Concrete
6 . (Systematic Rehabilitation)

6.1 Scope been a constant evolution in form, function, concrete

strength, concrete quality, reinforcing steel strength,
Engineering procedures for estimating the seismic quality and detailing, forming techniques, and concrete
performance of lateral-force-igting concrete placement techniques. All of these factors have a
components and elements are described in this chaptessignificant impact on the seismic resistance of a
Methods are applicable for concrete components that concrete building. Innovations such as prestressed and
are either (1) existing components of a building system,precast concrete, post tensioning, and lift slab

(2) rehabilitated components of a building system, or  construction havereated a mltivariant inventory of
(3) new components that are added to an existing existing concrete structures.

building system.

_ , o The practice of seismic resistant design is relatively
Information needed for Systematic Rehabilitation of  new to most areas of the United States, even though
concrete buildings, as described in Chapter 2 and such practice has been evolving in California for the
Chapter 3, is presented herein. Symbols used past 70 years. It is therefore importanirieestigate the
exclusively in this chapteare defined in Section 6.15.  |ocal practices relative to seismic design when trying to
Section 6.2 provides a brief historical perspective of the gnalyze a specific building. Specific benchmark years
use of concrete in building construction;a ~ can generally be determined for the implementation of
comprehensive historical perspective is contained in theseismic resistant design in most locations, but caution
Commentaryln Section 6.3, material and component  should be exercised in assuming optimistic
properties are discussed in detail. Important properties characteristics for any specific building.
of in-place materials and components are described in

terms of physical attributes as well as how to determinepgrticularly with concrete materials, the date of original
and measure them. Guidance is provided on how to usgyjiding construction has significant influence on

the values in Tables 6-1 to 6-3 that might be used as  seijsmic performance. In the absence of deleterious

default assumptions for material properties in a conditions or materials, concrete gains compressive

preliminary analysis. strength from the time it is originally cast and in-place.
] ] ] Strengths typically exceed specified design values (28-

General analysis and design assumptions and day or similar). Early uses of concrete did not specify

requirements are covered in Section 6.4. Critical modesany design strength, and low-strength concrete was not
of failure for beams, columns, walls, diaphragms, and yncommon. Also, early use of concrete in buildings
foundations are discussed in terms of shear, bending, often employed reinforcing steel with relatively low
and axial forces. Components that are usually strength and ductility, limited continuity, and reduced
controlled by deformation are described in general bond development. Continuity between specific
terms. Other components that have limiting behavior  existing components and elements (e.g., beams and
controlled by force levels are presented along with columns, diaphragms and shear walls) is also
Analysis Procedures. particularly difficult to assess, given the presence of

) o concrete cover and other barriers to inspection. Also,
Se(;tlons 6.5 through 6.13 cover the majority of the early use of concrete was expanded by use of
various structural concrete elgments, including frames, proprietary structural system designs and construction
braced frames, shear walls, diaphragms, and techniques. Some of these systems are described in the

foundation's'. Modeling procedures, acceptance criteria, CommentanBection C6.2. The design professional is
and rehabilitation measures for each componentare  cautioned to fully examine available construction

discussed. documents and in-place conditions in order to properly
analyze and characterize historical concrete elements

6.2  Historical Perspective and components of buildings.

The components of concrete seismic resisting elementsAs indicated in Chapter 1, great care should be

are columns, beams, slabs, braces, collectors, exercised in selecting the appropriate rehabilitation

diaphragms, shear walls, and foundations. There has approaches and techniques for application to historic
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Table 6-1 Tensile and Yield Properties of Concrete Reinforcing Bars for Various Periods
Structural 1 Intermediate 1 Hard?®
Grade 33 40 50 60 70 75
Year3 Minimum Yield? (psi) 33,000 40,000 50,000 | 50,000 | 60,000 | 75,000
Minimum Tensile2 (psi) 55,000 70,000 80,000 90,000 80,000 100,000
1911-1959 X X X
1959-1966 X X X X X
1966-1972 X X X
1972-1974 X X X
1974-1987 X X X X
1987-present X X X X X

General Note: An entry “x” indicates the grade was available in those years.

Specific Notes: 1. The terms structural, intermediate, and hard became obsolete in 1968.
2. Actual yield and tensile strengths may exceed minimum values.
3. Until about 1920, a variety of proprietary reinforcing steels were used. Yield strengths are likely to be in the r888)606psi to 55,000
psi, but higher values are possible Plain and twisted square bars were sometimes used between 1900 and 1949.

buildings in order to preserve their unique
characteristics.

Tables 6-1 and 6-2 contain a summary of reinforcing

behavior. Personnel involved in material property
guantification and condition assessment shall be
experienced in the proper implementation of testing
practices, and interpretation of results.

steel properties that might be expected to be encountered.

Table 6-1 provides a range of properties for use where
only the year of construction is known. Where both

ASTM designations and year of construction are known,

use Table 6-2. Properties of Welded Wire Fabric for

The extent of in-place materials testing and condition
assessment needed is related to the availability and
accuracy of construction (as-built) records, quality of
materials and construction, and physical condition.

various periods of construction can be obtained from theDocumentation of properties and grades of material

Wire Reinforcement Istitute. Possible camete strengths
as a function of time are given in Table 6-3. A more
detailed historical treatment is provided in Section C6.2
of theCommentaryand the reader is encouraged to
review the referenced documents..

6.3 Material Properties and
Condition Assessment
6.3.1 General

Quantification of in-place material properties and
verification of existing system configuration and
condition are necessary to analyze a building properly.
This section identifies properties requiring
consideration and provides guidelines for determining

the properties of buildings. Also described is the need ’

for a thorough condition assessment and utilization of

knowledge gained in analyzing component and system

used in component/connection construction is
invaluable and may be effectively used to reduce the
amount of in-place testing required. The design
professional is encouraged to research and acquire all
available records from original construction.

6.3.2 Properties of In-Place Materials and
Components
6.3.2.1 Material Properties

Mechanical properties of component and connection
material strongly influence the structural behavior
under load. Mechanical properties of greatest interest
for concrete elements and components include the
following:

Concrete compressive and tensile strengths and
modulus of elasticity

6-2
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Table 6-2 Tensile and Yield Properties of Concrete Reinforcing Bars for Various ASTM Specifications
and Periods
Structural 1 | Intermediate 1 | Hard?!
Grade 33 40 50 60 70 75
Minimum 33,000 40,000 50,000 50,000 60,000 75,000
Yield?
(psi)
ASTM Steel Year Minimum 55,000 70,000 80,000 90,000 80,000 100,000
Type Range3 Tensile?
(psi)
Al5 Billet 1911- X X X
1966
Al6 Rail* 1913- X
1966
A61 Rail* 1963- X
1966
A160 Axle 1936- X X X
1964
A160 Axle 1965- X X X X
1966
A408 Billet 1957- X X X
1966
A431 Billet 1959- X
1966
A432 Billet 1959- X
1966
A615 Billet 1968- X X X
1972
A615 Billet 1974- X X
1986
A615 Billet 1987- X X X
1997
A616 Rail* | 1968- X X
1997
A617 Axle 1968- X X
1997
A706 Low- 1974- X
Alloy® | 1997
A955 Stainless | 1996- X X X
1997

General Note: An entry “x” indicates the grade was available in those years.

Specific Notes: 1. The terms structural, intermediate, and hard became obsolete in 1968.

2. Actual yield and tensile strengths may exceed minimum values.

3. Until about 1920, a variety of proprietary reinforcing steels were used. Yield strengths are likely to be in the
range from 33,000 psi to 55,000 psi, but higher values are possible Plain and twisted square bars were
sometimes used between 1900 and 1949.

4. Rail bars should be marked with the letter “R.” Bars marked “s!” (ASTM 616) have supplementary
requirements for bend tests.

5. ASTM steel is marked with the letter “W.”
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Table 6-3 Compressive Strength of Structural Concrete (psi) 1
Time Frame Footings Beams Slabs Columns Walls
1900-1919 1000-2500 2000-3000 1500-3000 1500-3000 1000-2500
1920-1949 1500-3000 2000-3000 2000-3000 2000-4000 2000-3000
1950-1969 2500-3000 3000-4000 3000-4000 3000-6000 2500-4000
1970-Present 3000-4000 3000-5000 3000-5000 3000-100002 3000-5000
1. Concrete strengths are likely to be highly variable within any given older structure.
2. Exceptional cases of very high strength concrete may be found.

» Yield and ultimate strength of conventional and steel, and shall avoid damaging the existing reinforcing
prestressing reinforcing steel and metal connection steel as much as practicable. Core holes shall be filled
hardware with comparable-strength concrete or grout. For

conventional reinforcing and bonded prestressing steel,

» Ductility, toughness, and fatigue properties sampling shall consist of the removal of local bar

segments (extreme care shall be taken with removal of

» Metallurgical condition of the reinforcing steel, any prestressing steels). Depending on the location and
including carbon equivalent, presence of any amount of bar removed, replacement spliced material

degradation such as corrosion, bond with concrete, shall be installed to maintain continuity.

and chemical composition.

6.3.2.2 Component Properties

The effort required to determine these properties
depends on the availability of accurate updated
construction documents and drawings, quality and type
of construction (absence of degradation), accessibility,
and condition of materials. The method of analysis
(e.g., Linear Static Procedure, Nonlinear Static
Procedure) to be used in the rehabilitation may also
influence the scope of the testing

In general, the determination of material properties
(other than connection behavior) is best accomplished
through removal of samples and laboratory analysis.
Sampling shall take place in primary gravity- and
lateral-force-resiting components. Where possible,
sampling shall occur in regions of reduced stress to
limit the effects of reduced sectional area. The size of |
the samples and removal practices to be followed are
referenced in th€ommentaryThe frequency of
sampling, including the minimum number of tests for
property determination, is addressed in Section 6.3.2.4.

Generally, mechanical properties for both concrete and
reinforcing steel can be established from combined core,
and specimen sampling at similar locations, followed

by laboratory testing. For concrete, the sampling
program shall consist of the removal of standard
vertical or horizontal cores. Core drilling shall be
preceded by nondestructive location of the reinforcing

Structural elements often utilize both primary and
secondary components to perform their load- and
deformation-resisting function. Behavior of the
components, including beams, columns, and walls, is
dictated by such properties as cross-sectional
dimensions and area, reinforcing steel location, width-
to-thickness and slenderness ratios, lateral buckling
resistance, and connection details. This behavior may
also be altered by the presence of degradation or
physical damage. The following component properties
shall be established during the condition assessment
phase of the seismic rehabilitation process to aid in
evaluating component behavior (see Section 6.3.3 for
assessment guidelines):

Original and current cross-sectional dimensions

As-built configuration and physical condition of
primary component end connections, and
intermediate connections such as those between
diaphragms and supporting beams/girders

Size, anchorage, and thickness of other connector
materials, including metallic anchor bolts, embeds,
bracing components, and stiffening materials,

commonly used in precast and tilt-up construction
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« Charactestics that may influence the continuity, recommendatins. TheCommentanprovides
moment-rotation, or energy dissipation and load references for vawus test methods that may be used to
transfer behavior of connections estimate material properties.

» Confirmation of load transfer capability at Accurate determination of existing reinforcing steel
component-to-element connections, andrall strength properties is typically achieved through
element/structure behavior removal of bar or tendon length samples and

performance of laboratory destructive testing. The

These properties may be needed to characterize primary strength measures for reinforcing and

building performance properly in the seismic analysis. prestressing steels are the tensile yield strength and
The starting point for assessing component properties ultimate strength, as used in the structural analysis.

and condition should be retrieval of available Strength values may be obtained by using the
construction documents. Preliminary review of these  procedures contained BSTM A 370Prestressing
documents shall be performed to identify primary materials must also meet the supplemental requirements
vertical- (gravity) and lateral loacarrying elemsts in ASTM A 416A 421, orA 722 depending on material
and systems, and their critical components and type. The chemical composition may also be
connections. In the absence of a complete set of determined from the retrieved samples.

building drawings, the design professional must

perform athorough inspection of the building to Particular test methods that may be used for connector
identify these elements, systems, and components as steels include wet and dry chemical composition tests,
indicated in Section 6.3.3. and direct tensile and compressive strength tests. For

each test, industry standards published by ASTM,
In the absence of degradation, component dimensions including Standard 37Q exist and shall be followed.
and properties from original drawings may be used in For embedded connectors, the strength of the material
structural analyses without introducing significant error. may also be assessed in situ using the provisions of
Variance from nominal dimensions, such as reinforcing ASTM E 488TheCommentaryprovides réerences for
steel size and effective area, is usually small. these tests.

6.3.2.3 Test Methods to Quantify Properties Usually, the reinforcing steel system used in

To obtain the desired in-place mechanical properties Ofconstruction of a specific building is of a common grade

materials and components, it is necessary to use proveﬁanI strength. Occasionally one grade of retr#ment

destructive and nondestructive testing methods. Certair{sstitjriei ]:r:;ng'i’fgﬁgﬂ%ﬁife'r%a;h%sﬁ;rs? for
field tests—such as estimation of concrete compressivediam2ter bars (ep those used fgr lon itudingl
strength from hardness and impact resistance tests— -9 9

may be performedyut laboratory testing shall be used Linmfg:acreé?zm)érZrL:trtgsr:gg:g’dr:alssi pr?i?rltg:]e :Ezt(gr
where strength is critical. Critical properties of concrete ,, , g gt .
classes”) have been employed. In developing a testing

commonly include the compressive and tensile strength . 4 .
modulus of elasticity, and unit weight. Samples of program, the design professional shall consider the
' : possibility of varying concrete classes. Historical

concrete and reinforcing and connector steel shall also . L

be examined for physical condition (see resea_rch and mdystry documents alsq contain insight on

Section 6.3.3.2). material r_nechanlcal properties used in different
construction eras. Section 6.3.2.5 provides strength data

for most primary concrete and reinforcing steels used.

This information, with laboratory and field test data,

may be used to gain confidence in in situ strength

properties.

Accurate determination of existing concrete strength
properties is typically achieved through removal of core
samples and performance of laboratory destructive
testing. Removal of core samples should employ the
procedures contained &ASTM C 42Testing should
follow the procedures containedASTM C 42C 39
andC 496 The measured strength from testing must be In order to quantify in-place properties accurately, it is
correlated to in-place concrete compressive strength; important that a minimum number of tests be conducted
the Commentanyprovides further guidance on on primary components in the lateral-feressting
correlating core strength to in-place strength and other system. As stated previously, the minimum number of

6.3.2.4 Minimum Number of Tests
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tests is dictated by available data from original 10,000 square feet of dace area (estimated
construction, the type of structural system employed, smallest of the three).

desired accuracy, and quality/condition of in-place

materials. The accessibility of the structural system mays For concrete elements for which the design strength
also influence the testing program scope. The focus of  is unknown and test results are not available, a

this testing shall be on primary lateral-derresiting minimum of six cores/tests shall be conducted for
components and on specific properties needed for each floor level, 400 cubic yards of concrete, or
analysis. The test quantities provided in this section are 10,000 square feet of dace area (use smallest
minimum numbers; the design professional should number). Where the results indicate that different
determine whether further testing is needed to evaluate classes of concrete were employed, the degree of
as-built conditions. testing shall be increased to confirm class use.

Testing is not required on components other than thoses A minimum of three samples shall be removed for

of the lateral-force-resting system. If the existing splitting tensile strength determination, if a
lateral-force-resting system is being replaced in the lightweight aggregate canete were used for
rehabilitation process, minimum material testing is primary components. Additional tests may be
needed to qualify properties of existing materials at new warranted, should the efiicient of varidion in test
connection points. results exceed 14%.

A. Concrete Materials If a sample population greater than the minimum

For each concrete elemdype (such as a shear wall), a SPecified is used in the testing program and the
minimum of three core samples shall be taken and coefficient of variation in test results is less than 14%,

subjected to compression tests. A minimum of six teststhe mean strength derived may be used as the expected
shall be done for the complete concrete building strength in the analysis. If the coeff|C|_e_nt of variation
structure, subject to the limitations noted below. If from testing is greater than 14%, additional sampling
varying concrete classes/grades were employed in ~ @nd testing should be performed to improve the
building construction, a minimum of three samples and accuracy of testing or understanding of in situ material
tests shall be performed for each class. Test results shafit'éngth. The design professional (and subcontracted
be compared with strength values specified in the testing agenqy) shall cargfully examine test results to
construction documents. The core strength shall be ~ Verify that suitable sampling and testing procedures
converted to in situ concrete compressive strerfgth ( Were followed, and that appropriate values for the

as in Section C6.3.2.3 of ti@ommentaryThe unit analysis were selected from the data. In general, the
weight and modlilljs.of elasticity shall be derived or expected concrete strength shall not exceed the mean

estimated during strength testing. Samples should be €SS OF‘I? standard dehwatloon in situations where
taken at random locations in components critical to variability is geater thari4%.

structural behavior of the building. Tests shall also be
performed on samples from components that are
damaged or degraded, to quantify their condition. If tes
values less than the specified strength in the
construction documents are found, further strength
testing shall be performed to determine the cause or
identify whether the condition is localized.

In addition to destructive sampling and testing, further
tquantification of concrete strength may be estimated via
ultrasonics, or another nondestructive test method (see
the Commentary Because these methods do not yield
accurate strength values directly, they should be used
for confirmation and comparison only and shall not be
substituted for core sampling and laboratory testing.

The minimum number of tests to determine

compressive and tensile strength shall also conform to o . _
the following criteria. In terms of defining reinforcing and connector steel

strength properties, the following guidelines shall be
e For concrete elenmgs for which the Specified design followed. Connector steel is defined as additional
strength is known and test results are not available, gtructural or bolting steel material used to secure precast
minimum of three cores/tests shall be conducted for and other concrete shapes to the building structure.
each floor level, 400 cubic yards of concrete, or Both yield and ultimate strengths shall be determined.
A minimum of three tensile tests shall be conducted on

B. Conventional Reinforcing and Connector Steels
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conventional reinforcing steel samples from a building D. General

for strength determination, subject to the following  For other material properties, such as hardness and

supplemental conditions. ductility, no minimum number of tests is prescribed.
o ) L Similarly, standard test procedures may not exist. The

* If original construction documents defining design professional shall examine the particular need

properties exist, and if an Enhanc_ed Re.habilitation for this type of testing and establish an adequate
Objective (greater than the BSO) is desired, at least yrgtocol. In general, it is recommended that a minimum
three strength coupons shall be randomly removed  thyree tests beonducted to determine any property. If
from each element or component type (e.g., slabs, gytliers (results with coefficients of variation greater

walls, beams) and tested. than 15%) are detected, additional tests shall be
L ) L performed until an accurate representation of the
« If original construction documents defining property is gained.
properties do not exist, but the approximate date of
construction is known and a common material gradeg 3 2 5 Default Properties
is confirmed (e.g., all bars are Grade 60 steel), at ) ) )
least three strength coupons shall be randomly Mechanical properties for materials and components

removed from each element or Component type (e.g.,Sha” be based on ava”able hiS'[OI‘ical data fOI‘ the
beam, wall) for every three floors of the building. If Particular structure and tests on in-place conditions.
the date of construction is unknown, at least six suchShould extenuating circumstances prevent minimum

samples/tests, for every three floors, shall be material sampling and testing from being performed,
performedThis is required to satisfy the BSO. default strength properties may be used. Default
material and component properties have been
All sampled steel shall be replaced with new fully established for concrete compressive strength and

spliced and connected material, unless an analysis  reinforcing steel tensile and yield strengths from

confirms that replacement of function is not required. Published literature; thesge presented in Tables 6-1 to
6-3. These default values are generally conservative,

C. Prestressing Steels representing values reduced from mean strength in
order to address variability. However, the selection of a
default strength for concrete shall be made with care
rIi)ecause of the multitude of mix designs and materials
used in the construction industry.

The sampling of prestressing steel tendons for
laboratory testing shall be accomplished with extreme
care; only those prestressed components that are a pa
of the lateral-force-redisig system shall be considered.
Components in diaphragms should generally be
excluded from testing. If limited information exists
regarding original materials and the prestressing force
applied, the design professional must attempt to
quantify properties for analysis. Tendon removals shal
be avoided if possible in prestressed members. Only a
minimum number of tendon samples for laboratory
testing shall be taken.

For concrete default compressive strength, lower-bound
values from Table 6-3 may be used. The default
compressive strength shall be used to establish other
| strength and performance characteristics for the
concrete as needed in the structural analysis.

Reinforcing steel tensile propertiage presented in

Tables 6-1 and 6-2. Because of lower variability, the

lower-bound tabulated values may be used without
" further reduction. For Rehabilitation Objectives in
which default values are assumed for existing
reinforcing steel, no welding or mechanical coupling of
new reinforcing to the existing reinforcing steel is
permitted. For buildings constructed prior to 1950, the
bond strength developed between reinforcing steel and
concrete may be less than present-day strength. The
tensile lap splices and development length of older plain
reinforcing should be considered as 50% of the capacity
of present-day tabulated values (such as@h 318-95

Determination of material properties may be possible
without tendon removal or prestress removal, bgfta
sampling of either the tendon grip or extension beyond
the anchorage.

All sampled steel shall be replaced with new fully
connected and stressed material and anchorage
hardware unless an analysis confirms that replacement
of function is not required.
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[ACI, 1995]) unless further justified through testing and systems require special consideration and evaluation.
assessment (CRSI, 1981). The load path for the system must be determined, and
each connection in the load path(s) must be evaluated.
For connector materials, the nominal strength from This includes diaphragm-to-component and
design and construction documents may be used. In theomponent-to-component connections. Where the
absence of this information, the default yield strength connection is attached to one or more components that
for steel connector material may be taken as 27,000 psare expected to experience significant inelastic
response, the strength and deformation capacity of
Default values for prestressing steel in prestressed connections must be evaluated. The condition and
concrete construction shall not be used, unless detailing of at least one of each connection type should
circumstances prevent material sampling/testing from be investigated.
being performed. Irthis case, it may be prudent to add a

new lateral-force-resisting system to the building. The condition assessment aiftords aropportunity to
review other conditions that may influence concrete

6.3.3 Condition Assessment elements and systems, and overall building
performance. Of particular importance is the

6.3.3.1 General identification of other elements and components that

A condition assessment of the existing building and sitemay contribute to or impair the performance of the
conditions shall be performed as part of the seismic ~ concrete system in question, including infills,

rehabilitation process. The goal of this assessment is neighboring buildings, and equipment attachments.
threefold: Limitations posed by existing coverings, wall and

ceiling space, infills, and other conditions shall also be
+ To examine the physical condition of primary and ~ defined.
secondary components and the presence of any

degradation 6.3.3.2 Scope and Procedures
) ) ) The scope of the condition assessment should include
* To verify the presence and configuration of all primary structural elements and components
components and their connections, and the involved in gravity and lateral load resistance, as
continuity of load paths between components, limited by accessibility. The knowledge and insight
elements, and systems gained from the condition assessment is invaluable to
) o ) the understanding of load paths and the ability of
* To review other conditions that may influence components to resist and transfer these loads. The
existing building erformance, such asigaboring degree of assessment performed also affects taetor

party walls and buildings, nonstructural components that js used in the analysis, and the type of analysis (see
that may contribute to resistance, and any limitations section 6.3.4).

for rehabilitation

A. Visual Inspection

The physical condition of existing components and Direct visual | i ides th t valuabl
elements, and their connections, must be examined for. Irect visual Inspection provides the most valuable

presence of degradation. Degradation may include ~ nformation, as it can be used to quickly identify any
environmental effects (e.g., corios, fire damage configurational issues, and it allows the measurement of

chemical attack), or past or current loading effects (e_g_’gomp(()jn?nt Q|men5|or;sil_?]nd th(i'de_tterrr;lrat:jon vtvr?ether
overload, damage from past earthquakes, fatigue, egradation IS présent. The continuity otioad paths may

fracture). The condition assessment shall also examinebe estat_Jllshed thr'ough ViIewing of components and
for configurational problems observed in recent connection condition. From visual inspection, the need

earthquakes, including effects of discontinuous for other test methods to quantify the presence and

components, construction deficiencies, poor fit-up, and 4€9re€e of degradation may be established. The
e dimensions of accessible primary components shall be
ductility problems. : ) :
measured and compared with available design
information. Similarly, the configuration and condition

Component orientation, plumbness, and physical of all connections (exposed surfaces) shall be verified
dimensions should be confirmed during an assessmentWith ermanent defor&ations or other noted anomalies
Connections in concrete components, elements, and P '
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Industry-accepted procedures are cited in the
Commentary

contamination, and to improve understanding of the
internal condition and quality of the concrete. Further
guidelines and procedures for destructive and

Visual inspection of the specific building should include nondestructive tests that may be used in the condition
all elements and components constructed otn, assessment are provided in themmentaryThe
including foundations, vertical and horizont@me following paragraphs identify those nondestructive
members, diaphragms (slabs), and connections. As a examination (NDE) methods having the greatest use
minimum, a representative sampling of at least 20% of and applicability to condition assessment.

the elements, components, and connections shall be

visually inspected at each floor level. If significant » Surface NDE methods include infrared

damage or degradation is found, the assessment sample thermography, delamination sounding, surface

shall be increased to all critical components of similar
type in the building. The damage should be quantified
using supplemental methods cited in this chapter and

the Commentary

If coverings or other obstructions exist, indirect visual
inspection through the obstruction may be conducted by
using drilled holes and a fiberscope. If this method is
not appropriate, then exposure will be necessary.
Exposure is defined as local minimized removal of
cover concrete and other materials to allow inspection
of reinforcing system details; all damaged cmte

cover shall be replaced after inspection. The following
guidelines shall be used for assessing primary
connections in the building.

If detailed design drawings exist, exposure of at least
three different primaryannections shall occur, with
the connection sample including different types

(e.g., beam-column, column-foundation, beam-
diaphragm). If no deviations from the drawings .
exist, the sample may be considered representative
of installed conditions. If deviations are noted, then
exposure of at least 25% of the specific connection
type is necessary to identify the extent of deviation.

In the absence of accurate drawings, exposure of at
least three connections of each primary connection
type shall occur for inspection. If common detailing
is observed, this sample may be considered
representative. If many different details of
deviations are observed cieased connection
inspection is warranted until an accurate
understanding of building construction and behavior
is gained.

hardness measurement, and crack mapping. These
methods may be used to find surface degradation in
components such as service-induced cracks,
corrosion, and constructioreficts.

Volumetric NDE methods, including radiography

and ultrasonics, may be used to identify the presence
of internal discontinuities, as well as to identify loss
of section. Impact-echo ultrasonics is particularly
useful because of ease of implementation and
proven capability in concrete.

Structural condition and performance may be
assessed through on-line monitoring using acoustic
emissions and strain gauges, and in-place static or
dynamic load tests. Monitoring is used to determine
if active degradation or deformations are occurring,
while nondestructive load testing provides direct
insight on load-carrying capacity.

Locating, sizing, and initial assessment of the
reinforcing steel may be completed using
electromagnetic methods (such as pachometer).
Further assessment of suspected corrosion activity
should utilize electrical half-cell potential and
resistivity measurements.

Where it is absolutely essential, the level of prestress
remaining in an unbonded prestressed system may
be measured using lift-off testing (assuming original
design and installation dadae available), or another
nondestructive method such as “coring stress relief”
(ASCE, 1990).

The Commentanprovides general background and

references for these nheds.

B. Additional Testing

The physical condition of components and connectors 6.3.3.3

Quantifying Results

may also dictate the need for certain destructive and  The results of the condition assessment shall be used in
nondestructive test methods. Such methods may be  the preparation of building system models in the

used to determine the degree of damage or presence ogvaluation of seismic performance. To aid in this effort,
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the results shall be quantified, with the following selection criteria for & factor specific to concrete
specific topics addressed: structural components.
« Component section properties and dimensions If the concrete structural system is exposed and good
access exists, significant knowledge regarding
« Component configuration and presence of any configuration and behavior may be gained through
eccentricities or permanent deformation condition assessment. In generak factor of 1.0 can
be used when a thorough assessment is performed on
¢ Connection configuration and presence of any the primary/secondary components and load paths, and
eccentricities the requirements of Sections 2.7 and 6.3.3 are met. This
assessment should include exposure of at least one
* Presence and effect of altemats to the structural sample of each primary component connection type and
system since original construction (e.g., doorways comparison with construction documents. However, if
cut into shear walls) original reinforcing steel shop drawings, material

specifications, and field inspection or quality control
« Interaction of nonstructural components and their records are available, this effort is not required.
involvement in lateral load resistance
If incomplete knowledge of as-built component or
As previously noted, the acceptance criteria for existingconnection configuration exists because a smaller

components depend on the design professional’s sampling is performed than that required #o+ 1.0,k
knowledge of the condition of the structural system andshall be reduced to 0.75. Rehabilitation requires that a
material properties. All deviations noted between minimum sampling be performed from which

available construction records and as-built conditions knowledge of as-built conditions can be surmised.
shall be accounted for and considered in the structural Where ak of 0.75 cannot be justified, no seismic
analysis. Again, some removal of cover concrete is resistance capacity may be used for existing
required during this stage to confirm reinforcing steel components.
configuration.

