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BUILDING CODE REQUIREMENTS FOR
STRUCTURAL CONCRETE (ACI 318-99)
AND COMMENTARY (ACI 318R-99)

REPORTED BY ACI COMMITTEE 318

The code portion of this document covers the proper design and construction of buildings of structural concrete. The
code has been written in such form that it may be adopted by reference in a general building code and earlier editions
have been widely used in this manner.

Among the subjects covered are: drawings and specifications; inspection; materials; durability requirements; concrete
quality, mixing, and placing; formwork; embedded pipes; and 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 fold-
ed plate members; strength evaluation of existing structures; special provisions for seismic design; structural plain
concrete; an alternate design method in Appendix A; unified design provisions in Appendix B; and alternative load and
strength reduction factors in Appendix C.

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.

Because the ACI Building Code is written as a legal document so that it may be adopted by reference in a general build-
ing code, it cannot present background details or suggestions for carrying out its requirements or intent. It is the function
of this commentary to fill this need.

The commentary discusses some of the considerations of the committee in developing the code with emphasis given to
the explanation of new or revised provisions that may be unfamiliar to code users.

References to much of the research data referred to in preparing the code are cited for the user desiring to study indi-
vidual 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 (sbypjlditg);codes;cements; cold weather construction; col-
umns (supports); combined stress; composite construction (concrete and steel); composite construction (concrete toocop@ss@)e strengtiepnerete
construction; concretes;concrete slabs; construction joints; continuity (structural); contraction joints; cover; curing; deep beams; deflectiogs, eeivi-
quake resistant structures; embedded service ducts; flexural strength; floors; folded plates; footings; formwork (confstmnegmot weather construction;
inspection; isolation joints; joints (junctions); joists; lightweight concretes; loads (forces); load tests (structuré)smmabeng; mix proportioning; modulus
of elasticity; moments; pipe columns; pipes (tubing); placing; plain concrete; precast concrete; prestressed concraiagststiesquality contraigin-
forced concrete reinforcing steels; roofs; serviceability; shear strength; shearwalls; shells (structural forms); spans; specificafiogisstsptigth; strength
analysis; stressestructural analysis; structural concrete; structural design;structural integrity; T-beams, torsion; walls; water; welded wire fabric.

ACI 318-99 was adopted as a standard of the American Concrete Instituteall responsibility for the stated principles. The Institute shall not be liable for
March 18, 1999 to supersede ACI 318-95 in accordance with the Institute’s any loss or damage arising therefrom. Reference to this commentary shall not

standardization procedure. be made in contract documents. If items found in this Commentary are de-
Vertical lines in the margins indicate the 1999 code and commentary sired by the Architect/Engineer to be a part of the contract documents, they
changes. shall be restated in mandatory language for incorportation by the Architect/

A complete metric companion to ACI 318/318R has been developed, Engineer.
318M/318RM,; therefore no metric equivalents are included in this document.  Copyrightd 1999, American Concrete Institute.

ACI Committee Reports, Guides, Standard Practices, and Commentaries Al rights reserved including rights of reproduction and use in any form
are intended for guidance in planning, designing, executing, and inspectingor by any means, including the making of copies by any photo process, or
construction. This Commentary is intended for the use of individuals who by any electronic or mechanical device, printed or written or oral, or record-
are competent to evaluate the significance and limitations of its content anding for sound or visual reproduction or for use in any knowledge or retrieval
recommendations and who will accept responsibility for the application of system or device, unless permission in writing is obtained from the copy-
the material it contains. The American Concrete Institute disclaims any and right proprietors.
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318/318R-2 INTRODUCTION

The 1999 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 distin-
guish the Code from the Commentary, the Code has been printed in Helvetica, the same type face in which this
paragraph is set. Vertical lines in the margins indicate changes from ACI 318-95.

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.

INTRODUCTION necessary to protect the public as stated in the code. Howev-
er, lower standards are not permitted.

This commentary discusses some of the considerations of ) _
Committee 318 in developing the provisions contained in The commentary directs attention to other documents that

“Building Code Requirements for Structural Concrete (ACI provide suggestions for carrying out the requirements and in-
318-99),” hereinafter called the code or the 1999 code. Em-tent of the code. However, those documents and the com-

phasis is given to the explanation of new or revised provi- mentary are not a part of the code.

sions that ma;_/ bleduréf?mlllar to. code user_s. (Ijn_ addm_on, The code has no legal status unless it is adopted by the gov-
comments are included for some items contained In previousyyment hodies having the police power to regulate building
editions of the code to make the present commentary indeyesign and construction. Where the code has not been adopt-

pendent of the commentary for ACI 318-95. Comments 0n ¢ it may serve as a reference to good practice even though
specific provisions are made under the corresponding chapit has no legal status.

ter and section numbers of the code.

The code provides a means of establishing minimum stan-
The commentary is not intended to provide a complete his-dards for acceptance of designs and construction by a legally
torical background concerning the development of the ACI appointed building official or his designated representatives.
Building Code, nor is it intended to provide a detailed ré- The code and commentary are not intended for use in settling
sumé of the studies and research data reviewed by the condisputes between the owner, engineer, architect, contractor, or
mittee in formulating the provisions of the code. However, their agents, subcontractors, material suppliers, or testing agen-
references to some of the research data are provided for thosges. Therefore, the code cannot define the contract responsibil-
who wish to study the background material in depth. ity of each of the parties in usual construction. General

references requiring compliance with the code in the job speci-
As the name implies, “Building Code Requirements for fications should be avoided since the contractor is rarely in a po-
Structural Concrete (ACI 318-99)" is meant to be used assition to accept responsibility for design details or construction
part of a legally adopted building code and as such must dif-requirements that depend on a detailed knowledge of the de-
fer in form and substance from documents that provide de-sign. Generally, the drawings, specifications and contract doc-

tailed specifications, recommended practice, completeuments should contain all of the necessary requirements to
design procedures, or design aids. ensure compliance with the code. In part, this can be accom-

plished by reference to specific code sections in the job specifi-
The code is intended to cover all buildings of the usual types,cations. Other ACI publications, such as “Specifications for
both large and small. Requirements more stringent than theStructural Concrete for Buildings” (ACI 301) are written spe-
code provisions may be desirable for unusual construction.cifically for use as contract documents for construction.
The code and commentary cannot replace sound engineerin

knowledge, experience, and judgement %ommittee 318 recognizes the desirability of standards of

performance for individual parties involved in the contract
documents. Available for this purpose are the plant certifica-
tion programs of the Precast/Prestressed Concrete Institute,
the Post-Tensioning Institute and the National Ready Mixed
Concrete Association, and the Concrete Reinforcing Steel
Institute’s Voluntary Certification Program for Fusion-
Bonded Epoxy Coating Applicator Plants. In addition, “Rec-
- ommended Practice for Inspection and Testing Agencies for
* For a history of the ACI Building Code see Kerekes, Frank, and Reid, Harold B., Jr., Concrete, Steel, and Bituminous Materials As Used in Con-
“Fifty Years of Development in Building Code Requirements for Reinforced Con- .

crete,” ACI burnaL, Proceedingsy. 50, No. 6, Feb. 1954, p. 441. For a discussion of  Struction” (ASTM E 329-77) recommends performance re-

code philosophy, see Siess, Chester P., “Research, Building Codes, and Engineering,, i ; H H ;
Practice,” ACI durnAL, Proceedings/. 56, No. 5, May 1960, p. 1105. @Mrements for mspectlon and teStmg agencies.

A building code states only the minimum requirements nec-
essary 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

ACI 318 Building Code and Commentary



INTRODUCTION 318/318R-3

Design reference materials illustrating applications of the Ohio, 4th Edition, Apr. 1992, 31 pp. (Describes wire fabric
code requirements may be found in the following docu- material, gives nomenclature and wire size and weight ta-
ments. The design aids listed may be obtained from the sponbles. Lists specifications and properties and manufacturing

soring organization. limitations. Book has latest code requirements as code af-
fects welded wire. Also gives development length and splice

Design aids: length tables. Manual contains customary units and soft met-
ric units.)

“ACI Design Handbook,” ACI Committee 340, Publica-

tion SP-17(97), American Concrete Institute, Farmington “Structural Welded Wire Fabric Detailing Manual,”

Hills, MI, 1997, 482 pp. (Provides tables and charts for de- wire Reinforcement Institute, McLean Va., 1st Edition,
sign of eccentricity loaded columns by the Strength Design 1983, 76 pp. (Provides information on detailing welded wire
Method. Provides design aids for use in the engineering defapric reinforcement systems. Includes design aids for weld-

sign and analysis of reinforced concrete slab systems carrys( wire fabric in accordance with ACI 318 Building Code re-
ing loads by two-way action. Design aids are also provided quirements for wire fabric.)

for the selection of slab thickness and for reinforcement re-

quired to control deformation and assure adequate shear andStrength Design of Reinforced Concrete Columns,”
flexural strengths.) Portland Cement Association, Skokie, Ill., EBO09D, 1978,
48 pp. (Provides 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
included. Note that the PCA design tables do not include the
strength reduction fact@in the tabulated valueM /@and
Pu/@must be used when designing with this aid.

“ACl Detailing Manual—1994,” ACI Committee 315,
Publication SP-66(94), American Concrete Institute, Farm-
ington Hills, MI, 1994, 244 pp. (Includes the standard, ACI
315-92, and report, ACI 315R-94. 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

. ) . . ) "PCI Design Handbook—Precast and Prestressed Con-
ities of both engineer and reinforcing bar detailer.)

crete,” Precast/Prestressed Concrete Institute, Chicago, 5th

CRSI Handbook Concrete Reinforcing Steel Institute, Edition, 1999, 630 pp. (Provides load tabl'es for common.in-
Schaumburg, Ill., 8th Edition, 1996, 960 pp. (Provides tabu- dustry products, and procedures for design and analysis of
lated designs for structural elements and slab systems. DePrécast and prestressed elements and structures composed of
sign examples are provided to show the basis of and use of€Se elements. Provides design aids and examples.)

the load tables. Tabulated designs are given for beams;

k

square, round and rectangular columns; one-way slabs; andDeSlgn and Typical Deta|ls, of Connections for Precast
one-way joist construction. The design tables for two-way and Prestressed Concrete,’Precast/Prestressed Concrete

slab systems include flat plates, flat slabs and waffle slabs.Institute, Chicago, 2nd Edition, 1988, 270 pp. (Updates avail-
The chapters on foundations provide design tables for squaréPl€ information on design of connections for both structural
footings, pile caps, drilled piers (caissons) and cantilevered@nd architectural products, and presents a full spectrum of
retaining walls. Other design aids are presented for cracktypPical details. Provides design aids and examples.)

control; and development of reinforcement and lap splices.) _ o i
“PTI Post-Tensioning Manual,” Post-Tensioning Institute,

“Reinforcement Anchorages and Splices,Concrete Rein-  Phoenix, 5th Edition, 1990, 406 pp. (Provides comprehen-
forcing Steel Institute, Schaumberg, Ill., 4th Edition, 1997, Sive coverage of post-tensioning systems, specifications, and
100 pp. (Provides accepted practices in splicing reinforce-design aid construction concepts.)

ment. The use of lap splices, mechanical splices, and welded

splices are described. Design data are presented for developPT! Design of Post-Tensioned Slabs,Post-Tensioning

ment and |ap Sp]icing of reinforcement_) Institute, Phoenix, 2nd Edition, Apr 1984, 56 Pp. (IIIustrates
application of the code requirements for design of one-way
“Structural Welded Wire Reinforcement Manual of and two-way post-tensioned slabs. Detailed design examples

Standard Practice,” Wire Reinforcement Institute, Findlay, are presented.)

ACI 318 Building Code and Commentary



318/318R-4 TABLE OF CONTENT S

CONTENTS

PART 1—GENERAL

CHAPTER 1—GENERAL REQUIREMENT S ... 318-9
1.1—Scope 1.3—Inspection
1.2—Drawings and specifications 1.4—Approval of special systems of design or
construction
CHAPTER 2—DEFINITIONS ... 318-17

PART 2—STANDARDS FOR TESTS AND MATERIALS

CHAPTER 3—MATERIAL S ...ttt 318-23
3.0—Notation 3.5—Steel reinforcement
3.1—Tests of materials 3.6—Admixtures
3.2—Cements 3.7—Storage of materials
3.3—Aggregates 3.8—Standards cited in this code
3.4—Water

PART 3—CONSTRUCTION REQUIREMENTS

CHAPTER 4—DURABILITY REQUIREMENT S ..., 318-35
4.0—Notation 4.3—Sulfate exposures
4.1—Water-cementitious materials ratio 4.4—Corrosion protection of reinforcement

4.2—Freezing and thawing exposures

CHAPTER 5—CONCRETE QUALITY, MIXING, AND PLACIN G................. 318-41
5.0—Notation 5.7—Preparation of equipment and place of deposit
5.1—General 5.8—Muixing
5.2—Selection of concrete proportions 5.9—Conveying
5.3—Proportioning on the basis of field experience or trial 5.10—Depositing
mixtures, or both 5.11—Curing

5.12—Cold weather requirements

5.4—Proportioning without field experience or trial mixtures )
5.13—Hot weather requirements

5.5—Average strength reduction
5.6—Evaluation and acceptance of concrete

CHAPTER 6—FORMWORK, EMBEDDED PIPES, AND

CONSTRUCTION JOINTS .ot 318-57

6.1—Design of formwork 6.3—Conduits and pipes embedded in concrete
6.2—Removal of forms, shores, and reshoring 6.4—Construction joints

CHAPTER 7—DETAILS OF REINFORCEMEN T ....cooiiiiiiiiiiiiiiceien e, 318-63
7.0—Notation 7.7—Concrete protection for reinforcement
7.1—Standard hooks 7.8—Special reinforcement details for columns
7.2—Minimum bend diameters 7.9—Connections
7.3—Bending 7.10—Lateral reinforcement for compression members
7.4—Surface conditions of reinforcement 7.11—Lateral reinforcement for flexural members
7.5—Placing reinforcement 7.12—Shrinkage and temperature reinforcement
7.6—Spacing limits for reinforcement 7.13—Requirements for structural integrity

ACI 318 Building Code and Commentary



TABLE OF CONTENTS 318/318R-5

PART 4—GENERAL REQUIREMENTS

CHAPTER 8—ANALYSIS AND DESIGN—

CHAPTER 10—FLEXURE AND AXIAL LOAD S

CHAPTER 11—SHEAR AND TORSION

GENERAL CONSIDERATIONS ..o, 318-79
8.0—Notation 8.6—Stiffness
8.1—Design methods 8.7—Span length
8.2—Loading 8.8—Columns

8.3—Methods of analysis

8.4—Redistribution of negative moments in continuous
nonprestressed flexural members

8.5—Modulus of elasticity

CHAPTER 9—STRENGTH AND SERVICEABILITY
REQUIREMENTS........ooviiiieeeeeeeeeee,

9.0—Notation
9.1—General
9.2—Required strength

10.0—Notation

10.1—Scope

10.2—Design assumptions

10.3—General principles and requirements

10.4—Distance between lateral supports of flexural
members

10.5—Minimum reinforcement of flexural members

10.6—Distribution of flexural reinforcement in beams and
one-way slabs

10.7—Deep flexural members

10.8—Design dimensions for compression members

11.0—Notation

11.1—Shear strength

11.2—Lightweight concrete

11.3—Shear strength provided by concrete for nonpre-
stressed members

11.4—Shear strength provided by concrete for pre-
stressed members

11.5—Shear strength provided by shear reinforcement

CHAPTER 12—DEVELOPMENT AND SPLICES
OF REINFORCEMENT.......ccceeeeeeennn.

12.0—Notation

12.1—Development of reinforcement—General

12.2—Development of deformed bars and deformed wire
in tension

12.3—Development of deformed bars in compression

12.4—Development of bundled bars

12.5—Development of standard hooks in tension

12.6—Mechanical anchorage

12.7—Development of welded deformed wire fabric in
tension

12.8—Development of welded plain wire fabric in tension

12.9—Development of prestressing strand

8.9—Arrangement of live load
8.10—T-beam construction
8.11—Joist construction
8.12—Separate floor finish

9.3—Design strength
9.4—Design strength for reinforcement
9.5—Control of deflections

.................................... 318-105

10.9—Limits for reinforcement of compression members

10.10—Slenderness effects in compression members

10.11—Magnified moments—General

10.12—Magnified moments—Nonsway frames

10.13—Magnified moments—Sway frames

10.14—Axially loaded members supporting slab system

10.15—Transmission of column loads through floor
system

10.16—Composite compression members

10.17—Bearing strength

.................................... 318-133

11.6—Design for torsion

11.7—Shear-friction

11.8—Special provisions for deep flexural members
11.9—Special provisions for brackets and corbels
11.10—Special provisions for walls
11.11—Transfer of moments to columns
11.12—Special provisions for slabs and footings

.................................... 318-181

12.10—Development of flexural reinforcement—General
12.11—Development of positive moment reinforcement
12.12—Development of negative moment reinforcement
12.13—Development of web reinforcement
12.14—Splices of reinforcement—General
12.15—Splices of deformed bars and deformed wire in
tension
12.16—Splices of deformed bars in compression
12.17—Special splice requirements for columns
12.18—Splices of welded deformed wire fabric in tension
12.19—Splices of welded plain wire fabric in tension

ACI 318 Building Code and Commentary



318/318R-6 TABLE OF CONTENT S

PART 5—STRUCTURAL SYSTEMS OR ELEMENTS

CHAPTER 13—TWO-WAY SLAB SYSTEM S ..ot 318-209

CHAPTER 14—WALL S

CHAPTER 15—FOOTINGS

CHAPTER 16—PRECAST CONCRETE

CHAPTER 18—PRESTRESSED CONCRETE

13.0—Notation
13.1—Scope
13.2—Definitions
13.3—Slab reinforcement

14.0—Notation

14.1—Scope

14.2—General

14.3—Minimum reinforcement

14.4—Walls designed as compression members

15.0—Notation

15.1—Scope

15.2—Loads and reactions

15.3—Footings supporting circular or regular polygon
shaped columns or pedestals

15.4—Moment in footings

15.5—Shear in footings

16.0—Notation

16.1—Scope

16.2—General

16.3—Distribution of forces among members
16.4—Member design

16.5—Structural integrity

17.0—Notation
17.1—Scope

17.2—General
17.3—Shoring

18.0 —Notation

18.1 —Scope

18.2 —General

18.3 —Design assumptions

18.4 —Permissible stresses in concrete—Flexural
members

18.5 —Permissible stresses in prestressing tendons

18.6 —Loss of prestress

18.7 —Flexural strength

18.8 —Limits for reinforcement of flexural members

18.9 —Minimum bonded reinforcement

18.10—Statically indeterminate structures

18.11—Compression members—Combined flexure and
axial loads

18.12—Slab systems

13.4—O0Openings in slab systems
13.5—Design procedures
13.6—Direct design method
13.7—Equivalent frame method

................................ 318-229

14.5—Empirical design method
14.6—Nonbearing walls

14.7—Walls as grade beams
14.8—Alternative design of slender walls

................................. 318-237

15.6—Development of reinforcement in footings

15.7—Minimum footing depth

15.8—Transfer of force at base of column, wall, or rein-
forced pedestal

15.9—Sloped or stepped footings

15.10—Combined footings and mats

................................ 318-245

16.6—Connection and bearing design
16.7—Items embedded after concrete placement
16.8—Marking and identification

16.9—Handling

16.10—Strength evaluation of precast construction

CHAPTER 17—COMPOSITE CONCRETE FLEXURAL MEMBER S......... 318-253

17.4—Vertical shear strength
17.5—Horizontal shear strength
17.6—Ties for horizontal shear

................................. 318-257

18.13—Post-tensioned tendon anchorage zones

18.14—Design of anchorage zones for monostrand or
single 5/8 in. diameter bar tendons

18.15—Design of anchorage zones for multistrand ten-
dons

18.16—Corrosion protection for unbonded prestressing
tendons

18.17—Post-tensioning ducts

18.18—Grout for bonded prestressing tendons

18.19—Protection for prestressing tendons

18.20—Application and measurement of prestressing
force

18.21—Post-tensioning anchorage zones and couplers

18.22—External post-tensioning

ACI 318 Building Code and Commentary



TABLE OF CONTENTS 318/318R-7

CHAPTER 19—SHELLS AND FOLDED PLATE MEMBER S.......ccccccceeeee. 318-285
19.0—Notation 19.3—Design strength of materials
19.1—Scope and definitions 19.4—sShell reinforcement
19.2—Analysis and design 19.5—Construction

PART 6—SPECIAL CONSIDERATIONS

CHAPTER 20—STRENGTH EVALUATION OF

EXISTING STRUCTURES ....ocvevvererteteeeeeeeseeeeetesesseseesesens 318-293
20.0—Notation 20.4—Loading criteria
20.1—Strength evaluation—General 20.5—Acceptance criteria
20.2—Determination of required dimensions and material 20.6—Provision for lower load rating
properties 20.7—Safety
20.3—Load test procedure
CHAPTER 21—SPECIAL PROVISIONS FOR SEISMIC DESIG N................ 318-299
21.0—Notation 21.6—Special reinforced concrete structural walls and
21.1—Definitions coupling beams
21.2—General requirements 21.7—Structural diaphragms and trusses
21.3—Flexural members of special moment frames 21.8—Foundations
21.4—Special moment frame members subjected to 21.9—Frame members not proportioned to resist forces
bending and axial load induced by earthquake motions
21.5—Joints of special moment frames 21.10—Requirements for intermediate moment frames

PART 7—STRUCTURAL PLAIN CONCRETE

CHAPTER 22—STRUCTURAL PLAIN CONCRET E ..ccecvviiieiiiieieeceiieeeee, 318-335

22.0—Notation 22.5—Strength design

22.1—Scope 22.6—Walls

22.2—Limitations 22.7—Footings

22.3—Joints 22.8—Pedestals

22.4—Design method 22.9—Precast members

22.10—Plain concrete in earthquake-resisting structures

COMMENTARY REFERENCES.......ccoooeeee 318-345
APPENDIXES
APPENDIX A—ALTERNATE DESIGN METHO D....coovveiiiiiieeeeieeeeee e, 318-357

A.0—Notation A.4—Development and splices of reinforcement

A.1—Scope A.5—Flexure

A.2—General A.6—Compression members with or without flexure

A.3—Permissible service load stresses A.7—Shear and torsion

APPENDIX B—UNIFIED DESIGN PROVISIONS FOR REINFORCED AND
PRESTRESSED CONCRETE FLEXURAL AND
COMPRESSION MEMBERS.........ccccoiiiiie s 318-367

B.1—Scope

ACI 318 Building Code and Commentary



318/318R-8 TABLE OF CONTENT S

APPENDIX C—ALTERNATIVE LOAD AND STRENGTH

REDUCTION FACTORS.......coooiiiiii e 318-375

C.1—General
APPENDIX D—NOTATION ..o 318-377
APPENDIX E—STEEL REINFORCEMENT INFORMATION.................. 318-385
INDEX .. ettt e e e e e e e e e e e eeeeee 318-387

ACI 318 Building Code and Commentary



CHAPTER 1 318/318R-9

PART 1 — GENERAL

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.

COMMENTARY
R1.1 — Scope

The American Concrete InstitutBuilding Code Require-
ments for Structural Concrete (ACI 318-99),"referred to

as the code, provides minimum requirements for any struc-
tural concrete design or construction.

The 1999 edition of the code revised the previous standard
“Building Code Requirements for Structural Concrete

(ACI 318-95).” This standard includes in one document the
rules for all concrete used for structural purposes including
both plain and reinforced concreféhe term “structural con-
crete” 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 con-
crete containing nonprestressed reinforcement, pretensioned
or post-tensioned tendons, or composite steel shapes, pipe, or

| tubing. Requirementsfor plain concrete are itChapte 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 ontains speciaprovisions fa design
and detailing of earthquake resistant structusesl.1.8

Appertdix A of thecode catains povisions for an altemate
method of design for nonprestressed reinforced concrete
members using service loads (without load factors) and per-
missible service load stresses. The Alternate Design Method
is intended to give results that are slightly more conservative
than designs by the Strength Design Method of the code.

Appertdix B of the code contains @risions for reinforce-
ment limits, determination of the strength reduction factor
@, and moment redistribution. The provisions are applicable
to reinforced and prestressed concrete flexural and compres-
sion members. Designs made using the provisions of
Apperdix B are equallyacceptableprovided the povisions

of Appendix B are used in their entirety.

Appendix Cof the code atiws the ue of the factored load
combinations in Section 2.3 of ASCE 7, “Minimum Design
Loads for Buildings and Other Structures,” if structural fram-
ing includes primary members of materials other than concrete.

ACI 318 Building Code and Commentary



318/318R-10

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.

CHAPTER 1

COMMENTARY

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:

“Standard Practice for the Design and Construction of
Reinforced Concrete Chimneys”reported by ACI Com-
mittee 307-1 (Gives material, construction, and design
requirements for circular cast-in-place reinforced chimneys.

It sets forth minimum 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 ACl Committee 312 (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° (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 possi-
bility 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 34‘!9‘}(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.)

“Code for Concrete Reactor Vessels and Containments”
reported by ACI-ASME Committee 359 (Provides
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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 21.8.4 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.

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 Parts 1, 2, and
3 of this code, where applicable.

318/318R-11
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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
54316 (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:” (Provides recommendations for
design and construction of foundation piers 2-1/2 ft in diam-
eter 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 Hling.

R1.1.7— Conaete on steeform 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 regulatedSigndard for the
Structural Design of Composite Slabs” (ANSI/ASCE
3).19 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)110
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1.1.8 — Special provisions for earthquake resis-
tance

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.

1.1.8.3 — Seismic risk level of a region, or seismic
performance or design category, shall be regulated by
the legally adopted general building code of which this
code forms a part, or determined by local authority.

COMMENTARY
R1.18 — Special povisionsfor earthquake resistance

Special provisions for seismic design were first introduced
in Appendix A of the1971 code and were comtied 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 buildings 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 reinforced con-
crete buildings. It is the intent of Committee 318 that con-
crete structures proportioned by the main body of the code
will provide a level of toughness adequate for low earth-
quake intensity.

R1.1.8.2— For buildings 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 some
special reinforcenme details, as stipulated i21.10 of
Chapter 21. The special details apply only to frames
(beams, columns, and slabs) to which the earthquake-
induced forces have been assigned in design. The special
details are intended principally for unbraced concrete
frames, where the frame is required to resist not only normal
load effects, but also the lateral load effects of earthquake.
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 special requirements for struc-
tural walls provided to resist lateral effects of wind and
earthquake, or nonstructural components of buildings
located in regions of moderate seismic risk. Structural walls
proportioned by the main body of the code are considered to
have sufficient toughness at anticipated drift levels in
regions of moderate seismicity.

For buildings located in regions of high seismic risk, or for
structures assigned to high seismic performance or design cat-
egories, all building components, structural and nonstructural,
should satisfy requirements of 21.2 through 21.8 of Chapter
21. The special proportioning and detailing provisions of Chap-
ter 21 are intended to provide a monolithic reinforced concrete
structure with adequate “toughness” to respond inelastically
under severe earthquake motidasealsoR21.2.1

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.
In the absence of a general building code that addresses
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1.2 — Drawings an d specificati ons

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 and
reinforcement;

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

(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;

() 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 21.8.3.4.

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.

COMMENTARY

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 application of the special provisions for seismic design.
Seismic zoning maps, such as recommended in References
1.11 and 1.12, are suitable for correlating seismic risk.

R1.2 — Drawings and spedications

R1.2.1— The provisions for preparation of design draw-
ings 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.

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
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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

1.3.1 — Concrete construction shall be inspected as
required by the legally adopted general building code.
In the absence of such inspection requirements, con-
crete construction shall be inspected throughout the
various work stages by or under the supervision of a
licensed design professional or by a qualified inspector.

COMMENTARY

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 adminis-
tration 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 official as used in this code is intended to include
those variations as well as others that are used in the same
sense.

R1.3 — Inspecion

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
construction is in accordance with the design drawings and
project specifications. Proper performance of the structure
depends on construction that accurately represents the
design and meets code requirements, within the tolerances
allowed. Qualification of inspectors can be obtained from a
certification program such as the certification program for
Reinforced Concrete Inspector sponsored by ACI, Interna-
tional Conference of Building Officials (ICBO), Building
Officials and Code Administrators International (BOCA), and
Southern Building Code Congress International (SBCCI).

R1.3.1— Inspection of construction by or under the supervi-
sion of the licensed 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 con-
struction is in conformance with construction documents.
When such an arrangement is not feasible, inspection of con-
struction through other licensed 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 Reinforced Concrete
Special Inspector program sponsored by ACI, ICBO,
BOCA, and SBCCI or equivalent.
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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:

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

(b) Construction and removal of forms and reshoring;
(c) Placing of reinforcement;
(d) Mixing, placing, and curing of concrete;

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

(f) Tensioning of prestressing tendons;

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

(h) General progress of work.

318/318R-15
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When inspection is done independently of the licensed

design professional responsible for the design, it is recom-

mended that the licensed 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 spesgal
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, licensed 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 be several times a day
or once in several days.

Inspection in no way relieves the contractor from his obliga-
tion to follow the plans and specifications and to provide the
designated quality and quantity of materials and workman-
ship 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 con-
tract documents; to counsel on possible ways of obtaining
the desired results; to see that the general system proposed
for formwork appears proper (though it remains the con-
tractor'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 control 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@uide for Concrete
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1.3.3 — When the ambient temperature falls below 40
F or rises above 95 F, a record shall be kept of con-
crete 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.

1.3.5 — For special moment frames resisting seismic
loads in regions of high seismic risk, continuous
inspection of the placement of the reinforcement and
concrete shall be made by a qualified inspector under
the supervision of the engineer responsible for the
structural design or under the supervision of an engi-
neer with demonstrated capability for supervising
inspection of special moment frames resisting seismic
loads in regions of high seismic risk.

1.4 — Approval of specia | 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.

CHAPTER 1
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Inspection,” reported by ACI Committee 31112 (Sets
forth procedures relating to concrete construction to serve as
a guide to owners, architects, and engineers in planning an
inspection program.)

Detailed methods of inspecting concrete construction are
given in “ACI Manual of Concrete Inspection” (SP-2)
reported by ACI Committee 3114'* (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.

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
evaluaton ofexisting structires under Chapter 20
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2.1 — The following terms are defined for general use
in this code. Specialized definitions appear in individ-
ual chapters.

Admixtu re — 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.

Aggregat e — 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 weight of 70 Ib/ft3 or less.

Anchorage device — In post-tensioning, the hard-
ware used for transferring a post-tensioning force from
the tendon 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 intermediate anchorage
devices, the anchorage zone includes the disturbed
regions ahead of and behind the anchorage
devices.

Basic monostrand anc horage device — Anchorage
device used with any single strand or a single 5/8 in. or
smaller diameter bar that satisfies 18.21.1 and the
anchorage device requirements of the Post-Tensioning
Institute’s “Specification for Unbonded Single Strand
Tendons.”

Basic multistrand anc horage device — Anchorage
device used with multiple strands, bars, or wires, or
with single bars larger than 5/8 in. diameter, that satis-
fies 18.21.1 and the bearing stress and minimum plate
stiffness requirements of AASHTO Bridge Specifica-
tions, Division I, Articles 9.21.7.2.2 through 9.21.7.2.4.
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R2.1 — For consistent application of the code, it is neces-
sary that terms be fleed where thay have particular mean-
ings in the code. The fimitions gven are for use in
application of this code only and do ndivays correspond

to ordinary usage. A glossary of most used terms relating to
cement manufacturing, concrete design and construction,
and research in concrete is containetbament and Con-
crete Terminology” reportedby ACI Committee 116:1

Anchorage device— Most anchoragesatices for post-ten-
sioning are standard maagtured @vices 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 tendons
with specialty end plates or diaphragms. These informal
designations as standard anchoragwicds or special
anchorage @lices lave no direct relation to th&Cl Build-

ing Code and AASHO “Standard Spefications for High-

way Bridges” clas$ication of anchorageeatlices as Basic
Anchorage [Bvices or Special Anchorageeliices.

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

Basic anchorage deviceare those @lices that are so pro-
portioned that tey can be chded analytically for compli-
ance with bearing stress andfsiéss requirements without
having to undego the acceptance testing program required
of special anchorageedces.
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Bonded tendon — Prestressing tendon that is
bonded to concrete either directly or through grouting.

Building official — See 1.2.3.

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.

Composit e concret e flexural memb ers — 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-cont rolled 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-cont rolled strain limit — The net ten-
sile strain at balanced strain conditions. See B10.3.2.

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

Concrete , specified compressiv e strength of , (f)
— Compressive strength of concrete used in design
and evaluated in accordance with provisions of Chap-
ter 5, expressed in pounds per square inch (psi).
Whenever the quantity 7, is under a radical sign,
square root of numerical value only is intended, and
result has units of pounds per square inch (psi).

Concrete , structural lightweight — Concrete con-
taining lightweight aggregate that conforms to 3.3 and
has an air-dry unit weight as determined by “Test
Method for Unit Weight of Structural Lightweight Con-
crete” (ASTM C 567), not exceeding 115 Ib/t3. 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.”

CHAPTER 2
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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 designsdgithe prin-
ciples stateddr column design (see 144), as well ady the
empirical metld (see 14.5).

While awall 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
supportsvarious cmbinations of loads.

A column is normaly used as a mai vertical member carry
ing axial loads combined with bending and shear. It may,
however, form a small part of an enclosure or separation.

Concrete, lightweight— By code definition, sand-light-
weight 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 majority, but not all, of the light-
weight fines are replaced by sand. For proper application of
the code provisions, the replacement limits should be stated,
with interpolation when partial sand replacement is used.

ACI 318 Building Code and Commentary



CHAPTER 2

CODE

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 reinf orcement — Deformed reinforcing
bars, bar mats, deformed wire, welded plain wire fab-
ric, and welded deformed wire fabric conforming to
3.5.3.

Develop ment len gth — Length of embedded rein-
forcement required to develop the design strength of
reinforcement at a critical section. See 9.3.3.

Effective depth o f section (d) — Distance measured
from extreme compression fiber to centroid of tension
reinforcement.

Effective prestress — Stress remaining in prestress-
ing tendons after all losses have occurred, excluding
effects of dead load and superimposed load.

Embedment length — Length of embedded rein-
forcement 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 tendons.

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 fac-
tors).
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Deformed reinforcement— Deformed reinforcement is
defined as that meeting the deformed bar specifications 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 bar or fabric qualifies. This definition per-
mits accurate statement of anchorage lengths. Bars or wire
not meeting the deformation requirements or fabric not
meeting the spacing requirements are “plain reinforce-
ment,” for code purposes, and may be used only for spirals.

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

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

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

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

Post-tensioning — Method of prestressing in which
tendons are tensioned after concrete has hardened.

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

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

Pretensioning — Method of prestressing in which
tendons are tensioned before concrete is placed.

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

Reinforcement — Material that conforms to 3.5,
excluding prestressing tendons 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 con-
struction loads applied prior to the installation of the
reshores.

Sheathing — A material encasing a prestressing ten-
don to prevent bonding the tendon with the surround-
ing concrete, to provide corrosion protection, and to
contain the corrosion inhibiting coating.

CHAPTER 2
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factors spe cifiedin 9.2 for required stre ngth. The term desi
loads, as used in the 1971 code edition to refer to loads multi-
plied by the appropriate load f actors, w as discontinued ir
1977 code to avoid confusio n with the d esign lo ad termin ol-
ogy usedin general b uild ing codes to denote ser vice lo ads ,
posted loads in buildi ngs. The factored load term  inolog v, fi
ado pted in the 1977 code, clarif ies wh enthelo ad factor s:
applied to a particular load, nonent, or shearv alue as use
the code pro visio ns.

Prestressed concrete- Reinforcedconcrete is d efined to
include prestressed concrete. Although the beha vior of
prestressed member with un  bonded tend ons may vary from
that of m embers with contin uously bonded tendon s, bon de
and unb onded prestressed concrete are combined with col
vention ally rein forced concrete under the generic tern
“reinfor ced con crete.” Pro visions common to both pre-
stressed and con ventionally  reinforced concrete are i
grated to avoid overlapping and conflicting pro visions
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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 anc horage device — Anchorage device that
satisfies 18.19.1 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 str ength (f,) — Tensile strength of
concrete determined in accordance with ASTM C 496
as described in “Specification for Lightweight Aggre-
gates for Structural Concrete” (ASTM C 330). See
5.1.4.

Stirrup — Reinforcement used to resist shear and tor-
sion stresses in a structural member; typically bars,
wires, or welded wire fabric (plain or deformed) either
single leg or bent into L, U, or rectangular shapes and
located perpendicular to or at an angle to longitudinal
reinforcement. (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, requ ired — 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.

Structur al co ncrete — All concrete used for structural
purposes including plain and reinforced concrete.

Tendon — Steel element such as wire, cable, bar, rod,
or strand, or a bundle of such elements, used to impart
prestress forces to concrete.

Tension-contr olled 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.

318/318R-21
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Special anchorage devicewe 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.

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 is used to denote the nominal strengths; nominal
axial load strengttP,,, nominal moment strengti,,, and
nominal shear strength,. “Design strength” or usable

strength of a member or cross section is the nominal
strength reduced by the strength reduction fagtor

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 subscriptu is used only to denote the required
strengths; required axial load strenh required moment
strengthM,,, and required shear strength, calculated
from the applied factored loads and forces.
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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
tendons from jacks or pretensioning bed to concrete
member.

Unbonded Tendon — A tendon that is permanently
prevented from bonding to the concrete after stressing.

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

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

Yield str engt h — Specified minimum yield strength or
yield point of reinforcement in pounds per square inch.
Yield strength or yield point shall be determined in ten-
sion according to applicable ASTM standards as mod-
ified by 3.5 of this code.

COMMENTARY

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

Design strengthRequired strength

For additional discussion on the concepts and nomencla-
ture for stregth design see commtary Chapter 9
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3.0 — Notation

f, = specified yield strength of nonprestressed rein-
forcement, psi

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
inspection during the progress of the work.

3.2 — Cements

3.2.1 — Cement shall conform to one of the following
specifications:

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

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

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

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

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.

R3.2 — Cenents

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 standard deviafidwf strength tests used

in establishing the required strength margin was based on a
cement from a particular source. If the standard deviation
was based on tests involving a given type of cement
obtained from several sources, the former interpretation
would apply.
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3.3 — Aggregates

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

(a) “Specification for Concrete Aggregates” (ASTM
C 33);

(b) “Specification for Lightweight Aggregates for
Structural Concrete” (ASTM C 330).

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

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

(@) 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, or pre-
stressing 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.

CHAPTER 3
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R3.3 — Aggegates

R3.3.1 —Aggregates conforming to the ASTM specifica-
tions are not always economically available and that, 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. or 50-mm
Cube Specimens)” (ASTM C 109).

3.5 — Steel rein forcement

3.5.1 — Reinforcement shall be deformed reinforce-
ment, except that plain reinforcement shall be permit-
ted for spirals or tendons; and reinforcement con-
sisting 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 706,
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 — Steefreinforcement

R3.5.1— 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 provisions 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, consider-
ing only the elements carbon and manganese, is to be used
for bars other than ASTM A 706 material. A more compre-
hensive expression is given for ASTM A 706 bars. The CE
formula in the Welding Code for A 706 bars is identical to
the CE formula in the ASTM A 706 specification.

The engineer should realize that the chemical analysis, for
bars other than A 706, required to calculate the carbon
equivalent is not routinely provided by the producer of the

reinforcing bars. For welding reinforcing bars other than A

706 bars, the design drawings or project specifications
should specifically require results of the chemical analysis
to be furnished.

The ASTM A 706 specification covers low-alloy steel rein-
forcing bars intended for applications requiring controlled
tensile properties or welding. Weldability is accomplished
in the A 706 specification by limits or controls on chemical
composition and on carbon equivaléﬁt.The producer is
required by the A 706 specification to report the chemical
composition and carbon equivalent.

The ANSI/AWS D1.4 Welding Code requires the contrac-
tor to prepare written welding procedure specifications
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3.5.3 — Deformed rein forcement

3.5.3.1 — Deformed reinforcing bars shall conform
to one of the following specifications:

(a) “Specification for Deformed and Plain Billet-Steel
Bars for Concrete Reinforcement” (ASTM A 615);

(b) “Specification for Rail-Steel Deformed and Plain
Bars for Concrete Reinforcement” including Supple-
mentary Requirement S1 (ASTM A 616 including S1);

(c) “Specification for Axle-Steel Deformed and Plain
Bars for Concrete Reinforcement” (ASTM A 617);

(d) “Specification for Low-Alloy Steel Deformed and
Plain Bars for Concrete Reinforcement” (ASTM A
706).

COMMENTARY

conforming to the requirements of the Welding Code.
Appendix Aof theWelding Cale contains a suggestiform

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 706 material, the minimum
preheat required is 300 F for bars No. 6 or smaller, and 400
F for No. 7 bars or larger. The required preheat for all sizes
of A 706 is to be the temperature given in the Welding
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 fabric

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 requirements or perfor-
mance criteria for this welding. If cold drawn wires are to be
welded, the welding procedures should address the potential
loss of yield strength and ductility achieved by the cold
working process (during manufacture) when such wires are
heated by welding. Machine and resistance welding as used
in the manufacture of welded wire fabrics is covered by
ASTM A 185 and A 497 and is not part of this concern.

R3.53 — Dd&ormed reinforcement

R3.5.3.1— ASTM A 615 covers deformed billet-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 letterSfor type of steel.

ASTM A 706 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 lettéf for type of steel.

Deformed bars produced to meet both ASTM A 615 and A
706 are required to be marked with the let®endW for
type of steel.

Rail-steel reinforcing bars used with this code are toaromf
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3.5.3.2 — Deformed reinforcing bars with a speci-
fied yield strength f, exceeding 60,000 psi shall be
permitted, provided f, shall be the stress correspond-
ing to a strain of 0.35 percent and the bars otherwise
conform to one of the ASTM specifications listed in
3.5.3.1. See 9.4.

3.5.3.3 — Bar mats for concrete reinforcement shall
conform to “Specification for Fabricated Deformed
Steel Bar Mats for Concrete Reinforcement” (ASTM A
184). Reinforcing bars used in bar mats shall conform
to one of the specifications listed in 3.5.3.1.

3.5.3.4 — Deformed wire for concrete reinforcement
shall conform to “Specification for Steel Wire,
Deformed, for Concrete Reinforcement” (ASTM A
496), except that wire shall not be smaller than size D4
and for wire with a specified yield strength f,, exceed-

ing 60,000 psi, f,, shall be the stress corresponding to

a strain of 0.35 percent if the yield strength specified in
the design exceeds 60,000 psi.

3.5.3.5 — Welded plain wire fabric for concrete rein-
forcement shall conform to “Specification for Steel
Welded Wire Fabric, Plain, for Concrete Reinforcement”
(ASTM A 185), except that for wire with a specified yield
strength f,, exceeding 60,000 psi, f, shall be the stress
corresponding to a strain of 0.35 percent if the yield
strength specified in the design exceeds 60,000 psi.
Welded intersections shall not be spaced farther apart
than 12 in. in direction of calculated stress, except for
wire fabric used as stirrups in accordance with 12.13.2.
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to ASTM A 616 including Supplementary Requirement S1,
and should be marked with the letierin addition to the
rail symbol. S1 prescribes more restrictive requirements for
bond tests.

R3.5.3.2— ASTM A 615 includes provisions for Grade
75 bars in sizes No. 6 through 18.

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 yield strengths of 60,000 psi or less. For steels
having strengths of 40,000 psi, as were once used exten-
sively, the assumption of an elasto-plastic stress-strain curve
is well justified by extensive test data. For higher strength
steels, up to 60,000 psi, 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. How-
ever, 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
havingf, greater than 60,000 psi. In such casesgkfector

can be expected to account for the strength deficiency.

R3.5.3.5— Welded plain wire fabric should be made of
wire conforming to “Specification for Steel Wire, Plain, for
Concrete Reinforcement” (ASTM A 82). ASTM A 82 has a
minimum vyield strength of 70,000 psi. The code has
assigned a yield strength value of 60,000 psi, but makes pro-
vision 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 fabric for concrete
reinforcement shall conform to “Specification for Steel
Welded Wire Fabric, Deformed, for Concrete Rein-
forcement” (ASTM A 497), except that for wire with a
specified yield strength f,, exceeding 60,000 psi, f,
shall be the stress corresponding to a strain of 0.35
percent if the yield strength specified in the design
exceeds 60,000 psi. Welded intersections shall not be
spaced farther apart than 16 in. in direction of calcu-
lated stress, except for wire fabric used as stirrups in
accordance with 12.13.2.

3.5.3.7 — Galvanized reinforcing bars shall comply
with “Specification for Zinc-Coated (Galvanized) Steel
Bars for Concrete Reinforcement” (ASTM A 767).
Epoxy-coated reinforcing bars shall comply with
“Specification for Epoxy-Coated Reinforcing Steel
Bars” (ASTM A 775) or with “Specification for Epoxy-
Coated Prefabricated Steel Reinforcing Bars” (ASTM
A 934). Bars to be galvanized 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 fab-
ric shall comply with “Specification for Epoxy-Coated
Steel Wire and Welded Wire Fabric for Reinforcement”
(ASTM A 884). Wires to be epoxy-coated shall con-
form to 3.5.3.4 and welded wire fabric to be epoxy-
coated shall conform to 3.5.3.5 or 3.5.3.6.

3.5.4 — Plain rein forcement

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

(c).

3.5.4.2 — Plain wire for spiral reinforcement shall
conform to “Specification for Steel Wire, Plain, for Con-
crete Reinforcement” (ASTM A 82), except that for
wire with a specified yield strength f, exceeding
60,000 psi, f, shall be the stress corresponding to a
strain of 0.35 percent if the yield strength specified in
the design exceeds 60,000 psi.

3.5.5 — Prestressing tendons

3.5.5.1 — Tendons for prestressed reinforcement
shall conform to one of the following specifications:

(a) Wire conforming to “Specification for Uncoated
Stress-Relieved Steel Wire for Prestressed Con-
crete” (ASTM A 421);

(b) Low-relaxation wire conforming to “Specification
for Uncoated Stress-Relieved Steel Wire for Pre-
stressed Concrete” including Supplement “Low-
Relaxation Wire” (ASTM A 421);
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R3.5.3.6 — Welded deformed wire fabric should be
made of wire conforming to “Specification for Steel Wire,
Deformed, for Concrete Reinforcement” (ASTM A 496).
ASTM A 496 has a minimum yield strength of 70,000 psi.
The code has assigned a yield strength value of 60,000 psi,
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 767) and
epoxy-coated reinforcing bars (A 775) were added to the
1983 code, and epoxy-coated prefabricated reinforcing bars
(A 934) 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— Prestessing tendons

R3.5.5.1— Since low-relaxation tendons are addressed
in a supplement to ASTM A 421, which applies only when
low-relaxation material is specified. The appropriate ASTM
reference is listed as a separate entity.
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(c) Strand conforming to “Specification for Steel
Strand, Uncoated Seven-Wire for Prestressed Con-
crete” (ASTM A 416);

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

3.5.5.2 — Wire, strands, and bars not specifically
listed in ASTM A 421, A 416, or A 722 are allowed pro-
vided they conform to minimum requirements of these
specifications and do not have properties that make
them less satisfactory than those listed in ASTM A
421, A 416, or A 722.

3.5.6 — Structural steel, steel pip e, 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) “Specification for Carbon Structural Steel”
(ASTM A 36);

(b) “Specification for High-Strength Low-Alloy Struc-
tural Steel” (ASTM A 242);

(c) “Specification for High-Strength Low-Alloy Colum-
bium-Vanadium Structural Steel” (ASTM A 572);

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

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 “Specification for Pipe, Steel, Black
and Hot-Dipped, Zinc-Coated Welded and Seam-
less” (ASTM A 53);

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

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

3.6 — Admixtures

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

COMMENTARY

R3.6 — Admixtures
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3.6.2 — An admixture shall be shown capable of main-
taining essentially the same composition and perfor-
mance throughout the work as the product used in
establishing concrete proportions in accordance 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
“Specification for Air-Entraining Admixtures for Con-
crete” (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 “Specification for
Chemical Admixtures for Concrete” (ASTM C 494) or
“Specification for Chemical Admixtures for Use in Pro-
ducing Flowing Concrete” (ASTM C 1017).

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

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

CHAPTER 3
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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 impemeable overings. See 4.1 for spedic 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 con-
form to “Specification for Silica Fume for Use in
Hydraulic-Cement Concrete and Mortar” (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 — Standards cited in this code

3.8.1 — Standards of the American Society for Testing
and Materials referred to in this code are listed below
with their serial designations, including year of adop-
tion or revision, and are declared to be part of this
code as if fully set forth herein:

A 36-96 Standard Specification for Carbon Struc-
tural Steel

A 53-97 Standard Specification for Pipe, Steel,
Black and Hot-Dipped, Zinc-Coated
Welded and Seamless

A 82-97 Standard Specification for Steel Wire,
Plain, for Concrete Reinforcement

A 184-96 Standard Specification for Fabricated
Deformed Steel Bar Mats for Concrete
Reinforcement

A 185-97 Standard Specification for Steel Welded
Wire Fabric, Plain, for Concrete Rein-
forcement

A 242-93a  Standard Specification for High-Strength
Low-Alloy Structural Steel

A 416-96 Standard Specification for Steel Strand,
Uncoated Seven-Wire for Prestressed
Concrete

A 421-91 Standard Specification for Uncoated
Stress-Relieved Steel Wire for Pre-
stressed Concrete

318/318R-31
COMMENTARY

R3.6.8— The use of admixtures in concrete containing C
845 expansive cements has reduced levels of expansion or
increased shrinkage values. See ACI 223.

R3.8 — Standards cited in this code

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, 100 Barr Har-
bor Drive, West Conshohocken, PA, 19428.
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A 496-97

A 497-97

A 500-96

A 501-96

A 572-97

A 588-97

A 615-96a

A 616-96a

A 617-96a

A 706-96b

A 722-97

A 767-97

A 775-97

A 884-96a

CHAPTER 3
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Standard Specification for Steel Wire,
Deformed, for Concrete Reinforcement

Standard Specification for Steel Welded
Wire Fabric, Deformed, for Concrete
Reinforcement

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

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

Standard Specification for High-Strength
Low-Alloy Columbium-Vanadium Struc-
tural Steels

Standard Specification for High-Strength
Low-Alloy Structural Steel with 50 ksi
(345 MPa) Minimum Yield Point to 4 in.
(100 mm) Thick

Standard Specification for Deformed and
Plain Billet-Steel Bars for Concrete Rein-
forcement

Standard Specification for Rail-Steel
Deformed and Plain Bars for Reinforce-
ment, including Supplementary Require-
ment S1

Standard Specification for Axle-Steel
Deformed and Plain Bars for Concrete
Reinforcement

Standard Specification for Low-Alloy
Steel Deformed Bars for Concrete Rein-
forcement

Standard Specification for Uncoated
High-Strength Steel Bar for Prestressing
Concrete

Standard Specification for Zinc-Coated
(Galvanized) Steel Bars for Concrete
Reinforcement

Standard Specification for Epoxy-Coated
Reinforcing Steel Bars

Standard Specification for Epoxy-Coated
Steel Wire and Welded Wire Fabric for
Reinforcement

COMMENTARY

Supplementary Requirement (S1) of ASTM A 616 is con-
sidered a mandatory requirement whenever ASTM A 616 is
referenced in this code.
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C 31/

C31-96M

C 33-93

C 39-96

C42-94

C 94-96

C 109/
C109M-95

C 144-93

C 150-97

C 172-90

C 192/

C192M-95

C 260-95

C 330-89

C 494-92

C 496-96

C 567-91

C 595M-97

C 618-97

CHAPTER 3
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Standard Specification for Epoxy-Coated
Prefabricated Steel Reinforcing Bars

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

Standard Specification for Concrete
Aggregates

Standard Method of 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 Method of Sampling Freshly
Mixed Concrete

Standard Method of Making and Curing
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 Unit Weight of
Structural Lightweight Concrete

Standard Specification for Blended
Hydraulic Cements

Standard Specification for Fly Ash and
Raw or Calcined Natural Pozzolan for

COMMENTARY
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Use as a Mineral Admixture in Portland
Cement Concrete

C 685-95a Standard Specification for Concrete
Made by Volumetric Batching and Con-
tinuous Mixing

C 845-96 Standard Specification for Expansive
Hydraulic Cement

C 989-95 Standard Specification for Ground Gran-
ulated Blast-Furnace Slag for Use in
Concrete and Mortars

C 1017-92 Standard Specification for Chemical Ad-
mixtures for Use in Producing Flowing
Concrete

C 1218/ Standard Test Method for Water-Soluble
C1218M-97 chioride in Mortar and Concrete

C 1240-97 Standard Specification for Silica Fume
for Use in Hydraulic-Cement Concrete
and Mortar

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 Combining Factored Loads Using
Strength Design of “Minimum Design Loads for Build-
ings and Other Structures” (ASCE 7-95) is declared to
be part of this code as if fully set forth herein, for the
purpose cited in 9.3.1.1 and Appendix C.

3.8.4 — “Specification for Unbonded Single Strand
Tendons,” July 1993, of the Post-Tensioning Institute 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 16th Edi-
tion, 1996) are declared to be a part of this code as if
fully set forth herein.

COMMENTARY

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

R3.8.4 — The 1993 specification is available from: Post
Tensioning Institute, 1717 W. Northern Ave., Suite 114,
Phoenix, AZ, 85021.

R3.8.5— The 1996 16th Edition of the AASHTO “Stan-
dard Specification for Highway Bridges” is available from
AASHTO, 444 North Capitol Street, N.W., Suite 249,
Washington, D.C., 20001.
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4.0 — Notation

f = specified compressive strength of concrete, psi

4.1 — Water-cementitious materials ratio

4.1.1 — The water-cementitious materials ratios spec-
ified in Tables 4.2.2 and 4.3.1 shall be calculated using
the weight of cement meeting ASTM C 150, C 595, or
C 845, plus the weight of fly ash and other pozzolans
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 chemicals, 4.2.3
further limits the amount of fly ash, pozzolans, silica
fume, slag, or the combination of these materials.

COMMEN TARY

Chapters 4and 5 of earliereditions ofthe codewere refor-
matted in 1989 to emphasize the importance of considering
durability requirements before the designer sel&ttand
coverover the reinforcing steel.

Maximum wate-cementitious materials ratios of 0.40 to
0.50 that may be required for concreteposed to freezing
and tlawing, sulfate soils or waters, or forgeenting corro-
sion of reinforcement will typically be eyalent to requir-
ing anf. of 5000 to 4000 psi, respéatly. Generaly, the
requiredaverage concrete strengttig , will be 500 to 700
psi higher than the spéigid compregse strengthf.'. Since

it is difficult to accurately determine the wat@mentitious
materials ratio of concrete during productiorg t speci-
fied should be reasonably consistent with the megenen-
titious materials ratio required for durahjliSelection of an

fd that is consistent with theate-cementitious materials
ratio selected for durability will help ensure that the
required wate-cementitious materials ratio is actually
obtained in thdield. Because the usual emphasis on inspec-
tion is for strength, test results substantially higher than the
specfied strength may lead to a lack of concern for quality
and production of concrete thakceeds the maximum
wata-cementitious materials ratio. Thus &' of 3000 psi
and a maximum wateementitious materials ratio of 0.45
should not be spédioed for a parking structure, if the struc-
ture will beexposed to deicing salts.

The code does not includeopisions for especiallyevere
exposures, such as acids or high temperatures, and is not
concerned with aesthetic considerations such as suiface
ishes. These items areyond the scope of the code and
should be overed spedically in the project spefications.
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 —Water-cementitious materials ratio

R4.11 — For concreteexposed 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. Furthén 4.3 for sulfatexposures,

the pozzolan should be Clas®yfASTM C 618+ or rave

been testedly ASTM C 1012 or determinecby service
record to impove sulfate resistance.

ACI 318 Building Code and Commenta ry
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4.2 — Freezing and th awing exposures

4.2.1 — 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 specified compressive strength
f.' greater than 5000 psi, reduction of air content indi-
cated 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, in.” Severe exposure Moderate exposure
3/8 7.5 6
1/2 7 5.5
3/4 6 5
1 6 4.5
1-1/2 55 4.5
2! 5 4
3t 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 1%/, in. is
removed by handpicking or sieving and air content is determined on the
minus 1-1/2 in. 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 1-1/2 in. 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 materials ratios and
minimum specified concrete compressive strength
requirements of that table. In addition, concrete that
will be exposed to deicing chemicals shall conform to
the limitations of 4.2.3.

TABLE 4.2.2—RE QUIREMENTS FOR SPECIAL
EXPOSURE CONDITIONS

Maximum water- o
cementitious materi- | Minimum 7', normal
als ratio, by weight, weight and light-
normal weight aggre-| weight aggregate
Exposure condition gate concrete concrete, psi

Concrete intended to
have low permeabil-
ity when exposed to
water 0.50 4000

Concrete exposed to
freezing and thawing
in a moist condition or
to deicing chemicals 0.45 4500

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 5000

COMMEN TARY
R4.2 — Reezing and thawing expostes

R4.2.1—A table of required air contents for frost-resistant
concrete is included in the code, basedStandard Prac-

tice for Selecting Roportions for Normal, Heavyweight,

and Mass Concete” (ACI 211.1)*2 Values are mvided

for both ®vere and moderatexposures depending on the
exposure to moisture or deicing salts. Entrained air will not
protect concrete containing coarse &ggtes that unadgo
disruptve volume changes when frozen in a saturated con-
dition. In Table 4.2.1 a ®vere 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 areagements, bridge decks, sidgalks,
parking garages, andater tanks. A moderatexposure 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 cegsierior walls,
beams, girders, and slabs not in direct contact with soil. Sec-
tion 4.2.1 permits 1 percerawer air content for concrete
with f.' greater than 5000 psi. Such high-strength concretes
will have lower wate-cementitious materials ratios and
porosity and, therefore, impred frost resistance.

R4.22 — Maximumwate-cementitious materials ratios are
not spedied for lightweight agggate concrete because
determination of the absorption of these &ggtes is uncer-
tain, making calculation of the@atea-cementitious materials
ratio uncertain. The use of a minimum spied strength
will ensure the use of a high-quality cement pdsbe.nor-
maweight aggegate concrete, use of both minimum
strength and maximum wateementitious materials ratio
provide additional assurance that this olijezis 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-
rials by weight*

Cementitious materials

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 50"

Total of fly ash or other pozzolans and sil-
ica fume 35"

* The total cementitious material also includes ASTM C 150, C 595, and C
845 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;
(b) Slag used in the manufacture of a IS or I(SM) blended cement, ASTM C
595;

(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 materials ratio and minimum
compressive strength from Table 4.3.1.

318/318R-37
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R4.23 — Section 4.2.3 an@lable 4.2.3stablish limitations

on the amount of fly ash, other pozzolans, silica fume, and
slag that can be included in concretg@osed to deicing
chemicals**46Recent research has demonstrated that the
use of fly ash, slag, and silica fume produce concrete with a
finer pore structure and, thereforayér permeabilig. 742

R4.3 — Sulfate expostes

R4.3.1— Concreteexposed to injurious concentrations of
sulfates from soil and water should be made with a sulfate-
resisting cementTable 4.3.1lists the appropriate types of
cement and the maximum wetsementitious materials
ratios and minimum strengths feariousexposure condi-
tions. In selecting a cement for sulfate resistance, the princi-
pal consideration is its tricalcium aluminate;AF content.

For moderatexposuresType Il cement is limited to a max-
imum GA content of 8.0 percent under ASTM C 150. The
blended cements under ASTM C 595 made with portland
cement cliker with less than 8 percentA& qualify for the

MS designation, and therefore, are appropriate for use in
moderate sulfatexposures. The appropriate types under
ASTM C 595 are IP(MS), IS(MS), I(PM)(MS), and
I((SM)(MS). For svere exposures,Type V cement with a

TABLE 4.3.1—RE QUIREMENTS FOR CONCRETE EXPOSED TO SULFATE-CONTAINING SOLUTIONS

Maximum water-cementi- o
Water soluble sul- ] tious materials ratio, by Minimum f.', normal
Sulfate fate (SOy) in soil, | Sulfate (SO,) in water, weight, normal weight | weight and lightweight
exposure | percent by weight ppm Cement type aggregate concrete* | aggregate concrete, psi*
Negligible | 0.00 < SO, < 0.10 0<S0, <150 _ _ _
I1, IP(MS), IS(MS), P(MS),
Moderate’ | 0.10<S0,<0.20 | 150 < SO, < 1500 I(PM)(MS), I(SM)(MS) 0.50 4000
Severe 0.20<S0,<2.00 | 1500 < SO, < 10,000 \Y 0.45 4500
Very severe SO, >2.00 SO, > 10,000 V plus pozzolan* 0.45 4500

* A lower water-cementitious materials ratio or higher strength may be required for low permeability or for protection against corrosion of embedded items or freez-

ing and thawing (Table 4.2.2).
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 p rotection of rein force-
ment

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
1218.

CHAPTER 4

COMMEN TARY

maximum GA content of 5 percent is spéed. In certain
areas, the ¢\ content of otheavailable types such agpe

Il or Type | may be less than 8 or 5 percent and are usable
in moderate orevere suflate exposures. Note that sulfate-
resisting cement will not increase resistance to some chemi-
cally aggresse solutions, foexample ammonium nitrate.
The project spefications should aver all special cases.

Using fly ash (ASTM C 618, Class F) also has beemwsh
to improve the sulfate resistance of concréfeCertain
Type IP cements madsy blending Class F pozzolan with
portland cementdving a GA content greater than 8 per-
cent can mvide sulfate resistance for moderetposures.

A note toTable 4.3.1lists sewater as moderatexposure,
even though it generally contains more than 1500 ppm SO
In seawaterexposures, other types of cement witfAQip to

10 percent may be used if the maximum watementitious
materials ratio is reduced to 0.40.

ASTM test method C 10fZ can be used tevaluate the
sulfate resistance of mixtures using combinations of cemen-
titious materials.

In addition to the proper selection of cement, other require-
ments for durable concre#gposed to concentrations of sul-
fate are essential, such a®ylwate-cementitious materials
ratio, strength, adequate air entrainmeaty lump, ade-
guate consolidation, uniformyit adequate aver of rein-
forcement, and dgficient moist curing to evelop the
potential properties of the concrete.

R4.4 — Corrosion protection ofreinforcement

R4.4.1— Additional information on thefects of chlorides

on the corrosion of reinforcing steel ivgn n “Guide to
Durable Conaete” reportedby AClI Committee 20410
ard “Cor rosion of Metals in Concete” reportedby ACI
Committee 222:1! Test procedures should conform to
those gven in ASTM C 1218. An initiabvaluation may be
obtainedby testing indvidual concrete ingredients for total
chloride ion content. If total chloride ion content, calculated
on the basis of concrete proportioes;eeds those permitted
in Table 4.4.1 it may be necessary to test samples of the
hardened concrete fowater soluble chloride ion content
described in thACl 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 1218.
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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
Type of member weight of cement
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 water-cementitious
materials ratio and concrete strength, and the mini-
mum concrete cover requirements of 7.7 shall be sat-
isfied. See 18.14 for unbonded prestressing tendons.

COMMEN TARY

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 4.4.1are to be applied to chlorides cobtiied

from the concrete ingredients, not those from theren-

ment surrounding the concrete.

The chloride ion limits infable 4.4.1differ from those rec-
ommended iPACI 201.2R andACI 222R.For reinforced
concrete that will be dry in service, a limit of 1 percent has
been included to control total soluble chloridésble 4.4.1
includes limits of 0.15 and 0.30 percent for reinforced con-
crete that will beexposed to chlorides or will be damp in
service, respeitely. These limits compare to 0.10 and 0.15
recommended i\CI 201.2R.ACI 222R recommends lim-
its of 0.08 and 0.20 percehy weight of cement for chlo-
rides in prestressed and reinforced concrete, résplct
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 limifalte
4.4.1 may be more restricé than necessar

R4.4.2— When concretes aexposed toexternal sources

of chlorides, thewata-cementitious materials ratio and
specfied compregse strengtt.' 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
tradked in by vehicles, or in structures nearasate.
Epoxy- or zinc-coated bars oower 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
increasedevels of spedied strength mvide increased pro-
tection. Use of silica fume meeting ASTM C 1240 with an
appropriate high-range water redyc&STM C 494,Types

F and G, or ASTM C 1017 can alsaypide additional pro-
tection12 Performance tests for chloride permeabibiy
AASHTO T 27713 of concrete mixtures before use may
also povide additional assurance.
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5.0 — Notation

f¢' = specified compressive strength of concrete, psi

for = required average compressive strength of con-
crete used as the basis for selection of concrete
proportions, psi

fo¢ = average splitting tensile strength of lightweight
aggregate concrete, psi

s = standard deviation, psi

5.1 — General

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

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 £/’
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 “Specification for Lightweight Aggre-
gates for Structural Concrete” (ASTM C 330) to estab-
lish value of f; corresponding to specified value of f,'.

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

COMMENTARY

The requirements for proportioning concrete mixtures are
based on the philosophy that concrete should provide both
adequate durabilit (Chapter4) and stremth. 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 5also prescribeminimum 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 — General

R5.1.1— The basic premises governing the designation and
evaluation of concrete strength are presented. It is emphasized
that the average strength of concrete produced should always
exceed the specified value ff 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 structure. The durability requirements pre-
scribed in Chapter 4 are to be satisfied in addition to attaining
the average concrete strength in accordance with 5.3.2.

R5.1.4— Code Sectins 9.52.3 (nodulusof rupture), 11.2
(concrete shear stredgtand 122.4 (developmentof rein-
forcement) require modification in the design criteria for the
use of lightweight aggregate concrete. Two alternative mod-
ification procedures are provided. One alternative is based
on laboratory tests to determine the relationship between
splitting tensile strengthf,; and specified compressive
strengthf.’ for the lightweight concrete. For a lightweight
aggregate from a given source, it is intended that appropri-
ate values of; 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 aecest
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5.2 — Selection of concrete p roportions

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, including water-cemen-
titious materials ratio, shall be established on the basis
of field experience or trial mixtures with materials to be
employed (see 5.3), or both, except as permitted in 5.4
or required by Chapter 4.

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

COMMENTARY

of, the strengh of concrete irthe field. Indirect control will
be maintained through the normal compressive strength test
requirements provided by 5.6.

R5.2 — Selection of cormete 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)>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)'::"2 (Provides a
method of proportioning and adjusting structural grade con-
crete containing lightweight aggregates.)

R5.2.1 — The selected water-cementitious materials ratio
should be low enough, or in the case of lightweight concrete the
compressive strength high enough to satisfy both the strength
criteria (see5.3 or 5.4) and the special exposure requirements
(Chapterd). The code does not includeopisions 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.

R5.2.3— The code emphasizes the use of field experience
or laboratory trial mixtures (see 5.3) as the preferred method
for selecting concrete mixture proportions. When no prior

experience or trial mixture data is available, estimation of

the water-cementitious materials ratio as prescribed in 5.4 is
permitted, but only when special permission is given.

R5.3 — Roportioning on the basis offield
experience or trial mixtures, or both

In selecting a suitable concrete mixture there are three basic
steps. The first is the determination of the standard devia-
tion. The second is the determination of the required aver-
age strength. The third is the selection of mixture

proportions required to produce that average strength, either
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5.3.1 — Standard deviation

5.3.1.1 — Where a concrete production facility has
test records, a standard deviation shall be established.
Test records from which a standard deviation is calcu-
lated:

(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 strength or strengths f." within 1000 psi of

that specified for proposed work;

(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 standard deviation shall be established as the
product of the calculated standard deviation and modi-
fication factor of Table 5.3.1.2. To be acceptable, test
record shall meet requirements (a) and (b) of 5.3.1.1,
and represent only a single record of consecutive tests
that span a period of not less than 45 calendar days.

TABLE 5.3.1.2—MODIFIC ATION FACTOR FOR
STANDARD DEVIATION WHEN LESS THAN 30
TESTS ARE AVAILABLE

Modification factor for standard
No. of tests” deviation®
Less than 15 Use table 5.3.2.2
15 1.16
20 1.08
25 1.03
30 or more 1.00

* Interpolate for intermediate numbers of tests.
T Modified standard deviation to be used to determine required average
strength f,; from 5.3.2.1.

318/318R-43
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by conventional trial mixture procedures by a suitable
experience recordiig. R5.3is a flow chart outlining the
mixture selection and documentation procedure.

The mixture selected should yield awerage strength
appreciably higher than the spéil strendgt fS/. The

degree of mixtureoverdesign depends on thariability of

the test results.

R5.3.1— Standard deviation

When a concrete production facility has a suitable record of
30 consecive tests of similar materials and conditions
expected, the standardadation is calculated from those
results in accordance with the falling formula:

—.2.1/2
_ Z(Xi—X)
{ (n-1) }

= standard éviation, psi

= individual strength tests asfaeed in 5.6.2.4
= average oh strength test results

= number of consecive strength tests

S5 X X o0

The standard eiation is used to determine ttawerage
strength required in 5.3.2.1.

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

2 2-1/2
s= (N =1)(s7)" + (= 1)(sy)
(ng+n,-2)

where:
s = statisticalaverage standardediation where wo

test records are used to estimate the standard

deviation
S, S, = standard eviations calculated from two test

records, 1 and 2, respaaly
ny, N, = number of tests in each test record, respelgt

If less than 30but at least 15 tests asgailable, the calcu-
lated standardediation is increasetby the factor gven in
Table 5.3.1.2This procedure results in a more conaéve
(increased) requireeverage strength. The factors Table
5.3.1.2are based on the sampling diattion of the stan-
dard daviation and povide protection (equalent to that
from a record of 30 tests) against the possibility that the
smaller sample underestimates the true @varse popula-
tion standard eliation.
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CONCRETE PRODUCTION FACILITY HAS FIELD STRENGTH TEST
RECORDS FOR THE SPECIFIED CLASS OR WITHIN 1000 PSI OF
THE SPECIFIED CLASS OF CONCRETE

NO
YES
> 30 CONSECUTIVE TWO GROUPS OF CONSECUTIVE 15TO 29 CONSECUTIVE
TESTS TESTS (TOTAL = 30) TESTS
YES NO YESA NO YES NO
(NODATA
l \/ FORS)
CALCULATE S CALCULATE AVERAGE S AL B INCREASE

l

|

'

REQUIRED AVERAGE STRENGTH
FROM EQ. (5-1) OR (5-2)

Y

FIELD RECORD OF AT LEAST TEN
CONSECUTIVE TESTRESULTS USING
SIMILAR MATERIALS AND UNDER
SIMILAR CONDITIONS IS AVAILABLE

Y

REQUIRED AVERAGE STRENGTH
FROM TABLE 5.3.2.2

OR

MAKE TRIAL MIXTURES USING AT LEAST
THREE DIFFERENT WATER-CEMENTITIOUS

MATERIALS RATIOS OR CEMENTITIOUS MATE-
RIALS CONTENTS ACCORDING TO 5.3.3.2

:

PLOT AVERAGE STRENGTH VERSUS
PROPORTIONS AND INTERPOLATE
FOR REQUIRED AVERAGE STRENGTH

NO N
YES >
RESULTS REPRESENT
ONE MIXTURE
NO RESULTS REPRESENT
TWO OR MORE
MIXTURES
YES l
PLOT AVERAGE STRENGTH
R = VERSUS PROPORTIONS AND
L INTERPOLATE FOR REQUIRED
AVERAGE STRENGTH
NO J’\
YES

y )

-

DETERMINE MIXTURE PROPOR-
TIONS ACCORDING TO 5.4

(REQUIRES SPECIAL PERMISSION)

SUBMIT FOR APPROVAL

Fig. R5.3—Flow chart for selection and documentation of concrete proportions
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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 the larger of Eqg. (5-1) or (5-2) using a
standard deviation calculated in accordance with
5.3.1.10r5.3.1.2.
o =fl +1.34s (5-1)

or

o = f. + 2.335—500 (5-2)

COMMEN TARY

The standard @biation used in the calculation of required
average strength should beavéloped under conditions
“similar to thoseexpected” [see 5.3.1(a)]. This reque-
ment is important to ensure acceptable concrete.

Concrete for background tests to determine standaid-d
tion is considered to be “similar” to that required if made
with the same general types of ingredients under no more
restricive conditions of controbver material quality and
production methods than on the proposeatk, and if its
specfied strength does noedate more than 1000 psi from
thef,' required [see 5.3.1.1(b)]. A change in the type of con-
crete or a major increase in the strengttell may increase
the standard eliation. Such a situation might occur with
a change in type of agggate (i.e., from natural agggate

to lightweight aggegate or viceversa) or a change from
non-ar-entrained concrete toragntrained concrete. Also,
there may be an increase in standagdation when the
average strengthelel is raisedby a signficant amount,
although the increment of increase in standasdadion
should be somwhat less than directly proportional to the
strength increase. When there is reasonable doupt, a
estimated standardddation used to calculate the required
average strength shouldvays be on the conseative
(high) side.

Note that the code uses the standaxdadion in pounds per
square inch instead of the éfieient of variation in percent.
The latter is equal to the formexpressed as a percent of
theaverage strength.

When a suitable record of test results is aatlable, the
average strength shoulkkceed the design strengbly an
amount that ranges from 1000 to 1400 psi, depending on the
design strength. Séable 5.3.2.2

Even when thewerage strength and standaeidtion are

of the kvels assumed, there will be occasional tests that fail
to meet the acceptane criteria presribed in 5.63.3 (per-
haps 1 test in 100).

R5.3.2— Required average stength

R5.3.21 — Once the standardadation has been deter-
mined, the requiredverage strength is obtained from the
larger of Eq. (5-1) or (5-2). Eq. (5-1)qvides a probability
of 1-in-100 thataverages of three conseut tests will be
below the spedied strengtt;'. Eq. (5-2) povides a similar
probability of indvidual tests more than 500 psi d&lthe
specfied strengtti'. These equations assume that the stan-
dard dviation used is equal to the populatiealue appro-
priate for an ifinite or very lage number of tests-or this
reason, use of standarevations estimated from records of
100 or more tests is desirable. When 30 testsaaitable,
the probability ofailure will likely be sonewhat greater than
1-in-100. The additional fmements required to aehe the
1-in-100 probability are not considereccaesay, because of
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5.3.2.2 — When a concrete production facility does
not have field strength test records for calculation of
standard deviation meeting requirements of 5.3.1.1 or
5.3.1.2, required average strength f,; shall be deter-
mined from Table 5.3.2.2 and documentation of aver-
age strength shall be in accordance with requirements
of 5.3.3.

TABLE 5.3.2.2—REQUIRED AVERAGE COMPRES-
SIVE STRENGTH WHEN DATA ARE NOT AVAIL-
ABLE TO ESTABLISH A S TANDARD DEVIATION

Specified compressive strength, | Required average compressive

f¢', psi strength, f./, psi
Less than 3000 f' + 1000
3000 to 5000 o' +1200
Over 5000 f' + 1400

5.3.3 — Documentation of average strength

Documentation that proposed concrete proportions
will produce an average compressive strength equal to
or greater than required average compressive strength
(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
the required average strength f,; (see 5.3.2), such
records shall represent materials and conditions simi-
lar to those expected. Changes in materials, condi-
tions, and proportions within the test records shall not
have been more restricted than those for proposed

CHAPTER 5
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the uncertainty inherent in assuming that conditions operat-
ing when the test recomlas accumulated will be similar to
conditions when the concrete will be produced.

Additionally, the change adopted in the 1977 code (requir-
ing action to increase thtewerage strength whewer either

of the acceptance criteria of 5.6.3.3 is not met) is considered
to provide signficant additional protection against subse-
guent bw tests.

R.5.33 — Documentation ofaverage stength

Once the requiredverage strenftf.; is kmown, the rext

step is to select mixture proportions that will produce an
average strength at least as great as the reqauathge
strength, and also meet spea@posure requirements of
Chapter. The documentation mayconsist of astrength test
record, sveral strength test records, or suitable laboratory
trial mixtures. General| 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 shws either bwer or
higheraverage strength than the requimerage strength,
different proportions may be necessary or desirable. In such
instances, theverage from a record of aew as 10 tests
may be used, or the proportions may be establisphater-
polation between the strengths and proportionsvofduch
records of consece tests. All test records for establishing
proportions necessary to produce dhierage strength are to
meet the requirements of 5.3.3.1 for “similar materials and
conditions.”

The 1971 code required trial mixtures to bexexi at the
maximum permitted slump and air content. Since 1977, the
code has mwvided tolerances at the maximum permissible
slump and air content. The codextt makes it clear that
these tolerances on slump and air content apply only to the
trial mixtures and not to records fadld tests or to later pro-
duction of the concrete in tlireld.
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work. For the purpose of documenting average
strength potential, test records consisting of less than
30 but not less than 10 consecutive tests are accept-
able provided test records encompass a period of time
not less than 45 days. Required concrete proportions
shall be permitted to be established by interpolation
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) Combination of materials shall be those for pro-
posed 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 the
required average strength £, ;

(c) Trial mixtures shall be designed to produce a
slump within £ 0.75 in. 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 “Method of Making and Curing
Concrete Test Specimens in the Laboratory” (ASTM
C 192). 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 materi-
als content and compressive strength at designated
test age;

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

COMMENTARY
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5.4 — Propo rtioning without field
ence or trial mixtures

experi-

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 engineer/
architect. The required average compressive strength
fo; of concrete produced with materials similar to
those proposed for use shall be at least 1200 psi
greater than the specified compressive strength f.'.
This alternative shall not be used for specified com-
pressive strength greater than 4000 psi.

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 strength reduction

As data become available during construction, it shall
be permitted to reduce the amount by which f;; must
exceed the specified value of 7', 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 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 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 concrete 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 con-
crete when preparing specimens for strength tests. Quali-
fied laboratory technicians shall perform all required
laboratory tests.

CHAPTER 5
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R5.4 — Roportioning without field experience
or trial mixtu res

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
procedure is not permitted féf greater than 4000 psi and
the required average strength should exdgeday 1200 psi.

The purpose of this provision is to allow work to continue
when there is an unexpected interruption in concrete supply
and there is not sufficient time for tests and evaluation or in
small structures where the cost of trial mixture data is not
justified.

R5.6 — Evaluation and acceptance of conete

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.

R5.6.1 — 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 | Certification Pro-
gram, or the requirements of ASTM C 1F&.or an
equivalent program. Concrete testing laboratory personnel
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5.6.2 — Frequen cy 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 150 yd3
of concrete, nor less than once for each 5000 ft* of
surface 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 50 yd3, 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 7'
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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,
licensed design professional responsible for the design, con-
tractor, appropriate subcontractors, appropriate suppliers,
and building official to allow timely identification of either
compliance or the need for corrective action.

R5.62 — 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 150 yaf each class placed each day,
nor less than

(c) Once for each 5000%fbf 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 15C°yalaced if the average
wall or slab thickness is less than 9-3/4 in.

R5.6.2.2— 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, the
statistical analyses lose their validity. Not more than one test
(average of two cylinders made from a sample, 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.
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5.6.3 — Laboratory-cure d specimens

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

5.6.3.2 — Cylinders for strength tests shall be
molded and laboratory-cured in accordance with
“Practice for Making and Curing Concrete Test Speci-
mens in the Field” (ASTM C 31) and tested in accor-
dance with “Test Method for Compressive Strength of
Cylindrical Concrete Specimens” (ASTM C 39).

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 500 psi.

5.6.3.4 — If either of the requirements of 5.6.3.3 are
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.

CHAPTER 5
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R5.6.3 — Laboratory-cured specimens

R5.6.3.3— A single set of criteria is given for accept-
ability 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 satisfactory as long as averages of any three consecu-
tive strength tests remain above the specifiednd no indi-
vidual strength test falls below the specifigd by more
than 500 psi. Evaluation and acceptance of the concrete can
be judged immediately as test results are received during the
course of the work. Strength tests failing to meet these crite-
ria will occur occasionally (probably about once in 100 tests)
even though concrete strength and uniformity are satisfactory.
Allowance should be made for such statistically expected vari-
ations in deciding whether the strength level being produced is
adequate. In terms of the probability of failure, the criterion of
minimum individual strength test result of 500 psi less fan
adapts itself readily to small numbers of tests. For example, if
only five strength tests are made on a small job, if any of the
strength test results (average of two cylinders) is more than
500 psi below ' the criterion is not met.

R5.6.3.4— 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;
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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 31).

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
than 500 psi.
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(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
10773 by a recognized agency such as the American Associ-
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 fgf However,
results for the job-cured cylinders are considered satisfac-
tory if the job-cured cylinders exceed the specifigdby
more than 500 psi, even though they fail to reach 85 percent
of the strength of companion laboratory-cured cylinders.
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5.6.5 — Investigation of | ow-strength test results

5.6.5.1 — If any strength test (see 5.6.2.4) of labo-
ratory-cured cylinders falls below specified value of £/
by more than 500 psi [see 5.6.3.3(b)] or if tests of field-
cured cylinders indicate deficiencies in protection and
curing (see 5.6.4.4), steps shall be taken to assure
that load-carrying capacity of the structure is not jeop-
ardized.

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
“Method of Obtaining and Testing Drilled Cores and
Sawed Beams of Concrete” (ASTM C 42) shall be per-
mitted. In such cases, three cores shall be taken for
each strength test more than 500 psi below the speci-
fied value of f,'.

5.6.5.3 — If concrete in the structure will be dry
under service conditions, cores shall be air dried (tem-
perature 60 to 80 F, relative humidity less than 60 per-
cent) for 7 days before test and shall be tested dry. If
concrete in the structure will be more than superficially
wet under service conditions, cores shall be immersed
in water for at least 40 hr and be tested wet.

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 f;/ 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

CHAPTER 5
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R5.65 — Investigation of low-strength testresults

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-
quacy for virtually any type of constructidr>’ 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 2Q. Short of loa tests if time and conditins 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.

Core tests having an average of 85 percent of the specified
strength are entirely realistic. To expect core tests to be
equal tof.' is not realistic, since differences in the size of
specimens, conditions 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 determinatiorf of

R5.7 — Reparation of equipment and place of
deposit

Recommendations for mixing, handling and transporting,
and placing concrete are given in detafl@uide for Mea-
suring, Mixing, Transporting, and Placing Concrete”
reported by ACI Committee 3048 (Presents methods and
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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;

(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
delivered in accordance with requirements of “Specifi-
cation for Ready-Mixed Concrete” (ASTM C 94) or
“Specification for Concrete Made by Volumetric Batch-
ing and Continuous Mixing” (ASTM C 685).

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

(@) 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 “Specification for Ready-Mixed
Concrete” (ASTM C 94);

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

(e) A detailed record shall be kept to identify:

(1) number of batches produced;
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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.

R5.8 — 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 94. 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.
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(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.

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.

CHAPTER 5
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R5.9 — Caveying

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.

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 afidy.
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.

R5.10 — 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 94) 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 1 in.” 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
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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.

5.11 — Curing

5.11.1 — Concrete (other than high-early-strength)
shall be maintained above 50 F 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 50 F 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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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 309:1° (Presents current information
on the mechanism of consolidation and gives recommenda-
tions on equipment characteristics and procedures for vari-
ous classes of concrete.)

R5.11— Curing

Recommendations for curing concrete are given in detail in
“Standard Practice for Curing Concrete” reported by

ACI Committee 30811 (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 elastic modulus, of steam-cured speci-
mens may vary from that of specimens moist-cured at nor-
mal temperatures. When steam curing is used, it is advisable
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 strength is specified (usually 28 days), field-cured cylin-
ders should produce strength not less than 85 percent of that
of the standard, laboratory-cured cylinders. For a reasonably
valid comparison to be made, field-cured cylinders and com-
panion 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.
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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 reinforce-
ment, 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 requ irements

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.

CHAPTER 5
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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 represé¢gte5.6.4 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.

R5.12 — Cold weatherequirements

Recommendations for cold weather concreting are given in
detail in “Cold Weather Concreting” reported by ACI
Committee 3065:12(Presents requirements and methods for
producing satisfactory concrete during cold weather.)

R5.13 — Hot weathermrequirements

Recommendations for hot weather concreting are given in
detail in “Hot Weather Concreting” reported by ACI
Committee 30%:13 (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 mem-
bers as required by the design drawings and specifi-
cations.

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
S0 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;

(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

COMMENTARY

R6.1 — Design oformwork

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 ir‘Guide to Formwork for
Concrete,” reported by Committee 37 (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 Concret&-2 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 — Renoval of forms, shaes, and
reshoring

In determining the time for removal of forms, consideration
should be given to the construction loads and to the possibil-
ities of deflectiond:2 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”
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calculating the loads transferred to the structure during
the process.

(@) 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.
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(ASTM C 873). (This method is limited to use in slabs
where the depth of concrete is from 5 to 12 in.);

(b) Penetration resistance in accordance with “Standard
Test Method for Penetration Resistance of Hardened Con-
crete” (ASTM C 803);

(c) Pullout strength in accordance with “Standard Test
Method for Pullout Strength of Hardened Concrete”
(ASTM C 900);

(d) Maturity factor measurements and correlation in
accordance with ASTM C 1074}

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 hr 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 50 F. The 12 hr
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 Il 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 hr 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;
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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.

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.
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(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
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 ppes embeddedn con-
crete

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 pipin§® and B 31.3 for chemical and
petroleum piping-® 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.

ACI 318 Building Code and Commentary



318/318R-60 CHAPTER 6

CODE

6.3.5.1 — They shall not be larger in outside dimen-
sion than 1/3 the overall thickness of slab, wall, or
beam in which they are embedded.

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 2 in. 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 90 F nor 50 psi 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 1-1/2 in. for concrete exposed to
earth or weather, nor less than 3/4 in. 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.

COMMENTARY

R6.3.7— The 1983 code limited the maximum pressure in
embedded pipe to 200 psi, which was considered too restric-
tive. Nevertheless, the effects of such pressures and the
expansion of embedded pipe should be considered in the
design of the concrete member.
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6.4 — Construction joints

6.4.1 — Surface of concrete construction joints shall
be cleaned and laitance removed.

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. Joints in girders shall be offset a minimum dis-
tance of two times the width of intersecting beams.

6.4.5 — 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.

6.4.6 — 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 — Constriction 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.

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, con-
gestion 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 verti-
cal joint may be adequate. Lateral force design may require
special 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.

R6.4.5— 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.

R6.4.6 — 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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7.0 — Notation

d = distance from extreme compression fiber to cen-

troid of tension reinforcement, in.

nominal diameter of bar, wire, or prestressing

strand, in.

= compressive strength of concrete at time of initial
prestress, psi

f, = specified yield strength of nonprestressed rein-

forcement, psi

development length, in. See Chapter 12

Q
)
Il

os
|

>
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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 2-1/2 in. 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

(&) No. 5 bar and smaller, 90-deg bend plus 6d,
extension at free end of bar; or

(b) No. 6, No. 7, and No. 8 bar, 90-deg bend plus
12d,, extension at free end of bar; or

(c) No. 8 bar and smaller, 135-deg bend plus 6d,
extension at free end of bar.

I 7.1.4 — Seismic hooks as defined in 21.1

7.2 — Minimum bend diamete rs

7.2.1 — Diameter of bend measured on the inside of
the bar, other than for stirrups and ties in sizes No. 3
through No. 5, shall not be less than the values in
Table 7.2.

COMMEN TARY

Recommended methods and standards for preparing design
drawings, typical details, and arings for the fabrication

and placing of reinforcing steel in reinforced concrete struc-
tures are iyen in theACI Detailing Manual, reportedby

ACI Committee 315:%

All provisions in the code relating to thawire, or strand
diameter (and area) are based on the nominal dimensions of
the reinforcement asygen in the appropriate ASTM spéei
cation. Nominal dimensions are éeplent to those of a cir-
cular area &ing the same weight per foot as the ASTM
designated brawire, or strand sizes. Cross-sectional area of
reinforcement is based on nominal dimensions.

R7.1 — Standard hooks

R7.1.3— Standard stirrup and tie hooks are limited to No. 8
bars and smalieand the 90-ej hook wih 6d, extension is
further limited to No. 5 bars and sma/la both cases as the
result of research stving that lager bar sizes with 90ed
hooks andsd, 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 measure
than the radius of bend. The primary factdifecing the
minimum bend diameter are feasibility of bending without
breakage andvoidance of crushing the concrete inside the
bend.
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7.2.2 — Inside diameter of bend for stirrups and ties
shall not be less than 4d, for No. 5 bar and smaller.
For bars larger than No. 5, diameter of bend shall be in
accordance with Table 7.2.

7.2.3 — Inside diameter of bend in welded wire fabric
(plain or deformed) for stirrups and ties shall not be
less than 4d,, for deformed wire larger than D6 and
2d,, for all other wires. Bends with inside diameter of
less than 8d,, shall not be less than 4d, from nearest
welded intersection.

TABLE 7.2—MINIMUM DIAMETERS OF BEND

Bar size Minimum diameter
No. 3 through No. 8 6dp
No. 9, No. 10, and No. 11 8dp
No. 14 and No. 18 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.

CHAPTER 7

COMMEN TARY

R7.2.2— The minimum4d, bend for the bar sizes com-

monly used for stirrups and ties is based on accepted indus-
try practice in the United States. Use of a stirrup bar size not
greater than No. 5 for either the 98ycbr 135-@g standard
stirrup hook will permit multiple bending on standard stir-
rup bending equipment.

