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BUILDING CODE REQUIREMENTS FOR
STRUCTURAL CONCRETE AND
COMMENTARY (ACI 318M-05)

PREFACE

The code portion of this document covers the design and construction of structural concrete used in buildings and
where applicable in nonbuilding structures.

Among the subjects covered are: drawings and specifications; inspection; materials; durability requirements; concrete
quality, mixing, and placing; formwork; embedded pipes; construction joints; reinforcement details; analysis and
design; strength and serviceability; flexural and axial loads; shear and torsion; development and splices of reinforce-
ment; slab systems; walls; footings; precast concrete; composite flexural members; prestressed concrete; shells and
folded plate members; strength evaluation of existing structures; special provisions for seismic design; structural plain
concrete; strut-and-tie modeling in Appendix A; alternative design provisions in Appendix Bj; alternative load and
strength-reduction factors in Appendix C; and anchoring to concrete in Appendix D.

The quality and testing of materials used in construction are covered by reference to the appropriate ASTM standard
specifications. Welding of reinforcement is covered by reference to the appropriate ANSI/AWS standard.

Uses of the code include adoption by reference in general building codes, and earlier editions have been widely used in
this manner. The code is written in a format that allows such reference without change to its language. Therefore, back-
ground details or suggestions for carrying out the requirements or intent of the code portion cannot be included. The
commentary is provided for this purpose. Some of the considerations of the committee in developing the code portion are
discussed within the commentary, with emphasis given to the explanation of new or revised provisions. Much of the
research data referenced in preparing the code is cited for the user desiring to study individual questions in greater
detail. Other documents that provide suggestions for carrying out the requirements of the code are also cited.

Keywords: admixtures; aggregates; anchorage (structural); beam-column frame; beams (supports); building codes; cements; cold weather construction; col-
umns (supports); combined stress; composite construction (concrete and steel); composite construction (concrete to concrete); compressive strength; concrete
construction; concretes; concrete slabs; construction joints; continuity (structural); contraction joints; cover; curing; deep beams; deflections; drawings; earth-
quake resistant structures; embedded service ducts; flexural strength; floors; folded plates; footings; formwork (construction); frames; hot weather construction;
inspection; isolation joints; joints (junctions); joists; lightweight concretes; loads (forces); load tests (structural); materials; mixing; mix proportioning; modulus
of elasticity; moments; pipe columns; pipes (tubing); placing; plain concrete; precast concrete; prestressed concrete; prestressing steels; quality control; rein-
forced concrete; reinforcing steels; roofs; serviceability; shear strength; shearwalls; shells (structural forms); spans; specifications; splicing; strength; strength
analysis; stresses; structural analysis; structural concrete; structural design; structural integrity; T-beams; torsion; walls; water; welded wire reinforcement.

ACI 318M-05 was adopted as a standard of the American Concrete Insti-
tute October 27, 2004 to supersede ACI 318M-02 in accordance with the
Institute’s standardization procedure. ACI 318M-05 is a complete metric
companion to ACI 318-05.

ACI Committee Reports, Guides, Standard Practices, and Commentaries
are intended for guidance in planning, designing, executing, and inspecting
construction. This Commentary is intended for the use of individuals who
are competent to evaluate the significance and limitations of its content and
recommendations and who will accept responsibility for the application of
the material it contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Institute shall not be liable for
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any loss or damage arising therefrom. Reference to this commentary shall not
be made in contract documents. If items found in this Commentary are
desired by the Architect/Engineer to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by the Architect/
Engineer.
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INTRODUCTION 7

are not indicated with a vertical line.

The ACI Building code and commentary are presented in a side-by-side column format, with code text placed in the left column
and the corresponding commentary text aligned in the right column. To further distinguish the code from the commentary, the
code has been printed in Helvetica, the same type face in which this paragraph is set.

This paragraph is set in Times Roman, and all portions of the text exclusive to the commentary are printed in this type face. Commentary
section numbers are preceded by an “R” to further distinguish them from code section numbers.

Vertical lines in the margins indicate changes from the previous version. Changes to the notation and strictly editorial changes

INTRODUCTION

This commentary discusses some of the considerations of
Committee 318 in developing the provisions contained in
“Building Code Requirements for Structural Concrete (ACI
318M-05),” hereinafter called the code or the 2005 code.
- Empbhasis is given to the explanation of new or revised provi-
sions that may be unfamiliar to code users. In addition,
- comments are included for some items contained in previous
 editions of the code to make the present commentary inde-
- pendent of the previous editions. Comments on specific
. provisions are made under the corresponding chapter and
section numbers of the code.

The commentary is not intended to provide a complete
historical background concerning the development of the
ACI Building Code,” nor is it intended to provide a detailed
résumé of the studies and research data reviewed by the
committee in formulating the provisions of the code.
However, references to some of the research data are provided
for those who wish to study the background material in depth.

As the name implies, “Building Code Requirements for
Structural Concrete” is meant to be used as part of a legally
adopted building code and as such must differ in form and
substance from documents that provide detailed specifica-
tions, recommended practice, complete design procedures,
or design aids.

The code is intended to cover all buildings of the usual types,
both large and small. Requirements more stringent than the
code provisions may be desirable for unusual construction.
The code and commentary cannot replace sound engineering
knowledge, experience, and judgement.

A building code states only the minimum requirements
necessary to provide for public health and safety. The code
is based on this principle. For any structure, the owner or the
structural designer may require the quality of materials and
construction to be higher than the minimum requirements
necessary to protect the public as stated in the code.
However, lower standards are not permitted.

“For a history of the ACI Building Code see Kerekes, Frank, and Reid, Harold B., Jr.,
“Fifty Years of Development in Building Code Requirements for Reinforced Con-
crete,” ACI JOURNAL, Proceedings V. 50, No. 6, Feb. 1954, p. 441. For a discussion of
code philosophy, see Siess, Chester P., “Research, Building Codes, and Engineering
Practice,” ACI JouRNAL, Proceedings V. 56, No. 5, May 1960, p. 1105.

The commentary directs attention to other documents that
provide suggestions for carrying out the requirements and
intent of the code. However, those documents and the
commentary are not a part of the code.

The code has no legal status unless it is adopted by the
government bodies having the police power to regulate
building design and construction. Where the code has not
been adopted, it may serve as a reference to good practice
even though it has no legal status.

The code provides a means of establishing minimum standards
for acceptance of designs and construction by legally
appointed building officials or their designated representatives.
The code and commentary are not intended for use in settling
disputes between the owner, engineer, architect, contractor, or
their agents, subcontractors, material suppliers, or testing agen-
cies. Therefore, the code cannot define the contract responsi-
bility of each of the parties in usual construction. General
references requiring compliance with the code in the project
specifications should be avoided since the contractor is rarely
in a position to accept responsibility for design details or
construction requirements that depend on a detailed knowledge
of the design. Design-build construction contractors, however,
typically combine the design and construction responsibility.
Generally, the drawings, specifications and contract docu-
ments should contain all of the necessary requirements to
ensure compliance with the code. In part, this can be accom-
plished by reference to specific code sections in the project
specifications. Other ACI publications, such as “Specifications
for Structural Concrete (ACI 301)” are written specifically for
use as contract documents for construction.

It is recommended to have testing and certification programs
for the individual parties involved with the execution of
work performed in accordance with this code. Available for
this purpose are the plant certification programs of the
Precast/Prestressed Concrete Institute, the Post-Tensioning
Institute and the National Ready Mixed Concrete Associa-
tion; the personnel certification programs of the American
Concrete Institute and the Post-Tensioning Institute; and the
Concrete Reinforcing Steel Institute’s Voluntary Certifica-
tion Program for Fusion-Bonded Epoxy Coating Applicator
Plants. In addition, “Standard Specification for Agencies
Engaged in the Testing and/or Inspection of Materials Used
in Construction” (ASTM E 329-03) specifies performance
requirements for inspection and testing agencies.
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8 INTRODUCTION

Design reference materials illustrating applications of the
code requirements may be found in the following docu-
ments. The design aids listed may be obtained from the spon-
soring organization.

Design aids:

“ACI, Design Handbook,” ACI Committee 340, Publica-
tion SP-17(97), American Concrete Institute, Farmington
Hills, MI, 1997, 482 pp. (Provides tables and charts for de-
sign of eccentrically loaded columns by the Strength Design
Method. Provides design aids for use in the engineering de-
sign and analysis of reinforced concrete slab systems carry-
ing loads by two-way action. Design aids are also provided
for the selection of slab thickness and for reinforcement re-
quired to control deformation and assure adequate shear and
flexural strengths.)

“ACI Detailing Manual—2004,” ACI Committee 315,
Publication SP-66(04), American Concrete Institute, Farm-
ington Hills, MI, 2004, 212 pp. (Includes the standard, ACI
315-99, and report, ACI 315R-04. Provides recommended
methods and standards for preparing engineering drawings,
typical details, and drawings placing reinforcing steel in rein-
forced concrete structures. Separate sections define responsibil-
ities of both engineer and reinforcing bar detailer.)

“Guide to Durable Concrete (ACI 201.2R-92),” ACI
Committee 201, American Concrete Institute, Farmington
Hills, MI, 1992, 41 pp. (Describes specific types of concrete
deterioration. It contains a discussion of the mechanisms in-
volved in deterioration and the recommended requirements
for individual components of the concrete, quality consider-
ations for concrete mixtures, construction procedures, and
influences of the exposure environment. Section R4.4.1 dis-
cusses the difference in chloride-ion limits between ACI
201.2R-92 and the code.)

“Guide for the Design of Durable Parking Structures
(362.1R-97 (Reapproved 2002)),” ACI Committee 362,
American Concrete Institute, Farmington Hills, M1, 1997, 40
pp. (Summarizes practical information regarding design of
parking structures for durability. It also includes information
about design issues related to parking structure construction
and maintenance.)

“CRSI Handbook,” Concrete Reinforcing Steel Institute,
Schaumburg, IL, 9th Edition, 2002, 648 pp. (Provides tabu-
lated designs for structural elements and slab systems. De-
sign examples are provided to show the basis of and use of
the load tables. Tabulated designs are given for beams;
square, round and rectangular columns; one-way slabs; and
one-way joist construction. The design tables for two-way
slab systems include flat plates, flat slabs and waffle slabs.
The chapters on foundations provide design tables for square
footings, pile caps, drilled piers (caissons) and cantilevered
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retaining walls. Other design aids are presented for crack
control; and development of reinforcement and lap splices.)

“Reinforcement Anchorages and Splices,” Concrete Rein-
forcing Steel Institute, Schaumberg, IL, 4th Edition, 1997,
100 pp. (Provides accepted practices in splicing reinforce-
ment. The use of lap splices, mechanical splices, and welded
splices are described. Design data are presented for develop-
ment and lap splicing of reinforcement.)

“Structural Welded Wire Reinforcement Manual of Stan-
dard Practice,” Wire Reinforcement Institute, Hartford, CT,
6th Edition, Apr. 2001, 38 pp. (Describes welded wire reinforce-
ment material, gives nomenclature and wire size and weight ta-
bles. Lists specifications and properties and manufacturing
limitations. Book has latest code requirements as code affects
welded wire. Also gives development length and splice length
tables. Manual contains customary units and soft metric units.)

“Structural Welded Wire Reinforcement Detailing Manual,”
Wire Reinforcement Institute, Hartford, CT, 1994, 252 pp. (Up-
dated with current technical fact sheets inserted.) The manual, in
addition to including ACI 318 provisions and design aids, also in-
cludes: detailing guidance on welded wire reinforcement in one-
way and two-way slabs; precast/prestressed concrete compo-
nents; columns and beams; cast-in-place walls; and slabs-on-
ground. In addition, there are tables to compare areas and spac-
ings of high-strength welded wire with conventional reinforcing.

“Strength Design of Reinforced Concrete Columns,”
Portland Cement Association, Skokie, IL, 1978, 48 pp. (Pro-
vides design tables of column strength in terms of load in
kips versus moment in ft-kips for concrete strength of 5000
psi and Grade 60 reinforcement. Design examples are in-
cluded. Note that the PCA design tables do not include the
strength reduction factor ¢in the tabulated values; M,, /¢ and
P, /¢ must be used when designing with this aid.

“PCI Design Handbook—Precast and Prestressed Con-
crete,” Precast/Prestressed Concrete Institute, Chicago, IL,
5th Edition, 1999, 630 pp. (Provides load tables for common
industry products, and procedures for design and analysis of
precast and prestressed elements and structures composed of
these elements. Provides design aids and examples.)

“Design and Typical Details of Connections for Precast
and Prestressed Concrete,” Precast/Prestressed Concrete
Institute, Chicago, IL, 2nd Edition, 1988, 270 pp. (Updates
available information on design of connections for both
structural and architectural products, and presents a full spec-
trum of typical details. Provides design aids and examples.)

“Post-Tensioning Manual,” Post-Tensioning Institute,
Phoenix, AZ, 5th Edition, 1990, 406 pp. (Provides compre-
hensive coverage of post-tensioning systems, specifications,
and design aid construction concepts.)
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CHAPTER 1 9

CHAPTER 1 — GENERAL REQUIREMENTS

CODE
1.1 — Scope

1.1.1 — This code provides minimum requirements for
design and construction of structural concrete ele-
ments of any structure erected under requirements of
the legally adopted general building code of which this
code forms a part. In areas without a legally adopted
building code, this code defines minimum acceptable
standards of design and construction practice.

For structural concrete, f; shall not be less than 17 MPa.
No maximum value of f; shall apply unless restricted
by a specific code provision.

COMMENTARY
R1.1 — Scope

The American Concrete Institute “Building Code Require-
ments for Structural Concrete (ACI 318M-05),” referred
to as the code, provides minimum requirements for struc-
tural concrete design or construction.

The 2005 code revised the previous standard *“Building
Code Requirements for Structural Concrete (ACI
318M-02).” This standard includes in one document the
rules for all concrete used for structural purposes including
both plain and reinforced concrete. The term “structural
concrete” is used to refer to all plain or reinforced concrete
used for structural purposes. This covers the spectrum of
structural applications of concrete from nonreinforced concrete
to concrete containing nonprestressed reinforcement,
prestressing steel, or composite steel shapes, pipe, or tubing.
Requirements for structural plain concrete are in Chapter 22.

Prestressed concrete is included under the definition of rein-
forced concrete. Provisions of the code apply to prestressed
concrete except for those that are stated to apply specifically
to nonprestressed concrete.

Chapter 21 of the code contains special provisions for design
and detailing of earthquake resistant structures. See 1.1.8.

In the 1999 code and earlier editions, Appendix A contained
provisions for an alternate method of design for nonpre-
stressed reinforced concrete members using service loads
(without load factors) and permissible service load stresses.
The Alternate Design Method was intended to give results
that were slightly more conservative than designs by the
Strength Design Method of the code. The Alternate Design
Method of the 1999 code may be used in place of applicable
sections of this code.

Appendix A of the code contains provisions for the design
of regions near geometrical discontinuities, or abrupt
changes in loadings.

Appendix B of this code contains provisions for reinforce-
ment limits based on 0.750,, determination of the strength

reduction factor ¢, and moment redistribution that have been
in the code for many years, including the 1999 code. The
provisions are applicable to reinforced and prestressed con-
crete members. Designs made using the provisions of
Appendix B are equally acceptable as those based on the
body of the code, provided the provisions of Appendix B
are used in their entirety.

Appendix C of the code allows the use of the factored load

combinations given in Chapter 9 of the 1999 code.
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10 CHAPTER 1

CODE

1.1.2 — This code supplements the general building
code and shall govern in all matters pertaining to
design and construction of structural concrete, except
wherever this code is in conflict with requirements in
the legally adopted general building code.

1.1.3 — This code shall govern in all matters pertain-
ing to design, construction, and material properties
wherever this code is in conflict with requirements con-
tained in other standards referenced in this code.

1.1.4 — For special structures, such as arches, tanks,
reservoirs, bins and silos, blast-resistant structures,
and chimneys, provisions of this code shall govern
where applicable. See also 22.1.2.

COMMENTARY

Appendix D contains provisions for anchoring to concrete.

R1.1.2 — The American Concrete Institute recommends
that the code be adopted in its entirety; however, it is recog-
nized that when the code is made a part of a legally adopted
general building code, the general building code may mod-
ify provisions of this code.

R1.1.4 — Some special structures involve unique design and
construction problems that are not covered by the code. How-
ever, many code provisions, such as the concrete quality and
design principles, are applicable for these structures. Detailed
recommendations for design and construction of some spe-
cial structures are given in the following ACI publications:

“Design and Construction of Reinforced Concrete
Chimneys” reported by ACI Committee 307.11 (Gives
material, construction, and design requirements for circu-
lar cast-in-place reinforced chimneys. It sets forth mini-
mum loadings for the design of reinforced concrete
chimneys and contains methods for determining the
stresses in the concrete and reinforcement required as a
result of these loadings.)

“Standard Practice for Design and Construction of Con-
crete Silos and Stacking Tubes for Storing Granular
Materials” reported by ACI Committee 313.12 (Gives mate-
rial, design, and construction requirements for reinforced
concrete bins, silos, and bunkers and stave silos for storing
granular materials. It includes recommended design and con-
struction criteria based on experimental and analytical studies
plus worldwide experience in silo design and construction.)

“Environmental Engineering Concrete Structures”
reported by ACI Committee 350.!3 (Gives material, design
and construction recommendations for concrete tanks, reser-
voirs, and other structures commonly used in water and waste
treatment works where dense, impermeable concrete with
high resistance to chemical attack is required. Special empha-
sis is placed on a structural design that minimizes the possibil-
ity of cracking and accommodates vibrating equipment and
other special loads. Proportioning of concrete, placement,
curing and protection against chemicals are also described.
Design and spacing of joints receive special attention.)

“Code Requirements for Nuclear Safety Related Con-
crete Structures” reported by ACI Committee 349. 14 (Pro-
vides minimum requirements for design and construction of
concrete structures that form part of a nuclear power plant
and have nuclear safety related functions. The code does not
cover concrete reactor vessels and concrete containment
structures which are covered by ACI 359.)
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CHAPTER 1 11

CODE

1.1.5 — This code does not govern design and instal-
lation of portions of concrete piles, drilled piers, and cais-
sons embedded in ground except for structures in
regions of high seismic risk or assigned to high seis-
mic performance or design categories. See 21.10.4
for requirements for concrete piles, drilled piers, and
caissons in structures in regions of high seismic risk
or assigned to high seismic performance or design
categories.

1.1.6 — This code does not govern design and con-
struction of soil-supported slabs, unless the slab trans-
mits vertical loads or lateral forces from other portions
of the structure to the soil.

COMMENTARY

“Code for Concrete Reactor Vessels and Containments”
reported by ACI-ASME Committee 359.15 (Provides
requirements for the design, construction, and use of con-
crete reactor vessels and concrete containment structures for
nuclear power plants.)

R1.1.5 — The design and installation of piling fully embed-
ded in the ground is regulated by the general building code.
For portions of piling in air or water, or in soil not capable
of providing adequate lateral restraint throughout the piling
length to prevent buckling, the design provisions of this
code govern where applicable.

Recommendations for concrete piles are given in detail in
“Recommendations for Design, Manufacture, and Instal-
lation of Concrete Piles” reported by ACI Committee
543.16 (Provides recommendations for the design and use of
most types of concrete piles for many kinds of construction.)

Recommendations for drilled piers are given in detail in
“Design and Construction of Drilled Piers” reported by
ACI Committee 336.!7 (Provides recommendations for
design and construction of foundation piers 0.75 m in
diameter or larger made by excavating a hole in the soil and
then filling it with concrete.)

Detailed recommendations for precast prestressed concrete piles
are given in “Recommended Practice for Design, Manufac-
ture, and Installation of Prestressed Concrete Piling” pre-
pared by the PCI Committee on Prestressed Concrete Piling.!8

R1.1.6 — Detailed recommendations for design and con-
struction of soil-supported slabs and floors that do not trans-
mit vertical loads or lateral forces from other portions of the
structure to the soil, and residential post-tensioned slabs-on-
ground, are given in the following publications:

“Design of Slabs on Grade” reported by ACI Committee
360."7 (Presents information on the design of slabs on
grade, primarily industrial floors and the slabs adjacent to
them. The report addresses the planning, design, and
detailing of the slabs. Background information on the
design theories is followed by discussion of the soil support
system, loadings, and types of slabs. Design methods are
given for plain concrete, reinforced concrete, shrinkage-
compensating concrete, and post-tensioned concrete slabs.)

“Design of Post-Tensioned Slabs-on-Ground,” pTI!-10 (Pro-
vides recommendations for post-tensioned slab-on-ground
foundations. Presents guidelines for soil investigation, and
design and construction of post-tensioned residential and
light commercial slabs on expansive or compressible soils.)
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1.1.7 — Concrete on steel form deck

1.1.7.1 — Design and construction of structural
concrete slabs cast on stay-in-place, noncomposite
steel form deck are governed by this code.

1.1.7.2 — This code does not govern the design of
structural concrete slabs cast on stay-in-place, com-
posite steel form deck. Concrete used in the construc-
tion of such slabs shall be governed by Chapters 1
through 7 of this code, where applicable.

1.1.8 — Special provisions for earthquake resistance

1.1.8.1 — In regions of low seismic risk, or for struc-
tures assigned to low seismic performance or design
categories, provisions of Chapter 21 shall not apply.

1.1.8.2 — In regions of moderate or high seismic
risk, or for structures assigned to intermediate or high
seismic performance or design categories, provisions
of Chapter 21 shall be satisfied. See 21.2.1.
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R1.1.7 — Concrete on steel form deck

In steel framed structures, it is common practice to cast con-
crete floor slabs on stay-in-place steel form deck. In all
cases, the deck serves as the form and may, in some cases,
serve an additional structural function.

R1.1.7.1 — In its most basic application, the steel form
deck serves as a form, and the concrete serves a structural
function and, therefore, are to be designed to carry all super-
imposed loads.

R1.1.7.2 — Another type of steel form deck commonly
used develops composite action between the concrete and
steel deck. In this type of construction, the steel deck serves
as the positive moment reinforcement. The design of com-
posite slabs on steel deck is regulated by “Standard for the
Structural Design of Composite Slabs” (ANSI/ASCE
3).'1" However, ANSI/ASCE 3 references the appropriate
portions of ACI 318 for the design and construction of the
concrete portion of the composite assembly. Guidelines for
the construction of composite steel deck slabs are given in
“Standard Practice for the Construction and Inspection
of Composite Slabs” (ANSI/ASCE 9).!-12

R1.1.8 — Special provisions for earthquake resistance

Special provisions for seismic design were first introduced
in Appendix A of the 1971 code and were continued with-
out revision in the 1977 code. These provisions were origi-
nally intended to apply only to reinforced concrete
structures located in regions of highest seismicity.

The special provisions were extensively revised in the 1983
code to include new requirements for certain earthquake-resist-
ing systems located in regions of moderate seismicity. In the
1989 code, the special provisions were moved to Chapter 21.

R1.1.8.1 — For structures located in regions of low seis-
mic risk, or for structures assigned to low seismic perfor-
mance or design categories, no special design or detailing is
required; the general requirements of the main body of the
code apply for proportioning and detailing of reinforced
concrete structures. It is the intent of Committee 318 that
concrete structures proportioned by the main body of the
code will provide a level of toughness adequate for low
earthquake intensity.

R1.1.8.2 — For structures in regions of moderate seismic
risk, or for structures assigned to intermediate seismic per-
formance or design categories, reinforced concrete moment
frames proportioned to resist seismic effects require special
reinforcement details, as specified in 21.12. The special
details apply only to beams, columns, and slabs to which the
earthquake-induced forces have been assigned in design.
The special reinforcement details will serve to provide a
suitable level of inelastic behavior if the frame is subjected
to an earthquake of such intensity as to require it to perform
inelastically. There are no Chapter 21 requirements for cast-
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‘ 1.1.8.3 — The seismic risk level of a region, or seismic
- performance or design category of a structure, shall
~ be regulated by the legally adopted general building
code of which this code forms a part, or determined by
local authority.

COMMENTARY

in-place structural walls provided to resist seismic effects,
or for other structural components that are not part of the
lateral-force-resisting system of structures in regions of
moderate seismic risk, or assigned to intermediate seismic
performance or design categories. For precast wall panels
designed to resist forces induced by earthquake motions,
special requirements are specified in 21.13 for connections
between panels or between panels and the foundation. Cast-
in-place structural walls proportioned to meet provisions of
Chapters 1 through 18 and Chapter 22 are considered to
have sufficient toughness at anticipated drift levels for these
structures.

For structures located in regions of high seismic risk, or
for structures assigned to high seismic performance or
design categories, all building components that are part of
the lateral-force-resisting system, including foundations
(except plain concrete foundations as allowed by 22.10.1),
should satisfy requirements of 21.2 through 21.10. In addi-
tion, frame members that are not assumed in the design to
be part of the lateral-force-resisting system should comply
with 21.11. The special proportioning and detailing require-
ments of Chapter 21 are intended to provide a monolithic
reinforced concrete or precast concrete structure with ade-
quate “toughness” to respond inelastically under severe
earthquake motions. See also R21.2.1.

R1.1.8.3 — Seismic risk levels (Seismic Zone Maps) and
seismic performance or design categories are under the
jurisdiction of a general building code rather than ACI 318.
Changes in terminology were made to the 1999 edition of
the code to make it compatible with the latest editions of
model building codes in use in the United States. For exam-
ple, the phrase “seismic performance or design categories”
was introduced. Over the past decade, the manner in which
seismic risk levels have been expressed in United States
building codes has changed. Previously they have been rep-
resented in terms of seismic zones. Recent editions of the

“BOCA National Building Code” (NBC)!"!? and “Standard
Building Code” (SBC),!''# which are based on the 1991

NEHRP,!'15 have expressed risk not only as a function of
expected intensity of ground shaking on solid rock, but also
on the nature of the occupancy and use of the structure.
These two items are considered in assigning the structure to
a Seismic Performance Category (SPC), which in turn is
used to trigger different levels of detailing requirements for
the structure. The 2000 and 2003 editions of the “Interna-

tional Building Code” (IBC)''® 17 and the 2003 NFPA

5000 “Building Construction and Safety Code” '3 also con-
sider the effects of soil amplification on the ground motion
when assigning seismic risk. Under the IBC and NFPA
codes, each structure is assigned a Seismic Design Category
(SDC). Among its several uses, the SDC triggers different
levels of detailing requirements. Table R1.1.8.3 correlates
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1.2 — Drawings and specifications

1.2.1 — Copies of design drawings, typical details, and
specifications for all structural concrete construction
shall bear the seal of a registered engineer or archi-
tect. These drawings, details, and specifications shall
show:

(a) Name and date of issue of code and supplement
to which design conforms;

(b) Live load and other loads used in design;

(c) Specified compressive strength of concrete at
stated ages or stages of construction for which each
part of structure is designed;

(d) Specified strength or grade of reinforcement;

(e) Size and location of all structural elements, rein-
forcement, and anchors;

(f) Provision for dimensional changes resulting from
creep, shrinkage, and temperature;

COMMENTARY

TABLE R1.1.8.3—CORRELATION BETWEEN
SEISMIC-RELATED TERMINOLOGY IN MODEL
CODES

Level of seismic risk or assigned seismic
performance or design categories as
defined in the code section
Moderate/
Code, standard, or resource Low intermediate High
document and edition (21.2.1.2) | (21.2.1.3) (21.2.1.4)
IBC 2000, 2003; NFPA 5000, )
2003; ASCE 7-98, 7-02; SDC" A, B SDCC |SDCD,E,F
NEHRP 1997, 2000
BOCA National Building Code
1993, 1996, 1999; Standard
Building Code 1994, 1997, SPCT A, B SPCC SPCD, E
1999; ASCE 7-93, 7-95;
NEHRP 1991, 1994
Uniform Building Code Seismic Seismic Seismic
1991, 1994, 1997 Zone 0, 1 Zone 2 Zone 3,4

*SDC = Seismic Design Category as defined in code, standard, or resource document.

fSPC = Seismic Performance Category as defined in code, standard, or resource
document.

low, moderate/intermediate, and high seismic risk, which has
been the terminology used in this code for several editions,
to the various methods of assigning risk in use in the U.S.
under the various model building codes, the ASCE 7 stan-
dard, and the NEHRP Recommended Provisions.

In the absence of a general building code that addresses
earthquake loads and seismic zoning, it is the intent of Com-
mittee 318 that the local authorities (engineers, geologists,
and building code officials) should decide on proper need
and proper application of the special provisions for seismic
design. Seismic ground-motion maps or zoning maps, such
as recommended in References 1.17, 1.19, and 1.20, are
suitable for correlating seismic risk.

R1.2 — Drawings and specifications

R1.2.1 — The provisions for preparation of design drawings
and specifications are, in general, consistent with those of
most general building codes and are intended as supplements.

The code lists some of the more important items of infor-
mation that should be included in the design drawings,
details, or specifications. The code does not imply an all-
inclusive list, and additional items may be required by the
building official.
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(g) Magnitude and location of prestressing forces;

(h) Anchorage length of reinforcement and location
and length of lap splices;

(i) Type and location of mechanical and welded
splices of reinforcement;

(j) Details and location of all contraction or isolation
joints specified for plain concrete in Chapter 22;

(k) Minimum concrete compressive strength at time
of post-tensioning;

() Stressing sequence for post-tensioning tendons;

(m) Statement if slab on grade is designed as a
structural diaphragm, see 21.10.3.4.

1.2.2 — Calculations pertinent to design shall be filed
with the drawings when required by the building official.
Analyses and designs using computer programs shall
be permitted provided design assumptions, user input,
and computer-generated output are submitted. Model
analysis shall be permitted to supplement calculations.

1.2.3 — Building official means the officer or other
designated authority charged with the administration
and enforcement of this code, or his duly authorized
representative.

1.3 — Inspection
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R1.2.2 — Documented computer output is acceptable in
lieu of manual calculations. The extent of input and output
information required will vary, according to the specific
requirements of individual building officials. However,
when a computer program has been used by the designer,
only skeleton data should normally be required. This should
consist of sufficient input and output data and other infor-
mation to allow the building official to perform a detailed
review and make comparisons using another program or
manual calculations. Input data should be identified as to
member designation, applied loads, and span lengths. The
related output data should include member designation and
the shears, moments, and reactions at key points in the span.
For column design, it is desirable to include moment magni-
fication factors in the output where applicable.

The code permits model analysis to be used to supplement
structural analysis and design calculations. Documentation
of the model analysis should be provided with the related
calculations. Model analysis should be performed by an
engineer or architect having experience in this technique.

R1.2.3 — Building official is the term used by many general
building codes to identify the person charged with administra-
tion and enforcement of the provisions of the building code.
However, such terms as building commissioner or building
inspector are variations of the title, and the term building offi-
cial as used in this code is intended to include those variations
as well as others that are used in the same sense.

R1.3 — Inspection

The quality of concrete structures depends largely on work-
manship in construction. The best of materials and design
practices will not be effective unless the construction is per-
formed well. Inspection is necessary to confirm that the con-
struction is in accordance with the design drawings and
project specifications. Proper performance of the structure
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1.3.1 — Concrete construction shall be inspected as
required by the legally adopted general building code. In
the absence of such inspection requirements, concrete
construction shall be inspected throughout the various
work stages by or under the supervision of a registered
design professional or by a qualified inspector.

1.3.2 — The inspector shall require compliance with
design drawings and specifications. Unless specified
otherwise in the legally adopted general building code,
inspection records shall include:

(a2) Quality and proportions of concrete materials
and strength of concrete;

(b) Construction and removal of forms and reshoring;
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depends on construction that accurately represents the design
and meets code requirements within the tolerances allowed.
Qualification of the inspectors can be obtained from a certifi-
cation program, such as the ACI Certification Program for
Concrete Construction Special Inspector.

R1.3.1 — Inspection of construction by or under the supervi-
sion of the registered design professional responsible for the
design should be considered because the person in charge of
the design is usually the best qualified to determine if
construction is in conformance with construction documents.
When such an arrangement is not feasible, inspection of
construction through other registered design professionals or
through separate inspection organizations with demonstrated
capability for performing the inspection may be used.

Qualified inspectors should establish their qualification by
becoming certified to inspect and record the results of con-
crete construction, including preplacement, placement, and
postplacement operations through the ACI Inspector Certifi-
cation Program: Concrete Construction Special Inspector.

When inspection is done independently of the registered
design professional responsible for the design, it is recom-
mended that the registered design professional responsible
for the design be employed at least to oversee inspection
and observe the work to see that the design requirements are
properly executed.

In some jurisdictions, legislation has established special reg-
istration or licensing procedures for persons performing cer-
tain inspection functions. A check should be made in the
general building code or with the building official to ascertain
if any such requirements exist within a specific jurisdiction.

Inspection reports should be promptly distributed to the
owner, registered design professional responsible for the
design, contractor, appropriate subcontractors, appropriate
suppliers, and the building official to allow timely identifi-
cation of compliance or the need for corrective action.

Inspection responsibility and the degree of inspection
required should be set forth in the contracts between the
owner, architect, engineer, contractor, and inspector. Ade-
quate fees should be provided consistent with the work and
equipment necessary to properly perform the inspection.

R1.3.2 — By inspection, the code does not mean that the
inspector should supervise the construction. Rather it means
that the one employed for inspection should visit the project
with the frequency necessary to observe the various stages
of work and ascertain that it is being done in compliance
with contract documents and code requirements. The fre-
quency should be at least enough to provide general knowl-
edge of each operation, whether this is several times a day
or once in several days.
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(c) Placing of reinforcement and anchors;
(d) Mixing, placing, and curing of concrete;

(e) Sequence of erection and connection of precast
members;

(f) Tensioning of tendons;

(g) Any significant construction loadings on com-
pleted floors, members, or walls;

(h) General progress of work.

1.3.3 — When the ambient temperature falls below 4 °C
or rises above 35 °C , a record shall be kept of
concrete temperatures and of protection given to
concrete during placement and curing.

1.3.4 — Records of inspection required in 1.3.2 and
1.3.3 shall be preserved by the inspecting engineer or
architect for 2 years after completion of the project.

COMMENTARY

Inspection in no way relieves the contractor from his obli-
gation to follow the plans and specifications and to provide
the designated quality and quantity of materials and work-
manship for all job stages. The inspector should be present
as frequently as he or she deems necessary to judge
whether the quality and quantity of the work complies
with the contract documents; to counsel on possible ways
of obtaining the desired results; to see that the general sys-
tem proposed for formwork appears proper (though it
remains the contractor’s responsibility to design and build
adequate forms and to leave them in place until it is safe to
remove them); to see that reinforcement is properly
installed; to see that concrete is of the correct quality,
properly placed, and cured; and to see that tests for quality
assurance are being made as specified.

The code prescribes minimum requirements for inspection
of all structures within its scope. It is not a construction
specification and any user of the code may require higher
standards of inspection than cited in the legal code if addi-
tional requirements are necessary.

Recommended procedures for organization and conduct of
concrete inspection are given in detail in “Guide for Con-
crete Inspection,” reported by ACI Committee 31 1.121
(Sets forth procedures relating to concrete construction to
serve as a guide to owners, architects, and engineers in plan-
ning an inspection program.)

Detailed methods of inspecting concrete construction are
given in “ACI Manual of Concrete Inspection” (SP-2)
reported by ACI Committee 311.122 (Describes methods of
inspecting concrete construction that are generally accepted as
good practice. Intended as a supplement to specifications and
as a guide in matters not covered by specifications.)

R1.3.3 — The term ambient temperature means the temper-
ature of the environment to which the concrete is directly
exposed. Concrete temperature as used in this section may
be taken as the air temperature near the surface of the con-
crete; however, during mixing and placing it is practical to
measure the temperature of the mixture.

R1.3.4 — A record of inspection in the form of a job diary
is required in case questions subsequently arise concerning
the performance or safety of the structure or members. Pho-
tographs documenting job progress may also be desirable.

Records of inspection should be preserved for at least 2 years
after the completion of the project. The completion of the
project is the date at which the owner accepts the project, or
when a certificate of occupancy is issued, whichever date is
later. The general building code or other legal requirements
may require a longer preservation of such records.
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1.3.5 — For special moment frames resisting seismic
loads in regions of high seismic risk, or in structures
assigned to high seismic performance or design cate-
gories, continuous inspection of the placement of the
reinforcement and concrete shall be made by a quali-
fied inspector. The inspector shall be under the super-
vision of the engineer responsible for the structural
design or under the supervision of an engineer with
demonstrated capability for supervising inspection of
special moment frames resisting seismic loads in
regions of high seismic risk, or in structures assigned
to high seismic performance or design categories.

1.4 — Approval of special systems of
design or construction

Sponsors of any system of design or construction
within the scope of this code, the adequacy of which
has been shown by successful use or by analysis or
test, but which does not conform to or is not covered
by this code, shall have the right to present the data on
which their design is based to the building official or to
a board of examiners appointed by the building official.
This board shall be composed of competent engineers
and shall have authority to investigate the data so sub-
mitted, to require tests, and to formulate rules govern-
ing design and construction of such systems to meet
the intent of this code. These rules when approved by
the building official and promulgated shall be of the
same force and effect as the provisions of this code.
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R1.3.5 — The purpose of this section is to ensure that the
special detailing required in special moment frames is prop-
erly executed through inspection by personnel who are qual-
ified to do this work. Qualifications of inspectors should be
acceptable to the jurisdiction enforcing the general building
code.

R1.4 — Approval of special systems of
design or construction

New methods of design, new materials, and new uses of
materials should undergo a period of development before
being specifically covered in a code. Hence, good systems
or components might be excluded from use by implication if
means were not available to obtain acceptance.

For special systems considered under this section, specific
tests, load factors, deflection limits, and other pertinent
requirements should be set by the board of examiners, and
should be consistent with the intent of the code.

The provisions of this section do not apply to model tests
used to supplement calculations under 1.2.2 or to strength
evaluation of existing structures under Chapter 20.
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CHAPTER 2 — NOTATION AND DEFINITIONS

| 2.1 — Code notation

The terms in this list are used in the code and as
needed in the commentary.

a = depth of equivalent rectangular stress block as
defined in 10.2.7.1, mm, Chapter 10
a, = shear span, equal to distance from center of

concentrated load to either (a) face of support
for continuous or cantilevered members, or (b)
center of support for simply supported mem-
bers, mm, Chapter 11, Appendix A

area of an individual bar or wire, mm?, Chap-
ters 10, 12

Apg= bearing area of the head of stud or anchor

>
S
1l

bolt, mm?, Appendix D

A. = area of concrete section resisting shear trans-
fer, mm?2, Chapter 11
A = larger gross cross-sectional area of the slab-

beam strips of the two orthogonal equivalent
frames intersecting at a column of a two-way
slab, mm?, Chapter 18

A;n= cross-sectional area of a structural member
measured out-to-out of transverse reinforce-
ment, mm?, Chapters 10, 21

A, = areaenclosed by outside perimeter of concrete
cross section, mm2, see 11.6.1, Chapter 11

Acs= cross-sectional area at one end of a strut in a

strut-and-tie model, taken perpendicular to the

E axis of the strut, mm2, Appendix A
Agi = area of that part of cross section between the
flexural tension face and center of gravity of
: gross section, mm?, Chapter 18
A, = gross area of concrete section bounded by
web thickness and length of section in the
direction of shear force considered, mm?2,
Chapter 21
A.,= area of concrete section of an individual pier,
horizontal wall segment, or coupling beam
resisting shear, mm?, Chapter 21

A; = area of reinforcement in bracket or corbel
resisting factored moment, mm?, see 11.9,
Chapter 11

Ag = gross area of concrete section, mm? For a hol-

low section, Ag is the area of the concrete only
and does not include the area of the void(s),
see 11.6.1, Chapters 9-11, 14-16, 21, 22,
Appendixes B, C.

A, = total area of shear reinforcement parallel to
primary tension reinforcement in a corbel or
bracket, mm?, see 11.9, Chapter 11
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A; = effective cross-sectional area within a joint in a
plane parallel to plane of reinforcement gener-
ating shear in the joint, mm?, see 21.5.3.1,
Chapter 21

A, = total area of longitudinal reinforcement to

resist torsion, mm?, Chapter 11
A, min =minimum area of longitudinal reinforcement to
resist torsion, mm?, see 11.6.5.3, Chapter 11
A, = area of reinforcement in bracket or corbel
resisting tensile force N,., mm?, see 11.9,
Chapter 11
area of a face of a nodal zone or a section

b
)

through a nodal zone, mm2, Appendix A
Anc= projected concrete failure area of a single

anchor or group of anchors, for calculation of

strength in tension, mm?, see D.5.2.1, Appendix D
Anco = Projected concrete failure area of a single

anchor, for calculation of strength in tension if

not limited by edge distance or spacing, mm?,

see D.5.2.1, Appendix D

A, = gross area enclosed by shear flow path, mm?2,
Chapter 11

Aop= area enclosed by centerline of the outermost
closed transverse torsional reinforcement,
mm?, Chapter 11

A,s= area of prestressing steel in flexural tension

zone, mm?, Chapter 18, Appendix B

A, = area of nonprestressed longitudinal tension
reinforcement, mm?, Chapters 10-12, 14, 15,
18, Appendix B

Ag = area of longitudinal compression reinforce-
ment, mm2, Appendix A

A, = area of primary tension reinforcement in a cor-
bel or bracket, mm?, see 11.9.3.5, Chapter 11

A,.= effective cross-sectional area of anchor, mm?,

Appendix D

A, = total cross-sectional area of transverse rein-
forcement (including crossties) within spacing
s and perpendicular to dimension b,, mm?,
Chapter 21

Agj = total area of surface reinforcement at spacing
s; in the i-th layer crossing a strut, with rein-

forcement at an angle ¢; to the axis of the

strut, mm?2, Appendix A

Ag min= minimum area of flexural reinforcement, mm?,
see 10.5, Chapter 10

A, = total area of nonprestressed longitudinal rein-
forcement, (bars or steel shapes), mm?,
Chapters 10, 21

A, = area of structural steel shape, pipe, or tubing
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Ayco=

CHAPTER 2

in a composite section, mm2, Chapter 10

area of one leg of a closed stirrup resisting tor-
sion within spacing s, mm?, Chapter 11

area of prestressing steel in a tie, mm?,
Appendix A

total cross-sectional area of all transverse
reinforcement within spacing s that crosses
the potential plane of splitting through the rein-
forcement being developed, mm?2, Chapter 12
area of nonprestressed reinforcement in a tie,

mm2, Appendix A

area of shear reinforcement spacing s, mm?2,
Chapters 11, 17

projected concrete failure area of a single
anchor or group of anchors, for calculation of

strength in shear, mm?, see D.6.2.1, Appendix D
projected concrete failure area of a single
anchor, for calculation of strength in shear, if not
limited by corner influences, spacing, or mem-

ber thickness, mm?, see D.6.2.1, Appendix D
total area of reinforcement in each group of
diagonal bars in a diagonally reinforced cou-
pling beam, mm?2, Chapter 21

area of shear-friction reinforcement, mm2,
Chapter 11

area of shear reinforcement parallel to flexural
tension reinforcement within spacing s,, mm?,
Chapter 11

minimum area of shear reinforcement within
spacing s, mm?, see 11.5.6.3 and 11.5.6.4,
Chapter 11

loaded area, mm?2, Chapters 10, 22

area of the lower base of the largest frustum
of a pyramid, cone, or tapered wedge con-
tained wholly within the support and having for
its upper base the loaded area, and having
side slopes of 1 vertical to 2 horizontal, mm2,
Chapters 10, 22

width of compression face of member, mm,
Chapter 10, Appendix B

cross-sectional dimension of column core
measured center-to-center of outer legs of the
transverse reinforcement comprising area
Agp, mm, Chapter 21

perimeter of critical section for shear in slabs
and footings, mm, see 11.12.1.2, Chapters 11,
22

width of strut, mm, Appendix A

width of that part of cross section containing the
closed stirrups resisting torsion, mm, Chapter 11
width of cross section at contact surface being
investigated for horizontal shear, mm, Chapter 17
web width, or diameter of circular section,
mm, Chapters 10-12, 21, 22, Appendix B
dimension of the critical section b, measured
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in the direction of the span for which moments
are determined, mm, Chapter 13

dimension of the critical section b, measured in
the direction perpendicular to by, mm, Chapter
13

nominal bearing strength, N, Chapter 22
factored bearing load, N, Chapter 22

distance from extreme compression fiber to
neutral axis, mm, Chapters 9, 10, 14, 21
critical edge distance required to develop the
basic concrete breakout strength of a post-
installed anchor in uncracked concrete without
supplementary reinforcement to control split-
ting, mm, see D.8.6, Appendix D

Ca,max= maximum distance from center of an anchor

shaft to the edge of concrete, mm, Appendix D

Ca,min= Minimum distance from center of an anchor

Cat

Ca2

shaft to the edge of concrete, mm, Appendix D
distance from the center of an anchor shaft to

the edge of concrete in one direction, mm. If
shear is applied to anchor, ¢, is taken in the
direction of the applied shear. If the tension is
applied to the anchor, ¢,y is the minimum
edge distance, Appendix D

distance from center of an anchor shaft to the
edge of concrete in the direction perpendicu-
lar to €41, mm, Appendix D

smaller of (a) the distance from center of a bar
or wire to nearest concrete surface, and (b)
one-half the center-to-center spacing of bars
or wires being developed, mm, Chapter 12
clear cover of reinforcement, mm, see 10.6.4,
Chapter 10

distance from the interior face of the column to
the slab edge measured parallel to ¢4, but not
exceeding ¢, mm, Chapter 21

dimension of rectangular or equivalent rectan-
gular column, capital, or bracket measured in
the direction of the span for which moments
are being determined, mm, Chapters 11, 13, 21
dimension of rectangular or equivalent rectangu-
lar column, capital, or bracket measured in the
direction perpendicular to ¢;, mm, Chapter 13
cross-sectional constant to define torsional
properties of slab and beam, see 13.6.4.2,
Chapter 13

factor relating actual moment diagram to an
equivalent uniform moment diagram, Chapter 10
distance from extreme compression fiber to
centroid of longitudinal tension reinforcement,
mm, Chapters 7, 9-12, 14, 17, 18, 21, Appen-
dixes B, C

distance from extreme compression fiber to
centroid of longitudinal compression reinforce-
ment, mm, Chapters 9, 18, Appendix C
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CHAPTER 2

nominal diameter of bar, wire, or prestressing
strand, mm, Chapters 7, 12, 21

outside diameter of anchor or shaft diameter
of headed stud, headed bolt, or hooked bolt,
mm, see D.8.4, Appendix D

21

of concrete at time of initial prestress, MPa,
Chapter 18

required average compressive strength of

concrete used as the basis for selection of
concrete proportions, MPa, Chapter 5

= value substituted for d, when an oversized fo average splitting tensile strength of lightweight
anchor is used, mm, see D.8.4, Appendix D concrete, MPa, Chapters 5, 9, 11, 12, 22
= distance from extreme compression fiber to f, stress due to unfactored dead load, at

centroid of prestressing steel, mm, Chapters
11,18, Appendix B

diameter of pile at footing base, mm, Chapter 15
distance from extreme compression fiber to
centroid of extreme layer of longitudinal ten-
sion steel, mm, Chapters 9, 10, Appendix C
dead loads, or related internal moments and

extreme fiber of section where tensile stress is
caused by externally applied loads, MPa,
Chapter 11

decompression stress; stress in the prestress-
ing steel when stress is zero in the concrete at
the same level as the centroid of the pre-
stressing steel, MPa, Chapter 18

forces, Chapters 8, 9, 20, 21, Appendix C foc compressive stress in concrete (after allow-
= Dbase of Napierian logarithms, Chapter 18 ance for all prestress losses) at centroid of
= distance from the inner surface of the shaft of a cross section resisting externally applied
J- or L-bolt to the outer tip of the J- or L-bolt, mm, loads or at junction of web and flange when
Appendix D the centroid lies within the flange, MPa. (In a
= distance between resultant tension load on a composite member, f,. is the resultant
group of anchors loaded in tension and the compressive stress at centroid of composite
centroid of the group of anchors loaded in ten- section, or at junction of web and flange when
sion, mm; e’y is always positive, Appendix D the centroid lies within the flange, due to both
= distance between resultant shear load on a prestress and moments resisted by precast
group of anchors loaded in shear in the same member acting alone), Chapter 11
direction, and the centroid of the group of foe compressive stress in concrete due to effec-
anchors loaded in shear in the same direction, tive prestress forces only (after allowance for
mm; ey is always positive, Appendix D all prestress losses) at extreme fiber of section
= load effects of earthquake, or related internal ;vhe"rg dtﬁ)lsc;ls I\S/It;zsscfactaeﬂsff by externally
moments and forces, Chapters 9, 21, Appen- pplied ’ g b .
dix C fos stress in prestressing steel at nominal flexural
= modulus of elasticity of concrete, MPa, see stren'g.th, MPal, Chapters 12, 18 .
8.5.1, Chapters 8-10, 14, 19 fou specified tensile strength of prestressing steel,
= modulus of elasticity of beam concrete, MPa, MPa,_ .Chap.ters 11,18 .
Chapter 13 foy specified yield strength of prestressing steel,
= modulus of elasticity of slab concrete, MPa, MPa, Chapter 18
Chapter 13 f,. modulus of rupture of concrete, MPa, see
= flexural stiffness of compression member, 9.5.2.3, Chapters 9, 14, 18, Appendix B
N-mm2, see 10.12.3, Chapter 10 fs calculated tensile stress in reinforcement at
= modulus of elasticity of prestressing steel, service loads, MPa, Chapters 10, 18
MPa, see 8.5.3, Chapter 8 fs stress in compression reinforcement under
= modulus of elasticity of reinforcement and struc- factored loads, MPa, Appendix A
tural steel, MPa, see 8.5.2, Chapters 8, 10, 14 fse effective stress in prestressing steel (after
= specified compressive strength of concrete, allowance for all prestress losses), MPa,
MPa, Chapters 4, 5, 8-12, 14, 18, 19, 21, 22, Chapters 12, 18, Appendix A
Appendixes A-D f; extreme fiber stress in tension in the precom-
= square root of specified compressive strength pressed tensile zone calculated at service
of concrete, MPa, Chapters 8, 9, 11, 12, 18, loads using gross section properties, MPa,
19, 21, 22, Appendix D see 1833 Chgpter 18
= effective compressive strength of the concrete futa= specified tensile strength of anchor steel,
in a strut or a nodal zone, MPa, Chapter 15, MPa, Appendix D
Appendix A f, specified yield strength of reinforcement, MPa,
= specified compressive strength of concrete at Chapters 3, 7, 9-12, 14, 17-19, 21, Appen-
time of initial prestress, MPa, Chapters 7, 18 dixes A-C
[f.; = square root of specified compressive strength f,a = specified yield strength of anchor steel, MPa,
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CHAPTER 2

Appendix D

specified yield strength f,, of transverse rein-
forcement, MPa, Chapters 10-12, 21

loads due to weight and pressures of fluids
with well-defined densities and controllable
maximum  heights, or related internal
moments and forces, Chapter 9, Appendix C
nominal strength of a strut, tie, or nodal zone,
N, Appendix A

nominal strength at face of a nodal zone, N,
Appendix A

nominal strength of a strut, N, Appendix A
nominal strength of a tie, N, Appendix A
factored force acting in a strut, tie, bearing
area, or nodal zone in a strut-and-tie model,
N, Appendix A

overall thickness or height of member, mm,
Chapters 9-12, 14, 17, 18, 20-22, Appendixes
A C

thickness of member in which an anchor is
located, measured parallel to anchor axis,
mm, Appendix D

effective embedment depth of anchor, mm,
see D.8.5, Appendix D

depth of shearhead cross section,
Chapter 11

height of entire wall from base to top or height
of the segment of wall considered, mm, Chap-
ters 11, 21

maximum center-to-center horizontal spacing
of crossties or hoop legs on all faces of the
column, mm, Chapter 21

loads due to weight and pressure of soil, water
in soil, or other materials, or related internal
moments and forces, Chapter 9, Appendix C
moment of inertia of section about centroidal
axis, mm*, Chapters 10, 11

moment of inertia of gross section of beam about
centroidal axis, mm#, see 13.2.4, Chapter 13
moment of inertia of cracked section trans-
formed to concrete, mm4, Chapters 9, 14
effective moment of inertia for computation of
deflection, mm?*, see 9.5.2.3, Chapters 9, 14
moment of inertia of gross concrete section
about centroidal axis, neglecting reinforce-
ment, mm*, Chapters 9, 10

moment of inertia of gross section of slab
about centroidal axis defined for calculating af
and B, mm*, Chapter 13

moment of inertia of reinforcement about cent-
roidal axis of member cross section, mm4,
Chapter 10

moment of inertia of structural steel shape,
pipe, or tubing about centroidal axis of com-
posite member cross section, mm?*, Chapter 10
effective length factor for compression mem-

mm,
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bers, Chapters 10, 14
coefficient for basic concrete breakout

strength in tension, Appendix D
coefficient for pryout strength, Appendix D

wobble friction coefficient per meter of tendon,
Chapter 18

transverse reinforcement index, see 12.2.3,
Chapter 12

span length of beam or one-way slab; clear
projection of cantilever, mm, see 8.7, Chapter 9
additional embedment length beyond center-
line of support or point of inflection, mm,
Chapter 12

length of compression member in a frame,
measured center-to-center of the joints in the
frame, mm, Chapters 10, 14, 22

development length in tension of deformed
bar, deformed wire, plain and deformed
welded wire reinforcement, or pretensioned
strand, mm, Chapters 7, 12, 19, 21
development length in compression of deformed
bars and deformed wire, mm, Chapter 12
development length in tension of deformed bar
or deformed wire with a standard hook, mea-
sured from critical section to outside end of
hook (straight embedment length between
critical section and start of hook [point of tan-
gency] plus inside radius of bend and one bar
diameter), mm, see 12.5 and 21.5.4, Chapters
12, 21

load bearing length of anchor for shear, mm,
see D.6.2.2, Appendix D

length of clear span measured face-to-face of
of supports, mm, Chapters 8-11, 13, 16, 18, 21
length, measured from joint face along axis of
structural member, over which special trans-
verse reinforcement must be provided, mm,
Chapter 21

distance from jacking end of prestressing steel
element to point under consideration, m, see
18.6.2, Chapter 18

span of member under load test, taken as the
shorter span for two-way slab systems, mm.
Span is the smaller of (a) distance between
centers of supports, and (b) clear distance
between supports plus thickness h of mem-
ber. Span for a cantilever shall be taken as
twice the distance from face of support to can-
tilever end, Chapter 20

unsupported length of compression member,
mm, see 10.11.3.1, Chapter 10

length of shearhead arm from centroid of con-
centrated load or reaction, mm, Chapter 11
length of entire wall or length of segment of
wall considered in direction of shear force,
mm, Chapters 11, 14, 21
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CHAPTER 2

length of span in direction that moments are
being determined, measured center-to-center
of supports, mm, Chapter 13

length of span in direction perpendicular to ¢4,
measured center-to-center of supports, mm,
see 13.6.2.3 and 13.6.2.4, Chapter 13

live loads, or related internal moments and
forces, Chapters 8, 9, 20, 21, Appendix C

roof live load, or related internal moments and
forces, Chapter 9

maximum unfactored moment due to service
loads, including P4 effects, N-mm, Chapter 14
maximum unfactored moment in member at
stage deflection is computed, N-mm, Chapters
9,14

factored moment amplified for the effects of
member curvature used for design of compres-
sion member, N-mm, see 10.12.3, Chapter 10
cracking moment, N-mm, see 9.5.2.3, Chap-
ters 9, 14

moment causing flexural cracking at section due
to externally applied loads, N-mm, Chapter 11
factored moment modified to account for effect
of axial compression, N-mm, see 11.3.2.2,
Chapter 11