If all required testing fok = 1.0 is done and the
Gross component section properties in the absence of following situations prevailg shall be reduced to 0.75.
degradation have been found to be statistically close to
nominal. Unless concrete cracking, reinforcing » Construction documents for the concrete structure
corrosion, or other mechanisms are observed in the are not available or are incomplete.
condition assessment to be causing damage or reduced
capacity, the cross-sectional area and other sectional ¢« Components are found degraded during assessment,
properties shall be taken as those from the design for which further testing is required to qualify
drawings. If some sectional material loss has occurred, behavior and to use= 1.0.
the loss shall be quantified via direct measurement. The
sectional properties shall then be reduced accordingly, ¢ Components have high variability in mechanical

using the principles of structural mechanics. If the properties (up to a coefficient of vatian of 25%).
degradation is significant, further analysis or
rehabilitative measures shall be undertaken. « Components shown in construction documents lack

sufficient structural detail to allow proper analysis.
6.3.4 Knowledge k) Factor

As described in Section 2.7, computation of component
capacities and allowable deformations involves the use
of a knowledgeK) factor. For cases where a Linear 6.3.5
Static Procedure (LSP) will be used in the analysis, two ="~
possible values far exist (0.75 and 1.0). For nonlinear Upon determining that concrete elements in an existing
procedures, the design professional must obtain an in- building are deficient for the desired Rehabilitation
depth understanding of the building structural system Objective, the next step is to define rehabilitation or
and condition to support the use of éactor of 1.0. replacement alternatives. If replacement of the element
This section further describes the requirements and  is selected, design of the new element shall be in

Components contain archaic or proprietary material
and their materials condition is uncertain.

Rehabilitation Issues
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accordance with local building codes and HeHRP may produce stress concentrations resulting in
Recommended Provisiofa new buildings (BSSC, premature failure.
1995).

6.4.1.2 Stiffness

6.3.6 Connections Component stiffnesses shall be calculated according to
Connections between existing concrete components an@ccepted principles of mechanics. Sources of flexibility

any components added to rehabilitate the original shall include flexure, shear, axial load, and
structure are critical to overall seismic performance.  reinforcement slip from adjacent connections and
The design professional is strongly encouraged to components. Stiffnesses should be selected to represent

examine as-built connections anerform anyphysical the stress and deformation levels to which the
testing/inspection to assess their performance. All new components will be subjected, considering volume
connections shall be subject to the quality control change effects (temperature and shrinkage) combined
provisions contained in the§uidelines In addition, with design earthquake and gravity load effects.

for connectors that are not cast-in-place, such as anchor

bolts, a minimum of five samples from each connector A. Linear Procedures

type shall be tested after installation. Connectors that \where design actions are determined using the linear

rely on ductility shall be testeatcording to procedures of Chapter 3, component effective
Section 2.13. (See also Section 6.4.6.) stiffnesses shall correspond to the secant value to the
yield point for the component, except that higher
; stiffnesses may be used where it is demonstrated by
6.4 Gene.ral Assumptions and analysis to be appropriate for the design loading. The
Requirements effective stiffness values in Table 6-4 should be used,
except where little nonlinear behavior is expected or
6.4.1 Modeling and Design detailed evaluation justifiesféierent values. These
same stiffnesses may be appropriate for the initial
6.4.1.1 General Approach stiffness for use in the nonlinear procedures of
Design approaches for an existing or rehabilitated Chapter 3.

building generally shall follow procedures of .
ACI 318-95(ACl, 1995), except as otherwise indicated B. Nonlinear Procedures

in theseGuidelines and shall emphasize the foIIowing. Where design actions are determined using the
nonlinear procedures of Chapter 3, component load-

* Brittle or low-ductility failure modes shall be deformation response shall be represented by nonlinear
identified as part of the analysis. These typically  |oad-deformation relations, except that linear relations
include behavior in direct or nearly-direct are acceptable where rimear response will not occur
compression, shear in slender components and in  in the component. The nonlinear load-deformation
component connections, torsion in slender relation shall be based on experimental evidence or may
components, and reinforcement development, be taken from quantities specified in Sections 6.5
splicing, and anchorage. It is preded that the through 6.13. The nonlinear load-deformation relation

stresses, forces, and moments acting to cause theséor the Nonlinear Static Procedure (NSP) may be
failure modes be determined from consideration of composed of line segments or curves defining behavior
the probable resistances at the locations for under monotonically increasing ¢al deformation.
nonlinear action. The nonlinear load-deformation relation for the
Nonlinear Dynamic Procedure (NDP) may be

* Analysis of reinforced concrete components shall  composed of line segments or curves, and shall define
include an evaluation of demands and capacities at behavior under monotonically increasing lateral
all sections along the length of the component. deformation and under multiple reversed deformation
Particular attention shall be paid to locations where cycles.
lateral and gravity loads produce maximum effects;
where changes in cross section or reinforcement  Figure 6-1 illustrates a generalized load-deformation
resultin reduced strength; and where abrupt changeselation that may be applicable for most concrete
in cross section or reinforcement, including splices, components evaluated using the NSP. The relation is
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Table 6-4 Effective Stiffness Values

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed 0.5Ely 0.4EA, —
Beams—prestressed Ecly 0.4EA, —
Columns in compression 0.7E.lq 0.4E Ay EAg
Columns in tension 0.5E.lq 0.4E Ay EAs
Walls—uncracked (on inspection) 0.8E.ly 0.4EA, EAg
Walls—cracked 0.5E.lq 0.4E Ay EAg
Flat Slabs—nonprestressed See Section 6.5.4.2 0.4E Ay —

Flat Slabs—prestressed See Section 6.5.4.2 0.4E A4 —

Note: Ig for T-beams may be taken as twice the valu%oﬁ the web alone, or may be based on the effective width as defined in Section 6.4.1.3.

For shear stiffness, the quantity Bc41as been used to represent the shear mo@ulus

described by linear response frén{unloaded
component) to an effective yieRl Subsequently, there Q
is linear rsponse, at reduced stiffness, fréno C, Qce
with sudden reduction in lateral load resistancB,to b
response at reduced resistancg,tand final loss of
resistance thereafter. The slope frarto B shall be 1.0 -4 T ____
according to Section 6.4.1.2A. The slope frBrto C, ’ c
ignoringeffects of graity loads acting through lateral
displacements, typically may be taken as equal to
between zero and 10% of the initial slo@ehas an /n
ordinate equal to the strength of the component and an -
abscissa equal to the deformation at which significant Bor A

strength degradation begins. It is permissible to (a) Deformation

represent the load-deformation relation by lines
connecting point#é, B, andC, provided that the
calculated response is not beydddt is also Q 1}
acceptable to use more refined relations where they are ~ Pce
justified by experimental evidence. Sections 6.5 e
through 6.13 recommend numerical values for the d

points identified in Figure 6-1. 1.0t———————————=

Typically, the responses shown in Figure 6-1 are
associated with flexural response or tension response.
In this case, the resistancedQcg = 1.0 is the yield A
value, and subsequent strain hardening accommodates
strain hardening in the load-deformation relation as the
member is deformed toward the expected strength. ) .
When the response shown in Figure 6-1 is associated | (b) Deformation ratio

with compression, the resistancedQcg = 1.0 Figure 6-1 Generalized Load-Deformation Relation
typically is the value at which concrete begins to spall,

and strain hardening in well-confined sections may be

associated with strain hardening of the longitudinal

>

reinforcement and the confined concrete. When the
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response shown in Figure 6-1 is associated with shear, controlled actions shall be according to Sections 6.4.2.2
the resistance &/Qcg = 1.0 typically is the value at and 6.4.2.3.

which the design shear strength is reached, and no strain

hardening follows. Components shall be classified as having low,
moderate, or high ductility demands according to
Figure 6-1 shows two different ways to define the Section 6.4.2.4.

deformations, as follows: . - _
Where strength and deformation capacities are derived

(a) Deformation, or Type I. In this curve, deformations  from test data, the tests shall be representative of

are expressed directly using terms such as strain, proportions, details, and stress levels for the

curvature, rotation, or elongation. The paramedersd component. General requirements for testing are

b refer to those portions of the deformation that occur specified in Section 2.13.1.

after yield; that is, the plastic deformation. The

parametec is the reduced resistance after the sudden Strengths and deformation capacities given in this

reduction fromC to D. Parametera, b, andc are chapter are for earthquake loadings involving three

defined numerically in various tables in this chapter.  fully reversed deformation cycles to the design
deformation levels, in addition to similar cycles to

(b) Deformation Ratio, or Type IIl.  In this curve, lesser deformation levels. In some cases—including
deformations are expressed in terms such as shear angme short-period buildings, and buildings subjected to
and tangential drift ratio. The parametdrande refer a long-duration design earthquake—a building may be
to total deformations measured from the origin. expected to be subjected to more numerous cycles to the
Parameters, d, ande are defined numerically in design deformation levels. The increased number of
various tables in this chapter. cycles may lead to reductions in resistance and
deformation capacity. The effects on strength and
6.4.1.3 Flanged Construction deformation capacity of more numerous deformation

cycles should be considered in design. Large

In components and elements consisting of a web and ,
earthquakes will cause more numerous cycles.

flange that act integrally, the combined stiffness and
strength for flexural and axial loading shall be
calculated considering a width effective flange on
each side of the web equal to the smaller of (1) the Deformation-controlled actions are defined in

provided flange width, (2) eight times the flange Section 3.2.2.4. Strengths used in design for

thickness, (3) half the distance to the next web, and (4)deformation-controlled actions generadise deoted
one-fifth of the span for beams or one-half the total Qceand shall be taken as equal to expected strengths
height for walls. When the flange is in compression,  obtained experimentally or calculated using accepted
both the concrete and reinforcement within the effective mechanics principles. Expected strength is defined as
width shall be consiered effetive in resisting flexure  the mean maximum resistance expected over the range

6.4.2.2 Deformation-Controlled Actions

and axial load. When the flange is in tension, of deformations to which the component is likely to be
longitudinal reinforcement within the effective width subjected. When calculations are used to define mean
shall be considered fullgffective for resisng flexure expected strength, expected material strength—

and axial loads, provided that proper splice lengths in including strain hardening—is to be taken into account.
the reinforcement can be verified. The portion of the  The tensile stress in yielding longitudinal reinforcement
flange extending beyond the width of the web shall be shall be assumed to be at least 1.25 times the nominal
assumed ineffective in resisting shear. yield stress. Procedures specified in ACI 318 may be
used to calculate strengths used in design, except that
6.4.2 Design Strengths and Deformabilities  the strength reduction factag, shall be taken as equal
6.4.21 General to unity, and other procedures specified in these

Guidelinesshall govern where applicable.
Actions in a structure shall be classified as being either
deformation-controlled or foe-ontrolled, as defined 6.4.2.3 Force-Controlled Actions
in Chapter 3. General procedures for calculating design

' Force-controll ions ar fined in Ch r3.
strengths for deformation-controlled and force- orce-controlied actions are defined in Chapter 3

Strengths used in design for éercontrolled actions
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generally are denot&g; and shall be taken as equal to
lower bound strengths obtained experimentally or
calculated using established mechanics principles.
Lower bound strength is defined generally as the lower
five percentile of strengths expected. Where the
strength degrades with continued cycling ar@ased
lateral deformations, the lower bound strength is
defined as the expected minimum value within the
range of deformations and loading cycles to which the
component is likely to be subjected. When calculations
are used to define lower bound strengths, lower bound
estimates of material properties are to be assumed.
Procedures specified in ACI 318 may be used to
calculate strengths used in design, except other
procedures specified in tliguidelinesshall govern

where applicable (see Section 6.3.2.5).

6.4.2.4 Component Ductility Demand
Classification

Some strength calculation procedures in this chapter
require definition of component ductility demand
classification. For this purpose, components shall also
be classified as having low, moderate, or high ductility

demands, based on the maximum value of the demand

capacity ratio (DCR; see Section 2.9.1) from the linear

procedures of Chapter 3, or the calculated displacemen

ductility from the nonlinear procedures of Chapter 3.
Table 6-5 defines the relation.

Table 6-5 Component Ductility Demand

Classification

Maximum value of DCR or

displacement ductility Descriptor

<2 Low Ductility Demand

2to 4 Moderate Ductility Demand
>4 High Ductility Demand
6.4.3 Flexure and Axial Loads

Flexural strength and deformability of members with
and without axial loads shall be calculated according to
accepted procedures. Strengths and deformabilities of
components with monolithic flanges shall be calculated
considering concrete and developed longitudinal
reinforcementvithin the effective flange width defined

in Section 6.4.1.3. Strengths and deformabilities shall
be determined considering available development of
longitudinal reinforcement.

Without confining transverse reinforcement, maximum
usable strain at extreme concrete compression fiber
shall not exceed 0.002 for components in nearly pure
compression and 0.005 for other components. Larger
strains are permitted where transverse reinforcement
provides confinement. Maximum allowable
compression strains for confined concrete shall be
based on experimental evidence and shall consider
limitations posed by fracture of transverse
reinforcement, buckling of longitudinal reinforcement,
and degradation of component resistance at large
deformation levels. Maximum compression strain shall
not exceed 0.02, and maximum longitudinal
reinforcement tension strain shall not exceed 0.05.

Where longitudinal reinficement has embedment or
development length into adjacent components that is
insufficient for development of reinforcement
strength—as in beams with bottom bars embedded a
short distance into beam-column joints—flexural
strength shall be calculated based on limiting stress
capacity of the embedded bar as defined in

Section 6.4.5.

Where flexural deformation capacities are calculated
gom basic mechanics principles, reduction in

eformation capacity due to applied shear shall be taken
into consideration.

6.4.4

Strengths in shear and torsion shall be calculated
according to ACI 318 (ACI, 1995), except as noted
below and in Sections 6.5 and 6.9.

Shear and Torsion

Within yielding regions of components with moderate

or high ductility demands, shear and torsion strength
shall be calculated according to accepted procedures for
ductile components (for example, the provisions of
Chapter 21 oACI 318-95. Within yielding regions of
components with low ductility demands, and outside
yielding regions, shear strength may be calculated using
accepted procedures normally used for elastic response
(for example, the provisions of Chapter 11 of ACI 318).

Within yielding regions of components with moderate
or high ductility demands, transverse rencEment

shall be assumed ineffective in resisting shear or torsion
where: (1) longitudinal spacing of transverse
reinforcement exceeds half the component effective
depth measured in the direction of shear, or (2)
perimeter hoops are either lap spliced or have hooks
that are not adequately anchored in the concrete core.
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Within yielding regions of components with low to straight bar development in tension; &pd yield

ductility demands, and outside yielding regions, strength of reinforcement. Where transverse

transverse reinforcement shall be assumed ineffective inteinforcement is distributed along the development

resisting shear or torsion where the longitudinal spacinglength with spacing not exceeding one-third of the

of transverse reinforcement exceeds the component  effective depth, the developed reinforcement may be

effedive depth measured in thereiction of shear. assumed to retain the calculated stress capacity to large
ductility levels. For larger spacings of transverse

Shear friction strength shall be calculated according to reinforcement, the developed stress shall be assumed to

ACI 318-95 taking into consideration the expected degrade fronig to 0.4, at ductility demand or DCR

axial load due to gravity and earthquadtects. Where equal to 2.0.

rehabilitation involves addition of concrete requiring

overhead work with dry-pack, the shear friction

coefficientu shall be taken as equal to 7

specified byACI 318-95

0 Strength of straight, discontinuous bars embedded in
0% of the value ¢oncrete sections (including beam-column joints) with
clear cover over the embedded bar not less thgmay

6.4.5 Development and Splices of be calculated according to Equation 6-2.

Reinforcement

_ 250
Development strength of straight bars, hooked bars, and fs = dbole = fy (6-2)

lap splices shall be calculated according to the general
provisions ofACI 318-95 with the following

modifications: wherefg = maximum stress (in psi) that can be

developed in an embedded bar having embedment
Within yielding regions of components with moderate lengthl (in inches)dy, = diameter of embedded bar (in
or high ductility demands, details and strength inches), and, = bar yield stress (in psi). When the
provisions for new straight developed bars, hooked  expected stress equals or excdgds calculated above,
bars, and lap spliced bars shall be according to andfs is less tharfy, the developed stress shall be

Chapter 21 oACI 318-95 Within yielding regions of "
components with low ductility demands, and outside assumed to degrade fraiyto 0.4 at ductility demand

yielding regions, details and strength provisions for new ©" DCR equal to 2.0. In beams with short bottom bar

construction shall be according to Chapter 12 of embedments into beam-column joints, flexural strength
ACI 318-95 except requirements and strength shall be calculated considering the stress limitation of
provisions for lap splices may be taken as equal to thos&9uation 6-2, and modeling parameters and acceptance
for straight development of bars in tension without criteria shall be according to Section 6.5.2.

consideration of lap splice classifications. , . o
Doweled bars added in seismic rehabilitation may be

Where existing development, hook, and lap splice assumed to develop yield stress when all the following
length and detailing requirements are not according to &'€ satisfied: (1) drilled holes fdowel bars are cleaned
the requirements of the preceding paragraph, maximumWith a stiff brush that extends the length of the hole;
stress capacity of reinforcement shall be calculated ~ (2) €mbedment length is not less than Hy; and

according to Equation 6-1. (3) minimum spacing of dowel bars is not less thian 4
and minimum edge distance is not less thianQther
ly design values for dowel bars shall be verified by test
fg = ny (6-1)  data. Field samples shall be obtained to ensure design

strengths are developed per Section 6.3.3.

wherefg = bar stress capacity for the development, 6.4.6 Connections to Existing Concrete
hook, or lap splice lengtly provided;l4 = length

required by Chapter 12 or Chapter 21 (as appropriate)
of ACI 318-95for development, hook, or lap splice
length, except splices may be assumed to be equivale

Connections used to connect two or more components
may be classified according to their anchoring systems
S cast-in-place systems or as post-installed systems.
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6.4.6.1 Cast-In-Place Systems 6.5.1.1 Reinforced Concrete Beam-Column

The capacity of the connection should be not less than Moment Frames

1.25 times the smaller of (1) the force corresponding toReinforced concrete beam-column moment frames are
development of the minimum probable strength of the those frames that satisfy the following conditions:

two interconnected components, and (2) the component

actions at the connection. Shear forces, tension forces,1. Framing components are beams (with or without
bending moments, and prying actions shall be slabs) and columns.

considered. Design values for connection anchorages

shall be ultimate values, and shall be taken as suggeste2. Beams and columns are of monolithic construction

in ACI Report 355.1R-91, or as specified in the latest that provides for moment traies between beams
version of the locally adopted strength design building and columns.
code.

3. Primary reinforcement in components contributing
The capacity of anchors placed in areas where cracking to lateral load resistance is nonprestressed.
is expected shall be reduced by a factor of 0.5.

The frames include Special Moment Frames,
6.4.6.2 Post-Installed Systems Intermediate Moment Frames, and Ordinary Moment
Frames as defined in the 1984HRP Recommended
Provisions(BSSC, 1995), as well as frames not
satisfying the requirements of theBmvisions This
classification includes existing construction, new
construction, and existing construction that has been

The capacity should be calculated according to
Section 6.4.6.1. See tl@ommentaryor exceptions.

6.4.6.3 Quality Control

SeeCommentaryfor this section. rehabilitated.
6.5.1.2 Post-Tensioned Concrete Beam-
6.5 Concrete Moment Frames Column Moment Erames

6.51 Types of Concrete Moment Frames Post-tensioned concrete _beam—column' moment fram.es
are those frames that satisfy the following conditions:
Concrete moment frames are those eleisieomposed
primarily of horizontal framing components (beams 1. Framing components are beams (with or without
and/or slabs) and vertical framing components slabs) and columns.
(columns) that develop lateral loadistance through
bending of horizontal and verticighming components. 2. Beams and columns are of monolithic construction
These elements may act alone to resist lateral loads, or that provides for moment traies between beams
they may act in conjunction with shear wallsaded and columns.
frames, or other elements to form a dual system.
3. Primary reinforcement in beams contributing to
The provisions in Section 6dre gplicable toframes lateral load resistance includes post-tensioned
that are cast monolithically, including monolithic reinforcement with or without nonprestressed
concrete frames rehabilitated or created by the addition reinforcement.
of new material. Frames covered under this section
include reinforced concrete beam-column moment This classification includes existing construction, new
frames, prestressed concrete beam-column moment  construction, and existing construction that has been
frames, and slab-column moment frames. Sections 6.6 rehabilitated.
6.7, and 6.10 apply to precast concrete frames, infilled
concrete frames, and concrete braced frames, 6.5.1.3 Slab-Column Moment Frames

respectively. Slab-column moment frames are those frames that

satisfy the following conditions:

1. Framing components are slabs (with or without
beams in the transverse direction) and columns.
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2. Slabs and columreze of nonolithic construction column-foundation connection and rigidity of the
that provides for moment traies between slabs and  foundation-soil system.
columns.
Action of the slab as a diaphragm interconnecting
3. Primary reinforcement in slabs contributing to vertical elements shall be represented. Action of the
lateral load reistance includes nonprestressed slab as a composite beam flange is to be considered in
reinforcement, prestressed reinforcemenbath. developing stiffness, strength, and deformation

capacities of the beam component model, according to
The slab-column frame may or may not have been Section 6.4.1.3.
intended in the original design to be part of the lateral-

load-resisting system. This classification includes Inelastic deformations in primary components shall be

existing construction, new construction, and existing  restricted to flexure in beams (plus slabs, if present) and

construction that has been rehabilitated. columns. Other inelastic deformations are permitted in
secondary components. Acceptance criteria are

6.5.2 Reinforced Concrete Beam-Column provided in Section 6.5.2.4.

Moment Frames
6.5.2.2 Stiffness for Analysis

A. Linear Static and Dynamic Procedures

Beams shall be modeled considering flexural and shear
stiffnesses, including in monolithic construction the
effect of the slab acting as a flange. Columns shall be
modeled considering flexural, shear, and axial
stiffnesses. Joints shall be modeled as stiff components,
and may in most cases be considered rigid. Effective
stiffnesses shall be according to Section 6.4.1.2.

6.5.2.1 General Considerations

The analysis model for a beam-column frame element
shall represent strength, stiffness, and deformation
capacity of beams, columns, beam-column joints, and
other components that may be part offitaene,

including connections with other elements. Potential
failure in flexure, shear, and reinforcement development
at any section along the component length shall be
considered. Interaction with other elements, including
nonstructural elements and components, shall be

. B. Nonlinear Static Procedure
included.

Nonlinear load-deformation relations shall follow the

The analytical model generally can represent a beam- 9eneral guidelines of Section 6.4.1.2.

columnframe ugng line elements with properties i

concentrated at component centerlines. Where beam Beams and columns may be modeled using ,
and column centerlines do not coincide, the effects on concentrated plastic hinge models, distributed plastic
framing shall be considered. Where mieocentricities ~ hinge models, or other models whose behavior has been

occur (i.e., the centerline of the narrower component demonstrated to adequately represent important

falls within the middle third of the adjacent framing characteristics of reinforced concrete beam and column
direction), theeffect of the eccentricity can lgnored. ~ Shall be capable of representing inelastic response along

Where larger eccentricities occur, the effect shall be  the component length, except where it is shown by
represented either by reductions in effective stiffnesses equilibrium that yielding is restricted to the component

strengths, and deformation capacities, or by direct ends. Where nonlinear response is expected in a mode
modeling of the eccentricity. other than flexure, the model shall be established to

represent these effects.

The beam-column joint in monolithic construction i ) )

generally shall be represented as a stiff or rigid zone ~Monotonic load-deformation relations shall be

having horizontal dimensions equal to the column according to the generalized relation shown in
cross-sectional dimensions and vertical dimension ~ Figure 6-1, except thatfierent relaions are permitted
equal to the beam depth, except that a wider joint may Where verified by experiments. In that figure, point B

be assumed where the beam is wider than the column corresponds to significant yielding, C corresponds to
and where justified by experimental evidence. The the point where significant lateral load resistance can be
model of the connection between the columns and ~ assumed to be lost, and Er@sponds to the point
foundation shall be selected based on the details of theWhere gravity load resistance can be assumed to be lost.
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The overall load-deformation relation shall be A =0.75 for lightweight aggregate concrete and 1.0 for

established so that the maximum resistance is consistertormal weight aggregate concrete, &jo= axial

with the design strength specifications of Sections 6.4.2compression force in pounds (= 0 for tension force). All

and 6.5.2.3. unitsare expressed jpounds and inches. Where axial
force is calculated from the linear procedures of

For beams and columns, the generalized deformation irChapter 3, compressive axial load for use in

Figure 6-1 may be either the chord rotation or the Equation 6-3 should be taken as equal to the value

plastic hinge rotation. For beam-column joints, an calculated considering design gravity load only, and

acceptable measure of the generalized deformation is tensile axial load should be taken as equal to the value

shear strain. Values of the generalized deformation at calculated from the analysis considering design load

points B, C, and D may be derived from experiments or combinations, including gravity and earthquake loading

rational analyses, and shall take into account the according to Section 3.2.8.

interactons between flexure, axial load, and shear.

Alternately, where the generalized deformation is takenfgor columns satisfying the detailing and proportioning

as rotation in the flexural plastic hinge zone in beams requirements of Chapter 21 of ACI 318, the shear

and columns, the plastic hinge rotation capacities shall strength equations of ACI 318 may be used.
be as defined by Tables 6-6 and 6-7. Where the

generalized deformation is shear distortion of the _beamFor beam-column joints, the nominal cross-sectional
column joint, shearrggle capacities shall be as defined areaAy, shall be defined by a joint depth equal to the

by Table 6-8. column dimension in the direction of framing and a

, , joint width equal to the smallest of (1) the column
C. Nonlinear Dynamic Procedure width, (2) the beam width plus the joint depth, and
For the NDP, the complete hysteresis behavior of each (3) twice the smaller perpendicular distance from the
component shall be modeled using properties verified longitudinal axis of the beam to the column side.
by experimental evidence. The relation of Figure 6-1  Design forces shall be calculated based on development
may be taken to represent the envelope relation for theof flexural plastic hinges in adjacent framing members,
analysis. Unloading and reloading properties shall including effective slab width, but need not exceed
represent significant stiffness and strength degradationvalues calculated from design gravity aatthquake
characteristics. load combinations. Nominal joint shear strength

shall be calculated according to the general procedures

6.5.2.3 Design Strengths of ACI 318, modified as described below.

Component strengths shall be computed according to
the general requirements of Section 6.4.2, as modified QcL =V, = /\VﬁA" psi (6-4)
in this section. )

. . inwhich A = 0.75 for lightweight aggregate concrete
The maximum component st_rength shall I_oe determlnedand 1.0 for normal weight aggregate concréjés the
considering potential failure in flexure, axial load, i ) N ) ) .
shear, torsion, development, and other actions at all ~ €fféctive horizontal jmt area with dimension as
points along the length of the component under the ~ defined above, angis as defined in Table 6-9.
actions of design gravity and lateral load combinations. L

ang y 6.5.2.4 Acceptance Criteria

For columns, the contribution of concrete to shear A. Linear Static and Dynamic Procedures

strength)V,, may be calculated according to All actions shall be classified as being either

Equation 6-3. deformation-controlled or force-controlled, as defined
in Chapter 3. In primary components, deformation-
N 0O controlled actions shall be restricted to flexure in beams
u wad (6-3) (with or without slab) and columns. In secondary
20006‘9 components, deformation-controlled actions shall be
restricted to flexure in beams (with or without slab),

in whichk = 1.0 in regions of low ductility demand and plus restricted actions in shear and reinforcement
0 in regions of moderate and high ductility demand, development, as identified in Tables 6-10 through 6-12.

0
V., = 3.5A0k+
0
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Table 6-6 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—
Reinforced Concrete Beams
Modeling Parameters 3 Acceptance Criteria 3
Plastic Rotation Angle, radians
Component Type
Residual Primary Secondary
Plastic Rotation Strength
Angle, radians Ratio Performance Level
Conditions a b c 10 LS CP LS CP
i. Beams controlled by flexure .
p—p' Trans. vV
0 Reinf.? =
bal b, d,/fc
<0.0 C <3 0.025 0.05 0.2 0.005 0.02 0.025 0.02 0.05
<0.0 C >6 0.02 0.04 0.2 0.005 0.01 0.02 0.02 0.04
>05 C <3 0.02 0.03 0.2 0.005 0.01 0.02 0.02 0.03
205 C >6 0.015 0.02 0.2 0.005 0.005 0.015 0.015 0.02
<0.0 NC <3 0.02 0.03 0.2 0.005 0.01 0.02 0.02 0.03
<0.0 NC >6 0.01 0.015 0.2 0.0 0.005 0.01 0.01 0.015
>05 NC <3 0.01 0.015 0.2 0.005 0.01 0.01 0.01 0.015
>05 NC >6 0.005 0.01 0.2 0.0 0.005 0.005 0.005 0.01
ii. Beams controlled by shear !
Stirrup spacing < d/2 0.0 0.02 0.2 0.0 0.0 0.0 0.01 0.02
Stirrup spacing > d/2 0.0 0.01 0.2 0.0 0.0 0.0 0.005 0.01
iii. Beams controlled by inadequate development or splicing along the span
Stirrup spacing < d/2 0.0 0.02 0.0 0.0 0.0 0.0 0.01 0.02
Stirrup spacing > d/2 0.0 0.01 0.0 0.0 0.0 0.0 0.005 0.01
iv. Beams controlled by inadequate embedment into beam-column joint 1
0015 | 0.03 0.2 o001 Joo1 [o0015 [002 o003
1. When more than one of the conditions i, ii, iii, and iv occurs for a given component, use the minimum appropriate nalericaivthe table.