R7.23 — Welded wire fabric, of plain or deformed wire,
can be used for stirrups and ties. The wire at welded inter-
sections does notbe the same uniform ductility and bend-
ability as in areas which were not heated. Théfets of

the welding temperature are usually dissipated in a distance
of approximately four wire diameters. Minimum bend
diameters permitted are in most cases the same as those
required in the ASTM bend tests for wire material (ASTM

A 82 and A 496).

R7.3 — Bending

R7.3.12—The engineer may be the design engineer or archi-
tect or the engineer or architect employgdthe owner to
perform inspectionFor 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 thatdve been embedded in concrete. Sfietd
bending should not be done without authorization of the
enginee 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’>"-3have stown that A 615 Grade 40 and Grade 60
reinforcing bars can be cold bent and straightened up to 90
deg at or near the minimum diameter spied in 7.2. If
cracking or breakage is encountered, heating to a maximum
temperature of 1500 F magvoid this condition for the
remainder of the bars. Bars that fracture during bending or
straightening can be spliced outside the begibn.

Heating should be performed in a manner that swidid
damage to the concrete. If the bend area is within approxi-
mately 6 in. of the concrete, some proteeinsulation may
need to be applied. Heating of the bar should be controlled
by temperature-indicating crayons or other suitable means.
The heated bars should not befauitlly cooled (withwater

or forced air) until after cooling to at least 620
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7.4 — Surface conditions of rein  forcement

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 tendons, steel rein-
forcement with rust, mill scale, or a combination of
both shall be considered satisfactory, provided the
minimum dimensions (including height of deforma-
tions) and weight of a hand-wire-brushed test speci-
men comply with applicable ASTM specifications
referenced in 3.5.

7.4.3 — Prestressing tendons shall be clean and free
of oil, dirt, scale, pitting and excessive rust. A light
coating of rust shall be permitted.

7.5 — Placing rein forcement

7.5.1 — Reinforcement, prestressing tendons, and
ducts shall be accurately placed and adequately sup-
ported 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 engineer,
reinforcement, prestressing tendons, and prestressing
ducts shall be placed within the following tolerances:

318/318R-65
COMMENTARY

R7.4 — Surface conditions of einforcement

Specific limits on rust are based on tgs‘@lus a review of
earlier tests and recommendations. Reference 7.4 provides
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 rein-
forcement.

R7.4.3— Guidance for evaluating the degree of rusting on
strand is given in Reference 7.5.

R7.5 — Placingreinforcement

R7.5.1 — Reinforcement including prestressing tendons
should be adequately supported in the forms to prevent dis-
placement by concrete placement or workers. Beam stirrups
should be supported on the bottom form of the beam by pos-
itive supports such as continuous longitudinal beam bol-
sters. 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 forTolerances for Concrete
Construction and Materials,” reported by ACI Committee
117/-®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.
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7.5.2.1 — Tolerance for depth d, and minimum con-
crete cover in flexural members, walls and compres-
sion members shall be as follows:

[Tolerance on minimum
concrete cover

-3/8 in.
-1/2in.

Tolerance on d

+3/8 in.
+1/2in.

d<8in.
d>8in.

except that tolerance for the clear distance to formed
soffits shall be minus 1/4 in. and tolerance for cover
shall not exceed minus 1/3 the minimum concrete
cover required in the design drawings or specifications.

7.5.2.2 — Tolerance for longitudinal location of
bends and ends of reinforcement shall be + 2 in.
except at discontinuous ends of members where toler-
ance shall be +1/2 in.

7.5.3 — Welded wire fabric (with wire size not greater
than W5 or D5) used in slabs not exceeding 10 ft in
span shall be permitted to be curved from a point near
the top of slab over the support to a point near the bot-
tom 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 permit-
ted for assembly of reinforcement unless authorized by
the engineer.

7.6 — Spacing limits  for rein forcement

7.6.1 — The minimum clear spacing between parallel
bars in a layer shall be d,, but not less than 1 in. 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 1 in.

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 1-1/2
in. 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.

CHAPTER 7

COMMENTARY

R7.5.2.1— The code specifies a tolerance on deptin
essential component of strength of the member. Because
reinforcing steel is placed with respect to edges of members
and formwork surfaces, the depthis not always conve-
niently measured in the field. Engineers should specify tol-
erances for bar placement, cover, and member size. See ACI

11776

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 fabric.

R7.6 — Spacing limitsfor reinforcement

Although the minimum bar spacings are unchanged in this
code, he development legths given n Chapter 12became

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 criteria for all bar sizes.
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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 18 in.

7.6.6 — Bundle d 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. 11 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 40d,, stagger.

7.6.6.5 — Where spacing limitations and minimum
concrete cover are based on bar diameter d,, a unit of
bundled bars shall be treated as a single bar of a
diameter derived from the equivalent total area.

7.6.7 — Prestressing tendons and  ducts

7.6.7.1 — Clear-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 con-
crete strength at transfer of prestress, f, is 4000 psi
or more, minimum center to center spacing of strands
shall be 1-3/4 in. for strands of 1/2 in. nominal diame-
ter or smaller and 2 in. for strands of 0.6 in. 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 satisfacto-
rily placed and if provision is made to prevent the ten-
dons, when tensioned, from breaking through the duct.
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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. 11 not be bundled in
beams or girders is a practical limit for application to build-
ing size members. (TheStandard Specifications for
Highway Bridges’ ’- permits two-bar bundles for No. 14
and No. 18 bars in bridge girders.) Conformance to the
crack control requirements of 10.6 will effectively preclude
bundling of bars larger than No. 11 as tensile reinforcement.
The code phrasing “bundled in contact to act as a unit,” is
intended to preclude bundling more than two bars in the
same plane. Typical bundle shapes are triangular, square, or
L-shaped patterns for three- or four-bar bundles. As a practi-
cal 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— Prestressing tendons and ducts

R7.6.7.1— The allowed decreased spacing in this sec-
tion for transfer strengths of 4000 psi or greater is based on

| Reference 7.10, 7.11.

R7.6.7.2— When ducts for post-tensioning tendons in a
beam are arranged closely together vertically, provision
should be made to prevent the tendons, when tensioned,
from breaking through the duct. 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 1 in., 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.
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7.7 — Concrete p rotection for rein force-
ment

7.7.1 — Cast-in-place concrete (nonprestressed)

The following minimum concrete cover shall be pro-
vided for reinforcement:

Minimum
cover, in.
(a) Concrete cast against and
permanently exposed to earth............cccccoeiiiiiinnen. 3
(b) Concrete exposed to earth or weather:
No. 6 through No. 18 bars .........cccceevvveeernnn 2
No. 5 bar, W31 or D31 wire,
and smaller..........oooeiiiiiiiiiee e, 1-1/2
(c) Concrete not exposed to weather
or in contact with ground:
Slabs, walls, joists:
No. 14 and No. 18 bars...................... 1-1/2
No. 11 bar and smaller ..............cceveeee. 3/4
Beams, columns:
Primary reinforcement, ties,
stirrups, spirals .......cccoceveveeeeiiicciin, 1-1/2
Shells, folded plate members:
No. 6 bar and larger........cccceeeevvvenvnnnen. 3/4
No. 5 bar, W31 or D31 wire,
and smaller ........cccooovviiciiiiiiie e 1/2
7.7.2 — Precast concrete (ma nufactured under

plant control conditions)

The following minimum concrete cover shall be pro-
vided for reinforcement:

Minimum
cover,in.
(a) Concrete exposed to earth or weather:
Wall panels:
No. 14 and No. 18 bars...................... 1-1/2
No. 11 bar and smaller......................... 3/4
Other members:
No. 14 and No. 18 bars.............ccevvvvvvennens 2
No. 6 through No. 11 bars................... 1-1/2
No. 5 bar, W31 or D31 wire,
and smaller .........cccooovviiiiieeceeee e, 1-1/4
(b) Concrete not exposed to
weather or in contact with ground:
Slabs, walls, joists:
No. 14 and No. 18 bars............ccccceeees 11/4
No. 11 bar and smaller ........................ 5/8

CHAPTER 7
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R7.7 — Concete protectionfor 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
have concrete cover not less than the cover required for rein-
forcement not exposed to weather.

The development lengths given @hapter 12are now a
function of the bar cover. As a result, it may be desirable to
use larger than minimum cover in some cases.

R7.7.2 — Precast concete (manufactured under plant
control conditions)

The lesser cover thicknesses for precast construction reflect
the greater convenience of control for proportioning, plac-
ing, and curing inherent in precasting. The term “manufac-
tured 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 procedure are equal to that normally expected in a
plant.
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Beams, columns:
Primary reinforcement ........ dp, but not less
than 5/8 and need not
exceed 1-1/2

Ties, stirrups, spirals .......cccccceeeeeiiines 3/8
Shells, folded plate members:

No. 6 bar and larger ............cccuvveeeeeenn. 5/8

No. 5 bar, W31 or D31 wire,

and smaller.........ccoooviiiieiie 3/8

7.7.3 — Prestressed concrete

7.7.3.1 — The following minimum concrete cover
shall be provided for prestressed and nonprestressed
reinforcement, ducts, and end fittings, except as pro-
vided in 7.7.3.2 and 7.7.3.3:

Minimum
cover, in.
(a) Concrete cast against and
permanently exposed to earth ...........cccceeeviiinenn. 3
(b) Concrete exposed to earth or weather:
Wall panels, slabs, joists ............cccoeeeeeei 1
Other members .......cccooeeiiiiieeeiiieeee 1-1/2
(c) Concrete not exposed to
weather or in contact with ground:
Slabs, walls, JOIStS ........euveeiiiiiiiiiiiieeeen 3/4
Beams, columns:
Primary reinforcement .......................... 1-1/2
Ties, stirrups, spirals.......ccccccevvveeeviniccvinnnn. 1
Shells, folded plate members:
No. 5 bar, W31 or D31 wire,
and smaller.........cccciee, 3/8
Other reinforcement............... dp but not less
than3/4

7.7.3.2 — For prestressed concrete members ex-
posed to earth, weather, or corrosive environments,
and in which permissible tensile stress of 18.4.2(c)
is exceeded, minimum cover shall be increased 50
percent.

7.7.3.3 — For prestressed concrete members manu-
factured under plant control conditions, minimum con-
crete cover for nonprestressed reinforcement shall be
as required in 7.7.2.

7.7.4 — Bundled ba rs

For bundled bars, minimum concrete cover shall be
equal to the equivalent diameter of the bundle, but
need not be greater than 2 in.; except for concrete cast
against and permanently exposed to earth, where
minimum cover shall be 3 in.

COMMENTARY
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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.

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 rein forcement details for
columns

7.8.1 — Offset ba rs

Offset bent longitudinal bars shall conform to the fol-
lowing:

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 6 in. 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 3 in. or
greater, longitudinal bars shall not be offset bent.

CHAPTER 7
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R7.7.5 — Corrosve 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
2 in. for walls and slabs and 2-1/2 in. for other members is
recommended. For precast concrete manufactured under
plant control conditions, a minimum cover of 1-1/2 and 2
in., respectively, is recommended.

R7.8 — Specialeinforcement detailsfor
columns
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Separate dowels, lap spliced with the longitudinal bars
adjacent to the offset column faces, shall be provided.
Lap splices shall conform to 12.17.

7.8.2 — Steel cores

Load transfer in structural steel cores of composite
compression members shall be provided by the follow-

ing:

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 pro-
vided for splices of continuing reinforcement and for
anchorage of reinforcement terminating in such con-
nections.

7.9.2 — Enclosure at connections shall consist of exter-
nal concrete or internal closed ties, spirals, or stirrups.

7.10 — Lateral reinforcement for compres-
sion 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 prestressing
tendons shall conform to 18.11.
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R7.8.2— Steel ores

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 loadihgs’13

R7.10 — Lateralreinforcementfor compres-
sion members
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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.

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 3/8 in. diameter.

7.10.4.3 — Clear spacing between spirals shall not
exceed 3 in., nor be less than 1 in. 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 12 in.
and the length indicated in one of (1) through (5)
below:
(1) deformed uncoated bar or wire.......... 48 d,
(2) plain uncoated bar or wire ................. 72 d,
(3) epoxy-coated deformed bar or wire ... 72 d,,
(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 ............ccccceeenee. 48 d,,
(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........cccccovveee e 48 d,,
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R7.10.3— Precast columns with cover less than 1-1/2 in.,
prestressed columns without longitudinal bars, columns
smaller than minimum dimensions prescribed in earlier ACI
Building Codes, columns of concrete with small size coarse
aggregate, wall-like columns, and other special cases may
require special designs for lateral reinforcement. Plain or
deformed wire, W4, D4, or larger, may be used for ties or
spirals. If such special columns are considered as spiral col-
umns for load strength in design, the ratio of spiral rein-
forcementpg is to conform to 10.9.3.

R7.10.4 — Spirals

For practical considerations in cast-in-place construc-
tion, the minimum diameter of spiral reinforcement is 3/8
in. (3/8"¢@, No. 3 bar, or W11 or D11 wire). This is the
smallest size that can be used in a column with 1-1/2 in. or
more cover and having concrete strengths of 3000 psi or
more if the minimum clear spacing for placing concrete is to
be maintained.

Standard spiral sizes are 3/8, 1/2, and 5/8 in. 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.
Seealso7.9

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 fabricated 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 guid-
ance: For spiral bar or wire smaller than 5/8 in. diameter,
a minimum of two spacers should be used for spirals less
than 20 in. in diameter, three spacers for spirals 20 to 30
in. in diameter, and four spacers for spirals greater than
30 in. in diameter. For spiral bar or wire 5/8 in. diameter

or larger, a minimum of three spacers should be used for
spirals 24 in. or less in diameter, and four spacers for spi-
rals greater than 24 in. in diameter. The project specifica-
tions 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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(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.

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. 3 in size for longi-
tudinal bars No. 10 or smaller, and at least No. 4 in
size for No. 11, No. 14, No. 18, and bundled longitudi-
nal bars. Deformed wire or welded wire fabric of equiv-
alent 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 6 in. clear on each side along the
tie from such a laterally supported bar. Where longitu-
dinal 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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Equal to or less than 6in.

al to or less than 6in,

t 135 deg max. _~

m
O
c

May be greater than 6in.

No intermediate tie required
Fig. R7.10.5—etch to clarify meastements 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 spied spacing is
required. This requirement can be dagisby a continuous
circular tie (helix) at leger pitch than required for spirals
under 10.9.3, the maximum pitch being equal to the
required tie spacing.

The 1956 code required “lateral support igglent to that
providedby a 90-aég corner of a tie,” foevery vertical ba.

Tie requirements were liberalized in 1988increasing the
permissible included angle from 90 to 13 &ndexempt-

ing bars that are located within 6 in. clear on each side along
the tie from adequately tied bars ($ég. R7.10.%. Limited
testd14 on full-size, axially-loaded, tied columns contain-
ing full-length bars (without splices) aved no appreciable
difference between ultimate strengths of columns with full
tie requirements and no ties at all.

Since spliced bars atindled bars were not included in the
tests of Reference 7.14, is prudent tovjate a set of ties at
each end of lap spliced bars,oab and baw end-bearing
splices, and at minimum spacings immediatelyedlop-
ing regions of dfset bent bars.

Standard tie hooks are intended for use with deformed bars
only, and should be staggered where possitdealso7.9.

Continuously wound bars or wires can be used as ties pro-
vided their pitch and area are at leastivaant to the area

and spacing of separate ties. Anchorage at the end of a contin-
uously wound bar or wire should bg a standard hook as for
separate bars doy 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 cthered atie.
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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 3 in. below lowest reinforcement in shallow-
est of such beams or brackets shall be permitted.

7.11 — Lateral rein forcement for fl exural
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 fabric of
equivalent area. Such ties or stirrups shall be provided
throughout the distance where compression reinforce-
ment 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 — Shrink age and temperature rein-
forcement

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
7.12.2 0or 7.12.3.

7.12.1.2 — Where shrinkage and temperature
movements are significantly restrained, the require-
ments of 8.2.4 and 9.2.7 shall be considered.

7.12.2 — Deformed reinforcement conforming to 3.5.3
used for shrinkage and temperature reinforcement
shall be provided in accordance with the following:
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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.

R7.11 — Lateralreinforcementfor 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 temperatue rein-
forcement

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 7.18)p and bttom reinforcement
are both effective in controlling cracks. Control strips during
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 fabric are empirical but have been used satis-
factorily for many years. Splices and @manchorages fo
shrinkage and temperature reinfoneent are to be desigde

ACI 318 Building Code and Commentary



CHAPTER 7

CODE

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 40 or 50
deformed bars are used .........ccccceeeeveviinnnn, 0.0020

(b) Slabs where Grade 60
deformed bars or welded wire
fabric (plain or deformed) are used................ 0.0018

(c) Slabs where reinforcement
with yield stress exceeding 60,000
psi measured at a yield strain

of 0.35 percent is used .................... 0.0018 x 60,000

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 18 in.

7.12.2.3 — At all sections where required, reinforce-
ment for shrinkage and temperature stresses shall
develop the specified yield strength f, in tension in
accordance with Chapter 12.

7.12.3 — Prestressing tendons 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 pro-
vide a minimum average compressive stress of 100
psi on gross concrete area using effective prestress,
after losses, in accordance with 18.6.

7.12.3.2 — Spacing of tendons shall not exceed 6 ft.

7.12.3.3 — When spacing of tendons exceeds 54

*
Effective flange width
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for the full spedied 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, 100 psi on the gross concrete area,
has been used successfully on a large number of projects.
When the spacing of prestressing tendons used for shrink-
age and temperature reinforcement exceeds 54 in., addi-
tional 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

For shrinkage and temperature stresses,
provide a minimum of 100 psi prestressing
in this section parallel to beam webs as an
alternate to deformed reinforce  ment.

Effective flange wid "

8h _|bW|

8h 8h_ by _8h

* Width of slab effective as a T-beam other
than b, + 16h (see 8.10) may be applicable for
prestressed concrete T-beam construction

i N
mﬁ:@ 3 Sy
h In positive moment areas, rein-
prestressed T-beam forcement in accordance with

7.12.2 should be provided unless
an average compressive stress of
100 psi is maintained under pre-
stress plus service dead load.

Fig. R7.12.3—Prestressing used for shrinkage and temperature
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in., 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.

7.13— Requirements for structural integrit vy

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 over the support and at noncontinu-
ous supports be terminated with a standard hook.

7.13.2.2 — Beams at the perimeter of the structure
shall have at least one-sixth of the tension reinforce-
ment required for negative moment at the support and
one-quarter of the positive moment reinforcement
required at midspan made continuous around the perim-
eter and tied with closed stirrups, or stirrups anchored
around the negative moment reinforcement with a hook
having a bend of at least 135 deg. Stirrups need not be
extended through any joints. When splices are needed,
the required continuity shall be provided with top rein-
forcement spliced at midspan and bottom reinforcement
spliced at or near the support with Class A tension
splices.

7.13.2.3 — In other than perimeter beams, when
closed stirrups are not provided, at least one-quarter of
the positive moment reinforcement required at midspan
shall be continuous or shall be spliced over the support
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spread sificiently such that the slab is uniformly in com-
pression. Application of the gvisions of 7.12.3 to mono-
lithic cast-in-place post-tensioned beam and slab
construction is illustrated iRig. R7.12.3

Tendons used for shrinkage and temperature reinforcement
should be positionedertically in the slab as close as practi-
cable to the center of the bldn cases where the shrinkage
and temperature tendons are used for supporting the princi-
pal tendonsyariations 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 sla

The designer shouldvaluate the #ects of slab shortening
to ensure proper action. In most cases, dtelével of pre-
stressing recommended should not causgcdities in a
properly detailed structure. Special attention may be
required where thermaffects become sigficant.

R7.13 — Requrementsfor structural integrity

Experience has stwn that theoverall integrity of a struc-
ture can be substantially enhandad minor changes in
detailing of reinforcement. It is the intent of this section of
the code to immve the redundaly and ductility in struc-
tures so that in thevent of damage to a major supporting
element or an abnormal loadiegent, the resulting damage
may be cofined to a relavely small area and the structure
will have a better chance to maintawerall stabiliy.

R7.132 — With damage to a support, top reinforcement
that is continuousver the supporfut not corinedby 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 beviled.

Requiring continuous top and bottom reinforcement in
perimeter or spandrel beamsoyides 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 structulat simply to require that one
half of the top fixural reinforcement required &xtend past

the point of inflecton by 1212.3 be furtherextended to lap
splice at midspan. Similasl the bottom reinforcement
required toextend into the supprt by 1211.1 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 shalter member should be
extended into and fully @eloped in the deeper mentbe
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with a Class A tension splice and at noncontinuous sup-
ports be terminated with a standard hook.

7.13.2.4 — For two-way slab construction, see
13.3.8.5.
7.13.3 — For precast concrete construction, tension R7.13.3— The code requires tension ties for precast con-
ties shall be provided in the transverse, longitudinal, crete buildings of all heights. Details should provide con-
and vertical directions and around the perimeter of the nections to resist applied loads. Connection details that rely
structure to effectively tie elements together. The pro- solely on friction caused by gravity forces are not permitted.

visions of 16.5 shall apply.

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 regrements, see Reference 7.16.

Reference 7.17 recommends minimum tie requirements for
precast concrete bearing wall buildings.

7.13.4 — For lift-slab construction, see 13.3.8.6 and
18.12.6.
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PART 4 — GENERAL REQUIREMENTS

CHAPTER 8 — ANALYSIS AND DESIGN — GENERAL
CONSIDERATIONS

CODE COMMENTARY

8.0 — Notation R8.0 — Notation
Ag = area of nonprestressed tension reinforcement, Units of measurement are given in the Notation to assist the

in.2 user and are not intended to preclude the use of other cor-
Ag = area of compression reinforcement, in.2 rectly applied units for the same symbol, such as ft or kip.
b = width of compression face of member, in.
d = distance from extreme compression fiber to

centroid of tension reinforcement, in.
E. = modulus of elasticity of concrete, psi. See

85.1
E; = modulus of elasticity of reinforcement, psi. See

8.5.2and 8.5.3
f¢ = specified compressive strength of concrete,

psi
f, = specified yield strength of nonprestressed rein-

forcement, psi
4, = clear span for positive moment or shear and

average of adjacent clear spans for negative

moment
V. = nominal shear strength provided by concrete
w, = unit weight of concrete, Ib/ft3
w, = factored load per unit length of beam or per

unit area of slab
B, = factor defined in 10.2.7.3
& = net tensile strain in extreme tension steel at The déinition of net tensile straiim 2.1 excludes strians due

nominal strength to effective prestress, creep, shrinkage, and temperature.
p = ratio of nonprestressed tension reinforcement

= Ags/bd

p' = ratio of nonprestressed compression reinforce-

ment

= AJlbd

pp = reinforcement ratio producing balanced strain

conditions. See 10.3.2
@ = strength reduction factor. See 9.3
8.1 — Design methods R8.1 — Design methods
8.1.1 — In design of structural concrete, members R8.1.1 — The strength design method requires service
shall be proportioned for adequate strength in accor- loads or related internal moments and forces to be increased
dance with provisions of this code, using load factors by specified load factors (required strength) and computed
and strength reduction factors @specified in Chapter 9. nominal strengths to be reduced by specified strength reduc-

tion factorsg (design strength).

8.1.2 — Design of nonprestressed reinforced concrete R8.1.2 — The alternate method of design, outlined in
members using Appendix A, Alternate Design Method, Appendix A, is similar to the working stress design method
shall be permitted. of the 1963 ACI Building Code. The general serviceability

requirements of the code, such as the requirements for
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8.1.3 — Design of reinforced concrete using the provi-
sions of Appendix B, Unified Design Provisions for
Reinforced and Prestressed Concrete Flexural and
Compression Members, shall be permitted.

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.

8.2.3 — In design for wind and earthquake loads, inte-
gral structural parts shall be designed to resist the total
lateral loads.

CHAPTER 8

COMMENTARY

deflection and crack control should be met whether the
strength design method of the code or the alternate design
method ofAppendix Ais used.

Although prestressed members may not be designed under
the povisions of the altenate design metid, Chater 18
requires linear stress-strain assumptions for computing ser-
vice load stresses and prestress transfer stresses for investi-
gation of behavior at service conditions, while using the
strength design method for computing flexural strerigtie

18.7)

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 A in the main body of
the code, to make it a legal part of the code.

R8.13 — Designs madeni accordance wittAppendk 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.

R8.2 — Loading

The provisions in the code are for live, wind, and earth-
quake loads such as those recommendetMimimum
Design Loads for Buildings and Other Structures,”
(ASCE 7), of the American Society of Civil Engineers
(ASCE)(formerly ANSI A58.1). If the service loads speci-
fied 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 differ 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.

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
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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) Unit live load does not exceed three times unit
dead load; and

(e) Members are prismatic.

Positive moment

End spans
Discontinuous end
UNFESrained.............covvevevereienan. w, 4,211

Discontinuous end integral
with support ..., wy /,,2/14

INterior spans .........ccccceeeveriiecinecnnn. w, 4,216
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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 i@hapter21.

R8.2.4— Information is accumulating on the magnitudes
of these various effects, especially the effects of column
creep and shrinkage in tall structufésand 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. If the alternate design method of
Apperdix A is used, the loads used in design areiser
loads (load factors of unity). For both the strength design
method and the alternate design method, elastic analysis is
used to obtain moments, shears, and reactions.

R8.3.3— The approximate moments and shears give rea-
sonably 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.
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Negative moments at exterior face
of first interior support

TWO SPANS.....cvrerereeieieieseesesese s wy, 4,°19
More than two Spans ...............c........ w, £,%110

Negative moment at other faces
of interior SUPPOItS......cvvveerviieeeeiieee e, Wy /,,2/11

Negative moment at face of all
supports for

Slabs with spans not exceeding

10 ft; and beams where ratio of

sum of column stiffnesses to

beam stiffness exceeds eight at

each end of the span........................ Wy, 4,212

Negative moment at interior face
of exterior support for members
built integrally with supports

Where support is spandrel beam .....w,, /n2/24
Where support is a column............... w, 4,216

Shear in end members at face of
first interior SUPPOIt........cccveevviiiereennnnen. 1.15 w, /4, /2

Shear at face of all other
SUPPOITS .. W, 4, 12

8.4 — Redistri bution of negative moments in
conti nuous nonprestresse d flexural
members

For criteria on moment redistribution for prestressed
concrete members, see 18.10.4.

8.4.1 — 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

— ’D
20H - p_pbp_D percent

8.4.2 — The modified negative moments shall be used
for calculating moments at sections within the spans.

CHAPTER 8

COMMEN TARY

R8.4 — Redistrbution of negaive moments in
continuous nongestessed flexural
members

Moment redisttution is dependent on adequate ductility in
plastic hinge egions. These plastic hingegions dvelop at
points of maximum moment and cause a shift in the elastic
moment diagram. The usual result is a reduction irvahe
ues of mgaive moments in the plastic hingegion and an
increase in thealues of posive moments from those com-
puted by elastic analysis. Becausegaive moments are
determined from one loading arrangement and ipesit
moments from anotihgeach section has a regeicapacity
that is not fully utilized for ay one loading condition. The
plastic hinges permit the utilization of the full capacity of
more cross sections of @flral member at ultimate loads.

Using conserative values of ultimate concrete strains and
lengths of plastic hinges deed fromextengve tests, #x-

ural members with small rotation capacity were analyzed
for moment redisthution varying from 10 to 20 percent,
depending on the reinforcement ratio. The results were
found to be conseative (seerig. R8.9. Studiesry Cohrf-2

and MattocR3 support this conclusion and indicate that
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8.4.3 — Redistribution of negative moments shall be
made only when the section at which moment is
reduced is so designed that p or p - p' is not greater
than 0.50 p,, where

_ 0.85B,f."7 87,000
Po = =7 " 87,000+, (8-1)

8.5 — Modulus of elasticity

8.5.1 — Modulus of elasticity E, for concrete shall be
permitted to be taken as w1 33 [f (in psi) for val-
ues of w, between 90 and 155 Ib/ft.> For normal
weight concrete, E, shall be permitted to be taken as

57,000 /7, .

8.5.2 — Modulus of elasticity Eg for nonprestressed
reinforcement shall be permitted to be taken as
29,000,000 psi.

8.5.3 — Modulus of elasticity E; for prestressing ten-
dons shall be determined by tests or supplied by the
manufacturer.
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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 rota-
tion capacity for the moment redistribution allowed by the
code is available if the members satisfy the code require-
ments. This code maintains the same limit on redistribution
as the previous code editions.

Moment redistribution does not apply to members designed
by the alternate design methodAyipendix A nor may it

be used for slab systems designed by the Direct Design
Method(see 13.6.1.7)

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
8.4 whereE,. was defined as the slope of the line drawn
from a stress of zero to a compressive stre€s4dit'. The
modulus for concrete is sensitive to the modulus of the
aggregate and may differ from the specified value. Mea-
sured values range typically from 120 to 80 percent of the
specified value. Methods for determining Young's modulus
for concrete are described in Reference 8.5.
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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.

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 10 ft, as continuous slabs on knife edge
supports with spans equal to the clear spans of the
slab and width of beams otherwise neglected.

CHAPTER 8

COMMENTARY
R8.6 — Stiffness

R8.6.1— Ideally, the member stiffnessEs andGJ should
reflect the degree of cracking and inelastic action that has
occurred along each member before yielding. However, the
complexities involved in selecting different stiffnesses for
all members of a frame would make frame analyses ineffi-
cient 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 grBssvalues for all
members or, to use half the grdsis of the beam stem for
beams and the gro&$ for the columns.

For frames that are free to sway, a realistic estimalie of
desirable and should be used if second-order analyses are
carried out. Guidance for the choice Bif for this case is
givenin the commatary to10.11.1

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 8.6.

R8.7 — Span length

Beam moments calculated at support centers may be
reduced to the moments at support faces for design of
beams. Reference 8.7 provides an acceptable method of
reducing moments at support centers to those at support
faces.
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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 — Arran gement 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;

(b) The far ends of columns built integrally with the
structure are considered to be fixed.

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;

(b) Factored dead load on all spans with full factored
live load on alternate spans.

318/318R-85
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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 Ive 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,
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 accordancettwi0.11, 10.12, and
10.13

ACI 318 Building Code and Commentary



318/318R-86 CHAPTER 8

CODE
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;
(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;
(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
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 18 in.

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 4 in. in width, and
shall have a depth of not more than 3-1/2 times the
minimum width of rib.

COMMENTARY
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
ard other flangd members are stateén 11.6.1with regard

to torsion.

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.
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8.11.3 — Clear spacing between ribs shall not exceed
30 in.

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 that of the specified strength
of concrete 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 1-1/2 in.

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 2 in.

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.

8.11.7 — Where conduits or pipes as permitted by 6.3
are embedded within the slab, slab thickness shall be
at least 1 in. 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 construction.

8.11.8 — For joist construction, contribution of con-
crete to shear strength V, shall be permitted to be 10
percent more than that specified in Chapter 11. It shall
be permitted to increase shear strength using shear
reinforcement 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

COMMENTARY

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 rein-
forcement for these relatively small, repetitive members.

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 flooffinish

The code does not specify an additional thickness for wear-
ing surfaces subjected to unusual conditions of wear. The

ACI 318 Building Code and Commentary



318/318R-88 CHAPTER 8

CODE

the floor slab or designed in accordance with require-
ments of Chapter 17.

8.12.2 — It shall be permitted to consider all concrete
floor finishes as part of required cover or total thick-
ness for nonstructural considerations.

COMMENTARY

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 require
minimum monolithic concrete aver according to7.7.
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CHAPTER 9 — STRENGTH AND SERVICEABILITY
REQUIREMENTS

CODE COMMENTARY
9.0 — Notation R9. 0 — Notation
Ag = gross area of section, in.2 Units of measurement are given in the Notation to assist the
AJ = area of compression reinforcement, in.? user and are not intended to preclude the use of other cor-
b = width of compression face of member, in. rectly applied units for the same symbol, such as ft or kip.
¢ = distance from extreme compression fiber to

neutral axis, in.

d = distance from extreme compression fiber to
centroid of tension reinforcement, in.

d' = distance from extreme compression fiber to
centroid of compression reinforcement, in.

ds = distance from extreme tension fiber to cen-
troid of tension reinforcement, in.

d; = distance from extreme compression fiber to
extreme tension steel, in.

D = dead loads, or related internal moments and
forces

E = load effects of seismic forces, or related inter-
nal moments and forces

E. = modulus of elasticity of concrete, psi. See
8.5.1

f¢ = specified compressive strength of concrete,
psi

f,' = square root of specified compressive strength
of concrete, psi

f¢ = average splitting tensile strength of lightweight
aggregate concrete, psi

f, = modulus of rupture of concrete, psi

f, = specified yield strength of nonprestressed
reinforcement, psi

F = loads due to weight and pressures of fluids
with well-defined densities and controllable
maximum heights, or related internal
moments and forces

h = overall thickness of member, in.

H = loads due to weight and pressure of sail,
water in soil, or other materials, or related
internal moments and forces

I, = moment of inertia of cracked section trans-
formed to concrete, in.*

I, = effective moment of inertia for computation of
deflection, in.*

I, = moment of inertia of gross concrete section
about centroidal axis, neglecting reinforce-
ment, in.*

/ = span length of beam or one-way slab, as
defined in 8.7; clear projection of cantilever,
in.

4, = length of clear span in long direction of two-

way construction, measured face-to-face of
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supports in slabs without beams and face-to-
face of beams or other supports in other

cases, in.

L = live loads, or related internal moments and
forces

M, = maximum momentin member at stage deflec-

tion is computed, in.-Ib
M. = cracking moment, in.-Ib. See 9.5.2.3

P, = nominal axial load strength at balanced strain
conditions, Ib. See 10.3.2

P, = nominal axial load strength at given eccentric-
ity, Ib

T = cumulative effect of temperature, creep,

shrinkage, differential settlement, and shrink-
age-compensating concrete

U = required strength to resist factored loads or
related internal moments and forces

W = wind load, or related internal moments and
forces

w, = weight of concrete, Ib/ft3

y; = distance from centroidal axis of gross section,
neglecting reinforcement, to extreme fiber in
tension, in.

a = 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 beam. See Chapter 13

a, = average value of a for all beams on edges of a
panel

B = ratio of clear spans in long to short direction of
two-way slabs

& = net tensile strain in extreme tension steel at
nominal strength

A = multiplier for additional long-term deflection as
defined in 9.5.2.5

& = time-dependent factor for sustained load. See
9.5.2.5

p = ratio of nonprestressed tension reinforcement,
Ag/bd

P = reinforcement ratio for nonprestressed com-
pression reinforcement, Ag'/bd

Pp = reinforcement ratio producing balanced strain

conditions. See B.10.3.2
strength reduction factor. See 9.3

4

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.

COMMENTARY

The definition of net tensile straimi2.1 excludes strais
due to #ective prestress, creep, shrinkage, and temperature.

R9.1 — General

R9.11 — Chapter 9defines he basic strength drservice-
ability conditions for proportioning reinforced concrete
members.

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

Design Strength= Required Strength
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@ (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 as
described below.

1. The required strengtd is computed by multiplying the
service loads by load factors. Thus, for example, the fac-
tored momentM,, or “required moment strength” for dead

and live load is computed as:
U=1D+1.1L

or
M, = 1L.Mg+ 1.7M,

whereM, andM, are the moments caused by service dead
and live loads. The required strength is discussed in detail in
the commentary for 9.2. The definition and notations for

required strength are discussed in the commentary for
Chapter 2

2. The design strength of a structural element is computed by
multiplying the nominal strength by a strength reduction fac-
tor @ that is less than one. The strength reduction factor
accounts for uncertainties in design computations and the rel-
ative importance of various types of members. This factor
also reflects the effect of variations in material strengths,
workmanship, and dimensions that may combine to result in
understrength. The nominal strength is computed by the code
procedures assuming the member will have the exact dimen-
sions and material properties used in the computa?ibﬁsr
example, the design strength in flexure of a cross section
(without compression reinforcement) may be expressed as:

oM, = "’[AS fycfi- Eﬂ

The design strength and the strength reduction fartye
discussed in detail in the commentary for 9.3.

Combining these two safety provisions, the basic require-
ment for the design of a beam cross section can be stated as:

Design Strength= Required Strength
Wn 2 MU

ar]
0A fyi-2 2 1My +17 M,

All notations with the subscript such aM,,, P,, andV,,

refer only to the required strength values. The design
strength values are noted ftimes nominal strength, such

asgM,, ¢Pn, andgVy,
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9.2 — Required strength

9.2.1 — Required strength U to resist dead load D and
live load L shall be at least equal to

U=14D+1.7L (9-1)

9.2.2 — If resistance to structural effects of a specified
wind load W are included in design, the following com-
binations of D, L, and W shall be investigated to deter-
mine the greatest required strength U

U=0.75 (14D + 1.7L + 1.7W) (9-2)

where load combinations shall include both full value
and zero value of L to determine the more severe con-
dition, and

U=0.9D+ 1.3W (9-3)

but for any combination of D, L, and W, required
strength U shall not be less than Eq. (9-1).

9.2.3 — If resistance to specified earthquake loads or
forces E are included in design, load combinations of
9.2.2 shall apply, except that 1.1E shall be substituted
for W.

CHAPTER 9

COMMENTARY
R9.2 — Requred srength

The required strength) 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 consider-
ation is given to the probability of simultaneous occurrence.
While most of the usual combinations of loadings are included,
the designer should not assume that all cases are covered.

Due regard is to be given to positive or negative sign in determin-
ing U for combinations of loadings, as one type of loading may
produce effects of opposite sense to that produced by another
type. The load combinations wih9D are specifically included

for the case where a higher dead load reduces the effects of other
loads. This loading case may also be critical for tension-con-
trolled column sections. In such a case, a reduction in axial load
and increase in moment may result in a critical load combination.
This loading case may also be critical for tension-controlled col-
umn sections. In such a case, a reduction in axial load and
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 factorsnay be
appropriate for such members.

R9.2.3— If earthquake effects are considered in design, Eq.
(9-2) and (9-3) become:

U=10D+1.28 +14E
and
U=09D + 14FE

The load combinations above consider service-level seismic
forces
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9.2.4 — If resistance to earth pressure His included in
design, required strength U shall be at least equal to

U=14D+17L+1.7H (9-4)

except that where D or L reduce the effect of H, 0.9D
shall be substituted for 1.4D and zero value of L shall
be used to determine the greatest required strength U.
For any combination of D, L, and H, required strength
U shall not be less than Eq. (9-1).

9.2.5 — If resistance to loadings due to weight and
pressure of fluids with well-defined densities and con-
trollable maximum heights F is included in design,
such loading shall have a load factor of 1.4, and be
added to all loading combinations that include live
load.

9.2.6 — If resistance to impact effects is taken into
account in design, such effects shall be included with
live load L.

9.2.7 — Where structural effects T of differential settle-
ment, creep, shrinkage, expansion of shrinkage-compen-
sating concrete, or temperature change are significant in
design, required strength U shall be at least equal to

U=0.75(1.4D+ 14T+ 1.7L) (9-5)
but required strength U shall not be less than
U=14(0D+T) (9-6)

Estimations of differential settlement, creep, shrink-
age, expansion of shrinkage-compensating concrete,
or temperature change shall be based on a realistic
assessment of such effects occurring in service.

318/318R-93
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Strength-level seismic forces are now specified by many
model codes, standards, and similar documents. Strength-level
forces should not be used directly in the above combinations

R9.2.4 — If effectsH caused by earth pressure, ground
water pressure, or pressure caused by granular materials are
included in design, the required strength equations become:

Uu=14O+11L+1 M
and where or L reduce the effect df
U=0.D+1.7H
but for any combination dd, L, orH
U=14D+171L

R9.2.5— This section addresses the need to consider load-
ing due to weight of liquid or liquid pressure. It specifies a
load factor for such loadings with well-defined densities and
controllable maximum heights equivalent to that used for
dead load. Such reduced factors would not be appropriate
where there is considerable uncertainty of pressures, as with
ground water pressures, or uncertainty as to the possible
maximum liquid depth as in ponding of watéee R8.2.

For well-defined fluid pressures, the required strength equa-
tions become:

U=1D+11+14

and whereD orL reduce the effect df

U=09D+14FF
but for any combination dd, L, orF

U=14D+1.11
R9.2.6— 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 ¢ impact) forL when
impact should be considered.

R9.2.7— 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.

Eq. (9-6) is to prevent a design for load
U=075(1D+14T+17)
to approach
U=105D+T)

when live load is negligible.
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9.2.8 — Load factors — For post-tensioned anchor-
age zone design a load factor of 1.2 shall be applied to
the maximum tendon 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
9.3.2and 9.3.4.

9.3.1.1 — If the structural framing includes primary
members of other materials proportioned to satisfy the
load factor combinations in Section 2.3 of ASCE 7, it
~ shall be permitted to proportion the concrete members
using the set of strength reduction factors ¢ listed in
Appendix C and the load factor combinations in ASCE 7.

9.3.2 — Strength reduction factor @ shall be as follows:

9.3.2.1 — Flexure, without axial load.................. 0.90

9.3.2.2 — Axial load, and axial load with flexure.
(For axial load with flexure, both axial load and
moment nominal strength shall be multiplied by appro-
priate single value of ¢)

(a) Axial tension, and axial
tension with flexure..........ccccoeeeeeieeiiecee e, 0.90

(b) Axial compression, and axial compres-

sion with flexure:

Members with spiral reinforcement con-

forming t0 10.9.3 ..o 0.75
Other reinforced members ..........cccccoevvvvvvvviiinnns 0.70

except that for low values of axial compression ¢ shall
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R9.2.8— The load factor of 1.2 applied to the maximum
tendon jacking force results in a design load of about 113%
of the specified tendon yield strength but not more than 96%
of the nominal ultimate strength of the tendon. This com-
pares well with the maximum attainable jacking force,
which is limited by the anchor efficiency factor.

R9.3 — Design gtength

R9.3.1— The term design strength of a member, refers to
the nominal strength calculated in accordance with the
requirements stipulated in this code multiplied by a strength
reduction factowp, which is always less than one.

The purposes of the strength reduction fagare (1) to
allow for the probability of understrength 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 strucflf€:3 For
example, a lowewp is used for columns than for beams
because columns generally have less ductility, are more sen-
sitive to variations in concrete strength, and generally sup-
port larger loaded areas than beams. Furthermore, spiral
columns are assigned a highgithan tied columns since
they have greater ductility or toughness.

R9.3.1.1 — Appendik C has been inaded tofacilitate
computations for buildings with substantial portions of their
structural framing provided by elements other than concrete.
If the strength reduction factors in Appendix C are used for
the concrete elements, the required strengths are to be deter-
mined using the load factor combinations in Section 2.3 of
ASCE 7.

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— For members subjected to axial load with
flexure, design strengths are determined by multiplying
both P,, and M,, by the appropriate single value @f For
members subjected to flexure and relatively small axial
compression loads, failure is initiated by yielding of the ten-
sion reinforcement and takes place in an increasingly more
ductile manner as the ratio of axial load to moment
decreases. At the same time the variability of the strength
also decreases. For small axial loads, the valyenady be
increased from that for compression members to 0.90 per-
mitted for flexure as the design axial load strengh,
decreases from a specified value to zero.

For members meeting the limitations specified for
(h—d'-dy)/n andf,, the transition starts at a design axial
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be permitted to be increased in accordance with the
following:

For members in which f, does not exceed 60,000 psi,
with symmetric reinforcement, and with (h-d'-d)/h
not less than 0.70, ¢ shall be permitted to be
increased linearly to 0.90 as @P, decreases from
0.10f;'A, to zero.

For other reinforced members, @ shall be permitted to
be increased linearly to 0.90 as @P,, decreases from
0.10f;'A, or @Py,, whichever is smaller, to zero.

9.3.2.3 — Shear and torsion .........cceeevvveeeevnnnnns 0.85

| 9.3.2.4 — Bearing on concrete (except for
post-tensioning anchorage zones)............cc....... 0.70

| 9.3.2.5 — Post-tensioned anchorage zones ..... 0.85

9.3.3 — Development lengths specified in Chapter 12
do not require a gfactor.

9.3.4 — In structures that rely on special moment
resisting frames or special reinforced concrete struc-
tural walls to resist earthquake effects, the strength
reduction factors @shall be modified as follows:

(@) The strength reduction factor for shear shall be
0.60 for any structural member that is designed to
resist earthquake effects if its nominal shear strength
is less than the shear corresponding to the develop-
ment of the nominal flexural strength of the member.
The nominal flexural strength shall be determined con-
sidering the most critical factored axial loads and
including earthquake effects;

(b) The strength reduction factor for shear in dia-
phragms shall not exceed the minimum strength
reduction factor for shear used for the vertical compo-
nents of the primary lateral-force-resisting system;

(c) The strength reduction factor for shear in joints and
diagonally reinforced coupling beams shall be 0.85.

318/318R-95
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load strengthgP, of 0.10f;'Ay. For other conditionsP,
should be calculated to determine the upper value of design
axial load strengtigP, (the smaller 0D.10f;'A, and gPy)
below which an increase gcan be made.

R9.3.2.5— Theg-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 uncon-
fined concrete in the general zoneQt@Af;, the effective
design strength for unconfined concret®.85x 0.7Af. =
0.6Af¢; .

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.
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9.3.5 — Strength reduction factor ¢ for flexure, com-
pression, shear, and bearing of structural plain con-
crete in Chapter 22 shall be 0.65.

9.4 — Design strength for rein forcement

Designs shall not be based on a yield strength of rein-
forcement f, in excess of 80,000 psi, except for pre-
stressing tendons.

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.

CHAPTER 9

COMMEN TARY

R9.3.5 — The strength reductiofactor ¢ for structural
plain concrete design is the same for all strength conditions.
Since both #xural tension strength and shear strength for
plain concrete depend on the tensile strength characteristics
of the concrete, with no reser strength or ductility possi-

ble due to the absence of reinforcement, equal strength
reduction factors for both bending and shear are considered
appropriate.

R9.4 — Design stength for reinforcement

In addition to the upper limit of 80,000 psi for yield strength
of nonprestressed reinforcement, there are limitations on
yield strength in other sections of the code.

In115.2,11.6.34, and 11.7.6 themaximumf, that may be
used in design for shear and torsion reinforcement is 60,000
psi, except tha f, up to 80,000 psi may be used for shear
reinforcement meeting the requirements of ASTM A 497.

In19.3.2and21.25, the maximum spefed f, is 60,000 psi

in shells, folded plates, and structuresaynedby the spe-
cial seismigorovisionsof Chapter 21

The deflection pavisions of 9.5 and the limitations on dis-
tribution of flexural reinforcement of 10.6 become increas-
ingly critical & f, increases.

R9.5 — Corntrol of deflecions®4

R9.5.1 — The povisions 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 thed load that is sustained
need be considered.

Two methods areigen for controlling deflectiongzor non-
prestressed beams and amagy slabs, and for composite
members, mvision of a minimumoverall thickness as
requiredby Table 9.5(awill satisfy the requirements of the
code for members not supporting or attached to partitions or
other construction kiely to be damagelly large deflections.

For nonprestressedvb-way construction, minimum thick-
ness as requiregy 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 damad®ad large
deflections, and for all prestressed concreteufal menbers,
deflections should be calculatbyg the procedures described

or referred to in the appropriate sections of the code, and are
limited to thevalues inTable 9.5(b)
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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.

TABLE 9.5(a)— MINIMUM THICKNESS OF NONPRE-
STRESSED BEAMS OR ONE-WAY SLABS UNLESS
DEFLECTIONS ARE COMPUTED

Minimum thickness, h

Simply sup-| One end Both ends
ported continuous | continuous | Cantilever

Members not supporting or attached to partitions or
other construction likely to be damaged by large

Member | deflections.
Solid one-
way slabs /120 /124 /128 /110
Beams or
ribbed one-
way slabs //16 //18.5 /[21 /18

* Span length / is in inches.

Values given shall be used directly for members with normal weight concrete
(w, = 145 Ib/ft%) and Grade 60 reinforcement. For other conditions, the values
shall be modified as follows:

a) For structural lightweight concrete having unit weight in the range 90-120
Ib/ft%, the values shall be multiplied by_(1.65-0.005w,) but not less than
1.09, where w,, is the unit weight in Ib/ft3.

b) For f, other than 60,000 psi, the values shall be multiplied by (0.4 +

f,,1100,000).

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 E_ for
concrete as specified in 8.5.1 (normal weight or light-
weight concrete) and with the effective moment of iner-
tia as follows, but not greater than /.

_ E{VICTEF E(\/,CI’|j3
/e— D-I\ZD I9+{1_DT/[;D:|/C" (9'7)
where:
f.l
M, = 4 (9-8)
Ve
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R9.5.2 — One-way construction (nonprestessed)

R9.5.21 — The minimum thicknesses dfable 9.5(a)
apply for nonprestressed beams and one-way slabs (see
9.5.2), and for composite membgsse9.5.5) These mini-
mum thicknesses apply only to members not supporting or
attached to partitions and other constructidelji to be
damagedy deflection.

Values of minimum thickness should be nfizdi if other

than normbweight concrete and Grade 60 reinforcement are
used. The notes beneath the table are essential to its use for
reinforced concrete members constructed with structural
lightweight concrete or with reinforcemenang a yield
strength other than 60,000 psi. If both of these conditions
exist, the corrections in footnotes (a) and (b) shall both be
applied.

The modiication for lightweight concrete in footnote (a) is
based on studies of the results and discussions in Reference
9.5. No correction is spd@d for concretes weighing
between 120 and 145 Ibffbecause the correction term
would be close to unity in this range.

The modiication for yield strength in footnote (b) is
approximatebut should yield conseative results for the
type of members considered in the table, for typical rein-
forcement ratios, and foralues off, between 40,000 and
80,000 psi.

R9.5.22 — For calculation of immediate deflections of
uncracked prismatic members, the usual methods or formu-
las for elastic deflections may be used with a constane
of Edly along the length of the mentbédowever, if the
member is cracked at one or more sections, or if its depth
varies along the span, a moeeact calculation becomes
necessar

R9.5.23 — The dfective moment of inertia procedure
described in the code andvéloped in Reference 9W8as
selected as being Siciently accurate for use to control
deflections’’9°The dfective |, was dveloped to povide
a transition between the upper aodiér bounds of, and
I as a function of the rati@l /M ,. For most casek, will
be less thaiy,.
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and for normalweight concrete,

f.=15[f' (9-9)

When lightweight aggregate concrete is used, one of
the following modifications shall apply:

(&) When f is specified and concrete is propor-
tioned in accordance with 5.2, f, shall be modified by
substituting f.,/6.7 for ,/f.’, but the value of f /6.7
shall not exceed ,ff_’;

(b) When f; is not specified, f, shall be multiplied by
0.75 for all-lightweight concrete, and 0.85 for sand-
lightweight concrete. Linear interpolation shall be
permitted if partial sand replacement is used.

9.5.2.4 — For continuous members, effective mo-
ment of inertia shall be permitted to be taken as the
average of values obtained from Eq. (9-7) for the criti-
cal positive and negative moment sections. For pris-
matic members, effective moment of inertia shall be
permitted to be taken as the value obtained from Eq.
(9-7) 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

A= (9-10)
1+50p’

where p' 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 fac-
tor & for sustained loads to be equal to:

5 Years Or MOIE ........ccoeevviiiiiiiiiiieeeeeeeeeeeeneee 2.0
12 MONtNS wuuvic e 1.4
B MONLNS ..eviiieee e 1.2
BMONENS ..o 1.0

R9.5.24 — For continuous members, the code procedure
suggests a simpkveraging ofl . values for the posite and
negaive 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 theffect of cracking) has
the dominant #ect on deflections, as alvn by ACI Com-
mittee 438-10.9-11and SP-438:4

R9.5.2.5— Shrinkage and creep due to sustained loads
cause additional long-term deflectiomger and abve those
which occur when loads affést placed on the structure.
Such deflections are influencéy temperature, humidit
curing conditions, age at time of loading, quantity of com-
pression reinforcement, and magnitude of the sustained
load. Theexpression gyen in this section is considered sat-
isfactory for use with the code procedures for the calcula-
tion of immediate deflections, and with the limitwven 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 thed load that will be sus-
tained for a sificient period to cause sididant time-
dependent deflections.

Eg. (9-10)was dveloped in Reference 9.13. In Eq. (9-10)
the multiplier oné accounts for the effect of compression
reinforcement in reducing long-term deflectiods= 2.0
represents a nominal time-dependent factor for 5 years dura-
tion of loading. The cwe inFig. R9.5.2.5may be used to
estimatevalues of¢ for loading periods less than five years.

If it is desired to consider creep and shrinkage sepwratel
approximate @uations provided in References9.6, 9.7,
9.13, and9.14 may beused.
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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).
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Fig. R9.5.2.5—Multipliers for long-term deflections

R9.5.26 — It should be noted that the limitationsen
in this table relate only to supported or attached nonstruc-

tural elements.For those structures in which structural
members arelely to be &ectedby deflection or deforma-
tion of members to which &y are attached in such a man-
ner as to fiect adrersely the strength of the structure, these

deflections and the resulting forces should be considered
explicitly in the analysis and design of the structures as
requiredby 9.5.1. (Seereference 9.9.)

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 cue inFig. R9.5.2.5for members of usual
sizes and shapes.

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 7360
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 /A80%
damaged by large deflections the long-term deflection due to all sustained
Roof or floor construction supporting or g’;;jig (f‘nn;jl }R/Z '{gggg?'ate deflection due to any
attached to nonstructural elements not likely to 42408
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 9.5.4.2, 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.
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9.5.3 — Two-way construction (nonpr estressed)

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
defined in 13.3.7.1 and 13.3.7.2 cccceeevvvvvnrrrnnnnn, 5in.

(b) Slabs with drop panels as defined
in13.3.7.1and 13.3.7.2..cccocieeeiiiiee e 4in.

TABLE 9.5(c)—MINIMUM THICKNESS OF SLABS
WITHOUT INTERIOR BEAMS

Without drop panels’ With drop panels’
Interior Interior
Exterior panels | panels | Exterior panels | panels
Yield | Without | With Without | With
strength,| edge edge edge edge
f,, psi* | beams | beams* beams | beams*
h h 4 ‘4 ‘. i
40,000 33 36 36 36 40 40
h h 4 h o o
60,000 30 33 33 33 36 36
o h 4 4 ‘. o
75,000 28 31 31 31 34 34

* For values of reinforcement yield strength between the values given in the
table, minimum thickness shall be determined by linear interpolation.

i Drop panel is defined in 13.3.7.1 and 13.3.7.2.

* Slabs with beams between columns along exterior edges. The value of a
for the edge beam shall not be less than 0.8.

9.5.3.3 — For slabs with beams spanning between
the supports on all sides, the minimum thickness shall
be as follows:

(a) For a,, equal to or less than 0.2, the provisions of
9.5.3.2 shall apply;

(b) For a,, greater than 0.2 but not greater than 2.0,
the thickness shall not be less than

f
slhgy —yv 0O
B "%)BJ'zoo,oooD
h = (9-11)
36 +5B(a,,—0.2)
and not less than 5 in.;

(c) For a,, greater than 2.0, the thickness shall not
be less than
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R9.5.3 — Two-way construction (nonprestessed)

R9.5.32 — The minimum thicknesses irable 9.5(care
those that &ve been dveloped through the years. Slabs
conforming to those limitsdve not resulted in systematic
problems related to $finess for short- and long-term loads.
These limits apply to only the domain ofegious experi-
ence in loads,rwironment, materials, boundary conditions,
and spans.

R9.5.33 — For panels bving a ratio of long to short
span greater than 2, the use of Eq. (9-11) and (9-12), which
express the minimum thickness as a fraction of the long
span, may iye unreasonable resuliSor such panels, the
rules applying to one-way construction in 9.5.2 should be
used.

The requirement in 9.5.3.3(a) far,, equal to 0.2 made it
possible to eliminate Eq. (9-13) of the 1989 code. That
equation gve values essentially the same as thos&ainle
9.5(c), as does Eq. (9-11) avalue ofa,, equal to 0.2.
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f
4,40.8 + ¥ U
h = w (9-12)

and not less than 3.5 in;

(d) At discontinuous edges, an edge beam shall be
provided with a stiffness ratio a not less than 0.80 or
the minimum thickness required by Eq. (9-11) or (9-
12) shall be increased by at least 10 percent in the
panel with a discontinuous edge.

9.5.3.4 — Slab thickness less than the minimum
thickness required by 9.5.3.1, 9.5.3.2, and 9.5.3.3
shall be permitted to be used if shown by computation
that the deflection will not exceed the limits stipulated
in Table 9.5(b). Deflections shall be computed taking
into account size and shape of the panel, conditions 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 inertia shall
be that given by Eq. (9-7); other values shall be per-
mitted to be used if they result in computed deflections
in reasonable agreement with results of comprehen-
sive 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 shall be permitted to be
used for uncracked sections.

9.5.4.2 — 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.

R9.5.34 — The calculation of deflections for slabs is
complicatedeven if linear elastic bedvior can be assumed.
For immediate deflections, thalues oft. andl . speciied
in 9.5.2.3 may be used? However, other procedures and
othervalues of the stiness EI may be used if #y result in
predictions of deflection in reasonable agreement with the
results of comprehehg tests.

Since available data on long-term deflections of slabs are
too limited to justify more elaborate procedures, the addi-
tional long-term deflection forwto-way construction is
required to be computed using the multiplieiseg in
9.5.2.5.

R95.4 — Prestressed contete construction

The code requires deflections for all prestressed concrete
flexural members to be computed and compared with the
allowablevalues inTable 9.5(b)

R9.5.4.1— Immediate deflections of prestressed concrete
members may be calculatbd 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 spefied in 8.5.1. This method may be uncoraer
tive for members dving a relatvely high concrete tensile
stressas permitted inl8.4.2(d) and requires caltation of
deflection based on the transformed keatsection.

Reference 9.15 skvs thel . method can be used to compute
deflections of partially prestressed members loadedeab
the cracking loadror this case, the cracking moment should
take into account theffect of prestress. A method for pre-
dicting the &ect of nonprestressed tension steel in reducing
creep camber isigen in Reference 9.15 with approximate
forms referred to in References 9.9 and 9.16.

R9.5.42 — Calculation of long-term deflections of pre-
stressed concretesfiural members is complicated. The calcu-
lations should consider not only the increased deflections due
to flexural stressedqut also the additional long-term deflec-
tions resulting from time-dependent shortening of theaufial
membe.

Prestressed concrete members shorten more with time than
similar nonprestressed members due to the precompression

ACI 318 Building Code and Commenta ry



318/318R-102

CODE

9.5.4.3 — Deflection computed in accordance with
9.5.4.1 and 9.5.4.2 shall not exceed limits stipulated in
Table 9.5(b).

9.5.5 — Composite construction
9.5.5.1 — Shored const ructi on

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 constructio n

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

CHAPTER 9
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in the slab or beam which causes axial creep. This creep
together with concrete shrinkage results in $igant short-
ening of the féxural members that continues foeveral
years after construction and should be considered in design.
The shortening tends to reduce the tension in the prestress-
ing tendons, reducing the precompression in the member
and therby causing increased long-term deflections.

Another factor that can influence long-term deflections of
prestressed dkural members is adjacent concrete or
masonry that is nonprestressed in the direction of the pre-
stressed membeThis 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 #ects. 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 oamar a period of years

and will result in additional long-term deflections and in
increase tensile stresses in the prestressed membe

Any suitable method for calculating long-term deflections
of prestressed members may be usedviged all dfects

are considered. Guidance may be found in References 9.9,
9.12,9.15, 9.17, and 9.18.

R9.55 — Composite construction

Since Bw tests lave 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 osxperience.

If any portion of a composite member is prestressed or if the
member is prestressed after the componemts been cast,

the povisions of 9.5.4 apply and deflections are to be cal-
culated.For nonprestressed composite members, deflections
need to be calculated and compared with the limitadges

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 gyen inTable 9.5(a)In unshored construction the
thickness of concern depends on whether the deflection
before or after the attainment dfective composite action

is being considered. (I6hapter 17it 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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member shall be investigated for magnitude and dura-
tion of load prior to beginning of effective composite
action.

9.5.5.3 — Deflection computed in accordance with
9.5.5.1 and 9.5.5.2 shall not exceed limits stipulated in
Table 9.5(b).
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10.0 — Notation

depth of equivalent rectangular stress block
as defined in 10.2.7.1, in.

area of core of spirally reinforced compres-
sion member measured to outside diameter
of spiral, in.2

gross area of section, in.
area of nonprestressed tension reinforce-
ment, in.?

area of skin reinforcement per unit height in
one side face, in.2/ft. See 10.6.7

minimum amount of flexural reinforcement,
in.2 See 10.5

total area of longitudinal reinforcement,
(bars or steel shapes), in.2

area of structural steel shape, pipe, or tub-
ing in a composite section, in.2

loaded area, in.?

the area of the lower base of the largest
frustum of a pyramid, cone, or tapered
wedge contained wholly within the support
and having for its upper base the loaded
area, and having side slopes of 1 vertical to
2 horizontal, in.?

width of compression face of member, in.
web width, in.

distance from extreme compression fiber to
neutral axis, in.

clear cover from the nearest surface in ten-
sion to the surface of the flexural tension
reinforcement, in.

a factor relating actual moment diagram to
an equivalent uniform moment diagram
distance from extreme compression fiber to
centroid of tension reinforcement, in.
distance from extreme compression fiber to
extreme tension steel, in.

modulus of elasticity of concrete, psi. See
85.1

modulus of elasticity of reinforcement, psi.
See 8.5.20r85.3

flexural stiffness of compression member.
See Eq. (10-12) and Eq. (10-13), in.2-Ib
specified compressive strength of concrete,
psi

calculated stress in reinforcement at ser-
vice loads, ksi

specified yield strength of nonprestressed
reinforcement, psi

overall thickness of member, in.

2

COMMENTARY

R10.0 — Notation

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 ft or kip.
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moment of inertia of gross concrete section
about centroidal axis, neglecting reinforce-
ment, in.*

moment of inertia of reinforcement about
centroidal axis of member cross section, in.*
moment of inertia of structural steel shape,
pipe, or tubing about centroidal axis of com-
posite member cross section, in.*

effective length factor for compression
members

length of compression member in a frame,
measured from center to center of the joints
in the frame, in.

unsupported length of compression mem-
ber, in.

factored moment to be used for design of
compression member, in.-Ib

moment due to loads causing appreciable
sway, in.-lb

factored moment at section, in.-Ib

smaller factored end moment on a com-
pression member, positive if member is
bent in single curvature, negative if bent in
double curvature, in.-Ib

= factored end moment on a compression

member at the end at which M; acts, due to
loads that cause no appreciable sidesway,
calculated using a first-order elastic frame
analysis, in.-lb

factored end moment on compression
member at the end at which M, acts, due to
loads that cause appreciable sidesway, cal-
culated using a first-order elastic frame
analysis, in.-Ib

larger factored end moment on compres-
sion member, always positive, in.-Ib

= minimum value of M,, in.-Ib
= factored end moment on compression

member at the end at which M, acts, due to
loads that cause no appreciable sidesway,
calculated using a first-order elastic frame
analysis, in.-Ib

factored end moment on compression
member at the end at which M, acts, due to
loads that cause appreciable sidesway, cal-
culated using a first-order elastic frame
analysis, in.-lb

nominal axial load strength at balanced
strain conditions. See 10.3.2, Ib

critical load. See Eq. (10-11), Ib

nominal axial load strength at given eccen-
tricity, Ib

nominal axial load strength at zero eccen-
tricity, Ib

factored axial load at given eccentricity, Ib
<QP,

stability index for a story. See 10.11.4

CHAPTER 10
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radius of gyration of cross section of a com-
pression member, in.

center-to-center spacing of flexural tension
reinforcement nearest to the extreme ten-
sion face, in. (where there is only one bar
or wire nearest to the extreme tension face,
s is the width of the extreme tension face.)
factored horizontal shear in a story, Ib
factor defined in 10.2.7.3

(a) for nonsway frames, 4 is the ratio of the
maximum factored axial sustained load to
the maximum factored axial load associ-
ated with the same load combination;

(b) for sway frames, except as required in (c)
of this definition, B4 is the ratio of the maxi-
mum factored sustained shear within a story
to the maximum factored shear in that story;
(c) for stability checks of sway frames carried
out in accordance with 10.13.6, B4 is the ratio
of the maximum factored sustained axial load
to the maximum factored axial load

moment magnification factor for frames
braced against sidesway, to reflect effects
of member curvature between ends of
compression member

moment magnification factor for frames not
braced against sidesway, to reflect lateral
drift resulting from lateral and gravity loads
relative lateral deflection between the top
and bottom of a story due to V,,, computed
using a first-order elastic frame analysis
and stiffness values satisfying 10.11.1, in.
net tensile strain in extreme tension steel at
nominal strength

ratio of nonprestressed tension reinforcement
As/bd

reinforcement ratio producing balanced
strain conditions. See 10.3.2

ratio of volume of spiral reinforcement to
total volume of core (out-to-out of spirals) of
a spirally reinforced compression member
strength reduction factor. See 9.3

stiffness reduction factor. See R10.12.3

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.

COMMENTARY

The definition of net tensile strain in 2.1 excludes strains
due to effective prestress, creep, shrinkage, and temperature.

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
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10.2.2 — Strain in reinforcement and concrete shall be
assumed directly proportional to the distance from the
neutral axis, except, for deep flexural members with
overall depth to clear span ratios greater than 0.4 for
continuous spans and 0.8 for simple spans, a nonlinear
distribution of strain shall be considered. See 10.7.

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 specified yield
strength f, for grade of reinforcement used shall be
taken as E; times steel strain. For strains greater than
that corresponding to f,, stress in reinforcement shall
be considered independent of strain and equal to f, .

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.

CHAPTER 10
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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.

Both the strain in reinforcement and in concrete are

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 reinforcement.

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 yield strendth The increase

in strength due to the effect of strain hardening of the rein-
forcement is neglected for strength computations. In
strength computations, the force developed in tensile or
compressive reinforcement is computed as,

whengg < g, (vield strain)
Asfs=AsEs&s
whengs 2 g,
Asfs=Asfy

wheregg is the value from the strain diagram at the location
of the reinforcement. For design, the modulus of elasticity
of steel reinforcemenkg may be taken as 29,000,000 psi
(see8.5.2).

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.

ACI 318 Building Code and Commentary



CHAPTER 10

CODE

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 = B;c from the fiber of maximum com-
pressive strain.

10.2.7.2 — Distance c from the fiber of maximum
strain to the neutral axis shall be measured in a direc-
tion perpendicular to that axis.

10.2.7.3 — Factor B, shall be taken as 0.85 for con-
crete strengths f' up to and including 4000 psi. For
strengths above 4000 psi, B; shall be reduced continu-
ously at a rate of 0.05 for each 1000 psi of strength in
excess of 4000 psi, but B; shall not be taken less than
0.65.

10.3 — General principles and requirement s

10.3.1 — Design of cross section 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.

318/318R-109
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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 deptk B,c. TheB,; of 0.85

for concrete withf' < 4000psi and 0.05 less for each 1000 psi

of f¢' in excess of 4000 was determined experimentally.

In the 1976 supplement to the 1971 code, a lower lim® of
equal to 0.65 was adopted for concrete strengths greater
than 8000 psi. Research data from tests with high strength
concrete%o'l'lo'zsupported the equivalent rectangular stress
block for concrete strengths exceeding 8000 psi, wifh a
equal to 0.65. Use of the equivalent rectangular stress distri-
bution specified in the 1971 code, with no lower limitfRn
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 test&:3

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 Designt®2 Reference 10.3 and previous
editions of this commentary also give the derivations of
strength equations for cross sections other than rectangular.
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10.3.2 — Balanced strain conditions exist at a cross
section when tension reinforcement reaches the strain
corresponding to its specified yield strength f, just as
concrete in compression reaches its assumed ultimate
strain of 0.003.

10.3.3 — For flexural members, and for members sub-
ject to combined flexure and compressive axial load
when the design axial load strength @P, is less than
the smaller of 0.10f;'A, or @P), the ratio of reinforce-
ment p provided shall not exceed 0.75 of the ratio p,
that would produce balanced strain conditions for the
section under flexure without axial load. For members
with compression reinforcement, the portion of p,
equalized by compression reinforcement need not be
reduced by the 0.75 factor.

10.3.4 — Use of compression reinforcement shall be
permitted in conjunction with additional tension rein-
forcement to increase the strength of flexural members.

CHAPTER 10
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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
strainf, /E in the tension reinforcement. The reinforcement
ratio p,,, which produces balanced conditions under flexure,
depends on the shape of the cross section and the location of
the reinforcement.

R10.3.3— The maximum amount of tension reinforcement
in flexural members is limited to ensure a level of ductile
behavior.

The ultimate flexural strength of a member is reached when
the strain in the extreme compression fiber reaches the ulti-
mate (crushing) strain of the concrete. At ultimate strain of
the concrete, the strain in the tension reinforcement could
just reach the strain at first yield, be less than the yield strain
(elastic), or exceed the yield strain (inelastic). Which steel
strain condition exists at ultimate concrete strain depends on
the relative proportion of steel to concrete and material
strengthd ' andf, . If p(f, /f.") is sufficiently low, the strain

in the tension steel will greatly exceed the yield strain when
the concrete strain reaches its ultimate, with large deflection
and ample warning of impending failure (ductile failure
condition). With a largep(f, /f;), the strain in the tension
steel may not reach the yield strain when the concrete strain
reaches its ultimate, with consequent small deflection and
little warning of impending failure (brittle failure condi-
tion). For design it is considered more conservative to
restrict the ultimate strength condition so that a ductile fail-
ure mode can be expected.

Unless unusual amounts of ductility are required(tfé g,
limitation 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 negative moment
redistribution. Since moment redistribution is dependent on
adequate ductility in hinge regions, the amount of tension
reinforcement in hinging regions is limited @dp,,

For ductile behavior of beams with compression reinforce-

ment, only that portion of the total tension steel balanced by
compression in the concrete need be limited; that portion of
the total tension steel where force is balanced by compres-
sion reinforcement need not be limited by the 0.75 factor.
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10.3.5 — Design axial load strength @P,, of compres-
sion members shall not be taken greater than the fol-
lowing:

10.3.5.1 — For nonprestressed members with spiral
reinforcement conforming to 7.10.4 or composite
members conforming to 10.16:

PP (max) = 0-85¢{0.857 /(A —Ag )+, Ag] (10-1)

10.3.5.2—For nonprestressed members with tie
reinforcement conforming to 7.10.5:

OPn(max) = 080910851/ (A —A )+, Ag] (10-2)

10.3.5.3 — For prestressed members, design axial
load strength @Pj, shall not be taken greater than 0.85
(for members with spiral reinforcement) or 0.80 (for
members with tie reinforcement) of the design axial
load strength at zero eccentricity @P,,.

10.3.6 — Members subject to compressive axial load
shall be designed for the maximum moment that can
accompany the axial load. The factored axial load P,
at given eccentricity shall not exceed that given in
10.3.5. The maximum factored moment M, shall be
magnified for slenderness effects in accordance with
10.10.

318/318R-111
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R10.3.5 and R10.3.6— The minimum design eccentricities
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 computed end
momentgsee 10.12.3.2)The specified minimum eccentric-
ities were originally intended to serve as a means of reduc-
ing 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 compression
member, and to recognize that concrete strength may be less
thanf. under sustained high loads. The primary purpose of
the minimum eccentricity requirement was to limit the max-
imum design axial load strength of a compression member.
This is now accomplished directly in 10.3.5 by limiting the
design axial load strength of a section in pure compression
to 85 or 80 percent of the nominal strength. These percent-
age values approximate the axial load strengteghatatios

of 0.05 and 0.10, specified in the earlier codes for the spi-
rally reinforced and tied members, respectively. The same
axial load limitation applies to both cast-in-place and pre-
cast compression members. Design aids and computer pro-
grams 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 meth-
ods 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
despning the fexural members, as required 10.137.

Corner and oher coumns 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 Handboo®# and the CRSI
Handbook!®-® The reciprocal load methdy and the load
contour methotP-” are the methods used in those two hand-
books. Resear¢A810%ndicates 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
relationship®-

1,11
an Pny F)0
where:

P, = nominal axial load strength at given eccentricity
along both axes
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P, = nominal axial load strength at zero eccentricity
Pnx = nominal axial load strength at given eccentricity
alongx-axis
P, = nominal axial load strength at given eccentricity
alongy-axis

10.4 — Distance between lateral supports
of flexural members

10.4.1 — Spacing of lateral supports for a beam shall
not exceed 50 times the least width b 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 rein forcement of fl exural
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, the area Ag
provided shall not be less than that given by

— 3 fC’
s.min fy
and not less than 200b,,d/f,,.

A

b,d (10-3)

10.5.2 — For a statically determinate T-section with
flange in tension, the area Ag i, shall be equal to or
greater than the smaller value given either by

6,/f,
A = >Etp,d

s,min
fy

or Eg. (10-3) with b,, set equal to the width of the
flange.

(10-4)

This relationship is most suitable when valtgg andP,,
are greater than the balanced axial fd?géor the particular
axis.

R10.4 — Distance between lateral supports of
flexural members

Testg0-10:10-11 haye 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 Hobmay 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. This is required in both
positive and negative moment regions. B0@f, value for-
merly used was originally derived to provide the same 0.5
percent minimum (for mild grade steel) as required in ear-
lier editions of the code. When concrete strength higher than
about 5000 psi is used, tBQO;fy value previously used may
not be sufficient. The value given by Eq. (10-3) gives the
same amount &00f, whenf.' equals 4440 psi. When the
flange of a T-section is in tension, the amount of tensile
reinforcement needed to make the strength of a reinforced
concrete section equal that of an unreinforced section is
about twice that for a rectangular section or that of a T-sec-
tion with the flange in compression. It was concluded that
this higher amount is necessary, particularly for cantilevers
and other statically determinate situations where the flange
is in tension.
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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 the area of tensile
reinforcement provided is at least one-third greater
than that required by analysis.

10.5.4 — For structural slabs and footings of uniform
thickness the minimum area of tensile reinforcement in
the direction of the span shall be the same as that
required by 7.12. Maximum spacing of this reinforce-
ment shall not exceed the lesser of three times the
thickness and shall not exceed 18 in.

10.6 — Distri bution of fl exural rein force-
ment in beams and one-w ay 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).

COMMENTARY

R10.5.3— The minimum reinforcement required by Eq.
(10-3) or (10-4) 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 sufficient additional reinforcement in large mem-
bers 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 thsh for temperature and
shrinkage reinforcement to the compromise valueShof
which is sonewhat lager han the2h 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. To ensure protection of reinforcement
against corrosion, and for aesthetic reasons, many fine hair-
line cracks are preferable to a few wide cracks.

Control of cracking is particularly important when rein-
forcement with a yield strength in excess of 40,000 psi is
used. Current good detailing practices will usually lead to
adequate crack control even when reinforcement of 60,000
psi yield is used.

Extensive laboratory wotR-12-10-14involving  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 area of concrete in the zone of maximum tension
surrounding each individual reinforcing bar.
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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 s of reinforcement closest to a
surface in tension shall not exceed that given by

s = 5;i)—Z.SCC

S

(10-5)
but not greater than 12(36/f;).

Calculated stress f; (in ksi) in reinforcement at service
load shall be computed as the unfactored moment
divided by the product of steel area and internal
moment arm. It shall be permitted to take f, as 60 per-
cent of specified yield strength.

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 — If the effective depth d of a beam or joist
exceeds 36 in., longitudinal skin reinforcement shall
be uniformly distributed along both side faces of the

CHAPTER 10
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Crack width is inherently subject to wide scatter even in
careful laboratory work and is influenced by shrinkage and
other time-dependent effects. The better crack control is
obtained when the steel reinforcement is well distributed
over the zone of maximum concrete tension.

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 replaces ttefactor requirements

of the 1995 and previous code editions. The maximum bar
spacing is now specified direcfi§:1%10-16.101¢qr the usual
case of beams with Grade 60 reinforcement and 2 in. clear
cover to the main reinforcement, with= 36 ksi, the maxi-
mum bar spacing is 10 in.

Crack widths in structures are highly variable. In previous
codes, provisions were given for distribution of reinforce-
ment that were based on empirical equations using a calcu-
lated crack width of 0.016 in. The new provisions for
spacing are intended to control surface 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. Researéf181019shows 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 in the
tension zone to control cracking in the web. Without such
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member for a distance d/2 nearest the flexural ten-
sion reinforcement. The area of skin reinforcement
Ag, per foot of height on each side face shall be
> 0.012 (d-30) . The maximum spacing of the skin
reinforcement shall not exceed the lesser of d/6 and
12 in. It shall be permitted to include such reinforce-
ment in strength computations if a strain compatibility
analysis is made to determine stress in the individual
bars or wires. The total area of longitudinal skin rein-
forcement in both faces need not exceed one-half of
the required flexural tensile reinforcement.

10.7 — Deep flexural membe rs

10.7.1 — Flexural members with overall depth to clear
span ratios greater than 0.4 for continuous spans, or
0.8 for simple spans, shall be designed as deep flex-
ural members taking into account nonlinear distribu-
tion of strain and lateral buckling. (See also 12.10.6.)

10.7.2 — Shear strength of deep flexural members
shall be in accordance with 11.8.

10.7.3 — Minimum flexural tension reinforcement shall
conform to 10.5.

10.7.4 — Minimum horizontal and vertical reinforce-
ment in the side faces of deep flexural members shall
be the greater of the requirements of 11.8.8, 11.8.9,
and 11.8.10 or 14.3.2 and 14.3.3.

10.8 — Design dimensions for compres-
sion members

10.8.1 — Isolated compression member with multi-
ple 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 monolithi-
cally 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 1-1/2 in. outside the spiral or tie
reinforcement.

10.8.3 — Equivalent circular compression member

As an alternative to using the full gross area for design
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auxiliary steel, the width of the cracks in the web may
greatly exceed the crack widths at the level of the flexural
tension reinforcement.

The requirements for skin reinforcement were modified in
the 1989 code, as the previous requirements were found to
be inadequate in some cases. See Reference 10.20. For
lightly reinforced members, these requirements may be
reduced to one-half of the main flexural reinforcement.
Where the provisions for deep beams, walls, or precast pan-
els require more steel, those provisions (along with their
spacing requirements) will govern.

R10.7 — Deep flexural members

The code does not contain detailed requirements for design-
ing 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 10.21, 10.22, and 10.23.

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, R10.8.4- For column desigh%2*the

code provisions for quantity of reinforcement, both vertical
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 satisfac-
tory 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
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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 Ay 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 com-
pression members

10.9.1 — Area of longitudinal reinforcement for non-
composite compression members shall be not less
than 0.01 nor more than 0.08 times gross area A, of
section.
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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 compres-
sion 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 reinforcemefsiee 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
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 28%°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 investigatio?‘P'25incIuded reinforcement ratios no
greater than 0.06. Although other tests with as much as 17
percent reinforcement in the form of bars produced results
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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 — Ratio of spiral reinforcement ps shall be not
less than the value given by

ps=0.45 L 1fe (10-6)

)

where f, is the specified yield strength of spiral rein-
forcement but not more than 60,000 psi.

c

10.10 — Slende rness ef fects in comp ression
members
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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 % 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 considered 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 out-
side the core to spall off. The amount of spiral reinforce-
ment required by Eg. (10-6) 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 1052°and has been a part of the code
since 1963. The derivation of Eq. (10-6) is given in the ACI
Committee 105 report. Tests and experience show that col-
umns containing the amount of spiral reinforcement
required by this section exhibit considerable toughness and
ductility.

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) fram&526The use of a refined non-
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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.

10.11 — Magnified moments — General

10.11.1 — The factored axial forces P, , the factored
moments M; and M, at the ends of the column, and,
where required, the 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,
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linear second-ordernalysis ispermitted 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 mom&Mg 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 factag less than one. For consistency with
the second-ordeanalysisin 10.13.41, the stffness reduc-

tion factorg@ can be taken as 0.80. The concept of & stiff
ness rduction factor ¢ is dsassed inR1012.3,

R1010.2 — As an altemate to therefined secaod-order
anaysis of 10.10.1design may be basenh elastic nalyses

and te manent magrfier qaproach?o'ﬂ'lo'stor sway
frames the magnified sway moments may be calculated
using a second-order elastic analysis based on realistic stiff-
ness valuesSeeR10.13.4.1

R10.11 — Magnified moments — General

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 loBgl and the criti-

cal buckling loadP, 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 stiffnesse&l 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. Ehe
values should not be based totally on the moment-curvature
relationship for the most Hidy loaded setion albng the
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and effects of duration of the loads. Alternatively, it
shall be permitted to use the following properties for
the members in the structure:

(&) Modulus of elasticity.................... E.from 8.5.1
(b) Moments of inertia
BEAMS ..., 0.35 1
COlUMNS ..o 0.70 /
Walls—Uncracked..........ccccooeveveeinnnnnn. 0.70 |/
—Cracked.......ccccevniiiiieiiee e 0.35/
Flat plates and flat slabs ..................... 0.25 Iy
(C) Ar€a....cccueiiieiiiiiiie e 10Ay

The moments of inertia shall be divided by (1 + ;)
(a) When sustained lateral loads act; or

(b) For stability checks made in accordance with
10.13.6.
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length of each member. Instead, they should correspond to
the moment-end rotation relationship for a complete member.

The alternative values d, |5, andAg 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 elastidiyis based on

the specified concrete 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 10.29. 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 factog of 0.80 to 0.85 on the stability calcula-
tion. The concept of a stiffness reduction fagpris dis-
cussed in R10.12.3

The moment of inertia of T-beams should be based on the
effective flange widh defined in 8.10. It is generally sifi-
ciently accurate to takig of a T-beam as two times tihg

for the web2(b,, h¥/12).

If the factored moments and shears from an analysis based
on the moment of inertia of a wall taken equal0t@dq
indicate that the wall will crack in flexure, based on the
modulus of rupture, the analysis should be repeated with
0.394 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-
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 levef®-30-10-3%q 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 us®.70 = 1.43imes

the moments of inertia given in 10.11.1 for service load
analyses.
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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 the radius of gyration for
the gross concrete section.

10.11.3 — Unsuppo rted length of compression
members

10.11.3.1 — The unsupported length /, of a com-
pression 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, the unsupported length shall be mea-
sured to the lower extremity 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.

10.11.4.2 — 1t also shall be permitted to assume a
story within a structure is nonsway if:
— ZPUAO
Vit

(10-7)

is less than or equal to 0.05, where P, and V,, are the
total vertical load and the story shear, respectively, in
the story in question and 4, is the first-order relative
deflection between the top and bottom of that story
dueto V.
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The last item in 10.11.1 refers to the unusual case of sus-
tained lateral loads. Such a case 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
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 froRA effects does not exceed 5 percent
of the first-order moment€-2° Section 10.11.4.2 gives an
alternative method of determining this based on the stability
index for a stonQ. In computingQ, 2P, should correspond

to the lateral loading case for whigl®,, is greatest. A frame
may contain both nonsway and sway stories. This is not be
suitable ifV,, 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 compQtén

Eq. (10-7) 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.
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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 — Non sway
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 E and /
values used in 10.11.1.
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R10.11.5 —An upper limit is imposed on the slenderness
ratio of columns designday the moment magfier method

of 10.11 to 10.13. No similar limit is imposed if design is
carried out according to 10.10.1. The limftlg/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
membe, the computed moments about each princigaba
should be magfied. The magiication factorsd are com-
puted considering thisuckling load P, about each axis sep-
arately based on the appropriatieetive lengh k4, and the
stiffness El. If the buckling capacities are fieérent about
the wo axes, dfferent magrfication factors will result.

R10.12 — Magnfied moments — Nonsway
frames

R10.12.1— The moment magfier equations were deed

for hinged end columns and should be rfiedito account
for the dfect of end restraints. This is dotg using an
effective lengthk4, in the computation d®.

The primary design aid to estimate tHteetive length fac-
tor k is the Jackson and Moreland Alignment Chalisg).(
R10.12.), which albw a graphical determinatiorf & for a
column of constant cross section in a multibay

frame10.32|10.33

The dfective length is a function of the relle stifness at
each end of the compression memt#tudies bve indi-
cated that theféects ofvarying beam and column reinforce-
ment percentages and beam cracking should be considered
in determining the relate end sffnesses. In determining

for use inevaluating the #Hective length factok, the rigid-

ity of the flexural members may be calculated on the basis
of 0.39 4 for flexural members to account for thifeet of
cracking and reinforcement on relet stffness, ad 0.70 4

for compression members.

The following simplified equations for computing th&éex-
tive length factors for nonsway andasy members may be
used. Eq. (A), (B), and (E) areken from the 1972 British
Standard Code of Practi&Q'?4'10'35Eq. (C) and (D) for
sway members wereedeloped in Reference 10.33.

For compression members in a noay frame, an upper
bound to the #ective length factor may be kan as the
smaller of the folbwing two expressions:

k=0.7+0.05@, + ) < 1.0 A

k=0.85 + 0.0§in < 1.0 (B)

where, andyg are thevalues ofy at the two ends of the
column andy,in is the smaller of the twealues.
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10.12.2 — In nonsway frames it shall be permitted to
ignore slenderness effects for compression members
that satisfy:
7
—¢<34-12(M,/ My) (10-8)
where the term [34 - 12M;/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 the factored axial load P, and the moment ampli-
fied for the effects of member curvature M, as follows:

Mc = 8psM> (10-9)
where
C
_ m
8, = 5—210 (10-10)
_ u
0.75P,
a5
p,=X 3 (10-11)
(k4,)
El shall be taken as
0.2E.I +E_l
1= (02Eclg* Eslse) (10-12)
1+ Bd

or
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For compression members in way frame, restrained at
both ends, theftective length factor may be taken as:

For ¢, <2
20—
k=20 iy, ©
For ¢, =2
k =09,/1+y, D}

wherey,, is theaverage of thep-values at thewo ends of
the compression membe

For compression members in a sway frame, hinged at one
end, the Hective length factor may be taken as:

k=2.0+0.3 (B)

wherey is the value at the restrained end.

The use of the charts fg. R10.12.1 or the equations in
this section, may be considered as satisfying the require-
ments of the code to justik less than 1.0.

R10.122 — Eq. (10-8) is deved from Eg. (10-10) assum-

ing that a 5 percent increase in moments due to slenderness
is acceptablé®?’ The deivation did not includep in the
calculation of the moment madjier. As afirst approxima-

tion, k may be tken equal to 1.0 in Eq. (10-8).

R10.12.3— Thegfactors used in the design of slender col-
umns represent twoftierent sources ofariability. First, the
stiffness reductionp-factors in the magnifier equations in
the 1989 and earlier codes were intended to account for the
variability in the stifnessEl and the moment madidation
analysis. Second, thariability of the strength of the cross
section is accounted fdiy strength reductiop-factors of

0.70 for tied columns and 0.75 for spiral columns. Studies
reported in Reference 10.36 indicate that tHénsss reduc-

tion factorg, and the cross-sectional strength reducgo
factors do not &e the samealues, contrary to the assump-
tion in the 1989 and earlier codes. These studies suggest the
stiffness reductiorfactor g for an isolated column should

be 0.75 for both tied and spiral columns. The 0.75 factors in
Eg. (10-10) and (10-19) are fftiess reduction factorgk

and replace thefactors in these equations in the 1989 and
earlier codes. This has been done amid confusion
between a diiness reduction factog¢ in Eq. (10-10) and
(10-19), and the cross-sectional strength reduggitactors.

In defining the critical load, the main problem is the choice
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(@) (b)
Nonsway Frames Sway Frames
¢ = ratioof X(El/4) of compression membersto X(El/4 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 factoks,

0.4E_I of a stiffnes<El that reasonably approximates the variations
= —-cg (10-13) o o nably app varat
1+B, in stiffness due to cracking, creep, and the nonlinearity of

the concrete stress-strain curve. Eq. (10-12) 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 stiffiligss
used to comput®. and hence,g by dividing El by (1 +

By). Both the concrete and steel terms in Eq. (10-12) are
divided by(1 + ). This reflects the premature yielding of
steel in columns subjected to sustained load.

Either Eqg. (10-12) or (10-13) may be used to comjalte
Eqg. (10-13) is a simplified approximation to Eq. (10-12). It
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10.12.3.1 — For members without transverse loads
between supports, C,, shall be taken as

c =06+04Y1504
m = 0. 4,20
where M;/M, 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.

(10-14)

10.12.3.2 — The factored moment M, in Eq. (10-9)
shall not be taken less than

My min = Py (0.6 + 0.03h) (10-15)

about each axis separately, where 0.6 and h are in
inches. For members for which M, ..., exceeds My,
the value of Cp, in Eq. (10-14) shall either be taken
equal to 1.0, or shall be based on the ratio of the com-
puted end moments M; and M,.

10.13 — Magnified moments — Sway frames

CHAPTER 10
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is less accurate than Eq. (10-19)7 Eq. (10-13) may be
simplified further by assumingy = 0.6 When this is done
Eqg. (10-13) becomes

El = 0.25E], (F)
The termfBy is defined differently for nonsway and sway
frames.Seel0.0 For nonsway frameg, is the ratio of the

maximum factored axial sustained load to the maximum
factored axial load.

R10.12.3.1— The factorC,, is an equivalent moment
correction factor. 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 momentC,,M, that would lead to the same maximum
moment when magnifietf-2’

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 df, in Eq. (10-9). In accor-
dance with the last sentence of 10.12.8,},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.