= maximum factored moment at section due to

externally applied loads, N-mm, Chapter 11
nominal flexural strength at section, N-mm,
Chapters 11, 12, 14, 18, 21, 22

nominal flexural strength of beam including
slab where in tension, framing into joint,
N-mm, see 21.4.2.2, Chapter 21

nominal flexural strength of column framing
into joint, calculated for factored axial force,
consistent with the direction of lateral forces
considered, resulting in lowest flexural
strength, N-mm, see 21.4.2.2, Chapter 21

total factored static moment, N-mm, Chapter 13
required plastic moment strength of shear-
head cross section, N-mm, Chapter 11
probable flexural strength of members, with or
without axial load, determined using the prop-
erties of the member at the joint faces assum-
ing a tensile stress in the longitudinal bars of
at least 1.25f, and a strength reduction factor,
¢, of 1.0, N-mm, Chapter 21

factored moment due to loads causing appre-
ciable sway, N-mm, Chapter 10

maximum unfactored applied moment due to
service loads, not including PA effects, N-mm,
Chapter 14

portion of slab factored moment balanced by
support moment, N-mm, Chapter 21

factored moment at section, N-mm, Chapters
10, 11,13, 14, 21, 22

moment at the midheight section of the wall
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due to factored lateral and eccentric vertical
loads, N-mm, Chapter 14

moment resistance contributed by shearhead
reinforcement, N-mm, Chapter 11

smaller factored end moment on a compres-
sion member, to be taken as positive if mem-
ber is bent in single curvature, and negative if
bent in double curvature, N-mm, Chapter 10

= factored end moment on a compression mem-

ber at the end at which My acts, due to loads
that cause no appreciable sidesway, calcu-
lated using a first-order elastic frame analysis,
N-mm, Chapter 10

factored end moment on compression mem-
ber at the end at which My acts, due to loads
that cause appreciable sidesway, calculated
using a first-order elastic frame analysis,
N-mm, Chapter 10

larger factored end moment on compression
member, always positive, N-mm, Chapter 10

M5, min =minimum value of Ma, N-mm, Chapter 10

M2ns=

factored end moment on compression mem-
ber at the end at which M, acts, due to loads
that cause no appreciable sidesway, calcu-
lated using a first-order elastic frame analysis,
N-mm, Chapter 10

factored end moment on compression member
at the end at which M, acts, due to loads that
cause appreciable sidesway, calculated using a
first-order elastic frame, N-mm, Chapter 10
number of items, such as strength tests, bars,
wires, monostrand anchorage devices,
anchors, or shearhead arms, Chapters 5, 11,
12, 18, Appendix D

basic concrete breakout strength in tension of
a single anchor in cracked concrete, N, see
D.5.2.2, Appendix D

tension force in concrete due to unfactored
dead load plus live load, N, Chapter 18
nominal concrete breakout strength in tension
of a single anchor, N, see D.5.2.1, Appendix Df;
nominal concrete breakout strength in tension
of a group of anchors, N, see D.5.2.1, Appen-f';
dix D
nominal strength in tension, N, Appendix D
pullout strength in tension of a single anchor in
cracked concrete, N, see D.5.3.4 and D.5.3.5,
Appendix D

nominal pullout strength in tension of a single
anchor, N, see D.5.3.1, Appendix D

nominal strength of a single anchor or group of
anchors in tension as governed by the steel
strength, N, see D.5.1.1 and D.5.1.2, Appendix D
side-face blowout strength of a single anchor,
N, Appendix D
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Ngpg= side-face blowout strength of a group of

anchors, N, Appendix D

factored axial force normal to cross section

occurring simultaneously with V,, or T,; to be

taken as positive for compression and nega-

tive for tension, N, Chapter 11

factored tensile force applied to anchor or

group of anchors, N, Appendix D

factored horizontal tensile force applied at top

of bracket or corbel acting simultaneously with

V,, to be taken as positive for tension, N,

Chapter 11

Pcp= outside perimeter of concrete cross section,
mm, see 11.6.1, Chapter 11

pn = perimeter of centerline of outermost closed
transverse torsional reinforcement, mm,
Chapter 11

P, = nominal axial strength at balanced strain con-
ditions, N, see 10.3.2, Chapters 9, 10, Appen-
dixes B, C

P, = critical buckling load, N, see 10.12.3, Chapter
10

P, = nominal axial strength of cross section, N,
Chapters 9, 10, 14, 22, Appendixes B, C

P, max=maximum allowable value of P, N, see

s

10.3.6, Chapter 10

P, = nominal axial strength at zero eccentricity, N,
Chapter 10

P,; = prestressing force at jacking end, N, Chapter 18

P,,= factored prestressing force at anchorage
device, N, Chapter 18

Ppx = prestressing force evaluated at distance £,y
from the jacking end, N, Chapter 18

Ps = unfactored axial load at the design (midheight)
section including effects of self-weight, N,
Chapter 14

P, = factored axial force; to be taken as positive for
compression and negative for tension, N,
Chapters 10, 14, 21, 22

qpy= factored dead load per unit area, Chapter 13

qL,= factored live load per unit area, Chapter 13

q, = factored load per unit area, Chapter 13

Q = stability index for a story, see 10.11.4, Chapter
10

r = radius of gyration of cross section of a com-
pression member, mm, Chapter 10

R = rain load, or related internal moments and
forces, Chapter 9

s = center-to-center spacing of items, such as lon-
gitudinal reinforcement, transverse reinforce-
ment, prestressing tendons, wires, or anchors,
mm, Chapters 10-12, 17-21, Appendix D

sj = center-to-center spacing of reinforcement in
the i-th layer adjacent to the surface of the
member, mm, Appendix A

S, = center-to-center spacing of transverse rein-
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forcement within the length ¢,, mm, Chapter 21

sample standard deviation, MPa, Chapter 5,

Appendix D

center-to-center spacing of longitudinal shear

or torsion reinforcement, mm, Chapter 11

show load, or related internal moments and

forces, Chapters 9, 21

moment, shear, or axial force at connection

corresponding to development of probable

strength at intended yield locations, based on

the governing mechanism of inelastic lateral

deformation, considering both gravity and

earthquake load effects, Chapter 21

. = elastic section modulus, mm3, Chapter 22

nominal flexural, shear, or axial strength of

connection, Chapter 21

yield strength of connection, based on f,,, for

moment, shear, or axial force, Chapter 21

wall thickness of hollow section, mm, Chapter

11

cumulative effect of temperature, creep,

shrinkage, differential settlement, and shrink-

age-compensating concrete, Chapter 9,

Appendix C

nominal torsional moment strength, N-mm,

Chapter 11

factored torsional moment at section, N-mm,

Chapter 11

required strength to resist factored loads or

related internal moments and forces, Chapter 9,

Appendix C

nominal shear stress, MPa, see 11.12.6.2,

Chapters 11, 21

basic concrete breakout strength in shear of a

single anchor in cracked concrete, N, see

D.6.2.2 and D.6.2.3, Appendix D

nominal shear strength provided by concrete,

N, Chapters 8, 11, 13, 21

nominal concrete breakout strength in shear of

a single anchor, N, see D.6.2.1, Appendix D

nominal concrete breakout strength in shear of

a group of anchors, N, see D.6.2.1, Appendix D

nominal shear strength provided by concrete

when diagonal cracking results from combined

shear and moment, N, Chapter 11

Vep= nominal concrete pryout strength of a single
anchor, N, see D.6.3, Appendix D

Vepg= Nominal concrete pryout strength of a group of
anchors, N, see D.6.3, Appendix D

bh»
I

n
1

~
1

V.n,= nominal shear strength provided by concrete
when diagonal cracking results from high prin-
cipal tensile stress in web, N, Chapter 11

V4 = shear force at section due to unfactored dead
load, N, Chapter 11

V., = design shear force corresponding to the devel-

opment of the probable moment strength of
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the member, N, see 21.3.4.1 and 21.4.5.1
Chapter 21

factored shear force at section due to exter-
nally applied loads occurring simultaneously
with M4 N, Chapter 11

nominal shear strength, N, Chapters 8, 10, 11,
21, 22, Appendix D

nominal horizontal shear strength, N, Chap-
ter 17

vertical component of effective prestress force
at section, N, Chapter 11

nominal shear strength provided by shear
reinforcement, N, Chapter 11

nominal strength in shear of a single anchor or
group of anchors as governed by the steel
strength, N, see D.6.1.1 and D.6.1.2, Appen-
dix D

factored shear force at section, N, Chapters
11-13,17, 21, 22

factored shear force applied to a single anchor
or group of anchors, N, Appendix D

factored horizontal shear in a story, N, Chap-
ter 10

density of concrete, kg/m3, Chapters 8, 9
factored load per unit length of beam or one-
way slab, Chapter 8

wind load, or related internal moments and
forces, Chapter 9, Appendix C

shorter overall dimension of rectangular part
of cross section, mm, Chapter 13

longer overall dimension of rectangular part of
cross section, mm, Chapter 13

distance from centroidal axis of gross section,
neglecting reinforcement, to tension face, mm,
Chapters 9, 11

angle defining the orientation of reinforce-
ment, Chapters 11, 21, Appendix A

coefficient defining the relative contribution of
concrete strength to nominal wall shear strength,
see 21.7.4.1, Chapter 21

ratio of flexural stiffness of beam section to
flexural stiffness of a width of slab bounded
laterally by centerlines of adjacent panels (if
any) on each side of the beam, see 13.6.1.6,
Chapters 9, 13

average value of g for all beams on edges of
a panel, Chapter 9

ayin direction of ¢;, Chapter 13

ayin direction of ¢,, Chapter 13

angle between the axis of a strut and the bars
in the i-th layer of reinforcement crossing that
strut, Appendix A

total angular change of tendon profile from
tendon jacking end to point under consider-
ation, radians, Chapter 18

constant used to compute V. in slabs and
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footings, Chapter 11

ratio of flexural stiffness of shearhead arm to
that of the surrounding composite slab sec-
tion, see 11.12.4.5, Chapter 11

ratio of long to short dimensions: clear spans
for two-way slabs, see 9.5.3.3 and 22.5.4;
sides of column, concentrated load or reaction
area, see 11.12.2.1; or sides of a footing, see
15.4.4.2, Chapters 9, 11, 15, 22

ratio of area of reinforcement cut off to total
area of tension reinforcement at section,
Chapter 12

ratio used to compute magnified moments in
columns due to sustained loads, see 10.11.1
and 10.13.6, Chapter 10

factor to account for the effect of the anchor-

age of ties on the effective compressive
strength of a nodal zone, Appendix A

factor used to compute V. in prestressed
slabs, Chapter 11

factor to account for the effect of cracking and
confining reinforcement on the effective com-
pressive strength of the concrete in a strut,
Appendix A

ratio of torsional stiffness of edge beam sec-
tion to flexural stiffness of a width of slab equal
to span length of beam, center-to-center of
supports, see 13.6.4.2, Chapter 13

factor relating depth of equivalent rectangular
compressive stress block to neutral axis
depth, see 10.2.7.3, Chapters 10, 18, Appen-
dix B

factor used to determine the unbalanced
moment transferred by flexure at slab-column
connections, see 13.5.3.2, Chapters 11, 13, 21
factor for type of prestressing steel, see 18.7.2,
Chapter 18

factor used to determine the portion of rein-
forcement located in center band of footing,
see 15.4.4.2, Chapter 15

factor used to determine the unbalanced
moment transferred by eccentricity of shear at

slab-column connections, see 11.12.6.1,
Chapter 11
moment magnification factor for frames

braced against sidesway, to reflect effects of
member curvature between ends of compres-
sion member, Chapter 10

moment magnification factor for frames not
braced against sidesway, to reflect lateral drift
resulting from lateral and gravity loads, Chap-
ter 10

design displacement, mm, Chapter 21
increase in stress in prestressing steel due to

factored loads, MPa, Appendix A
stress in prestressing steel at service loads
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less decompression stress, MPa, Chapter 18
relative lateral deflection between the top and
bottom of a story due to lateral forces com-
puted using a first-order elastic frame analysis
and stiffness values satisfying 10.11.1, mm,
Chapter 10

difference between initial and final (after load
removal) deflections for load test or repeat
load test, mm, Chapter 20

maximum deflection at or near midheight due
to service loads, mm, Chapter 14

deflection at midheight of wall due to factored
loads, mm, Chapter 14

measured maximum deflection during first

load test, mm, see 20.5.2, Chapter 20
maximum deflection measured during second

load test relative to the position of the struc-
ture at the beginning of second load test, mm,
see 20.5.2, Chapter 20

net tensile strain in extreme layer of longitudi-
nal tension steel at nominal strength, exclud-
ing strains due to effective prestress, creep,
shrinkage, and temperature, Chapters 8-10,
Appendix C

angle between axis of strut, compression
diagonal, or compression field and the tension
chord of the member, Chapter 11,Appendix A
modification factor related to density of con-
crete, Chapters 11, 12, 17-19, Appendix A
multiplier for additional deflection due to long-
term effects, see 9.5.2.5, Chapter 9

coefficient of friction, see 11.7.4.3, Chapter 11
post-tensioning curvature friction coefficient,
Chapter 18

time-dependent factor for sustained load, see
9.5.2.5, Chapter 9

ratio of Ag to bd, Chapters 11, 13, 21, Appen-
dix B

ratio of Ag' to bd, Chapter 9, Appendix B

ratio of Ag to bd producing balanced strain
conditions, see 10.3.2, Chapters 10, 13, 14,
Appendix B

ratio of area of distributed longitudinal rein-
forcement to gross concrete area perpendicu-
lar to that reinforcement, Chapters 11,14, 21
ratio of Apg to bd,, Chapter 18

ratio of volume of spiral reinforcement to total
volume of core confined by the spiral (measured
out-to-out of spirals), Chapters 10, 21

ratio of area distributed transverse reinforcement
to gross concrete area perpendicular to that
reinforcement, Chapters 11, 14, 21

ratio of tie reinforcement area to area of con-
tact surface, see 17.5.3.3, Chapter 17

ratio of Agto b, d, Chapter 11

strength reduction factor, see 9.3, Chapters 8-
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11, 13, 14, 17-22, Appendixes A-D

factor used to modify tensile strength of
anchors based on presence or absence of
cracks in concrete, see D.5.2.6, Appendix D
factor used to modify pullout strength of
anchors based on presence or absence of
cracks in concrete, see D.5.3.6, Appendix D
factor used to modify shear strength of
anchors based on presence or absence of
cracks in concrete and presence or absence
of supplementary reinforcement, see D.6.2.7
for anchors in shear, Appendix D

factor used to modify tensile strength of post-
installed anchors intended for use in
uncracked concrete without supplementary
reinforcement, see D.5.2.7, Appendix D

factor used to modify development length
based on reinforcement coating, see 12.2.4,
Chapter 12

factor used to modify tensile strength of
anchors based on eccentricity of applied
loads, see D.5.2.4, Appendix D

factor used to modify shear strength of
anchors based on eccentricity of applied
loads, see D.6.2.5, Appendix D

factor used to modify tensile strength of
anchors based on proximity to edges of con-
crete member, see D.5.2.5, Appendix D

factor used to modify shear strength of
anchors based on proximity to edges of con-
crete member, see D.6.2.6, Appendix D

factor used to modify development length
based on reinforcement size, see 12.2.4,
Chapter 12

factor used to modify development length
based on reinforcement location, see 12.2.4,
Chapter 12

tension reinforcement
Chapter 18, Appendix B

compression reinforcement index, see 18.7.2,
Chapter 18, Appendix B

prestressing steel index, see B.18.8.1, Appen-
dix B

prestressing steel index for flanged sections,
see B.18.8.1, Appendix B

tensions reinforcement index for flanged sec-
tions, see B.18.8.1, Appendix B

index, see 18.7.2,

compression reinforcement index for flanged
sections, see B.18.8.1, Appendix B
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CHAPTER 2

R2.1 — Commentary notation

The terms used in this list are used in the commentary, but
not in the code.

Units of measurement are given in the Notation to assist the

user and

are not intended to preclude the use of other cor-

rectly applied units for the same symbol, such as meters or
kilonewtons.

’
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limiting value of ¢,y when anchors are located less
than 1.5k, from three or more edges (see Fig.
RD.6.2.4), Appendix D

compression force acting on a nodal zone, N,
Appendix A

stress in the i-th layer of surface reinforcement,
MPa, Appendix A

dimension of anchorage device or single group of
closely spaced devices in the direction of bursting
being considered, mm, Chapter 18

limiting value of k¢ when anchors are located less
than 1.5k, from three or more edges (see Fig.

RD.5.2.3), Appendix D
torsional stiffness of torsional member; moment

Wi

Yimax=

A‘f;)t =

ok
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per unit rotation, see R13.7.5, Chapter 13
coefficient associated with the 5 percent fractile,
Appendix D

length along which anchorage of a tie must occur,
mm, Appendix A

width of bearing, mm, Appendix A

reaction, N, Appendix A

tension force acting on a nodal zone, N, Appendix A
width of a strut perpendicular to the axis of the
strut, mm, Appendix A

effective height of concrete concentric with a tie,
used to dimension nodal zone, mm, Appendix A
maximum effective height of concrete concentric
with a tie, mm, Appendix A

Jps at the section of maximum moment minus the

stress in the prestressing steel due to prestressing
and factored bending moments at the section under
consideration, MPa, see R11.6.3.10, Chapter 11

stiffness reduction factor, see R10.12.3, Chapter 10

amplification factor to account for overstrength of
the seismic-force-resisting system, specified in
documents such as NEHRP,ZI'1 SEI/ASCE,ZI'48
IBC,ZI'5 and UBC,ZI‘2 Chapter 21

SECTION 2.2, DEFINITIONS, BEGINS ON NEXT PAGE

ACI 318 Building
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28 CHAPTER 2

CODE
| 2.2 — Definitions

The following terms are defined for general use in this
code. Specialized definitions appear in individual
chapters.

Admixture — Material other than water, aggregate, or
hydraulic cement, used as an ingredient of concrete
and added to concrete before or during its mixing to
modify its properties.

Aggregate — Granular material, such as sand, gravel,
crushed stone, and iron blast-furnace slag, used with
a cementing medium to form a hydraulic cement con-
crete or mortar.

Aggregate, lightweight — Aggregate with a dry,
loose density of 1120 kg/m? or less.

Anchorage device — In post-tensioning, the hard-
ware used for transferring a post-tensioning force from
the prestressing steel to the concrete.

Anchorage zone — In post-tensioned members, the
portion of the member through which the concen-
trated prestressing force is transferred to the con-
crete and distributed more uniformly across the
section. Its extent is equal to the largest dimension
of the cross section. For anchorage devices located
away from the end of a member, the anchorage
zone includes the disturbed regions ahead of and
behind the anchorage devices.

Basic monostrand anchorage device — Anchorage
device used with any single strand or a single 15 mm
or smaller diameter bar that satisfies 18.21.1 and the
anchorage device requirements of ACI 423.6, “Specifi-
cation for Unbonded Single-Strand Tendons.”

Basic multistrand anchorage device — Anchorage
device used with multiple strands, bars, or wires, or
with single bars larger than 15 mm. diameter, that sat-
isfies 18.21.1 and the bearing stress and minimum
plate stiffness requirements of AASHTO Bridge Speci-
fications, Division |, Articles 9.21.7.2.2 through 9.21.7.2.4.

Bonded tendon — Tendon in which prestressing steel
is bonded to concrete either directly or through grouting.

Building official — See 1.2.3.

COMMENTARY
| R2.2 — Definitions

For consistent application of the code, it is necessary that
terms be defined where they have particular meanings in the
code. The definitions given are for use in application of this
code only and do not always correspond to ordinary usage.
A glossary of most used terms relating to cement manufac-
turing, concrete design and construction, and research in
concrete is contained in “Cement and Concrete Terminol-
ogy” reported by ACI Committee 1 16.21

Anchorage device — Most anchorage devices for post-ten-
sioning are standard manufactured devices available from
commercial sources. In some cases, designers or construc-
tors develop “special” details or assemblages that combine
various wedges and wedge plates for anchoring prestressing
steel with specialty end plates or diaphragms. These infor-
mal designations as standard anchorage devices or special
anchorage devices have no direct relation to the ACI Build-
ing Code and AASHTO “Standard Specifications for High-
way Bridges” classification of anchorage devices as Basic
Anchorage Devices or Special Anchorage Devices.

Anchorage zone — The terminology “ahead of” and “behind”
the anchorage device is illustrated in Fig. R18.13.1(b).

Basic anchorage devices — Devices that are so propor-
tioned that they can be checked analytically for compliance
with bearing stress and stiffness requirements without hav-
ing to undergo the acceptance-testing program required of
special anchorage devices.
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CHAPTER 2 29

CODE

Cementitious materials — Materials as specified in
Chapter 3, which have cementing value when used in
concrete either by themselves, such as portland
cement, blended hydraulic cements, and expansive
cement, or such materials in combination with fly ash,
other raw or calcined natural pozzolans, silica fume,
and/or ground granulated blast-furnace slag.

Column — Member with a ratio of height-to-least lat-
eral dimension exceeding 3 used primarily to support
axial compressive load.

Composite concrete flexural members — Concrete
flexural members of precast or cast-in-place concrete
elements, or both, constructed in separate placements
but so interconnected that all elements respond to
loads as a unit.

Compression-controlled section — A cross section
in which the net tensile strain in the extreme tension
steel at nominal strength is less than or equal to the
compression-controlled strain limit.

Compression-controlled strain limit — The net ten-
sile strain at balanced strain conditions. See 10.3.3.

Concrete — Mixture of portland cement or any other
hydraulic cement, fine aggregate, coarse aggregate,
and water, with or without admixtures.

Concrete, specified compressive strength of, (f;') —
Compressive strength of concrete used in design and
evaluated in accordance with provisions of Chapter 5,
expressed in megapascals (MPa). Whenever the
quantity f, is under a radical sign, square root of
numerical value only is intended, and result has units
of megapascals (MPa).

COMMENTARY

Column — The term compression member is used in the
code to define any member in which the primary stress is lon-
gitudinal compression. Such a member need not be vertical
but may have any orientation in space. Bearing walls, col-
umns, and pedestals qualify as compression members under
this definition.

The differentiation between columns and walls in the code
is based on the principal use rather than on arbitrary rela-
tionships of height and cross-sectional dimensions. The
code, however, permits walls to be designed using the prin-
ciples stated for column design (see 14.4), as well as by the
empirical method (see 14.5).

While a wall always encloses or separates spaces, it may
also be used to resist horizontal or vertical forces or bend-
ing. For example, a retaining wall or a basement wall also
supports various combinations of loads.

A column is normally used as a main vertical member carry-
ing axial loads combined with bending and shear. It may,
however, form a small part of an enclosure or separation.
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30 CHAPTER 2

CODE

Concrete, structural lightweight — Concrete contain-
ing lightweight aggregate that conforms to 3.3 and has
an equilibrium density as determined by “Test Method
for Determining Density of Structural Lightweight Con-
crete” (ASTM C 567), not exceeding 1840 kg/m?. In this
code, a lightweight concrete without natural sand is
termed “all-lightweight concrete” and lightweight con-
crete in which all of the fine aggregate consists of nor-
mal weight sand is termed “sand-lightweight concrete.”

Contraction joint — Formed, sawed, or tooled
groove in a concrete structure to create a weakened
plane and regulate the location of cracking resulting
from the dimensional change of different parts of the
structure.

Curvature friction — Friction resulting from bends or
curves in the specified prestressing tendon profile.

Deformed reinforcement — Deformed reinforcing bars,
bar mats, deformed wire, and welded wire reinforcement
conforming to 3.5.3.

Development length — Length of embedded rein-
forcement, including pretensioned strand, required to
develop the design strength of reinforcement at a criti-
cal section. See 9.3.3.

Drop panel — A projection below the slab at least one
quarter of the slab thickness beyond the drop.

Duct — A conduit (plain or corrugated) to accommo-
date prestressing steel for post-tensioned installation.
Requirements for post-tensioning ducts are given in
18.17.

COMMENTARY

Concrete, structural lightweight — In 2000, ASTM C 567
adopted “‘equilibrium density” as the measure for determin-
ing compliance with specified in-service density require-
ments. According to ASTM C 567, equilibrium density may
be determined by measurement or approximated by calcula-
tion using either the measured oven-dry density or the oven-
dry density calculated from the mixture proportions. Unless
specified otherwise, ASTM C 567 requires that equilibrium
density be approximated by calculation.

By code definition, sand-lightweight concrete is structural
lightweight concrete with all of the fine aggregate replaced
by sand. This definition may not be in agreement with usage
by some material suppliers or contractors where the major-
ity, but not all, of the lightweight fines are replaced by sand.
For proper application of the code provisions, the replace-
ment limits should be stated, with interpolation when partial
sand replacement is used.

Deformed reinforcement — Deformed reinforcement is
defined as that meeting the deformed reinforcement specifi-
cations of 3.5.3.1, or the specifications of 3.5.3.3, 3.5.3.4,
3.5.3.5, or 3.5.3.6. No other reinforcement qualifies. This
definition permits accurate statement of anchorage lengths.
Bars or wire not meeting the deformation requirements or
welded wire reinforcement not meeting the spacing require-
ments are “plain reinforcement,” for code purposes, and
may be used only for spirals.
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Effective depth of section (d) — Distance measured
from extreme compression fiber to centroid of longitu-
dinal tension reinforcement.

Effective prestress — Stress remaining in prestressing
steel after all losses have occurred.

Embedment length — Length of embedded reinforce-
ment provided beyond a critical section.

Extreme tension steel — The reinforcement (pre-
stressed or nonprestressed) that is the farthest from
the extreme compression fiber.

Isolation joint — A separation between adjoining
parts of a concrete structure, usually a vertical plane,
at a designed location such as to interfere least with
performance of the structure, yet such as to allow rela-
tive movement in three directions and avoid formation
of cracks elsewhere in the concrete and through which
all or part of the bonded reinforcement is interrupted.

Jacking force — In prestressed concrete, temporary
force exerted by device that introduces tension into
prestressing steel.

Load, dead — Dead weight supported by a member,
as defined by general building code of which this code
forms a part (without load factors).

Load, factored — Load, multiplied by appropriate load
factors, used to proportion members by the strength
design method of this code. See 8.1.1 and 9.2.

Load, live — Live load specified by general building
code of which this code forms a part (without load
factors).

Load, service — Load specified by general building
code of which this code forms a part (without load
factors).

Modulus of elasticity — Ratio of normal stress to
corresponding strain for tensile or compressive
stresses below proportional limit of material. See 8.5.

Moment frame — Frame in which members and joints
resist forces through flexure, shear, and axial force.
Moment frames shall be catergorized as follows:

Intermediate moment frame — A cast-in-place

frame complying with the requirements of
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COMMENTARY

Loads — A number of definitions for loads are given as the
code contains requirements that are to be met at various load
levels. The terms dead load and live load refer to the unfac-
tored loads (service loads) specified or defined by the gen-
eral building code. Service loads (loads without load factors)
are to be used where specified in the code to proportion or
investigate members for adequate serviceability, as in 9.5,
Control of Deflections. Loads used to proportion a member
for adequate strength are defined as factored loads. Factored
loads are service loads multiplied by the appropriate load
factors specified in 9.2 for required strength. The term design
loads, as used in the 1971 code edition to refer to loads multi-
plied by the appropriate load factors, was discontinued in the
1977 code to avoid confusion with the design load terminol-
ogy used in general building codes to denote service loads, or
posted loads in buildings. The factored load terminology, first
adopted in the 1977 code, clarifies when the load factors are
applied to a particular load, moment, or shear value as used in
the code provisions.
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21.2.2.3 and 21.12 in addition to the require-
ments for ordinary moment frames.

Ordinary moment frame — A cast-in-place or
precast concrete frame complying with the
requirements of Chapters 1 through 18.

Special moment frame — A cast-in-place frame
complying with the requirements of 21.2 through
21.5, or a precast frame complying with the
requirements of 21.2 through 21.6. In addition,
the requirements for ordinary moment frames
shall be satisfied.

Net tensile strain — The tensile strain at nominal
strength exclusive of strains due to effective prestress,
creep, shrinkage, and temperature.

Pedestal — Upright compression member with a ratio
of unsupported height to average least lateral dimen-
sion not exceeding 3.

Plain concrete — Structural concrete with no rein-
forcement or with less reinforcement than the mini-
mum amount specified for reinforced concrete.

Plain reinforcement — Reinforcement that does not
conform to definition of deformed reinforcement. See
3.5.4.

Post-tensioning — Method of prestressing in which
prestressing steel is tensioned after concrete has
hardened.

Precast concrete — Structural concrete element cast
elsewhere than its final position in the structure.

Precompressed tensile zone — Portion of a pre-
stressed member where flexural tension, calculated
using gross section properties, would occur under
unfactored dead and live loads if the prestress force
were not present.

Prestressed concrete — Structural concrete in which
internal stresses have been introduced to reduce
potential tensile stresses in concrete resulting from
loads.

Prestressing steel — High-strength steel element
such as wire, bar, or strand, or a bundle of such ele-
ments, used to impart prestress forces to concrete.

Pretensioning — Method of prestressing in which
prestressing steel is tensioned before concrete is
“ placed,
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COMMENTARY

Prestressed concrete — Reinforced concrete is defined to
include prestressed concrete. Although the behavior of a pre-
stressed member with unbonded tendons may vary from that
of members with continuously bonded tendons, bonded and
unbonded prestressed concrete are combined with conven-
tionally reinforced concrete under the generic term ‘“rein-
forced concrete.” Provisions common to both prestressed and
conventionally reinforced concrete are integrated to avoid
overlapping and conflicting provisions.
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Registered design professional — An individual
who is registered or licensed to practice the respective
design profession as defined by the statutory require-
ments of the professional registration laws of the state
or jurisdiction in which the project is to be constructed.

Reinforced concrete — Structural concrete rein-
forced with no less than the minimum amounts of pre-
stressing steel or nonprestressed reinforcement
specified in Chapters 1 through 21 and Appendices A
through C.

Reinforcement — Material that conforms to 3.5,
excluding prestressing steel unless specifically
included.

Reshores — Shores placed snugly under a concrete
slab or other structural member after the original forms
and shores have been removed from a larger area,
thus requiring the new slab or structural member to
deflect and support its own weight and existing
construction loads applied prior to the installation of
the reshores.

Sheathing — A material encasing prestressing steel
to prevent bonding of the prestressing steel with the
surrounding concrete, to provide corrosion protection,
and to contain the corrosion inhibiting coating.

Shores — \Vertical or inclined support members
designed to carry the weight of the formwork, con-
crete, and construction loads above.

Span length — See 8.7.

Special anchorage device — Anchorage device that
satisfies 18.15.1 and the standardized acceptance
tests of AASHTO “Standard Specifications for Highway
Bridges,” Division Il, Article 10.3.2.3.

Spiral reinforcement — Continuously wound rein-
forcement in the form of a cylindrical helix.

Splitting tensile strength (f,;) — Tensile strength of
concrete determined in accordance with ASTM C
496M as described in “Standard Specification for
Lightweight Aggregates for Structural Concrete”
(ASTM C 330). See 5.1.4.

COMMENTARY

Sheathing — Typically, sheathing is a continuous, seam-
less, high-density polyethylene material extruded directly
on the coated prestressing steel.

Special anchorage devices are any devices (monostrand or
multistrand) that do not meet the relevant PTI or AASHTO
bearing stress and, where applicable, stiffness requirements.
Most commercially marketed multibearing surface anchor-
age devices are Special Anchorage Devices. As provided in
18.15.1, such devices can be used only when they have been
shown experimentally to be in compliance with the
AASHTO requirements. This demonstration of compliance
will ordinarily be furnished by the device manufacturer.
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Stirrup — Reinforcement used to resist shear and
torsion stresses in a structural member; typically bars,
wires, or welded wire reinforcement either single leg or
bent into L, U, or rectangular shapes and located
perpendicular to or at an angle to longitudinal rein-
forcement. (The term “stirrups” is usually applied to
lateral reinforcement in flexural members and the term
ties to those in compression members.) See also Tie.

Strength, design — Nominal strength multiplied by a
strength reduction factor ¢. See 9.3.

Strength, nominal — Strength of a member or cross
section calculated in accordance with provisions and
assumptions of the strength design method of this
code before application of any strength reduction fac-
tors. See 9.3.1.

Strength, required — Strength of a member or cross
section required to resist factored loads or related
internal moments and forces in such combinations as
are stipulated in this code. See 9.1.1.

Stress — Intensity of force per unit area.

COMMENTARY

Strength, nominal — Strength of a member or cross section
calculated using standard assumptions and strength equa-
tions, and nominal (specified) values of material strengths
and dimensions is referred to as “nominal strength.” The
subscript n is used to denote the nominal strengths; nominal
axial load strength P,, nominal moment strength M,,, and
nominal shear strength V,. “Design strength” or usable
strength of a member or cross section is the nominal
strength reduced by the strength reduction factor ¢.

The required axial load, moment, and shear strengths used
to proportion members are referred to either as factored
axial loads, factored moments, and factored shears, or
required axial loads, moments, and shears. The factored
load effects are calculated from the applied factored loads
and forces in such load combinations as are stipulated in the
code (see 9.2).

The subscript # is used only to denote the required
strengths; required axial load strength P, required moment
strength M,,, and required shear strength V,, calculated

from the applied factored loads and forces.

The basic requirement for strength design may be expressed
as follows:

Design strength > Required strength
oP, 2P,
oM, >2M,
OV, 2V,

For additional discussion on the concepts and nomencla-
ture for strength design see commentary Chapter 9.
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CHAPTER 2
CODE COMMENTARY

Structural concrete — All concrete used for structural
purposes including plain and reinforced concrete.

Structural walls — Walls proportioned to resist combi-
nations of shears, moments, and axial forces induced
by earthquake motions. A shearwall is a structural wall.
Structural walls shall be categorized as follows:

Intermediate precast structural wall — A wall
“complying with all applicable requirements of Chap-
ters 1 through 18 in addition to 21.13.

Ordinary reinforced concrete structural wall — A
-wall complying with the requirements of Chapters 1
through 18.

| Ordinary structural plain concrete wall — A wall
complying with the requirements of Chapter 22.

Special precast structural wall — A precast wall
complying with the requirements of 21.8. In addition,
the requirements of ordinary reinforced concrete
structural walls and the requirements of 21.2 shall
be satisfied.

Special reinforced concrete structural wall — A
cast-in-place wall complying with the requirements
of 21.2 and 21.7 in addition to the requirements for
ordinary reinforced concrete structural walls.

Tendon — In pretensioned applications, the tendon is
the prestressing steel. In post-tensioned applications,
the tendon is a complete assembly consisting of
anchorages, prestressing steel, and sheathing with
coating for unbonded applications or ducts with grout
for bonded applications.

Tension-controlled section — A cross section in
which the net tensile strain in the extreme tension steel
at nominal strength is greater than or equal to 0.005.

Tie — Loop of reinforcing bar or wire enclosing longi-
tudinal reinforcement. A continuously wound bar or
wire in the form of a circle, rectangle, or other polygon
shape without re-entrant corners is acceptable. See
also Stirrup.

Transfer — Act of transferring stress in prestressing
steel from jacks or pretensioning bed to concrete
member.

Transfer length — Length of embedded pretensioned
strand required to transfer the effective prestress to
the concrete.

Unbonded tendon — Tendon in which the prestress-
ing steel is prevented from bonding to the concrete and
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is free to move relative to the concrete. The prestress-
ing force is permanently transferred to the concrete at
the tendon ends by the anchorages only.

Wall — Member, usually vertical, used to enclose or
separate spaces.

Welded wire reinforcement — Reinforcing elements
consisting of plain or deformed wires, conforming to
ASTM A 82 or A 496, respectively, fabricated into
sheets in accordance with ASTM A 185 or A 497M,
respectively.

Wobble friction — In prestressed concrete, friction
caused by unintended deviation of prestressing sheath
or duct from its specified profile.

Yield strength — Specified minimum yield strength or
yield point of reinforcement. Yield strength or yield
point shall be determined in tension according to appli-
cable ASTM standards as modified by 3.5 of this code.
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CHAPTER 3 — MATERIALS

CODE

3.1 — Tests of materials

3.1.1 — The building official shall have the right to order
testing of any materials used in concrete construction to
determine if materials are of quality specified.

3.1.2 — Tests of materials and of concrete shall be
made in accordance with standards listed in 3.8.

3.1.3 — A complete record of tests of materials and of
concrete shall be retained by the inspector for 2 years
after completion of the project, and made available for

COMMENTARY

R3.1 — Tests of materials

R3.1.3 — The record of tests of materials and of concrete
should be retained for at least 2 years after completion of
the project. Completion of the project is the date at which

the owner accepts the project or when the certificate of
occupancy is issued, whichever date is later. Local legal
requirements may require longer retention of such records.

inspection during the progress of the work.

32 — Cements R3.2 — Cements
3.2.1 — Cement shall conform to one of the following
specifications:

(a) “Standard Specification for Portland Cement”
(ASTM C 150);

(b) “Standard Specification for Blended Hydraulic
Cements” (ASTM C 595), excluding Types S and SA
which are not intended as principal cementing con-
stituents of structural concrete;

(c) “Standard Specification for Expansive Hydraulic
Cement” (ASTM C 845);

(d) “Standard Performance Specification for Hydraulic
Cement” (ASTM C 1157).

3.2.2 — Cement used in the work shall correspond to
that on which selection of concrete proportions was
based. See 5.2.

R3.2.2 — Depending on the circumstances, the provision of
3.2.2 may require only the same type of cement or may
require cement from the identical source. The latter would

be the case if the sample standard deviation®! of strength
tests used in establishing the required strength margin was
based on a cement from a particular source. If the sample
standard deviation was based on tests involving a given type
of cement obtained from several sources, the former inter-
pretation would apply.
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3.3 — Aggregates

3.3.1 — Concrete aggregates shall conform to one of
the following specifications:

(a) “Standard Specification for Concrete Aggre-
gates” (ASTM C 33);

(b) “Standard Specification for Lightweight Aggre-
gates for Structural Concrete” (ASTM C 330).

Exception: Aggregates that have been shown by spe-
cial test or actual service to produce concrete of ade-
quate strength and durability and approved by the
building official.

3.3.2 — Nominal maximum size of coarse aggregate
shall be not larger than:

(a) 1/5 the narrowest dimension between sides of
forms, nor

(b) 1/3 the depth of slabs, nor

(c) 3/4 the minimum clear spacing between individ-
ual reinforcing bars or wires, bundles of bars, individ-
ual tendons, bundled tendons, or ducts.

These limitations shall not apply if, in the judgment of
the engineer, workability and methods of consolidation
are such that concrete can be placed without honey-
combs or voids.

3.4 — Water

3.4.1 — Water used in mixing concrete shall be clean
and free from injurious amounts of oils, acids, alkalis,
salts, organic materials, or other substances deleteri-
ous to concrete or reinforcement.

3.4.2 — Mixing water for prestressed concrete or for
concrete that will contain aluminum embedments,
including that portion of mixing water contributed in the
form of free moisture on aggregates, shall not contain
deleterious amounts of chloride ion. See 4.4.1.

3.4.3 — Nonpotable water shall not be used in con-
crete unless the following are satisfied:

3.4.3.1 — Selection of concrete proportions shall be
based on concrete mixes using water from the same
source.
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R3.3 — Aggregates

R3.3.1 — Aggregates conforming to the ASTM specifica-
tions are not always economically available and, in some
instances, noncomplying materials have a long history of
satisfactory performance. Such nonconforming materials
are permitted with special approval when acceptable evi-
dence of satisfactory performance is provided. Satisfactory
performance in the past, however, does not guarantee good
performance under other conditions and in other localities.
Whenever possible, aggregates conforming to the desig-
nated specifications should be used.

R3.3.2 — The size limitations on aggregates are provided to
ensure proper encasement of reinforcement and to minimize
honeycombing. Note that the limitations on maximum size
of the aggregate may be waived if, in the judgment of the
engineer, the workability and methods of consolidation of
the concrete are such that the concrete can be placed with-
out honeycombs or voids.

R3.4 — Water

R3.4.1 — Almost any natural water that is drinkable (pota-
ble) and has no pronounced taste or odor is satisfactory as
mixing water for making concrete. Impurities in mixing
water, when excessive, may affect not only setting time,
concrete strength, and volume stability (length change), but
may also cause efflorescence or corrosion of reinforcement.
Where possible, water with high concentrations of dissolved
solids should be avoided.

Salts or other deleterious substances contributed from the
aggregate or admixtures are additive to the amount which
might be contained in the mixing water. These additional
amounts are to be considered in evaluating the acceptability
of the total impurities that may be deleterious to concrete or
steel.
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3.4.3.2 — Mortar test cubes made with nonpotable
mixing water shall have 7-day and 28-day strengths
equal to at least 90 percent of strengths of similar
specimens made with potable water. Strength test
comparison shall be made on mortars, identical except
for the mixing water, prepared and tested in accor-
dance with “Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. [50-mm] Cube
Specimens)” (ASTM C 109M).

3.5 — Steel reinforcement

3.5.1 — Reinforcement shall be deformed reinforce-
ment, except that plain reinforcement shall be permit-
ted for spirals or prestressing steel; and reinforcement
consisting of structural steel, steel pipe, or steel tubing
shall be permitted as specified in this code.

3.5.2 — Welding of reinforcing bars shall conform to
“Structural Welding Code — Reinforcing Steel,” ANSI/
AWS D1.4 of the American Welding Society. Type and
location of welded splices and other required welding
of reinforcing bars shall be indicated on the design
drawings or in the project specifications. ASTM rein-
forcing bar specifications, except for ASTM A 706M,
shall be supplemented to require a report of material
properties necessary to conform to the requirements
in ANSI/AWS D1.4.
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R3.5 — Steel reinforcement

R3.5.1 — Fiber reinforced polymer (FRP) reinforcement is
not addressed in this code. ACI Committee 440 has devel-

oped guidelines for the use of FRP reinforcement.>? 33

Materials permitted for use as reinforcement are specified.
Other metal elements, such as inserts, anchor bolts, or plain
bars for dowels at isolation or contraction joints, are not
normally considered to be reinforcement under the provi-
sions of this code.

R3.5.2 — When welding of reinforcing bars is required, the
weldability of the steel and compatible welding procedures
need to be considered. The provisions in ANSI/AWS D1.4
Welding Code cover aspects of welding reinforcing bars,
including criteria to qualify welding procedures.

Weldability of the steel is based on its chemical composition
or carbon equivalent (CE). The Welding Code establishes
preheat and interpass temperatures for a range of carbon
equivalents and reinforcing bar sizes. Carbon equivalent is
calculated from the chemical composition of the reinforcing
bars. The Welding Code has two expressions for calculating
carbon equivalent. A relatively short expression, considering
only the elements carbon and manganese, is to be used for
bars other than ASTM A 706M material. A more compre-
hensive expression is given for ASTM A 706M bars. The
CE formula in the Welding Code for A 706M bars is identical
to the CE formula in the ASTM A 706M specification.

The engineer should realize that the chemical analysis, for
bars other than A 706M, required to calculate the carbon
equivalent is not routinely provided by the producer of the
reinforcing bars. For welding reinforcing bars other than A
706M bars, the design drawings or project specifications
should specifically require results of the chemical analysis
to be furnished.

The ASTM A 706M specification covers low-alloy steel
reinforcing bars intended for applications requiring controlled
tensile properties or welding. Weldability is accomplished
in the A 706M specification by limits or controls on chemical

composition and on carbon equivalent.3'4 The producer is
required by the A 706M specification to report the chemical
composition and carbon equivalent.
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3.5.3 — Deformed reinforcement

3.5.3.1 — Deformed reinforcing bars shall conform
| to the requirements for deformed bars in one of the
following specifications:

| (a) “Standard Specification for Deformed and Plain
Carbon-Steel Bars for Concrete Reinforcement”
(ASTM A 615M);

(b) “Standard Specification for Low-Alloy Steel
Deformed and Plain Bars for Concrete Reinforce-
ment” (ASTM A 706M);

(c) “Standard Specification for Rail-Steel and Axle-
Steel Deformed Bars for Concrete Reinforcement”
(ASTM A 996M). Bars from rail-steel shall be Type R.
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The ANSI/AWS D1.4 Welding Code requires the contrac-
tor to prepare written welding procedure specifications
conforming to the requirements of the Welding Code.
Appendix A of the Welding Code contains a suggested form
that shows the information required for such a specification
for each joint welding procedure.

Often it is necessary to weld to existing reinforcing bars in a
structure when no mill test report of the existing reinforce-
ment is available. This condition is particularly common in
alterations or building expansions. ANSI/AWS D1.4 states
for such bars that a chemical analysis may be performed on
representative bars. If the chemical composition is not
known or obtained, the Welding Code requires a minimum
preheat. For bars other than A 706M material, the minimum
preheat required is 150 °C for bars No. 19 or smaller, and
200 °C for No. 22 bars or larger. The required preheat for all
sizes of A 706M is to be the temperature given in the Weld-
ing Code’s table for minimum preheat corresponding to the
range of CE “over 45 percent to 55 percent.” Welding of the
particular bars should be performed in accordance with
ANSI/AWS D 1.4. It should also be determined if additional
precautions are in order, based on other considerations such
as stress level in the bars, consequences of failure, and heat
damage to existing concrete due to welding operations.

Welding of wire to wire, and of wire or welded wire rein-
forcement to reinforcing bars or structural steel elements is
not covered by ANSI/AWS D1.4. If welding of this type is
required on a project, the engineer should specify require-
ments or performance criteria for this welding. If cold
drawn wires are to be welded, the welding procedures
should address the potential loss of yield strength and duc-
tility achieved by the cold working process (during manu-
facture) when such wires are heated by welding. Machine
and resistance welding as used in the manufacture of welded
plain and deformed wire reinforcement is covered by
ASTM A 185 and A 497M, respectively, and is not part of
this concern.

R3.5.3 — Deformed reinforcement

| R3.5.3.1 — ASTM A 615M covers deformed carbon-
steel reinforcing bars that are currently the most widely
used type of steel bar in reinforced concrete construction in
the United States. The specification requires that the bars be
marked with the letter S for type of steel.

ASTM A 706M covers low-alloy steel deformed bars in-
tended for applications where controlled tensile properties,
restrictions on chemical composition to enhance weldabil-
ity, or both, are required. The specification requires that the
bars be marked with the letter W for type of steel.

Deformed bars produced to meet both ASTM A 615M and
A 706M are required to be marked with the letters S and W
for type of steel.
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3.5.3.2 — Deformed reinforcing bars shall conform to
one of the ASTM specifications listed in 3.5.3.1, except
that for bars with fy exceeding 420 MPa, the yield
strength shall be taken as the stress corresponding to a
strain of 0.35 percent. See 9.4.

3.5.3.3 — Bar mats for concrete reinforcement shall
conform to “Standard Specification for Welded
Deformed Steel Bar Mats for Concrete Reinforcement”
(ASTM A 184M). Reinforcing bars used in bar mats
shall conform to ASTM A 615M or A 706M.

3.5.3.4 — Deformed wire for concrete reinforcement
shall conform to “Standard Specification for Steel
Wire, Deformed, for Concrete Reinforcement” (ASTM
A 496), except that wire shall not be smaller than size
MD25 and for wire with fy exceeding 420 MPa, the

yield strength shall be taken as the stress corresponding
to a strain of 0.35 percent.

3.5.3.5 — Welded plain wire reinforcement shall
conform to “Standard Specification for Steel Welded
Wire Reinforcement, Plain, for Concrete” (ASTM A 185),
except that for wire with f,, exceeding 420 MPa, the yield
strength shall be taken as the stress corresponding to a
strain of 0.35 percent. Welded intersections shall not be
spaced farther apart than 300 mm in direction of calcu-
lated stress, except for welded wire reinforcement used
as stirrups in accordance with 12.13.2.

COMMENTARY

Rail-steel reinforcing bars used with this code are required
to conform to ASTM A 996M including the provisions for
Type R bars, and marked with the letter R for type of steel.
Type R bars are required to meet more restrictive provisions
for bend tests.

R3.5.3.2 — ASTM A 615M includes provisions for
Grade 520 bars in sizes No. 19 through 57.

The 0.35 percent strain limit is necessary to ensure that the
assumption of an elasto-plastic stress-strain curve in 10.2.4
will not lead to unconservative values of the member
strength.

The 0.35 strain requirement is not applied to reinforcing
bars having specified yield strengths of 420 MPa or less. For
steels having specified yield strengths of 280 MPa, as were
once used extensively, the assumption of an elasto-plastic
stress-strain curve is well justified by extensive test data.
For steels with specified yield strengths, up to 420 MPa, the
stress-strain curve may or may not be elasto-plastic as
assumed in 10.2.4, depending on the properties of the steel
and the manufacturing process. However, when the stress-
strain curve is not elasto-plastic, there is limited experimental
evidence to suggest that the actual steel stress at ultimate
strength may not be enough less than the specified yield
strength to warrant the additional effort of testing to the more
restrictive criterion applicable to steels having specified yield
strengths greater than 420 MPa. In such cases, the ¢-factor
can be expected to account for the strength deficiency.

R3.5.3.5 — Welded plain wire reinforcement should be
made of wire conforming to “Standard Specification for
Steel Wire, Plain, for Concrete Reinforcement” (ASTM A
82). ASTM A 82 has a minimum yield strength of 485 MPa.
The code has assigned a yield strength value of 420 MPa,
but makes provision for the use of higher yield strengths
provided the stress corresponds to a strain of 0.35 percent.
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3.5.3.6 — Welded deformed wire reinforcement
shall conform to “Standard Specification for Steel
Welded Wire Reinforcement, Deformed, for Concrete”
(ASTM A 497M), except that for wire with f,, exceeding
420 MPa, the yield strength shall be taken as the
stress corresponding to a strain of 0.35 percent.
Welded intersections shall not be spaced farther apart
than 400 mm in direction of calculated stress, except
for welded deformed wire reinforcement used as stir-
rups in accordance with 12.13.2.

3.5.3.7 — Galvanized reinforcing bars shall comply
with “Standard Specification for Zinc-Coated (Galva-
nized) Steel Bars for Concrete Reinforcement” (ASTM
A 767M). Epoxy-coated reinforcing bars shall comply
with “Standard Specification for Epoxy-Coated Steel
Reinforcing Bars” (ASTM A 775M) or with “Standard
Specification for Epoxy-Coated Prefabricated Steel
Reinforcing Bars” (ASTM A 934M). Bars to be galva-
nized or epoxy-coated shall conform to one of the
specifications listed in 3.5.3.1.

3.5.3.8 — Epoxy-coated wires and welded wire
reinforcement shall comply with “Standard Specifica-
tion for Epoxy-Coated Steel Wire and Welded Wire
Reinforcement” (ASTM A 884M). Wires to be epoxy-
coated shall conform to 3.5.3.4 and welded wire rein-
forcement to be epoxy-coated shall conform to 3.5.3.5
or 3.5.3.6.

3.5.4 — Plain reinforcement

3.5.4.1 — Plain bars for spiral reinforcement shall
conform to the specification listed in 3.5.3.1(a) or (b).

3.5.4.2 — Plain wire for spiral reinforcement shall
conform to “Standard Specification for Steel Wire,
Plain, for Concrete Reinforcement” (ASTM A 82),
except that for wire with f,, exceeding 420 MPa, the
yield strength shall be taken as the stress correspond-
ing to a strain of 0.35 percent.

3.5.5 — Prestressing steel

3.5.5.1 — Steel for prestressing shall conform to
one of the following specifications:

(a) Wire conforming to “Standard Specification for
Uncoated Stress-Relieved Steel Wire for Pre-
stressed Concrete” (ASTM A 421M);

(b) Low-relaxation wire conforming to “Standard
Specification for Uncoated Stress-Relieved Steel
Wire for Prestressed Concrete” including Supple-
ment “Low-Relaxation Wire” (ASTM A 421M);
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R3.5.3.6 — Welded deformed wire reinforcement should
be made of wire conforming to ““ Standard Specification for
Steel Welded Wire Reinforcement, Deformed, for Concrete”
(ASTM A 497M). ASTM A 497M has a minimum yield
strength of 485 MPa. The code has assigned a yield strength
value of 420 MPa, but makes provision for the use of higher
yield strengths provided the stress corresponds to a strain of
0.35 percent.

R3.5.3.7 — Galvanized reinforcing bars (A 767M) and
epoxy-coated reinforcing bars (A 775M) were added to the
1983 code, and epoxy-coated prefabricated reinforcing bars
(A 934M) were added to the 1995 code recognizing their
usage, especially for conditions where corrosion resistance
of reinforcement is of particular concern. They have typi-
cally been used in parking decks, bridge decks, and other
highly corrosive environments.

R3.5.4 — Plain reinforcement

Plain bars and plain wire are permitted only for spiral rein-
forcement (either as lateral reinforcement for compression
members, for torsion members, or for confining reinforce-
ment for splices).

R3.5.5 — Prestressing steel

R3.5.5.1 — Because low-relaxation prestressing steel is
addressed in a supplement to ASTM A 421M, which applies
only when low-relaxation material is specified, the appro-
priate ASTM reference is listed as a separate entity.
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(c) Strand conforming to “Standard Specification for
Steel Strand, Uncoated Seven-Wire for Prestressed
Concrete” (ASTM A 416M);

(d) Bar conforming to “Standard Specification for
Uncoated High-Strength Steel Bars for Prestressing
Concrete” (ASTM A 722M).

3.5.5.2 — Wire, strands, and bars not specifically
listed in ASTM A 421M, A 416M, or A 722M are
allowed provided they conform to minimum require-
ments of these specifications and do not have proper-
ties that make them less satisfactory than those listed
in ASTM A 421M, A 416M, or A 722M.

3.5.6 — Structural steel, steel pipe, or tubing

3.5.6.1 — Structural steel used with reinforcing bars
in composite compression members meeting require-
ments of 10.16.7 or 10.16.8 shall conform to one of the
following specifications:

(a) “Standard Specification for Carbon Structural
Steel” (ASTM A 36M);

(b) “Standard Specification for High-Strength Low-
Alloy Structural Steel” (ASTM A 242M);

(c) “Standard Specification for High-Strength Low-
Alloy Columbium-Vanadium Structural Steel” (ASTM
A 572M);

(d) “Standard Specification for High-Strength Low-
Alloy Structural Steel with 50 ksi (345 MPa) Minimum
Yield Point to 4 in. (100 mm) Thick” (ASTM A 588M);

(e) “Standard Specification for Structural Steel
Shapes” (ASTM A 992M).

3.5.6.2 — Steel pipe or tubing for composite com-
pression members composed of a steel encased con-
crete core meeting requirements of 10.16.6 shall
conform to one of the following specifications:

(a) Grade B of “Standard Specification for Pipe,
Steel, Black and Hot-Dipped, Zinc-Coated Welded
and Seamless” (ASTM A 53M);

(b) “Standard Specification for Cold-Formed Welded
and Seamless Carbon Steel Structural Tubing in
Rounds and Shapes” (ASTM A 500);

(c) “Standard Specification for Hot-Formed Welded
and Seamless Carbon Steel Structural Tubing”
(ASTM A 501).

Copyright American Concrete Institute

Provided by IHS under license with ACI ACI 31 8 B u i Id i ng Licensee=Black & Veatch/5910842100 ‘}ary

No reproduction or networking permitted without license from IHS Not for Resale, 11/28/2005 18:20:15 MST



44 CHAPTER 3

CODE

3.6 — Admixtures

3.6.1 — Admixtures to be used in concrete shall be
subject to prior approval by the engineer.

3.6.2 — An admixture shall be shown capable of
maintaining essentially the same composition and
performance throughout the work as the product
used in establishing concrete proportions in accor-
dance with 5.2.

3.6.3 — Calcium chloride or admixtures containing
chloride from other than impurities from admixture
ingredients shall not be used in prestressed concrete,
in concrete containing embedded aluminum, or in con-
crete cast against stay-in-place galvanized steel
forms. See 4.3.2 and 4.4.1.

3;6.4 — Air-entraining admixtures shall conform to
“Standard Specification for Air-Entraining Admixtures
for Concrete” (ASTM C 260).

3.6.5 — Water-reducing admixtures, retarding admix-
tures, accelerating admixtures, water-reducing and
retarding admixtures, and water-reducing and acceler-
ating admixtures shall conform to “Standard Specifica-
tion for Chemical Admixtures for Concrete” (ASTM C
494M) or “Standard Specification for Chemical Admix-
tures for Use in Producing Flowing Concrete” (ASTM
C 1017M).

3.6.6 — Fly ash or other pozzolans used as admix-
tures shall conform to “Standard Specification for Coal
Fly Ash and Raw or Calcined Natural Pozzolan for Use
in Concrete” (ASTM C 618).