2. Under the heading “Transverse Reinforcement,” “C” and “NC” are abbreviations for conforming and nonconforming detaligehgsp@omponent
is conforming if, within the flexural plastic region, closed stirrups are spaced/atand if, for components of moderate and high ductility demand, the
strength provided by the stirrupgy is at least three-fourths of the design shear. Otherwise, the component is considered nonconforming.

3. Linear interpolation between values listed in the table is permitted.

All other actions shall be defined as beingcts

controlled actions.

values exceed unity, the following actions preferably
shall be determined using limit analysis principles as
prescribed in Chapter 3: (1) moments, shears, torsions,
Design actions on components shall be determined as and development and splice actions corresponding to
prescribed in Chapter 3. Where the calculated DCR

development of component strength in beams and
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Table 6-7 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—
Reinforced Concrete Columns
Modeling Parameters 4 Acceptance Criteria 4
Plastic Rotation Angle, radians
Component Type
Residual Primary Secondary
Plastic Rotation Strength
Angle, radians Ratio Performance Level
Conditions a b c 10 LS CP LS CP
i. Columns controlled by flexure 1
P Trans. \V/
; Reinf.2 =
Aglc b,,d,/f
<0.1 C <3 0.02 0.03 0.2 0.005 0.01 0.02 0.015 0.03
<0.1 C 26 0.015 0.025 0.2 0.005 0.01 0.015 0.01 0.025
204 C <3 0.015 0.025 0.2 0.0 0.005 0.015 0.010 0.025
204 C 26 0.01 0.015 0.2 0.0 0.005 0.01 0.01 0.015
<0.1 NC <3 0.01 0.015 0.2 0.005 0.005 0.01 0.005 0.015
<0.1 NC 26 0.005 0.005 - 0.005 0.005 0.005 0.005 0.005
204 NC <3 0.005 0.005 - 0.0 0.0 0.005 0.0 0.005
204 NC 26 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0
ii. Columns controlled by shear 13
Hoop spacing < d/2, 0.0 0.015 0.2 0.0 0.0 0.0 0.01 0.015
or — <01
Agfe

Other cases 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ii. Columns controlled by inadequate development or splicing along the clear height 13
Hoop spacing < d/2 0.01 0.02 0.4 1 1 1 0.01 0.02
Hoop spacing > d/2 0.0 0.01 0.2 1 1 1 0.005 0.01
iv. Columns with axial loads exceeding 0.70 P 13
Conforming reinforcement over the | 0.015 0.025 0.02 0.0 0.005 0.001 0.01 0.02
entire length
All other cases 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1. When more than one of the conditions i, ii, iii, and iv occurs for a given component, use the minimum appropriate natericainthe table.

2. Under the heading “Transverse Reinforcement,” “C” and “NC” are abbreviations for conforming and nonconforming detaiteehespeomponent
is conforming if, within the flexural plastic hinge region, closed hoops are spacefBaand if, for components of moderate and high ductility demand,
the strength provided by the stirrupg)(is at least three-fourths of the design shear. Otherwise, the component is considered nonconforming.

3. To qualify, hoops must not be lap spliced in the cover concrete, and hoops must have hooks embedded in the coreity tutleaisdetahat hoops
will be adequately anchored following spalling of cover concrete.

4. Linear interpolation between values listed in the table is permitted.
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Table 6-8 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—
Reinforced Concrete Beam-Column Joints
Modeling Parameters 4 Acceptance Criteria 4
Plastic Rotation Angle, radians
Component Type
Residual Primary Secondary
Shear Angle, Strength
radians Ratio Performance Level
Conditions d e c 10 LS CP LS CP
i. Interior joints
Trans. \V/
AF;, 2 Reinf! | s
gc n
<0.1 C <12 0.015 0.03 0.2 0.0 0.0 0.0 0.02 0.03
<0.1 C >15 0.015 0.03 0.2 0.0 0.0 0.0 0.015 0.02
>04 C <12 0.015 0.025 0.2 0.0 0.0 0.0 0.015 0.025
>04 C >15 0.015 0.02 0.2 0.0 0.0 0.0 0.015 0.02
<01 NC <1.2 0.005 0.02 0.2 0.0 0.0 0.0 0.015 0.02
<0.1 NC >15 0.005 0.015 0.2 0.0 0.0 0.0 0.01 0.015
=04 NC <1.2 0.005 0.015 0.2 0.0 0.0 0.0 0.01 0.015
>04 NC >15 0.005 0.015 0.2 0.0 0.0 0.0 0.01 0.015
ii. Other joints
Trans. \V/
AF;, 2 Reinf! |\ s
gc n
<0.1 C <1.2 0.01 0.02 0.2 0.0 0.0 0.0 0.015 0.02
<0.1 C >15 0.01 0.015 0.2 0.0 0.0 0.0 0.01 0.015
>04 C <12 0.01 0.02 0.2 0.0 0.0 0.0 0.015 0.02
=04 C >15 0.01 0.015 0.2 0.0 0.0 0.0 0.01 0.015
<0.1 NC <1.2 0.005 0.01 0.2 0.0 0.0 0.0 0.005 0.01
<0.1 NC >15 0.005 0.01 0.2 0.0 0.0 0.0 0.005 0.01
=04 NC <1.2 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0
=04 NC >15 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0

1. Under the heading “Transverse Reinforcement,” “C" and “NC” are abbreviations for conforming and nonconforming detailgehgspéaint is
conforming if closed hoops are spaced &{/3 within the joint. Otherwise, the component is considered nonconforming. Also, to qualify as conforming
details under ii, hoops must not be lap spliced in the cover concrete, and must have hooks embedded in the core os tahersdetathat hoops will
be adequately anchored following spalling of cover concrete.

2. Thisis the ratio of the design axial force on the column above the joint to the product of the gross cross-sectiotta goied ahd the concrete
compressive strength. The design axial force is to be calculated using limit analysis procedures, as described in Chapter 3.

This is the ratio of the design shear force to the shear strength for the joint. The design shear force is to be catdiaig tbaSection 6.5.2.3.

4. Linear interpolation between values listed in the table is permitted.
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Table 6-9 Values of y for Joint Strength Calculation
Value of y
Interior joint Exterior joint

Interior joint with without Exterior joint without

transverse transverse with transverse transverse
p" beams beams beams beams Knee joint
<0.003 12 10 8 6 4
=0.003 20 15 15 12 8

p" = volumetric ratio of horizontal confinement reinforcement in the joint; knee joint = self-descriptive—with transverserbesms o

columns; (2) joint shears corresponding to developmentpresenim values for use in Equation 3-18. Alternative
of strength in adjacent beams and/or columns; and (3) approaches or values are permitted where justified by
axial load in columns and joints, considering likely experimental evidence and analysis.

plastic action in components above the level in

guestion. B. Nonlinear Static and Dynamic Procedures

i ) . . Inelastic response shall be restricted to those
Design actions shall be compared with design strengthg.omponents and actions listed in Tables 6-6 through
to determine which components develop their design  g.g except where it is demonstrated that other inelastic

strengths. Those components that satisfy , action can be tolerated considering the selected
Equations 3-18 and 3-19 may be assumed to satisfy the>grformance Levels.

performance criteria for those components.
Components thaeach their deign strengths shall be
further evaluated according to Section 6.5.2.4A to
determine performance acceptahi

Calculated component actions shall satisfy the
requirements of Chapter 3. Maximum permissible
inelastic deformations are listed in Tables 6-6 through
6-8. Where inelstic action is indicated for a component
or action not listed in these tables, the performance shall
the average value of beams at the same level, and e geemed unacceptable. Alternative approaches or

exceeds the greater of 1.0 ant® for columns, the values are permitted where justified by experimental
element is defined as a weak story element. For weak gyjigence and analysis.

story elements, one of the following shall be satisfied.

1. The check of average DCR values at the level is 6'5'2'5_ o , _
repeated, considering all elements in the building Rehabilitation measures include the following general
system. If the average of the DCR values for vertical @Pproaches, plus other approaches based on rational
components exceeds the average value for procedures.
horizontal components at the level, and exceeds 2.0, ) o o ,
the structure shall be reanalyzed using a nonlinear * Jacketing existing beams, columns, or joints with

procedure, or the structure shall be rehabilitated to ~ New reinforced concrete, steel, or fiber wrap
remove this deficiency. overlays The new materials shall be designed and

constructed to act compositely with the existing
concrete. Where reinforced concrete jackets are
used, the design shall provide detailing to enhance
ductility. Component strength shall be taken to not
exceed any limiting strength of connections with
adjacent components. Jackets designed to provide
increased connection strength and improved
continuity between adjacent components are
permitted.

Where the average DCR of columns at a levekesds

Rehabilitation Measures

2. The structure shall be reanalyzed using either the
NSP or the NDP of Chapter 3.

3. The structure shall be rehabilitated to remove this
deficiency.

Calculated component actions shall satisfy the
requirements of Chapter 3. Tables 6-10 through 6-12
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Table 6-10 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Beams
m factors 3
Component Type
Primary Secondary
Performance Level
Conditions 10 LS CP LS CP
i. Beams controlled by flexure .
=2 | e | —Y
Phal b, d,/f.
<0.0 C < 2 6 7 6 10
<0.0 C > 2 3 4 3 5
>05 C < 2 3 4 3 5
>0.5 C 2 2 2 3 2 4
<0.0 NC < 2 3 4 3 5
<0.0 NC > 1 2 3 2 4
>0.5 NC < 2 3 3 3 4
>0.5 NC > 1 2 2 2 3
ii. Beams controlled by shear 1
Stirrup spacing < d/2 - - - 3 4
Stirrup spacing > d/2 - - - 2 3
iii. Beams controlled by inadequate development or splicing along the span 1
Stirrup spacing < d/2 - - -
Stirrup spacing > d/2 - - - 3
iv. Beams controlled by inadequate embedment into beam-column joint 1
2 2 3 3 4
1. When more than one of the conditions i, ii, iii, and iv occurs for a given component, use the minimum appropriate nalericaivthe table.

2. Under the heading “Transverse Reinforcement,” “C” and “NC” are abbreviations for conforming and nonconforming detaiigehgsp@omponent
is conforming if, within the flexural plastic region, closed stirrups are spaced/atand if, for components of moderate and high ductility demand, the
strength provided by the stirrupéy is at least three-fourths of the design shear. Otherwise, the component is considered nonconforming.

3. Linear interpolation between values listed in the table is permitted.

* Post-tensioning existing beams, columns, or

joints using external post-tensioned

reinforcement. Post-tensioned reinforcement shall
be unbonded within a distance equal to twice the
effedive depth from sections where inelastic action
is expected. Anchorages shall be located away from
regions where inelastic action is anticipated, and
shall be designed considering possible force

variations due to earthquake loading.

* Modification of the element by selective material
removal from the existing elementExamples
include: (1) where nonstructural elements or
components im@rfere with the frame, removing or
separating the nonstructural elements or components

to eliminate the interference; (2) weakeniagually

by removal of concrete or severing of longitudinal
reinforcement, to change response mode from a
nonductile mode to a more ductile mode (e.g.,
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Table 6-11 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Columns
m factors 4
Component Type
Primary Secondary
Performance Level
Conditions 10 LS CP LS CP
i. Columns controlled by flexure .
P Trans. \Vj
: Reinf.? =
Agfe b,,d, /.
<0.1 C < 2 3 4 3 4
<0.1 C > 2 3 3 3 3
204 C < 1 2 2 2 2
>0.4 C 2 1 1 2 1 2
<0.1 NC <3 2 2 3 2 3
<0.1 NC 2 2 2 2 2 2
=204 NC <3 1 1 2 1 2
>0.4 NC >6 1 1 1 1 1
ii. Columns controlled by shear 13
Hoop spacing < d/2, - - - 2 3
or — <0.1
Agfe
Other cases — — - 1 1
ii. Columns controlled by inadequate development or splicing along the clear height 13
Hoop spacing < d/2 - - -
Hoop spacing > d/2 - - -
iv. Columns with axial loads exceeding 0.70 P, 13
Conforming reinforcement over the entire 1 1 2 2 2
length
All other cases - - - 1 1
1. When more than one of the conditions i, ii, iii, and iv occurs for a given component, use the minimum appropriate natericainthe table.

2. Under the heading “Transverse Reinforcement,” “C” and “NC” are abbreviations for conforming and nonconforming detditéehespeomponent
is conforming if, within the flexural plastic hinge region, closed hoops are spagééBaand if, for components of moderate and high ductility demand,
the strength provided by the stirrup4)(is at least three-fourths of the design shear. Otherwise, the component is considered nonconforming.

3. To qualify, hoops must not be lap spliced in the cover concrete, and must have hooks embedded in the core or othensigtitsabhoops will be
adequately anchored following spalling of cover concrete.

4. Linear interpolation between values listed in the table is permitted.

weakening of beams to promote formation of a segmenting walls to change stiffness and strength.
strong-column, weak-beam system); and (3)
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Table 6-12 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Beam-Column
Joints
m factors
Component Type
Primary ® Secondary
Performance Level
Conditions 10 LS CP LS CP
i. Interior joints
P Trans. Vo,
AT 2 Reinf.! va
g'c n
<0.1 C <1.2 - - - 3 4
<0.1 C =215 - - - 2 3
>04 C <1.2 - - - 3 4
>04 C =215 - - - 2 3
<01 NC <1.2 - - - 2 3
<0.1 NC =215 - - - 2 3
>04 NC <1.2 - - - 2 3
=204 NC =215 - - - 2 3
ii. Other joints
P, Trans. V o,
AT Reinf.! v,
g'c n
<0.1 C <1.2 - - - 3 4
<0.1 C 215 - - - 2 3
>04 C <1.2 - - - 3 4
204 C 215 - - - 2 3
<0.1 NC <1.2 - - - 2 3
<0.1 NC 215 - - - 2 3
=204 NC <12 — — — 1 1
=204 NC =215 - — — 1 1

1. Under the heading “Transverse Reinforcement,” “C" and “NC” are abbreviations for conforming and nonconforming detailgehgspéaint is
conforming if closed hoops are spaced Af/3 within the joint. Otherwise, the component is considered nonconforming. Also, to qualify as conforming
details under ii, hoops must not be lap spliced in the cover concrete, and must have hooks embedded in the core os tahersdetathat hoops will
be adequately anchored following spalling of cover concrete.

2. Thisis the ratio of the design axial force on the column above the joint to the product of the gross cross-sectiotta goied ahd the concrete
compressive strength. The design axial force is to be calculated using limit analysis procedures as described in Chapter 3.

This is the ratio of the design shear force to the shear strength for the joint. The design shear force is to be catdiaig tbaSection 6.5.2.3.
4. Linear interpolation between values listed in the table is permitted.

5. Allinterior joints are force-controlled, and nofactors apply.
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« Improvement of deficient existing reinforcement addition to potential failure modes described in
details. This approach involves removal of cover Section 6.5.2.1, the analysis model shall consider
concrete, modification of existing reinforcement potential failure of tendon anchorages.
details, and casting of new cover concrete. Concrete
removal shall avoid unintended damage to core The linear procedures and the NSP described in

concrete and the bond between existing Chapter 3 apply dectly to frames with post-tensioned
reinforcement and core concrete. New cover beams in which the following conditions are satisfied:
concrete shall be designed and constructed to
achieve fully composite action with the existing 1. The average prestress,, calculated for an area
materials. equal to the product of the shortest cross-sectional
dimension and the perpendicular cross-sectional

+ Changing the building system to reduce the dimension of the beam, does not exceed the greater

demands on the existing elemenExamples of 350 psi orf, /12 at locations of nonlinear action.

include addition of supplementary lateral-force-
resisting elements such as walls or buttresses,

seismic isolation, and mass reduction. 2. Prestressing tendons do not provide more than one-

quarter of the strength for both positive moments
« Changing the frame element to a shear wall, and negative moments at the joint face.

infilled frame, or braced frame element by

addition of new material. Connections between 3. Anchorages for tendons have been demonstrated to

new and existing materials shall be designed to perform satisfactorily for seismic Ipadings. These

transfer the forces anticipated for the design load anchorages must occur outside hinging areas or

combinations. Where the existing concriztane joints.

columns and beams act as boundary elements and . i
collectors for the new shear wall or braced frame, Altérnative procedures are required where these
these shall be checked for adequacy, considering ~conditions are not satisfied.

strength, reinforcement development, and , _

deformability. Diaphragms, including drag struts ~ 6-9:3.2 Stiffness for Analysis

and collectors, shall be evaluated and, if necessary, A. Linear Static and Dynamic Procedures
rehabilitated to ensure a complete load path to the

Beams shall be modeled considering flexural and shear
new shear wall or braced frame element.

stiffnesses, including in monolithic and composite

- . i [ fl .
Rehabilitated frames shall be evaluated according to the%%?j g::g'gﬁ atlrl]i ee fr;eoc é ;];t(;]i osrlli?dgfitrllggﬂiil?r alagﬂz ar

gﬁgg{:gﬁ?gﬁfgﬁﬁ;&dﬂrggi'{i%rr?ssngssﬁﬁéﬂ'gstﬁhgﬁger' Theand axial stiffnesses. Joints shall be modeled as stiff

o : . i [ rigid.
deformability shall be taken into account in an components, and may in most cases be considered rigid

) - Effective stiffnesses shall be according to
analytical model of the rehabilitated structure. Section 6.4.1.2.

Connections required between existing and new

elements shall satisfy the requirements of Section 6.4.6
and other requirements of tlBiidelines An existing _ _ _
frame rehabilitated according to procedures listed aboveNonlinear load-deformation relations shall follow the

B. Nonlinear Static Procedure

shall satisfy the relevant specific requirements of general guidelines of Section 6.4.1.2 and the reinforced
Chapter 6. concrete frame guidiees of Section 6.5.2.2B.
6.5.3 Post-Tensioned Concrete Beam- Values of the generalized deformation at polyt€,

andD in Figure 6-1 may be derived from experiments

or rational analyses, and shall take into account the

6.5.3.1 General Considerations interactions between flexure, axial load, and shear.
Alternately, where the generalized deformation is taken

Ms rotation in the flexural plastic hinge zone, and where
the three conditions of Section 6.5.3.1 are satisfied,
beam plastic hinge rotation capacities may be as defined

Column Moment Frames

The analysis model for a post-tensioned concrete bea
column frame element shall be established following
the guidelines established in Section 6.5.2.1 for
reinforced concrete beanolamn moment frames. In
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by Table 6-6. Columns and joints may be modeled as
described in Section 6.5.2.2.

C. Nonlinear Dynamic Procedure

For the NDP, the complete hgsésis behavior of each
component shall be modeled using properties verified
by experimental evidence. The relation of Figure 6-1

elements shall satisfy the requirements of Section 6.4.6
and other requirements of ti&uidelines

6.5.4

6.5.4.1
The analysis model for a slab-column frame element

Slab-Column Moment Frames

General Considerations

may be taken to represent the envelope relation for the shall represent strength, stiffness, and deformation

analysis. Unloading and reloading properties shall

capacity of slabs, columns, slab-column connections,

represent significant stiffness and strength degradationand other components that may be part of the frame.

characteristics as influenced by prestressing.

6.5.3.3

Component strengths shall be computed according to
the general requirements of Section 6.4.2 and the
additional requirements of Section 6.5.2.3. Effects of
prestressing on strength shall be considered. For
deformation-controlled actions, prestress shall be
assumed to be effective for the purpose of determining

Design Strengths

the maximum actions that may be developed associate

with nonlinear response of thfiame. For force-
controlled actions, theffects on strength of prestress
loss shall also be considered as a design condition,
where these losses are possible under design load
combinations including inelastic deformation reversals.

6.5.3.4

Acceptance criteria shall follow the criteria for
reinforced concrete beam-column frames, as specified
in Section 6.5.2.4.

Acceptance Criteria

Tables 6-6, 6-7, 6-8, 6-10, 6-11, and 6-12 present
acceptability values for use in the four procedures of
Chapter 3. The values in these tables for beams apply
only if the beams satisfy the three conditions of
Section 6.5.3.1.

6.5.3.5 Rehabilitation Measures

Rehabilitation measures include the general approache

listed in Section 6.5.2.5, as well as other approaches
based on rational procedures.

Rehabilitatedrames shall be evaluated aatiolg to the

general principles and requirements of this chapter. The

effects of rehaltitation on stiffness, strength, and
deformability shall be taken into account in an
analytical model of the rehabilitated building.
Connections required between existing and new

Potential failure in flexure, shear, shear-moment
transfer, and reinforcement development at any section
along the component length shall be considered.
Interaction with other elements, including nonstructural
elements and components, shall be included.

The analytical model can represent the slab-column
frame, ugng line elements with properties concentrated
at component centerlines, or a combination of line
lements (to represent columns) and plate-bending
lements (to represent the slab). Three approaches are
specifically recognized.

Effective beam width model.Columns and slabs
are represented by frame elements that grdlyi
interconnected at the slab-column joint.

« Equivalent frame model.Columns and slabs are
represented by frame elements that are
interconnected by connection springs.

» Finite element model.The columns are represented
by frame elements and the slab is represented by
plate-bending elements.

In any model, the effects of changes in cross section,
including slab openings, shall be considered.

The model of the connection between the columns and
goundation shall be selected based on the details of the
column-foundation connection and rigidity of the
foundation-soil system.

Action of the slab as a diaphragm interconnecting
vertical elements shall be represented.

Inelastic deformations in primary components shall be
restricted to flexure in slabs and columns, plus limited
nonlinear response in slab-column connections. Other
inelastic deformations are permitted in cedary
components. Acceptance criteria are in Section 6.5.4.4.
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6.5.4.2 Stiffness for Analysis 6.5.4.3 Design Strengths

A. Linear Static and Dynamic Procedures Component strengths shall be according to the general

Slabs shall be modeled considering flexural, shear, and'€duirements of Section 6.4.2, as modified in this
tension (in the slab adjacent to the column) stiffnesses.Section.

Columns shall be modeled considering flexural, shear, , ]
and axial stiffnesses. Joints shall be modeled as stiff The maximum component strength shall be determined
components, and may in most cases be considered rigicconsidering potential failure in flexure, axial load,

The effective stiffnesses of cgpmnents shall be shear, torsion, development, and other actions at all
adjusted on the basis of experimental evidence to points along the length of the component under the
represent effective stiffnesses according to the general &ctions of design gravity and lateral load combinations.
principles of Section 6.4.1.2. The strength of slab-column connections shall also be

determined and incorporated in the analytical model.
B. Nonlinear Static Procedure _
The flexural strength of a slab to resist moment due to
lateral deformations shall be calculatedVigs—

Mgcs WhereMpcsis the design flexural strength of the

Slabs and columns may be modeled using concentrategolumn strip andycsis the column strip moment due
plastic hinge models, distributed plastic hinge models, to gravity loadsMgcsis to be calculated according to
or other models whose behavior has been demonstratethe procedures g&CI 318-95(ACI, 1995) for the

to adequately represent important characteristics of design gravity load specified in Chapter 3.
reinforced concrete slab andlemn components

subjected to lateral loading. The model shall be capableror columns, the shear strength may be evaluated

of representing inelastic response along the componenigccording to Section 6.5.2.3.

length, except where it is shown by equilibrium that

yielding is restricted to the component ends. Slab- Shear and moment transfer strength of the slab-column
column connections pierably will be modeled connection shall be calculated considering the
separately from the slab and column components, SO combined action of flexure, shear, and torsion acting in
that potential failure in shear and moment transfer can the slab at the connection with the column. An

be identified. Where nonlinear response is expected in gcceptable procedure is to calculate the shear and
mode other than flexure, the model shall be establishednoment transfer strength as described below.

to represent these effects.

Nonlinear load-deformation relations shall follow the
general guidelines of Section 6.4.1.2.

For interior connections without transverse beams, and

Monotonic load-deformation relations shall be for exterior connections with moment about an axis
according to the generalized relation shown in perpendicular to the slab edge, the shear and moment
Figure 6-1, with definitions according to transfer strength may be taken as equal to the minimum

Section 6.5.2.2B. The overall Ioad-d(_aformation relatio_n of two strengths: (1) the strength calculated considering
shall be established so that the maximum resistance is eccentricity of shear on a slab critical section due to
consistent with the design strength specificatio_ns of  combined shear and moment, as prescribed in
Sections 6.4.2 and 6.5.4.3. Where the generalized ~ ACI 318-95 and (2) the moment transfer strength equal
deformation shown in Figure 6-1 is taken as the flexuralto 5Mm,/y, where>M,, = the sum of positive and

plastic hinge rotation for the column, the plastic hinge egative flexural strengths of a section of slab between
rotation capacities shall be as defined by Table 6-7.  |ines that are two and one-half slab or drop panel

Where the generalized deformation shown in Figure 6-1ijcinesses (21§ outside opposite faces of the column
is taken as the rotation of the slab-column connection, capital;y; = the fraction of the moment resisted by

Epaebgegs_ti% rotation capacities shall be as defined by .., perACI 318-95 andh = slab thickness.

For moment about an axis parallel to the slab edge at
. exterior connections without transverse beams, where
The general approach shall be according to the the shear on the slab critical section due to gravity loads
specification of Section 6.5.2.2C. does not exceed 0.Y5 or the shear at a corner support

C. Nonlinear Dynamic Procedure
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Table 6-13 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—Two-
Way Slabs and Slab-Column Connections
Modeling Parameters 4 Acceptance Criteria 4
Plastic Rotation Angle, radians
Component Type
Residual Primary Secondary
Plastic Rotation Strength
Angle, radians Ratio Performance Level

Conditions a b c 10 LS CP LS CP
i. Slabs controlled by flexure, and slab-column connections .

V Continuity

92 Reinforcement®

Vo

<0.2 Yes 0.02 0.05 0.2 0.01 0.015 0.02 0.03 0.05

204 Yes 0.0 0.04 0.2 0.0 0.0 0.0 0.03 0.04

<0.2 No 0.02 0.02 - 0.01 0.015 0.02 0.015 0.02

204 No 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0
ii. Slabs controlled by inadequate development or splicing along the span .

| oo | 002 [ o0 | 00 [ 00 | o0 | o001 o002
iii. Slabs controlled by inadequate embedment into slab-column joint .
| o0015| o003 [ 02 | o001 | o001 | 0015 002 | 003

1. When more than one of the conditions i, ii, and iii occurs for a given component, use the minimum appropriate numefioah va&i@ble.
2.V = the gravity shear acting on the slab critical section as defined by ACV3%8he direct punching shear strength as defined by ACI 318.

3. Under the heading “Continuity Reinforcement,” assume “Yes” where at least one of the main bottom bars in each dirfstiorelg edbntinuous
through the column cage. Where the slab is post-tensioned, assume “Yes” where at least one of the post-tensioning emdoestiorepasses
through the column cage. Otherwise, assume “No.”

»

Interpolation between values shown in the table is permitted.

does not exceed 0Vg, the moment transfer strength column connections. In secondary components,

may be taken as equal to the flexural strength of a deformation-controlled actions shall also be permitted
section of slab between lines that are a distamge, in shear and reinforcement development, astitied
outside opposite faces of the column or capitals the in Table 6-14. All other actions shall be defined as
direct punching shear strength definedAsyl 318-95 being force-controlled actions.

Design actions on components shall be determined as
prescribed in Chapter 3. Where the calculated DCR
A. Linear Static and Dynamic Procedures values exceed unity, the following actions preferably

All component actions shall be classified as being eitherShall be determined using limit analysis principles as
deformation-controlled or foe-mntrolled, as defined ~ Prescribed in Chapter 3: (1) moments, shears, torsions,
in Chapter 3. In primary components, deformation- and development and splice actions _correspondmg to
controlled actions shall be restricted to flexure in slabs development of component strength in slabs and

and columns, and shear and moment transfer in slab- columns; and (2) axial load in columns, considering

6.5.4.4 Acceptance Criteria
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Table 6-14 Numerical Acceptance Criteria for Linear Procedures—Two-Way Slabs and Slab-Column
Connections
m factors
Component Type
Primary Secondary

Performance Level

Conditions 10 LS CP LS CP
i. Slabs controlled by flexure, and slab-column connections 1
\_/-9 5 Continuity Reinforcement®
Vo
<0.2 Yes 2 2 3 3 4
20.4 Yes 1 1 1 2 3
<0.2 No 2 2 3 2 3
20.4 No 1 1 1 1 1
ii. Slabs controlled by inadequate development or splicing along the span 1
- ! - [ - | s | =
iii. Slabs controlled by inadequate embedment into slab-column joint 1
| 2 [ 2 | s | s | 4

1. When more than one of the conditions i, ii, and iii occurs for a given component, use the minimum appropriate numefioah vatutable.
2. Vg = the gravity shear acting on the slab critical section as defined by ACVg£8&he direct punching shear strength as defined by ACI 318.

