analyses were made on individual
buildings. On the one concrete frame building,
foundation effects did not appear to be significant.
On the other three shear wall buildings, in contrast,
the foundation assumptions significantly affected the
results of the performance analysis. This is
discussed further below as one of the challenges for
improving analysis procedures in the future.

The example building analysts subjected models
of each structure to nonlinear time history analysis.
The time history records were adjusted to be
generally representative of the spectra used for the
static nonlinear procedures. The results of these
analyses were compared to those from the static
nonlinear work. The agreement between the two
approaches was variable, raising questions'of
relative accuracy of both. Discrepancies may, in
part, be due to higher mode effects and deserve
further investigation as discussed below.

In addition to evaluating existing performance
characteristics of the example buildings, the analysts
developed conceptual retrofit measures. They then
re-analyzed the structures to measure the
effectiveness of the retrofit. The results from this
exercise were used for the benefit/cost study as
were the opinions of the analysts on the strength and
weaknesses of the general analysis methodology.
These are discussed further below in this chapter.

It should be noted that the example building
reports in the appendices are presented as
professional reports by individual engineering firms.
These are not necessarily tutorials representing
complete and uniform. application of the technical
procedures in the document. Nonetheless, they
illustrate the general application of nonlinear analysis
procedures. Additionally, they reveal the application
of substantial engineering judgment essential to the
methodology by four different _qualified firms. ..
Finally, the results of the analysis are presented as

Chapter 13, Conclusions and Future Directions
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research data to contribute to further development of
_.. __._qn..'!,IYJi~~Lt.~~lJnjgl!~~OItfutJJ.I.~p.r9jects_. .._. _.. ...

13.2..2 Cost Effectiveness study
Appendix E presents the results of a benefit/cost

analysis of the methodology based primarily on the
example building studies. The objectives of the
study were:
1. Estimate the approximate construction costs for

retrofit measures for the example buildings.
2. Compare these costs to those that might have .

resulted from the application of more traditional
methodologies.

3. Examine the relationship between costs and
retrofit performance goals for the example
buildings.

4. Perform benefit/cost analyses for the
performance levels evaluated in each example
building study.

5. Investigate the ease of use of the analysis
procedures.

6. Investigate the consistency of application of the
procedures among the four engineering firms.
The cost analyses included the direct costs

associated with retrofit measures to address seismic
performance. Other costs such as disabled access,
fire and life safety improvements, and hazardous
material abatement, are often required for
rehabilitation projects. The direct costs for seismic
retrofit for the four example buildings to the Life
Safety Performance Objective ranged from 5 to
18 percent of the estimated replacement cost for
each building.

Comparison with traditional retrofit costs tends
to indicate that the new methodology is very
economical. This conclusion seems logical; yet the
degree of economy is probably highly dependent on
the individual characteristics of a given building.
The relationship between performance level and
cost also seems to be highly building specific
although a clear relationship of higher costs for
higher (better) performance was observed for all
four buildings.

The new methodology was observed to be more
difficult and time consuming thantraditional

Chapter 13, conclusions and Future Directions

techniques for the engineers. This is
!1l).g~.rSWD.9~l>J~ _§m~~ lh~_pr9_~glJ.r~~_~!~_.n~'y{J!P_Q .__ ._. _.
not fully developed. The ease of application and
consistency among users will improve over time.
The compensating benefit to increased engineering
effort is a more insightful understanding of building
seismic performance. This understanding leads to
more economical and effective retrofit measures.

13.2.3 Supplemental Information on
Foundation Effects

The proposed methodology includes technical
precedures for the explicit modeling of building
foundations in the structural analysis. In the past,
some engineers have modeled foundations. These
procedures, however, provide a framework for the
foundation modeling process consistent with the
broader structural analysis methodology. They
were developed by a team of geotechnical and
structural engineers. As·a part of the development
process, this geo-structural working group
assembled data on the post-earthquake performance
of building foundations, past and current design
practice, and theoretical and experimental work on
foundations. As a further resource for practicing
engineers, the group summarized this material in
Appendix F. The conclusions of the group were:
1. Traditional seismic design procedures do not

reflect realistic consideration of geotechnical
and foundation effects.

2. Geotechnical and foundation response can
significantly influence the performance of
buildings during earthquakes.

3. Costs of retrofit of existing buildings warrant
realistic assessment of seismic performance of
components including foundations and
underlying soils.

4. Proposed methodologies are based on estimates
of force-displacement relationships for elements
and components subject to seismic loads.