3.6.7 — Ground granulated blast-furnace slag used as
an admixture shall conform to “Standard Specification
for Ground Granulated Blast-Furnace Slag for Use in
Concrete and Mortars” (ASTM C 989).
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R3.6 — Admixtures

R3.6.3 — Admixtures containing any chloride, other than
impurities from admixture ingredients, should not be used
in prestressed concrete or in concrete with aluminum
embedments. Concentrations of chloride ion may produce
corrosion of embedded aluminum (e.g., conduit), especially
if the aluminum is in contact with embedded steel and the
concrete is in a humid environment. Serious corrosion of
galvanized steel sheet and galvanized steel stay-in-place
forms occurs, especially in humid environments or where
drying is inhibited by the thickness of the concrete or coat-
ings or impermeable coverings. See 4.4.1 for specific limits
on chloride ion concentration in concrete.

R3.6.7 — Ground granulated blast-furnace slag conforming
to ASTM C 989 is used as an admixture in concrete in much
the same way as fly ash. Generally, it should be used with
portland cements conforming to ASTM C 150, and only
rarely would it be appropriate to use ASTM C 989 slag with
an ASTM C 595 blended cement that already contains a
pozzolan or slag. Such use with ASTM C 595 cements
might be considered for massive concrete placements where
slow strength gain can be tolerated and where low heat of
hydration is of particular importance. ASTM C 989 includes
appendices which discuss effects of ground granulated
blast-furnace slag on concrete strength, sulfate resistance,
and alkali-aggregate reaction.
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3.6.8 — Admixtures used in concrete containing C 845
expansive cements shall be compatible with the
cement and produce no deleterious effects.

3.6.9 — Silica fume used as an admixture shall conform
to ASTM C 1240.

3.7 — Storage of materials

3.7.1 — Cementitious materials and aggregates shall
be stored in such manner as to prevent deterioration
or intrusion of foreign matter.

3.7.2 — Any material that has deteriorated or has
been contaminated shall not be used for concrete.

3.8 — Referenced standards

3.8.1 — Standards of ASTM International referred to in
this code are listed below with their serial designa-
tions, including year of adoption or revision, and are
declared to be part of this code as if fully set forth
herein:

A 36/ Standard Specification for Carbon Struc-

A 36M-04 tural Steel

A 53/ Standard Specification for Pipe, Steel,

A53M-02 Black and Hot-Dipped, Zinc-Coated,
Welded and Seamless

A 82-02 Standard Specification for Steel Wire,
Plain, for Concrete Reinforcement

A 184/ Standard Specification for Welded

A 184M-01 Deformed Steel Bar Mats for Concrete
Reinforcement

A 185-02 Standard Specification for Steel Welded
Wire Reinforcement, Plain, for Concrete

A 242/ Standard Specification for High-Strength

A 242M-04 Low-Alloy Structural Steel

A 307-04 Standard Specification for Carbon Steel
Bolts and Studs, 60,000 psi Tensile
Strength

A 416/ Standard Specification for Steel Strand,

A 416M-02 Uncoated Seven-Wire for Prestressed
Concrete

A 421/ Standard Specification for Uncoated

A 421M-02 Stress-Relieved Steel Wire for Prestressed

Concrete
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R3.6.8 — The use of admixtures in concrete containing
ASTM C 845 expansive cements has reduced levels of

expansion or increased shrinkage values. See ACI 22339

R3.8 — Referenced standards

The ASTM standard specifications listed are the latest edi-
tions at the time these code provisions were adopted. Since
these specifications are revised frequently, generally in
minor details only, the user of the code should check directly
with the sponsoring organization if it is desired to reference
the latest edition. However, such a procedure obligates the
user of the specification to evaluate if any changes in the
later edition are significant in the use of the specification.

Standard specifications or other material to be legally
adopted by reference into a building code should refer to a
specific document. This can be done by simply using the
complete serial designation since the first part indicates the
subject and the second part the year of adoption. All stan-
dard documents referenced in this code are listed in 3.8,
with the title and complete serial designation. In other sec-
tions of the code, the designations do not include the date so
that all may be kept up-to-date by simply revising 3.8.

ASTM standards are available from ASTM International,
100 Barr Harbor Drive, West Conshohocken, Pa., 19428.
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A 496-02 Standard Specification for Steel Wire,
Deformed, for Concrete Reinforcement

A 497/ Standard Specification for Steel Welded
A 497M-02 Wire Reinforcement, Deformed, for
Concrete

A 500-03a Standard Specification for Cold-Formed
Welded and Seamless Carbon Steel
Structural Tubing in Rounds and Shapes

A 501-01 Standard Specification for Hot-Formed
Welded and Seamless Carbon Steel
Structural Tubing

A 572/ Standard Specification for High-Strength

A 572M-04 Low-Alloy Columbium-Vanadium Struc-
tural Steel

A 588/ Standard Specification for High-Strength

A 588M-04 Low-Alloy Structural Steel with 50 ksi
[345 MPa] Minimum Yield Point to 4-in.
[100-mm] Thick

A 615/ Standard Specification for Deformed and
A 615M-04b Plain Carbon Steel Bars for Concrete
Reinforcement

A 706/ Standard Specification for Low-Alloy
A 706M-04b Steel Deformed and Plain Bars for Con-
crete Reinforcement

A 722/ Standard Specification for Uncoated
A 722M- High-Strength Steel Bars for Prestress-
98(2003) ing Concrete

A 767/ Standard Specification for Zinc-Coated
A 767M-00b (Galvanized) Steel Bars for Concrete
Reinforcement

A 775/ Standard Specification for Epoxy-Coated
A 775M-04a Steel Reinforcing Bars

A 884/ Standard Specification for Epoxy-
A 884M-04 Coated Steel Wire and Welded Wire
Reinforcement

A 934/ Standard Specification for Epoxy-Coated
A 934M-04 Prefabricated Steel Reinforcing Bars

A 992/ Standard Specification for Structural
A 992M-04  Steel Shapes

A 996/ Standard Specification for Rail-Steel and Type R rail-steel bars are considered a mandatory require-
A 996M-04 Axle-Steel Deformed Bars for Concrete ment whenever ASTM A 996M is referenced in the code.
Reinforcement

Copyright American Concrete Institute

Provided by IHS under license with ACI ACI 31 8 Building Co Licensee=Black & Veatch/5910842100 ny

No reproduction or networking permitted without license from IHS Not for Resale, 11/28/2005 18:20:15 MST



C 31/
C 31M-03a
C 33-03
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CODE

Standard Practice for Making and Curing
Concrete Test Specimens in the Field

Standard Specification for Concrete
Aggregates

Standard Test Method for Compressive
Strength of Cylindrical Concrete Speci-
mens

Standard Test Method for Obtaining and
Testing Drilled Cores and Sawed
Beams of Concrete

Standard Specification for Ready-Mixed
Concrete

Standard Test Method for Compressive
Strength of Hydraulic Cement Mortars
(Using 2-in. or [50-mm] Cube Specimens)

Standard Specification for Aggregate for
Masonry Mortar

Standard Specification for Portland
Cement

Standard Practice for Sampling Freshly
Mixed Concrete

Standard Practice for Making and Cur-
ing Concrete Test Specimens in the
Laboratory

Standard Specification for Air-Entraining
Admixtures for Concrete

Standard Specification for Lightweight
Aggregates for Structural Concrete

Standard Specification for Chemical
Admixtures for Concrete

Standard Test Method for Splitting Ten-
sile Strength of Cylindrical Concrete
Specimens

Standard Test Method for Determining
Density of Structural Lightweight Con-
crete

Standard Specification for Blended
Hydraulic Cements
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C 618-03 Standard Specification for Coal Fly Ash
and Raw or Calcined Natural Pozzolan
for Use in Concrete

C 685/ Standard Specification for Concrete

C 685M-01 Made by Volumetric Batching and Con-
tinuous Mixing

C 845-04 Standard Specification for Expansive
Hydraulic Cement

C 989-04 Standard Specification for Ground Gran-
ulated Blast-Furnace Slag for Use in
Concrete and Mortars

C 1017/ Standard Specification for Chemical

C 1017M-03 Admixtures for Use in Producing Flowing
Concrete

C 1157-03 Standard Performance Specification for
Hydraulic Cement

C 1218/ Standard Test Method for Water-Soluble

C 1218M-99 Chloride in Mortar and Concrete
C 1240-04 Standard Specification for Silica Fume
Used in Cementitious Mixtures

3.8.2 — “Structural Welding Code—Reinforcing Steel”
(ANSI/AWS D1.4-98) of the American Welding Society is
declared to be part of this code as if fully set forth herein.

3.8.3 — Section 2.3.3 Load Combinations Including
Flood Loads and 2.3.4 Load Combinations Including
Atmospheric Ice Loads of “Minimum Design Loads for
Buildings and Other Structures” (SEI/ASCE 7-02) is
declared to be part of this code as if fully set forth
herein, for the purpose cited in 9.2.4.

3.8.4 — “Specification for Unbonded Single Strand
Tendons (ACI 423.6-01) and Commentary (423.6R-
01)” is declared to be part of this code as if fully set
forth herein.

3.8.5 — Articles 9.21.7.2 and 9.21.7.3 of Division | and
Article 10.3.2.3 of Division Il of AASHTO “Standard
Specification for Highway Bridges” (AASHTO 17th Edi-
tion, 2002) are declared to be a part of this code as if
fully set forth herein, for the purpose cited in 18.15.1.

3.8.6 — “Qualification of Post-Installed Mechanical
Anchors in Concrete (ACI 355.2-04)” is declared to be
part of this code as if fully set forth herein, for the pur-
pose cited in Appendix D.

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 318 Building C

COMMENTARY

R3.8.3 — SEI/ASCE 7 is available from ASCE Book
Orders, Box 79404, Baltimore, MD, 21279-0404.

| R3.8.5 — The 2002 17th Edition of the AASHTO “Stan-

dard Specification for Highway Bridges” is available from
AASHTO, 444 North Capitol Street, N.W., Suite 249,
Washington, DC, 20001.

| R3.8.6 — Parallel to development of the ACI 318-05 pro-

visions for anchoring to concrete, ACI 355 developed a
test method to define the level of performance required for
post-installed anchors. This test method, ACI 355.2, con-
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tains requirements for the testing and evaluation of post-
installed anchors for both cracked and uncracked concrete
applications.

3.8.7 — “Structural Welding Code—Steel (AWS D 1.1/
D1.1M-2004)" of the American Welding Society is
declared to be part of this code as if fully set forth herein.

3.8.8 — “Acceptance Criteria for Moment Frames
Based on Structural Testing (ACI T1.1-01),” is declared
to be part of this code as if fully set forth herein.
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CHAPTER 4 — DURABILITY REQUIREMENTS

CODE

4.1 — Water-cementitious material ratio

4.1.1 — The water-cementitious material ratios speci-
fied in Tables 4.2.2 and 4.3.1 shall be calculated using
the weight of cement meeting ASTM C 150, C 595, C
845, or C 1157 plus the weight of fly ash and other poz-
zolans meeting ASTM C 618, slag meeting ASTM C
989, and silica fume meeting ASTM C 1240, if any,
except that when concrete is exposed to deicing chemi-
cals, 4.2.3 further limits the amount of fly ash, poz-
zolans, silica fume, slag, or the combination of these
materials.

COMMENTARY

R4.1 — Water-cementitious material ratio

Chapters 4 and 5 of earlier editions of the code were refor-
matted in 1989 to emphasize the importance of considering
durability requirements before the designer selects f,' and
cover over the reinforcing steel.

Maximum water-cementitious material ratios of 0.40 to 0.50
that may be required for concretes exposed to freezing and
thawing, sulfate soils or waters, or for preventing corrosion
of reinforcement will typically be equivalent to requiring an
S/ of 35 to 28 MPa, respectively. Generally, the required
average compressive strengths, f,,. , will be 3.5 to 5 MPa higher
than the specified compressive strength, f,'. Since it is diffi-
cult to accurately determine the water-cementitious material
ratio of concrete during production, the f,.' specified should
be reasonably consistent with the water-cementitious mate-
rial ratio required for durability. Selection of an f.' that is
consistent with the water-cementitious material ratio
selected for durability will help ensure that the required
water-cementitious material ratio is actually obtained in the
field. Because the usual emphasis on inspection is for
strength, test results substantially higher than the specified
strength may lead to a lack of concern for quality and pro-
duction of concrete that exceeds the maximum water-
cementitious material ratio. Thus an f," of 21 MPa and a
maximum water-cementitious material ratio of 0.45 should
not be specified for a parking structure, if the structure will
be exposed to deicing salts.

The code does not include provisions for especially severe
exposures, such as acids or high temperatures, and is not
concerned with aesthetic considerations such as surface fin-
ishes. These items are beyond the scope of the code and
should be covered specifically in the project specifications.
Concrete ingredients and proportions are to be selected to
meet the minimum requirements stated in the code and the
additional requirements of the contract documents.

R4.1.1 — For concrete exposed to deicing chemicals the
quantity of fly ash, other pozzolans, silica fume, slag, or
blended cements used in the concrete is subject to the per-
centage limits in 4.2.3. Further, in 4.3 for sulfate expo-
sures,*! the pozzolan should be Class F by ASTM C 618, or
have been tested by ASTM C 1012*2 or determined by ser-
vice record to improve sulfate resistance.
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4.2 — Freezing and thawing exposures

421 — Normalweight and lightweight concrete
exposed to freezing and thawing or deicing chemicals
shall be air-entrained with air content indicated in
Table 4.2.1. Tolerance on air content as delivered shall
be + 1.5 percent. For f;' greater than 35 MPa, reduction
of air content indicated in Table 4.2.1 by 1.0 percent
shall be permitted.

TABLE 4.2.1—TOTAL AIR CONTENT FOR FROST-
RESISTANT CONCRETE

Nominal maximum Air content, percent
aggregate size, mm’ | Severe exposure Moderate exposure
9.5 7.5 6
12.5 7 5.5
19.0 6 5
25.0 6 4.5
375 5.5 4.5
50t 5 4
751 45 35

* See ASTM C 33 for tolerance on oversize for various nominal maximum
size designations.

T These air contents apply to total mix, as for the preceding aggregate sizes.
When testing these concretes, however, aggregate larger than 37.5 mm. is
removed by handpicking or sieving and air content is determined on the
minus 37.5 mm. fraction of mix (tolerance on air content as delivered applies
to this value.). Air content of total mix is computed from value determined on
the minus 37.5 mm fraction.

4.2.2 — Concrete that will be subject to the exposures
given in Table 4.2.2 shall conform to the corresponding
maximum water-cementitious material ratios and mini-
mum fJ requirements of that table. In addition, con-
crete that will be exposed to deicing chemicals shall
conform to the limitations of 4.2.3.

TABLE 4.2.2—REQUIREMENTS FOR SPECIAL
EXPOSURE CONDITIONS

Maximum water-
cementitious
material ratio*, by
weight, normalweight
concrete

Minimum f,’, normal-
weight and light-

Exposure condition weight concrete, MPa’

Concrete intended to
have low permeabil-
ity when exposed to
water 0.50 28

Concrete exposed to
freezing and thawing
in a moist condition or
to deicing chemicals 0.45 31

For corrosion protec-
tion of reinforcement
in concrete exposed
to chlorides from de-
icing chemicals, salt,
salt water, brackish
water, seawater, or
spray from these
sources. 0.40 35

* When both Table 4.3.1 and Table 4.2.2 are considered, the lowest applicable
maximum water-cementitious material ratio and highest applicable minimum £z
shall be used.

COMMENTARY

R4.2 — Freezing and thawing exposures

R4.2.1 — A table of required air contents for frost-resistant
concrete is included in the code, based on “‘Standard Prac-
tice for Selecting Proportions for Normal, Heavyweight,
and Mass Concrete” (ACI 211.1).4‘3 Values are provided
for both severe and moderate exposures depending on the
exposure to moisture or deicing salts. Entrained air will not
protect concrete containing coarse aggregates that undergo
disruptive volume changes when frozen in a saturated con-
dition. In Table 4.2.1, a severe exposure is where the con-
crete in a cold climate may be in almost continuous contact
with moisture prior to freezing, or where deicing salts are
used. Examples are pavements, bridge decks, sidewalks,
parking garages, and water tanks. A moderate exposure is
where the concrete in a cold climate will be only occasion-
ally exposed to moisture prior to freezing, and where no
deicing salts are used. Examples are certain exterior walls,
beams, girders, and slabs not in direct contact with soil. Sec-
tion 4.2.1 permits 1 percent lower air content for concrete
with f," greater than 35 MPa. Such high-strength concretes
will have lower water-cementitious material ratios and
porosity and, therefore, improved frost resistance.

R4.2.2 — Maximum water-cementitious material ratios are
not specified for lightweight concrete because determina-
tion of the absorption of these aggregates is uncertain, mak-
ing calculation of the water-cementitious material ratio
uncertain. The use of a minimum specified compressive
strength, f;, will ensure the use of a high-quality cement
paste. For normalweight concrete, use of both minimum
strength and maximum water-cementitious material ratio pro-
vide additional assurance that this objective is met.
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4.2.3 — For concrete exposed to deicing chemicals,
the maximum weight of fly ash, other pozzolans, silica
fume, or slag that is included in the concrete shall not
exceed the percentages of the total weight of cementi-
tious materials given in Table 4.2.3.

TABLE 4.2.3—REQUIREMENTS FOR CONCRETE
EXPOSED TO DEICING CHEMICALS

Maximum percent of
total cementitious mate-
Cementitious materials rials by weight*

Fly ash or other pozzolans conforming to

ASTM C 618 25

Slag conforming to ASTM C 989 50

Silica fume conforming to ASTM C 1240 10

Total of fly ash or other pozzolans, slag,

and silica fume 507

Total of fly ash or other pozzolans and sil-

ica fume 35"

* The total cementitious material also includes ASTM C 150, C 595, C 845,
and C 1157 cement.

The maximum percentages above shall include:

(a) Fly ash or other pozzolans present in Type IP or I(PM) blended cement,
ASTM C 595, or ASTM C 1157;

(b) Slag used in the manufacture of a IS or I[(SM) blended cement, ASTM C
595, or ASTM C 1157;

(c) Silica fume, ASTM C 1240, present in a blended cement.

t Fly ash or other pozzolans and silica fume shall constitute no more than 25
and 10 percent, respectively, of the total weight of the cementitious materials.

4.3 — Sulfate exposures

4.3.1 — Concrete to be exposed to sulfate-containing
solutions or soils shall conform to requirements of
Table 4.3.1 or shall be concrete made with a cement
that provides sulfate resistance and that has a maxi-
mum water-cementitious material ratio and minimum
fy from Table 4.3.1.

COMMENTARY

R4.2.3 — Section 4.2.3 and Table 4.2.3 establish limitations
on the amount of fly ash, other pozzolans, silica fume, and
slag that can be included in concrete exposed to deicing
chemicals.***% Research has demonstrated that the use of
fly ash, slag, and silica fume produce concrete with a finer
pore structure and, therefore, lower permeability.4‘7'4'9

R4.3 — Sulfate exposures

R4.3.1 — Concrete exposed to injurious concentrations of
sulfates from soil and water should be made with a sulfate-
resisting cement. Table 4.3.1 lists the appropriate types of
cement and the maximum water-cementitious material
ratios and minimum specified compressive strengths for
various exposure conditions. In selecting a cement for sul-
fate resistance, the principal consideration is its tricalcium
aluminate (C3A) content. For moderate exposures, Type 11
cement is limited to a maximum C;A content of 8.0 percent
under ASTM C 150. The blended cements under ASTM C
595 with the MS designation are appropriate for use in mod-
erate sulfate exposures. The appropriate types under ASTM
C 595 are IP(MS), IS(MS), I(PM)(MS), and I(SM)(MS).
For severe exposures, Type V cement with a maximum C;A
content of 5 percent is specified. In certain areas, the C3A

TABLE 4.3.1—REQUIREMENTS FOR CONCRETE EXPOSED TO SULFATE-CONTAINING SOLUTIONS

Maximum water-cementi- L ,

Water soluble sul- tious material ratio, by | Minimum ', normal-

Sulfate fate (SOy) in soil, | Sulfate (SO4) in water, weight, normalweight weight and lightweight

exposure percent by weight ppm Cement type concrete” concrete, MPa
Negligible | 0.00 <SO, <0.10 0<8S0, <150 — — —
I, IP(MS), IS(MS), P(MS),

Moderate? | 0.10 < SO, < 0.20 150 < SO, < 1500 I(PM)(MS), I(SM)(MS) 0.50 28
Severe 0.20<80,<2.00 | 1500 < SO, < 10,000 \Y; 0.45 31
Very severe S0, >2.00 SO, > 10,000 V plus pozzolan® 0.45 31

* When both Table 4.3.1 and Table 4.2.2 are considered, the lowest applicable maximum water-cementitious material ratio and highest applicable minimum £ shall

be used.
T Seawater.

* Pozzolan that has been determined by test or service record to improve sulfate resistance when used in concrete containing Type V cement.
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4.3.2 — Calcium chloride as an admixture shall not be
used in concrete to be exposed to severe or very
severe sulfate-containing solutions, as defined in Table
4.3.1.

4.4 — Corrosion protection of reinforcement

4.4.1 — For corrosion protection of reinforcement in
concrete, maximum water soluble chloride ion concen-
trations in hardened concrete at ages from 28 to 42
days contributed from the ingredients including water,
aggregates, cementitious materials, and admixtures
shall not exceed the limits of Table 4.4.1. When testing
is performed to determine water soluble chloride ion
content, test procedures shall conform to ASTM C
1218M.

COMMENTARY

content of other available types such as Type III or Type I
may be less than 8 or 5 percent and are usable in moderate
or severe sulfate exposures. Note that sulfate-resisting
cement will not increase resistance to some chemically
aggressive solutions, for example ammonium nitrate. The
project specifications should cover all special cases.

Using fly ash (ASTM C 618, Class F) also has been shown
to improve the sulfate resistance of concrete.*” Certain
Type IP cements made by blending Class F pozzolan with
portland cement having a C;A content greater than § per-
cent can provide sulfate resistance for moderate exposures.

A note to Table 4.3.1 lists seawater as moderate exposure,
even though it generally contains more than 1500 ppm SO,.
In seawater exposures, other types of cement with C;A up to
10 percent may be used if the maximum water-cementitious
material ratio is reduced to 0.40.

ASTM test method C 1012*2 can be used to evaluate the
sulfate resistance of mixtures using combinations of cemen-
titious materials.

In addition to the proper selection of cement, other require-
ments for durable concrete exposed to concentrations of sul-
fate are essential, such as, low water-cementitious material
ratio, strength, adequate air entrainment, low slump, ade-
quate consolidation, uniformity, adequate cover of rein-
forcement, and sufficient moist curing to develop the
potential properties of the concrete.

R4.4 — Corrosion protection of reinforcement

R4.4.1 — Additional information on the effects of chlorides
on the corrosion of reinforcing steel is given in “Guide to
Durable Concrete” reported by ACI Committee 201410
and ““Corrosion of Metals in Concrete” reported by ACI
Committee 222.*11 Test procedures should conform to
those given in ASTM C 1218M. An initial evaluation may
be obtained by testing individual concrete ingredients for
total chloride ion content. If total chloride ion content, calcu-
lated on the basis of concrete proportions, exceeds those per-
mitted in Table 4.4.1, it may be necessary to test samples of
the hardened concrete for water-soluble chloride ion content
described in the ACI 201 guide. Some of the total chloride
ions present in the ingredients will either be insoluble or will
react with the cement during hydration and become insoluble
under the test procedures described in ASTM C 1218M.
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TABLE 4.4.1—MAXIMUM CHLORIDE ION CONTENT
FOR CORROSION PROTECTION OF REINFORCEMENT

Maximum water soluble
chloride ion (CI") in
concrete, percent by

weight of cement

Type of member

Prestressed concrete 0.06
Reinforced concrete exposed to chloride

in service 0.15
Reinforced concrete that will be dry or pro-

tected from moisture in service 1.00
Other reinforced concrete construction 0.30

4.4.2 — If concrete with reinforcement will be exposed
to chlorides from deicing chemicals, salt, salt water,
brackish water, seawater, or spray from these sources,
requirements of Table 4.2.2 for maximum water-
cementitious material ratio and minimum f;, and the

minimum concrete cover requirements of 7.7 shall be
satisfied. See 18.16 for unbonded tendons.

COMMENTARY

When concretes are tested for soluble chloride ion content
the tests should be made at an age of 28 to 42 days. The lim-
its in Table 4.4.1 are to be applied to chlorides contributed
from the concrete ingredients, not those from the environ-
ment surrounding the concrete.

The chloride ion limits in Table 4.4.1 differ from those rec-

ommended in ACI 201.2R*! and ACI 222R.*!! For rein-
forced concrete that will be dry in service, a limit of 1
percent has been included to control total soluble chlorides.
Table 4.4.1 includes limits of 0.15 and 0.30 percent for rein-
forced concrete that will be exposed to chlorides or will be
damp in service, respectively. These limits compare to 0.10

and 0.15 recommended in ACI 201.2R.*10 ACT 222R*!!
recommends limits of 0.08 and 0.20 percent by weight of
cement for chlorides in prestressed and reinforced concrete,
respectively, based on tests for acid soluble chlorides, not
the test for water soluble chlorides required here.

When epoxy or zinc-coated bars are used, the limits in Table
4.4.1 may be more restrictive than necessary.

R4.4.2 — When concretes are exposed to external sources
of chlorides, the water-cementitious material ratio and spec-
ified compressive strength f, of 4.2.2 are the minimum
requirements that are to be considered. The designer should
evaluate conditions in structures where chlorides may be
applied, in parking structures where chlorides may be
tracked in by vehicles, or in structures near seawater.
Epoxy- or zinc-coated bars or cover greater than the mini-
mum required in 7.7 may be desirable. Use of slag meeting
ASTM C 989 or fly ash meeting ASTM C 618 and
increased levels of specified strength provide increased pro-
tection. Use of silica fume meeting ASTM C 1240 with an
appropriate high-range water reducer, ASTM C 494M,
Types F and G, or ASTM C 1017M can also provide addi-
tional protection.“‘12 The use of ASTM C 1202*13 to test
concrete mixtures proposed for use will provide additional
information on the performance of the mixtures.
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CHAPTER 5 — CONCRETE QUALITY, MIXING, AND PLACING

CODE

5.1 — General

5.1.1 — Concrete shall be proportioned to provide an
average compressive strength, fg,., as prescribed in
5.3.2 and shall satisfy the durability criteria of Chapter 4.
Concrete shall be produced to minimize the frequency
of strength tests below f,, as prescribed in 5.6.3.3.

For concrete designed and constructed in accordance
with the code, f,' shall not be less than 17 MPa.

5.1.2 — Requirements for f;' shall be based on tests
of cylinders made and tested as prescribed in 5.6.3.

5.1.3 — Unless otherwise specified, f,’ shall be based
on 28-day tests. If other than 28 days, test age for f,
shall be as indicated in design drawings or specifica-
tions.

5.1.4 — Where design criteria in 9.5.2.3, 11.2, and
12.2.4 provide for use of a splitting tensile strength
value of concrete, laboratory tests shall be made in
accordance with “Standard Specification for Light-
weight Aggregates for Structural Concrete” (ASTM C
330) to establish a value of f,; corresponding to f,'.

5.1.5 — Splitting tensile strength tests shall not be
used as a basis for field acceptance of concrete.
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R5.1 — General

The requirements for proportioning concrete mixtures are
based on the philosophy that concrete should provide both
adequate durability (Chapter 4) and strength. The criteria
for acceptance of concrete are based on the philosophy that
the code is intended primarily to protect the safety of the
public. Chapter 5 describes procedures by which concrete of
adequate strength can be obtained, and provides procedures
for checking the quality of the concrete during and after its
placement in the work.

Chapter 5 also prescribes minimum criteria for mixing and
placing concrete.

The provisions of 5.2, 5.3, and 5.4, together with Chapter 4,
establish required mixture proportions. The basis for deter-
mining the adequacy of concrete strength is in 5.6.

R5.1.1 — The basic premises governing the designation and
evaluation of concrete strength are presented. It is empha-
sized that the average compressive strength of concrete
produced should always exceed the specified value of f,’
used in the structural design calculations. This is based on
probabilistic concepts, and is intended to ensure that
adequate concrete strength will be developed in the struc-
ture. The durability requirements prescribed in Chapter 4
are to be satisfied in addition to attaining the average
concrete strength in accordance with 5.3.2.

R5.1.4 — Sections 9.5.2.3 (modulus of rupture), 11.2 (con-
crete shear strength) and 12.2.4 (development of reinforce-
ment) require modification in the design criteria for the use
of lightweight concrete. Two alternative modification proce-
dures are provided. One alternative is based on laboratory
tests to determine the relationship between average splitting
tensile strength f,,; and specified compressive strength f,.' for
the lightweight concrete. For a lightweight aggregate from a
given source, it is intended that appropriate values of f,,; be
obtained in advance of design.

R5.1.5 — Tests for splitting tensile strength of concrete (as
required by 5.1.4) are not intended for control of, or acceptance
of, the strength of concrete in the field. Indirect control will
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5.2 — Selection of concrete proportions

5.2.1 — Proportions of materials for concrete shall be
established to provide:

(a) Workability and consistency to permit concrete to
be worked readily into forms and around reinforce-
ment under conditions of placement to be employed,
without segregation or excessive bleeding;

(b) Resistance to special exposures as required by
Chapter 4;

(c) Conformance with strength test requirements of
5.6.

5.2.2 — Where different materials are to be used for
different portions of proposed work, each combination
shall be evaluated.

5.2.3 — Concrete proportions shall be established in
accordance with 5.3 or, alternatively, 5.4, and shall
meet applicable requirements of Chapter 4.

5.3 — Proportioning on the basis of field
experience or trial mixtures, or both

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

COMMENTARY

be maintained through the normal compressive strength test
requirements provided by 5.6.

RS.2 — Selection of concrete proportions

Recommendations for selecting proportions for concrete are
given in detail in “Standard Practice for Selecting Pro-
portions for Normal, Heavyweight, and Mass Concrete”
(ACI 211.1).5'1 (Provides two methods for selecting and
adjusting proportions for normalweight concrete: the esti-
mated weight and absolute volume methods. Example cal-
culations are shown for both methods. Proportioning of
heavyweight concrete by the absolute volume method is
presented in an appendix.)

Recommendations for lightweight concrete are given in
“Standard Practice for Selecting Proportions for Struc-
tural Lightweight Concrete” (ACI 211.2).>% (Provides a
method of proportioning and adjusting structural grade con-
crete containing lightweight aggregates.)

RS5.2.1 — The selected water-cementitious material ratio
should be low enough, or in the case of lightweight concrete the
compressive strength high enough to satisfy both the strength
criteria (see 5.3 or 5.4) and the special exposure requirements
(Chapter 4). The code does not include provisions for espe-
cially severe exposures, such as acids or high temperatures, and
is not concerned with aesthetic considerations such as surface
finishes. These items are beyond the scope of the code and
should be covered specifically in the project specifications.
Concrete ingredients and proportions are to be selected to meet
the minimum requirements stated in the code and the additional
requirements of the contract documents.

RS5.2.3 — The code emphasizes the use of field experience
or laboratory trial mixtures (see 5.3) as the preferred method
for selecting concrete mixture proportions.

RS.3 — Proportioning on the basis of field
experience or trial mixtures, or both

In selecting a suitable concrete mixture there are three basic
steps. The first is the determination of the sample standard
deviation. The second is the determination of the required
average compressive strength. The third is the selection of
mixture proportions required to produce that average
strength, either by conventional trial mixture procedures or
by a suitable experience record. Fig. R5.3 is a flow chart out-
lining the mixture selection and documentation procedure.
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Concrete production facility
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1000 psi of the specified class of concrete

Yes £ > No

'

> 30 consecutive tests

Two groups of consecutive
tests (total >30)
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No
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No (No data forsg
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Calculate s,

l

Yes

Calculate average s,
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Calculate s; and increase
using Table 5.3.1.2
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Required average strength
using Table 5.3.2.1

'

- Field record of at least ten consecutive test results using
 similar materials and under similar conditions is available

No

Y

Make

Yes

Results represent
one mixture

No Results represent
two or more mixtures
Yes ‘

trial mixtures using at least three different

> water-cementitious materials ratios or

cementitious materials contents
according to 5.3.3.2

Plot average strength versus proportions
and interpolate for required
average strength

Average >
required average

Plot average strength

versus proportions and
interpolate for required
average strength

No
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Determine mixture

(requires special permission)

Submit for approval

Fig. R5.3—Flow chart for selection and documentation of concrete proportions
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5.3.1 — Sample standard deviation

5.3.1.1 — Where a concrete production facility has
test records, a sample standard deviation, sg, shall be

established. Test records from which sy is calculated:

(a) Shall represent materials, quality control proce-
dures, and conditions similar to those expected and
changes in materials and proportions within the test
records shall not have been more restricted than
those for proposed work;

(b) Shall represent concrete produced to meet a
specified compressive strength or strengths within
7 MPa of f/;

(c) Shall consist of at least 30 consecutive tests or
two groups of consecutive tests totaling at least 30
tests as defined in 5.6.2.4, except as provided in
5.3.1.2.

5.3.1.2 — Where a concrete production facility does
not have test records meeting requirements of 5.3.1.1,
but does have a record based on 15 to 29 consecutive
tests, a sample standard deviation sg shall be estab-
lished as the product of the calculated sample stan-
dard deviation and modification factor of Table 5.3.1.2.
To be acceptable, test records shall meet require-
ments (a) and (b) of 5.3.1.1, and represent only a sin-
gle record of consecutive tests that span a period of
not less than 45 calendar days.

TABLE 5.3.1.2—MODIFICATION FACTOR FOR
SAMPLE STANDARD DEVIATION WHEN LESS
THAN 30 TESTS ARE AVAILABLE

Modification factor for sample
standard deviationt

Use table 5.3.2.2

No. of tests”
Less than 15

15 1.16
20 1.08
25 1.03
30 or more 1.00

* Interpolate for intermediate numbers of tests.
T Modified sample standard deviation, sg, to be used to determine required
average strength, fg, , from 5.3.2.1.
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The mixture selected should yield an average strength
appreciably higher than the specified strength f,.'. The
degree of mixture over design depends on the variability of
the test results.

R5.3.1 — Sample standard deviation

When a concrete production facility has a suitable record of
30 consecutive tests of similar materials and conditions
expected, the sample standard deviation, s, is calculated from

those results in accordance with the following formula:
1/2
(x;- %)’
s, = | ——
* (n-1)
where:

sample standard deviation, MPa

“n
L=}
1

= individual strength tests as defined in 5.6.2.4
average of n strength test results
= number of consecutive strength tests

3 %I
1]

The sample standard deviation is used to determine the
average strength required in 5.3.2.1.

If two test records are used to obtain at least 30 tests, the
sample standard deviation used shall be the statistical
average of the values calculated from each test record in
accordance with the following formula:

— [y = 1)(s)} + (my - 15"

s =
s (ny+n,-2)

where:

S = statistical average standard deviation where
two test records are used to estimate the sam-
ple standard deviation

Ss15 82 = sample standard deviations calculated from two
test records, 1 and 2, respectively

ny, n, = number of tests in each test record, respectively

If less than 30, but at least 15 tests are available, the calcu-
lated sample standard deviation is increased by the factor
given in Table 5.3.1.2. This procedure results in a more con-
servative (increased) required average strength. The factors
in Table 5.3.1.2 are based on the sampling distribution of the
sample standard deviation and provide protection (equiva-
lent to that from a record of 30 tests) against the possibility
that the smaller sample underestimates the true or universe
population standard deviation.

The sample standard deviation used in the calculation of
required average strength should be developed under condi-
tions “similar to those expected” [see 5.3.1.1(a)]. This
requirement is important to ensure acceptable concrete.
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5.3.2 — Required average strength

5.3.2.1 — Required average compressive strength
f,, used as the basis for selection of concrete propor-
tions shall be determined from Table 5.3.2.1 using the
sample standard deviation, sg, calculated in accor-
dance with 5.3.1.1 or 5.3.1.2.

TABLE 5.3.2.1—REQUIRED AVERAGE COMPRES-
SIVE STRENGTH WHEN DATA ARE AVAILABLE TO
ESTABLISH A SAMPLE STANDARD DEVIATION

Specified compressive strength, | Required average compressive
MPa strength, MPa
Use the larger value computed
£ <35 from Eq. (5-1) and (5-2)
c = for = fo +1.34sg (5-1)
fér = fz +2.3355—- 3.5 (5-2)
Use the larger value computed
f'>35 from Eq. (5-1) and (5-3)
c > fl = f, +1.34s, (5-1)
fér = 0.90f; +2.33s4 (5-3)
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Concrete for background tests to determine sample standard
deviation is considered to be “similar” to that required if
made with the same general types of ingredients under no
more restrictive conditions of control over material quality
and production methods than on the proposed work, and if
its specified strength does not deviate more than 7 MPa
from the f,/ required [see 5.3.1.1(b)]. A change in the type
of concrete or a major increase in the strength level may
increase the sample standard deviation. Such a situation
might occur with a change in type of aggregate (i.e., from
natural aggregate to lightweight aggregate or vice versa) or
a change from non-air-entrained concrete to air-entrained
concrete. Also, there may be an increase in sample stan-
dard deviation when the average strength level is raised by
a significant amount, although the increment of increase in
sample standard deviation should be somewhat less than
directly proportional to the strength increase. When there
is reasonable doubt, any estimated sample standard devia-
tion used to calculate the required average strength should
always be on the conservative (high) side.

Note that the code uses the sample standard deviation in
pounds per square inch instead of the coefficient of variation
in percent. The latter is equal to the former expressed as a
percent of the average strength.

Even when the average strength and sample standard devia-
tion are of the levels assumed, there will be occasional tests
that fail to meet the acceptance criteria prescribed in 5.6.3.3
(perhaps 1 test in 100).

R5.3.2 — Required average strength

R5.3.2.1 — Once the sample standard deviation has been
determined, the required average compressive strength, f,.,
is obtained from the larger value computed from Eq. (5-1)
and (5-2) for f,' of 35 MPa or less, or the larger value
computed from Eq. (5-1) and (5-3) for f.' over 35 MPa.
Equation (5-1) is based on a probability of 1-in-100 that the:
average of three consecutive tests may be below the speci-:
fied compressive strength f,". Equation (5-2) is based on a
similar probability that an individual test may be more than'
3.5 MPa below the specified compressive strength f,". Equa--
tion (5-3) is based on the same 1-in-100 probability that an
individual test may be less than 0.90f,’. These equations:
assume that the sample standard deviation used is equal to
the population value appropriate for an infinite or very large
number of tests. For this reason, use of sample standard
deviations estimated from records of 100 or more tests is
desirable. When 30 tests are available, the probability of fail-
ure will likely be somewhat greater than 1-in-100. The addi-
tional refinements required to achieve the 1-in-100
probability are not considered necessary, because of the
uncertainty inherent in assuming that conditions operating
when the test record was accumulated will be similar to con-
ditions when the concrete will be produced.
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5.3.2.2 — When a concrete production facility does
not have field strength test records for calculation of sg
meeting requirements of 5.3.1.1 or 5.3.1.2, f,; shall
be determined from Table 5.3.2.2 and documentation
of average strength shall be in accordance with
requirements of 5.3.3.

TABLE 5.3.2.2—REQUIRED AVERAGE
COMPRESSIVE STRENGTH WHEN DATA ARE
NOT AVAILABLE TO ESTABLISH A SAMPLE
STANDARD DEVIATION

Specified compressive
strength, MPa

Required average compressive
strength, MPa

fi <21 for =f2 +7
21<f/<35 fo, =f. +83
f >35 fo, =1.10f{ +5

5.3.3 — Documentation of average compressive
strength

Documentation that proposed concrete proportions
will produce an average compressive strength equal to
or greater than required average compressive strength
fi, (see 5.3.2) shall consist of a field strength test

record, several strength test records, or trial mixtures.

5.3.3.1 — When test records are used to demon-
strate that proposed concrete proportions will produce
f.; (see 5.3.2), such records shall represent materials
and conditions similar to those expected. Changes in
materials, conditions, and proportions within the test
records shall not have been more restricted than those
for proposed work. For the purpose of documenting
average strength potential, test records consisting of

COMMENTARY

R.5.3.3 — Documentation of average compressive
strength

Once the required average compressive strength f, is
known, the next step is to select mixture proportions that
will produce an average strength at least as great as the
required average strength, and also meet special exposure
requirements of Chapter 4. The documentation may consist
of a strength test record, several strength test records, or
suitable laboratory or field trial mixtures. Generally, if a test
record is used, it will be the same one that was used for
computation of the standard deviation. However, if this test
record shows either lower or higher average compressive
strength than the required average compressive strength,
different proportions may be necessary or desirable. In such
instances, the average from a record of as few as 10 tests
may be used, or the proportions may be established by inter-
polation between the strengths and proportions of two such
records of consecutive tests. All test records for establishing
proportions necessary to produce the average compressive
strength are to meet the requirements of 5.3.3.1 for “similar
materials and conditions.”

For strengths over 35 MPa where the average compressive
strength documentation is based on laboratory trial mix-
tures, it may be appropriate to increase f,, calculated in

Table 5.3.2.2 to allow for a reduction in strength from labo-
ratory trials to actual concrete production.
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less than 30 but not less than 10 consecutive tests are
acceptable provided test records encompass a period
of time not less than 45 days. Required concrete pro-
portions shall be permitted to be established by inter-
polation between the strengths and proportions of two
or more test records, each of which meets other
requirements of this section.

5.3.3.2 — When an acceptable record of field test
results is not available, concrete proportions estab-
lished from trial mixtures meeting the following restric-
tions shall be permitted:

(a) Materials shall be those for proposed work;

(b) Trial mixtures having proportions and consisten-
cies required for proposed work shall be made using
at least three different water-cementitious materials
ratios or cementitious materials contents that will
produce a range of strengths encompassing fg,;

(c) Trial mixtures shall be designed to produce a
slump within + 20 mm of maximum permitted, and
for air-entrained concrete, within + 0.5 percent of
maximum allowable air content;

(d) For each water-cementitious materials ratio or
cementitious materials content, at least three test
cylinders for each test age shall be made and cured
in accordance with “Standard Practice for Making
and Curing Concrete Test Specimens in the Laboratory”
(ASTM C 192M). Cylinders shall be tested at 28 days
or at test age designated for determination of f,’;

(e) From results of cylinder tests a curve shall be
plotted showing the relationship between water-
cementitious materials ratio or cementitious materials
content and compressive strength at designated
test age;

(f) Maximum water-cementitious material ratio or
minimum cementitious materials content for con-
crete to be used in proposed work shall be that
shown by the curve to produce f;, required by 5.3.2,
unless a lower water-cementitious materials ratio or
higher strength is required by Chapter 4.

5.4 — Proportioning without field
experience or trial mixtures

5.4.1 — If data required by 5.3 are not available, con-
crete proportions shall be based upon other experi-
ence or information, if approved by the registered
design professional. The required average compres-
sive strength f;, of concrete produced with materials

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 318 Building

COMMENTARY

R5.4 — Proportioning without field
experience or trial mixtures

R5.4.1 — When no prior experience (5.3.3.1) or trial mix-
ture data (5.3.3.2) meeting the requirements of these sec-
tions is available, other experience may be used only when
special permission is given. Because combinations of differ-
ent ingredients may vary considerably in strength level, this
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similar to those proposed for use shall be at least
8.3 MPa greater than fZ. This alternative shall not be
used if f{ is greater than 35 MPa.

5.4.2 — Concrete proportioned by this section shall
conform to the durability requirements of Chapter 4
and to compressive strength test criteria of 5.6.

5.5 — Average compressive strength
reduction

As data become available during construction, it shall
be permitted to reduce the amount by which the
required average concrete strength, f,., must exceed
f., provided:

(a) Thirty or more test results are available and aver-
age of test results exceeds that required by 5.3.2.1,
using a sample standard deviation calculated in
accordance with 5.3.1.1; or

(b) Fifteen to 29 test results are available and aver-
age of test results exceeds that required by 5.3.2.1
using a sample standard deviation calculated in
accordance with 5.3.1.2; and

(c) Special exposure requirements of Chapter 4 are met.

5.6 — Evaluation and acceptance of concrete

5.6.1 — Concrete shall be tested in accordance with
the requirements of 5.6.2 through 5.6.5. Qualified field
testing technicians shall perform tests on fresh con-
crete at the job site, prepare specimens required for
curing under field conditions, prepare specimens
required for testing in the laboratory, and record the
temperature of the fresh concrete when preparing
specimens for strength tests. Qualified laboratory
technicians shall perform all required laboratory tests.
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procedure is not permitted for f,' greater than 35 MPa and
the required average compressive strength should exceed f,’
by 8.3 MPa. The purpose of this provision is to allow work
to continue when there is an unexpected interruption in con-
crete supply and there is not sufficient time for tests and
evaluation or in small structures where the cost of trial mix-
ture data is not justified.

R5.6 — Evaluation and acceptance of concrete

Once the mixture proportions have been selected and the job
started, the criteria for evaluation and acceptance of the con-
crete can be obtained from 5.6.

An effort has been made in the code to provide a clear-cut
basis for judging the acceptability of the concrete, as well as
to indicate a course of action to be followed when the results
of strength tests are not satisfactory.

RS5.6.1 — Laboratory and field technicians can establish
qualifications by becoming certified through certification
programs. Field technicians in charge of sampling concrete;
testing for slump, unit weight, yield, air content, and tem-
perature; and making and curing test specimens should be
certified in accordance with the requirements of ACI Con-
crete Field Testing Technician—Grade 1 Certification Pro-
gram, or the requirements of ASTM C 1077,53 or an
equivalent program. Concrete testing laboratory personnel
should be certified in accordance with the requirements of ACI
Concrete Laboratory Testing Technician, Concrete Strength
Testing Technician, or the requirements of ASTM C 1077.

Testing reports should be promptly distributed to the owner,
registered design professional responsible for the design,
contractor, appropriate subcontractors, appropriate suppli-
ers, and building official to allow timely identification of
either compliance or the need for corrective action.
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5.6.2 — Frequency of testing

5.6.2.1 — Samples for strength tests of each class
of concrete placed each day shall be taken not less
than once a day, nor less than once for each 110 m3 of
concrete, nor less than once for each 460 m? of sur-
face area for slabs or walls.

5.6.2.2 — On a given project, if total volume of con-
crete is such that frequency of testing required by
5.6.2.1 would provide less than five strength tests for a
given class of concrete, tests shall be made from at
least five randomly selected batches or from each
batch if fewer than five batches are used.

5.6.2.3 — When total quantity of a given class of
concrete is less than 38 m3, strength tests are not re-
quired when evidence of satisfactory strength is sub-
mitted to and approved by the building official.

5.6.2.4 — A strength test shall be the average of the
strengths of two cylinders made from the same sample
of concrete and tested at 28 days or at test age desig-
nated for determination of f;'.

5.6.3 — Laboratory-cured specimens

5.6.3.1 — Samples for strength tests shall be taken
in accordance with “Standard Practice for Sampling
Freshly Mixed Concrete” (ASTM C 172).

5.6.3.2 — Cylinders for strength tests shall be molded
and laboratory-cured in accordance with “Standard
Practice for Making and Curing Concrete Test Specimens
in the Field” (ASTM C 31M) and tested in accordance
with “Standard Test Method for Compressive Strength
of Cylindrical Concrete Specimens” (ASTM C 39M).
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R5.6.2 — Frequency of testing

R5.6.2.1 — The following three criteria establish the
required minimum sampling frequency for each class of
concrete:

(a) Once each day a given class is placed, nor less than

(b) Once for each 110 m? of each class placed each day,
nor less than

(c) Once for each 460 m? of slab or wall surface area
placed each day.

In calculating surface area, only one side of the slab or wall
should be considered. Criteria (c) will require more frequent
sampling than once for each 110 m? placed if the average
wall or slab thickness is less than 245 mm.

RS5.6.2.2 — Samples for strength tests are to be taken on
a strictly random basis if they are to measure properly the
acceptability of the concrete. To be representative, the choice
of times of sampling, or the batches of concrete to be sampled,
are to be made on the basis of chance alone, within the period
of placement. Batches should not be sampled on the basis of
appearance, convenience, or other possibly biased criteria,
because the statistical analyses will lose their validity. Not
more than one test (average of two cylinders made from a sam-
ple, 5.6.2.4) should be taken from a single batch, and water
may not be added to the concrete after the sample is taken.

ASTM D 3665 describes procedures for random selection
of the batches to be tested.

R5.6.3 — Laboratory-cured specimens
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5.6.3.3 — Strength level of an individual class of
concrete shall be considered satisfactory if both of the
following requirements are met:

(a) Every arithmetic average of any three consecu-
tive strength tests equals or exceeds f.’;

(b) No individual strength test (average of two cylin-
ders) falls below f;' by more than 3.5 MPa when £,/
is 35 MPa or less; or by more than 0.10f;’ when £’ is
more than 35 MPa.

5.6.3.4 — If either of the requirements of 5.6.3.3 is
not met, steps shall be taken to increase the average
of subsequent strength test results. Requirements of
5.6.5 shall be observed if requirement of 5.6.3.3(b) is
not met.
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RS.6.3.3 — A single set of criteria is given for acceptability
of strength and is applicable to all concrete used in structures
designed in accordance with the code, regardless of design
method used. The concrete strength is considered to be satis-
factory as long as averages of any three consecutive strength
tests remain above the specified f,' and no individual strength
test falls below the specified f." by more than 3.5 MPa if ' is
35 MPa or less, or falls below f,.' by more than 10 percent if £,/
is over 35 MPa. Evaluation and acceptance of the concrete
can be judged immediately as test results are received dur-
ing the course of the work. Strength tests failing to meet
these criteria will occur occasionally (probably about once
in 100 tests) even though concrete strength and uniformity
are satisfactory. Allowance should be made for such statisti-
cally expected variations in deciding whether the strength
level being produced is adequate.

RS5.6.3.4 — When concrete fails to meet either of the
strength requirements of 5.6.3.3, steps should be taken to
increase the average of the concrete test results. If sufficient
concrete has been produced to accumulate at least 15 tests,
these should be used to establish a new target average
strength as described in 5.3.

If fewer than 15 tests have been made on the class of concrete
in question, the new target strength level should be at least as
great as the average level used in the initial selection of pro-
portions. If the average of the available tests made on the
project equals or exceeds the level used in the initial selection
of proportions, a further increase in average level is required.

The steps taken to increase the average level of test results
will depend on the particular circumstances, but could
include one or more of the following:

(a) An increase in cementitious materials content;

(b) Changes in mixture proportions;

(c) Reductions in or better control of levels of slump supplied;
(d) A reduction in delivery time;

(e) Closer control of air content;

(f) An improvement in the quality of the testing, including
strict compliance with standard test procedures.

Such changes in operating and testing procedures, or
changes in cementitious materials content, or slump should
not require a formal resubmission under the procedures of
5.3; however, important changes in sources of cement,
aggregates, or admixtures should be accompanied by evi-
dence that the average strength level will be improved.

Laboratories testing cylinders or cores to determine compli-
ance with these requirements should be accredited or
inspected for conformance to the requirement of ASTM C
1077°3 by a recognized agency such as the American Associ-
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5.6.4 — Field-cured specimens

5.6.4.1 — If required by the building official, results
of strength tests of cylinders cured under field condi-
tions shall be provided.

5.6.4.2 — Field-cured cylinders shall be cured
under field conditions in accordance with “Practice for
Making and Curing Concrete Test Specimens in the
Field” (ASTM C 31M).

5.6.4.3 — Field-cured test cylinders shall be molded
at the same time and from the same samples as labo-
ratory-cured test cylinders.

. 5.6.4.4 — Procedures for protecting and curing con-
_crete shall be improved when strength of field-cured
-cylinders at test age designated for determination of
‘f is less than 85 percent of that of companion labora-
“tory-cured cylinders. The 85 percent limitation shall
‘not apply if field-cured strength exceeds f,' by more
i than 3.5 MPa.

5.6.5 — Investigation of low-strength test results

5.6.5.1 — If any strength test (see 5.6.2.4) of labo-
ratory-cured cylinders falls below f,' by more than the
values given in 5.6.3.3(b) or if tests of field-cured cylin-
ders indicate deficiencies in protection and curing (see
5.6.4.4), steps shall be taken to assure that load-carry-
ing capacity of the structure is not jeopardized.

5.6.5.2 — If the likelihood of low-strength concrete
is confirmed and calculations indicate that load-carry-
ing capacity is significantly reduced, tests of cores
drilled from the area in question in accordance with
“Standard Test Method for Obtaining and Testing
Drilled Cores and Sawed Beams of Concrete” (ASTM
C 42M) shall be permitted. In such cases, three cores
shall be taken for each strength test that falls below
the values given in 5.6.3.3(b).
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ation for Laboratory Accreditation (A2LA), AASHTO Mate-
rials Reference Laboratory (AMRL), National Voluntary
Laboratory Accreditation Program (NVLAP), Cement and
Concrete Reference Laboratory (CCRL), or their equivalent.

R5.6.4 — Field-cured specimens

R5.6.4.1 — Strength tests of cylinders cured under field
conditions may be required to check the adequacy of curing
and protection of concrete in the structure.

R5.6.4.4 — Positive guidance is provided in the code
concerning the interpretation of tests of field-cured cylin-
ders. Research has shown that cylinders protected and cured
to simulate good field practice should test not less than
about 85 percent of standard laboratory moist-cured cylin-
ders. This percentage has been set as a rational basis for
judging the adequacy of field curing. The comparison is
made between the actual measured strengths of companion
job-cured and laboratory-cured cylinders, not between job-
cured cylinders and the specified value of f.. However,
results for the job-cured cylinders are considered satisfac-
tory if the job-cured cylinders exceed the specified f,' by
more than 3.5 MPa, even though they fail to reach 85 per-
cent of the strength of companion laboratory-cured cylinders.

R5.6.5 — Investigation of low-strength test results

Instructions are provided concerning the procedure to be
followed when strength tests have failed to meet the speci-
fied acceptance criteria. For obvious reasons, these instruc-
tions cannot be dogmatic. The building official should apply
judgment as to the significance of low test results and
whether they indicate need for concern. If further investiga-
tion is deemed necessary, such investigation may include
nondestructive tests, or in extreme cases, strength tests of
cores taken from the structure.

Nondestructive tests of the concrete in place, such as by
probe penetration, impact hammer, ultrasonic pulse velocity
or pull out may be useful in determining whether or not a
portion of the structure actually contains low-strength con-
crete. Such tests are of value primarily for comparisons
within the same job rather than as quantitative measures of
strength. For cores, if required, conservatively safe accep-
tance criteria are provided that should ensure structural ade-
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5.6.5.3 — Cores shall be prepared for transport and
storage by wiping drilling water from their surfaces and
placing the cores in watertight bags or containers
immediately after drilling. Cores shall be tested no ear-
lier than 48 hours and not later than 7 days after coring
unless approved by the registered design professional.

5.6.5.4 — Concrete in an area represented by core
tests shall be considered structurally adequate if the
average of three cores is equal to at least 85 percent
of ;' and if no single core is less than 75 percent of
f,'. Additional testing of cores extracted from locations
represented by erratic core strength results shall be
permitted.

5.6.5.5 — If criteria of 5.6.5.4 are not met and if the
structural adequacy remains in doubt, the responsible
authority shall be permitted to order a strength evalua-
tion in accordance with Chapter 20 for the question-
able portion of the structure, or take other appropriate
action.

5.7 — Preparation of equipment and place
of deposit

5.7.1 — Preparation before concrete placement shall
include the following:

(a) All equipment for mixing and transporting concrete
shall be clean;

(b) All debris and ice shall be removed from spaces
to be occupied by concrete;

(c) Forms shall be properly coated;

(d) Masonry filler units that will be in contact with
concrete shall be well drenched;

(e) Reinforcement shall be thoroughly clean of ice or
other deleterious coatings;
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quacy for virtually any type of construction.”>8 Lower
strength may, of course, be tolerated under many circum-
stances, but this again becomes a matter of judgment on the
part of the building official and design engineer. When the
core tests fail to provide assurance of structural adequacy, it
may be practical, particularly in the case of floor or roof
systems, for the building official to require a load test
(Chapter 20). Short of load tests, if time and conditions per-
mit, an effort may be made to improve the strength of the
concrete in place by supplemental wet curing. Effectiveness
of such a treatment should be verified by further strength
evaluation using procedures previously discussed.