3. Under the heading “Continuity Reinforcement,” assume “Yes” where at least one of the main bottom bars in each dirfetfivelis @ntinuous
through the column cage. Where the slab is post-tensioned, assume “Yes” where at least one of the post-tensioning tEemdoestioepasses
through the column cage. Otherwise, assume “No.”

likely plastic action in components above the level in  Calculated component actions shall satisfy the

guestion. requirements of Chapter 3. Tables 6-11 and 6-14
presenimvalues.

Design actions shall be compared with design strengths

to determine which components develop their design B. Nonlinear Static and Dynamic Procedures

strengths. Those components that do not reach their  |ne|astic response shall be restricted to those

design strengths may be assumed to satisfy the components and actions listed in Tables 6-7 and 6-13,
performance criteria for those components. except where it is demonstrated that other inelastic

Components thaeach their deign strengths shallbe  action can be tolerated considering the selected
further evaluated according to this section to determineperformance Levels.

performance acceptability.

Calculated component actions shall satisfy the
Where the average of the DCRs of columns at a level requirements of Chapter 3. Maximum permissible
exceeds the average value of slabs at the same level, jye|astic deformations are listed in Tables 6-7 and 6-13.
and exceeds the greater of 1.0 amid, the elementis  \ypere inelastic action is indicated for a component or
defined as a weak story element. In this case, follow thegction not listed in these tables, trexformance shall

procedure for weak story elements described in be deemed unacceptable. Alternative approaches or
Section 6.5.2.4A.
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values are permitted where justified by experimental 6.6.1.2 Precast Concrete Beam-Column
evidence and analysis. Moment Frames other than Emulated
Cast-in-Place Moment Frames

6.5.45  Rehabilitation Measures Frames of this classification are assembled using dry

Rehabilitation measures include the general approachefints; that is, connections are made by bolting,

listed in Section 6.5.2.5, plus other approaches based owelding, post-tensioning, or other similar means.

rational procedures. Frames of this nature may act alone to resist lateral
loads, or they may act in conjunction with shear walls,

Rehabilitatedrames shall be evaluated aatioig to the ~ braced frames, or other elements to form a dual system.

general principles and requirements of this chapter. TheThe appendix to Chapter 6 of the 199BHRP

effects of rehaltitation on stiffness, strength, and Recommended Provisio(BSSC, 1995) contains a trial
deformability shall be taken into account in an version of code provisions for new construction of this
analytical model of the rehabilitated building. nature, but it was felt to be premature in 1994 to base
Connections required between existing and new actual provisions on the material in the appendix.
elements shall satisfy requirements of Section 6.4.6 and
other requirements of tHéuidelines 6.6.1.3 Precast Concrete Frames Not

Expected to Resist Lateral Loads

Directly

6.6 Precast Concrete Frames : L :
Frames of this classification are assembled using dry

joints similar to those of Section 6.6.1.2, but are not

6.6.1 Types of Precast Concrete Frames expected to participate in resisting the lateral loads

Precast concrete frames #inese elements that are directly or significantly. Sear wdls, braced frames, or
constructed from individually made beams and steel moment frames are expected to provide the entire
columns, that are assembled to create gravity-load-  lateral load resistance, but the precastcete

carrying systems. These systems are sometimes “gravity” frame system must be able to deform in a

expected to directly resist lateral loads, and are always manner th:_’:lt is compat!ble with the structure as a whole.
required to deform in a manner that is compatible with Conservative assumptions shall be made concerning the
the structure as a whole. relative fixity of joints.

The provisions of this section are applicable to precast 6.6.2 Precast Concrete Frames that Emulate

concrete frames that emulate cast-in-place moment Cast-in-Place Moment Frames
frames, precast concrete beam-column moment frames _ )
other than emulated cast-in-place moment frames, and 6-6-2.1 General Considerations
precast concrete frames not expected to directly resist The analysis model for an emulated beam-column
lateral loads. frame element shall represent sgth, stiffness, and
deformation capacity of beams, columns, beam-column
6.6.1.1 Precast Concrete Frames that joints, and other components that may be part of the
Emulate Cast-in-Place Moment frame. Potential failure in flexure, shear, and
Frames reinforcement development at any section along the
Emulated moment frames of precast concrete are thos€component length shall be considered. Interaction with
precast beam-column systems thg interonnected other elements, including nonstructural elements and

using reinforcing and wet concrete in such a way as to components, shall be included. All other considerations
create a system that will act to resist lateral loads in a Of Section 6.5.2.1 shall be taken into account. In
manner similar to cast-in-place concrete systems. Thes@ddition, special care shall be taken to consider the
systems are recognized and accepted by the 1994 effects of_shprtenlng due to creep,'and prestressing and
NEHRP Recommended ProvisiqBSSC, 1995), and  Post-tensioning on member behavior.

are based on ACI 318, which requires safety and _ _

serviceability levels expected from monolithic 6.6.2.2 Stiffness for Analysis

construction. There are insufficient research and testingstiffness for analysis shall be as defined in

data at this time to qualify systems assembled using drysection 6.5.2.2. The effects of prestressing shall be
joints as emulated moment frames.
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considered when computing the effective stiffness and the philosophy and approach should be employed
values using Table 6-4. when designing new connections for existing
components. See also Section 6.4.6.

6.6.2.3 Design Strengths
Component strength shall be computed according to the6'6'3'2 Stifiness for Analysis

requirements of Section 6.5.2.3, with the additional Stiffness for analysis shall be as defined in
requirement that the following factors be included in the Sections 6.5.2.2 and 6.6.2.2. Flexibilities associated
calculation of strength: with connections should be included in the analytical
model. See also Section 6.4.6.
1. Effects of prestressng that are present, including,
but not limited to, reduction in rotation capacity, 6.6.3.3 Design Strengths
secondary stresses induced, and amount of effectiv

L E'Component strength shall be computed according to the
prestress force remaining

requirements of Sections 6.5.2.3 and 6.6.2.3, with the
2 Effects of onstruction sequence. including the additional requirements that the connections comply
: q ' 9 with the appendix to Chapter 6 of the 199BHRP

possibility that the moment connections may have = po.ommended Provisigrand connection strength
been constructed after dead load had been applied Qpnall be represented. See also Section 6.4.6

portions of the structure

. .6.3.4 A iteri
3. Effects of restraint that may be present due to 6.6.3 cceptance Criteria

interaction withinterconnected wall or brace Acceptance criteria for precast concrete beam-column
components moment frames other than emulated cast-in-place
moment frames are given in $ieos 6.5.2.4 and
6.6.2.4 Acceptance Criteria 6.6.2.4, with the additional requirement that the

Acceptance criteria for precast concrete frames that connections meet the requirements of Section 6.A.4 of
P P the appendix to Chapter 6 of the 199EHRP

emulate cast-in-place moment frames are as described . :
in Section 6.5.2.4, except that the factors defined in Recommended Provisiarisee also Section 6.4.6.

Section 6.6.2.3 shall also be considered. 6.6.3.5 Rehabilitation Measures

6.6.2.5 Rehabilitation Measures Rehabilitation measures for the frames of this section
shall meet the requirements of Section 6.6.2.5. Special
consiceration shall be given to connections that are
stressed beyond their elastic limit.

Rehabilitation measures for emulated cast-in-place
moment frames are given in Section 6.5.2.5. Special
consideration shall be given to the presence of
prestressing strand when installing new elements and 6.6.4

when adding new rigid elements to the existing system. Precast Concrete Frames Not

Expected to Resist Lateral Loads

6.6.3 Precast Concrete Beam-Column Directly
Moment Fl‘ameS Othel’ than Emulated 6641 Genera| Considerations

Cast-in-Place Moment Frames .
The analysis model for precast coete frames that are

6.6.3.1 General Considerations not expected to resist significant lateral loadedaily

shall include the effects of deformations that the lateral-
load-resisting system will experience. The general
consicerations of Sections 6.5.2.1 and 6.6.3.1 shall be
included.

The analysis model for precast concrete beam-column
moment frames other than emulated moment frames
shall be established following Section 6.5.2.1 for
reinforced concrete beam-column moment frams),
additional consideration of the special nature of the dry6 6.4.2
joints used in assembling thespast system. The T
requirements given in the appendix to Chapter 6 of the The stiffness for analysis considers possible resistance
1994NEHRP Recommended Provisidosthis type of ~ that may develop under lateral deformation. In some
structural system should be adbd to wher@ossible, cases it may be appropriate to assume zero lateral

Stiffness for Analysis
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stiffness. However, the Northridge earthquake
graphically demonstrated that there aractically no
situations where the gcast column can be considered
to be completely pinned top and bottom, and as a
consequence, not resisting any shear from building

drift. Several parking structures collapsed as a result of

this ddect. Conservativessumptions should be made.

6.6.4.3 Design Strengths

Component strength shall be computed according to the5.7.1.2

requirements of Section 6.6.3.3. All components shall
have sufficient strength and ductility to transmit

induced forces from one member to another and to the 6.7.1.3

designated lateral-force-resisting system.

6.6.4.4

Acceptance criteria for components irepast concrete
frames not expected to directly resist lateral loads are
given in Section 6.6.3.4. All moments,esir forces, and
axial loads induced through the deformation of the
intended lateral-force-resting system shall be checked
for acceptability by appropriate criteria in the
referenced section.

Acceptance Criteria

6.6.4.5 Rehabilitation Measures

Rehabilitation measures for the frames discussed in thid-7-2.1

section shall meet the requirements of Section 6.6.3.5.

6.7 Concrete Frames with Infills

6.7.1

Concrete frames with infills are those frames
constructed with complete gravity-load-carryingmes

Types of Concrete Frames with Infills

removal of material, and concrete frames that are
rehabilitated by the addition of new infills.

6.7.1.1

The provisions are applicable to frames that are cast
monolithically andframes that are precast. Types of
concrete frames are described in Sections 6.5, 6.6, and
6.10.

Types of Frames

Masonry Infills
Types of masonry infills are described in Chapter 7.

Concrete Infills

The construction of concrete-infillddames is very
similar to that for masonry-infilled frames, except that
the infill is of concrete instead of masonry units. In
older existing buildings, the concrete infill commonly
contains nominal reinforcement, which is unlikely to
extend into the surrounding frame. The concrete is
likely to be of lower quality than that used in the frame,
and should be investigated separately from
investigations of the frame concrete.

6.7.2 Concrete Frames with Masonry Infills

General Considerations

The analysis model for a concrete frame with masonry
infills shall be sufficiently detailed to represent strength,
stiffness, and deformation capacity of beams, slabs,
columns, beam-column joints, masonry infills, and all
connections and components that may be part of the
element. Potential failure in flexure, shear, anchorage,
reinforcement development, or crushing at any section
shall be considered. Interaction with other nonstructural

infilled with masonry or concrete, constructed in such a €lements and components shall be included.

way that the infill and the concrete frame interact when
subjected to design load combinations.

Infills may be considered to be isolated infills if they are
isolated from the surrounding frame according to the
minimum gap requirements described in Section 7.5.1.
If all infills in a frame are isolated infills, tHeame

should be analyzed as an isolated frame according to
provisions given elsewhere in this chapter, and the
isolated infill panels shall be analyzed according to the
requirements of Chapter 7.

The provisionsare gplicable toframes with exsting
infills, frames that are rehabilitated by addition or

Behavior of a concrete frame with masonry infill
resisting lateral forces within its plane may be
calculated based on linear elastic behavior if it can be
demonstrated that the wall will not crack when
subjected to design lateral forces. In this case, the
assemblage of frame and infill siid be considred to

be a homogeneous medium for stiffness computations.

Behavior of cracked concrete frames withsaary

infills may be represented by a diagonally braced frame
model in which the columns act as vertical chords, the
beams act as horizontal ties, and the infill is modeled
using the equivalent compression strut analogy.
Requirements for the equivalent compression strut
analogy are described in Chapter 7.
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Frame components shall be evaluated for forces
imparted to them through interaction of fineme with

where verified by tests. Numerical quantities in
Figure 6-1 may be derived from tests or rational

the infill, as specified in Chapter 7. In frames with full- analyses following the genal guidéines of Chapter 2,
height masonry infills, the evaluation shall include the and shall take into account the interactions between
effect of strut compression forces applied to the columnframe and infill components. Alternatively, the

and beam, eccentric from the beam-column joint. In
frames with partial-height masonry infills, the

evaluation shall include the reduced effective length of

the columns in the noninfilled portion of the bay.

In frames having infills in some bays and no infill in

other bays, the restraint of the infill shall be represented

as described above, and the noninfilled bays shall be
modeled as frames according to the specifications of

this chapter. Where infills create a discontinuous wall,

the effects on overall building performance shall be
considered.

6.7.2.2 Stiffness for Analysis

A. Linear Static and Dynamic Procedures

General aspects of modej are described in

Section 6.7.2.1. Beams and columns in infilled portions

may be modeled considering axial tension and
compression flexibilities only. Noninfilled portions

shall be modeled according to procedures described fo

noninfilled frames. Effetive stiffnesses shall be
according to Section 6.4.1.2.

B. Nonlinear Static Procedure

Nonlinear load-deformation relations shall follow the
general guidelines of Section 6.4.1.2.

Beams and columns in infilled portions may be
modeled using nonlinear truss elements. Beams and

following may be used for monolithic reinforced
concrete frames.

1. For beams and columns in noninfilled portions of
frames, where the generalized deformation is taken
as rotation in the flexural plastic hinge zone, the
plastic hinge rotation capacities shall be as defined
by Table 6-17.

2. For masonry infills, the generalized deformations
and control points shall be as defined in Chapter 7.

3. For beams and columns in infilled portions of
frames, where the generalized deformation is taken
as elongation or compression displacement of the
beams or columns, the tension and compression
strain capacities shall be as specified in Table 6-15.

C. Nonlinear Dynamic Procedure

IFor the NDP, the complete hysteresis behavior of each

component shall be modeled using properties verified
by tests. Unloading and reloading properties shall
represent significant stiffness and strength degradation
characteristics.

6.7.2.3 Design Strengths

Strengths of reinforced concrete components shall be
according to the gemmal reyuirements of Section 6.4.2,
as modified by other specifications of this chapter.

columns in noninfilled portions may be modeled using Strengths of masonry infills shall be according to the
procedures described in this chapter. The model shall bé€quirements of Chapter 7. Strengths shall consider

capable of representing inelastic response along the
component lengths.

Monotonic load-deformation relations shall be
according to the generalized relation shown in
Figure 6-1, except different relations are permitted

limitations imposed by beams, columns, and joints in
unfilled portions of frames; tensile and compressive
capacity of columns acting as boundary elements of
infilled frames; local forcespplied from the infill to the
frame; strength of the infill; and connections with
adjacent elements. .
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Table 6-15 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—
Reinforced Concrete Infilled Frames
Modeling Parameters 4 Acceptance Criteria
Total Strain
Component Type
Residual Primary Secondary
Strength
Total Strain Ratio Performance Level
Conditions d e c 10 LS CP LS CP
i. Columns modeled as compression chords 3
Columns confined along entire 0.02 0.04 0.4 0.003 0.015 0.020 0.03 0.04
length?
All other cases 0.003 0.01 0.2 0.002 0.002 0.003 0.01 0.01
ii. Columns modeled as tension chords 3
Columns with well-confined 0.05 0.05 0.0 0.01 0.03 0.04 0.04 0.05
splices, or no splices
All other cases See 0.03 0.2 See note 1 0.02 0.03
note 1

1. Splice failure in a primary component can result in loss of lateral load resistance. For these cases, refer to the gemegdlize of Section 6.4.2. For
primary actions, Collapse Prevention Performance Level shall be defined as the deformation at which strength degradatide Bedétg
Performance Level shall be taken as three-quarters of that value.

2 A column may be considered to be confined along its entire length when the quantity of transverse reinforcement aloagtibry &efght including
the joint is equal to three-quarters of that required by ACI 318 for boundary elements of concrete shear walls. The maitodinal@pacing of sets
of hoops shall not exceédd3 nor &,

3. In most infilled walls, load reversals will result in both conditions i and ii applying to a single column, but for ditfadémg directions.

4. Interpolation is not permitted.
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6.7.2.4 Acceptance Criteria

A. Linear Static and Dynamic Procedures

All component actions shall be classified as either
deformation-controlled or force-controlled, as defined
in Chapter 3. In primary components, deformation-

or masonry infills; and (2) column axial load
corresponding to development of the flexural capacity
of the infilled frame acting as a cantilever wall.

Design actions shall be compared with design strengths
to determine which components develop their design

ContrO”ed aCtionS Sha” be restricted to ﬂexure and aXialstrengths_ Those Components that have design actions

actions in beams, slabs, and columns, and lateral
deformations in masonry infill panels. In secondary
components, deformation-controlled actions shall be
restricted to those actions identified for the isolated
frame in this chapter and for the masonry infill in

Chapter 7.

Design actions shall be determined as prescribed in
Chapter 3. Where calculated DCR values exeeagty,
the following actions preferably shall be determined

using limit analysis principles as prescribed in

Chapter 3: (1) moments, shears, torsions, and

development and splice actions corresponding to

less than design strengths may be assumed to satisfy the
performance criteria for those components.

Components that reach their design strengths shall be
further evaluated according to this section to determine
performance acceptability.

Calculated component actions shall satisfy the
requirements of Chapter 3. Refer to Section 7.5.2.2 for
m values for masonry infills. Refer to other sections of
this chapter fom values for concrete frames;values

for columns modeled as tension and compression
chords are in Table 6-16.

development of component strength in beams, columns,

Table 6-16 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Infilled Frames
m factors 3
Component Type
Primary Secondary

Performance Level
Conditions 10 LS CP LS CP
i. Columns modeled as compression chords 2
Columns confined along entire length® 1 3 4 4 5
All other cases 1 1 1 1 1
ii. Columns modeled as tension chords 2
Columns with well-confined splices, or no 3 4 5 5 6
splices
All other cases 1 2 2 3 4

1. A column may be considered to be confined along its entire length when the quantity of transverse reinforcement alomgttvy deight including
the joint is equal to three-quarters of that required by ACI 318 for boundary elements of concrete shear walls. The maitodinalepacing of sets

of hoops shall not exceédd3 nor &l,.

2. In most infilled walls, load reversals will result in both conditions i and ii applying to a single column, but for diffedémg directions.

3. Interpolation is not permitted.
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B. Nonlinear Static and Dynamic Procedures

Inelastic response shall be restricted to those
components and actions that are permitted for isolated
frames in this chapter and for masonry infills in
Chapter 7.

Design actions shall be comwmedwith design strengths
to determine which components develop their design
strengths. Those components that have design actions

acting as boundary zones. Anchorages shall be
located away from regions where inelastic action is
anticipated, and shall be designed considering
possible force variations due to earthquake loading.

Modification of the element by selective material
removal from the existing elementEither the infill
can be completely removed from the frame, or gaps
can be provided between the frame and the infill. In

less than design strengths may be assumed to satisfy the the latter case, the gap requirements of Chapter 7

performance criteria fahose components.
Components that reach their design strengths shall be
further evaluated, according to Section 6.5.2.4B, to
determine performance acceptability.

Calculated component actions shall not exceed the
numerical values listed in Table 6-15, the relevant
tables for isolated frames given in this chapter, and the
relevant tables for masonry infills given in Chapter 7.
Where inelastic action is indicated for a component or
action not listed in Tables 6-10 through 6-12, the
performance shall be deemed unacceptable. Aligma
approaches or values are permitted where justified by
experimental evidence and analysis.

6.7.2.5 Rehabilitation Measures

Rehabilitation measures include the general approaches

listed for isolated frames in this chapter, the measures
listed for masonry infills in Section 7.5, and other

shall be satisfied.
» Improvement of deficient existing reinforcement
details. This approach involves removal of cover
concrete, modification of existing reinforcement
details, and casting of new cover concrete. Concrete
removal shall avoid unintended damage to core
concrete and the bond between existing
reinforcement and core concrete. New cover
concrete shall be designed and constructed to
achieve fully composite action with the existing
materials.
» Changing the building system to reduce the
demands on the existing elemenExamples
include the addition of supplementary lateral-force-
resisting elements such as walls, steel braces, or
buttresses; seismic isolation; and mass reduction.

Rehabilitated frames shall be evaluated according to the

approaches based on rational procedures. Both in-plangeneral principles and requirements of this chapter. The

and out-of-plane loading shall be considered.

The following methods should be considered.
« Jacketing existing beams, columns, or joints with
new reinforced concrete, steel, or fiber wrap
overlays.The new materials shall be designed and
constructed to act compositely with the existing
concrete. Where reinforced concrete jackets are
used, the design shall provide detailing to enhance
ductility. Component strength shall be taken to not
exceed any limiting strength of connections with
adjacent components. Jackets designed to provide
increased connection strength and improved
continuity between adjacent componesuts
permitted.

Post-tensioning existing beams, columns, or
joints using external post-tensioned
reinforcement. Vertical post-tensioning may be
useful for increasing tesile capacity of columns

effects of rehabilitation on stiffness, strength, and
deformability shall be taken into account in the
analytical model. Connections required between
existing and new elements shall satisfy the requirements
of Section 6.4.6 and other requirements of the
Guidelines

6.7.3

6.7.3.1

The analysis model for a concrete frame with concrete
infills shall be sufficiently detailed to represent the
strength, stiffness, and deformation capacity of beams,
slabs, columns, beam-column joints, concrete infills,
and all connections and components that may be part of
the elements. Potential failure in flexure, shear,
anchorage, reinforcement development, or crushing at
any section shall be considered. Interaction with other
nonstructural elements and components shall be
included.

Concrete Frames with Concrete Infills

General Considerations
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The numerical model should be established consideringguidelines of Section 6.7.2.2 may be used to guide
the relative stiffness and strength of the frame and the development of modeling parameters for concrete
infill, as well as the level of deformations and frames with concrete infills.

associated damage. For low deformation levels, and for

cases where the frame is relatively flexible, it may be C. Nonlinear Dynamic Procedure

suitable to model the infilled frame as a solid shear For the NDP, the complete hysteresis behavior of each
wall, although openings should be considered where  component shall be modeled using properties verified
they occur. In other cases, it may be more suitable to by tests. Unloading and reloading properties shall

model the frame-infl system using a braced-frame  ygpresent significant stifiness and strength degradation
analogy such as that described for concrete frames withy5racteristics.

masonry infills in Section 6.7.2. Some judgment is
necessary to determine the appropriate type and 6.7.3.3 Design Strengths

complexity of the analytical model. .
Strengths of reinforced concrete components shall be

Frame components shall be evaluated for forces according to the gemal regquirements of Section 6.4.2,
imparted to them through interaction of fheme with @S modified by other specifications of this chapter.

the infill, as specified in Chapter 7. In frames with full- Strengths shall consider limitations imposed by beams,
height infills, the evaluation shall include taffect of columns, and joints in unfilled portions of frames;

strut compression forces applied to the column and ~ tensile and compressive capacity of columns acting as
beam eccentric from the beam-column joint. In frames Poundary elements of infilled frames; local forces
with partial-height infills, the evaluation shall include ~ @pplied from the infill to the frame; strength of the
the reduced effective length of the columns in the infill; and connections with adjacent elements.
noninfilled portion of the bay. o .

Strengths of existing carete infills shall be
In frames having infills in some bays and no infills in ~ determined considering shear strength of the infill
other bays, the restraint of the infill shall be representedP@nel. For this calculation, procedures specified in
as described above, and the noninfilled bays shall be Seéction 6.8.2.3 shall be used for calculation of the shear
modeled as frames according to the specifications of ~Strength of a wall segment.

this chapter. Where infills create a discontinuous wall, o
the effects on overall bu||d|ng performance shall be Where the frame and concrete infill are assumed to act

considered. as a monolithic wall, flexural strength shall be based on
continuity of vertical reinforcement in both (1) the
6.7.3.2 Stiffness for Analysis columns acting as boundary elements, and (2) the infill

, , , wall, including anchorage of the infill reinforcement in
A. Linear Static and Dynamic Procedures the boundary frame.
General aspects of modej are described in
Section 6.7.3.1. Effective stiffnesses shall be according6.7.3.4 Acceptance Criteria

to the general principles of Section 6.4.1.2. The acceptance criteria for concrete frames with

concrete infills should be guided by relevant acceptance

B. Nonlinear Static Procedure criteria of Sections 6.7.2.4, 6.8, and 6.9.

General aspects of modej are described in
Section 6.7.3.1. Nonlinear load-deformation relations 6.7.3.5 Rehabilitation Measures

shall follow the general guidelines of Section 6.4.1.2. I .
g g Rehabilitation measures include the general approaches

Monotonic load-deformation relations shall be listed for masonry infilled frames in Section 6.7.2.5.

according to the generalized relation shown in

Figure 6-1, except different relations are permitted
where verified by tests. Numerical quantities in
Figure 6-1 may be derived from tests or rational
analyses following the general guidelines of

Section 2.13, and shall take into account the
interactons between frame and infill components. The

Strengthening of the existing infill may be considered
as an option for rehabilitation. Shotcrete can be applied
to the face of an existing wall to increase the thickness
and shear strength. For this purpose, the face of the
existing wall should be roughened, a mat of reinforcing
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steel should be doweled into the existing structure, and6.8.1.1

shotcrete should be applied to the desired thickness.

Rehabilitatedrames shall be evaluated aatiolg to the

general principles and requirements of this chapter. Th

effects of rehallitation on stiffness, strength, and
deformability shall be taken into account in the
analytical model. Connections required between

existing and new elements shall satisfy the requirement

of Section 6.4.6 and other requirements of the
Guidelines

6.8 Concrete Shear Walls

6.8.1 Types of Concrete Shear Walls and

Associated Components

€

Monolithic Reinforced Concrete
Shear Walls and Wall Segments

Monolithic reinforced concrete (RC) shear walls consist
of vertical cast-in-place elements, usually with a
constant cross section, that typically form open or
closed shapes around vertical building shafts. Shear
walls are also useflequently along portions of the
erimeter of the building. The wall reinforcement is
ormally continuous in both the horizontal and vertical
directions, and bars are typically lap spliced for tension
continuity. The reinforcement mesh may also contain
horizontal ties around vertical bars that are concentrated
either near the vertical edges of a wall with constant
thickness, or in boundary members formed at the wall
edges. The amount and spacing of these ties is
important for determining how well the concrete at the
wall edge is confined, and thus for determining the

Concrete shear walls consist of planar vertical elementdateral deformation capacity of the wall.

that normally serve as the primary lateral-load-resisting

elements when they are used in concrete structures. InIn general, slender reinforced concrete shear walls will

general, shear walls (or wall segments) are censdl

be governed by flexure and will tend to form a plastic

to be slender if their aspect ratio (height/length) is S 3.0,flexural hinge near the base of the wall under severe
and they are considered to be short if their aspect ratio idateral loading. The ductility of the wall will be a

< 1.5. Slender shear walls are normally controlled by
flexural behavior; short walls are normally controlled
by shear behavior. The response of walls with

function of the percentage of longitudinal reinforcement
concentrated near the boundaries of the wall, the level
of axial load, the amount of lateral sheajuieed to

intermediate aspect ratios is influenced by both flexure cause flexural yielding, and the thickness and

and shear.

The provisions given here are applicable to all shear
walls in all types of structural systems that incorporate
shear walls. This includes isolated shear walls, shear
walls used in dual (wall-frameslystems, coupled shear
walls, and discontinuous shear wallse8hwdls are

reinforcement used in the web portion of the shear wall.
In general, higher axial load stresses and higher shear
stresses will reduce the flexural ductility and energy
absorbing capability of the shear wall. Squat shear walls
will normally be governed by shear. These walls will
normally have a limited ability to deform beyond the
elastic range and continue to carry lateral loads. Thus,

considered to be solid walls if they have small openingsthese walls are typically designed either as

that do not significantly influence the strength or
inelastic behavior of the wall éPforated shear walls are
characterized by a regular pattern of large openings in
both horizontal and vertical directions that create a
series of pier and deep beam elements. In the
discussions and tables that appear in the following

displacement-controlled components with low ductility
capacities or as force-controlled components.