The factored column end moments from the structural anal-
ysis are used in Eq. (10-14) in determining the ristidM»

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 were revised in
the 1995 code. The revised procedure consists of three
steps:

(1) The magnified sway momen&Mg are computed.
This should be done in one of three ways. First, a sec-
ond-order elastic frame analysis may be used
(10.13.4.1). Second, an approximation to such analy-
sis (10.13.4.2) may be used. The third option is to use
the sway magnifieds from previous editions of the
code (10.13.4.3);
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10.13.1 — For compression members not braced
against sidesway, the effective length factor k shall be
determined using E and / values in accordance with
10.11.1 and shall be greater than 1.0.

10.13.2 — For compression members not braced
against sidesway, effects of slenderness may be
neglected when k/,/r is less than 22.

10.13.3 — The moments M; and M, at the ends of an
individual compression member shall be taken as

My = Myps + 0sMy s (10-16)

Mo = Mpps + 0sMps (10-17)
where d;M; s and s M, shall be computed according
t0 10.13.4.

10.13.4 — Calculation of Mg

10.13.4.1 — The magnified sway moments dsMs
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.

318/318R-125
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(2) The magnified sway momendgMg are added to the
unmagnified nonsway momeml,s 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 magnifigg with P
computed assuminig= 1.0or less.

R10.13.1— SeeR10.12.1.

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.

R10.13.4 — Calculation oidsMg

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 osMg, the deflections should be representative of the
stage immediately prior to the ultimate load. For this reason
the reducede | values given in 10.11.1 should be used in
the second-order analysis.

The termfy is defined differently for nonsway and sway
frames. See 10.0. 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@8f in 10.0 gives

By = 0. In the unusual case of a sway frame where the lateral
loads are sustainefy 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.
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10.13.4.2 — Alternatively, it shall be permitted to
calculate ;M as
M >M
1-07 7S
If &5 calculated in this way exceeds 1.5, d; M shall be
calculated using 10.13.4.1 or 10.13.4.3.

o.M, =

S'Ss

(10-18)

10.13.4.3 — Alternatively, it shall be permitted to
calculate the magnified sway moment ;Mg as

B Mg = ——5—2 M,

u

1o—— U
0.752P,

(10-19)

where 2P, is the summation for all the vertical loads in
a story and 2P, is the summation for all sway resisting
columns in a story. P, is calculated using Eq. (10-11)
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In the 1989 and earlier codes, the moment magnifier equa-
tions foréd, andds included a stiffness reduction facipg to
cover the variability in the stability calculation. The second-
order analysis method is based on the valu&saofdl from
10.11.1. These lead to a 20 to 25 percent overestimation of
the lateral deflections that corresponds to a stiffness reduc-
tion factor ¢ between 0.80 and 0.85 on tRA moments.

No additionalg-factor is needed in the stability calculation.
Once the moments are established, selection of the cross
sections of the columns involves the strength reduction fac-
torspfrom9.3.2.2

R10.13.4.2— The iterativePA analysis for second-order
moments can be represented by an infinite series. The solu-
tion of this series is given by Eq. (10-18)%° Reference
10.38 shows that Eq. (10-18) closely predicts the second-

| order moments in a sway frame uidilexceeds 1.5.

ThePA moment diagrams for deflected columns are curved,
with A related to the deflected shape of the columns. Eq.
(10-18) and most commercially available second-order
frame analyses have been derived assuming thaPshe
moments result from equal and opposite forcePAi/
applied at the bottom and top of the story. These forces give
a straight lind®PA moment diagram. The curv&fl moment
diagrams lead to lateral displacements in the order of 15
percent larger than those from the straight Pdemoment
diagrams. This effect can be included in Eq. (10-18) by
writing the denominator g4-1.15Q) rather thar{1-Q). The
1.15 factor has been left out of Eqg. (10-18) to maintain con-
sistency with available computer programs.

If deflections have been calculated using service ld@dis,
Eqg. (10-18) should be calculated in the manner explained in
R10.11.4.

In the 1989 and earlier codes, the moment magnifier equa-
tions for 8, and d included a stiffness reduction facigg

to cover the variability in the stability calculation. The
factor analysis is based on deflections calculated using the
values ofE; andly from 10.11.1, which include the equiva-
lent of a stiffness reduction factapc as explained in
R10.13.4.1. As a result, no additiogfactor is needed in

the stability calculation. Once the moments are established
using Eq. (10-18), selection of the cross sections of the col-
umns involves the strength reduction facipfsom 9.3.2.2.

R10.13.4.3— To check the effects of story stability 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 tR& 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 mid-
height deflections even if adequately braced against lateral
end deflections by other columns in the story. Such a col-
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using k from 10.13.1 and E/ from Eq. (10-12) or Eq.
(10-13).

10.13.5 — If an individual compression member has

/
2> 35 (10-20)

it shall be designed for the factored axial load P, and
the moment M, calculated using 10.12.3 in which M,
and M, are computed in accordance with 10.13.3, B4
as defined for the load combination under consider-
ation, and k as defined in 10.12.1.

10.13.6 — In addition to load cases involving lateral
loads, the strength and stability of the structure as a
whole under factored gravity loads shall be consid-
ered.

(a) When ;Mg is computed from 10.13.4.1, the
ratio of second-order lateral deflections to first-
order lateral deflections for 1.4 dead load and
1.7 live load plus lateral load applied to the
structure shall not exceed 2.5;

(b) When 8;M, is computed according to 10.13.4.2,
the value of Q computed using 2P, for 1.4 dead
load plus 1.7 live load shall not exceed 0.60;

() When 9sM; is computed from 10.13.4.3, O
computed using 2P, and 2P, corresponding to
the factored dead and live loads shall be posi-
tive and shall not exceed 2.5.

In cases (a), (b), and (c) above, B, shall be taken as
the ratio of the maximum factored sustained axial load
| to the maximum factored axial load.

COMMENTARY

umn will have{/r greater than the value given in Eq. (10-
20) 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. (10-19) is a stiffness
reduction factog as explained in R10.12.3.

In the calculation oEl, B4 will normally be zero for a sway
frame because the lateral loads are generally of short dura-
tion. (See R10.13.1).

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. 1%, /r is less than the value given by Eq. (10-20)
the maximum moment at any point along the height of such
a column will be less than 1.05 times the maximum end
moment. Whe,/r exceeds the value given by Eq. (10-20),
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 percéfit?® In such a case the
maximum moment is calculated by magnifying the end
moments using Eg. (10-9).

R10.13.6— The possibility of sidesway instability under
gravity loads alone should be investigated. When using sec-
ond-order analyses to compigMg (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 compuigM g, the value ofQ eval-
uated using factored gravity loads should not exceed 0.60.
This is equivalent tds = 2.5 The values o¥/,, and4, used

to computeQ can result from assuming any real or arbitrary
set of lateral loads provided thgt andA, are both from the
same loading. If) as computed in 10.11.4.2 is 0.2 or less,
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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 support-
ing 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.

10.15 — Transmission of column loads
through floor system

When the specified compressive strength of concrete
in a column is greater than 1.4 times that specified for
a 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 2 ft
into the slab from face of column. Column concrete
shall be well integrated with floor concrete, and shall
be placed in accordance with 6.4.5 and 6.4.6.

CHAPTER 10

COMMENTARY
the stability check in 10.13.6 is satisfied.

When §;Mq is computed using Eq. (10-19), an upper limit
of 2.5 is placed 0d. For higherdg values, the frame will be
very susceptible to variations il and foundation rota-
tions. If &5 exceeds 2.5 the frame should be stiffened to
reduceds. 2P, shall include the axial load in all columns
and walls including columns that are not part of the lateral
load resisting system. The valdg= 2.5is a very high mag-
nifier. It has been chosen to offset the conservatism inherent
in the moment magnifier procedure.

For nonsway framegB, is the ratio of the maximum fac-
| tored axial sustained load to the maximum factored axial
load.

| 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.

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 strertGtf?

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

ACI 318 Building Code and Commentary



CHAPTER 10

CODE

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, strength of the column shall be permitted to be
based on an assumed concrete strength in the column
joint equal to 75 percent of column concrete strength
plus 35 percent of floor concrete strength.

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 of a composite section shall be not
greater than the value given by

318/318R-129
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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 2-ft exten-
sion 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 col-
umn and floor concrete farther out into the floor, away from

regions of very high shear.

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#%40 and theACI Design Handbootf-33but

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. (10-21) 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.
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- [(Edy/D)*El
|(E,A/5) + ELA,

and, as an alternative to a more accurate calculation,
Elin Eq. (10-11) shall be taken either as Eq. (10-12) or
E.l /5
El = (Eclg”®) | Egl,
1+B, S

(10-21)

(10-22)

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

b /STfi:Z— for each face of width b

S

nor

f . . .
h /S—é— for circular sections of diameter h
S
10.16.6.2 — Longitudinal bars located within the
encased concrete core shall be permitted to be used
in computing A;and /;.

10.16.7 — Spiral reinforcement around structural
steel core

A composite member with spirally reinforced concrete
around a structural steel core shall conform to the
10.16.7.1 through 10.16.7.8.

10.16.7.1 — Specified compressive strength of con-
crete f.' shall be not less than 2500 psi.

10.16.7.2 — Design yield strength of structural steel
core shall be the specified minimum vyield strength for
the grade of structural steel used but not to exceed
50,000 psi.

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 A;
and /;.

CHAPTER 10
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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
effectiveEl. Accordingly, both the concrete and steel terms
in Eq. (10-12) 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. (10-22) was revised in the 1980 code
supplement so that only tl& 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.

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.
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10.16.8 — Tie reinforcement around structural R10.16.8 — Tie reinforcement around structural steel
steel core 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 of con-
crete f.' shall be not less than 2500 psi.

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
50,000 psi.

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. 3 and are not required to be larger
than No. 5. Welded wire fabric 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.

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 mem-
ber.

10.16.8.8 — Longitudinal bars located within the
ties shall be permitted to be used in computing A, for
strength but not in computing /; for evaluation of slen-
derness effects.

10.17 — Bearing strength

10.17.1 — Design bearing strength on concrete shall
not exceed @ (0.857,'A,), except when the supporting
surface is wider on all sides than the loaded area, then
the design bearing strength on the loaded area shall
be permitted to be multiplied by ,/A,/A, but not more
than 2.

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 vyield
strength of 0.0018 x 29,000,000, or 52,000 psi, represents
an upper limit of the useful maximum steel stress.

R10.17 — Bearing strength

R10.17.1— This section deals with bearing strength on
concrete supports. The permissible bearing stre®s8&i.

is based on tests reported in Reference 1Q&4e 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
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10.17.2 — Section 10.17 does not apply to post-ten-
sioning anchorages.

COMMEN TARY
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Fig. R10.17—Application of frustumfiad A, in
stepped or sloped supports

depth of support will be controlleby the shear require-
ments of 11.11.

When the top of the support is sloped or steppedyraege
may still be taken of the condition that the supporting mem-
ber is lager than the loaded areappided the supporting
member does not slope at too great an arigte. R10.17
illustrates the application of the frustum fiod A,. The
frustum should not be confused with the paghwhich a
load spreads out as ittels downward through the support.
Such a load path wouldabe steeper sides.ddever, the
frustum described has sewhat flat side slopes to ensure
that there is concrete immediately surrounding the zone of
high stress at the bearing, is the loaded arebut not
greater than the bearing plate or bearing cross-sectional
area.

R10.17.2— Post-tensioning anchorages are normally later-
ally reinforced, in accordance Wii8.13
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11.0 — Notation

shear span, distance between concentrated
load and face of support, in.

area of concrete section resisting shear trans-
fer, in.2

area enclosed by outside perimeter of con-
crete cross section, in.? See 11.6.1

area of reinforcement in bracket or corbel
resisting factored moment, [V,a + N, (h - d)],
in.?

gross area of section, in.?

area of shear reinforcement parallel to flexural
tension reinforcement, in.?

total area of longitudinal reinforcement to
resist torsion, in.2

area of reinforcement in bracket or corbel
resisting tensile force N, in.?

gross area enclosed by shear flow path, in.?
area enclosed by centerline of the outermost
closed transverse torsional reinforcement, in.?
area of prestressed reinforcement in tension
zone, in.?

area of nonprestressed tension reinforcement,
in.?

area of one leg of a closed stirrup resisting tor-
sion within a distance s, in.?

area of shear reinforcement within a distance
s, or area of shear reinforcement perpendicu-
lar to flexural tension reinforcement within a
distance s for deep flexural members, in.?
area of shear-friction reinforcement, in.2

area of shear reinforcement parallel to flexural
tension reinforcement within a distance s, in.?
width of compression face of member, in.
perimeter of critical section for slabs and foot-
ings, in.

width of that part of cross section containing
the closed stirrups resisting torsion, in.

web width, or diameter of circular section, in.

COMMENTARY

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.

R11.0 — Notation

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 ft or kip.

Testd!1have indicated that the average shear stress over the
full effective section also may be applicable for circular sec-
tions. Note the special definition dffor such sections.
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width of the critical section defined in
11.12.1.2 measured in the direction of the
span for which moments are determined, in.
width of the critical section defined in
11.12.1.2 measured in the direction perpen-
dicular to by, in.

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

size of rectangular or equivalent rectangular
column, capital, or bracket measured trans-
verse to the direction of the span for which
moments are being determined, in.

distance from extreme compression fiber to
centroid of longitudinal tension reinforcement,
but need not be less than 0.80h for circular
sections and prestressed members, in.
specified compressive strength of concrete,
psi

square root of specified compressive strength
of concrete, psi

average splitting tensile strength of lightweight
aggregate concrete, psi

stress due to unfactored dead load, at
extreme fiber of section where tensile stress is
caused by externally applied loads, psi
compressive stress in concrete (after allow-
ance for all prestress losses) at centroid of
cross section resisting externally applied
loads or at junction of web and flange when
the centroid lies within the flange, psi. (In a
composite member, f, is resultant compres-
sive stress at centroid of composite section, or
at junction of web and flange when the cen-
troid lies within the flange, due to both pre-
stress and moments resisted by precast
member acting alone)

compressive stress in concrete due to effec-
tive prestress forces only (after allowance for
all prestress losses) at extreme fiber of sec-
tion where tensile stress is caused by exter-
nally applied loads, psi

specified tensile strength of prestressing ten-
dons, psi

specified vyield strength of nonprestressed
reinforcement, psi

specified yield strength of circular tie, hoop, or
spiral reinforcement, psi

yield strength of closed transverse torsional
reinforcement, psi

yield strength of longitudinal torsional rein-
forcement, psi

overall thickness of member, in.

total depth of shearhead cross section, in.
total height of wall from base to top, in.

CHAPTER 11

COMMENTARY

Although the value ofl may vary along the span of a pre-
stressed beam, studi&$ showed that, for prestressed con-
crete membersgd need not be taken less th@rgh. The
beams considered had some straight tendons or reinforcing
bars at the bottom of the section and had stirrups which
enclosed those tendons.
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/ = moment of inertia of section resisting exter-
nally applied factored loads, in.*

= clear span measured face-to-face of supports, in.

length of shearhead arm from centroid of con-

centrated load or reaction, in.

= horizontal length of wall, in.

moment causing flexural cracking at section

due to externally applied loads. See 11.4.2.1

= modified moment, in.-lb

= maximum factored moment at section due to

externally applied loads, in.-Ib

required plastic moment strength of shear-

head cross section, in.-Ib

= factored moment at section, in.-lIb

= moment resistance contributed by shearhead

reinforcement, in.-lb

factored axial load normal to cross section

occurring simultaneously with V,,; to be taken

as positive for compression, negative for ten-

sion, and to include effects of tension due to

creep and shrinkage, Ib

N,. = factored tensile force applied at top of bracket
or corbel acting simultaneously with V,,, to be
taken as positive for tension, Ib

Pcp = outside perimeter of the concrete cross sec-
tion, in. See 11.6.1
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pn = perimeter of centerline of outermost closed
transverse torsional reinforcement, in.

s = gpacing of shear or torsion reinforcement in
direction parallel to longitudinal reinforcement,
in.

S, = spacing of vertical reinforcement in wall, in.

S, = spacing of shear or torsion reinforcement in

direction perpendicular to longitudinal rein-
forcement—or spacing of horizontal reinforce-
ment in wall, in.
= thickness of a wall of a hollow section, in.
= nominal torsional moment strength, in.-Ib
= factored torsional moment at section, in.-lb
= nominal shear strength provided by concrete, Ib
= nominal shear strength provided by concrete
when diagonal cracking results from com-
bined shear and moment, Ib
V., = nominal shear strength provided by concrete
when diagonal cracking results from exces-
sive principal tensile stress in web, |b

m< ﬁ< C\| :T' -

V,; = shear force at section due to unfactored dead
load, Ib

V; = factored shear force at section due to exter-
nally applied loads occurring simultaneously
with M4 b

V,, = nominal shear strength, Ib

V,, = vertical component of effective prestress force
at section, Ib

Vs, = nominal shear strength provided by shear
reinforcement, Ib

V, = factored shear force at section, Ib

ACI 318 Building Code and Commentary



318/318R-136 CHAPTER 11

CODE

v, = nominal shear stress, psi. See 11.12.6.2

y; = distance from centroidal axis of gross section,
neglecting reinforcement, to extreme fiber in
tension, in.

a = angle between inclined stirrups and longitudi-
nal axis of member

a; = angle between shear-friction reinforcement
and shear plane

a;, = constant used to compute V. in slabs and
footings

a, = ratio of stiffness of shearhead arm to sur-
rounding composite slab section. See
11.12.45

B. = ratio of long side to short side of concentrated
load or reaction area

B, = constant used to compute V, in prestressed
slabs

¥ = fraction of unbalanced moment transferred by
flexure at slab-column connections. See
13.5.3.2

¥, = fraction of unbalanced moment transferred by

eccentricity of shear at slab-column connec-
tions. See 11.12.6.1

= 1-y
n = number of identical arms of shearhead
0 = angle of compression diagonals in truss anal-
ogy for torsion
A = correction factor related to unit weight of con-
crete
u = coefficient of friction. See 11.7.4.3
p = ratio of nonprestressed tension reinforcement
= Ag/bd
pn = ratio of horizontal shear reinforcement area to
gross concrete area of vertical section
p, = ratio of vertical shear reinforcement area to
gross concrete area of horizontal section
Py = As/byd
@ = strength reduction factor. See 9.3

11.1 — Shear stre ngth

11.1.1 — Design of cross sections subject to shear
shall be based on:

oV, 2V, (11-1)

where V,, is factored shear force at section considered
and V,, is nominal shear strength computed by:

V,= Ve + Vg (11-2)

where V. is nominal shear strength provided by con-
crete in accordance with 11.3 or 11.4, and V, is nomi-

nal shear strength provided by shear reinforcement in
accordance with 11.5.6.

COMMENTARY

R11.1 — Shear strength

The shear strength is based on an average shear stress on the
full effective cross sectioh,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 conciétés assumed to be

the same for beams with and without shear reinforcement
and is taken as the shear causing significant inclined crack-
ing. These assumptions are discussed in References 11.1,
11.2, and 11.3.
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11.1.1.1 — In determining shear strength V,,, effect
of any openings in members shall be considered.

11.1.1.2 — In determining shear strength V,, when-
ever applicable, effects of axial tension due to creep
and shrinkage in restrained members shall be consid-
ered and effects of inclined flexural compression in
variable depth members shall be permitted to be
included.

11.1.2 — The values of /7’ used in this chapter shall
not exceed 100 psi except as allowed in 11.1.2.1.

11.1.2.1 — Values of ,/f;’ greater than 100 psi shall
be permitted in computing V., V., and V,, for rein-
forced or prestressed concrete beams and concrete
joist construction having minimum web reinforcement
equal to f;'/5000 times, but not more than three times,
the amounts required by 11.5.5.3, 11.5.5.4, or
11.6.5.2.

11.1.3 — Computation of maximum factored shear
force V|, at supports in accordance with 11.1.3.1 or
11.1.3.2 shall be permitted when all of the following
conditions 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 mem-
ber;

(c) No concentrated load occurs between face of
support and location of critical section defined in
11.1.3.10r 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 the same shear
V, as that computed at a distance d.

318/318R-137
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R11.1.1.1— Openings in the web of a member can
reduce its shear strength. Thiéeets of openings are dis-
cussed in Section 4.7 of Reference 11.1 and in References
11.4 and 11.5.

R11.1.1.2— In a member o¥ariable depth, the internal
shear atay section is increased or decreabgdhevertical
component of the inclined étural stresses. Computation
methods are outlined ivarious extbooks and in the 1940
Joint Committee Repott.©

R11.1.2— A limited number of tests”1%8of reinforced
concrete beams made with high strength conc(&te
greater than about 8000 psi) suggest that the inclined crack-
ing load increases less rapidly than Eq. (11-3) or (11-5)
would suggest. This wadfsetby an increasedffectiveness

of the stirrups compared to strength predidigdEq. (11-
15), (11-16), and (11-17). Other tést of high-strength
concrete girders with minimum web reinforcement indi-
cated that this amount of web reinforcemeat inadequate

to prevent brittle shear failures when inclined cracking
occurs. There are no test data on the way-shear strength

of high-strength concrete slabs or torsional strength. Until
more practicaéxperience is obtained with beams and slabs
built with concretes with strengths greater than 10,000 psi,
itis prudent to limti ,/f’ to 100 psi in calculations of shear
strength and erelopment lengthFor beams with enough
stirrups to albw post-cracking capacity this limit is not
imposed.

R11.1.3.1— The closest inclined crack to the support of
the beam irFig. R11.1.3.1(apvill extend upwards from the
face of the support reaching the compression zone tathou
from the face of the support. If loads are applied to the top of
this beam, the stirrups across this crack are strégskdds
acting on thedwer freebody inFig. R11.1.3.1(a)The loads
applied to the beam between the face of the column and the
point d avay from the face are transferred directly to the sup-
portby compression in the web @ke the crack. Accordgly,
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d
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“_/l/“—'_
Fig. R11.1.3.1(b)—Location of critical section for shear in
a member loaded near bottom

the code permits design for a maximum factored shear force
V, at a distaned from the support for nonprestressed mem-
bers, and at a distamt/2 for prestressed memberByvo
things are emphasizefirst, stirrups are required across the
potential crack designed for the shetad &om the support,
and second, a tension foreeists in the longitudinal rein-
forcement at the face of the support.

In Fig. R11.1.3.1(h)loads are shwn 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 cracktending ugvard from the support
face. The shear force acting on the critical section should include
all loads applied belv the potential incling crack.
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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 the same shear
V,, as that computed at a distance h/2.

11.1.4 — For deep flexural members, brackets and
corbels, walls, and slabs and footings, the special pro-
visions of 11.8 through 11.12 shall apply.

COMMEN TARY

1 } ™T
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(c) (d)

* .
l | ’ LM j

(e) ®
Fig. R11.1.3.1(c, d, e, fyFypical support conditions for
locating factoed shear foceV,,

Typical support conditions where the shear force at a disthnce
from the support may be used include: (1) membegyscsted

by bearing at the bottom of the membguch as gwn in
Fig. R11.1.3.1(¢)and (2) members framing monolithically
into another member as illustratedHig. R11.1.3.1(d)

Support conditions where this guision should not be
applied include: (1) Members framing into a supporting
member in tension, such asosm 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 nvestigated and special corner reinforcement should be
provided. (2) Members for which loads are not applied at or
near the top of the memb@his is the condition referred to in
Fig. 11.1.3.1(h)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 craskending upward
from the supporface. The shear force acting on the critical
section should include all loads applieddeethe potential
inclined crack. (3) Members loaded such that the shear at sec-
tions between the support and a distathérom the support
differs radically from the shear at distamc This commonly
occurs in brakets and in beams where a concentrated load is
located close to the support, aswh in Fig. R11.1.3.1(for

in footings supported on piles. In this case the shear at the
face of the support should be used.

R11.1.3.2— Becausel frequentlyvaries in prestressed
members, the location of the critical section has arbitrarily
been taken as/2 from the face of the support.
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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 ﬂ throughout Chapter 11,
except 11.5.4.3, 11.5.6.9, 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, f. /6.7 shall be
substituted for /f.’, but the value of f, /6.7 shall not

| exceed ff. .

11.2.1.2 — When f is not specified, all values of
ij’ 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 p rovided by concrete
for nonprestressed membe rs

11.3.1 — Shear strength V, shall be computed by pro-
visions of 11.3.1.1 through 11.3.1.3, unless a more
detailed calculation is made in accordance with 11.3.2.

11.3.1.1 — For members subject to shear and flex-
ure only,

V.=2 [f b,d (11-3)

11.3.1.2 — For members subject to axial compres-
sion,

— NU 0 T
V. = 2H+ 2000A9D/€ b,d (11-4)
Quantity N, /A4 shall be expressed in psi.

11.3.1.3 — For members subject to significant axial
tension, shear reinforcement shall be designed to
carry total shear unless a more detailed analysis is
made using 11.3.2.3.

11.3.2 — Shear strength V, shall be permitted to be
computed by the more detailed calculation of 11.3.2.1
through 11.3.2.3.

COMMENTARY
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/f? in the equations of Chapter 11.

R11.2.1.1— The first alternative bases the modification
on laboratory tests to determine the relationship between
splitting tensile strength, and the compressive strendth
for the lightweight concrete being used. For normalweight
concrete, the splitting tensile strendthis approximately
equal to6.7,/f 11101111

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
normal weight concreté:!! The multipliers are based on
data from tests on many types of structural lightweight
aggregate concrete.

R11.3 — Shear strength provided by concrete
for nonprestressed members

R113.1.1— SeeR11.32.1.

R113.12 and R11.31.3— See R11.3.2.
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11.3.2.1 — For members subject to shear and flex-
ure only,

V,d
V. = H.9,/f7 +2500p,, MLEde (11-5)
u

but not greater than 3.5 /f ' b, d. Quantity V,,d/M,, shall
not be taken greater than 1.0 in computing V, by Eq.
(11-5), where M, is factored moment occurring simul-
taneously 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 lim-
ited to 1.0, where

- (4h-d)
Mm - Mu_Nu 3 (11'6)
However, V, shall not be taken greater than
V. =35 [fib,d |1+ (11-7)
c f\/j w 5OOAg

Quantity N, /A4 shall be expressed in psi. When M,, as
computed by Eqg. (11-6) is negative, V. shall be com-
puted by Eq. (11-7).

318/318R-141
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R11.3.21 — Eg. (11-5) is the baskxpression for shear
strength of members without shear reinforcemént.
Designers should recognize that the thvagables in Eq.
(11-5),@ (as a measure of concrete tensile strength),
andV,d/M, , are kmwn to dfect shear strength, although
some research data-'1*?indicate that Eq. (11-F)veresti-
mates the influence of. and underestimates the influence
of p, andV,d/M, . Further informatioh3 has indicated
that shear strength decreases asaerall depth of the
member increases.

The minimumvalue ofM, equal toV,d in Eq. (11-5) is to
limit V¢ near points of inflection.

For most designs, it is ceenient to assume that the second
term of Eq. (11-5) equal.1 ff; and useV, equal to
2 [t b,d as permitted in 11.3.1.1.

R11.3.22 — Eq. (11-6) and (11-7), for members subject
to axial compression in addition to shear arexuie are
deiived in theACI-ASCE Committee 326 report As N,
is increased, thealue d V, computed from Eqg. (11-5) and
(11-6) will exceed the upper limitigen by Eq. (11-7)
before thevalue ofM, givenby Eq. (11-6) becomesega-
tive. Thevalue ofV, obtained from Eq. (11-5) has no physi-
cal signficance if a egaive value d M, is substitutedrFor
this condition, Eq. (11-7) or Eq. (11-4) should be used to
calculae V.. Values otV for members subject to shear and
axial load are illustrated iRig. R11.3.2.2The background
for these equations is discussed and comparisons are made
with test data in Reference 11.2.

Because of the complity of Eq. (11-5) and (11-6), an
alternatve design pvision, Eq. (11-4), is permitted.

T
\\( Eq.(11-8) T6 v
Shaded area Eq.(11-7) T5 T
shows approx.
range of values [ N T4 ]
obtained from ™~
Eqg. (11-5) and +3 =
Eq. (11-6).
42 i
L RN 4
COMPRESSION @Eq}ll-s)
1 AN
1000 500 0 -500

Ny/Ag . psi

Fig. R11.3.2.2—Comparison of sheamesigth equations
for members subject to axial load
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11.3.2.3 — For members subject to significant axial
tension,

N
V, = 2B+ —L D [fib,d
c %1500Ag ¢ tw

(11-8)
but not less than zero, where N, is negative for ten-
sion. Quantity N, /A, shall be expressed in psi.

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 the effective depth as 0.8 times the
diameter of the concrete section.

11.4 — Shear strength p rovided by con-
crete for prestressed membe rs

11.4.1 — 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 11.4.2,

V.
V. = H0.8,[f] +700—A2’—quWd (11-9)
u

but V, need not be taken less than 2 /f’ b,,d nor shall
V. be taken greater than 5@ b,,d nor the value given
in 11.4.3 or 11.4.4. The quantity V,d/M, shall not be
taken greater than 1.0, where M, is factored moment
occurring simultaneously with V,, at the section consid-
ered. When applying Eqg. (11-9), d in the term V,,d/M,,
shall be the distance from extreme compression fiber
to centroid of prestressed reinforcement.

CHAPTER 11

COMMENTARY

R11.3.2.3— Eq. (11-8) may be used to compigfor
members subject to significant axial tension. Shear rein-
forcement may then be designed Yoy - 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 &éatl-14 1115

R11.4 — Shear strength provided by concrete
for prestressed members

R11.4.1— Eq. (11-9) offers a simple means of computing
V, for prestressed concrete bedrhslt 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/,d/M,, can be expressed as

Vid _ d(2x)
M, x(/-=x)
T T T T T T T
5001 £=5000 psi 7
400 .
300 —
VC
byd
200 ' ~
psi Ve 2/ febwd
100 -
1 1 1 1 1 1 I
0 ya ya 34 £
8 4 8 2

DISTANCE FROM SIMPLE SUPPORT, x

Fig. R11.4.1—Application of Eq. (11-9) to uniformly loaded
prestressed members
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11.4.2 — Shear strength V. shall be permitted to be
computed in accordance with 11.4.2.1 and 11.4.2.2,
where V, shall be the lesser of V, or V,, .

11.4.2.1—Shear strength V,; shall be computed by

V:M

_ 7 i'cr
Vci = 0.6 /fc de+ Vd+ v
max

(11-10)

but V,; need not be taken less than 1.7 [f’ b,,d, where

Mc, = (I/Yt)(BJf_c' + fpe—fa) (11-112)

and values of M,,,, and V; shall be computed from the
load combination causing maximum moment to occur
at the section.

11.4.2.2—Shear strength V,,, shall be computed by

Vew = (3.5 Jf +03f,0)b,d+V,  (11-12)

Alternatively, V,, shall be computed as the shear force
corresponding to dead load plus live load that results
in a principal tensile stress of 4 [f 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.

11.4.2.3 — In Eq. (11-10) and (11-12), d shall be
the distance from extreme compression fiber to cen-
troid of prestressed reinforcement or 0.8h, whichever
is greater.

318/318R-143
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where/ is the span length ands the distance from the sec-
tion being nvestigated to the suppoFRor concrete withf'
equal to 5000 psiV. from 11.4.1varies as sbwn in Fig.
R11.4.1 Design aids based on this equation dkergin
Reference 11.16.

R11.42 — Two types of inclined cracking occur in concrete
beams: web-shear cracking andxflre-shear cracking.
These Wo types of inclined cracking are illustratedFig.
R11.4.2

Web-shear cracking egins from an interior point in a
member when the principal tensile stresseged the ten-
sile strength of the concrete eklire-shear cracking is ini-
tiatedby flexural cracking. When éural cracking occurs,
the shear stresses in the concretevabthe crack are
increased. Thedkure-shear crackestelops when the com-
bined shear and tensile stresseeds the tensile strength
of the concrete.

UG TTIIR

I
CONTINUOUS
SUPPORT

FLEXURAL AND | WEB-— FLEXURAL AND
FLEXURE—SHEAR SHEAR FLEXURE —SHEAR
| T T gl 1

Fig. R11.4.2—Fypes of cacking in concete beams

Eqg. (11-10) and (11-12) may be used to determine the shear
forces causing dé&ure-shear and web-shear cracking,
respedtvely. The shear strengthguidedby the concretV,

is assumed equal to the lesséMg and V. The deiva-

tions of Eq. (11-10) and (11-12) are summarized in Refer-
ence 11.17.

In deiiving Eq. (11-10) it was assumed thatis the sum of
the shear required to cause etiral crack at the point in
question gvenby:

max

plus an additional increment of shear required to change the
flexural crack to a #xure-shear crack. Thexternally
applied factored loads, from whidh andM,,, are deter-
mined, include superimposed dead load, earth pressure, and
live load. In computindM, for substitution into Eq. (11-

10), I andy; are the properties of the section resisting the
externally applied loads.

For a composite memhbewhere part of the dead load is
resistedby only a part of the section, appropriate section
properties should be used to congiyt. The shear due to
dead loadsY, and that due to other loa¥fs are separated
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11.4.3 — 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 tendons, the reduced prestress shall be con-
sidered when computing V., . This value of V,, shall
also be taken as the maximum limit for Eq. (11-9). The

COMMENTARY

in this caseV 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 termsV, andM,,,, may be taken as:

Vi=Vu—-Vy
Mmax = My —My

whereV,, andM,, are the factored shear and moment due to
the total factored loads, aml is the moment due to unfac-
tored dead load (the moment correspondinig)to

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:

VM
Vci = 0'6«/](_(:’bwd+KA—Ct
u

where:

M, = (I/yt)(6ﬁ+fpe)

The symbolM, 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
asM,, in code Eqg. (11-10) where the cracking moment is
that due to all loads except the dead load. In Eqg. (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, an¥,, is the factored shear force occurring
simultaneously wittM,,. 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 momenM; reflects the total stress change from
effective prestress to a tension (bj/f? , assumed to cause
flexural cracking.

Eqg. (11-12) is based on the assumption that web-shear
cracking occurs due to the shear causing a principal tensile
stress of approximatel&tﬁ at the centroidal axis of the
cross sectionV, is calculated from the effective prestress
force without load factors.

R11.4.3 and R11.4.4— The effect of the reduced prestress
near the ends of pretensioned beams on the shear strength
should be taken into account. Section 11.4.3 relates to the
shear strength at sections within the transfer length of ten-
dons when bonding of tendons extends to the end of the
member.
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prestress force shall be assumed to vary linearly from
zero at end of tendon to a maximum at a distance from
end of tendon equal to the transfer length, assumed to
be 50 diameters for strand and 100 diameters for sin-
gle wire.

11.4.4—1In 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 11.4.1 or 11.4.2. The
value of V,, calculated using the reduced prestress
shall also be taken as the maximum limit for Eq. (11-
9). The prestress force due to tendons for which bond-
ing 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 p rovided by shear
reinforcement

11.5.1 — Types of shear rein forcement

11.5.1.1 — Shear reinforcement consisting of the
following shall be permitted:

(a) Stirrups perpendicular to axis of member;

(b) Welded wire fabric with wires located perpendic-
ular 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 — Design yield strength of shear reinforcement
shall not exceed 60,000 psi, except that the design
yield strength of welded deformed wire fabric shall not
exceed 80,000 psi.

318/318R-145
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Section 11.4.4 relates to the shear strength at sections within
the length over which some tendons are not bonded to the
concrete, or within the transfer length of those tendons for
which bonding does not extend to the end of the beam.

R11.5 — Shear strength provided by shear
reinforcement

R11.5.2— Limiting the design yield strength of shear rein-
forcement to 60,000 psi provides a control on diagonal
crack width. In the 1995 code, the limitation on design yield
strength of 60,000 psi for shear reinforcement was raised to
80,000 psi for welded deformed wire fabric.
Researcht18:11.19.11.2455 indicated that the performance
of higher strength steels as shear reinforcemertidessat-
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11.5.3 — Stirrups and other bars or wires used as
shear reinforcement shall extend to a distance d from
extreme compression fiber and shall be anchored at
both ends according to 12.13 to develop the design
yield strength of reinforcement.

11.5.4 — Spacing limits for shear rein forcement

11.5.4.1 — Spacing of shear reinforcement placed
perpendicular to axis of member shall not exceed d/2
in nonprestressed members and 0.75h in prestressed
members, nor 24 in.

11.5.4.2 — Inclined stirrups and bent longitudinal
reinforcement shall be so spaced that every 45 deg
line, extending toward the reaction from middepth of
member d/2 to longitudinal tension reinforcement,
shall be crossed by at least one line of shear reinforce-
ment.

11.5.4.3 — When V; exceeds 4 [f’ b,d, maximum
spacings given in 11.5.4.1 and 11.5.4.2 shall be
reduced by one-half.

11.5.5 — Minimum she ar rein forcement

11.5.5.1 — A minimum area of shear reinforcement
shall be provided in all reinforced concrete flexural
members (prestressed and nonprestressed) where
factored shear force V,, exceeds one-half the shear
strength provided by concrete @V, , except:

(a) Slabs and footings;
(b) Concrete joist construction defined by 8.11;
(c) Beams with total depth not greater than 10 in.,

2.5 times thickness of flange, or 0.5 the width of
web, whichever is greatest.
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isfactory. In particular, full scale beam tests described in Ref-
erence 11.19 indicated that the widths of inclined shear
cracks at service load levels were less for beams reinforced
with smaller diameter deformed welded wire fabric cages
designed on the basis of a yield strength of 75 ksi than beams
reinforced with deformed Grade 60 stirrups.

R11.5.3— 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 vided by 12.13

R11.5. 5 — Minimum shear reinforcement

R11.5.5.1— 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 the total factored shear fofges greater
than one-half the shear strength provided by congdte
Slabs, footings and joists are excluded from the minimum
shear reinforcement requirement because there is a possibil-
ity of load sharing between weak and strong areas.

Even when the total factored shear strengghs less than
one-half of the shear strength provided by the congkéte

the use of some web reinforcement 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 profile, and to provide a means of
supporting the tendons in the design profile during construc-
tion. If sufficient support is not provided, lateral wobble and
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11.5.5.2 — Minimum shear reinforcement require-
ments of 11.5.5.1 shall be permitted to be waived if
shown by test that required nominal flexural and shear
strengths can be developed when shear reinforcement
is omitted. Such tests shall simulate effects of differen-
tial settlement, creep, shrinkage, and temperature
change, based on a realistic assessment of such
effects occurring in service.

11.5.5.3 — Where shear reinforcement is required
by 11.5.5.1 or for strength and where 11.6.1 allows tor-
sion to be neglected, the minimum area of shear rein-
forcement for prestressed (except as provided in
11.5.5.4) and nonprestressed members shall be com-
puted by

b,s
szso—;v—
y

(11-13)

where b, and s are in inches.

11.5.5.4 — For prestressed members with an effec-
tive prestress force not less than 40 percent of the ten-
sile strength of the flexural reinforcement, the area of
shear reinforcement shall not be less than the smaller
A, from Eg. (11-13) and (11-14).

A :Agsfzus d
v 80f,d b

w

(11-14)
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local deviations from the smooth parabolic tendon profile
assumed in design may result during placement of the con-
crete. 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 crack-
ing may develop if no web reinforcement is provided. Unin-
tended curvature of the tendons, and the resulting tensile
stresses in webs, may be minimized by securely tying ten-
dons to stirrups that are rigidly held in place by other ele-
ments of the reinforcing cage and held down in the forms.
The maximum spacing of stirrups used for this purpose
should not exceed the smallerlobh or 4 ft. When applica-

ble, the shear reinforcement provisions of 11.5.4 and 11.5.5
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.

R11.5.5.2— 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 u(gity
= 1.0) i.e. the required nominal strengity andM,,. 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.

R11.5.5.4— Tests of prestressed beams with minimum
web reinforcement based on Eq. (11-13) and (11-14) indi-
cated that the smallé, from these two equations was sulffi-
cient to develop ductile behavior.

Eq. (11-14) may be used only for prestressed members
meeting the minimum prestress force requirements given in
11.5.5.4. This equation is discussed in Reference 11.21.
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11.5.6 — Design of shear rein forcement

11.5.6.1 — Where factored shear force V, exceeds
shear strength @V,, shear reinforcement shall be pro-
vided to satisfy Eq. (11-1) and (11-2), where shear
strength V; shall be computed in accordance with
11.5.6.2 through 11.5.6.9.

11.5.6.2 — When shear reinforcement perpendicu-
lar to axis of member is used,

A f.d
v, = 2o (11-15)

where A, is the area of shear reinforcement within a
distance s.

11.5.6.3 — When circular ties, hoops, or spirals are
used as shear reinforcement, V, shall be computed

using Eq. (11-15) where d shall be taken as the effec-
tive depth defined in 11.3.3. A, shall be taken as two
times the area of the bar in a circular tie, hoop, or spi-
ral at a spacing s, and f,, is the specified yield
strength of circular tie, hoop, or spiral reinforcement.

11.5.6.4 — When inclined stirrups are used as
shear reinforcement,

_ A,f (sina + cosa)d

g - (11-16)

11.5.6.5 — When 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/fsina (11-17)

but not greater than 3, /7' b,,d.

11.5.6.6 — When shear reinforcement consists of a
series of parallel bent-up bars or groups of parallel
bent-up bars at different distances from the support,
shear strength V; shall be computed by Eqg. (11-16).

11.5.6.7 — Only the center three-fourths of the
inclined portion of any longitudinal bent bar shall be
considered effective for shear reinforcement.

CHAPTER 11
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R11.5.6 — 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 deg.

Eq. (11-15), (11-16), and (11-17) are presented in terms of
shear strengthv, attributed to the shear reinforcement.
When shear reinforcement perpendicular to axis of member
is used, the required area of shear reinforcerAgand its
spacings are computed by

Av — (Vu_(pvc)

S cpfyd

Researcht?211-23has 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.

R11.5.6.3— Although the transverse reinforcement in a
circular section may not consist of straight legs, tests indi-
cate that Eq. (11-15) is conservativel s taken as defined

in 11.3.311.14, 11.15
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11.5.6.8 — Where more than one type of shear
reinforcement is used to reinforce the same portion of
a member, shear strength V; shall be computed as the
sum of the V; values computed for the various types.

11.5.6.9 — Shear strength V; shall not be taken
greater than 8, [f’ b,d.

11.6 — Design for to rsion

COMMEN TARY

R11.6 — Desigrfor torsion

The design for torsion is based on a thialed tube, space
truss analog A beam subjected to torsion is idealized as a
thin-walled tube with the core concrete cross section in a
solid beam gglected as stwn in Fig. R11.6(a) Once a
reinforced concrete beam has &ed in torsion, its tor-
sional resistance is @rided primarily by closed stirrups
and longitudinal bars located near the surface of the mem-
ber. In the thin-walled tube analogy the resistance is
assumed to be pvided by the outer skin of the cross sec-
tion roughly centered on the closed stirrups. Bothoaoll
and solid sections are idealized as tilled tubes both
before and after cracking.

/7 T
Shear
Flow
(a)
T

(a) Thin-walled tube

—
-

(b) Area enclosed by shear flow path

Fig. R11.6—(a) Thin-walled tube; (bjem enclosed by
shear flow path
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11.6.1 — It shall be permitted to neglect torsion effects
when the factored torsional moment T, is less than:

(8) For nonprestressed members:

2
DAZ O
lfrlj CQD
¢ “ Pep0

(b) For prestressed members:

2
A% O f
(p lf IB CED 1+ QC
“ Pep 4 [f,

For members cast monolithically with a slab, the over-
hanging flange width used in computing A., and pg,
shall conform to 13.2.4.
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In a closed thirwalled tube, the product of the shear stres
and thewall thicknesst at awy point in the perimeter is
known as the sheardlv, q = rt. The shear flovg due to tor-
sion acts as siwn in Fig. R11.6(a)and is constant at all
points around the perimeter of the tube. The path along
which it actsextends around the tube at midthickness of the
walls of the tube. Aty point along the perimeter of the
tube the shear stress due to tors®n i= T/(2A,t) where

A, is the gross area enclodadthe shear @w path, sbbwn
shaded ir-ig. R11.6(b)andt is the thickness of the wall at
the point where is being computed. The shear flow follows
the midthickness of thevalls of the tube ahA is the area
enclosedy the path of the sheanfl. For a holbw member
with continuous wallsA, includes the area of the hole.

In the 1995 code, the elliptical interaction between the shear
carriedby the concreteY., and the torsion carriedy the
concretewas eliminatedV, remains constant at tivalue it

has when there is no torsion, and the torsion cakbyetthe
concrete is lavays taken as zero.

The design procedure is de¥d and compared to tests in
Reference 11.24.

R11.61 — Torques that do notxceed approximately one-
quarter of the cracking torqug, will not cause a structurally
significant reduction in either thesi{ural or shear strength and
can be ignored. The cracking torsion under pure toigipis
deilivedby replacing the actual section with an iegient thin-
walled tube with awall thicknes t prior to cracking of
0.7%A¢p/ pep and an area enclosby the wall centerlie A,
equal to2A¢,/3. Cracking is assumed to occur when the
principal tensile stress reachdsff.’. In a nonprestressed
beam loaded with torsion alone, the principal tensile stress
is equal to the torsional shear strees; T/(2At). Thus,
cracking occurs when reached! ff’, diving the cracking
torque T, as:

2
A- O
T, = 4ft;3=00
°f ¢ Pepl

The limit set in 11.6.1 is one-quarter of thialue. The
stress at cracking ﬁ has purposely been taken asvadr
boundvalue.

For prestressed members, the torsional cracking load is
increasedy the prestress. A Motw Circle analysis based on
average stresses indicates the torgue required to cause a princi-
ple tensile stress equal4, ff.’ is /1+f, /(4 ff) times the
corresponding torque in a nonprestressed beam.

For an isolated member with or without flanglg, is the area
of the entire cross section including the areaoals in holbw
cross sections, dipg, is the perimeter of the entire cross section.
For aT-beam cast monolithically with a slal, andpc, can
include portions of the adjacent slabsfooming to 13.2.4.
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11.6.2 — Calculatio n of factor ed torsional moment 7,

11.6.2.1 — If the factored torsional moment 7, 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 that torsional moment 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
cracking, the maximum factored torsional moment T,
shall be permitted to be reduced to

(a) For nonprestressed members, at the sections
described in 11.6.2.4:

2
DA O
ff.' =20
e Pcp0

(b) For prestressed members, at the sections
described in 11.6.2.5:

2

A, 0 f
@4, [fO-2E0 1+ L=
mcp 4 ’fC’

In such a case, the correspondingly redistributed
bending moments and shears in the adjoining mem-
bers shall be used in the design of these members.

318/318R-151
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R11.6.2 — Calculation of factoed torsional momentT,

R11.6.2.1 and R11.6.2.2— In designing for torsion in

reinforced concrete structurega conditions may be iden-
tified:ll.25,11.26

(a) The torsional moment cannot be redubgdedistri-
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 irFig. R11.6.2.1 torsion
reinforcement designed according to 11.6.3 through
11.6.6 must be prided to resist the total design torsional
moments.

(b) The torsional moment can be redudydredistrbu-
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.

Design taque may_notbereduced,
because momentedistribution is not
possible

Fig. R11.6.2.1—Designtgue may not beeduced
(11.6.2.2)

B

"'HI”[

il N

Design ta quefor this spandel beam may
bereduced because momemedistribution
is possible

Fig. R11.6.2.2—Designtgue may beeduced (11.6.2.2)
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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.

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 the torsion 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 sup-
port shall be designed for not less than the torsion T,
computed 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 stre ngth

11.6.3.1 — The cross-sectional dimensions shall be
such that:

(a) For solid sections:

(11-18)

V, a7, p, & v,
0V f, BTuPn 0% ,g 0
O———0 <0 +8 /f
b, d- 2 b, d ¢u
J w .7A,,0 w
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For this condition, illustrated ifrig. R11.6.2.2 the tor-
sional stifness before cracking corresponds to that of the
uncraked section according to Stenants theoy. At
torsional cracking, twever, a lage twist occurs under an
essentially constant torque, resulting in r@éaredistriu-

tion of forces in the structuré:2>11-26The cracking
torque under combined shieflexure, and torsion corre-
sponds to a principle tensile stress eatmt less than the

4 [t quoted inR116.1.

When the torsional momeekceeds 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.

Secton 11.62.2 applies to typical and egular framing con-
ditions. With layouts that impose sidigant torsional rota-
tions within a limited length of the membsuch as a lsgy
torque loading located close to afstiolumn, or a column
that rotates in theeverse directions because of other load-
ing, a moreaxact analysis is advisable.

When the factored torsional moment from an elastic analy-
sis based on uncraed section properties is between the
values in 11.6.1 and th@lues gven in this section, torsion
reinforcement should be designed to resist the computed
torsional moments.

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 girde. In such a case a concentrated shear and torque are
applied to the girde

R11.6.3 —Torsional moment stength

R11.6.3.1—The size of a cross section is limited for two
reasonsfirst to reduce unsightly cracking and second to
prevent crushing of the surface concrete due to inclined
compresive stresses due to shear and torsion. In Eg. (11-
18) and (11-19), theno terms on the left hand side are the
shear stresses due to shear and torsion. The sum of these
stresses may naxceed the stress causing shear cracking
plus8,ff.', similar to the limiting strengthigen in 11.5.@
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(b) For hollow sections: for shear without torsion. The limit expressed in terms of
V. to allow its use for nonprestressed or prestressed con-
9V Ve - crgte. Itwas originally deived on thg basis of grack control.
b, o0 oo s ‘P[gw—dJ’S f'g (11-19) It is not necessary to check against crushing of the web
T oh since this happens at higher shear stresses.

In a holbw section, the shear stresses due to shear and tor-
sion both occur in thavalls of the box as sfwn in Fig.
11.6.3.1(a)and hence are directly add# at point A as
given in Eq. (11-19). In a solid section the shear stresses due
to torsion act in the “foular” outside section while the shear
stresses due g, are spread across the width of the section
as slown in Fig. R11.6.3.1(h)For this reason stresses are
combined in Eq. (11-18) using the square root of the sum of
the squares rather than direct addition.

B B
AlvY YRR Y i
C C
Torsional stresses Shear stresse

(a) Hollow section

I
AL R
L

Torsional stresses Shear stresses

(b) Solid section

Fig. R11.6.3.1—Addition of torsional and sheaesses
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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
Eqg. (11-19) is a maximum.

11.6.3.3 — If the wall thickness is less than Agp, /oy
, the second term in Eq. (11-19) shall be taken as:

o Tu O
H.7A,,t0

where t is the thickness of the wall of the hollow sec-
tion at the location where the stresses are being
checked.

11.6.3.4 — Design yield strength of nonprestressed
torsion reinforcement shall not exceed 60,000 psi.

11.6.3.5 — The reinforcement required for torsion
shall be determined from:

o7, 2T

n u

(11-20)

11.6.3.6 — The transverse reinforcement for torsion
shall be designed using:

2A_A.f
T = Lsfy—vcote (11-21)

n

where A, shall be determined by analysis except that
it shall be permitted to take A, equal to 0.85A,;, ; 0
shall not be taken smaller than 30 deg nor larger than
60 deg. It shall be permitted to take 8 equal to:

(a) 45 deg for nonprestressed members or members
with less prestress than in (b);

(b) 37.5 deg for prestressed members with an effec-
tive prestress force not less than 40 percent of the
tensile strength of the longitudinal reinforcement.

CHAPTER 11
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R11.6.3.2— General}, the maximum will be on theall
where the torsional and shearing stresses arevadfftoint
Ain Fig. R11.6.3.1(3) If the top or bottom flanges are thin-
ner than theertical webs, it may be necessargtaluate Eq.
(11-19) at points B and C Ifig. R11.6.3.1(a)At these points
the stresses due to the shear force are uswgligible.

R11.6.34 — Limiting the design yield strength of tor-
sion reinforcement to 60,000 psbpides a control on diag-
onal crack width.

R11.6.35 — The factored torsional resistang&,, must
equal orexceed the torsioi, due to the factored loads. In
the calculation off,,, all the torque is assumed to be resisted
by stirrups and longitudinal steel wiify = 0. At the same
time, the shear resistday concreé V. is assumed to be
unchangedy the presence of torsiofor beams withv,
greater than abo0.8¢V . the resulting amount of combined
shear and torsional reinforcement is essentially the same as
requiredby the 1989 coderor smallervalues ofV,, more
shear and torsion reinforcement will be required.

R11.6.36 — Eq. (11-21) is based on the space truss anal-
ogy shown in Fig. R11.6.3.6(ajith compression diagonals
at an angled, assuming the concrete carries no tension and
the reinforcement yields. After torsional crackireyelops,
the torsional resistance isogpided mainlyby closed stir-
rups, longitudinal bars, and compression diagonals. The
concrete outside these stirrups is tigkly ineffective. For
this reasonA,, the area encloseby the shear &w path
around the perimeter of the tube, idided after cracking in
terms ofA.,, the area enclosdwy the centerline of the outer-
most closed hoops. The arkg, is stown inFig. R11.6.3.6(b)
for various cross sections. In an T-, or L-shaped section,
Agh is taken as that area enclodsdthe outermostlegs of
interlocking stirrups as skwn in Fig. R11.6.3.6(h) The
expression fo A, givenby Hsu''?” may be used if greater
accuray is desired.

The shear tiw q in the walls of the tube, discussed in
R11.6, can be resad into the shear forc& to V, acting

in the indvidual sides of the tube or space truss, ag/shn
Fig. R11.6.3.6(a)

The angle@ can be obtained by analysi€’ or may be
taken to be equal to thealues gven in 11.6.3.6 (a) and (b).
The samevalue of @ must be used in both Eq. (11-21) and
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11.6.3.7 — The additional longitudinal reinforce-
ment required for torsion shall not be less than:

A
A= —s-tph[ff‘i’)%otze

+ (11-22)

where 0 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
or11.6.5.3.

318/318R-155
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Cracks

Longitudinal

Bar Concrete '3
Compression
Diagonals

Fig. R11.6.3.6(a)—Space truss analogy

Closed

|fstirrup
| | | |

Aop = shaded area
Fig. R11.6.3.6(b)—Dfmition of Agp,

(11-22). AsB gets smaller, the amount of stirrups required by
Eqg. (11-21) decreases. At the same time the amount of longitu-
dinal steel requiretly Eq. (11-22) increases.

R11.6.37 — Fig. R11.6.3.6(ayhows the shear foreg/, to
V, resulting from the sheardllv around the walls of the tube.
On a gvenwall of the tube, the sheaofl V; is resisted by a
diagonal compression componei, = V;/sin®, in the con-
crete. An axial tension forc&; =V, (cot8), is needed in the
longitudinal steel to complete the resolutiorvpf

Fig. R11.6.3.%hows the diagonal comprease stresses and the
axial tension forceN;, acting on a shortegment along one
wall of the tube. Because the sheanfldue to torsion is con-
stant at all points around the perimeter of the tube, the result-
ants ofD; andN; act through the midheight of &€d. As a
result, half ofN; can be assumed to be residbgceach of the

.
%

Fig. R11.6.3.7—Resolution of shearc®V; into diagonal

compession foce D; and axial tension f@e N; in one wall
of the tube
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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 spac-
ing and placement shall be met.

COMMENTARY

top and bottom chords as shown. Longitudinal reinforce-
ment with a capacit,f,, should be provided to resist the
sum of theN; forces,2N;, 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 afga These sides form a
perimeter lengthp,, 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 stirrupg,

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 tAg/s used in calculating

A, at any given section should be taken asAfs calcu-
lated 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 @gtor shear
is defined in terms of all the legs of a given stirrup while the
stirrup area for torsion is defined in terms of one leg only,
the addition of stirrups is carried out as follows:

A A
Total L0 = By
Us O 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 tor-
sion. 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 bending 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 that obtained by adding the maxi-
mum flexural steel plus the maximum torsional steel. In
such a case the required longitudinal 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
distanced, but not less thah2dy,, past where it is no longer
neeled for flexureas reuired in12.10.3
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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,,/(0.9df,), where
M, is the factored moment acting at the section in
combination with T,, except that the reinforcement
provided shall not be less than that required by
11.6.5.3 0r 11.6.6.2.

11.6.3.10 — In prestressed beams:

(@) The total longitudinal reinforcement including
tendons at each section shall resist the factored
bending moment at that section plus an additional
concentric longitudinal tensile force equal to A,f,,
based on the factored torsion at that section;

(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.

11.6.4 — Details of to rsional rein forcement

11.6.4.1 — Torsion reinforcement shall consist of
longitudinal bars or tendons and one or more of the
following:

(a) Closed stirrups or closed ties, perpendicular to
the axis of the member;

(b) A closed cage of welded wire fabric with trans-
verse wires perpendicular to the axis of the member;

(c) In nonprestressed beams, spiral reinforcement.

COMMENTARY

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 ofA,f,,. This steel is in addition to the flexural
reinforcement and is distributed uniformly around the sides
of the perimeter so that the resultantgffy, acts along the
axis of the member.

In a prestressed beam the same technique (providing addi-
tional reinforcing bars with capacity, f,) can be followed,

or the designer can use any overcapacity of the tendons to
resist some of the axial ford f, as outlined in the next
paragraph.

In a prestressed beam the tendon stress at ultimate at the
section of the maximum momentfjg, At other sections the
tendon stress at ultimate will be betwdggandf,s A por-

tion of theA,fy, force acting on the sides of the perimeter
where the tendons are located can be resisted by a force
Apdfy, in the tendons, wherAf, is fos minus the tendon
stress due to flexure at the ultimate load at the section in
question. This can be takenMg at the section, divided by
(¢0.9d,Apg), butAf, should not be more than 60 ksi. Longi-
tudinal reinforcing bars will be required on the other sides
of the member to provide the remainder of #yd, force,

or to satisfy the spacing requirements given in 11.6.6.2, or
both.

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
torquesl.l'28 This renders lapped-spliced stirrups ineffec-
tive, leading to a premature torsional faildte?® In such
cases, closed stirrups should not be made up of pairs of U-
stirrups lapping one another.
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11.6.4.2 — Transverse torsional reinforcement shall
be anchored by one of the following:

(a) A 135 deg standard hook around a longitudinal
bar;

(b) According to 12.13.2.1, 12.13.2.2, or 12.13.2.3in
regions where the concrete surrounding the anchor-
age is restrained against spalling by a flange or slab
or similar member.

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 rein forcement

11.6.5.1 — A minimum area of torsion reinforcement
shall be provided in all regions where the factored tor-
sional moment T, exceeds the values specified 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:

50b,s

(A, +2A) = (11-23)

yv
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R11.6.42 — When a rectangular beam fails in torsion,
the corners of the beam tend to spélldue to the inclined
compresw/e stresses in the concrete diagonals of the space
truss changing direction at the corner aswsh in Fig.
11.6.4.2(a)In tests1-?8 closed stirrups anchordst 90 by
hooks failed when this occurregor this reason, 135egd
hooks are preferable for torsional stirrups in all cases. In
regions where this spalling is guentedby an adjacent slab
or flange, 11.6.4.2(b) retas this and atws 90 ag hooks.

R11.6.43 — If high torsion acts near the end of a beam,
the longitudinal torsion reinforcement should be adequately
anchored. Sficient development length should begwided
outside the inner face of the support ésedop 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.

R11.6.44 — The closed stirrups pvided for torsion in a
hollow section should be located in the outer half of the wall
thickness #ective for torsion where the wall thickness can
be tken asAgy, /py, -

R11.6.5 — Minimum torsionreinforcement

R11.6.5.1 and R11.6.5.2- If a member is subject to a fac-
tored torsional momeri, greater than thealues spetied in
11.6.1, the minimum amount of transverse web reinforcement
for combined shear and torsi@bDb,,s/f,, . The diferences in
the déinition of A, and the symba\; should be noted, is the
area ofwo legs of a closed stirrup whik, is the area of only
one kg of a closed stirrup.

Spalling
Diagonal
compression
stresses
I
|
Pritts (2)
Spalling Spalling
can occur restrained
(b)

Fig. R11.6.4.2—Spalling of conmrseof beams loaded inrion
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11.6.5.3 — Where torsional reinforcement is required
by 11.6.5.1, the minimum total area of longitudinal tor-
sional reinforcement shall be computed by:

Ay = 2l Aen gy
min f,,  Hsthhe,

(11-24)

where A, /s shall not be taken less than 25b,, /f,,, .

11.6.6 — Spacing of to rsion rein forcement

11.6.6.1 — The spacing of transverse torsion rein-
forcement shall not exceed the smaller of pj /8 or 12 in.

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 12 in.
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. Bars shall have a
diameter at least 0.42 times the stirrup spacing, but
not less than a No. 3 bar.

11.6.6.3 — Torsion reinforcement shall be provided
for a distance of at least (b; + d) beyond the point theo-
retically required.

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.

318/318R-159
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R11.6.5.3— Reinforced concrete beam specimens with
less than 1 percent torsional reinforcement by volume have
failed in pure torsion at torsional crackibh?4In 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 thep,/8 limitation requires stirrups al/2,
which corresponds to 11.5.4.1.

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
section, the centroid of the additional longitudinal reinforce-
ment for torsion should approximately coincide with the
centroid of the section. The code accomplishes this by
requiring the longitudinal torsional reinforcement to be dis-
tributed around the perimeter of the closed stirrups. Longi-
tudinal 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 torsional strength and in controlling cracks.

R11.6.6.3— The distancéb, + 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.

R11.7 — 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 11.30 and 11.31).
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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.

11.7.3.1 — Provisions of 11.7.5 through 11.7.10
shall apply for all calculations of shear transfer
strength.

COMMENTARY

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 con-
cept assumes that such a crack will form, and that reinforce-
ment 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, the separation is sufficient to
stress the reinforcement crossing the crack to its yield point.
The reinforcement provides a clamping forkgf, across

the crack faces. The applied shear is then resisted by friction
between the crack faces, by resistance to the shearing off of
protrusions on the crack faces, and by dowel action of the
reinforcement crossing the crack. Successful application of
11.7 depends on proper selection of the location of an
assumed crack.16:11-30

The relationship between shear-transfer strength and the
reinforcement crossing the shear plane can be expressed in
various ways. Eq. (11-25) and (11-26) of 11.7.4 are based
on the shear-friction model. This gives a conservative pre-
diction of shear-transfer strength. Other relationships that
give a closer estimate of shear-transfer stréfgf1-32.11.33

can be used under the provisions of 11.7.3. For example,
when the shear-friction reinforcement is perpendicular to
the shear plane, the shear strenglis given by*-32:11:33

Vp = 0.8 f, + AK,

where A; is the area of concrete section resisting shear
transfer (irf.) andK, = 400psi for normalweight concrete,
200 psi for all-lightweight concrete, and 250 psi for sand-
lightweight concrete. These values Ki 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 reinforcement, the shear strengthis given by

Vi, = Aty (0.8 sinay + cosry) + AKysin“ay

whereq; is the angle between the shear-friction reinforce-
ment and the shear plane, (Des a; < 90 deg.

When using the modified shear-friction method, the terms
(At Ty lAc) or (A fy sin a; /A() should not be less than 200
psi for the design equations to be valid.
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11.7.4 — Shear-friction design me thod

11.7.41 — When shear-friction reinforcement is
perpendicular to the shear plane, shear strength V,
shall be computed by

Vh=Aufyu (11-25)
where p is coefficient of friction in accordance with
11.7.4.3.

11.7.4.2 — When shear-friction reinforcement is
inclined to the shear plane, such that the shear force
produces tension in shear-friction reinforcement,
shear strength V,, shall be computed by

Vi = Ayr fy ([ sin ar + cos ay) (11-26)
where a;is angle between shear-friction reinforcement
and shear plane.

11.7.4.3 — The coefficient of friction u in Eq. (11-
25) and Eq. (11-26) shall be

Concrete placed monolithically ......................... 1.4A

Concrete placed against hardened con-
crete with surface intentionally rough-
ened as specified in 11.7.9....cccccceeveeeiiiiiciinnnen, 1.0A

Concrete placed against hardened con-
crete not intentionally roughened ..................... 0.6A

Concrete anchored to as-rolled struc-
tural steel by headed studs or by
reinforcing bars (see 11.7.10).....ccccccevviveeeennnen 0.7A

where A = 1.0 for normalweight concrete, 0.85 for
sand-lightweight concrete and 0.75 for all lightweight
concrete. Linear interpolation shall be permitted when
partial sand replacement is used.
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R11.7.4 — Shegfriction design method

R11.7.41 — The required area of shesansfer rein-
forcemen A; is computed using

VIJ

A . =
of 1

v

The spedied upper limit on shear strength must also be
obseved.

R11.7.4.2— When the shedriction 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, asos in Fig. R11.7.4 part
of the shear is resistday the component parallel to the
shear plane of the tension force in the reinforcerhetit.

Eq. (11-26) should be used only when the shear force com-
ponent parallel to the reinforcement produces tension in the
reinforcement, as swn in Fig. R11.7.4When a; is greater
than 90 dg, the reldve novement of the surfaces tends to
compress the bar and Eq. (11-26) isvaiid.

R11.7.4.3— In the sheafriction method of calculation,
it is assumed that all the shear resistance is due to the fric-
tion between the craclaces. It is, therefore, necessary to
use arfiicially high values of the cdécient of friction in
the shemfriction 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 tés& indicate
that reducedvalue of u = 0.8 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-

Assumed crack
and shear plane

Applied shear

< l Vu
Shear friction

O( reinforcementA;
f

Fig. R11.7.4—Shedriction reinfacement at an
angle to assumedack
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11.7.5 — Shear strength V,, shall not be taken greater
than 0.2f,'A. nor 800A. in pounds, where A, is area of
concrete section resisting shear transfer.

11.7.6 — Design yield strength of shear-friction rein-
forcement shall not exceed 60,000 psi.

11.7.7 — Net tension across shear plane shall be
resisted by additional reinforcement. Permanent net
compression across shear plane shall be permited to
be taken as additive to the force in the shear-friction
reinforcement A, f, 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 the specified yield strength on
both sides by embedment, hooks, or welding to special
devices.

CHAPTER 11
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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 11.35.

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 equilib-
rium. There is no change in the resultant compresijpfy

acting across the shear plane and the shear-transfer strength
is not changed. It is therefore not necessary to provide addi-
tional reinforcement to resist the flexural tension stresses,
unless the required flexural tension reinforcement exceeds
the amount of shear-transfer reinforcement provided in the
flexural tension zone. This has been demonstrated experi-
mentally!-36

It has also been demonstrated experimertatiythat 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 forg 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-
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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 1.0A, interface
shall be roughened to a full amplitude of
approximately 1/4 in.

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 — Special p rovisions for deep
flexural membe rs

11.8.1 — The provisions of 11.8 shall apply to mem-
bers with ¢, /d less than 5 that are loaded on one face
and supported on the opposite face so that compres-
sion struts can develop between the loads and the
supports. See also 12.10.6.

11.8.2 — The design of simply supported deep flexural
members for shear shall be based on Eqg. (11-1) and
(11-2), where the shear strength V, shall be in accor-
dance with 11.8.6 or 11.8.7 and the shear strength V;
shall be in accordance with 11.8.8.

11.8.3 — The design of continuous deep flexural mem-
bers for shear shall be based on 11.1 through 11.5 with
11.8.5 substituted for 11.1.3, or on methods satisfying
equilibrium and strength requirements. In either case the
design shall also satisfy 11.8.4, 11.8.9, and 11.8.10.

318/318R-163
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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
anchorageFor anchorge of headé studs in concretesee
Reference 11.16

R11.8 — Special provisions for deep flexural
members

R11.8.2—The behavior of a deep beam is discussed in Ref-
erences 11.5 and 11.37. 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 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 ordi-
nary beams.

The longitudinal tension reinforcement in deep flexural
members should be extended to the supports and adequately
anchored by embedment, hooks, or welding to special
devices. Truss bars are not recommended.

R11.8.3— In a continuous beam, the critical section for
shear defined in 11.8.5 occurs at a point whitg
approaches zero. As a result, the second term in Eq. (11-29)
becomes large. For this reason, 11.8.3 requires continuous
deep beams to be designed for shear according to the regular
beam design procedures except that 11.8.5 is used to define
the critical section for shear rather than 11.1.3. For a uni-
formly loaded beam, 11.1.3 permits design for shear at dis-
tance d away from the support. This will frequently
approach zero in a deep beam.
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11.8.4 — Shear strength V,, for deep flexural members
shall not be taken greater than 8 /7' b,,d when 4, /d is
less than 2. When 4, /d is between 2 and 5,

/
Vv, = %%‘10+§D f'b,d (11-27)

11.8.5 — Critical section for shear measured from face
of support shall be taken at a distance 0.15/, for uni-
formly loaded beams and 0.50a for beams with con-
centrated loads, but not greater than d.

11.8.6 — Unless a more detailed calculation is made
in accordance with 11.8.7,

V,=2][f'b,d (11-28)
11.8.7 — Shear strength V, shall be permitted to be
computed by

V. = B8.5-25

M, : v, d
W%.g J +2500pquDde (11-29)

except that the term

%,5 25V dD

shall not exceed 2.5, and V, shall not be taken greater
than 6 /f’ b,d. M, is factored moment occurring
simultaneously with V,, at the critical section defined in
11.8.5.

11.8.8 — Where factored shear force V, exceeds
shear strength @V, , shear reinforcement shall be pro-
vided to satisfy Eq. (11-1) and (11-2), where shear
strength V; shall be computed by

A %l /D A 1‘éD
_ d vh dd _
Vs = %?% s, ETD fyd (11-30)

O O O O

where A, is area of shear reinforcement perpendicular
to flexural tension reinforcement within a distance s,
and A, is area of shear reinforcement parallel to flex-
ural reinforcement within a distance s,.
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As an alternative to the regular beam design procedures,
design methods satisfying equilibrium and strength require-

ments are allowed. Such methods are presented in Refer-
ences 11.37 and 11.38.

R11.8.7— As the span-depth ratio of a member without
web reinforcement decreases, its shear strength increases
above the shear causing diagonal tension cracking. In Eq.
(11-29) it is assumed that diagonal cracking occurs at the
same shear strength as for ordinary beams, but that the shear
strength carried by the concrete will be greater than the
shear strength causing diagonal cracking.

Designers should note that shear in excess of the shear caus-
ing diagonal cracking may result in unsightly cracking
unless shear reinforcement is provided.

R11.8.8 — The inclination of diagonal cracking may be
greater than 45 deg, therefore, both horizontal and vertical
shear reinforcement is required in deep flexural mentbé?s.
The relative amounts of horizontal and vertical shear reinforce-
ment that are selected from Eq. (11-30) may vary, as long as
limits on the minimum amount and spacing are observed.

Special attention is directed to the importance of adequate

anchorage for the shear reinforcement. Horizontal web rein-

forcement should be extended to the supports and anchored
in the same manner as the tension reinforcement.
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11.8.9 — Area of shear reinforcement A, shall not be
less than 0.0015b,,s, and s shall not exceed d/5, nor
18 in.

11.8.10 — The area of horizontal shear reinforcement
A, shall not be less than 0.0025b,,s,, and s, shall not
exceed d/3 nor 18 in.

11.8.11 — Shear reinforcement required at the critical
section defined in 11.8.5 shall be used throughout the
span.

11.9 — Special p rovisions for bra ckets
and corbels

11.9.1 — Provisions of 11.9 shall apply to brackets
and corbels with a shear span-to-depth ratio a/d not
greater than unity, and subject to a horizontal tensile
force N, not larger than V,,. Distance d shall be mea-
sured at face of support.

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 a shear V,,, a moment [V, a +

N,c (h- d)], and a horizontal tensile force N,,.

318/318R-165
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R11.8.11 — Based on the analysis carried out at the critical
sections required in 11.8.5, the member either does not need
shear reinforcement, or shear reinforcement is required, in
which case it must be used throughout the span.

R11.9 — Special povisionsfor brackets and
corbels

Bradkets and corbels are camstiérs laving shear span-to-
depth ratios not greater than yniwvhich tend to act as sim-
ple trusses or deep beams rather thawufal members
designed for shear according to 11.3.

The corbel sbwn in Fig. R11.9.1may fail by shearing
along the interface between the column and the cdopel,
yielding of the tension tiehy crushing or splitting of the
compression strut, dwy localized bearing or shearirigil-

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 illustratedfig. R11.9.2

R11.91 — An upper limit of unity fo a/d is set forth for
two reasons. First, for shear span-to-depth ratkaged-

ing unity, the diagonal tension cracks are less steeply
inclined and the use of horizontal stirrups alone as speci-
fied in 11.9.4 is not appropriate. Second, this method of
design has only beevalidatedexperimentally fo a/d of
unity or less. An upper limit is prvided fa N, because
this method of design has only bealidatedexperimen-
tally for N, less than or equal t@,, includingN,. equal

to zero.

R11.92 — A minimum depth is required at the outside
edge of the bearing area so that a premdail@e will not
occur due to a major diagonal tension crack propagating
from bebw the bearing area to the outer sloping face of the
corbel or bracket.Failures of this type dwe been
obsevedt*%in corbels laving depths at the outside edge of
the bearing area less than required in this section of the
code.
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11.9.3.1 — In all design calculations in accordance
with 11.9, strength reduction factor @ shall be taken

equal to 0.85.
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R11.9.3.1— Corbel
nantly controlled by sh

and bracket behavior is predomi-
ear; therefore, a single valug ef

0.85is required for all design conditions.

11.9.3.2 — Design of shear-friction reinforcement
A,s to resist shear V,, shall be in accordance with 11.7.

11.9.3.2.1 — For normalweight concrete, shear
strength V,, shall not be taken greater than 0.2f.'b,d
nor 800b,,d in pounds.

11.9.3.2.2 — For all-lightweight or sand-lightweight
concrete, shear strength V,, shall not be taken greater
than (0.2 - 0.07a/d) f.'b,d nor (800 - 280a/d) b, d in

pounds.

R11.9.3.2.2— Testd!**have shown that the maximum
shear strength of lightweight concrete corbels or brackets is
a function of bottf, anda/d. No data are available for cor-

bels 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.
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11.9.3.3 — Reinforcement A, to resist moment [V, a
+ N,.(h - d)] shall be computed in accordance with
10.2 and 10.3.

11.9.3.4 — Reinforcement A, to resist tensile force
Ny shall be determined from N, < @A,f, . Tensile force
N, shall not be taken less than 0.2V,, unless special pro-
visions are made to avoid tensile forces. Tensile force
N,; shall be regarded as a live load even when tension
results from creep, shrinkage, or temperature change.

11.9.3.5 — Area of primary tension reinforcement
A, shall be made equal to the greater of (A + A,) or
QA3+ A)).

11.9.4 — Closed stirrups or ties parallel to Ag, with a
total area Aj, not less than 0.5 (A; - A,,), shall be uni-
formly distributed within two-thirds of the effective
depth adjacent to As.

11.9.5 — Ratio p = Ag /bd shall not be less than
0.04 (f;'If,).

11.9.6 — At front face of bracket or corbel, primary
tension reinforcement A 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 specified
yield strength f, of Ag bars;

318/318R-167
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R11.9.3.3— Reinforcement required to resist moment
can be calculated usingefural theoy. The factored
moment is calculatebdy summing moments about thex
ural reinforcement at thfiace of support.

R11.9.3.4— Because the magnitude of horizontal forces
acting on corbels or brkets cannot usually be determined
with great accumy, it is required thaN . be egarded as a
live load.

R11.9.35 — Test$!4! suggest that the total amount of
reinforcemen{A; + A;)) required to cross the face of support
must be the greater of:

(a) The sum bA; calculated according to 11.9.3.2 and
A, calculated according to 11.9.3.4;

(b) The sum ofl1.5 times A; calculated according to
11.9.3.3 and\, calculated according to 11.9.3.4.

If (@) controls,Ag = (2A/3 + A,) is required as primary
tensile reinforcement, and the remainiAg /3 should be
provided as closed stirrups parallel /g and distrbuted
within 2d/3, adjacent toA;. Section 11.9.4 safies thisby

requiring A, = 0.5(A; /3).

If (b) controls,Ag = (As + A,) is required as primary ten-
sion reinforcement, and the remaigid; /2 should be
provided as closed stirrups parallel AQ and distrbuted
within 2d/3, adjacent toA, Again 11.9.4 satfges this
requirement.

R11.94 — Closed stirrups parallel to the primary tension
reinforcement are necessary teyant a premature diagonal
tension failure of the corbel or bkat. The required area of
closed stirrups\, = 0.5 @A, - A,) automatically yields the
appropriate amounts, as discussed in R11.9.2\ab

R11.95 — A minimum amount of reinforcement is
required to pavent the possibility of suddefailure should
the bra&et or corbel concrete crack under the actionesf fl
ural moment and outward tensile fofdg;.

R11.96 — Because the horizontal component of the
inclined concrete compression strut ($€g. R11.9.) is
transferred to the primary tension reinforcement at the loca-
tion of thevertical load, the reinforceme#; is essentially
uniformly stressed from the face of the support to the point
where thevertical load is applied. It should, therefore, be
anchored at its outer end and in the supporting column, so as
to be able to érelop its yield strength from the face of sup-
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(b) By bending primary tension bars A back to form
a horizontal loop; or

(c) By some other means of positive anchorage.

11.9.7 — Bearing area of load on bracket or corbel
shall not project beyond straight portion of primary ten-
sion bars Az, nor project beyond interior face of trans-
verse anchor bar (if one is provided).

11.10 — Special p rovisions for walls

11.10.1 — Design for shear forces perpendicular to
face of wall shall be in accordance with provisions for
slabs in 11.12. Design for horizontal shear forces in
plane of wall shall be in accordance with 11.10.2
through 11.10.8.

11.10.2 — Design of horizontal section for shear in
plane of wall shall be based on Eq. (11-1) and (11-2),
where shear strength V, shall be in accordance with
11.10.5 or 11.10.6 and shear strength V; shall be in
accordance with 11.10.9.

11.10.3 — Shear strength V,, at any horizontal section
for shear in plane of wall shall not be taken greater
than 10,/f.’ hd.

CHAPTER 11

COMMEN TARY

Primary reinforcement , Ag
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Fig. R11.9.6Akld details used in tests of Refiece 11.38

port to thevertical load. Satisfactory anchorage at the outer
end can be obtainday bending tle Ag bars in a horizontal
loop as spetied in (b), orby welding a bar of equal diame-
ter or a suitably sized angle across the ends oAthmrs.
The welds must be designed &velop the yield strength of
the reinforcemenf,. The weld detail used successfully in
the corbel tests reported in Reference 11.41dw/shn Fig.
R11.9.6 The reinforcemenfg should be anchored within
the supporting column in accordance with the requirements
of Chapterl2. See additional discussion on end anchorage
in R12.10.6.

R11.9.7— The restriction on the location of the bearing
area is necessary to ensurevelopment of the yield
strength of the reinforceme® near the load. When cor-
bels are designed to resist horizontal forces, the bearing
plate should be welded to the tension reinforceamen

R11.10 — Special povisionsfor walls

R11.101 — Shear in the plane of the wall is primarily of
importance for shewmalls with a small height-to-length
ratio. The design of highewalls, particularlywalls with
uniformly distrbuted reinforcement, will probably be con-
trolled by flexural considerations.

R11.10.3— Although the width-to-depth ratio of shear-
walls is less than that for ordinary beams, tégfon shear-
walls with a thickness equab %,/25 have indicated that
ultimate shear stressesexcess 610,/f' can be obtained
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11.10.4 — For design for horizontal shear forces in
plane of wall, d shall be taken equal to 0.8 4, . A larger
value of d, equal to the distance from extreme com-
pression fiber to center of force of all reinforcement in
tension, shall be permitted to be used when deter-
mined by a strain compatibility analysis.

11.10.5 — Unless a more detailed calculation is made
in accordance with 11.10.6, shear strength V.. shall not
be taken greater than ZJTC' hd for walls subject to N,,
in compression, or V, shall not be taken greater than
the value given in 11.3.2.3 for walls subject to N, in
tension.

11.10.6 — Shear strength V. shall be permitted to be
computed by Eqg. (11-31) and (11-32), where V, shall
be the lesser of Eq. (11-31) or (11-32).

N, d
V,=3.3[f hd + =% (11-31)
47,
or
/ E‘Lzs /f'+02ﬂD
w[i" c Ty hD
V., = |06/ + Y — |hd (11-32)

E<|Q§
|
l\)lg\

where N, is negative for tension. When (M, /V,,-4,,/2)
is negative, Eq. (11-32) shall not apply.

11.10.7 — Sections located closer to wall base than a
distance ¢, /2 or one-half the wall height, whichever is
less, shall be permitted to be designed for the same V,
as that computed at a distance 4, /2 or one-half the
height.

11.10.8 — When factored shear force V,, is less
than ¢/, /2, reinforcement shall be provided in accor-

dance with 11.10.9 or in accordance with Chapter 14.
When V,, exceeds @V,/2, wall reinforcement for resist-

ing shear shall be provided in accordance with
11.10.9.

11.10.9 — Design of shear reinforcement for walls

11.10.9.1 — Where factored shear force V,
exceeds shear strength @V, , horizontal shear rein-
forcement shall be provided to satisfy Eq. (11-1) and
(11-2), where shear strength V shall be computed by
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R11.10.5 and R11.10.6- Eq. (11-31) and (11-32) may be
used to determine the inclined cracking strength at any sec-
tion through a shearwall. Eq. (11-31) corresponds to the
occurrence of a principal tensile stress of approximately
4@ at the centroid of the shearwall cross section. Eq. (11-
32) corresponds approximately to the occurrence of a flex-
ural tensile stress cﬁjff’ at a sectior®, /2 above the sec-
tion being investigated. As the term

decreases, Eq. (11-31) will control before this term becomes
negative. When this term becomes negative Eq. (11-31)
should be used.

R11.10.7— The values oW, computed from Eq. (11-31)
and (11-32) at a section located a lesser distandg/&for

h,/2 above the base apply to that and all sections between
this section and the base. However, the maximum factored
shear forcd/, at any section, including the base of the wall,
is limited togV,, in accordance with 11.10.3.

R11.10.9 — Design of shear reinforcement for walls

Both horizontal and vertical shear reinforcement are required
for all walls. For low walls, test data*3 indicate that hori-

zontal shear reinforcement becomes less effective with verti-
cal reinforcement becoming more effective. This change in
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A f.d
Vy = =L (11-33)
2

where A, is area of horizontal shear reinforcement
within a distance s, and distance d is in accordance
with 11.10.4. Vertical shear reinforcement shall be pro-
vided in accordance with 11.10.9.4.

11.10.9.2 — Ratio pj, of horizontal shear reinforce-
ment area to gross concrete area of vertical section
shall not be less than 0.0025.

11.10.9.3 — Spacing of horizontal shear reinforce-
ment s, shall not exceed 4, /5, 3h, nor 18 in.

11.10.9.4 — Ratio p, of vertical shear reinforcement
area to gross concrete area of horizontal section shall
not be less than

— hW
P, = 0.0025+0.5%.5—/—W%ph—0.0025) (11-34)

nor 0.0025, but need not be greater than the required
horizontal shear reinforcement.

11.10.9.5 — Spacing of vertical shear reinforce-
ment s; shall not exceed ¢, /3, 3h, nor 18 in.

11.11 — Transfer of moments to columns

11.11.1 — When gravity load, wind, earthquake, or
other lateral forces cause transfer of moment at con-
nections of framing elements to columns, the shear
resulting from moment transfer shall be considered in
the design of lateral reinforcement in the columns.

11.11.2 — Except for connections not part of a pri-
mary seismic load-resisting system that are restrained
on four sides by beams or slabs of approximately
equal depth, connections shall have lateral reinforce-
ment not less than that required by Eq. (11-13) within
the column for a depth not less than that of the deep-
est connection of framing elements to the columns.
See also 7.9.
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effectiveness of the horizontal versus vertical reinforcement
is recognized in Eq. (11-34); whay//4, is less than 0.5, the
amount of vertical reinforcement is equal to the amount of
horizontal reinforcement. Wheim, /4, is greater than 2.5,
only a minimum amount of vertical reinforcement is
required(0.0025s,h).

Eqg. (11-33) is presented in terms of shear strekgtpro-
vided by the horizontal shear reinforcement for direct appli-
cation in Eq. (11-1) and (11-2).

Vertical shear reinforcement also should be provided in
accordance with 11.10.9.4 within the spacing limitation of
11.10.9.5.

R11.11 — Transfer of moments to columns

R11.11.1— Testd***have shown that the joint region of a
beam to column connection in the interior of a building does
not require shear reinforcement if the joint is confined on
four sides by beams of approximately equal depth. How-
ever, joints without lateral confinement, such as at the exte-
rior of a building, need shear reinforcement to prevent
deterioration due to shear crackitg’®

For regions where strong earthquakes may occur, joints may
be required to withstand several reversals of loading that
develop the flexural capacityof the adjoining beams.See
Chapter 21for specialprovisions for seismic desig
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11.12 — Special p rovisions for slabs and R11.12 — Special provisions for slabs and
footings footings

11.12.1 — The shear strength of slabs and footings in
the vicinity of columns, concentrated loads, or reac-
tions is governed by the more severe of two condi-
tions:

11.12.1.1 — Beam action where each critical sec-
tion to be investigated extends in a plane across the
entire width. For beam action the slab or footing shall
be designed in accordance with 11.1 through 11.5.

11.12.1.2 — Two-way action where each of the criti-
cal sections to be investigated shall be located so that
its perimeter b, is a minimum but need not approach
closer than d/2 to

(@) Edges or corners of columns, concentrated
loads, or reaction areas; or

(b) Changes in slab thickness such as edges of cap-
itals or drop panels.

For two-way action the slab or footing shall be
designed in accordance with 11.12.2 through 11.12.6.

11.12.1.3 — For square or rectangular columns,
concentrated loads, or reaction areas, the critical sec-
tions with four straight sides shall be permitted.

11.12.2 — The design of a slab or footing for two-way
action is based on Eqg. (11-1) and (11-2). V, shall be
computed in accordance with 11.12.2.1,11.12.2.2, or
11.12.3.1. V; shall be computed in accordance with
11.12.3. For slabs with shearheads, V,, shall be in
accordance with 11.12.4. When moment is trans-
ferred between a slab and a column, 11.12.6 shall

apply.

R11.12.1— Differentiation should be made between a long
and narrow slab or footing acting as a beam, and a slab or
footing subject to two-way action where failure may occur
by punching along a truncated cone or pyramid around a
concentrated load or reaction area.

R11.12.1.2— The critical section for shear in slabs
subjected to bending in two directions follows the perime-
ter at the edge of the loaded atéadThe shear stress act-
ing on this section at factored loads is a functioq/@‘
and the ratio of the side dimension of the column to the
effective slab depth. A much simpler design equation
results by assuming a pseudocritical section located at a
distanced/2 from the periphery of the concentrated load.
When this is done, the shear strength is almost indepen-
dent of the ratio of column size to slab depth. For rectan-
gular columns, this critical section was defined by straight
lines drawn parallel to and at a distadé2from the edges
of the loaded area. Section 11.12.1.3 allows the use of a
rectangular critical section.

For slabs of uniform thickness, it is sufficient to check
shear on one section. For slabs with changes in thickness,
such as the edge of drop panels, it is necessary to check
shear at several sections.

For edge columns at points where the slab cantilevers
beyond the column, the critical perimeter will either be
three-sided or four-sided.

ACI 318 Building Code and Commentary



318/318R-172

CODE

11.12.2.1 — For nonprestressed slabs and footings,
V. shall be the smallest of:

(@) V, =B+ BiD (11-35)

where . is the ratio of long side to short side of the
column, concentrated load or reaction area;

(11-36)

d
(b) v, = £ 20 b,
o

where ag is 40 for interior columns, 30 for edge col-
umns, 20 for corner columns; and

©) V.= 4,[f; b,d (11-37)

11.12.2.2 — At columns of two-way prestressed
slabs and footings that meet the requirements of
18.9.3

(11-38)

Ve = B, [fo +037),

where (3, is the smaller of 3.5 or (asd/b,+ 1.5), a is
40 for interior columns, 30 for edge columns, and 20
for corner columns, b, is perimeter of critical section
defined in 11.12.1.2, f,. is the average value of f,. for
the two directions, and V), is the vertical component of
all effective prestress forces crossing the critical sec-
tion. V, shall be permitted to be computed by Eq. (11-
38) if the following are satisfied; otherwise, 11.12.2.1
shall apply:

)b0d+ Vp

(a) No portion of the column cross section shall be
closer to a discontinuous edge than 4 times the slab
thickness;

(b) f.”in Eqg. (11-38) shall not be taken greater than
5,000 psi; and

(c) fye in each direction shall not be less than 125
psi, nor be taken greater than 500 psi.
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R11.12.21 — For square columns, the shear stress due
to ultimate loads in slabs subjected to bendingvimdirec-
tions is limited to4 ff.’ . However, testd!4® have indicated
that thevalue of4,/f.’ is unconsemive when the ratig;
of the lengths of the long and short sides of a rectangular
column or loaded area isrgger than 2.0. In such cases, the
actual shear stress on the critical section at punching shear
failure varies from a maximum of abod;/fj’ around the
corners of the column or loaded areayd to 2Jf_c' or less
along the long sides between the two end sections. Other
testd!4’ indicate tha v, decreases as the ratlg /d in-
creases. Eq. (11-35) and (11-36) weeeetbped to account
for these two #ects. The words “interig’ “edge,” and
“corner columns” in 11.12.2.1(b) refer to critical sections
with 4, 3, and 2 sides, respieety.