A core obtained through the use of a water-cooled bit results
in a moisture gradient between the exterior and interior of
the core being created during drilling. This adversely affects

the core’s compressive strength.s'9 The restriction on the
commencement of core testing provides a minimum time
for the moisture gradient to dissipate.

Core tests having an average of 85 percent of the specified
strength are realistic. To expect core tests to be equal to f,' is
not realistic, since differences in the size of specimens, con-
ditions of obtaining samples, and procedures for curing, do
not permit equal values to be obtained.

The code, as stated, concerns itself with assuring structural
safety, and the instructions in 5.6 are aimed at that objective.
It is not the function of the code to assign responsibility for
strength deficiencies, whether or not they are such as to
require corrective measures.

Under the requirements of this section, cores taken to con-
firm structural adequacy will usually be taken at ages later
than those specified for determination of f,,".

R5.7 — Preparation of equipment and place
of deposit

Recommendations for mixing, handling and transporting,
and placing concrete are given in detail in “Guide for Mea-
suring, Mixing, Transporting, and Placing Concrete”
reported by ACI Committee 304.>10 (Presents methods and
procedures for control, handling and storage of materials,
measurement, batching tolerances, mixing, methods of plac-
ing, transporting, and forms.)

Attention is directed to the need for using clean equipment
and for cleaning forms and reinforcement thoroughly before
beginning to deposit concrete. In particular, sawdust, nails,
wood pieces, and other debris that may collect inside the
forms should be removed. Reinforcement should be thor-
oughly cleaned of ice, dirt, loose rust, mill scale, or other
coatings. Water should be removed from the forms.
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(f) Water shall be removed from place of deposit
before concrete is placed unless a tremie is to be
used or unless otherwise permitted by the building
official;

(g) All laitance and other unsound material shall be
removed before additional concrete is placed
against hardened concrete.

5.8 — Mixing

5.8.1 — All concrete shall be mixed until there is a uni-
form distribution of materials and shall be discharged
completely before mixer is recharged.

5.8.2 — Ready-mixed concrete shall be mixed and deliv-
ered in accordance with requirements of “Standard
Specification for Ready-Mixed Concrete” (ASTM C 94M)
or “Standard Specification for Concrete Made by Volu-
metric Batching and Continuous Mixing” (ASTM C 685M).

5.8.3 — Job-mixed concrete shall be mixed in accor-
dance with the following:

(a) Mixing shall be done in a batch mixer of
approved type;

(b) Mixer shall be rotated at a speed recommended
by the manufacturer;

(c) Mixing shall be continued for at least 1-1/2 min-
utes after all materials are in the drum, unless a
shorter time is shown to be satisfactory by the mix-
ing uniformity tests of “Standard Specification for
Ready-Mixed Concrete” (ASTM C 94M);

(d) Materials handling, batching, and mixing shall
conform to applicable provisions of “Standard Speci-
fication for Ready-Mixed Concrete” (ASTM C 94M);

" (e) A detailed record shall be kept to identify:
(1) number of batches produced;
(2) proportions of materials used;
(3) approximate location of final deposit in structure;
(4) time and date of mixing and placing.
5.9 — Conveying
5.9.1 — Concrete shall be conveyed from mixer to

place of final deposit by methods that will prevent sep-
aration or loss of materials.
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RS.8 — Mixing

Concrete of uniform and satisfactory quality requires the
materials to be thoroughly mixed until uniform in appear-
ance and all ingredients are distributed. Samples taken from
different portions of a batch should have essentially the
same unit weight, air content, slump, and coarse aggregate
content. Test methods for uniformity of mixing are given in
ASTM C 94M. The necessary time of mixing will depend
on many factors including batch size, stiffness of the batch,
size and grading of the aggregate, and the efficiency of the
mixer. Excessively long mixing times should be avoided to
guard against grinding of the aggregates.

RS5.9 — Conveying

Each step in the handling and transporting of concrete needs
to be controlled to maintain uniformity within a batch and
from batch to batch. It is essential to avoid segregation of
the coarse aggregate from the mortar or of water from the
other ingredients.
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5.9.2 — Conveying equipment shall be capable of pro-
viding a supply of concrete at site of placement without
separation of ingredients and without interruptions suf-
ficient to permit loss of plasticity between successive
increments.

5.10 — Depositing

5.10.1 — Concrete shall be deposited as nearly as
practical in its final position to avoid segregation due to
rehandling or flowing.

5.10.2 — Concreting shall be carried on at such a rate
that concrete is at all times plastic and flows readily
into spaces between reinforcement.

5.10.3 — Concrete that has partially hardened or been
contaminated by foreign materials shall not be depos-
ited in the structure.

5.10.4 — Retempered concrete or concrete that has
been remixed after initial set shall not be used unless
approved by the engineer.

5.10.5 — After concreting is started, it shall be carried on
as a continuous operation until placing of a panel or sec-
tion, as defined by its boundaries or predetermined joints,
is completed except as permitted or prohibited by 6.4.

5.10.6 — Top surfaces of vertically formed lifts shall be
generally level.

5.10.7 — When construction joints are required, joints
shall be made in accordance with 6.4.

5.10.8 — All concrete shall be thoroughly consolidated
by suitable means during placement and shall be thor-
oughly worked around reinforcement and embedded
fixtures and into corners of forms.
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The code requires the equipment for handling and transport-
ing concrete to be capable of supplying concrete to the place
of deposit continuously and reliably under all conditions
and for all methods of placement. The provisions of 5.9
apply to all placement methods, including pumps, belt con-
veyors, pneumatic systems, wheelbarrows, buggies, crane
buckets, and tremies.

Serious loss in strength can result when concrete is pumped
through pipe made of aluminum or aluminum alloy.5 A1
Hydrogen gas generated by the reaction between the cement
alkalies and the aluminum eroded from the interior of the
pipe surface has been shown to cause strength reduction as
much as 50 percent. Hence, equipment made of aluminum
or aluminum alloys should not be used for pump lines, trem-
ies, or chutes other than short chutes such as those used to
convey concrete from a truck mixer.

RS5.10 — Depositing

Rehandling concrete can cause segregation of the materials.
Hence the code cautions against this practice. Retempering
of partially set concrete with the addition of water should
not be permitted, unless authorized. This does not preclude
the practice (recognized in ASTM C 94M) of adding water
to mixed concrete to bring it up to the specified slump range
so long as prescribed limits on the maximum mixing time
and water-cementitious materials ratio are not violated.

Section 5.10.4 of the 1971 code contained a requirement
that “where conditions make consolidation difficult or
where reinforcement is congested, batches of mortar con-
taining the same proportions of cement, sand, and water as
used in the concrete, shall first be deposited in the forms to a
depth of at least 25 mm” That requirement was deleted from
the 1977 code since the conditions for which it was applica-
ble could not be defined precisely enough to justify its
inclusion as a code requirement. The practice, however, has
merit and should be incorporated in job specifications where
appropriate, with the specific enforcement the responsibility
of the job inspector. The use of mortar batches aids in pre-
venting honeycomb and poor bonding of the concrete with
the reinforcement. The mortar should be placed immedi-
ately before depositing the concrete and should be plastic
(neither stiff nor fluid) when the concrete is placed.

Recommendations for consolidation of concrete are given in
detail in “Guide for Consolidation of Concrete” reported
by ACI Committee 309.512 (Presents current information
on the mechanism of consolidation and gives recommenda-
tions on equipment characteristics and procedures for vari-
ous classes of concrete.)
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5.11 — Curing

5.11.1 — Concrete (other than high-early-strength)
shall be maintained above 10 °C and in a moist condi-
tion for at least the first 7 days after placement, except
when cured in accordance with 5.11.3.

5;11.2 — High-early-strength concrete shall be main-
tained above 10 °C and in a moist condition for at least
the first 3 days, except when cured in accordance with
5.11.3.

5.11.3 — Accelerated curing

5.11.3.1 — Curing by high-pressure steam, steam
at atmospheric pressure, heat and moisture, or other
accepted processes, shall be permitted to accelerate
strength gain and reduce time of curing.

5.11.3.2 — Accelerated curing shall provide a com-
pressive strength of the concrete at the load stage
considered at least equal to required design strength
at that load stage.

5.11.3.3 — Curing process shall be such as to pro-
duce concrete with a durability at least equivalent to
the curing method of 5.11.1 or 5.11.2.

5.11.4 — When required by the engineer or architect,
supplementary strength tests in accordance with 5.6.4
shall be performed to assure that curing is satisfactory.
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RS5.11 — Curing

Recommendations for curing concrete are given in detail in
“Guide to Curing Concrete” reported by ACI Committee
308.513 (Presents basic principles of proper curing and
describes the various methods, procedures, and materials for
curing of concrete.)

R5.11.3 — Accelerated curing

The provisions of this section apply whenever an acceler-
ated curing method is used, whether for precast or cast-in-
place elements. The compressive strength of steam-cured
concrete is not as high as that of similar concrete continu-
ously cured under moist conditions at moderate tempera-
tures. Also the modulus of elasticity E, of steam-cured
specimens may vary from that of specimens moist-cured at
normal temperatures. When steam curing is used, it is advis-
able to base the concrete mixture proportions on steam-
cured test cylinders.

Accelerated curing procedures require careful attention to
obtain uniform and satisfactory results. Preventing moisture
loss during the curing is essential.

R5.11.4 — In addition to requiring a minimum curing tem-
perature and time for normal- and high-early-strength con-
crete, the code provides a specific criterion in 5.6.4 for
judging the adequacy of field curing. At the test age for which
the compressive strength is specified (usually 28 days), field-
cured cylinders should produce strength not less than 85 per-
cent of that of the standard, laboratory-cured cylinders. For a
reasonably valid comparison to be made, field-cured cylin-
ders and companion laboratory-cured cylinders should come
from the same sample. Field-cured cylinders should be cured
under conditions identical to those of the structure. If the
structure is protected from the elements, the cylinder should
be protected.

Cylinders related to members not directly exposed to
weather should be cured adjacent to those members and
provided with the same degree of protection and method of
curing. The field cylinders should not be treated more favor-
ably than the elements they represent. (See 5.6.4 for addi-
tional information.) If the field-cured cylinders do not
provide satisfactory strength by this comparison, measures
should be taken to improve the curing. If the tests indicate a
possible serious deficiency in strength of concrete in the
structure, core tests may be required, with or without sup-
plemental wet curing, to check the structural adequacy, as
provided in 5.6.5.
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5.12 — Cold weather requirements

5.12.1 — Adequate equipment shall be provided for
heating concrete materials and protecting concrete
during freezing or near-freezing weather.

5.12.2 — All concrete materials and all reinforcement,
forms, fillers, and ground with which concrete is to
come in contact shall be free from frost.

5.12.3 — Frozen materials or materials containing ice
shall not be used.

5.13 — Hot weather requirements

During hot weather, proper attention shall be given to
ingredients, production methods, handling, placing,
protection, and curing to prevent excessive concrete
temperatures or water evaporation that could impair
required strength or serviceability of the member or
structure.

COMMENTARY

RS.12 — Cold weather requirements

Recommendations for cold weather concreting are given in
detail in “Cold Weather Concreting” reported by ACI
Committee 306.> 14 (Presents requirements and methods for
producing satisfactory concrete during cold weather.)

R5.13 — Hot weather requirements

Recommendations for hot weather concreting are given in
detail in “Hot Weather Concreting” reported by ACI
Committee 305.51 (Defines the hot weather factors that
effect concrete properties and construction practices and
recommends measures to eliminate or minimize the unde-
sirable effects.)
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6.1 — Design of formwork

6.1.1 — Forms shall result in a final structure that con-
forms to shapes, lines, and dimensions of the members
as required by the design drawings and specifications.

6.1.2 — Forms shall be substantial and sufficiently
tight to prevent leakage of mortar.

6.1.3 — Forms shall be properly braced or tied
together to maintain position and shape.

6.1.4 — Forms and their supports shall be designed
so as not to damage previously placed structure.

6.1.5 — Design of formwork shall include consider-
ation of the following factors:

(a) Rate and method of placing concrete;

(b) Construction loads, including vertical, horizontal,
- and impact loads;

i: (c) Special form requirements for construction of
" shells, folded plates, domes, architectural concrete,
or similar types of elements.

6.1.6 — Forms for prestressed concrete members
shall be designed and constructed to permit move-
ment of the member without damage during applica-
tion of prestressing force.

6.2 — Removal of forms, shores, and
reshoring

6.2.1 — Removal of forms

Forms shall be removed in such a manner as not to
impair safety and serviceability of the structure. Con-
crete exposed by form removal shall have sufficient
strength not to be damaged by removal operation.

6.2.2 — Removal of shores and reshoring

The provisions of 6.2.2.1 through 6.2.2.3 shall apply to
slabs and beams except where cast on the ground.

6.2.2.1 — Before starting construction, the contrac-
tor shall develop a procedure and schedule for
removal of shores and installation of reshores and for
calculating the loads transferred to the structure during
the process.
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R6.1 — Design of formwork

Only minimum performance requirements for formwork,
necessary to provide for public health and safety, are pre-
scribed in Chapter 6. Formwork for concrete, including
proper design, construction, and removal, demands sound
judgment and planning to achieve adequate forms that are
both economical and safe. Detailed information on form-
work for concrete is given in: “Guide to Formwork for
Concrete,” reported by Committee 347.51 (Provides rec-
ommendations for design, construction, and materials for
formwork, forms for special structures, and formwork for
special methods of construction. Directed primarily to con-
tractors, the suggested criteria will aid engineers and archi-
tects in preparing job specifications for the contractors.)

Formwork for Concrete®? prepared under the direction of
ACI Committee 347. (A how-to-do-it handbook for con-
tractors, engineers, and architects following the guidelines
established in ACI 347R. Planning, building, and using
formwork are discussed, including tables, diagrams, and
formulas for form design loads.)

R6.2 — Removal of forms, shores, and
reshoring

In determining the time for removal of forms, consideration
should be given to the construction loads and to the possibil-
ities of deflections.5 The construction loads are frequently
at least as great as the specified live loads. At early ages, a
structure may be adequate to support the applied loads but
may deflect sufficiently to cause permanent damage.

Evaluation of concrete strength during construction may be
demonstrated by field-cured test cylinders or other proce-
dures approved by the building official such as:

(a) Tests of cast-in-place cylinders in accordance with
“Standard Test Method for Compressive Strength of Con-
crete Cylinders Cast-in-Place in Cylindrical Molds”
(ASTM C 873%%). (This method is limited to use in slabs
where the depth of concrete is from 125 to 300 mm);
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(a2) The structural analysis and concrete strength
data used in planning and implementing form
removal and shoring shall be furnished by the con-
tractor to the building official when so requested;

(b) No construction loads shall be supported on, nor
any shoring removed from, any part of the structure
under construction except when that portion of the
structure in combination with remaining forming and
shoring system has sufficient strength to support
safely its weight and loads placed thereon;

(c) Sufficient strength shall be demonstrated by
structural analysis considering proposed loads,
strength of forming and shoring system, and con-
crete strength data. Concrete strength data shall be
based on tests of field-cured cylinders or, when
approved by the building official, on other proce-
dures to evaluate concrete strength.

6.2.2.2 — No construction loads exceeding the com-
bination of superimposed dead load plus specified live
load shall be supported on any unshored portion of the
structure under construction, unless analysis indicates
adequate strength to support such additional loads.

6.2.2.3 — Form supports for prestressed concrete
members shall not be removed until sufficient pre-
stressing has been applied to enable prestressed
members to carry their dead load and anticipated con-
struction loads.

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 318 Building Cc;;

COMMENTARY

(b) Penetration resistance in accordance with “Standard
Test Method for Penetration Resistance of Hardened Con-
crete” (ASTM C 803M°);

(c) Pullout strength in accordance with “Standard Test
Method for Pullout Strength of Hardened Concrete”
(ASTM C 900%9);

(d) Maturity factor measurements and correlation in
accordance with ASTM C 1074.57

Procedures (b), (c), and (d) require sufficient data, using job
materials, to demonstrate correlation of measurements on
the structure with compressive strength of molded cylinders
or drilled cores.

Where the structure is adequately supported on shores, the
side forms of beams, girders, columns, walls, and similar
vertical forms may generally be removed after 12 h of
cumulative curing time, provided the side forms support no
loads other than the lateral pressure of the plastic concrete.
Cumulative curing time represents the sum of time intervals,
not necessarily consecutive, during which the temperature
of the air surrounding the concrete is above 10 °C. The 12-h
cumulative curing time is based on regular cements and
ordinary conditions; the use of special cements or unusual
conditions may require adjustment of the given limits. For
example, concrete made with Type II or V (ASTM C 150)
or ASTM C 595 cements, concrete containing retarding
admixtures, and concrete to which ice was added during
mixing (to lower the temperature of fresh concrete) may not
have sufficient strength in 12 h and should be investigated
before removal of formwork.

The removal of formwork for multistory construction
should be a part of a planned procedure considering the
temporary support of the whole structure as well as that of
each individual member. Such a procedure should be
worked out prior to construction and should be based on a
structural analysis taking into account the following items,
as a minimum:

(a) The structural system that exists at the various stages
of construction and the construction loads corresponding
to those stages;

(b) The strength of the concrete at the various ages during
construction;

(c) The influence of deformations of the structure and
shoring system on the distribution of dead loads and con-
struction loads during the various stages of construction;

(d) The strength and spacing of shores or shoring systems
used, as well as the method of shoring, bracing, shore
removal, and reshoring including the minimum time
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6.3 — Conduits and pipes embedded in
concrete

6.3.1 — Conduits, pipes, and sleeves of any material
not harmful to concrete and within limitations of 6.3
shall be permitted to be embedded in concrete with
approval of the engineer, provided they are not consid-
ered to replace structurally the displaced concrete,
except as provided in 6.3.6.

6.3.2 — Conduits and pipes of aluminum shall not be
embedded in structural concrete unless effectively
coated or covered to prevent aluminum-concrete reac-
tion or electrolytic action between aluminum and steel.

6.3.3 — Conduits, pipes, and sleeves passing through
a slab, wall, or beam shall not impair significantly the
strength of the construction.

6.3.4 — Conduits and pipes, with their fittings, embed-
ded within a column shall not displace more than 4
percent of the area of cross section on which strength
is calculated or which is required for fire protection.

6.3.5 — Except when drawings for conduits and pipes
are approved by the structural engineer, conduits and
pipes embedded within a slab, wall, or beam (other
than those merely passing through) shall satisfy
6.3.5.1 through 6.3.5.3.

6.3.5.1 — They shall not be larger in outside dimen-
sion than 1/3 the overall thickness of slab, wall,
beam in which they are embedded.

COMMENTARY

intervals between the various operations;

(e) Any other loading or condition that affects the safety
or serviceability of the structure during construction.

For multistory construction, the strength of the concrete
during the various stages of construction should be substan-
tiated by field-cured test specimens or other approved
methods.

R6.3 — Conduits and pipes embedded in
concrete

R6.3.1 — Conduits, pipes, and sleeves not harmful to con-
crete can be embedded within the concrete, but the work
should be done in such a manner that the structure will not
be endangered. Empirical rules are given in 6.3 for safe
installations under common conditions; for other than com-
mon conditions, special designs should be made. Many gen-
eral building codes have adopted ANSI/ASME piping codes
B 31.1 for power piping6'8 and B 31.3 for chemical and
petroleum piping.6'9 The specifier should be sure that the
appropriate piping codes are used in the design and testing
of the system. The contractor should not be permitted to
install conduits, pipes, ducts, or sleeves that are not shown
on the plans or not approved by the engineer or architect.

For the integrity of the structure, it is important that all con-
duit and pipe fittings within the concrete be carefully assem-
bled as shown on the plans or called for in the job
specifications.

R6.3.2 — The code prohibits the use of aluminum in struc-
tural concrete unless it is effectively coated or covered. Alu-
minum reacts with concrete and, in the presence of chloride
ions, may also react electrolytically with steel, causing
cracking and/or spalling of the concrete. Aluminum electri-
cal conduits present a special problem since stray electric
current accelerates the adverse reaction.
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6.3.5.2 — They shall not be spaced closer than 3
diameters or widths on center.

6.3.5.3 — They shall not impair significantly the
strength of the construction.

6.3.6 — Conduits, pipes, and sleeves shall be permit-
ted to be considered as replacing structurally in com-
pression the displaced concrete provided in 6.3.6.1
through 6.3.6.3.

6.3.6.1 — They are not exposed to rusting or other
deterioration.

6.3.6.2 — They are of uncoated or galvanized iron or
steel not thinner than standard Schedule 40 steel pipe.

6.3.6.3 — They have a nominal inside diameter not
over 50 mm and are spaced not less than 3 diameters
on centers.

6.3.7 — Pipes and fittings shall be designed to resist
effects of the material, pressure, and temperature to
which they will be subjected.

6.3.8 — No liquid, gas, or vapor, except water not
exceeding 32 °C nor 0.35 MPa pressure, shall be
placed in the pipes until the concrete has attained its
design strength.

6.3.9 — In solid slabs, piping, unless it is for radiant
heating or snow melting, shall be placed between top
and bottom reinforcement.

6.3.10 — Concrete cover for pipes, conduits, and fittings
shall not be less than 40 mm for concrete exposed to
earth or weather, nor less than 20 mm for concrete not
exposed to weather or in contact with ground.

6.3.11 — Reinforcement with an area not less than
0.002 times area of concrete section shall be provided
normal to piping.

6.3.12 — Piping and conduit shall be so fabricated and
installed that cutting, bending, or displacement of rein-
forcement from its proper location will not be required.

6.4 — Construction joints

6.4.1 — Surface of concrete construction joints shall
be cleaned and laitance removed.
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R6.3.7 — The 1983 code limited the maximum pressure in
embedded pipe to 1.4 MPa, which was considered too
restrictive. Nevertheless, the effects of such pressures and
the expansion of embedded pipe should be considered in the
design of the concrete member.

R6.4 — Construction joints

For the integrity of the structure, it is important that all con-
struction joints be defined in construction documents and
constructed as required. Any deviations should be approved
by the engineer or architect.
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6.4.2 — Immediately before new concrete is placed,
all construction joints shall be wetted and standing
water removed.

6.4.3 — Construction joints shall be so made and
located as not to impair the strength of the structure.
Provision shall be made for transfer of shear and other
forces through construction joints. See 11.7.9.

6.4.4 — Construction joints in floors shall be located
within the middle third of spans of slabs, beams, and
| girders.

6.4.5 — Construction joints in girders shall be offset a
minimum distance of two times the width of inter-
secting beams.

| 6.4.6 — Beams, girders, or slabs supported by col-
umns or walls shall not be cast or erected until con-
crete in the vertical support members is no longer
plastic.

| 6;4.7 — Beams, girders, haunches, drop panels, and
capitals shall be placed monolithically as part of a slab
system, unless otherwise shown in design drawings or
specifications.
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R6.4.2 — The requirements of the 1977 code for the use of
neat cement on vertical joints have been removed, since it is
rarely practical and can be detrimental where deep forms
and steel congestion prevent proper access. Often wet blast-
ing and other procedures are more appropriate. Because the
code sets only minimum standards, the engineer may have
to specify special procedures if conditions warrant. The
degree to which mortar batches are needed at the start of
concrete placement depend on concrete proportions, conges-
tion of steel, vibrator access, and other factors.

R6.4.3 — Construction joints should be located where they
will cause the least weakness in the structure. When shear
due to gravity load is not significant, as is usually the case in
the middle of the span of flexural members, a simple vertical
joint may be adequate. Lateral force design may require spe-
cial design treatment of construction joints. Shear keys,
intermittent shear keys, diagonal dowels, or the shear trans-
fer method of 11.7 may be used whenever a force transfer is
required.

R6.4.6 — Delay in placing concrete in members supported
by columns and walls is necessary to prevent cracking at the
interface of the slab and supporting member caused by
bleeding and settlement of plastic concrete in the supporting
member.

R6.4.7 — Separate placement of slabs and beams,
haunches, and similar elements is permitted when shown on
the drawings and where provision has been made to transfer
forces as required in 6.4.3.
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CHAPTER 7 — DETAILS OF REINFORCEMENT

CODE

7.1 — Standard hooks

The term standard hook as used in this code shall
mean one of the following:

7.1.1 — 180-deg bend plus 4d,, extension, but not less
than 65 mm at free end of bar.

7.1.2 — 90-deg bend plus 12d,, extension at free end
of bar.

7.1.3 — For stirrup and tie hooks

(a) No. 16 bar and smaller, 90-deg bend plus 6d,
extension at free end of bar; or

(b) No. 19, No. 22, and No. 25 bar, 90-deg bend plus
12d,, extension at free end of bar; or

(c) No. 25 bar and smaller, 135-deg bend plus 6d,
extension at free end of bar.

7.1.4 — Seismic hooks as defined in 21.1.
7.2 — Minimum bend diameters

7.2.1 — Diameter of bend measured on the inside of
the bar, other than for stirrups and ties in sizes No. 10
through No. 16, shall not be less than the values in
Table 7.2.

7.2.2 — Inside diameter of bend for stirrups and ties
shall not be less than 4d,, for No. 16 bar and smaller.
For bars larger than No. 16, diameter of bend shall be
in accordance with Table 7.2.

7.2.3 — Inside diameter of bend in welded wire rein-
forcement for stirrups and ties shall not be less than
4d, for deformed wire larger than MD40 and 2d), for all
other wires. Bends with inside diameter of less than
8d,, shall not be less than 4d, from nearest welded
intersecton.
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R7.1 — Standard hooks

Recommended methods and standards for preparing design
drawings, typical details, and drawings for the fabrication
and placing of reinforcing steel in reinforced concrete struc-
tures are given in the ACI Detailing Manual, reported by
ACI Committee 315.71

All provisions in the code relating to bar, wire, or strand
diameter (and area) are based on the nominal dimensions of
the reinforcement as given in the appropriate ASTM specifi-
cation. Nominal dimensions are equivalent to those of a cir-
cular area having the same weight per foot as the ASTM
designated bar, wire, or strand sizes. Cross-sectional area of
reinforcement is based on nominal dimensions.

R7.1.3 — Standard stirrup and tie hooks are limited to No. 25
bars and smaller, and the 90-deg hook with 6d}, extension is
further limited to No. 16 bars and smaller, in both cases as the
result of research showing that larger bar sizes with 90-deg
hooks and 6d,, extensions tend to pop out under high load.

R7.2 — Minimum bend diameters

Standard bends in reinforcing bars are described in terms
of the inside diameter of bend since this is easier to mea-
sure than the radius of bend. The primary factors affecting
the minimum bend diameter are feasibility of bending
without breakage and avoidance of crushing the concrete
inside the bend.

R7.2.2 — The minimum 44}, bend for the bar sizes commonly
used for stirrups and ties is based on accepted industry
practice in the United States. Use of a stirrup bar size not
greater than No. 16 for either the 90-deg or 135-deg standard
stirrup hook will permit multiple bending on standard stirrup
bending equipment.

R7.2.3 — Welded wire reinforcement can be used for stirrups
and ties. The wire at welded intersections does not have the
same uniform ductility and bendability as in areas which
were not heated. These effects of the welding temperature
are usually dissipated in a distance of approximately four
wire diameters. Minimum bend diameters permitted are in
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TABLE 7.2—MINIMUM DIAMETERS OF BEND

Bar size Minimum diameter

No. 10 through No. 25 6dp

No. 29, No. 32, and No. 36 8d,

No. 43 and No. 57 10d,

7.3 — Bending

7.3.1 — All reinforcement shall be bent cold, unless
otherwise permitted by the engineer.

7.3.2 — Reinforcement partially embedded in con-
crete shall not be field bent, except as shown on the
design drawings or permitted by the engineer.

7.4 — Surface conditions of reinforcement

7.4.1—At the time concrete is placed, reinforcement
shall be free from mud, oil, or other nonmetallic coat-
ings that decrease bond. Epoxy-coating of steel rein-
forcement in accordance with standards referenced in
3.5.3.7 and 3.5.3.8 shall be permitted.

7.4.2 — Except for prestressing steel, steel reinforce-
ment with rust, mill scale, or a combination of both
shall be considered satisfactory, provided the mini-
mum dimensions (including height of deformations)
and weight of a hand-wire-brushed test specimen
comply with applicable ASTM specifications refer-
enced in 3.5.
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most cases the same as those required in the ASTM bend
tests for wire material (ASTM A 82 and A 496).

R7.3 — Bending

R7.3.1 — The engineer may be the design engineer or
architect or the engineer or architect employed by the owner
to perform inspection. For unusual bends with inside diame-
ters less than ASTM bend test requirements, special fabrica-
tion may be required.

R7.3.2 — Construction conditions may make it necessary to
bend bars that have been embedded in concrete. Such field
bending should not be done without authorization of the
engineer. The engineer should determine whether the bars
should be bent cold or if heating should be used. Bends
should be gradual and should be straightened as required.

Tests”>7-3 have shown that A 615M Grade 280 and Grade 420
reinforcing bars can be cold bent and straightened up to 90
deg at or near the minimum diameter specified in 7.2. If
cracking or breakage is encountered, heating to a maximum
temperature of 820 °C may avoid this condition for the
remainder of the bars. Bars that fracture during bending or
straightening can be spliced outside the bend region.

Heating should be performed in a manner that will avoid
damage to the concrete. If the bend area is within approxi-
mately 150 mm of the concrete, some protective insulation
may need to be applied. Heating of the bar should be con-
trolled by temperature-indicating crayons or other suitable
means. The heated bars should not be artificially cooled
(with water or forced air) until after cooling to at least 320 °C.

R7.4 — Surface conditions of reinforcement

Specific limits on rust are based on tests,’ 4 plus a review
of earlier tests and recommendations. Reference 7.4 pro-
vides guidance with regard to the effects of rust and mill
scale on bond characteristics of deformed reinforcing bars.
Research has shown that a normal amount of rust increases
bond. Normal rough handling generally removes rust that
is loose enough to injure the bond between the concrete
and reinforcement.
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7.4.3 — Prestressing steel shall be clean and free of
oil, dirt, scale, pitting and excessive rust. A light coat-
ing of rust shall be permitted.

7.5 — Placing reinforcement

7.5.1 — Reinforcement, including tendons, and post-
tensioning ducts shall be accurately placed and ade-
quately supported before concrete is placed, and shall
be secured against displacement within tolerances
permitted in 7.5.2.

7.5.2 — Unless otherwise specified by the registered
design professional, reinforcement, including tendons,
and post-tensioning ducts shall be placed within the
tolerances in 7.5.2.1 and 7.5.2.2.

7.5.2.1 — Tolerance for d and minimum concrete
cover in flexural members, walls, and compression
members shall be as follows:

[Tolerance on minimum

Tolerance on d concrete cover

d <200 mm
d> 200 mm

+10 mm —10 mm

+13 mm

—13 mm

except that tolerance for the clear distance to formed
soffits shall be minus 6 mm and tolerance for cover
shall not exceed minus 1/3 the minimum concrete cover
required in the design drawings and specifications.

7.5.2.2 — Tolerance for longitudinal location of
bends and ends of reinforcement shall be + 50 mm,
except the tolerance shall be + 13 mm at the discontin-
uous ends of brackets and corbels, and £ 25 mm at

COMMENTARY

R7.4.3 — Guidance for evaluating the degree of rusting on
strand is given in Reference 7.5.

R7.5 — Placing reinforcement

R7.5.1 — Reinforcement, including tendons, and post-
tensioning ducts should be adequately supported in the
forms to prevent displacement by concrete placement or
workers. Beam stirrups should be supported on the bottom
form of the beam by positive supports such as continuous
longitudinal beam bolsters. If only the longitudinal beam
bottom reinforcement is supported, construction traffic can
dislodge the stirrups as well as any prestressing tendons tied
to the stirrups.

R7.5.2 — Generally accepted practice, as reflected in
“Standard Specifications for Tolerances for Concrete
Construction and Materials,” reported by ACI Committee
117.76 has established tolerances on total depth (formwork or
finish) and fabrication of truss bent reinforcing bars and
closed ties, stirrups, and spirals. The engineer should specify
more restrictive tolerances than those permitted by the code
when necessary to minimize the accumulation of tolerances
resulting in excessive reduction in effective depth or cover.

More restrictive tolerances have been placed on minimum
clear distance to formed soffits because of its importance for
durability and fire protection, and because bars are usually
supported in such a manner that the specified tolerance is
practical.

More restrictive tolerances than those required by the code
may be desirable for prestressed concrete to achieve camber
control within limits acceptable to the designer or owner. In
such cases, the engineer should specify the necessary toler-
ances. Recommendations are given in Reference 7.7.

R7.5.2.1 — The code specifies a tolerance on depth d, an
essential component of strength of the member. Because rein-
forcing steel is placed with respect to edges of members and
formwork surfaces, the depth d is not always conveniently
measured in the field. Engineers should specify tolerances for

bar placement, cover, and member size. See ACI 1 17.76
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the discontinuous ends of other members. The toler-
ance for minimum concrete cover of 7.5.2.1 shall also
apply at discontinuous ends of members.

7.5.3 — Welded wire reinforcement (with wire size not
greater than MW 30 or MD 30) used in slabs not exceeding
3 m in span shall be permitted to be curved from a point
near the top of slab over the support to a point near the
bottom of slab at midspan, provided such reinforcement is
either continuous over, or securely anchored at support.

7.5.4 — Welding of crossing bars shall not be permitted
for assembly of reinforcement unless authorized by the
engineer.

7.6 — Spacing limits for reinforcement

7.6.1 — The minimum clear spacing between parallel
bars in a layer shall be d, but not less than 25 mm
See also 3.3.2.

7.6.2 — Where parallel reinforcement is placed in two
or more layers, bars in the upper layers shall be placed
directly above bars in the bottom layer with clear dis-
tance between layers not less than 25 mm.

7.6.3 — In spirally reinforced or tied reinforced com-
pression members, clear distance between longitudi-
nal bars shall be not less than 1.5d,, nor less than 40
mm. See also 3.3.2.

7.6.4 — Clear distance limitation between bars shall
apply also to the clear distance between a contact lap
splice and adjacent splices or bars.

7.6.5 — In walls and slabs other than concrete joist
construction, primary flexural reinforcement shall not
be spaced farther apart than three times the wall or
slab thickness, nor farther apart than 450 mm.

7.6.6 — Bundled bars

7.6.6.1 — Groups of parallel reinforcing bars bun-
dled in contact to act as a unit shall be limited to four in
any one bundle.

7.6.6.2 — Bundled bars shall be enclosed within
stirrups or ties.

7.6.6.3 — Bars larger than No. 36 shall not be bun-
dled in beams.

7.6.6.4 — Individual bars within a bundle terminated
within the span of flexural members shall terminate at
different points with at least 40dj, stagger.
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R7.5.4 — “Tack” welding (welding crossing bars) can seri-
ously weaken a bar at the point welded by creating a metal-
lurgical notch effect. This operation can be performed safely
only when the material welded and welding operations are
under continuous competent control, as in the manufacture
of welded wire reinforcement.

R7.6 — Spacing limits for reinforcement

Although the minimum bar spacings are unchanged in this
code, the development lengths given in Chapter 12 became
a function of the bar spacings since the 1989 code. As a
result, it may be desirable to use larger than minimum bar
spacings in some cases. The minimum limits were origi-
nally established to permit concrete to flow readily into
spaces between bars and between bars and forms without
honeycomb, and to ensure against concentration of bars on a
line that may cause shear or shrinkage cracking. Use of
nominal bar diameter to define minimum spacing permits a
uniform criterion for all bar sizes.

R7.6.6 — Bundled bars

Bond research’® showed that bar cutoffs within bundles
should be staggered. Bundled bars should be tied, wired, or
otherwise fastened together to ensure remaining in position
whether vertical or horizontal.

A limitation that bars larger than No. 36 not be bundled in
beams or girders is a practical limit for application to building
size members. (The “Standard Specifications for Highway
Bridges”7'9 permits two-bar bundles for No. 43 and No. 57
bars in bridge girders.) Conformance to the crack control
requirements of 10.6 will effectively preclude bundling of
bars larger than No. 36 as tensile reinforcement. The code
phrasing “bundled in contact to act as a unit,” is intended to
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7.6.6.5 — Where spacing limitations and minimum
concrete cover are based on bar diameter, dj, a unit of
bundled bars shall be treated as a single bar of a
diameter derived from the equivalent total area.

7.6.7 — Tendons and ducts

7.6.7.1 — Center-to-center spacing of pretensioning
tendons at each end of a member shall be not less
than 4d, for strands, or 5d,, for wire, except that if
specified compressive strength of concrete at time of
initial prestress, f;, is 28 MPa or more, minimum center-
to-center spacing of strands shall be 45 mm for strands
of 13 mm nominal diameter or smaller and 50 mm for
strands of 15 mm nominal diameter. See also 3.3.2.
Closer vertical spacing and bundling of tendons shall
be permitted in the middle portion of a span.

7.6.7.2 — Bundling of post-tensioning ducts shall be
permitted if shown that concrete can be satisfactorily
placed and if provision is made to prevent the
prestressing steel, when tensioned, from breaking
through the duct.

7.7 — Concrete protection for reinforcement
7.7.1 — Cast-in-place concrete (nonprestressed)
The following minimum concrete cover shall be pro-

vided for reinforcement, but shall not be less than
required by 7.7.5 and 7.7.7:

Minimum
cover,mm
(a) Concrete cast against and
permanently exposed to earth............ccccevnneeeeenn. 75
(b) Concrete exposed to earth or weather:
No. 19 through No. 57 bars...........cceeeeuunne 50
No. 16 bar, MW 200 or MD 200 wire,
and smaller ... 40
(c) Concrete not exposed to weather
or in contact with ground:
Slabs, walls, joists:
No. 43 and No. 57 bars ........cccceeveeeeennn. 40
No. 36 bar and smaller............cccccceeeeen. 20
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preclude bundling more than two bars in the same plane. Typ-
ical bundle shapes are triangular, square, or L-shaped patterns
for three- or four-bar bundles. As a practical caution, bundles
more than one bar deep in the plane of bending should not be
hooked or bent as a unit. Where end hooks are required, it is
preferable to stagger the individual bar hooks within a bundle.

R7.6.7 — Tendons and ducts

R7.6.7.1 — The allowed decreased spacing in this section
for transfer strengths of 28 MPa or greater is based on
Reference 7.10, 7.11.

R7.6.7.2 — When ducts for prestressing steel in a beam
are arranged closely together vertically, provision should be
made to prevent the prestressing steel from breaking
through the duct when tensioned. Horizontal disposition of
ducts should allow proper placement of concrete. A clear
spacing of one and one-third times the size of the coarse
aggregate, but not less than 25 mm, has proven satisfactory.
Where concentration of tendons or ducts tends to create a
weakened plane in the concrete cover, reinforcement should
be provided to control cracking.

R7.7 — Concrete protection for reinforcement

Concrete cover as protection of reinforcement against
weather and other effects is measured from the concrete sur-
face to the outermost surface of the steel to which the cover
requirement applies. Where minimum cover is prescribed
for a class of structural member, it is measured to the outer
edge of stirrups, ties, or spirals if transverse reinforcement
encloses main bars; to the outermost layer of bars if more
than one layer is used without stirrups or ties; or to the metal
end fitting or duct on post-tensioned prestressing steel.

The condition “concrete surfaces exposed to earth or
weather” refers to direct exposure to moisture changes and
not just to temperature changes. Slab or thin shell soffits are
not usually considered directly exposed unless subject to
alternate wetting and drying, including that due to conden-
sation conditions or direct leakage from exposed top sur-
face, run off, or similar effects.

Alternative methods of protecting the reinforcement from
weather may be provided if they are equivalent to the addi-
tional concrete cover required by the code. When approved
by the building official under the provisions of 1.4, rein-
forcement with alternative protection from the weather may
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Beams, columns:
Primary reinforcement, ties,

stirrups, spirals ... 40
Shells, folded plate members:

No. 19 bar and larger...........cccveverennee 20

No. 16 bar, MW 200 or MD 200 wire,

and smaller.......ccoceeeeeiiiiiiieeiieeiceeeeee, 13

7.7.2 — Cast-in-place concrete (prestressed)

The following minimum concrete cover shall be provided
for prestressed and nonprestressed reinforcement,
ducts, and end fittings, but shall not be less than
required by 7.7.5,7.7.5.1, and 7.7.7:

Minimum
; cover, mm
(a) Concrete cast against and
permanently exposed to earth ............................. 75
(b) Concrete exposed to earth or weather:
Wall panels, slabs, joistS.........ccccceiiiieeeennnne 25
Other MembErs.......ccvveeeeiieiiccciieeeee e 40
(c) Concrete not exposed to
weather or in contact with ground:
Slabs, walls, jOiStS .......ccevvvveeeiiiiiiiieee, 20
Beams, columns:
Primary reinforcement..........cccccceveveeniinne. 40
Ties, stirrups, spirals ......coooevveieveieiiciinnnnnn. 25

Shells, folded plate members:
No. 16 bar, MW 200 or MD 200 wire,

and smaller.......cccciieieiiieeeee e 10

Other reinforcement ......coveervssennnnns dp, but not

less than 20

7.7.3 — Precast concrete (manufactured under

plant control conditions)

The following minimum concrete cover shall be provided
for prestressed and nonprestressed reinforcement,
ducts, and end fittings, but shall not be less than
required by 7.7.5,7.7.5.1,and 7.7.7:

Minimum
cover,mm
(a) Concrete exposed to earth or weather:

Wall panels:
No. 43 and No. 57 bars, prestressing
tendons larger than 40 mm
diameter.....coooi i 40
No. 36 bar and smaller, prestressing
tendons 40 mm diameter and smaller,
MW 200 and MD 200 wire and smaller.... 20
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have concrete cover not less than the cover required for rein-
forcement not exposed to weather.

The development length given in Chapter 12 is now a func-
tion of the bar cover. As a result, it may be desirable to use
larger than minimum cover in some cases.

R7.7.3 — Precast concrete (manufactured under plant
control conditions)

The lesser cover thicknesses for precast construction reflect
the greater convenience of control for proportioning, placing,
and curing inherent in precasting. The term “manufactured
under plant control conditions” does not specifically imply
that precast members should be manufactured in a plant.
Structural elements precast at the job site will also qualify
under this section if the control of form dimensions, placing
of reinforcement, quality control of concrete, and curing pro-
cedure are equal to that normally expected in a plant.

Concrete cover to pretensioned strand as described in this
section is intended to provide minimum protection against
weather and other effects. Such cover may not be sufficient to
transfer or develop the stress in the strand, and it may be nec-
essary to increase the cover accordingly.
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Other members:
No. 43 and No. 57 bars, prestressing
tendons larger than 40 mm diameter ..... 50
No. 19 through No. 36 bars, prestressing
tendons larger than 16 mm diameter
through 40 mm diameter .............cccec... 40
No. 16 bar and smaller, prestressing
tendons 16 mm diameter and smaller,
MW 200 and MD 200 wire, and smaller . 30

(b) Concrete not exposed to weather
or in contact with ground:

Slabs, walls, joists:
No. 43 and No. 57 bars, prestressing
tendons larger than 40 mm

diameter ..., 30
Prestressing tendons 40 mm
diameter and smaller..................cooeee. 20

No. 36 bar and smaller,
MW 200 or MD 200 wire, and smaller... 16

Beams, columns:

Primary reinforcement ........ dp, but not less

than 16 and need not

exceed 40

Ties, stirrups, spirals ........cccceecveeeeennnen 10
Shells, folded plate members:

Prestressing tendons ............cccccviieeeen. 20

No. 19 bar and larger ........c.coceeeernnnn 16

No. 16 bar and smaller,
MW 200 or MD 200 wire, and smaller.... 10

7.7.4 — Bundled bars

For bundled bars, minimum concrete cover shall be
equal to the equivalent diameter of the bundle, but
need not be greater than 50 mm; except for concrete
cast against and permanently exposed to earth, where
minimum cover shall be 75 mm.

7.7.5— Corrosive environments

In corrosive environments or other severe exposure
conditions, amount of concrete protection shall be suit-
ably increased, and denseness and nonporosity of
protecting concrete shall be considered, or other pro-
tection shall be provided.

COMMENTARY

R7.7.5 — Corrosive environments

Where concrete will be exposed to external sources of chlo-
rides in service, such as deicing salts, brackish water, sea-
water, or spray from these sources, concrete should be
proportioned to satisfy the special exposure requirements of
Chapter 4. These include minimum air content, maximum
water-cementitious materials ratio, minimum strength for
normal weight and lightweight concrete, maximum chloride
ion in concrete, and cement type. Additionally, for corrosion
protection, a minimum concrete cover for reinforcement of
50 mm for walls and slabs and 65 mm for other members is
recommended. For precast concrete manufactured under
plant control conditions, a minimum cover of 40 and 50 mm,
respectively, is recommended.

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 31 8 B u i Id i ng Licensee=Black & Veatch/5910842100 ‘}ary

Not for Resale, 11/28/2005 18:20:15 MST



86 CHAPTER 7

CODE

7.7.5.1 — For prestressed concrete members
exposed to corrosive environments or other severe
exposure conditions, and which are classified as Class
T or C in 18.3.3, minimum cover to the prestressed
reinforcement shall be increased 50 percent. This
requirement shall be permitted to be waived if the pre-
compressed tensile zone is not in tension under sus-
tained loads.

7.7.6 — Future extensions

Exposed reinforcement, inserts, and plates intended
for bonding with future extensions shall be protected
from corrosion.

7.7.7 — Fire protection

When the general building code (of which this code
forms a part) requires a thickness of cover for fire pro-
tection greater than the minimum concrete cover spec-
ified in 7.7, such greater thicknesses shall be used.

7.8 — Special reinforcement details for
columns

7.8.1 — Offset bars
Offset bent longitudinal bars shall conform to the following:

7.8.1.1 — Slope of inclined portion of an offset bar
with axis of column shall not exceed 1 in 6.

7.8.1.2 — Portions of bar above and below an offset
shall be parallel to axis of column.

7.8.1.3 — Horizontal support at offset bends shall
be provided by lateral ties, spirals, or parts of the floor
construction. Horizontal support provided shall be
designed to resist 1-1/2 times the horizontal compo-
nent of the computed force in the inclined portion of an
offset bar. Lateral ties or spirals, if used, shall be
placed not more than 150 mm from points of bend.

7.8.1.4 — Offset bars shall be bent before place-
ment in the forms. See 7.3.

7.8.1.5 — Where a column face is offset 75 mm or
greater, longitudinal bars shall not be offset bent.
Separate dowels, lap spliced with the longitudinal bars
adjacent to the offset column faces, shall be provided.
Lap splices shall conform to 12.17.
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R7.7.5.1 — Corrosive environments are defined in sec-
tions 4.4.2 and R4.4.2. Additional information on corrosion
in parking structures is given in ACI 362.1R-97,712 “Design
of Parking Structures,” pp. 21-26.

R7.8 — Special reinforcement details for
columns
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7.8.2 — Steel cores

Load transfer in structural steel cores of composite com-
pression members shall be provided by the following:

7.8.2.1 — Ends of structural steel cores shall be
accurately finished to bear at end bearing splices, with
positive provision for alignment of one core above the
other in concentric contact.

7.8.2.2 — At end bearing splices, bearing shall be
considered effective to transfer not more than 50 per-
cent of the total compressive stress in the steel core.

7.8.2.3 — Transfer of stress between column base
and footing shall be designed in accordance with 15.8.

7.8.2.4 — Base of structural steel section shall be
designed to transfer the total load from the entire com-
posite member to the footing; or, the base shall be
designed to transfer the load from the steel core only,
provided ample concrete section is available for trans-
fer of the portion of the total load carried by the rein-
forced concrete section to the footing by compression
. in the concrete and by reinforcement.

7.9 — Connections

¢ 7.9.1 — At connections of principal framing elements
~ (such as beams and columns), enclosure shall be provided
- for splices of continuing reinforcement and for anchorage of
~ reinforcement terminating in such connections.

7.9.2 — Enclosure at connections shall consist of exter-
nal concrete or internal closed ties, spirals, or stirrups.

7.10 — Lateral reinforcement for
compression members

7.10.1 — Lateral reinforcement for compression mem-
bers shall conform to the provisions of 7.10.4 and
7.10.5 and, where shear or torsion reinforcement is
required, shall also conform to provisions of Chapter 11.

7.10.2 — Lateral reinforcement requirements for com-
posite compression members shall conform to 10.16.
Lateral reinforcement requirements for tendons shall
conform to 18.11.

7.10.3 — It shall be permitted to waive the lateral rein-
forcement requirements of 7.10, 10.16, and 18.11
where tests and structural analysis show adequate
strength and feasibility of construction.
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R7.8.2 — Steel cores

The 50 percent limit on transfer of compressive load by end
bearing on ends of structural steel cores is intended to pro-
vide some tensile capacity at such splices (up to 50 percent),
since the remainder of the total compressive stress in the
steel core are to be transmitted by dowels, splice plates,
welds, etc. This provision should ensure that splices in com-
posite compression members meet essentially the same ten-
sile capacity as required for conventionally reinforced
concrete compression members.

R7.9 — Connections

Confinement is essential at connections to ensure that the
flexural capacity of the members can be developed without
deterioration of the joint under repeated loadings.7'13’7'14

R7.10 — Lateral reinforcement for
compression members

R7.10.3 — Precast columns with cover less than 40 mm,
prestressed columns without longitudinal bars, columns
smaller than minimum dimensions prescribed in earlier
code editions, columns of concrete with small size coarse
aggregate, wall-like columns, and other special cases may
require special designs for lateral reinforcement. Wire, MW 25,
MD 25, or larger, may be used for ties or spirals. If such
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7.10.4 — Spirals

Spiral reinforcement for compression members shall
conform to 10.9.3 and to the following:

7.10.4.1 — Spirals shall consist of evenly spaced
continuous bar or wire of such size and so assembled
to permit handling and placing without distortion from
designed dimensions.

7.10.4.2 — For cast-in-place construction, size of
spirals shall not be less than 10 mm diameter.

7.10.4.3 — Clear spacing between spirals shall not
exceed 75 mm, nor be less than 25 mm. See also 3.3.2.

7.10.4.4 — Anchorage of spiral reinforcement shall
be provided by 1-1/2 extra turns of spiral bar or wire at
each end of a spiral unit.

7.10.4.5 — Spiral reinforcement shall be spliced, if
needed, by any one of the following methods:

(a) Lap splices not less than the larger of 300 mm and
the length indicated in one of (1) through (5) below:
(1) deformed uncoated bar or wire.......... 48d,
(2) plain uncoated bar or wire ................. 72d,
(3) epoxy-coated deformed bar or wire...
(4) plain uncoated bar or wire with
a standard stirrup or tie hook in
accordance with 7.1.3 at ends
of lapped spiral reinforcement.
The hooks shall be embedded
within the core confined by the
spiral reinforcement ..........ccccoeeieeenn. 48d,
(5) epoxy-coated deformed bar or wire
with a standard stirrup or tie hook in
accordance with 7.1.3 at ends of
lapped spiral reinforcement. The
hooks shall be embedded within the
core confined by the spiral
reinforcement..........occoceeiiiien e, 48d,

(b) Full mechanical or welded splices in accordance
with 12.14.3.

7.10.4.6 — Spirals shall extend from top of footing
or slab in any story to level of lowest horizontal rein-
forcement in members supported above.
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special columns are considered as spiral columns for load
strength in design, the volumetric reinforcement ratio for
the spiral, py, is to conform to 10.9.3.

R7.10.4 — Spirals

For practical considerations in cast-in-place construction,
the minimum diameter of spiral reinforcement is 10 mm
(10 mm round, No. 10 bar, or equivalent deformed or plain
wire). This is the smallest size that can be used in a column
with 40 mm or more cover and having concrete compressive
strengths of 21 MPa or more if the minimum clear spacing
for placing concrete is to be maintained.

Standard spiral sizes are 10, 13, and 16 mm diameter for hot
rolled or cold drawn material, plain or deformed.

The code allows spirals to be terminated at the level of low-
est horizontal reinforcement framing into the column. How-
ever, if one or more sides of the column are not enclosed by
beams or brackets, ties are required from the termination of
the spiral to the bottom of the slab or drop panel. If beams or
brackets enclose all sides of the column but are of different
depths, the ties should extend from the spiral to the level of
the horizontal reinforcement of the shallowest beam or
bracket framing into the column. These additional ties are to
enclose the longitudinal column reinforcement and the por-
tion of bars from beams bent into the column for anchorage.
See also 7.9.

Spirals should be held firmly in place, at proper pitch and
alignment, to prevent displacement during concrete placement.
The code has traditionally required spacers to hold the fabri-
cated spiral cage in place but was changed in 1989 to allow
alternate methods of installation. When spacers are used, the
following may be used for guidance: For spiral bar or wire
smaller than 16 mm diameter, a minimum of two spacers
should be used for spirals less than 500 mm in diameter, three
spacers for spirals 500 to 750 mm in diameter, and four spacers
for spirals greater than 750 mm in diameter. For spiral bar or
wire 16 mm diameter or larger, a minimum of three spacers
should be used for spirals 600 mm or less in diameter, and four
spacers for spirals greater than 600 mm in diameter. The
project specifications or subcontract agreements should be
clearly written to cover the supply of spacers or field tying of
the spiral reinforcement. In the 1999 code, splice requirements
were modified for epoxy-coated and plain spirals and to allow
mechanical splices.
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7.10.4.7 — Where beams or brackets do not frame
into all sides of a column, ties shall extend above ter-
mination of spiral to bottom of slab or drop panel.

7.10.4.8 — In columns with capitals, spirals shall
extend to a level at which the diameter or width of cap-
ital is two times that of the column.

7.10.4.9 — Spirals shall be held firmly in place and
true to line.

7.10.5 — Ties

Tie reinforcement for compression members shall con-
form to the following:

7.10.5.1 — All nonprestressed bars shall be
enclosed by lateral ties, at least No. 10 in size for lon-
gitudinal bars No. 32 or smaller, and at least No. 13 in
size for No. 36, No. 43, No. 57, and bundled longitudinal
bars. Deformed wire or welded wire reinforcement of
equivalent area shall be permitted.

7.10.5.2 — Vertical spacing of ties shall not exceed
16 longitudinal bar diameters, 48 tie bar or wire diame-
ters, or least dimension of the compression member.

7.10.5.3 — Ties shall be arranged such that every
corner and alternate longitudinal bar shall have lateral
support provided by the corner of a tie with an
included angle of not more than 135 deg and no bar
shall be farther than 150 mm clear on each side along
the tie from such a laterally supported bar. Where
longitudinal bars are located around the perimeter of a
circle, a complete circular tie shall be permitted.

7.10.5.4 — Ties shall be located vertically not more
than one-half a tie spacing above the top of footing or
slab in any story, and shall be spaced as provided
herein to not more than one-half a tie spacing below
the lowest horizontal reinforcement in slab or drop
panel above.
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K Equal to or less than 150 mm Z\

L 135 deg max

May be greater than150 mm
no intermediate tie required

Fig. R7.10.5—Sketch to clarify measurements between lat-
erally supported column bars

R7.10.5 — Ties

All longitudinal bars in compression should be enclosed
within lateral ties. Where longitudinal bars are arranged in a
circular pattern, only one circular tie per specified spacing is
required. This requirement can be satisfied by a continuous
circular tie (helix) at larger pitch than required for spirals
under 10.9.3, the maximum pitch being equal to the
required tie spacing (see also 7.10.4.3).

The 1956 code required “lateral support equivalent to that
provided by a 90-deg corner of a tie,” for every vertical bar.
Tie requirements were liberalized in 1963 by increasing the
permissible included angle from 90 to 135 deg and exempt-
ing bars that are located within 150 mm clear on each side
along the tie from adequately tied bars (see Fig. R7.10.5).
Limited tests’!> on full-size, axially-loaded, tied columns
containing full-length bars (without splices) showed no
appreciable difference between ultimate strengths of col-
umns with full tie requirements and no ties at all.

Since spliced bars and bundled bars were not included in the
tests of Reference 7.15, is prudent to provide a set of ties at
each end of lap spliced bars, above and below end-bearing
splices, and at minimum spacings immediately below slop-
ing regions of offset bent bars.

Standard tie hooks are intended for use with deformed bars
only, and should be staggered where possible. See also 7.9.