Shear walls or wall segments with axial loads greater
than 0.35P, shall not be considered effective in

resisting seismic forces. The maximum spacing of

sections, these vertical piers and horizontal beams will horizontal and vertical reinforcement shall not exceed

both be referred to as wall segms

Provisionsare &so included for coupling beams and

18 inches. Walls with horizontal and vertical
reinforcement ratios less than 0.0025, but with
reinforcement spacings less than 18 inches, shall be

columns that support discontinuous shear walls. These permitted where the shear force demand does not

are special frame components that &soaiated more
with shear walls than with the normal frame elements
covered in Section 6.5.

exceed the reduced nominal shear strength of the wall
calculated in accordance with Section 6.8.2.3.
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6.8.1.2 Reinforced Concrete Columns wall shall be considered. Interaction with other
Supporting Discontinuous Shear structural and nonstructural elements shall be included.
Walls

In most cases, shear walls and wall elements may be
modeled analytically as equivalent beam-column
&£lements that include both flexural and shear
deformations. The flexural strength of beam-column
elements shall include the interaction of axial load and
bending. The rigid connection zone at beam
connections to this equivalent beam-column element
will need to be long enough to properly represent the

In shear walbuildings it is not uncommon to find that
some walls are terminated either to create commercial
space in the first story or to create parking spaces in th
basement. In such cases, the walls are commonly
supported by columns. Such designs are not
recommended in seismic zones because very large
demands may be placed on these columns during

earthquake loading. In older buildings such columns : )
will often have “standard” longitudinal and transverse distance from the wall centroid—where the beam-
column element is placed in the computer model—to

reinforcemat; the behavior of such columns during . .
past earthquakes indicates that tightly spaced closed tie'® €dge of the wall. Unsymmetrical wall sections shall
model the different bending capacities for the two

with well-anchored 135-degree hooks will be required ; S
for the building to survive severe earthquake loading. '0ading directions.

For rectangular shear walls and wall segments with

. . ) h,/1. <25, and flanged wall sections with
Reinforced concrete coupling beams are used to link W W g

two shear walls together. The coupled walls are h,/ 1< 3.5, shear deformations become more

generally much sffier and stonger than they would be  sjgnificant. For such cases, either a modified beam-

if they acted independently. Coupling beams typically = column analogy or a multiple-node, multiple-spring
have a small Span—to—depth ratiO, and their inelastic approach should be usedfeﬁﬂgnces are given in the
behavior is normally affected by the high shear forces  commentary. Because shear walls usually respond in
acting in these components. Coupling beams in most  single curvature over a story height, the use of one
older reinforced Concretﬁ,lildings will Commonly have mu|tip|e_spring element per Story is recommended for
“conventional” reinforcement that consists of mode”ng shear walls. For wall Segments’ which
longitudinal flexural steel and transverse steel for sheariypically deform into a double curvature pattern, the
In some, more modern buildings, or in buildings where peam-column element is usually preferred. If a
COUpIed shear walls are used for seismic rehab”itation, mu|tip|e_spring model is used for a wall Segment, then

the coupling beams may use diagonal reinforcement asit js recommended that two elements be used over the
the primary reinforcement for both flexure and shear.  |ength of the wall segment.

The inelastic behavior of coupling beams that use

diagonal reinfecement has beeshown experimentally A beam element that incorporates both bending and
to be much better with respect to retention of strength, shear deformations shall be used to model coupling

6.8.1.3 Reinforced Concrete Coupling Beams

stiffness, and energy dissipation capacity than the beams. It is recommended that the element inelastic
observed behavior of coupling beams with conventionalresponse should account for the loss of shear strength
reinforcement. and stiffness during reversed cyclic loading to large
_ deformations. Coupling beams that have diagonal

6.8.2 Reinforced Concrete Shear Walls, reinforcement satisfying the 19NEHRP

Wall Segments, Coupling Beams, and  Recommended Provisio(BSSC, 1995) will

RC Columns Supporting commonly have a stable hysteretic response under large

Discontinuous Shear Walls load reversals. Therefore, these members could

) ] ) adequately be modeled with beam elements used for

6.8.2.1 General Modeling Considerations typical frame analyses.
The analysis model for an RC shear wall element shall ) ) )
be sufficiently detailed to represent the stiffness, Columns supporting discontinuous shear walls may be
strength, and deformation capacity of the overall shear modeled with beam-column elements typically used in
wall. Potential failure in flexure, Shear, and fl‘ame anaIyS|S. Th|S element ShOUld aISO account for
reinforcement development at apgint in the shear shear deformations, and care must be taken to ensure

that the model properly reflects the potentially rapid

6-40 Seismic Rehabilitation Guidelines FEMA 273



Chapter 6: Concrete
(Systematic Rehabilitation)

reduction in shear stiffness and strength these columnsB. Nonlinear Static and Dynamic Procedures

may experience after the onset of flexural yielding. Nonlinear load-deformation relations shall follow the

. . general procedures described in Section 6.4.1.2.
The diaphragm action of concrete slabs that

interconnect shear walls and frame columns shall be  \onotonic load-deformation relationships for

properly represented. analytical models that represent shear walls, wall
elements, coupling beams, and RC columns that support

6.8.2.2 Stiffness for Analysis discontinuous shear walls shall be of the general shapes

The stiffness of all the elements discussed in this defined in Figure 6-1. For both of the load-deformation
section depends on the material properties, componentrelationships in Figure 6-1, poiitcorresponds to
dimensions, reinfcement quatities, boundary significant yielding, poinCC corresponds to the point

conditions, and auent state of the member with respect Where significant lateral resistance is assumed to be

to cracking and stress levels. All of these aspects shouldost, and poinE corresponds to the point where gravity
be considered when defining the effective stiffness of load resistance is assumed to be lost.

an element. General values for effee stiffness are

given in Table 6-4. To obtain a proper distribution of ~ The load-deformation relationship in Figure 6-1(a)
lateral forces in bearing wall Hdings, all of the walls ~ should be redrred to for shear Wla and wall segments
shall be assumed to be either cracked or uncracked. Inhaving inelastic behavior under lateral loading that is
buildings wrere lateral load réstance is provided by ~ governed by flexure, as well as columns supporting
either structural walls only, or a combination of walls ~ discontinuous shear walls. For all of these members, the
and frame members, all shear walls and wall segmentsx-axis of Figure 6-1(a) should be taken as the rotation

discussed in this section should be considered to be  over the plastic hinging region at the end of the member
cracked. (Figure 6-2). The hinge rotation at poBicorresponds

to the yield pointf, and is given by the following
For coupling beams, the values given in Table 6-4 for expression:
nonprestressed beams should be used. Columns
supporting discontinuous sar wals will experience M.
significant changes in axial load during lateral loading 6 = %XD (6-5)
of the shear wall they support. Thus, the stiffness values y JoP
for these column elements will need to change between
the values given for columns in tension and
compression, depending on the direction of the lateral
load being resisted by the shear wall. M

where:

y = Yield moment capacity of the shear wall or

: . . wall segment
A. Linear Static and Dynamic Procedures 9

i E. = Concrete modulus
Shear walls and associated components shall be ] ] )
modeled considering axial, flexural, and shear stiffness.! = Member moment of inertia, as discussed
For closed and open wall shapes, such as box, T, L, I, above
and C sections, theffective tension or compseion I = Assumed plastic hinge length

flange widths on each side of the web shall be taken as
the smaller of: (1) one-fifth of the wall height, (2) half For analytical models of shear walls and wall segments
the distance to the next web, or (3) the provided width the valugoi shall be set equal to 0.5 times the f?exural ,
of the flange. The calculated stiffnesses to be used in P q '

analysis shall be in accordance with the requirements od€pth of the element, but less than one story height for
Section 6.4.1.2. shear walls and less than 50% of the element length for

wall segments. For RC columns supporting

Joints between shear walls and frame elements shall béliscontinuous shear wallg, shall be set equal to 0.5
modeled as stiff components and shall be considered times the flexural depth of the component.
rigid in most cases.
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Plastic hinge rotation =6
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Figure 6-2 Plastic Hinge Rotation in Shear Wall
where Flexure Dominates Inelastic
Response
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Figure 6-3 Story Drift in Shear Wall where Shear
Dominates Inelastic Response

Values for the variables, b, andc, which are required
to define the location of points, D, andE in
Figure 6-1(a), are given in Table 6-17.

Chord Rotation:
0= é

Figure 6-4 Chord Rotation for Shear Wall Coupling
Beams

For shear walls and wall segments whose inelastic
response is controlled by shear, it is more appropriate to
use drift as the deformation value in Figure 6-1(b). For
shear walls, this drift is actually the story drift as shown
in Figure 6-3. For wall segments, Figure 6-3 essentially
represents the member drift.

For coupling beams, the deformation measure to be
used in Figure 6-1(b) is the chord rotation for the
member, as defined in Figure 6-4. Chord rotation is the
most representative measure of the deformed state of a
coupling beam, whether its inelastic response is
governed by flexure or by shear.

Values for the variabled, e, andc, whichare reuired

to find the point<C, D, andE in Figure 6-1(b), are given
in Tables 6-17 and 6-18 for the appropriate members.
Linear interpolation between tabulated values shall be
used if the member under analysis has conditions that
are between the limits given in the tables.

For the NDP, the complete hysteresis behavior of each
component shall be modeled using properties verified
by experimental evidence. The relationships in

Figure 6-1 may be taken to represent the envelope for
the analysis. The unloading and reloading stiffnesses
and strengths, and any pinching of the load-versus-
rotation hysteresis loops, shall reflect the behavior
experimentally observed for wall elements similar to
the one under investigation.

6.8.2.3 Design Strengths

The discussions in the following paragraphs shall apply
to shear walls, wall segments, coupling beams, and
columns supporting discontinuous shear walls. In
general, component strengths shall be computed
according to the gemmal reyuirements of Section 6.4.2,
except as modified here. The yield and maximum
component strength shall be determined considering the
potential for failure in flexure, shear, or development
under combined gravity and lateral load.

Nominal flexural strength of shear walls or wall
segments shall be determined using the fundamental
principles given in Chapter 10 8uilding Code
Requirements for Structural Concrete, ACI 318-95
(ACI, 1995). For calculation of nominal flexural
strength, theffedive compression and tension flange
widths defined in Section 6.8.2.2A shall be used, except
that the first limit shall be changed to one-tenth of the
wall height. When determining the flexural yield
strength of a shear wall, as represented by (Bint
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Table 6-17 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—
Members Controlled by Flexure
Acceptable Plastic Hinge Rotation
(radians)
Component Type
Plas(t)itcala(i)r;]ge gte}zir(]jual Primary | Secondary
gth
(radians) Ratio Performance Level
Conditions a | b c o [ Ls [cp [ Ls | cP
i. Shear walls and wall segments
(AALf, +P Shear | Confined
B - Boundary
tolfe tulwaffe
<0.1 <3 Yes 0.015 | 0.020 0.75 0.005 | 0.010 | 0.015 | 0.015 | 0.020
<0.1 >6 Yes 0.010 | 0.015 0.40 0.004 | 0.008 | 0.010 | 0.010 | 0.015
>0.25 <3 Yes 0.009 | 0.012 0.60 0.003 | 0.006 | 0.009 | 0.009 | 0.012
>0.25 26 Yes 0.005 | 0.010 0.30 0.001 | 0.003 | 0.005 | 0.005 | 0.010
<0.1 <3 No 0.008 | 0.015 0.60 0.002 | 0.004 | 0.008 | 0.008 | 0.015
<0.1 26 No 0.006 | 0.010 0.30 0.002 | 0.004 | 0.006 | 0.006 | 0.010
>0.25 <3 No 0.003 | 0.005 0.25 0.001 | 0.002 | 0.003 | 0.003 | 0.005
>0.25 26 No 0.002 | 0.004 0.20 0.001 | 0.001 | 0.002 | 0.002 | 0.004
il. Columns supporting discontinuous shear walls
Transverse reinforcement?

Conforming 0.010 | 0.015 0.20 0.003 | 0.007 | 0.010 | n.a. n.a.
Nonconforming 0.0 0.0 0.0 0.0 0.0 0.0 n.a. n.a.
Chord
Rotation
(radians)

d | e

iii. Shear wall coupling beams
Longitudinal reinforcement and Shear
transverse reinforcement3 t_T_f_'

w'wa/'C
Conventional longitudinal <3 0.025 | 0.040 0.75 0.006 | 0.015 | 0.025 | 0.025 | 0.040
feinforcement with conforming >6 0.015 | 0.030 | 050 | 0.005 | 0.010 | 0.015 | 0.015 | 0.030
Conventional longitudinal ‘ <3 0.020 | 0.035 0.50 0.006 | 0.012 | 0.020 | 0.020 | 0.035
reinforcement with nonconforming >6 0.010 | 0025 | 025 | 0.005 | 0.008 | 0.010 | 0.010 | 0.025
Diagonal reinforcement n.a. 0.030 | 0.050 0.80 0.006 | 0.018 | 0.030 | 0.030 | 0.050

1. Requirements for a confined boundary are the same as those gi@h3h8-95

2. Requirements for conforming transverse reinforcement are: (a) closed stirrups over the entire length of the colummget é/2paod (b) strength of
closed stirrup¥/s = required shear strength of column.

3. Conventional longitudinal reinforcement consists of top and bottom steel parallel to the longitudinal axis of the beaming dr&#nsverse
reinforcement consists of: (a) closed stirrups over the entire length of the beam at assgi&iagd (b) strength of closed stirruyjis> 3/4 of required
shear strength of beam.

Figure 6-1(a), only the longitudinal steel in the does not have a boundary member, then only the
boundary of the wall should be included. If the wall longitudinal steel in the outer 25% of the wall section
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Table 6-18 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—
Members Controlled by Shear
Acceptable Drift (%) or Chord
Rotation (radians) !
Component Type
Drift Ratio (%), )

or Chord Residual Primary Secondary

Rotation Strength

(radians) . Ratio Performance Level
Conditions d e c 10 LS CP LS CP
i. Shear walls and wall segments
All Shear Wa"s and Wa" segmentsz 0.75 2.0 0.40 0.40 0.60 0.75 0.75 1.5
ii. Shear wall coupling beams
Longitudinal reinforcement and Shear
transverse reinforcement® -

tWIW fc

Conventional longitudinal <3 0.018 0.030 0.60 0.006 | 0.012 | 0.015 | 0.015 | 0.024
reinforcement with conforming
transverse reinforcement 26 0.012 0.020 0.30 0.004 | 0.008 | 0.010 | 0.010 | 0.016
Conventional longitudinal <3 0.012 0.025 0.40 0.006 | 0.008 | 0.010 | 0.010 | 0.020
reinforcement with
nonconforming transverse 26 0.008 0.014 0.20 0.004 | 0.006 | 0.007 | 0.007 | 0.012
reinforcement

1. For shear walls and wall segments, use drift; for coupling beams, use chord rotation; refer to Figures 6-3 and 6-4.

2. For shear walls and wall segments where inelastic behavior is governed by shear, the axial load on the memised. s Re otherwise, the
member must be treated as a force-controlled component.

3. Conventional longitudinal reinforcement consists of top and bottom steel parallel to the longitudinal axis of the beaminGdrensverse
reinforcement consists of: (a) closed stirrups over the entire length of the beam at assgig;iagd (b) strength of closed stirrjs> 3/4 of required
shear strength of beam.

shall be included in the calculation of the yield strength. discontinuous skar wdls, the design shear force is

When calculating the nominal flexural strength of the equal to the magnitude of thedaal force required to

wall, as represented by pof@tin Figure 6-1(a), all develop the nominal flexural strength at the base of the

longitudinal steel (including web reinforcement) shall wall, assuming the latal force idistributed uniformly

be included in the calculation. For both of the moment over the height of the wall. For wall segments, the

calculations described here, the yield strength of the  design shear force is equal to the shear corresponding to

longitudinal reinforcement should be taken as 125% of the development of the positive and negative nominal

the specified yield strength to account for material moment strengths at opposite ends of the wall segment.

overstrength and strain hardening. For all moment

strength calculations, the axial load acting on the wall The nominal shear strength of a shear wall or wall

shall include gravity loads as defined in Chapter 3. segment shall be determined based on the principles and
equations given in Section 21.6 ACI 318-95 The

The nominal flexural strength of a shear wall or wall  nominal shear strength of RC columns supporting

segment shall be used to determine the maximum sheadiscontinuous shear walls shall be determined based on

force likely to act in shear walls, wall segments, and the principles and equations given in Section 21.3 of

columns supporting discontinuous shear walls. For ACI 318-95 For all shear strength calculations, 1.0

cantilever shear walls and columns supporting times the specified reinforcement yield strength should
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be used. There should be néfelience between the All other actions shall be defined as being force-
yield and nominal shear strengths, as represented by controlled actions.
pointsB andC in Figure 6-1.

Design actions (flexure, shear, or force transfer at rebar
When a shear wall or wall segment has a transverse anchorages and splices) on components shall be
reinforcement percentage,, less than the minimum determined as prescribed in Chapter 3. When

value of 0.0025 but greater than 0.0015, the shear ~ determining the appropriate value for the design

strength of the wall shall be analyzed using the actions, proper consideration should be given to gravity
ACI 318-95equations noted above. For transverse loads and to the maximum forces that can be
reinforcement percentages less than 0.0015, the transmitted considering nonlinear action in adjacent

contribution from the wall reinforcement to the shear ~ components. For example, the maximum shear at the
strength of the wall shall be held constant at the value base of a shear wall cannot exceed the shear required to

obtained using, = 0.0015 (Wood, 1990). develop the nominal flexural strength of the wall.
Tables 6-19 and 6-20 presentvalues for use in

Equation 3-18. Alternatm values are permitted where

Splice lengths for primary longitudinal reimtement e ) X )
justified by experimental evidence and analysis.

shall be evaluated using the procedures given in
Section 6.4.5. Reduced flexural strengths shall be
evaluated at locations where splices govern the usable
stress in the reinforcement. The need for confinement Inelastic response shall be restricted to those elements
reinforcement in shear wall boundary members shall beand actions listed in Tables 6-17 and 6-18, except where
evaluated by the procedure in tdaiform Building it is demonstrated that other inelastic actions can be
Code(ICBO, 1994), or the method recommended by tolerated considering the selected Performance Levels.
Wallace (1994 and 1995) for determining maximum For members experiencing inelastic behavior, the
lateral deformations in the wall and the réisg magnitude of other actions (forces, moments, or torque)
maximum compression strains in the wall boundary.  in the member shall correspond to the magnitude of the
action causing inelastic behavior. The magnitude of
The nominal flexural and shear strengths of coupling these other actions shall be shown to be below their
beams reinforced with conventional reinforcement shall nominal capacities.
be evaluated using the principles and equations

B. Nonlinear Static and Dynamic Procedures

contained in Chapter 21 &CI 318-95 The nominal For members experiencing inelastic response, the
flexural and shear strengths of coupling beams maximum plastic hinge rotations, drifts, or chord
reinforced with diagonal reinfoement shall be rotation angles shall not exceed the values given in

evaluated using the procedure defined in the 1994 Tables 6-17 and 6-18, for the particular Performance
NEHRP Recommended Provisiolsboth cases, 125% Level being evaluated. Linear interpolation between
of the specified yield strength for the longitudinal and tabulated values shall be used if the member under

diagonal reinforcement should be used. analysis has conditions that are between the limits given
in the tables. If the maximum plastic hinge rotation,

The nominal shear and flexural stgghs of columns drift, or chord rotation angle exceeds the corresponding

supporting discontinuous shear walls shall be evaluatedvalue obtained either mictly from the tables or by

as defined in Section 6.5.2.3. interpolation, the member shall be considered to be
deficient, and either the member or the structure will

6.8.2.4 Acceptance Criteria need to be rehabilitated.

A. Linear Static and Dynamic Procedures

All shear walls, wall segments, coupling beams, and _ )
columns supporting discontinuous shear walls shall be All of the rehabilitation measures listed here for shear
classified as either deformation- or foraeatrolled, as ~ Walls assume that a proper evaluation will be made of

6.8.2.5 Rehabilitation Measures

defined in Chapter 3. For columns supporting the wall foundation, diaphragms, and connections
discontinuous shear walls, deformation-controlled between existing structural elements and any elements
actions shall be restricted to flexure. In the other added for rehabilitation purposes. Connection
components or elements noted here, deformation- requirements are given in Section 6.4.6.

controlled actions shall be restricted to flexure or shear.
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Table 6-19 Numerical Acceptance Criteria for Linear Procedures—Members Controlled by Flexure
m factors
Component Type
Primary Secondary
Performance Level
Conditions 10 LS CP LS CP
i. Shear walls and wall segments
(A —A’ )f +P Shear CoanHEdl
s "s’y —I x Boundary
tolyfe twlwaTe
<0.1 <3 Yes 4 6 6 8
<0.1 >6 Yes 3 4 4 6
=20.25 <3 Yes 15 3 4 4 6
=20.25 26 Yes 2 2.5 2.5 4
<01 <3 No 2.5 4 4 6
<01 2 No 1.5 2 25 25 4
>0.25 <3 No 1.5 2 2 3
>0.25 >6 No 1 1 15 15 2
ii. Columns supporting discontinuous shear walls
Transverse reinforcement?
Conforming 1 1.5 2 n.a. n.a.
Nonconforming 1 1 1 n.a. n.a.
iii. Shear wall coupling beams
Longitudinal reinforcement and transverse Shear
reinforcement® W
tw wal'C
Conventional longitudinal reinforcement with <3 2 4 6 6 9
conforming transverse reinforcement >6 15 3 7
Conventional longitudinal reinforcement with <3 15 3.5 8
nonconforming transverse reinforcement >6 12 18 55 55 2
Diagonal reinforcement n.a. 2 5 7 7 10

1. Requirements for a confined boundary are the same as those gh@h3mn8-95

2. Requirements for conforming transverse reinforcement are: (a) closed stirrups over the entire length of the colummgat d/2pawd (b) strength of
closed stirrup¥; 2 required shear strength of column.

3. Conventional longitudinal reinforcement consists of top and bottom steel parallel to the longitudinal axis of the beaminGdrensverse
reinforcement consists of: (a) closed stirrups over the entire length of the beam at asgi;iagd (b) strength of closed stirrigig> 3/4 of required
shear strength of beam.
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Table 6-20 Numerical Acceptance Criteria for Linear Procedures—Members Controlled by Shear
m factors
Component Type
Primary Secondary
Performance Level
Conditions 10 LS CP LS CP
i. Shear walls and wall segments
All shear walls and wall segments® 2 2 3 2 3
ii. Shear wall coupling beams
Longitudinal reinforcement and transverse reinforcement? Shear
tWIW fc
Conventional longitudinal reinforcement with conforming <3 15 3 4 4 6
transverse reinforcement >6 12 > o5 o5 35
Conventional longitudinal reinforcement with <3 15 25 3 3 4
nonconforming transverse reinforcement >6 1 12 15 15 o5

1. For shear walls and wall segments where inelastic behavior is governed by shear, the axial load on the memiseB. @iy B the longitudinal

reinforcement must be symmetrical, and the maximum shear stress nsust té' , otherwise the shear shall be considered to be a force-controlled

action.

Conventional longitudinal reinforcement consists of top and bottom steel parallel to the longitudinal axis of the beaminG ¢rgfosverse
reinforcement consists of: (a) closed stirrups over the entire length of the beam at assgiiagd (b) strength of closed stirrujis> 3/4 of required

shear strength of beam.

Addition of wall boundary members. Shear wls

or wall segments that have insufficient flexural
strength may be strengthened by the addition of
boundary members. These members could be cast-
in-place reinforced concrete elements or steel
sections. In both cases, proper connections must be
made between the existing wall and the added
members. Also, the shear capacity of the
rehabilitated wall will need to beevaluated.

Addition of confinement jackets at wall
boundaries. The flexural deformation capacity of a
shear wall can be improved by increasing the
confinement at the wall boundaries. This is most
easily achieved by the addition of a steel or
reinforced concrete jacket. For both types of jackets,
the longitudinal steel should not be continuous from
story to story unless the jacket is also being used to
increase the flexural capacity. The minimum
thickness for a concrete jacket shall be three inches.

Carbon fiber wrap may also be an effective method
for improving the confinement of concrete in
compression.

Reduction of flexural strength.In some cases it

may be desirable to reduce the flexural capacity of a
shear wall to change the governing failure mode
from shear to flexure. This is most easily
accomplished by saw-cutting a specified number of
longitudinal bars near the edges of the shear wall.

Increased shear strength ofvall. The shear

strength provided by the web of a shear wall can be
increased by casting additional reinforced concrete
adjacent to the wall web. The new concrete should
be at least four inches thick and should contain
horizontal and vertical reinforcement. The new
concrete will need to be properly bonded to the
existing web of the shear wall. The use of carbon
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fiber sheets, epoxied to the concrete surface, can
also increase the shear capacity of a shear wall.

Confinement jackets to improve deformation
capacity of coupling beams and columns
supporting discontinuous shear wallsThe use of
confinement jackets has been discussed above for
wall boundaries and in Section 6.5 for frame
elements. The same procedures can be used to
increase both the shear capacity and the deformatio
capacity of coupling beams and columns supporting
discontinuous shear walls.

Infilling between columns supporting

discontinuous shear walls. Where a discontinuous
shear wall is supported on columns that lack either
sufficient strength or deformation capacity to satisfy
design criteria, the opening between these columns
may be infilled to make the wall continuous. The
infill and existing columns should be designed to
satisfy all the requirements for new wall
construction. This may require strengthening of the
existing columns by adding a concrete or steel jacke

below a discontinuous shear wall could also be
“infilled” with steel bracing. The tacing members
should be sized to satisfy all design requirements

;

for strength and increased confinement. The opening

An alternate design approach is to allow the inelastic
action to occur at the connections between precast
panels, an approach knownjamted constructionThe
provisions given &re are intended for use with Blpes
of precast wall systems.

6.9.1.1

For this design approach, the connections between
recast wall elements aregiigned and detailed to be
tronger than the panels they connect. Thus, when the

precast shear wall is subjected to lateral loading, any

yielding and inelastic behavior should take place in the
panel elements away from the connections. If the
reinforcement detailing in the panel is similar to that for
cast-in-place shear walls, then the inelastic response of

a precast shear wall should be very similar to that for a

cast-in-place wall.

Cast-In-Place Emulation

Modern building codes permit the use of precast shear

wall construction in high seismic zones if it satisfies the

criteria for cast-in-place emulation. For such structures,
he shear walls and wall segments can be evaluated by
he criteria defined in Section 6.8.

6.9.1.2
For most older structures that contain precast shear

Jointed Construction

and the columns should be strengthened with a steeWalls, and for some modern construction, inelastic

or a reinforced concrete jacket.

6.9 Precast Concrete Shear Walls

6.9.1

Precast concrete shear walls typically consist of story-
high or half-story-high precast wall segments that are
made continuous through the use of either mechanical
connectors or reinforcement splicing techniques, and,
usually a cast-in-place connection strip. Connections

Types of Precast Shear Walls

between precast segments are typically made along bot
the horizontal and vertical edges of a wall segment. Tilt-

up construction should be considered to be a special
technique for precast wall construction. There are
vertical joints between adjacent panels and horizontal
joints at the foundation level and efe the roof orlbor
diaphragm connects with the tilt-up panel.

If the reinforcement connections are made to be
stronger than the adjacent precast panels, the lateral
load response behavior of the precast wall system will
be comparable to that for monolithic shear walls. This
design approach is known east-in-place emulatian

activity can be expected in the connections between
precast wall panels during severe lateral loading.
Because joints between precast shear walls in older
buildings have often exhibited brittle behavior during
inelastic load reversals, jointed construction had not
been permitted in high seismic zones. Therefore, when
evaluating older buildings that contain precast shear
walls that are likely to respond as jointed construction,
the permissible ductilities and rotation capacities given
in Section 6.8 will have to be reduced.

or some modern structures, precast shear walls have

een constructed with special connectors that are
detailed to exhibit ductile response and energy
absorption characteristics. Many of these connectors are
proprietary and only limited experimental evidence
concerning their inelastic behavior is available.
Although this type of construction is clearly safer than
jointed construction in older buildings, the experimental
evidence is not sufficient to permit the use of the same
ductility and rotation capacities given for cast-in-place
construction. Thus, the permissible values given in
Section 6.8 will need to be reduced.
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6.9.1.3 Tilt-up Construction addition, the analytical model shall adequately model
the stiffness of the connections between the precast
components that compose the wall. This may be
accomplished by softening the model used to represent
the precast panels to account for flexibility in the
connections. An alternative procedure would be to add
spring elements to simulate axial, shear, and rotational
deformations within the connections between panels.

Tilt-up construction should be considered to be a
special case of jointed construction. The walls for most
buildings constructed by the tilt-up method are longer
than their height. Shear would usually govern their in-
plane design, and their shear strength should be
analyzed as force-controlled action. The majorceon

for most tilt-up construction is the connection between
the tilt-up wall and the roof diaphragm. That connection
should be caefully analyzed to be sure the diaphragm

forces can be safely transmitted to the precast wall ~ The modeling procedures given in Section 6.8.2.2A,
system. combined with a procedure for including connection

deformations as noted above, shall be used.