For shapes other than rectangufg is teken to be the ratio

of the longesobverall dimension of theftective loaded area

to the lagestoverall perpendicular dimension of thH#ee-

tive loaded area, as illustrated for an L-shaped reaction area
in Fig. R11.12.2 The dfective loaded area is that area
totally enclosing the actual loaded area, for which the
perimeter is a minimum.

R11.12.2.2— For prestressed slabs and footings, a mod-
ified form of code Eq. (11-35) and (11-36) is sfiedifor
two-way action shear strength. Reseat¢filt“%indicates
that the shear strength afd-way prestressed slabs around
interior columns is conseatively predictedoy Eq. (11-38).

V. from Eg. (11-36) corresponds to a diagonal tension fail-
ure of the concrete initiating at the critical sectiofirdel in
11.12.1.2. The mode of failure filirs from a punching
shearfailure of the concrete compression zone around the
perimeter of the loaded area predichydEq. (11-35). Con-
sequent, the term B, does not enter into Eq. (11-38).
Designvalues forf." andf . are restricted due to limited test
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11.12.3 — Shear reinforcement consisting of bars or
wires shall be permitted in slabs and footings in accor-
dance with 11.12.3.1 and 11.12.3.2.

11.12.3.1 — V,, shall be computed by Eq. (11-2),
where V, shall not be taken greater than 2 /.’ b,d,
and the required area of shear reinforcement A, and
Vs shall be calculated in accordance with 11.5 and an-
chored in accordance with 12.13.

11.12.3.2 — V,, shall not be taken greater than

6.7, b.d.

COMMEN TARY

dataavailable for highewalues. When computinfy, loss
of prestress due to restraint of the stgbshearwalls and
other structural elements should be taken into account.

In a prestressed slab with dibtrted tendons, #V, term in
Eqg. (11-38) conthutes only a small amount to the shear
strength; therefore, it may be conssively taken as zero. If
V, is to be included, the tendon fite assumed in the cal-
culations should be noted.

For anexterior column support where the distance from the
outside of the column to the edge of the slab is less than four
times the slab thickness, the prestress is not figciere
around the total perimatdy, of the critical section. Shear
strength in this case is therefore comatvely téken the
same as for a nonprestressedb.sla

R11.123 — Research has aslvn that shear reinforcement
consisting of bars or wires can be used in slabgged that

it is well anchored. The anchorage detail used in the tests is
shown in Fig. R11.12.3(a)Anchorage of stirrups according

to the requirements of 12.13 idfdult in slabs thinner than

10 in. For such thin slabs, stirrups should only be used if
they are closed and enclose a longitudinal bar at each cor-
ner. Shear reinforcement consistingveitical bars mechan-
ically anchored at each ey a plate or head capable of
developing the yield strength of the baravé been used
successfull.

In a slab-column joint in which the moment transferag-n
ligible, the shear reinforcement should be symmetrical
about the centroid of the critical section in location, nuinbe
and spacing of stirrups asmin in Fig. R11.12.3(h) At
edge columns or in the case of interior columns transferring
moment, the shear reinforcement should be as symmetrical
as possible. Although ttererage shear stresses on fakBs
andBC of theexterior column inFig. R11.12.3(care bwer
than on faceAB, the stirrupsxtending from face#\D and

BC reinforce against torsional stresses in the strip of slab
along the edge.

When bars or wires aregided as shear reinforcement, the

Z

~

Fig. R11.12.3(a)—Slab stirrups
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11.12.4—Shear reinforcement consisting of steel I- or
channel-shaped sections (shearheads) shall be per-
mitted in slabs. The provisions of 11.12.4.1 through
11.12.4.9 shall apply where shear due to gravity load
is transferred at interior column supports. Where
moment is transferred to columns, 11.12.6.3 shall apply.

11.12.4.1 — Each shearhead shall consist of steel
shapes fabricated by welding with a full penetration
weld into identical arms at right angles. Shearhead
arms shall not be interrupted within the column section.

11.12.4.2 — A shearhead shall not be deeper than
70 times the web thickness of the steel shape.

11.12.4.3 — The ends of each shearhead arm shall
be permitted to be cut at angles not less than 30 deg with
the horizontal, provided the plastic moment strength of
the remaining tapered section is adequate to resist the
shear force attributed to that arm of the shearhead.

CHAPTER 11

COMMENTARY
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Fig. R11.12.3(b)—Arrangement of stirrup shear reinforce-
ment, interior column

shear strength may be increased to a maximum shear stress
of 6,/f' . However, shear reinforcement should be designed
to carry all shear in excess of a stresg gf,’ .11

R11.12.4—Based on reported test date?! design proce-

dures are presented for shearhead reinforcement consisting
of structural steel shapes. For a column connection transfer-
ring moment, the design of shearheads is given in 11.12.6.3.

Three basic criteria should be considered in the design of
shearhead reinforcement for connections transferring shear
due to gravity load. First, a minimum flexural strength
should be provided to ensure that the required shear strength
of the slab is reached before the flexural strength of the
shearhead is exceeded. Second, the shear stress in the slab at
the end of the shearhead reinforcement should be limited.
Third, after these two requirements are satisfied, the
designer can reduce the negative slab reinforcement in pro-
portion to the moment contribution of the shearhead at the
design section.
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11.12.4.4 — All compression flanges of steel shapes
shall be located within 0.3d of compression surface of
slab.

11.12.4.5 — The ratio a, between the stiffness of
each shearhead arm and that of the surrounding com-
posite cracked slab section of width (¢, + d) shall not
be less than 0.15.

11.12.46 — The plastic moment strength M,
required for each arm of the shearhead shall be com-
puted by

"4 c
- _u 10
oM, = Zn[hvmvg'v- : D} (11-39)

where @is the strength reduction factor for flexure, n is
the number of arms, and 4, is the minimum length of
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Fig. R11.12.3(c)—Arangement of stirrup sheaein-
forcement, edge column

R11.12.4.5 and R11.12.8.— The assumed idealized
shear disthution along an arm of a shearhead at an interior
column is sbwn in Fig. R11.12.4.5The shear along each
of the arms is taken ag\V./n, wherea, andn are defined
in 11.12.4.5 and 11.12.4.6, aid is ddined in 11.12.2.1.
However, the peak shear at the face of the columnkisrta
as the total shear considered pen &, /@n minus the shear
considered carried to the colurbp the concrete compres-
sion zone of the dba The latter term isxpressed as
(V./n)(1-a,), so that it approaches zero for aheshear-
head and approach¥gs/¢gn when a light shearhead is used.
Eq. (11-39) then fotlws from the assumption that the
inclined cracking shear fordé, is about one-half the shear
force V. In this equationM, is the required plastic moment
strength of each shearhead arm necessary to ensure that ulti-
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each shearhead arm required to comply with require-
ments of 11.12.4.7 and 11.12.4.8.

11.12.4.7 — The critical slab section for shear shall
be perpendicular to the plane of the slab and shall
cross each shearhead arm at three-quarters the dis-
tance [4, — (c,/2)] from the column face to the end of
the shearhead arm. The critical section shall be
located so that its perimeter b, is a minimum, but need
not be closer than the perimeter defined in
11.12.1.2(a).

11.12.4.8 — V,, shall not be taken greater than
4,[f bod on the critical section defined in 11.12.4.7.
When shearhead reinforcement is provided, V,, shall
not be taken greater than 7 ﬁ b,d on the critical sec-
tion defined in 11.12.1.2(a).

11.12.4.9 — The moment resistance M,, contributed
to each slab column strip by a shearhead shall not be
taken greater than

v
m, = Tluly 210 (11-40)

vT Top Ov 20

where @is the strength reduction factor for flexure, n is
the number of arms, and 4, is the length of each shear-
head arm actually provided. However, M,, shall not be
taken larger than the smaller of:

(a) 30 percent of the total factored moment required
for each slab column strip;

CHAPTER 11
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W Ve ..h_"_
H—F(I—av)

aics

Fig. R11.12.4.5—Idealized shear acting on shearhead

mate shear is attained as the moment strength of the shear-
head is reached. The quanttys the length from the center

of the column to the point at which the shearhead is no
longer required, and the distangé?2 is one-half the dimen-

sion of the column in the direction considered.

R11.12.4.7— The test results indicated that slabs con-
taining underreinforcing shearheads failed at a shear stress
on a critical section at the end of the shearhead reinforce-
ment less tha4 ff’. Although the use odverreinforcing
shearheads brought the shear strength back to about the
equvalent 0f4jf7c' , the limited test data suggest that a con-
sewvative design is desirable. Therefore, the shear strength is
calculated asljf? on an assumed critical section located
inside the end of the shearhead reinforcement.

The critical section is taken through the shearhead arms
three-fourths of the distang£ — (c,/2)] from the face of the
column to the end of the shearheadwdver, this assumed
critical section need not beken closer tham/2 to the col-
umn. Seé-ig. R11.12.4.7

R11.12.49 — If the peak shear at the face of the column
is neglected, and the cracking lb#/, is again assumed to
be about one-halffoV,, the moment contsution of the
shearheé M, can be conseatively computed from Eq.
(11-40), in whichgis the factor for flexure (0.9).
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(b) The change in column strip moment over the
length 4, ;

(c) The value of M, computed by Eq. (11-39).

11.12.4.10 — When unbalanced moments are con-
sidered, the shearhead must have adequate anchor-
age to transmit M, to column.

11.12.5 — Openings in slabs

When openings in slabs are located at a distance less
than 10 times the slab thickness from a concentrated
load or reaction area, or when openings in flat slabs
are located within column strips as defined in Chapter
13, the critical slab sections for shear defined in
11.12.1.2 and 11.12.4.7 shall be modified as follows:

11.12.5.1 — For slabs without shearheads, that part
of the perimeter of the critical section that is enclosed
by straight lines projecting from the centroid of the col-
umn, concentrated load, or reaction area and tangent
to the boundaries of the openings shall be considered
ineffective.

11.12.5.2 — For slabs with shearheads, the ineffec-
tive portion of the perimeter shall be one-half of that
defined in 11.12.5.1.

11.12.6 — Transfer of moment in slab-column con-
nections

11.12.6.1 — When gravity load, wind, earthquake, or
other lateral forces cause transfer of unbalanced moment
M, between a slab and a column, a fraction y; M,, of the
unbalanced moment shall be transferred by flexure in
accordance with 13.5.3. The remainder of the unbal-
anced moment given by y, M,, shall be considered to be

318/318R-177
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//
(a) No shearhead
(b) Small Interior shearhead Lcy/2
(n=4) (c) Large shearhead Interior
(n=4)
3ata,¢c,/2)
3 v-co/2) - fe—dr2 - __13;
a2 Aeal2 “
N,
T will= - AN
2
=
[ & —
¥4, -c, /2)[ L
LIV’C|/2 L -AC,'
3 (y-c)/2) = U
(d) Small edge shearhead /2
(n=3) (e) Large edge shearhead
(n=3)

Fig. R11.12.4.7—Location of critical sectiorfided in
11.12.4.7

R11.124.10 — SeeR11.126.3.

R11.12.5 — Openings in slabs

Provisions for design of openings in slabs (and footings)
were aveloped in Reference 11.3. The locations of the
effective portions of the critical section near typical open-
ings and free edges areogm by the dashed lines iRig.
R11.12.5 Additional researcit-#® has cofirmed that these
provisions are conseatve.

R11.126 — Transfer of moment in slab-column con-
nections

R11.12.61 — In Reference 11.52tas found that where
moment is transferred between a column and a slab, 60 per-
cent of the moment should be considered transféwrdix-
ure across the perimeter of the critical sectiofindd in
11.12.1.2, and 40 perceby eccentricity of the shear about
the centroid of the critical sectioRor re¢angular columns,
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transferred by eccentricity of shear about the centroid of
the critical section defined in 11.12.1.2 where

Yo = (1-vp) (11-41)

11.12.6.2 — The shear stress resulting from
moment transfer by eccentricity of shear shall be
assumed to vary linearly about the centroid of the criti-
cal sections defined in 11.12.1.2. The maximum shear
stress due to the factored shear force and moment
shall not exceed @v,,:

For members without shear reinforcement
v, = ¢V /(b,d) (11-42)
where V. is as defined in 11.12.2.1 or 11.12.2.2.

For members with shear reinforcement other than
shearheads:

Qv, = @V, + Vy)/(b,d) (11-43)
where V, and V; are defined in 11.12.3. If shear rein-

forcement is provided, the design shall take into account
the variation of shear stress around the column.
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Fig. R11.12.5—#fect of openings andde edes
(effective perimeter shown with dashed lines)

the portion of the moment transferrbyl flexure increases
as the width of the face of the critical section resisting the
moment increases, as/gnby Eq. (13-1).

Most of the data in Reference 11.52 were obtained from
tests of square columns, and little informatioravailable

for round columns. These can be approximated as square
columns.Fig. R13.6.2.5shows square supportsating the
same area as some nonrectangular members.

R11.12.6.2— The stress distiution is assumed as illus-
trated inFig. R11.12.6.Zor an interior orexterior column.
The perimeter of the critical sectioABCD, is determined
in accordance with 11.12.1.2. The factored shear fgjce
and unbalanced momeht, are determined at the centroi-
dal axisc-c of the critical section. The maximum factored
shear stress may be calculated from:

<

Y,M cC
- _u, "V u"AB
YuAB) T AT,

or

Vu _vauCCD

%wm‘E 3

C

whetrey, is gvenby Eq. (11-41)For an interior columpA,
andJ. may be calculately

area of concrete of assumed critical section
2d (¢ + ¢ + 2d)

Ac
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11.12.6.3 — When shear reinforcement consisting

of steel I- or channel-shaped sections (shearheads) is

provided, the sum of the shear stresses due to vertical

load acting on the critical section defined by 11.12.4.7

and the shear stresses resulting from moment trans-

ferred by eccentricity of shear about the centroid of the

| critical section defined in 11.12.1.2(a) and 11.12.1.3
shall not exceed @4, /f." .

COMMENTARY
c|+ d
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Fig. R11.12.6.2—Assumed distribution of shear stress
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1

property of assumed critical section analogous to
polar moment of inertia

d(c,+ d)° L (e dyd> L (o, + d)(ey + d)?
6 6 2

Similar equations may be developed fyrandJ, for col-
umns located at the edge or corner of a slab.

The fraction of the unbalanced moment between slab and
column not transferred by eccentricity of the shear should
be transferred by flexure in accordance with 13.5.3. A con-
servative method assigns the fraction transferred by flexure
over an effective slab width defined in 13.5.3.2. Often
designers concentrate column strip reinforcement near the
column to accommodate this unbalanced moment. Available
test data seem to indicate that this practice does not increase
shear strength but may be desirable to increase the stiffness
of the slab-column junction.

Test dat&*3indicate that the moment transfer capacity of a
prestressed slab to column connection can be calculated
using the procedures of 11.12.6 and 13.5.3.

R11.12.6.3— Testél®*indicate that the critical sections

| are defined in 11.12.1.2(a) and 11.12.1.3 and are appropriate

for calculations of shear stresses caused by transfer of
momentseven when shearheads are used. Then, even though
the critical sections for direct shear and shear due to moment
transfer differ, they coincide or are in close proximity at the

column corners where the failures initiate. Because a shear-
head attracts most of the shear as it funnels toward the col-
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umn, it is conservative to take the maximum shear stress as
the sum of the two components.

Section 11.12.4.10 requires the mombhy transferred to
the column in shearhead connections transferring unbal-
anced moments. This may be done by bearing within the
column or positive mechanical anchorage.
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12.0 — Notation

a = depth of equivalent rectangular stress block
as defined in 10.2.7.1, in.
A, = area of anindividual bar, in.?
As = area of nonprestressed tension reinforce-
ment, in.2
A, = total cross-sectional area of all transverse
reinforcement which is within the spacing s
and which crosses the potential plane of split-
ting through the reinforcement being devel-
oped, in.?
A, = area of shear reinforcement within a distance
s, in.2
A, = area of an individual wire to be developed or
spliced, in.?
b, = web width, or diameter of circular section, in.
c = spacing or cover dimension, in. See 12.2.4
d = distance from extreme compression fiber to
centroid of tension reinforcement, in.
d, = nominal diameter of bar, wire, or prestressing
strand, in.
f; = specified compressive strength of concrete,
psi
f,/ = square root of specified compressive
strength of concrete, psi
fy = average splitting tensile strength of light-
weight aggregate concrete, psi
fos = stress in prestressed reinforcement at nomi-
nal strength, ksi
fse = effective stress in prestressed reinforcement
(after allowance for all prestress losses), ksi
f, = specified yield strength of nonprestressed
reinforcement, psi
fye = specified yield strength of transverse rein-
forcement, psi
h = overall thickness of member, in.
Ky = transverse reinforcement index
— Atrf t H H
= 1_556%5 (constant 1500 carries the unit
Ib/in.?)
A = additional embedment length at support or at
point of inflection, in.
4y = development length, in.
= /y X applicable modification factors
4y, = basic development length, in.
4y, = development length of standard hook in ten-

sion, measured from critical section to out-
side end of hook (straight embedment length
between critical section and start of hook

ACI 318 Building Code
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The development length concept for anchorage of reinforce-
ment was first introduced in the 1971 code, to replace the
dual requirements for flexural bond and anchorage bond
contained in earlier editions. It is no longer necessary to
consider the flexural bond concept, which placed emphasis
on the computation of nominal peak bond stresses. Consid-
eration of an average bond resistance over a full develop-
ment length of the reinforcement is more meaningful,
partially because all bond tests consider an average bond
resistance over a length of embedment of the reinforcement,
and partially because uncalculated extreme variations in
local bond stresses exist near flexural craéKs.

The development length concept is based on the attainable
average bond stress over the length of embedment of the
reinforcement. Development lengths are required because of
the tendency of highly stressed bars to split relatively thin
sections of restraining concrete. A single bar embedded in a
mass of concrete should not require as great a development
length; although a row of bars, even in mass concrete, can
create a weakened plane with longitudinal splitting along
the plane of the bars.

In application, the development length concept requires
minimum lengths or extensions of reinforcement beyond all
points of peak stress in the reinforcement. Such peak
stresses generally occur at the points2ri0.2

The strength reduction factgris not used in this chapter.
An allowance for strength reduction is already included in
the expressions for determining development and splice
lengths. The required development and splice lengths are
the same for either the strength design method or the alter-
nate desig methal of Appendix A, since @velopment and
splice lengths are based fynn either case.

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 ft or kip.

and Commentary
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[point of tangency] plus radius of bend and
one bar diameter), in.

4y, x applicable modification factors

basic development length of standard hook in
tension, in.

nominal moment strength at section, in.-Ib
Asf(d - al2)

number of bars or wires being spliced or
developed along the plane of splitting
maximum center-to-center spacing of trans-
verse reinforcement within 4, in.

spacing of wire to be developed or spliced, in.
factored shear force at section, Ib
reinforcement location factor. See 12.2.4
coating factor. See 12.2.4

ratio of area of reinforcement cut off to total
area of tension reinforcement at section
reinforcement size factor. See 12.2.4

lightweight aggregate concrete factor. See
1224

12.1 — Development of rein forcement —

General

12.1.1 — Calculated tension or compression in rein-
forcement at each section of structural concrete mem-
bers shall be developed on each side of that section by
embedment length, hook or mechanical device, or a
combination thereof. Hooks shall not be used to
develop bars in compression.

12.1.2 — The values of [f, used in this chapter shall
not exceed 100 psi.

CHAPTER 12
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R12.1 — Development of reinforcement —
General

From a point of peak stress in reinforcement, some length of
reinforcement or anchorage is necessary to develop the stress.
This development length or anchorage is necessary on both
sides of such peak stress points. Often the reinforcement con-
tinues for a considerable distance on one side of a critical
stress point so that calculations need involve only the other
side, for example, the negative moment reinforcement con-
tinuing through a support to the middle of the next span.
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12.2 — Development of de formed bars
and de formed wire in tension

12.2.1 — Development length 4;, in terms of diameter
dp, for deformed bars and deformed wire in tension
shall be determined from either 12.2.2 or 12.2.3, but ¢4
shall not be less than 12 in.

12.2.2 — For deformed bars or deformed wire, #; /dy,
shall be as follows:

No. 6 and smaller
bars and No. 7 and larger
deformed wires bars

Clear spacing of bars being
developed or spliced not less
than dy, clear cover not less
than dp, and stirrups or ties

throughout 4, not less thanthe | 4 faBx | 2 f oA
code minimum Aoy | 4y
or dp 25[f; | dp 20 [f;

Clear spacing of bars being
developed or spliced not less
than 2d,, and clear cover not

less than dj,
Q:SfaB)\ ﬁ:3fal3}\
Other cases d, 50, /f’ d, 40, [f.

12.2.3 — For deformed bars or deformed wire, Z; /dy,
shall be:

E"i -3 _apy\ (12-1)
b

40 ffr £+Kyp

in which the term (¢ + Ky)/d, shall not be taken
greater than 2.5.

318/318R-183
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R12.2 — Development of deformed bars and
deformed wire in tension

In the 1989 code, major changes were made in the proce-
dures for calculating development lengths for deformed bars
and deformed wires in tension. While the 1989 revisions
were based on extensive research and professional judg-
ment, many of those applying the 1989 provisions in design,
detailing, and fabrication found them to be overly complex
in application. Also, in some circumstances, the revisions
required longer development lengths than prior experience
indicated necessary. Committee 318 reexamined the basic
tension development length procedures with a view of for-
mulating a more user-friendly format while maintaining
general agreement with research results and professional
judgment. In the 1995 code, the format for determining the
development lengths for deformed bars and deformed wires
in tension was extensively revised. The revision, however,
was based on the same general equ]a%i%for development
length previously endorsed by Committee 488:12-

After extensive discussion, the committee decided to show
as many of the previous multipliers as possible in the basic
equation, as well as to rearrange terms and to eliminate
compounding@-factors. This results in the development
length equation (expressed in terms of bar or wire diameter)
givenin 12.2.3:

4_-3 1T _apyn
dy 40 f£+Kyp
Ddb g

c is a factor that represents the smallest of the side cover,
cover over the bar or wire (in both cases measured to the
center of the bar or wire), or one-half the center-to-center
spacing of the bars or wirek, is a factor that represents
the contribution of confining reinforcement across potential
splitting planesa is the traditional reinforcement location
factor to reflect the adverse effects of the top reinforcement
casting positionf is a coating factor reflecting the effects
of epoxy coating. These factors have been revised to reflect
research findings and there is a limit on the prodtyis

a reinforcement size factor that reflects the more favorable
performance of smaller diameter reinforcemdrit a light-
weight concrete factor that reflects the generally lower ten-
sile strength of lightweight concrete and the resulting
reduction of splitting resistance that is important in the
development of deformed reinforcement. A limit on the
term(c + Ky,)/dy, of 2.5 is included to safeguard against pull-
out type failures. This limit eliminated the need for the
check of0.03dbfy/JfT:' previously required under the 1989
code, Section 12.2.3.6.

The general Eq. (12-1) allows the designer to see the effect
of all variables controlling the development length. The
designer is permitted to disregard terms when such omission
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results in longer and hence more conservative development
lengths. Evaluation of Eq. (12-1) for certain design condi-
tions, and for given concrete strengths and reinforcing steel
grades gives the basic development length in bar diameter
multiples. This format was judged by designers and rein-
forcing bar suppliers to be a much more practical formula-
tion.

However, implementation requires that either the user calcu-
lateybased on the actu@ + Ky, )/dy, for each case or that a
range of(c + Ky)/dy values be preselected for common
cases. Committee 318 chose a final format that allows the
user to choose between either of two approaches:

(1) Section 12.2.2 presents a simpler approach that rec-
ognizes that many current practical construction cases uti-
lize spacing and cover values along with confining
reinforcement such as stirrups or ties that result in a value
of (c + Ky,)/d,, of at least 1.5. Examples would be minimum
clear cover ofl.0dy, along with either minimum clear spac-
ing of 2d,, or a combination of minimum clear spacing of
1.0dy, and minimum ties or stirrups. For these frequently
occurring cases, the development length for larger bars can
be taken ag/d, = f, a/\/(ZQ/rC' ). Comparison with past
provisions and a check of a massive data bank of experi-
mental results maintained by Committee 408 indicated that
for No. 6 deformed bars and smaller, as well as for
deformed wire, these values could be reduced 20 percent
usingy = 0.80. This is the basis for the first row of the table
in 12.2.2. With lesser cover and in the absence of minimum
ties or stirrups, the minimum clear spacing limits of 7.6.1
and the minimum concrete cover requirements of 7.7 result
in minimum values ot of 1.0d,,. Thus, for “other cases,”
the values are multiplied by 1.5 to restore them to equiva-
lence with Eq. (12.1).

While the equations in the table in 12.2.2 may initially look
complex, they are readily evaluated and for the generally
occurring conditions, the user may easily construct very
simple, quite useful expressions. For example, in all struc-
tures with normalweight concre@ = 1.0) uncoated rein-
forcement(B8 = 1.0) No. 6 or smaller bottom ba(g = 1.0)
with f' = 4 ksi and Grade 60 reinforcement, the equations
reduce to

(60, 000(1.0(1.0(1.00 _ 38
25,/4000

a
dy
or

_ 3(6Q_009(1.0)(1.0)(1.0) _ ¢
50./4000

4
db

Thus, a designer or detailer knows that for these widely
occurring cases, as long as minimum covetpfind either
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12.2.4 — The factors for use in the expressions for
development of deformed bars and deformed wires in
tension in Chapter 12 are as follows:

a = reinforcement location factor

Horizontal reinforcement so placed that more than
12 in. of fresh concrete is cast in the member below

the development length or splice............cccceeeeeenn. 1.3
Other reinforcement ..........ccococeeeiiieee e, 1.0
B = coating factor
Epoxy-coated bars or wires with cover less than 3dp,

or clear spacing less than 6dp.........c.ccccovvveinneennnen. 15
All other epoxy-coated bars or wires.................... 1.2
Uncoated reinforcement.........ccccccooviviiiiienneennn, 1.0

However, the product a8 need not be taken greater
than 1.7.

318/318R-185
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minimum clear spacing &dy, or minimum clear spacing of
d, along with minimum ties or stirrups are providég=
38d,. The penalty for spacing bars closer or providing less
cover is the requirement thgt= 57dj,

(2) A more general approach, which is basically quite
similar in many respects to the original Committee 408 pro-
posall?2123is included in 12.2.3. This allows the user to
evaluate(c + Ky)/d, for each particular combination of
cover, spacing, and transverse reinforcement. This allows
one to more rigorously calculate development lengths where
critical or in special investigations. A limit ¢o + K,)/d,, of
2.5 is imposed to maintain the 1989 code 12.2.3.6 limit of
4 2 0.03d, fy/ff , which is based on the pullout failure
mode as a controlling failure mode.

There are many practical combinations of side cover, clear
cover, and confining reinforcement that can be used with
12.2.3 to produce significantly shorter development lengths
than allowed by 12.2.2. For example, bars or wires with
minimum clear cover not less th&d, and minimum clear
spacing not less thadd, and without any confining rein-
forcement would have @ + K;;)/d, value of 2.5 and would
require only 0.6 times the values of 12.2.2.

The provisions of 12.2.2 and 12.2.3 give a two-tier approach
as provided in many other places in the code. They result in
simpler computations where approximations are acceptable
while retaining the more general ACI Committee 408
approach where special cases or many repetitions make the
greater efficiency desirable.

The basis for determining tension development length in the
code was the same as that in the 1989 code. Thus, design
aids and computer programs based on Section 12.2 of the
1989 code can be used for complying with the code.

R12.2.4— The reinforcement location factor accounts

for position of the reinforcement in freshly placed concrete.
The factor had been reduced from 1.4 in the 1983 code to
1.3 in the 1989 code to reflect resealéft:12->

The factorA for lightweight aggregate concrete was made
the same for all types of aggregates in the 1989 code.
Research on hooked bar anchorages did not support the
variations in previous codes for all-lightweight and sand-
lightweight concrete and a single value, 1.3, was selected.
Section 12.2.4 allows a lower factor to be used when the
splitting tensile strength of the lightweight concrete is spec-
ified. See5.1.4

Studied?6:12.7.12.8s¢ the anchorage of epoxy-coated bars
show that bond strength is reduced because the coating pre-
vents adhesion and friction between the bar and the concrete.
The factors reflect the type of anchorage failure likely to
occur. When the cover or spacing is small, a splitting failure
can occur and the anchorage or bond strength is stibBjan
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y = reinforcement size factor
No. 6 and smaller bars and deformed wires ........ 0.8
No. 7 and larger bars ........cccooovviiiieiiiiiiii 1.0
A = lightweight aggregate concrete factor

When lightweight aggregate concrete is used ..... 1.3
However, when f; is specified, A shall be permitted

to be taken as 6.7 /7.’ /f,; but not less than............. 1.0
When normalweight concrete is used.................. 1.0

¢ = spacing or cover dimension, in.

Use the smaller of either the distance from the cen-
ter of the bar or wire to the nearest concrete surface or
one-half the center-to-center spacing of the bars or
wires being developed.

Ky = transverse reinforcement index

— Atrfzt
1500sn
where:

A, = total cross-sectional area of all transverse
reinforcement which is within the spacing s
and which crosses the potential plane of
splitting through the reinforcement being
developed, in.?

fie = specified yield strength of transverse rein-
forcement, psi

S = maximum center-to-center spacing of trans-
verse reinforcement within 4, in.

n = number of bars or wires being developed

along the plane of splitting
It shall be permitted to use K; = 0 as a design simplifi-
cation even if transverse reinforcement is present.

12.2.5 — Excess rein forcement

Reduction in development length shall be permitted
where reinforcement in a flexural member is in excess
of that required by analysis except where anchorage
or development for f, is specifically required or the
reinforcement is designed under provisions of 21.2.1.4
(A, required)/(Ag provided).

12.3 — Development of de formed bars in
compression

12.3.1 — Development length /,, in inches, for de-
formed bars in compression shall be computed as the
product of the basic development length 4, of 12.3.2
and applicable modification factors of 12.3.3, but ¢,
shall not be less than 8 in.

CHAPTER 12
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reduced. If the cover and spacing between bars is large, a
splitting failure is precluded and the effect of the epoxy
coating on anchorage strength is not as large. Stiddles
have shown that although the cover or spacing may be
small, the anchorage strength may be increased by adding
transverse steel crossing the plane of splitting, and restrain-
ing the splitting crack.

Although no studies on the effect of coated transverse steel
have been reported to date, the addition of transverse steel
should improve the anchorage strength of epoxy-coated
bars. Since the bond of epoxy-coated bars is already
reduced due to the loss of adhesion between the bar and the
concrete, an upper limit of 1.7 is established for the product
of the top reinforcement and epoxy-coated reinforcement
factors.

R12.2.5 — Excess reinforcement

The reduction factor based on area is not to be used in those
cases where anchorage development forf fudl required. For
example, the excess reinforcement factor does not apply for
development of positive moment reinforcement at supports
according to 12.11.2, for development of shrinkage and temper-
ature reinforcement according to 7.12.2.3, or for development
of reinforcement provided according to 7.13 and 13.3.8.5.

R12.3 — Development of deformed bars in
compression

The weakening effect of flexural tension cracks is not
present for bars in compression and usually end bearing of
the bars on the concrete is beneficial. Therefore, shorter
basic development lengtifg, are required for compression
than for tension. The basic development length may be
reduced 25 percent in 12.3.3.2 when the reinforcement is
enclosed within a column type spiral or an individual spiral
around each bar or group of bars.

ACI 318 Building Code and Commentary



CHAPTER 12 318/318R-187
CODE COMMENTARY
12.3.2 — Basic development length
/db shall be ..o, 002dbfy/Jf_;
but notless than..........c.ccceveineneen, 0.0003d,f,

where the constant 0.0003 carries the unit of in.2/Ib

12.3.3 — Basic development length Z;, shall be per-
mitted to be multiplied by applicable factors for:

12.3.3.1 — Excess reinforcement
Reinforcement in excess of that required by
analysis........cccceeeeennnn. (Ag required)/(A; provided)

12.3.3.2 — Spirals and ties

Reinforcement enclosed within spiral

reinforcement not less than 1/4 in.

diameter and not more than 4 in. pitch

or within No. 4 ties in conformance with

7.10.5 and spaced at not more than 4 in.

(o] o= | (] 0.75

12.4 — Development of bundled ba rs

12.4.1 — Development length of individual bars within
a bundle, in tension or compression, shall be that for
the individual bar, increased 20 percent for three-bar
bundle, and 33 percent for four-bar bundle.

12.4.2 — For determining the appropriate factors in
12.2, a unit of bundled bars shall be treated as a single

bar of a diameter derived from the equivalent total area.

12.5 — Development of standa rd hooks in
tension

12.5.1 — Development length /4, in inches, for de-
formed bars in tension terminating in a standard hook
(see 7.1) shall be computed as the product of the
basic development length 4, of 12.5.2 and the appli-

cable modification factor or factors of 12.5.3, but £,
shall not be less than 8d,, nor less than 6 in.

R12.4 — Development of bundled bars

R12.4.1— An increased development length for individual
bars is required when three or four bars are bundled
together. The extra extension is needed because the group-
ing makes it more difficult to mobilize bond resistance from
the core between the bars.

The designer should also note 7.6.6.4 relating to the cutoff
points of individual bars within a bundle and 12.14.2.2 relat-
ing to splices of bundled bars. The increases in development
length of 12.4 do apply when computing splice lengths of
bundled bars in accordance with 12.14.2.2. The develop-
ment of bundled bars by a standard hook of the bundle is not
covered by the provisions of 12.5.

R12.4.2 — Although splice and development lengths of
bundled bars are based on the diameter of individual bars
increased by 20 or 33 percent, as appropriate, it is necessary
to use an equivalent diameter of the entire bundle derived
from the equivalent total area of bars when determining fac-
tors in 12.2, which considers cover and clear spacing and
represents the tendency of concrete to split.

R12.5 — Development of standard hooks in
tension

The provisions for hooked bar anchorage were extensively
revised in the 1983 code. Study of failures of hooked bars
indicate that splitting of the concrete cover in the plane of the
hook is the primary cause of failure and that splitting origi-
nates at the inside of the hook where the local stress concen-
trations are very high. Thus, hook development is a direct
function of bar diameted,,which governs the maguoide of
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12.5.2 — Basic development length

4y for a hooked bar with f, equal to

60,000 psi shall be ..........cccocvveveierennnn. 1200d,/ ,/f;’
where the constant carries unit of Ib/in.2

12.5.3 — Basic development length 4,;, shall be multi-
plied by applicable factor or factors for:

12.5.3.1 — Bar yield strength
Bars with f, other than 60,000 psi.............. f, 160,000

12.5.3.2 — Concrete c over

For No. 11 bar and smaller, side cover

(normal to plane of hook) not less than

2-1/2 in., and for 90 deg hook, cover on

bar extension beyond hook not less

than 20N, oo 0.7

12.5.3.3 — Ties or stirrups

For No. 11 bar and smaller, hook enclosed

vertically or horizontally within ties or

stirrups spaced along the full development

length Z,, not greater than 3d,, where d, is
diameter of hooked bar..........ccccoooviiiniiiiiinnnn. 0.8

12.5.3.4 — Excess rein forcement
Where anchorage or development for f, is
not specifically required, reinforcement in
excess of that required by

analysis.......cccceeeeeeennne (A required)/(A; provided)
12.5.3.5 — Lightweight aggregate concret e ........
............................................................................. 1.3
12.5.3.6 — Epoxy-coated rein forcement

Hooked bars with epoxy coating ...........ccccceveeenn. 1.2
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Critical 12dy,
section

rdb ! B
f 1

4dy No. 3 through No. 8

4dy, or -
2Y%'min.  |5dp| No. 9, No. 10 and No. 11
6d,| No. 14 and No. 18
Ldh _

Fig. R12.5—Hoked bar details for evelopment of
standad hods

compresiwe stresses on the inside of the hook. Only stan-
dard hooks (see 7.1) are considered and the influence of
larger radius of bend cannot bealuatedby 12.5.

The hoded bar anchorage @iisions gve the total hoked
bar embedment length asosim in Fig. R12.5 The avelop-
ment lengthYy, is measured from the critical section to the

outside end (or edge) of the hook.

The development lengthfy, is the product of the basiexkl-
opment length,, of 12.5.2 and the applicable mtidation
factors of 12.5.3. If sideower is lage so that splitting is
effectively eliminated, and ties arequided, both factors of
12.5.3.2 and 12.5.3.3 may be appli&gh = 4, * 0.7% 0.8)

If, for the same case, anchorage is in lightweight concrete:
(%4n=4%p % 0.7x 0.8% 1.3)

Modification factors are pvided for bar yield strength,
excess reinforcement, lightweight concrete, and factors to
reflect the resistance to splittingopided from cofinement

by concrete and tramerse ties or stirrups. The factors are
based on recommendations from References 12.2 and 12.3.

The factor forexcess reinforcement applies only where
anchorage or @elopment for fullf, is not spedically
required. Thdactor for lightweight concrete is a sinfjia-
tion over the procedure in 12.2.3.3 of the 1983 code.Kdnli
straight bar dvelopment, no distinction is made between
top bars and other bars; such a distinction ficdit for
hook bars inay case. A minimunvalue d 4, is required to
prevent failureby direct pullout in cases where a hook may
be locatedrery near the critical section. Hooks are not con-
sidered #ective in compression.
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12.5.4 — For bars being developed by a standard hook
at discontinuous ends of members with both side cover
and top (or bottom) cover over hook less than 2-1/2 in.,
hooked bar shall be enclosed within ties or stirrups
spaced along the full development length 4 not
greater than 3d,, where d, is diameter of hooked bar.
For this case, factor of 12.5.3.3 shall not apply.

12.5.5 — Hooks shall not be considered effective in
developing bars in compression.

12.6 — Mechanical an chorage

12.6.1 — Any mechanical device capable of develop-
ing the strength of reinforcement without damage to
concrete is allowed as anchorage.

12.6.2 — Test results showing adequacy of such
mechanical devices shall be presented to the building
official.

12.6.3 — Development of reinforcement shall be per-
mitted to consist of a combination of mechanical
anchorage plus additional embedment length of rein-
forcement between the point of maximum bar stress
and the mechanical anchorage.

318/318R-189
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Fig. R12.5.4—Cormete cover per 12.5.4

Tests'?10 indicate that the @velopment length for hooked
bars should be increasdyy 20 percent to account for
reduced bond when reinforcement is epoxy coated.

R12.54 — Bar hooks are especially susceptible to a con-
crete splitting failure if both sideoger (normal to plane of
hook) and top or bottonoger (in plane of hook) are small.
SeeFig. R12.5.4With minimum corfinement povided by
concrete, additional céimement povidedby ties or stirrups

is essential, especially if full bar strength should beed
opedby a hooked bar with such smabwer. Cases where
hooks may require ties or stirrups for ioement are at
ends of simply supported beams, at free end of eaetd,
and at ends of members framing into a joint where members
do notextend keyond the joint. In contrast, if calculated bar
stress isdw so that the hook is not needed for bar anchor-
age, the ties or stirrups are not necgssalso, for hooked
bars at discontinuous ends of slabs withfc@ment pro-
vided by the slab continuous on both sides normal to the
plane of the hook, pvisions of 12.5.4 do not appl

R12.55 — In compression, hooks are ffectve and may
not be used as anchorage.

R12.6 — Mechanical anchorage

R12.61 — Mechanical anchorage can be made adequate
for strength both for prestressing tendons and for bar rein-
forcement.

R12.63 — Total development of a bar simply consists of
the sum of all the parts that cobtrie to anchorage. When a
mechanical anchorage is not capable efetbping the
required design strength of the reinforcement, additional
embedment length of reinforcement should bevided
between the mechanical anchorage and the critical section.
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12.7 — Development of welded de formed
wire fabric in tension

12.7.1 — Development length 4;, in inches, of welded
deformed wire fabric measured from the point of criti-
cal section to the end of wire shall be computed as the
product of the development length 4, from 12.2.2 or
12.2.3 times a wire fabric factor from 12.7.2 or 12.7.3.
It shall be permitted to reduce the development length
in accordance with 12.2.5 when applicable, but Z; shall
not be less than 8 in. except in computation of lap
splices by 12.18. When using the wire fabric factor
from 12.7.2, it shall be permitted to use an epoxy-coat-
ing factor B of 1.0 for epoxy-coated welded wire fabric
in 12.2.2 and 12.2.3.

12.7.2 — For welded deformed wire fabric with at least
one cross wire within the development length and not
less than 2 in. from the point of the critical section, the
wire fabric factor shall be the greater of:

.

rf, — 35,000
g fy g

or

P90

Os, O
but need not be taken greater than 1.

12.7.3 — For welded deformed wire fabric with no
cross wires within the development length or with a
single cross wire less than 2 in. from the point of the
critical section, the wire fabric factor shall be taken as
1, and the development length shall be determined as
for deformed wire.

12.7.4—When any plain wires are present in the
deformed wire fabric in the direction of the develop-
ment length, the fabric shall be developed in accor-
dance with 12.8.

12.8—Development of welded plain wire
fabric in tension

Yield strength of welded plain wire fabric shall be con-
sidered developed by embedment of two cross wires
with the closer cross wire not less than 2 in. from the
point of the critical section. However, the development
length 4, in inches, measured from the point of the
critical section to the outermost cross wire shall not be
less than

A 0
027 X a-XgA
SW O

af
i

CHAPTER 12

COMMEN TARY

R12.7 — Development of welded déormed
wire fabric in tension

Fig. R12.7 stows the dvelopment requirements for
deformed wire fabric with one cross wire within thevel-
opment length. ASTM A 497 for deformed wire fabric
requires the same strength of the weld as required for plain
wire fabric (ASTM A 185). Some of theegelopment is
assigned to welds and some assigned to the length of
deformed wire. The eelopment computations are simpli-
fied from earlier code pvisions for wire d@velopmentby
assuming that only one cross wire is contained in ¢aeld
opment length. The factors in 12.7.2 are applied to the
deformed wire dvelopment length computed from 12kt

with an absolute minimum of 8 in. Theplicit statement
that the mesh multiplier not beken greater than 1 corrects
anoversight in earlier codes. The multipliers wereikt
using the general relationships between deformed wire
mesh and deformed wires iretfy, values of the 1983 code.

Tests!21! have indicated that epoxy-coated welded wire
fabric has essentially the samevelopment and splice
strengths as uncoated fabric since the cross wi@sder

the primary anchorage for the wire. Therefore, an epoxy-
coating factor of 1.0 is used fomwklopment and splice
lengths of epoxy-coated welded wire fabric with cross wires
within the splice or dvelopment length.

2" min. Critical
,—*—-—\ section
2. T
| £, or 8" min.
{

Fig. R12.7—[@velopment of welded deformedevfabric

R12.8 — Development of welded plain wie
fabric in tension

Fig. R12.8shows the @velopment requirements for plain
wire fabric with dvelopment primarily dependent on the
location of cross wiredror fabrics made with the smaller
wires, an embedment of at least two cross wires 2 in. or
more keyond the point of critical section is adequate to
develop the full yield strength of the anchored wireswH
ever, for fabrics made with tger closely spaced wires, a
longer embedment is required and a minimueretbp-
ment length is mvided for these fabrics.
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except that when reinforcement provided is in excess
of that required, this length may be reduced in accor-
dance with 12.2.5. /, shall not be less than 6 in. except

in computation of lap splices by 12.19.

12.9 — Development of prestressing
strand

12.9.1 — Three- or seven-wire pretensioning strand
shall be bonded beyond the critical section for a devel-
opment length, in inches, not less than

2
%ps _éfsegdb

where d,, is strand diameter in inches, and f,s and f,,
are expressed in kips/in.?2 The expression in parenthe-
sis is used as a constant without units.

12.9.2 — Limiting the investigation to cross sections
nearest each end of the member that are required to
develop full design strength under specified factored
loads shall be permitted.

318/318R-191
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2" min. . Critica
I<—' sectio
a ) »
4, or 6" min.

Fig. R12.8—@Bvelopment of welded plain neifabric

R12.9 — Development of grestressing strand

The dvelopment requirements for prestressing strand are
intended to povide bond inggrity for the strength of the
membe. The povisions are based on tests performed on
normdweight concrete members with a minimuover of

2 in. These tests may not represent theadehof strand in

low wata-cementitious materials ratio, no-slump concrete.
Fabrication methods should ensure consolidation of con-
crete around the strand with complete contact between the
steel and concrete. Extra precautions shoulexdeecised
when bw watea-cementitious materials ratio, no-slump con-
crete is used. In general, this section will control only for
the design of cangler and short-span members.

Theexpression for dvelopment lendt/; may be ewritten as:

/ fSE

d~ 3 dp * (fps_fse)db

where 4, and d, are in inches, ants andfe are in kips/ir?

The first term represents the transfer length of the strand,
which is the distancever which the strand should be
bonded to the concrete te@vlop the prestresk, in the
strand. The second term represents the additional length
over which the strand should be bonded so that asdijes
may cbvelop in the strand at nominal strength of the membe

Thevariation of strand stress along thevelopment length

of the strand is gwn in Fig. R12.9 The expressions for
transfer length and for the additional bonded length neces-
sary to @velop an increase in stresk (§,s - fs9 are based

on tests of members prestressed with clean, 1/4, 3/8, and 1/2
in. diameter strands for which the maximuatue off s was

275 kips/in? SeeReferences 12.122.13 and12.14

The transfer length of strand is a function of the perimeter
corfiguration area and surface condition of the steel, the
stress in the steel, and the method used to transfer the steel
force to the concrete. Strand with a slightly rusted surface
can lave an appreciably shorter transfer length than clean
strand. Gentle release of the strand will permit a shorter
transfer length than abruptly cutting the strands.

The povisions of 12.9 do not apply to plain wires nor to end
anchored tendons. The length for smooth wire could be

ACI 318 Building Code and Commenta ry



318/318R-192 CHAPTER 12

CODE

12.9.3 — Where bonding of a strand does not extend to
end of member, and design includes tension at service
load in precompressed tensile zone as permitted by 18.4.2,
development length specified in 12.9.1 shall be doubled.

12.10 — Development of fl exural
reinforcement — General

12.10.1 — Development of tension reinforcement by
bending across the web to be anchored or made continu-
ous with reinforcement on the opposite face of member
shall be permitted.

COMMENTARY

At nominal strength of member

)

fpsfse

Prestress only

Steel siress

fse

|

fq— >

Distance from free end of strand

Fig. R12.9—Variation of steel stress with distance from
free end of strand

expected to be considerably greater due to the absence of
mechanical interlock. Flexural bond failure would occur
with plain wire when first slip occurred.

R12.9.3— Exploratory test$? that study the effect of
debonded strand (bond not permitted to extend to the ends
of members) on performance of pretensioned girders, indi-
cated that the performance of these girders with embedment
lengths twice those required by 12.9.1 closely matched the
flexural performance of similar pretensioned girders with
strand fully bonded to ends of girders. Accordingly, doubled
development length is required for strand not bonded
through to the end of a member. Subsequent'testimndi-
cated that in pretensioned members designed for zero ten-
sion in the concrete under service load conditigee
18.4.2) the development lendt for deborded strands need
not be doubled.

R12.10 — Development of flexural
reinforcement — General
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12.10.2 — Critical sections for development of reinforce-
ment in flexural members are at points of maximum stress
and at points within the span where adjacent reinforce-
ment terminates, or is bent. Provisions of 12.11.3 must
be satisfied.

12.10.3 — Reinforcement shall extend beyond the
point at which it is no longer required to resist flexure
for a distance equal to the effective depth of member
or 12d,, whichever is greater, except at supports of
simple spans and at free end of cantilevers.

COMMEN TARY
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Fig. R12.10.2—Bvelopment of éxural reinfarcement in a
typical continuous beam

R12.10.2— Critical sections for a typical continuous beam
are indicated with a “c” or an “Xx” ifrig. R12.10.2For uni-
form loading, the posite reinforcemenéxtending into the
support is more apt to bengernedby the requirements of
12.11.3 rather thaby development length measured from a
point of maximum moment or bar ciito

R12.10.3— The moment diagrams customarily used in
design are approximate; some shifting of the location of
maximum moments may occur due to changes in loading,
settlement of supports, lateral loads, or other causes. A diag-
onal tension crack in adtural member without stirrups
may shift the location of the calculated tensile stress
approximately a distanaktowards a point of zero moment.
When stirrups are pvided, this &ect is less avere,
although still present to sonegtent.

To provide for shifts in the location of maximum moments,
the code requires thextension of reinforcement a distance
d or 12d, beyond the point at which it is theoretically no
longer required to resistefture, except as noted.

Cutdf points of bars to meet this requirement are illustrated
in Fig. R12.10.2

When bars of dferent sizes are used, tbegension should
be in accordance with the diameter of bar being terminated.
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12.10.4 — Continuing reinforcement shall have an
embedment length not less than the development
length ¢4; beyond the point where bent or terminated
tension reinforcement is no longer required to resist
flexure.

12.10.5 — Flexural reinforcement shall not be termi-
nated in a tension zone unless 12.10.5.1, 12.10.5.2, or
12.10.5.3 is satisfied.

12.10.5.1 — Factored shear at the cutoff point does
not exceed two-thirds of the design shear strength, @V,

12.10.5.2—Stirrup area in excess of that required
for shear and torsion is provided along each termi-
nated bar or wire over a distance from the termination
point equal to three-fourths the effective depth of
member. Excess stirrup area A, shall be not less than
60b,, s/f,. Spacing s shall not exceed d/8p;, where B,
is the ratio of area of reinforcement cut off to total area
of tension reinforcement at the section.

12.10.5.3—For No. 11 bars and smaller, continuing
reinforcement provides double the area required for
flexure at the cutoff point and factored shear does not
| exceed three-fourths the design shear strength, @V,

12.10.6 — Adequate anchorage shall be provided for
tension reinforcement in flexural members where rein-
forcement stress is not directly proportional to moment,
such as: sloped, stepped, or tapered footings; brackets;
deep flexural members; or members in which tension
reinforcement is not parallel to compression face. See
12.11.4 and 12.12.4 for deep flexural members.

CHAPTER 12
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A bar bent to the faface of a beam and continued there
may logically be consideredfective, in satisfying this sec-
tion, to the point where the bar crosses the middepth of the
membe.

R12.10.4— Peak stressexist in the remaining bars wher-
ever adjacent bars are cuf,cor bent, in tensionegions. In

Fig. R12.10.2an “x” is used to indicate the peak stress
points remaining in continuing bars after part of the bars
have been cutfd. If bars are cutf as short as the moment
diagrams abw, these peak stresses become the fil
which requires a fll{; extension as indicated. Thexten-
sion mayexceed the length required foefure.

R12.105 — Reduced shear strength and loss of ductility
when bars are cufffoin a tension zone, as fig. R12.10.2

have been reported. The code does not perextufhl rein-
forcement to be terminated in a tension zone unless special
conditions are safied. Flexure cracks tend to open early
wherrver awy reinforcement is terminated in a tension zone.
If the steel stress in the continuing reinforcement and the
shear strength are each near their limitrafues, diagonal
tension cracking tends toaklop prematurely from these
flexure cracks. Diagonal cracks are less likely to form
where shear stress igwl (see 12.10.5.1). Diagonal cracks
can be restrainelly closely spaced stirrups (see 12.10.5.2).
A lower steel stress reduces the probability of such diagonal
cracking (see 12.10.5.3). These requirements are not
intended to apply to tension splices which ameeced by
12.15, 12.13.5, and the related 12.2.

R12.106 — Brackets, members whriable depth, and other
members where steel stsdg does not decrease linearly in
proportion to a decreasing moment require special consider-
ation for proper dvelopment of the @xural reinforcement.

For the bracket sdwn in Fig. R12.10.6the stress at ulti-
mate in the reinforcement is almost constant at approxi-

]
AV
an
Standard 90 or
180 deg. hook
(see Fig. T
R12.5.1)
Most of /g must
d be near end

Fig. R12.10.6—Special memberdaly dependent on end
anchorage
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12.11 — Develo pment of p ositive m oment
reinforcement

12.11.1 — At least one-third the positive moment rein-
forcement in simple members and one-fourth the posi-
tive moment reinforcement in continuous members
shall extend along the same face of member into the
support. In beams, such reinforcement shall extend
into the support at least 6 in.

12.11.2 — When a flexural member is part of a pri-
mary lateral load resisting system, positive moment
reinforcement required to be extended into the support
by 12.11.1 shall be anchored to develop the specified
yield strength f, in tension at the face of support.

12.11.3 — At simple supports and at points of inflection,
positive moment tension reinforcement shall be limited to
a diameter such that 4; computed for f, by 12.2 satisfies
Eq. (12-2); except, Eq. (12-2) need not be satisfied for
reinforcement terminating beyond centerline of simple
supports by a standard hook, or a mechanical anchorage
at least equivalent to a standard hook.

Mn
LSt
VU

(12-2)

where:

M,, is nominal moment strength assuming all reinforce-
ment at the section to be stressed to the specified
yield strength f,;

V,, is factored shear force at the section;

/, at a support shall be the embedment length beyond
center of support;

/, at a point of inflection shall be limited to the effective
depth of member or 12d,,, whichever is greater.

318/318R-195
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matey f, from the face of support to the load point. In such

a case, evelopment of the éxural reinforcement depends
largely on the end anchorageopided at the loaded end.
Reference 12.1 suggests a welded cross bar of equal diame-
ter as a means of@riding dfective end anchorage. An end
hook in thevertical plane, with the minimum diameter bend,

is not totally éfective because an essentially plain concrete
corner will exist near loads applied close to the corker

wide bra&ets (perpendicular to the plane of figure) and
loads not applied close to the corners, U-shaped bars in a
horizontal plane mvide dfective end hooks.

R12.11 — Development of positive moment
reinforcement

R12.11.1— Positve moment reinforcement is carried into the
support to povide for some shifting of the moments due to
changes in loading, settlement of supports, and lateral loads.

R12.112 — When a féxural member is part of a primary
lateral load resisting system, loads greater than those antici-
pated in design may caussversal of moment at supports;
some posive reinforcement should be well anchored into
the support. This anchorage is required to ensure ductility of
response in thevent of seriousoverstress, such as from
blast or earthquee. It is not stficient to use more reinforce-
ment at bwer stresses.

R12.113 — At simple supports and points of inflection
such as PL.” in Fig. R12.10.2the diameter of the posié
reinforcement should be small enough so that computed
development length of the b#; does noexceedM,, /V, +

4,, or under d@orable support conditiond.3M,/V, + 4.

Fig. R12.11.3(ajllustrates the use of thegmision.

At the point of inflection thevalue d 4, should notexceed
the actual barxtension used dyond the point of zero
moment. TheM, /V,, portion of theavailable length is a the-
oretical quantity not generally associated with &mi@us
maximum stress pointM,, is the nominal strength of the
cross section without thg-factor and is not the applied fac-
tored moment.

The lengthM,, /V,, corresponds to theedelopment length
for the maximum size bar obtained from thevjusly used
flexural bond equatiolt, = V/ujd, whereu is bond stress,
andjd is the moment arm. In the 1971 cotlés anchorage
requirementvas relaed from pevious codedy crediting the
available end anchorage lengthandby including a 30 per-
cent increase foM,, /V, when the ends of the reinforcement
are coffinedby a compresse reaction.

For example, a bar size is@rided at a simple support such

ACI 318 Building Code and Commenta ry
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An increase of 30 percent in the value of M, /V,, shall
be permitted when the ends of reinforcement are con-
fined by a compressive reaction.

12.11.4 — At simple supports of deep flexural mem-
bers, positive moment tension reinforcement shall be
anchored to develop the specified yield strength f,, in
tension at the face of support. At interior supports of
deep flexural members, positive moment tension rein-
forcement shall be continuous or be spliced with that
of the adjacent spans.

COMMEN TARY

‘ﬁ—-—Mn/ Vu L Mp for reinforcement
continuing into support

End anchorage fu__-1-’-—-|—l.3 Mn/Vy i
—

A

Max. [d

Note: The .3 factor is usable only if the reaction
confines the ends of the reinforcement.

. (a) Maximum size of bar at simple support

Maximum effective embedment
length limited fo d orl2 dbforfq

Mn/Vu

z b

| PI. I—— Bars a

r«— Embedment length————|
Max. ld——

(b) Maximum size of Bar "a" at point of inflection

Fig. R12.11.3—Concept for determining maximum bar
size per 12.11.3

that 4; as computecby 12.2 is equal td.04 A, f/ff .
The bar size mvided is satisfactory onlyf i0.04 A, f,/ ff.’
does noexceedl.3M, /V, +4,.

The/, to be used at points of inflection is limited to tffective
depth of the membetor 12 bar diametel(12d,), whichever is
greate Fig. R12.11.3(bjllustrates this pvision at points of
inflection. Thre4, limitation is added since test data areaveil-

able to sbw that a long end anchorage length will be fuffee

tive in developing a bar that has only a short length between a
point of inflection and a poirof maximum stress.

R12.114 — The use of the strut and tie model for the
design of reinforced concrete deegxtiral members clari-
fies that there is sigfi¢ant tension in the reinforcement at
the face of the support. This requires the tension reinforce-
ment to be continuous or bevéloped through andegond

the support:>16
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12.12 — Development of negat ive moment
rein forcement

12.12.1 — Negative moment reinforcement in a con-
tinuous, restrained, or cantilever member, or in any
member of a rigid frame, shall be anchored in or
through the supporting member by embedment length,
hooks, or mechanical anchorage.

12.12.2 — Negative moment reinforcement shall have
an embedment length into the span as required by
12.1 and 12.10.3.

12.12.3 — At least one-third the total tension rein-
forcement provided for negative moment at a support
shall have an embedment length beyond the point of
inflection not less than effective depth of member,
12d,, or one-sixteenth the clear span, whichever is
greater.

12.12.4 — At interior supports of deep flexural mem-
bers, negative moment tension reinforcement shall be
continuous with that of the adjacent spans.

318/318R-197
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R12.12 — Development of negative moment
reinforcement

Fig. R12.12illustrates two methods of satisfying require-
ments for anchorage of tension reinforcemesytohd the
face of support-or anchorage of reinforcement with hooks,
see R12.5

Section 12.12.3 pwrides for possible shifting of the
moment diagram at a point of inflection, as discussed under
R12.10.3. This requirement mayceed that of 12.10.3, and
the more restricte of the two povisions gverns.

4%

Jan
Standard 90 or l
180 deg hook )
(see Fig. R12.5) "

x

(a) Anchorage into exterior column

d,12 dp,or £, /16,
whichever is greater,
A for at least one-third Ag

AN

DR Y Jt

\ PI.

-to satisfy span on right

Note: Usually such anchorage becomes part of the adjacent
beam reinforcement.

(b) Anchorage info ad jacent beam

Fig. R12.12—@Bvelopment of eyative momenteinfarcement
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12.13 — Development of web
reinforcement

12.13.1 — Web reinforcement shall be as close to the
compression and tension surfaces of the member as
cover requirements and proximity of other reinforce-
ment permits.

12.13.2 — Ends of single leg, simple U-, or multiple U-stir-
rups shall be anchored as required by 12.13.2.1 through
12.3.2.5.

12.13.2.1 — For No. 5 bar and D31 wire, and smaller,
and for No. 6, No. 7, and No. 8 bars with f,, of 40,000 psi or

less, a standard hook around longitudinal reinforcement.

12.13.2.2 — For No. 6, No. 7, and No. 8 stirrups with
f, greater than 40,000 psi, a standard stirrup hook
around a longitudinal bar plus an embedment between
midheight of the member and the outside end of the
hook equal to or greater than 0.014d, f, /ij’ .

CHAPTER 12
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R12.13 — Development of web reinforcement

R12.13.1— Stirrups should be carried as close to the com-
pression face of the member as possible because near ulti-
mate load the flexural tension cracks penetrate deeply.

R12.13.2— The anchorage or development requirements
for stirrups composed of bars or deformed wire were
changed in the 1989 code to simplify the requirements. The
straight anchorage was deleted as this stirrup is difficult to
hold in place during concrete placement and the lack of a
hook may make the stirrup ineffective as it crosses shear
cracks near the end of the stirrup.

R12.13.2.1— For a No. 5 bar or smaller, anchorage is
provided by a standard stirrup hook, as defined in 7.1.3,
hooked around a longitudinal bar. The 1989 code eliminated
the need for a calculated straight embedment length in addi-
tion to the hook for these small bars, but 12.13.1 requires a
full depth stirrup. Likewise, larger stirrups witpequal to
or less than 40,000 are sufficiently anchored with a standard
stirrup hook around the longitudinal reinforcement.

R12.13.2.2-Since it is not possible to bend a No. 6, No.
7, or No. 8 stirrup tightly around a longitudinal bar and due to
the force in a bar with a design stress greater than 40,000 psi,
stirrup anchorage depends on both the value of the hook and
whatever development length iopided. A longitudinal bar

L—See 12.13.1

| =
$ t da/4
:Efmoxnmum

minimum of 2"

i ¥

|
/4 — a/4
maximum maximum
P_L

8 Wire diameter
bend (minimum)

Fig. R12.13.2.3—Anchorage in compression zone of
welded plain wire fabric U-stirrups
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12.13.2.3—For each leg of welded plain wire fabric
forming simple U-stirrups, either:

(a) Two longitudinal wires spaced at a 2 in. spacing
along the member at the top of the U; or

(b) One longitudinal wire located not more than d/4
from the compression face and a second wire closer
to the compression face and spaced not less than 2
in. from the first wire. The second wire shall be per-
mitted to be located on the stirrup leg beyond a
bend, or on a bend with an inside diameter of bend
not less than 8d,,.

12.13.2.4 — For each end of a single leg stirrup of
welded plain or deformed wire fabric, two longitudinal
wires at a minimum spacing of 2 in. and with the inner
wire at least the greater of d/4 or 2 in. from middepth
of member d/2. Outer longitudinal wire at tension face
shall not be farther from the face than the portion of
primary flexural reinforcement closest to the face.

COMMEN TARY

within a stirrup hook limits the width ofw flexural cracks,
even in a tensile zone. Since such a stirrup hook cannot fail
by splitting parallel to the plane of the hooked, e hook
strength as utilized in 12.5.2 has been adjusted to reflect
cover and cofinement around the stirrup hook.

For stirrups withf, of only 40,000 psi, a standard stirrup
hook povides sificient anchorage and these bars axe ¢
ered in 12.13.2.1For bars with higher strength, the embed-
ment should be chked. A 135 dég or 180 @g hook is
preferredbut a 90 &g hook may be used qiided the free
end of the 90 &y hook isextended the full 12 bar diameters
as required in 7.1.3.

R12.13.2.3-The requirements for anchorage of welded
plain wire fabric stirrups are illustratedfing. R12.13.2.3

R12.13.2.4— Use of welded wire fabric for shear rein-
forcement has become commonplace in the precast, pre-
stressed concrete industThe rationale for acceptance of
straight sheets of wire fabric as shear reinforcement is pre-
sented in a repoby a joint PCI/WRI Ad Hoc Committee on
WeldedWire Fabric for Shear Reinforcemett!’

The povisions for anchorage of singleglwelded wire fab-
ric in the tension face emphasize the location of the longitu-

2 horizontal wires
[ top & bottom.

‘*

‘D
i) 2"min.
plain or de formed ve rtical %t/;eastzthe greater of
wires as required . or2"
q ~a
midd epth o-f m ember __f - - at least the greater of
(=di2) dldor2"
. q
primary - \
.« g " .
reinforcement—""| 9 ! 2"min.

——
¥
\omer wire not above lowest

primary , reinforcement
© *Seel12.13.1

Fig. R12.13.2.4—Aamorage of singledg welded wie fab-
ric shearreinfacement
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12.13.2.5 — In joist construction as defined in 8.11,
for No. 4 bar and D20 wire and smaller, a standard
hook.

12.13.3 — Between anchored ends, each bend in the
continuous portion of a simple U-stirrup or multiple U-
stirrup shall enclose a longitudinal bar.

12.13.4 — Longitudinal bars bent to act as shear rein-
forcement, if extended into a region of tension, shall be
continuous with longitudinal reinforcement and, if
extended into a region of compression, shall be
anchored beyond middepth d/2 as specified for devel-
opment length in 12.2 for that part of f, required to sat-
isfy Eq. (11-17).

12.13.5 — Pairs of U-stirrups or ties so placed as to
form a closed unit shall be considered properly spliced
when length of laps are 1.34;. In members at least 18
in. deep, such splices with A, f, not more than 9000 Ib
per leg shall be considered adequate if stirrup legs
extend the full available depth of member.

12.14 — Splices of rein forcement — General

12.14.1 — Splices of reinforcement shall be made only
as required or permitted on design drawings, or in
specifications, or as authorized by the engineer.

12.14.2 — Lap splices

12.14.2.1 — Lap splices shall not be used for bars
larger than No. 11 except as provided in 12.16.2 and
15.8.2.3.

CHAPTER 12
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dinal wire at the same depth as the primamgxuital
reinforcement toavoid a splitting problem at the tension
steel bvel. Fig. R12.13.2 4llustrates the anchorage require-
ments for singledy, welded wire fabricFor anchorage of
single bg, welded wire fabric, the code has permitted hooks
and embedment length in the compression and tefesies

of membergseel2.13.2.1and12.13.2.3, and embedment
only in the compression facéee 12.13.2.2. Section
12.13.2.4 povides for anchorage of straight, singkg,l
welded wire fabric using longitudinal wire anchorage with
adequate embedment length in compression and tension
faces of members.

R12.13.25 — In joists, a small bar or wire can be
anchoredy a standard hook not engaging longitudinal rein-
forcement, atbwing a continuously bent bar to form a series
of single-kg stirrups in the joist.

R12.135 — These requirements for lapping of double U-
stirrups to form closed stirrups contiler the povisions
of 12.15.

R12.14 — Splices ofeinforcement — General

Splices should, if possible, be locaday from points of
maximum tensile stress. The lap splice requirements of
12.15 encourage this practice.

R12.14.2 — Lap splices

R12.14.21 — Because of lack of adequabeerimental
data on lap splices of No. 14 and No. 18 bars in compres-
sion and in tension, lap splicing of these bar sizes is prohib-
ited except as permitted in 12.16.2 and 15.8.2.3 for
compression lap splices of No. 14 and No. 18 bars with
smaller bars.
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12.14.2.2 — Lap splices of bars in a bundle shall
be based on the lap splice length required for individ-
ual bars within the bundle, increased in accordance
with 12.4. Individual bar splices within a bundle shall
not overlap. Entire bundles shall not be lap spliced.

12.14.2.3 — Bars spliced by noncontact lap splices
in flexural members shall not be spaced transversely
farther apart than one-fifth the required lap splice
length, nor 6 in.

12.14.3 — Mechanical and welded spli ces

12.14.3.1 — Mechanical and welded splices shall
be permitted.

12.14.3.2 — A full mechanical splice shall develop
in tension or compression, as required, at least 125
percent of specified yield strength f, of the bar.

12.14.3.3 — Except as provided in this code, all
welding shall conform to “Structural Welding Code—
Reinforcing Steel” (ANSI/AWS D1.4).

12.14.3.4 — A full welded splice shall develop at
least 125 percent of the specified yield strength f,, of
the bar.

12.14.3.5 — Mechanical or welded splices not
meeting requirements of 12.14.3.2 or 12.14.3.4 shall
be permitted only for No. 5 bars and smaller and in
accordance with 12.15.4.

318/318R-201
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R12.14.2.2— The increased length of lap required for
bars in bundles is based on the reduction in the exposed
perimeter of the bars. Only individual bars are lap spliced
along the bundle.

R12.14.2.3— If individual bars in noncontact lap splices
are too widely spaced, an unreinforced section is created.
Forcing a potential crack to follow a zigzag line (5 to 1
slope) is considered a minimum precaution. The 6 in. maxi-
mum spacing is added because most research available on
the lap splicing of deformed bars was conducted with rein-
forcement within this spacing.

R12.14.3 — Mechanical and welded splices

R12.14.3.2— The maximum reinforcement stress used
in design under the code is the specified yield strength. To
ensure sufficient strength in splices so that yielding can be
achieved in a member and thus brittle failure avoided, the 25
percent increase above the specified yield strength was
selected as both an adequate minimum for safety and a prac-
ticable maximum for economy.

| R12.14.3.3— SeeR3.5.2for discussion on welding.

R12.14.3.4— A full welded splice is primarily intended
for large bars (No. 6 and larger) in main members. The ten-
sile strength requirement of 125 percent of specified yield
strength is intended to provide sound welding that is also
adequate for compression. See the discussion on strength in
R12.14.3.2. The 1995 code eliminated a requirement that
the bars be butted since indirect butt welds are permitted by
ANSI/AWS D1.4, although ANSI/AWS D1.4 does indicate
that wherever practical, direct butt splices are preferable for
No. 7 bars and larger.

R12.14.3.5— The use of mechanical or welded splices
of less strength than 125 percent of specified yield strength
is permitted if the minimum design criteria of 12.15.4 are
met. Therefore, lap welds of reinforcing bars, either with or
without backup material, welds to plate connections, and
end-bearing splices are allowed under certain conditions.
The 1995 code limited these lower strength welds and con-
nections to No. 5 bars and smaller due to the potentially brit-
tle nature of failure at these welds.
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12.15 — Splices of de formed bars and
deformed wire in tension

12.15.1 — Minimum length of lap for tension lap
splices shall be as required for Class A or B splice, but
not less than 12 in., where:

Class A spliCe ....oooevviiiiiiiiie e 1.0
Class B splice ........ccoevviiiiiiiiiiiiis 1.34

where 7, is the tensile development length for the
specified yield strength f, in accordance with 12.2
without the modification factor of 12.2.5.

COMMEN TARY

R12.15 — Splices of dermed bars and
deformed wire in tension

R12.151 — Lap splices in tension are cld#sil asType A

or B, with length of lap a multiple of the tensilevdlop-
ment lengthY;. The dvelopment lengtl4; used to obtain lap
length should be based dpbecause the splice clagsa-

tions already reflectryy excess reinforcement at the splice
location; therefore, the factor for 12.2.5 &3ces A, should

not be used. When multiple bars located in the same plane
are spliced at the same section, the clear spacing is the min-
imum clear distance between the adjacent spli€es.
splices in columns withféset barsFig. R12.15.1(ajllus-
trates the clear spacing to be udeat. staggered splices, the
clear spacing is the minimum distance between adjacent
splices [distanc& in Fig. R12.15.1(H)

The 1989 code containedveral changes inaelopment
length in tension that eliminated nyaof the concerns
regarding tension splices due to closely spaced bars with
minimal over. Thus, the Class C splice was eliminated
although @velopment lengths, on which splice lengths are
based, bBve in some cases increased. Committee 318 con-
sidered suggestions from mya sources, includingACI
Committee 408put has retained a twael splice length
primarily to encourage designers to splice bars at points of
minimum stress and to stagger splices to owprbelavior

of critical details.

—— 0~ ——— Offset bars from
T -
e g .91/ column below
! !
! ! )
| Bars in column above
ce o
I
| |
1 N |
® [ 3 \
I__ £ o)

——J Clear spacing

a) Offset column bars

b) Staggered splices

Fig. R12.15.1—Clear spacing of splicedba
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12.15.2 — Lap splices of deformed bars and deformed
wire in tension shall be Class B splices except that
Class A splices are allowed when: (a) the area of rein-
forcement provided is at least twice that required by
analysis over the entire length of the splice, and (b)
one-half or less of the total reinforcement is spliced
within the required lap length.

12.15.3 — Mechanical or welded splices used where
area of reinforcement provided is less than twice that
required by analysis shall meet requirements of
12.14.3.2 or 12.14.3.4.

12.15.4 — Mechanical or welded splices not meeting
the requirements of 12.14.3.2 or 12.14.3.4 shall be
permitted for No. 5 bars and smaller when the area of
reinforcement provided is at least twice that required
by analysis, and 12.15.4.1 and 12.15.4.2 are met:

12.15.4.1 — Splices shall be staggered at least 24
in. and in such manner as to develop at every section
at least twice the calculated tensile force at that sec-
tion but not less than 20,000 psi for total area of rein-
forcement provided.

12.15.4.2 — In computing tensile forces developed
at each section, rate the spliced reinforcement at the
specified splice strength. Unspliced reinforcement
shall be rated at that fraction of f, defined by the ratio
of the shorter actual development length to 4, required
to develop the specified yield strength f,, .

12.15.5 — Splices in tension tie members shall be
made with a full mechanical or full welded splice in
accordance with 12.14.3.2 or 12.14.3.4 and splices in
adjacent bars shall be staggered at least 30 in.

318/318R-203
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R12.15.2— The tension lap splice requirements of 12.15.1
encourage the location of splicasay from legions of high
tensile stress to locations where the area of steeided is

at least twice that requirdyy analysis.Table R12.15.pre-
sents the splice requirements ibutar form as presented in
earlier code editions.

TABLE R12.15.2—TENSION LAP SPLICES

Maximum percent ofg
spliced within required
A, provided lap length
Agrequired 50 100
Equal to or greater
than 2 Class A Class B
Less than 2 Class B Class B

* Ratio of area of reinforcementguided to area of reinforcement requitadanal-
ysis at splice locations.

R12.153 — A mechanical or welded splice shoulelelop

at least 125 percent of the sgesd yield strength when
located in egions of high tensile stress in the reinforcement.
Such splices need not be staggered, although such stagger-
ing is encouraged where the area of reinforcemewiged

is less than twice that requirbg the analysis.

R12.154 — See R12.14.3.5Section 12.15.4 concerns the
situation where mechanical or welded splices of strength
less than 125 percent of the sied yield strength of the
reinforcement may be used. ltopides a relaxation in the
splice requirements where the splices are staggered and
excess reinforcement area #@ailable. The criterion of
twice the computed tensile force is used dger sections
containing partial tensile splices withrious percentages of
total continuous steel. The usual partial tensile splice is a
flare graove weld between bars or bar and structural steel
piece.

To detail such welding, the length of weld should be speci-
fied. Such welds are rated at the product of total weld length
times dfective size of grove weld (establishely bar size)
times albwable stress permittey “Structural Welding
Code—Reirforcing Steel” (ANSI/AWS D1.4).

A full mechanical or welded splice conforming to 12.14.3.2
or 12.14.3.4 can be used without the stagger requirement in
lieu of the bwer strength mechanical or welded splice.

R12.15.5— A tension tie membghas the fobwing char-
acteristics: memberaiing an axial tensile force fficient

to create tensionver the cross section; evkl of stress in
the reinforcement such thatery bar must be fully féec-
tive; and limited concreteoger on all sides. Examples of
members that may be cla$sd as tension ties are arch ties,
hangers carrying load to averhead supporting structure,
and main tension elements in a truss.

In determining if a member should be cléissi as a tension
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12.16 — Splices of de formed bars in
compression

12.16.1 — Compression lap splice length shall be
0.0005f1,d, for £, of 60,000 psi or less, or (0.0009 f, - 24)d,,
for f, greater than 60,000 psi, but not less than 12 in. For f;
less than 3000 psi, length of lap shall be increased by one-
third.

12.16.2 — When bars of different size are lap spliced
in compression, splice length shall be the larger of
either development length of larger bar, or splice
length of smaller bar. Lap splices of No. 14 and No. 18
bars to No. 11 and smaller bars shall be permitted.

12.16.3 — Mechanical or welded splices used in com-
pression shall meet requirements of 12.14.3.2 or
12.14.3.4.

12.16.4 — End-bearing splices

12.16.4.1 — In bars required for compression only,
transmission of compressive stress by bearing of
square cut ends held in concentric contact by a suit-
able device shall be permitted.

CHAPTER 12

COMMENTARY

tie, consideration should be given to the importance, func-
tion, proportions, and stress conditions of the member
related to the above characteristics. For example, a usual
large circular tank, with many bars and with splices well
staggered and widely spaced should not be classified as a
tension tie member, and Class B splices may be used.

R12.16 — Splices of deformed bars in
compression

Bond research has been primarily related to bars in tension.
Bond behavior of compression bars is not complicated by
the problem of transverse tension cracking and thus com-
pression splices do not require provisions as strict as those
specified for tension splices. The minimum lengths for col-
umn splices contained originally in the 1956 code have been
carried forward in later codes, and extended to compression
bars in beams and to higher strength steels. No changes
have been made in the provisions for compression splices
since the 1971 code.

R12.16.1— Essentially, lap requirements for compression
splices have remained the same since the 1963 code.

The 1963 code values were modified in the 1971 code to
recognize various degrees of confinement and to permit
design with reinforcement up to 80,000 psi yield strength.
Testd211218have shown that splice strengths in compres-
sion depend considerably on end bearing and do not
increase proportionally in strength when the splice length is
doubled. Accordingly, for yield strengths above 60,000 psi,
compression lap lengths are significantly increased, except
where spiral enclosures are used (as in spiral columns) the
where the increase is about 10 percent for an increase in
yield strength from 60,000 to 75,000 psi.

R12.16.2— The lap splice length is to be computed based

on the larger of the compression splice length of the smaller
bar; or the compression development length of the larger
bar. Lap splices are generally prohibited for No. 14 or No.

18 bars; however, for compression only, lap splices are per-
mitted for No. 14 or No. 18 bars to No. 11 or smaller bars.

R12.16.4 — End-bearing splices

R12.16.4.1— Experience with end-bearing splices has
been almost exclusively with vertical bars in columns. If
bars are significantly inclined from the vertical, special
attention is required to ensure that adequate end-bearing
contact can be achieved and maintained.

ACI 318 Building Code and Commentary
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12.16.4.2 — Bar ends shall terminate in flat surfaces
within 1.5 deg of a right angle to the axis of the bars and
shall be fitted within 3 deg of full bearing after assembly.

12.16.4.3 — End-bearing splices shall be used only
in members containing closed ties, closed stirrups, or
spirals.

12.17 — Special splice requ irements for
columns

12.17.1 — Lap splices, mechanical splices, butt-
welded splices, and end-bearing splices shall be used
with the limitations of 12.17.2 through 12.17.4. A splice
shall satisfy requirements for all load combinations for
the column.

318/318R-205
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R12.16.4.2— These tolerances were added in the 1971
code, representing practice based on tests of full-size mem-
bers containing No. 18 bars.

R12.16.4.3— This limitation was added in the 1971
code to ensure a minimum shear resistance in sections con-
taining end-bearing splices.

R12.17 —Special splicerequirementsfor
columns

In columns subject to dkure and axial loads, tension
stresses may occur on one face of the column for moderate
and lage eccentricities as @lwvn in Fig. R12.17 When such
tensions ocay 12.17 requires tension splices to be used or
an adequate tensile resistance to lwwiged. Furthermore,

a minimum tension capacity is required in each face of all
columnseven where analysis indicates compression.onl

The 1989 code cldies this section on the basis that a com-
pressve lap splice has a tension capacity of at least one-
quarte f,, which simplfies the calculation requirements in
previous codes.

Note that the column splice should satisfy requirements for
all load combinations for the column. Frequgnthe basic
gravity load combination will gvern the design of the col-
umn itself,but a load combination including wind or seis-
mic loads may induce greater tension in some column bars,
and the column splice should be designed for this tension.

All bars in
compression / O=fs<0.5fy
) ‘ on
tension face
of member
fs>0.5f, on
tension face
of member
Interaction
diagram
T
M

Fig. R12.17—Special splicequrements for columns
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12.17.2 — Lap splices in columns

12.17.2.1 — Where the bar stress due to factored
loads is compressive, lap splices shall conform to
12.16.1, 12.16.2, and, where applicable, to 12.17.2.4
or 12.17.2.5.

12.17.2.2 — Where the bar stress due to factored
loads is tensile and does not exceed 0.5f, in tension,
lap splices shall be Class B tension lap splices if more
than one-half of the bars are spliced at any section, or
Class A tension lap splices if half or fewer of the bars
are spliced at any section and alternate lap splices are
staggered by ;.

12.17.2.3 — Where the bar stress due to factored
loads is greater than 0.5f, in tension, lap splices shall
be Class B tension lap splices.

12.17.2.4 — In tied reinforced compression mem-
bers, where ties throughout the lap splice length have
an effective area not less than 0.0015hs, lap splice
length shall be permitted to be multiplied by 0.83, but
lap length shall not be less than 12 in. Tie legs perpen-
dicular to dimension h shall be used in determining
effective area.

12.17.25 — In spirally reinforced compression
members, lap splice length of bars within a spiral shall
be permitted to be multiplied by 0.75, but lap length
shall not be less than 12 in.

COMMEN TARY

Fig. R.12.17.2-Fe legs whth aross the axis of
bending ae used to computdfective aea. In
the case shown, fouegs ae dfective

R12.17.2 — Lap splices in columns

R12.17.21 — The 1989 codwvas simpliied for column
bars &wvays in compression on the basis that a comimess
lap splice is adequate forféigient tension to preclude spe-
cial requirements.

R12.17.24 — Reduced lap lengths arealled when the
splice is enclosed throughout its lengthminimum ties.

The tie Egs perpendicular to each direction are computed
separately and the requirement must be feadisn each
direction. This is illustrated ifrig. R12.17.2 where four
legs are Hective in one direction and twegs in the other
direction. This calculation is critical in one direction, which
normally can be determinday inspection.

R12.17.25 — Compression lap lengths may be reduced
when the lap splice is enclosed throughout its lebgtspi-
rals because of increased splitting resistance. Spirals should
meet requirements of 7.10.4 and 10.9.3.
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12.17.3 — Mechanical or welded spli ces in columns

Mechanical or welded splices in columns shall meet
the requirements of 12.14.3.2 or 12.14.3.4.

12.17.4 — End-bearing splices in columns

End-bearing splices complying with 12.16.4 shall be
permitted to be used for column bars stressed in com-
pression provided the splices are staggered or addi-
tional bars are provided at splice locations. The
continuing bars in each face of the column shall have a
tensile strength, based on the specified yield strength
f,, not less than 0.25f, times the area of the vertical
reinforcement in that face.

12.18 — Splices of welded de formed wire
fabric in tension

12.18.1 — Minimum length of lap for lap splices of
welded deformed wire fabric measured between the
ends of each fabric sheet shall be not less than 1.3 4
nor 8 in., and the overlap measured between outer-
most cross wires of each fabric sheet shall be not less
than 2 in. 4; shall be the development length for the
specified yield strength f, in accordance with 12.7.

12.18.2 — Lap splices of welded deformed wire fabric,
with no cross wires within the lap splice length, shall
be determined as for deformed wire.

12.18.3—When any plain wires are present in the
deformed wire fabric in the direction of the lap splice or
when deformed wire fabric is lap spliced to plain wire
fabric, the fabric shall be lap spliced in accordance
with 12.19.

12.19 — Splices of welded plain wire
fabric in tension

Minimum length of lap for lap splices of welded plain
wire fabric shall be in accordance with 12.19.1 and
12.19.2.

12.19.1 — When area of reinforcement provided is
less than twice that required by analysis at splice loca-
tion, length of overlap measured between outermost
cross wires of each fabric sheet shall be not less than
one spacing of cross wires plus 2 in., nor less than

318/318R-207
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R12.17.3 — Mechanical or welded splices in columns

Mechanical or welded splices areomled for splices in col-
umnsbut should be designed as a full mechanical splice or a
full welded splice éveloping 125 percerf, as requiredy
12.14.3.2 or 12.14.3.4. Splice capacity is traditionally tested
in tension and full strength is required to reflect the high
compression loads possible in column reinforcement due to
creep #ects. If a mechanical spliceagkloping less than a
full mechanical splice is used, then the splice is required to
conform to all requirements of end-bearing splices of
12.16.4 and 12.17.4.

R12.17.4 — End-bearing splices in columns

End-bearing splices used to splice column bamsays in
compression shouldahe a tension capacity of 25 percent of
the yield strength of the steel area on each face of the col-
umn, eithetby staggering the end-bearing splicebpadd-

ing additional steel through the splice location. The end-
bearing splice should conform to 12.16.4.

R12.18 — Splices of welded dermed wire
fabric in tension

Splice povisions for deformed fabric are basedawnilable
tests'21°The requirements were simijpdid (1976 code sup-
plement) from povisions of the 1971 codsy assuming that
only one cross wire of each fabric sheebvusrlapped and
by computing the splice length 4s34,. The dvelopment
lengh ¢, is that computed in accordance with thevjsions
of 12.7 without egard to the 8 in. minimum. The 8 in.
applies to theoverall splice length. Sekig. R12.18 If no
cross wires are within the lap length, thewvsions for
deformed wire appl

R12.19 — Splices of welded plain we fabric in
tension

The strength of lap splices of welded plain wire fabric is
dependent primarily on the anchorage obtained from the
cross wires rather than on the length of wire in the splice.
For this reason, the lap is spiéed in terms ofoverlap of
cross wires rather than in wire diameters or inches. The 2 in.
additional lap required is to assuneerlapping of the cross
wires and to pvide space for satisfactory consolidation of
the concrete between cross wires. Reséafeihas sbwn
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1.54,, nor 6 in. 4; shall be the development length for
the specified yield strength f,, in accordance with 12.8.

12.19.2 — When area of reinforcement provided is at
least twice that required by analysis at splice location,
length of overlap measured between outermost cross
wires of each fabric sheet shall not be less than 1.5/,
nor 2 in. 4; shall be the development length for the
specified yield strength f, in accordance with 12.8.

CHAPTER 12
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an increased splice length is required when fabricrgela
closely spaced wires is lapped and as a consequence addi-
tional splice length requirements areyided for these fab-

rics, in addition to an absolute minimum of 6 in. The
development lengtl4; is that computed in accordance with
the povisions of 12.8 withoutegard to the 6 in. minimum.
Splice requirements are illustratedriy. R12.19

2" min.
: M
L 1344 J
-

I or 8" min.

(a) Section 12.18.1

<A

h
A»

Same as
deformed
wire
(b) Section 12.18.2

Fig. R12.18—Lap splices of deformed fabric

Ag prov./Ag reqd. <2

2" min

—— ] —

1544
or 6" min |
(a) Section '12.19.1

Ag prov./Ag reqd.= 2

_>
- [ .

154,

or 2" min.
(b) Section 12.19.2

Fig. R12.19—Lap splices of plain fabric
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PART 5 — STRUCTURAL SYSTEMS OR ELEMENTS

CHAPTER 13 — TWO-WAY SLAB SYSTEMS

CODE

13.0 — Notation

b,

Co

width of the critical section defined in
11.12.1.2 measured in the direction of the
span for which moments are determined, in.
width of the critical section defined in
11.12.1.2 measured in the direction perpen-
dicular to b4, in.

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

size of rectangular or equivalent rectangular
column, capital, or bracket measured trans-
verse to the direction of the span for which
moments are being determined, in.
cross-sectional constant to define torsional
properties

3

X
3 i -oesfFs
The constant C for T- or L-sections shall be
permitted to be evaluated by dividing the sec-
tion into separate rectangular parts and sum-
ming the values of C for each part
modulus of elasticity of beam concrete, psi
modulus of elasticity of slab concrete, psi

= overall thickness of member, in.

moment of inertia about centroidal axis of
gross section of beam as defined in 13.2.4, in.*
moment of inertia about centroidal axis of
gross section of slab, in.*

h3/12 times width of slab defined in notations
a and B;

torsional stiffness of torsional member;
moment per unit rotation. See R13.7.5.

length of clear span in direction that moments
are being determined, measured face-to-face
of supports, in.

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

length of span transverse to 4, measured cen-
ter-to-center of supports. See also 13.6.2.3
and 13.6.2.4, in.

total factored static moment, in.-lb

factored moment at section, in.-Ib

nominal shear strength provided by concrete,
Ib. See 11.12.2.1

COMMENTARY

The design methods given in Chapter 13 are based on analy-
sis of the results of an extensive series of {8$t8*“and the

well established performance record of various slab sys-
tems. Much of Chapter 13 is concerned with the selection
and distribution of flexural reinforcement. The designer is
cautioned that the problem related to safety of a slab system
is the transmission of load from the slab to the columns by
flexure, torsion, and shear. Design criteria for shear and tor-
sion in slabs are given Dhapter 11

Design aids for use in the engineering analysis and design of
two-way slab systems are given in tA€l Design Hand-
book!3®Design aids are provided to simplify application of the
direct design and equivalent frame methods of Chapter 13.

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 ft or kip.

ACI 318 Building Code and Commentary
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V, = factored shear force at section, Ib

wy = factored dead load per unit area

w, = factored live load per unit area

w, = factored load per unit area

X = shorter overall dimension of rectangular part
of cross section, in.

y = longer overall dimension of rectangular part of
cross section, in.

a = 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

= Eevly
ECSIS

a; = aindirection of 4

a, = aindirection of 4

B; = 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

— Ecbc
T 2E. g

¥; = fraction of unbalanced moment transferred by
flexure at slab-column connections. See
13.5.3.2

Y, = fraction of unbalanced moment transferred by
eccentricity of shear at slab-column connec-
tions

= 1-vy

p = ratio of nonprestressed tension reinforcement

Pp = reinforcement ratio producing balanced strain
conditions

@ = strength reduction factor

13.1 — Scope R13.1 — Scope

13.1.1—Provisions of Chapter 13 shall apply for
design of slab systems reinforced for flexure in more
than one direction, with or without beams between
supports.