Continuously wound bars or wires can be used as ties pro-
vided their pitch and area are at least equivalent to the area
and spacing of separate ties. Anchorage at the end of a contin-
uously wound bar or wire should be by a standard hook as for
separate bars or by one additional turn of the tie pattern. A
circular continuously wound bar or wire is considered a spiral
if it conforms to 7.10.4, otherwise it is considered a tie.
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7.10.5.5 — Where beams or brackets frame from
four directions into a column, termination of ties not more
than 75 mm below lowest reinforcement in shallowest
of such beams or brackets shall be permitted.

7.10.5.6 — Where anchor bolts are placed in the
top of columns or pedestals, the bolts shall be
enclosed by lateral reinforcement that also surrounds
at least four vertical bars of the column or pedestal.
The lateral reinforcement shall be distributed within
125 mm of the top of the column or pedestal, and shall
consist of at least two No. 13 or three No. 10 bars.

7.11 — Lateral reinforcement for flexural
members

7.11.1 — Compression reinforcement in beams shall
be enclosed by ties or stirrups satisfying the size and
spacing limitations in 7.10.5 or by welded wire rein-
forcement of equivalent area. Such ties or stirrups
shall be provided throughout the distance where com-
pression reinforcement is required.

7.11.2 — Lateral reinforcement for flexural framing
members subject to stress reversals or to torsion at
supports shall consist of closed ties, closed stirrups, or
spirals extending around the flexural reinforcement.

7.11.3 — Closed ties or stirrups shall be formed in one
piece by overlapping standard stirrup or tie end hooks
around a longitudinal bar, or formed in one or two
pieces lap spliced with a Class B splice (lap of 1.3¢)
or anchored in accordance with 12.13.

7.12 — Shrinkage and temperature
reinforcement

7.12.1 — Reinforcement for shrinkage and tempera-
ture stresses normal to flexural reinforcement shall be
provided in structural slabs where the flexural rein-
forcement extends in one direction only.

7.12.1.1 — Shrinkage and temperature reinforce-
ment shall be provided in accordance with either
7.12.20r7.12.8.

7.12.1.2 — Where shrinkage and temperature
movements are significantly restrained, the require-
ments of 8.2.4 and 9.2.3 shall be considered.

COMMENTARY

R7.10.5.5 — With the 1983 code, the wording of this
section was modified to clarify that ties may be terminated
only when elements frame into all four sides of square and
rectangular columns; for round or polygonal columns, such
elements frame into the column from four directions.

R7.10.5.6 — Provisions for confinement of anchor bolts
that are placed in the top of columns or pedestals were
added in the 2002 code. Confinement improves load transfer
from the anchor bolts to the column or pier for situations
where the concrete cracks in the vicinity of the bolts. Such
cracking can occur due to unanticipated forces caused by
temperature, restrained shrinkage, and similar effects.

R7.11 — Lateral reinforcement for flexural
members

R7.11.1 — Compression reinforcement in beams and gird-
ers should be enclosed to prevent buckling; similar require-
ments for such enclosure have remained essentially
unchanged through several editions of the code, except for
minor clarification.

R7.12 — Shrinkage and temperature
reinforcement

R7.12.1 — Shrinkage and temperature reinforcement is
required at right angles to the principal reinforcement to
minimize cracking and to tie the structure together to ensure
its acting as assumed in the design. The provisions of this
section are intended for structural slabs only; they are not
intended for soil-supported slabs on grade.

R7.12.1.2 — The area of shrinkage and temperature rein-
forcement required by 7.12 has been satisfactory where
shrinkage and temperature movements are permitted to
occur. For cases where structural walls or large columns
provide significant restraint to shrinkage and temperature
movements, it may be necessary to increase the amount of
reinforcement normal to the flexural reinforcement in
7.12.1.2 (see Reference 7.16). Top and bottom reinforcement
are both effective in controlling cracks. Control strips during
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7.12.2 — Deformed reinforcement conforming to 3.5.3
used for shrinkage and temperature reinforcement
shall be provided in accordance with the following:

7.12.2.1 — Area of shrinkage and temperature rein-
forcement shall provide at least the following ratios of
reinforcement area to gross concrete area, but not less
than 0.0014:

(a) Slabs where Grade 280 or 350
deformed bars are used ........ccccceveveeiiiiiinnens 0.0020

(b) Slabs where Grade 420
deformed bars or welded wire
reinforcement are used..........cccoeeeeeeiivvnieennnns 0.0018

(c) Slabs where reinforcement

with yield stress exceeding 420 MPa

measured at a yield strain

of 0.35 percent is Used ...........ccceeurnen. 0.0018 x 420

fy

7.12.2.2 — Shrinkage and temperature reinforce-

ment shall be spaced not farther apart than five times

the slab thickness, nor farther apart than 450 mm.

7.12.2.3 — At all sections where required, reinforce-
ment to resist shrinkage and temperature stresses shall
develop f, in tension in accordance with Chapter 12.

7.12.3 — Prestressing steel conforming to 3.5.5 used
for shrinkage and temperature reinforcement shall be
provided in accordance with the following:

7.12.3.1 — Tendons shall be proportioned to provide
a minimum average compressive stress of 0.7 MPa on
gross concrete area using effective prestress, after
losses, in accordance with 18.6.

7.12.3.2 — Spacing of tendons shall not exceed 1.8 m.

7.12.3.3 — When spacing of tendons exceeds 1.4 m,
additional bonded shrinkage and temperature rein-
forcement conforming to 7.12.2 shall be provided
between the tendons at slab edges extending from the
slab edge for a distance equal to the tendon spacing.
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the construction period, which permit initial shrinkage to
occur without causing an increase in stresses, are also effec-
tive in reducing cracks caused by restraint.

R7.12.2 — The amounts specified for deformed bars and
welded wire reinforcement are empirical but have been used
satisfactorily for many years. Splices and end anchorages of
shrinkage and temperature reinforcement are to be designed
for the full specified yield strength in accordance with 12.1,
12.15, 12.18, and 12.19.

R7.12.3 — Prestressed reinforcement requirements have
been selected to provide an effective force on the slab
approximately equal to the yield strength force for nonpre-
stressed shrinkage and temperature reinforcement. This
amount of prestressing, 0.7 MPa on the gross concrete area,
has been successfully used on a large number of projects.
When the spacing of tendons used for shrinkage and tem-
perature reinforcement exceeds 1.4 m, additional bonded
reinforcement is required at slab edges where the prestressing
forces are applied in order to adequately reinforce the area
between the slab edge and the point where compressive
stresses behind individual anchorages have spread suffi-
ciently such that the slab is uniformly in compression.
Application of the provisions of 7.12.3 to monolithic cast-
in-place post-tensioned beam and slab construction is illus-
trated in Fig. R7.12.3.

Tendons used for shrinkage and temperature reinforcement
should be positioned vertically in the slab as close as practi-
cable to the center of the slab. In cases where the shrinkage
and temperature tendons are used for supporting the princi-
pal tendons, variations from the slab centroid are permissi-
ble; however, the resultant of the shrinkage and temperature
tendons should not fall outside the kern area of the slab.
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Effective flange width*

8h b, 8h

COMMENTARY

For shrinkage and temperature stresses, provide a
minimum of 0.7 MPaprestressing in this scction parallcl
to beam webs as an alternate to deformed reinforcement.

Effective flange width*

8h | b, 8h

|
~
|

k Prestressed T-beam

In positive moment areas, reinforcement in
accordance with 7.12.2 should be provided unless an
average compressive stress of0.7 MPais maintained
under prestress plus service dead load.

i

* Width of slab effective as a T-beam other than b,, + 16/ (see 8.10)
may be applicable for prestressed concrete T-beam construction.

Fig. R7.12.3—Prestressing used for shrinkage and temperature

7.13 — Requirements for structural integrity

7.13.1 — In the detailing of reinforcement and connec-
tions, members of a structure shall be effectively tied
together to improve integrity of the overall structure.

7.13.2 — For cast-in-place construction, the following
shall constitute minimum requirements:

7.13.2.1 — In joist construction, at least one bottom
bar shall be continuous or shall be spliced with a Class
A tension splice or a mechanical or welded splice sat-
isfying 12.14.3 and at noncontinuous supports shall be
terminated with a standard hook.

7.13.2.2 — Beams along the perimeter of the struc-
ture shall have continuous reinforcement consisting of:

(a) at least one-sixth of the tension reinforcement
required for negative moment at the support, but not
less than two bars; and

(b) at least one-quarter of the tension reinforcement
required for positive moment at midspan, but not
less than two bars.

7.13.2.3 — Where splices are needed to provide the
required continuity, the top reinforcement shall be
spliced at or near midspan and bottom reinforcement

The designer should evaluate the effects of slab shortening
to ensure proper action. In most cases, the low level of pre-
stressing recommended should not cause difficulties in a
properly detailed structure. Special attention may be
required where thermal effects become significant.

R7.13 — Requirements for structural integrity

Experience has shown that the overall integrity of a struc-
ture can be substantially enhanced by minor changes in
detailing of reinforcement. It is the intent of this section of
the code to improve the redundancy and ductility in struc-
tures so that in the event of damage to a major supporting
element or an abnormal loading event, the resulting damage
may be confined to a relatively small area and the structure
will have a better chance to maintain overall stability.

R7.13.2 — With damage to a support, top reinforcement
that is continuous over the support, but not confined by stir-
rups, will tend to tear out of the concrete and will not pro-
vide the catenary action needed to bridge the damaged
support. By making a portion of the bottom reinforcement
continuous, catenary action can be provided.

Requiring continuous top and bottom reinforcement in
perimeter or spandrel beams provides a continuous tie
around the structure. It is not the intent to require a tensile
tie of continuous reinforcement of constant size around the
entire perimeter of a structure, but simply to require that one
half of the top flexural reinforcement required to extend past
the point of inflection by 12.12.3 be further extended and
spliced at or near midspan. Similarly, the bottom reinforce-
ment required to extend into the support by 12.11.1 should
be made continuous or spliced with bottom reinforcement
from the adjacent span. If the depth of a continuous beam
changes at a support, the bottom reinforcement in the deeper
member should be terminated with a standard hook and bot-
tom reinforcement in the shallower member should be
extended into and fully developed in the deeper member.
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shall be spliced at or near the support. Splices shall be
Class A tension splices or mechanical or welded
splices satisfying 12.14.3. The continuous reinforce-
ment required in 7.13.2.2(a) and 7.13.2.2(b) shall be
enclosed by the corners of U-stirrups having not less
than 135-deg hooks around the continuous top bars, or
by one-piece closed stirrups with not less than 135-
deg hooks around one of the continuous top bars. Stir-
rups need not be extended through any joints.

7.13.2.4 — In other than perimeter beams, when
stirrups as defined in 7.13.2.3 are not provided, at
least one-quarter of the positive moment reinforcement
required at midspan, but not less than two bars, shall
be continuous or shall be spliced over or near the sup-
port with a Class A tension splice or a mechanical or
welded splice satisfying 12.14.3, and at noncontinuous
supports shall be terminated with a standard hook.

7.13.2.5 — For two-way slab construction, see
13.3.8.5.

7.13.3 — For precast concrete construction, tension
ties shall be provided in the transverse, longitudinal,
and vertical directions and around the perimeter of the
structure to effectively tie elements together. The provi-
sions of 16.5 shall apply.

7.13.4 — For lift-slab construction, see 13.3.8.6 and
18.12.6.
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In the 2002 code, provisions were added to permit the use of
mechanical or welded splices for splicing reinforcement,
and the detailing requirements for the longitudinal rein-
forcement and stirrups in beams were revised. Section
7.13.2 was revised in 2002 to require U-stirrups with not
less than 135-deg hooks around the continuous bars, or one-
piece closed stirrups, because a crosstie forming the top of a
two-piece closed stirrup is ineffective in preventing the top
continuous bars from tearing out of the top of the beam.

R7.13.3 — The code requires tension ties for precast con-
crete buildings of all heights. Details should provide con-
nections to resist applied loads. Connection details that rely
solely on friction caused by gravity forces are not permitted.

Connection details should be arranged so as to minimize the
potential for cracking due to restrained creep, shrinkage and
temperature movements. For information on connections
and detailing requirements, see Reference 7.17.

Reference 7.18 recommends minimum tie requirements for
precast concrete bearing wall buildings.
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CHAPTER 8 — ANALYSIS AND DESIGN — GENERAL

CONSIDERATIONS

CODE

8.1 — Design methods

8.1.1 — In design of structural concrete, members
shall be proportioned for adequate strength in accor-
dance with provisions of this code, using load factors
and strength reduction factors ¢ specified in Chapter 9.

8.1.2 — Design of reinforced concrete using the provi-
sions of Appendix B, Alternative Provisions for Rein-
forced and Prestressed Concrete Flexural and
Compression Members, shall be permitted.

8.1.3 — Anchors within the scope of Appendix D,
Anchoring to Concrete, installed in concrete to transfer
loads between connected elements shall be designed
using Appendix D.

8.2 — Loading

8.2.1 — Design provisions of this code are based on
the assumption that structures shall be designed to
resist all applicable loads.

8.2.2 — Service loads shall be in accordance with the
general building code of which this code forms a part,
with such live load reductions as are permitted in the
general building code.

COMMENTARY
R8.1 — Design methods

R8.1.1 — The strength design method requires service
loads or related internal moments and forces to be increased
by specified load factors (required strength) and computed
nominal strengths to be reduced by specified strength reduc-
tion factors ¢ (design strength).

R8.1.2 — Designs in accordance with Appendix B are
equally acceptable, provided the provisions of Appendix B
are used in their entirety.

An appendix may be judged not to be an official part of a
legal document unless specifically adopted. Therefore, spe-
cific reference is made to Appendix B in the main body of
the code, to make it a legal part of the code.

R8.1.3 — The code has included specific provisions for
anchoring to concrete for the first time in the 2002 edition. As
has been done in the past with a number of new sections and
chapters, the new material has been presented as an appendix.

An appendix may be judged not to be an official part of a
legal document unless specifically adopted. Therefore, spe-
cific reference is made to Appendix D in the main part of
the code to make it a legal part of the code.

R8.2 — Loading

The provisions in the code are for live, wind, and earth-
quake loads such as those recommended in “Minimum
Design Loads for Buildings and Other Structures,”

(SEI/ASCE 7),11 formally known as ANSI A58.1. If the
service loads specified by the general building code (of
which ACI 318 forms a part) differ from those of ASCE 7,
the general building code governs. However, if the nature
of the loads contained in a general building code differs
considerably from ASCE 7 loads, some provisions of this
code may need modification to reflect the difference.

Roofs should be designed with sufficient slope or camber to
ensure adequate drainage accounting for any long-term
deflection of the roof due to the dead loads, or the loads
should be increased to account for all likely accumulations
of water. If deflection of roof members may result in pond-
ing of water accompanied by increased deflection and addi-
tional ponding, the design should ensure that this process is
self-limiting.
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8.2.3 — In design for wind and earthquake loads, inte-
gral structural parts shall be designed to resist the total
lateral loads.

8.2.4 — Consideration shall be given to effects of
forces due to prestressing, crane loads, vibration,
impact, shrinkage, temperature changes, creep,
expansion of shrinkage-compensating concrete, and
unequal settlement of supports.

8.3 — Methods of analysis

8.3.1 — All members of frames or continuous con-
struction shall be designed for the maximum effects of
factored loads as determined by the theory of elastic
analysis, except as modified according to 8.4. It shall
be permitted to simplify design by using the assump-
tions specified in 8.6 through 8.9.

8.3.2 — Except for prestressed concrete, approximate
methods of frame analysis shall be permitted for build-
ings of usual types of construction, spans, and story
heights.

8.3.3 — As an alternate to frame analysis, the follow-
ing approximate moments and shears shall be permit-
ted for design of continuous beams and one-way slabs
(slabs reinforced to resist flexural stresses in only one
direction), provided:

(a) There are two or more spans;

(b) Spans are approximately equal, with the larger of
two adjacent spans not greater than the shorter by
more than 20 percent;

(c) Loads are uniformly distributed;

(d) Unfactored live load, L, does not exceed three
times unfactored dead load, D; and

(e) Members are prismatic.

For calculating negative moments, ¢, is taken as the
average of the adjacent clear span lengths.

COMMENTARY

R8.2.3 — Any reinforced concrete wall that is monolithic
with other structural elements is considered to be an “inte-
gral part.” Partition walls may or may not be integral struc-
tural parts. If partition walls may be removed, the primary
lateral load resisting system should provide all of the
required resistance without contribution of the removable
partition. However, the effects of all partition walls attached
to the structure should be considered in the analysis of the
structure because they may lead to increased design forces
in some or all elements. Special provisions for seismic
design are given in Chapter 21.

R8.2.4 — Information is accumulating on the magnitudes of
these various effects, especially the effects of column creep
and shrinkage in tall structures,g'1 and on procedures for
including the forces resulting from these effects in design.

R8.3 — Methods of analysis

R8.3.1 — Factored loads are service loads multiplied by
appropriate load factors. For the strength design method, elas-
tic analysis is used to obtain moments, shears, and reactions.

R8.3.3 — The approximate moments and shears give
reasonably conservative values for the stated conditions if
the flexural members are part of a frame or continuous con-
struction. Because the load patterns that produce critical
values for moments in columns of frames differ from those
for maximum negative moments in beams, column
moments should be evaluated separately.

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 31 8 B u i Id i n g Cc hlcensee:Black & Veatch/5910842100

ot for Resale, 11/28/2005 18:20:15 MST



CHAPTER 8 97

CODE

Positive moment

End spans
Discontinuous end
UNTESHrAINET cuvrrrrersrraresesnsesssarsansaees w211

Discontinuous end integral
With SUPPOM wvereeeesesreaesssnsssssssnsanens w,t,214

INEHOF SPANS vvveureererrrresresresseaseasens w,L, 216

Negative moments at exterior face
of first interior support

TWO SPANS wevvresrrsrrsrrssessessmsssssssssessessens W,L,2/9
More than two spans.......cverveersennas w,£,210

Negative moment at other faces
(o] {101 (=T g o] =107 o] o o] o (= FA . w, L2111

Negative moment at face of all
supports for

Slabs with spans not exceeding

3 m; and beams where ratio of

sum of column stiffnesses to

beam stiffness exceeds eight at

each end of the Span........weeeesseens W,L,212

Negative moment at interior face
of exterior support for members
built integrally with supports

Where support is spandrel beam .....w,, ¢,%/24
Where support is a column .............. w, £,216

Shear in end members at face of
first interior SUPPOrt....iucersseerssseernssennns 1.15 w, ¢, /2

Shear at face of all other
S0 o] 0 o] o (= U wyl, /2

8.3.4 — Strut-and-tie models shall be permitted to be
used in the design of structural concrete. See Appen-
dix A.
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R8.3.4 — The strut-and-tie model in Appendix A is based
on the assumption that portions of concrete structures can
be analyzed and designed using hypothetical pin-jointed
trusses consisting of struts and ties connected at nodes. Thisf:
design method can be used in the design of regions where
the basic assumptions of flexure theory are not applicable;
such as regions near force discontinuities arising from con-
centrated forces or reactions, and regions near geometri¢
discontinuities, such as abrupt changes in cross section. =
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8.4 — Redistribution of negative moments in
continuous flexural members

8.41 — Except where approximate values for
moments are used, it shall be permitted to increase or
decrease negative moments calculated by elastic the-
ory at supports of continuous flexural members for any
assumed loading arrangement by not more than
1000¢; percent, with a maximum of 20 percent.

8.4.2 — The modified negative moments shall be used
for calculating moments at sections within the spans.

8.4.3 — Redistribution of negative moments shall be
made only when & is equal to or greater than 0.0075
at the section at which moment is reduced.

COMMENTARY

R8.4 — Redistribution of negative moments in
continuous flexural members

Moment redistribution is dependent on adequate ductility in
plastic hinge regions. These plastic hinge regions develop at
points of maximum moment and cause a shift in the elastic
moment diagram. The usual result is a reduction in the val-
ues of negative moments in the plastic hinge region and an
increase in the values of positive moments from those com-
puted by elastic analysis. Because negative moments are
determined for one loading arrangement and positive
moments for another, each section has a reserve capacity
that is not fully utilized for any one loading condition. The
plastic hinges permit the utilization of the full capacity of
more cross sections of a flexural member at ultimate loads.

Using conservative values of limiting concrete strains and
lengths of plastic hinges derived from extensive tests, flex-
ural members with small rotation capacity were analyzed
for moment redistribution up to 20 percent, depending on
the reinforcement ratio. The results were found to be con-

servative (see Fig. R8.4). Studies by Cohn®?2 and Mattock®3
support this conclusion and indicate that cracking and
deflection of beams designed for moment redistribution are
not significantly greater at service loads than for beams
designed by the elastic theory distribution of moments.
Also, these studies indicated that adequate rotation capacity
for the moment redistribution allowed by the code is avail-
able if the members satisfy the code requirements.

Moment redistribution may not be used for slab systems
designed by the Direct Design Method (see 13.6.1.7).

In previous codes, Section 8.4 specified the permissible redis-
tribution percentage in terms of reinforcement indices. The
2002 code specifies the permissible redistribution percentage
in terms of the net tensile strain in extreme tension steel at
nominal strength, &. See Reference 8.4 for a comparison of

these moment redistribution provisions.

25
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bld =1/5 d >
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Net tensile strain, &,

Fig. R8.4—Permissible moment redistribution for minimum
rotation capacity T
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8.5 — Modulus of elasticity

8.5.1 — Modulus of elasticity, E,, for concrete shall be
permitted to be taken as W,'.1'5 0.043Jf:' (in MPa) for
values of w, between 1440 and 2480 kg/m3 For normal
weight concrete, E, shall be permitted to be taken as

4700 ff; .

8.5.2 — Modulus of elasticity, Eg, for nonprestressed
reinforcement shall be permitted to be taken as
200 000 MPa.

8.5.3 — Modulus of elasticity, Ep, for prestressing steel
shall be determined by tests or reported by the manu-
facturer.

8.6 — Stiffness

8.6.1 — Use of any set of reasonable assumptions
shall be permitted for computing relative flexural and
torsional stiffnesses of columns, walls, floors, and roof
systems. The assumptions adopted shall be consis-
tent throughout analysis.

8.6.2 — Effect of haunches shall be considered both in
determining moments and in design of members.
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R8.5 — Modulus of elasticity

R8.5.1 — Studies leading to the expression for modulus of
elasticity of concrete in 8.5.1 are summarized in Reference
8.5 where E, was defined as the slope of the line drawn
from a stress of zero to a compressive stress of 0.45f,'. The
modulus of elasticity for concrete is sensitive to the modu-
lus of elasticity of the aggregate and may differ from the
specified value. Measured values range typically from 120
to 80 percent of the specified value. Methods for determin-
ing the modulus of elasticity for concrete are described in
Reference 8.6.

R8.6 — Stiffness

R8.6.1 — Ideally, the member stiffnesses E I and GJ
should reflect the degree of cracking and inelastic action
that has occurred along each member before yielding. How-
ever, the complexities involved in selecting different stiff-
nesses for all members of a frame would make frame
analyses inefficient in design offices. Simpler assumptions
are required to define flexural and torsional stiffnesses.

For braced frames, relative values of stiffness are important.
Two usual assumptions are to use gross E I values for all
members or, to use half the gross E.I of the beam stem for
beams and the gross E I for the columns.

For frames that are free to sway, a realistic estimate of E I is
desirable and should be used if second-order analyses are
carried out. Guidance for the choice of E_I for this case is
given in R10.11.1.

Two conditions determine whether it is necessary to con-
sider torsional stiffness in the analysis of a given structure:
(1) the relative magnitude of the torsional and flexural
stiffnesses, and (2) whether torsion is required for equilib-
rium of the structure (equilibrium torsion) or is due to
members twisting to maintain deformation compatibility
(compatibility torsion). In the case of compatibility tor-
sion, the torsional stiffness may be neglected. For cases
involving equilibrium torsion, torsional stiffness should be
considered.

R8.6.2 — Stiffness and fixed-end moment coefficients for
haunched members may be obtained from Reference 8.7.
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8.7 — Span length

8.7.1 — Span length of members not built integrally
with supports shall be considered as the clear span
plus the depth of the member, but need not exceed
distance between centers of supports.

8.7.2 — In analysis of frames or continuous construc-
tion for determination of moments, span length shall
be taken as the distance center-to-center of supports.

8.7.3 — For beams built integrally with supports,
design on the basis of moments at faces of support
shall be permitted.

8.7.4 — It shall be permitted to analyze solid or ribbed
slabs built integrally with supports, with clear spans
not more than 3 m, as continuous slabs on knife edge
supports with spans equal to the clear spans of the
slab and width of beams otherwise neglected.

8.8 — Columns

8.8.1 — Columns shall be designed to resist the axial
forces from factored loads on all floors or roof and the
maximum moment from factored loads on a single
adjacent span of the floor or roof under consideration.
Loading condition giving the maximum ratio of
moment to axial load shall also be considered.

8.8.2 — In frames or continuous construction, consid-
eration shall be given to the effect of unbalanced floor
or roof loads on both exterior and interior columns and
of eccentric loading due to other causes.

8.8.3 — In computing gravity load moments in col-
umns, it shall be permitted to assume far ends of col-
umns built integrally with the structure to be fixed.

8.8.4 — Resistance to moments at any floor or roof
level shall be provided by distributing the moment
between columns immediately above and below the
given floor in proportion to the relative column stiff-
nesses and conditions of restraint.

8.9 — Arrangement of live load

8.9.1 — It shall be permitted to assume that:

(a) The live load is applied only to the floor or roof
under consideration; and

(b) The far ends of columns built integrally with the
structure are considered to be fixed.
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R8.7 — Span length

Beam moments calculated at support centers may be reduced
to the moments at support faces for design of beams. Refer-
ence 8.8 provides an acceptable method of reducing moments
at support centers to those at support faces.

R8.8 — Columns

Section 8.8 has been developed with the intent of making
certain that the most demanding combinations of axial load
and moments be identified for design.

Section 8.8.4 has been included to make certain that
moments in columns are recognized in the design if the
girders have been proportioned using 8.3.3. The moment in
8.8.4 refers to the difference between the moments in a
given vertical plane, exerted at column centerline by mem-
bers framing into that column.

R8.9 — Arrangement of live load

For determining column, wall, and beam moments and
shears caused by gravity loads, the code permits the use of a
model limited to the beams in the level considered and the
columns above and below that level. Far ends of columns
are to be considered as fixed for the purpose of analysis
under gravity loads. This assumption does not apply to lat-
eral load analysis. However in analysis for lateral loads,
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8.9.2 — It shall be permitted to assume that the
arrangement of live load is limited to combinations of:

(a) Factored dead load on all spans with full factored
live load on two adjacent spans; and

(b) Factored dead load on all spans with full factored
live load on alternate spans.

8.10 — T-beam construction

8.10.1 — In T-beam construction, the flange and web
shall be built integrally or otherwise effectively bonded
together.

8.10.2 — Width of slab effective as a T-beam flange
shall not exceed one-quarter of the span length of the
beam, and the effective overhanging flange width on
each side of the web shall not exceed:

: (a) eight times the slab thickness; and
| (b) one-half the clear distance to the next web.

8.10.3 — For beams with a slab on one side only, the
effective overhanging flange width shall not exceed:

(a) one-twelfth the span length of the beam;
(b) six times the slab thickness; and
(c) one-half the clear distance to the next web.

8.10.4 — Isolated beams, in which the T-shape is used
to provide a flange for additional compression area,
shall have a flange thickness not less than one-half the
width of web and an effective flange width not more
than four times the width of web.

8.10.5 — Where primary flexural reinforcement in a
slab that is considered as a T-beam flange (excluding
joist construction) is parallel to the beam, reinforce-
ment perpendicular to the beam shall be provided in
the top of the slab in accordance with the following:

8.10.5.1 — Transverse reinforcement shall be de-
signed to carry the factored load on the overhanging
slab width assumed to act as a cantilever. For isolated
beams, the full width of overhanging flange shall be
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simplified methods (such as the portal method) may be used
to obtain the moments, shears, and reactions for structures
that are symmetrical and satisfy the assumptions used for
such simplified methods. For unsymmetrical and high-rise
structures, rigorous methods recognizing all structural dis-
placements should be used.

The engineer is expected to establish the most demanding
sets of design forces by investigating the effects of live load
placed in various critical patterns.

Most approximate methods of analysis neglect effects of
deflections on geometry and axial flexibility. Therefore, beam
and column moments may have to be amplified for column
slenderness in accordance with 10.11, 10.12, and 10.13.

R8.10 — T-beam construction

This section contains provisions identical to those of previ-
ous codes for limiting dimensions related to stiffness and
flexural calculations. Special provisions related to T-beams
and other flanged members are stated in 11.6.1 with regard
to torsion.
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considered. For other T-beams, only the effective over-
hanging slab width need be considered.

8.10.5.2 — Transverse reinforcement shall be
spaced not farther apart than five times the slab thick-
ness, nor farther apart than 450 mm.

8.11 — Joist construction

8.11.1 — Joist construction consists of a monolithic
combination of regularly spaced ribs and a top slab
arranged to span in one direction or two orthogonal
directions.

8.11.2 — Ribs shall be not less than 100 mm in width,
and shall have a depth of not more than 3-1/2 times
the minimum width of rib.

8.11.3 — Clear spacing between ribs shall not exceed
750 mm.

8.11.4 — Joist construction not meeting the limitations
of 8.11.1 through 8.11.3 shall be designed as slabs
and beams.

8.11.5 — When permanent burned clay or concrete
tile fillers of material having a unit compressive
strength at least equal to f{ in the joists are used:

8.11.5.1 — For shear and negative moment
strength computations, it shall be permitted to include
the vertical shells of fillers in contact with the ribs.
Other portions of fillers shall not be included in
strength computations.

8.11.5.2 — Slab thickness over permanent fillers
shall be not less than one-twelfth the clear distance
between ribs, nor less than 40 mm.

8.11.5.3 — In one-way joists, reinforcement normal
to the ribs shall be provided in the slab as required by
7.12.

8.11.6 — When removable forms or fillers not comply-
ing with 8.11.5 are used:

8.11.6.1 — Slab thickness shall be not less than
one-twelfth the clear distance between ribs, nor less
than 50 mm.

8.11.6.2 — Reinforcement normal to the ribs shall
be provided in the slab as required for flexure, consid-
ering load concentrations, if any, but not less than
required by 7.12.
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R8.11 — Joist construction

The size and spacing limitations for concrete joist construc-
tion meeting the limitations of 8.11.1 through 8.11.3 are
based on successful performance in the past.

R8.11.3 — A limit on the maximum spacing of ribs is
required because of the special provisions permitting higher
shear strengths and less concrete protection for the reinforce-
ment for these relatively small, repetitive members.
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8.11.7 — Where conduits or pipes as permitted by 6.3
are embedded within the slab, slab thickness shall be
at least 25 mm greater than the total overall depth of
the conduits or pipes at any point. Conduits or pipes
shall not impair significantly the strength of the con-
struction.

8.11.8 — For joist construction, V, shall be permitted

to be 10 percent more than that specified in Chapter 11.
It shall be permitted to increase V,, using shear rein-

forcement or by widening the ends of ribs.

8.12 — Separate floor finish

8.12.1 — A floor finish shall not be included as part of
a structural member unless placed monolithically with
the floor slab or designed in accordance with require-

ments of Chapter 17.

8.12.2 — It shall be permitted to consider all concrete
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R8.11.8 — The increase in shear strength permitted by
8.11.8 is justified on the basis of: (1) satisfactory perfor-
mance of joist construction with higher shear strengths,
designed under previous codes, which allowed comparable
shear stresses, and (2) redistribution of local overloads to
adjacent joists.

R8.12 — Separate floor finish

The code does not specify an additional thickness for wear-
ing surfaces subjected to unusual conditions of wear. The
need for added thickness for unusual wear is left to the dis-
cretion of the designer.

As in previous editions of the code, a floor finish may be
considered for strength purposes only if it is cast monolithi-
cally with the slab. Permission is given to include a separate
finish in the structural thickness if composite action is pro-
vided for in accordance with Chapter 17.

All floor finishes may be considered for nonstructural pur-
poses such as cover for reinforcement, fire protection, etc.
Provisions should be made, however, to ensure that the fin- -
ish will not spall off, thus causing decreased cover. Further-
more, development of reinforcement considerations requires
minimum monolithic concrete cover according to 7.7.
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CHAPTER 9 — STRENGTH AND SERVICEABILITY

REQUIREMENTS
CODE

9.1 — General

9.1.1 — Structures and structural members shall be
designed to have design strengths at all sections at
least equal to the required strengths calculated for the
factored loads and forces in such combinations as are
stipulated in this code.

9.1.2 — Members also shall meet all other require-
ments of this code to ensure adequate performance at
service load levels.

9.1.3 — Design of structures and structural members
using the load factor combinations and strength reduc-
tion factors of Appendix C shall be permitted. Use of
load factor combinations from this chapter in conjunc-
tion with strength reduction factors of Appendix C shall
not be permitted.

9.2 — Required strength

9.2.1 — Required strength U shall be at least equal to
the effects of factored loads in Eq. (9-1) through (9-7).
The effect of one or more loads not acting simulta-
neously shall be investigated.

U=14(D+F) (9-1)
U=12(D+ F+ T)+1.6(L + H) (9-2)
+0.5(L,or Sor R)
U=1.2D+1.6(L,or Sor R) + (1.0L or 0.8W) (9-3)

U=1.2D+1.6W+1.0L +0.5(L,or SorR)  (9-4)
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R9.1 — General

In the 2002 code, the load factor combinations and strength
reduction factors of the 1999 code were revised and moved
to Appendix C. The 1999 combinations have been replaced

with those of SE/ASCE 7-02.”! The strength reduction
factors were replaced with those of the 1999 Appendix C,
except that the factor for flexure was increased.

The changes were made to further unify the design profes-
sion on one set of load factors and combinations, and to
facilitate the proportioning of concrete building structures
that include members of materials other than concrete.
When used with the strength reduction factors in 9.3, the
designs for gravity loads will be comparable to those
obtained using the strength reduction and load factors of the
1999 and earlier codes. For combinations with lateral loads,
some designs will be different, but the results of either set of
load factors are considered acceptable.

Chapter 9 defines the basic strength and serviceability con-
ditions for proportioning structural concrete members.

The basic requirement for strength design may be expressed
as follows:

Design Strength > Required Strength
¢ (Nominal Strength) > U

In the strength design procedure, the margin of safety is pro-
vided by multiplying the service load by a load factor and
the nominal strength by a strength reduction factor.

R9.2 — Required strength

The required strength U is expressed in terms of factored
loads, or related internal moments and forces. Factored
loads are the loads specified in the general building code
multiplied by appropriate load factors.

The factor assigned to each load is influenced by the degree
of accuracy to which the load effect usually can be calcu-
lated and the variation that might be expected in the load
during the lifetime of the structure. Dead loads, because
they are more accurately determined and less variable, are
assigned a lower load factor than live loads. Load factors
also account for variability in the structural analysis used to
compute moments and shears.

The code gives load factors for specific combinations of
loads. In assigning factors to combinations of loading, some
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U=1.2D +1.0E + 1.0L + 0.2S (9-5)
U=0.9D+1.6W + 1.6H (9-6)
U=0.9D + 1.0E + 1.6H (9-7)

except as follows:

(a) The load factor on the live load L in Eq. (9-3) to
(9-5) shall be permitted to be reduced to 0.5 except for
garages, areas occupied as places of public assem-
bly, and all areas where L is greater than 4.8 N/m?.

(b) Where wind load W has not been reduced by a
directionality factor, it shall be permitted to use 1.3W
in place of 1.6 Win Eq. (9-4) and (9-6).

(c) Where E, the load effects of earthquake, is based
on service-level seismic forces, 1.4E shall be used
in place of 1.0E in Eq. (9-5) and (9-7).

(d) The load factor on H, loads due to weight and
pressure of soil, water in soil, or other materials,
shall be set equal to zero in Eq. (9-6) and (9-7) if the
structural action due to H counteracts that due to W
or E. Where lateral earth pressure provides resis-
tance to structural actions from other forces, it shall
not be included in H but shall be included in the
design resistance.

922 — If resistance to impact effects is taken into
account in design, such effects shall be included with L.

9.2.3 — Estimations of differential settlement, creep,
shrinkage, expansion of shrinkage-compensating
concrete, or temperature change shall be based on
a realistic assessment of such effects occurring in
service.
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consideration is given to the probability of simultaneous
occurrence. While most of the usual combinations of load-
ings are included, the designer should not assume that all
cases are covered.

Due regard is to be given to sign in determining U for com-
binations of loadings, as one type of loading may produce
effects of opposite sense to that produced by another type.
The load combinations with 0.9D are specifically included
for the case where a higher dead load reduces the effects of
other loads. The loading case may also be critical for tension-
controlled column sections. In such a case, a reduction in
axial load and an increase in moment may result in a critical
load combination.

Consideration should be given to various combinations of
loading to determine the most critical design condition. This
is particularly true when strength is dependent on more than
one load effect, such as strength for combined flexure and
axial load or shear strength in members with axial load.

If special circumstances require greater reliance on the
strength of particular members than encountered in usual
practice, some reduction in the stipulated strength reduction
factors ¢ or increase in the stipulated load factors may be
appropriate for such members.

The wind load equation in SEASCE 7-02°! and IBC 2003°2
includes a factor for wind directionality that is equal to 0.85
for buildings. The corresponding load factor for wind in the
load combination equations was increased accordingly (1.3/
0.85 = 1.53 rounded up to 1.6). The code allows use of the
previous wind load factor of 1.3 when the design wind load
is obtained from other sources that do not include the wind
directionality factor.

Model building codes and design load references have con-
verted earthquake forces to strength level, and reduced the

earthquake load factor to 1.0 (ASCE 7-93°3; BOCA/NBC

93%4; SBC 94°; UBC 97°%; and IBC 2000”?). The code
requires use of the previous load factor for earthquake loads,
approximately 1.4, when service-level earthquake forces
from earlier editions of these references are used.

R9.2.2 — If the live load is applied rapidly, as may be the
case for parking structures, loading docks, warehouse
floors, elevator shafts, etc., impact effects should be consid-
ered. In all equations, substitute (L + impact) for L when
impact should be considered.

R9.2.3 — The designer should consider the effects of differ-
ential settlement, creep, shrinkage, temperature, and shrink-
age-compensating concrete. The term realistic assessment is
used to indicate that the most probable values rather than the
upper bound values of the variables should be used.

censee=Black & Veatch/5910842100
ot for Resale, 11/28/2005 18:20:15 MST



CHAPTER 9 107

CODE

9.2.4 — If a structure is in a flood zone, or is subjected
to forces from atmospheric ice loads, the flood or ice
loads and the appropriate load combinations of SEI/
ASCE 7 shall be used.

9.2.5 — For post-tensioned anchorage zone design, a
load factor of 1.2 shall be applied to the maximum pre-
stressing steel jacking force.

9.3 — Design strength

9.3.1 — Design strength provided by a member, its
connections to other members, and its cross sections,
in terms of flexure, axial load, shear, and torsion, shall
be taken as the nominal strength calculated in accor-
dance with requirements and assumptions of this
code, multiplied by the strength reduction factors ¢ in
9.3.2,9.3.4, and 9.3.5.

9.3.2 — Strength reduction factor ¢ shall be as given in
9.3.2.1 through 9.3.2.7:

9.3.2.1 — Tension-controlled sections
asdefined in 10.3.4 ..o, 0.90
(See als0 9.3.2.7)

9.3.2.2 — Compression-controlled sections, as
defined in 10.3.3:

(a) Members with spiral reinforcement
conforming t0 10.9.3.....ccoiiiiiiiiiiieee e 0.70

(b) Other reinforced members .........cccccecveeeennee 0.65
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R9.2.4 — Areas subject to flooding are defined by flood
hazard maps, usually maintained by local governmental
jurisdictions.

R9.2.5 — The load factor of 1.2 applied to the maximum ten-
don jacking force results in a design load of about 113 per-
cent of the specified prestressing steel yield strength but not
more than 96 percent of the nominal ultimate strength of the
prestressing steel. This compares well with the maximum
attainable jacking force, which is limited by the anchor effi-
ciency factor.

R9.3 — Design strength

R9.3.1 — The design strength of a member refers to the
nominal strength calculated in accordance with the require-
ments stipulated in this code multiplied by a strength reduc-
tion factor ¢, which is always less than one.

The purposes of the strength reduction factor ¢ are (1) to
allow for the probability of under-strength members due to
variations in material strengths and dimensions, (2) to allow
for inaccuracies in the design equations, (3) to reflect the
degree of ductility and required reliability of the member
under the load effects being considered, and (4) to reflect

the importance of the member in the structure.” 728

In the 2002 code, the strength reduction factors were

adjusted to be compatible with the SEI/ASCE 7% load
combinations, which were the basis for the required fac-
tored load combinations in model building codes at that
time. These factors are essentially the same as those pub-
lished in Appendix C of the 1995 edition, except the factor
for flexure/tension controlled limits is increased from 0.80

to 0.90. This change is based on past9'7 and current reliabil-

ity analyse:s,g'9 statistical study of material properties, as

well as the opinion of the committee that the historical per-
formance of concrete structures supports ¢ = 0.90.

R9.3.2.1 — In applying 9.3.2.1 and 9.3.2.2, the axial ten-
sions and compressions to be considered are those caused
by external forces. Effects of prestressing forces are not
included.

R9.3.2.2 — Before the 2002 edition, the code specified
the magnitude of the ¢-factor for cases of axial load or flex-
ure, or both, in terms of the type of loading. For these cases,
the @-factor is now determined by the strain conditions at a
cross section, at nominal strength.

A lower ¢-factor is used for compression-controlled sec-

tions than is used for tension-controlled sections because
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For sections in which the net tensile strain in the
extreme tension steel at nominal strength, &, is
between the limits for compression-controlled and ten-
sion-controlled sections, ¢ shall be permitted to be lin-
early increased from that for compression-controlled
sections to 0.90 as g increases from the compression-
controlled strain limit to 0.005.

Alternatively, when Appendix B is used, for members
in which f,, does not exceed 420 MPa, with symmetric
reinforcement, and with (d — d’)/h not less than 0.70,
¢ shall be permitted to be increased linearly to 0.90 as
¢P,, decreases from 0.10f,’Ag to zero. For other rein-
forced members, ¢ shall be permitted to be increased
linearly to 0.90 as ¢P, decreases from 0.10f,’Ag or
#Pp, whichever is smaller, to zero.

9.3.2.3 — Shear and torsion...........cceeeeeeveevvnnnn. 0.75

9.3.2.4 — Bearing on concrete (except for
post-tensioned anchorage zones
and strut-and-tie models).........cccccceeviiiieneennnnen. 0.65

CHAPTER 9

COMMENTARY

compression-controlled sections have less ductility, are
more sensitive to variations in concrete strength, and gener-
ally occur in members that support larger loaded areas than
members with tension-controlled sections. Members with
spiral reinforcement are assigned a higher ¢ than tied col-
umns since they have greater ductility or toughness.

For sections subjected to axial load with flexure, design
strengths are determined by multiplying both P, and M,, by
the appropriate single value of ¢. Compression-controlled
and tension-controlled sections are defined in 10.3.3 and
10.3.4 as those that have net tensile strain in the extreme
tension steel at nominal strength less than or equal to the
compression-controlled strain limit, and equal to or greater
than 0.005, respectively. For sections with net tensile strain
& in the extreme tension steel at nominal strength between
the above limits, the value of ¢ may be determined by linear
interpolation, as shown in Fig. R9.3.2. The concept of net
tensile strain & is discussed in R10.3.3.

Since the compressive strain in the concrete at nominal
strength is assumed in 10.2.3 to be 0.003, the net tensile
strain limits for compression-controlled members may also
be stated in terms of the ratio ¢/d;, where ¢ is the depth of
the neutral axis at nominal strength, and d; is the distance

from the extreme compression fiber to the extreme tension
steel. The ¢/d; limits for compression-controlled and ten-
sion-controlled sections are 0.6 and 0.375, respectively. The
0.6 limit applies to sections reinforced with Grade 420 steel
and to prestressed sections. Fig. R9.3.2 also gives equations
for ¢ as a function of c¢/d;.

The net tensile strain limit for tension-controlled sections may
also be stated in terms of the p/pj, as defined in the 1999 and
earlier editions of the code. The net tensile strain limit of 0.005
corresponds to a p/py, ratio of 0.63 for rectangular sections
with Grade 420 reinforcement. For a comparison of these
provisions with the 1999 code Section 9.3, see Reference 9.10.

A —— @ = 0.7+ (&- 0.002)(200/3)
0.90 \
Spiral  _-=">
0.70p====-- - Y= =0.65 + (§- 0.002)(250/3)
065 Other
Compression Transition Tension
“ controlled controlled
£,=0.002 £,=0.005
[ €
4~ 0.600 d, 0.375

Interpolation on ¢/d,: Spiral ¢ =0.70 + 0.2[(1/c/d))-(5/3)]
Other @ = 0.65 + 0.25[(1/c/d,)-(5/3)]

Fig. R9.3.2—Variation of ¢ with net tensile strain in extreme

| tension steel, g,and ¢/dq for Grade 420 reinforcement and

for prestressing steel.
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9.3.2.5 — Post-tensioned anchorage zones..... 0.85

9.3.2.6 — Strut-and-tie models (Appendix A), and
struts, ties, nodal zones, and bearing areas
in such Models..........ccoeovviieiiiini e 0.75

9.3.2.7 — Flexural sections in pretensioned mem-
bers where strand embedment is less than the
development length as provided in 12.9.1.1:

(a) From the end of the member to the end of the
transfer length.........ccoooi 0.75

(b) From the end of the transfer length to the end of
the development length ¢ shall be permitted to be
linearly increased from 0.75 to 0.9.

Where bonding of a strand does not extend to the
end of the member, strand embedment shall be
assumed to begin at the end of the debonded
length. See also 12.9.3.
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R9.3.2.5 — The ¢-factor of 0.85 reflects the wide scatter of
results of experimental anchorage zone studies. Since 18.13.4.2
limits the nominal compressive strength of unconfined concrete

in the general zone to 0.74f,;, the effective design strength for
unconfined concrete is 0.85 x 0.74f,; = 0.64f,; .

R9.3.2.6 — The ¢ factor used in strut-and-tie models is
taken equal to the ¢ factor for shear. The value of ¢ for strut-
and-tie models is applied to struts, ties, and bearing areas in
such models.

R9.3.2.7 — If a critical section occurs in a region where
strand is not fully developed, failure may be by bond slip.
Such a failure resembles a brittle shear failure; hence, the
requirements for a reduced ¢. For sections between the end
of the transfer length and the end of the development length,
the value of ¢ may be determined by linear interpolation, as
shown in Fig. R9.3.2.7(a) and (b).

1.0

0.9 1

0.8 1

¢ «—— End of Transfer Length

0.7 1

[«4—— Free|End of Strand
0.6 - End of Development Length ———»|

0.5

End of ¢
member [ d
and free |

end of strand

A4

Distance from free end of strand

Fig. R9.3.2.7(a)—Variation of ¢ with distance from the free
end of strand in pretensioned members with fully bonded
strands.

1.0

0.9

0.8

¢
0.7 1= End of Transfer Length
0.6 End of Development Length —>|
l— Free End pf Strand
0.5
2( e ] a,
21

Endof |, Debonded 2"
Member Length * ¢, as determined by Eq. (12-4)

Distance from free end of strand

Fig. R9.3.2.7(b)—Variation of ¢ with distance from the free
end of strand in pretensioned members with debonded
strands where 12.9.3 applies.
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9.3.3 — Development lengths specified in Chapter 12
do not require a g-factor.

9.3.4 — For structures that rely on special moment
resisting frames or special reinforced concrete struc-
tural walls to resist earthquake effects, E, ¢ shall be
modified as given in (a) through (c):

(a) For any structural member that is designed to
resist E, ¢ for shear shall be 0.60 if the nominal
shear strength of the member is less than the shear
corresponding to the development of the nominal
flexural strength of the member. The nominal flex-
ural strength shall be determined considering the
most critical factored axial loads and including E;

(b) For diaphragms, ¢ for shear shall not exceed the
minimum ¢ for shear used for the vertical compo-
nents of the primary lateral-force-resisting system;

(c) For joints and diagonally reinforced coupling
beams, ¢ for shear shall be 0.85.

9.3.5 — In Chapter 22, ¢ shall be 0.55 for flexure,
compression, shear, and bearing of structural plain
concrete.

9.4 — Design strength for reinforcement

The values of f, and f; used in design calculations

shall not exceed 550 MPa, except for prestressing
steel and for spiral transverse reinforcement in 10.9.3.
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Where bonding of one or more strands does not extend to
the end of the member, instead of a more rigorous analysis, ¢
may be conservatively taken as 0.75 from the end of the mem-
ber to the end of the transfer length of the strand with the long-
est debonded length. Beyond this point, ¢ may be varied
linearly to 0.9 at the location where all strands are developed,
as shown in Fig. R9.3.2.7(b). Alternatively, the contribution of
the debonded strands may be ignored until they are fully devel-
oped. Embedment of debonded strand is considered to begin at
the termination of the debonding sleeves. Beyond this point,
the provisions of 12.9.3 are applicable.

R9.3.4 — Strength reduction factors in 9.3.4 are intended to
compensate for uncertainties in estimation of strength of
structural members in buildings. They are based primarily
on experience with constant or steadily increasing applied
load. For construction in regions of high seismic risk, some
of the strength reduction factors have been modified in 9.3.4
to account for the effects of displacement reversals into the
nonlinear range of response on strength.

Section 9.3.4(a) refers to brittle members such as low-rise
walls, portions of walls between openings, or diaphragms
that are impractical to reinforce to raise their nominal shear
strength above nominal flexural strength for the pertinent
loading conditions.

Short structural walls were the primary vertical elements of
the lateral-force-resisting system in many of the parking
structures that sustained damage during the 1994
Northridge earthquake. Section 9.3.4(b) requires the shear
strength reduction factor for diaphragms to be 0.60 if the
shear strength reduction factor for the walls is 0.60.

R9.3.5 — The strength reduction factor ¢ for structural plain
concrete design is the same for all strength conditions. Since
both flexural tension strength and shear strength for plain
concrete depend on the tensile strength characteristics of the
concrete, with no reserve strength or ductility possible due to
the absence of reinforcement, equal strength reduction factors
for both bending and shear are considered appropriate.

R9.4 — Design strength for reinforcement

In addition to the upper limit of 550 MPa for yield strength
of nonprestressed reinforcement, there are limitations on
yield strength in other sections of the code.

In 11.5.2, 11.6.3.4, and 11.7.6, the maximum value offy
that may be used in design for shear and torsion reinforce-
ment is 420 MPa, except that f, up to 550 MPa may be
used for shear reinforcement meeting the requirements of
ASTM A 497M.
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9.5 — Control of deflections

9.5.1 — Reinforced concrete members subjected to
flexure shall be designed to have adequate stiffness to
limit deflections or any deformations that adversely
affect strength or serviceability of a structure.

9.5.2 — One-way construction (nonprestressed)

9.5.2.1 — Minimum thickness stipulated in Table
9.5(a) shall apply for one-way construction not sup-
porting or attached to partitions or other construction
likely to be damaged by large deflections, unless com-
putation of deflection indicates a lesser thickness can
be used without adverse effects.
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In 19.3.2 and 21.2.5, the maximum specified yield strength
fy is 420 MPa in shells, folded plates, and structures gov-
erned by the special seismic provisions of Chapter 21.

The deflection provisions of 9.5 and the limitations on dis-
tribution of flexural reinforcement of 10.6 become increas-
ingly critical as f), increases.

R9.5 — Control of deflections

R9.5.1 — The provisions of 9.5 are concerned only with
deflections or deformations that may occur at service load
levels. When long-term deflections are computed, only the
dead load and that portion of the live load that is sustained
need be considered.

Two methods are given for controlling deflections.” ! For
nonprestressed beams and one-way slabs, and for composite
members, provision of a minimum overall thickness as
required by Table 9.5(a) will satisfy the requirements of the
code for members not supporting or attached to partitions or
other construction likely to be damaged by large deflections.
For nonprestressed two-way construction, minimum thick-
ness as required by 9.5.3.1, 9.5.3.2, and 9.5.3.3 will satisfy
the requirements of the code.

For nonprestressed members that do not meet these minimum
thickness requirements, or that support or are attached to parti-
tions or other construction likely to be damaged by large
deflections, and for all prestressed concrete flexural members,
deflections should be calculated by the procedures described
or referred to in the appropriate sections of the code, and are
limited to the values in Table 9.5(b).

R9.5.2 — One-way construction (nonprestressed)

R9.5.2.1 — The minimum thicknesses of Table 9.5(a)
apply for nonprestressed beams and one-way slabs (see
9.5.2), and for composite members (see 9.5.5). These mini-
mum thicknesses apply only to members not supporting or
attached to partitions and other construction likely to be
damaged by deflection.

Values of minimum thickness should be modified if other
than normalweight concrete and Grade 420 reinforcement
are used. The notes beneath the table are essential to its use
for reinforced concrete members constructed with structural
lightweight concrete or with reinforcement having a speci-
fied yield strength, fy, other than 420 MPa. If both of these
conditions exist, the corrections in footnotes (a) and (b) should
both be applied.

The modification for lightweight concrete in footnote (a) is
based on studies of the results and discussions in Reference
9.12. No correction is given for concretes with density
between 1920 and 2320 kg/m? because the correction term
would be close to unity in this range.
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TABLE 9.5(a)—MINIMUM THICKNESS OF
NONPRESTRESSED BEAMS OR ONE-WAY SLABS
UNLESS DEFLECTIONS ARE CALCULATED

Minimum thickness, h

Simply One end Both ends
supported | continuous | continuous | Cantilever

Members not supporting or attached to partitions or
other construction likely to be damaged by large
deflections.

Member

Solid one-
way slabs £/20 t/24 t/28 ¢no

Beams or
ribbed one-
way slabs tNne6

Notes:

Values given shall be used directly for members with normalweight concrete
(density w, = 2320 kg/m®) and Grade 420 reinforcement. For other condi-
tions, the values shall be modified as follows:

a) For structural lightweight concrete having unit density, w,, in the range
1440-1920 kg/m?®, the values shall be multiplied by (1.65 — 0.803wc) but not
less than 1.09.

b) For f,, other than 420 MPa, the values shall be multiplied by (0.4 + f,/700).

£/18.5 ¢r1 t/8

9.5.2.2 — Where deflections are to be computed,
deflections that occur immediately on application of
load shall be computed by usual methods or formulas
for elastic deflections, considering effects of cracking
and reinforcement on member stiffness.

9.5.2.3 — Unless stiffness values are obtained by a
more comprehensive analysis, immediate deflection
shall be computed with the modulus of elasticity for
concrete, E;, as specified in 8.5.1 (normalweight or
lightweight concrete) and with the effective moment of
inertia, I, as follows, but not greater than lg

M_\3 M_\3
_ cr _ cr _
’e‘(Ma) ’y+[1 (Ma) J’cr (0-8)
where:
fl
M, = -;-,—q (9-9)
t

and for normalweight concrete,

f, = 0.62 /f; (9-10)
When lightweight aggregate concrete is used, one of
the following modifications shall apply:

(a) When f is specified and concrete is propor-
tioned in accordance with 5.2, f, shall be modified by
substituting 1.8f;, for [f.', but the value of 1.8f,
shall not exceed ,/f,’;

(b) When £ is not specified, f, shall be multiplied by
0.75 for all-lightweight concrete, and 0.85 for sand-
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The modification for f, in footnote (b) is approximate but

should yield conservative results for the type of members
considered in the table, for typical reinforcement ratios, and
for values of fy between 280 and 550 MPa.

R9.5.2.2 — For calculation of immediate deflections of
uncracked prismatic members, the usual methods or formu-
las for elastic deflections may be used with a constant value
of El, along the length of the member. However, if the
member is cracked at one or more sections, or if its depth
varies along the span, a more exact calculation becomes
necessary.

R9.5.2.3 — The effective moment of inertia procedure
described in the code and developed in Reference 9.13 was
selected as being sufficiently accurate for use to control
deflections.” 1416 The effective moment of inertia I, was
developed to provide a transition between the upper and
lower bounds of I, and I, as a function of the ratio M,,./M,,.
For most cases I, will be less than I,,.
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lightweight concrete. Linear interpolation shall be
permitted if partial sand replacement is used.