5. Existing empirical data on geotechnical
materials are inadequate to provide sufficient
design information for all cases.
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13.3.2 Performance Based Evaluation

and Retrofit .
The improved understanding of structural .

behavior allows the use of performance-based
evaluation. Specific goals for seismic behavior can
be implemented.
+ Flexibility: Owners need not simply accept the

vague objectives of conventional prescriptive
techniques. They can adjust performance goals
to meet their specific needs given a realistic
understanding of the expected, and acceptable ~

damage states.
+ Prioritization: Priorities within individual

buildings and among groups of buildings can be
set to address relatively important deficiencies
and critical needs.

.. Coordination: ·Performance-based design
provides the opportunity to integrate seismic

13 ..3 potential Benefits
The benefits of the methodology are founded

upon a fundamentally improved understanding of
the seismic performance of buildings. This occurs
as a result of the technical changes in the
procedures used by the engineer in: the evaluation of
buildings and the design of retrofit measures. The
implications, however, extend to a much broader
scale. The technical improvements enable and
facilitate the use of performance-based design. This
transition greatly enhances the options for building
owners in the management of seismic risk in an
effective and efficient way.

13.3.1 Improved Understanding of
Seismic Performance

The key benefit of the analytical portions of the
methodology is a realistic picture of actual
structural behavior during earthquakes. Traditional
methods tend to obscure this understanding.

+ Explicit Inelastic Behavior: The nonlinear
static procedures consider the individual
inelastic behavior of each component of a
structure resisting seismic forces. Traditional

.procedures generally consolidate inelastic action
into a global force reduction factor.

+ Sequence of Inelastic Actions: The analysis
technique is progressive, allowing the engineer
to witness which components reach behavior
thresholds before others. This is true
throughout the response. IDR methods can
identify components that yield first but cannot
predict the effects of load redistribution.

+ Estimate of Degradation: An engineer can
modify the capacity of the structure to generate
an envelope of behavior to reflect loss of
strength or stiffness due to the duration of an

(

6. Research to investigate force-displacement earthquake. Although this degradation can only (
......_-.-Jl~@.Yi9r o[geQte.c.hnic.almaterials..and.. ._. __._.. --b.e approximated.zhts. capability.enhances.the.. .-.- ....-

foundation assemblies is needed. estimate of actual performance.

7. Damage reconnaissance for earthquakes should .. Foundation Effects· Traditionally foundations
include .documentation o.f geotechnical and for buildings are ass~ed to be rigid. In
foundation effects on buildings, reality, this is not the case and foundation

flexibility greatly modifies response to
earthquakes. The recommended procedures
include explicit modeling of foundations
analogous to other structural elements,

.. Specific Deficiencies: The new techniques
identify specific deficiencies of individual
components of a structure as opposed to general
lack of overall strength. .

.. Directed Retrofit Strategy: In the past, retrofit
strategies for buildings gravitated toward the
addition of lateral force resistance (strength)
and the linking of resisting elements together to
form. a complete load path, While still
satisfactory for many simple cases, this global

.approach can overlook critical specific
deficiencies and overcompensate for less
important ones. The new techniques .facilitate
the focus on important deficiencies for both
greater effectiveness and economy.

Chapter 13, Conclusions and Future. Directions'
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risk management into the day-to-day operations needed for traditional methods, are required to
._._. QfJh~_..b1!.i1dbJ.g_03iJ}~r_"- .. ._ .improvetheapplication. '-- --- _

.. Uncertainty and Reliability: Earthquakes and
concrete buildings pose many sources of
uncertainty. Performance-based evaluation and
nonlinear static analysis procedures do not
eliminate risks associated with this uncertainty.
They provide a more refined context for dealing
with uncertainty. Traditional procedures tend
to deal with uncertainty and risk on a global
level: The new techniques facilitate the
consideration of uncertainty for individual
parameters. For example, ground motions can
be specified in probabilistic terms independently
of structural characteristics. Component
properties for analysis and performance
acceptability limits replace the traditional "R­
factors ''. The new techniques used for a single
building can both eliminate unnecessary
conservatism for some parameters and increase
it for others, based on the specific judgment of
the engineer. The overall results may be more
conservative for some buildings and less for
others when compared to current procedures. If
implemented properly by a qualified engineer 7

the results reflect, more reliably than traditional
procedures, the effects of unavoidable
uncertainties on the specific building in
question.

13.4 Major Challenges
There are presently a number of drawbacks to

implementation of the methodology. Not
surprisingly, weaknesses of the methodology
parallel its strengths. The new technical procedures
require greater information on material properties
and more sophisticated analysis tools. From the
broader perspective, performance-based design
demands basic changes on the part of everyone
involved.