13.1.2 — For a slab system supported by columns or
walls, the dimensions ¢; and ¢, and the clear span ¢,
shall be based on an effective support area defined by
the intersection of the bottom surface of the slab, or of
the drop panel if there is one, with the largest right cir-
cular cone, right pyramid, or tapered wedge whose
surfaces are located within the column and the capital
or bracket and are oriented no greater than 45 deg to
the axis of the column.

13.1.3 — Solid slabs and slabs with recesses or pock-
ets made by permanent or removable fillers between
ribs or joists in two directions are included within the
scope of Chapter 13.

The fundamental design principles contained in Chapter 13
are applicable to all planar structural systems subjected to
transverse loads. Some of the specific design rules, as well
as historical precedents, limit the types of structures to
which Chapter 13 applies. General characteristics of slab
systems that may be designed according to Chapter 13 are
described in this section. These systems include flat slabs,
flat plates, two-way slabs, and waffle slabs. Slabs with pan-
eled ceilings are two-way wide-band beam systems.

True one-way slabs, slabs reinforced to resist flexural
stresses in only one direction, are excluded. Also excluded
are soil supported slabs, such as slabs on grade, that do not
transmit vertical loads from other parts of the structure to
the soil.

For slabs with beams, the explicit design procedures of
Chapter 13 apply only when the beams are located at the
edges of the panel and when the beams are supported by
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13.1.4 — Minimum thickness of slabs designed in
accordance with Chapter 13 shall be as required by
9.5.3.

13.2 Definitions

13.2.1 — Column strip is a design strip with a width on
each side of a column centerline equal to 0.254 or
0.254, whichever is less. Column strip includes
beams, if any.

13.2.2 — Middle strip is a design strip bounded by two
column strips.

13.2.3 — A panel is bounded by column, beam, or wall
centerlines on all sides.

13.2.4 — For monolithic or fully composite construction,
a beam includes that portion of slab on each side of the
beam extending a distance equal to the projection of
the beam above or below the slab, whichever is greater,
but not greater than four times the slab thickness.

13.3 — Slab rein forcement

13.3.1 — Area of reinforcement in each direction for
two-way slab systems shall be determined from
moments at critical sections, but shall not be less than
required by 7.12.

13.3.2 — Spacing of reinforcement at critical sections
shall not exceed two times the slab thickness, except
for portions of slab area of cellular or ribbed construc-

318/318R-211
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columns or other essentially nondeflecting supports at the
corners of the panelflwo-way slabs with beams in one
direction, with both slab and beams suppobgdjirders in

the other direction, may be designed under the general
requirements of Chapter 13. Such designs should be based
upon analysis compatible with the deflected position of the
supporting beams and girders.

For slabs supported on walls, teelicit design procedures
in this chapter treat theall as a beam of fmite stiffness;
therefore, eachwvall should support the entire length of an
edge of the panel (see 13.2\8jll-like columns less than a
full panel length can be treated as columns.

R13.2 — Ddinitions

R13.2.3— A panel includes all &ural elements between
column centerlines. Thus, the column strip includes the
beam, if ay.

R13.24 — For monolithic or fully composite construction,

the beams include portions of the slab as flanGes
examples of the rule aregrided inFig. R13.2.4

_...I h, Sdh, fe— hl]_ I___.b-qh b+,

b=,
Fig. R13.2.4—Examples of the portion of slab to be
included with the beam under 13.2.4

R13.3 — Slabreinforcement

R13.32 — The requirement that the cente-center spac-
ing of the reinforcement be not more thao times the slab
thickness applies only to the reinforcement in solid slabs,

ACI 318 Building Code and Commenta ry
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tion. In the slab over cellular spaces, reinforcement
shall be provided as required by 7.12.

13.3.3 — Positive moment reinforcement perpendicu-
lar to a discontinuous edge shall extend to the edge of
slab and have embedment, straight or hooked, at least
6 in. in spandrel beams, columns, or walls.

13.3.4 — Negative moment reinforcement perpendicu-
lar to a discontinuous edge shall be bent, hooked, or
otherwise anchored in spandrel beams, columns, or
walls, and shall be developed at face of support
according to provisions of Chapter 12.

13.3.5 — Where a slab is not supported by a spandrel
beam or wall at a discontinuous edge, or where a slab
cantilevers beyond the support, anchorage of rein-
forcement shall be permitted within the slab.

13.3.6 — In slabs with beams between supports with a
value of a greater than 1.0, special top and bottom
slab reinforcement shall be provided at exterior cor-
ners in accordance with 13.3.6.1 through 13.3.6.4.

13.3.6.1 — The special reinforcement in both top
and bottom of slab shall be sufficient to resist a
moment per foot of width equal to the maximum posi-
tive moment in the slab.

13.3.6.2 — The moment shall be assumed to be
about an axis perpendicular to the diagonal from the
corner in the top of the slab and about an axis parallel
to the diagonal from the corner in the bottom of the slab.

13.3.6.3 — The special reinforcement shall be pro-
vided for a distance in each direction from the corner
equal to one-fifth the longer span.

13.3.6.4 — The special reinforcement shall be
placed in a band parallel to the diagonal in the top of
the slab and a band perpendicular to the diagonal in
the bottom of the slab. Alternatively, the special rein-
forcement shall be placed in two layers parallel to the
sides of the slab in both the top and bottom of the slab.

13.3.7 — Where a drop panel is used to reduce
amount of negative moment reinforcement over the
column of a flat slab, size of drop panel shall be in
accordance with the 13.3.7.1, 13.3.7.2, and 13.3.7.3.

13.3.7.1 — Drop panel shall extend in each direc-
tion from centerline of support a distance not less than
one-sixth the span length measured from center-to-
center of supports in that direction.

CHAPTER 13

COMMENTARY

and not to reinforcement joists or waffle slabs. This limita-
tion is to ensure slab action, cracking, and provide for the
possibility of loads concentrated on small areas of the slab.
SeealsoR10.6

R13.3.3-R13.3.5— Bending moments in slabs at spandrel
beams can be subject to great variation. If spandrel beams
are built solidly into walls, the slab approaches complete
fixity. Without an integral wall, the slab could approach
simply supported, depending on the torsional rigidity of
the spandrel beam or slab edge. These requirements pro-
vide for unknown conditions that might normally occur in

a structure.
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13.3.7.2 — Projection of drop panel below the slab
shall be at least one-quarter the slab thickness beyond
the drop.

13.3.7.3 — In computing required slab reinforce-
ment, the thickness of the drop panel below the slab
shall not be assumed greater than one-quarter the dis-
tance from edge of drop panel to edge of column or
column capital.

13.3.8 — Details of rein forcement in slabs without
beams

13.3.8.1 — In addition to the other requirements of
13.3, reinforcement in slabs without beams shall have
minimum extensions as prescribed in Fig. 13.3.8.

13.3.8.2 — Where adjacent spans are unequal,
extensions of negative moment reinforcement beyond
the face of support as prescribed in Fig. 13.3.8 shall
be based on requirements of the longer span.

13.3.8.3 — Bent bars shall be permitted only when
depth-span ratio permits use of bends of 45 deg or less.

13.3.8.4 — In frames where two-way slabs act as
primary members resisting lateral loads, lengths of
reinforcement shall be determined by analysis but
shall not be less than those prescribed in Fig. 13.3.8.

13.3.8.5 — All bottom bars or wires within the col-
umn strip, in each direction, shall be continuous or
spliced with Class A splices located as shown in Fig.
13.3.8. At least two of the column strip bottom bars or
wires in each direction shall pass within the column
core and shall be anchored at exterior supports.

13.3.8.6 — In slabs with shearheads and in lift-slab
construction where it is not practical to pass the bot-
tom bars required by 13.3.8.5 through the column, at
least two bonded bottom bars or wires in each direc-
tion shall pass through the shearhead or lifting collar
as close to the column as practicable and be continu-
ous or spliced with a Class A splice. At exterior col-
umns, the reinforcement shall be anchored at the
shearhead or lifting collar.

318/318R-213
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R13.3.8 — Details ofreinforcement in slabs without
beams

In the 1989 code, bent bars were oged fromFig. 13.3.8

of this code. This was done because bent bars are seldom
used and are flicult to place propeyl Bent bars are per-
mitted, rowever, if they comply with 13.3.8.3. Refer to
13.4.8 of the 1983 code.

R13.3.8.4— For moments resulting from combined lat-
eral and gavity loadings, the minimum lengths aesten-
sions of bars ifrig. 13.3.8may not be dficient.

R13.3.8.5— The continuous column strip bottom rein-
forcement povides the slab some residual ability to span to
the adjacent supports should a single support be damaged.
The wo continuous column strip bottom bars or wires
through the column may be termedefnity steel, and are
provided to gve the slab some residual capacitydeinhg a
single punching shear failure at a single suppdrt.

R13.3.8.6— In the 1992 code, this @rision was added
to require the same iggrity steel as for other twavay slabs
without beams in case of a single punching shear failure at a
support.

In some instances, there idfstient clearance so that the
bonded bottom bars can pass under shearheads and through
the column. Where clearance under the shearhead is inade-
guate, the bottom bars should pass through holes in the
shearhead arms or within the perimeter of the lifting colla
Shearheads should be kept @s ks possible in the slab to
increase theirféectiveness.
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Fig. 13.3.8—Minimum extensions for reinforcement in slabs without beams. (See 12.11.1 for reinforcement
extension into supports)
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13.4 — Openings in slab systems

13.4.1 — Openings of any size shall be permitted in
slab systems if shown by analysis that the design
strength is at least equal to the required strength set
forth in 9.2 and 9.3, and that all serviceability condi-
tions, including the limits on deflections, are met.

13.4.2 — As an alternate to special analysis as
required by 13.4.1, openings shall be permitted in slab
systems without beams only in accordance with
13.4.2.1 through 13.4.2.4.

13.4.2.1 — Openings of any size shall be permitted
in the area common to intersecting middle strips, pro-
vided total amount of reinforcement required for the
panel without the opening is maintained.

13.4.2.2 — In the area common to intersecting col-
umn strips, not more than one-eighth the width of col-
umn strip in either span shall be interrupted by
openings. An amount of reinforcement equivalent to
that interrupted by an opening shall be added on the
sides of the opening.

13.4.2.3 — In the area common to one column strip
and one middle strip, not more than one-quarter of the
reinforcement in either strip shall be interrupted by
openings. An amount of reinforcement equivalent to
that interrupted by an opening shall be added on the
sides of the opening.

13.4.2.4 — Shear requirements of 11.12.5 shall be
satisfied.

13.5 — Design p rocedures

13.5.1 — A slab system shall be designed by any pro-
cedure satisfying conditions of equilibrium and geo-
metric compatibility, if shown that the design strength
at every section is at least equal to the required
strength set forth in 9.2 and 9.3, and that all service-
ability conditions, including limits on deflections, are
met.
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R13.4 — Openings in slab systems

SeeR11.12.5

R13.5 — Design procedures

R13.5.1— This section permits a designer to base a design
directly on fundamental principles of structural mechanics,
provided it can be demonstrated explicitly that all safety and
serviceability criteria are satisfied. The design of the slab
may be achieved through the combined use of classic solu-
tions based on a linearly elastic continuum, numerical solu-
tions based on discrete elements, or yield-line analyses,
including, in all cases, evaluation of the stress conditions
around the supports in relation to shear and torsion as well
as flexure. The designer should consider that the design of a
slab system involves more than its analysis, and justify any
deviations in physical dimensions of the slab from common
practice on the basis of knowledge of the expected loads and
the reliability of the calculated stresses and deformations of
the structure.
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13.5.1.1 — Design of a slab system for gravity
loads, including the slab and beams (if any) between
supports and supporting columns or walls forming
orthogonal frames, by either the Direct Design Method
of 13.6 or the Equivalent Frame Method of 13.7 shall
be permitted.

13.5.1.2 — For lateral loads, analysis of frames
shall take into account effects of cracking and rein-
forcement on stiffness of frame members.

13.5.1.3 — Combining the results of the gravity load
analysis with the results of the lateral load analysis
shall be permitted.

13.5.2 — The slab and beams (if any) between sup-
ports shall be proportioned for factored moments pre-
vailing at every section.

CHAPTER 13
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R13.5.1.1— For gravity load analysis of two-way slab
systems, two analysis methods are given in 13.6 and 13.7.
The specific provisions of both design methods are limited
in application to orthogonal frames subject to gravity loads
only. Both methods apply to two-way slabs with beams as
well as to flat slabs and flat plates. In both methods, the dis-
tribution of moments to the critical sections of the slab
reflects the effects of reduced stiffness of elements due to
cracking and support geometry.

R13.5.1.2— During the life of a structure, construction
loads, ordinary occupancy loads, anticipated overloads,
and volume changes will cause cracking of slabs. Crack-
ing reduces stiffness of slab members, and increases lat-
eral flexibility when lateral loads act on the structure.
Cracking of slabs should be considered in stiffness
assumptions so that drift caused by wind or earthquake is
not grossly underestimated.

The designer may model the structure for lateral load analy-
sis using any approach that is shown to satisfy equilibrium
and geometric compatibility and to be in reasonable agree-
ment with test dat&191311The selected approach should
recognize effects of cracking as well as parameters such as
Lleq, cile,, andcy/c;. Some of the available approaches are
summarized in Reference 13.12, which includes a discussion
on the effects of cracking. Acceptable approaches include
plate-bending finite-element models, the effective beam width
model, and the equivalent frame model. In all cases, framing
member stiffnesses should be reduced to account for cracking.

For nonprestressed slabs, it is normally appropriate to
reduce slab bending stiffness to between one-half and one-
quarter of the uncracked stiffness. For prestressed construc-
tion, stiffnesses greater than those of cracked, nonpre-
stressed slabs may be appropriate. When the analysis is used
to determine design drifts or moment magnification, lower-
bound slab stiffnesses should be assumed. When the analy-
sis is used to study interactions of the slab with other fram-
ing elements, such as structural walls, it may be appropriate
to consider a range of slab stiffnesses so that the relative
importance of the slab on those interactions can be assessed.
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13.5.3 — When gravity load, wind, earthquake, or
other lateral forces cause transfer of moment between
slab and column, a fraction of the unbalanced moment
shall be transferred by flexure in accordance with
13.5.3.2 and 13.5.3.3.

13.5.3.1 — The fraction of unbalanced moment not
transferred by flexure shall be transferred by eccentric-
ity of shear in accordance with 11.12.6.

13.5.3.2 — A fraction of the unbalanced moment
given by y; M, shall be considered to be transferred by
flexure within an effective slab width between lines that
are one and one-half slab or drop panel thicknesses
(1.5h) outside opposite faces of the column or capital,
where M,, is the moment to be transferred and

1
R S 13-1
Yi= v 23) [b,/b, (13-1)

13.5.3.3 — For unbalanced moments about an axis
parallel to the edge at exterior supports, the value of y;
by Eqg. (13-1) shall be permitted to be increased up to
1.0 provided that V,, at an edge support does not
exceed 0.75¢V, or at a corner support does not
exceed 0.5¢V, . For unbalanced moments at interior
supports, and for unbalanced moments about an axis
transverse to the edge at exterior supports, the value
of y; in Eq. (13-1) shall be permitted to be increased
by up to 25 percent provided that V|, at the support
does not exceed 0.4¢V, . The reinforcement ratio p,
within the effective slab width defined in 13.5.3.2, shall
not exceed 0.375p, . No adjustments to y; shall be
permitted for prestressed slab systems.
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R13.5.3— This section is concerned primarily with slab
systems without beams. Tests and experience have shown
that, unless special measures are taken to resist the torsional
and shear stresses, all reinforcement resisting that part of the
moment to be transferred to the column by flexure should be
placed between lines that are one and one-half the slab or
drop panel thicknesg,5h, on each side of the column. The
calculated shear stresses in the slab around the column are
required to conform to the requirements of 11.1%2e
R11.12.21 and R11.122 for moredetails m application of

this section.

R13.5.3.3 — The 1989 code procedures remain
unchanged, except that under certain conditions the
designer is permitted to adjust the level of moment trans-
ferred by shear without revising member sizes. An evalua-
tion of tests indicated that some flexibility in distribution of
unbalanced moments transferred by shear and flexure at
both exterior and interior supports is possible. Interior, exte-
rior, and corner supports refer to slab-column connections
for which the critical perimeter for rectangular columns has
4, 3, or 2 sides, respectively. Changes in the 1995 code rec-
ognized, to some extent, design practices prior to the 1971
code’313

At exterior supports, for unbalanced moments about an axis
parallel to the edge, the portion of moment transferred by
eccentricity of sheay;, M, may be reduced provided that
the factored shear at the support (excluding the shear pro-
duced by moment transfer) does not exceed 75 percent of
the shear capacitgV as defined in 11.12.2.1 for edge col-
umns or 50 percent for corner columns. Testé13-19ndi-

cate that there is no significant interaction between shear
and unbalanced moment at the exterior support in such
cases. Note that M, is decreaseds M, is increased.

Evaluation of tests of interior supports indicates that some
flexibility in distributing unbalanced moments by shear and
flexure is also possible, but with more severe limitations
than for exterior supports. For interior supports, the unbal-
anced moment transferred by flexure is permitted to be
increased up to 25 percent provided that the factored shear
(excluding the shear caused by the moment transfer) at the
interior supports does not exceed 40 percent of the shear
capacitygV. as defined in 11.12.2.1.

Tests of slab-column connections indicate that a large
degree of ductility is required because the interaction
between shear and unbalanced moment is critical. When the
factored shear is large, the column-slab joint cannot always
develop all of the reinforcement provided in the effective
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13.5.3.4 — Concentration of reinforcement over the
column by closer spacing or additional reinforcement
shall be used to resist moment on the effective slab
width defined in 13.5.3.2.

13.5.4 — Design for transfer of load from slabs to sup-
porting columns or walls through shear and torsion
shall be in accordance with Chapter 11.

13.6 — Direct design method

13.6.1 — Limitations

Design of slab systems within the limitations of
13.6.1.1 through 13.6.1.8 by the direct design method
shall be permitted.

13.6.1.1 — There shall be a minimum of three con-
tinuous spans in each direction.

CHAPTER 13
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width. The modifications for edge, corner, or interior slab-
column connections in 13.5.3.3 are permitted only when
the reinforcement ratio (within the effective width) required
to develop the unbalanced momgnM , does not exceed
0.3750,. The use of Eqg. (13-1) without the modification
permitted in 13.5.3.3 will generally indicate overstress con-
ditions on the joint. The provisions of 13.5.3.3 are intended
to improve ductile behavior of the column-slab joint. When
a reversal of moments occurs at opposite faces of an interior
support, both top and bottom reinforcement should be con-
centrated within the effective width. A ratio of top to bot-
tom reinforcement of about 2 has been observed to be
appropriate.

R13.6 — Direct design method

The direct desigh method consists of a set of rules for dis-
tributing moments to slab and beam sections to satisfy
safety requirements and most serviceability requirements
simultaneously. Three fundamental steps are involved as
follows:

(1) Determination of the total factored static moment (see
13.6.2);

(2) Distribution of the total factored static moment to neg-
ative and positive sections (see 13.6.3);

(3) Distribution of the negative and positive factored
moments to the column and middle strips and to the
beams, if anyseel3.6.4through13.6.6) The distribution

of moments to column and middle strips is also used in
the equivalent frame methgseel3.7)

R13.6.1 — Limitations

The direct design method was developed from consider-
ations of theoretical procedures for the determination of
moments in slabs with and without beams, requirements for
simple design and construction procedures, and precedents
supplied by performance of slab systems. Consequently, the
slab systems to be designed using the direct design method
should conform to the limitations in this section.

R13.6.1.1— The primary reason for the limitation in this
section is the magnitude of the negative moments at the
interior support in a structure with only two continuous
spans. The rules given for the direct design method assume
that the slab system at the first interior negative moment
section is neither fixed against rotation nor discontinuous.
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13.6.1.2 — Panels shall be rectangular, with a ratio
of longer to shorter span center-to-center of supports
within a panel not greater than 2.

13.6.1.3 — Successive span lengths center-to-cen-
ter of supports in each direction shall not differ by
more than one-third the longer span.

13.6.1.4 — Offset of columns by a maximum of 10
percent of the span (in direction of offset) from either
axis between centerlines of successive columns shall
be permitted.

13.6.1.5 — All loads shall be due to gravity only and
uniformly distributed over an entire panel. Live load
shall not exceed two times dead load.

13.6.1.6 — For a panel with beams between sup-
ports on all sides, the relative stiffness of beams in two
perpendicular directions

Q
o N

1

(13-2)

Q
o

2

shall not be less than 0.2 nor greater than 5.0.

13.6.1.7 — Moment redistribution as permitted by
8.4 shall not be applied for slab systems designed by
the Direct Design Method. See 13.6.7.

13.6.1.8 — Variations from the limitations of 13.6.1
shall be permitted if demonstrated by analysis that
requirements of 13.5.1 are satisfied.
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R13.6.1.2— If the ratio of thewo spans (long span/short
span) of a paneixceedswo, the slab resists the moment in
the shorter span essentially as a one-wdy sla

R13.6.13— The limitation in this section is related to the
possibility of developing regaive moments &ond the
point where egaive moment reinforcement is terminated,
as prescribed ifig. 13.3.8

R13.6.14 — Columns can beftset within spedied lim-
its from a egular rectangular aryaA cumulatve total df-
set of 20 percent of the span is established as the upper
limit.

R13.6.1.5 — The direct design method is based on
testd316 for uniform gevity loads and resulting column
reactions determinelly statics. Lateral loads such as wind
or seismic require a frame analysigvdrted foundation
mats desiged aswo-way slabs(seel5.10) involve applica-
tion of known column loads. Thereforeyen where the soil
reaction is assumed to be uniform, a frame analysis should
be performed.

In the 1995 code, the limit of applicability of the direct
design method for ratios ofve load to dead load was
reduced from 3 to 2. In most slab systems, e tb dead
load ratio will be less than 2 and it will not be necessary to
check the #ects of pattern loading.

R13.6.16 — The elastic disthution of moments will
deviate signficantly from those assumed in the direct
design method unless the requirements fdfnetss are
satidied.

R13.6.17 — Moment redistiiution as permittetly 8.4 is
not intended for use where approximasdues for bending
moments are useffor the direct design method, 10 percent
modification is albwedby 13.6.7.

R13.6.18 — The designer is permitted to use the direct
design methoaven if the structure does nfit the limita-
tions in this section, pvided it can be stwn by analysis
that the particular limitation does not apply to that structure.
For a slab system carrying a noovable load (such as a
water reseroir in which the load on all panelsaspected to
be the same), the designer need not satisfyitaddad lim-
itation of 13.6.1.5.
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13.6.2 — Total factored static moment for a span
13.6.2.1 — Total factored static moment for a span

shall be determined in a strip bounded laterally by cen-

terline of panel on each side of centerline of supports.

13.6.2.2 — Absolute sum of positive and average
negative factored moments in each direction shall not
be less than

<
N
N

(13-3)

13.6.2.3 — Where the transverse span of panels on
either side of the centerline of supports varies, 4 in Eq.
(13-3) shall be taken as the average of adjacent trans-
verse spans.

13.6.2.4 — When the span adjacent and parallel to
an edge is being considered, the distance from edge to
panel centerline shall be substituted for 4, in Eq. (13-3).

13.6.2.5 — Clear span /4, shall extend from face to
face of columns, capitals, brackets, or walls. Value of 4,
used in Eg. (13-3) shall not be less than 0.65 4. Circu-
lar or regular polygon shaped supports shall be
treated as square supports with the same area.

13.6.3 — Negative and positive factored moments

13.6.3.1 — Negative factored moments shall be
located at face of rectangular supports. Circular or reg-
ular polygon shaped supports shall be treated as
square supports with the same area.

13.6.3.2 — In an interior span, total static moment
M, shall be distributed as follows:

Negative factored moment ..............ccccceeeeeeeenn, 0.65

Positive factored moment .........ccoceevevveiivivinenn. 0.35

CHAPTER 13
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R13.6.2 —Total factored static momentfor a span

R13.6.22 — Eq. (13-3) folbws directly from Nichol's
deiivationt317 with the simplifying assumption that the
reactions are concentrated along the faces of the support
perpendicular to the span considered. In general, the
designer willfind it expedient to calculate static moments
for two adjacent half panels that include a column strip with
a half middle strip along each side.

R13.6.25 — If a supporting member does noivh a
rectangular cross section or if the sides of the rectangle are
not parallel to the spans, it is to be treated as a square sup-
port heving the same area, as illustratedrig. R13.6.2.5

[ ST

Fig. R13.6.2.5—Examples of equivalent sgusection for
supporting membe

R13.6.3 — Negdte and positve factaed moments
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13.6.3.3 — In an end span, total factored static
moment M, shall be distributed as follows:

) B) ® [ @ 5)
Slab without beams
. between interior
Slab with
Exterior beams supports Exterior
edge unre- | between all| Without | With edge | edge fully
strained supports | edge beam beam restrained
Interior
negative
factored
moment 0.75 0.70 0.70 0.70 0.65
Positive
factored
moment 0.63 0.57 0.52 0.50 0.35
Exterior
negative
factored
moment 0 0.16 0.26 0.30 0.65
13.6.3.4 — Negative moment sections shall be

designed to resist the larger of the two interior nega-
tive factored moments determined for spans framing
into a common support unless an analysis is made to
distribute the unbalanced moment in accordance with
stiffnesses of adjoining elements.

13.6.3.5 — Edge beams or edges of slab shall be
proportioned to resist in torsion their share of exterior
negative factored moments.

13.6.3.6 — The gravity load moment to be trans-
ferred between slab and edge column in accordance
with 13.5.3.1 shall be 0.3M,,.

13.6.4 — Factored moments in column strips

13.6.4.1 — Column strips shall be proportioned to
resist the following portions in percent of interior nega-
tive factored moments:

bty 0.5 1.0 2.0
(a146/4) =0 75 75 75
(a146/4)21.0 90 75 45

318/318R-221
COMMENTARY

R13.6.3.3— The moment coefficients for an end span are
based on the equivalent column stiffness expressions from
References 13.18, 13.19, and 13.20. The coefficients for an
unrestrained edge would be used, for example, if the slab
were simply supported on a masonry or concrete wall.
Those for a fully restrained edge would apply if the slab
were constructed integrally with a concrete wall having a
flexural stiffness so large compared to that of the slab that
little rotation occurs at the slab-to-wall connection.

For other than unrestrained or fully restrained edges, coeffi-
cients in the table were selected to be near the upper bound
of the range for positive moments and interior negative
moments. As a result, exterior negative moments were usu-
ally closer to a lower bound. The exterior negative moment
capacity for most slab systems is governed by minimum
reinforcement to control cracking. The final coefficients in
the table have been adjusted so that the absolute sum of the
positive and average moments equg|

For two-way slab systems with beams between supports on
all sides (two-way slabs), moment coefficients of column
(2) of the table apply. For slab systems without beams
between interior supports (flat plates and flat slabs), the
moment coefficients of column (3) or (4) apply, without or
with an edge (spandrel) beam, respectively.

In the 1977 code, distribution factors defined as a function
of the stiffness ratio of the equivalent exterior support were
used for proportioning the total static mombhgin an end
span. The approach may be used in place of values in
13.6.3.3.

R13.6.3.4— The differences in slab moment on either
side of a column or other type of support should be
accounted for in the design of the support. If an analysis is
made to distribute unbalanced moments, flexural stiffness
may be obtained on the basis of the gross concrete section
of the members involved.

R13.6.3.5— Moments perpendicular to, and at the edge
of, the slab structure should be transmitted to the supporting
columns or walls. Torsional stresses caused by the moment
assigned to the slab should be investigated.

R13.6.4, R13.6.5, and R13.6.6 — Factored moments in
column strips, beams, and middle strips

The rules given for assigning moments to the column strips,
beams, and middle strips are based on sttithésof
moments in linearly elastic slabs with different beam stiff-
ness tempered by the moment coefficients that have been
used successfully.
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Linear interpolations shall be made between values
shown.

13.6.4.2 — Column strips shall be proportioned to
resist the following portions in percent of exterior neg-
ative factored moments:

A 05 1.0 2.0
B;=0 100 100 100
@54 =0 8575 75 75 75
B;=0 100 100 100
(a14/4)21.0 B.=25 % - e

Linear interpolations shall be made between values

shown.

13.6.4.3 — Where supports consist of columns or

walls extending for a distance equal to or greater than
three-quarters the span length 4 used to compute M,
negative moments shall be considered to be uniformly
distributed across 4.

13.6.4.4 — Column strips shall be proportioned to
resist the following portions in percent of positive fac-
tored moments:

ol 0.5 1.0 2.0
(a14l4) = 0 60 60 60
(a14l4) = 1.0 90 75 45

Linear interpolations shall be made between values
shown.

13.6.4.5 — For slabs with beams between supports,
the slab portion of column strips shall be proportioned
to resist that portion of column strip moments not
resisted by beams.

13.6.5 — Factored moments in beams

13.6.5.1 — Beams between supports shall be pro-
portioned to resist 85 percent of column strip moments
if a,4/ is equal to or greater than 1.0.

13.6.5.2 — For values of a4/ between 1.0 and
zero, proportion of column strip moments resisted by
beams shall be obtained by linear interpolation
between 85 and zero percent.

CHAPTER 13
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For the purpose of establishing moments in the half column
strip adjacent to an edge supported by a vaih Eq. (13-

3) may be assumed equal4oof the parallel adjacent col-
umn to column span, and the wall may be considered as a
beam having a moment of inertigequal to infinity.

R13.6.4.2— The effect of the torsional stiffness parame-
ter B; is to assign all of the exterior negative factored
moment to the column strip, and none to the middle strip,
unless the beam torsional stiffness is high relative to the
flexural stiffness of the supported slab. In the definition of
B:, the shear modulus has been takeBg&.

Where walls are used as supports along column lines, they
can be regarded as very stiff beams withaas/4, value
greater than one. Where the exterior support consists of a
wall perpendicular to the direction in which moments are
being determined3; may be taken as zero if the wall is of
masonry without torsional resistance, ghdnay be taken

as 2.5 for a concrete wall with great torsional resistance that
is monolithic with the slab.

R13.6.5 — Factored moments in beams

Loads assigned directly to beams are in addition to the uni-
form dead load of the slab; uniform superimposed dead
loads, such as the ceiling, floor finish, or assumed equiva-
lent partition loads; and uniform live loads. All of these
loads are normally included withy, in Eq. (13-3). Linear
loads applied directly to beams include partition walls over
or along beam center lines and additional dead load of the
projecting beam stem. Concentrated loads include posts
above or hangers below the beams. For the purpose of
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13.6.5.3 — In addition to moments calculated for
uniform loads according to 13.6.2.2, 13.6.5.1, and
13.6.5.2, beams shall be proportioned to resist all
moments caused by concentrated or linear loads
applied directly to beams, including weight of project-
ing beam stem above or below the slab.

13.6.6 — Factored moments in mi  ddle strips

13.6.6.1 — That portion of negative and positive
factored moments not resisted by column strips shall
be proportionately assigned to corresponding half mid-
dle strips.

13.6.6.2 — Each middle strip shall be proportioned
to resist the sum of the moments assigned to its two
half middle strips.

13.6.6.3 — A middle strip adjacent to and parallel
with a wall-supported edge shall be proportioned to
resist twice the moment assigned to the half middle
strip corresponding to the first row of interior supports.

13.6.7 — Modification of factored moments

Modification of negative and positive factored
moments by 10 percent shall be permitted provided
the total static moment for a panel in the direction con-
sidered is not less than that required by Eq. (13-3).

13.6.8 — Factored shear in slab systems with
beams

13.6.8.1 — Beams with a,4/# equal to or greater
than 1.0 shall be proportioned to resist shear caused
by factored loads on tributary areas which are
bounded by 45 deg lines drawn from the corners of the
panels and the centerlines of the adjacent panels par-
allel to the long sides.

13.6.8.2 — In proportioning of beams with a4/
less than 1.0 to resist shear, linear interpolation,
assuming beams carry no load at a; = 0, shall be per-
mitted.

13.6.8.3 — In addition to shears calculated accord-
ing to 13.6.8.1 and 13.6.8.2, beams shall be propor-
tioned to resist shears caused by factored loads
applied directly on beams.

13.6.8.4 — Computation of slab shear strength on
the assumption that load is distributed to supporting
beams in accordance with 13.6.8.1 or 13.6.8.2 shall be
permitted. Resistance to total shear occurring on a
panel shall be provided.

13.6.8.5 — Shear strength shall satisfy the require-
ments of Chapter 11.

318/318R-223
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assigning directly applied loads, only loads located within
the width of the beam stem should be considered as directly
applied to the beams. (Théfertve width of a beam as
defined in 13.2.4 is solely for strength and risfatstifness
calculations.) Line loads and concentrated loads located on
the slabaway from the beam stem require special consider-
ation to determine their apportionment to slab and beams.

R13.6.8 —Factored shear in slab systems with beams

The trbutary area for computing shear on an interior beam
is stown shaded inFig. R13.6.8 If the stffness for the
beama, 4/ is less than 1.0, the shear on the beam may be
obtainedby linear interpolation. In such cases, the beams
framing into the column will not account for all of the shear
force applied on the column. The remaining shear force will
produce shear stresses in the slab around the column that
should be checked in the same manner as for flat slabs, as
requiredby 13.6.8.4. Sections 13.6.8.1 through 13.6.8.3 do
not apply to the calculation of torsional moments on the

Fig. R13.6.8—Fributary area for shear on an interior beam
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13.6.9 — Factored moments in ¢ olumns a nd walls

13.6.9.1 — Columns and walls built integrally with a
slab system shall resist moments caused by factored
loads on the slab system.

13.6.9.2 — At an interior support, supporting ele-
ments above and below the slab shall resist the
moment specified by Eq. (13-4) in direct proportion to
their stiffnesses unless a general analysis is made.

M=0.07[(wy + 0.5w,)467¢2 —w,b'(4,)?]  (13-4)

where w,/, %', and 4, refer to shorter span.

13.7 — Equivalent frame method

13.7.1 — Design of slab systems by the equivalent
frame method shall be based on assumptions given in
13.7.2 through 13.7.6, and all sections of slabs and
supporting members shall be proportioned for
moments and shears thus obtained.

13.7.1.1 — Where metal column capitals are used,
it shall be permitted to take account of their contribu-
tions to stiffness and resistance to moment and to
shear.

13.7.1.2 — Neglecting the change in length of col-
umns and slabs due to direct stress, and deflections
due to shear, shall be permitted.

13.7.2 — Equivalent frame

13.7.2.1 — The structure shall be considered to be
made up of equivalent frames on column lines taken
longitudinally and transversely through the building.

13.7.2.2 — Each frame shall consist of a row of col-
umns or supports and slab-beam strips, bounded lat-
erally by the centerline of panel on each side of the
centerline of columns or supports.

13.7.2.3 — Columns or supports shall be assumed
to be attached to slab-beam strips by torsional mem-
bers (see 13.7.5) transverse to the direction of the
span for which moments are being determined and
extending to bounding lateral panel centerlines on
each side of a column.

CHAPTER 13
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beams. These moments should be based on the calculated
flexural moments acting on the sides of the beam.

R13.6.9 —Factored moments in columns and walls

Eq. (13-4) refers towo adjoining spans, with one span
longer than the otlmeand with full dead load plus one-half
live load applied on the longer span and only dead load
applied on the shorter span.

Design and detailing of the reinforcement transferring the
moment from the slab to the edge column is critical to both
the performance and the safety of flat slabs or flat plates
without edge beams or casmtier slabs. It is important that
complete design details beosin on design dwings, such

as concentration of reinforcemeier the columrby closer
spacing or additional reinforcement.

R13.7 — Equvalent frame method

The eqgivalent frame methodwolves the representation of
the three-dimensional slab systeyna series ofwo-dimen-
sional frames that are then analyzed for loads acting in the
plane of the frames. Thesgmive and posive moments so
determined at the critical design sections of the frame are
distributed to the slab sections in accordance with 13.6.4
(column strips), 13.6.5 (beams), and 13.6.6 (middle strips).
The equivalent frame method is based on studies reported in
References 13.18, 13.19, and 13.20n\af the details of

the eqivalent frame methodigen in the Commentary in
the 1989 code were rawved in the 1995 code.

R13.7.2 — Equvalent frame

Application of the eqivalent frame to aegular structure is
illustrated inFig. R13.7.2 The three-dimensiondiuilding

is dvided into a series ofwb-dimensional frame bents
(equvalent frames) centered on column or support center-
lines with each framextending the full height of thbuild-

ing. The width of each edqualent frame is boundelay the
centerlines of the adjacent panels. The complete analysis of
a slab system forlauilding consists of analyzing a series of
equvalent (interior anaxterior) frames spanning longitudi-
nally and trangersely through thbuilding.

The egivalent frame comprises three parts: (1) the horizon-
tal slab strip, includingry beams spanning in the direction
of the frame, (2) the columns or othegrtical supporting
membersgxtending abve and badw the slab, and (3) the
elements of the structure thatopide moment transfer
between the horizontal anvértical members.

ACI 318 Building Code and Commentary



CHAPTER 13

CODE

13.7.2.4 — Frames adjacent and parallel to an edge
shall be bounded by that edge and the centerline of
adjacent panel.

13.7.2.5 — Analysis of each equivalent frame in its
entirety shall be permitted. Alternatively, for gravity
loading, a separate analysis of each floor or roof with far
ends of columns considered fixed shall be permitted.

13.7.2.6 — Where slab-beams are analyzed sepa-
rately, determination of moment at a given support
assuming that the slab-beam is fixed at any support
two panels distant therefrom, shall be permitted, pro-
vided the slab continues beyond that point.

13.7.3 — Slab-beams

13.7.3.1—Determination of the moment of inertia of
slab-beams at any cross section outside of joints or
column capitals using the gross area of concrete shall
be permitted.

13.7.3.2 — Variation in moment of inertia along axis
of slab-beams shall be taken into account.

13.7.3.3 — Moment of inertia of slab-beams from
center of column to face of column, bracket, or capital
shall be assumed equal to the moment of inertia of the
slab-beam at face of column, bracket, or capital
divided by the quantity (1 - ¢,/4)?, where ¢, and 4, are
measured transverse to the direction of the span for
which moments are being determined.

13.7.4 — Columns

13.7.4.1 — Determination of the moment of inertia
of columns at any cross section outside of joints or col-
umn capitals using the gross area of concrete shall be
permitted.

13.7.4.2 — Variation in moment of inertia along axis
of columns shall be taken into account.

13.7.4.3 — Moment of inertia of columns from top to
bottom of the slab-beam at a joint shall be assumed to
be infinite.
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Fig. R13.7.2—Definitions of equivalent frame

R13.7.3 — Slab-beams

R13.7.3.3— A support is defined as a column, capital,
bracket, or wall. A beam is not considered to be a support
member for the equivalent frame.

R13.7.4 — Columns

Column stiffness is based on the length of the column from
middepth of slab above to middepth of slab below. Column
moment of inertia is computed on the basis of its cross sec-
tion, taking into account the increase in stiffness provided
by the capital, if any.

When slab-beams are analyzed separately for gravity loads,
the concept of an equivalent column, combining the stiff-
ness of the slab-beam and torsional member into a compos-
ite element, is used. The column flexibility is modified to
account for the torsional flexibility of the slab-to-column
connection that reduces its efficiency for transmission of
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13.7.5 — Torsional membe rs

13.7.5.1 — Torsional members (see 13.7.2.3) shall
be assumed to have a constant cross section through-
out their length consisting of the largest of:

(a) A portion of slab having a width equal to that of
the column, bracket, or capital in the direction of the
span for which moments are being determined;

(b) For monolithic or fully composite construction,
the portion of slab specified in (a) plus that part of
the transverse beam above and below the slab;

(c) The transverse beam as defined in 13.2.4.

13.7.5.2 — Where beams frame into columns in the
direction of the span for which moments are being
determined, the torsional stiffness shall be multiplied
by the ratio of the moment of inertia of the slab with
such a beam to the moment of inertia of the slab with-
out such a beam.

CHAPTER 13
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}— octual column above

torsional member

\)kocluol column below

Fig. R13.7.4—Equivalent column (column plus torsional
members)

moments. The edwalent column consists of the actual col-
umns abve and balw the slab-beam, plus attached torsional
members on each side of the coluraxtending to the center-
line of the adjacent panels assim in Fig. R13.7.4

R13.7.5 —Torsional members

Computation of the dfness of the torsional member
requires everal simplifying assumptions. If no tramsse-
beam frames into the column, a portion of the slab equal to
the width of the column or capital is assumed to be the tor-
sional membe If a beam frames into the columibeam or
L-beam action is assumed, with the flanggtending on
each side of the beam a distance equal to the projection of
the beam ative or bebw the slabbut not greater than four
times the thickness of the blaFurthermore, it is assumed
that no torsional rotation occurs in the beawar the width

of the support.

The member sections to be used for calculating the torsional
stiffness are daed in 13.7.5.1. In the 1989 code, Eq. (13-
6) spediied the sfifness co#ficientK; of the torsional mem-
bers. The approximaexpression fo K; has been oved to

the commentary and thexpression for the torsional con-
stant (Eq. 13-7 in the 1989 code) awnddined in 13.0.

Studies of three-dimensional analyses/afious slab con-
figurations suggest that a reasonaldkie of the torsional
stiffness can be obtainéyg assuming a moment digiition
along the torsional member thatries linearly from a maxi-
mum at the center of the column to zero at the middle of the
panel. The assumed diswtion of unit twisting moment
along the column centerline is@tm in Fig. R13.7.5

An approximateaxpression for the dthess of the torsional
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13.7.6 — Arran gement of live load

13.7.6.1 — When the loading pattern is known, the
equivalent frame shall be analyzed for that load.

13.7.6.2 — When live load is variable but does not
exceed three-quarters of the dead load, or the nature
of live load is such that all panels will be loaded simul-
taneously, it shall be permitted to assume that maxi-
mum factored moments occur at all sections with full
factored live load on entire slab system.

13.7.6.3 — For loading conditions other than those
defined in 13.7.6.2, it shall be permitted to assume
that maximum positive factored moment near midspan
of a panel occurs with three-quarters of the full fac-
tored live load on the panel and on alternate panels;
and it shall be permitted to assume that maximum
negative factored moment in the slab at a support
occurs with three-quarters of the full live load on adja-
cent panels only.

13.7.6.4 — Factored moments shall be taken not
less than those occurring with full factored live load on
all panels.

13.7.7 — Factored moments

13.7.7.1 — At interior supports, the critical section
for negative factored moment (in both column and mid-
dle strips) shall be taken at face of rectilinear supports,
but not farther away than 0.1754 from the center of a
column.

13.7.7.2 — At exterior supports with brackets or
capitals, the critical section for negative factored
moment in the span perpendicular to an edge shall be
taken at a distance from face of supporting element
not greater than one-half the projection of bracket or
capital beyond face of supporting element.

318/318R-227
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Fig. R13.7.5—Distthution of unit twisting moment along
column centerline AA shown ig. R13.7.4

membe, based on the results of three-dimensional analyses
of various slab cdigurations (References 13.18, 13.19, and
13.20) is gven bebw as

where arexpression foC is gven in 13.0.
R13.7.6 — Arrangement of ive load

The use of only three-quarters of the full factoiigd load

for maximum moment loading patterns is based on the fact
that maximum egaive and maximum posite live load
moments cannot occur simultaneously and that reulistri
tion of maximum moments is thus possible before failure
occurs. This procedure, irifect, permits some localver-
stress under the full factorenve load if it is distibuted in

the prescribed mannebut still ensures that the ultimate
capacity of the slab system after redisttion of moment is

not less than that required to carry the full factored dead and
live loads on all panels.

R13.7.7 —Factored moments

R13.7.7.1-R13.7.B — These code sections adjust the
negaive factored moments to the face of the supports. The
adjustment is moéied at arexterior support to limit reduc-
tions in theexterior regaive momentFig. R13.6.2.5llus-
trates sveral eqivalent rectangular supports for use in
establishing faces of supports for design with nonrectangu-
lar supports.
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13.7.7.3 — Circular or regular polygon shaped sup-
ports shall be treated as square supports with the
same area for location of critical section for negative
desigh moment.

13.7.7.4 — When slab systems within limitations of
13.6.1 are analyzed by the equivalent frame method, it
shall be permitted to reduce the resulting computed
moments in such proportion that the absolute sum of
the positive and average negative moments used in
design need not exceed the value obtained from Eq.
(13-3).

13.7.7.5 — Distribution of moments at critical sec-
tions across the slab-beam strip of each frame to col-
umn strips, beams, and middle strips as provided in
13.6.4, 13.6.5, and 13.6.6 shall be permitted if the
requirement of 13.6.1.6 is satisfied.

COMMENTARY

R13.7.7.4— Previous codes have contained this section. It
is based on the principle that if two different methods are pre-
scribed to obtain a particular answer, the code should not
require a value greater than the least acceptable value. Due to
the long satisfactory experience with designs having total fac-
tored static moments not exceeding those given by Eq. (13-3),
it is considered that these values are satisfactory for design
when applicable limitations are met.
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14.0 — Notation

~

cr

T IS o

<

gross area of section, in.2

area of longitudinal tension reinforcement in
wall segment, in.?

area of effective longitudinal tension reinforce-
ment in wall segment, in.?, as calculated by
Eqg. (14-8)

distance from extreme compression fiber to
neutral axis, in.

distance from extreme compression fiber to cen-
troid of longitudinal tension reinforcement, in.
modulus of elasticity of concrete, psi

specified compressive strength of concrete,
psi

specified yield strength of nonprestressed
reinforcement, psi

overall thickness of member, in.

moment of inertia of cracked section trans-

formed to concrete, in.*

effective moment of inertia for computation of
deflection, in.*

effective length factor

vertical distance between supports, in.

= horizontal length of wall, in.

maximum unfactored moment due to service
loads, including PA effects, in.-lb

maximum moment in member at stage deflec-
tion is computed, in.-Ib

moment causing flexural cracking due to
applied lateral and vertical loads, in.-lb
nominal moment strength at section, in.-lb
maximum unfactored applied moment due to
service loads, not including PA effects, in.-lb
factored moment at section including PA
effects, in.-Ib

moment at the midheight section of the wall
due to factored lateral and eccentric vertical
loads, in.-Ib

modular ratio of elasticity, but not less than 6
EJE,

nominal axial load strength of wall designed by
14.4,1b

unfactored axial load at the design (midheight)
section including effects of self-weight, Ib
factored axial load, Ib

maximum deflection at or near midheight due
to service loads, in.

deflection at midheight of wall due to factored
loads, in.

COMMENTARY
14.0— Notation

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 ft or kip.
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@ = strength reduction factor. See 9.3
p = ratio of tension reinforcement
= Adlnd)
pp = reinforcement ratio producing balanced strain
conditions
14.1 — Scope R14.1 — Scope

14.1.1 — Provisions of Chapter 14 shall apply for
design of walls subjected to axial load, with or without
flexure.

14.1.2 — Cantilever retaining walls are designed
according to flexural design provisions of Chapter 10
with minimum horizontal reinforcement according to
14.3.3.

14.2 — General

14.2.1 — Walls shall be designed for eccentric loads
and any lateral or other loads to which they are sub-
jected.

14.2.2 — Walls subject to axial loads shall be
designed in accordance with 14.2, 14.3, and either
14.4, 14.5, or 14.8.

14.2.3 — Design for shear shall be in accordance with
11.10.

14.2.4 — Unless demonstrated by a detailed analysis,
horizontal length of wall to be considered as effective
for each concentrated load shall not exceed center-to-
center distance between loads, nor width of bearing
plus four times the wall thickness.

14.2.5 — Compression members built integrally with
walls shall conform to 10.8.2.

14.2.6 — Walls shall be anchored to intersecting ele-
ments, such as floors and roofs; or to columns, pilas-
ters, buttresses, and intersecting walls; and to
footings.

14.2.7 — Quantity of reinforcement and limits of thick-
ness required by 14.3 and 14.5 shall be permitted to
be waived where structural analysis shows adequate
strength and stability.

14.2.8 — Transfer of force to footing at base of wall
shall be in accordance with 15.8.

Chapter 14 applies generally to walls as vertical load carry-
ing members. Cantilever retaining walls are designed
according to the flexural design provisions@fiapterl0.

Walls designed to resist shear forces, such as shearwalls,
should be designed in accordance with Chapter 14 and
11.10 as applicable.

In the 1977 code, walls could be designed according to
Chapter 14 or 10.15. In the 1983 code these two were com-
bined in Chapter 14.

R14.2 — General

Walls should be designed to resist all loads to which they

are subjected, including eccentric axial loads and lateral

forces. Design is to be carried out in accordance with 14.4

unless the wall meets the requirements of 14.5.1. In either

case, walls may be designed using either the strength design
method of the code or the alternate design method of

Appendix Ain accordance with.6.3.
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14.3 — Minimum reinforcement

14.3.1 — Minimum vertical and horizontal reinforce-
ment shall be in accordance with 14.3.2 and 14.3.3
unless a greater amount is required for shear by
11.10.8 and 11.10.9.

14.3.2 — Minimum ratio of vertical reinforcement area
to gross concrete area shall be:

(a) 0.0012 for deformed bars not larger than No. 5 with
a specified yield strength not less than 60,000 psi; or

(b) 0.0015 for other deformed bars; or

(c) 0.0012 for welded wire fabric (plain or deformed)
not larger than W31 or D31.

14.3.3 — Minimum ratio of horizontal reinforcement
area to gross concrete area shall be:

(a) 0.0020 for deformed bars not larger than No. 5 with
a specified yield strength not less than 60,000 psi; or

(b) 0.0025 for other deformed bars; or

(c) 0.0020 for welded wire fabric (plain or deformed)
not larger than W31 or D31.

14.3.4 — Walls more than 10 in. thick, except base-
ment walls, shall have reinforcement for each direction
placed in two layers parallel with faces of wall in accor-
dance with the following:

(@) One layer consisting of not less than one-half
and not more than two-thirds of total reinforcement
required for each direction shall be placed not less
than 2 in. nor more than one-third the thickness of
wall from the exterior surface;

(b) The other layer, consisting of the balance of
required reinforcement in that direction, shall be
placed not less than 3/4 in. nor more than one-third
the thickness of wall from the interior surface.

14.3.5 — Vertical and horizontal reinforcement shall
not be spaced farther apart than three times the wall
thickness, nor farther apart than 18 in.

14.3.6 — Vertical reinforcement need not be enclosed by
lateral ties if vertical reinforcement area is not greater than
0.01 times gross concrete area, or where vertical rein-
forcement is not required as compression reinforcement.

14.3.7 — In addition to the minimum reinforcement
required by 14.3.1, not less than two No. 5 bars shall be

COMMENTARY

R14.3 — Minimum reinforcement

The requirements of 14.3 are similar to those in previous
codes. These apply to walls designed according to 14.4,
14.5, or 14.8. For walls resisting horizontal shear forces in
the plane of the wall, reinforcement designed according to
11.10.9.2 and 11.10.9.4 may exceed the minimum rein-
forcement in 14.3.
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provided around all window and door openings. Such
bars shall be extended to develop the bar beyond the
corners of the openings but not less than 24 in.

14.4 — Walls designed as compression
members

Except as provided in 14.5, walls subject to axial load
or combined flexure and axial load shall be designed
as compression members in accordance with provi-
sions of 10.2, 10.3, 10.10, 10.11, 10.12, 10.13, 10.14,
10.17, 14.2, and 14.3.

14.5 — Empirical design method

14.5.1 — Walls of solid rectangular cross section shall
be permitted to be designed by the empirical provisions
of 14.5 if the resultant of all factored loads is located
within the middle third of the overall thickness of the wall
and all limits of 14.2, 14.3, and 14.5 are satisfied.

14.5.2 — Design axial load strength @P,,, of a wall sat-

isfying limitations of 14.5.1 shall be computed by Eq.
(14-1) unless designed in accordance with 14.4.

k4, £
— ! 0
®P,, = 0.550f, Ag[l - EBT;D} (14-1)
where @= 0.70 and effective length factor k shall be:

For walls braced top and bottom against lateral trans-
lation and

(a) Restrained against rotation at one or both ends
(top, bottom, or both)........cccciieiieie, 0.8

(b) Unrestrained against rotation at both ends....1.0

For walls not braced against lateral translation ....... 2.0

CHAPTER 14
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R14.5 — Empirical design method

The empirical design method applies only to solid rectangu-
lar cross sections. All other shapes should be designed
according to 14.4.

Eccentric loads and lateral forces are used to determine the
total eccentricity of the factored axial lo&j. When the
resultant load for all applicable load combinations falls
within the middle third of the wall thickness (eccentricity
not greater thah/6) at all sections along the length of the
undeformed wall, the empirical design method may be used.
The design is then carried out considefffygas the concen-

tric load. The factored axial lod®, should be less than or
equal to the design axial load streng#,,, computed by

Eqg. (14-1) P, < @Pw-

With the 1980 code supplement, (Eq. 14-1) was revised to
reflect the general range of end conditions encountered in
wall designs. The wall strength equation in the 1977 code

06

0.5

04

02—+

Strength by Section 144

based on : fc=4000 ~
ol e/h=1/6 ~ T
Section 144
| | | 1
7 ] 1 1
0] 5 10 15 20 25
I

Fig. R14.5—Empirical design of walls, Eq. (14-1) versus 14.4
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14.5.3 — Minimum thi ckness of walls designed by
empirical design method

14.5.3.1 — Thickness of bearing walls shall not be
less than 1/25 the supported height or length, which-
ever is shorter, nor less than 4 in.

14.5.3.2 — Thickness of exterior basement walls
and foundation walls shall not be less than 7-1/2 in.

14.6 — Nonbearing walls

14.6.1 — Thickness of nonbearing walls shall not be
less than 4 in., nor less than 1/30 the least distance
between members that provide lateral support.

14.7 — Wallls as grade beams

14.7.1 — Walls designed as grade beams shall have
top and bottom reinforcement as required for moment
in accordance with provisions of 10.2 through 10.7.
Design for shear shall be in accordance with provi-
sions of Chapter 11.

14.7.2 — Portions of grade beam walls exposed above
grade shall also meet requirements of 14.3.

14.8 — Alternative design of slender walls

14.8.1 — When flexural tension controls the design of a wall,
the requirements of 14.8 are considered to satisfy 10.10.

318/318R-233
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was based on the assumption of a wall with top and bottom
fixed against lateral avement, and with moment restraint
at one end corresponding to affeetive length factor
between 0.8 and 0.9. Axial load streng#tues determined
from the original equation were uncongsive when com-
pared to test results! for walls with pinned conditions at
both ends, as occurs with some precast and tilt-up applica-
tions, or when the top of the wall is ndfextively braced
against translation, as occurs with free-stangvadls or in
large structures where sidigant roof diaphragm deflec-
tions occur due to wind and seismic loads. Eq. (14h0sgy

the same results as the 1977 codewalls braced against
translation and with reasonable base restraint against rota-
tion.14? Values of &ectve vertical length factar k are
given for commonly occurringall end conditions. The end
condition “restrained against rotation” required &dt-fac-

tor of 0.8 implies attachment to a membevihg flexural
stiffnes El/Zat least as tge as that of thevall.

The slenderness portion of Eq. (14-1) results in ixedigt
comparable strengthisy either 14.3 or 14.4 for members
loaded at the middle third of the thickness witffedent
braced and restrained end conditions. SgeR14.5

R14.5.3 — Minimum thickness of walls designed by
empirical design method

The minimum thickness requirements need not be applied
to walls designed according to 14.4.

R14.8 — Alternative design of slender walls

Section 14.8 is based on the corresponding requirements in the
Uniform Building Code (UBC) an@xperimental researct:
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14.8.2 — Walls designed by the provisions of 14.8
shall satisfy 14.8.2.1 through 14.8.2.6.

14.8.2.1 — The wall panel shall be designed as a
simply supported, axially loaded member subjected to
an out-of-plane uniform lateral load, with maximum
moments and deflections occuring at midspan.

14.8.2.2 — The cross section is constant over the
height of the panel.

14.8.2.3 — The reinforcement ratio p shall not
exceed 0.6pp,.

14.8.2.4 — Reinforcement shall provide a design
strength

oM, 2 M,, (14-2)

where M., shall be obtained using the modulus of rup-
ture given by Eq. (9-9).

14.8.2.5 — Concentrated gravity loads applied to
the wall above the design flexural section shall be
assumed to be distributed over a width:

(a) Equal to the bearing width, plus a width on each
side that increases at a slope of 2 vertical to 1 hori-
zontal down to the design section; but

(b) Not greater than the spacing of the concentrated
loads; and

(c) Does not extend beyond the edges of the wall
panel.

14.8.2.6 — Vertical stress P /A, at the midheight
section shall not exceed 0.06f1,'.

14.8.3 — The design moment strength @M,, for com-
bined flexure and axial loads at the midheight cross
section shall be

oM, 2 M (14-3)

u

where:
Mu = Mua + PuAu (14'4)
M, is the moment at the midheight section of the wall
due to factored loads, and A, is:
2
_ S5Mt.
u  @48E

M, shall be obtained by iteration of deflections, or by
direct calculation using Eq. (14-6).

(14-5)
cler

COMMENTARY

The procedure is presented as an alternative to the require-
ments of 10.10 for the out-of-plane design of pstevall pan-

els, where the panels are restrained against overturning at
the top.

The procedure, as prescribed in the UBC, has been con-
verted from working stress to factored load design.

Panels that have windows or other large openings are not
considered to have constant cross section over the height of
the panel. Such walls are to be designed taking into account
the effects of openings.

Many aspects of the design of tilt-up walls and buildings are
discussed in References 14-4 and 14-5.
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u = M,, (14-6)
=
1 2Pube
¢48ECICI
where:

3

[/
= A (d—c)’+ WT (14-7)

/

cr
and

P +A.f
Ase = %Z (14-8)
y

14.8.4 — The maximum deflection A due to service
loads, including PA effects, shall not exceed ¢./150.
The midheight deflection A, shall be determined by:

2
SM)e
s = & (14-9)
48E I,
M
M = ——-Sa—é- (14-10)
1— %
48E,l,

I, shall be calculated using the procedure of 9.5.2.3,
substituting M for M. I, shall be evaluated using Eq.
(14-7).
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CHAPTER 15 — FOOTINGS
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15.0 — Notation
Ay = gross area of section, in.?
d, = diameter of pile at footing base, in.
B = ratio of long side to short side of footing
15.1 — Scope R15.1 — Scope

15.1.1 — Provisions of Chapter 15 shall apply for
design of isolated footings and, where applicable, to
combined footings and mats.

15.1.2 — Additional requirements for design of com-
bined footings and mats are given in 15.10.

15.2 — Loads and reactions

15.2.1 — Footings shall be proportioned to resist the
factored loads and induced reactions, in accordance
with the appropriate design requirements of this code
and as provided in Chapter 15.

15.2.2 — Base area of footing or number and arrange-
ment of piles shall be determined from unfactored
forces and moments transmitted by footing to soil or
piles and permissible soil pressure or permissible pile
capacity selected through principles of soil mechanics.

15.2.3 — For footings on piles, computations for
moments and shears shall be permitted to be based
on the assumption that the reaction from any pile is
concentrated at pile center.

While the provisions of Chapter 15 apply to isolated foot-
ings supporting a single column or wall, most of the provi-
sions are generally applicable to combined footings and
mats supporting several columns or walls or a combination
thereof!51.152

R15.2 — Loads and reactions

Footings are required to be proportioned to sustain the
applied factored loads and induced reactions which include
axial loads, moments, and shears that have to be resisted at
the base of the footing or pile cap.

After the permissible soil pressure or the permissible pile
capacity has been determined by principles of soil mechan-
ics and in accord with the general building code, the size of
the base area of a footing on soil or the number and arrange-
ment of the piles should be established on the basis of
unfactored (service) loads suchlasL, W, andE in what-

ever combination that governs the design.

Only the computed end moments that exist at the base of a
column (or pedestal) need to be transferred to the footing;
the minimum moment requirement for slenderness consid-
erations given in 10.12.3.2 need not be considered for trans-
fer of forces and moments to footings.

In cases in which eccentric loads or moments are to be con-
sidered, the extreme soil pressure or pile reaction obtained
from this loading should be within the permissible values.
Similarly, the resultant reactions due to service loads com-
bined with moments, shears, or both, caused by wind or
earthquake loads should not exceed the increased values
that may be permitted by the general building code.

To proportion a footing or pile cap for strength, the contact
soil pressure or pile reaction due to the applied factored
loading(see8.1.1)should be determined. For a single con-
centrically loaded spread footing, the soil reactipdue to

the factored loading igs = U/A;, whereU is the factored
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15.3 — Footings supporting circular or
regular polygon shaped columns
or pedestals

For location of critical sections for moment, shear, and
development of reinforcement in footings, it shall be
permitted to treat circular or regular polygon shaped
concrete columns or pedestals as square members
with the same area.

15.4 — Moment in footings

15.4.1 — External moment on any section of a footing
shall be determined by passing a vertical plane
through the footing, and computing the moment of the
forces acting over entire area of footing on one side of
that vertical plane.

15.4.2 — Maximum factored moment for an isolated
footing shall be computed as prescribed in 15.4.1 at
critical sections located as follows:

(a) At face of column, pedestal, or wall, for footings
supporting a concrete column, pedestal, or wall;

(b) Halfway between middle and edge of wall, for
footings supporting a masonry wall;

CHAPTER 15
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concentric load to be resisted by the footing, Apds the
base area of the footing as determined by the principles
stated in 15.2.2 using the unfactored loads and the permissi-
ble soil pressure.

gs is a calculated reaction to the factored loading used to
produce the same required strength conditions regarding
flexure, shear, and development of reinforcement in the
footing or pile cap, as in any other member.

In the case of eccentric loading, load factors may cause
eccentricities and reactions that are different from those
obtained by unfactored loads.

When the design methadf Apperdix A is usedfor desgn

of footings, the soil bearing pressures or pile reactions are
those caused by the service loads (without load factors). The
permissible soil pressures or permissible pile reactions are
equated directly with the applied service load pressures or
reactions to determine base area of footing or number and
arrangement of piles. When lateral loads due to wind or
earthquake are included in the governing load combination
for footings, advantage may be taken of the 25 percent
reduction in required strength in accordance with Section
A2.2.

R15.4 — Moment in footings
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(c) Halfway between face of column and edge of
steel base plate, for footings supporting a column
with steel base plate.

15.4.3 — In one-way footings and two-way square
footings, reinforcement shall be distributed uniformly
across entire width of footing.

15.4.4 — In two-way rectangular footings, reinforce-
ment shall be distributed in accordance with 15.4.4.1
and 15.4.4.2.

15.4.4.1 — Reinforcement in long direction shall be
distributed uniformly across entire width of footing.

15.4.4.2 — For reinforcement in short direction, a
portion of the total reinforcement given by Eq. (15-1)
shall be distributed uniformly over a band width (cen-
tered on centerline of column or pedestal) equal to the
length of short side of footing. Remainder of reinforce-
ment required in short direction shall be distributed
uniformly outside center band width of footing.

Reinforcement in
band width 2
= 15-1
Total reinforcement B+1) ( )
in short direction

15.5 — Shear in footings

15.5.1 — Shear strength of footings shall be in accor-
dance with 11.12.

15.5.2 — Location of critical section for shear in accor-
dance with Chapter 11 shall be measured from face of
column, pedestal, or wall, for footings supporting a col-
umn, pedestal, or wall. For footings supporting a column
or pedestal with steel base plates, the critical section
shall be measured from location defined in 15.4.2(c).

318/318R-239
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R15.4.4— In previous codes, the reinforcement in the short
direction of rectangular footings should be distributed so
that an area of steel given by Eq. (15-1) is provided in a
band width equal to the length of the short side of the foot-
ing. The band width is centered about the column center-
line.

The remaining reinforcement required in the short direction
is to be distributed equally over the two segments outside
the band width, one-half to each segment.

R15.5 — Shear in footings

R15.5.1 and R15.5.2— The shear strength of footings are
determined for the more severe condition of 11.12.1.1 or
11.12.1.2. The critical section for shear is measured from
the face of supported member (column, pedestal, or wall),
except for supported members on steel base plates.

Computation of shear requires that the soil reaatipbe
obtained from the factored loads and the design be in accor-
dance with the appropriate equations of Chapter 11.

Where necessary, shear around individual piles may be
investigated in accordance with 11.12.1.2. If shear perime-
ters overlap, the modified critical perimetey should be

Pile

‘\ modified critical
perimeter

Fig. R15.5—Modified critical perimeter for shear with
overlapping critical perimeters
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15.5.3 — Computation of shear on any section
through a footing supported on piles shall be in accor-
dance with 15.5.3.1, 15.5.3.2, and 15.5.3.3.

15.5.3.1 — Entire reaction from any pile whose cen-
ter is located d,, /2 or more outside the section shall be
considered as producing shear on that section.

15.5.3.2 — Reaction from any pile whose center is
located d, /2 or more inside the section shall be con-
sidered as producing no shear on that section.

15.5.3.3 — For intermediate positions of pile center,
the portion of the pile reaction to be considered as pro-
ducing shear on the section shall be based on straight-
line interpolation between full value at d,, /2 outside the
section and zero value at d,, /2 inside the section.

15.6 — Development of rein forcement in
footings

15.6.1 — Development of reinforcement in footings
shall be in accordance with Chapter 12.

15.6.2 — Calculated tension or compression in rein-
forcement at each section shall be developed on each
side of that section by embedment length, hook (ten-
sion only) or mechanical device, or a combination
thereof.

15.6.3 — Critical sections for development of rein-
forcement shall be assumed at the same locations as
defined in 15.4.2 for maximum factored moment, and
at all other vertical planes where changes of section or
reinforcement occur. See also 12.10.6.

15.7 — Minimum footing depth

Depth of footing above bottom reinforcement shall not
be less than 6 in. for footings on soil, nor less than 12
in. for footings on piles.

15.8 — Transfer of force at base of
column, wall, or rein forced
pedestal

15.8.1 — Forces and moments at base of column,
wall, or pedestal shall be transferred to supporting
pedestal or footing by bearing on concrete and by rein-
forcement, dowels, and mechanical connectors.

COMMEN TARY

taken as that portion of the smallesizelope of indvidual
shear perimeter that will actually resist the critical shear for
the group under consideration. One such situation is illus-
trated inFig. R15.5

R15.53 — When piles are located inside the critical sections
d or d/2 from face of column, for one-way or tweay sheg
respedtsely, an upper limit on the shear strength at a section
adjacent to théace of the column should be considered. The
CRSI Handbook-2 offers guidance for this situation.

R15.8 —Transfer of force at base of column,
wall, or reinforced pedestal

Section 15.8 mvides the spefic requirements for force
transfer from a columnyall, or pedestal (supported mem-
ber) to a pedestal or footing (supporting membEoyce
transfer should béoy bearing on concrete (comprass
force only) andby reinforcement (tensile or compress
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15.8.1.1 — Bearing on concrete at contact surface
between supported and supporting member shall not
exceed concrete bearing strength for either surface as
given by 10.17.

15.8.1.2 — Reinforcement, dowels, or mechanical
connectors between supported and supporting mem-
bers shall be adequate to transfer:

(&) All compressive force that exceeds concrete
bearing strength of either member;

(b) Any computed tensile force across interface.

In addition, reinforcement, dowels, or mechanical con-
nectors shall satisfy 15.8.2 or 15.8.3.

15.8.1.3 — If calculated moments are transferred to
supporting pedestal or footing, then reinforcement,
dowels, or mechanical connectors shall be adequate
to satisfy 12.17.

318/318R-241
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force). Reinforcement may consist of extended longitudinal
bars, dowels, anchor bolts, or suitable mechanical connectors.

The requirements of 15.8.1 apply to both cast-in-place
construction and precast construction. Additional require-
ments for cast-in-place construction are given in 15.8.2.
Section 15.8.3 gives additional requirements for precast
construction.

R15.8.1.1— Compressive force may be transmitted to a
supporting pedestal or footing by bearing on concrete. For
strength design, allowable bearing stress on the loaded area
is equal t00.85¢f.' (where@ = 0.7), if the loaded area is
equal to the area on which it is supported.

In the common case of a column bearing on a footing larger
than the column, bearing strength should be checked at the
base of the column and the top of the footing. Strength in
the lower part of the column should be checked since the
column reinforcement cannot be considered effective near
the column base because the force in the reinforcement is
not developed for some distance above the base, unless
dowels are provided, or the column reinforcement is
extended into the footing. The unit bearing stress on the col-
umn will normally be0.85¢f.' (with ¢ = 0.7, this becomes
0.6f"). The permissible bearing strength on the footing may
be in-creased in accordance with 10.17 and will usually be
two times0.85¢f .. The compressive force that exceeds that
developed by the permissible bearing strength at the base of
the column or at the top of the footing should be carried by
dowels or extended longitudinal bars.

For the design method @éfppendix A permissible bearing
stresses are limited to 50 percent of the values in 10.17.

R15.8.1.2— All tensile forces, whether created by uplift,
moment, or other means, should be transferred to support-
ing pedestal or footing entirely by reinforcement or suitable
mechanical connectors. Generally, mechanical connectors
would be used only in precast construction.

R15.8.1.3— If computed moments are transferred from
the column to the footing, the concrete in the compression
zone of the column will be stressedd®5 . under factored
load conditions and, as a result, all the reinforcement will
generally have to be doweled into the footing.
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15.8.1.4 — Lateral forces shall be transferred to
supporting pedestal or footing in accordance with
shear-friction provisions of 11.7, or by other appropri-
ate means.

15.8.2 — In cast-in-place construction, reinforcement
required to satisfy 15.8.1 shall be provided either by
extending longitudinal bars into supporting pedestal or
footing, or by dowels.

15.8.2.1 — For cast-in-place columns and pedes-
tals, area of reinforcement across interface shall be
not less than 0.005 times gross area of supported
member.

15.8.2.2 — For cast-in-place walls, area of rein-
forcement across interface shall be not less than mini-
mum vertical reinforcement given in 14.3.2.

15.8.2.3 — At footings, No. 14 and No. 18 longitudi-
nal bars, in compression only, may be lap spliced with
dowels to provide reinforcement required to satisfy
15.8.1. Dowels shall not be larger than No. 11 bar and
shall extend into supported member a distance not
less than the development length of No. 14 or No. 18
bars or the splice length of the dowels, whichever is
greater, and into the footing a distance not less than
the development length of the dowels.

15.8.2.4 — If a pinned or rocker connection is pro-
vided in cast-in-place construction, connection shall
conform to 15.8.1 and 15.8.3.

15.8.3 — In precast construction, anchor bolts or suit-
able mechanical connectors shall be permitted for sat-
isfying 15.8.1.

15.8.3.1 — Connection between precast columns or
pedestals and supporting members shall meet the
requirements of 16.5.1.3(a).

CHAPTER 15
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R15.8.1.4— The shear-friction method given in 11.7
may be used to check for transfer of lateral forces to sup-
porting pedestal or footing. Shear keys may be used, pro-
vided that the reinforcement crossing the joint satisfies
15.8.2.1, 15.8.3.1, and the shear-friction requirements of
11.7. In precast construction, resistance to lateral forces
may be provided by shear-friction, shear keys, or mechani-
cal devices.

R15.8.2.1 and R15.8.2.2- A minimum amount of rein-
forcement is required between all supported and supporting
members to ensure ductile behavior. The code does not
require that all bars in a column be extended through and be
anchored into a footing. However, reinforcement with an
area of 0.005 times the column area or an equal area of
properly spliced dowels is required to extend into the foot-
ing with proper anchorage. This reinforcement is required to
provide a degree of structural integrity during the construc-
tion stage and during the life of the structure.

R15.8.2.3— Lap splices of No. 14 and No. 18 longitudi-
nal bars in compression only to dowels from a footing are
specifically permitted in 15.8.2.3. The dowel bars should be
No. 11 or smaller in size. The dowel lap splice length should
meet the larger of the two criteria: (a) be able to transfer the
stress in the No. 14 and No. 18 bars, and (b) fully develop
the stress in the dowels as a splice.

This provision is an exception to 12.14.2.1, which prohibits
lap splicing of No. 14 and No. 18 bars. This exception
results from many years of successful experience with the
lap splicing of these large column bars with footing dowels
of the smaller size. The reason for the restriction on dowel
bar size is recognition of the anchorage length problem of
the large bars, and to allow use of the smaller size dowels.
A similar exception is allowed for compression splices
between different size bars in 12.16.2.

R15.8.3.1 and R15.8.3.2- For cast-in-place columns,
15.8.2.1 requires a minimum area of reinforcement equal to
0.00%; across the column-footing interface to provide
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15.8.3.2 — Connection between precast walls and
supporting members shall meet the requirements of
16.5.1.3(b) and (c).

15.8.3.3 — Anchor bolts and mechanical connectors
shall be designed to reach their design strength prior to
anchorage failure or failure of surrounding concrete.

15.9 — Sloped or stepped footings

15.9.1 — In sloped or stepped footings, angle of slope
or depth and location of steps shall be such that
design requirements are satisfied at every section.
(See also 12.10.6.)

15.9.2 — Sloped or stepped footings designed as a
unit shall be constructed to ensure action as a unit.

15.10 — Combined footings and mats

15.10.1 — Footings supporting more than one column,
pedestal, or wall (combined footings or mats) shall be
proportioned to resist the factored loads and induced
reactions, in accordance with appropriate design
requirements of the code.

15.10.2 — The Direct Design Method of Chapter 13
shall not be used for design of combined footings and
mats.

15.10.3 — Distribution of soil pressure under com-
bined footings and mats shall be consistent with prop-
erties of the soil and the structure and with established
principles of soil mechanics.

318/318R-243
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some degree of structural integrity. For precast columns this
requirement is expressed in terms of an equivalent tensile
force that should be transferred. Thus, across the jirfy,

= 2004, [see 16.5.1.3(a)]. The minimum tensile strength
required for precast wall-to-footing connection [see
16.5.1.3(b)] is somewhat less than that required for col-
umns, since an overload would be distributed laterally and a
sudden failure would be less likely. Since the tensile
strength values of 16.5.1.3 have been arbitrarily chosen, it is
not necessary to include a strength reduction fagttor
these calculations.

R15.10 — Combined footings and mats

R15.10.1— Any reasonable assumption with respect to the
distribution of soil pressure or pile reactions can be used as
long as it is consistent with the type of structure and the
properties of the soil, and conforms with established princi-
ples of soil mechanigsee 15.1)Similarly, as prescribed in
15.2.2 for isolated footings, the base area or pile arrange-
ment of combined footings and mats should be determined
using the unfactored forces, moments, or both, transmitted
by the footing to the soil, considering permissible soil pres-
sures and pile reactions.

Design methods using factored loads and strength reduction
factors ¢ can be applied to combined footings or mats,
regardless of the soil pressure distribution.

Detailed recommendations for design of combined footings
and mats are reported by AClI Committee 336See also
Reference 15.2.
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16.0 — Notation

2

Ag gross area of column, in.
/ clear span, in.

16.1 — Scope

16.1.1 — All provisions of this code, not specifically
excluded and not in conflict with the provisions of
Chapter 16, shall apply to structures incorporating pre-
cast concrete structural members.

16.2 — General

16.2.1 — Design of precast members and connections
shall include loading and restraint conditions from ini-
tial fabrication to end use in the structure, including
form removal, storage, transportation, and erection.

16.2.2 — When precast members are incorporated
into a structural system, the forces and deformations
occurring in and adjacent to connections shall be
included in the design.

16.2.3 — Tolerances for both precast members and
interfacing members shall be specified. Design of pre-
cast members and connections shall include the
effects of these tolerances.

COMMENTARY

R16.1 — Scope

R16.1.1— See 2.Xfor definition of precast concrete.

Design and construction requirements for precast concrete
structural members differ in some respects from those for

cast-in-place concrete structural members and these differ-
ences are addressed in this chapter. Where provisions for
cast-in-place concrete applied to precast concrete, they have
not been repeated. Similarly, items related to composite

concrete inChapterl7 and to prestressedoncree in Chagp-

ter 18 that apply tqorecast cocrete aranot restated.

More detailed recommendations concerning precast con-
crete are given in References 16.1 through 16.7. Tilt-up con-
crete construction is a form of precast concrete. It is
recommended that Reference 16.8 be reviewed for tilt-up
structures.

R16.2 — General

R16.2.1— Stresses developed in precast members during
the period from casting to final connection may be greater
than the service load stresses. Handling procedures may
cause undesirable deformations. Care should be given to the
methods of storing, transporting, and erecting precast mem-
bers so that performance at service loads and strength under
factored loads meet code requirements.

R16.2.2— The structural behavior of precast members may
differ substantially from that of similar members that are
cast-in-place. Design of connections to minimize or trans-
mit forces due to shrinkage, creep, temperature change,
elastic deformation, differential settlement, wind, and earth-
quake require special consideration in precast construction.

R16.2.3— Design of precast members and connections is
particularly sensitive to tolerances on the dimensions of
individual members and on their location in the structure. To
prevent misunderstanding, the tolerances used in design
should be specified in the contract documents. The designer
may specify the tolerance standard assumed in design. It is
important to specify any deviations from accepted standards.
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16.2.4 — In addition to the requirements for drawings
and specifications in 1.2, the following shall be
included in either the contract documents or shop
drawings:

(@) Details of reinforcement, inserts and lifting
devices required to resist temporary loads from
handling, storage, transportation, and erection;

(b) Required concrete strength at stated ages or
stages of construction.

16.3 — Distri bution of forces among
members

16.3.1 — Distribution of forces that are perpendicular
to the plane of members shall be established by analy-
sis or by test.

16.3.2 — Where the system behavior requires in-
plane forces to be transferred between the members
of a precast floor or wall system, 16.3.2.1 and 16.3.2.2
shall apply.

16.3.2.1 — In-plane force paths shall be continuous
through both connections and members.

16.3.2.2 — Where tension forces occur, a continu-
ous path of steel or steel reinforcement shall be pro-
vided.

CHAPTER 16
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The tolerances required by 7.5 are considered to be a mini-
mum acceptable standard for reinforcement in precast con-
crete. The designer should refer to publications of the
Precast/Prestressed Concrete Institute (PCIl) (References
16.9, 16.10, 16.11) for guidance on industry established
standard product and erection tolerances. Added guidance is
given in Reference 16.12.

R16.2.4— The additional requirements may be included in
either contract documents or shop drawings, depending on
the assignment of responsibility for design.

R16.3 — Distribution of forces among
members

R16.3.1— Concentrated point and line loads can be distrib-
uted among members provided they have sufficient tor-
sional stiffness and that shear can be transferred across
joints. Torsionally stiff members such as hollow-core or
solid slabs have more favorable load distribution properties
than do torsionally flexible members such as double tees
with thin flanges. The actual distribution of the load
depends on many factors discussed in detail in References
16.13 through 16.19. Large openings can cause significant
changes in distribution of forces.

R16.3.2— In-plane forces result primarily from diaphragm
action in floors and roofs, causing tension or compression in
the chords and shear in the body of the diaphragm. A con-
tinuous path of steel, steel reinforcement, or both, using lap
splices, mechanical or welded splices, or mechanical con-
nectors, should be provided to carry the tension, whereas the
shear and compression may be carried by the net concrete
section. A continuous path of steel through a connection
includes bolts, weld plates, headed studs, or other steel
devices. Tension forces in the connections are to be trans-
ferred to the primary reinforcement in the members.

In-plane forces in precast wall systems result primarily from
diaphragm reactions and external lateral loads.

Connection details should provide for the forces and defor-
mations due to shrinkage, creep, and thermal effects. Con-
nection details may be selected to accommodate volume
changes and rotations caused by temperature gradients and
long-term deflections. When these effects are restrained,
connections and members should be designed to provide
adequate strength and ductility.
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16.4 — Member des ign

16.4.1 — In one-way precast floor and roof slabs and
in one-way precast, prestressed wall panels, all not
wider than 12 ft, and where members are not mechan-
ically connected to cause restraint in the transverse
direction, the shrinkage and temperature reinforce-
ment requirements of 7.12 in the direction normal to
the flexural reinforcement shall be permitted to be
waived. This waiver shall not apply to members that
require reinforcement to resist transverse flexural
stresses.

16.4.2 — For precast, nonprestressed walls the rein-
forcement shall be designed in accordance with the pro-
visions of Chapters 10 or 14, except that the area of
horizontal and vertical reinforcement each shall be not
less than 0.001 times the gross cross-sectional area of
the wall panel. Spacing of reinforcement shall not
exceed 5 times the wall thickness or 30 in. for interior
walls or 18 in. for exterior walls.

16.5 — Structural integrity

16.5.1 — Except where the provisions of 16.5.2 gov-
ern, the minimum provisions of 16.5.1.1 through
16.5.1.4 for structural integrity shall apply to all precast
concrete structures.

16.5.1.1 — Longitudinal and transverse ties
required by 7.13.3 shall connect members to a lateral
load resisting system.
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R16.4 — Member design

R16.4.1 — For prestressed concrete members not wider
than 12 ft, such as hollow-core slabs, solid slabs, or slabs
with closely spaced ribs, there is usually no need to provide
transverse reinforcement to withstand shrinkage and tem-
perature stresses in the short direction. This is generally true
also for nonprestressed floor and roof slabs. The 12 ft width
is less than that in which shrinkage and temperature stresses
can build up to a magnitude requiring transverse reinforce-
ment. In addition, much of the shrinkage occurs before the
members are tied into the structure. Once in the final struc-
ture, the members are usually not as rigidly connected trans-
versely as monolithic concrete, thus the transverse restraint
stresses due to both shrinkage and temperature change are
significantly reduced.

The waiver does not apply to members such as single and
double tees with thin, wide flanges.

R16.4.2— This minimum area of wall reinforcement, in
lieu of the minimum values in 14.3, has been used for many
years and is recommended by the BEtand the Canadian
Building Code'®2° The provisions for reduced minimum
reinforcement and greater spacing recognize that precast
wall panels have very little restraint at their edges during
early stages of curing and develop less shrinkage stress than
comparable cast-in-place walls.

R16.5 — Structural integrity

R16.5.1— The provisions of 7.13.3 apply to all precast con-
crete structures. Sections 16.5.1 and 16.5.2 give minimum
requirements to satisfy 7.13.3. It is not intended that these
minimum requirements override other applicable provisions
of the code for design of precast concrete structures.

The overall integrity of a structure can be substantially
enhanced by minor changes in the amount, location, and
detailing of member reinforcement and in the detailing of
connection hardware.

R16.5.1.1— Individual members may be connected into

a lateral load resisting system by alternative methods. For
example, a load-bearing spandrel could be connected to a
diaphragm (part of the lateral load resisting system). Struc-
tural integrity could be achieved by connecting the spandrel
into all or a portion of the deck members forming the dia-
phragm. Alternatively, the spandrel could be connected only
to its supporting columns, which in turn is connected to the
diaphragm.
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16.5.1.2 — Where precast elements form floor or
roof diaphragms, the connections between diaphragm
and those members being laterally supported shall
have a nominal tensile strength capable of resisting
not less than 300 Ib per linear ft.

16.5.1.3 — Vertical tension tie requirements of
7.13.3 shall apply to all vertical structural members,
except cladding, and shall be achieved by providing
connections at horizontal joints in accordance with the
following:

(a) Precast columns shall have a nominal strength
in tension not less than 200 A, in pounds. For col-
umns with a larger cross section than required by
consideration of loading, a reduced effective area
A, based on cross section required but not less
than one-half the total area, shall be permitted;

(b) Precast wall panels shall have a minimum of two
ties per panel, with a nominal tensile strength not
less than 10,000 Ib per tie;

(c) When design forces result in no tension at the
base, the ties required by 16.5.1.3(b) shall be per-
mitted to be anchored into an appropriately rein-
forced concrete floor slab on grade.

16.5.1.4 — Connection details that rely solely on
friction caused by gravity loads shall not be used.

16.5.2 — For precast concrete bearing wall structures
three or more stories in height, the minimum provi-
sions of 16.5.2.1 through 16.5.2.5 shall apply.

COMMEN TARY

R16.5.12 — Diaphragms are typically pvided as part
of the lateral load resisting system. The ties prescribed in
16.5.1.2 are the minimum required to attach members to the
floor or roof diaphragms. The tie force is agdent to the
service loadsalue of 200 Ib/ft gren in the Uniform Build-
ing Code.

R16.5.13 — Base connections and connections at hori-
zontal joints in precast columns and wall panels, including
shear walls, are designed to transfer all design forces and
moments. The minimum tie requirements of 16.5.1.3 are not
addiive to these design requirements. Common practice is
to place thewall ties symmetrically about theertical cen-
terline of the wall panel and within the outer quarters of the
panel width, whesver possible.

R16.5.14 — In the event of damage to a beam, it is
important that displacement of its supporting members be
minimized, so that other members will not lose their load-
carrying capacit This situation stws why connection
details that rely solely on friction causbey gravity loads
are not used. Amexception could be t@y modular unit
structures (one or more cells in cell-type structures) where
resistance tamverturning or sliding in my direction has a
large factor of safgt Acceptance of such systems should be
based on the pvisions of 1.4.

R16.52 — The structural irggrity minimum tie povisions

for bearing wall structures, often calledda panel struc-
tures, are intended to gide catenary hanger supports in
case of loss of a bearimgall support, as shwn by test16-21
Forces inducedy loading, temperature change, creep, and
wind or seismic action may require agar amount of tie
force. It is intended that the general precast concrete-pr
sions of 16.5.1 apply to bearingall structures less than
three stories in height.

Minimum ties in structures three or more stories in height,
in accordance with 16.5.2.1, 16.5.2.2, 16.5.2.3, 16.5.2.4,
and 16.5.2.5, are required for structuralegmity (Fig.
R16.5.9. These povisions are based on P€lrecommen-
dations for design of precast concrete bearing tald-
ings16-22Tie capacity is based on yield strength.
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16.5.2.1 — Longitudinal and transverse ties shall be
provided in floor and roof systems to provide a nominal
strength of 1500 Ib per foot of width or length. Ties
shall be provided over interior wall supports and
between members and exterior walls. Ties shall be
positioned in or within 2 ft of the plane of the floor or
roof system.

16.5.2.2 — Longitudinal ties parallel to floor or roof
slab spans shall be spaced not more than 10 ft on cen-
ters. Provisions shall be made to transfer forces
around openings.

16.5.2.3 — Transverse ties perpendicular to floor or
roof slab spans shall be spaced not greater than the
bearing wall spacing.

16.5.2.4 — Ties around the perimeter of each floor
and roof, within 4 ft of the edge, shall provide a nomi-
nal strength in tension not less than 16,000 Ib.

16.5.2.5 — Vertical tension ties shall be provided in
all walls and shall be continuous over the height of the
building. They shall provide a nominal tensile strength
not less than 3000 Ib per horizontal foot of wall. Not
less than two ties shall be provided for each precast
panel.

16.6 — Connection and bearing design

16.6.1 — Forces shall be permitted to be transferred
between members by grouted joints, shear keys,
mechanical connectors, reinforcing steel connections,
reinforced topping, or a combination of these means.

318/318R-249
COMMENTARY

T= TRANSVERSE
L = LONGITUDINAL
V= VERTICAL

P= PERIMETER

Fig. R16.5.2—Typical arrangement of tensile ties in large
panel structures

R16.5.2.1— Longitudinal ties may project from slabs
and be lap spliced, welded, or mechanically connected, or
they may be embedded in grout joints, with sufficient length
and cover to develop the required force. Bond length for
unstressed prestressing steel should be sufficient to develop
the yield strengtﬁ§'23 It is uncommon to have ties posi-
tioned in the walls reasonably close to the plane of the floor
or roof system.

R16.5.2.3— Transverse ties may be uniformly spaced
either encased in the panels or in a topping, or they may be
concentrated at the transverse bearing walls.

R16.5.2.4—The perimeter tie requirements need not be
additive with the longitudinal and transverse tie requirements.

R16.6 — Connection and bearing design

R16.6.1— The code permits a variety of methods for con-
necting members. These are intended for transfer of forces
both in-plane and perpendicular to the plane of the members.
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16.6.1.1 — The adequacy of connections to transfer
forces between members shall be determined by anal-
ysis or by test. Where shear is the primary result of
imposed loading, it shall be permitted to use the provi-
sions of 11.7 as applicable.

16.6.1.2 — When designing a connection using
materials with different structural properties, their relative
stiffnesses, strengths, and ductilities shall be considered.

16.6.2 — Bearing for precast floor and roof members
on simple supports shall satisfy 16.6.2.1 and 16.6.2.2.

16.6.2.1—The allowable bearing stress at the con-
tact surface between supported and supporting mem-
bers and between any intermediate bearing elements
shall not exceed the bearing strength for either surface
and the bearing element. Concrete bearing strength
shall be as given in 10.17.

16.6.2.2 — Unless shown by test or analysis that
performance will not be impaired, the following mini-
mum requirements shall be met:

(@) Each member and its supporting system shall
have design dimensions selected so that, after con-
sideration of tolerances, the distance from the edge
of the support to the end of the precast member in
the direction of the span is at least 1/180 of the
clear span ¢, but not less than:

For solid or hollow-core slabs.........cccccocevveeene. 2in.
For beams or stemmed members..................... 3in.

(b) Bearing pads at unarmored edges shall be set
back a minimum of 1/2 in. from the face of the sup-
port, or at least the chamfer dimension at cham-
fered edges.

CHAPTER 16
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R16.6.1.2— Various components in a connection (such
as bolts, welds, plates, and inser@jehdifferent properties
that can #ect theoverall belavior of the connection.