9.5.2.4 — For continuous members, I, shall be per-
mitted to be taken as the average of values obtained
from Eq. (9-8) for the critical positive and negative
moment sections. For prismatic members, I, shall be
permitted to be taken as the value obtained from Eq.
(9-8) at midspan for simple and continuous spans, and
at support for cantilevers.

9.5.2.5 — Unless values are obtained by a more
comprehensive analysis, additional long-term deflection
resulting from creep and shrinkage of flexural members
(normalweight or lightweight concrete) shall be deter-
mined by multiplying the immediate deflection caused
by the sustained load considered, by the factor 1,

Ay = 9-11
A7 14+50p ©-11)

where g’ shall be the value at midspan for simple and
continuous spans, and at support for cantilevers. It
shall be permitted to assume &, the time-dependent
factor for sustained loads, to be equal to:

5 years O MOre.......cceeiviiiiiiiiiiieeee e 2.0
12 MONtNS..ueeie e 1.4
(SR g aT0] 011 1= 1.2
BMONENS oo 1.0
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R9.5.2.4 — For continuous members, the code procedure
suggests a simple averaging of I, values for the positive and
negative moment sections. The use of the midspan section
properties for continuous prismatic members is considered
satisfactory in approximate calculations primarily because
the midspan rigidity (including the effect of cracking) has
the dominant effect on deflections, as shown by ACI Com-
mittee 435%17:918 and Sp-43.2-11

R9.5.2.5 — Shrinkage and creep due to sustained loads
cause additional long-term deflections over and above those
which occur when loads are first placed on the structure.
Such deflections are influenced by temperature, humidity,
curing conditions, age at time of loading, quantity of com-
pression reinforcement, and magnitude of the sustained
load. The expression given in this section is considered sat-
isfactory for use with the code procedures for the calcula-
tion of immediate deflections, and with the limits given in
Table 9.5(b). The deflection computed in accordance with
this section is the additional long-term deflection due to the
dead load and that portion of the live load that will be sus-
tained for a sufficient period to cause significant time-
dependent deflections.

Eq. (9-11) was developed in Reference 9.19. In Eq. (9-11)
the multiplier on & accounts for the effect of compression
reinforcement in reducing long-term deflections. & = 2.0
represents a nominal time-dependent factor for 5 years dura-
tion of loading. The curve in Fig. R9.5.2.5 may be used to
estimate values of & for loading periods less than five years.

If it is desired to consider creep and shrinkage separately,
approximate equations provided in References 9.13, 9.14,
9.19, and 9.20 may be used.

2.0

€ 1.0

0.5

0

0136 12 18 24 30 36 48 60
Duration of load, months

Fig. R9.5.2.5—Multipliers for long-term deflections
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9.5.2.6 — Deflection computed in accordance with
9.5.2.2 through 9.5.2.5 shall not exceed limits stipu-
lated in Table 9.5(b).

9.5.3 — Two-way construction (nonprestressed)

9.5.3.1 — Section 9.5.3 shall govern the minimum
thickness of slabs or other two-way construction
designed in accordance with the provisions of Chapter
13 and conforming with the requirements of 13.6.1.2.
The thickness of slabs without interior beams spanning
between the supports on all sides shall satisfy the
requirements of 9.5.3.2 or 9.5.3.4. The thickness of
slabs with beams spanning between the supports on all
sides shall satisfy requirements of 9.5.3.3 or 9.5.3.4.

9.5.3.2 — For slabs without interior beams spanning
between the supports and having a ratio of long to short
span not greater than 2, the minimum thickness shall be
in accordance with the provisions of Table 9.5(c) and
shall not be less than the following values:

(a) Slabs without drop panels as
| definedin 13.2.5 ..o 125 mm;

(b) Slabs with drop panels as defined
| N 1825 e 100 mm

9.5.3.3 — For slabs with beams spanning between
the supports on all sides, the minimum thickness, h,
shall be as follows:

(a) For asy, equal to or less than 0.2, the provisions
of 9.5.3.2 shall apply;

(b) For a4, greater than 0.2 but not greater than 2.0,
h shall not be less than

f
y
08+ :

~ 36+ 5B(0iy, - 0.2)

(9-12)

and not less than 125 mm;

COMMENTARY

R9.5.2.6 — It should be noted that the limitations given
in this table relate only to supported or attached nonstruc-
tural elements. For those structures in which structural
members are likely to be affected by deflection or deforma-
tion of members to which they are attached in such a man-
ner as to affect adversely the strength of the structure, these
deflections and the resulting forces should be considered
explicitly in the analysis and design of the structures as
required by 9.5.1. (See Reference 9.16.)

Where long-term deflections are computed, the portion of
the deflection before attachment of the nonstructural ele-
ments may be deducted. In making this correction use may
be made of the curve in Fig. R9.5.2.5 for members of usual
sizes and shapes.

R9.5.3 — Two-way construction (nonprestressed)

R9.5.3.2 — The minimum thicknesses in Table 9.5(c) are
those that have been developed through the years. Slabs
conforming to those limits have not resulted in systematic
problems related to stiffness for short- and long-term loads.
These limits apply to only the domain of previous experi-
ence in loads, environment, materials, boundary conditions,
and spans.

R9.5.3.3 — For panels having a ratio of long to short
span greater than 2, the use of Eq. (9-12) and (9-13), which
express the minimum thickness as a fraction of the long
span, may give unreasonable results. For such panels, the
rules applying to one-way construction in 9.5.2 should be
used.

The requirement in 9.5.3.3(a) for ay, equal to 0.2 made it
possible to eliminate Eq. (9-13) of the 1989 code. That
equation gave values essentially the same as those in Table
9.5(c), as does Eq. (9-12) at a value of fm equal to 0.2.
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TABLE 9.5(b) — MAXIMUM PERMISSIBLE COMPUTED DEFLECTIONS

Type of member Deflection to be considered Deflection limitation
Flat roofs not supporting or attached to non- Immediate deflection due to live load L )
structural elements likely to be damaged by £/180"

large deflections
Floors not supporting or attached to nonstruc- | Immediate deflection due to live load L

tural elements likely to be damaged by large ¢/360
deflections

Roof or floor construction supporting or That part of the total deflection occurring after

attached to nonstructural elements likely to be | attachment of nonstructural elements (sum of ¢/480%
damaged by large deflections the long-term deflection due to all sustained

loads and the immediate deflection due to any

Roof or floor construction supporting or additional live load)

attached to nonstructural elements not likely to
be damaged by large deflections

* Limit not intended to safeguard against ponding. Ponding should be checked by suitable calculations of deflection, including added deflections due to ponded
water, and considering long-term effects of all sustained loads, camber, construction tolerances, and reliability of provisions for drainage.

t Long-term deflection shall be determined in accordance with 9.5.2.5 or 9.5.4.3, but may be reduced by amount of deflection calculated to occur before attach-
ment of nonstructural elements. This amount shall be determined on basis of accepted engineering data relating to time-deflection characteristics of members sim-
ilar to those being considered.

* Limit may be exceeded if adequate measures are taken to prevent damage to supported or attached elements.

§ Limit shall not be greater than tolerance provided for nonstructural elements. Limit may be exceeded if camber is provided so that total deflection minus camber
does not exceed limit.

¢/240%

TABLE 9.5(c)—MINIMUM THICKNESS OF SLABS
WITHOUT INTERIOR BEAMS*

Without drop panelsi With drop panels1
Interior Interior
Exterior panels | panels | Exterior panels | panels
Without |  With Without | With
edge edge edge edge
fy, MPat| beams | beams® beams | beams$
tn tn tn tn tn bn
280 33 36 36 36 40 40
tn bn bn tn tn tn
420 30 33 33 33 36 36
tn tn tn tn tn tn
520 28 31 31 31 34 34

" For two-way construction, £, is the length of clear span in the long direc-

tion, measured face-to-face of supports in slabs without beams and face-to-
face of beams or other supports in other cases.

T For fy between the values given in the table, minimum thickness shall be
determined by linear interpolation.

¥ Drop panels as defined in 13.2.5.

§ Slabs with beams between columns along exterior edges. The value of oy
for the edge beam shall not be less than 0.8.

(c) For asy, greater than 2.0, h shall not be less than

f
0.8 + ——
b= @ (©-13)
36 + 9p

and not less than 90 mm;

(d) At discontinuous edges, an edge beam shall be
provided with a stiffness ratio o not less than 0.80
or the minimum thickness required by Eq. (9-12) or
(9-13) shall be increased by at least 10 percent in
the panel with a discontinuous edge.

Term ¢, in (b) and (c) is length of clear span in long

direction measured face-to-face of beams. Term g

in (b) and (c) is ratio of clear spans in Iong to short

direction of slab. TN
Copyright American Concrete Institute

Provided by IHS under license with ACI ACI 31 8 B u i Id i ng Licensee=Black & Veatch/5910842100 ‘}ary

No reproduction or networking permitted without license from IHS Not for Resale, 11/28/2005 18:20:15 MST



116 CHAPTER 9

CODE

9.5.3.4 — Slab thickness less than the minimum
required by 9.5.3.1, 9.5.3.2, and 9.5.3.3 shall be per-
mitted where computed deflections do not exceed the
limits of Table 9.5(b). Deflections shall be computed
taking into account size and shape of the panel, condi-
tions of support, and nature of restraints at the panel
edges. The modulus of elasticity of concrete, E,, shall
be as specified in 8.5.1. The effective moment of iner-
tia, Ip, shall be that given by Eq. (9-8); other values
shall be permitted to be used if they result in computed
deflections in reasonable agreement with results of
comprehensive tests. Additional long-term deflection
shall be computed in accordance with 9.5.2.5.

9.5.4 — Prestressed concrete construction

9.5.4.1 — For flexural members designed in accor-
dance with provisions of Chapter 18, immediate
deflection shall be computed by usual methods or for-
mulas for elastic deflections, and the moment of inertia
of the gross concrete section, I,, shall be permitted to
be used for Class U flexural members, as defined in
18.3.3.

9.5.4.2 — For Class C and Class T flexural mem-
bers, as defined in 18.3.3, deflection calculations shall
be based on a cracked transformed section analysis. It
shall be permitted to base computations on a bilinear
moment-deflection relationship, or an effective
moment of inertia, I,, as defined by Eq. (9-8).

9.5.4.3 — Additional long-term deflection of pre-
stressed concrete members shall be computed taking
into account stresses in concrete and steel under sus-
tained load and including effects of creep and shrink-
age of concrete and relaxation of steel.
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R9.5.3.4 — The calculation of deflections for slabs is
complicated even if linear elastic behavior can be assumed.
For immediate deflections, the values of E, and I, specified
in 9.5.2.3 may be used.” 1 However, other procedures and
other values of the stiffness E.I may be used if they result in
predictions of deflection in reasonable agreement with the
results of comprehensive tests.

Since available data on long-term deflections of slabs are
too limited to justify more elaborate procedures, the addi-
tional long-term deflection for two-way construction is
required to be computed using the multipliers given in
9.5.2.5.

R9.5.4 — Prestressed concrete construction

The code requires deflections for all prestressed concrete
flexural members to be computed and compared with the
allowable values in Table 9.5(b).

R9.5.4.1 — Immediate deflections of Class U prestressed
concrete members may be calculated by the usual methods or
formulas for elastic deflections using the moment of inertia of
the gross (uncracked) concrete section and the modulus of
elasticity for concrete specified in 8.5.1.

R9.5.4.2 — Class C and Class T prestressed flexural
members are defined in 18.3.3. Reference 9.21 gives infor-
mation on deflection calculations using a bilinear moment-
deflection relationship and using an effective moment of
inertia. Reference 9.22 gives additional information on
deflection of cracked prestressed concrete members.

Reference 9.23 shows that the I, method can be used to com-

pute deflections of Class T prestressed members loaded
above the cracking load. For this case, the cracking moment
should take into account the effect of prestress. A method for
predicting the effect of nonprestressed tension steel in reduc-
ing creep camber is also given in Reference 9.23, with
approximate forms given in References 9.16 and 9.24.

R9.5.4.3 — Calculation of long-term deflections of pre-
stressed concrete flexural members is complicated. The cal-
culations should consider not only the increased deflections
due to flexural stresses, but also the additional long-term
deflections resulting from time-dependent shortening of the
flexural member.

Prestressed concrete members shorten more with time than
similar nonprestressed members due to the precompression
in the slab or beam which causes axial creep. This creep
together with concrete shrinkage results in significant short-
ening of the flexural members that continues for several
years after construction and should be considered in design.
The shortening tends to reduce the tension in the prestress-
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9.5.4.4 — Deflection computed in accordance with
9.5.4.1 or 9.5.4.2, and 9.5.4.3 shall not exceed limits
stipulated in Table 9.5(b).

9.5.5 — Composite construction
9.5.5.1 — Shored construction

If composite flexural members are supported during
construction so that, after removal of temporary sup-
ports, dead load is resisted by the full composite sec-
tion, it shall be permitted to consider the composite
member equivalent to a monolithically cast member for
computation of deflection. For nonprestressed mem-
bers, the portion of the member in compression shall
determine whether values in Table 9.5(a) for normal-
weight or lightweight concrete shall apply. If deflection
is computed, account shall be taken of curvatures
resulting from differential shrinkage of precast and
cast-in-place components, and of axial creep effects in
a prestressed concrete member.

9.5.5.2 — Unshored construction

If the thickness of a nonprestressed precast flexural
member meets the requirements of Table 9.5(a),
deflection need not be computed. If the thickness of a
nonprestressed composite member meets the require-
ments of Table 9.5(a), it is not required to compute
deflection occurring after the member becomes com-
posite, but the long-term deflection of the precast
member shall be investigated for magnitude and dura-
tion of load prior to beginning of effective composite
action.
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ing steel, reducing the precompression in the member and
thereby causing increased long-term deflections.

Another factor that can influence long-term deflections of
prestressed flexural members is adjacent concrete or
masonry that is nonprestressed in the direction of the pre-
stressed member. This can be a slab nonprestressed in the
beam direction adjacent to a prestressed beam or a nonpre-
stressed slab system. As the prestressed member tends to
shrink and creep more than the adjacent nonprestressed con-
crete, the structure will tend to reach a compatibility of the
shortening effects. This results in a reduction of the precom-
pression in the prestressed member as the adjacent concrete
absorbs the compression. This reduction in precompression
of the prestressed member can occur over a period of years
and will result in additional long-term deflections and in
increase tensile stresses in the prestressed member.

Any suitable method for calculating long-term deflections of
prestressed members may be used, provided all effects are
considered. Guidance may be found in References 9.16,
9.25,9.26, and 9.27.

R9.5.5 — Composite construction

Since few tests have been made to study the immediate and
long-term deflections of composite members, the rules
given in 9.5.5.1 and 9.5.5.2 are based on the judgment of
ACI Committee 318 and on experience.

If any portion of a composite member is prestressed or if the
member is prestressed after the components have been cast,
the provisions of 9.5.4 apply and deflections are to be calcu-
lated. For nonprestressed composite members, deflections
need to be calculated and compared with the limiting values
in Table 9.5(b) only when the thickness of the member or
the precast part of the member is less than the minimum
thickness given in Table 9.5(a). In unshored construction the
thickness of concern depends on whether the deflection
before or after the attainment of effective composite action
is being considered. (In Chapter 17, it is stated that distinc-
tion need not be made between shored and unshored mem-
bers. This refers to strength calculations, not to deflections.)
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9.5.5.3 — Deflection computed in accordance with
9.5.5.1 or 9.5.5.2 shall not exceed limits stipulated in
Table 9.5(b).
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CHAPTER 10 — FLEXURE AND AXIAL LOADS

CODE
10.1 — Scope

Provisions of Chapter 10 shall apply for design of
members subject to flexure or axial loads or to com-
bined flexure and axial loads.

10.2 — Design assumptions

10.2.1 — Strength design of members for flexure and
axial loads shall be based on assumptions given in
10.2.2 through 10.2.7, and on satisfaction of applicable
conditions of equilibrium and compatibility of strains.

10.2.2 — Strain in reinforcement and concrete shall be
assumed directly proportional to the distance from the
neutral axis, except that, for deep beams as defined in
10.7.1, an analysis that considers a nonlinear distribu-
tion of strain shall be used. Alternatively, it shall be
permitted to use a strut-and-tie model. See 10.7, 11.8,
and Appendix A.

10.2.3 — Maximum usable strain at extreme concrete
compression fiber shall be assumed equal to 0.003.

10.2.4 — Stress in reinforcement below f, shall be
taken as Eg times steel strain. For strains greater than
that corresponding to f,,, stress in reinforcement shall
be considered independent of strain and equal to f,,.
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R10.2 — Design assumptions

R10.2.1 — The strength of a member computed by the
strength design method of the code requires that two basic
conditions be satisfied: (1) static equilibrium, and (2) com-
patibility of strains. Equilibrium between the compressive
and tensile forces acting on the cross section at nominal
strength should be satisfied. Compatibility between the
stress and strain for the concrete and the reinforcement at
nominal strength conditions should also be established
within the design assumptions allowed by 10.2.

R10.2.2—Many tests have confirmed that the distribution of
strain is essentially linear across a reinforced concrete cross
section, even near ultimate strength.

The strain in both reinforcement and in concrete is assumed
to be directly proportional to the distance from the neutral
axis. This assumption is of primary importance in design for
determining the strain and corresponding stress in the rein-
forcement.

R10.2.3 — The maximum concrete compressive strain at
crushing of the concrete has been observed in tests of vari-
ous kinds to vary from 0.003 to higher than 0.008 under spe-
cial conditions. However, the strain at which ultimate
moments are developed is usually about 0.003 to 0.004 for
members of normal proportions and materials.

R10.2.4 — For deformed reinforcement, it is reasonably
accurate to assume that the stress in reinforcement is pro-
portional to strain below the specified yield strength f. The
increase in strength due to the effect of strain hardening of
the reinforcement is neglected for strength computations. In
strength computations, the force developed in tensile or
compressive reinforcement is computed as,

when & < & (yield strain)
Agfs=AGE &
when g >

Agfs = Asfy
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10.2.5 — Tensile strength of concrete shall be
neglected in axial and flexural calculations of rein-
forced concrete, except when meeting requirements of
18.4.

10.2.6 — The relationship between concrete compres-
sive stress distribution and concrete strain shall be
assumed to be rectangular, trapezoidal, parabolic, or
any other shape that results in prediction of strength in
substantial agreement with results of comprehensive
tests.

10.2.7 — Requirements of 10.2.6 are satisfied by an
equivalent rectangular concrete stress distribution
defined by the following:

10.2.7.1 — Concrete stress of 0.85f, shall be as-
sumed uniformly distributed over an equivalent com-
pression zone bounded by edges of the cross section
and a straight line located parallel to the neutral axis at
a distance a = ;¢ from the fiber of maximum com-
pressive strain.

10.2.7.2 — Distance from the fiber of maximum
strain to the neutral axis, ¢, shall be measured in a
direction perpendicular to the neutral axis.

COMMENTARY

where & is the value from the strain diagram at the location
of the reinforcement. For design, the modulus of elasticity
of steel reinforcement E; may be taken as 200 000 MPa
(see 8.5.2).

R10.2.5 — The tensile strength of concrete in flexure (modu-
lus of rupture) is a more variable property than the compres-
sive strength and is about 10 to 15 percent of the compressive
strength. Tensile strength of concrete in flexure is neglected
in strength design. For members with normal percentages of
reinforcement, this assumption is in good agreement with
tests. For very small percentages of reinforcement, neglect of
the tensile strength at ultimate is usually correct.

The strength of concrete in tension, however, is important in
cracking and deflection considerations at service loads.

R10.2.6 — This assumption recognizes the inelastic stress
distribution of concrete at high stress. As maximum stress is
approached, the stress-strain relationship for concrete is not
a straight line but some form of a curve (stress is not propor-
tional to strain). The general shape of a stress-strain curve is
primarily a function of concrete strength and consists of a
rising curve from zero to a maximum at a compressive
strain between 0.0015 and 0.002 followed by a descending
curve to an ultimate strain (crushing of the concrete) from
0.003 to higher than 0.008. As discussed under R10.2.3, the
code sets the maximum usable strain at 0.003 for design.

The actual distribution of concrete compressive stress is
complex and usually not known explicitly. Research has
shown that the important properties of the concrete stress
distribution can be approximated closely using any one of
several different assumptions as to the form of stress distri-
bution. The code permits any particular stress distribution to
be assumed in design if shown to result in predictions of
ultimate strength in reasonable agreement with the results of
comprehensive tests. Many stress distributions have been
proposed. The three most common are the parabola, trape-
zoid, and rectangle.

R10.2.7 — For design, the code allows the use of an equiva-
lent rectangular compressive stress distribution (stress
block) to replace the more exact concrete stress distribution.
In the equivalent rectangular stress block, an average stress of
0.85f," is used with a rectangle of depth a = Sc. The B; of 0.85
for concrete with f," < 28 MPa and 0.05 less for each 7 MPa of
J;' in excess of 28 MPa was determined experimentally.

In the 1976 supplement to the 1971 code, a lower limit of 5
equal to 0.65 was adopted for concrete strengths greater
than 55 MPa. Research data from tests with high strength
concretes!0-1:102 supported the equivalent rectangular stress
block for concrete strengths exceeding 55 MPa, with a 5
equal to 0.65. Use of the equivalent rectangular stress distri-
bution specified in the 1971 code, with no lower limit on £,
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10.2.7.3 — For f{ between 17 and 28 MPa, p; shall
be taken as 0.85. For f, above 28 MPa, g; shall be
reduced linearly at a rate of 0.05 for each 7 MPa of
strength in excess of 28 MPa, but g shall not be taken
less than 0.65.

103 — General principles and requirements

10.3.1 — Design of cross sections subject to flexure or
axial loads, or to combined flexure and axial loads,
shall be based on stress and strain compatibility using
assumptions in 10.2.

10.3.2 — Balanced strain conditions exist at a cross
section when tension reinforcement reaches the strain
corresponding to f, just as concrete in compression
reaches its assumed ultimate strain of 0.003.

10.3.3 — Sections are compression-controlled if the
net tensile strain in the extreme tension steel, &, is
equal to or less than the compression-controlled strain
limit when the concrete in compression reaches its
assumed strain limit of 0.003. The compression-con-
trolled strain limit is the net tensile strain in the rein-
forcement at balanced strain conditions. For Grade 420
reinforcement, and for all prestressed reinforcement, it
shall be permitted to set the compression-controlled
strain limit equal to 0.002.

COMMENTARY

resulted in inconsistent designs for high strength concrete
for members subject to combined flexure and axial load.

The equivalent rectangular stress distribution does not rep-
resent the actual stress distribution in the compression zone
at ultimate, but does provide essentially the same results as
those obtained in tests. !0

R10.3 — General principles and requirements

R10.3.1 — Design strength equations for members subject
to flexure or combined flexure and axial load are derived in
the paper, “Rectangular Concrete Stress Distribution in Ulti-
mate Strength Design.”lo'3 Reference 10.3 and previous edi-
tions of this commentary also give the derivations of
strength equations for cross sections other than rectangular.

R10.3.2 — A balanced strain condition exists at a cross sec-
tion when the maximum strain at the extreme compression
fiber just reaches 0.003 simultaneously with the first yield
strain f, /E; in the tension reinforcement. The reinforcement
ratio pp, which produces balanced strain conditions under
flexure, depends on the shape of the cross section and the
location of the reinforcement.

R10.3.3 — The nominal flexural strength of a member is
reached when the strain in the extreme compression fiber
reaches the assumed strain limit 0.003. The net tensile strain
& is the tensile strain in the extreme tension steel at nominal
strength, exclusive of strains due to prestress, creep, shrinkage,
and temperature. The net tensile strain in the extreme tension
steel is determined from a linear strain distribution at nominal
strength, shown in Fig. R10.3.3, using similar triangles.

When the net tensile strain in the extreme tension steel is suf-
ficiently large (equal to or greater than 0.005), the section is
defined as tension-controlled where ample warning of failure
with excessive deflection and cracking may be expected.
When the net tensile strain in the extreme tension steel is

0.003 Compression

d, -

\

\-Reinforcement closest
to the tension face

Fig. R10.3.3— Strain distribution and net tensile strain.
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10.3.4 — Sections are tension-controlled if the net ten-
sile strain in the extreme tension steel, &, is equal to or
greater than 0.005 when the concrete in compression
reaches its assumed strain limit of 0.003. Sections
with & between the compression-controlled strain limit
and 0.005 constitute a transition region between com-
pression-controlled and tension-controlled sections.

10.3.5 — For nonprestressed flexural members and
nonprestressed members with factored axial compres-
sive load less than 0.10f/’Ag, & at nominal strength
shall not be less than 0.004.

10.3.5.1 — Use of compression reinforcement shall
be permitted in conjunction with additional tension rein-
forcement to increase the strength of flexural members.

COMMENTARY

small (less than or equal to the compression-controlled strain
limit), a brittle failure condition may be expected, with little
warning of impending failure. Flexural members are usually
tension-controlled, whereas compression members are usu-
ally compression-controlled. Some sections, such as those
with small axial load and large bending moment, will have
net tensile strain in the extreme tension steel between the
above limits. These sections are in a transition region between
compression- and tension-controlled sections. Section 9.3.2
specifies the appropriate strength reduction factors for ten-
sion-controlled and compression-controlled sections, and for
intermediate cases in the transition region.

Before the development of these provisions, the limiting ten-
sile strain for flexural members was not stated, but was
implicit in the maximum tension reinforcement ratio that was
given as a fraction of gy, which was dependent on the yield
strength of the reinforcement. The net tensile strain limit of
0.005 for tension-controlled sections was chosen to be a sin-
gle value that applies to all types of steel (prestressed and
nonprestressed) permitted by this code.

Unless unusual amounts of ductility are required, the 0.005
limit will provide ductile behavior for most designs. One
condition where greater ductile behavior is required is in
design for redistribution of moments in continuous mem-
bers and frames. Section 8.4 permits redistribution of nega-
tive moments. Since moment redistribution is dependent on
adequate ductility in hinge regions, moment redistribution is
limited to sections that have a net tensile strain of at least
0.0075.

For beams with compression reinforcement, or T-beams,
the effects of compression reinforcement and flanges are
automatically accounted for in the computation of net ten-
sile strain &.

R10.3.5 — The effect of this limitation is to restrict the
reinforcement ratio in nonprestressed beams to about the
same ratio as in editions of the code prior to 2002. The rein-
forcement limit of 0.75p, results in a net tensile strain in
extreme tension steel at nominal strength of 0.00376. The
proposed limit of 0.004 is slightly more conservative. This
limitation does not apply to prestressed members.
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10.3.6 — Design axial strength ¢P, of compression
members shall not be taken greater than ¢P, ,ay.
computed by Eq. (10-1) or (10-2).

10.3.6.1 — For nonprestressed members with spiral
reinforcement conforming to 7.10.4 or composite
members conforming to 10.16:

#Pn,max = 0.854[0.85f (A - A p+f Ag] (10-1)

10.3.6.2—For nonprestressed members with tie
reinforcement conforming to 7.10.5:

#Pp,max = 0.804[0.851 /(A - Agp + 1, Agy] (10-2)

10.3.6.3 — For prestressed members, design axial
strength, ¢P,, shall not be taken greater than 0.85 (for
members with spiral reinforcement) or 0.80 (for mem-
bers with tie reinforcement) of the design axial
strength at zero eccentricity, ¢P,,.

10.3.7 — Members subject to compressive axial load
shall be designed for the maximum moment that can
accompany the axial load. The factored axial force P,
at given eccentricity shall not exceed that given in
10.3.6. The maximum factored moment M, shall be
magnified for slenderness effects in accordance with
10.10.
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R10.3.6 and R10.3.7 — The minimum design eccentrici-
ties included in the 1963 and 1971 codes were deleted from
the 1977 code except for consideration of slenderness
effects in compression members with small or zero com-
puted end moments (see 10.12.3.2). The specified minimum
eccentricities were originally intended to serve as a means
of reducing the axial load design strength of a section in
pure compression to account for accidental eccentricities
not considered in the analysis that may exist in a compres-
sion member, and to recognize that concrete strength may
be less than f," under sustained high loads. The primary pur-
pose of the minimum eccentricity requirement was to limit the
maximum design axial load strength of a compression mem-
ber. This is now accomplished directly in 10.3.6 by limiting
the design axial strength of a section in pure compression to
85 or 80 percent of the nominal strength. These percentage
values approximate the axial strengths at eccentricity to depth
ratios of 0.05 and 0.10, specified in the earlier codes for the
spirally reinforced and tied members, respectively. The same
axial load limitation applies to both cast-in-place and precast
compression members. Design aids and computer programs
based on the minimum eccentricity requirement of the 1963
and 1971 codes are equally applicable.

For prestressed members, the design axial load strength in
pure compression is computed by the strength design methods
of Chapter 10, including the effect of the prestressing force.

Compression member end moments should be considered in
the design of adjacent flexural members. In nonsway
frames, the effects of magnifying the end moments need not
be considered in the design of the adjacent beams. In sway
frames, the magnified end moments should be considered in
designing the flexural members, as required in 10.13.7.

Corner and other columns exposed to known moments
about each axis simultaneously should be designed for biax-
ial bending and axial load. Satisfactory methods are avail-
able in the ACI Design Handbook'%* and the CRSI
Handbook.'%> The reciprocal load method'?® and the load
contour method'%” are the methods used in those two hand-
books. Research!%8109 indicates that using the equivalent
rectangular stress block provisions of 10.2.7 produces satis-
factory strength estimates for doubly symmetric sections. A
simple and somewhat conservative estimate of nominal
strength P,; can be obtained from the reciprocal load
relationshiplo'6

L

ni

L
an Pn

_1
v Po

where:

P,; = nominal axial load strength at given eccentricity
along both axes
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10.4 — Distance between lateral supports
of flexural members

10.4.1 — Spacing of lateral supports for a beam shall
not exceed 50 times b, the least width of compression
flange or face.

10.4.2 — Effects of lateral eccentricity of load shall be
taken into account in determining spacing of lateral
supports.

10.5 — Minimum reinforcement of flexural
members

10.5.1 — At every section of a flexural member where
tensile reinforcement is required by analysis, except as
provided in 10.5.2, 10.5.3, and 10.5.4, Ag provided
shall not be less than that given by

0.25 /f,'
s,min = '_f—bwd
y

(10-3)

and not less than 1.4b,,d/f,.

10.5.2 — For statically determinate members with a
flange in tension, Agmin shall not be less than the
value given by Eq. (10-3), except that b,, is replaced
by either 2b,, or the width of the flange, whichever is
smaller.

ACI 318 Building C
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P, = nominal axial load strength at zero eccentricity

P,, = nominal axial load strength at given eccentricity
along x-axis

P,, = nominal axial load strength at given eccentricity
along y-axis

This relationship is most suitable when values P, and P, are
greater than the balanced axial force P, for the particular axis.

R10.4 — Distance between lateral supports
of flexural members

Tests! 0101011 have shown that laterally unbraced rein-
forced concrete beams of any reasonable dimensions, even
when very deep and narrow, will not fail prematurely by lat-
eral buckling provided the beams are loaded without lateral
eccentricity that causes torsion.

Laterally unbraced beams are frequently loaded off center
(lateral eccentricity) or with slight inclination. Stresses and
deformations set up by such loading become detrimental for
narrow, deep beams, the more so as the unsupported length
increases. Lateral supports spaced closer than 50b may be
required by loading conditions.

R10.5 — Minimum reinforcement of flexural
members

The provision for a minimum amount of reinforcement
applies to flexural members, which for architectural or other
reasons, are larger in cross section than required for strength.
With a very small amount of tensile reinforcement, the com-
puted moment strength as a reinforced concrete section using
cracked section analysis becomes less than that of the corre-
sponding unreinforced concrete section computed from its
modulus of rupture. Failure in such a case can be sudden.

To prevent such a failure, a minimum amount of tensile
reinforcement is required by 10.5.1 in both positive and neg-
ative moment regions. When concrete strength higher than
about 35 MPa is used, the 1.4/f, value previously prescribed
may not be sufficient. Equation (10-3) gives the same
amount of reinforcement as 1.4b,,d/f, when " equals 31 MPa.
When the flange of a section is in tension, the amount of
tensile reinforcement needed to make the strength of the
reinforced section equal that of the unreinforced section is
about twice that for a rectangular section or that of a flanged
section with the flange in compression. A higher amount of
minimum tensile reinforcement is particularly necessary in
cantilevers and other statically determinate members where
there is no possibility for redistribution of moments.
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10.5.3 — The requirements of 10.5.1 and 10.5.2 need
not be applied if at every section Ag provided is at
least one-third greater than that required by analysis.

10.5.4 — For structural slabs and footings of uniform
thickness, Ag min in the direction of the span shall be
the same as that required by 7.12. Maximum spacing
of this reinforcement shall not exceed three times the
thickness, nor 450 mm.

10.6 — Distribution of flexural reinforcement
in beams and one-way slabs

10.6.1 — This section prescribes rules for distribution
of flexural reinforcement to control flexural cracking in
beams and in one-way slabs (slabs reinforced to resist
flexural stresses in only one direction).
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R10.5.3 — The minimum reinforcement required by Eq.
(10-3) is to be provided wherever reinforcement is needed,
except where such reinforcement is at least one-third greater
than that required by analysis. This exception provides suffi-
cient additional reinforcement in large members where the
amount required by 10.5.1 or 10.5.2 would be excessive.

R10.5.4 — The minimum reinforcement required for slabs
should be equal to the same amount as that required by 7.12
for shrinkage and temperature reinforcement.

Soil-supported slabs such as slabs on grade are not consid-
ered to be structural slabs in the context of this section,
unless they transmit vertical loads from other parts of the
structure to the soil. Reinforcement, if any, in soil-supported
slabs should be proportioned with due consideration of all
design forces. Mat foundations and other slabs that help
support the structure vertically should meet the require-
ments of this section.

In reevaluating the overall treatment of 10.5, the maximum
spacing for reinforcement in structural slabs (including
footings) was reduced from the 5k for temperature and
shrinkage reinforcement to the compromise value of 3h,
which is somewhat larger than the 2k limit of 13.3.2 for
two-way slab systems.

R10.6 — Distribution of flexural reinforcement
in beams and one-way slabs

R10.6.1 — Many structures designed by working stress
methods and with low steel stress served their intended
functions with very limited flexural cracking. When high
strength reinforcing steels are used at high service load
stresses, however, visible cracks should be expected, and
steps should be taken in detailing of the reinforcement to
control cracking. For reasons of durability and appearance,
many fine cracks are preferable to a few wide cracks.

Control of cracking is particularly important when rein-
forcement with a yield strength in excess of 280 MPa is
used. Current good detailing practices will usually lead to
adequate crack control even when reinforcement of 420 MPa
yield strength is used.

Extensive laboratory work!0-12-10-14 involving deformed
bars has confirmed that crack width at service loads is pro-
portional to steel stress. The significant variables reflecting
steel detailing were found to be thickness of concrete cover
and the spacing of reinforcement.

Crack width is inherently subject to wide scatter even in
careful laboratory work and is influenced by shrinkage and
other time-dependent effects. Improved crack control is
obtained when the steel reinforcement is well distributed
over the zone of maximum concrete tension.
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10.6.2 — Distribution of flexural reinforcement in two-
way slabs shall be as required by 13.3.

10.6.3 — Flexural tension reinforcement shall be well
distributed within maximum flexural tension zones of a
member cross section as required by 10.6.4.

10.6.4 — The spacing of reinforcement closest to the
tension face, s, shall not exceed that given by

280

s = 380(7-) ~25¢, (10-4)
S

but not greater than 300(280/f;), where ¢, is the least
distance from surface of reinforcement or prestressing
steel to the tension face. If there is only one bar or wire
nearest to the extreme tension face, s used in Eq. (10-
4) is the width of the extreme tension face.

Calculated stress f; in reinforcement closest to the
tension face at service load shall be computed based
on the unfactored moment. It shall be permitted to take
fs as 2/3f,,.

10.6.5 — Provisions of 10.6.4 are not sufficient for
structures subject to very aggressive exposure or
designed to be watertight. For such structures, special
investigations and precautions are required.

10.6.6 — Where flanges of T-beam construction are in
tension, part of the flexural tension reinforcement shall
be distributed over an effective flange width as defined
in 8.10, or a width equal to one-tenth the span, which-
ever is smaller. If the effective flange width exceeds
one-tenth the span, some longitudinal reinforcement
shall be provided in the outer portions of the flange.

10.6.7 — Where h of a beam or joist exceeds 900 mm,
longitudinal skin reinforcement shall be uniformly
distributed along both side faces of the member.
Skin reinforcement shall extend for a distance h/2
from the tension face. The spacing s shall be as pro-
vided in 10.6.4, where ¢, is the least distance from the
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R10.6.3 — Several bars at moderate spacing are much more
effective in controlling cracking than one or two larger bars
of equivalent area.

R10.6.4 — This section was updated in the 2005 edition to
reflect the higher service stresses that occur in flexural rein-
forcement with the use of the load combinations introduced
in the 2002 code. The maximum bar spacing is specified
directly to control cracking.!0-13:10-16.10.17 Eor the usual case
of beams with Grade 420 reinforcement and 50 mm clear
cover to the main reinforcement, with f; = 280 MPa, the
maximum bar spacing is 250 mm.

Crack widths in structures are highly variable. In codes
before the 1999 edition, provisions were given for distribu-
tion of reinforcement that were based on empirical equa-
tions using a calculated maximum crack width of 0.4 mm.
The current provisions for spacing are intended to limit sur-
face cracks to a width that is generally acceptable in practice
but may vary widely in a given structure.

The role of cracks in the corrosion of reinforcement is con-
troversial. Research!®!81019 shows that corrosion is not
clearly correlated with surface crack widths in the range
normally found with reinforcement stresses at service load
levels. For this reason, the former distinction between inte-
rior and exterior exposure has been eliminated.

R10.6.5 — Although a number of studies have been con-
ducted, clear experimental evidence is not available regard-
ing the crack width beyond which a corrosion danger exists.
Exposure tests indicate that concrete quality, adequate com-
paction, and ample concrete cover may be of greater impor-
tance for corrosion protection than crack width at the
concrete surface.

R10.6.6 — In major T-beams, distribution of the negative
reinforcement for control of cracking should take into
account two considerations: (1) wide spacing of the rein-
forcement across the full effective width of flange may cause
some wide cracks to form in the slab near the web and, (2)
close spacing near the web leaves the outer regions of the
flange unprotected. The one-tenth limitation is to guard
against too wide a spacing, with some additional reinforce-
ment required to protect the outer portions of the flange.

R10.6.7 — For relatively deep flexural members, some
reinforcement should be placed near the vertical faces of the
tension zone to control cracking in the web, 1020 1021 (gee
Fig. R10.6.7.) Without such auxiliary steel, the width of the
cracks in the web may exceed the crack widths at the level
| of the flexural tension reinforcement. This section was mod-
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surface of the skin reinforcement or prestressing steel
to the side face. It shall be permitted to include such
reinforcement in strength computations if a strain com-
patibility analysis is made to determine stress in the
individual bars or wires.

10.7 — Deep beams

10.7.1 — Deep beams are members loaded on one
face and supported on the opposite face so that com-
pression struts can develop between the loads and the
supports, and have either:

(a) clear spans, ¢,, equal to or less than four times
the overall member depth; or

(b) regions with concentrated loads within twice the
member depth from the face of the support.

Deep beams shall be designed either taking into
account nonlinear distribution of strain, or by Appendix
A. (See also 11.8.1 and 12.10.6.) Lateral buckling
shall be considered.

10.7.2 — V,, of deep beams shall be in accordance
with 11.8.

10.7.3 — Minimum area of flexural tension reinforce-
ment, Ag min, shall conform to 10.5.

10.7.4 — Minimum horizontal and vertical reinforce-
ment in the side faces of deep beams shall satisfy
either A.3.3 or 11.8.4 and 11.8.5.

=
N\
/
N\
.

COMMENTARY

ified in the 2005 edition to make the skin reinforcement
spacing consistent with that of the flexural reinforcement.
The size of the skin reinforcement is not specified; research
has indicated that the spacing rather than bar size is of pri-
mary importance.lo'21 Bar sizes No. 10 to No. 16 (or welded
wire reinforcement with a minimum area of 210 mm? per
meter of depth) are typically provided.

Where the provisions for deep beams, walls, or precast panels
require more reinforcement, those provisions (along with
their spacing requirements) will govern.

R10.7 — Deep beams

The span-to-depth ratios used to define deep beams in the
1999 and earlier codes were based on papers published in -
1946 and 1953. The definitions of deep beams given in
10.7.1 and 11.8.1 of these earlier codes were different from
each other and different from the current code definition
that is based on D-region behavior (see Appendix A). The
definitions of deep beams in Sections 10.7.1 and 11.8.1 are
consistent with each other and different from the definition
introduced in 2002, which is based on D-region behavior
(see Appendix A). Since 2002, the definitions of deep
beams in Sections 10.7.1 and 11.8.1 are consistent with
each other.

This code does not contain detailed requirements for
designing deep beams for flexure except that nonlinearity of
strain distribution and lateral buckling is to be considered.
Suggestions for the design of deep beams for flexure are
given in References 10.22, 10.23, and 10.24.

Reinforcement in tension, negative bending
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Reinforcement in tension, positive bending

Fig. R10.6.7—Skin reinforcement for beams and joists with h > 900 mm.
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10.8 — Design dimensions for compression
members

10.8.1 — Isolated compression member with
multiple spirals

Outer limits of the effective cross section of a com-
pression member with two or more interlocking spirals
shall be taken at a distance outside the extreme limits
of the spirals equal to the minimum concrete cover
required by 7.7.

10.8.2 — Compression member built
monolithically with wall

Outer limits of the effective cross section of a spirally
reinforced or tied reinforced compression member built
monolithically with a concrete wall or pier shall be
taken not greater than 40 mm outside the spiral or tie
reinforcement.

10.8.3 — Equivalent circular compression member

As an alternative to using the full gross area for design
of a compression member with a square, octagonal, or
other shaped cross section, it shall be permitted to use
a circular section with a diameter equal to the least lat-
eral dimension of the actual shape. Gross area consid-
ered, required percentage of reinforcement, and
design strength shall be based on that circular section.

10.8.4 — Limits of section

For a compression member with a cross section larger
than required by considerations of loading, it shall be
permitted to base the minimum reinforcement and
strength on a reduced effective area Ag not less than
one-half the total area. This provision shall not apply in
regions of high seismic risk.

10.9 — Limits for reinforcement of
compression members

10.9.1 — Area of longitudinal reinforcement, Ag;, for
noncomposite compression members shall be not less
than 0.01 Ag or more than 0.08Ag.
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R10.8 — Design dimensions for compression
members

With the 1971 code, minimum sizes for compression mem-
bers were eliminated to allow wider utilization of reinforced
concrete compression members in smaller size and lightly
loaded structures, such as low-rise residential and light
office buildings. The engineer should recognize the need for
careful workmanship, as well as the increased significance
of shrinkage stresses with small sections.

R10.8.2, R10.8.3, and R10.8.4 — For column design,lo'25
the code provisions for quantity of reinforcement, both ver-
tical and spiral, are based on the gross column area and core
area, and the design strength of the column is based on the
gross area of the column section. In some cases, however,
the gross area is larger than necessary to carry the factored
load. The basis of 10.8.2, 10.8.3, and 10.8.4 is that it is satis-
factory to design a column of sufficient size to carry the fac-
tored load and then simply add concrete around the
designed section without increasing the reinforcement to
meet the minimum percentages required by 10.9.1. The
additional concrete should not be considered as carrying
load; however, the effects of the additional concrete on
member stiffness should be included in the structural analy-
sis. The effects of the additional concrete also should be
considered in design of the other parts of the structure that
interact with the oversize member.

R10.9 — Limits for reinforcement of
compression members

R10.9.1 — This section prescribes the limits on the amount
of longitudinal reinforcement for noncomposite compres-
sion members. If the use of high reinforcement ratios would
involve practical difficulties in the placing of concrete, a
lower percentage and hence a larger column, or higher
strength concrete or reinforcement (see R9.4) should be
considered. The percentage of reinforcement in columns
should usually not exceed 4 percent if the column bars are
required to be lap spliced.

Minimum reinforcement — Since the design methods for
columns incorporate separate terms for the load carried by
concrete and by reinforcement, it is necessary to specify
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10.9.2 — Minimum number of longitudinal bars in
compression members shall be 4 for bars within rect-
angular or circular ties, 3 for bars within triangular ties,
and 6 for bars enclosed by spirals conforming to
10.9.3.

10.9.3 — Volumetric spiral reinforcement ratio, ps,
shall be not less than the value given by

!

A
ps=0.45 (—9- - 1)-°-
Ach fyt

-~

(10-5)

COMMENTARY

some minimum amount of reinforcement to ensure that only
reinforced concrete columns are designed by these proce-
dures. Reinforcement is necessary to provide resistance to
bending, which may exist whether or not computations show
that bending exists, and to reduce the effects of creep and
shrinkage of the concrete under sustained compressive
stresses. Tests have shown that creep and shrinkage tend to
transfer load from the concrete to the reinforcement, with a
consequent increase in stress in the reinforcement, and that
this increase is greater as the ratio of reinforcement
decreases. Unless a lower limit is placed on this ratio, the
stress in the reinforcement may increase to the yield level
under sustained service loads. This phenomenon was empha-
sized in the report of ACI Committee 105'%-26 and minimum
reinforcement ratios of 0.01 and 0.005 were recommended
for spiral and tied columns, respectively. However, in all edi-
tions of the code since 1936, the minimum ratio has been
0.01 for both types of laterally reinforced columns.

Maximum reinforcement — Extensive tests of the ACI
column investigationw'26 included reinforcement ratios no
greater than 0.06. Although other tests with as much as 17
percent reinforcement in the form of bars produced results
similar to those obtained previously, it is necessary to note
that the loads in these tests were applied through bearing
plates on the ends of the columns and the problem of trans-
ferring a proportional amount of the load to the bars was thus
minimized or avoided. Maximum ratios of 0.08 and 0.03
were recommended by ACI Committee 1051026 for spiral
and tied columns, respectively. In the 1936 code, these limits
were made 0.08 and 0.04, respectively. In the 1956 code, the
limit for tied columns with bending was raised to 0.08. Since
the 1963 code, it has been required that bending be consid-
ered in the design of all columns, and the maximum ratio of
0.08 has been applied to both types of columns. This limit
can be considered a practical maximum for reinforcement in
terms of economy and requirements for placing.

R10.9.2 — For compression members, a minimum of four
longitudinal bars are required when bars are enclosed by
rectangular or circular ties. For other shapes, one bar should
be provided at each apex or corner and proper lateral rein-
forcement provided. For example, tied triangular columns
require three longitudinal bars, one at each apex of the trian-
gular ties. For bars enclosed by spirals, six bars are required.

When the number of bars in a circular arrangement is less
than eight, the orientation of the bars will affect the moment
strength of eccentrically loaded columns and should be con-
sidered in design.

R10.9.3 — The effect of spiral reinforcement in increasing
the load-carrying strength of the concrete within the core is
not realized until the column has been subjected to a load
and deformation sufficient to cause the concrete shell outside
the core to spall off. The amount of spiral reinforcement
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where the value of f,; used in Eq. (10-5) shall not
exceed 700 MPa. For fy, greater than 420 MPa, lap
splices according to 7.10.4.5(a) shall not be used.

10.10 — Slenderness effects in compression
members

10.10.1 — Except as allowed in 10.10.2, the design of
compression members, restraining beams, and other
supporting members shall be based on the factored
forces and moments from a second-order analysis
considering material nonlinearity and cracking, as well
as the effects of member curvature and lateral drift,
duration of the loads, shrinkage and creep, and inter-
action with the supporting foundation. The dimensions
of each member cross section used in the analysis
shall be within 10 percent of the dimensions of the
members shown on the design drawings or the analy-
sis shall be repeated. The analysis procedure shall
have been shown to result in prediction of strength in
substantial agreement with the results of comprehen-
sive tests of columns in statically indeterminate rein-
forced concrete structures.

10.10.2 — As an alternate to the procedure prescribed
in 10.10.1, it shall be permitted to base the design of
compression members, restraining beams, and other
supporting members on axial forces and moments
from the analyses described in 10.11.

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 318 Building C

COMMENTARY

required by Eq. (10-5) is intended to provide additional load-
carrying strength for concentrically loaded columns equal to
or slightly greater than the strength lost when the shell spalls
off. This principle was recommended by ACI Committee
105'926 and has been a part of the code since 1963. The deri-
vation of Eq. (10-5) is given in the ACI Committee 105 report.
Tests and experience show that columns containing the
amount of spiral reinforcement required by this section exhibit
considerable toughness and ductility. Research!027-10-29 pag
indicated that 700 MPa yield strength reinforcement can be
used for confinement. For the 2005 code, the limit in yield
strength for spiral reinforcement was increased from 420 to
700 MPa.

R10.10 — Slenderness effects in compression
members

Provisions for slenderness effects in compression members
and frames were revised in the 1995 code to better recog-
nize the use of second-order analyses and to improve the
arrangement of the provisions dealing with sway (unbraced)
and nonsway (braced) frames. 10.30 The use of a refined non-
linear second-order analysis is permitted in 10.10.1. Sec-
tions 10.11, 10.12, and 10.13 present an approximate design
method based on the traditional moment magnifier method.
For sway frames, the magnified sway moment 5,M may be
calculated using a second-order elastic analysis, by an
approximation to such an analysis, or by the traditional
sway moment magnifier.

R10.10.1 — Two limits are placed on the use of the refined
second-order analysis. First, the structure that is analyzed
should have members similar to those in the final structure.
If the members in the final structure have cross-sectional
dimensions more than 10 percent different from those
assumed in the analysis, new member properties should be
computed and the analysis repeated. Second, the refined
second-order analysis procedure should have been shown to
predict ultimate loads within 15 percent of those reported in
tests of indeterminate reinforced concrete structures. At the
very least, the comparison should include tests of columns
in planar nonsway frames, sway frames, and frames with
varying column stiffnesses. To allow for variability in the
actual member properties and in the analysis, the member
properties used in analysis should be multiplied by a stiff-
ness reduction factor gg less than one. For consistency with
the second-order analysis in 10.13.4.1, the stiffness reduc-
tion factor g can be taken as 0.80. The concept of a stiff-
ness reduction factor @g is discussed in R10.12.3.

R10.10.2 — As an alternate to the refined second-order
analysis of 10.10.1, design may be based on elastic analyses
and the moment magnifier appl“oach.lo'31’10'32 For sway
frames the magnified sway moments may be calculated
using a second-order elastic analysis based on realistic stiff-
ness values. See R10.13.4.1.
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10.11 — Magnified moments — General

10.11.1 — Factored axial forces Py, factored moments
M; and M, at the ends of the column, and, where
required, relative lateral story deflections, 4,, shall be
computed using an elastic first-order frame analysis
with the section properties determined taking into
account the influence of axial loads, the presence of
cracked regions along the length of the member, and
effects of duration of the loads. Alternatively, it shall be
permitted to use the following properties for the mem-
bers in the structure:

(a) Modulus of elasticity .................... E_ from 8.5.1
(b) Moments of inertia, /
Beams. ..., 0.35/,
COolUMNS....iiiiee e 0.70/,
Walls—Uncracked .........cccoceeiiiinninnns 0.70/,
—Cracked......ccccceiiiiiieeeiiiieenn 0.35/,
Flat plates and flat slabs...................... 0.25/,
(C) Area...coeeeeei i 1.0A,

In (b), I'shall be divided by (1 + S4) when sustained lat-
eral loads act or for stability checks made in accor-
dance with 10.13.6. For nonsway frames, Sy is ratio of
maximum factored axial sustained load to maximum
factored axial load associated with the same load
combination. For sway frames except as specified in
10.13.6, By is ratio of maximum factored sustained
shear within a story to the maximum factored shear in
that story.
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This section describes an approximate design procedure that
uses the moment magnifier concept to account for slender-
ness effects. Moments computed using an ordinary first-
order frame analysis are multiplied by a moment magnifier
that is a function of the factored axial force P, and the criti-
cal buckling load P, for the column. Nonsway and sway
frames are treated separately in 10.12 and 10.13. Provisions
applicable to both nonsway and sway columns are given in
10.11. A first-order frame analysis is an elastic analysis that
does not include the internal force effects resulting from
deflections.

R10.11.1 — The stiffnesses EI used in an elastic analysis
used for strength design should represent the stiffnesses of
the members immediately prior to failure. This is particu-
larly true for a second-order analysis that should predict the
lateral deflections at loads approaching ultimate. The EI
values should not be based totally on the moment-curvature
relationship for the most highly loaded section along the
length of each member. Instead, they should correspond to
the moment-end rotation relationship for a complete member.

The alternative values of E,, Ig, and Ag given in 10.11.1
have been chosen from the results of frame tests and analy-
ses and include an allowance for the variability of the com-
puted deflections. The modulus of elasticity of the concrete
E, is based on the specified concrete compressive strength
while the sway deflections are a function of the average
concrete strength, which is higher. The moments of inertia
were taken as 0.875 times those in Reference 10.33. These
two effects result in an overestimation of the second-order
deflections in the order of 20 to 25 percent, corresponding
to an implicit stiffness reduction factor gg of 0.80 to 0.85 on
the stability calculation. The concept of a stiffness reduction
factor ¢ is discussed in R10.12.3

The moment of inertia of T-beams should be based on the
effective flange width defined in 8.10. It is generally suffi-
ciently accurate to take I, of a T-beam as two times the I,
for the web, 2(b,, h3/12).

If the factored moments and shears from an analysis based
on the moment of inertia of a wall taken equal to 0.701,
indicate that the wall will crack in flexure, based on the
modulus of rupture, the analysis should be repeated with I =
0.351, in those stories where cracking is predicted at fac-
tored loads.

The alternative values of the moments of inertia given in
10.11.1 were derived for nonprestressed members. For pre-
stressed members, the moments of inertia may differ from
the values in 10.11.1 depending on the amount, location,
and type of the reinforcement and the degree of cracking
prior to ultimate. The stiffness values for prestressed con-
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10.11.2 — It shall be permitted to take the radius of
gyration, r, equal to 0.30 times the overall dimension in
the direction stability is being considered for rectangu-
lar compression members and 0.25 times the diameter
for circular compression members. For other shapes, it
shall be permitted to compute r for the gross concrete
section.

10.11.3 — Unsupported length of compression
members

10.11.3.1 — The unsupported length of a compres-
sion member, ¢,, shall be taken as the clear distance
between floor slabs, beams, or other members capa-
ble of providing lateral support in the direction being
considered.

10.11.3.2 — Where column capitals or haunches
are present, ¢, shall be measured to the lower extrem-
ity of the capital or haunch in the plane considered.

10.11.4 — Columns and stories in structures shall be
designated as nonsway or sway columns or stories.
The design of columns in nonsway frames or stories
shall be based on 10.12. The design of columns in
sway frames or stories shall be based on 10.13.

10.11.4.1 — It shall be permitted to assume a col-
umn in a structure is nonsway if the increase in column
end moments due to second-order effects does not
exceed 5 percent of the first-order end moments.
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crete members should include an allowance for the variabil-
ity of the stiffnesses.

Sections 10.11 through 10.13 provide requirements for
strength and assume frame analyses will be carried out
using factored loads. Analyses of deflections, vibrations,
and building periods are needed at various service (unfac-
tored) load levels'%-3%1033 (o determine the serviceability of
the structure and to estimate the wind forces in wind tunnel
laboratories. The seismic base shear is also based on the ser-
vice load periods of vibration. The magnified service loads
and deflections by a second-order analysis should also be
computed using service loads. The moments of inertia of the
structural members in the service load analyses should,
therefore, be representative of the degree of cracking at the
various service load levels investigated. Unless a more accu-
rate estimate of the degree of cracking at design service load
level is available, it is satisfactory to use 1/0.70 = 1.43 times
the moments of inertia given in 10.11.1 for service load
analyses.

The unusual case of sustained lateral loads might exist, for
example, if there were permanent lateral loads resulting
from unequal earth pressures on two sides of a building.