A. Linear Static and Dynamic Procedures

6.9.2 Precast Concrete Shear Walls and

wall Segments B. Nonlinear Static and Dynamic Procedures
i . . Nonlinear load-deformation relations shall follow the
6.9.2.1  General Modeling Considerations general guidelines of Section 6.4.1.2. The monotonic

The analysis model for a precast concrete shear wall ofoad-deformation relationships for analytical models

wall segment shall represent the stiffness, strength, andhat represent precast shear walls and wall elements
deformation capacity of the overall member, as well as Within precast panels shall be represented by one of the
the connections and joints between any precast panel general shapes defined in Figure 6-1. Values for plastic
components that compose the wall. Potential failure in hinge rotations or drifts at poinis C, andE for the two
flexure, shear, and reinforcement development at any general shapes are defined below. The strength levels at
point in the shear wall panels or connections shall be pointsB andC should corespond to the yield strength

considered. Interaction with other structural and and nominal strength, as defined in Section 6.8.2.3. The
nonstructural elements shall be included. residual strength for the line segm@&siE is defined
below.

In most cases, precast concrete shedisvaad wall
segments within the precast panels may be modeled For precast shear walls and wall segments whose
analytically as equivalent beam-columns that include inelastic behavior under lateral loading is governed by

both flexural and shear deformations. The rigid flexure, the general load-defortian relationship in
connection zone at beam connections to these Figure 6-1a) will be referred to. For these members,
equivalent beam-columns must properly represent the the X-axis of Figure 6-1(a) should be taken as the
distance from the wall centroid—where the beam- rotation over the plastic hinging region at the end of the
column is placed—to the edge of the wall or wall member (Figure 6-2). If the requirements for cast-in-
segment. Unsymmetrical precast wall sections shall ~ place emulation are satisfied, the value of the hinge
model the different bending capacities for the two rotation at poinB corresponds to the yield rotatia),
loading directions. and is given by Equation 6-5. The same expression

should also be used for wall segments within a precast
For precast shear Waand wall segments vene shear panel if flexure controls the inelastic response of the
deformations will have a more significant effect on segment.
behavior, a multiple spring model should be used.

If the precast wall is of jointed construction and flexure
The diaphragm action of concrete slabs interconnectinggoverns the inelastic response of the member, then the
precast shear walls and frame columns shall be properlyalue ofé, will need to be increased to account for

represented. rotation in the joints between panels or between the

panel and the foundation.
6.9.2.2 Stiffness for Analysis

The modeling assumptions defined in Section 6.8.2.2 For precast shear walls and wall segments whose
for monolithic correte shear wis and wall segments inelastic behavior under lateral loading is governed by
shall also be used for precast concrete walls. In shear, the general load-deformation relationship in
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Figure 6-1(b) will be refeed to. For these members,

For jointed construction, calculations of axial, shear,

the x-axis of Figure 6-1(b) should be taken as the story and flexural strength of the connections between panels

drift for shear walls, and as the element drift for wall
segments (Figure 6-3).

For construction classified as cast-in-place emulation,
the values for the variablesb, andc, which are

required to define the location of poirZsD, andE in
Figure 6-1(a), are given in Table 6-17. For construction
classified as jointed construction, the valuea,df, and

c given in Table 6-17 shall be reduced to 50% of the
given values, unless there is experimental evidence
available to justify higher values. In no case, however,
shall values larger than those given in Table 6-17 be
used.

For construction classified as cast-in-place emulation,
values for the variabled e, andc, which are required

to find the point<C, D, andE in Figure 6-1(b), are given
in Tables 6-17 and 6-18 for the appropriate member
conditions. For construction classified as jointed
construction, the values df e, andc given in

Tables 6-17 and 6-18 shall be reduced to 50% of the
given values unless there is experimental evidence
available to justify higher values. In no case, however,
shall values larger than those given in Tables 6-17 and
6-18 be used.

For Tables 6-17 and 6-18, linear interpolation between
tabulated values shall be used if the member under

analysis has conditions that are between the limits given

in the tables.

For the NDP, the complete hysteresis behavior of each
component shall be modeled using properties verified
by experimental evidence. The relationships in

Figure 6-1 may be taken to represent the envelope for
the analysis. The unloading and reloading stiffnesses
and strengths, and any pinching of the load versus
rotation hysteresis loops, shall reflect the behavior
experimentally observed for wall elements similar to
the one under investigation.

6.9.2.3

The strength of precast concrete shedtsnaand wall
segments within the panels shall be computed accordin
to the general requirement of Section 6.4.2, except as
modified here. For cast-in-place emulation types of
construction, the strength calculation procedures given
in Section 6.8.2.3 shall be followed.

Design Strengths

shall be based on known or assumed material properties
and the fundamental principles of structural mechanics.
Yield strength for steel reinforcement of connection
hardware used in the connections shall be increased to
125% of its specified yield value when calculating the
axial and flexural strength of the connection region. The
unmodified specified yield strength of the

reinforcement and connection hamw shall be used
when calculating the shear strength of the connection
region.

In older construction, particular attention must be given
to the technique used for splicing reinforcement
extending from adjacent panels into the connection.
These connections may be insufficient and can often
govern the strength of the precast shear wall system. If
sufficient detail is not given on the design drawings,
concrete should be removed in some connections to
expose the splicing details for the reinforcement.

For all precast concrete shearllwaf jointed
construction, no dierence shall be taken between the
computed yield and nominal strengths in flexure and
shear. Thus, the values for strength represented by the
pointsB andC in Figure 6-1 shall be computed
following the procedures given in Section 6.8.2.3.

6.9.2.4 Acceptance Criteria

. Linear Static and Dynamic Procedures

For precast shear wall construction that emulates cast-
in-place construction and for wall segments within a
precast panel, the acceptance criteria defined in
Section 6.8.2.4A shall be followed. For precast shear
wall construction defined as jointed construction, the
acceptance criteria procedure given in Section 6.8.2.4A
shall be followed. However, tha values given in

Tables 6-19 and 6-20 shall be reduced by 50%, unless
experimental evidence justifies the use of a larger value.
In no case shall amvalue be taken as less than 1.0.

B. Nonlinear Static and Dynamic Procedures

Inelastic response shall be restricted to those shear walls
and wall segments) and actions listed in Tables 6-17

nd 6-18, except where it is demonstrated that other
inelastic action can be tolerated considering the selected
Performance Levels. For members experiencing
inelastic behavior, the magnitude of the other actions
(forces, moments, or torques) in the member shall

correspond to the magnitude of the action causing the
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inelastic behavior. The magnitude of these other actions

shall be shown to be below their nominal capacities.

For precast shear Ws of the cast-in-place emulation
type of construction, and for wall segments within a
precast panel, the maximum plastic hinge rotation

connectors or by using a cast-in-place overlay with
new dowels into the foundation. The overturning
moment capacity of the panel-to-foundation
connection can be strengthened by using drilled-in
dowels within a new cast-in-place connection at the
edges of the panel. Adding connections to adjacent

panels may also eliminate some of the forces
transmitted through the panel-to-foundation
connection.

angles or drifts during inelastic response shall not
exceed the values given in Tables 6-17 and 6-18. For
precast shear Wa of jointed construction, the

maximum plastic hinge rotation angles or drifts during
inelastic response shall not exceed one-half of the .
values given in Tables 6-17 and 6-18, unless
experimental evidence is available to justify a higher
value. However, in no case shall deformation values
larger than those given in these tables be used for
jointed type construction.

Enhancement of connections between precast
wall panels and floor or roof diaphragms. These
connections can be strengthened by using either
supplemental mechanical devices or cast-in-place
connectors. Both in-plane shear and out-of-plane
forces will need to be considered when
strengthening these connections.

If the maximum deformation value exceeds the
corresponding tabular value, the element shall be
considered to be deficient and either the element or
structure will need to be rehabilitated.

6.10 Concrete Braced Frames

6.10.1

6.9.25 Reinforced concrete braced frames are those frames
Precast concrete shear wajlstems may suffer from with monolithic reinfaced concrete beamslamns,
some of the same deficiencies as cast-in-place walls. and diagonal braces that are coincident at beam-column
These may include inadequate flexural capacity, joints. Components are nonprestressed. Under lateral
inadequate shear capacity with respect to flexural loading, the braceftame resists loads primarily
capacity, lack of confinement at wall boundaries, and through truss action.

inadequate splice lengths for longitudinal reinforcement

in wall boundaries. All of these deficiencies can be Masonry infills may be present in bradegmes. Where
rehabilitated by the use of one of the measures masonry infills are present, requirements for masonry
described in Section 6.8.2.5. A few deficiencies unique infilled frames as specified in Section 6.7 also apply.
to precast wall construction are inadequate connections

between panels, to the foundation, and to floor or roof The provisions are applicable to existing reinforced
diaphragms. concrete braced frames, and existing reinforced
concrete braced frames rehabilitated by addition or
removal of material.

Types of Concrete Braced Frames
Rehabilitation Measures

« Enhancement of connections between adjacent or
intersecting precast wall panels. A combination of
mechanical and cast-in-place details may be used t06.10.2
strengthen connections between precast panels.
Mechanical connectors may include steel shapes an
various types of drilled-in anchors. Cast-in-place
strengthening methods generally involve exposing
the reinforcing steel at the edges of adjacent panels,
adding vertical and transverse (tie) reinforcement,
and placing new concrete.

General Considerations in Analysis
and Modeling

dl'he analysis model for a reinforced concretechd

frame shall represent the sigth, stiffness, and
deformation capacity of beams, columns, braces, and all
connections and components that may be part of the
element. Potential failure in tension, compression
(including instability), flexure, shear, anchorage, and
reinforcement development at any section along the
component length shall be considered. Interaction with
other structural and nonstructural elements and
omponents shall be included.

« Enhancement of connections between precast
wall panels and foundationsThe shear capacity of
the wall panel-to-foundation connection can be
strengthened by the use of supplemental mechanicaf
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The analytical model generally can represent the
framing, using line elements with properties
concentrated at component centerlines. General
considerations relative to the analytical model are
summarized in Section 6.5.2.1.

6.10.3.3

For the NDP, the complete hysteresis behavior of each
component shall be modeled using properties verified
by tests. Unloading and reloading properties shall
represent significant stiffness and strength degradation
characteristics.

Nonlinear Dynamic Procedure

In frames having braces in some bays and no braces in

other bays, the restraint of the brace shall be representeg 10.4

as described above, and the nonbraced bays shall be
modeled as frames according to the specifications of
this chapter. Where braces create a vertically
discontinuous frame, theffects on overabbuilding
performance shall be considered.

Inelastic deformations in primary components shall be
restricted to flexure and axial load in beams, columns,
and braces. Other inelastic deformations are permitted
in secondary components. Acceptance critere
presented in Section 6.10.5.

6.10.3
6.10.3.1

Stiffness for Analysis

Linear Static and Dynamic
Procedures

Beams, columns, and braces in braced portions of the
frame may be modeled considering axial tension and
compression flexibilities only. Nonbraced portions of
frames shall be modeled according to procedures
described elsewhere for frames. Effective stiffnesses
shall be according to Section 6.4.1.2.

6.10.3.2

Nonlinear load-deformation relations shall follow the
general guidelines of Section 6.4.1.2.

Nonlinear Static Procedure

Beams, columns, and braces in braced portions may b
modeled using nonlinear truss components. Beams an
columns in nonbraced portions may be modeled using
procedures described elsewhere in this chapter. The
model shall be capable of representing inelastic
response along the component lengths, as well as withi
connections.

Numerical quantities in Figure 6-1 may be derived from
tests or rational analyses. Alternately, the guidelines of

Design Strengths

Component strengths shall be computed according to
the general mguirements of Section 6.4.2 and the
additional requirements of Section 6.5.2.3. The
possibility of instability of braces in compression shall
be considered.

6.10.5
6.10.5.1

Acceptance Criteria

Linear Static and Dynamic
Procedures

All component actions shall be classified as being either
deformation-controlled or force-controlled, as defined
in Chapter 3. In primary components, deformation-
controlled actions shall be restricted to flexure and axial
actions in beams and columns, and axial actions in
braces. In secondary components, deformation-
controlled actions shall be restricted to those actions
identified for the braced or isolated frame in this
chapter.

Calculated component actions shall satisfy the
requirements of Chapter 3. Refer to other sections of
this chapter fom values for concrete frames, except
thatm values for beams, columns, and braces modeled
as tension and compression components may be taken
as equal to values specified for columns in Table 6-16.
e\/alues ofm shall be reduced from values in that table
(yvhere component buckling is a consideration. Alternate
approaches or values are permitted where justified by

experimental evidence and analysis.

Nonlinear Static and Dynamic

I55.10.5.2
Procedures

Calculated component actions shall not exceed the
numerical values listed in Table 6-15 or the relevant
tables for isolated frames given elsewhere in this

Section 6.7.2.2B may be used, with braces modeled aschapter. Where inelastic action is indicated for a

columns per Table 6-15.

component or action not listed in these tables, the
performance shall be deemed unacceptable. Alternate
approaches or values are permitted where justified by
experimental evidence and analysis.
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6.10.6  Rehabilitation Measures of floors that have plan irregularities. Struts and
collectors may occur within the slab thickness or may
fave the form of cast-in-place beams that are
monolithic with the slabs. The forces that they resist are
primarily axial in nature, but may also include shear and
bending forces.

Rehabilitation measures include the general approache
listed for other elements in this chapter, plus other
approaches based on rational procedures.

Rehabilitatedrames shall be evaluated aatiolg to the
general principles and requirements of this chapter. The6 11.1.3
effects of rehattitation on stiffness, strength, and T
deformability shall be taken into account in the Diaphragm chords generally occur at the edges of a
analytical model. Connections required between horizontal diaphragm and function to resist bending
existing and new elements shall satisfy requirements ofstresses in the diaphragm. Tensile forces typically are
Section 6.4.6 and other requirements of@adelines most critical, but compressive forces in thin slabs could
be a problem. Exterior walls can serve this function if
. there is adequate horizontal shear capacity between the
6.11  Concrete Diaphragms slab and wall. When evaluating an existing building,
special care should be taken to evaluate the condition of
6.11.1 Components of Concrete Diaphragms the lap splices. Where the splices are not confined by
closely-spaced transverse reinforcement, splice failure
is possible if stress levels reach critical values. In
rehabilitation construction, new laps should be confined
by closely-spaced transverse reinforcement.

Diaphragm Chords

Cast-in-place concrete diaphragms transmit inertial
forces from one location in a structure to a vertical
lateral-force-rsisting element. A concrete diaphragm is
generally a floor or roof slab, but can be a structural
truss in the horizontal plane. 6.11.2  Analysis, Modeling, and Acceptance
Diaphragms are made up of slabs that transmit shear Criteria

forces, struts that provide continuity around openings, 611.2.1  General Considerations

collectors that gather force and distribute it, and chords _ ,

that are located at the edges of diaphragms and that  The analysis model for a diaphragm shall represent the

resist tension and compression forces. strength, stiffness, and deformation capacity of each
component and the diaphragm as a whole. Potential
6.11.1.1 Slabs failure in flexure, shear, buckling, and reinforcement

i ) ) development at any point in the diaphragm shall be
The primary function of any slab that is part of a floor  ~qnsidered.

or roof system is to support gravity loads. A slab must

also function as part of the diaphragm to transmit the - The gnalytical model of the diaphragm can typically be
shear forces associated with the load transfer. These t5xen as a continuous or simple span horizontal beam

internal shear forces are generated when the slab is thgp; js supported by elements of varying stiffness. The
load path for forces that are being transmitted from onepegm may be rigid or semi-rigid. Most computer
vertical lateral-force-resigg system to another, or models assume a rigid diaphragm. Few cast-in-place
when the slab is functioning to provide bracing to other giaphragms would be considered flexible endas a

portions of the building that are being loaded out of iy concrete slab on a metal deck might be semi-rigid
plane. Included in this section are all versions of cast- gepending on the length-to-width ratio of the

in-place concrete floor systems, and concrete-on-metal gigphragm.
deck systems.

6.11.2.2 Stiffness for Analysis

o ) ) Diaphragm stiffness shall be modeled according to
Struts and collectors are built into diaphragms in Section 6.11.2.1 and shall be determined using a linear
locations where there are defined stress demands that g|astic model and gross section properties. The modulus
exceed the typical stress capacity of the diaphragm.  f glasticity used shall be that of the concrete as
These locations occur around openings in the specified in Section 8.5.1 &Cl 318-95 When the
diaphragms, along defined load paths between lateral- length-to-width ratio of the diaphragm exceeds 2.0
load-resisting elements, and at intersections of portions(Where the length is the distance between vertical

6.11.1.2 Struts and Collectors
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elements), the effects of diaphragm deflection shall be deformation compatibility requirements of the
considered when assigning lateral forces to the resistingstructure.

vertical elements. The concern is for relatively flexible

vertical members that may be displaced by the .

diaphragm, and for relatively stiff vertical members that 6.12 Precast Concrete Dlaphragms
may be overloaded due to the same diaphragm

displacement. 6.12.1 Components of Precast Concrete

Diaphragms

61123  Design Strengths Section 6.11 provided a general overview of concrete
Component strengths shall be according to the generaldiaphragms. Components of precast concrete
requirements of Section 6.4.2, as modified in this diaphragms are similar in nature and function to those
section. of cast-in-place diaphragms, with a few critical
differences. One is that precast diaphragms do not
The maximum component strength shall be determinedpossess the inherent unity of cast-in-place monolithic
considering potential failure in flexure, axial load, construction. Additionally, pcast components may be
sheatr, torsion, development, and other actions at all  highly stressed due to prestressed forces. These forces
points in the component under the actions of design  cause long-term shrinkage aor@ep, whickshorten the
gravity and lateral load combinations. The shear component over time. This shortening tends to fracture
strength shall be as specified in Section 21.6.4 of connections that restrain the component.
ACI 318-95 Strut, collector, and chord strengths shall
be determined according to Section 6.5.2.3 of these  Precast concrete diaphragms can bssifed as topped

Guidelines or untopped. A topped diaphragm is one that has had a
concrete topping slab poured over the completed
6.11.2.4  Acceptance Criteria horizontal system. Most floor systems have a topping

system, but some hollow core floor systems do not.

The topping slab generally bonds to the top of the
precast elements, but may have an inadequate thickness
at the center of the span, or may be inadequately
reinforced. Also, extensive cracking of joints may be
present along the panel joints. Shear transfer at the
edges of precast concrete diaphragms is especially
critical.

All component actions shall be classified as either
deformation-controlled or force-controlled, as defined
in Chapter 3. Diaphragm shear shall be considered as
being a foce-controlled comonent and shall have a
DCR not greater than 1.25. Acceptance criteria for all
other component actions shall be as defined in
Section 6.5.2.4A, witlm values taken according to
similar components in Tables 6-10 and 6-11 for use in
Equation 3-18. Analysis shall be restricted to linear

procedures Some precast roof systems are constructed as untopped

systems. Untopped precast concrete diaphragms have
g been limited to lower seismic zones by recensioers
6.11.3  Rehabilitation Measures of theUniform Building CodeThis limitation has been
Cast-in-place concrete diaphragms can have a wide imposed because of the brittleness of connections and
variety of deficiencies; see Chapter 10 and FEMA 178 lack of test data concerning the various precast systems.
(BSSC, 1992a). Two general alternatives may be used Special consideration shall be given to diaphragm

to correct deficiencies: either improving the sigth chords in precast construction.

and ductility, or reducing the demand in accordance

with FEMA 172 (BSSC, 1992b). Individual 6.12.2  Analysis, Modeling, and Acceptance
components can be strengthened or improved by adding Criteria

additional reinforcement and encasement. Diaphragm i ) .

thickness may be increased, but the added weight mayAnaIyS|s and modelln'g of precast concrete diaphragms
overload the footings and increase the seismic load. shall conform to Section 6.11.2.2, with the added
Demand can be lowered by adding additional lateral- requirement that special attention be paid to considering

force-resisting elements, introducing additional the segmental nature of the individual components.
damping, or base isolating the structure. Alireotive ) )
measures taken shall be based upon engineering Component strengths shall be determlned_accordmg to
mechanics, taking into account load paths and Section 6.11.2.3, with the following exception. Welded
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connection strength shall be determined using the latespressure developed against foundation walls that are
version of the Precast Concrete Institute (PCI) part of the system.

Handbook, assuming that the connections have little

ductility unless test data are available to document the 6.13.1.2 Deep Foundations

assumed ductility. A. Driven Pile Foundations

Acceptance criteria shall be as defined in Concrete pile foundations are composed of a reinforced
Section 6.11.2.4; the criteria of Section 6.4.6.2, where concrete pile cap supported on driven piles. The piles
applicable, shall also be included. may be concretenfth or without prestressing), steel
shapes, steel pipes, or composite (concrete in a driven
6.12.3 Rehabilitation Measures steel shell). Vertical loads are transmitted to the piling
by the pile cap, and are resisted by direct bearing of the
Section 6.11.3 provides guidance for rehabilitation pile tip in the soil or by skin friction or cohesion of the

measures for concrete diaphragms in general. Special soil on the surface area of the pile. érail loads are

care shall be taken to overcome the segmental nature dfesisted by passive pressure of the soil on the vertical

precast concrete diaphragms, and to avoid fracturing  face of thepile cap, in combination with interaction of

prestressing strands when adding connections. the piles in bending and passive soil pressure on the pile
surface. In poor soils, or soils subject to liquefaction,

: bending of the piles may be the only dependable
6.13 Concrete Foundation Elements resistance to lateral loads.

6.13.1 Types of Concrete Foundations B. Cast-in-Place Pile Foundations

Foundations serve to transmit loads from the vertical ~Cast-in-place concrete pile foundations consist of
structural subsystems (columns and walls) of a buildingreinforced concrete placed in a drilled or excavated

to the supporting soil or rock. Concrete foundations for shaft. The shaft may be formed or bare. Segmented steel
buildings are classified as either shallow or deep cylindrical liners are available to form the shaft in weak
foundations. Shallow foundations include spread or  soils and allow the liner to be removed as the concrete is
isolated footings; strip or line footings; combination placed. Various slurry mixes are often used to protect
footings; and concrete mat footings. Deep foundations the drilled shaft from caving soils; the slurry is then

include pile foundations and cast-in-place piers. displaced as the concrete is placed by the tremie
Concrete grade beams may be present in both shallow method. Cast-in-place pile or pier foundations resist
and deep foundation systems. vertical and lateral loads in a manner similar to that of

driven pile foundations.
These provisions are applicable to existing foundation

elements and to new materials or elements thatare  6.13.2  Analysis of Existing Foundations

required to rehabilitate an existing building. The analytical model for concrete buildings, with

6.13.1.1  Shallow Foundations column_s or \_Nalls cast monolithically with the _
foundation, is sometimes assumed to have the vertical
Existing spead botings, strip footings, and structural elements fixed at the top of the foundation.
combination footings may be reinforced or When this is assumed, the foundations and supporting
unreinforced. Vertical loads are transmitted to the soil soil must be capable of resisting the induced moments.
by direct bedng; lateral loads are transmitted by a When columns are not monolithic with their
combination of friction between the bottom of the foundations, or are designed so as to not resist flexural
footing and the soil, and passive pressure of the soil onmoments, they may be modeled with pinned ends. In
the vertical face of the footing. such cases, the column base must be evaluated for the
resulting axial and shear forces as well as the ability to
Concrete mat footings must be reirded to rsist the accommodate the necessary end rotation of the
flexural and shear stresses resulting from the columns. The effects of base fixity of columns must be

superimposed concentrated and line structural loads angaken into account at the point of maximum
the distributed resisting soil pressure under the footing. displacement of the superstructure.

Lateral loads are resisted primarily by friction between

the soil and the bottom of the footing, and by passive
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Overturning moments and economics may dictate the 6.13.4 Rehabilitation Measures
use of more rigorous Analysis Procedures. When this isTh followi | rehabilitati
the case, appropriate vertical, lateral, and rotational soll e following general rehabilitation measures are
springs shall be incorporated in the analytical model asappllcable to existing foundanon elements. Other
described in Section 4.4.2. The spring characteristics approaches, based on rational procedures, may also be
shall be based on the material in Chapter 4, and on theum'zed'

recommendations of the geotechnical consultant.
Rigorous analysis of structures with deep foundations in
soft soils will require special soil/pile intEction studies

to determine the probable location of the point of fixity

6.13.4.1 Rehabilitation Measures for Shallow

Foundations
Enlarging the existing footing by laeral

in the foundation and the resulting distribution of forces
and displacements in the superstructure. In these
analyses, the appropriate representation of the
connection of the pile to the pile cap is required.
Buildings designed for gravity loads only may have a
nominal (about six inches) embedment of the piles
without any dowels into the pile cap. These piles must
be modeled as being “pinned” to the cap. Unless the
connection can be identified from the available
construction documents, the “pinned” connection
should be assumed in any analytical model.

When the foundations are included in the analytical
model, the responses of the foundation components
may be derived by any of the analytical methods
prescribed in Chapter 3, as modified by the
requirements of Section 6.4. When the structural
elements of the analytical model are assumed to be
pinned or fixed at the foundation level, the reactions
(axial loads, shears, and moments) of those elements
shall be used to evaluate the individual components of
the foundation system.

6.13.3
Allowable soil capacities (subgrade modulus, bearing

Evaluation of Existing Condition

additions. The existing footing will continue to
resist the loads and moment acting at the time of
rehabilitation (unless temporarily removed). The
enlarged footing is to resist subsequent loads and
moments produced by earthquakes if the lateral
additions are properly tied into the existing footing.
Shear transfer and moment development must be
accomplished in the additions.

Underpinning the footing. Underpinning involves

the removal of unsuitable soil under an existing
footing, coupled with replacement using concrete,
soil cement, suitable soil, or other material, and must
be properly staged in small increments so as not to
endanger the stability of the structure. This
technigque also serves to enlarge an existing footing
or to extend it to a more competent soil stratum.

Providing tension hold-downs.Tension ties (soil

and rock anchors—prestressed and unstressed) are
drilled and grouted into competent soils and
anchored in the existing footing to resist uplift.
Increasedoil bearing pressures produced by the ties
must be checked against values associated with the
desired Performance Level. Piles or drilled piers

; X may also be utilized.
pressure, passive pressure) are a function of the chosen

Performance Level, and will be as prescribed in : : : :

P . X - » Increasing efective depth of footing. This method
Chapter 4 or as established with project-specific data by i, 0|yes pouring new concrete to increase shear and
a geotechnical consultant. All components of existing moment capacity of existing footing. New

foundation eleme_nts, and all new ”?a‘e“@" components, horizontal reinforcement can be provided, if
or elements required for rehabilitation, will be

considered to be foe-controlled i = 1.0) based on the
mechanical and analytical properties in Section 6.3.3.
However, the capacity of the foundation components

required, to resist increased manee

Increasing the effective depth of a concrete mat
foundation with a reinforced concrete overlay.

need not exceed 1.25 times the capacity of the
supported vertical structural component or element
(column or wall). The amount of foundation
displacement that is acceptable for the given structure
should be determined by the design engineer, and is a
function of the desired Performance Level.

This method involves pouring an integral topping
slab over the existing mat to increase shear and
moment capacity. The practicality must be checked
against possible severe architectural restrictions.

» Providing pile supports for concrete footings or
mat foundations. Addition of piles requires careful
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design of pile length and spacing to avoid .
overstressing the existing foundations. The
technique may only be feasible in a limited number
of cases for driven piles, but special augered systems
have been developed and are used regularly.

» Changing the building structure to reduce the
demand on the existing elements his method
involves removing mass or height of the building or
adding other materials or components (such as
energy dissipation devices) to reduce the load
transfer at the base level. The addition of new shear
walls or braces will generally reduce the demand on
existing foundations.

6.14

¢ Adding new grade beamsGrade beams may be
used to tie existing footings together when poor soil
exists, to provide fixity to column bases, and to
distribute lateral loads between individual footings,

pile caps, or foundation walls. 6.15
* Improving existing soil. Grouting techniques may ~ Aq
be used to improve existing soil. A

j
6.13.4.2 Rehabilitation Measures for Deep

Foundations

* Providing additional piles or piers.The addition of
piles or piers may require extension and additional
reinforcement of existing pile caps. See the
comments in previous sections for extending an
existing footing.

¢ Increasing the effective depth of the pile cap.
Addition of new concrete and reinforcement to the
top of the cap is done to increase shear and momenp‘S
capacity.

Al
* Improving soil adjacent to existing pile capSee S
Section 4.6.1. Aw
E
* Increasing passivepressure bearing area of pile ¢
cap. Addition of new reinfoced concrete Es
extensions to the existing pile cap provides more |
vertical foundation faces and greater load |
transferability. ¢
» Changing the building system to reduce the L
demands on the existing element#troduction of
new lateral-load-resisting elements may reduce
demand. Mgcs

Adding batter piles or piers. Batter piles or piers
may be used to resist lateral loads. It should be noted
that batter piles have performed poorly in recent
earthquakes when liquefiable soils were present.
This is especially important to consider around

wharf structures and in areas that have a high water
table. See Sections 4.2.2.2, 4.3.2, and 4.4.2.2B.