R16.6.2.1— When tensile forces occur in the plane of the
bearing, it may be desirable to reduce thenadble bearing
stress, pwvide corfinement reinforcement, or both. Guide-
lines are povided in Reference 16.4.

R16.6.2.2— This section dferentiates between bearing
length and length of the end of a precast merober the
support Fig. R16.6.2. Bearing pads distiute concentrated
loads and reactiormver the bearing area, andaa¥l limited
horizontal and rotational awements for stress relieflo
prevent spalling under lagily loaded bearing areas, bearing
pads should naxtend to the edge of the support unless the
edge is armored. Edges can be armored with anchored steel
plates or angles. Section 11.9iv¥as requirements for bear-
ing on brakets or corbels.

/
PRECAST
MEMBER
UNARMORED EDGE
JITITILIT /

BEARING LENGTH
VA l/2 IN. MINIMUM

SUPPORT [0/180= 2 IN. (sLABS)
— lﬂ/lsozsm. (BEAMS)

— |

Fig. R16.6.2—Bearing length on support
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16.6.2.3 — The requirements of 12.11.1 shall not
apply to the positive bending moment reinforcement
for statically determinate precast members, but at
least one-third of such reinforcement shall extend to
the center of the bearing length.

16.7 — Items embe dded after concrete
placement

16.7.1 — When approved by the engineer, embedded
items (such as dowels or inserts) that either protrude
from the concrete or remain exposed for inspection
shall be permitted to be embedded while the concrete
is in a plastic state provided that 16.7.1.1, 16.7.1.2,
and 16.7.1.3 are met.

16.7.1.1 — Embedded items are not required to be
hooked or tied to reinforcement within the concrete.

16.7.1.2 — Embedded items are maintained in the
correct position while the concrete remains plastic.

16.7.1.3 — The concrete is properly consolidated
around the embedded item.

16.8 — Marking and identification

16.8.1 — Each precast member shall be marked to
indicate its location and orientation in the structure and
date of manufacture.

16.8.2 — Identification marks shall correspond to plac-
ing drawings.

16.9 — Handling

16.9.1 — Member design shall consider forces and
distortions during curing, stripping, storage, transpor-
tation, and erection so that precast members are not
overstressed or otherwise damaged.

16.9.2 — During erection, precast members and struc-
tures shall be adequately supported and braced to
ensure proper alignment and structural integrity until
permanent connections are completed.

318/318R-251
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R16.6.2.3— It is unnecessary to develop positive bend-
ing moment reinforcement beyond the ends of the precast
element if the system is statically determinate.

R16.7 — Items embedded after concrete
placement

R16.7.1— Section 16.7.1 is an exception to the provisions of
7.5.1. Many precast products are manufactured in such a way
that it is difficult, if not impossible, to position reinforcement
that protrudes from the concrete before the concrete is placed.
Such items as ties for horizontal shear and inserts can be
placed while the concrete is plastic, if proper precautions are
taken. This exception is not applicable to reinforcement that
is completely embedded, or to embedded items that will be
hooked or tied to embedded reinforcement.

R16.9 — Handling

R16.9.1— The code requires acceptable performance at ser-
vice loads and adequate strength under factored loads. How-
ever, handling loads should not produce permanent stresses,
strains, cracking, or deflections inconsistent with the provi-
sions of the code. A precast member should not be rejected
for minor cracking or spalling where strength and durability
are not affected. Guidance on assessing cracks is given in
PCI reports on fabrication and shipment crald&® 16-25

R16.9.2— All temporary erection connections, bracing, shor-
ing as well as the sequencing of removal of these items are
shown on contract or erection drawings.
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16.10 — Strength evaluation of precast
construction

16.10.1 — A precast element to be made composite
with cast-in-place concrete shall be permitted to be
tested in flexure as a precast element alone in accor-
dance with 16.10.1.1 and 16.10.1.2.

16.10.1.1 — Test loads shall be applied only when
calculations indicate the isolated precast element will
not be critical in compression or buckling.

16.10.1.2 — The test load shall be that load which,
when applied to the precast member alone, induces
the same total force in the tension reinforcement as
would be induced by loading the composite member
with the test load required by 20.3.2.

16.10.2 — The provisions of 20.5 shall be the basis for
acceptance or rejection of the precast element.

CHAPTER 16

COMMENTARY

R16.10 — Strength evaluation of precast
construction

The strength evaluation proceduresCofapter 2Care appli-
cable to precast members.
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17.0 — Notation

>
)
1

area of contact surface being investigated for

horizontal shear, in.2

A, = area of ties within a distance s, in.?

b, = width of cross section at contact surface being
investigated for horizontal shear, in.

d = distance from extreme compression fiber to
centroid of tension reinforcement for entire
composite section, in.

h = overall thickness of composite member, in.

s = spacing of ties measured along the longitudinal
axis of the member, in.

V,n = nominal horizontal shear strength, Ib

V, = factored shear force at section, Ib

A = correction factor related to unit weight of con-
crete

p, = ratio of tie reinforcement area to area of con-
tact surface

= A, /b,s
strength reduction factor. See 9.3

4
17.1 — Scope

17.1.1 — Provisions of Chapter 17 shall apply for
design of composite concrete flexural members defined
as precast, or cast-in-place concrete elements, or both,
constructed in separate placements but so intercon-
nected that all elements respond to loads as a unit.

17.1.2 — All provisions of the code shall apply to com-
posite concrete flexural members, except as specifi-
cally modified in Chapter 17.

17.2 — General

17.2.1 — The use of an entire composite member or
portions thereof for resisting shear and moment shall
be permitted.

17.2.2 — Individual elements shall be investigated for
all critical stages of loading.

17.2.3 — If the specified strength, unit weight, or other
properties of the various elements are different, prop-
erties of the individual elements or the most critical
values shall be used in design.

COMMENTARY
17.0 — Notation

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 ft or kip.

R17.1 — Scope

R17.1.1— The scope of Chapter 17 is intended to include
all types of composite concrete flexural members. In some
cases with fully cast-in-place concrete, it may be necessary
to design the interface of consecutive placements of con-
crete as required for composite members. Composite struc-
tural steel-concrete members are not covered in this chapter.
Design provisions for such composite members are covered
in Reference 17.1.

R17.2 — General
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17.2.4 — In strength computations of composite mem-
bers, no distinction shall be made between shored and
unshored members.

17.2.5 — All elements shall be designed to support all
loads introduced prior to full development of design
strength of composite members.

17.2.6 — Reinforcement shall be provided as required
to minimize cracking and to prevent separation of indi-
vidual elements of composite members.

17.2.7 — Composite members shall meet require-
ments for control of deflections in accordance with
9.5.5.

17.3 — Shoring

When used, shoring shall not be removed until sup-
ported elements have developed design properties
required to support all loads and limit deflections and
cracking at time of shoring removal.

17.4 — Vertical shear strength

17.4.1 — When an entire composite member is
assumed to resist vertical shear, design shall be in
accordance with requirements of Chapter 11 as for a
monolithically cast member of the same cross-sec-
tional shape.

17.4.2 — Shear reinforcement shall be fully anchored
into interconnected elements in accordance with
12.13.

17.4.3 — Extended and anchored shear reinforcement
shall be permitted to be included as ties for horizontal
shear.

17.5 — Horizontal s hear stren gth

17.5.1 — In a composite member, full transfer of hori-
zontal shear forces shall be ensured at contact sur-
faces of interconnected elements.

CHAPTER 17

COMMENTARY

R17.2.4— Tests have indicated that the strength of a compos-
ite member is the same whether or not the first element cast is
shored during casting and curing of the second element.

R17.2.6— The extent of cracking is dependent on such fac-
tors as environment, aesthetics, and occupancy. In addition,
composite action should not be impaired.

R17.2.7— The premature loading of precast elements can
cause excessive creep and shrinkage deflections. This is
especially so at early ages when the moisture content is high
and the strength low.

The transfer of shear by direct bond is important if excessive

deflection from slippage is to be prevented. A shear key is

an added mechanical factor of safety but it does not operate
until slippage occurs.

R17.3 — Shoring

The provisions of 9.5.5 cover the requirements pertaining to
deflections of shored and unshored members.

R17.5 — Horizontal shear strength

R17.5.1— Full transfer of horizontal shear between seg-
ments of composite members should be ensured by horizon-
tal shear strength at contact surfaces or properly anchored
ties, or both.

ACI 318 Building Code and Commentary



CHAPTER 17

CODE

17.5.2 — Unless calculated in accordance with 17.5.3,
design of cross sections subject to horizontal shear
shall be based on

Vu S @Vpp (17'1)
where V,, is factored shear force at the section consid-

ered and V,, is nominal horizontal shear strength in
accordance with 17.5.2.1 through 17.5.2.5.

17.5.2.1 — When contact surfaces are clean, free of
laitance, and intentionally roughened, shear strength
V,,» shall not be taken greater than 80b,d in pounds.

17.5.2.2 — When minimum ties are provided in
accordance with 17.6, and contact surfaces are clean
and free of laitance, but not intentionally roughened,
shear strength V,,, shall not be taken greater than 80
b,d in pounds.

17.5.2.3 — When ties are provided in accordance
with 17.6, and contact surfaces are clean, free of
laitance, and intentionally roughened to a full ampli-
tude of approximately 1/4 in., shear strength V,,, shall
be taken equal to (260 + 0.6p,f,)Ab,d in pounds, but
not greater than 500b,d in pounds. Values for A in
11.7.4.3 shall apply.

17.5.2.4 — When factored shear force V, at section
considered exceeds @ (500b,d), design for horizontal
shear shall be in accordance with 11.7.4.

17.5.2.5 — When determining nominal horizontal
shear strength over prestressed concrete elements, d
shall be as defined or 0.8h, whichever is greater.

17.5.3 — As an alternative to 17.5.2, horizontal shear
shall be permitted to be determined by computing the
actual change in compressive or tensile force in any
segment, and provisions shall be made to transfer that
force as horizontal shear to the supporting element.
The factored horizontal shear force shall not exceed
horizontal shear strength ¢V,, as given in 17.5.2.1
through 17.5.2.4, where area of contact surface A,
shall be substituted for b,d.

318/318R-255
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R17.5.2— The nominal horizontal shear strengthg apply
when the design is based on the load factorspeadtors of
Chapter 9

When the design method of Appendix A is used for design
of composite member¥,, is the shear due to service loads,
and 55 percent of the values given in 17.5.2 are applicable.
See A.7.3. Also, when gravity loads are combined with lat-
eral loads due to wind or earthquake in the governing load
combination for horizontal shear, advantage may be taken
of the 25 percent reduction in required strength in accor-
dance with A.2.2.

In reviewing composite concrete flexural members for han-
dling and construction load¥,, may be replaced by the
handling service load shear in Eq. (17-1). The handling load
horizontal shear should be compared with a nominal hori-
zontal shear strength value 6f55/,, (as provided in
Appertdix A) to ensure that an adequdtebr of safety
results for handling and construction loads.

Prestressed members used in composite construction may
have variations in depth of tension reinforcement along
member length due to draped or depressed tendons. Because
of this variation, the definition afl used inChapter 11ifor
determination of vertical shear strength is also appropriate
when determining horizontal shear strength.

R17.5.2.3— The permitted horizontal shear strengths
and the requirement of 1/4 in. amplitude for intentional
roughness are based on tests discussed in References 17.2
through 17.4.
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17.5.3.1 — When ties provided to resist horizontal
shear are designed to satisfy 17.5.3, the tie area to tie
spacing ratio along the member shall approximately
reflect the distribution of shear forces in the member.

17.5.4 — When tension exists across any contact sur-
face between interconnected elements, shear transfer
by contact shall be permitted only when minimum ties
are provided in accordance with 17.6.

17.6 — Ties for horizontal shear

17.6.1 — When ties are provided to transfer horizontal
shear, tie area shall not be less than that required by
11.5.5.3, and tie spacing shall not exceed four times
the least dimension of supported element, nor exceed
24 in.

17.6.2 — Ties for horizontal shear shall consist of sin-
gle bars or wire, multiple leg stirrups, or vertical legs of
welded wire fabric (plain or deformed).

17.6.3 — All ties shall be fully anchored into intercon-
nected elements in accordance with 12.13.

CHAPTER 17
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R17.5.3.1— The distribution of horizontal shear stresses
along the contact surface in a composite member will reflect
the distribution of shear along the member. Horizontal shear
failure will initiate where the horizontal shear stress is a
maximum and will spread to regions of lower stress.
Because the slip at peak horizontal shear resistance is small
for a concrete-to-concrete contact surface, longitudinal
redistribution of horizontal shear resistance is very limited.
The spacing of the ties along the contact surface should,
therefore, be such as to provide horizontal shear resistance
distributed approximately as the shear acting on the member
is distributed.

R17.5.4— Proper anchorage of ties extending across inter-
faces is required to maintain contact of the interfaces.

R17.6 — Ties for horizontal shear

The minimum areas and maximum spacings are based on
test data given in References 17.2 through 17.6.
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18.0 — Notation

A

Acf

area of that part of cross section between
flexural tension face and center of gravity of
gross section, in.?

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, in.2

area of prestressed reinforcement in tension
zone, in.2

area of nonprestressed tension reinforce-
ment, in.2

area of compression reinforcement, in.?
width of compression face of member, in.
distance from extreme compression fiber to
centroid of nonprestressed tension reinforce-
ment, in.

distance from extreme compression fiber to
centroid of compression reinforcement, in.
distance from extreme compression fiber to
centroid of prestressed reinforcement, in.
dead loads, or related internal moments and
forces

base of Napierian logarithms

specified compressive strength of concrete, psi
square root of specified compressive strength
of concrete, psi

compressive strength of concrete at time of
initial prestress, psi

square root of compressive strength of con-
crete at time of initial prestress, psi

average compressive stress in concrete due
to effective prestress force only (after allow-
ance for all prestress losses), psi

stress in prestressed reinforcement at nomi-
nal strength, psi

specified tensile strength of prestressing ten-
dons, psi

specified yield strength of prestressing ten-
dons, psi

modulus of rupture of concrete, psi

effective stress in prestressed reinforcement
(after allowance for all prestress losses), psi
specified yield strength of nonprestressed
reinforcement, psi

overall thickness of member, in.

wobble friction coefficient per foot of pre-
stressing tendon

length of prestressing tendon element from
jacking end to any point x, ft. See Eq. (18-1)
and (18-2)

COMMENTARY
R18.0 — Notation

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 ft or kip.
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live loads, or related internal moments and
forces

number of monostrand anchorage devices in
a group

tensile force in concrete due to unfactored
dead load plus live load (D + L), Ib
prestressing tendon force at jacking end, Ib

= factored post-tensioned tendon force at the

anchorage device, Ib

= prestressing tendon force at any point x, Ib
= total angular change of prestressing tendon

profile in radians from tendon jacking end to
any point x

factor defined in 10.2.7.3

factor for type of prestressing tendon

0.55 for f,, /f,, not less than 0.80

0.40 for f,, /f,, not less than 0.85

0.28 for f,, /f,, not less than 0.90

= correction factor related to unit weight of con-

crete (See 11.7.4.3)
curvature friction coefficient
ratio of nonprestressed tension reinforcement

= As/bd
= ratio of compression reinforcement

= AJ/bd

>
[

gees
1

Wy, Wpyy

= ratio of prestressed reinforcement

Aps/bd,

= strength reduction factor. See 9.3

pf, /fe

pr, /A

ppfps /fc'

,@,, = reinforcement indices for flanged sec-
tions computed as for @, @,, and « except
that b shall be the web width, and reinforce-
ment area shall be that required to develop
compressive strength of web only

18.1 — Scope

18.1.1 — Provisions of Chapter 18 shall apply to mem-
bers prestressed with wire, strands, or bars conform-
ing to provisions for prestressing tendons in 3.5.5.

CHAPTER 18

COMMENTARY

The factored tendon forde,, is the product of the load fac-
tor (1.2 from Section 9.2.8) and the maximum tendon force
allowed. Under 18.5.1 this is usually overstressing.fzt

f,y but not greater thad.80f,,, which is permitted for short

periods of time.

pur

Pgu = (1.2)(0.80p,Aps
= 0.96 ,,Aps

R18.1 — Scope

R18.1.1— The provisions of Chapter 18 were developed
primarily for structural members such as slabs, beams, and
columns that are commonly used in buildings. Many of the
provisions may be applied to other types of construction,
such as, pressure vessels, pavements, pipes, and crossties.
Application of the provisions is left to the judgment of the
engineer in cases not specifically cited in the code.
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18.1.2 — All provisions of this code not specifically
excluded, and not in conflict with provisions of Chapter
18, shall apply to prestressed concrete.

18.1.3 — The following provisions of this code shall
not apply to prestressed concrete, except as specifi-
cally noted: Sections 7.6.5, 8.4, 8.10.2, 8.10.3, 8.10.4,
8.11, 10.3.2, 10.3.3, 10.5, 10.6, 10.9.1, and 10.9.2;
Chapter 13; and Sections 14.3, 14.5, and 14.6.

COMMENTARY

R18.1.3— Some sections of the code are excluded from use
in the design of prestressed concrete for specific reasons.
The following discussion provides explanation for such
exclusions:

Section 7.6.5— The requirements for bonded reinforce-
ment and unbonded tendons for cast-in-place members are
provided in 18.9 and 18.12, respectively.

Section 8.4— Moment redistribution for prestressed con-
crete is provided in 18.10.4.

Sections 8.10.2, 8.10.3, and 8.16-4 The empirical provi-
sions of 8.10.2, 8.10.3, and 8.10.4 for T-beams were devel-
oped for nonprestressed concrete and if applied to
prestressed concrete would exclude many standard pre-
stressed products in satisfactory use today. Proof by experi-
ence permits variations.

By excluding 8.10.2, 8.10.3, and 8.10.4, no special require-
ments for prestressed concrete T-beams appear in the code.
Instead, the determination of an effective width of flange is
left to the experience and judgment of the engineer. Where
possible, the flange widths in 8.10.2, 8.10.3, and 8.10.4
should be used unless experience has proven that variations
are safe and satisfactory. It is not necessarily conservative in
elastic analysis and design considerations to use the maxi-
mum flange width as permitted in 8.10.2.

Sections 8.10.1 and 8.10.5 provide general requirements for
T-beams that are also applicable to prestressed concrete
units. The spacing limitations for slab reinforcement are
based on flange thickness, which for tapered flanges can be
taken as the average thickness.

Section 8.11— The empirical limits established for con-
ventionally reinforced concrete joist floors are based on suc-
cessful past performance of joist construction using
standard joist forming systems. For prestressed joist con-
struction, experience and judgment should be used. The pro-
visions of 8.11 may be used as a guide.

Sections 10.3.2, 10.3.3, 10.5, 10.9.1, and 10-9.For pre-
stressed concrete, the limitations on reinforcement are given
in 18.8, 18.9, and 18.11.2.

Section 10.6— The behavior of a prestressed member is
considerably different from that of a nonprestressed mem-
ber. Experience and judgment should be used for proper dis-
tribution of reinforcement in a prestressed member.

Chapter 13 — The design of prestressed concrete slabs
requires recognition of secondary moments induced by the
undulating profile of the prestressing tendons. Volume
changes due to the prestressing force can result in additional
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18.2 — General

18.2.1 — Prestressed members shall meet the
strength requirements specified in this code.

18.2.2 — Design of prestressed members shall be
based on strength and on behavior at service condi-
tions at all stages that will be critical during the life of
the structure from the time prestress is first applied.

18.2.3 — Stress concentrations due to prestressing
shall be considered in design.

18.2.4 — Provisions shall be made for effects on
adjoining construction of elastic and plastic deforma-
tions, deflections, changes in length, and rotations due
to prestressing. Effects of temperature and shrinkage
shall also be included.

18.2.5 — The possibility of buckling in a member
between points where concrete and prestressing ten-
dons are in contact and of buckling in thin webs and
flanges shall be considered.

CHAPTER 18

COMMENTARY

stress on the structure that is not adequately covered in
Chapter13. Because of these, many of the design proce-

dures of Chapter 13 are not appropriate for prestressed con-
crete structures and are replaced by the provisions of 18.12.

Sections 14.3, 14.5 and 14-6- The requirements for mini-
mum reinforcement and wall design in 14.3, 14.5 and 14.6
are largely empirical, using considerations not intended to
apply to prestressed concrete.

R18.2 — General

R18.2.1 and R18.2.2— The design investigation should
include all stages that may be significant. The three major
stages are: (1) jacking stage, or prestress transfer stage—
when the tensile force in the prestressing tendons is trans-
ferred to the concrete and stress levels may be high relative
to concrete strength; (2) service load stage—after long-term
volume changes have occurred; and (3) the factored load
stage—when the strength of the member is checked. There
may be other load stages that require investigation. For
example, if the cracking load is significant, this load stage
may require study, or the handling and transporting stage
may be critical.

From the standpoint of satisfactory behavior, the two stages
of most importance are those for service load and factored
load.

Service load stage refers to the loads defined in the general
building code (without load factors), such as live load and
dead load, while the factored load stage refers to loads mul-
tiplied by the appropriate load factors.

Section 18.3.2 provides assumptions that may be used for
investigation at service loads and after transfer of the pre-
stressing force.

R18.2.5— Section 18.2.5 refers to the type of post-tension-
ing where the tendon makes contact with the prestressed
concrete member intermittently. Precautions should be
taken to prevent buckling of such members.

If the tendon is in complete contact with the member being
prestressed, or is an unbonded tendon in a duct not exces-
sively larger than the tendon, it is not possible to buckle the
member under the prestressing force being introduced.
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18.2.6 — In computing section properties prior to
bonding of prestressing tendons, effect of loss of area
due to open ducts shall be considered.

18.3 — Design assumptions

18.3.1 — Strength design of prestressed members for
flexure and axial loads shall be based on assumptions
given in 10.2, except that 10.2.4 shall apply only to
reinforcement conforming to 3.5.3.

18.3.2 — For investigation of stresses at transfer of
prestress, at service loads, and at cracking loads,
straight-line theory shall be used with the assumptions
of 18.3.2.1 and 18.3.2.2.

18.3.2.1 — Strains vary linearly with depth through
the entire load range.

18.3.2.2 — At cracked sections, concrete resists no
tension.

18.4 — Permissi ble stresses in concrete —
Flexural membe rs

18.4.1 — Stresses in concrete immediately after pre-
stress transfer (before time-dependent prestress
losses) shall not exceed the following:

(a) Extreme fiber stress in compression....... 0.60f

(b) Extreme fiber stress in tension except as permit-

(=10 I a1 (=) IS 3./t
(c) Extreme fiber stress in tension at ends of simply
supported members...........cccccoeveeeiece e, 6./f.

Where computed tensile stresses exceed these val-
ues, bonded additional reinforcement (nonprestressed
or prestressed) shall be provided in the tensile zone to
resist the total tensile force in concrete computed with
the assumption of an uncracked section.

318/318R-261
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R18.2.6— In considering the area of the open ducts, the
critical sections should include those that have coupler
sheaths that may be of a larger size than the duct containing
the tendon. Also, in some instances, the trumpet or transi-
tion piece from the conduit to the anchorage may be of such
a size as to create a critical section. If the effect of the open
duct area on design is deemed negligible, section properties
may be based on total area.

In post-tensioned members after grouting and in preten-

sioned members, section properties may be based on effec-
tive sections using transformed areas of bonded tendons and
nonprestressed reinforcement gross sections, or net sections.

R18.4 — Permissible stresses in concrete —
Flexural members

Permissible stresses in concrete address serviceability. Permissi-
ble stresses do not ensure adequate structural strength, which
should be checked in conformance with other code requirements.

R18.4.1— The concrete stresses at this stage are caused by
the force in the prestressing tendons at transfer reduced by
the losses due to elastic shortening of the concrete, relax-

ation of the tendon, tendon seating at transfer, and the

stresses due to the weight of the member. Generally, shrink-

age and creep effects are not included at this stage. These
stresses apply to both pretensioned and post-tensioned con-
crete with proper modifications of the losses at transfer.

R18.4.1(b) and (c)— The tension stress limits dwf;'

and 6 Jf?, refer to tensile stress at locations other than the
precompressed tensile zone. Where tensile stresses exceed
the permissible values, the total force in the tensile stress
zone may be calculated and reinforcement proportioned on
the basis of this force at a stres9dif, , but not more than
30,000 psi. The effects of creep and shrinkage begin to
reduce the tensile stress almost immediately; however, some
tension remains in these areas after allowance is made for
all prestress losses.
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18.4.2 — Stresses in concrete at service loads (after
allowance for all prestress losses) shall not exceed the
following:

(a) Extreme fiber stress in compression due to pre-
stress plus sustained loads............cccceeeneee. 0.45f,

(b) Extreme fiber stress in compression due to pre-
stress plus total load ..............coceevieiiennenn. 0.60f1,'

(c) Extreme fiber stress in tension in precom-
pressed tensile zone ..., 6,/f,;

(d) Extreme fiber stress in tension in precompressed
tensile zone of members (except two-way slab sys-
tems), where analysis based on transformed cracked
sections and on bilinear moment-deflection relation-
ships shows that immediate and long-term deflec-
tions comply with requirements of 9.5.4, and where
cover requirements comply with 7.7.3.2......... 12@

COMMENTARY

R18.4.2(a) and (b)— The compression stress limit of
0.45. was conservatively established to decrease the prob-
ability of failure of prestressed concrete members due to
repeated loads. In addition, the previous code writers
thought that this limit was reasonable to preclude excessive
creep deformation. At higher values of stress, creep strains
tend to increase more rapidly as applied stress increases.
This is not consistent with the design assumption that creep
strain is proportional to stress in calculating time-dependent
camber and deflection and prestress losses.

The change in allowable stress in the 1995 code recognized
that fatigue tests of prestressed concrete have shown that
concrete failures are not the controlling criterion, and that
designs with large transient live loads compared to sus-
tained dead and live loads have been penalized by the previ-
ous single compression stress limit. Therefore, the stress
limit of 0.6, permits a one-third increase in allowable
compression stress for members subject to transient loads.

Sustained live load is any portion of the service live load
that will be sustained for a sufficient period to cause signifi-
cant time-dependent deflections. When sustained dead load
and live loads are a large percentage of total service load,
the0.45 ' limit of 18.4.2(a) may control. On the other hand,
when a large portion of the total service load consists of a
transient or temporary service live load, the increased stress
limit of 18.4.2(b) may control.

The compression stress limit 6f45 . for prestress plus
sustained loads will continue to control the long-term
behavior of prestressed members.

R18.4.2(c)— The precompressed tensile zone is that por-
tion of the member cross section in which flexural tension
occurs under dead and live loads. Prestressed concrete is
usually designed so that the prestress force introduces com-
pression into this zone, effectively reducing the magnitude
of the tensile stress.

The permissible tensile stress @jf?' is compatible with

the concrete cover requirements of 7.7.3.1. For conditions
of corrosive environments, defined as an environment in
which chemical attack such as seawater, corrosive industrial
atmosphere, sewer gas, or other highly corrosive environ-
ments are encountered, greater cover than that required by
7.7.3.1 should be used, in accordance with 7.7.3.2, and ten-
sion stresses reduced to lessen possible cracking at service
loads. The engineer should use judgment to determine the
amount of increased cover and whether reduced tension
stresses are required.

R18.4.2(c) and (d)— The permissible concrete tensile

stress depends on whether or not enough bonded rein-
forcement is provided to reduce the width and spacing of
the cracks. Such bonded reinforcement may consist of
prestressed or nonprestressed tendons or of reinforcing
bars. The width and spacing of cracks depends not only
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18.4.3 — Permissible stresses in 18.4.1 and 18.4.2
shall be permitted to be exceeded if shown by test or
analysis that performance will not be impaired.

18.5 — Permissi ble stresses in prestressing
tendons

18.5.1 — Tensile stress in prestressing tendons shall
not exceed the following:

(a) Due to tendon jacking force ...................... 0.941,,

but not greater than the lesser of 0.80f,, and the

COMMENTARY

on the amount of reinforcement provided but also on its
distribution over the terike zone.

Because of the bonded reinforcement requirements of 18.9, the
behavior of segmental members generally will be comparable
to that of similarly constructed monolithic concrete members.
Therefore, the permissible tensile stress limits of 18.4.2(c) and
18.4.2(d) apply to both segmental and monolithic members. If
deflections are important, the built-in cracks of segmental
members should be considered in the computations.

R18.4.2(d)— The permissible tensile stresslcﬁjf_c' pro-

vides improved service load performance, especially when
live loads are of a transient nature. To take advantage of the
increased permissible stress, the code requires an increase
the concrete protection on the reinforcement, as stipulated
in 7.7.3.2, and to investigate the deflection characteristics of
the member, particularly at the load where the member
changes from uncracked behavior to cracked behavior.

The exclusion of two-way slab systems is based on Refer-
ence 18.1, which recommends that the permissible tension
stress be not greater théryf? for design of prestressed
concrete flat plates analyzed by the equivalent frame
method or other approximate methods. For flat plate designs
based on more exact analyses, or for other two-way slab
systems rigorously analyzed and designed for strength and
serviceability, the limiting stress may be exceeded in accor-
dance with 18.4.3.

Reference 18.2 provides information on the use of bilinear
moment-deflection relationships.

R18.4.3 — This section provides a mechanism whereby
development of new products, materials, and techniques in
prestressed concrete construction need not be inhibited by
code limits on stress. Approvals for the design should be in
accordance with 1.4 of the code.

R18.5 — Permissible stresses in prestressing
tendons

The code does not distinguish between temporary and effec-
tive prestress tendon stresses. Only one limit on prestress
tendon stress is provided because the initial tendon stress
(immediately after transfer) can prevail for a considerable
time, even after the structure has been put into service. This
stress, therefore, should have an adequate safety factor
under service conditions and cannot be considered as a tem-
porary stress. Any subsequent decrease in tendon stress due
to losses can only improve conditions and no limit on such
stress decrease is provided in the code.

R18.5.1— With the 1983 code, permissible stresses in ten-
dons were revised to recognize the higher yield strength of
low-relaxation wire and strand meeting the requirements of
ASTM A 421 and A 416. For such tendons, it is more
appropriate to specify permissible stresses in terms of speci-
fied minimum ASTM vyield strength rather than specified
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maximum value recommended by the manufacturer of
| prestressing tendons or anchorage devices.

(b) Immediately after prestress transfer ......... 0.82f,,
but not greater than 0.74f,,.

(c) Post-tensioning tendons, at anchorage devices and
couplers, immediately after force transfer ......... 0.70fy,

18.6 — Loss of prestress
18.6.1 — To determine effective prestress f,., allow-
ance for the following sources of loss of prestress shall
be considered:

(a) Tendon seating at transfer;

(b) Elastic shortening of concrete;

(c) Creep of concrete;

(d) Shrinkage of concrete;

(e) Relaxation of tendon stress;

(f) Friction loss due to intended or unintended curva-
ture in post-tensioning tendons.

18.6.2 — Friction loss in post-tensioning tendons

18.6.2.1 — Effect of friction loss in post-tensioning
tendons shall be computed by
_ p K&+ H)

S X

(18-1)

When (K¢, + pa) is not greater than 0.3, effect of fric-
tion loss shall be permitted to be computed by

P,=P,(1+ K/, + ua) (18-2)

CHAPTER 18
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minimum ASTM tensile strengthFor the bw-relaxation
wire and strands, witf,, equal t00.9,, the0.94, and
0.8%,, limits are eqgivalent b 0.85,, and0.74,, respec-
tively. In the 1986 supplement and in the 1989 code, the
maximum jacking stress forow-relaxation tendons was
reduced td0.8(f, to ensure closer compatibility with the
maximum tendon stresalue of0.74,, immediately after
prestress trangfe The higher yield strength of thew-
relaxation tendons does not change tiiecéveness of ten-
don anchorageetices; thus, the permissible stress at post-
tensioning anchoragesdces and couplers is not increased
above the peviously permittedalue of0.7( . For ordinary
tendons (wire, strands, and bars) wigh equal t00.85,,

the 0.94,, ard 0.8%,, limits are eqgivalent t00.8(f,, and
0.7, respedtely, the same as permitted in the 1977 code.
For bar tendons whitf,, equal t00.8(,,, the same limits are

equvalent t00.75,, and0.66 ,,, respeavely.

Because of the higher allable initial tendon stresses per-
mitted since the 1983 codépal stresses can be greate
Designers should be concerned with setting a limitirasd
stress when the structure is subject to coveosonditions
or repeated loadings.

R18.6 — Loss of pestess

R18.6.1— For anexplanation of low to compute prestress
lossesseeReferences 18.through 18.6. Lump suwalues

of prestress losses for both pretensioned and post-tensioned
members that were indicated before the 1983 commentary
are considered obsolete. Reasonably accurate estimates of
prestress losses can be calculated in accordance with the
recommendations in Reference 18.6, which include consid-
eration of initial stressebel (0.7, or higher), type of steel
(stress-rebived or bw-relaxation wire, strand, or bagxpo-

sure conditions, and type of construction (pretensioned,
bonded post-tensioned, or unbonded post-tensioned).

Actual losses, greater or smaller than the compuaites,

have little efect on the design strength of the membat

affect service load bekiior (deflections, cambye cracking

load) and connections. At service loadgerestimation of
prestress losses can be almost as detrimental as underesti-
mation, since the former can resultektessve camber and
horizontal novement.

R18.6.2 — Friction loss in post-tensioning tendons

The coféficients tdulated inTable R18.6.3jive a range that
generally can bexpected. Due to the mg types of ducts,
tendons, and wrapping materialailable, thes@alues can
only seve as a guide. Where rigid conduit is used, the wob-
ble codficient K can be considered as zeFor large ten-
dons in semirigid type conduit, thheobble factor can also

be considered zer®alues of the cdécients to be used for
the particular types of tendons and particular types of ducts
should be obtained from the manufacturers of the tendons.
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18.6.2.2—Friction loss shall be based on experi-
mentally determined wobble K and curvature p friction
coefficients, and shall be verified during tendon stress-
ing operations.

18.6.2.3 — Values of wobble and curvature friction
coefficients used in design shall be shown on design
drawings.

18.6.3—Where loss of prestress in a member occurs
due to connection of the member to adjoining con-
struction, such loss of prestress shall be allowed for in
design.

18.7 — Flexural strength

18.7.1 — Design moment strength of flexural mem-
bers shall be computed by the strength design meth-
ods of the code. For prestressing tendons, f,,s shall be
substituted for f,, in strength computations.

318/318R-265
COMMENTARY
TABLE R18.6.2— FRICTION COEFFICIENTS FOR
POST-TENSIONED TENDONS FOR USE IN EQ.
(18-1) OR (18-2)
Wobble Curvature
coefficient,K coefficient,u
Wire tendons 0.0010-0.0015 0.15-0.25
High-strength bars  0.0001-0.0006 0.08-0.30
7-wire strand 0.0005-0.0020 0.15-0.25
g e Wire tendons 0.0010-0.0020 0.05-0.15
° @ T
E =8 7-wire strand 0.0010-0.0020 0.05-0.15
S =l o
S o § Wire tendons 0.0003-0.0020 0.05-0.15
c a o
> o 7-wire strand 0.0003-0.0020 0.05-0.15

An unrealistically low evaluation of the friction loss can
lead to improper camber of the member and inadequate pre-
stress. Overestimation of the friction may result in extra pre-
stressing force. This could lead to excessive camber and
excessive shortening of a member. If the friction factors are
determined to be less than those assumed in the design, the
tendon stressing should be adjusted to give only that pre-
stressing force in the critical portions of the structure
required by the design.

R18.6.2.3— When the safety or serviceability of the
structure may be involved, the acceptable range of tendon
jacking forces or other limiting requirements should either
be given or approved by the structural engineer in conform-
ance with the permissible stresses of 18.4 and 18.5.

R18.7 — Flexural strength

R18.7.1— Design moment strength of prestressed flexural
members may be computed using strength equations similar
to those for nonprestressed concrete members. The 1983
code provides strength equations for rectangular and
flanged sections, with tension reinforcement only and with
tension and compression reinforcement. When part of the
prestressed reinforcement is in the compression zone, a
method based on applicable conditions of equilibrium and
compatibility of strains at a factored load condition should
be used.

For other cross sections, the design moment streghdghs
computed by an analysis based on stress and strain compati-
bility, using the stress-strain properties of the prestressing
tendons and the assumptions given in 10.2.
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18.7.2 — As an alternative to a more accurate deter-
mination of f,s based on strain compatibility, the follow-
ing approximate values of f,5 shall be permitted to be
used if fs, is not less than 0.5f, .

(a) For members with bonded prestressing tendons:

f d
P+ (w-w)
c P

Y
- B, (18-3)

o

<
I:II:II:IEI:I
I o

If any compression reinforcement is taken into account
when calculating fj,s by Eq. (18-3), the term

d

f d
I, ﬂ + —_— ‘I)_‘I)'
[ pfc’ p( )}

shall be taken not less than 0.17 and d' shall be no
greater than 0.15d,,.

(b) For members with unbonded prestressing ten-
dons and with a span-to-depth ratio of 35 or less:

fC
s = f5e+10,000 +

ot (18-4)

o
but f,s in Eq. (18-4) shall not be taken greater than f,,,

nor greater than (fs, + 60,000).

(c) For members with unbonded prestressing ten-
dons and with a span-to-depth ratio greater than 35:

’

fC
s = fse+10,000 +

Tooe, (18-5)

fo

but f,s in Eq. (18-5) shall not be taken greater than f,,,
nor greater than (fs, + 30,000).

18.7.3 — Nonprestressed reinforcement conforming to
3.5.3, if used with prestressing tendons, shall be per-
mitted to be considered to contribute to the tensile
force and to be included in moment strength computa-
tions at a stress equal to the specified yield strength f,..
Other nonprestressed reinforcement shall be permit-
ted to be included in strength computations only if a
strain compatibility analysis is performed to determine
stresses in such reinforcement.

CHAPTER 18
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R18.7.2— Eg. (18-3) may underestimate the strength of

beams with high percentages of reinforcement and, for more
accurate evaluations of their strength, the strain compatibil-
ity and equilibrium method should be used. Use of Eq.
(18-3) is appropriate when all of the prestressed reinforce-
ment is in the tension zone. When part of the prestressed
reinforcement is in the compression zone, a strain compati-
bility and equilibrium method should be used.

By inclusion of thew' term, Eq. (18-3) reflects the increased
value off,s obtained when compression reinforcement is
provided in a beam with a large reinforcement index. When
the term[p, fp, /' + (d/dp)(w- &)] in Eq. (18-3) is small,

the neutral axis depth is small, the compressive reinforce-
ment does not develop its yield strength, and Eq. (18-3)
becomes unconservative. This is the reason why the term
[Pp fou/fe + ([d/dp)(w—- )] in Eq. (18-3) may not be taken
less than 0.17 if compression reinforcement is taken into
account when computinfys If the compression reinforce-
ment is neglected when using Eq. (18e3)is taken as zero,
then the ternjp, fp, /f¢' + (d/dg)w] may be less than 0.17
and an increased and correct valug,gis obtained.

Whend' is large, the strain in compression reinforcement
can be considerably less than its yield strain. In such a case,
the compression reinforcement does not influefyceas
favorably as implied by Eq. (18-3). For this reason, the
applicability of Eq. (18-3) is limited to beams in whighis

less than or equal @15,

The term{p, o, /f¢ + (d/dy)(w- )] in Eqg. (18-3) may also

be written[p, fp, /fc" + Asty/(bdy f') — Ay /(bd, f)]. This

form may be more convenient, such as when there is no
unprestressed tension reinforcement.

Eq. (18-5) reflects results of tests on members with
unbonded tendons and span-to-depth ratios greater than 35
(one-way slabs, flat plates, and flat slal¥s).These tests
also indicate that Eq. (18-4), formerly used for all span-
depth ratios, overestimates the amount of stress increase in
such members. Although these same tests indicate that the
moment strength of those shallow members designed using
Eqg. (18-4) meets the factored load strength requirements,
this reflects the effect of the code requirements for mini-
mum bonded reinforcement, as well as the limitation on
concrete tensile stress that often controls the amount of pre-
stressing force provided.
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18.8 — Limits for rein forcement of fl exural R18.8 — Limits for reinforcement of flexural
members members

18.8.1 — Ratio of prestressed and nonprestressed
reinforcement used for computation of moment
strength of a member, except as provided in 18.8.2,
shall be such that &, [@, + (d/dp)(w- )], or [wpy, +
(dldp)(wy, - wy, )] is not greater than 0.36 B;.

18.8.2 — When a reinforcement ratio in excess of that
specified in 18.8.1 is provided, design moment
strength shall not exceed the moment strength based
on the compression portion of the moment couple.

18.8.3 — Total amount of prestressed and nonpre-
stressed reinforcement shall be adequate to develop a
factored load at least 1.2 times the cracking load com-
puted on the basis of the modulus of rupture f, in
9.5.2.3. This provision shall be permitted to be waived
for:

(a) Two-way, unbonded post-tensioned slabs;

(b) Flexural members with shear and flexural
strength at least twice that required by 9.2.

18.9 — Minimum bonded rein forcement

18.9.1 — A minimum area of bonded reinforcement
shall be provided in all flexural members with unbonded
prestressing tendons as required by 18.9.2 and 18.9.3.

R18.8.1— The termsw,, [w, + (d/dy)(w- )], and[wy,, +
(d/dy)(wy — @y )] are each equal @85a/d,, wherea is the
depth of the equivalent rectangular stress distribution for the
section under consideration, as defined in 10.2.7.1. Use of
this relationship can simplify the calculations necessary to
check compliance with 18.8.1.

R18.8.2 — Design moment strength of overreinforced
members may be computed using strength equations similar
to those for nonprestressed concrete members. The 1983
code provides strength equations for rectangular and
flanged sections.

R18.8.3— This provision is a precaution against abrupt
flexural failure developing immediately after cracking. A

flexural member designed according to code provisions
requires considerable additional load beyond cracking to
reach its flexural strength. This additional load should result
in considerable deflection that would warn when the mem-
ber nominal strength is being approached. If the flexural
strength is reached shortly after cracking, the warning
deflection would not occur.

Due to the very limited extent of initial cracking in the neg-
ative moment region near columns of two-way flat plates,
load-deflection patterns do not reflect any abrupt change in
stiffness as the modulus of rupture of concrete is reached.

Only at load levels beyond the design (factored) loads is the
additional cracking extensive enough to cause an abrupt
change in the load-deflection pattern. Tests have shown that
it is not possible to rupture (or even yield) unbonded post-
tensioning tendons in two-way slabs prior to a punching
shear failurg88189,18.10,.18.11,18.12,18 e yse of unbonded
tendons in combination with the minimum bonded rein-
forcement requirements of 18.9.3 and 18.9.4 has been
shown to ensure post-cracking ductility and that a brittle
failure mode will not develop at first cracking.

R18.9 — Minimum bonded reinforcement

R18.9.1 — Some bonded reinforcement is required by the
code in members prestressed with unbonded tendons to ensure
flexural performance at ultimate member strength, rather than
as a tied arch, and to limit crack width and spacing at service
load when concrete tensile stresses exceed the modulus of rup-
ture. Providing the minimum bonded reinforcement as stipu-
lated in 18.9 helps to ensure adequate performance.

Research has shown that unbonded post-tensioned members
do not inherently provide large capacity for energy dissipa-
tion under severe earthquake loadings because the member
response is primarily elastic. For this reason, unbonded
post-tensioned structural elements reinforced in accordance
with the provisions of this section should be assumed to
carry only vertical loads and to act as horizontal diaphragms
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18.9.2 — Except as provided in 18.9.3, minimum area
of bonded reinforcement shall be computed by

A = 0.004A (18-6)

18.9.2.1 — Bonded reinforcement required by Eq.
(18-6) shall be uniformly distributed over precom-
pressed tensile zone as close as practicable to
extreme tension fiber.

18.9.2.2 — Bonded reinforcement shall be required
regardless of service load stress conditions.

18.9.3 — For two-way flat plates, defined as solid
slabs of uniform thickness, minimum area and distribu-
tion of bonded reinforcement shall be as required in
18.9.3.1, 18.9.3.2, and 18.9.3.3.

18.9.3.1 — Bonded reinforcement shall not be
required in positive moment areas where computed
concrete tensile stress at service load (after allowance
for all prestress losses) does not exceed Zﬁ .

18.9.3.2 — In positive moment areas where com-
puted tensile stress in concrete at service load
exceeds 2 [f, minimum area of bonded reinforce-
ment shall be computed by
N

A, = —5
S
0.5f,

(18-7)

where design yield strength f,, shall not exceed 60,000
psi. Bonded reinforcement shall be uniformly distrib-
uted over precompressed tensile zone as close as
practicable to the extreme tension fiber.

18.9.3.3 — In negative moment areas at column
supports, the minimum area of bonded reinforcement
A, in the top of the slab in each direction shall be com-
puted by

As = 0.00075A 18-8)
Bonded reinforcement required by Eq. (18-8) shall be

distributed between lines that are 1.5h outside oppo-
site faces of the column support. At least four bars or
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between emgy dissipating elements under earthkpibbad-

ings of the magnitude &ieed in 21.2.1.1. The minimum
bonded reinforcement areas requibgcEq. (18-6) and (18-

8) are absolute minimum areas independent of grade of steel
or design yield strength.

R18.92 — The minimum amount of bonded reinforcement
for members other tharwo-way flat plates is based on
research comparing the t@®for of bonded and unbonded
post-tensioned beam$* Although research is limited for
members other than beams and flat plates, it is advisable to
apply the povisions of 18.9.2 to beams and slab systems not
specfically reported in Reference 18.14. The need for apply-
ing Eq. (18-6) towo-way flat plates has not been substanti-
atedby test data and, therefore, the requirements originally
contained in the 1971 code were nfigdi in the 1977 code.

R18.9.3— The minimum amount of bonded reinforcement
in two-way flat plates is based on repobis ACI-ASCE
Committee 423831815 imjted researctavailable for two-
way flat slabs with drop panéfs'® or wéfle slabd®-17indi-
cates that befvior of these particular systems is similar to
the belavior of flat plates. lwever, until more complete
information isavailable, 18.9.3 should be applied only to
two-way flat plates (solid slabs of uniform thickness) and
18.9.2 should be applied to all otheiotway slab systems.

R18.9.3.1— For usual loads and span lengths, flat plate
tests summarized in the Committee 423 réPdrndexperi-
ence since the 1963 codeas adopted indicate satisfactory
performance without bonded reinforcement in the areas

| described in 18.9.3.1.

R18.9.3.2— In positve moment areas, where the con-
crete tensile stresses are betw2gf' and6,/f’, a mini-
mum bonded reinforcement area proportioned according to
Eq. (18-7) is required.The tensile ferbl, is computed at
service load on the basis of an un&et; homogeneous
section.

R18.9.33 — Research on unbonded post-tensioned flat
platesevaluatedby ACI-ASCE Committee 4281.18.3.18.16
shows that bonded reinforcement inegaive moment
regions, proportioned on the basis of 0.075 percent of the
cross-sectional area of the slab-beam stripyiges sifi-
cient ductility and reduces crack width and spacing.
account for diferent adjacent toutary spans, Eq. (18-8) is
given on the basis of the dgalent frame as dmed in
13.7.2 and pictured ifrig. R13.7.2 For rectangular slab
panels, Eq. (18-8) is consaitively based upon theriger of
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wires shall be provided in each direction. Spacing of
bonded reinforcement shall not exceed 12 in.

18.9.4 — Minimum length of bonded reinforcement
required by 18.9.2 and 18.9.3 shall be as required in
18.9.4.1,18.9.4.2, and 18.9.4.3.

18.9.4.1 — In positive moment areas, minimum
length of bonded reinforcement shall be one-third the
clear span length and centered in positive moment
area.

18.9.4.2 — In negative moment areas, bonded rein-
forcement shall extend one-sixth the clear span on
each side of support.

18.9.4.3 — Where bonded reinforcement is pro-
vided for design moment strength in accordance with
18.7.3, or for tensile stress conditions in accordance
with 18.9.3.2, minimum length also shall conform to
provisions of Chapter 12.

18.10 — Statically indeterminate structures

18.10.1 — Frames and continuous construction of pre-
stressed concrete shall be designed for satisfactory
performance at service load conditions and for ade-
guate strength.

18.10.2 — Performance at service load conditions
shall be determined by elastic analysis, considering
reactions, moments, shears, and axial forces induced
by prestressing, creep, shrinkage, temperature
change, axial deformation, restraint of attached struc-
tural elements, and foundation settlement.

18.10.3 — Moments used to compute required
strength shall be the sum of the moments due to reac-
tions induced by prestressing (with a load factor of 1.0)
and the moments due to factored loads. Adjustment of
the sum of these moments shall be permitted as
allowed in 18.10.4.

318/318R-269
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the cross-sectional areas of the two intersecting eqivalent
frame slab-beam strips at the column. This ensures that the
minimum percentage of steel recommended by research is
provided in both directions. Concentration of this reinforce-
ment in the top of the slab directly over and immediately
adjacent to the column is important. Research also shows
that where low tensile stresses occur at service loads, satis-
factory behavior has been achieved at factored loads without
bonded reinforcement. However, the code requires mini-
mum bonded reinforcement regardless of service load stress
levels to help ensure flexural continuity and ductility, and to
limit crack widths and spacing due to overload, temperature,
or shrinkage. Research on post-tensioned flat plate-to-col-
umn connections is reported in References 18.10, 18.11,
18.18, 18.19, and 18.20.

R18.9.4 — Bonded reinforcement should be adequately
anchored to develop factored load forces. The requirements
of Chapter 12will ensure that bonded reinforcement
required for flexural strength under factored loads in accor-
dance with 18.7.3, or for tensile stress conditions at service
load in accordance with 18.9.3.2, will be adequately
anchored to develop tension or compression forces. The
minimum lengths apply for bonded reinforcement required
by 18.9.2 or 18.9.3.3, but not required for flexural strength
in accordance with 18.7.3. Resedfchon continuous spans
shows that these minimum lengths provide adequate behav-
ior under service load and factored load conditions.

R18.10 — Statically indeterminate structures

R18.10.3 — For statically indeterminate structures, the
moments due to reactions induced by prestressing forces,
referred to as secondary moments, are significant in both the
elastic and inelastic states. When hinges and full redistribu-
tion of moments occur to create a statically determinate
structure, secondary moments disappear. However, the elas-
tic deformations caused by a nonconcordant tendon change
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18.10.4 — Redistribution of negative moments in
continuous prestressed flexural members

18.10.4.1 — Where bonded reinforcement is pro-
vided at supports in accordance with 18.9, negative
moments calculated by elastic theory for any assumed
loading arrangement shall be permitted to be in-
creased or decreased by not more than

()
20/1-
0.36B,

w, + di(w— w')
percent

18.10.4.2 — The modified negative moments shall
be used for calculating moments at sections within
spans for the same loading arrangement.

18.10.4.3 — Redistribution of negative moments
shall be made only when the section at which moment
is reduced is so designed that @, , [w), + (d/d,)(w- W)],
or [@yy, + (d/d p)(wy, - w))], whichever is applicable, is
not greater than 0.24 B;.
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the amount of inelastic rotation required to obtain a given
amount of moment redistribution. Conversely, for a beam
with a given inelastic rotational capacity, the amount by
which the moment at the support may be varied is changed
by an amount equal to the secondary moment at the support
due to prestressing. Thus, the code requires that secondary
moments be included in determining design moments.

To determine the moments used in design, the order of cal-
culation should be: (a) determine moments due to dead and
live load; (b) modify by algebraic addition of secondary
moments; (c) redistribute as permitted. A positive secondary
moment at the support caused by a tendon transformed
downward from a concordant profile will reduce the nega-
tive moments near the supports and increase the positive
moments in the midspan regions. A tendon that is trans-
formed upward will have the reverse effect.

R18.10.4 — Redistribution of negative moments in
continuous prestressed flexural members

As member strength is approached, inelastic behavior at
some sections can result in a redistribution of moments in
| prestressed concrete beams and slabs. Recognition of this
behavior can be advantageous in design under certain cir-
cumstances. A rigorous design method for moment redistri-

bution is complex. However, recognition of moment
redistribution can be accomplished by permitting a reason-
able adjustment of the sum of the elastically calculated fac-
tored gravity load moments and the unfactored secondary
moments due to prestress. The amount of adjustment should
be kept within predetermined safe limits.

The amount of redistribution allowed depends on the abil-
ity of the critical sections to deform inelastically by a suf-
ficient amount. Serviceability is addressed in 18.4. The
choice of0.24 B, as the largest tension reinforcement
index, &, [, + (/dp)(@~ )], or [, + (/) (@y ~ )],

for which redistribution of moments is allowed, is in agreat
with the requirements for nonprestressed concrete5pf,
stated in 8.4.

The termsw, [, + (d/dy)(w- &)], and[a, + (d/d)(@y - ahy)]
appear in 18.10.4.1 and 18.10.4.3 and are each equal to
0.8%/d,, wherea is the depth of the equivalent rectangular
stress distribution for the section under consideration, as
defined in 10.2.7.1. Use of this relationship can simplify the
calculations necessary to determine the amount of moment
redistribution permitted by 18.10.4.1 and to check compli-
ance with the limitation on flexural reinforcement contained
in 18.10.4.3.

For the moment redistribution principles of 18.10.4 to be
applicable to beams and slabs with unbonded tendons, it is
necessary that such beams and slabs contain sufficient
bonded reinforcement to ensure that they act as flexural
members after cracking and not as a series of tied arches.
The minimum bonded reinforcement requirements of 18.9
serve this purpose.
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18.11 — Compression members — Combine d
flexure and axial loads

18.11.1 — Prestressed concrete members subject to
combined flexure and axial load, with or without non-
prestressed reinforcement, shall be proportioned by
the strength design methods of this code. Effects of
prestress, creep, shrinkage, and temperature change
shall be included.

18.11.2 — Limits for reinforcement of prestressed
compression members

18.11.2.1 — Members with average prestress f,.
less than 225 psi shall have minimum reinforcement in
accordance with 7.10, 10.9.1 and 10.9.2 for columns,
or 14.3 for walls.

18.11.2.2—Except for walls, members with average
prestress f,. equal to or greater than 225 psi shall
have all prestressing tendons enclosed by spirals or
lateral ties in accordance with the following:

(a) Spirals shall conform to 7.10.4;

(b) Lateral ties shall be at least No. 3 in size or
welded wire fabric of equivalent area, and shall be
spaced vertically not to exceed 48 tie bar or wire
diameters, or the least dimension of the compres-
sion member;

(c) Ties shall be located vertically not more than half
a tie spacing above top of footing or slab in any
story, and not more than half a tie spacing below the
lowest horizontal reinforcement in members sup-
ported above;

(d) Where beams or brackets frame into all sides of
a column, ties shall be terminated not more than 3
in. below lowest reinforcement in such beams or
brackets.

18.11.2.3 — For walls with average prestress fj;
equal to or greater than 225 psi, minimum reinforce-
ment required by 14.3 shall not apply where structural
analysis shows adequate strength and stability.

18.12 — Slab systems

18.12.1 — Factored moments and shears in pre-
stressed slab systems reinforced for flexure in more
than one direction shall be determined in accordance
with provisions of 13.7 (excluding 13.7.7.4 and
13.7.7.5), or by more detailed design procedures.

318/318R-271
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R18.11 — Compression members — Combined
flexure and axial loads

R18.11.2 — Limits for reinforcement of prestressed
compression members

R18.11.2.3— The minimum amounts of reinforcement
in 14.3 need not apply to prestressed concrete walls, pro-
vided the average prestress is 225 psi or greater and a struc-
tural analysis is performed to show adequate strength and
stability with lower amounts of reinforcement.

R18.12 — Slab systems

R18.12.1— Use of the equivalent frame method of analysis
(see 13.7)or more precise analysis procedures is required
for determination of both service and factored moments and
shears for prestressed slab systems. The equivalent frame
method of analysis has been shown by tests of large struc-
tural models to satisfactorily predict factored moments and
shears in prestressed slab systems. (See References 18.8,
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18.12.2 — Moment strength of prestressed slabs at
every section shall be at least equal to the required
strength considering 9.2, 9.3, 18.10.3, and 18.10.4.
Shear strength of prestressed slabs at columns shall
be at least equal to the required strength considering
9.2,9.3,11.1,11.12.2, and 11.12.6.2.

18.12.3 — At service load conditions, all serviceability
limitations, including limits on deflections, shall be met,
with appropriate consideration of the factors listed in
18.10.2.

18.12.4 — For normal live loads and loads uniformly
distributed, spacing of prestressing tendons or groups
of tendons in one direction shall not exceed eight
times the slab thickness, nor 5 ft. Spacing of tendons
also shall provide a minimum average prestress (after
allowance for all prestress losses) of 125 psi on the
slab section tributary to the tendon or tendon group. A
minimum of two tendons shall be provided in each
direction through the critical shear section over col-
umns. Special consideration of tendon spacing shall
be provided for slabs with concentrated loads.

18.12.5 — In slabs with unbonded prestressing ten-
dons, bonded reinforcement shall be provided in
accordance with 18.9.3 and 18.9.4.

18.12.6 — In lift slabs, bonded bottom reinforcement
shall be detailed in accordance with 13.3.8.6.
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18.9, 18.10, 18.11, 18.18, and 18.21.) The referenced
research also shows that analysis using prismatic sections or
other approximations of stiffness may provide erroneous
results on the unsafe side. Section 13.7.7.4 is excluded from
application to prestressed slab systems because it relates to
reinforced slabs designed by the direct design method, and
because moment redistribution for prestressed slabs is cov-
ered in 18.10.4. Section 13.7.7.5 does not apply to pre-
stressed slab systems because the distribution of moments
between column strips and middle strips required by
13.7.7.5 is based on tests for nonprestressed concrete slabs.
Simplified methods of analysis using average coefficients
do not apply to prestressed concrete slab systems.

R18.12.2 — Tests indicate that the moment and shear
strength of prestressed slabs is controlled by total tendon
strength and by the amount and location of nonprestressed
reinforcement, rather than by tendon distributi@ee Ref-
erenced8.8, 189, 18.10 18.11,18.18, and 1&1.)

R18.12.3— For prestressed flat slabs continuous over two

or more spans in each direction, the span-thickness ratio
generally should not exceed 42 for floors and 48 for roofs;

these limits may be increased to 48 and 52, respectively, if
calculations verify that both short- and long-term deflection,

camber, and vibration frequency and amplitude are not
objectionable.

Short- and long-term deflection and camber should be com-
puted and checked against the requirements of serviceability
of the structure.

The maximum length of a slab between construction joints
is generally limited to 100 to 150 ft to minimize the effects
of slab shortening, and to avoid excessive loss of prestress
due to friction.

R18.12.4— This section provides specific guidance con-
cerning tendon distribution that will permit the use of
banded tendon distributions in one direction. This method
of tendon distribution has been shown to provide satisfac-
tory performance by structural research.
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18.13 — Post-tensioned tendon anchorage R18.13 —Post-tensioned tendon anchorage
zones zones

18.13.1 — Anchorage zone

The anchorage zone shall be considered as com-
posed of two zones:

(a) The local zone is the rectangular prism (or equiv-
alent rectangular prism for circular or oval anchor-
ages) of concrete immediately surrounding the
anchorage device and any confining reinforcement;

(b) The general zone is the anchorage zone as
defined in 2.1 and includes the local zone.

18.13.2 — Local zone

18.13.2.1 — Design of local zones shall be based
upon the factored tendon force, Pg,, and the require-
ments of 9.2.8 and 9.3.2.5.

18.13.2.2 — Local-zone reinforcement shall be pro-
vided where required for proper functioning of the
anchorage device.

18.13.2.3 — Local-zone requirements of 18.13.2.2
are satisfied by 18.14.1 or 18.15.1 and 18.15.2.

18.13.3 — General zone

18.13.3.1 — Design of general zones shall be
based upon the factored tendon force, Pg,, and the
requirements of 9.2.8 and 9.3.2.5.

Section 18.13 has beextensvely revised in the 1999 code
and is compatible with the 1996 AASB “Standard Speci-
fications for Higlway Bridges'®2? and the recommenda-
tions of NCHRP Report 35623

Following the adoptiorby AASHTO 1994 of comprehen-
sive provisions for post-tensioned anchorage zonkG)
Committee 318avised the code to be generally consistent
with the AASHTO requirements. Thus, the highly detailed
AASHTO provisions for analysis and reinforcement detail-
ing are deemed to satisfy the more genafll 318 require-
ments. In the spefic areas of anchoragexdce evaluation
and acceptance testingCl 318 incorporates the detailed
AASHTO provisionsby reference.

R18.13.1— Anchorage zone

Based on the Principle of Sai¥enant, theextent of the
anchorage zone may be estimated as approximately equal
to the lagest dimension of the cross section. Local zone
and general zone areatn in Fig. R18.13.1(a)For inter-
mediate anchoragexdces, lage tensile stresses aledst
locally behind the evice. These tensile stresses are
inducedby incompatibility of deformations ahead of [as
shown in Fig. R.18.13.1() and behind the anchorage
device. The entire shadedgion should be considered, as
shown in Fig. R18.13.1(h)

R18.13.2— Local zone

The local zone resists tiery high local stresses introduced
by the anchoragesttice and transfers them to the remainder
of the anchorage zone. The bébr of the local zone is
strongly influencedby the spedic characteristics of the
anchorage evice and its cofining reinforcement, and less
influencedby the geometry and loading of tlegerall struc-
ture. Local-zone design sometimes cannot be completed until
speciic anchorage @ices are determined at the shopndng
stage. When special anchorageices are used, the anchorage
device supplier should furnish the test information tovsthe
device is satisfactory under AASHD “Standard Spefica-
tions for Higlway Bridges,” Dvision I, Article 10.3.2.3 and
provide information egarding necessary conditions for use of
the dbvice. The main considerations in local-zone design are
the dfects of the high bearing pressure and the adgqofa
any corfining reinforcement mvided to increase the capacity
of the concrete resisting bearing stresses.

R18.13.3— General zone

Within the general zone the usual assumption of beam theory
that plane sections remain plane is vadid.

Design should consider akigions of tensile stresses that can
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(c) Tensile stress zones

behind anchorage deviccl ahead of anchorage device

!A 1.0h ~ 1.5h

- tendon

| anchorage zone

(b) General zone for intermediate anchorage device

Fig. R18.13.1—Aehorage zones

by

(a)

Rectangular section
T~025P

Fig. R18.13.3—ffect of ¢oss sectiowhange

18.13.3.2 — General-zone reinforcement shall be
provided where required to resist bursting, spalling,
and longitudinal edge tension forces induced by
anchorage devices. Effects of abrupt change in section
shall be considered.

18.13.3.3 — The general-zone requirements of
18.13.3.2 are satisfied by 18.13.4, 18.13.5, 18.13.6
and whichever one of 18.14.2 or 18.14.3 or 18.15.3 is
applicable.
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(b) Flanged section with
end diaphragm
T~050P

be causedly the tendon anchoragevite, includingbursing,
spalling, and edge tension asowh in Fig. R18.13.1(c)
Also, the compresge stresses immediateihead [as giwn

in Fig. R18.13.1(H) of the local zone should be checked.
Sometimes reinforcement reggrinents cannot be deter-
mined until spedic tendon and anchorageMice layouts
are determined at the shopading stage. Design and
appoval responsibilities should be clearly assigned in the
project dewings and spefications.

Abrupt changes in section can cause substargi#tibn in
force paths. Theseedations can greatly increase tension
forces as sbwn in Fig. R18.3.3

ry
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18.13.4 — Nominal material strengths

18.13.4.1 — Nominal tensile strength of bonded
reinforcement is limited to f, for nonprestressed rein-
forcement and to f,, for prestressed reinforcement.
Nominal tensile stress of unbonded prestressed rein-
forcement for resisting tensile forces in the anchorage
zone shall be limited to f,5 = f, + 10,000.

18.13.4.2 — Except for concrete confined within
spirals or hoops providing confinement equivalent to
that corresponding to Eq. (10-6), nominal compressive
strength of concrete in the general zone shall be lim-
ited to 0.7Af,.

18.13.4.3 — Compressive strength of concrete at
time of post-tensioning shall be specified on the
design drawings. Unless oversize anchorage devices
sized to compensate for the lower compressive
strength are used or the tendons are stressed to no
more than 50 percent of the final tendon force, ten-
dons shall not be stressed until f,/, as indicated by
tests consistent with the curing of the member, is at
least 4000 psi for multistrand tendons or at least 2500
psi for single-strand or bar tendons.

18.13.5 — Design methods

18.13.5.1 — The following methods shall be permit-
ted for the design of general zones provided that the
specific procedures used result in prediction of
strength in substantial agreement with results of com-
prehensive tests:

(a) Equilibrium based plasticity models (strut-and-tie
models);

(b) Linear stress analysis (including finite element
analysis or equivalent); or

(c) Simplified equations where applicable.

18.13.5.2 — Simplified equations shall not be used
where member cross sections are nonrectangular,
where discontinuities in or near the general zone
cause deviations in the force flow path, where mini-
mum edge distance is less than 1-1/2 times the
anchorage device lateral dimension in that direction, or
where multiple anchorage devices are used in other
than one closely spaced group.
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R18.13.4 — Nominal material stengths

Some inelastic deformation of concretedpected because
anchorage zone design is based on a strength approach. The
low value for the nominal comprésge strength for uncon-
fined concrete reflects this possililitFor well-corfined
concrete, the féective compresse strength could be
increased (See Reference 18-23). Watue for nominal
tensile strength of bonded prestressed reinforcement is lim-
ited to the yield strength of the prestressing steel because
Eq. (18-3) may not apply to these naxflral applications.
Thevalue for unbonded prestressed reinforcement is based
on thevalues of 18.7.2 (b) and (dut is sonewhat limited

for these short-length, noefural applicationsTest results
given in Reference 18.23 indicate that the compress
stress introducedly auxiliary prestressing applied perpen-
dicular to the axis of the main tendons igeetive in
increasing the anchorage zone capagihe inclusion of the

A factor for lightweight concrete reflects itewler tensile
strength, which is an indiretactor in limiting compresse
stresses, as well as the wide scatter and brittlexbgsted

in some lightweight concrete anchorage zone tests.

The designer is required to specify concrete strength at the
time of stressing in the projectadrings and spefications.

To limit early shrinkage cracking, monostrand tendons are
sometimes stressed at concrete strengths less than 2500 psi
(a) due to use ofver-sized monostrand anchorages, or (b)
when stressed in stages, oftenaeels 1/3 to 1/2 théinal
tendon force.

R18.13.5— Design methods

The list of design methods in 18.13.5.1 include those proce-
dures for whicltfairly speciic guidelines bBve been iyen in
References 18.22 and 18.23. These procedwmes leen
shown to be consemntive predictors of strength when com-
pared to test results (18.23). The use of strut-and-tie models is
especially helpful for general zone design (18.23). Imyma
anchorage applications, where substantial or iv&sOn-
crete egions surround the anchorages, sifigadi equations

can be useéxcept in the cases noted in 18.13.5.2.

For many cases, simdiied equations based on References
18.22 and 18.23 can be usw¥dlues for the magnitude of the
bursting force, T, 4, and for its centroidal distance from the
major bearing stiace of the anchoragd,,, may be esti-
mated from Eq. (R18-1) and (R18-2), respety. The terms

of Eg. (R18-1) and (R18-2) aresim in Fig. R18.13.5or a
tendon load with small eccentrigitin the applications of Eq.
(R18-1) and (R18-2), the spéed stressing sequence should
be considered if more than one tendon is present.

— a|
Tourst = o.%zpsu%—ﬁg (R181
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18.13.5.3 — The stressing sequence shall be spec-
ified on the design drawings and considered in the
design.

COMMENTARY
dburst
P s P2
|l -
P e [\ Tburst
- ._}: O T A SR S c.g.c
N — -
P2
h/2
Fig. R18.13.5—Strut-and-tie model example
dpurst = 0.5(h —2e) (R18-2)
where:
2P, = the sum of the total factored tendon loads for the
stressing arrangement considered, Ib;
a = the depth of anchorage device or single group of
closely spaced devices in the direction considered, in.;
e = the eccentricity (always taken as positive) of the
anchorage device or group of closely spaced
devices with respect to the centroid of the cross
section, in.;
h = the depth of the cross section in the direction con-
sidered, in.

Anchorage devices should be treated as closely spaced if their
center-to-center spacing does not exceed 1.5 times the width
of the anchorage device in the direction considered.

The spalling force for tendons whose centroid lies within
the kern of the section may be estimated as 2 percent of the
total factored tendon force, except for multiple anchorage
devices with center-to-center spacing greater than 0.4 times
the depth of the section. For large spacings and for cases
where the centroid of the tendons is located outside the kern,
a detailed analysis is required. In addition, in the post-ten-
sioning of thin sections, or flanged sections, or irregular sec-
tions, or when the tendons have appreciable curvature within
the general zone, more general procedures such as those of
AASHTO Articles 9.21.4 and 9.21.5 will be required.
Detailed recommendations for design principles that apply to
all desigh methods are given in Article 9.21.3.4 of Reference
18.22.

R18.13.5.3— The sequence of anchorage device stress-
ing can have a significant effect on the general zone
stresses. Therefore, it is important to consider not only the
final stage of a stressing sequence with all tendons stressed,
but also intermediate stages during construction. The most
critical bursting forces caused by each of the sequentially
post-tensioned tendon combinations, as well as that of the
entire group of tendons, should be taken into account.
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18.13.5.4 — Three-dimensional effects shall be
considered in design and analyzed using three-dimen-
sional procedures or approximated by considering the
summation of effects for two orthogonal planes.

18.13.5.5 — For intermediate anchorage devices,
bonded reinforcement shall be provided to transfer at
least 0.35P,, into the concrete section behind the
anchor. Such reinforcement shall be placed symmetri-
cally around the anchorage devices and shall be fully
developed both behind and ahead of the anchorage
devices.

18.13.5.6 — Where curved tendons are used in the
general zone, except for monostrand tendons in slabs
or where analysis shows reinforcement is not required,
bonded reinforcement shall be provided to resist radial
and splitting forces.

18.13.5.7 — Except for monostrand tendons in
slabs or where analysis shows reinforcement is not
required, minimum reinforcement with a nominal ten-
sile strength equal to 2 percent of each factored tendon
force shall be provided in orthogonal directions parallel
to the back face of all anchorage zones to limit spalling.

18.13.5.8 — Tensile strength of concrete shall be
neglected in calculations of reinforcement require-
ments.

18.13.6 — Detailing requirements

Selection of reinforcement sizes, spacings, cover, and
other details for anchorage zones shall make allow-
ances for tolerances on the bending, fabrication, and
placement of reinforcement, for the size of aggregate,
and for adequate placement and consolidation of the
concrete.

18.14 — Design of an chorage zones for
monostrand or single 5/8 in.
diameter bar tendons

18.14.1 — Local zone design

Monostrand or single 5/8 in. or smaller diameter bar
anchorage devices and local zone reinforcement shall
meet the requirements of the Post-Tensioning Institute’s
“Specification for Unbonded Single Strand Tendons” or
the special anchorage device requirements of 18.15.1.
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R18.13.5.4 — The povision for three-dimensional
effectswas included to alert the designer féeets perpen-
dicular to the main plane of the membsuch agoursting
forces in the thin direction of webs or slabs. Imyaases
these #ects can be determined independently for each
direction,but some applications require a fully three-dimen-
sional analysis (foexample diaphragms for the anchorage
of external tendons).

R18.13.5.5— Intermediate anchorages are used for
anchorage of tendons that do estendover the full length
of a membe Local tensile stresses are generated behind
intermediate anchorages [deig. R18.13.1(H)due to com-
patibility requirements for deformations ahead of and
behind the ancho Bonded tie-back reinforcement is
required in the immediate vicinity of the anchorage to limit
the extent of cracking behind the anchorage. The require-
ment0.35P,, was aveloped using 25 percent of the unfac-

tored tendon force being resistadreinforcement 0.6,

R18.14 —Design of anchorage zone®r
monostrand or single 5/8 in.
diameter bar tendons
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18.14.2 — General-zone design for slab tendons

18.14.2.1 — For anchorage devices for 0.5 in. or
smaller diameter strands in normalweight concrete
slabs, minimum reinforcement meeting the require-
ments of 18.14.2.2 and 18.14.2.3 shall be provided
unless a detailed analysis satisfying 18.13.5 shows
such reinforcement is not required.

18.14.2.2 — Two horizontal bars at least No. 4 in
size shall be provided parallel to the slab edge. They
shall be permitted to be in contact with the front face of
the anchorage device and shall be within a distance of
1/2h ahead of each device. Those bars shall extend at
least 6 in. either side of the outer edges of each
device.

18.14.2.3 — If the center-to-center spacing of
anchorage devices is 12 in. or less, the anchorage
devices shall be considered as a group. For each
group of six or more anchorage devices, n + 1 hairpin
bars or closed stirrups at least No. 3 in size shall be
provided, where n is the number of anchorage
devices. One hairpin bar or stirrup shall be placed
between each anchorage device and one on each side
of the group. The hairpin bars or stirrups shall be
placed with the legs extending into the slab perpendic-
ular to the edge. The center portion of the hairpin bars
or stirrups shall be placed perpendicular to the plane
of the slab from 3h/8 to h/2 ahead of the anchorage
devices.

18.14.2.4 — For anchorage devices not conforming
to 18.14.2.1, minimum reinforcement shall be based
upon a detailed analysis satisfying 18.13.5.

18.14.3 — General-zone design for groups of
monostrand tendons in beams and
girders

Design of general zones for groups of monostrand ten-
dons in beams and girders shall meet the require-
ments of 18.13.3 through 18.13.5.

CHAPTER 18
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R18.14.2 — General-zone desidor slab tendons

For monostrand slab tendons, the general-zone minimum
reinforcement requirements are based on the recommenda-
tions of ACI-ASCE Committee 42324 which slows typi-

cal details. The horizontal bars parallel to the edge required
by 18.14.2.2 should be continuous where possible.

The tests on which the recommendations of Reference
18.24 were based were limited to anchoraggces for 1/2

in. diamete, 270 ksi strand, unbonded tendons in normal-
weight concrete. Thus, forriger strand anchoragedces

and for all use in lightweight concrete slaBsCI-ASCE
Committee 423 recommended that the amount and spacing
of reinforcement should be congatvely adjusted to pro-
vide for the lager anchorage force and smaller splitting ten-

sile strength of lightweight concretg?4

Both References 18.23 and 18.24 recommend that hairpin
bars also be furnished for anchorages located within 12 in. of
slab corners to resist edge tension forces.Wdrels “ahead

of” in 18.14.2.3 lave the meaning siwn in Fig. R18.13.1

In those cases where multistrand anchoragies are used
for slab tendons, 18.15 is applicable.

Thebursting reinforcement perpendicular to the plane of the
slab requirecby 18.14.2.3 for groups of relaely closely
spaced tendons should also bevjted in the case of
widely spaced tendons if an anchorageick failure could
cause more than local damage.

R18.14.3 — General-zone designfor groups of
monostrand tendons in beams and
girders

Groups of monostrand tendons withiwidual monostrand
anchorage elices are often used in beams and girders.
Anchorage dvices can be treated as closely spaced if their
cente-to-center spacing does rmiceed 1.5 times the width

of the anchoragedtlice in the direction considered. If a
beam or girder has a single anchorageicg or a single
group of closely spaced anchorag®ides, the use of sim-
plified equations such as thoséveap in R18.13.5.1 is
allowed, unless 18.13.5.2o0gerns. More compk condi-
tions can be designed using strut-and-tie models. Detailed
recommendations for use of such models arergin Refer-
ences 18.22 and 18.23 as well as in R18.13.5.1.
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18.15 — Design of anchorage zones for
multistrand tendons

18.15.1 — Local zone design

Basic multistrand anchorage devices and local zone
reinforcement shall meet the requirements of AASHTO
“Standard Specifications for Highway Bridges,” Division
[, Articles 9.21.7.2.2 through 9.21.7.2.4.

Special anchorage devices shall satisfy the tests
required in AASHTO “Standard Specifications for High-
way Bridges,” Division I, Article 9.21.7.3 and described
in AASHTO “Standard Specifications for Highway
Bridges,” Division Il, Article 10.3.2.3.

18.15.2 — Use of special anchorage devices

Where special anchorage devices are to be used, sup-
plemental skin reinforcement shall be furnished in the
corresponding regions of the anchorage zone, in addi-
tion to the confining reinforcement specified for the
anchorage device. This supplemental reinforcement
shall be similar in configuration and at least equivalent
in volumetric ratio to any supplementary skin reinforce-
ment used in the qualifying acceptance tests of the
anchorage device.

18.15.3 — General-zone design

Design for general zones for multistrand tendons shall
meet the requirements of 18.13.3 through 18.13.5.

18.16 — Corrosion protection for
unbonded prestressing tendons

18.16.1 — Unbonded tendons shall be encased with
sheathing. The tendons shall be completely coated and
the sheathing around the tendon filled with suitable
material to inhibit corrosion.

18.16.2 — Sheathing shall be watertight and continu-
ous over entire length to be unbonded.

18.16.3 — For applications in corrosive environments,
the sheathing shall be connected to all stressing, inter-
mediate and fixed anchorages in a watertight fashion.

18.16.4 — Unbonded single strand tendons shall be
protected against corrosion in accordance with the
Post-Tensioning Institute’s “Specification for Unbonded
Single Strand Tendons.”
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R18.15 — Design of anchorage zones for
multistrand tendons

R18.15.1 — Local zone design

SeeR18.13.2

R18.15.2 — Use of special anchorage devices

Skin reinforcement is reinforcement placed near the outer faces
in the anchorage zone to limit local crack width and spacing.
Reinforcement in the general zone for other actions (flexure,
shear, shrinkage, temperature and similar) may be used in satis-
fying the supplementary skin reinforcement requirement.
Determination of the supplementary skin reinforcement
depends on the anchorage device hardware used and frequently
cannot be determined until the shop-drawing stage.

R18.16 — Corrosion protection for unbonded
prestressing tendons

R18.16.1— Suitable material for corrosion protection of
unbonded tendons should have the properties identified in
Section 5.1 of Reference 18.25.

R18.16.2— Typically, sheathing is a continuous, seamless,
high-density polythylene material that is extruded directly
onto the coated tendon.

R18.16.4 — Corrosion protection requirements for
unbonded single strand tendons in accordance with the
Post-Tensioning Institute’s “Specification for Unbonded
Single Strand Tendons” were added in the 1989 code to the
provisions that appeared in previous codes. A réfion,
published by the Post-Tensioning Institute is to be used as
the guide for corrosion protection of unbonded single strand
tendons.
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18.17 — Post-tensioning ducts

18.17.1 — Ducts for grouted tendons shall be mortar-
tight and nonreactive with concrete, tendons, grout,
and corrosion inhibitor.

18.17.2 — Ducts for grouted single wire, single strand,
or single bar tendons shall have an inside diameter at
least 1/4 in. larger than tendon diameter.

18.17.3 — Ducts for grouted multiple wire, multiple
strand, or multiple bar tendons shall have an inside
cross-sectional area at least two times the cross-sec-
tional area of tendons.

18.17.4 — Ducts shall be maintained free of ponded
water if members to be grouted are exposed to tem-
peratures below freezing prior to grouting.

18.18 — Grout for bonded prestressing tendons

18.18.1 — Grout shall consist of portland cement and
water; or portland cement, sand, and water.

18.18.2 — Materials for grout shall conform to
18.18.2.1 through 18.18.2.4.

18.18.2.1 — Portland cement shall conform to 3.2.
18.18.2.2 — Water shall conform to 3.4.

18.18.2.3 — Sand, if used, shall conform to “Stan-
dard Specification for Aggregate for Masonry Mortar”
(ASTM C 144) except that gradation shall be permitted
to be modified as necessary to obtain satisfactory
workability.

18.18.2.4 — Admixtures conforming to 3.6 and known
to have no injurious effects on grout, steel, or concrete
shall be permitted. Calcium chloride shall not be used.

18.18.3 — Selection of grout proportions

18.18.3.1 — Proportions of materials for grout shall
be based on either of the following:

CHAPTER 18
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R18.17 — Post-tensioning ducts

R18.17.4— Water in ducts may cause distress to the sur-
rounding concrete upon freezing. When strands are present,
ponded water in ducts should also be avoided. A corrosion
inhibitor should be used to provide temporary corrosion
protection if tendons are exposed to prolonged periods of
moisture in the ducts before groutititr®

R18.18 —Grout for bonded prestressing tendons

Proper grout and grouting procedures are critical to post-
tensioned constructiol$:?”1828 Grout provides bond
between the post-tensioning tendons and the concrete and
provides corrosion protection to the tendons.

Past success with grout for bonded prestressing tendons has
been with portland cement. A blanket endorsement of all
cementitious materials (defined in 2.1) for use with this
grout is deemed inappropriate because of a lack of experi-
ence or tests with cementitious materials other than portland
cement and a concern that some cementitious materials
might introduce chemicals listed as harmful to tendons in
R18.18.2. Thus, portland cement in 18.18.1 and water-
cement ratio in 18.18.3.3 are retained in the code.

R18.18.2— The limitations on admixtures in 3.6 apply to
grout. Substances known to be harmful to prestressing ten-
dons, grout, or concrete are chlorides, fluorides, sulfites,
and nitrates. Aluminum powder or other expansive admix-
tures, when approved, should produce an unconfined expan-
sion of 5 to 10 percent. Neat cement grout is used in almost
all building construction. Only with large ducts having large
void areas should the advantages of using finely graded sand
in the grout be considered.

R18.18.3 — Selection of grout proportions

Grout proportioned in accordance with these provisions will
generally lead to 7 day compressive strength on standard 2
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(a) Results of tests on fresh and hardened grout
prior to beginning grouting operations; or

(b) Prior documented experience with similar materials
and equipment and under comparable field conditions.

18.18.3.2 — Cement used in the work shall corre-
spond to that on which selection of grout proportions
was based.

18.18.3.3 — Water content shall be minimum nec-
essary for proper pumping of grout; however, water-
cement ratio shall not exceed 0.45 by weight.

18.18.3.4 — Water shall not be added to increase
grout flowability that has been decreased by delayed
use of the grout.

18.18.4 — Mixing and pumping grout

18.18.4.1 — Grout shall be mixed in equipment
capable of continuous mechanical mixing and agita-
tion that will produce uniform distribution of materials,
passed through screens, and pumped in a manner
that will completely fill tendon ducts.

18.18.4.2 — Temperature of members at time of
grouting shall be above 35 F and shall be maintained
above 35 F until field-cured 2 in. cubes of grout reach
a minimum compressive strength of 800 psi.

18.18.4.3 — Grout temperatures shall not be above
90 F during mixing and pumping.

18.19 — Protection for prestressing tendons

Burning or welding operations in the vicinity of pre-
stressing tendons shall be performed so that tendons
are not subject to excessive temperatures, welding
sparks, or ground currents.

18.20 — Application and measurement of
prestressing force

18.20.1 — Prestressing force shall be determined by
both of the following methods:

(a) Measurement of tendon elongation. Required
elongation shall be determined from average load-
elongation curves for the prestressing tendons used;

(b) Observation of jacking force on a calibrated gage
or load cell or by use of a calibrated dynamometer.

Cause of any difference in force determination
between (a) and (b) that exceeds 5 percent for preten-
sioned elements or 7 percent for post-tensioned con-
struction shall be ascertained and corrected.
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in. cubes in excess of 2500 psi and 28 day strengths of about
4000 psi. The handling and placing properties of grout are
usually given more consideration than strength when
designing grout mixtures.

R18.18.4— Mixing and pumping grout

In an ambient temperature of 35 F, grout with an initial min-
imum temperature of 60 F may require as much as 5 days to
reach 800 psi. A minimum grout temperature of 60 F is sug-
gested because it is consistent with the recommended mini-
mum temperature for concrete placed at an ambient
temperature of 35 F. Quickset grouts, when approved, may
require shorter periods of protection and the recommenda-
tions of the suppliers should be followed. Test cubes should
be cured under temperature and moisture conditions as
close as possible to those of the grout in the member. Grout
temperatures in excess of 90 F will lead to difficulties in

pumping.

R18.20 — Application and measurement of
prestressing force

R18.20.1— Elongation measurements for prestressed ele-
ments should be in accordance with the procedures outlined
in the “Manual for Quality Control for Plants and Produc-
tion of Precast and Prestressed Concrete Products,” pub-
lished by the Precast/Prestressed Concrete Institéfe.

Section 18.18.1 of the 1989 code was revised to permit 7 per-
cent tolerance in tendon force determined by gage pressure
and elongation measurements for post-tensioned construction.
Elongation measurements for post-tensioned construction are
affected by several factors that are less significant, or that do
not exist, for pretensioned elements. The friction along post-

tensioning tendons may be affected to varying degrees by
placing tolerances and small irregularities in profile due to
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18.20.2 — Where the transfer of force from the bulk-
heads of pretensioning bed to the concrete is accom-
plished by flame cutting prestressing tendons, cutting
points and cutting sequence shall be predetermined to
avoid undesired temporary stresses.

18.20.3 — Long lengths of exposed pretensioned
strand shall be cut near the member to minimize shock
to concrete.

18.20.4 — Total loss of prestress due to unreplaced
broken tendons shall not exceed 2 percent of total pre-
stress.

18.21 — Post-tensioning anchorages and
couplers

18.21.1 — Anchorages and couplers for bonded and
unbonded prestressing tendons shall develop at least
95 percent of the specified breaking strength of the
tendons, when tested in an unbonded condition, with-
out exceeding anticipated set. For bonded tendons,
anchorages and couplers shall be located so that 100
percent of the specified breaking strength of the ten-
dons shall be developed at critical sections after ten-
dons are bonded in the member.

CHAPTER 18
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concrete placement. The friction coefficients between the
tendons and the duct are also subject to variation. The 5 per-
cent tolerance that has appeared since the 1963 code was
proposed by ACI-ASCE Committee 423 in 1988,and
primarily reflected experience with production of preten-
sioned concrete elements. Since the tendons for preten-
sioned elements are usually stressed in the air with minimal
friction effects, the 5 percent tolerance for such elements
was retained.

R18.20.4— This provision applies to all prestressed con-
crete members. For cast-in-place post-tensioned slab sys-
tems, a member should be that portion considered as an
element in the design, such as the joist and effective slab
width in one-way joist systems, or the column strip or mid-
dle strip in two-way flat plate systems.

R18.21 —Post-tensioning anchorages and
couplers

R18.21.1— In the 1986 interim code, the separate provi-
sions for strength of unbonded and bonded tendon anchor-
ages and couplers presented in 18.19.1 and 18.19.2 of the
1983 code were combined into a single revised 18.19.1 cov-
ering anchorages and couplers for both unbonded and
bonded tendons. Since the 1989 code, the required strength
of the tendon-anchorage or tendon-coupler assemblies for
both unbonded and bonded tendons, when tested in an
unbonded state, is based on 95 percent of the specified
breaking strength of the tendon material in the test. The ten-
don material should comply with the minimum provisions
of the applicable ASTM specifications as outlined in 3.5.5.
The specified strength of anchorages and couplers exceeds
the maximum design strength of the tendons by a substantial
margin, and, at the same time, recognizes the stress-riser
effects associated with most available post-tensioning
anchorages and couplers. Anchorage and coupler strength
should be attained with a minimum amount of permanent
deformation and successive set, recognizing that some
deformation and set will occur when testing to failure. Ten-
don assemblies should conform to the 2 percent elongation
requirements in ACI 30%20 and industry recommenda-
tions1819 Anchorages and couplers for bonded tendons that
develop less than 100 percent of the specified breaking
strength of the tendon should be used only where the bond
transfer length between the anchorage or coupler and critical
sections equals or exceeds that required to develop the tendon
strength. This bond length may be calculated by the results of

ACI 318 Building Code and Commentary



CHAPTER 18

CODE

18.21.2 — Couplers shall be placed in areas approved
by the engineer and enclosed in housing long enough
to permit necessary movements.

18.21.3 — In unbonded construction subject to repeti-
tive loads, special attention shall be given to the possi-
bility of fatigue in anchorages and couplers.

18.21.4 — Anchorages, couplers, and end fittings shall
be permanently protected against corrosion.

18.22 — External post-tensioning

18.22.1 — Post-tensioning tendons shall be permitted
to be external to any concrete section of a member.
The strength serviceability design methods of this
code shall be used in evaluating the effects of external
tendon forces on the concrete structure.

18.22.2 — External tendons shall be considered as
unbonded tendons when computing flexural strength
unless provisions are made to effectively bond the
external tendons to the concrete section along its
entire length.

18.22.3 — External tendons shall be attached to the
concrete member in a manner that maintains the
desired eccentricity between the tendons and the con-
crete centroid throughout the full range of anticipated
member deflection.

18.22.4 — External tendons and tendon anchorage
regions shall be protected against corrosion, and the
details of the protection method shall be indicated on
the drawings or in the project specifications.
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tests of bond characteristics of untensioned prestressing
strand'®3! or by bond tests on other tendon materials,
appropriate.

R18.21.3— For discussion on fatigue loading, see Refer-
ence 18.32.

For detailed recommendations on tests for static and cyclic
loading conditions for tendons and anchorage fittings of
unbonded tedons, see Section 4.13 of Reference 185,

and Section 15.2.2 of Reference 18.30.

R18.21.4— For recommendations regarding protectern
Sections 4.2nd 4.3 of Reference 185l and Sections 3.4,
3.6, 5, 6, and 8.3 of Reference 18.25.