R10.11.4 — The moment magnifier design method requires
the designer to distinguish between nonsway frames, which
are designed according to 10.12, and sway frames, which
are designed according to 10.13. Frequently this can be
done by inspection by comparing the total lateral stiffness of
the columns in a story to that of the bracing elements. A
compression member may be assumed nonsway by inspec-
tion if it is located in a story in which the bracing elements
(shearwalls, shear trusses, or other types of lateral bracing)
have such substantial lateral stiffness to resist the lateral

o Licensee=Black & Veatch/5910842100 ny

Not for Resale, 11/28/2005 18:20:15 MST



CHAPTER 10 133

CODE

10.11.4.2 — |t also shall be permitted to assume a
story within a structure is nonsway if:

(10-6)

is less than or equal to 0.05, where 2P, and V4 are
the total factored vertical load and the horizontal story
shear, respectively, in the story being evaluated, and
4, is the first-order relative lateral deflection between
the top and bottom of that story due to Vs.

10.11.5 — Where an individual compression member
in the frame has a slenderness k¢, /r of more than
100, 10.10.1 shall be used to compute the forces and
moments in the frame.

10.11.6 — For compression members subject to bend-
ing about both principal axes, the moment about each
axis shall be magnified separately based on the condi-
tions of restraint corresponding to that axis.

10.12 — Magnified moments — Nonsway
frames

10.12.1 — For compression members in nonsway
frames, the effective length factor, k, shall be taken as
1.0, unless analysis shows that a lower value is justi-
fied. The calculation of k shall be based on the values
of E;and Igivenin 10.11.1.
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deflections of the story that any resulting lateral deflection
is not large enough to affect the column strength substantially.
If not readily apparent by inspection, 10.11.4.1 and 10.11.4.2
give two possible ways of doing this. In 10.11.4.1, a story in a
frame is said to be nonsway if the increase in the lateral load
moments resulting from PA effects does not exceed 5 percent
of the first-order moments.'%33 Section 10.11.4.2 gives an
alternative method of determining this based on the stability
index for a story Q. In computing @, 2P, should correspond
to the lateral loading case for which 2P, is greatest. A frame
may contain both nonsway and sway stories. This test would
not be suitable if V, is zero.

If the lateral load deflections of the frame have been com-
puted using service loads and the service load moments of
inertia given in 10.11.1, it is permissible to compute @ in
Eq. (10-6) using 1.2 times the sum of the service gravity
loads, the service load story shear, and 1.43 times the first-
order service load story deflections.

R10.11.5 — An upper limit is imposed on the slenderness
ratio of columns designed by the moment magnifier method
of 10.11 to 10.13. No similar limit is imposed if design is
carried out according to 10.10.1. The limit of k¢,/r = 100
represents the upper range of actual tests of slender com-
pression members in frames.

R10.11.6 — When biaxial bending occurs in a compression
member, the computed moments about each principal axes
should be magnified. The magnification factors ¢ are com-
puted considering the critical buckling load P, about each
axis separately based on the appropriate effective length k¢,
and the stiffness EI. If the buckling capacities are different
about the two axes, different magnification factors will result.

R10.12 — Magnified moments — Nonsway
frames

R10.12.1 — The moment magnifier equations were derived
for hinged end columns and should be modified to account
for the effect of end restraints. This is done by using an
effective length k¢, in the computation of P,.

The primary design aid to estimate the effective length fac-
tor k is the Jackson and Moreland Alignment Charts (Fig.
R10.12.1), which allow a graphical determination of k for a

column of constant cross section in a multibay
frame 10.36,10.37

The effective length is a function of the relative stiffness at
each end of the compression member. Studies have indi-
cated that the effects of varying beam and column reinforce-
ment percentages and beam cracking should be considered
in determining the relative end stiffnesses. In determining y
for use in evaluating the effective length factor k, the rigidity
of the flexural members may be calculated on the basis of
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Nonsway Frames

Sway Frames

¥ = ratio of X(El/{;) of compression members to Z(EI/{) of flexural members in a plane at one end of a compression member

£ = span length of flexural member measured center to center of joints

Fig. R10.12.1—Effective length factors, k
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0.351g for flexural members to account for the effect of
cracking and reinforcement on relative stiffness, and 0.701g
for compression members.

The simplified equations (A-E), listed below for computing
the effective length factors for nonsway and sway members,
may be used. Eq. (A), (B), and (E) are taken from the 1972
British Standard Code of Practice.!0-38:10-39 Eq. (C) and (D)
for sway members were developed in Reference 10.25.

For compression members in a nonsway frame, an upper
bound to the effective length factor may be taken as the
smaller of the following two expressions:
k=0.7+0.05(yy + yp)<1.0 (A)
k=0.85+0.05y,;, <1.0 B)

where w4 and yp are the values of y at the two ends of the
column and y,;, is the smaller of the two values.
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10.12.2 — In nonsway frames it shall be permitted to
ignore slenderness effects for compression members
that satisfy:

ke
—ri’s34—12(M1/M2) (10-7)

where the term [34 — 12M4/M,] shall not be taken
greater than 40. The term My/M, is positive if the
member is bent in single curvature, and negative if the
member is bent in double curvature.

10.12.3 — Compression members shall be designed
for factored axial force P, and the moment amplified
for the effects of member curvature M, as follows:

Mc = 6psM> (10-8)
where
c
Sps = 'g >1.0 (10-9)
_ u
0.75P,
2
El
P, = - (10-10)
(ke,)
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For compression members in a sway frame, restrained at
both ends, the effective length factor may be taken as:

For v, <2

20-vy,,
k = 50 1+vy,, ©)

For y,,, 22
k=09 /1+y, (D)

where y,, is the average of the y~values at the two ends of
the compression member.

For compression members in a sway frame, hinged at one
end, the effective length factor may be taken as:

k=2.0+03y (E)
where is the value at the restrained end.

The use of the charts in Fig. R10.12.1, or the equations in
this section, may be considered as satisfying the require-
ments of the code to justify k less than 1.0.

R10.12.2 — Eq. (10-7) is derived from Eq. (10-9) assuming
that a 5 percent increase in moments due to slenderness is
acceptable.lo'31 The derivation did not include ¢ in the cal-
culation of the moment magnifier. As a first approximation,
k may be taken equal to 1.0 in Eq. (10-7).

R10.12.3 — The ¢-factors used in the design of slender col-
umns represent two different sources of variability. First, the
stiffness reduction ¢-factors in the magnifier equations in
the 1989 and earlier codes were intended to account for the
variability in the stiffness EI and the moment magnification
analysis. Second, the variability of the strength of the cross
section is accounted for by strength reduction ¢-factors of
0.70 for tied columns and 0.75 for spiral columns. Studies
reported in Reference 10.40 indicate that the stiffness reduc-
tion factor @, and the cross-sectional strength reduction ¢-
factors do not have the same values, contrary to the assump-
tion in the 1989 and earlier codes. These studies suggest the
stiffness reduction factor ¢y for an isolated column should
be 0.75 for both tied and spiral columns. The 0.75 factors in
Eq. (10-9) and (10-18) are stiffness reduction factors g and
replace the ¢-factors in these equations in the 1989 and ear-
lier codes. This has been done to avoid confusion between a
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El shall be taken as

0.2E_l,+E_l
gr= 025" Bslse) (10-11)
1+B4
or
0.4E_I
| = —°%9 (10-12)
1+|3d

10.12.3.1 — For members without transverse loads
between supports, C,, shall be taken as

M1
Cp = 06+047204

(10-13)

where My/Ms is positive if the column is bent in single
curvature. For members with transverse loads be-
tween supports, C,,, shall be taken as 1.0.

10.12.3.2 — Factored moment, M,, in Eq. (10-8)
shall not be taken less than
M;, pin = P, (15 + 0.03h) (10-14)

about each axis separately, where 15 and h are in mm.
For members for which My i, exceeds My, the value
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stiffness reduction factor gg in Eq. (10-9) and (10-18), and
the cross-sectional strength reduction ¢-factors.

In defining the critical load, the main problem is the choice
of a stiffness EI that reasonably approximates the variations
in stiffness due to cracking, creep, and the nonlinearity of
the concrete stress-strain curve. Eq. (10-11) was derived for
small eccentricity ratios and high levels of axial load where
the slenderness effects are most pronounced.

Creep due to sustained load will increase the lateral deflec-
tions of a column and hence the moment magnification.
This is approximated for design by reducing the stiffness EI
used to compute P, and hence &, by dividing EI by (1 +
By). Both the concrete and steel terms in Eq. (10-11) are
divided by (1 + B;). This reflects the premature yielding of
steel in columns subjected to sustained load.

Either Eq. (10-11) or (10-12) may be used to compute EI.
Eq. (10-12) is a simplified approximation to Eq. (10-11). It
is less accurate than Eq. (10-11).10'4] Eq. (10-12) may be
simplified further by assuming f; = 0.6. When this is done
Eq. (10-12) becomes

EI=025E], (F)

The term f; is defined differently for nonsway and sway
frames. See 2.1. For nonsway frames, f; is the ratio of the
maximum factored axial sustained load to the maximum
factored axial load.

R10.12.3.1 — The factor C,, is a correction factor relat-
ing the actual moment diagram to an equivalent uniform
moment diagram. The derivation of the moment magnifier
assumes that the maximum moment is at or near midheight
of the column. If the maximum moment occurs at one end
of the column, design should be based on an equivalent uni-
form moment C,,M, that would lead to the same maximum
moment when magnified. 10.31

In the case of compression members that are subjected to
transverse loading between supports, it is possible that the
maximum moment will occur at a section away from the
end of the member. If this occurs, the value of the largest
calculated moment occurring anywhere along the member
should be used for the value of M, in Eq. (10-8). In accor-
dance with the last sentence of 10.12.3.1, C,,, is to be taken
as 1.0 for this case.

R10.12.3.2 — In the code, slenderness is accounted for
by magnifying the column end moments. If the factored col-
umn moments are very small or zero, the design of slender
columns should be based on the minimum eccentricity
given in this section. It is not intended that the minimum
eccentricity be applied about both axes simultaneously.
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of Cp, in Eq. (10-13) shall either be taken equal to 1.0,
or shall be based on the ratio of the computed end
moments My to Ms.

10.13 — Magnified moments — Sway frames

10.13.1 — For compression members not braced
against sidesway, the effective length factor k shall be
determined using the values of E; and I given in
10.11.1 and shall not be less than 1.0.

10.13.2 — For compression members not braced
against sidesway, it shall be permitted to neglect the
effects of slenderness when k¢, /ris less than 22.

10.13.3 — Moments M; and M, at the ends of an indi-
vidual compression member shall be taken as

M1 = M1ns+ §SM1S (10'15)
M2 = M2ns + §SM25 (10'16)

where My s and 5sM,¢ shall be computed according
to 10.13.4.
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The factored column end moments from the structural analy-
sis are used in Eq. (10-13) in determining the ratio M{/M,
for the column when the design should be based on mini-
mum eccentricity. This eliminates what would otherwise be
a discontinuity between columns with computed eccentrici-
ties less than the minimum eccentricity and columns with
computed eccentricities equal to or greater than the mini-
mum eccentricity.

R10.13 — Magnified moments — Sway frames

The design of sway frames for slenderness was revised in
the 1995 code. The revised procedure consists of three
steps:

(1) The magnified sway moments J,M, are computed. This
should be done in one of three ways. First, a second-
order elastic frame analysis may be used (10.13.4.1).
Second, an approximation to such analysis (10.13.4.2)
may be used. The third option is to use the sway magni-
fier 6, from previous editions of the code (10.13.4.3);

(2) The magnified sway moments d, M, are added to the
unmagnified nonsway moment M, at each end of
each column (10.13.3). The nonsway moments may
be computed using a first-order elastic analysis;

(3) If the column is slender and heavily loaded, it is
checked to see whether the moments at points
between the ends of the column exceed those at the
ends of the column. As specified in 10.13.5 this is
done using the nonsway frame magnifier &, with P,
computed assuming k = 1.0 or less.

R10.13.1 — See R10.12.1.

R10.13.3 — The analysis described in this section deals
only with plane frames subjected to loads causing deflec-
tions in that plane. If torsional displacements are significant,
a three-dimensional second-order analysis should be used.
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10.13.4 — Calculation of 5;Mg

10.13.4.1 — Magnified sway moments J5gMg shall
be taken as the column end moments calculated using
a second-order elastic analysis based on the member
stiffnesses given in 10.11.1.

10.13.4.2 — Alternatively, it shall be permitted to
calculate ogMg as

SM.= —S>M (10-17)

If 85 calculated in this way exceeds 1.5, ;Mg shall be
calculated using 10.13.4.1 or 10.13.4.3.
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R10.13.4 — Calculation of 6, M

R10.13.4.1 — A second-order analysis is a frame analysis
that includes the internal force effects resulting from deflec-
tions. When a second-order elastic analysis is used to com-
pute &, M, the deflections should be representative of the
stage immediately prior to the ultimate load. For this reason
the reduced E I, values given in 10.11.1 should be used in
the second-order analysis.

The term f; is defined differently for nonsway and sway
frames. See 2.1. Sway deflections due to short-term loads
such as wind or earthquake are a function of the short-term
stiffness of the columns following a period of sustained
gravity load. For this case the definition of £ in 10.0 gives
B4 =0. In the unusual case of a sway frame where the lateral
loads are sustained, £; will not be zero. This might occur if
a building on a sloping site is subjected to earth pressure on
one side but not on the other.

In a second-order analysis the axial loads in all columns that
are not part of the lateral load resisting elements and depend
on these elements for stability should be included.

In the 1989 and earlier codes, the moment magnifier equations
for &, and 6 included a stiffness reduction factor g to cover
the variability in the stability calculation. The second-order
analysis method is based on the values of E, and I from
10.11.1. These lead to a 20 to 25 percent overestimation of the
lateral deflections that corresponds to a stiffness reduction fac-
tor ¢gg between 0.80 and 0.85 on the PA moments. No addi-
tional ¢-factor is needed in the stability calculation. Once the
moments are established, selection of the cross sections of the
columns involves the strength reduction factors ¢ from 9.3.2.2.

R10.13.4.2 — The iterative P4 analysis for second-order
moments can be represented by an infinite series. The solu-
tion of this series is given by Eq. (10—17).10'33 Reference
10.42 shows that Eq. (10-17) closely predicts the second-
order moments in a sway frame until § exceeds 1.5.

The PA moment diagrams for deflected columns are
curved, with A related to the deflected shape of the col-
umns. Eq. (10-17) and most commercially available second-
order frame analyses have been derived assuming that the
P A moments result from equal and opposite forces of PA/,
applied at the bottom and top of the story. These forces give
a straight line PA moment diagram. The curved PA moment
diagrams lead to lateral displacements on the order of 15
percent larger than those from the straight line PA moment
diagrams. This effect can be included in Eq. (10-17) by
writing the denominator as (1 — 1.15Q) rather than (1 — Q).
The 1.15 factor has been left out of Eq. (10-17) to maintain
consistency with available computer programs.
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10.13.4.3 — Alternatively, it shall be permitted to
calculate ogMg as

MS
8y = ——E5— > M,
u

. [
0.75P,

(10-18)

where 2P, is the summation for all the factored verti-
cal loads in a story and 2P, is the summation for all
sway resisting columns in a story. P, is calculated
using Eq. (10-10) with k from 10.13.1 and El from Eq.
(10-11) or Eq. (10-12).

10.13.5 — If an individual compression member has

(2
u, 35 (10-19)
r P,

T A,

it shall be designed for factored axial force P,, and
moment, M., calculated using 10.12.3 in which M,
and M, are computed in accordance with 10.13.3, By
as defined for the load combination under consider-
ation, and k as defined in 10.12.1.
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If deflections have been calculated using service loads, Q in
Eq. (10-17) should be calculated in the manner explained in
R10.11.4.

In the 1989 and earlier codes, the moment magnifier equa-
tions for &y, and & included a stiffness reduction factor g to
cover the variability in the stability calculation. The Q factor
analysis is based on deflections calculated using the values
of E, and I, from 10.11.1, which include the equivalent of a
stiffness reduction factor gy as explained in R10.13.4.1. As
a result, no additional g-factor is needed in the stability cal-
culation. Once the moments are established using Eq. (10-
17), selection of the cross sections of the columns involves
the strength reduction factors ¢ from 9.3.2.2.

R10.13.4.3 — To check the effects of story stability, d; is
computed as an averaged value for the entire story based on
use of 2P,/2P,. This reflects the interaction of all sway
resisting columns in the story in the P4 effects since the lat-
eral deflection of all columns in the story should be equal in
the absence of torsional displacements about a vertical axis.
In addition, it is possible that a particularly slender individ-
ual column in a sway frame could have substantial midheight
deflections even if adequately braced against lateral end
deflections by other columns in the story. Such a column will
have ¢, /r greater than the value given in Eq. (10-19) and
should be checked using 10.13.5.

If the lateral load deflections involve a significant torsional
displacement, the moment magnification in the columns far-
thest from the center of twist may be underestimated by the
moment magnifier procedure. In such cases, a three-dimen-
sional second-order analysis should be considered.

The 0.75 in the denominator of Eq. (10-18) is a stiffness
reduction factor g as explained in R10.12.3.

In the calculation of EI, B; will normally be zero for a sway
frame because the lateral loads are generally of short dura-
tion. (See R10.13.4.1).

R10.13.5 — The unmagnified nonsway moments at the
ends of the columns are added to the magnified sway
moments at the same points. Generally, one of the resulting
end moments is the maximum moment in the column. How-
ever, for slender columns with high axial loads the point of
maximum moment may be between the ends of the column
so that the end moments are no longer the maximum
moments. If £, /r is less than the value given by Eq. (10-19)
the maximum moment at any point along the height of such
a column will be less than 1.05 times the maximum end
moment. When ¢, /r exceeds the value given by Eq. (10-19),
the maximum moment will occur at a point between the
ends of the column and will exceed the maximum end
moment by more than 5 percent.10'30 In such a case the
maximum moment is calculated by magnifying the end
moments using Eq. (10-8).
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| 10.13.6 — In addition to load combinations involving lat-
eral loads, the strength and stability of the structure as a
whole under factored gravity loads shall be considered.

(a) When 6sMg is computed from 10.13.4.1, the
ratio of second-order lateral deflections to first-
order lateral deflections for factored dead and
live loads plus factored lateral load applied to
the structure shall not exceed 2.5;

(b) When 6gMg is computed according to 10.13.4.2,
the value of Q computed using ZP,, for factored
dead and live loads shall not exceed 0.60;

(¢) When &gMg is computed from 10.13.4.3, &g

computed using 2P, and 2P, corresponding to
the factored dead and live loads shall be posi-
tive and shall not exceed 2.5.

In (a), (b), and (c) above, B4 shall be taken as the ratio
of the maximum factored sustained axial load to the
maximum factored axial load.

10.13.7 — In sway frames, flexural members shall be
designed for the total magnified end moments of the
compression members at the joint.

10.14 — Axially loaded members
supporting slab system

Axially loaded members supporting a slab system
included within the scope of 13.1 shall be designed as
provided in Chapter 10 and in accordance with the
additional requirements of Chapter 13.
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R10.13.6 — The possibility of sidesway instability under
gravity loads alone should be investigated. When using sec-
ond-order analyses to compile J, M (10.13.4.1), the frame
should be analyzed twice for the case of factored gravity
loads plus a lateral load applied to the frame. This load may
be the lateral load used in design or it may be a single lateral
load applied to the top of the frame. The first analysis
should be a first-order analysis; the second analysis should
be a second-order analysis. The deflection from the second-
order analysis should not exceed 2.5 times the deflection
from the first-order analysis. If one story is much more flex-
ible than the others, the deflection ratio should be computed
in that story. The lateral load should be large enough to give
deflections of a magnitude that can be compared accurately.
In unsymmetrical frames that deflect laterally under gravity
loads alone, the lateral load should act in the direction for
which it will increase the lateral deflections.

When using 10.13.4.2 to compute J,M,, the value of Q eval-
vated using factored gravity loads should not exceed 0.60.
This is equivalent to &, = 2.5. The values of V,, and 4, used
to compute Q can result from assuming any real or arbitrary
set of lateral loads provided that V,, and 4, are both from the
same loading. If Q as computed in 10.11.4.2 is 0.2 or less,
the stability check in 10.13.6 is satisfied.

When M, is computed using Eq. (10-18), an upper limit
of 2.5 is placed on &. For higher & values, the frame will be
very susceptible to variations in EI and foundation rota-
tions. If &, exceeds 2.5, the frame should be stiffened to
reduce &;. 2P, shall include the axial load in all columns
and walls including columns that are not part of the lateral
load resisting system. The value & = 2.5 is a very high mag-
nifier. It has been chosen to offset the conservatism inherent
in the moment magnifier procedure.

For nonsway frames, f; is the ratio of the maximum fac-
tored axial sustained load to the maximum factored axial
load associated with the same load combination.

R10.13.7 — The strength of a sway frame is governed by
the stability of the columns and by the degree of end
restraint provided by the beams in the frame. If plastic
hinges form in the restraining beam, the structure
approaches a failure mechanism and its axial load capacity
is drastically reduced. Section 10.13.7 provides that the
designer make certain that the restraining flexural members
have the capacity to resist the magnified column moments.
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10.15 — Transmission of column loads
through floor system

If f2 of a column is greater than 1.4 times that of the
floor system, transmission of load through the floor
system shall be provided by 10.15.1, 10.15.2, or
10.15.3.

10.15.1 — Concrete of strength specified for the col-
umn shall be placed in the floor at the column location.
Top surface of the column concrete shall extend 600 mm
into the slab from face of column. Column concrete
shall be well integrated with floor concrete, and shall
be placed in accordance with 6.4.6 and 6.4.7.

10.15.2 — Strength of a column through a floor sys-
tem shall be based on the lower value of concrete
strength with vertical dowels and spirals as required.

10.15.3 — For columns laterally supported on four
sides by beams of approximately equal depth or by
slabs, it shall be permitted to base strength of the col-
umn on an assumed concrete strength in the column
joint equal to 75 percent of column concrete strength
plus 35 percent of floor concrete strength. In the appli-
cation of 10.15.3, the ratio of column concrete strength
to slab concrete strength shall not be taken greater
than 2.5 for design.
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R10.15 — Transmission of column loads
through floor system

The requirements of this section are based on a paper on the
effect of floor concrete strength on column strength.lo'43
The provisions mean that when the column concrete
strength does not exceed the floor concrete strength by more
than 40 percent, no special precautions need be taken. For
higher column concrete strengths, methods in 10.15.1 or
10.15.2 should be used for corner or edge columns. Meth-
ods in 10.15.1, 10.15.2, or 10.15.3 should be used for inte-
rior columns with adequate restraint on all four sides.

R10.15.1 — Application of the concrete placement proce-
dure described in 10.15.1 requires the placing of two differ-
ent concrete mixtures in the floor system. The lower
strength mixture should be placed while the higher strength
concrete is still plastic and should be adequately vibrated to
ensure the concretes are well integrated. This requires care-
ful coordination of the concrete deliveries and the possible
use of retarders. In some cases, additional inspection ser- :
vices will be required when this procedure is used. It is :
important that the higher strength concrete in the floor in the -
region of the column be placed before the lower strength
concrete in the remainder of the floor to prevent accidental |
placing of the low strength concrete in the column area. It is
the designer’s responsibility to indicate on the drawings '
where the high and low strength concretes are to be placed.

With the 1983 code, the amount of column concrete to be
placed within the floor is expressed as a simple 600 mm
extension from face of the column. Since the concrete
placement requirement should be carried out in the field, it
is now expressed in a way that is directly evident to workers.
The new requirement will also locate the interface between
column and floor concrete farther out into the floor, away
from regions of very high shear.

R10.15.3 — Research!®** has shown that heavily loaded
slabs do not provide as much confinement as lightly loaded
slabs when ratios of column concrete strength to slab con-
crete strength exceed about 2.5. Consequently, a limit is
placed on the concrete strength ratio assumed in design.
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10.16 — Composite compression members

10.16.1 — Composite compression members shall
include all such members reinforced longitudinally with
structural steel shapes, pipe, or tubing with or without
longitudinal bars.

10.16.2 — Strength of a composite member shall be
computed for the same limiting conditions applicable
to ordinary reinforced concrete members.

10.16.3 — Any axial load strength assigned to con-
crete of a composite member shall be transferred to
the concrete by members or brackets in direct bearing
on the composite member concrete.

10.16.4 — All axial load strength not assigned to con-
crete of a composite member shall be developed by direct
connection to the structural steel shape, pipe, or tube.

10.16.5 — For evaluation of slenderness effects,
radius of gyration, r, of a composite section shall be
not greater than the value given by

E_l/5)+E_|
=J( olg/5)* Esloy (10-20)

(EcAg/S) +E A

and, as an alternative to a more accurate calculation,
Elin Eq. (10-10) shall be taken either as Eq. (10-11) or

E.l /5
gr= & gy

g Eslex (10-21)

10.16.6 — Structural steel encased concrete core

10.16.6.1 — For a composite member with a con-
crete core encased by structural steel, the thickness of
the steel encasement shall be not less than

f
b |—L for each face of width b
3E,

/ f
h 8—EL for circular sections of diameter h

s

nor
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R10.16 — Composite compression members

R10.16.1 — Composite columns are defined without refer-
ence to classifications of combination, composite, or con-
crete-filled pipe column. Reference to other metals used for
reinforcement has been omitted because they are seldom
used in concrete construction.

R10.16.2 — The same rules used for computing the load-
moment interaction strength for reinforced concrete sections
can be applied to composite sections. Interaction charts for
concrete-filled tubing would have a form identical to those
of ACI SP-7'945 and the ACI Design Handbook'?37 but
with y slightly greater than 1.0.

R10.16.3 and R10.16.4 — Direct bearing or direct connec-
tion for transfer of forces between steel and concrete can be
developed through lugs, plates, or reinforcing bars welded
to the structural shape or tubing before the concrete is cast.
Flexural compressive stress need not be considered a part of
direct compression load to be developed by bearing. A con-
crete encasement around a structural steel shape may stiffen
the shape, but it would not necessarily increase its strength.

R10.16.5 — Eq. (10-20) is given because the rules of
10.11.2 for estimating the radius of gyration are overly con-
servative for concrete filled tubing and are not applicable for
members with enclosed structural shapes.

In reinforced concrete columns subject to sustained loads,
creep transfers some of the load from the concrete to the
steel, increasing the steel stresses. In the case of lightly rein-
forced columns, this load transfer may cause the compres-
sion steel to yield prematurely, resulting in a loss in the
effective EI. Accordingly, both the concrete and steel terms
in Eq. (10-11) are reduced to account for creep. For heavily
reinforced columns or for composite columns in which the
pipe or structural shape makes up a large percentage of the
cross section, the load transfer due to creep is not signifi-
cant. Accordingly, Eq. (10-21) was revised in the 1980 code
supplement so that only the EI of the concrete is reduced for
sustained load effects.

R10.16.6 — Structural steel encased concrete core
Steel encased concrete sections should have a metal wall

thickness large enough to attain longitudinal yield stress
before buckling outward.
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10.16.6.2 — Longitudinal bars located within the
encased concrete core shall be permitted to be used
in computing Agy and Ig,.

10.16.7 — Spiral reinforcement around structural
steel core

A composite member with spirally reinforced concrete
around a structural steel core shall conform to
10.16.7.1 through 10.16.7.5.

10.16.7.1 — Specified compressive strength, f,,
shall not be less than that given in 1.1.1.

10.16.7.2 — Design yield strength of structural steel
core shall be the specified minimum yield strength for the
grade of structural steel used but not to exceed 350 MPa.

10.16.7.3 — Spiral reinforcement shall conform to
10.9.3.

10.16.7.4 — Longitudinal bars located within the
spiral shall be not less than 0.01 nor more than 0.08
times net area of concrete section.

10.16.7.5 — Longitudinal bars located within the
spiral shall be permitted to be used in computing Agy
and /gy .

10.16.8 — Tie reinforcement around structural
steel core

A composite member with laterally tied concrete around
a structural steel core shall conform to 10.16.8.1
through 10.16.8.8.

10.16.8.1 — Specified compressive strength, f.,
shall not be less than that given in 1.1.1.

10.16.8.2 — Design yield strength of structural steel
core shall be the specified minimum yield strength for the
grade of structural steel used but not to exceed 350 MPa.

10.16.8.3 — Lateral ties shall extend completely
around the structural steel core.

10.16.8.4 — Lateral ties shall have a diameter not
less than 0.02 times the greatest side dimension of
composite member, except that ties shall not be
smaller than No. 10 and are not required to be larger
than No. 16. Welded wire reinforcement of equivalent
area shall be permitted.

10.16.8.5 — Vertical spacing of lateral ties shall not
exceed 16 longitudinal bar diameters, 48 tie bar diam-
eters, or 0.5 times the least side dimension of the com-
posite member.
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R10.16.7 — Spiral reinforcement around structural
steel core

Concrete that is laterally confined by a spiral has increased
load-carrying strength, and the size of the spiral required
can be regulated on the basis of the strength of the concrete
outside the spiral the same reasoning that applies for col-
umns reinforced only with longitudinal bars. The radial
pressure provided by the spiral ensures interaction between
concrete, reinforcing bars, and steel core such that longitu-
dinal bars will both stiffen and strengthen the cross section.

R10.16.8 — Tie reinforcement around structural
steel core

Concrete that is laterally confined by tie bars is likely to be
rather thin along at least one face of a steel core section.
Therefore, complete interaction between the core, the con-
crete, and any longitudinal reinforcement should not be
assumed. Concrete will probably separate from smooth
faces of the steel core. To maintain the concrete around the
structural steel core, it is reasonable to require more lateral
ties than needed for ordinary reinforced concrete columns.
Because of probable separation at high strains between the
steel core and the concrete, longitudinal bars will be ineffec-
tive in stiffening cross sections even though they would be
useful in sustaining compression forces. The yield strength
of the steel core should be limited to that which exists at
strains below those that can be sustained without spalling of
the concrete. It has been assumed that axially compressed
concrete will not spall at strains less than 0.0018. The yield
strength of 0.0018 x 200 000, or 360 MPa, represents an
upper limit of the useful maximum steel stress.
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10.16.8.6 — Longitudinal bars located within the
ties shall be not less than 0.01 nor more than 0.08
times net area of concrete section.

10.16.8.7 — A longitudinal bar shall be located at
every corner of a rectangular cross section, with other
longitudinal bars spaced not farther apart than one-half
the least side dimension of the composite member.

10.16.8.8 — Longitudinal bars located within the
ties shall be permitted to be used in computing Ag, for
strength but not in computing /g, for evaluation of slen-
derness effects.

10.17 — Bearing strength

10.17.1 — Design bearing strength of concrete shall not
exceed ¢ (0.85f;A,), except when the supporting sur-
face is wider on all sides than the loaded area, then the
design bearing strength of the loaded area shall be per-
mitted to be multiplied by ,/A,/ A4 but not more than 2.

10.17.2 — Section 10.17 does not apply to post-ten-
sioning anchorages.
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R10.17 — Bearing strength

R10.17.1 — This section deals with bearing strength of con-
crete supports. The permissible bearing stress of 0.85f," is
based on tests reported in Reference 10.46. (See also 15.8).

When the supporting area is wider than the loaded area on
all sides, the surrounding concrete confines the bearing area,
resulting in an increase in bearing strength. No minimum
depth is given for a supporting member. The minimum
depth of support will be controlled by the shear require-
ments of 11.12.

When the top of the support is sloped or stepped, advantage
may still be taken of the condition that the supporting mem-
ber is larger than the loaded area, provided the supporting
member does not slope at too great an angle. Fig. R10.17
illustrates the application of the frustum to find A,. The
frustum should not be confused with the path by which a
load spreads out as it travels downward through the support.
Such a load path would have steeper sides. However, the frus-
tum described has somewhat flat side slopes to ensure that
there is concrete immediately surrounding the zone of high
stress at the bearing. A; is the loaded area but not greater than
the bearing plate or bearing cross-sectional area.

R10.17.2 — Post-tensioning anchorages are usually later-
ally reinforced, in accordance with 18.13.
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1/ Load
Loaded area A;

- ~ <2 L

A is measured on this plane

{

Elevation

Fig. R10.17—Application of frustum to find A, in stepped or
sloped supports
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11.1 — Shear strength

11.1.1 — Except for members designed in accordance
with Appendix A, design of cross sections subject to
shear shall be based on:

Vo2V, (11-1)
where V, is the factored shear force at the section
considered and V,, is nominal shear strength com-
puted by:

V,=V.+ V; (11-2)
where V. is nominal shear strength provided by con-
crete calculated in accordance with 11.3, 11.4, or
11.12, and Vg is nominal shear strength provided by
shear reinforcement calculated in accordance with
11.5,11.10.9, or 11.12.

11.1.1.1 — In determining V,,, the effect of any open-
ings in members shall be considered.

11.1.1.2 — In determining V,, whenever applicable,
effects of axial tension due to creep and shrinkage in
restrained members shall be considered and effects of
inclined flexural compression in variable depth mem-
bers shall be permitted to be included.

11.1.2 — The values of /f_’ used in this chapter shall

not exceed 8.3 MPa except as allowed in 11.1.2.1.

Copyright American Concrete Institute
Provided by IHS under license with ACI
No reproduction or networking permitted without license from IHS

ACI 318 Building

COMMENTARY
R11.1 — Shear strength

This chapter includes shear and torsion provisions for both
nonprestressed and prestressed concrete members. The
shear-friction concept (11.7) is particularly applicable to
design of reinforcement details in precast structures. Special
provisions are included for deep flexural members (11.8),
brackets and corbels (11.9), and shearwalls (11.10). Shear
provisions for slabs and footings are given in 11.12.

The shear strength is based on an average shear stress on the
full effective cross section b,,d. In a member without shear
reinforcement, shear is assumed to be carried by the con-
crete web. In a member with shear reinforcement, a portion
of the shear strength is assumed to be provided by the con-
crete and the remainder by the shear reinforcement.

The shear strength provided by concrete V, is assumed to be the
same for beams with and without shear reinforcement and is
taken as the shear causing significant inclined cracking. These
assumptions are discussed in References 11.1, 11.2, and 11.3.

Appendix A allows the use of strut-and-tie models in the
shear design of disturbed regions. The traditional shear
design procedures, which ignore D-regions, are acceptable
in shear spans that include B-regions.

R11.1.1.1 — Openings in the web of a member can
reduce its shear strength. The effects of openings are dis-
cussed in Section 4.7 of Reference 11.1 and in References
11.4and 11.5.

R11.1.1.2 — In a member of variable depth, the internal
shear at any section is increased or decreased by the vertical
component of the inclined flexural stresses. Computation
methods are outlined in various textbooks and in the 1940
Joint Committee Report.!!

R11.1.2 — Because of a lack of test data and practical expe-
rience with concretes having compressive strengths greater
than 70 MPa, the 1989 edition of the code imposed a maxi-
mum value of 8.3 MPa on JE for use in the calculation of
shear strength of concrete beams, joists, and slabs. Excep-
tions to this limit were permitted in beams and joists when
the transverse reinforcement satisfied an increased value for
the minimum amount of web reinforcement. There are lim-
ited test data on the two-way shear strength of high-strength
concrete slabs. Until more experience is obtained for two-
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11.1.2.1 — Values of th.’ greater than 8.3 MPa
shall be permitted in computing V., V,;, and V, for rein-
forced or prestressed concrete beams and concrete
joist construction having minimum web reinforcement in
accordance with 11.5.6.3, 11.5.6.4, or 11.6.5.2.

11.1.3 — Computation of maximum V,, at supports in
accordance with 11.1.3.1 or 11.1.3.2 shall be permit-
ted if all conditions (a), (b), and (c) are satisfied:

(a) Support reaction, in direction of applied shear,
introduces compression into the end regions of
member;

(b) Loads are applied at or near the top of the member;

(c) No concentrated load occurs between face of
support and location of critical section defined in
11.1.8.1 or 11.1.3.2.

11.1.3.1 — For nonprestressed members, sections
located less than a distance d from face of support
shall be permitted to be designed for V,, computed at a
distance d.
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way slabs built with concretes that have strengths greater
than 70 MPa, it is prudent to limit ,/f. to 8.3 MPa for the
calculation of shear strength.

R11.1.2.1 — Based on the test results in References 11.7,
11.8, 11.9, 11.10, and 11.11, an increase in the minimum
amount of transverse reinforcement is required for high-
strength concrete. These tests indicated a reduction in the
reserve shear strength as f,.” increased in beams reinforced

with the specified minimum amount of transverse reinforce-
ment, which is equivalent to an effective shear stress of
0.35 MPa. A provision introduced in the 1989 edition of the
code required an increase in the minimum amount of trans-
verse reinforcement for concrete strengths between 70 and
105 MPa. This provision, which led to a sudden increase in
the minimum amount of transverse reinforcement at a com-
pressive strength of 70 MPa, has been replaced by a gradual
increase in the minimum A, as f,” increases, as given by

Eq. (11-13).

R11.1.3.1 — The closest inclined crack to the support of
the beam in Fig. R11.1.3.1(a) will extend upwards from the
face of the support reaching the compression zone about d
from the face of the support. If loads are applied to the top of
this beam, the stirrups across this crack are stressed by loads
acting on the lower freebody in Fig. R11.1.3.1(a). The loads
applied to the beam between the face of the column and the
point d away from the face are transferred directly to the sup-
port by compression in the web above the crack. Accordingly,
the code permits design for a maximum factored shear force
V, at a distance d from the support for nonprestressed mem-
bers, and at a distance h/2 for prestressed members. Two
things are emphasized: first, stirrups are required across the
potential crack designed for the shear at d from the support,
and second, a tension force exists in the longitudinal rein-
forcement at the face of the support.

In Fig. R11.1.3.1(b), loads are shown acting near the bottom of a
beam. In this case, the critical section is taken at the face of the
support. Loads acting near the support should be transferred
across the inclined crack extending upward from the support
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Fig. R11.1.3.1(a)—Free body diagrams of the end of a beam

Critical section /

v, ¥

u

NN VRN

'
/

/

Fig. R11.1.3.1(b)—Location of critical section for shear in
a member loaded near bottom.

-

V.
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=

:

(c) ——
(d)

! L
uiny | B

(e) (f)

Fig. R11.1.3.1(c), (d), (e), (f)—Typical support conditions
for locating factored shear force Vy,.
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11.1.3.2 — For prestressed members, sections
located less than a distance h/2 from face of support
shall be permitted to be designed for V,, computed at a
distance h/2.

11.1.4 — For deep beams, brackets and corbels,
walls, and slabs and footings, the special provisions of
11.8 through 11.12 shall apply.

11.2 — Lightweight concrete

11.2.1 — Provisions for shear and torsion strength
apply to normalweight concrete. When lightweight
aggregate concrete is used, one of the following modi-
fications shall apply to ﬁ throughout Chapter 11,
except 11.55.3, 11.5.7.9, 11.6.3.1, 11.12.3.2, and
11.12.4.8

11.2.1.1 — When f is specified and concrete is
proportioned in accordance with 5.2, 1.8f, shall be
substituted for /f; , but the value of 1.8f shall not
exceed /f] .
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face. The shear force acting on the critical section should include
all loads applied below the potential inclined crack.

Typical support conditions where the shear force at a distance d
from the support may be used include: (1) members supported
by bearing at the bottom of the member, such as shown in
Fig. R11.1.3.1(c); and (2) members framing monolithically
into another member as illustrated in Fig. R11.1.3.1(d).

Support conditions where this provision should not be
applied include: (1) Members framing into a supporting
member in tension, such as shown in Fig. R11.1.3.1(e). For
this case, the critical section for shear should be taken at the
face of the support. Shear within the connection should also
be investigated and special corner reinforcement should be
provided. (2) Members for which loads are not applied at or
near the top of the member. This is the condition referred to in
Fig. 11.1.3.1(b). For such cases the critical section is taken at
the face of the support. Loads acting near the support should
be transferred across the inclined crack extending upward
from the support face. The shear force acting on the critical
section should include all loads applied below the potential
inclined crack. (3) Members loaded such that the shear at sec-
tions between the support and a distance d from the support
differs radically from the shear at distance d. This commonly
occurs in brackets and in beams where a concentrated load is
located close to the support, as shown in Fig. R11.1.3.1(f) or
in footings supported on piles. In this case the shear at the
face of the support should be used.

R11.1.3.2 — Because d frequently varies in prestressed
members, the location of the critical section has arbitrarily
been taken as h/2 from the face of the support.

R11.2 — Lightweight concrete

Two alternative procedures are provided to modify the provi-
sions for shear and torsion when lightweight aggregate concrete
is used. The lightweight concrete modification applies only to
the terms containing JE in the equations of Chapter 11.

R11.2.1.1 — The first alternative bases the modification
on laboratory tests to determine the relationship between
average splitting tensile strength f,; and the specified com-
pressive strength f, for the lightweight concrete being used.
For normalweight concrete, the average splitting tensile
strength f,, is approximately equal to /f,’ /1.8.11-10-1111
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11.2.1.2 — When f; is not specified, all values of
ﬁ shall be multiplied by 0.75 for all-lightweight con-
crete and 0.85 for sand-lightweight concrete. Linear
interpolation shall be permitted when partial sand
replacement is used.

11.3 — Shear strength provided by concrete
for nonprestressed members

11.3.1 — V, shall be computed by provisions of
11.3.1.1 through 11.3.1.3, unless a more detailed cal-
culation is made in accordance with 11.3.2.

11.3.1.1 — For members subject to shear and flex-
ure only,

V.=0.17 [ b,d (11-3)

11.3.1.2 — For members subject to axial compression,

Ve = 047(1+ 12’; ) [fb,d (11-4)

g

Quantity N, /A4 shall be expressed in MPa.

11.3.1.3 — For members subject to significant axial
tension, V. shall be taken as zero unless a more
detailed analysis is made using 11.3.2.3.

11.3.2 — V, shall be permitted to be computed by the
more detailed calculation of 11.3.2.1 through 11.3.2.3.

11.3.2.1 — For members subject to shear and flex-
ure only,

v
v, = (0.16@+17pWML°>bwd (11-5)
u

but not greater than 0.29Jf76’ b,d. When computing
V. by Eq. (11-5), V,d/M, shall not be taken greater
than 1.0, where M, occurs simultaneously with V,, at
section considered.

11.3.2.2 — For members subject to axial compres-
sion, it shall be permitted to compute V, using Eq. (11-5)
with M, substituted for M, and V,d/M, not then limited
to 1.0, where
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R11.2.1.2 — The second alternative bases the modifica-
tion on the assumption that the tensile strength of light-
weight concrete is a fixed fraction of the tensile strength of
normalweight concrete.!!''> The multipliers are based on
data from tests!!!3 on many types of structural lightweight
aggregate concrete.

R11.3 — Shear strength provided by concrete
for nonprestressed members

R11.3.1.1 — See R11.3.2.1.

R11.3.1.2 and R11.3.1.3 — See R11.3.2.2.

R11.3.2.1 — Eq. (11-5) is the basic expression for shear
strength of members without shear reinforcement.'!?
Designers should recognize that the three variables in Eq.
(11-5), JE (as a measure of concrete tensile strength), p,,,
and V,d/M,, are known to affect shear strength, although
some research data'!-l:!114 indicate that Eq. (11-5) overesti-
mates the influence of f." and underestimates the influence
of p, and V,d/M,. Further information'!!> has indicated
that shear strength decreases as the overall depth of the
member increases.

The minimum value of M, equal to V,d in Eq. (11-5) is to
limit V, near points of inflection.

For most designs, it is convenient to assume that the second
term of Eq. (11-5) equals 0.01 /f." and use V, equal to
0.17,[f,’ b,d as permitted in 11.3.1.1.

R11.3.2.2 — Eq. (11-6) and (11-7), for members subject
to axial compression in addition to shear and flexure are
derived in the ACI-ASCE Committee 326 report.!!3 As N,
is increased, the value of V, computed from Eq. (11-5) and
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(4h-d)
M,=M,-N, 3 (11-6)
However, V, shall not be taken greater than
0.29N
V. =029 [f'b,d 1+ 2, ] (11-7)

N, /A4 shall be expressed in MPa. When M, as com-
puted by Eq. (11-6) is negative, V, shall be computed
by Eq. (11-7).

11.3.2.3 — For members subject to significant axial
tension,

0.29N

A, ‘) i bud

V, = 0.17(1+ (11-8)

but not less than zero, where N, is negative for tension.
N, /A4 shall be expressed in MPa.

11.3.3 — For circular members, the area used to com-
pute V, shall be taken as the product of the diameter
and effective depth of the concrete section. It shall be
permitted to take d as 0.80 times the diameter of the
concrete section.
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(11-6) will exceed the upper limit given by Eq. (11-7)
before the value of M,, given by Eq. (11-6) becomes nega-
tive. The value of V,, obtained from Eq. (11-5) has no physi-
cal significance if a negative value of M, is substituted. For
this condition, Eq. (11-7) or Eq. (11-4) should be used to
calculate V,. Values of V, for members subject to shear and
axial load are illustrated in Fig. R11.3.2.2. The background
for these equations is discussed and comparisons are made
with test data in Reference 11.2.

Because of the complexity of Eq. (11-5) and (11-6), an
alternative design provision, Eq. (11-4), is permitted.

R11.3.2.3 — Eq. (11-8) may be used to compute V, for
members subject to significant axial tension. Shear rein-
forcement may then be designed for V,, — V.. The term sig-
nificant is used to recognize that a designer must use
judgment in deciding whether axial tension needs to be con-
sidered. Low levels of axial tension often occur due to vol-
ume changes, but are not important in structures with
adequate expansion joints and minimum reinforcement. It
may be desirable to design shear reinforcement to carry
total shear if there is uncertainty about the magnitude of
axial tension.

R11.3.3 — Shear tests of members with circular sections indi-

cate that the effective area can be taken as the gross area of the

section or as an equivalent rectangular area !l 1116, 1117

Compfessi on Tension
? 0.5
~~—Eq. (11-7) ﬁVc_
Shaded area [ oq e bud
shows approx. g
range of values ~ 0.3
obtained from | N
Eq. (11-5)and L - 0.2
Eq. (11-6). e L B, (118),
= 0.1
[
Eq. (11-4) N
N4
<
N
5 0 -4
N,/Ag,MPa

Fig. R11.3.2.2—Comparison of shear strength equations for
members subject to axial load
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11.4 — Shear strength provided by
concrete for prestressed members

11.4.1 — For the provisions of 11.4, d shall be taken
as the distance from extreme compression fiber to
centroid of prestressed and nonprestressed longitudi-
nal tension reinforcement, if any, but need not be taken
less than 0.80h.

11.4.2 — For members with effective prestress force
not less than 40 percent of the tensile strength of flex-
ural reinforcement, unless a more detailed calculation
is made in accordance with 11.4.3,

v, = (o.osﬁm.sv—n‘fe)b d (11-9)

w
u

but V. need not be taken less than 0.17@ b,d. V,
shall not be taken greater than 0.42@ b,d or the
value given in 11.4.4 or 11.4.5. V,,dp/M, shall not be
taken greater than 1.0, where M, occurs simulta-
neously with V,, at the section considered.

11.4.3 — V, shall be permitted to be computed in
accordance with 11.4.3.1 and 11.4.3.2, where V, shall
be the lesser of V,;and V.

11.4.3.1—V,; shall be computed by

V.M
7 I Ccre
VCi = 0.05 /fc bwdp+ Vd+ M_ (11-10)

max

where dj, need not be taken less than 0.80h and
Mere = (I/y,)(o.sﬁ + fpe —1y) (11-11)

and values of M,,,, and V; shall be computed from the
load combination causing maximum factored moment
to occur at the section. V,; need not be taken less than

0.14 [f_ byd.

11.4.3.2—V,,, shall be computed by

Vew= (0.29@ + 0'3fpc)bwdp + Vp (11-12)

where dp need not be taken less than 0.80h.
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R11.4 — Shear strength provided by
concrete for prestressed members

| R11.4.2 — Eq. (11-9) offers a simple means of computing

V, for prestressed concrete beams.!!> It may be applied to
beams having prestressed reinforcement only, or to mem-
bers reinforced with a combination of prestressed reinforce-
ment and nonprestressed deformed bars. Eq. (11-9) is most
applicable to members subject to uniform loading and may
give conservative results when applied to composite girders
for bridges.

In applying Eq. (11-9) to simply supported members subject
to uniform loads V,d,/M,, can be expressed as:

Vudp dp(Z—Zx)
M, x(—x)

u

where £ is the span length and x is the distance from the sec-
tion being investigated to the support. For concrete with f
equal to 35 MPa, V, from 11.4.2 varies as shown in Fig.
R11.4.2. Design aids based on this equation are given in
Reference 11.18.

| R11.4.3 — Two types of inclined cracking occur in concrete

beams: web-shear cracking and flexure-shear cracking.
These two types of inclined cracking are illustrated in Fig.
R11.4.3.

fi=35MPa -

- —&Q i
T L/\SO Ve=1/6\f: bud ]

0 £ £ 3t A

8 4 8 2
Distance from simple support

Fig. R11.4.2—Application of Eq. (11-9) to uniformly loaded
prestressed members
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Alternatively, V., shall be computed as the shear force
corresponding to dead load plus live load that results
in a principal tensile stress of 0.33 JfT:' at the centroidal
axis of member, or at the intersection of flange and
web when the centroidal axis is in the flange. In com-
posite members, the principal tensile stress shall be
computed using the cross section that resists live load.

COMMENTARY

— VT
DA AN

Simple support

Continuous|
support

Flexural and flexure-shear

Flclaxural and |Webl- I Web-shearI

flexure-shear shear

Fig. R11.4.3—Types of cracking in concrete beams

Web-shear cracking begins from an interior point in a mem-
ber when the principal tensile stresses exceed the tensile
strength of the concrete. Flexure-shear cracking is initiated by
flexural cracking. When flexural cracking occurs, the shear
stresses in the concrete above the crack are increased. The
flexure-shear crack develops when the combined shear and
tensile stress exceeds the tensile strength of the concrete.

Eq. (11-10) and (11-12) may be used to determine the shear
forces causing flexure-shear and web-shear cracking, respec-
tively. The nominal shear strength provided by the concrete
V, is assumed equal to the lesser of V,; and V,,. The deriva-
tions of Eq. (11-10) and (11-12) are summarized in Reference
11.19.

In deriving Eq. (11-10) it was assumed that V; is the sum of
the shear required to cause a flexural crack at the point in
question given by:

V= ViMcre

M

max

plus an additional increment of shear required to change the
flexural crack to a flexure-shear crack. The externally
applied factored loads, from which V; and M,,,, are deter-
mined, include superimposed dead load, earth pressure, and
live load. In computing M,,, for substitution into Eq. (11-
10), I and y, are the properties of the section resisting the
externally applied loads.

For a composite member, where part of the dead load is
resisted by only a part of the section, appropriate section
properties should be used to compute f;. The shear due to
dead loads, V,; and that due to other loads V; are separated in
this case. V is then the total shear force due to unfactored
dead load acting on that part of the section carrying the dead
loads acting prior to composite action plus the unfactored
superimposed dead load acting on the composite member.
The terms V; and M,,,,, may be taken as:

Vi=Va-Va

My =M, - M,
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11.4.4 — In a pretensioned member in which the sec-
tion at a distance h/2 from face of support is closer to
the end of member than the transfer length of the pre-
stressing steel, the reduced prestress shall be consid-
ered when computing V,,. This value of V., shall also
be taken as the maximum limit for Eq. (11-9). The pre-
stress force shall be assumed to vary linearly from
zero at end of the prestressing steel, to a maximum at
a distance from end of the prestressing steel equal to
the transfer length, assumed to be 50 diameters for
strand and 100 diameters for single wire.

11.4.5—In a pretensioned member where bonding of
some tendons does not extend to the end of member,
a reduced prestress shall be considered when com-
puting V. in accordance with 11.4.2 or 11.4.3. The
value of V., calculated using the reduced prestress
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where V,, and M, are the factored shear and moment due to
the total factored loads, and M, is the moment due to unfac-
tored dead load (the moment corresponding to f;;).

For noncomposite, uniformly loaded beams, the total cross
section resists all the shear and the live and dead load shear
force diagrams are similar. In this case Eq. (11-10) reduces to:

V M

[ t

V.. = 005 [f. b d+ !
u

where:

M = Iy)0.5 [, +fpe)

The symbol M, in the two preceding equations represents
the total moment, including dead load, required to cause
cracking at the extreme fiber in tension. This is not the same
as M,,, in code Eq. (11-10) where the cracking moment is
that due to all loads except the dead load. In Eq. (11-10) the
dead load shear is added as a separate term.

M, is the factored moment on the beam at the section under
consideration, and V,, is the factored shear force occurring
simultaneously with M,,. Since the same section properties
apply to both dead and live load stresses, there is no need to
compute dead load stresses and shears separately. The
cracking moment M, reflects the total stress change from
effective prestress to a tension of 0.5 c’ , assumed to cause
flexural cracking.

Eq. (11-12) is based on the assumption that web-shear
cracking occurs due to the shear causing a principal tensile
stress of approximately 0.33 JE at the centroidal axis of
the cross section. V), is calculated from the effective pre-
stress force without load factors.

R11.4.4 and R11.4.5 — The effect of the reduced prestress
near the ends of pretensioned beams on the shear strength
should be taken into account. Section 11.4.4 relates to the
shear strength at sections within the transfer length of pre-
stressing steel when bonding of prestressing steel extends to
the end of the member.

Section 11.4.5 relates to the shear strength at sections within
the length over which some of the prestressing steel is not
bonded to the concrete, or within the transfer length of the
prestressing steel for which bonding does not extend to the
end of the beam.
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shall also be taken as the maximum limit for Eq. (11-9).
The prestress force due to tendons for which bonding
does not extend to the end of member shall be
assumed to vary linearly from zero at the point at
which bonding commences to a maximum at a dis-
tance from this point equal to the transfer length,
assumed to be 50 diameters for strand and 100 diam-
eters for single wire.

11.5 — Shear strength provided by shear
reinforcement

11.5.1 — Types of shear reinforcement

11.5.1.1 — Shear reinforcement consisting of the
following shall be permitted:

(a) Stirrups perpendicular to axis of member;

(b) Welded wire reinforcement with wires located
perpendicular to axis of member;

(c) Spirals, circular ties, or hoops.

11.5.1.2 — For nonprestressed members, shear
reinforcement shall be permitted to also consist of:

(a) Stirrups making an angle of 45 deg or more with
longitudinal tension reinforcement;

(b) Longitudinal reinforcement with bent portion
making an angle of 30 deg or more with the longitu-
dinal tension reinforcement;

(c) Combinations of stirrups and bent longitudinal
reinforcement.

11.5.2 — The values of f, and f; used in design of
shear reinforcement shall not exceed 420 MPa, except
the value shall not exceed 550 MPa for welded
deformed wire reinforcement.

11.5.3 — Where the provisions of 11.5 are applied to
prestressed members, d shall be taken as the dis-
tance from extreme compression fiber to centroid of
the prestressed and nonprestressed longitudinal ten-
sion reinforcement, if any, but need not be taken less
than 0.80h.
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R11.5 — Shear strength provided by shear
reinforcement

R11.5.2 — Limiting the values of f, and f,, used in design of
shear reinforcement to 420 MPa provides a control on diagonal
crack width. In the 1995 code, the limitation of 420 MPa for
shear reinforcement was raised to 550 MPa for welded
deformed wire reinforcement. Research!!?%1122 has indi-
cated that the performance of higher strength steels as shear
reinforcement has been satisfactory. In particular, full-scale
beam tests described in Reference 11.21 indicated that the
widths of inclined shear cracks at service load levels were
less for beams reinforced with smaller diameter welded
deformed wire reinforcement cages designed on the basis of a
yield strength of 520 MPa than beams reinforced with
deformed Grade 420 stirrups.

R11.5.3 — Although the value of d may vary along the span
of a prestressed beam, studies'!2 have shown that, for pre-
stressed concrete members, d need not be taken less than
0.80%. The beams considered had some straight tendons or
reinforcing bars at the bottom of the section and had stirrups
that enclosed the steel.
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| 11.5.4 — Stirrups and other bars or wires used as
shear reinforcement shall extend to a distance d from
extreme compression fiber and shall be developed at
both ends according to 12.13.

11.5.5 — Spacing limits for shear reinforcement

| 11.5.5.1 — Spacing of shear reinforcement placed
perpendicular to axis of member shall not exceed d/2
in nonprestressed members or 0.75h in prestressed
members, nor 600 mm.