13.4.1 Technical Issues
The recommended procedures are new.

Technical tools .and information, not previously

Chapter 13, Conclusions and Future Directions

• Foundation Material Properties: Soils design
information has been based on consideration of
long-term settlements under static dead loads.
Realistic seismic performance analysis requires
estimates of behavior under short-term dynamic
loading.

+ Inelastic Behavior of Structural Components:
Modeling and.acceptability criteria for
structural components are necessarily
conservative now. This is due to the lack of
coordinated experimental and theoretical data.

+ Nonstructural Component Characteristics:
The behavior of nonstructural components is
treated only qualitatively in most cases.
Damage needs to be correlated with.
displacements and accelerations for a broad
range of components to enhance performance­
based design procedures.

+- Nonlinear Analysis Software: Currently
available software to implement nonlinear static
procedures are not adequate. Component
modeling .alternatives are restrictive. Torsional
response cannot be modeled easily.

.. Preferred Nonlinear Static Procedure: While
there is general agreement that nonlinear static
procedures provide great insight, there is a lack
of consensus on the preferred format for the
analyses. Some find the capacity spectrum
method conversion to ADRS format needlessly
complex and offer alternative formulations of
the" same basic parameters (powell, 1996).

.. Higher Mode Effects: Nonlinear static
procedures do not address directly the potential
for participation of higher modes of vibration in
structural response. The need for, and efficacy
of, approximate measures require extensive
future study.

• Degradation, Damping, and Duration:
Although the new analysis techniques include
more explicit consideration of important seismic
response parameters, they currently
approximate the effects of degradation of.
stiffness and strength, damping, and duration of
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13.5 Recommended Action
Plan

To meet the cballenges presented in the
previous section a dual action plan is recommended.
The technical portion of these recommendations
concentrates on filling lmowledge gaps with projects
and programs for traditional focused research.

1 • - .. ed...... ~~~·"...11"...& .......~Equally iulpvlLlliit are programs LV UU\,,;d.LC a.I VI Ule:;

individuals with an interest in evaluation and
retrofit of buildings about the changes resulting
from performance-based techniques and the new
technical procedures.

(

+ Uncertainty and Reliability: The (
-_.-_sophistication-of..the-new.. technical.procedures.c.c.L, --t::

and the explicit consideration of performance (
goals can imply a deceptive impression of
accuracy and reliability. The complexity of
some procedures can lead to mistakes.
Computer modeling can take on an unwarranted
air of infallibility. Engineers without the
requisite experience and judgment can misuse
the methodology. Owners mistakenly can
interpret goals as implied warrantees or
guarantees. The uncertainties inherent to
earthquakes and concrete buildings still prevail.

13.5.1 Basic Research
Technical needs should be addressed with a

coordinated basic research program. The objectives
must be focused on the specific needs of the
engineer in practice.
+ Geotechnical components and foundation

systems: This area of research is virtually
untouched. The emerging analysis procedures
put pressure on the research community to
produce practical data for this important aspect
of seismic behavior. In-situ and laboratory
tests, as well as theoretical modeling
techniques, are required. The effect of short­
term dynamic loading on basic soil properties is
of particular interest. The effects of partial
basements and sloping sites require further
research; Structural evaluation and retrofit .

13.4.2 Fundamental Change to
Traditional Practice

The greatest challenge posed by the new
methodology is the basic change required in the
.design and construction process.
.. Greater Analytical Expertise and Effort:

Engineers must exercise a greater degree of
analytical expertise with the new technical
procedures compared to the traditional. The
greater effort will require larger engineering
design fees. This.may appear to be unnecessary
and self-serving by those not cognizant of the
benefits. Further guidance is required on when
simplified analysis procedures might be used in
place of the more sophisticated new techniques.

.. Peer Review: The methodology demands a
large amount ofjudgment on the part of the
engineer. Peer review is essential to avoid
misuse by inexperienced individuals. Some
may consider peer review as an unnecessary
complication and expense.

+ Building Officials: Building officials will not
be able to check designs using conventional
practices for prescriptive criteria. Significant
resistance is likely, particularly considering the
current atmosphere of government budget
constraints .

+ Owners: Building owners cannot simply
transfer risk to others with "code" compliance.
Performance-based design is a technique to
manage risk. The desired performance is a goal
whose achievement, it must be understood, is
not guaranteed. Owners playa central role in
decision-making and goal-setting. The amount
of guidance and explanation currently available
to owners is very minimal. Owners often select
engineers for projects on the basis of lowest
cost. Contractual arrangements for
geotechnical input are 'at odds with the need for
collaboration between the geotechnical and
structural engineer.