R18.22 — External post-tensioning

External attachment of tendons is a versatile method of pro-
viding additional strength, or improving serviceability, or
both, in existing structures. It is well suited to repair or
upgrade existing structures and permits a wide variety of
tendon arrangements.

Additional information on external post-tensioning is given
in Reference 18.33.

R18.22.3— External tendons are often attached to the con-
crete member at various locations between anchorages
(such as midspan, quarter points, or third points) for desired
load balancing effects, for tendon alignment, or to address
tendon vibration concerns. Consideration should be given to
the effects caused by the tendon profile shifting in relation-
ship to the concrete centroid as the member deforms under
effects of post-tensioning and applied load.

R18.22.4 — Permanent corrosion protection can be
achieved by a variety of methods. The corrosion protection
provided should be suitable to the environment in which the
tendons are located. Some conditions will require that the
tendons be protected by concrete cover or by cement grout
in polyethylene or metal tubing; other conditions will per-
mit the protection provided by coatings such as paint or
grease. Corrosion protection methods should meet the fire
protection requirements of the general building code, unless
the installation of external post-tensioning is to only
improve serviceability.
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CHAPTER 19 — SHELLS AND FOLDED PLATE MEMBERS

CODE
19.0 — Notation

E. = modulus of elasticity of concrete, psi. See 8.5.1

f; = specified compressive strength of concrete, psi

ﬁ = square root of specified compressive strength
of concrete, psi

f, = specified yield strength of nonprestressed rein-
forcement, psi

h = thickness of shell or folded plate, in.

4, = development length, in.

@ = strength reduction factor. See 9.3

19.1 — Scope and definitions

19.1.1 — Provisions of Chapter 19 shall apply to thin
shell and folded plate concrete structures, including
ribs and edge members.

19.1.2 — All provisions of this code not specifically
excluded, and not in conflict with provisions of Chapter
19, shall apply to thin-shell structures.

19.1.3 — Thin shells — Three-dimensional spatial
structures made up of one or more curved slabs or
folded plates whose thicknesses are small compared
to their other dimensions. Thin shells are character-
ized by their three-dimensional load-carrying behavior,
which is determined by the geometry of their forms, by
the manner in which they are supported, and by the
nature of the applied load.

COMMENTARY
R19.0 — Notation

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 ft or kip.

R19.1 — Scope and definitions

The code and commentary provide information on the
design, analysis, and construction of concrete thin shells
and folded plates. The process began in 1964 with the publi-
cation of a practice and commentary by ACI Committee
334191 and continued with the inclusion of Chapter 19 in
the 1971 code. The 1982 revision of ACI 334R.1 reflected
additional experience in design, analysis, and construction
and was influenced by the publication of tfecommen-
dations for Reinforced Concrete Shells and Folded
Plates” of the International Association for Shell and Spa-
tial Structures (IASS) in 1979:2

Since Chapter 19 applies to concrete thin shells and folded
plates of all shapes, extensive discussion of their design,
analysis, and construction in the commentary is not possi-
ble. Additional information can be obtained from the refer-
ences. Performance of shells and folded plates requires
special attention to detdif:

R19.1.1— Discussion of the application of thin shells in
special structures such as cooling towers and circular pre-
stressed concrete tanks may be found in the reports of ACI-
ASCE Committee 373-°and ACI Committee 3785

R19.1.3— Common types of thin shells are domes (sur-
faces of revolution})-®1%7 cylindrical shells'®’ barrel
vaults1®- conoids!®8 elliptical paraboloid4?-8 hyperbolic
paraboloids?®and groined vault¥>°
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19.1.4 — Folded Plates — A special class of shell
structure formed by joining flat, thin slabs along their
edges to create a three-dimensional spatial structure.

19.1.5 — Ribbed shells — Spatial structures with
material placed primarily along certain preferred rib
lines, with the area between the ribs filled with thin
slabs or left open.

19.1.6 — Auxiliary members — Ribs or edge beams
that serve to strengthen, stiffen, or support the shell;
usually, auxiliary members act jointly with the shell.

19.1.7 — Elastic analysis — An analysis of deforma-
tions and internal forces based on equilibrium, com-
patibility of strains, and assumed elastic behavior, and
representing to a suitable approximation the three-
dimensional action of the shell together with its auxil-
iary members.

19.1.8 — Inelastic analysis — an analysis of defor-
mations and internal forces based on equilibrium, non-
linear stress-strain relations for concrete and
reinforcement, consideration of cracking and time-
dependent effects, and compatibility of strains. The
analysis shall represent to a suitable approximation
three-dimensional action of the shell together with its
auxiliary members.
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R19.1.4— Folded plates may be prismat/1%%nonpris-
matic1®10 or faceted. The first two types consist generally
of planar thin slabs joined along their longitudinal edges to
form a beam-like structure spanning between supports. Fac-
eted folded plates are made up of triangular or polygonal
planar thin slabs joined along their edges to form three-
dimensional spatial structures.

R19.1.5— Ribbed shell§-¢19%11generally have been used

for larger spans where the increased thickness of the curved
slab alone becomes excessive or uneconomical. Ribbed
shells are also used because of the construction techniques
employed and to enhance the aesthetic impact of the com-
pleted structure.

R19.1.6— Most thin shell structures require ribs or edge
beams at their boundaries to carry the shell boundary forces,
to assist in transmitting them to the supporting structure,
and to accommodate the increased amount of reinforcement
in these areas.

R19.1.7— Elastic analysis of thin shells and folded plates
can be performed using any method of structural analysis
based on assumptions that provide suitable approximations
to the three-dimensional behavior of the structure. The
method should determine the internal forces and displace-
ments needed in the design of the shell proper, the rib or
edge members, and the supporting structure. Equilibrium of
internal forces and external loads and compatibility of
deformations should be satisfied.

Methods of elastic analysis based on classical shell theory,
simplified mathematical or analytical models, or numerical
solutions using finite elemeft;? finite differences? or
numerical integration techniqué® are described in the
cited references.

The choice of the method of analysis and the degree of
accuracy required depends on certain critical factors. These
include: the size of the structure, the geometry of the thin

shell or folded plate, the manner in which the structure is

supported, the nature of the applied load, and the extent of
personal or documented experience regarding the reliability
of the given method of analysis in predicting the behavior of

the specific type of shéfi-®or folded plate-2-1°

R19.1.8—Inelastic analysis of thin shells and folded plates
can be performed using a refined method of analysis based
on the specific nonlinear material properties, nonlinear
behavior due to the cracking of concrete, and time-depen-
dent effects such as creep, shrinkage, temperature, and load
history. These effects are incorporated in order to trace the
response and crack propagation of a reinforced concrete
shell through the elastic, inelastic, and ultimate ranges. Such
analyses usually require incremental loading and iterative
procedures to converge on solutions that satisfy both equi-
librium and strain compatibility:-12:19-13
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19.1.9 — Experimental anal ysis — An analysis pro-
cedure based on the measurement of deformations or
strains, or both, of the structure or its model; experi-
mental analysis is based on either elastic or inelastic
behavior.

19.2 — Analysis and des ign

19.2.1 — Elastic behavior shall be an accepted basis
for determining internal forces and displacements of
thin shells. This behavior shall be permitted to be
established by computations based on an analysis of
the uncracked concrete structure in which the material
is assumed linearly elastic, homogeneous, and isotro-
pic. Poisson’s ratio of concrete shall be permitted to be
taken equal to zero.

19.2.2 — Inelastic analyses shall be permitted to be
used where it can be shown that such methods pro-
vide a safe basis for design.

19.2.3 — Equilibrium checks of internal resistances
and external loads shall be made to ensure consis-
tency of results.

19.2.4 — Experimental or numerical analysis proce-
dures shall be permitted where it can be shown that
such procedures provide a safe basis for design.

19.2.5 — Approximate methods of analysis shall be
permitted where it can be shown that such methods
provide a safe basis for design.

318/318R-287
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R19.2 — Analysis and design

R19.2.1— For types of shell structures where experience,
tests, and analyses have shown that the structure can sustain
reasonable overloads without undergoing brittle failure,
elastic analysis is an acceptable procedure. The designer
may assume that reinforced concrete is ideally elastic,
homogeneous, and isotropic, having identical properties in
all directions. An analysis should be performed for the shell
considering service load conditions. The analysis of shells
of unusual size, shape, or complexity should consider
behavior through the elastic, cracking, and inelastic stages.

R19.2.2 — Several inelastic analysis procedures contain
possible solution method¥?-12:19-13

R19.2.4— Experimental analysis of elastic mod&i&*has
been used as a substitute for an analytical solution of a com-
plex shell structure. Experimental analysis of reinforced
microconcrete models through the elastic, cracking, inelas-
tic, and ultimate stages should be considered for important
shells of unusual size, shape, or complexity.

For model analysis, only those portions of the structure that
significantly affect the items under study need be simulated.
Every attempt should be made to ensure that the experi-
ments reveal the quantitative behavior of the prototype
structure.

Wind tunnel tests of a scaled-down model do not necessarily
provide usable results and should be conducted by a recog-
nized expert in wind tunnel testing of structural models.

R19.2.5— Solutions that include both membrane and bend-
ing effects and satisfy conditions of compatibility and equi-
librium are encouraged. Approximate solutions that satisfy
statics but not the compatibility of strains may be used only
when extensive experience has proved that safe designs
have resulted from their use. Such methods include beam-
type analysis for barrel shells and folded plates having large
ratios of span to either width or radius of curvature, simple
membrane analysis for shells of revolution, and others in
which the equations of equilibrium are satisfied, while the
strain compatibility equations are not.
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19.2.6 — In prestressed shells, the analysis shall also
consider behavior under loads induced during pre-
stressing, at cracking load, and at factored load.
Where prestressing tendons are draped within a shell,
design shall take into account force components on
the shell resulting from the tendon profile not lying in
one plane.

19.2.7 — The thickness of a shell and its reinforce-
ment shall be proportioned for the required strength
and serviceability, using either the strength design
method of 8.1.1 or the design method of 8.1.2.

19.2.8 — Shell instability shall be investigated and
shown by design to be precluded.

19.2.9 — Auxiliary members shall be designed
according to the applicable provisions of the code. It
shall be permitted to assume that a portion of the shell
equal to the flange width, as specified in 8.10, acts
with the auxiliary member. In such portions of the
shell, the reinforcement perpendicular to the auxiliary
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R19.2.6— If the shell is prestressed, the analysis should
include its strength at factored loads as well as its adequacy
under service loads, under the load that causes cracking, and
under loads induced during prestressing. Axial forces due to
draped prestressed tendons may not lie in one plane and due
consideration should be given to the resulting force compo-
nents. The effects of post-tensioning of shell supporting
members should be taken into account.

R19.2.7— The thin shell’'s thickness and reinforcement are
required to be proportioned to satisfy the strength provisions
of this code, and to resist internal forces obtained from an
analysis, an experimental model study, or a combination
thereof. Reinforcement sufficient to minimize cracking
under service load conditions should be provided. The
thickness of the shell is often dictated by the required rein-
forcement and the construction constraints, by 19.2.8, or by
the code minimum thickness requirements.

R19.2.8— Thin shells, like other structures that experience
in-plane membrane compressive forces, are subject to buck-
ling when the applied load reaches a critical value. Because
of the surface-like geometry of shells, the problem of calcu-
lating buckling load is complex. If one of the principal
membrane forces is tensile, the shell is less likely to buckle
than if both principal membrane forces are compressive.
The kinds of membrane forces that develop in a shell
depend on its initial shape and the manner in which the shell
is supported and loaded. In some types of shells, post-buck-
ling behavior should be considered in determining safety
against instability?-2

Investigation of thin shells for stability should consider the

effect of (1) anticipated deviation of the geometry of the

shell surface as-built from the idealized, geometry, (2) large
deflections, (3) creep and shrinkage of concrete, (4) inelas-
tic properties of materials, (5) cracking of concrete, (6)

location, amount, and orientation of reinforcement, and (7)
possible deformation of supporting elements.

Measures successfully used to improve resistance to buck-
ling include the provision of two mats of reinforcement—
one near each outer surface of the shell, a local increase of
shell curvatures, the use of ribbed shells, and the use of con-
crete with high tensile strength and low creep.

A procedure for determining critical buckling loads of shells
is given in the IASS recommendatio¥$ Some recom-
mendations for buckling design of domes used in industrial
applications are given in References 19.5 and 19.15.

R19.2.9— Strength design can be used for the auxiliary
memberseven thogh the Appendk A design methodvas
used for the shell surface as long as serviceability require-
ments are also satisfied. Portions of the shell may be utilized
as flanges for transverse or longitudinal frames or arch-
frames and beams.
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member shall be at least equal to that required for the
flange of a T-beam by 8.10.5.

19.2.10 — Strength design of shell slabs for mem-
brane and bending forces shall be based on the distri-
bution of stresses and strains as determined from
either an elastic or an inelastic analysis.

19.2.11 — In a region where membrane cracking is
predicted, the nominal compressive strength parallel
to the cracks shall be taken as 0.4f,".

19.3 — Design strength of materials

19.3.1 — Specified compressive strength of concrete
f. at 28 days shall not be less than 3000 psi.

19.3.2 — Specified yield strength of nonprestressed
reinforcement f,, shall not exceed 60,000 psi.

19.4 — Shell rein forcement

19.4.1 — Shell reinforcement shall be provided to
resist tensile stresses from internal membrane forces,
to resist tension from bending and twisting moments,
to limit shrinkage and temperature crack width and
spacing, and as special reinforcement at shell bound-
aries, load attachments, and shell openings.

19.4.2 — Tensile reinforcement shall be provided in
two or more directions and shall be proportioned such
that its resistance in any direction equals or exceeds
the component of internal forces in that direction.

Alternatively, reinforcement for the membrane forces in
the slab shall be calculated as the reinforcement
required to resist axial tensile forces plus the tensile
force due to shear-friction required to transfer shear
across any cross section of the membrane. The
assumed coefficient of friction shall not exceed 1.0A
where A = 1.0 for normalweight concrete, 0.85 for
sand-lightweight concrete, and 0.75 for all-lightweight
concrete. Linear interpolation shall be permitted when
partial sand replacement is used.

318/318R-289
COMMENTARY

R19.2.10— The stresses and strains in the shell slab used
for design are those determined by analysis (elastic or
inelastic) multiplied by appropriate load factors. Because of
detrimental effects of membrane cracking, the computed
tensile strain in the reinforcement under factored loads
should be limited.

R19.2.11— When principal tensile stress produces mem-
brane cracking in the shell, experiments indicate the attain-
able compressive strength in the direction parallel to the
cracks is reducet’ 181917 For the Appendix A design
method, the compressive strendthparallel to the cracks
should be replaced b.4f. in calculations involving
A.3.1(a) or A.6.1.

R19.4 — Shell reinforcement

R19.4.1— At any point in a shell, two different kinds of
internal forces may occur simultaneously: those associated
with membrane action, and those associated with bending of
the shell. The membrane forces are assumed to act in the
tangential plane midway between the surfaces of the shell,
and are the two axial forces and the membrane shears. Flex-
ural effects include bending moments, twisting moments,
and the associated transverse shears. Limiting membrane
crack width and spacing due to shrinkage, temperature, and
service load conditions is a major design consideration.

R19.4.2 — The requirement of ensuring strength in all

directions is based on safety considerations. Any method
that ensures sufficient strength consistent with equilibrium
is acceptable. The direction of the principal membrane ten-
sile force at any point may vary depending on the direction,
magnitudes, and combinations of the various applied loads.

The magnitude of the internal membrane forces, acting at
any point due to a specific load, is generally calculated on
the basis of an elastic theory in which the shell is assumed
as uncracked. The computation of the required amount of
reinforcement to resist the internal membrane forces has
been traditionally based on the assumption that concrete
does not resist tension. The associated deflections, and the
possibility of cracking, should be investigated in the ser-
viceability phase of the design. Achieving this may require
a working stress design for steel selection.
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19.4.3 — The area of shell reinforcement at any sec-
tion as measured in two orthogonal directions shall not
be less than the slab shrinkage or temperature rein-
forcement required by 7.12.

19.4.4 — Reinforcement for shear and bending
moments about axes in the plane of the shell slab
shall be calculated in accordance with Chapters 10,
11, and 13.

19.4.5 — The area of shell tension reinforcement shall
be limited so that the reinforcement will yield before
either crushing of concrete in compression or shell
buckling can take place.

19.4.6 — In regions of high tension, membrane rein-
forcement shall, if practical, be placed in the general
directions of the principal tensile membrane forces.
Where this is not practical, it shall be permitted to
place membrane reinforcement in two or more compo-
nent directions.

19.4.7 — If the direction of reinforcement varies more
than 10 deg from the direction of principal tensile mem-
brane force, the amount of reinforcement shall be
reviewed in relation to cracking at service loads.
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Where reinforcement is not placed in the direction of the
principal tensile forces and where cracks at the service load
level are objectionable, the computation of reinforcement
may have to be based on a more refined ap-
proact®-16:19-18.19.13hat considers the existence of cracks.

In the cracked state, the concrete is assumed to be unable to
resist either tension or shear. Thus, equilibrium is attained
by equating tensile resisting forces in reinforcement and
compressive resisting forces in concrete.

The alternative method to calculate orthogonal reinforce-

ment is the shear-friction method. It is based on the assump-
tion that shear integrity of a shell should be maintained at
factored loads. It is not necessary to calculate principal

stresses if the alternative approach is used.

R19.4.3— Minimum membrane reinforcement correspond-
ing to slab shrinkage and temperature reinforcement are to
be provided in at least two approximately orthogonal direc-
tions even if the calculated membrane forces are compres-
sive in one or more directions.

R19.4.5— The requirement that the tensile reinforcement
yields before the concrete crushes anywhere is consistent
with 10.3.3. Such crushing can also occur in regions near
supports and for some shells where the principal membrane
forces are approximately equal and opposite in sign.

R19.4.6 — Generally, for all shells, and particularly in
regions of substantial tension, the orientation of reinforce-
ment should approximate the directions of the principal ten-
sile membrane forces. However, in some structures it is not
possible to detail the reinforcement to follow the stress tra-
jectories. For such cases, orthogonal component reinforce-
ment is allowed.

R19.4.7— When the directions of reinforcement deviate
significantly (more than 10 deg) from the directions of the
principal membrane forces, higher strains in the shell occur
to develop the capacity of reinforcement. This might lead to
the development of unacceptable wide cracks. The crack
width should be estimated and limited if necessary.

Permissible crack widths for service loads under different
environmental conditions are given in the report of ACI
Committee 224220 Crack width can be limited by an
increase in the amount of reinforcement used, by reducing
the stress at the service load level, by providing reinforce-
ment in three or more directions in the plane of the shell, or
by using closer spacing of smaller diameter bars.
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19.4.8 — Where the magnitude of the principal tensile
membrane stress within the shell varies greatly over
the area of the shell surface, reinforcement resisting
the total tension shall be permitted to be concentrated
in the regions of largest tensile stress where it can be
shown that this provides a safe basis for design. How-
ever, the ratio of shell reinforcement in any portion of
the tensile zone shall be not less than 0.0035 based
on the overall thickness of the shell.

19.4.9 — Reinforcement required to resist shell bend-
ing moments shall be proportioned with due regard to
the simultaneous action of membrane axial forces at
the same location. Where shell reinforcement is
required in only one face to resist bending moments,
equal amounts shall be placed near both surfaces of
the shell even though a reversal of bending moments
is not indicated by the analysis.

19.4.10 — Shell reinforcement in any direction shall
not be spaced farther apart than 18 in. nor farther
apart than five times the shell thickness. Where the
principal membrane tensile stress on the gross con-
crete area due to factored loads exceeds 4¢,/f’, rein-
forcement shall not be spaced farther apart than three
times the shell thickness.

19.4.11 — Shell reinforcement at the junction of the
shell and supporting members or edge members shall
be anchored in or extended through such members in
accordance with the requirements of Chapter 12,
except that the minimum development length shall be
1.2/, but not less than 18 in.

19.4.12 — Splice lengths of shell reinforcement shall
be governed by the provisions of Chapter 12, except
that the minimum splice length of tension bars shall be
1.2 times the value required by Chapter 12 but not less
than 18 in. The number of splices in principal tensile
reinforcement shall be kept to a practical minimum.
Where splices are necessary they shall be staggered
at least 7, with not more than one-third of the reinforce-
ment spliced at any section.

19.5 — Construction

19.5.1 — When removal of formwork is based on a
specific modulus of elasticity of concrete because of
stability or deflection considerations, the value of the
modulus of elasticity E. shall be determined from flex-
ural tests of field-cured beam specimens. The number
of test specimens, the dimensions of test beam speci-
mens, and test procedures shall be specified by the
engineer.

318/318R-291
COMMENTARY

R19.4.8— The practice of concentrating tensile reinforce-
ment in the regions of maximum tensile stress has led to a
number of successful and economical designs, primarily for
long folded plates, long barrel vault shells, and for domes.
The requirement of providing the minimum reinforcement
in the remaining tensile zone is intended to limit crack
width and spacing.

R19.4.9— The design method should ensure that the con-
crete sections, including consideration of the reinforcement,
are capable of developing the internal forces required by the
equations of equilibrium?-2*The sign of bending moments
may change rapidly from point to point of a shell. For this
reason, reinforcement to resist bending, where required, is
to be placed near both outer surfaces of the shell. In many
cases, the thickness required to provide proper cover and
spacing for the multiple layers of reinforcement may govern
the design of the shell thickness.

R19.4.10— The value ofpto be used is that prescribed in
9.3.2.2(a) for axial tension.

R19.4.11 and R19.4.12— On curved shell surfaces it is
difficult to control the alignment of precut reinforcement.
This should be considered to avoid insufficient splice and
development lengths. Sections 19.4.11 and 19.4.12 require
extra reinforcement length to maintain the minimum lengths
on curved surfaces.

R19.5 — Construction

R19.5.1— When early removal of forms is necessary, the
magnitude of the modulus of elasticity at the time of pro-
posed form removal should be investigated to ensure safety of
the shell with respect to buckling, and to restrict deflec-
tions19319-22The value of the modulus of elasticiy should

be obtained from a flexural test of field-cured specimens. It is
not sufficient to determine the modulus from the formula in
8.5.1, even if is determined for the field-cured specimen.
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19.5.2 — The engineer shall specify the tolerances for
the shape of the shell. If construction results in devia-
tions from the shape greater than the specified toler-
ances, an analysis of the effect of the deviations shall
be made and any required remedial actions shall be
taken to ensure safe behavior.

COMMENTARY

R19.5.2— In some types of shells, small local deviations
from the theoretical geometry of the shell can cause rela-
tively large changes in local stresses and in overall safety
against instability. These changes can result in local crack-
ing and yielding that may make the structure unsafe or can
greatly affect the critical load producing instability. The
effect of such deviations should be evaluated and any neces-
sary remedial actions should be taken. Special attention is
needed when using air supported form systEhds.
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20.0 — Notation

Apax
Amax =

Afax =

dead loads or related internal moments and
forces
specified compressive strength of concrete,

psi
overall thickness of member, in.

= live loads or related internal moments and

forces

span of member under load test, in. (The
shorter span for two-way slab systems.) Span
is the smaller of (a) distance between centers
of supports, and (b) clear distance between
supports plus thickness h of member. In Eq.
(20-1), span for a cantilever shall be taken as
twice the distance from support to cantilever
end

measured maximum deflection, in. See Eq.
(20-1)

measured residual deflection, in. See Egq.
(20-2) and (20-3)

maximum deflection measured during the
second test relative to the position of the
structure at the beginning of the second test,
in. See Eq. (20-3)

20.1 — Strength evaluation — General

20.1.1 — If there is doubt that a part or all of a struc-
ture meets the safety requirements of this code, a
strength evaluation shall be carried out as required by
the engineer or building official.

COMMENTARY

20.0 — Notation

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 ft or kip.

R20.1 — Strength evaluation — General

Chapter 20 does not cover load testing for the approval of
new design or construction methods. (See 16.10 for recom-
mendations on strength evaluation of precast concrete mem-
bers.) Provisions of Chapter 20 may be used to evaluate
whether a structure or a portion of a structure satisfies the
safety requirements of this code. A strength evaluation may
be required if the materials are considered to be deficient in
quality, if there is evidence indicating faulty construction, if

a structure has deteriorated, if a building will be used for a
new function, or if, for any reason, a structure or a portion
of it does not appear to satisfy the requirements of the code.
In such cases, Chapter 20 provides guidance for investigat-
ing the safety of the structure.

If the safety concerns are related to an assembly of elements
or an entire structure, it is not feasible to load test every ele-

ment and section to the maximum. In such cases, it is appro-
priate that an investigation plan be developed to address the
specific safety concerns. If a load test is described as part of
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20.1.2 — If the effect of the strength deficiency is well
understood and if it is feasible to measure the dimen-
sions and material properties required for analysis,
analytical evaluations of strength based on those mea-
surements shall suffice. Required data shall be deter-
mined in accordance with 20.2.

20.1.3 — If the effect of the strength deficiency is not
well understood or if it is not feasible to establish the
required dimensions and material properties by mea-
surement, a load test shall be required if the structure
is to remain in service.

20.1.4 — If the doubt about safety of a part or all of a
structure involves deterioration, and if the observed
response during the load test satisfies the acceptance
criteria, the structure or part of the structure shall be
permitted to remain in service for a specified time
period. If deemed necessary by the engineer, periodic
reevaluations shall be conducted.
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the strength evaluation process, it is desirable for all parties
involved to come to an agreement about the region to be
loaded, the magnitude of the load, the load test procedure,
and acceptance criteria before any load tests are conducted.

R20.1.2— Strength considerations related to axial load,
flexure, and combined axial load and flexure are well under-
stood. There are reliable theories relating strength and short-
term displacement to load in terms of dimensional and
material data for the structure.

To determine the strength of the structure by analysis, calcu-
lations should be based on data gathered on the actual
dimensions of the structure, properties of the materials in

place, and all pertinent details. Requirements for data col-

lection are in 20.2.

R20.1.3— If the shear or bond strength of an element is
critical in relation to the doubt expressed about safety, a test
may be the most efficient solution to eliminate or confirm
the doubt. A test may also be appropriate if it is not feasible
to determine the material and dimensional properties
required for analysis, even if the cause of the concern relates
to flexure or axial load.

Wherever possible and appropriate, support the results of
the load test by analysis.

R20.1.4— For a deteriorating structure, the acceptance pro-
vided by the load test may not be assumed to be without
limits in terms of time. In such cases, a periodic inspection
program is useful. A program that involves physical tests
and periodic inspection can justify a longer period in ser-
vice. Another option for maintaining the structure in ser-

vice, while the periodic inspection program continues, is to
limit the live load to a level determined to be appropriate.

The length of the specified time period should be based on
consideration of (a) the nature of the problem, (b) environ-
mental and load effects, (c) service history of the structure,
and (d) scope of the periodic inspection program. At the end
of a specified time period, further strength evaluation is
required if the structure is to remain in service.

With the agreement of all concerned parties, special proce-
dures may be devised for periodic testing that do not neces-
sarily conform to the loading and acceptance criteria
specified in Chapter 20.
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20.2 — Determination of required
dimensions and material
properties

20.2.1 — Dimensions of the structural elements shall
be established at critical sections.

20.2.2 — Locations and sizes of the reinforcing bars,
welded wire fabric, or tendons shall be determined by
measurement. It shall be permitted to base reinforce-
ment locations on available drawings if spot checks
are made confirming the information on the drawings.

20.2.3 — If required, concrete strength shall be based
on results of cylinder tests or tests of cores removed
from the part of the structure where the strength is in
doubt. Concrete strengths shall be determined as
specified in 5.6.4.

20.2.4 — If required, reinforcement or tendon strength
shall be based on tensile tests of representative sam-
ples of the material in the structure in question.

20.2.5 — If the required dimensions and material
properties are determined through measurements and
testing, and if calculations can be made in accordance
with 20.1.2, it shall be permitted to increase the
strength reduction factor in 9.3, but the strength reduc-
tion factor shall not be more than:

Flexure, without axial load.............ccoeevvevveeinnnnnns 1.0
Axial tension, and axial tension with flexure........ 1.0

Axial compression and axial compression with
flexure:

Members with spiral reinforcement

conforming t0 10.9.3.......cooiiiiiiiiiiiiiieee e, 0.9
Other members. ..., 0.85
Shear and/or torsion ...........cccovvveveiniiiiee e, 0.9
Bearing on CONCrete ........ooceevvveeeeeeeeeeieeie 0.85
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R20.2 — Determination of required
dimensions and material properties

This section applies if it is decided to make an analytical
evaluation (20.1.2).

R20.2.1— Critical sections are where each type of stress
calculated for the load in question reaches its maximum
value.

R20.2.2— For individual elements, amount, size, arrange-
ment, and location should be determined at the critical sec-
tions for reinforcement or tendons, or both, designed to resist
applied load. Nondestructive investigation methods are
acceptable. In large structures, determination of these data for
approximately 5 percent of the reinforcement or tendons in
critical regions may suffice if these measurements confirm
the data provided in the construction drawings.

R20.2.3— The number of tests may depend on the size of
the structure and the sensitivity of structural safety to con-
crete strength. In cases where the potential problem involves
flexure only, investigation of concrete strength can be mini-
mal for a lightly reinforced sectiofpfy /f' < 0.15for rect-
angular section).

R20.2.4— The number of tests required depends on the
uniformity of the material and is best determined by the
engineer for the specific application.

R20.2.5— Strength reduction factors given in 20.2.5 are
larger than those speéied in Chapter9. These mcreased
values are justified by the use of accurate field-obtained
material properties, actual in-place dimensions, and well
understood methods of analysis.
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20.3 — Load test p rocedure

20.3.1 — Load arrangement

The number and arrangement of spans or panels
loaded shall be selected to maximize the deflection and
stresses in the critical regions of the structural elements
of which strength is in doubt. More than one test load
arrangement shall be used if a single arrangement will
not simultaneously result in maximum values of the
effects (such as deflection, rotation, or stress) neces-
sary to demonstrate the adequacy of the structure.

20.3.2 — Load intensity

The total test load (including dead load already in
place) shall not be less than 0.85 (1.4D + 1.7L). It shall
be permitted to reduce L in accordance with the
requirements of the applicable general building code.

20.3.3 — A load test shall not be made until that por-
tion of the structure to be subjected to load is at least
56 days old. If the owner of the structure, the contractor,
and all involved parties agree, it shall be permitted to
make the test at an earlier age.

20.4 — Loading criteria

20.4.1 — The initial value for all applicable response
measurements (such as deflection, rotation, strain,
slip, crack widths) shall be obtained not more than 1 hr
before application of the first load increment. Measure-
ments shall be made at locations where maximum
response is expected. Additional measurements shall
be made if required.

20.4.2 — Test load shall be applied in not less than
four approximately equal increments.

20.4.3 — Uniform test load shall be applied in a man-
ner to ensure uniform distribution of the load transmit-
ted to the structure or portion of the structure being
tested. Arching of the applied load shall be avoided.
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R20.3 — Load test procedure

R20.3.1—Load arrangement

It is important to apply the load at locations so that its
effects on the suspected defect are a maximum and the prob-
ability of unloaded members sharing the applied load is a
minimum. In cases where it is shown by analysis that
adjoining unloaded elements will help carry some of the
load, the load should be placed to develop effects consistent
with the intent of the load factor.

R20.3.2— Load intensity

The required load intensity follows previous load test prac-
tice. The live load. may be reduced as permitted by the
general building code governing safety considerations for
the structure. The live load should be increased to compen-
sate for resistance provided by unloaded portions of the
structure in questions. The increase in live load is deter-
mined from analysis of the loading conditions in relation to
the selected pass/fail criterion for the test.

R20.4 — Loading criteria

R20.4.2— Inspecting the structure after each load incre-
ment is advisable.

R20.4.3— Arching refers to the tendency for the load to be

transmitted nonuniformly to the flexural element being

tested. For example, if a slab is loaded by a uniform
arrangement of bricks with the bricks in contact, arching
would results in reduction of the load on the slab near the
midspan of the slab.
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20.4.4 — A set of response measurements shall be
made after each load increment is applied and after
the total load has been applied on the structure for at
least 24 hr.

20.4.5 — Total test load shall be removed immediately
after all response measurements defined in 20.4.4
are made.

20.4.6 — A set of final response measurements shall
be made 24 hr after the test load is removed.

20.5 — Acceptance criter ia

20.5.1 — The portion of the structure tested shall
show no evidence of failure. Spalling and crushing of
compressed concrete shall be considered an indica-
tion of failure.

20.5.2 — Measured maximum deflections shall satisfy
one of the following conditions:

2
| t

Bax < 20,000h (20-1)
A
Doy S "f* (20-2)

If the measured maximum and residual deflections do
not satisfy Eq. (20-1) or (20-2), it shall be permitted to
repeat the load test.

The repeat test shall be conducted not earlier than 72 hr
after removal of the first test load. The portion of the
structure tested in the repeat test shall be considered
acceptable if deflection recovery satisfies the condition:
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R20.5 — Acceptance criteria

R20.5.1— A general acceptance criterion for the behavior
of a structure under the test load is that it does not show evi-
dence of failure. Evidence of failure includes cracking, spal-
ling, or deflection of such magnitude and extent that the
observed result is obviously excessive and incompatible
with the safety requirements of the structure. No simple
rules have been developed for application to all types of
structures and conditions. If sufficient damage has occurred
so that the structure is considered to have failed that test,
retesting is not permitted since it is considered that damaged
members should not be put into service even at a lower load
rating.

Local spalling or flaking of the compressed concrete in flex-
ural elements related to casting imperfections need not indi-
cate overall structural distress. Crack widths are good
indicators of the state of the structure and should be
observed to help determine whether the structure is satisfac-
tory. However, exact prediction or measurement of crack
widths in reinforced concrete elements is not likely to be
achieved under field conditions. Establish criteria before the
test, relative to the types of cracks anticipated; where the
cracks will be measured; how they will be measured; and
approximate limits or criteria to evaluate new cracks or lim-
its for the changes in crack width.

R20.5.2— The deflection limits and the retest option fol-
low past practice. If the structure shows no evidence of fail-
ure, recovery of deflection after removal of the test load is
used to determine whether the strength of the structure is
satisfactory. In the case of a very stiff structure, however, the
errors in measurements under field conditions may be of the
same order as the actual deflections and recovery. To avoid
penalizing a satisfactory structure in such a case, recovery
measurements are waived if the maximum deflection is less
than¢%/(20,00). The residual deflectioday is the dif-
ference between the initial and final (after load removal)
deflections for the load test or the repeat load test.
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A < Afmax

rmax — 5

(20-3)

where Agp,ay is the maximum deflection measured dur-

ing the second test relative to the position of the struc-
ture at the beginning of the second test.

20.5.3 — Structural members tested shall not have
cracks indicating the imminence of shear failure.

20.5.4 — In regions of structural members without
transverse reinforcement, appearance of structural
cracks inclined to the longitudinal axis and having a
horizontal projection longer than the depth of the
member at midpoint of the crack shall be evaluated.

20.5.5 — In regions of anchorage and lap splices, the
appearance along the line of reinforcement of a series
of short inclined cracks or horizontal cracks shall be
evaluated.

20.6 — Provision for lower load rating

If the structure under investigation does not satisfy
conditions or criteria of 20.1.2, 20.5.2, or 20.5.3, the
structure shall be permitted for use at a lower load rat-
ing based on the results of the load test or analysis, if
approved by the building official.

20.7 — Safety

20.7.1 — Load tests shall be conducted in such a
manner as to provide for safety of life and structure
during the test.

20.7.2 — No safety measures shall interfere with load
test procedures or affect results.

CHAPTER 20
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R20.5.3— Forces are transmitted across a shear crack plane
by a combination of aggregate interlock at the interface of
the crack that is enhanced by clamping action of transverse
stirrup reinforcing and by dowel action of stirrups crossing
the crack. As crack lengths increase to approach a horizon-
tal projected length equal to the depth of the member and
concurrently widen to the extent that aggregate interlock
cannot occur, and as transverse stirrups if present begin to
yield or display loss of anchorage so as to threaten their
integrity, the member is assumed to be approaching immi-
nent shear failure.

R20.5.4— The intent of 20.5.4 is to make the professionals
in charge of the test pay attention to the structural implica-
tion of observed inclined cracks that may lead to brittle col-
lapse in members without transverse reinforcement.

R20.5.5— Cracking along the axis of the reinforcement in
anchorage zones may be related to high stresses associated
with the transfer of forces between the reinforcement and
the concrete. These cracks may be indicators of pending
brittle failure of the element if they are associated with the
main reinforcement. It is important that their causes and
consequences be evaluated.

R20.6 — Provision for lower load rating

Except for load tested members that have failed under a test
(see 20.5) the building official may permit the use of a
structure or member at a lower load rating that is judged to
be safe and appropriate on the basis of the test results.
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21.0 — Notation

cross-sectional area of a structural member
measured out-to-out of transverse reinforce-
ment, in.2

area of concrete section, resisting shear, of an
individual pier or horizontal wall segment, in.?
gross area of concrete section bounded by
web thickness and length of section in the
direction of shear force considered, in.?

gross area of section, in.?

= effective cross-sectional area within a joint,

see 21.5.3.1, in a plane parallel to plane of
reinforcement generating shear in the joint,
in.2 The joint depth shall be the overall depth
of the column. Where a beam frames into a
support of larger width, the effective width of
the joint shall not exceed the smaller of:
(a) beam width plus the joint depth
(b) twice the smaller perpendicular distance
from the longitudinal axis of the beam to the
column side. See 21.5.3.1
total cross-sectional area of transverse rein-
forcement (including crossties) within spacing
s and perpendicular to dimension h,, in.?
total area of reinforcement in each group of
diagonal bars in a diagonally reinforced cou-
pling beam, in.?
effective compressive flange width of a struc-
tural member, in.

= web width, or diameter of circular section, in.
= distance from the extreme compression fiber

to neutral axis, see 10.2.7, calculated for the
factored axial force and nominal moment
strength, consistent with the design displace-
ment &, resulting in the largest neutral axis
depth, in.

= effective depth of section, in.

bar diameter, in.

load effects of earthquake, or related internal
moments and forces

specified compressive strength of concrete,
psi

square root of specified compressive strength
of concrete, psi

= specified yield strength of reinforcement, psi

specified yield strength of transverse rein-
forcement, psi
cross-sectional dimension of column core
measured center-to-center of confining rein-
forcement, in.

COMMENTARY
21.0 — Notation

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 ft or kip.
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height of entire wall or of the segment of wall
considered, in.

maximum horizontal spacing of hoop or
crosstie legs on all faces of the column, in.
development length for a straight bar, in.
development length for a bar with a standard
hook as defined in Eq. (21-6), in.

clear span measured face-to-face of supports, in.
minimum length, measured from joint face
along axis of structural member, over which
transverse reinforcement must be provided, in.
length of entire wall or of segment of wall con-
sidered in direction of shear force, in.

moment at the face of the joint, corresponding
to the nominal flexural strength of the column
framing into that joint, calculated for the fac-
tored axial force, consistent with the direction
of the lateral forces considered, resulting in the
lowest flexural strength, in.-lb. See 21.4.2.2
moment at the face of the joint, corresponding
to the nominal flexural strength of the girder
including slab where in tension, framing into
that joint, in.-Ib. See 21.4.2.2

probable flexural moment strength of mem-
bers, with or without axial load, determined
using the properties of the member at the joint
faces assuming a tensile strength in the longi-
tudinal bars of at least 1.25 f, and a strength
reduction factor g of 1.0, in.-Ib

portion of slab moment balanced by support
moment, in.-b

factored moment at section, in.-lb

spacing of transverse reinforcement mea-
sured along the longitudinal axis of the struc-
tural member, in.

maximum spacing of transverse reinforce-
ment, in.

longitudinal spacing of transverse reinforce-
ment within the length 7, in.

nominal shear strength provided by concrete, Ib
design shear force determined from 21.3.4.1
or21.45.1,1b

nominal shear strength, Ib

factored shear force at section, Ib

angle between the diagonal reinforcement
and the longitudinal axis of a diagonally rein-
forced coupling beam

coefficient defining the relative contribution of
concrete strength to wall strength. See Eq. (21-7)
design displacement, in.

ratio of nonprestressed tension reinforcement
Ag/bd

ratio of total reinforcement area to cross-sec-
tional area of column

ratio of area of distributed reinforcement parallel
to the plane of A., to gross concrete area
perpendicular to that reinforcement

CHAPTER 21
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ps = ratio of volume of spiral reinforcement to the
core volume confined by the spiral reinforce-
ment (measured out-to-out)

p, = ratio of area of distributed reinforcement per-
pendicular to the plane of A;, to gross con-
crete area A,

strength reduction factor

4

21.1 — Definitions

Base of structure — Level at which earthquake
motions are assumed to be imparted to a building.
This level does not necessarily coincide with the
ground level.

Boundary elements — Portions along structural wall
and structural diaphragm edges strengthened by lon-
gitudinal and transverse reinforcement. Boundary
elements do not necessarily require an increase in
the thickness of the wall or diaphragm. Edges of
openings within walls and diaphragms shall be pro-
vided with boundary elements as required by 21.6.6
or 21.7.5.3.

Collector elements — Elements that serve to trans-
mit the inertial forces within structural diaphragms to
members of the lateral-force-resisting systems.

Crosstie — A continuous reinforcing bar having a
seismic hook at one end and a hook not less than 90
deg with at least a six-diameter extension at the other
end. The hooks shall engage peripheral longitudinal
bars. The 90 deg hooks of two successive crossties
engaging the same longitudinal bars shall be alter-
nated end for end.

Design displacement — Total lateral displacement
expected for the design-basis earthquake, as required
by the governing code for earthquake-resistant design.
Design load combinations — Combinations of fac-
tored loads and forces in 9.2.

Development length for a bar with a standard hook

— The shortest distance between the critical section
(where the strength of the bar is to be developed) and
a tangent to the outer edge of the 90 deg hook.

Factored loads and forces — Loads and forces mod-
ified by the factors in 9.2.

Hoop — A closed tie or continuously wound tie. A
closed tie can be made up of several reinforcement
elements each having seismic hooks at both ends. A
continuously wound tie shall have a seismic hook at
both ends.
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R21.1 — Definitions

The design displacement is an index of the maximum lateral
displacement expected in design for the design-basis earth-
guake. In documents such as the National Earthquake Haz-
ards Reduction Provisions (NEHRPY ASCE 7-95, the
Uniform Building Code (UBC¥!! the BOCA/National
Building Code (BOCA) published by Building Officials and
Code Administrators International, or the Standard Building
Code (SBC) published by Southern Building Code Con-
gress International, the design-basis earthquake has approx-
imately a 90% probability of nonexceedance in 50 years. In
those documents, the design displacement is calculated
using static or dynamic linear elastic analysis under code-
specified actions considering effects of cracked sections,
effects of torsion, effects of vertical forces acting through
lateral displacements, and modification factors to account
for expected inelastic response. The design displacement
generally is larger than the displacement calculated from
design-level forces applied to a linear-elastic model of the
building.
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Lateral-f orce resisting system — That portion of the
structure composed of members proportioned to resist
forces related to earthquake effects.

Lightweig ht aggreg ate concret e — All-lightweight or
sand-lightweight aggregate concrete made with light-
weight aggregates conforming to 3.3.

Moment frame — Space frame in which members
and joints resist forces through flexure, shear, and
axial force. Moment frames shall be categorized as fol-
lows:

Intermediate moment frame — A frame complying
with the requirements of 21.2.2.3 and 21.10 in addi-
tion to the requirements for ordinary moment
frames.

Ordinary moment fram e — A frame complying with
the requirements of Chapters 1 through 18.

Special mo ment frame — A frame complying with
the requirements of 21.2 through 21.5 in addition to
the requirements for ordinary moment frames.

Seismic hoo k — A hook on a stirrup, hoop, or crosstie
having a bend not less than 135 deg, except that circu-
lar hoops shall have a bend not less than 90 deg.
Hooks shall have a six-diameter (but not less than 3
in.) extension that engages the longitudinal reinforce-
ment and projects into the interior of the stirrup or
hoop.

Special boundar y elements — Boundary elements
required by 21.6.6.2 or 21.6.6.3.

Specified lateral f orces — Lateral forces correspond-
ing to the appropriate distribution of the design base
shear force prescribed by the governing code for
earthquake-resistant design.

Structur al diap hragms — Structural members, such
as floor and roof slabs, that transmit inertial forces to
lateral-force resisting members.

Structural trusses — Assemblages of reinforced con-
crete members subjected primarily to axial forces.

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

Ordinary reinforced concr ete stru ctur al wall — A
wall complying with the requirements of Chapters 1
through 18.

COMMENTARY

ACI 318 Building Code and Commentary



CHAPTER 21

CODE

Ordinary stru ctur al plain con crete wall — A wall
complying with the requirements of Chapter 22.

Special rein forced concr ete stru ctural wall — A
wall complying with the requirements of 21.2 and
21.6 in addition to the requirements for ordinary rein-
forced concrete structural walls.

Strut — An element of a structural diaphragm used to
provide continuity around an opening in the dia-
phragm.

Tie elements — Elements that serve to transmit iner-
tia forces and prevent separation of building compo-
nents such as footings and walls.

21.2 — General require ments

21.2.1 — Scope

21.2.1.1 — Chapter 21 contains special require-
ments for design and construction of reinforced con-
crete members of a structure for which the design
forces, related to earthquake motions, have been
determined on the basis of energy dissipation in the
nonlinear range of response.

21.2.1.2 — In regions of low seismic risk or for
structures assigned to low seismic performance or
design categories, the provisions of Chapters 1
through 18 and 22 shall apply except as modified by
the provisions of this chapter. Where the design seis-
mic loads are computed using provisions for interme-
diate or special concrete systems, the requirements of
Chapter 21 for intermediate or special systems, as
applicable, shall be satisfied.

21.2.1.3 — In regions of moderate seismic risk or
for structures assigned to intermediate seismic perfor-
mance or design categories, intermediate or special
moment frames, or ordinary or special reinforced con-
crete structural walls shall be used to resist forces
induced by earthquake motions. Where the design
seismic loads are computed using provisions for spe-
cial concrete systems, the requirements of Chapter 21
for special systems, as applicable, shall be satisfied.

21.2.1.4 — In regions of high seismic risk or for
structures assigned to high seismic performance or
design categories, special moment frames, special
reinforced concrete structural walls, and diaphragms
and trusses complying with 21.2 through 21.8 shall be
used to resist forces induced by earthquake motions.
Frame members not proportioned to resist earthquake
forces shall comply with 21.9.
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R21.2 — General requirements

R21.2.1 — Scope

Chapter 21 contains provisions considered to be the mini-
mum requirements for a reinforced concrete structure
capable of sustaining a series of oscillations into the
inelastic range of response without critical deterioration
in strength. The integrity of the structure in the inelastic
range of response should be maintained because the
design forces defined in documents such as theBC
and the NEHRP? are considered less than those corre-
sponding to linear response at the anticipated earthquake
intensity?1-2-21.5

As a properly detailed reinforced concrete structure
responds to strong ground motion, its effective stiffness
decreases and its energy dissipation increases. These
changes tend to reduce the response accelerations and lat-
eral inertia forces relative to values that would occur were
the structure to remain linearly elastic and lightly
damped!® Thus, the use of design forces representing
earthquake effects such as those in Reference 21.1 requires
that the lateral-force resisting system retain a substantial
portion of its strength into the inelastic range under dis-
placement reversals.

The provisions of Chapter 21 relate detailing requirements
to type of structural framing, earthquake risk level at the
site, level of energy dissipation planned in structural design,
and occupancy. Earthquake risk levels are classified as low,
moderate, and high. These risk levels are defined in the
UBC.211 Regions of low, moderate, and highismic risk
correspond approximately to Zones 0 and 1; Zone 2; and
Zones 3 and 4, respectively, of the Uniform Building Code.
The 1994 NEHRP, ASCE 7-95 (formerly ANSI A58.1), the
BOCA, and the SBC combine the seismic risk at the site of a
structure and the occupancy of a structure into Seismic Per-
formance Categories (SPC). Low, Intedizde, and High
Seismic Performance Categories of 21.2.1.2; 21.2.1.3; and
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21.2.1.5 — A reinforced concrete structural system
not satisfying the requirements of this chapter shall be
permitted if it is demonstrated by experimental evi-
dence and analysis that the proposed system will have
strength and toughness equal to or exceeding those
provided by a comparable monolithic reinforced con-
crete structure satisfying this chapter.

COMMENTARY

21.2.1.4 refer to SPC A and B; SPC C; and SPC D and E,
respectively. In the 1997 NEHRP Provisions, Seismic
Performance Categories have been renamed Seismic
Design Categories (SDC). Low, Intermediate, and High
Seismic Design Categories of 21.2.1.2; 21.2.1.3; and
21.2.1.4 refer to SDC A and B; SDC C; and SDC D, E,
and F, respectively.

The design and detailing requirements should be compatible
with the level of energy dissipation (or toughness) assumed
in the computation of the design seismic loads. The terms
ordinary, intermediate, and special are specifically used to
facilitate this compatibility. The degree of required tough-
ness, and therefore the level of required detailing, increases
for structures progressing from ordinary through intermedi-
ate to special categories. It is essential that structures in
higher seismic zones or assigned to higher seismic perfor-
mance or design categories possess a higher degree of
toughness. It is permitted, however, to design for higher
toughness in the lower seismic zones or design categories
and take advantage of the lower design force levels.

The provisions of Chepters 1 through 18 and 22 are
intended to provide adequate toughness for structures
assigned to ordinary categories. Therefore, it is not required
to apply the provisions of Chapter 21 for ordinary moment
frame or ordinary structural wall structures.

Chapter 21 requires some details for reinforced concrete
structures assigned to intermediate seismic performance or
design categories. These requirements are contained in
21.2.2.3 and 21.10.

In high seismic performance or design categories, structures
may be subjected to strong ground shaking. Should the
design earthquake ground shaking occur, structures
designed using loads based upon factors for special moment
frames or special walls are likely to experience multiple
cycles of lateral displacements well beyond the point where
reinforcement vyields. The provisions of Sections 21.2
through 21.9 have been developed to provide the structure
with adequate toughness for this special response.

The special proportioning and detailing requirements in
Chapter 21 are based predominantly on field and laboratory
experience with monolithic reinforced concrete building
structures. Extrapolation of these requirements to other
types of reinforced concrete structures should be based on
evidence provided by field experience, tests, or analysis.
Precast or prestressed members may be used for earthquake
resistance if it is demonstrated that the resulting structure
will provide the safety and serviceability levels (during and
after the earthquake) at least as good as expected from
monolithic construction.

The toughness requirements in 21.2.1.5 refer to the concern
for the structural integrity of the entire lateral-force resisting
system at lateral displacements anticipated for ground
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21.2.2 — Analysis and proportioning of structural
members

21.2.2.1 — The interaction of all structural and non-
structural members that materially affect the linear and
nonlinear response of the structure to earthquake
motions shall be considered in the analysis.

21.2.2.2 — Rigid members assumed not to be a
part of the lateral-force resisting system shall be per-
mitted provided their effect on the response of the sys-
tem is considered and accommodated in the structural
design. Consequences of failure of structural and non-
structural members, which are not a part of the lateral-
force resisting system, shall also be considered.

21.2.2.3 — Structural members below base of
structure that are required to transmit to the founda-
tion forces resulting from earthquake effects shall also
comply with the requirements of Chapter 21.

21.2.2.4 — All structural members assumed not to
be part of the lateral-force resisting system shall con-
form to 21.9.

21.2.3 — Strength reduction facto rs
Strength reduction factors shall be as given in 9.3.4.

21.2.4 — Concrete in membe rs resisting ea rthquake-
induced forces

21.2.4.1 — Compressive strength f.' of the concrete
shall be not less than 3000 psi.

21.2.4.2 — Compressive strength of lightweight
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motions corresponding to the design earthquake. Depending
on the energy-dissipation characteristics of the structural
system used, such displacements may be larger than for a
monolithic reinforced concrete structure.

R21.2.2 — Analysis and proportioning of structural
members

It is assumed that the distribution of required strength to the
various components of a lateral-force resisting system will
be guided by the analysis of a linearly elastic model of the
system acted upon by the factored forces required by the
governing code. If nonlinear response history analyses are
to be used, base motions should be selected after a detailed
study of the site conditions and local seismic history.

Because the design basis admits nonlinear response, it is
necessary to investigate the stability of the lateral-force
resisting system as well as its interaction with other struc-
tural and nonstructural members at displacements larger
than those indicated by linear analysis. To handle this with-
out having to resort to nonlinear response analysis, one
option is to multiply by a factor of at least two the displace-
ments from linear analysis by using the factored lateral
forces, unless the governing code specifies the factors to be
used as in References 21.2 and 21.1. For lateral displace-
ment calculations, assuming all the horizontal structural
members to be fully cracked is likely to lead to better esti-
mates of the possible drift than using uncracked stiffness for
all members.

The main concern of Chapter 21 is the safety of the struc-
ture. The intent of 21.2.2.1 and 21.2.2.2 is to draw attention
to the influence of nonstructural members on structural
response and to hazards from falling objects.

Section 21.2.2.3 alerts the designer that the base of the
structure as defined in analysis may not necessarily corre-
spond to the foundation or ground level.

In selecting member sizes for earthquake-resistant structures,
it is important to consider problems related to congestion of
reinforcement. The designer should ensure that all reinforce-
ment can be assembled and placed and that concrete can be
cast and consolidated properly. Use of upper limits of rein-
forcement ratios permitted is likely to lead to insurmountable
construction problems especially at frame joints.

R21.2.4 — Concrete in members resisting earthquake-
induced forces

Requirements of this section refer to concrete quality in

frames, trusses, or walls proportioned to resist earthquake-
induced forces. The maximum design compressive strength
of lightweight aggregate concrete to be used in structural
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aggregate concrete used in design shall not exceed
4000 psi. Lightweight aggregate concrete with higher
design compressive strength shall be permitted if
demonstrated by experimental evidence that structural
members made with that lightweight aggregate con-
crete provide strength and toughness equal to or
exceeding those of comparable members made with
normalweight aggregate concrete of the same
strength.

21.2.5 — Reinforcement in membe rs resisting
earthquake-induced forces

Reinforcement resisting earthquake-induced flexural
and axial forces in frame members and in structural
wall boundary elements shall comply with ASTM A
706. ASTM A 615 Grades 40 and 60 reinforcement
shall be permitted in these members if:

(@) The actual yield strength based on mill tests
does not exceed the specified yield strength by more
than 18,000 psi (retests shall not exceed this value
by more than an additional 3000 psi); and

(b) The ratio of the actual ultimate tensile strength to
the actual tensile yield strength is not less than 1.25.

21.2.6 — Mechanical splices

CHAPTER 21

COMMENTARY

design calculations is limited to 4000 psi, primarily because
of paucity of experimental and field data on the behavior of
members made with lightweight aggregate concrete sub-
jected to displacement reversals in the nonlinear range. If
convincing evidence is developed for a specific application,
the limit on maximum compressive strength of lightweight
aggregate concrete may be increased to a level justified by
the evidence.

R21.2.5 — Reinforcement in members resisting
earthquake-induced forces

Use of longitudinal reinforcement with strength substan-
tially higher than that assumed in design will lead to higher
shear and bond stresses at the time of development of yield
moments. These conditions may lead to brittle failures in
shear or bond and should be avoided even if such failures
may occur at higher loads than those anticipated in design.
Therefore, a ceiling is placed on the actual yield strength of
the steel [see 21.2.5(a)].

The requirement for an ultimate tensile strength larger than
the yield strength of the reinforcement [21.2.5(b)] is based
on the assumption that the capability of a structural member
to develop inelastic rotation capacity is a function of the
length of the yield region along the axis of the member. In
interpreting experimental results, the length of the yield
region has been related to the relative magnitudes of ulti-
mate and yield moments:’ According to this interpreta-
tion, the larger the ratio of ultimate to yield moment, the
longer the yield region. Chapter 21 requires that the ratio of
actual tensile strength to actual yield strength is not less
than 1.25. Members with reinforcement not satisfying this
condition can also develop inelastic rotation, but their
behavior is sufficiently different to exclude them from direct
consideration on the basis of rules derived from experience
with members reinforced with strain-hardening steel.

R21.2.6 — Mechanical splices

In a structure undergoing inelastic deformations during an
earthquake, the tensile stresses in reinforcement may approach
the tensile strength of the reinforcement. The requirements for
Type 2 mechanical splices are intended to avoid a splice fail-
ure when the reinforcement is subjected to expected stress lev-
els in yielding regions. Type 1 splices are not required to
satisfy the more stringent requirements for Type 2 splices, and
may not be capable of resisting the stress levels expected in
yielding regions. The locations of Type 1 splices are restricted
because tensile stresses in reinforcement in yielding regions
can exceed the strength requirements of 12.14.3.3.

Recommended detailing practice would preclude the use of
splices in regions of potential yield in members resisting
earthquake effects. If use of mechanical splices in regions
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21.2.6.1 — Mechanical splices shall be classified as
either Type 1 or Type 2 mechanical splices, as follows:

(@) Type 1 mechanical splices shall conform to
12.14.3.2;

(b) Type 2 mechanical splices shall conform to
12.14.3.2 and shall develop the specified tensile
strength of the spliced bar.

21.2.6.2 — Type 1 mechanical splices shall not be
used within a distance equal to twice the member depth
from the column or beam face or from sections where
yielding of the reinforcement is likely to occur as a result
of inelastic lateral displacements. Type 2 mechanical
splices shall be permitted to be used at any location.

21.2.7 — Welded splices

21.2.7.1 — Welded splices in reinforcement resist-
ing earthquake-induced forces shall conform to
12.14.3.3 and shall not be used within a distance
equal to twice the member depth from the column or
beam face or from sections where yielding of the rein-
forcement is likely to occur as a result of inelastic lat-
eral displacements.

21.2.7.2 — Welding of stirrups, ties, inserts, or other
similar elements to longitudinal reinforcement that is
required by design shall not be permitted.

21.3 — Flexural membe rs of s pecial momen t
frames

21.3.1 — Scope

| Requirements of 21.3 apply to special moment frame
members (a) resisting earthquake-induced forces and (b)
proportioned primarily to resist flexure. These frame
members shall also satisfy the conditions of 21.3.1.1
through 21.3.1.4.
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of potential yielding cannot be avoided, the designer
should have documentation on the actual strength charac-
teristics of the bars to be spliced, on the force-deformation
characteristics of the spliced bar, and on the ability of the
Type 2 splice to be used to meet the specified performance

requirements

R21.2.7 — Welded splices

R21.2.7.1— Welding of reinforcement should be accord-
ing to ANSI/AWS D1.4 as requickin Chapter 3 The loca-
tionsof weldea splices are restricted because reinforcement
tension stresses in yielding regions can exceed the strength
requirements of 12.14.3.3.

R21.2.7.2— Welding of crossing reinforcing bars can
lead to local embrittlement of the steel. If welding of cross-
ing bars is used to facilitate fabrication or placement of rein-
forcement, it should be done only on bars added for such
purposes. The prohibition of welding crossing reinforcing
bars does not apply to bars that are welded with welding
operations under continuous, competent control as in the
manufacture of welded wire fabric.

R21.3 — Flexural members of special moment
frames

R21.3.1 — Scope

This section refers to beams of special moment frames

| resisting lateral loads induced by earthquake motions. Any

frame member subjected to a factored axial compressive
force exceeding(Ang'/lo) is to be proportioned and
detailed as described in 21.4.
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21.3.1.1 — Factored axial compressive force on the
member shall not exceed (A,f;'/10).

21.3.1.2 — Clear span for the member shall not be
less than four times its effective depth.

21.3.1.3 — The width-to-depth ratio shall not be
less than 0.3.

21.3.1.4 — The width shall not be (a) less than 10
in., and (b) more than the width of the supporting
member (measured on a plane perpendicular to the
longitudinal axis of the flexural member) plus dis-
tances on each side of the supporting member not
exceeding three-fourths of the depth of the flexural
member.

21.3.2 — Longitudinal rein  forcement

21.3.2.1 — At any section of a flexural member,
except as provided in 10.5.3, for top as well as for bot-
tom reinforcement, the amount of reinforcement shall
not be less than that given by Eq. (10-3) but not less
than 200b,, d/f,, and the reinforcement ratio p shall not
exceed 0.025. At least two bars shall be provided con-
tinuously both top and bottom.

21.3.2.2 — Positive moment strength at joint face
shall be not less than one-half of the negative moment
strength provided at that face of the joint. Neither the
negative nor the positive moment strength at any sec-
tion along member length shall be less than one-fourth
the maximum moment strength provided at face of
either joint.

21.3.2.3 — Lap splices of flexural reinforcement shall
be permitted only if hoop or spiral reinforcement is pro-
vided over the lap length. Maximum spacing of the
transverse reinforcement enclosing the lapped bars
shall not exceed d/4 or 4 in. Lap splices shall not be
used (a) within the joints, (b) within a distance of twice
the member depth from the face of the joint, and (c) at
locations where analysis indicates flexural yielding
caused by inelastic lateral displacements of the frame.

21.3.2.4 — Mechanical splices shall conform to
21.2.6 and welded splices shall conform to 21.2.7.1.

21.3.3 — Transverse rein forcement

21.3.3.1 — Hoops shall be provided in the following
regions of frame members:

(@) Over a length equal to twice the member
depth measured from the face of the supporting

CHAPTER 21
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Experimentakvidencé!-8 indicates that, undeeversals of
displacement into the nonlinear range, d&br of continu-
ous membersdving length-to-depth ratios of less than four
is signficantly different from the bedwior of relatvely
slender members. Design rules ided from experience
with relaively slender members do not apply directly to
members with length-to-depth ratios less tharr,fespe-
cially with respect to shear strength.

Geometric constraints indicated in 21.3.1.3 and 21.3.1.4
were deived from practice with reinforced concrete frames
resisting earthquee-induced force$!-®

R21.3.2 — Longitudinalreinforcement

Section 10.3.3 limits the tensile reinforcement ratio in a
flexural member to a fraction of the amount tvatld pro-
duce balanced conditionBor a section subjected to bend-
ing only and loaded monotonically to vyielding, this
approach is feasible because the likelihood of comiweess
failure can be estimated reliably with the baghral model
assumed for determining the reinforcement ratio corre-
sponding to balanced failure. The sameadaitial model
(because of incorrect assumptions such as linear strain
distribution, well-ddined yield point for the steel, limiting
compresi/e strain in the concrete of 0.003, and compres-
sive stresses in the shell concretajls to describe the
conditions in a #xural member subjected teversals of
displacements well into the inelastic range. Thus, there is
little rationale for continuing to refer to balanced condi-
tions in earthquake-resistant design of reinforced concrete
structures.

The limiting reinforcement ratio of 0.025 is based primarily
on considerations of steel congestion and, indireat! lim-

iting shear stresses in girders of typical proportions. The
requirement of at least two bars, top and bottom, refers
again to construction rather than bébral requirements.

Lap splices of reinforcement (see 21.3.2.3) are prohibited at
regions where #ixural yielding is anticipated because such
splices are not reliable under conditionscgtlic loading

into the inelastic rangelranserse reinforcement for lap
splices at my location is mandatory because of theeli-
hood of loss of shell concrete.

R21.3.3 —Transverser einforcement

Tranyerse reinforcement is required primarily to fina

the concrete and maintain lateral support for the reinforcing
bars in egions where yielding isxpected. Examples of
hoops suitable for ékural members of frames aregsin in

Fig. R21.3.3
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member toward midspan, at both ends of the flex-
ural member;

(b) Over lengths equal to twice the member depth on
both sides of a section where flexural yielding is
likely to occur in connection with inelastic lateral dis-
placements of the frame.

21.3.3.2 — The first hoop shall be located not more
than 2 in. from the face of a supporting member. Maxi-
mum spacing of the hoops shall not exceed (a) d/4, (b)
eight times the diameter of the smallest longitudinal
bars, (c) 24 times the diameter of the hoop bars, and
(d) 12 in.

21.3.3.3 — Where hoops are required, longitudinal
bars on the perimeter shall have lateral support con-
forming to 7.10.5.3.

21.3.3.4 — Where hoops are not required, stirrups
with seismic hooks at both ends shall be spaced at a
distance not more than d/2 throughout the length of
the member.

21.3.3.5 — Stirrups or ties required to resist shear
shall be hoops over lengths of members in 21.3.3,
21.4.4, and 21.5.2.

21.3.3.6 — Hoops in flexural members shall be per-
mitted to be made up of two pieces of reinforcement: a
stirrup having seismic hooks at both ends and closed
by a crosstie. Consecutive crossties engaging the
same longitudinal bar shall have their 90 deg hooks at
opposite sides of the flexural member. If the longitudi-
nal reinforcing bars secured by the crossties are con-
fined by a slab on only one side of the flexural frame
member, the 90 deg hooks of the crossties shall be
placed on that side.

318/318R-309
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In the case of members with varying strength along the span
or members for which the permanent load represents a large
proportion of the total design load, concentrations of inelas-
tic rotation may occur within the span. If such a condition is
anticipated, transverse reinforcement also should be pro-
vided in regions where yielding is expected.

Because spalling of the concrete shell is anticipated during
strong motion, especially at and near regions of flexural
yielding, all web reinforcement should be provided in the

form of closed hoops as defined in 21.3.3.5.

6d), Exten-
sion

6d, (23in.) Detail B

~ Extension V\

Crosstie as
defined in 21.1

\>—————4/ Consecutive crossties n—JJ
Detail A engaging the same lon- - Detail C
gitudinal bars shall have
their 90 deg hooks on !

opposite sides 4_[ .[ B

\tJ:‘/

Fig. R21.3.3—Examples of overlapping hoops
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21.3.4 — Shear strength requirements
21.3.4.1 — Design forces

The design shear force V, shall be determined from
consideration of the statical forces on the portion of
the member between faces of the joints. It shall be
assumed that moments of opposite sign correspond-
ing to probable flexural moment strength M, act at the
joint faces and that the member is loaded with the fac-
tored tributary gravity load along its span.

CHAPTER 21
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R21.3.4 — Shear sengthrequirements

R21.3.4.1 — Desigffiorces

In determining the edualent lateral forces representing
earthquée dfects for the type of frames considered, it is
assumed that frame members will dissipaterggnén the
nonlinear range of response. Unless a frame member pos-
sesses a strength that is a multiple on the order of 3 or 4 of
the design forces, it should be assumed that it will yield in
the event of a major earthqka. The design shear force
should be a good approximation of the maximum shear that
may dvelop in a memhbe Therefore, required shear
strength for frame members is related &xdral strengths

of the designed member rather than to factored shear forces
indicatedby lateral load analysis. The conditions described
by 21.3.4.1 are illustrated iAg. R21.3.4

Because the actual yield strength of the longitudinal rein-
forcement mayexceed the spefied yield strength and

M T M r2 WVEV
For girders, V = _prl pregv

e L 2
Design gravity load w W

[ L |
—]
M, 2
For columns, V pr pr
l _________
P f%:::::::::::::4}w
M
prl v
Vel, H ['e TP
! N |

Notes:

1. Direction of shear force V, depends on relative magni-
tudes of gravity loads and shear generated by end
moments.

2. End moments M, based on steel tensile stress = 1.25
Jfy» where £, is the specified yield strength. (Both end
moments should be considered in both directions, clock-
wise and counter-clockwise)

3. End moment M), for columns need not be greater
than moments generated by the M, of the beams fram-
ing into the beam-column joints. ‘Z shall never be less
than that required by analysis of the structure.

Fig. R21.3.4—Design shears fordgrs and columns
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21.3.4.2 — Transverse reinforcement

Transverse reinforcement over the lengths identified in
21.3.3.1 shall be proportioned to resist shear assum-
ing V. =0 when both of the following conditions occur:

(a) The earthquake-induced shear force calculated
in accordance with 21.3.4.1 represents one-half or
more of the maximum required shear strength within
those lengths;

(b) The factored axial compressive force including
earthquake effects is less than A, f.'/20.

| 21.4 — Special moment frame membe rs
subjected to bending and axial load

21.4.1 — Scope

The requirements of this section apply to special
| moment frame members (a) resisting earthquake-
induced forces and (b) having a factored axial force
exceeding (Ayf:/10). These frame members shall
also satisfy the conditions of 21.4.1.1 and 21.4.1.2.

21.4.1.1 — The shortest cross-sectional dimension,
measured on a straight line passing through the geo-
metric centroid, shall not be less than 12 in.

21.4.1.2 — The ratio of the shortest cross-sectional
dimension to the perpendicular dimension shall not be
less than 0.4.

21.4.2 — Minimum flexural strength of col umns

21.4.2.1 — Flexural strength of any column propor-
tioned to resist a factored axial compressive force
exceeding (A, f'/10) shall satisfy 21.4.2.2 or 21.4.2.3.

Lateral strength and stiffness of columns not satisfying
21.4.2.2 shall be ignored in determining the calculated
strength and stiffness of the structure, but such col-
umns shall conform to 21.9.

318/318R-311
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because strain hardening of the reinforcement is likely to
take place at a joint subjected to large rotations, required
shear strengths are determined using a stress of at least
1.25 in the longitudinal reinforcement.

R21.3.4.2 — Transverse reinforcement

Experimental studiés-19 21-11of reinforced concrete mem-
bers subjected to cyclic loading have demonstrated that
more shear reinforcement is required to ensure a flexural
failure if the member is subjected to alternating nonlinear
displacements than if the member is loaded in only one
direction: the necessary increase of shear reinforcement
being higher in the case of no axial load. This observation is
reflected in the code (21.3.4.2) by eliminating the term rep-
resenting the contribution of concrete to shear strength. The
added conservatism on shear is deemed necessary in loca-
tions where potential flexural hinging may occur. How-
ever, this stratagem, chosen for its relative simplicity,
should not be interpreted to mean that no concrete is
required to resist shear. On the contrary, it may be argued
that the concrete core resists all of the shear with the shear
(transverse) reinforcement confining and strengthening the
concrete. The confined concrete core plays an important
role in the behavior of the beam and should not be reduced
to a minimum just because the design expression does not
explicitly recognize it.

R21.4 — Special moment frame members
subjected to bending and axial load

R21.4.1 — Scope

Section R21.4.1 is intended primarily for columns of special
moment frames intended to resist earthquake forces. Frame
members, other than columns, that do not satisfy 21.3.1 are
to be proportioned and detailed according to this section.

The geometric constraints in 21.4.1.1 and 21.4.1.2 follow
from previous practic%@-9

R21.4.2 — Minimum flexural strength of columns

The intent of 21.4.2.2 is to reduce the likelihood of yielding
in columns that are considered as part of the lateral force
resisting system. If columns are not stronger than beams
framing into a joint, there is likelihood of inelastic action. In
the worst case of weak columns, flexural yielding can occur
at both ends of all columns in a given story, resulting in a
column failure mechanism that can lead to collapse.

ACI 318 Building Code and Commentary
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21.4.2.2 — The flexural strengths of the columns
shall satisfy Eq. (21-1)

Z M2 (6/5) 2 M, (21-1)

2 M, = sum of moments at the faces of the joint corre-

sponding to the nominal flexural strength of the col-

umns framing into that joint. Column flexural strength

shall be calculated for the factored axial force, consis-

tent with the direction of the lateral forces considered,
resulting in the lowest flexural strength.

2 My = sum of moments at the faces of the joint corre-
sponding to the nominal flexural strengths of the gird-
ers framing into that joint. In T-beam construction,
where the slab is in tension under moments at the face
of the joint, slab reinforcement within an effective slab
width defined in 8.10 shall be assumed to contribute to
flexural strength if the slab reinforcement is developed
at the critical section for flexure.

Flexural strengths shall be summed such that the col-
umn moments oppose the beam moments. Eq. (21-1)
shall be satisfied for beam moments acting in both
directions in the vertical plane of the frame considered.

21.4.2.3 — If 21.4.2.2 is not satisfied at a joint, col-
umns supporting reactions from that joint shall be pro-
vided with transverse reinforcement as specified in
21.4.4.1 through 21.4.4.3 over their full height.

21.4.3 — Longitudinal r einforcement

21.4.3.1 — The reinforcement ratio p, shall not be
less than 0.01 and shall not exceed 0.06.

21.4.3.2 — Mechanical splices shall conform to
21.2.6 and welded splices shall conform to 21.2.7.1.
Lap splices shall be permitted only within the center
half of the member length, shall be designed as ten-
sion lap splices, and shall be enclosed within trans-
verse reinforcement conforming to 21.4.4.2 and
21.4.4.3.

CHAPTER 21
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In 21.4.2.2, the nominal strengths of the girders and col-
umns are calculated at the joint faces, and those strengths
are compared directly using Eq. (21-1). The 1995 code
required design strengths to be compared at the center of the
joint, which typically produced similar results but with
added computational effort.

When determining the nominal flexural strength of a girder
section in negative bending (top in tension), longitudinal
reinforcement contained within an effective flange width of
a top slab that acts monolithically with the girder increases
the girder strength. Reseafth? on beam-column subas-
semblies under lateral loading indicates that using the effec-
tive flange widths defined in 8.10 gives reasonable estimates
of girder negative bending strengths of interior connections
at interstory displacement levels approaching 2% of story
height. This effective width is conservative where the slab
terminates in a weak spandrel.

If 21.4.2.2 cannot be satisfied at a joint, any positive contri-
bution of the column or columns involved to the lateral
strength and stiffness of the structure is to be ignored. Nega-
tive contributions of the column or columns should not be
ignored. For example, ignoring the stiffness of the columns
ought not be used as a justification for reducing the design
base shear. If inclusion of those columns in the analytical
model of the building results in an increase in torsional
effects, the increase should be considered as required by the
governing code.

R21.4.3 — Longitudinal reinforcement

The lower limit of the reinforcement ratio is to control time-
dependent deformations and to have the yield moment
exceed the cracking moment. The upper limit of the section
reflects concern for steel congestion, load transfer from
floor elements to column especially in low-rise construc-
tion, and the development of high shear stresses.

Spalling of the shell concrete, which is likely to occur near
the ends of the column in frames of typical configuration,
makes lap splices in these locations vulnerable. If lap
splices are to be used at all, they should be located near the
midheight where stress reversal is likely to be limited to a
smaller stress range than at locations near the joints. Special
transverse reinforcement is required along the lap-splice
length because of the uncertainty in moment distributions
along the height and the need for confinement of lap splices
subjected to stress revers&lis3
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21.4.4 — Transverse rein forcement

21.4.4.1 — Transverse reinforcement as required
below shall be provided unless a larger amount is
| required by 21.4.3.1 or 21.4.5.

(&) The volumetric ratio of spiral or circular hoop
reinforcement ps shall not be less than that required
by Eq. (21-2).

ps = 0.12 fIf,, (21-2)

and shall not be less than that required by Eq. (10-6).

(b) The total cross-sectional area of rectangular
hoop reinforcement shall not be less than that
required by Eq. (21-3) and (21-4).

Ash = 0.3(sh f 1) [(Ag /Ach) - 1] (21-3)

Asn = 0.09shf¢'Ifyp (21-4)
(c) Transverse reinforcement shall be provided by
either single or overlapping hoops. Crossties of the
same bar size and spacing as the hoops shall be
permitted. Each end of the crosstie shall engage a
peripheral longitudinal reinforcing bar. Consecutive
crossties shall be alternated end for end along the
longitudinal reinforcement.

(d) If the design strength of member core satisfies
the requirement of the design loading combinations
including earthquake effect, Eq. (21-3) and (10-6)
need not be satisfied.

(e) If the thickness of the concrete outside the con-
fining transverse reinforcement exceeds 4 in., addi-
tional transverse reinforcement shall be provided at
a spacing not exceeding 12 in. Concrete cover on
the additional reinforcement shall not exceed 4 in.

318/318R-313
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R21.4.4 —Transversereinforcement

Requirements of this section are concerned witHiaioig
the concrete and gviding lateral support to the longitudi-
nal reinforcement.

The dfect of helical (spiral) reinforcement and adequately
corfigured rectangular hoop reinforcement on strength and
ductility of columns is well establishédl* While analyti-

cal proceduresxist for calculation of strength and ductility
capacity of columns under axial and momesmersals?!1°

the axial load and deformation demands required during
earthquake loading are not dwn with suficient accu-
racy to justify calculation of required travsrse rein-
forcement as a function of design earthquake demands.
Instead, Eqg. (10-6) and (21-3) are required, with the intent
that spalling of shell concrete will not result in a loss of axial
load strength of the column. Eq. (21-2) and (21e¥egn for
large-diameter columns, and are intended to ensure adequate
flexural cuwvature capacity in yieldingegions.

Fig. R21.4.4shows anexample of trangerse reinforcement
provided by one hoop and three crossties. Crossties with a
90 &g hook are not adfective as either crossties with 135
deg hooks or hoops in pviding corfinement.Tests sbw

that if crosstie ends with 90gl hooks are alternated, con-
finement will be sfiicient.

Sections 21.4.4.2 and 21.4.4.3 are interrelated requirements
for corfiguration of rectangular hoop reinforcement. The
requirement that spacing netceed one-quarter of the min-
imum member dimension is to obtain adequate concrete
corfinement. The requirement that spacing eateed six

bar diameters is intended to restrain longitudinal reinforce-
mentbuckling after spalling. The 4 in. spacing is for con-
crete cofinement; 21.4.4.2 permits this limit to be edd

to a maximum of 6 in. if the spacing of crosstiesegslof
overlapping hoops is limited to 8 in.

The unreinforced shell may spall as the column deforms to
resist earthquakeffects. Separation of portions of the shell
from the core causday local spalling creates a falling haz-
ard. The additional reinforcement is required to reduce the
risk of portions of the shell fallingway from the column.

Section 21.4.4.4 stipulates a minimum lengterowhich to
provide closely-spaced travexse reinforcement at the member
ends, where é&ural yielding normally occurs. Research results
indicate that the length should be increased by 50 percent or
more in locations, such as the base ofthikeling, where axial
loads and #ixural demands may be especially hght

Columns supporting discontinued fstmembers, such as
walls or trusses, mayedelop considerable inelastic response.
Therefore, it is required that these columasgetspecial trans-
verse reinforcement throughout their length. Thigecs all
columns beneath thevel at which the sti member has been
discontinued, unless thiactored forces corresponding to
earthquakeféect are bw (see 21.4.4.5).
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21.4.4.2 — Transverse reinforcement shall be
spaced at a distance not exceeding (a) one-quarter of
the minimum member dimension, (b) six times the
diameter of the longitudinal reinforcement, and (c) s,,

| as defined by Eg. (21-5).

4—h
s, = 4+ 322N (21-5)

The value of s, shall not exceed 6 in. and need not be
taken less than 4 in.

21.4.4.3 — Crossties or legs of overlapping hoops
shall not be spaced more than 14 in. on center in the
direction perpendicular to the longitudinal axis of the
structural member.

21.4.4.4 — Transverse reinforcement in amount
specified in 21.4.4.1 through 21.4.4.3 shall be pro-
vided over a length 4, from each joint face and on both
sides of any section where flexural yielding is likely to
| occur as a result of inelastic lateral displacements of
the frame. The length /, shall not be less than (a) the
depth of the member at the joint face or at the section
where flexural yielding is likely to occur, (b) one-sixth
of the clear span of the member, and (c) 18 in.

21.4.4.5 — Columns supporting reactions from dis-
continued stiff members, such as walls, shall be pro-
vided with transverse reinforcement as required in
21.4.4.1 through 21.4.4.3 over their full height beneath
the level at which the discontinuity occurs if the fac-
tored axial compressive force in these members,
related to earthquake effect, exceeds (A,f./10).
Transverse reinforcement as required in 21.4.4.1
through 21.4.4.3 shall extend into the discontinued
member for at least the development length of the larg-
est longitudinal reinforcement in the column in accor-
dance with 21.5.4. If the lower end of the column
terminates on a wall, transverse reinforcement as
required in 21.4.4.1 through 21.4.4.3 shall extend into
the wall for at least the development length of the larg-
| estlongitudinal bar in the column at the point of termi-
nation. If the column terminates on a footing or mat,
transverse reinforcement as required in 21.4.4.1
through 21.4.4.3 shall extend at least 12 in. into the
footing or mat.

COMMENTARY

Field observations have shown significant damage to col-
umns in the unconfined region near the midheight. The
requirements of 21.4.4.6 are to ensure a relatively uniform
toughness of the column along its length.

Consecutive crossties
engaging the same
longitudinal bar shall have
their 90-deg hooks on

opposite sides of column
6d (=
b ( ’_ Sdb extension /
/q

e

B

® /}‘
QJQXQQJ)i

X X X

®

Note: X shall notexceed 14 inches.

Fig. R21.4.4—Example of transverse reinforcement in columns
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21.4.4.6 — Where transverse reinforcement, as
specified in 21.4.4.1 through 21.4.4.3, is not provided
throughout the full length of the column, the remainder
of the column length shall contain spiral or hoop rein-
forcement with center-to-center spacing not exceeding
the smaller of six times the diameter of the longitudinal
column bars or 6 in.

21.4.5 — Shear strength requirements
21.4.5.1 — Design forces

The design shear force V, shall be determined from
consideration of the maximum forces that can be gen-
erated at the faces of the joints at each end of the
member. These joint forces shall be determined using
the maximum probable moment strengths M,, of the
member associated with the range of factored axial
loads on the member. The member shears need not
exceed those determined from joint strengths based
on the probable moment strength M,,, of the transverse
members framing into the joint. In no case shall V, be
less than the factored shear determined by analysis of
the structure.

21.45.2 — Transverse reinforcement over the
lengths /,, identified in 21.4.4.4, shall be proportioned
to resist shear assuming V. = 0 when both the follow-
ing conditions occur:

(a) The earthquake-induced shear force, calculated
in accordance with 21.4.5.1, represents one-half or
more of the maximum required shear strength within
those lengths;

(b) The factored axial compressive force including
earthquake effects is less than A ,f.'/20.

21.5 — Joints of special moment frames

21.5.1 — General requirements

21.5.1.1 — Forces in longitudinal beam reinforcement
at the joint face shall be determined by assuming that the
stress in the flexural tensile reinforcement is 1.25f,..

21.5.1.2 — Strength of joint shall be governed by the
appropriate strength reduction factors in 9.3.

21.5.1.3 — Beam longitudinal reinforcement termi-
nated in a column shall be extended to the far face of
the confined column core and anchored in tension
according to 21.5.4 and in compression according to
Chapter 12.
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R21.4.4.6— The povisions of 21.4.4.6 were added to the
1989 code to mvide reasonable protection and ductility to
the midheight of columns between tre@ise reinforcement.
Obsevations after earthquakesMe stown signficant dam-
age to columns in the nondamed egion, and the minimum
ties or spirals required shouldogide a more uniform
toughness of the column along its length.

R21.4.5 — Shear sengthrequirements
R21.4.5.1 — Desigifiorces

The povisions of 21.3.4.1 also apply to members subjected
to axial loads (forexample, columns). Ative the ground
floor the moment at a joint may be limitegt the flexural
strength of the beams framing into the joint. Where beams
frame into opposite sides of a joint, the combined strength
may be the sum of theegaive moment strength of the
beam on one side of the joint and the pesitmoment
strength of the beam on the other side of the joint. Moment
strengths are to be determined using a strength reduction
factor of 1.0 and reinforcing steel stress equal to at least
1.25,. Distribution of the combined moment strength of the
beams to the columns ale and beaw the joint should be
based on analysis. Thalue ofM,, in Fig. R21.3.4may be
computed from the ékural member strengths at the beam-
column joints.

R21.5 —Joints of special moment frames

R21.5.1 — Generaflequirements

Development of inelastic rotations at the faces of joints of
reinforced concrete frames is associated with strains in the
flexural reinforcement well irexcess of the yield strain.
Consequenyl joint shear force generatdayy the flexural
reinforcement is calculated for a stre$d @5, in the rein-
forcement (see 21.5.1.1). A detaileglanation of the rea-
sons for the possibleedelopment of stresses excess of

the yield strength in girder tensile reinforcement m/jated

in Reference 21.7.
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21.5.1.4 — Where longitudinal beam reinforcement
extends through a beam-column joint, the column
dimension parallel to the beam reinforcement shall not
be less than 20 times the diameter of the largest longi-
tudinal bar for normalweight concrete. For lightweight
concrete, the dimension shall be not less than 26
times the bar diameter.

21.5.2 — Transverse rein forcement

21.5.2.1 — Transverse hoop reinforcement in
21.4.4 shall be provided within the joint, unless the
joint is confined by structural members in 21.5.2.2.

21.5.2.2 — Within the depth of the shallowest fram-
ing member, transverse reinforcement equal to at least
one-half the amount required by 21.4.4.1 shall be pro-
vided where members frame into all four sides of the
joint and where each member width is at least three-
fourths the column width. At these locations, the spac-
ing required in 21.4.4.2(b) shall be permitted to be
increased to 6 in.

21.5.2.3 — Transverse reinforcement as required by
21.4.4 shall be provided through the joint to provide
confinement for longitudinal beam reinforcement out-
side the column core if such confinement is not pro-
vided by a beam framing into the joint.

21.5.3 — Shear strength

21.5.3.1 — The nominal shear strength of the joint
shall not be taken greater than the forces specified
below for normalweight aggregate concrete.

For joints confined on all four faces............ 20,/f A;

For joints confined on three faces or

0N two opposite faces........cccvveevevrereenneane. 15,/f, A
FOF Others .......ccvriiiciireereeee e 12, [f A;

A member that frames into a face is considered to pro-
vide confinement to the joint if at least three-quarters
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R21.5.1.4— Researcht17-21-21has sbwn that straight
beam bars may slip within the beam-column joint during
a series of lge momenteversals. The bond stresses on
these straight bars may bery lage. To substantially
reduce slip during the formation of adjacent beam hing-
ing, it would be necessary toale a ratio of column
dimension to bar diameter of approximately2,/8hich
would result invery large joints. On eviewing theavail-
able tests, the limit of 1/20 of the column depth in the
direction of loading for the maximum size of beam bars
for normalweight concrete and a limit of 1/26 for light-
weight concrete were chosen. Due to the lack of fipeci
data, the modication for lightweight concrete used a fac-
tor of 1.3 fromChapterl2. These limits povide reason-
able control on the amount of potential slip of the beam
bars in a beam-column joint, considering the number of
anticipated inelastiexcursions of thebuilding frames
during a major earthquake. A thorough treatment of this
topic is gven in Reference 21.22.

R21.5.2 —Transversereinforcement

However low the calculated shear force in a joint of a frame
resisting earthgue-induced forces, cdiming reinforce-
ment (21.4.4) should be quided through the joint around
the column reinforcement (21.5.2.1). In 21.5.2.2 ficimg
reinforcement may be reduced if horizontal members frame
into all four sides of the joint. The 1989 codeyded a
maximum limit on spacing to these areas basealaitable
datg2l23-21.26

Section 21.5.2.3 refers to a joint where the width of the girder
exceeds the corresponding column dimension. In that case,
girder reinforcement not cfined by the column reinforce-
ment should be pvided lateral support eithdwy a girder
framing into the same joint @y tranverse reinforcement.

R21.5.3 — Shear sength

The requirements in Chapter 21 for proportioning joints are
based on Reference 21.7 in thatdsidral phenomena within
the joint are interpreted in terms of a nominal shear strength
of the joint. Because tests of joifts’ and deep bearfis®
indicated that shear strength was not as seasib joint
(shear) reinforcement as implibd theexpression dveloped

by ACI Committee 328"2” for beams and adopted to apply
to jointsby ACI Committee 3521” Committee 318 set the
strength of the joint as a function of only the compvess
strength of the concrete (21.5.3) and to require a minimum
amount of trangerse reinforcement in the joint (21.5.2). The
effective area of joint is illustrated inFig. R21.5.31n no
case isA; greater than the column cross-sectional area.
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Effective
Effective area foint width g I gx

Joint depth = h
in plane of
reinforcement
generating shear—

o © ©° Note:
s A | e v weaor o
Reinforcement | Effective area of joint
generating shear h for forces in each direction
o o of framing is to be
Direction of b considered separately.

forces generating v Joint illustrated does not

shear . meet conditions of
Sections 21.5.2.3 and
21.5.3.1 necessary to
be considered confined

because the framing
members do not cover
at least 3/4 of each of

the joints.

Fig. R21.5.3—Hective aea of joint
of the face of the joint is covered by the framing mem- The three dvels of shear strength requirég 21.5.3.1 are
ber. A joint is considered to be confined if such confin- based on the recommendationAEl Committee 35217
ing members frame into all faces of the joint. Test data eviewed by the committe®"?% indicate that the

lower value gven in 21.5.3.1 of the 1983 codas uncon-

21.5.3.2 — For lightweight aggregate concrete, the sewative when applied to corner joints.

nominal shear strength of the joint shall not exceed
three-quarters of the limits given in 21.5.3.1.
21.5.4 — Developme nt leng th of bars in tensi on R21.5.4 — evelopment length of bars in tension

Minimum development length for deformed bars with stan-
dard hooks embedded in nodmaight concrete is deter-
mined using Eq. (21-6). Eg. (21-6) is based on the

21.5.4.1 — The development length 7, for a bar
with a standard 90 deg hook in normalweight aggre-
gate concrete shall not be less than the largest of 8d,,

: : ) requirements of 12.5. Because Chapter 21 stipulates that the
6in., and the length required by Eq. (21-6). hook is to be embedded in dored concrete, the ctie
ln = db/(65f) (21-6) cients 0.7 (for concreteoeer) and 0.8 (for ties)dve been
y ¢ incorporated in the constant used in Eq. (21-6). Tdveld
for bar sizes No. 3 through No. 11. opment length thatvould be dewed directly from 12.5 is

increased to reflect thdfect of load eversals.