Increasing tension tie capacity from pile or pier
to superstructure.

Definitions

The definitions used in this chapter generally follow
those of BSSC (1995) as well as those published in ACI
318. Many of the definitions that are independent of
material type are provided in Chapter 2.

Symbols

Gross area of column, .

Effective cross-sectional area within a joint,

in.2, in a plane parallel to plane of
reinforcement generating shear in the joint.
The joint depth shall be the overall depth of
the column. Where a beam frames into a
support of larger width, theffectivewidth of
the joint shall not exceed the smaller of:

(1) beam width plus the joint depth, and

(2) twice the smaller perpendicular distance
from the longitudinal axis of the beam to the
column side.

Area of nonprestressed tension
reinforcement, irf.

Area of compression reinforcementZin.
Area of the web cross sectionpgd
Modulus of elasticity of concrete, psi
Modulus of elasticity of reinforcement, psi

Moment of inertia

Moment of inertia of gross concrete section
about centroidal axis, neglecting
reinforcement

Length of member along which deformations
are asumed to occur

Moment acting on the slab column strip
according to ACI 318
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Nominal moment strength at section
Nominal moment strength of the slab column
strip

Yield moment strength at section

Factored axial load normal to cross section
occurring simultaneously witl,. To be

taken as positive for compression, negative
for tension, and to includeffects of tasion
due to creep and shrinkage.

Axial force in a member, Ibs

Nominal axial load strength at zero
eccentricity

Generalized load

Expected strength of a component or element
at the deformation level under consideration
for deformation-controlled actions

Lower-bound estimate of the strength of a
component or element at the deformation
level under consideration for force-controlled
actions

Design shear foe at section

Nominal shear strength provided by concrete
Shear acting on slab critical section due to
gravity loads

Nominal shear strength at section

Shear strength of slab at critical section
Nominal shear strength provided by shear
reinforcement

Factored shear force at sea

Parameter used to measure deformation
capacity

Parameter used to measure deformation
capacity

Web width, in.

Parameter used to measure residual strength

Size of rectangular or equivalent rectangular
column, capital, or bracket measured in the
direction of the span for which moments are
being determined, in.

Parameter used to measure deformation
capacity

Distance from extreme compression fiber to
centroid of tension reinforcement, in.

Nominal diameter of bar, in.

e

fe

foc
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>
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Parameter used to measure deformation
capacity
Compressive strength of concrete, psi

Average compressive stress in concrete due to
effective prestress force only (afteloabance
for all prestress losses)

Stress in reinforcement, psi

Yield strength of tension reinforcement
Height of member along which deformations
are measured

Overall thickness of member, in.

Gross cross-sectional dimension of column
core measured in the direction of joint shear,
in.

Total height of wall from base to top, in.
Coefficient used for calculation of column
shear strength

Provided length of straight development, lap
splice, or standard hook, in.

Development length for a straight bar, in.
Length of embedment of reinforcement, in.
Length of plastic hinge used for calculation of
inelastic deformation capacity, in.

Length of entire wall or a segment of wall
consicered in the direadn of shear force, in.

Modification factor used in the acceptance
criteria of deformation-controlled
components or elements, indicating the
available ductility of a component action

Thickness of wall web, in.
Generalized deformation, consistent units

Coefficient for calculation of joint shear
strength

Fraction of unbalanced moment transéel
by flexure at slab-column connections
Generalized deformation, radians

Yield rotation, radians

A reliability coefficient used to reduce
component strength values for existing
components, based on the quality of

knowledge about the components’ properties
(see Section 2.7.2)
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A Correction factor related to unit weight of
concrete

U Coefficient of friction

o} Ratio of nonprestressed tension reinforcement

Joi Ratio of nonprestressed compression
reinforcement

p" Reinforcement ratio for transverse joint
reinforcement

Pbal Reinforcement ratio producing balanced
strain conditions

Pn Ratio of distributed shear reinforcement in a
plane perpendicular to therdction of the
applied shear

6.16 References

ACIl, 1989,Building Code Requirements for Reinforced
Concrete Report No. ACI 318-89, American Concrete
Institute, Detroit, Michigan.

ACI, 1991, State-of-the-Art Report on Anchorage to
Concrete Report No. 355.1R-91, AClI Committee 355,
ACI Manual of Concrete Practice, American Concrete
Institute, Detroit, Michigan.

ACI, 1994,Guide for Evaluation of Concrete Structures
Prior to Rehabilitation Report No. ACI 364.1R-94,
American Concrete Institute, Detroit, Michigan.

ACIl, 1995,Building Code Requirements for Reinforced
Concrete: ACI 318-95American Concrete Institute,
Detroit, Michigan.

ASCE, 1917, “Final Report of Special Committee on
Concrete and Reinforced Concretétansactions,
American Society of Civil Engineers, New York, New
York, Vol. 81, pp. 1101-1205.

ASCE, 1924, “Report of the Joint Committee on
Standard Specifications for Concrete and Reinforced
Concrete,Proceedings, American Society of Civil
Engineers New York, New York, pp. 1153-1285.

ASCE, 1940, “Concrete Specifications Number,”
Proceedings, American Society of Civil Engine&iasw
York, New York, Vol. 66, No. 6, Part 2.

ASCE, 1990Standard Guideline for Structural
Condition Assessment of Existing Buildings

Standard 11-90, American Society of Civil Engineers,
New York, New York.

ASTM, latest edition, standards with the following
numbers, A370, A416, A421, A722, C39, C42, C496,
E488, American Society of Testing Materials,
Philadelphia, Pennsylvania.

BSSC, 1992aNEHRP Handbook for the Seismic
Evaluation of Existing Buildingsleveloped by the
Building Seismic Safety Council for the Federal
Emergency Management Agency (Report No.
FEMA 178), Washington, D.C.

BSSC, 1992bNEHRP Handbook of Techniques for the
Seismic Rehabilitation of Existing Buildingieveloped
by the Building Seismic Safety Council for the Federal
Emergency Management Agency (Report No.

FEMA 172), Washington, D.C.

BSSC, 1995NEHRP Recommended Provisions for
Seismic Regulations for New Buildings, 1994 Edition,
Part 1: Provisions and Part 2: Commentapyepared

by the Building Seismic Safety Council for the Federal
Emergency Management Agency (Repdos. FEMA
222A and 223A), Washington, D.C.

Corley, G., 1996, “Northridge Earthquake of January
17, 1994 Reconnaissance Report—Concrete Parking
Structures,’Earthquake Spectr&ERI Publication
95-03/2, Earthquake Engineering Research Institute,
Oakland, California.

CRSI, 1981 Fvaluation of Reinforcing Steel Systems in
Old Reinforced Concrete Structurégsoncrete
Reinforcing Steel Institute, Chicago, lllinois.

Fleischman, R. B., et al., 1996, “Seismic Behavior of
Precast Parking Structure Diaphragnfrdceedings of
Structures Congress XI¥merican Society of Civil
Engineers, New York, New York, Vol. 2,

pp. 1139-1146.

ICBO, 1994 Uniform Building Code\ol. 2: Structural
Engineering Design Provisioniternational
Conference of Building Officials, Whittier, California.

Lord, A. R., 1928, “A Handbook of Reinforced
Concrete Building Design, in Accordance with the 1928
Joint Standard Building Code,” authorized reprint from
the copyrightedProceedings of the American Concrete
Institute Detroit, Michigan, Vol. 24.

FEMA 273

Seismic Rehabilitation Guidelines

6-59



Chapter 6: Concrete
(Systematic Rehabilitation)

Newlon, Jr., H., ed., 197® Selection of Historic Engineers, New York, New York, Vol. 120, No. 3,
American Papers on Concrete 1876—19R6@blication pp. 863—-884.
No. SP-52, American Concrete Institute, Detroit,
Michigan. Wallace, J. W., 1995, “Seismic Design of RC Structural
Walls, Part I: New Code FormatJburnal of the
Taylor, F. W., Thompson, S. E., and Smulski, E., 1925, Structural Engineering DivisigP@American Society of
Concrete, Plain and Reinforcedol. 1, Theory and Civil Engineers, New York, New York, Vol. 121, No. 1,
Design of Concrete and Reinforced Structufesrth pp. 75-87.
edition, John Wiley & Sons, Inc., New York, New York.
Wood, S. L., 1990, “Shear Strength of Low-Rise
Wallace, J. W., 1994, “New Methodology for Seismic  Reinforced Concrete WallsACI Structural Journal
Design of RC Shear WallsJournal of the Structural American Concrete Institute, Detroit, Michigan,
Engineering DivisionAmerican Society of Civil Vol. 87, No. 1, pp. 99-107.

6-60 Seismic Rehabilitation Guidelines FEMA 273



	6. Concrete (Systematic�Rehabilitation)
	6.1 Scope
	Engineering procedures for estimating the seismic performance of lateral-force-resisting concrete...
	Information needed for Systematic Rehabilitation of concrete buildings, as described in Chapter�2...
	General analysis and design assumptions and requirements are covered in Section�6.4. Critical mod...
	Sections�6.5 through 6.13 cover the majority of the various structural concrete elements, includi...

	6.2 Historical Perspective
	The components of concrete seismic resisting elements are columns, beams, slabs, braces, collecto...
	The practice of seismic resistant design is relatively new to most areas of the United States, ev...
	Particularly with concrete materials, the date of original building construction has significant ...
	Table�6�1 Tensile and Yield Properties of Concrete Reinforcing Bars for Various Periods
	As indicated in Chapter�1, great care should be exercised in selecting the appropriate rehabilita...
	Tables�6�1 and 6�2 contain a summary of reinforcing steel properties that might be expected to be...

	Table�6�2 Tensile and Yield Properties of Concrete Reinforcing Bars for Various ASTM Specificatio...
	Table�6�3 Compressive Strength of Structural Concrete (psi)1

	6.3 Material Properties and Condition Assessment
	6.3.1 General
	Quantification of in-place material properties and verification of existing system configuration ...
	The extent of in-place materials testing and condition assessment needed is related to the availa...

	6.3.2 Properties of In-Place Materials and Components
	6.3.2.1 Material Properties
	Mechanical properties of component and connection material strongly influence the structural beha...
	  Concrete compressive and tensile strengths and modulus of elasticity
	  Yield and ultimate strength of conventional and prestressing reinforcing steel and metal connec...
	  Ductility, toughness, and fatigue properties
	  Metallurgical condition of the reinforcing steel, including carbon equivalent, presence of any ...
	The effort required to determine these properties depends on the availability of accurate updated...
	In general, the determination of material properties (other than connection behavior) is best acc...
	Generally, mechanical properties for both concrete and reinforcing steel can be established from ...


	6.3.2.2 Component Properties
	Structural elements often utilize both primary and secondary components to perform their load- an...
	  Original and current cross-sectional dimensions
	  As-built configuration and physical condition of primary component end connections, and interme...
	  Size, anchorage, and thickness of other connector materials, including metallic anchor bolts, e...
	  Characteristics that may influence the continuity, moment-rotation, or energy dissipation and l...
	  Confirmation of load transfer capability at component-to-element connections, and overall eleme...
	These properties may be needed to characterize building performance properly in the seismic analy...
	In the absence of degradation, component dimensions and properties from original drawings may be ...


	6.3.2.3 Test Methods to Quantify Properties
	To obtain the desired in-place mechanical properties of materials and components, it is necessary...
	Accurate determination of existing concrete strength properties is typically achieved through rem...
	Accurate determination of existing reinforcing steel strength properties is typically achieved th...
	Particular test methods that may be used for connector steels include wet and dry chemical compos...
	Usually, the reinforcing steel system used in construction of a specific building is of a common ...

	6.3.2.4 Minimum Number of Tests
	In order to quantify in-place properties accurately, it is important that a minimum number of tes...
	Testing is not required on components other than those of the lateral-force-resisting system. If ...
	A. Concrete Materials
	For each concrete element type (such as a shear wall), a minimum of three core samples shall be t...
	The minimum number of tests to determine compressive and tensile strength shall also conform to t...
	  For concrete elements for which the specified design strength is known and test results are not...
	  For concrete elements for which the design strength is unknown and test results are not availab...
	  A minimum of three samples shall be removed for splitting tensile strength determination, if a ...
	If a sample population greater than the minimum specified is used in the testing program and the ...
	In addition to destructive sampling and testing, further quantification of concrete strength may ...


	B. Conventional Reinforcing and Connector Steels
	In terms of defining reinforcing and connector steel strength properties, the following guideline...
	  If original construction documents defining properties exist, and if an Enhanced Rehabilitation...
	  If original construction documents defining properties do not exist, but the approximate date o...
	All sampled steel shall be replaced with new fully spliced and connected material, unless an anal...


	C. Prestressing Steels
	The sampling of prestressing steel tendons for laboratory testing shall be accomplished with extr...
	Determination of material properties may be possible, without tendon removal or prestress removal...
	All sampled steel shall be replaced with new fully connected and stressed material and anchorage ...

	D. General
	For other material properties, such as hardness and ductility, no minimum number of tests is pres...


	6.3.2.5 Default Properties
	Mechanical properties for materials and components shall be based on available historical data fo...
	For concrete default compressive strength, lower-bound values from Table�6�3 may be used. The def...
	Reinforcing steel tensile properties are presented in Tables�6�1 and 6�2. Because of lower variab...
	For connector materials, the nominal strength from design and construction documents may be used....
	Default values for prestressing steel in prestressed concrete construction shall not be used, unl...


	6.3.3 Condition Assessment
	6.3.3.1 General
	A condition assessment of the existing building and site conditions shall be performed as part of...
	  To examine the physical condition of primary and secondary components and the presence of any d...
	  To verify the presence and configuration of components and their connections, and the continuit...
	  To review other conditions that may influence existing building performance, such as neighborin...
	The physical condition of existing components and elements, and their connections, must be examin...
	Component orientation, plumbness, and physical dimensions should be confirmed during an assessmen...
	The condition assessment also affords an opportunity to review other conditions that may influenc...


	6.3.3.2 Scope and Procedures
	The scope of the condition assessment should include all primary structural elements and componen...
	A. Visual Inspection
	Direct visual inspection provides the most valuable information, as it can be used to quickly ide...
	Visual inspection of the specific building should include all elements and components constructed...
	If coverings or other obstructions exist, indirect visual inspection through the obstruction may ...
	  If detailed design drawings exist, exposure of at least three different primary connections sha...
	  In the absence of accurate drawings, exposure of at least three connections of each primary con...

	B. Additional Testing
	The physical condition of components and connectors may also dictate the need for certain destruc...
	  Surface NDE methods include infrared thermography, delamination sounding, surface hardness meas...
	  Volumetric NDE methods, including radiography and ultrasonics, may be used to identify the pres...
	  Structural condition and performance may be assessed through on-line monitoring using acoustic ...
	  Locating, sizing, and initial assessment of the reinforcing steel may be completed using electr...
	  Where it is absolutely essential, the level of prestress remaining in an unbonded prestressed s...
	The Commentary provides general background and references for these methods.



	6.3.3.3 Quantifying Results
	The results of the condition assessment shall be used in the preparation of building system model...
	  Component section properties and dimensions
	  Component configuration and presence of any eccentricities or permanent deformation
	  Connection configuration and presence of any eccentricities
	  Presence and effect of alterations to the structural system since original construction (e.g., ...
	  Interaction of nonstructural components and their involvement in lateral load resistance
	As previously noted, the acceptance criteria for existing components depend on the design profess...
	Gross component section properties in the absence of degradation have been found to be statistica...



	6.3.4 Knowledge (k��) Factor
	As described in Section�2.7, computation of component capacities and allowable deformations invol...
	If the concrete structural system is exposed and good access exists, significant knowledge regard...
	If incomplete knowledge of as-built component or connection configuration exists because a smalle...
	If all required testing for k = 1.0 is done and the following situations prevail, k shall be redu...
	  Construction documents for the concrete structure are not available or are incomplete.
	  Components are found degraded during assessment, for which further testing is required to quali...
	  Components have high variability in mechanical properties (up to a coefficient of variation of ...
	  Components shown in construction documents lack sufficient structural detail to allow proper an...
	  Components contain archaic or proprietary material and their materials condition is uncertain.

	6.3.5 Rehabilitation Issues
	Upon determining that concrete elements in an existing building are deficient for the desired Reh...

	6.3.6 Connections
	Connections between existing concrete components and any components added to rehabilitate the ori...


	6.4 General Assumptions and Requirements
	6.4.1 Modeling and Design
	6.4.1.1 General Approach
	Design approaches for an existing or rehabilitated building generally shall follow procedures of ...
	  Brittle or low-ductility failure modes shall be identified as part of the analysis. These typic...
	  Analysis of reinforced concrete components shall include an evaluation of demands and capacitie...

	6.4.1.2 Stiffness
	Component stiffnesses shall be calculated according to accepted principles of mechanics. Sources ...
	A. Linear Procedures
	Where design actions are determined using the linear procedures of Chapter�3, component effective...

	Table�6�4 Effective Stiffness Values
	B. Nonlinear Procedures
	Where design actions are determined using the nonlinear procedures of Chapter�3, component load- ...
	Figure�6�1 illustrates a generalized load-deformation relation that may be applicable for most co...
	Figure�6�1 Generalized Load-Deformation Relation
	Typically, the responses shown in Figure�6�1 are associated with flexural response or tension res...
	Figure�6�1 shows two different ways to define the deformations, as follows:


	(a) Deformation, or Type I
	In this curve, deformations are expressed directly using terms such as strain, curvature, rotatio...

	(b) Deformation Ratio, or Type II
	In this curve, deformations are expressed in terms such as shear angle and tangential drift ratio...



	6.4.1.3 Flanged Construction
	In components and elements consisting of a web and flange that act integrally, the combined stiff...


	6.4.2 Design Strengths and Deformabilities
	6.4.2.1 General
	Actions in a structure shall be classified as being either deformation-controlled or force-contro...
	Components shall be classified as having low, moderate, or high ductility demands according to Se...
	Where strength and deformation capacities are derived from test data, the tests shall be represen...
	Strengths and deformation capacities given in this chapter are for earthquake loadings involving ...

	6.4.2.2 Deformation-Controlled Actions
	Deformation-controlled actions are defined in Section�3.2.2.4. Strengths used in design for defor...

	6.4.2.3 Force-Controlled Actions
	Force-controlled actions are defined in Chapter�3. Strengths used in design for force-controlled ...

	6.4.2.4 Component Ductility Demand Classification
	Some strength calculation procedures in this chapter require definition of component ductility de...
	Table�6�5 Component Ductility Demand Classification


	6.4.3 Flexure and Axial Loads
	Flexural strength and deformability of members with and without axial loads shall be calculated a...
	Without confining transverse reinforcement, maximum usable strain at extreme concrete compression...
	Where longitudinal reinforcement has embedment or development length into adjacent components tha...
	Where flexural deformation capacities are calculated from basic mechanics principles, reduction i...

	6.4.4 Shear and Torsion
	Strengths in shear and torsion shall be calculated according to ACI 318 (ACI, 1995), except as no...
	Within yielding regions of components with moderate or high ductility demands, shear and torsion ...
	Within yielding regions of components with moderate or high ductility demands, transverse reinfor...
	Shear friction strength shall be calculated according to ACI 318-95, taking into consideration th...

	6.4.5 Development and Splices of Reinforcement
	Development strength of straight bars, hooked bars, and lap splices shall be calculated according...
	Within yielding regions of components with moderate or high ductility demands, details and streng...
	Where existing development, hook, and lap splice length and detailing requirements are not accord...
	(6�1)
	where fs = bar stress capacity for the development, hook, or lap splice length lb provided; ld = ...
	Strength of straight, discontinuous bars embedded in concrete sections (including beam-column joi...
	(6�2)
	where fs = maximum stress (in psi) that can be developed in an embedded bar having embedment leng...
	Doweled bars added in seismic rehabilitation may be assumed to develop yield stress when all the ...

	6.4.6 Connections to Existing Concrete
	Connections used to connect two or more components may be classified according to their anchoring...
	6.4.6.1 Cast-In-Place Systems
	The capacity of the connection should be not less than 1.25 times the smaller of (1) the force co...
	The capacity of anchors placed in areas where cracking is expected shall be reduced by a factor o...

	6.4.6.2 Post-Installed Systems
	The capacity should be calculated according to Section�6.4.6.1. See the Commentary for exceptions.

	6.4.6.3 Quality Control
	See Commentary for this section.



	6.5 Concrete Moment Frames
	6.5.1 Types of Concrete Moment Frames
	Concrete moment frames are those elements composed primarily of horizontal framing components (be...
	The provisions in Section�6.5 are applicable to frames that are cast monolithically, including mo...
	6.5.1.1 Reinforced Concrete Beam-Column Moment Frames
	Reinforced concrete beam-column moment frames are those frames that satisfy the following conditi...
	1. Framing components are beams (with or without slabs) and columns.
	2. Beams and columns are of monolithic construction that provides for moment transfer between bea...
	3. Primary reinforcement in components contributing to lateral load resistance is nonprestressed.
	The frames include Special Moment Frames, Intermediate Moment Frames, and Ordinary Moment Frames ...

	6.5.1.2 Post-Tensioned Concrete Beam- Column Moment Frames
	Post-tensioned concrete beam-column moment frames are those frames that satisfy the following con...
	1. Framing components are beams (with or without slabs) and columns.
	2. Beams and columns are of monolithic construction that provides for moment transfer between bea...
	3. Primary reinforcement in beams contributing to lateral load resistance includes post-tensioned...
	This classification includes existing construction, new construction, and existing construction t...

	6.5.1.3 Slab-Column Moment Frames
	Slab-column moment frames are those frames that satisfy the following conditions:
	1. Framing components are slabs (with or without beams in the transverse direction) and columns.
	2. Slabs and columns are of monolithic construction that provides for moment transfer between sla...
	3. Primary reinforcement in slabs contributing to lateral load resistance includes nonprestressed...
	The slab-column frame may or may not have been intended in the original design to be part of the ...


	6.5.2 Reinforced Concrete Beam-Column Moment Frames
	6.5.2.1 General Considerations
	The analysis model for a beam-column frame element shall represent strength, stiffness, and defor...
	The analytical model generally can represent a beam- column frame using line elements with proper...
	The beam-column joint in monolithic construction generally shall be represented as a stiff or rig...
	Action of the slab as a diaphragm interconnecting vertical elements shall be represented. Action ...
	Inelastic deformations in primary components shall be restricted to flexure in beams (plus slabs,...

	6.5.2.2 Stiffness for Analysis
	A. Linear Static and Dynamic Procedures
	Beams shall be modeled considering flexural and shear stiffnesses, including in monolithic constr...

	B. Nonlinear Static Procedure
	Nonlinear load-deformation relations shall follow the general guidelines of Section�6.4.1.2.
	Beams and columns may be modeled using concentrated plastic hinge models, distributed plastic hin...
	Monotonic load-deformation relations shall be according to the generalized relation shown in Figu...
	For beams and columns, the generalized deformation in Figure�6�1 may be either the chord rotation...

	Table�6�6 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures— Reinfor...
	Table�6�7 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures— Reinfor...
	Table�6�8 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures— Reinfor...
	Table�6�9 Values of g for Joint Strength Calculation
	C. Nonlinear Dynamic Procedure
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...



	6.5.2.3 Design Strengths
	Component strengths shall be computed according to the general requirements of Section�6.4.2, as ...
	The maximum component strength shall be determined considering potential failure in flexure, axia...
	For columns, the contribution of concrete to shear strength, Vc�, may be calculated according to ...
	(6�3)
	in which k = 1.0 in regions of low ductility demand and 0 in regions of moderate and high ductili...
	For columns satisfying the detailing and proportioning requirements of Chapter 21 of ACI 318, the...
	For beam-column joints, the nominal cross-sectional area, Aj�, shall be defined by a joint depth ...
	(6�4)
	in which l = 0.75 for lightweight aggregate concrete and 1.0 for normal weight aggregate concrete...

	6.5.2.4 Acceptance Criteria
	A. Linear Static and Dynamic Procedures
	All actions shall be classified as being either deformation-controlled or force-controlled, as de...

	Table�6�10 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Beams
	Table�6�11 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Columns
	Table�6�12 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Beam-Column Jo...
	Design actions on components shall be determined as prescribed in Chapter�3. Where the calculated...
	Design actions shall be compared with design strengths to determine which components develop thei...
	Where the average DCR of columns at a level exceeds the average value of beams at the same level,...
	1. The check of average DCR values at the level is repeated, considering all elements in the buil...
	2. The structure shall be reanalyzed using either the NSP or the NDP of Chapter�3.
	3. The structure shall be rehabilitated to remove this deficiency.
	Calculated component actions shall satisfy the requirements of Chapter�3. Tables�6�10 through 6�1...
	B. Nonlinear Static and Dynamic Procedures
	Inelastic response shall be restricted to those components and actions listed in Tables�6�6 throu...
	Calculated component actions shall satisfy the requirements of Chapter�3. Maximum permissible ine...



	6.5.2.5 Rehabilitation Measures
	Rehabilitation measures include the following general approaches, plus other approaches based on ...
	  Jacketing existing beams, columns, or joints with new reinforced concrete, steel, or fiber wrap...
	  Post-tensioning existing beams, columns, or joints using external post-tensioned reinforcement....
	  Modification of the element by selective material removal from the existing element. Examples i...
	  Improvement of deficient existing reinforcement details. This approach involves removal of cove...
	  Changing the building system to reduce the demands on the existing element. Examples include ad...
	  Changing the frame element to a shear wall, infilled frame, or braced frame element by addition...
	Rehabilitated frames shall be evaluated according to the general principles and requirements of t...



	6.5.3 Post-Tensioned Concrete Beam- Column Moment Frames
	6.5.3.1 General Considerations
	The analysis model for a post-tensioned concrete beam- column frame element shall be established ...
	The linear procedures and the NSP described in Chapter�3 apply directly to frames with post-tensi...
	1. The average prestress, fpc��, calculated for an area equal to the product of the shortest cros...
	2. Prestressing tendons do not provide more than one- quarter of the strength for both positive m...
	3. Anchorages for tendons have been demonstrated to perform satisfactorily for seismic loadings. ...
	Alternative procedures are required where these conditions are not satisfied.

	6.5.3.2 Stiffness for Analysis
	A. Linear Static and Dynamic Procedures
	Beams shall be modeled considering flexural and shear stiffnesses, including in monolithic and co...

	B. Nonlinear Static Procedure
	Nonlinear load-deformation relations shall follow the general guidelines of Section�6.4.1.2 and t...
	Values of the generalized deformation at points B, C, and D in Figure�6�1 may be derived from exp...

	C. Nonlinear Dynamic Procedure
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...


	6.5.3.3 Design Strengths
	Component strengths shall be computed according to the general requirements of Section�6.4.2 and ...

	6.5.3.4 Acceptance Criteria
	Acceptance criteria shall follow the criteria for reinforced concrete beam-column frames, as spec...
	Tables�6�6, 6�7, 6�8, 6�10, 6�11, and 6�12 present acceptability values for use in the four proce...

	6.5.3.5 Rehabilitation Measures
	Rehabilitation measures include the general approaches listed in Section�6.5.2.5, as well as othe...
	Rehabilitated frames shall be evaluated according to the general principles and requirements of t...


	6.5.4 Slab-Column Moment Frames
	6.5.4.1 General Considerations
	The analysis model for a slab-column frame element shall represent strength, stiffness, and defor...
	The analytical model can represent the slab-column frame, using line elements with properties con...
	  Effective beam width model. Columns and slabs are represented by frame elements that are rigidl...
	  Equivalent frame model. Columns and slabs are represented by frame elements that are interconne...
	  Finite element model. The columns are represented by frame elements and the slab is represented...
	In any model, the effects of changes in cross section, including slab openings, shall be considered.
	The model of the connection between the columns and foundation shall be selected based on the det...
	Action of the slab as a diaphragm interconnecting vertical elements shall be represented.
	Inelastic deformations in primary components shall be restricted to flexure in slabs and columns,...


	6.5.4.2 Stiffness for Analysis
	A. Linear Static and Dynamic Procedures
	Slabs shall be modeled considering flexural, shear, and tension (in the slab adjacent to the colu...

	B. Nonlinear Static Procedure
	Nonlinear load-deformation relations shall follow the general guidelines of Section�6.4.1.2.
	Slabs and columns may be modeled using concentrated plastic hinge models, distributed plastic hin...
	Monotonic load-deformation relations shall be according to the generalized relation shown in Figu...

	C. Nonlinear Dynamic Procedure
	The general approach shall be according to the specification of Section�6.5.2.2C.


	6.5.4.3 Design Strengths
	Component strengths shall be according to the general requirements of Section�6.4.2, as modified ...
	Table�6�13 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—Two- Wa...
	The maximum component strength shall be determined considering potential failure in flexure, axia...
	The flexural strength of a slab to resist moment due to lateral deformations shall be calculated ...
	For columns, the shear strength may be evaluated according to Section�6.5.2.3.
	Shear and moment transfer strength of the slab-column connection shall be calculated considering ...
	For interior connections without transverse beams, and for exterior connections with moment about...
	For moment about an axis parallel to the slab edge at exterior connections without transverse bea...