13-6
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13.5.2 Increase Awareness
Much training and communication are necessary

to facilitate the change that all involved must make.
At present, the new methodology appears costly and
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strategies for liquefaction and lateral spreading complicated. The benefits have yet to be adequately
J)e.l1.~;!ttt pJJ.ild.iQg§_~hQJJlg.12~..d.(=!Y~J9.p-e9:.!-_. __.._ c.QIP.JTImrlcat~¢h . . . .. _.__

• Structural Components Modeling and + Broadly Based Examples: The current
Acceptability Criteria: An organized testing building examples are technically focused.
protocol for structural elements is necessary to Many more broadly based examples
focus work on practical issues. The nonlinear demonstrating the strengths and wealmesses and
static procedures all rely on the same illustrating the differences between the many
generalized component properties. Research new methods and traditional approaches are
products should be formatted to facilitate the required. These should be oriented toward
transfer of information to practical application. building owners. Cost analyses including

.. Nonstructural Component Damage: A basic engineering fees and life-cycle considerations
framework for categorizing nonstructural could greatly enhance the understanding of
components according to their sensitivity to alternatives for evaluation and retrofit.
displacement- andJor acceleration-related .. Assistance to Owners: Seminars and
damage is required. This framework could be workshops should be held to help owners adapt
used by vendors, manufacturers, and to the new performance-based approach.
researchers to provide engineers with Engineers should be included to broaden their
quantitative input to performance analyses. perspective. The descriptions of performance

~ Nonlinear Analysis Procedures and Software: levels that are now available could be improved
Products targeted for practical application by to relate better to the experience and language
design offices are needed. Capabilities should of owners. State agencies are a natural starting
be broad to avoid "force-to-fit solutions". A point for workshops and seminars aimed at the
graphical user-interface is essential to reduce management level. These could be expanded to
data management effort and facilitate the private sector through organizations such as
visualization of behavior. Three dimensional the Building Owners and Managers Association.
capability is essential to address torsional This initiative to engage building owners has
behavior. not yet been implemented in any effective

., Probabilistic Characterization of Capacity program.
and Performance: Eventually the uncertainty • Technical Training for Engineers: Continued
associated with structural capacity should be development of training seminars and materials
quantified to be compatible with the will assist engineers in honing their technical
specification of seismic demand in probabilistic skills and gaining familiarity with the new
terms. This will enable an enhanced measure of technology. This training is actually already
performance and risk. occurring through programs offered by .

., Revision of Building Codes: As the procedures organizations such as the Structural Engineers
for evaluating and retrofitting concrete Association of California. It is likely that the
buildings emerge, the goal should be simplified, demand for this information will grow and be
concise measures suitable for use in building filled by similar programs by other existing
code provisions. organizations.

+ Specific Guidance on the Use of Simple
Procedures: The current methodology
recognizes that, for some buildings, simple
linear elastic analysis procedures could be used
instead of the more complex nonlinear static
procedures. Although some qualitative

Chapter 13, Conclusions and Future Directions



SEISMIC EVALUATION AND RETROFIT OF CONCRETE BUILDINGS-

(
(

(
(

(
(

(
(

(
(

(
(

(
programs which might be administered through ----(-f
the California Building Officials (CALBO) or
the International Conference of Building
Officials (lCBO) should be developed.

• Collaborative Workshops for Structural and
Geotechnical Engineers: There currently is a
lack of adequate communication between
geotechnical and structural engineers on the
issues and the information needed for realistic
assessment foundation effects. This is an

- interdisciplinary problem that has long been
neglected. A long-term, concerted,
collaborative effort is needed. A mechanism
for continual exchange of information is
essential. -

the future, as more applications of the
methodology become available, some trends
may emerge that may facilitate development of
a more prescriptive format for selection of
evaluation and design techniques. For example,
a matrix of choices might relate procedures,
peer review requirements, and foundation
modeling to building size, height,
configuration, and system.

+ Seminars for Building Officials: A dialogue
with building officials will go a long way in
facilitating the implementation. They need to
know who can perform peer reviews and how
these reviews relate to the plan check process.
Specific guidance should be developed on the
need for peer review depending on the

guidance is offered, the choice of technique is characteristics of buildings and the complexity
____ . ____largely.a.matter .of.engineering.judgmenr.LlruL, ._.J)f..the.Jma1y..sis...prOJ~edure.-,,-Curricula-.fQ!..br _
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