11.5.5.2 — Inclined stirrups and bent longitudinal
reinforcement shall be so spaced that every 45 degree
line, extending toward the reaction from mid-depth of
memberd/2 to longitudinal tension reinforcement, shall
be crossed by at least one line of shear reinforcement.

| 11.5.5.3 — Where V, exceeds 0.33,/f_' b,d, maxi-
mum spacings given in 11.5.5.1 and 11.5.5.2 shall be
reduced by one-half.

| 11.5.6 — Minimum shear reinforcement
| 11.5.6.1 — A minimum area of shear reinforcement,
Ay, min, shall be provided in all reinforced concrete flex-
ural members (prestressed and nonprestressed)
where V, exceeds 0.54V,, except:
(a) Slabs and footings;
(b) Concrete joist construction defined by 8.11;
(c) Beams with h not greater than the largest of

250 mm, 2.5 times thickness of flange, or 0.5 the
width of web.
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| R11.5.4 — It is essential that shear (and torsion) reinforce-
ment be adequately anchored at both ends to be fully effec-
tive on either side of any potential inclined crack. This
generally requires a hook or bend at the end of the rein-
forcement as provided by 12.13.

| R11.5.6 — Minimum shear reinforcement

|  R11.5.6.1 — Shear reinforcement restrains the growth of
inclined cracking. Ductility is increased and a warning of
failure is provided. In an unreinforced web, the sudden for-
mation of inclined cracking might lead directly to failure
without warning. Such reinforcement is of great value if a
member is subjected to an unexpected tensile force or an
overload. Accordingly, a minimum area of shear reinforce-
ment not less than that given by Eq. (11-13) or (11-14) is
required wherever V,, is greater than 0.5¢V,. Slabs, footings
and joists are excluded from the minimum shear reinforce-
ment requirement because there is a possibility of load shar-
ing between weak and strong areas. However, research
results!23 have shown that deep, lightly reinforced one-
way slabs, particularly if constructed with high-strength
concrete, may fail at shear loads less than V,, calculated
from Eq. (11-3).
Test of hollow core units'!">*11-25 with k values of 315 mm
and less have shown shear strengths greater than those cal-
culated by Eq. (11-12) and (11-10). Unpublished test results
of precast prestressed concrete hollow core units with
greater depths have shown that web-shear cracking
strengths in end regions can be less than strengths computed
by Eq. (11-12). By contrast, flexure-shear cracking
strengths in those tests equaled or exceeded strengths com-
puted by Eq. (11-10).

Even when V,, is less than 0.5¢V,, the use of some web rein-
forcement is recommended in all thin-web post-tensioned
prestressed concrete members (joists, waffle slabs, beams,
and T-beams) to reinforce against tensile forces in webs
resulting from local deviations from the design tendon pro-
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| 11.5.6.2 — Minimum shear reinforcement require-
ments of 11.5.6.1 shall be permitted to be waived if
shown by test that required M, and V,, can be devel-

oped when shear reinforcement is omitted. Such tests
shall simulate effects of differential settlement, creep,
shrinkage, and temperature change, based on a real-
istic assessment of such effects occurring in service.

11.5.6.3 — Where shear reinforcement is required
by 11.5.6.1 or for strength and where 11.6.1 allows tor-
sion to be neglected, A, m;, for prestressed (except as
provided in 11.5.6.4) and nonprestressed members
shall be computed by

b,s
A = 0.062 fc'-f—""-

yt

(11-13)

v, min

but shall not be less than (0.35b,,s)/f;.

| 11.5.6.4 — For prestressed members with an effec-
tive prestress force not less than 40 percent of the ten-
sile strength of the flexural reinforcement, Ay, i, shall
not be less than the smaller value from Eq. (11-13)
and (11-14).
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file, and to provide a means of supporting the tendons in the
design profile during construction. If sufficient support is
not provided, lateral wobble and local deviations from the
smooth parabolic tendon profile assumed in design may
result during placement of the concrete. In such cases, the
deviations in the tendons tend to straighten out when the
tendons are stressed. This process may impose large tensile
stresses in webs, and severe cracking may develop if no web
reinforcement is provided. Unintended curvature of the ten-
dons, and the resulting tensile stresses in webs, may be min-
imized by securely tying tendons to stirrups that are rigidly
held in place by other elements of the reinforcing cage and
held down in the forms. The maximum spacing of stirrups
used for this purpose should not exceed the smaller of 1.5h
or 1.2 m. When applicable, the shear reinforcement provi-
sions of 11.5.5 and 11.5.6 will require closer stirrup spacings.

For repeated loading of flexural members, the possibility of
inclined diagonal tension cracks forming at stresses appre-
ciably smaller than under static loading should be taken into
account in the design. In these instances, it would be pru-
dent to use at least the minimum shear reinforcement
expressed by Eq. (11-13) or (11-14), even though tests or
calculations based on static loads show that shear reinforce-
ment is not required.

| R11.5.6.2 — When a member is tested to demonstrate
that its shear and flexural strengths are adequate, the actual
member dimensions and material strengths are known. The
strength used as a basis for comparison should therefore be
that corresponding to a strength reduction factor of unity (¢
= 1.0), i.e. the required nominal strength V,, and M,,. This
ensures that if the actual material strengths in the field were
less than specified, or the member dimensions were in error
such as to result in a reduced member strength, a satisfac-
tory margin of safety will be retained.

| R11.5.6.3 — Previous versions of the code have required a
minimum area of transverse reinforcement that is indepen-
dent of concrete strength. Tests! ! have indicated the need to
increase the minimum area of shear reinforcement as con-
crete strength increases to prevent sudden shear failures when
inclined cracking occurs. Equation (11-13) provides for a
gradual increase in the minimum area of transverse rein-
forcement, while maintaining the previous minimum value.

| R11.5.6.4 — Tests!!? of prestressed beams with mini-
mum web reinforcement based on Eq. (11-13) and (11-14)
indicated that the smaller A, from these two equations was
sufficient to develop ductile behavior.

Eq. (11-14) may be used only for prestressed members
meeting the minimum prestress force requirements given in
11.5.6.4. This equation is discussed in Reference 11.26.
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| 11.5.7 — Design of shear reinforcement

A (11-14)

v, min

| 11.5.7.1 — Where V, exceeds ¢V,, shear reinforce-
ment shall be provided to satisfy Eq. (11-1) and (11-2),
where Vg shall be computed in accordance with
| 11.5.7.2 through 11.5.7.9.

| 11.5.7.2 — Where shear reinforcement perpendicu-
lar to axis of member is used,

Af .d
V, = vyt (11-15)
S

where A, is the area of shear reinforcement within
spacing s.

| 11.5.7.3 — Where circular ties, hoops, or spirals are
used as shear reinforcement, Vg shall be computed
using Eq. (11-15) where d is defined in 11.3.3 for cir-
cular members, A, shall be taken as two times the
area of the bar in a circular tie, hoop, or spiral at a
spacing s, s is measured in a direction parallel to lon-
gitudinal reinforcement, and f; is the specified yield
strength of circular tie, hoop, or spiral reinforcement.

| 11.5.7.4 — Where inclined stirrups are used as
shear reinforcement,

A f (sina+ cosa)d
Vy = i ) (11-16)
s
where ais angle between inclined stirrups and longitu-
dinal axis of the member, and s is measured in direc-
tion parallel to longitudinal reinforcement.

| 11.5.7.5 — Where shear reinforcement consists of
a single bar or a single group of parallel bars, all bent
up at the same distance from the support,

Vs = A/fysina (11-17)

but not greater than 0.25 (f_' b,d, where a is angle
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| R11.5.7 — Design of shear reinforcement

Design of shear reinforcement is based on a modified truss
analogy. The truss analogy assumes that the total shear is
carried by shear reinforcement. However, considerable
research on both nonprestressed and prestressed members
has indicated that shear reinforcement needs to be designed
to carry only the shear exceeding that which causes inclined
cracking, provided the diagonal members in the truss are
assumed to be inclined at 45 degrees.

Eq. (11-15), (11-16), and (11-17) are presented in terms of
nominal shear strength provided by shear reinforcement V..
When shear reinforcement perpendicular to axis of member
is used, the required area of shear reinforcement A, and its
spacing s are computed by

A, (V,-¢V,)
s Wf,d

Research! 271128 hag shown that shear behavior of wide
beams with substantial flexural reinforcement is improved if
the transverse spacing of stirrup legs across the section is
reduced.

R11.5.7.3 — Although the transverse reinforcement in a
circular section may not consist of straight legs, tests indi-
cate that Eq. (11-15) is conservative if d is taken as defined
in 11.3.31116. 1117
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between bent-up reinforcement and longitudinal axis
of the member.

11.5.7.6 — Where shear reinforcement consists of
a series of parallel bent-up bars or groups of parallel
bent-up bars at different distances from the support,
V, shall be computed by Eq. (11-16).

|~ 11.5.7.7 — Only the center three-fourths of the
inclined portion of any longitudinal bent bar shall be
considered effective for shear reinforcement.

| = 11.5.7.8 — Where more than one type of shear rein-
forcement is used to reinforce the same portion of a
member, Vg shall be computed as the sum of the values
computed for the various types of shear reinforcement.

| 11.5.79 — V; shall not be taken greater than
0.66 /f.' b,d.

11.6 — Design for torsion

Design for torsion shall be in accordance with 11.6.1
through 11.6.6, or 11.6.7.
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R11.6 — Design for torsion

The design for torsion in 11.6.1 through 11.6.6 is based on a
thin-walled tube, space truss analogy. A beam subjected to
torsion is idealized as a thin-walled tube with the core con-
crete cross section in a solid beam neglected as shown in
Fig. R11.6(a). Once a reinforced concrete beam has cracked
in torsion, its torsional resistance is provided primarily by
closed stirrups and longitudinal bars located near the surface
of the member. In the thin-walled tube analogy the resis-
tance is assumed to be provided by the outer skin of the
cross section roughly centered on the closed stirrups. Both
hollow and solid sections are idealized as thin-walled tubes
both before and after cracking.

In a closed thin-walled tube, the product of the shear stress 7
and the wall thickness ¢ at any point in the perimeter is

(b) Area enclosed by shear flow path

Fig. R11.6—(a) Thin-walled tube; (b) area enclosed by
shear flow path
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11.6.1 — Threshold torsion

It shall be permitted to neglect torsion effects if the fac-
tored torsional moment T, is less than:

(a) For nonprestressed members:
A2

$0.083 /f; (-c-‘!}

pcp

(b) For prestressed members:

2
A f
$0.083 /f! (—CBJ 14 Lo
“\Pep 0.33 /f;

(c) For nonprestressed members subjected to
an axial tensile or compressive force:

A2 N
$0.083 f(—cﬁ’] L[ T —
It Pcp 0.33A,,/f;

For members cast monolithically with a slab, the over-
hanging flange width used in computing A¢p and pep
shall conform to 13.2.4. For a hollow section, A4 shall
be used in place of Agpin 11.6.1, and the outer bound-
aries of the section shall conform to 13.2.4.

11.6.1.1 — For isolated members with flanges and for
members cast monolithically with a slab, the overhanging
flange width used to compute Agp and pgp, shall conform
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known as the shear flow, g = 7¢. The shear flow ¢ due to tor-
sion acts as shown in Fig. R11.6(a) and is constant at all
points around the perimeter of the tube. The path along
which it acts extends around the tube at midthickness of the
walls of the tube. At any point along the perimeter of the
tube the shear stress due to torsion is 7= T/(24 ,#) where A,,
is the gross area enclosed by the shear flow path, shown
shaded in Fig. R11.6(b), and ¢ is the thickness of the wall at
the point where zis being computed. The shear flow follows
the midthickness of the walls of the tube and A, is the area
enclosed by the path of the shearflow. For a hollow member
with continuous walls, A, includes the area of the hole.

In the 1995 code, the elliptical interaction between the nom-
inal shear strength provided by the concrete, V,, and the
nominal torsion strength provided by the concrete was elim-
inated. V,, remains constant at the value it has when there is
no torsion, and the torsion carried by the concrete is always
taken as zero.

The design procedure is derived and compared with test
results in References 11.29 and 11.30.

R11.6.1 — Threshold torsion

Torques that do not exceed approximately one-quarter of the
cracking torque T, will not cause a structurally significant
reduction in either the flexural or shear strength and can be
ignored. The cracking torsion under pure torsion T, is derived
by replacing the actual section with an equivalent thin-walled
tube with a wall thickness # prior to cracking of 0.754, /p,
and an area enclosed by the wall centerline A, equal to
2A.,/3. Cracking is assumed to occur when the principal
tensile stress reaches 0.33 JE . In a nonprestressed beam
loaded with torsion alone, the principal tensile stress is
equal to the torsional shear stress, 7= T/(2A,t). Thus, crack-
ing occurs when 7 reaches 0.33 JE , giving the cracking
torque T, as:

2
A
T, = 033 JE[—CE]

For solid members, the interaction between the cracking tor-
sion and the inclined cracking shear is approximately circular
or elliptical. For such a relationship, a torque of 0.257T,,., as
used in 11.6.1, corresponds to a reduction of 3 percent in the
inclined cracking shear. This reduction in the inclined crack-
ing shear was considered negligible. The stress at cracking

0.33 JE has purposely been taken as a lower bound value.

For prestressed members, the torsional cracking load is
increased by the prestress. A Mohr’s Circle analysis based on
average stresses indicates the torque required to cause a princi-
pal tensile stress equal to 0.33 /f," is A/ 1+ fp /(033 JE )
times the corresponding torque in a nonprestressed beam. A
similar modification is made in part (c) of 11.6.1 for members
subjected to axial load and torsion.
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to 13.2.4, except that the overhanging flanges shall be
neglected in cases where the parameter Agp Ip¢p calcu-
lated for a beam with flanges is less than that computed
for the same beam ignoring the flanges.

11.6.2 — Calculation of factored torsional moment

11.6.2.1 — If the factored torsional moment, T, in a
member is required to maintain equilibrium and
exceeds the minimum value given in 11.6.1, the mem-
ber shall be designed to carry T, in accordance with
11.6.3 through 11.6.6.

11.6.2.2 — In a statically indeterminate structure
where reduction of the torsional moment in a member can
occur due to redistribution of internal forces upon crack-
ing, the maximum T, shall be permitted to be reduced to
the values given in (a), (b), or (c), as applicable:

(a) For nonprestressed members, at the sections
described in 11.6.2.4:

A2
$0.33 ﬁ[—"ej
pcp

(b) For prestressed members, at the sections
described in 11.6.2.5:

2

A f
$0.33 /fc'[—cej 14 —BE

Pcp 0.33,/f,

(c) For nonprestressed members subjected to an
axial tensile or compressive force:
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For torsion, a hollow member is defined as having one or
more longitudinal voids, such as a single-cell or multiple-cell
box girder. Small longitudinal voids, such as ungrouted post-
tensioning ducts that result in A,/A, greater than or equal to
0.95, can be ignored when computing the threshold torque in
11.6.1. The interaction between torsional cracking and shear
cracking for hollow sections is assumed to vary from the
elliptical relationship for members with small voids, to a
straight-line relationship for thin-walled sections with large
voids. For a straight-line interaction, a torque of 0.257T,
would cause a reduction in the inclined cracking shear of
about 25 percent. This reduction was judged to be excessive.

In the 2002 code, two changes were made to modify 11.6.1 to
apply to hollow sections. First, the minimum torque limits
from the 1999 code were multiplied by (A4/A ) because tests

of solid and hollow beams'!! indicate that the cracking

torque of a hollow section is approximately (Ag/A,) times
the cracking torque of a solid section with the same outside
dimensions. The second change was to multiply the cracking
torque by (Ag/A,) a second time to reflect the transition from
the circular interaction between the inclined cracking loads in
shear and torsion for solid members, to the approximately lin-
ear interaction for thin-walled hollow sections.

R11.6.2 — Calculation of factored torsional moment

R11.6.2.1 and R11.6.2.2 — In designing for torsion in

reinforced concrete structures, two conditions may be iden-
tified:11'32’“'33

(a) The torsional moment cannot be reduced by redistri-
bution of internal forces (11.6.2.1). This is referred to as
equilibrium torsion, since the torsional moment is
required for the structure to be in equilibrium.

For this condition, illustrated in Fig. R11.6.2.1, torsion
reinforcement designed according to 11.6.3 through
11.6.6 must be provided to resist the total design torsional
moments.

(b) The torsional moment can be reduced by redistribu-
tion of internal forces after cracking (11.6.2.2) if the tor-
sion arises from the member twisting to maintain
compatibility of deformations. This type of torsion is
referred to as compatibility torsion.

For this condition, illustrated in Fig. R11.6.2.2, the tor-
sional stiffness before cracking corresponds to that of the
uncracked section according to St. Venant’s theory. At
torsional cracking, however, a large twist occurs under an
essentially constant torque, resulting in a large redistribu-
tion of forces in the structure.'!3%1133 The cracking
torque under combined shear, flexure, and torsion corre-
sponds to a principal tensile stress somewhat less than the
0.33@ quoted in R11.6.1.
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$0.33 JT(A—EBJ 1 Ny
. c +
Pcp)y|  0.33A,[f]

In (a), (b), or (c), the correspondingly redistributed
bending moments and shears in the adjoining mem-
bers shall be used in the design of these members.
For hollow sections, Acp shall not be replaced with Ag

in11.6.2.2.

Design tor%le may not be reduced because
moment redistribution is not possible

Fig. R11.6.2.1—Design torque may not be reduced (11.6.2.1)

—H—/
\_//AHJ
\HL

Design torque for this spandrel beam may be
reduced because moment redistribution is possible

Fig. R11.6.2.2—Design torque may be reduced (11.6.2.2)

When the torsional moment exceeds the cracking torque, a
maximum factored torsional moment equal to the cracking
torque may be assumed to occur at the critical sections near
the faces of the supports. This limit has been established to
control the width of torsional cracks. The replacement of A,
with Ag, as in the calculation of the threshold torque for hol-
low sections in 11.6.1, is not applied here. Thus, the torque
after redistribution is larger and hence more conservative.

Section 11.6.2.2 applies to typical and regular framing con-
ditions. With layouts that impose significant torsional rota-
tions within a limited length of the member, such as a heavy
torque loading located close to a stiff column, or a column
that rotates in the reverse directions because of other load-
ing, a more exact analysis is advisable.

When the factored torsional moment from an elastic analy-
sis based on uncracked section properties is between the
values in 11.6.1 and the values given in this section, torsion
reinforcement should be designed to resist the computed
torsional moments.

11.6.2.3 — Unless determined by a more exact
analysis, it shall be permitted to take the torsional
loading from a slab as uniformly distributed along the
member.
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11.6.2.4 — In nonprestressed members, sections
located less than a distance d from the face of a sup-
port shall be designed for not less than T, computed at
a distance d. If a concentrated torque occurs within
this distance, the critical section for design shall be at
the face of the support.

11.6.2.5 — In prestressed members, sections
located less than a distance h/2 from the face of a
support shall be designed for not less than T, com-
puted at a distance h/2. If a concentrated torque
occurs within this distance, the critical section for
design shall be at the face of the support.

11.6.3 — Torsional moment strength

11.6.3.1 — The cross-sectional dimensions shall be
such that:

() For solid sections:

Vu 2 ( Tu ph]2< Vc
<¢|—=+0.66 /f. 11-18
(bwd) * 1.7Aih ¢(bwd * c) ( )

(b) For hollow sections:

Vu (T"p”j< Ve vo66,F) (1119
(5" 1742, “H{paroses) (119

For prestressed members, d shall be determined in
accordance with 11.5.3.
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R11.6.2.4 and R11.6.2.5 — It is not uncommon for a
beam to frame into one side of a girder near the support of
the girder. In such a case a concentrated shear and torque are
applied to the girder.

R11.6.3 — Torsional moment strength

R11.6.3.1 —The size of a cross section is limited for two
reasons, first to reduce unsightly cracking and second to
prevent crushing of the surface concrete due to inclined
compressive stresses due to shear and torsion. In Eq. (11-
18) and (11-19), the two terms on the left hand side are the
shear stresses due to shear and torsion. The sum of these
stresses may not exceed the stress causing shear cracking
plus 0.66 JE , similar to the limiting strength given in
11.5.7.9 for shear without torsion. The limit is expressed in
terms of V, to allow its use for nonprestressed or prestressed
concrete. It was originally derived on the basis of crack con-
trol. It is not necessary to check against crushing of the web
since this happens at higher shear stresses.

In a hollow section, the shear stresses due to shear and torsion
both occur in the walls of the box as shown in Fig. 11.6.3.1(a)

Torsional stresses Shear stresses

(a) Hollow section

Shear stresses

Torsional stresses
(b) Solid section

Fig. R11.6.3.1—Addition of torsional and shear stresses
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11.6.3.2—If the wall thickness varies around the
perimeter of a hollow section, Eq. (11-19) shall be
evaluated at the location where the left-hand side of
Eq. (11-19) is a maximum.

11.6.3.3 — If the wall thickness is less than Ay /pp.
the second term in Eq. (11-19) shall be taken as:

.
(ﬁ)

where tis the thickness of the wall of the hollow sec-
tion at the location where the stresses are being
checked.

11.6.3.4 — The values of f, and f,; used for
design of torsional reinforcement shall not exceed
420 MPa.

11.6.3.5 — Where T, exceeds the threshold torsion,
design of the cross section shall be based on:

0T, >T, (11-20)
11.6.3.6 — T, shall be computed by:
2A_A.f
» = ——Ycote (11-21)
s

where A, shall be determined by analysis except that it
shall be permitted to take A, equal to 0.85A,p; 6 shall
not be taken smaller than 30 degrees nor larger than 60
degrees. It shall be permitted to take 6 equal to:

(a) 45 degrees for nonprestressed members or
members with less prestress than in (b); or

COMMENTARY

and hence are directly additive at point A as given in Eq.
(11-19). In a solid section the shear stresses due to torsion
act in the “tubular” outside section while the shear stresses
due to V,, are spread across the width of the section as
shown in Fig. R11.6.3.1(b). For this reason stresses are
combined in Eq. (11-18) using the square root of the sum of
the squares rather than by direct addition.

R11.6.3.2 — Generally, the maximum will be on the wall
where the torsional and shearing stresses are additive [Point
A in Fig. R11.6.3.1(a)]. If the top or bottom flanges are thin-
ner than the vertical webs, it may be necessary to evaluate Eq.
(11-19) at points B and C in Fig. R11.6.3.1(a). At these points
the stresses due to the shear force are usually negligible.

R11.6.3.4 — Limiting the values of f, and f), used in
design of torsion reinforcement to 420 MPa provides a con-
trol on diagonal crack width.

R11.6.3.5 — The factored torsional resistance ¢7,, must
equal or exceed the torsion T, due to the factored loads. In
the calculation of T,, all the torque is assumed to be resisted
by stirrups and longitudinal steel with T, = 0. At the same
time, the nominal shear strength provided by concrete, V,, is
assumed to be unchanged by the presence of torsion. For
beams with V, greater than about 0.8¢V, the resulting
amount of combined shear and torsional reinforcement is
essentially the same as required by the 1989 code. For
smaller values of V,, more shear and torsion reinforcement
will be required.

R11.6.3.6 — Eq. (11-21) is based on the space truss
analogy shown in Fig. R11.6.3.6(a) with compression
diagonals at an angle 6, assuming the concrete carries no
tension and the reinforcement yields. After torsional
cracking develops, the torsional resistance is provided
mainly by closed stirrups, longitudinal bars, and compres-
sion diagonals. The concrete outside these stirrups is rela-
tively ineffective. For this reason A,, the gross area
enclosed by the shear flow path around the perimeter of
the tube, is defined after cracking in terms of A, , the area
enclosed by the centerline of the outermost closed transverse
torsional reinforcement. The area A,, is shown in Fig.
R11.6.3.6(b) for various cross sections. In an I-, T-, or L-shaped
section, A, is taken as that area enclosed by the outermost legs
of interlocking stirrups as shown in Fig. R11.6.3.6(b). The
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(b) 37.5 degrees for prestressed members with an
effective prestress force not less than 40 percent of
the tensile strength of the longitudinal reinforcement.

11.6.3.7 — The additional area of longitudinal rein-
forcement to resist torsion, A,, shall not be less than:

A= A?tph(f;'—') cotze
y

(11-22)

where 6 shall be the same value used in Eq. (11-21)
and A;/s shall be taken as the amount computed from
Eq. (11-21) not modified in accordance with 11.6.5.2
or 11.6.5.3; fy,; refers to closed transverse torsional
reinforcement, and f, refers to longitudinal torsional
reinforcement.
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Concrete — ~_" V3
compression
diagonals

Fig. R11.6.3.6(a)—Space truss analogy

Closed stirrup
’ E]

A, = shaded area

@

—

Fig. R11.6.3.6(b)—Definition of Ayp,

expression for A, given by Hsu'!l-34

accuracy is desired.

may be used if greater

The shear flow g in the walls of the tube, discussed in
R11.6, can be resolved into the shear forces Vy to V4 acting
in the individual sides of the tube or space truss, as shown in
Fig. R11.6.3.6(a).

The angle @ can be obtained by analysis”'34 or may be
taken to be equal to the values given in 11.6.3.6(a) or (b).
The same value of &should be used in both Eq. (11-21) and
(11-22). As @ gets smaller, the amount of stirrups required
by Eq. (11-21) decreases. At the same time the amount of
longitudinal steel required by Eq. (11-22) increases.

R11.6.3.7 — Fig. R11.6.3.6(a) shows the shear forces V;
to V, resulting from the shear flow around the walls of the
tube. On a given wall of the tube, the shear flow V; is resisted
by a diagonal compression component, D; = V;/sin6, in the
concrete. An axial tension force, V; = V; (cot 6), is needed in
the longitudinal steel to complete the resolution of V;.

Fig. R11.6.3.7 shows the diagonal compressive stresses and
the axial tension force, NV;, acting on a short segment along one
wall of the tube. Because the shear flow due to torsion is con-
stant at all points around the perimeter of the tube, the result-
ants of D; and N; act through the midheight of side i. As a
result, half of N; can be assumed to be resisted by each of the
top and bottom chords as shown. Longitudinal reinforcement
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11.6.3.8 — Reinforcement required for torsion shall
be added to that required for the shear, moment and
axial force that act in combination with the torsion. The
most restrictive requirements for reinforcement spacing
and placement shall be met.

COMMENTARY

N[Z

Fig. R11.6.3.7—Resolution of shear force V; into diagonal

compression force D; and axial tension force N; in one wall
of the tube

with a capacity A,f, should be provided to resist the sum of
the N; forces, 2V;, acting in all of the walls of the tube.

In the derivation of Eq. (11-22), axial tension forces are
summed along the sides of the area A,. These sides form a -
perimeter length, p,, approximately equal to the length of
the line joining the centers of the bars in the corners of the -
tube. For ease in computation this has been replaced with *
the perimeter of the closed stirrups, pj,.

Frequently, the maximum allowable stirrup spacing governs
the amount of stirrups provided. Furthermore, when com-
bined shear and torsion act, the total stirrup area is the sum
of the amounts provided for shear and torsion. To avoid the
need to provide excessive amounts of longitudinal rein-
forcement, 11.6.3.7 states that the A,/s used in calculating A,
at any given section should be taken as the A,/s calculated at
that section using Eq. (11-21).

R11.6.3.8 — The stirrup requirements for torsion and
shear are added and stirrups are provided to supply at least
the total amount required. Since the stirrup area A,, for shear
is defined in terms of all the legs of a given stirrup while the
stirrup area A, for torsion is defined in terms of one leg only,
the addition of stirrups is carried out as follows:

A A A
Total( v+t) = X2t
S S S

If a stirrup group had four legs for shear, only the legs adja-
cent to the sides of the beam would be included in this sum-
mation since the inner legs would be ineffective for torsion.

The longitudinal reinforcement required for torsion is added
at each section to the longitudinal reinforcement required for
bending moment that acts at the same time as the torsion. The
longitudinal reinforcement is then chosen for this sum, but
should not be less than the amount required for the maximum
bending moment at that section if this exceeds the moment
acting at the same time as the torsion. If the maximum bend-
ing moment occurs at one section, such as the midspan, while
the maximum torsional moment occurs at another, such as the
support, the total longitudinal steel required may be less than
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11.6.3.9 — It shall be permitted to reduce the area of
longitudinal torsion reinforcement in the flexural compres-
sion zone by an amount equal to M, /(0.9dfy), where
M, occurs at the section simultaneously with T,
except that the reinforcement provided shall not be
less than that required by 11.6.5.3 or 11.6.6.2.

11.6.3.10 — In prestressed beams:

(a) The total longitudinal reinforcement including
prestressing steel at each section shall resist M, at
that section plus an additional concentric longitudinal
tensile force equal to Aefy, based on T, at that sec-
tion;

(b) The spacing of the longitudinal reinforcement
including tendons shall satisfy the requirements in
11.6.6.2.

11.6.3.11 — In prestressed beams, it shall be per-
mitted to reduce the area of longitudinal torsional rein-
forcement on the side of the member in compression
due to flexure below that required by 11.6.3.10 in
accordance with 11.6.3.9.
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that obtained by adding the maximum flexural steel plus the
maximum torsional steel. In such a case the required longitu-
dinal steel is evaluated at several locations.

The most restrictive requirements for spacing, cut-off
points, and placement for flexural, shear, and torsional steel
should be satisfied. The flexural steel should be extended a
distance d, but not less than 12d,, past where it is no longer
needed for flexure as required in 12.10.3.

R11.6.3.9 — The longitudinal tension due to torsion is
offset in part by the compression in the flexural compres-
sion zone, allowing a reduction in the longitudinal torsion
steel required in the compression zone.

R11.6.3.10 — As explained in R11.6.3.7, torsion causes
an axial tension force. In a nonprestressed beam this force is
resisted by longitudinal reinforcement having an axial ten-
sile capacity of A, fy.This steel is in addition to the flexural
reinforcement and is distributed uniformly around the sides
of the perimeter so that the resultant of A,f, acts along the
axis of the member.

In a prestressed beam, the same technique (providing addi-
tional reinforcing bars with capacity A, f;) can be followed,
or the designer can use any overcapacity of the prestressing
steel to resist some of the axial force A,f; as outlined in the
next paragraph.

In a prestressed beam, the stress in the prestressing steel at
nominal flexural strength at the section of the maximum
moment is fps. At other sections, the stress in the prestress-
ing steel at nominal flexural strength will be between f, and
Jps- A portion of the A, f, force acting on the sides of the
perimeter where the prestressing steel is located can be
resisted by a force A, Af,, in the prestressing steel, where
Af s 18 fps at the section of maximum moment minus the
stress in the prestressing steel due to prestressing and fac-
tored bending moments at the section under consideration.
This can be taken as M, at the section, divided by
(¢0.9d,A), but 4f,, should not be more than 420 MPa.
Longitudinal reinforcing bars will be required on the other
sides of the member to provide the remainder of the A, f;
force, or to satisfy the spacing requirements given in 11.6.6.2,
or both.
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11.6.4 — Details of torsional reinforcement

11.6.4.1 — Torsion reinforcement shall consist of
longitudinal bars or tendons and one or more of the fol-
lowing:

(a) Closed stirrups or closed ties, perpendicular to
the axis of the member;

(b) A closed cage of welded wire reinforcement with
transverse wires perpendicular to the axis of the
member;

(c) In nonprestressed beams, spiral reinforcement.

1 1.6.4.2 — Transverse torsional reinforcement shall
be anchored by one of the following:

(a) A 135 degree standard hook, or seismic hook as
defined in 21.1, around a longitudinal bar;

(b) According to 12.13.2.1, 12.13.2.2, or 12.13.2.3 in
regions where the concrete surrounding the anchor-
age is restrained against spalling by a flange or slab
or similar member.
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R11.6.4 — Details of torsional reinforcement

R11.6.4.1 — Both longitudinal and closed transverse
reinforcement are required to resist the diagonal tension
stresses due to torsion. The stirrups must be closed, since
inclined cracking due to torsion may occur on all faces of a
member.

In the case of sections subjected primarily to torsion, the
concrete side cover over the stirrups spalls off at high
torques.”'35 This renders lapped-spliced stirrups ineffec-
tive, leading to a premature torsional failure.!'3¢ In such
cases, closed stirrups should not be made up of pairs of U-
stirrups lapping one another.

R11.6.4.2 — When a rectangular beam fails in torsion,
the corners of the beam tend to spall off due to the inclined
compressive stresses in the concrete diagonals of the space
truss changing direction at the corner as shown in Fig.

R11.6.4.2(a). In tests, 133 closed stirrups anchored by 90

degree hooks failed when this occurred. For this reason, 135
degree standard hooks or seismic hooks are preferable for
torsional stirrups in all cases. In regions where this spalling
is prevented by an adjacent slab or flange, 11.6.4.2(b)
relaxes this and allows 90 deg hooks.

Spalling —~

Diagonal
compression
stresses

IRk @

Spalling can occur—l {Spalling restrained
e

(b)

Fig. R11.6.4.2—Spalling of corners of beams loaded in torsion
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11.6.4.3 — Longitudinal torsion reinforcement shall
be developed at both ends.

11.6.4.4 — For hollow sections in torsion, the dis-
tance from the centerline of the transverse torsional
reinforcement to the inside face of the wall of the hol-
low section shall not be less than 0.5A,, /pp-

11.6.5 — Minimum torsion reinforcement

11.6.5.1 — A minimum area of torsional reinforce-
ment shall be provided in all regions where T, exceeds

the threshold torsion given in 11.6.1.

11.6.5.2 — Where torsional reinforcement is
required by 11.6.5.1, the minimum area of transverse
closed stirrups shall be computed by:

b, s
(A, +2A) = o.oezﬁTW— (11-23)
yt

but shall not be less than (0.35by, s)/f;.

11.6.5.3 — Where torsional reinforcement is
required by 11.6.5.1, the minimum total area of longi-
tudinal torsional reinforcement, A, mjn, shall be com-

puted by:

042 ﬁACE_(ﬁ) fye
e, min — fy S ph fy

(11-24)

where A;/s shall not be taken less than 0.175b, /f;;
refers to closed transverse torsional reinforcement,
and fy, refers to longitudinal torsional reinforcement.

11.6.6 — Spacing of torsion reinforcement

11.6.6.1 — The spacing of transverse torsion reinforce-
ment shall not exceed the smaller of py, /8 or 300 mm.

COMMENTARY

R11.6.4.3 — If high torsion acts near the end of a beam,
the longitudinal torsion reinforcement should be adequately
anchored. Sufficient development length should be provided
outside the inner face of the support to develop the needed ten-
sion force in the bars or tendons. In the case of bars, this may
require hooks or horizontal U-shaped bars lapped with the lon-
gitudinal torsion reinforcement.

R11.6.4.4 — The closed stirrups provided for torsion in a
hollow section should be located in the outer half of the wall
thickness effective for torsion where the wall thickness can
be taken as A, /py, .

R11.6.5 — Minimum torsion reinforcement

R11.6.5.1 and R11.6.5.2 — If a member is subject to a
factored torsional moment T, greater than the values speci-
fied in 11.6.1, the minimum amount of transverse web rein-
forcement for combined shear and torsion is 0.35b,, s/f), .
The differences in the definition of A, and the symbol A,
should be noted; A, is the area of two legs of a closed stirrup
while A, is the area of only one leg of a closed stirrup.

Tests! ! of high-strength reinforced concrete beams have

indicated the need to increase the minimum area of shear
reinforcement to prevent shear failures when inclined crack-
ing occurs. Although there are a limited number of tests of
high-strength concrete beams in torsion, the equation for the
minimum area of transverse closed stirrups has been
changed for consistency with calculations required for mini-
mum shear reinforcement.

R11.6.5.3 — Reinforced concrete beam specimens with
less than 1 percent torsional reinforcement by volume have
failed in pure torsion at torsional cracking.“‘29 In the 1989
and prior codes, a relationship was presented that required
about 1 percent torsional reinforcement in beams loaded in
pure torsion and less in beams with combined shear and tor-
sion, as a function of the ratio of shear stresses due to tor-
sion and shear. Eq. (11-24) was simplified by assuming a
single value of this reduction factor and results in a volu-
metric ratio of about 0.5 percent.

R11.6.6 — Spacing of torsion reinforcement

R11.6.6.1 — The spacing of the stirrups is limited to
ensure the development of the ultimate torsional strength of
the beam, to prevent excessive loss of torsional stiffness
after cracking, and to control crack widths. For a square
cross section the p,/8 limitation requires stirrups at d/2,
which corresponds to 11.5.5.1.
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11.6.6.2 — The longitudinal reinforcement required
for torsion shall be distributed around the perimeter of
the closed stirrups with a maximum spacing of 300 mm.
The longitudinal bars or tendons shall be inside the
stirrups. There shall be at least one longitudinal bar or
tendon in each corner of the stirrups. Longitudinal bars
shall have a diameter at least 0.042 times the stirrup
spacing, but not less than a No. 10.

11.6.6.3 — Torsional reinforcement shall be pro-
vided for a distance of at least (b; + d) beyond the
point required by analysis.

11.6.7 — Alternative design for torsion

For torsion design of solid sections within the scope of
this code with an aspect ratio, h/b;, of three or greater,
it shall be permitted to use another procedure, the
adequacy of which has been shown by analysis and
substantial agreement with results of comprehensive
tests. Sections 11.6.4 and 11.6.6 shall apply.

11.7 — Shear-friction

11.7.1 — Provisions of 11.7 are to be applied where it
is appropriate to consider shear transfer across a
given plane, such as: an existing or potential crack, an
interface between dissimilar materials, or an interface
between two concretes cast at different times.

11.7.2 — Design of cross sections subject to shear
transfer as described in 11.7.1 shall be based on Eq.
(11-1), where V,, is calculated in accordance with pro-
visions of 11.7.3 or 11.7.4.

11.7.3 — A crack shall be assumed to occur along the
shear plane considered. The required area of shear-
friction reinforcement A, across the shear plane shall
be designed using either 11.7.4 or any other shear
transfer design methods that result in prediction of
strength in substantial agreement with results of com-
prehensive tests.
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R11.6.6.2 — In R11.6.3.7 it was shown that longitudinal
reinforcement is needed to resist the sum of the longitudinal
tensile forces due to torsion in the walls of the thin-walled
tube. Since the force acts along the centroidal axis of the sec-
tion, the centroid of the additional longitudinal reinforcement
for torsion should approximately coincide with the centroid
of the section. The code accomplishes this by requiring the
longitudinal torsional reinforcement to be distributed
around the perimeter of the closed stirrups. Longitudinal
bars or tendons are required in each corner of the stirrups to
provide anchorage for the legs of the stirrups. Corner bars
have also been found to be very effective in developing tor-
sional strength and in controlling cracks.

R11.6.6.3 — The distance (b, + d) beyond the point theo-
retically required for torsional reinforcement is larger than
that used for shear and flexural reinforcement because tor-
sional diagonal tension cracks develop in a helical form.

R11.6.7 — Alternative design for torsion

Examples of such procedures are to be found in References
11.37 to 11.39, which have been extensively and successfully
used for design of precast, prestressed concrete beams with
ledges. The procedure described in References 11.37 and 11.38
is an extension to prestressed concrete sections of the torsion
procedures of pre-1995 editions of ACI 318. The fourth edition
of the PCI Design Handbook"'*" describes the procedure of
References 11.35 and 11.36. This procedure was experimentally
verified by the tests described in Reference 11.41.

R11.7 — Shear-friction

R11.7.1 — With the exception of 11.7, virtually all provi-
sions regarding shear are intended to prevent diagonal ten-
sion failures rather than direct shear transfer failures. The
purpose of 11.7 is to provide design methods for conditions
where shear transfer should be considered: an interface
between concretes cast at different times, an interface
between concrete and steel, reinforcement details for precast
concrete structures, and other situations where it is consid-
ered appropriate to investigate shear transfer across a plane
in structural concrete. (See References 11.42 and 11.43.)

R11.7.3 — Although uncracked concrete is relatively strong in
direct shear there is always the possibility that a crack will form
in an unfavorable location. The shear-friction concept assumes
that such a crack will form, and that reinforcement must be
provided across the crack to resist relative displacement along
it. When shear acts along a crack, one crack face slips relative
to the other. If the crack faces are rough and irregular, this slip
is accompanied by separation of the crack faces. At ultimate,
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11.7.3.1 — Provisions of 11.7.5 through 11.7.10 shall
apply for all calculations of shear transfer strength.

11.7.4 — Shear-friction design method

11.7.41 — Where shear-friction reinforcement is
perpendicular to the shear plane, V,, shall be computed
by

V,=Ay fyﬂ (11-25)

where u is coefficient of friction in accordance with
11.7.4.3.
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the separation is sufficient to stress the reinforcement crossing
the crack to its yield point. The reinforcement provides a
clamping force A,f, across the crack faces. The applied shear
is then resisted by friction between the crack faces, by resis-
tance to the shearing off of protrusions on the crack faces, and
by dowel action of the reinforcement crossing the crack. Suc-
cessful application of 11.7 depends on proper selection of the
location of an assumed crack. 1131142

The relationship between shear-transfer strength and the rein-
forcement crossing the shear plane can be expressed in vari-
ous ways. Eq. (11-25) and (11-26) of 11.7.4 are based on the
shear-friction model. This gives a conservative prediction of
shear-transfer strength. Other relationships that give a closer
estimate of shear-transfer strength!!18:11441145 can be used
under the provisions of 11.7.3. For example, when the shear-
friction reinforcement is perpendicular to the shear plane, the
nominal shear strength V,, is given by!! 441145

V= 0.84,f, + A K,

where A, is the area of concrete section resisting shear transfer
(mm?) and K, = 2.8 MPa for normalweight concrete, 1.4 MPa
for all-lightweight concrete, and 1.7 MPa for sand-lightweight
concrete. These values of K; apply to both monolithically cast
concrete and to concrete cast against hardened concrete with a
rough surface, as defined in 11.7.9.

In this equation, the first term represents the contribution of
friction to shear-transfer resistance (0.8 representing the
coefficient of friction). The second term represents the sum
of the resistance to shearing of protrusions on the crack
faces and the dowel action of the reinforcement.

When the shear-friction reinforcement is inclined to the shear
plane, such that the shear force produces tension in that rein-
forcement, the nominal shear strength V,, is given by

V= Ayef, (0.8 sina + cosa) + A K sin’a

where « is the angle between the shear-friction reinforce-
ment and the shear plane, (that is, 0 < a < 90 degrees).

When using the modified shear-friction method, the terms
Aypfy 1A, ) or (A, rf, sin a/A.) should not be less than
1.4 MPa for the design equations to be valid.

R11.7.4 — Shear-friction design method

R11.7.4.1 — The required area of shear-friction rein-
forcement A, is computed using

u

o,

Avf =

The specified upper limit on shear strength should also be
observed.

censee=Black & Veatch/5910842100
ot for Resale, 11/28/2005 18:20:15 MST



CHAPTER 11 173

CODE

11.7.4.2 — Where shear-friction reinforcement is
inclined to the shear plane, such that the shear force
produces tension in shear-friction reinforcement, V,
shall be computed by
Vo= Ayt fy(usina+ cosa) (11-26)
where «a is angle between shear-friction reinforcement
and shear plane.

11.7.4.3 — The coefficient of friction x4 in Eq. (11-
25) and Eq. (11-26) shall be taken as:

Concrete placed monolithically ...........cc..c........ 142

Concrete placed against hardened con-
crete with surface intentionally roughened
as specified in 11.7.9 ..o, 1.0

Concrete placed against hardened
concrete not intentionally roughened............... 0.61

Concrete anchored to as-rolled structural
steel by headed studs or by
reinforcing bars (see 11.7.10) c.coeevviieeneennnnenn. 0.7

where 4 = 1.0 for normalweight concrete, 0.85 for
sand-lightweight concrete and 0.75 for all lightweight
concrete. Linear interpolation shall be permitted if par-
tial sand replacement is used.
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Assumed crack
and shear plane

Applied shear

Va

_—Shear friction
reinforcement, A,y

Fig. R11.7.4—Shear-friction reinforcement at an angle to
assumed crack

R11.7.4.2 — When the shear-friction reinforcement is
inclined to the shear plane, such that the component of the
shear force parallel to the reinforcement tends to produce
tension in the reinforcement, as shown in Fig. R11.7.4, part
of the shear is resisted by the component parallel to the
shear plane of the tension force in the reinforcement.!!4
Eq. (11-26) should be used only when the shear force com-
ponent parallel to the reinforcement produces tension in the
reinforcement, as shown in Fig. R11.7.4. When « is greater
than 90 degrees, the relative movement of the surfaces tends
to compress the bar and Eq. (11-26) is not valid.

R11.7.4.3 — In the shear-friction method of calculation,
it is assumed that all the shear resistance is due to the fric-
tion between the crack faces. It is, therefore, necessary to
use artificially high values of the coefficient of friction in
the shear-friction equations so that the calculated shear
strength will be in reasonable agreement with test results.
For concrete cast against hardened concrete not roughened
in accordance with 11.7.9, shear resistance is primarily due
to dowel action of the reinforcement and tests'!4% indicate
that reduced value of x = 0.64 specified for this case is
appropriate.

The value of u for concrete placed against as-rolled struc-
tural steel relates to the design of connections between pre-
cast concrete members, or between structural steel members
and structural concrete members. The shear-transfer rein-
forcement may be either reinforcing bars or headed stud
shear connectors; also, field welding to steel plates after
casting of concrete is common. The design of shear connec-
tors for composite action of concrete slabs and steel beams
is not covered by these provisions, but should be in accor-
dance with Reference 11.47.
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11.7.5 — V, shall not be taken greater than the
smaller of 0.2f, A, and 5.5A,, where A is area of con-
crete section resisting shear transfer.

11.7.6 — The value of f, used for design of shear-friction
reinforcement shall not exceed 420 MPa.

11.7.7 — Net tension across shear plane shall be
resisted by additional reinforcement. Permanent net
compression across shear plane shall be permitted to
be taken as additive to Ayfy,, the force in the shear-
friction reinforcement, when calculating required A,;.

11.7.8 — Shear-friction reinforcement shall be appro-
priately placed along the shear plane and shall be
anchored to develop f,, on both sides by embedment,
hooks, or welding to special devices.

COMMENTARY

R11.7.5 — This upper limit on shear strength is specified
because Eq. (11-25) and (11-26) become unconservative if
V, has a greater value.

R11.7.7 — If a resultant tensile force acts across a shear
plane, reinforcement to carry that tension should be pro-
vided in addition to that provided for shear transfer. Tension
may be caused by restraint of deformations due to tempera-
ture change, creep, and shrinkage. Such tensile forces have
caused failures, particularly in beam bearings.

When moment acts on a shear plane, the flexural tension
stresses and flexural compression stresses are in equilibrium.
There is no change in the resultant compression A, f, acting
across the shear plane and the shear-transfer strength is not
changed. It is therefore not necessary to provide additional
reinforcement to resist the flexural tension stresses, unless the
required flexural tension reinforcement exceeds the amount
of shear-transfer reinforcement provided in the flexural ten-
sion zone. This has been demonstrated experimentally.!! 43

It has also been demonstrated experimentally'!*3 that if a
resultant compressive force acts across a shear plane, the
shear-transfer strength is a function of the sum of the result-
ant compressive force and the force A,y f, in the shear-fric-
tion reinforcement. In design, advantage should be taken of
the existence of a compressive force across the shear plane
to reduce the amount of shear-friction reinforcement
required, only if it is certain that the compressive force is
permanent.

R11.7.8 — If no moment acts across the shear plane, rein-
forcement should be uniformly distributed along the shear
plane to minimize crack widths. If a moment acts across the
shear plane, it is desirable to distribute the shear-transfer
reinforcement primarily in the flexural tension zone.

Since the shear-friction reinforcement acts in tension, it
should have full tensile anchorage on both sides of the shear
plane. Further, the shear-friction reinforcement anchorage
should engage the primary reinforcement, otherwise a
potential crack may pass between the shear-friction rein-
forcement and the body of the concrete. This requirement
applies particularly to welded headed studs used with steel
inserts for connections in precast and cast-in-place concrete.
Anchorage may be developed by bond, by a welded
mechanical anchorage, or by threaded dowels and screw
inserts. Space limitations often require a welded mechanical
anchorage. For anchorage of headed studs in concrete see
Reference 11.18.
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11.7.9 — For the purpose of 11.7, when concrete is
placed against previously hardened concrete, the
interface for shear transfer shall be clean and free of
laitance. If u is assumed equal to 1.04, interface
shall be roughened to a full amplitude of approxi-
mately 6 mm.

11.7.10 — When shear is transferred between as-
rolled steel and concrete using headed studs or
welded reinforcing bars, steel shall be clean and free
of paint.

11.8 — Deep beams

11.8.1 — The provisions of 11.8 shall apply to members
with ¢, not exceeding four times the overall member
depth or regions of beams with concentrated loads
within twice the member depth from the support that
are loaded on one face and supported on the opposite
face so that compression struts can develop between
the loads and supports. See also 12.10.6.

11.8.2 — Deep beams shall be designed using either
nonlinear analysis as permitted in 10.7.1, or Appendix A.

11.83 — V, for deep beams shall not exceed

0.83 /f.' b,d.

11.8.4 — The area of shear reinforcement perpendic-
ular to the flexural tension reinforcement, A,, shall not
be less than 0.0025b,,s, and s shall not exceed the
smaller of d/5 and 300 mm.

11.8.5 — The area of shear reinforcement parallel to
the flexural tension reinforcement, A,p, shall not be
less than 0.0015b,s,, and s, shall not exceed the
smaller of d/5 and 300 mm.

11.8.6 — It shall be permitted to provide reinforcement
satisfying A.3.3 instead of the minimum horizontal and
vertical reinforcement specified in 11.8.4 and 11.8.5.
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R11.8 — Deep beams

R11.8.1 — The behavior of a deep beam is discussed in
References 11.5 and 11.45. For a deep beam supporting .
gravity loads, this section applies if the loads are applied on
the top of the beam and the beam is supported on its bottom ;f
face. If the loads are applied through the sides or bottom of .
such a member, the design for shear should be the same as -
for ordinary beams. :

The longitudinal reinforcement in deep beams should be
extended to the supports and adequately anchored by
embedment, hooks, or welding to special devices. Bent-up
bars are not recommended.

R11.8.2 — Deep beams can be designed using strut-and-tie
models, regardless of how they are loaded and supported.
Section 10.7.1 allows the use of nonlinear stress fields when
proportioning deep beams. Such analyses should consider
the effects of cracking on the stress distribution.

R11.8.3 — In the 1999 and earlier codes, a sliding maxi-
mum shear strength was specified. A re-examination of the
test data suggests that this strength limit was derived from
tests in which the beams failed due to crushing of support
regions. This possibility is specifically addressed in the
design process specified in this code.

R11.8.4 and R11.8.5 — The relative amounts of horizontal
and vertical shear reinforcement have been interchanged
from those required in the 1999 and earlier codes because
tests! 1491151 have shown that vertical shear reinforcement
is more effective than horizontal shear reinforcement. The
maximum spacing of bars has been reduced from 450 mm
to 300 mm because this steel is provided to restrain the
width of the cracks.
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11.9 — Special provisions for brackets
and corbels

11.9.1 — Brackets and corbels with a shear span-to-
depth ratio a, /d less than 2 shall be permitted to be

designed using Appendix A. Design shall be permitted
using 11.9.3 and 11.9.4 for brackets and corbels with:

(a) a,/d not greater than 1, and

(b) subject to factored horizontal tensile force, Ny,
not larger than V,,.

The requirements of 11.9.2, 11.9.3.2.1, 11.9.3.2.2,
11.9.5, 11.9.6, and 11.9.7 shall apply to design of
brackets and corbels. Effective depth d shall be
determined at the face of the support.

COMMENTARY

R11.9 — Special provisions for brackets
and corbels

Brackets and corbels are cantilevers having shear span-to-
depth ratios not greater than unity, which tend to act as sim-
ple trusses or deep beams, rather than flexural members
designed for shear according to 11.3.

The corbel shown in Fig. R11.9.1 may fail by shearing
along the interface between the column and the corbel, by
yielding of the tension tie, by crushing or splitting of the
compression strut, or by localized bearing or shearing fail-
ure under the loading plate. These failure modes are illus-
trated and are discussed more fully in Reference 11.1. The
notation used in 11.9 is illustrated in Fig. R11.9.2.

R11.9.1 — An upper limit of 1.0 for a,/d is imposed for
design by 11.9.3 and 11.9.4 for two reasons. First, for a,/d
shear span-to-depth ratios exceeding unity, the diagonal
tension cracks are less steeply inclined and the use of hori-
zontal stirrups alone as specified in 11.9.4 is not appropri-
ate. Second, this method of design has only been validated
experimentally for a,/d of unity or less. An upper limit is
provided for NV, because this method of design has only
been validated experimentally for N, less than or equal to
V,. including N,,. equal to zero.

Vu
N,
PAscl, —
T S
Shear plane |
i h
d
|
Compression
 / StI'ut

) / |

Fig. R11.9.1—Structural action of a corbel
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11.9.2 — Depth at outside edge of bearing area shall
not be less than 0.5d.

11.9.3 — Section at face of support shall be designed to
resist simultaneously V,,, a factored moment [V,a, + N
(h —d)], and a factored horizontal tensile force, N.

11.9.3.1 — In all design calculations in accordance
with 11.9, ¢ shall be taken equal to 0.75

11.9.3.2 — Design of shear-friction reinforcement,
A,;, to resist V, shall be in accordance with 11.7.

11.9.3.2.1 — For normalweight concrete, V,, shall
not be taken greater than the smaller of 0.2f,'b,d and
5.5b,d.

11.9.3.2.2 — For all-lightweight or sand-lightweight
concrete, V, shall not be taken greater than the smaller
of (0.2 - 0.07a,/d)f,;b,d and (5.5 — 1.9a,/d)b,d.

11.9.3.3 — Reinforcement A; to resist factored
moment [V, a, + Ny(h — d)] shall be computed in
accordance with 10.2 and 10.3.
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— = reinforcement)
2
gd
h| d
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Framing bar to anchor stirrups or ties)
stirrups or ties \P

Fig. R11.9.2—Notation used in Section 11.9

R11.9.2 — A minimum depth is required at the outside edge
of the bearing area so that a premature failure will not occur
due to a major diagonal tension crack propagating from
below the bearing area to the outer sloping face of the corbel
or bracket. Failures of this type have been observed'!? in
corbels having depths at the outside edge of the bearing area
less than required in this section of the code.

R11.9.3.1 — Corbel and bracket behavior is predomi-
nantly controlled by shear; therefore, a single value of ¢ =
0.75 is required for all design conditions.

R11.9.3.2.2 — Tests''3 have shown that the maximum
shear strength of lightweight concrete corbels or brackets is a
function of both f,’ and @, /d. No data are available for corbels
or brackets made of sand-lightweight concrete. As a result,
the same limitations have been placed on both all-lightweight
and sand-lightweight brackets and corbels.

R11.9.3.3 — Reinforcement required to resist moment
can be calculated using flexural theory. The factored
moment is calculated by summing moments about the flex-
ural reinforcement at the face of support.
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11.9.3.4 — Reinforcement A,, to resist factored tensile
force N shall be determined from ¢A,f, > N, .Factored
tensile force, N, shall not be taken less than 0.2V,
unless special provisions are made to avoid tensile
forces. Ny, shall be regarded as a live load even if ten-

sion results from restraint of creep, shrinkage, or temper-
ature change.

- 11.9.3.5 — Area of primary tension reinforcement
A, shall not be less than the larger of (Af + A,) and
(2A,:/ 3 + Ap).

11.9.4 — Total area, Ay, of closed stirrups or ties parallel
to primary tension of reinforcement shall not be less than
0.5 (As. — A,). Distribute Ap uniformly within (2/3)d
adjacent to primary tension reinforcement.

11.9.5 — A,/ bd shall not be less than 0.04 (f;/f,).

11.9.6 — At front face of bracket or corbel, primary
tension reinforcement shall be anchored by one of the
following:

(a) By a structural weld to a transverse bar of at least
equal size; weld to be designed to develop f, of pri-
mary tension reinforcement;

(b) By bending primary tension reinforcement back
to form a horizontal loop; or

(c) By some other means of positive anchorage.
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