	6.5.4.4 Acceptance Criteria
	A. Linear Static and Dynamic Procedures
	All component actions shall be classified as being either deformation-controlled or force-control...

	Table�6�14 Numerical Acceptance Criteria for Linear Procedures—Two-Way Slabs and Slab-Column Conn...
	Design actions on components shall be determined as prescribed in Chapter�3. Where the calculated...
	Design actions shall be compared with design strengths to determine which components develop thei...
	Where the average of the DCRs of columns at a level exceeds the average value of slabs at the sam...
	Calculated component actions shall satisfy the requirements of Chapter�3. Tables�6�11 and 6�14 pr...
	B. Nonlinear Static and Dynamic Procedures
	Inelastic response shall be restricted to those components and actions listed in Tables�6�7 and 6...
	Calculated component actions shall satisfy the requirements of Chapter�3. Maximum permissible ine...



	6.5.4.5 Rehabilitation Measures
	Rehabilitation measures include the general approaches listed in Section�6.5.2.5, plus other appr...
	Rehabilitated frames shall be evaluated according to the general principles and requirements of t...



	6.6 Precast Concrete Frames
	6.6.1 Types of Precast Concrete Frames
	Precast concrete frames are those elements that are constructed from individually made beams and ...
	The provisions of this section are applicable to precast concrete frames that emulate cast-in-pla...
	6.6.1.1 Precast Concrete Frames that Emulate Cast-in-Place Moment Frames
	Emulated moment frames of precast concrete are those precast beam-column systems that are interco...

	6.6.1.2 Precast Concrete Beam-Column Moment Frames other than Emulated Cast-in-Place Moment Frames
	Frames of this classification are assembled using dry joints; that is, connections are made by bo...

	6.6.1.3 Precast Concrete Frames Not Expected to Resist Lateral Loads Directly
	Frames of this classification are assembled using dry joints similar to those of Section�6.6.1.2,...


	6.6.2 Precast Concrete Frames that Emulate Cast-in-Place Moment Frames
	6.6.2.1 General Considerations
	The analysis model for an emulated beam-column frame element shall represent strength, stiffness,...

	6.6.2.2 Stiffness for Analysis
	Stiffness for analysis shall be as defined in Section�6.5.2.2. The effects of prestressing shall ...

	6.6.2.3 Design Strengths
	Component strength shall be computed according to the requirements of Section�6.5.2.3, with the a...
	1. Effects of prestressing that are present, including, but not limited to, reduction in rotation...
	2. Effects of construction sequence, including the possibility that the moment connections may ha...
	3. Effects of restraint that may be present due to interaction with interconnected wall or brace ...

	6.6.2.4 Acceptance Criteria
	Acceptance criteria for precast concrete frames that emulate cast-in-place moment frames are as d...

	6.6.2.5 Rehabilitation Measures
	Rehabilitation measures for emulated cast-in-place moment frames are given in Section�6.5.2.5. Sp...


	6.6.3 Precast Concrete Beam-Column Moment Frames other than Emulated Cast-in-Place Moment Frames
	6.6.3.1 General Considerations
	The analysis model for precast concrete beam-column moment frames other than emulated moment fram...

	6.6.3.2 Stiffness for Analysis
	Stiffness for analysis shall be as defined in Sections�6.5.2.2 and 6.6.2.2. Flexibilities associa...

	6.6.3.3 Design Strengths
	Component strength shall be computed according to the requirements of Sections�6.5.2.3 and 6.6.2....

	6.6.3.4 Acceptance Criteria
	Acceptance criteria for precast concrete beam-column moment frames other than emulated cast-in-pl...

	6.6.3.5 Rehabilitation Measures
	Rehabilitation measures for the frames of this section shall meet the requirements of Section�6.6...


	6.6.4 Precast Concrete Frames Not Expected to Resist Lateral Loads Directly
	6.6.4.1 General Considerations
	The analysis model for precast concrete frames that are not expected to resist significant latera...

	6.6.4.2 Stiffness for Analysis
	The stiffness for analysis considers possible resistance that may develop under lateral deformati...

	6.6.4.3 Design Strengths
	Component strength shall be computed according to the requirements of Section�6.6.3.3. All compon...

	6.6.4.4 Acceptance Criteria
	Acceptance criteria for components in precast concrete frames not expected to directly resist lat...

	6.6.4.5 Rehabilitation Measures
	Rehabilitation measures for the frames discussed in this section shall meet the requirements of S...



	6.7 Concrete Frames with Infills
	6.7.1 Types of Concrete Frames with Infills
	Concrete frames with infills are those frames constructed with complete gravity-load-carrying fra...
	Infills may be considered to be isolated infills if they are isolated from the surrounding frame ...
	The provisions are applicable to frames with existing infills, frames that are rehabilitated by a...
	6.7.1.1 Types of Frames
	The provisions are applicable to frames that are cast monolithically and frames that are precast....

	6.7.1.2 Masonry Infills
	Types of masonry infills are described in Chapter�7.

	6.7.1.3 Concrete Infills
	The construction of concrete-infilled frames is very similar to that for masonry-infilled frames,...


	6.7.2 Concrete Frames with Masonry Infills
	6.7.2.1 General Considerations
	The analysis model for a concrete frame with masonry infills shall be sufficiently detailed to re...
	Behavior of a concrete frame with masonry infill resisting lateral forces within its plane may be...
	Behavior of cracked concrete frames with masonry infills may be represented by a diagonally brace...
	Frame components shall be evaluated for forces imparted to them through interaction of the frame ...
	In frames having infills in some bays and no infill in other bays, the restraint of the infill sh...

	6.7.2.2 Stiffness for Analysis
	A. Linear Static and Dynamic Procedures
	General aspects of modeling are described in Section�6.7.2.1. Beams and columns in infilled porti...

	B. Nonlinear Static Procedure
	Nonlinear load-deformation relations shall follow the general guidelines of Section�6.4.1.2.
	Beams and columns in infilled portions may be modeled using nonlinear truss elements. Beams and c...
	Monotonic load-deformation relations shall be according to the generalized relation shown in Figu...
	1. For beams and columns in noninfilled portions of frames, where the generalized deformation is ...
	2. For masonry infills, the generalized deformations and control points shall be as defined in Ch...
	3. For beams and columns in infilled portions of frames, where the generalized deformation is tak...

	C. Nonlinear Dynamic Procedure
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...


	6.7.2.3 Design Strengths
	Strengths of reinforced concrete components shall be according to the general requirements of Sec...
	Table�6�15 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures— Reinfo...

	6.7.2.4 Acceptance Criteria
	A. Linear Static and Dynamic Procedures
	All component actions shall be classified as either deformation-controlled or force-controlled, a...
	Design actions shall be determined as prescribed in Chapter�3. Where calculated DCR values exceed...
	Design actions shall be compared with design strengths to determine which components develop thei...
	Calculated component actions shall satisfy the requirements of Chapter�3. Refer to Section�7.5.2....

	Table�6�16 Numerical Acceptance Criteria for Linear Procedures—Reinforced Concrete Infilled Frames
	B. Nonlinear Static and Dynamic Procedures
	Inelastic response shall be restricted to those components and actions that are permitted for iso...
	Design actions shall be compared with design strengths to determine which components develop thei...
	Calculated component actions shall not exceed the numerical values listed in Table�6�15, the rele...



	6.7.2.5 Rehabilitation Measures
	Rehabilitation measures include the general approaches listed for isolated frames in this chapter...
	The following methods should be considered.
	  Jacketing existing beams, columns, or joints with new reinforced concrete, steel, or fiber wrap...
	  Post-tensioning existing beams, columns, or joints using external post-tensioned reinforcement....
	  Modification of the element by selective material removal from the existing element. Either the...
	  Improvement of deficient existing reinforcement details. This approach involves removal of cove...
	  Changing the building system to reduce the demands on the existing element. Examples include th...
	Rehabilitated frames shall be evaluated according to the general principles and requirements of t...



	6.7.3 Concrete Frames with Concrete Infills
	6.7.3.1 General Considerations
	The analysis model for a concrete frame with concrete infills shall be sufficiently detailed to r...
	The numerical model should be established considering the relative stiffness and strength of the ...
	Frame components shall be evaluated for forces imparted to them through interaction of the frame ...
	In frames having infills in some bays and no infills in other bays, the restraint of the infill s...

	6.7.3.2 Stiffness for Analysis
	A. Linear Static and Dynamic Procedures
	General aspects of modeling are described in Section�6.7.3.1. Effective stiffnesses shall be acco...

	B. Nonlinear Static Procedure
	General aspects of modeling are described in Section�6.7.3.1. Nonlinear load-deformation relation...
	Monotonic load-deformation relations shall be according to the generalized relation shown in Figu...

	C. Nonlinear Dynamic Procedure
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...


	6.7.3.3 Design Strengths
	Strengths of reinforced concrete components shall be according to the general requirements of Sec...
	Strengths of existing concrete infills shall be determined considering shear strength of the infi...
	Where the frame and concrete infill are assumed to act as a monolithic wall, flexural strength sh...

	6.7.3.4 Acceptance Criteria
	The acceptance criteria for concrete frames with concrete infills should be guided by relevant ac...

	6.7.3.5 Rehabilitation Measures
	Rehabilitation measures include the general approaches listed for masonry infilled frames in Sect...
	Strengthening of the existing infill may be considered as an option for rehabilitation. Shotcrete...
	Rehabilitated frames shall be evaluated according to the general principles and requirements of t...



	6.8 Concrete Shear Walls
	6.8.1 Types of Concrete Shear Walls and Associated Components
	Concrete shear walls consist of planar vertical elements that normally serve as the primary later...
	The provisions given here are applicable to all shear walls in all types of structural systems th...
	Provisions are also included for coupling beams and columns that support discontinuous shear wall...
	6.8.1.1 Monolithic Reinforced Concrete Shear Walls and Wall Segments
	Monolithic reinforced concrete (RC) shear walls consist of vertical cast-in-place elements, usual...
	In general, slender reinforced concrete shear walls will be governed by flexure and will tend to ...
	Shear walls or wall segments with axial loads greater than 0.35 Po shall not be considered effect...

	6.8.1.2 Reinforced Concrete Columns Supporting Discontinuous Shear Walls
	In shear wall buildings it is not uncommon to find that some walls are terminated either to creat...

	6.8.1.3 Reinforced Concrete Coupling Beams
	Reinforced concrete coupling beams are used to link two shear walls together. The coupled walls a...


	6.8.2 Reinforced Concrete Shear Walls, Wall Segments, Coupling Beams, and RC Columns Supporting D...
	6.8.2.1 General Modeling Considerations
	The analysis model for an RC shear wall element shall be sufficiently detailed to represent the s...
	In most cases, shear walls and wall elements may be modeled analytically as equivalent beam-colum...
	For rectangular shear walls and wall segments with , and flanged wall sections with , shear defor...
	A beam element that incorporates both bending and shear deformations shall be used to model coupl...
	Columns supporting discontinuous shear walls may be modeled with beam-column elements typically u...
	The diaphragm action of concrete slabs that interconnect shear walls and frame columns shall be p...

	6.8.2.2 Stiffness for Analysis
	The stiffness of all the elements discussed in this section depends on the material properties, c...
	For coupling beams, the values given in Table�6�4 for nonprestressed beams should be used. Column...
	A. Linear Static and Dynamic Procedures
	Shear walls and associated components shall be modeled considering axial, flexural, and shear sti...
	Joints between shear walls and frame elements shall be modeled as stiff components and shall be c...

	B. Nonlinear Static and Dynamic Procedures
	Nonlinear load-deformation relations shall follow the general procedures described in Section�6.4...
	Monotonic load-deformation relationships for analytical models that represent shear walls, wall e...
	The load-deformation relationship in Figure�6�1(a) should be referred to for shear walls and wall...
	(6�5)
	where:
	My
	=
	Yield moment capacity of the shear wall or wall segment
	Ec
	=
	Concrete modulus
	I
	=
	Member moment of inertia, as discussed above
	lp
	=
	Assumed plastic hinge length
	For analytical models of shear walls and wall segments, the value of lp shall be set equal to 0.5...
	Figure�6�2 Plastic Hinge Rotation in Shear Wall where Flexure Dominates Inelastic Response
	Figure�6�3 Story Drift in Shear Wall where Shear Dominates Inelastic Response
	Values for the variables a, b, and c, which are required to define the location of points C, D, a...

	Figure�6�4 Chord Rotation for Shear Wall Coupling Beams
	For shear walls and wall segments whose inelastic response is controlled by shear, it is more app...
	For coupling beams, the deformation measure to be used in Figure�6�1(b) is the chord rotation for...
	Values for the variables d, e, and c, which are required to find the points C, D, and E in Figure...
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...


	Table�6�17 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures— Member...

	6.8.2.3 Design Strengths
	The discussions in the following paragraphs shall apply to shear walls, wall segments, coupling b...
	Table�6�18 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures— Member...
	Nominal flexural strength of shear walls or wall segments shall be determined using the fundament...
	The nominal flexural strength of a shear wall or wall segment shall be used to determine the maxi...
	The nominal shear strength of a shear wall or wall segment shall be determined based on the princ...
	When a shear wall or wall segment has a transverse reinforcement percentage, rn, less than the mi...
	Splice lengths for primary longitudinal reinforcement shall be evaluated using the procedures giv...
	The nominal flexural and shear strengths of coupling beams reinforced with conventional reinforce...
	The nominal shear and flexural strengths of columns supporting discontinuous shear walls shall be...


	6.8.2.4 Acceptance Criteria
	A. Linear Static and Dynamic Procedures
	All shear walls, wall segments, coupling beams, and columns supporting discontinuous shear walls ...

	Table�6�19 Numerical Acceptance Criteria for Linear Procedures—Members Controlled by Flexure
	Table�6�20 Numerical Acceptance Criteria for Linear Procedures—Members Controlled by Shear
	Design actions (flexure, shear, or force transfer at rebar anchorages and splices) on components ...
	B. Nonlinear Static and Dynamic Procedures
	Inelastic response shall be restricted to those elements and actions listed in Tables�6�17 and 6�...
	For members experiencing inelastic response, the maximum plastic hinge rotations, drifts, or chor...



	6.8.2.5 Rehabilitation Measures
	All of the rehabilitation measures listed here for shear walls assume that a proper evaluation wi...
	  Addition of wall boundary members. Shear walls or wall segments that have insufficient flexural...
	  Addition of confinement jackets at wall boundaries. The flexural deformation capacity of a shea...
	  Reduction of flexural strength. In some cases it may be desirable to reduce the flexural capaci...
	  Increased shear strength of wall. The shear strength provided by the web of a shear wall can be...
	  Confinement jackets to improve deformation capacity of coupling beams and columns supporting di...
	  Infilling between columns supporting discontinuous shear walls. Where a discontinuous shear wal...



	6.9 Precast Concrete Shear Walls
	6.9.1 Types of Precast Shear Walls
	Precast concrete shear walls typically consist of story- high or half-story-high precast wall seg...
	If the reinforcement connections are made to be stronger than the adjacent precast panels, the la...
	6.9.1.1 Cast-In-Place Emulation
	For this design approach, the connections between precast wall elements are designed and detailed...
	Modern building codes permit the use of precast shear wall construction in high seismic zones if ...

	6.9.1.2 Jointed Construction
	For most older structures that contain precast shear walls, and for some modern construction, ine...
	For some modern structures, precast shear walls have been constructed with special connectors tha...

	6.9.1.3 Tilt-up Construction
	Tilt-up construction should be considered to be a special case of jointed construction. The walls...


	6.9.2 Precast Concrete Shear Walls and Wall Segments
	6.9.2.1 General Modeling Considerations
	The analysis model for a precast concrete shear wall or wall segment shall represent the stiffnes...
	In most cases, precast concrete shear walls and wall segments within the precast panels may be mo...
	For precast shear walls and wall segments where shear deformations will have a more significant e...
	The diaphragm action of concrete slabs interconnecting precast shear walls and frame columns shal...

	6.9.2.2 Stiffness for Analysis
	The modeling assumptions defined in Section�6.8.2.2 for monolithic concrete shear walls and wall ...
	A. Linear Static and Dynamic Procedures
	The modeling procedures given in Section�6.8.2.2A, combined with a procedure for including connec...

	B. Nonlinear Static and Dynamic Procedures
	Nonlinear load-deformation relations shall follow the general guidelines of Section�6.4.1.2. The ...
	For precast shear walls and wall segments whose inelastic behavior under lateral loading is gover...
	If the precast wall is of jointed construction and flexure governs the inelastic response of the ...
	For precast shear walls and wall segments whose inelastic behavior under lateral loading is gover...
	For construction classified as cast-in-place emulation, the values for the variables a, b, and c,...
	For construction classified as cast-in-place emulation, values for the variables d, e, and c, whi...
	For Tables�6�17 and 6�18, linear interpolation between tabulated values shall be used if the memb...
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...


	6.9.2.3 Design Strengths
	The strength of precast concrete shear walls and wall segments within the panels shall be compute...
	For jointed construction, calculations of axial, shear, and flexural strength of the connections ...
	In older construction, particular attention must be given to the technique used for splicing rein...
	For all precast concrete shear walls of jointed construction, no difference shall be taken betwee...

	6.9.2.4 Acceptance Criteria
	A. Linear Static and Dynamic Procedures
	For precast shear wall construction that emulates cast- in-place construction and for wall segmen...

	B. Nonlinear Static and Dynamic Procedures
	Inelastic response shall be restricted to those shear walls (and wall segments) and actions liste...
	For precast shear walls of the cast-in-place emulation type of construction, and for wall segment...
	If the maximum deformation value exceeds the corresponding tabular value, the element shall be co...


	6.9.2.5 Rehabilitation Measures
	Precast concrete shear wall systems may suffer from some of the same deficiencies as cast-in-plac...
	  Enhancement of connections between adjacent or intersecting precast wall panels. A combination ...
	  Enhancement of connections between precast wall panels and foundations. The shear capacity of t...
	  Enhancement of connections between precast wall panels and floor or roof diaphragms. These conn...



	6.10 Concrete Braced Frames
	6.10.1 Types of Concrete Braced Frames
	Reinforced concrete braced frames are those frames with monolithic reinforced concrete beams, col...
	Masonry infills may be present in braced frames. Where masonry infills are present, requirements ...
	The provisions are applicable to existing reinforced concrete braced frames, and existing reinfor...

	6.10.2 General Considerations in Analysis and Modeling
	The analysis model for a reinforced concrete braced frame shall represent the strength, stiffness...
	The analytical model generally can represent the framing, using line elements with properties con...
	In frames having braces in some bays and no braces in other bays, the restraint of the brace shal...
	Inelastic deformations in primary components shall be restricted to flexure and axial load in bea...

	6.10.3 Stiffness for Analysis
	6.10.3.1 Linear Static and Dynamic Procedures
	Beams, columns, and braces in braced portions of the frame may be modeled considering axial tensi...

	6.10.3.2 Nonlinear Static Procedure
	Nonlinear load-deformation relations shall follow the general guidelines of Section�6.4.1.2.
	Beams, columns, and braces in braced portions may be modeled using nonlinear truss components. Be...
	Numerical quantities in Figure�6�1 may be derived from tests or rational analyses. Alternately, t...

	6.10.3.3 Nonlinear Dynamic Procedure
	For the NDP, the complete hysteresis behavior of each component shall be modeled using properties...


	6.10.4 Design Strengths
	Component strengths shall be computed according to the general requirements of Section�6.4.2 and ...

	6.10.5 Acceptance Criteria
	6.10.5.1 Linear Static and Dynamic Procedures
	All component actions shall be classified as being either deformation-controlled or force-control...
	Calculated component actions shall satisfy the requirements of Chapter�3. Refer to other sections...

	6.10.5.2 Nonlinear Static and Dynamic Procedures
	Calculated component actions shall not exceed the numerical values listed in Table�6�15 or the re...


	6.10.6 Rehabilitation Measures
	Rehabilitation measures include the general approaches listed for other elements in this chapter,...
	Rehabilitated frames shall be evaluated according to the general principles and requirements of t...


	6.11 Concrete Diaphragms
	6.11.1 Components of Concrete Diaphragms
	Cast-in-place concrete diaphragms transmit inertial forces from one location in a structure to a ...
	Diaphragms are made up of slabs that transmit shear forces, struts that provide continuity around...
	6.11.1.1 Slabs
	The primary function of any slab that is part of a floor or roof system is to support gravity loa...

	6.11.1.2 Struts and Collectors
	Struts and collectors are built into diaphragms in locations where there are defined stress deman...

	6.11.1.3 Diaphragm Chords
	Diaphragm chords generally occur at the edges of a horizontal diaphragm and function to resist be...


	6.11.2 Analysis, Modeling, and Acceptance Criteria
	6.11.2.1 General Considerations
	The analysis model for a diaphragm shall represent the strength, stiffness, and deformation capac...
	The analytical model of the diaphragm can typically be taken as a continuous or simple span horiz...

	6.11.2.2 Stiffness for Analysis
	Diaphragm stiffness shall be modeled according to Section�6.11.2.1 and shall be determined using ...

	6.11.2.3 Design Strengths
	Component strengths shall be according to the general requirements of Section�6.4.2, as modified ...
	The maximum component strength shall be determined considering potential failure in flexure, axia...

	6.11.2.4 Acceptance Criteria
	All component actions shall be classified as either deformation-controlled or force-controlled, a...


	6.11.3 Rehabilitation Measures
	Cast-in-place concrete diaphragms can have a wide variety of deficiencies; see Chapter�10 and FEM...


	6.12 Precast Concrete Diaphragms
	6.12.1 Components of Precast Concrete Diaphragms
	Section�6.11 provided a general overview of concrete diaphragms. Components of precast concrete d...
	Precast concrete diaphragms can be classified as topped or untopped. A topped diaphragm is one th...
	Some precast roof systems are constructed as untopped systems. Untopped precast concrete diaphrag...

	6.12.2 Analysis, Modeling, and Acceptance Criteria
	Analysis and modeling of precast concrete diaphragms shall conform to Section�6.11.2.2, with the ...
	Component strengths shall be determined according to Section�6.11.2.3, with the following excepti...
	Acceptance criteria shall be as defined in Section�6.11.2.4; the criteria of Section�6.4.6.2, whe...

	6.12.3 Rehabilitation Measures
	Section�6.11.3 provides guidance for rehabilitation measures for concrete diaphragms in general. ...


	6.13 Concrete Foundation Elements
	6.13.1 Types of Concrete Foundations
	Foundations serve to transmit loads from the vertical structural subsystems (columns and walls) o...
	These provisions are applicable to existing foundation elements and to new materials or elements ...
	6.13.1.1 Shallow Foundations
	Existing spread footings, strip footings, and combination footings may be reinforced or unreinfor...
	Concrete mat footings must be reinforced to resist the flexural and shear stresses resulting from...

	6.13.1.2 Deep Foundations
	A. Driven Pile Foundations
	Concrete pile foundations are composed of a reinforced concrete pile cap supported on driven pile...

	B. Cast-in-Place Pile Foundations
	Cast-in-place concrete pile foundations consist of reinforced concrete placed in a drilled or exc...



	6.13.2 Analysis of Existing Foundations
	The analytical model for concrete buildings, with columns or walls cast monolithically with the f...
	Overturning moments and economics may dictate the use of more rigorous Analysis Procedures. When ...
	When the foundations are included in the analytical model, the responses of the foundation compon...

	6.13.3 Evaluation of Existing Condition
	Allowable soil capacities (subgrade modulus, bearing pressure, passive pressure) are a function o...

	6.13.4 Rehabilitation Measures
	The following general rehabilitation measures are applicable to existing foundation elements. Oth...
	6.13.4.1 Rehabilitation Measures for Shallow Foundations
	  Enlarging the existing footing by lateral additions. The existing footing will continue to resi...
	  Underpinning the footing. Underpinning involves the removal of unsuitable soil under an existin...
	  Providing tension hold-downs. Tension ties (soil and rock anchors—prestressed and unstressed) a...
	  Increasing effective depth of footing. This method involves pouring new concrete to increase sh...
	  Increasing the effective depth of a concrete mat foundation with a reinforced concrete overlay....
	  Providing pile supports for concrete footings or mat foundations. Addition of piles requires ca...
	  Changing the building structure to reduce the demand on the existing elements. This method invo...
	  Adding new grade beams. Grade beams may be used to tie existing footings together when poor soi...
	  Improving existing soil. Grouting techniques may be used to improve existing soil.

	6.13.4.2 Rehabilitation Measures for Deep Foundations
	  Providing additional piles or piers. The addition of piles or piers may require extension and a...
	  Increasing the effective depth of the pile cap. Addition of new concrete and reinforcement to t...
	  Improving soil adjacent to existing pile cap. See Section�4.6.1.
	  Increasing passive pressure bearing area of pile cap. Addition of new reinforced concrete exten...
	  Changing the building system to reduce the demands on the existing elements. Introduction of ne...
	  Adding batter piles or piers. Batter piles or piers may be used to resist lateral loads. It sho...
	  Increasing tension tie capacity from pile or pier to superstructure.



	6.14 Definitions
	The definitions used in this chapter generally follow those of BSSC (1995) as well as those publi...

	6.15 Symbols
	Ag
	Gross area of column, in.2
	Aj
	Effective cross-sectional area within a joint, in.2, in a plane parallel to plane of reinforcemen...
	As
	Area of nonprestressed tension reinforcement, in.2
	Area of compression reinforcement, in.2
	Aw
	Area of the web cross section, = bw�d
	Ec
	Modulus of elasticity of concrete, psi
	Es
	Modulus of elasticity of reinforcement, psi
	I
	Moment of inertia
	Ig
	Moment of inertia of gross concrete section about centroidal axis, neglecting reinforcement
	L
	Length of member along which deformations are assumed to occur
	MgCS
	Moment acting on the slab column strip according to ACI 318
	Mn
	Nominal moment strength at section
	MnCS
	Nominal moment strength of the slab column strip
	My
	Yield moment strength at section
	Nu
	Factored axial load normal to cross section occurring simultaneously with Vu. To be taken as posi...
	P
	Axial force in a member, lbs
	Po
	Nominal axial load strength at zero eccentricity
	Q
	Generalized load
	QCE
	Expected strength of a component or element at the deformation level under consideration for defo...
	QCL
	Lower-bound estimate of the strength of a component or element at the deformation level under con...
	V
	Design shear force at section
	Vc
	Nominal shear strength provided by concrete
	Vg
	Shear acting on slab critical section due to gravity loads
	Vn
	Nominal shear strength at section
	Vo
	Shear strength of slab at critical section
	Vs
	Nominal shear strength provided by shear reinforcement
	Vu
	Factored shear force at section
	a
	Parameter used to measure deformation capacity
	b
	Parameter used to measure deformation capacity
	bw
	Web width, in.
	c
	Parameter used to measure residual strength
	c1
	Size of rectangular or equivalent rectangular column, capital, or bracket measured in the directi...
	d
	Parameter used to measure deformation capacity
	d
	Distance from extreme compression fiber to centroid of tension reinforcement, in.
	db
	Nominal diameter of bar, in.
	e
	Parameter used to measure deformation capacity
	Compressive strength of concrete, psi
	fpc
	Average compressive stress in concrete due to effective prestress force only (after allowance for...
	fs
	Stress in reinforcement, psi
	fy
	Yield strength of tension reinforcement
	h
	Height of member along which deformations are measured
	h
	Overall thickness of member, in.
	hc
	Gross cross-sectional dimension of column core measured in the direction of joint shear, in.
	hw
	Total height of wall from base to top, in.
	k
	Coefficient used for calculation of column shear strength
	lb
	Provided length of straight development, lap splice, or standard hook, in.
	ld
	Development length for a straight bar, in.
	le
	Length of embedment of reinforcement, in.
	lp
	Length of plastic hinge used for calculation of inelastic deformation capacity, in.
	lw
	Length of entire wall or a segment of wall considered in the direction of shear force, in.
	m
	Modification factor used in the acceptance criteria of deformation-controlled components or eleme...
	tw
	Thickness of wall web, in.
	D
	Generalized deformation, consistent units
	g
	Coefficient for calculation of joint shear strength
	gf
	Fraction of unbalanced moment transferred by flexure at slab-column connections
	q
	Generalized deformation, radians
	qy
	Yield rotation, radians
	k
	A reliability coefficient used to reduce component strength values for existing components, based...
	l
	Correction factor related to unit weight of concrete
	m
	Coefficient of friction
	r
	Ratio of nonprestressed tension reinforcement
	Ratio of nonprestressed compression reinforcement
	Reinforcement ratio for transverse joint reinforcement
	rbal
	Reinforcement ratio producing balanced strain conditions
	rn
	Ratio of distributed shear reinforcement in a plane perpendicular to the direction of the applied...
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