For lightweight aggregate concrete, the development
length for a bar with a standard 90 deg hook shall not
be less than the largest of 10d,, 7-1/2 in., and 1.25
times that required by Eq. (21-6).

The cevelopment length in tension for a reinforcing bar with
a standard hook is fired as the distance, parallel to the
ba, from the critical section (where the bar is to leeett

oped) to a tangent @rn to the outside edge of the hook.

o i The tangent is to be a@wn perpendicular to the axis of the
The 90 deg hook shall be located within the confined ba. (Fig. R12.5

core of a column or of a boundary element.
Factors such as the actual stress in the reinforcement being

21.5.4.2 — For bar sizes No. 3 through No. 11, the more than the yield force and théfeetive development
development length 4, for a straight bar shall not be length not necessarily starting at the face of the joint were
less than (a) 2.5 times the length required by 21.5.4.1 implicitly considered in the @/elopment of thexpression
if the depth of the concrete cast in one lift beneath the for basic @velopment length that has been used as the basis
bar does not exceed 12 in., and (b) 3.5 times the for Eq. (21-6).

length required by 21.5.4.1 if the depth of the concrete

cast in one lift beneath the bar exceeds 12 in. For lightweight aggegate concrete, the length requiriyl

Eq. (21-6) is to be increasdy 25 percent to compensate
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21.5.4.3 — Straight bars terminated at a joint shall
pass through the confined core of a column or of a
boundary element. Any portion of the straight embed-
ment length not within the confined core shall be
increased by a factor of 1.6.

21.5.4.4 — If epoxy-coated reinforcement is used, the
development lengths in 21.5.4.1 through 21.5.4.3 shall be
multiplied by the applicable factor in 12.2.4 or 12.5.3.6.

21.6 — Special rein forced concrete structural
walls and coupling beams

21.6.1 — Scope

The requirements of this section apply to special rein-
forced concrete structural walls and coupling beams
| serving as part of the earthquake force-resisting system.

21.6.2 — Reinforcement

21.6.2.1 — The distributed web reinforcement
ratios, p, and p,, for structural walls shall not be less
than 0.0025, except if the design shear force does not

exceed A, ,/f,', the minimum reinforcement for struc-

tural walls shall be permitted to be reduced to that
required in 14.3. Reinforcement spacing each way in
structural walls shall not exceed 18 in. Reinforcement
provided for shear strength shall be continuous and
shall be distributed across the shear plane.

21.6.2.2 — At least two curtains of reinforcement
shall be used in a wall if the in-plane factored shear
force assigned to the wall exceeds 2A., /f.".

21.6.2.3 — All continuous reinforcement in struc-
tural walls shall be anchored or spliced in accor-
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for variability of bond characteristics of reinforcing bars in
various types of lightweight aggregate concrete.

Section 21.5.4.2 specifies the minimum development length
for straight bars as a multiple of the length indicated by
21.5.4.1. Section 21.5.4.2(b) refers to top bars.

If the required straight embedment length of a reinforcing bar
extends beyond the confined volume of concrete (as defined
in 21.3.3, 21.4.4, or 21.5.2), the required devalept length

is increased on the premise that the limiting bond stress out-
side the confined region is less than that inside.

fam = 1.66— 40 + 4ic
or

am = 1.64—- 0.6

%4m= required development length if bar is not entirely
embedded in confined concrete;

required development length for straight bar
embedded in confined concrete (21.5.4.3);

%4 = length of bar embedded in confined concrete

Lack of reference to No. 14 and No. 18 bars in 21.5.4 is due
to the paucity of information on anchorage of such bars sub-
jected to load reversals simulating earthquake effects.

R21.6 — Special reinforced concrete structural
walls and coupling beams

R21.6.1 — Scope

This section contains requirements for the dimensions and
details of special reinforced concrete structural walls and
coupling beams. In the 1995 code, 21.6 also contained
provisions for diaphragms. Provisions for diaphragms are
in 21.7.

R21.6.2 — Reinforcement

Minimum reinforcement requirements (21.6.2.1) follow from
preceding codes. The uniform distribution requirement of the
shear reinforcement is related to the intent to control the
width of inclined cracks. The requirement for two layers of
reinforcement in walls carrying substantial design shears
(21.6.2.2) is based on the observation that, under ordinary
construction conditions, the probability of maintaining a sin-
gle layer of reinforcement near the middle of the wall section
is quite low. Furthermore, presence of reinforcement close to
the surface tends to inhibit fragmentation of the concrete in
the event of severe cracking during an earthquake.

Because the actual forces in longitudinal reinforcing bars of
stiff members may exceed the calculated forces, it is
required (21.6.2.3) that all continuous reinforcement be
developed fully.
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dance with the provisions for reinforcement in
tension in 21.5.4.

21.6.3 — Design forces

The design shear force V,, shall be obtained from the
lateral load analysis in accordance with the factored
load combinations.

21.6.4 — Shear strength

21.6.4.1 — Nominal shear strength V,, of structural
walls shall not exceed

V, = Agylag Jid +ppf,) (21-7)
where the coefficient a. is 3.0 for h, /¢, < 1.5, is 2.0
for h, /¢, = 2.0, and varies linearly between 3.0 and
2.0 for h,/t, between 1.5 and 2.0.

21.6.4.2 —1In 21.6.4.1, the value of ratio h,, /¢4, used
for determining V,, for segments of a wall shall be the
larger of the ratios for the entire wall and the segment
of wall considered.

21.6.4.3 — Walls shall have distributed shear rein-
forcement providing resistance in two orthogonal
directions in the plane of the wall. If the ratio h,/7,
does not exceed 2.0, reinforcement ratio p, shall not
be less than reinforcement ratio p,,.

21.6.4.4 — Nominal shear strength of all wall piers
sharing a common lateral force shall not be assumed
to exceed 8A,, /f.', where A, is the total cross-sec-
tional area, and the nominal shear strength of any one
of the individual wall piers shall not be assumed to
exceed 10A., /f.', where Ag, is the cross-sectional
area of the pier considered.

21.6.4.5 — Nominal shear strength of horizontal
wall segments and coupling beams shall be assumed
not to exceed 10A., /f." where A., is the cross-sec-
tional area of a horizontal wall segment or coupling
beam.

318/318R-319
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R21.6.3 — Desigriorces

Design shears for structunablls are obtained from lateral
load analysis with the appropriate load factorsweler, the
designer should consider the possibility of yielding in com-
ponents of such structures, as in the portion of a wall
between two windw openings, in which case the actual
shear may be well iexcess of the shear indicatbyl lateral
load analysis based on factored design forces.

R21.6.4 — Shear sength

Eq. (21-7) recognizes the higher shear strengted with

high sheato-moment ratiod-"21-2721-28The nominal shear
strength is tyen in terms of the net area of the section
resisting shaaFor a rectangular section without openings,
the termA,, refers to the gross area of the cross section
rather than to the product of the width and tlfiective
depth. The dinition of A, in Eq. (21-7) facilitates design
calculations fowalls with uniformly distrbuted reinforce-
ment and walls with openings.

A wall segment refers to a part ofveall boundedoy open-
ings orby an opening and an edgiaditionally, avertical
wall ssgment boundedby two window openings has been
referred to as a pie

The ratiohy, /7, may refer tooverall dimensions of avall,

or of a ggment of thewall boundediy two openings, or an
opening and an edge. The intent of 21.6.4.2 is tkencar-

tain that ay ssgment of a wall is not assigned a unit strength
larger than that for the wholeall. However, awall ssgment
with a ratio ofh,,//,, higher than that of the entingall
should be proportioned for the unit strength associated with
the ratioh,, /4, based on the dimensions for thegraent.

To restrain the inclined crackdfectively, reinforcement
included inp, and p, should be appropriately didicited
along the length and height of the wall (21.6.4.3). Chord
reinforcement pwvided nearwall edges in concentrated
amounts for resisting bending moment is not to be included
in determiningo,, andp,. Within practical limits, shear rein-
forcement distbution should be uniform and at a small
spacing.

If the factored shear force at aven kvel in a structure is
resistedby several walls or everal piers of a perforated
wall, the average unit shear strength assumed for the total
available cross-sectional area is limitexl&,/f’' with the
additional requirement that the unit shear strength assigned
to any single pier does ncﬂxceeleJf?. The upper limit

of strength to be assigned tayaone member is imposed to
limit the degree of redistbution of shear force.

“Horizontal wall #gments” in 21.6.4.5 refers to wall sections
between twovertically aligned openingd={g. R21.6.4.» It
is, in dfect, a pier rotated through 9@gd A horizontal wall
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21.6.5 — Design for fl exural and axial lo ads

21.6.5.1 — Structural walls and portions of such walls
subject to combined flexural and axial loads shall be
designed in accordance with 10.2 and 10.3 except that
10.3.6 and the nonlinear strain requirements of 10.2.2
shall not apply. Concrete and developed longitudinal rein-
forcement within effective flange widths, boundary ele-
ments, and the wall web shall be considered effective.
The effects of openings shall be considered.

21.6.5.2 — Unless a more detailed analysis is per-
formed, effective flange widths of flanged sections
shall extend from the face of the web a distance equal
to the smaller of one-half the distance to an adjacent
" wall web and 25 percent of the total wall height.

21.6.6 — Boun dary elements of special reinforced
concrete structural walls

21.6.6.1 — The need for special boundary elements
at the edges of structural walls shall be evaluated in
accordance with 21.6.6.2 or 21.6.6.3. The require-
ments of 21.6.6.4 and 21.6.6.5 also shall be satisfied.

CHAPTER 21
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Horizontal
wall segment

Fig. R21.6.4.5—Wall with openings

segment is also referred to as a coupling beam when the
openings are aligned vertically over the building height.

R21.6.5 — Design for flexural and axial loads

R21.6.5.1— Flexural strength of a wall or wall segment
is determined according to procedures commonly used for
columns. Strength should be determined considering the
applied axial and lateral forces. Reinforcement concentrated
in boundary elements and distributed in flanges and webs
should be included in the strength computations based on a
strain compatibility analysis. The foundation supporting the
wall should be designed to develop the wall boundary and
web forces. For walls with openings, the influence of the
opening or openings on flexural and shear strengths is to be
considered and a load path around the opening or openings
should be verified. Capacity design concepts and strut-and-

tie models may be useful for this purpd$é?

R21.6.5.2— Where wall sections intersect to form L-, T-,
C-, or other avss-sectional shapes, the influence of the
flange on the behavior of the wall should be considered by
selecting appropriate flange widths. Té58 show that
effective flange width increases with increasing drift level
and the effectiveness of a flange in compression differs from
that for a flange in tension. The value used for the effective
compression flange width has little impact on the strength
and deformation capacity of the wall; therefore, to simplify
design, a single value of effective flange width based on an
estimate of the effective tension flange width is used in both
tension and compressigh3®

R21.6.6 — Boundary elements of special reinforced
concretestructural walls

R21.6.6.1— Two design approaches for evaluating detail-
ing requirements at wall boundaries are included in 21.6.6.1.
Section 21.6.6.2 allows the use of displacement-based design
of walls, in which the structural details are determined directly
on the basis of the expected lateral displacements of the wall.
The provisions of 21.6.6.3 are similar to those of the 1995
code, and have been retained because they are conservative for
assessing required transverse reinforcement at wall boundaries
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21.6.6.2 — This section applies to walls or wall
piers that are effectively continuous from the base of
structure to top of wall and designed to have a single
critical section for flexure and axial loads. Walls not
satisfying these requirements shall be designed by
21.6.6.3.

(a) Compression zones shall be reinforced with spe-
cial boundary elements where:

IW
©2 5003,/ ) (21-8)

The quantity ,/h,, in Eq. (21.8) shall not be taken
less than 0.007.

(b) Where special boundary elements are required by
21.6.6.2(a), the special boundary element reinforce-
ment shall extend vertically from the critical section a
distance not less than the larger of ¢, or M, /4V,,.

21.6.6.3 — Structural walls not designed to the pro-
visions of 21.6.6.2 shall have special boundary ele-
ments at boundaries and edges around openings of
structural walls where the maximum extreme fiber
compressive stress, corresponding to factored forces
including earthquake effect, exceeds 0.2f,". The spe-
cial boundary element shall be permitted to be discon-
tinued where the calculated compressive stress is less
than 0.15f7.. Stresses shall be calculated for the fac-
tored forces using a linearly elastic model and gross
section properties. For walls with flanges, an effective
flange width as defined in 21.6.5.2 shall be used.

21.6.6.4 — Where special boundary elements are
required by 21.6.6.2 or 21.6.6.3, the following shall be
satisfied:

(a) The boundary element shall extend horizontally
from the extreme compression fiber a distance not
less than the larger of ¢ - 0.1¢,, and c/2;

(b) In flanged sections, the boundary element shall
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for many walls. Requirements of 21.6.6.4 and 21.6.6.5 apply
to structural walls designed by either 21.6.6.2 or 21.6.6.3.

R21.6.6.2— Section 21.6.6.2 is based on the assumption
that inelastic response of the wall is dominated by flexural
action at a critical, yielding section. The wall should be pro-
portioned so that the critical section occurs where intended.

Eq. (21-8) follows from a displacement-based
approactt!-3121-32The approach assumes that special bound-
ary elements are required to confine the concrete where the
strain at the extreme compression fiber of the wall exceeds a
critical value when the wall is displaced to the design dis-
placement. The horizontal dimension of the special boundary
element is intended to extend at least over the length where
the compression strain exceeds the critical value. The height
of the special boundary element is based on upper bound esti-
mates of plastic hinge length and extends beyond the zone
over which concrete spalling is likely to occur. The lower
limit of 0.007 on the quantity,,/h,, requires moderate wall
deformation capacity for stiff buildings.

The neutral axis depthin Eq. (21-8) is the depth calcu-
lated according to 10.2, except the nonlinear strain require-
ments of 10.2.2 need not apply, corresponding to
development of nominal flexural strength of the wall when
displaced in the same direction @&s The axial load is the
factored axial load that is consistent with the design load
combination that produces the displacen®nt

R21.6.6.3— By this procedure, the wall is considered to
be acted on by gravity loadf§ and the maximum shear and
moment induced by earthquake in a given direction. Under
this loading, the compressed boundary at the critical section
resists the tributary gravity load plus the compressive result-
ant associated with the bending moment.

Recognizing that this loading condition may be repeated
many times during the strong motion, the concrete is to be
confined where the calculated compressive stresses exceed a
nominal critical value equal @.2f!. The stress is to be cal-
culated for the factored forces on the section assuming linear
response of the gross concrete section. The compressive
stress oD.Z/ is used as an index value and does not neces-
sarily describe the actual state of stress that may develop at
the critical section under the influence of the actual inertia
forces for the anticipated earthquake intensity.

R21.6.6.4— The value of/2 in 21.6.6.4(a) is to provide a
minimum length of the special boundary element. Where
flanges are heavily stressed in compression, the web-to-flange
interface is likely to be heavily stressed and may sustain local
crushing failure unless special boundary element reinforce-
ment extends into the web. Eq. (21-3) does not apply to walls.

Because horizontal reinforcement is likely to act as web
reinforcement in walls requiring boundary elements, it
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include the effective flange width in compression
and shall extend at least 12 in. into the web;

(c) Special boundary element transverse reinforce-
ment shall satisfy the requirements of 21.4.4.1 through
21.4.4.3, except Eq. (21-3) need not be satisfied;

(d) Special boundary element transverse reinforcement
at the wall base shall extend into the support at least the
development length of the largest longitudinal reinforce-
ment in the special boundary element unless the special
boundary element terminates on a footing or mat, where
special boundary element transverse reinforcement
shall extend at least 12 in. into the footing or mat;

(e) Horizontal reinforcement in the wall web shall be
anchored to develop the specified yield strength f,

within the confined core of the boundary element;

() Mechanical splices of longitudinal reinforcement
of boundary elements shall conform to 21.2.6.
Welded splices of longitudinal reinforcement of
boundary elements shall conform to 21.2.7.

21.6.6.5 — Where special boundary elements are
not required by 21.6.6.2 or 21.6.6.3, the following shall
be satisfied:

(a) If the longitudinal reinforcement ratio at the wall
boundary is greater than 400/f, boundary trans-
verse reinforcement shall satisfy 21.4.4.1(c),
21.4.4.3, and 21.6.6.4(a). The maximum longitudinal
spacing of transverse reinforcement in the boundary
shall not exceed 8 in.;

(b) Except when V,, in the plane of the wall is less
than A, ff;', horizontal reinforcement terminating

at the edges of structural walls without boundary ele-
ments shall have a standard hook engaging the edge
reinforcement or the edge reinforcement shall be
enclosed in U-stirrups having the same size and spac-
ing as, and spliced to, the horizontal reinforcement.

COMMEN TARY

should be fully anchored in boundary elements that act as
flanges (21.6.6.4). Achvement of this anchorage isffik

cult when lage transerse cracks occur in the boundary ele-
ments. Therefore, standard 9@gdhooks or mechanical
anchorage schemes are recommended instead of straight bar
development.

R21.6.65 — Cyclic load eversals may lead tbuckling
of boundary longitudinal reinforcemeaten in cases where
the demands on the boundary of the wall do not require spe-
cial boundary elementBor walls with moderate amounts of
boundary longitudinal reinforcement, ties are required to
inhibit buckling. The longitudinal reinforcement ratio is
intended to include only the reinforcement at thall
boundary as indicated iAg. R21.6.6.5A larger spacing of
ties relaive to 21.6.6.4(c) is allved due to theolwer defor-
mation demands on the walls.

The addition of hooks or U-stirrups at the ends of horizontal
wall reinforcement pvides anchorage so that the reinforce-
ment will be éfective in resisting shear forces. It will also
tend to inhibit thebuckling of thevertical edge reinforce-
ment. Inwalls with low in-plane sheathe dvelopment of
horizontal reinforcement is not necessar
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P= 1, (x+a)
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Fig. R21.6.6.5 — Longitudinatinfarcement ratios for
typical wall boundary conditions
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21.6.6.6 — Mechanical and welded splices of longi-
tudinal reinforcement of boundary elements shall con-
form to 21.2.6 and 21.2.7.

21.6.7 — Coupling bea ms

21.6.7.1 — Coupling beams with aspect ratio ¢,/d = 4,
shall satisfy the requirements of 21.3. The provisions
of 21.3.1.3 and 21.3.1.4(a) shall not be required if it
can be shown by analysis that the beam has adequate
lateral stability.

21.6.7.2 — Coupling beams with aspect ratio, ¢, /d < 4,
shall be permitted to be reinforced with two intersecting
groups of diagonally placed bars symmetrical about
the midspan.

21.6.7.3 — Coupling beams with aspect ratio, ¢, /d < 2,
and with factored shear force V,, exceeding 4 /7’ b, d

shall be reinforced with two intersecting groups of diag-
onally placed bars symmetrical about the midspan,
unless it can be shown that loss of stiffness and
strength of the coupling beams will not impair the verti-
cal load carrying capacity of the structure, or the egress
from the structure, or the integrity of nonstructural com-
ponents and their connections to the structure.

21.6.7.4 — Coupling beams reinforced with two
intersecting groups of diagonally placed bars symmet-
rical about the midspan shall satisfy the following:

(a) Each group of diagonally placed bars shall con-
sist of a minimum of four bars assembled in a core
having sides measured to the outside of transverse
reinforcement no smaller than b, /2 perpendicular
to the plane of the beam and b, /5 in the plane of
the beam and perpendicular to the diagonal bars;

(b) The nominal shear strength, V,, shall be deter-
mined by

V, = 2A,4f,sina<10,[f! b,d (21-9)
(c) Each group of diagonally placed bars shall be
enclosed in transverse reinforcement satisfying
21.4.4.1 through 21.4.4.3. For the purpose of com-
puting A, for use in Eq. (10-6) and (21-3), the mini-
mum concrete cover as required in 7.7 shall be

assumed on all four sides of each group of diago-
nally placed reinforcing bars;

(d) The diagonally placed bars shall be developed
for tension in the wall;

(e) The diagonally placed bars shall be considered

318/318R-323
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R21.6.7 — Coupling beams

Coupling beams connecting structural walls caavioe
stiffness and emgy dissipation. In may cases, geometric
limits result in coupling beams that are deep in relation to
their clear span. Deep coupling beams may be controlled
by shear and may be susceptible to strength affdests
deterioration under earthquake loadifigst resultg'-33: 21:34
have stlown that coffined diagonal reinforcementguides
adequate resistance in deep coupling beams.

Experiments stw that diagonally oriented reinforcement is
effective only if the bars are placed with aga inclination.
Therefore, diagonally reinforced coupling beams are
restricted to beamsahing aspect rati¢/d < 4.

Each diagonal element consists of a cage of longitudinal
and trangerse reinforcement asahn in Fig. R21.6.7 The
cage contains at least four longitudinal bars andices a
concrete core. The requirement on side dimensions of the
cage and its core is toguide adequate toughness and sta-
bility to the cross section when the bars are loadsdriu
yielding. The minimum dimensions and required reinforce-
ment clearances may control the wall width.

When coupling beams are not used as part of the lateral
force resisting system, the requirements for diagonal rein-
forcement may be vieed. Nonprestressed coupling beams
are permitted at locations where damage to these beams
does not impaivertical load carrying capacity egress of

the structure, or iegrity of the nonstructural components
and their connections to the structure.

When the diagonally oriented reinforcement is used, addi-
tional reinforcement in 21.6.7.4(F) is to contain the concrete
outside the diagonal cores if the concrete is daméged
earthquée loading Fig. R21.6.7.

A4 = total area of bars in the group
of bars forming one diagonal

i)

LWiNi

I G

Lz

Elevation Section A-A

Fig. R21.6.7 — Coupling beam witradonally oriented
reinfarcement
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to contribute to nominal flexural strength of the cou-
pling beam;

(f) Reinforcement parallel and transverse to the lon-
gitudinal axis shall be provided and, as a minimum,
shall conform to 11.8.9 and 11.8.10.

21.6.8 — Construction joints

| All construction joints in structural walls shall conform to
6.4 and contact surfaces shall be roughened asin 11.7.9.

21.6.9 — Discontinuous walls

| Columns supporting discontinuous structural walls
shall be reinforced in accordance with 21.4.4.5.

21.7 — Structural diaphr agms and trusses

21.7.1 — Scope

Floor and roof slabs acting as structural diaphragms to
transmit design actions induced by earthquake ground
motions shall be designed in accordance with this sec-
tion. This section also applies to struts, ties, chords, and
collector elements that transmit forces induced by
earthquakes, as well as trusses serving as parts of the
earthquake force-resisting systems.

21.7.2 — Cast-in-place composite-topping slab
diaphragms

A composite-topping slab cast in place on a precast
floor or roof shall be permitted to be used as a struc-
tural diaphragm provided the topping slab is reinforced
and its connections are proportioned and detailed to
provide for a complete transfer of forces to chords, col-
lector elements, and the lateral-force-resisting system.
The surface of the previously hardened concrete on
which the topping slab is placed shall be clean, free of
laitance, and intentionally roughened.

21.7.3 — Cast-in-place topping slab diaphragms

A cast-in-place noncomposite topping on a precast
floor or roof shall be permitted to serve as a structural
diaphragm, provided the cast-in-place topping acting
alone is proportioned and detailed to resist the design
forces.
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R21.7 — Structural diaphragms and trusses

R21.7.1 — Scope

Diaphragms as used in building construction are structural
elements (such as a floor or roof) that provide some or all of
the following functions:

(a) Support for building elements (such as walls, partitions,
and cladding) resisting horizontal forces but not acting as
part of the building vertical lateral-force-resisting system;

(b) Transfer of lateral forces from the point of application to
the building vertical lateral-force-resisting system;

(c) Connection of various components of the building verti-
cal lateral-force-resisting system with appropriate strength,
stiffness, and toughness so the building responds as

intended in the desigt:3°

R21.7.2 — Cast-in-place composite-topping slab dia-
phragms

A bonded topping slab is required so that the floor or roof

system can provide restraint against slab buckling. Rein-

forcement is required to ensure the continuity of the shear
transfer across precast joints. The connection requirements
are introduced to promote a complete system with necessary
shear transfers.

R21.7.3 — Cast-in-place topping slab diaphragms

Composite action between the topping slab and the precast
floor elements is not required, provided that the topping slab
is designed to resist the design seismic forces.
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21.7.4 — Minimum thickness of diaphragms

Concrete slabs and composite topping slabs serving as
structural diaphragms used to transmit earthquake
forces shall not be less than 2 in. thick. Topping slabs
placed over precast floor or roof elements, acting as
structural diaphragms and not relying on composite
action with the precast elements to resist the design
seismic forces, shall have thickness not less than 2-1/2 in.

21.7.5 — Reinforcement

21.7.5.1 — The minimum reinforcement ratio for
structural diaphragms shall be in conformance with
7.12. Reinforcement spacing each way in nonpost-
tensioned floor or roof systems shall not exceed 18 in.
Where welded wire fabric is used as the distributed
reinforcement to resist shear in topping slabs placed
over precast floor and roof elements, the wires parallel
to the span of the precast elements shall be spaced
not less than 10 in. on center. Reinforcement provided
for shear strength shall be continuous and shall be
distributed uniformly across the shear plane.

21.7.5.2 — Bonded prestressing tendons used as
primary reinforcement in diaphragm chords or collec-
tors shall be proportioned such that the stress due to
design seismic forces does not exceed 60,000 psi.
Precompression from unbonded tendons shall be per-
mitted to resist diaphragm design forces if a complete
load path is provided.

21.7.5.3 — Structural truss elements, struts, ties,
diaphragm chords, and collector elements with com-
pressive stresses exceeding 0.2 f.' at any section shall
have transverse reinforcement, as in 21.4.4.1 through
21.4.4.3, over the length of the element. The special
transverse reinforcement is allowed to be discontinued
at a section where the calculated compressive strength
is less than 0.15f,". Stresses shall be calculated for the
factored forces using a linearly elastic model and gross-
section properties of the elements considered.

21.7.5.4 — All continuous reinforcement in dia-
phragms, trusses, struts, ties, chords, and collector
elements shall be anchored or spliced in accordance
with the provisions for reinforcement tension as speci-
fied in 21.5.4.

21.7.5.5 — Type 2 splices are required where
mechanical splices are used to transfer forces
between the diaphragm and the vertical components
of the lateral-force-resisting system.
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R21.7.4 — Minimum thickness of diaphragms

The minimum thickness of concrete diaphragms reflects cur-
rent practice in joist and waffle systems and composite top-
ping slabs on precast floor and roof systems. Thicker slabs
are required when the topping slab does not act compositely
with the precast system to resist the design seismic forces.

21.7.5 — Reinforcement

Minimum reinforcement ratios for diaphragms correspond
to the required amount of temperature and shrinkage rein-
forcement (7.12). The maximum spacing for web reinforce-
ment is intended to control the width of inclined cracks.
Minimum average prestress requirements (7.12.3) are con-
sidered to be adequate to limit the crack widths in post-ten-
sioned floor systems; therefore, the maximum spacing
requirements do not apply to these systems.

The minimum spacing requirement for welded wire fabric in
topping slabs on precast floor systems (21.7.5.1) is to avoid
fracture of the distributed reinforcement during an earth-
guake. Cracks in the topping slab open immediately above
the boundary between the flanges of adjacent precast mem-
bers, and the wires crossing those cracks are restrained by
the transverse wired:36 Therefore, all the deformation
associated with cracking should be accommodated in a dis-
tance not greater than the spacing of the transverse wires. A
minimum spacing of 10 in. for the transverse wires is
required in 21.7.5.1 to reduce the likelihood of fracture of
the wires crossing the critical cracks during a design earth-
guake. The minimum spacing requirements do not apply to
diaphragms reinforced with individual bars, because strains
are distributed over a longer length.

Compressive stress calculated for the factored forces on a
linearly elastic model based on gross section of the structural
diaphragm is used as an index value to determine whether
confining reinforcement is required. A calculated compres-
sive stress 00.2f; in a member is assumed to indicate that
integrity of the entire structure is dependent on the ability of
that member to resist substantial compressive force under
severe cyclic loading. Therefore, transverse reinforcement in
21.4.4 is required in such members to provide confinement
for the concrete and the reinforcement (21.7.5.3).

The dimensions of typical structural diaphragms often pre-
clude the use of transverse reinforcement along the chords.
Reducing the calculated compressive stress by reducing the
span of the diaphragm is considered to be a solution.
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21.7.6 — Design forces

The seismic design forces for structural diaphragms
shall be obtained from the lateral load analysis in
accordance with the design load combinations.

21.7.7 — Shear strength

21.7.7.1 — Nominal shear strength V,, of structural
diaphragms shall not exceed

V, = Agy (2[f +p,f) (21-10)

21.7.7.2 — Nominal shear strength V,, of cast-in-
place composite-topping slab diaphragms and cast-in-
place noncomposite topping slab diaphragms on a
precast floor or roof shall not exceed the shear force

V.= A (21-11)

cv pnfy

where A, is based on the thickness of the topping

slab. The required web reinforcement shall be distrib-
uted uniformly in both directions.

21.7.7.3 — Nominal shear strength shall not exceed
8A,, [Tl where A, is the gross cross-sectional area
of the diaphragm.

21.7.8 — Boundary elements of structural diaphr agms

21.7.8.1 — Boundary elements of structural dia-
phragms shall be proportioned to resist the sum of the
factored axial forces acting in the plane of the dia-
phragm and the force obtained from dividing the fac-
tored moment at the section by the distance between
the boundary elements of the diaphragm at that section.

21.7.8.2 — Splices of tensile reinforcement in the
chords and collector elements of diaphragms shall
develop the yield strength of the reinforcement.
Mechanical and welded splices shall conform to 21.2.6
and 21.2.7, respectively.

21.7.8.3 — Reinforcement for chords and collectors
at splices and anchorage zones shall have either;

(& A minimum spacing of three longitudinal bar
diameters, but not less than 1-1/2 in., and a mini-
mum concrete cover of two and one-half longitudinal
bar diameters, but not less than 2 in.; or

(b) Transverse reinforcement as required by
11.5.5.3, except as required in 21.7.5.3.
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R21.7.7 — Shear strength

The shear strength requirements for monolithic diaphragms,
Eqg. (21-10) in 21.7.7.1, are the same as those for slender
structural walls. The term,, refers to the thickness times
the width of the diaphragm. This corresponds to the gross
area of the effective deep beam that forms the diaphragm.
The shear reinforcement should be placed perpendicular to
the span of the diaphragm.

The shear strength requirements for topping slab dia-
phragms are based on a shear friction model, and the contri-
bution of the concrete to the nominal shear strength is not
included in Eq. (21-9) for topping slabs placed over precast
floor elements. Following typical construction practice, the
topping slabs are roughened immediately above the bound-
ary between the flanges of adjacent precast floor members
to direct the paths of shrinkage cracks. As a result, critical
sections of the diaphragm are cracked under service loads,
and the contribution of the concrete to the shear capacity of
the diaphragm may have already been reduced before the
design earthquake occurs.

R21.7.8 — Boundary elements of structural diaphragms

For structural diaphragms, the design moments are assumed
to be resisted entirely by chord forces acting at opposite
edges of the diaphragm. Reinforcement located at the edges
of collectors should be fully developed for its yield strength.
Adequate confinement of lap splices is also required. If
chord reinforcement is located within a wall, the joint
between the diaphragm and the wall should be provided
with adequate shear strength to transfer the shear forces.

Section 21.7.8.3 is intended to reduce the possibility of chord
buckling in the vicinity of splices and anchorage zones.

ACI 318 Building Code and Commentary



CHAPTER 21

CODE

21.7.9 — Construction joints

All construction joints in diaphragms shall conform to
6.4 and contact surfaces shall be roughened as in
11.7.9.

21.8 — Foundations

21.8.1 — Scope

21.8.1.1 — Foundations resisting earthquake-
induced forces or transferring earthquake-induced
forces between structure and ground shall comply with
21.8 and other applicable code provisions.

21.8.1.2 — The provisions in this section for piles,
drilled piers, caissons, and slabs on grade shall sup-
plement other applicable code design and construction
criteria. See 1.1.5 and 1.1.6.

21.8.2 — Footi ngs, foundatio n mats, and pile caps

21.8.2.1 — Longitudinal reinforcement of columns
and structural walls resisting forces induced by earth-
guake effects shall extend into the footing, mat, or pile
cap, and shall be fully developed for tension at the
interface.

21.8.2.2 — Columns designed assuming fixed-end
conditions at the foundation shall comply with 21.8.2.1
and, if hooks are required, longitudinal reinforcement
resisting flexure shall have 90 deg hooks near the bot-
tom of the foundation with the free end of the bars ori-
ented towards the center of the column.

21.8.2.3 — Columns or boundary elements of spe-
cial reinforced concrete structural walls that have an
edge within one-half the footing depth from an edge of
the footing shall have transverse reinforcement in
accordance with 21.4.4 provided below the top of the
footing. This reinforcement shall extend into the footing
a distance no less than the smaller of the depth of the
footing, mat, or pile cap, or the development length in
tension of the longitudinal reinforcement.

21.8.2.4 — Where earthquake effects create uplift
forces in boundary elements of special reinforced con-
crete structural walls or columns, flexural reinforce-
ment shall be provided in the top of the footing, mat or
pile cap to resist the design load combinations, and
shall not be less than required by 10.5.
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R21.8 — Foundations

R21.8.1 — Scope

Requirements for foundations supporting buildings assigned
to high seismic performance or design categories were added
to the 1999 code. They represent a consensus of a minimum
level of good practice in designing and detailing concrete
foundations including piles, drilled piers, and caissons. It is
desirable that inelastic response in strong ground shaking
occurs above the foundations, as repairs to foundations can be
extremely difficult and expensive.

R21.8.2.2— Testg'3” have demonstrated that flexural
members terminating in a footing, slab or beam (a T-joint)
should have their hooks turned inwards toward the axis of
the member for the joint to be able to resist the flexure in the
member forming the stem of the T.

R21.8.2.3— Columns or boundary members supported
close to the edge of the foundation, as often occurs near
property lines, should be detailed to prevent an edge failure
of the footing, pile cap, or mat.

R21.8.2.4— The purpose of 21.8.2.4 is to alert the
designer to provide top reinforcement as well as other
required reinforcement.
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21.8.2.5 — See 22.10 for use of plain concrete in
footings and basement walls.

21.8.3 — Grade be ams and slabs on grade

21.8.3.1 — Grade beams designed to act as horizon-
tal ties between pile caps or footings shall have continu-
ous longitudinal reinforcement that shall be developed
within or beyond the supported column or anchored
within the pile cap or footing at all discontinuities.

21.8.3.2 — Grade beams designed to act as horizon-
tal ties between pile caps or footings shall be propor-
tioned such that the smallest cross-sectional dimension
shall be equal to or greater than the clear spacing
between connected columns divided by 20, but need not
be greater than 18 in. Closed ties shall be provided at a
spacing not to exceed the lesser of one-half the smallest
orthogonal cross-sectional dimension or 12 in.

21.8.3.3 — Grade beams and beams that are part
of a mat foundation subjected to flexure from columns
that are part of the lateral-force-resisting system shall
conform to 21.3.

21.8.3.4 — Slabs on grade that resist seismic forces
from walls or columns that are part of the lateral-force-
resisting system shall be designed as structural dia-
phragms in accordance with 21.7. The design draw-
ings shall clearly state that the slab on grade is a
structural diaphragm and part of the lateral-force-
resisting system.

21.8.4 — Piles, pie rs, and caissons

21.8.4.1 — Provisions of 21.8.4 shall apply to con-
crete piles, piers, and caissons supporting structures
designed for earthquake resistance.

21.8.4.2 — Piles, piers, or caissons resisting ten-
sion loads shall have continuous longitudinal reinforce-
ment over the length resisting design tension forces.
The longitudinal reinforcement shall be detailed to
transfer tension forces within the pile cap to supported
structural members.

21.8.4.3 — Where tension forces induced by earth-
guake effects are transferred between pile cap or mat
foundation and precast pile by reinforcing bars grouted or
post-installed in the top of the pile, the grouting system
shall have been demonstrated by test to develop at least
125 percent of the specified yield strength of the bar.
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R21.8.2.5— In regions of high seismicity, it is desirable
to reinforce foundations. Committee 318 recommends that
foundation or basement walls be reinforced in regions of
high seismicity.

R21.8.3 — Grade beams and slabs on grade

Slabs on grade are generally considered nonstructural and
are excluded from 1.1.6. However, for seismic conditions,
slabs on grade are often part of the lateral-force-resisting
system and should be designed in accordance with this code
as well as other appropriate standards or guidelines.

R21.8.3.2— Grade beams between pile caps or footings
can be separate beams beneath the slab on grade or can be a
thickened portion of the slab on grade. The cross-sectional
limitation and minimum tie requirements provide reason-
able proportions.

R21.8.3.3 — Grade beams resisting seismic flexural
stresses from column moments should have reinforcing details
similar to the beams of the frame above the foundation.

R21.8.3.4— Slabs on grade often act as a diaphragm to
hold the building together at the ground level and minimize
the effects of out-of-phase ground motion that may occur
over the footprint of the building. In these cases, the slab on
grade should be adequately reinforced and detailed. The
design drawings should clearly state that these slabs on
grade are structural members so as to prohibit sawcutting of
the slab.

R21.8.4 — Piles, piers, and caissons

Adequate performance of piles and caissons for seismic
loadings requires that these provisions be met in addition to
other applicable standards or guidelirese R1.1.5

R21.8.4.2— A load path is necessary at pile caps to
transfer tension forces from the reinforcing bars in the col-
umn or boundary member through the pile cap to the rein-
forcement of the pile or caisson.

R21.8.4.3— Grouted dowels in a blockout in the top of a
precast concrete pile need to be developed, and testing is a
practical means of demonstrating capacity. Alternatively,
reinforcing bars can be cast in the upper portion of the pile,
exposed by chipping of concrete and mechanically con-
nected or welded to an extension.
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21.8.4.4 — Piles, piers, or caissons shall have
transverse reinforcement in accordance with 21.4.4 at
the following locations:

(a) At the top of the member for at least 5 times the
member cross-sectional dimension, but not less
than 6 ft below the bottom of the pile cap;

(b) For the portion of piles in soil that is not capable
of providing lateral support, or in air and water, along
the entire unsupported length plus the length
required in 21.8.4.4(a).

21.8.4.5 — For precast concrete driven piles, the
length of transverse reinforcement provided shall be
sufficient to account for potential variations in the ele-
vation in pile tips.

21.8.4.6 — Concrete piles, piers, or caissons in
foundations supporting one- and two-story stud bear-
ing wall construction are exempt from the transverse
reinforcement requirements of 21.8.4.4 and 21.8.4.5.

21.8.4.7 — Pile caps incorporating batter piles shall
be designed to resist the full compressive strength of
the batter piles acting as short columns. The slender-
ness effects of batter piles shall be considered for the
portion of the piles in soil that is not capable of provid-
ing lateral support, or in air or water.

21.9 — Frame membe rs not p ropo rtioned to
resist forces induced by earthquake
motions

21.9.1 — Frame members assumed not to contribute
to lateral resistance shall be detailed according to
21.9.2 or 21.9.3 depending on the magnitude of
moments induced in those members when subjected
to twice the lateral displacements under the factored
lateral forces. When effects of lateral displacements
are not checked, it shall be permitted to apply the
requirements of 21.9.3.

21.9.2 — When the induced moments and shears under
design displacements of 21.9.1 combined with the fac-
tored gravity moments and shears do not exceed the
design moment and shear strength of the frame member,
the conditions of 21.9.2.1, 21.9.2.2, and 21.9.2.3 shall be
satisfied. The gravity load combinations of 1.05D + 1.28L
or 0.9D, whichever is critical, shall be used.

21.9.2.1 — Members with factored gravity axial
forces not exceeding A, f'/10 shall satisfy 21.3.2.1.
Stirrups shall be spaced not more than d/2 throughout
the length of the member.
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R21.8.4.4— During earthquakes, piles can be subjected
to extremely high flexural demands at points of discontinu-
ity, especially just below the pile cap and near the base of a
soft or loose soil deposit. The 1999 code requirement for
confinement reinforcement at the top of the pile is based on
numerous failures observed at this location in recent earth-
quakes. Transverse reinforcement is required in this region
to provide ductile performance. The designer should also
consider possible inelastic action in the pile at abrupt
changes in soil deposits, such as changes from soft to firm
or loose to dense soil layers. Where precast piles are to be
used, the potential for the pile tip to be driven to an eleva-
tion different than that specified in the drawings needs to be
considered when detailing the pile. If the pile reaches
refusal at a shallower depth, a longer length of pile will need
to be cut off. If this possibility is not forseen, the length of
transverse reinforcement required by 21.8.4.4 may not be
available after the excess pile length is cut off.

R21.8.4.7— Extensive structural damage has often been
observed at the junction of batter piles and the buildings. The
pile cap and surrounding structure should be designed for the

| potentially large forces that can be developed in batter piles.

R21.9 — Frame members not proportioned to
resist forces induced by earthquake
motions

The detailing requirements for members that are part of the
lateral-force resisting system assume that the members may
undergo deformations that exceed the vyield limit of the
member without significant loss of strength. Members that
are not part of the designated lateral-force-resisting system
are not required to meet all the detailing requirements of
members that are relied on to resist lateral forces. They
should, however, be able to resist the gravity loads at lateral
displacements corresponding to the design level prescribed
by the governing code for earthquake-resistant design. The
design displacement is defined in 21.1.

Section 21.9 recognizes that actual displacements resulting
from earthquake forces may be larger than the displace-
ments calculated using the design forces and commonly
used analysis models. Section 21.9.1 defines a nominal dis-
placement for the purpose of prescribing detailing require-

ments. This section has been revised from the 1995 code to
reflect changes from a working stress design approach to a
strength design approach in governing codes for earth-
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21.9.2.2 — Members with factored gravity axial
forces exceeding Ay f'/10 shall satisfy 21.4.3,
21.4.4.1(c), 21.4.4.3, and 21.4.5. The maximum longi-
tudinal spacing of ties shall be s, for the full column
height. The spacing s, shall not be more than six
diameters of the smallest longitudinal bar enclosed or
6 in., whichever is smaller.

21.9.2.3 — Members with factored gravity axial
forces exceeding 0.35P, shall satisfy 21.9.9.2 and the
amount of transverse reinforcement provided shall be
one-half of that required by 21.4.4.1 but shall not
exceed a spacing s,, for the full height of the column.

21.9.3 — If the induced moment or shear under design
displacements of 21.9.1 exceeds the design moment
or shear strength of the frame member, or if induced
moments are not calculated, the conditions of
21.9.3.1, 21.9.3.2, and 21.9.3.3 shall be satisfied.

21.9.3.1 — Materials shall satisfy 21.2.4 and 21.2.5.
Mechanical splices shall satisfy 21.2.6 and welded
splices shall satisfy 21.2.7.1.

21.9.3.2 — Members with factored gravity axial
forces not exceeding A, f'/10 shall satisfy 21.3.2.1
and 21.3.4. Stirrups shall be spaced at not more than
d/2 throughout the length of the member.

21.9.3.3 — Members with factored gravity axial
forces exceeding A, f;' /10 shall satisfy 21.4.4, 21.4.5,

and 21.5.2.1.

21.10 — Requirements for intermediate
moment fra mes

21.10.1 — The requirements of this section apply to
intermediate moment frames.

21.10.2 — Reinforcement details in a frame member
shall satisfy 21.10.4 if the factored compressive axial
load for the member does not exceed A, f¢'/10. If the
factored compressive axial load is larger, frame rein-
forcement details shall satisfy 21.10.5 unless the mem-
ber has spiral reinforcement according to Eq. (10-6). If a
two-way slab system without beams is treated as part
of a frame resisting earthquake effect, reinforcement
details in any span resisting moments caused by lat-
eral force shall satisfy 21.10.6.

21.10.3 — Design shear strength of beams, columns,
and two-way slabs resisting earthquake effect shall not
be less than either:
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quéke-resistant desigf:! Actual displacements may
exceed thevalue of 21.9.1. Section 21.9.2 prescribes detail-
ing requirements intended toopide a system capable of
sustaining gavity loads under moderatxcursions into the
inelastic range. Section 21.9.3 prescribes detailing require-
ments intended to pvide a system capable of sustaining
gravity loads under lmer displacements.

Models used to determine design deflectiondufdings
should be chosen to produce results that coateely
bound thevaluesexpected during the design earthquake
consideringvertical, horizontal, and diaphragm systems as
appropriate.

For gravity load factorsseeR9.2.3

R21.10 — Requiementsfor intermediate
moment frames

The objedtve of the requirements in 21.10.3 is to reduce
the risk of failure in shear during an earthquake. The
designer is yen two optionsby which to determine the
factored shear force.

According to option (a) of 21.10.3, the factored shear force
is determined from the nominal moment strength of the
member and the gyity load on it. Examples for a beam and
a column are illustrated iRig. R21.10.3

To determine the maximum beam gsheiis assumed that

its nominal moment strength@ = 1.0) are developed
simultaneously at both ends of its clear span. As indicated in
Fig. R21.10.3the shear associated with this condifigM ,,

+ My )/4] added algebraically to théfect of the factored
gravity loads indicates the design shear for of the béam.
this example, both the dead loag, and the ive loadw;

have been assumed to be uniformly dizited.
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(a) The sum of the shear associated with develop-
ment of nominal moment strengths of the member
at each restrained end of the clear span and the
shear calculated for factored gravity loads;

(b) The maximum shear obtained from design load
combinations that include earthquake effect E, with
E assumed to be twice that prescribed by the gov-
erning code for earthquake-resistant design.

21.10.4 — Beams

21.10.4.1 — The positive moment strength at the
face of the joint shall be not less than one-third the
negative moment strength provided at that face of the
joint. Neither the negative nor the positive moment
strength at any section along the length of the mem-
ber shall be less than one-fifth the maximum moment
strength provided at the face of either joint.

21.10.4.2 — At both ends of the member, stirrups
shall be provided over lengths equal to twice the
member depth measured from the face of the sup-
porting member toward midspan. The first stirrup
shall be located at not more than 2 in. from the face

of the supporting member. Maximum stirrup spacing
shall not exceed:

(@) d/4;

(b) Eight times the diameter of the smallest longitu-
dinal bar enclosed;

(c) 24 times the diameter of the stirrup bar; and
(d) 12 in.

21.10.4.3 — Stirrups shall be placed at not more
than d/2 throughout the length of the member.

21.10.5 — Columns
21.10.5.1 — Maximum tie spacing shall not exceed
s, over a length 4, measured from the joint face. Spac-

ing s, shall not exceed the smallest of:

(a) Eight times the diameter of the smallest longitu-
dinal bar enclosed;

(b) 24 times the diameter of the tie bar;

(c) One-half of the smallest cross-sectional dimen-
sion of the frame member; and

(d) 12 in. Length 4, shall not be less than the largest of:

-

In
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Fig. R21.10.3—Design shears foarnes irregions of
modeate seismic risk (21.10)

Determination of the design shear for a column is also illus-
trated for a particulaexample inFig. R21.10.3 The fac-
tored design axial load,,, should be chosen teeklop the
largest moment strength of the column.

In all applications of option (a) of 21.10.3, shears are
required to be calculated for moment, acting clockwise and
counterclockwiseFig. R21.10.3demonstrates only one of
the two conditions that are to be considereddeery mem-

ber. Option (b) baseV, on the load combination including
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(1) One-sixth of the clear span of the member; the earthquake effedE, which should be doubled. For exam-
ple, the load combination defined by Eq. (9-2) would be:

(2) Maximum cross-sectional dimension of the
member; and U=0.75(1.D+ 1.1 +3.7&E)

whereE is the value specified by the governing code.
(3) 18 in.
Section 21.10.4 contains requirements for providing beams
with a threshold level of toughness. In most cases, stirrups
required by 21.10.3 for design shear force will be more than
those required by 21.10.4. Requirements of 21.10.5 serve
the same purpose for columns.

21.10.5.2 — The first tie shall be located at not
| more than S, /2 from the joint face.

| 21.10.5.3 — Joint reinforcement shall conform to _ _ _
11112, Section 21.10.6 applies to two-way slabs without beams

(such as flat plates).

21.10.5.4 — Tie spacing shall not exceed twice the A Ar
spacing s,,.

21.10.6 — Two-way slabs without beams
- Column strip
All reinforcement to
resist Msto be

placed in column
strip (21.10.6.1)

21.10.6.1 — Factored slab moment at support
related to earthquake effect shall be determined for
load combinations defined by Eq. (9-2) and (9-3). All
reinforcement provided to resist M, the portion of slab

moment balanced by support moment, shall be placed S
within the column strip defined in 13.2.1. i T
_Reinforcemlem toresist  yr Mg
. . (21.10.6.2), but not less than half of
21.10.6.2 — The fraction, defined by Eq. (13-1), of reinforcement in column strip
moment M, shall be resisted by reinforcement placed Notes: Anplies to bath top and bort (2,1-f1°-6-3) e 1301
within the effective width in 13.5.3.2. Varinble tefinttions P and boflom reiioreement, see 222 Tor

Fig. R21.10.6.1 — Location of reinforcement in slabs
21.10.6.3 — Not less than one-half of the reinforce-

ment in the column strip at support shall be placed
within the effective slab width specified in 13.5.3.2.

Not less than one-fourth V|
! of top reinf. at support
[(21.10.6.4)
21.10.6.4 — Not less than one-quarter of the top |

reinforcement at the support in the column strip shall ‘L. E 3
be continuous throughout the span. —x

the column strip shall be not less than one-third of (211006 and 7). Mot less than one-nall
he top reinforcement at the support in the column of botiom remnt. &t micrspn (21.10.6.0)
tte p pp COLUMN STRIP

strip. _COLUMN STRIP

21.10.6.6 — Not less than one-half of all bottom __,q,__

Top and bettom reinf. to be developed

reinforcement at midspan shall be continuous and
shall develop its yield strength at face of support as ! |

|
defined in 13.6.2.5. ; |

\ Not less than one-third of l !
) top reinf. at support |
21.10.6.5 — Continuous bottom reinforcement in - Top and bottom reinf. to be developed ~ — —

L
21.10.6.7—At discontinuous edges of the slab all ‘L \_ 2?5'5;2;“(2228'2*’;‘“)”‘ remnt. &
top and bottom reinforcement at support shall be & MIDDLE STRIP A#
developed at the face of support as defined in
13.6.2.5. Fig. R21.10.6.2—Arrangement of reinforcement in slabs
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Using load combinations €ileed in 9.2.3 may result in
moments requiring both top and bottom reinforcement at
the supports.

The momeniM refers, for a tyen design load combination
with E acting in one horizontal direction, to that portion of
the factored slab moment that is balanbgdhe supporting
members at a joint. It is not necessarily equal to the total
design moment at support for a load combination including
earthquake féect. In accordance with 13.5.3.2, only a frac-
tion (4 Mg of the momeniMy is assigned to the slaffec-

tive width.

Application of thevarious articles of 21.10.6 are illustrated
in Fig. R21.10.6.5andR21.10.6.2
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PART 7 — STRUCTURAL PLAIN CONCRETE

CHAPTER 22 — STRUCTURAL PLAIN CONCRETE

CODE COMMENTARY
22.0 — Notation 22.0 — Notation
Ag = gross area of section, in.2 Units of measurement are given in the Notation to assist the
A, = loaded area, in.2 user and are not intended to preclude the use of other cor-
A, = the area of the lower base of the largest frus- rectly applied units for the same symbol, such as ft or kip.
tum 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, in.2
b = width of member, in.
b, = perimeter of critical section for shear in foot-
ings, in.
B, = nominal bearing load, Ib
f¢ = specified compressive strength of concrete,
psi. See Chapter 5
f,' = square root of specified compressive strength

of concrete, psi
f¢ = average splitting tensile strength of lightweight
aggregate concrete, psi. See 5.1.4 and 5.1.5

h = overall thickness of member, in.
4. = vertical distance between supports, in.
M, = nominal moment strength at section, in.-Ib
M, = factored moment at section, in.-Ib
P, = nominal strength of cross section subject to
compression, Ib
P,v = nominal axial load strength of wall designed
by 22.6.5, Ib
P, = factored axial load at given eccentricity, Ib
S = elastic section modulus of section, in.3
V,, = nominal shear strength at section, Ib
V, = factored shear force at section, Ib
B. = ratio of long side to short side of concentrated
load or reaction area
@ = strength reduction factor. See 9.3.5
22.1 — Scope R22.1 — Scope
22.1.1 — This chapter provides minimum require- Prior to the 1995 code, requirements for plain concrete were
ments for design and construction of structural plain set forth in“Building Code Requirements for Structural
concrete members (cast-in-place or precast) except in Plain Concrete (ACI 318.1-89) (Revised 1992)Require-
2211.1and 22.1.1.2. ments for plain concrete are now in the code.
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22.1.1.1 — Structural plain concrete basement
walls shall be exempt from the requirements for spe-
cial exposure conditions of 4.2.2.

22.1.1.2 — Design and construction of soil-sup-
ported slabs, such as sidewalks and slabs on grade,
shall not be governed by the code unless they trans-
mit vertical loads from other parts of the structure to
the soil.

22.1.2 — For special structures, such as arches,
underground utility structures, gravity walls, and
shielding walls, provisions of this chapter shall govern
where applicable.

22.2 — Limitations

22.2.1 — Provisions of this chapter shall apply for design
of structural plain concrete members. See 2.1.

22.2.2 — Use of structural plain concrete shall be lim-
ited to:

(a) Members that are continuously supported by soil
or supported by other structural members capable of
providing continuous vertical support;

(b) Members for which arch action provides com-
pression under all conditions of loading; or

(c) Walls and pedestals. See 22.6 and 22.8. The
use of structural plain concrete columns shall not
be permitted.

22.2.3 — This chapter shall not govern design and
installation of cast-in-place concrete piles and piers
embedded in ground.

CHAPTER 22
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R22.1.1.1— Section 22.1.1.Exempts structural plain
concrete walls from the requirements for speexgosure
conditions because of the numerous successful uses of con-
crete with 28 day comprags strengths of 2500 and 3000
psi in the basemenwalls of residences and other minor
structures that did not meet the strength requirements of
Table 4.2.2

R22.1.1.2— It is not within the scope of this code to
provide design and construction requirements for nonstruc-
tural members of plain concrete such as soil-supported slabs
(slabs on grade).

R22.2 — Limitations

R22.2.2 and R22.2.3— Since the structural iegrity of

plain concrete members depends solely on the properties of
the concrete, use of structural plain concrete members
should be limited to members that are primarily in a state of
compression, members that can tolerate random cracks
without detriment to their structural egfrity, and members
where ductility is not an essential feature of design. The ten-
sile strength of concrete can be recognized in design of
members.Tensile stresses due to restraint from creep,
shrinkage, or temperaturdfects are to be considered and
suficiently reducedby construction techniques tavoid
uncontrolled cracks, or when uncontrolled cracks due to
such restraintféects are anticipated to oaguhey will not
induce structural failure.

Plain concrete walls are permitted (see 22.6) without a
height limitation. Hwever, for multistory construction
and other major structure8,CI Committee 318 encour-
ages the ge ofwalls designed inaccordane with Chapter

14 (see R22.6).

Since plain concrete lacks the necessary ductility that col-
umns should possess and because a random crack in an
unreinforced column will mostKkely endanger its structural
integrity, the code does not permit use of plain concrete for
columns. It does ailv its use for pedestals limited to a ratio

of unsupported height to least lateral dimension of 3 or less
(see22.8.2)

Structural elements such as cast-in-place concrete piles and
piers in ground or other materialfSaiently stiff to provide
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22.2.4 — Minimum strength

Specified compressive strength of plain concrete to be
used for structural purposes shall be not less than
2500 psi.

22.3 — Joints

22.3.1 — Contraction or isolation joints shall be pro-
vided to divide structural plain concrete members into
flexurally discontinuous elements. The size of each
element shall limit control excessive buildup of inter-
nal stresses caused by restraint to movements from
creep, shrinkage, and temperature effects.

22.3.2 — In determining the number and location of
contraction or isolation joints, consideration shall be
given to: influence of climatic conditions; selection and
proportioning of materials; mixing, placing, and curing
of concrete; degree of restraint to movement; stresses
due to loads to which an element is subject; and con-
struction techniques.

22.4 — Design method

22.4.1 — Structural plain concrete members shall be
designed for adequate strength in accordance with the
code, using load factors and design strength.

22.4.2 — Factored loads and forces shall be in combi-
nations as in 9.2 .

22.4.3 — Where required strength exceeds design
strength, reinforcement shall be provided and the
member designed as a reinforced concrete member in
accordance with appropriate design requirements of
the code.

22.4.4 — Strength design of structural plain concrete
members for flexure and axial loads shall be based on
a linear stress-strain relationship in both tension and
compression.

318/318R-337
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adequate lateral support to prevent buckling are not covered
by this code. Such elements are covered by the general
building code.

R22.2.4 — Minimum strength

A minimum strength requirement for plain concrete con-
struction is considered necessary because safety is based
solely on strength and quality of concrete treated as a homo-
geneous material. Lean concrete mixtures may not produce
adequately homogeneous material or well-formed surfaces.

R22.3 — Joints

Joints in plain concrete construction are an important design
consideration. In reinforced concrete, reinforcement is pro-
vided to resist the stresses due to restraint of creep, shrink-
age, and temperature effects. In plain concrete, joints are the
only means of controlling and thereby relieving the buildup
of such tensile stresses. A plain concrete member, therefore,
should be small enough, or divided into smaller elements by
joints, to control the buildup of internal stresses. The joint
may be a contraction joint or an isolation joint. A minimum
25 percent reduction of member thickness is considered suf-
ficient for contraction joints to be effective. The jointing
should be such that no axial tension or flexural tension can
be developed across a joint after cracking, if applicable, a
condition referred to as flexural discontinuity. Where ran-
dom cracking due to creep, shrinkage, and temperature
effects will not affect the structural integrity, and is other-
wise acceptable, such as transverse cracks in a continuous
wall footing, transverse contraction or isolation joints are
not necessary.

R22.4 — Design method

Plain concrete members are proportioned for adequate

strength using factored loads and forces. When the design

strength is exceeded, the section should be increased or the
specified strength of concrete increased, or both, or the

member designed as a reinforced concrete member in accor-
dance with the code. The designer should note, however,

that an increase in concrete section may have a detrimental
effect; stress due to load will decrease but stresses due to
creep, shrinkage, and temperature effects may increase.

R22.4.4— Flexural tension may be considered in design of
plain concrete members to sustain loads, provided the com-
puted stress does not exceed the permissible stress, and con-
struction, contraction, or isolation joints are provided to
relieve the resulting tensile stresses due to restraint of creep,
temperature, and shrinkage effects.
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22.4.5 — Tensile strength of concrete shall be permit-
ted to be considered in design of plain concrete mem-
bers when provisions of 22.3 have been followed.

22.4.6 — No strength shall be assigned to steel rein-
forcement that may be present.

22.4.7 — Tension shall not be transmitted through out-
side edges, construction joints, contraction joints, or
isolation joints of an individual plain concrete element.
No flexural continuity due to tension shall be assumed
between adjacent structural plain concrete elements.

22.4.8 — When computing strength in flexure, com-
bined flexure and axial load, and shear, the entire
cross section of a member shall be considered in
design, except for concrete cast against soil where
overall thickness h shall be taken as 2 in. less than
actual thickness.

22.5 — Strength design

22.5.1 — Design of cross sections subject to flexure
shall be based on

oM, 2 M, (22-1)

where M, is factored moment and M, is nominal
| moment strength computed by

M, =5[f'S

where S is the elastic section modulus of the cross
section.

(22-2)

22.5.2 — Design of cross sections subject to compres-
sion shall be based on

9P, 2 P, (22-3)

where P, is factored load and P, is nominal compres-
sion strength computed by

(22-4)

where A is the loaded area.

CHAPTER 22
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R22.4.8— The reduced overall thickndsgor concrete cast
against earth is to allow for unevenness of excavation and for
some contamination of the concrete adjacent to the soil.

R22.5 — Strength design

R22.5.2— Eq. (22-4) is presented to reflect the general
range of braced and restrained end conditions encountered
in structural plain concrete elements. The effective length
factor was omitted as a modifier gf the vertical distance
between supports, since this is conservative for walls with
assumed pin supports that are required to be braced against
lateral translation as in 22.6.6.4.
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22.5.3 — Members subject to combined flexure and
axial load in compression shall be proportioned such
that on the compression face:

P,loP,+ M,lpM, < 1 (22-5)
and on the tension face:
M,/S-P, /Ag < 5¢Jf7 (22-6)

22.5.4 — Design of rectangular cross sections subject

to shear shall be based on
v,z V, (22-7)

where V,, is factored shear and V,, is nominal shear
strength computed by

v, = ‘é‘ Jiibh (22-8)
for beam action and by
=[4, 8 /7 -
v, = [3 + 3Bjﬁboh (22-9)

for two-way action, but not greater than 2.66 /7' b,h.

22.5.5 — Design of bearing areas subject to compres-
sion shall be based on

PB,2 P, (22-10)

where P, is factored bearing load and B, is nominal
bearing strength of loaded area A; computed by

B,=0.85fAq (22-11)

except when the supporting surface is wider on all

sides than the loaded area, design bearing strength on

the loaded area shall be multiplied by,/A,/A; but not
more than 2.
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R22.5.3 — Plain concrete members subject to combined
flexure and axial compressive load are proportioned such
that on the compression face:

P M

u

7
0.609f'[ 1- Eﬁg

u

* oespr s~
T

and that on the tension face:

Calculated

2 _ [JCalculated ] < 5¢F
bending stres c

|:‘1.1xial stressl;|

R22.5.4— Proportions of plain concrete members usually
are controlled by tensile strength rather than shear strength.
Shear stress (as a substitute for principal tensile stress)
rarely will control. However, since it is difficult to foresee
all possible conditions where shear may have to be investi-
gated (such as shear keys), Committee 318 maintains the
investigation of this basic stress condition. An experienced
designer will soon recognize where shear is not critical for
plain concrete members and will adjust design procedures
accordingly.

The shear requirements for plain concrete assume an
uncracked section. Shear failure in plain concrete will be a
diagonal tension failure, occurring when the principal ten-
sile stress near the centroidal axis becomes equal to the ten-
sile strength of the concrete. Since the major portion of the
principal tensile stress comes from the shear, the code safe-
guards against tensile failure by limiting the permissible
shear at the centroidal axis as calculated from the equation
for a section of homogeneous material:

v =VQIlb

wherev andV are the shear stress and shear force, respec-
tively, at the section considered,is the statical moment of

the area outside the section being considered about centroi-
dal axis of the gross sectidnis the moment of inertia of the
gross section, anldis the width where shear stress is being
computed.
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22.5.6 — Lightweight concrete

Equations for nominal flexural and shear strengths
apply for normalweight concrete; for lightweight aggre-
gate concrete, one of the following modifications shall

apply:

(&) When f is specified and concrete is propor-
tioned in accordance with 5.2, f; /6.7 shall be substi-

tuted for /f’ but the value of fy /6.7 shall not
exceed ,[f.';

(b) When f, is not specified, the value of /7 shall

be multiplied by 0.75 for all-lightweight concrete and
by 0.85 for sand-lightweight concrete. Linear inter-
polation shall be permitted when partial sand
replacement is used.

22.5.6.1 — Provisions of 22.5 apply to normalweight
concrete. When lightweight aggregate concrete is
used, one of the following modifications shall apply:

(&) When f is specified and concrete is propor-
tioned in accordance with 5.2, equations that include

Jfc shall be modified by substituting f., /6.7 for
Jfc' wherever it appears in 22.5, but the value of f,,/6.7
shall not exceed | /f’;

(b) When f is not specified, all values of /f.’ in

22.5 shall be multiplied by 0.75 for all-lightweight
concrete, and 0.85 for sand-lightweight concrete.
Linear interpolation shall be permitted when partial
sand replacement is used.

22.6 — Walls

22.6.1 — Structural plain concrete walls shall be con-
tinuously supported by soil, footings, foundation walls,
grade beams, or other structural members capable of
providing continuous vertical support.

22.6.2 — Structural plain concrete walls shall be
designed for vertical, lateral, and other loads to which
they are subjected.

22.6.3 — Structural plain concrete walls shall be
designed for an eccentricity corresponding to the max-
imum moment that can accompany the axial load but
not less than 0.10h. If the resultant of all factored
loads is located within the middle-third of the overall
wall thickness, the design shall be in accordance with
22.5.3 or 22.6.5. Otherwise, walls shall be designed in
accordance with 22.5.3.

CHAPTER 22
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R22.5.6 — Lightweight concrete
SeeR11.2
R22.6 — Walls

Plain concrete walls are commonly used for basement wall
construction for residential and light commercial buildings
in low or nonseismic areas. Although the code imposes no
absolute maximum height limitation on the use of plain con-
crete walls, designers are cautioned against extrapolating
the experience with relatively minor structures and using
plain concrete walls in multistory construction and other
major structures where differential settlement, wind, earth-
quake, or other unforeseen loading conditions require the
walls to possess some ductility and ability to maintain their
integrity when cracked. For such conditions, AClI Committee
318 strongly encourages the use of walls designed in accor-
dance withChapter 14

The provisions for plain concrete walls are applicable only
for walls laterally supported in such a manner as to prohibit
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22.6.4 — Design for shear shall be in accordance with
22.5.4.

22.6.5 — Empirical design m ethod

22.6.5.1 — Structural plain concrete walls of solid
rectangular cross section shall be permitted to be
designed by Eq. (22-12) if the resultant of all factored
loads is located within the middle-third of the overall
thickness of wall.

22.6.5.2 — Design of walls subject to axial loads in
compression shall be based on

PP 2 Py (22-12)

where P, is factored axial load and P, is nominal
axial load strength computed by

y
Py = 0.45fC'Ag[1 - D—C—g} (22-13)

(82
22.6.6 — Limitations

22.6.6.1 — Unless demonstrated by a detailed anal-
ysis, horizontal length of wall to be considered effec-
tive for each vertical concentrated load shall not
exceed center-to-center distance between loads, nor
width of bearing plus four times the wall thickness.

22.6.6.2 — Except as provided in 22.6.6.3, thick-
ness of bearing walls shall be not less than 1/24 the
unsupported height or length, whichever is shorter, nor
less than 5-1/2 in.

22.6.6.3 — Thickness of exterior basement walls
and foundation walls shall be not less than 7-1/2 in.

22.6.6.4 — Walls shall be braced against lateral
translation. See 22.3 and 22.4.7.

22.6.6.5 — Not less than two No. 5 bars shall be pro-
vided around all window and door openings. Such bars
shall extend at least 24 in. beyond the corners of openings.

22.7 — Footings

22.7.1 — Structural plain concrete footings shall be
designed for factored loads and induced reactions in
accordance with appropriate design requirements of
this code and as provided in 22.7.2 through 22.7.8.

318/318R-341
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relative lateral displacement at top and bottom of individual
wall elements (see 22.6.6.4). The code does not cover walls
without horizontal support to prohibit relative displacement
at top and bottom of wall elements. Such laterally unsup-
ported walls are to be designed as reinforced concrete mem-
bers in accordance with the code.

R22.6.5 — Empirical design method

When the resultant load falls within the middle-third of the
wall thickness (kern of wall section), plain concrete walls
may be designed using the simplified Eq. (22-13). Eccentric
loads and lateral forces are used to determine the total
eccentricity of the factored lodg),. If the eccentricity does
not exceed/6, Eq. (22-13) may be applied, and design per-
formed considerind®, as a concentric load. The factored
axial load P, should not exceed the design axial load
strengthgP,,,,- Eq. (22-13) reflects the range of braced and
restrained end conditions encountered in wall design. The
limitations of 22.6.6 apply whether the wall is proportioned
by 22.5.3 or by the empirical method of 22.6.5.

R22.7 — Footings
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22.7.2 — Base area of footing shall be determined
from unfactored forces and moments transmitted by
footing to soil and permissible soil pressure selected
through principles of soil mechanics.

22.7.3 — Plain concrete shall not be used for footings
on piles.

22.7.4 — Thickness of structural plain concrete foot-
ings shall be not less than 8 in. See 22.4.8.

22.7.5 — Maximum factored moment shall be com-
puted at critical sections located as follows:

(a) At the face of the column, pedestal, or wall, for
footing supporting a concrete column, pedestal, or
wall;

(b) Halfway between center and face of the wall, for
footing supporting a masonry wall;

(c) Halfway between face of column and edge of
steel base plate, for footing supporting a column with
steel base plate.

22.7.6 — Shear in plain concrete footings

22.7.6.1 — Maximum factored shear shall be com-
puted in accordance with 22.7.6.2, with location of crit-
ical section measured at face of column, pedestal, or
wall for footing supporting a column, pedestal, or wall.
For footing supporting a column with steel base plates,
the critical section shall be measured at location
defined in 22.7.5(c).

22.7.6.2 — Shear strength of structural plain con-
crete footings in the vicinity of concentrated loads or
reactions shall be governed by the more severe of two
conditions:

(a) Beam action for footing, with a critical section
extending in a plane across the entire footing width
and located at a distance h from face of concen-
trated load or reaction area. For this condition, the
footing shall be designed in accordance with Eq.
(22-8);

(b) Two-way action for footing, with a critical section
perpendicular to plane of footing and located so that

COMMENTARY

R22.7.4— Thickness of plain concrete footings will be
controlled by flexural strength (extreme fiber stress in ten-
sion not greater tha'ﬁtpjrc') rather than shear strength for
the usual proportions of plain concrete footings. Shear
rarely will control (seeR22.5.4).For footings castgaind

soil, overall thicknessh used for strength computations
should be taken as 2 in. less than actual thickness to allow
for unevenness of excavation and contamination of the con-
crete adjacent to soil as required by 22.4.8. Thus, for a min-
imum footing thickness of 8 in., calculations for flexural
and shear stresses must be based on an overall thitkness
of 6 in.
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its perimeter b, is a minimum, but need not approach
closer than h/2 to perimeter of concentrated load or
reaction area. For this condition, the footing shall be
designed in accordance with Eq. (22-9).

22.7.7 — Circular or regular polygon shaped concrete
columns or pedestals shall be permitted to be treated
as square members with the same area for location of
critical sections for moment and shear.

22.7.8 — Factored bearing load on concrete at contact
surface between supporting and supported member
shall not exceed design bearing strength for either sur-
face as given in 22.5.5.

22.8 — Pedestals

22.8.1 — Plain concrete pedestals shall be designed
for vertical, lateral, and other loads to which they are
subjected.

22.8.2 — Ratio of unsupported height to average least
lateral dimension of plain concrete pedestals shall not
exceed 3.

22.8.3 — Maximum factored axial load applied to plain
concrete pedestals shall not exceed design bearing
strength given in 22.5.5.

22.9 — Precast members

22.9.1 — Design of precast plain concrete members
shall consider all loading conditions from initial fabrica-
tion to completion of the structure, including form
removal, storage, transportation, and erection.

22.9.2 — Limitations of 22.2 apply to precast members
of plain concrete not only to the final condition but also
during fabrication, transportation, and erection.

22.9.3 — Precast members shall be connected
securely to transfer all lateral forces into a structural
system capable of resisting such forces.

22.9.4 — Precast members shall be adequately
braced and supported during erection to ensure
proper alignment and structural integrity until perma-
nent connections are completed.

22.10 — Plain concrete in ea rthquake-
resisting structures

22.10.1 — Structures designed for earthquake-
induced forces in regions of high seismic risk or
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R22.8 — Pedestals

The height-thickness limitation for plain concrete pedestals
does not apply for portions of pedestals embedded in soil
capable of providing lateral restraint.

R22.9 — Precast members

Precast structural plain concrete members are subject to all
limitations and provisions for cast-in-place concrete con-
tained in this chapter.

The approach to contraction or isolation joints is expected to
be somewhat different than for cast-in-place concrete since
the major portion of shrinkage stresses takes place prior to
erection. To ensure stability, precast members should be
connected to other members. The connection should trans-
fer no tension.
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assigned to high seismic performance or design
categories shall not have foundation elements of
structural plain concrete, except as follows:

(a) For detached one- and two-family dwellings three
stories or less in height and constructed with stud
bearing walls, plain concrete footings without
longitudinal reinforcement supporting walls and isolated
plain concrete footings supporting columns or pedestals
are permitted,

(b) For all other structures, plain concrete footings
supporting walls are permitted provided the footings
are reinforced longitudinally with not less than two
continuous reinforcing bars. Bars shall not be
smaller than No. 4 and shall have a total area of not
less than 0.002 times the gross cross-sectional area
of the footing. Continuity of reinforcement shall be
provided at corners and intersections;

(c) For detached one- and two-family dwellings three
stories or less in height and constructed with stud
bearing walls, plain concrete foundations or base-
ment walls are permitted provided the wall is not
less than 7-1/2 in. thick and retains no more than 4 ft
of unbalanced fill.
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APPENDIX A — ALTERNATE DESIGN METHOD

CODE

A.0 — Notation

Some notation definitions are modified from those in
the main body of the code for specific use in the appli-
cation of Appendix A.

gross area of section, in.?

area of shear reinforcement within a distance
s, in.?

loaded area

maximum area of the portion of the support-
ing surface that is geometrically similar to and
concentric with the loaded area

perimeter of critical section for slabs and foot-
ings, in.

web width, or diameter of circular section, in.
distance from extreme compression fiber to
centroid of tension reinforcement, in.
modulus of elasticity of concrete, psi. See
85.1

modulus of elasticity of reinforcement, psi.
See 85.2

specified compressive strength of concrete,
psi. See Chapter 5

square root of specified compressive strength
of concrete, psi

average splitting tensile strength of light-
weight aggregate concrete, psi. See 5.1.4
permissible tensile stress in reinforcement,
psi

specified yield strength of reinforcement, psi.
See 3.5.3

design moment

modular ratio of elasticity

E./E.

design axial load normal to cross section
occurring simultaneously with V; to be taken
as positive for compression, negative for ten-
sion, and to include effects of tension due to
creep and shrinkage

spacing of shear reinforcement in direction
parallel to longitudinal reinforcement, in.
design shear stress

permissible shear stress carried by concrete,
psi

permissible horizontal shear stress, psi
design shear force at section

angle between inclined stirrups and longitudi-
nal axis of member

ratio of long side to short side of concentrated
load or reaction area

COMMENTARY
A.0 — Notation

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 ft or kip.
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p, = ratio of tension reinforcement
= As/b,d
@ = strength reduction factor. See A.2.1
A.1 — Scope

A.1.1 — Nonprestressed reinforced concrete mem-
bers shall be permitted to be designed using service
loads (without load factors) and permissible service
load stresses in accordance with provisions of Appen-
dix A.

A.1.2 — For design of members not covered by
Appendix A, appropriate provisions of this code shall

apply.

A.1.3 — All applicable provisions of this code for non-
prestressed concrete, except 8.4, shall apply to mem-
bers designed by the Alternate Design Method.

COMMENTARY

RA.1 — Scope

As an alternate to the Strength Design Method of this code,
the design provisions of Appendix A may be used to propor-
tion reinforced concrete members. In the alternate method, a
structural member (in flexure) is so designed that the
stresses resulting from the action of service loads (without
load factors) and computed by the straight-line theory for
flexure do not exceed permissible service load stresses. Ser-
vice load is the load, such as dead, live, and wind, which is
assumed actually to occur when the structure is in service.
The required service loads to be used in design are as pre-
scribed in the general building code. The stresses computed
under the action of service loads are limited to values well
within the elastic range of the materials so that the straight-
line relationship between stress and strain is used (see A.5).

The alternate method is similar to the “working stress
design method” of previous ACI Building Codes (e.g., ACI
318-63). For members subject to flexure without axial load,
the method is identical. Major differences in procedure
occur in design of compression members with or without
flexure (see A.6) and bond stress and development of rein-
forcement (see A.4). For shear, the shear strengths provided
by concrete for the Strength Design Method are divided by a
factor of safety and the resulting permissible service load
stresses restated in Appendix A (see A.7).

In view of the simplifications permitted, the Alternate
Design Method of Appendix A generally will result in more
conservative designs than those designs obtained using the
Strength Design Method of the code. Load factors and
strength reduction factors of 1.0 are used for both design
and analysis. Also, design rules for proportioning by the
straight-line theory for flexure have not been updated as
thoroughly as the Strength Design Method for proportion-
ing reinforced concrete members.

RA.1.1 — Design by Appendix A does not apply to pre-
stressed members. (Chapter 18 permits linear stress-strain
assumptions for computing service load stresses and pre-
stress transfer stresses for investigation of behavior at ser-
vice conditions.)

RA.1.3 — All other provisions of this code, except those
permitting moment redistribution, apply to the Alternate
Design Method. These include control of deflections and
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A.1.4 — Flexural members shall meet requirements
for deflection control in 9.5, and requirements of 10.4
through 10.7 of this code.

A.2 — General

A.2.1 — Load factors and strength reduction factors ¢
shall be taken as unity for members designed by the
Alternate Design Method.

A.2.2 — It shall be permitted to proportion members
for 75 percent of capacities required by other parts of
Appendix A when considering wind or earthquake
forces combined with other loads, provided the result-
ing section is not less than that required for the combi-
nation of dead and live load.

A.2.3 — When dead load reduces effects of other
loads, members shall be designed for 85 percent of
dead load in combination with the other loads.

A.3 — Permissible service load stresses

A.3.1 — Stresses in concrete shall not exceed the fol-
lowing:

(a) Flexure
Extreme fiber stress in compression ............ 0.45f/
(b) Shear*
Beams and one-way slabs and footings:
Shear carried by concrete, Vg ......ccooeueeee. 1.1,/t;

Maximum shear carried by concrete plus
shear reinforcement.............c.cccceuee. vet+ 4.4 [f!

* For more detailed calculation of shear stress carried by concrete v,
and shear values for lightweight aggregate concrete, see A.7.4.

318/318R-359
COMMENTARY

distribution of flexural reinforcement, as well as all of the
provisions related to slenderness effects in compression
members inChapterlO.

RA.1.4 — The general serviceability requirements of this
code, such as the requirements for deflection control (see
9.5) and crack control (see 10.6), should be met regardless
of whether the strength method or the alternate method is
used for design.

RA.2 — General

RA.2.1 — Load factors and strength reduction factors for
determining safety in the Strength Design Method are not
used in the Alternate Designh Method. Accordingly, load fac-
tors and strength reduction fact@sre set equal to 1.0 to
eliminate their effect when designing by the alternate
method.

When using the moment and shear equations of 8.3.3 and
Chapter 13, the factored loag, should be replaced by the
service loadw.

RA.2.2 — When lateral loads such as wind or earthquake
combined with live and dead load govern the design, mem-
bers may be proportioned for 75 percent of capacities
required in Appendix A. This is similar to the working
stress design provisions of previous ACI Building Codes
which allowed a one-third increase in stresses for these
combinations of loads.

RA.2.3 — The 15 percent reduction for dead load is
required for design conditions where dead load reduces the
design effects of other loads to allow for the actual dead
load being less than the dead load used in design. This pro-
vision is analogous to the required strength equation [Eq.
(9-3)].

RA.3 — Permissible service load stresses

For convenience, permissible service load stresses are tabu-
lated. Compressive stress in concrete for flexure without
axial load is limited t®.45f_. Tensile stresses in reinforce-
ment are limited to 20,000 psi for Grade 40 and 50 steel and
24,000 psi for Grade 60 and higher strength steel. One
exception of long standing exists for one-way slabs with
clear span lengths 12 ft or less and reinforced with No. 3
bars or welded wire fabric having a diameter not exceeding
3/8 in. For this design condition only, the permissible tensile
stress is increased to the lesse.&ff, or 30,000 psi.

Permissible stresses for shear and bearing are percentages
of the shear and bearing strengths provided for strength
design. The 10 percent increase permitted for joists by 8.11
of the code is already included in tllezjf? value for
joists.
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Joists:"
Shear carried by concrete, Vg.................. 1.2 [t
Two-way slabs and footings: )
Shear carried by concrete, v, .......... + 20 /s
y Cc %‘ BCD«/:
but not greater than 2, /f
(c) Bearing on loaded areat ..., 0.3f,

A.3.2 — Tensile stress in reinforcement f; shall not
exceed the following:

(a) Grade 40 or Grade 50
reinforcement .........cocvveveiiiiieee e 20,000 psi

(b) Grade 60 reinforcement or greater
and welded wire fabric (plain
ordeformed) .........coovvviiiiiiiiis 24,000 psi

(c) For flexural reinforcement, 3/8 in.

or less in diameter, in one-way slabs

of not more than 12 ft span.........cccccceevvvieeenn. 0.50f,
but not greater than 30,000 psi

A.4 — Development and splices of
reinforcement

A.4.1 — Development and splices of reinforcement
shall be as required in Chapter 12 of this code.

A.4.2 — In satisfying requirements of 12.11.3, M,, shall
be taken as computed moment capacity assuming all
positive moment tension reinforcement at the section to
be stressed to the permissible tensile stress f;,and V,,
shall be taken as unfactored shear force at the section.

A.5 — Flexure

For investigation of stresses at service loads, straight-
line theory (for flexure) shall be used with the following
assumptions.

A.5.1 — Strains vary linearly as the distance from the
neutral axis, except for deep flexural members with over-
all depth-span ratios greater than 2/5 for continuous

*Designed in accordance with 8.11 of this code.

T If shear reinforcement is provided, see A.7.7.4 and A.7.7.5.

¥ When the supporting surface is wider on all sides than the loaded
area, permissible bearing stress on the loaded area shall be permit-
ted to be multiplied by /A,/A, but not more than 2. When the sup-
porting surface is sloped or stepped, A, shall be permitted to be
taken as the area of the lower base of the largest frustum of a right
pyramid or cone contained wholly within the support and having for
its upper base the loaded area, and having side slopes of 1 vertical
to 2 horizontal.

APPENDIX A
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Clarification of the use of areas; and A, for increased
bearing stress is discussed in R10.17.1.

RA.4 — Development and splices of
reinforcement

In computing development lengths and splice lengths, the
provisions of Chapter 12 govern both methods of design
equally since, in either case, the development lengths (and
splice lengths as multiples of development lengths) are
based on the yield strength of the reinforcement. Whigre
andV, are referenced in Chapter 12, is the service load
resisting moment capacity aM is the applied service load
shear force (without load factors) at the section.

RA.5 — Flexure

The straight-line theory applies only to design of members
in flexure without axial load. Since stresses computed under
the action of service loads are well within the elastic range,
the straight-line relationship between stress and strain is
used with the maximum fiber stress in concrete limited to
0.45. and the tensile stress in reinforcement limited to
24,000 psi for Grade 60 steel (see A.3.2).

Straight-line theory may be used for all sectional shapes
with or without compression reinforcement when axial load
is not present. Since small axial compression loads tend to
increase the moment capacity of a section, small axial loads
may be disregarded in most cases. When doubt exists as to
whether or not the axial compression may be disregarded,
the member should be investigated using A.6.
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spans and 4/5 for simple spans, a nonlinear distribution
of strain shall be considered. See 10.7 of this code.

A.5.2 — Stress-strain relationship of concrete is a
straight line under service loads within permissible
service load stresses.

A.5.3 — In reinforced concrete members, concrete
resists no tension.

A.5.4 — It shall be permitted to take the modular ratio,
n = E; /E., as the nearest whole number (but not less
than 6). Except in calculations for deflections, value of
n for lightweight concrete shall be assumed to be the
same as for normal weight concrete of the same
strength.

A.5.5 — In doubly reinforced flexural members, an
effective modular ratio of 2E;/E,. shall be used to
transform compression reinforcement for stress com-
putations. Compressive stress in such reinforcement
shall not exceed permissible tensile stress.

A.6 — Compression members with or
without flexure

A.6.1 — Combined flexure and axial load capacity of
compression members shall be taken as 40 percent of
that computed in accordance with provisions in Chap-
ter 10 of this code.

A.6.2 — Slenderness effects shall be included accord-
ing to requirements of 10.10 through 10.13. In Eq. (10-
10) and (10-19) the term P, shall be replaced by 2.5
times the design axial load, and the factor 0.75 shall
be taken equal to 1.0.

A.6.3 — Walls shall be designed in accordance with
Chapter 14 of this code with flexure and axial load
capacities taken as 40 percent of that computed using
Chapter 14. In Eq. (14-1), ¢shall be taken equal to 1.0.

A.7 — Shear and to rsion

A.7.1 — Design shear stress v shall be computed by

v = b_Wd (A'l)

where Vis design shear force at section considered.

318/318R-361
COMMENTARY

Deep flexural members should be designed in accordance
with 10.7 of this code.

In transforming compression reinforcement to equivalent
concrete for flexural desigr® E¢ /E; should be used in
locating the neutral axis and calculating moments of inertia.
The lesser of twice the calculated stress in the compression
reinforcement or the permissible tensile stress is then used
to calculate the contribution of the compression reinforce-
ment in computing the resisting moment at service loads.

RA.6 — Compression members with or with-
out flexure

All compression members, with or without flexure, should
be proportioned using the Strength Design Method. This
departure from the 1963 and previous ACI Building Codes
is to provide a more consistent factor of safety for the full
range of load-moment interaction. Existing working stress
design aids for columns do not satisfy requirements of
Appendix A.

The permissible service load capacity is taken as 40 percent
of the nominal axial load strengf at given eccentricityg
=1.0)as computed by the provisions of Chapter 10, subject
to appropriate reduction due to effects of slenderness. Use
of 40 percent of the nominal strength is equivalent to an
overall safety factou/¢@of 2.5.

With the Alternate Design Metho®,, /@in Eg. (10-10) and
(10-19) is taken a2.5° when gravity loads govern and as
1.87% when lateral loads combined with gravity loads gov-
ern the design, whet s the design axial load in the com-
pression member.

RA.7 — Shear and torsion

For convenience, a complete set of design provisions for
shear is provided in Appendix A.

The permissible concrete stresses and limiting maximum
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A.7.2 — When the reaction, in direction of applied
shear, introduces compression into the end regions of
a member, sections located less than a distance d
from face of support shall be permitted to be designed
for the same shear v as that computed at a distance d.

A.7.3 — Whenever applicable, effects of torsion, in
accordance with provisions of Chapter 11 of this code,
shall be added. Shear and torsional moment strengths
provided by concrete and limiting maximum strengths
for torsion shall be taken as 55 percent of the values
given in Chapter 11.

A.7.4 — Shear stress carried by concrete

A.7.4.1 — For members subject to shear and flexure
only, shear stress carried by concrete v, shall not
exceed 1.1@ unless a more detailed calculation is
made in accordance with A.7.4.4.

A.7.4.2 — For members subject to axial compres-
sion, shear stress carried by concrete v, shall not
exceed 1.1ij' unless a more detailed calculation is
made in accordance with A.7.4.5.

A.7.4.3 — For members subject to significant axial
tension, shear reinforcement shall be designed to
carry total shear, unless a more detailed calculation is
made using

ve = 11[1 + 00040 /7 (A-2)
g

where N is negative for tension. Quantity N/A, shall be
expressed in psi.

A.7.4.4 — For members subject to shear and flexure
only, it shall be permitted to compute v, by

v = Jfl+ lSOOpW-\I/\—j (A-3)

but v, shall not exceed 1.9 /f.'. Quantity Vd/M shall
not be taken greater than 1.0, where M is design
moment occurring simultaneously with V at section
considered.

A.7.4.5 — For members subject to axial compres-
sion, it shall be permitted to compute v, by

N I
v, = 1.1%1+0.0006A—QD A (A-4)
Quantity N/A4 shall be expressed in psi.
A.7.4.6 — Shear stresses carried by concrete v,
apply to normal weight concrete. When lightweight

aggregate concrete is used, one of the following modi-
fications shall apply:

COMMENTARY

stresses for shear are 55 percent for beams, joists, walls and
one-way slabs and 50 percent for two-way slabs and foot-
ings, respectively, of the shear and torsional moment
strengths given in the code for the Strength Design Method.

When gravity load, wind, earthquake, or other lateral forces
cause transfer of moment between slab and column, provi-
sions of 11.12.2 must be applied with the permissible
stresses on the critical section limited to those given in
A7.7.3.
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(&) When f, is specified and concrete is propor-
tioned in accordance with 5.2, f, /6.7 shall be sub-
stituted for /f’ but the value of fy /6.7 shall not

exceed [f';

(b) When f is not specified, the value of ﬁ shall
be multiplied by 0.75 for “all-lightweight” concrete
and by 0.85 for “sand-lightweight” concrete. Linear
interpolation shall be permitted when partial sand
replacement is used.

A.7.4.7 — In determining shear stress carried by
concrete v, whenever applicable, effects of axial ten-
sion due to creep and shrinkage in restrained mem-
bers shall be included and it shall be permitted to
include effects of inclined flexural compression in vari-
able-depth members.

A.7.5 — Shear stress carried by shear
reinforcement

A.7.5.1 — Types of shear reinforcement
Shear reinforcement shall consist of one of the following:
(a) Stirrups perpendicular to axis of member;

(b) Welded wire fabric with wires located perpendic-
ular to axis of member making an angle of 45 deg or
more with longitudinal tension reinforcement;

(c) Longitudinal reinforcement with bent portion
making an angle of 30 deg or more with longitudinal
tension reinforcement;

(d) Combinations of stirrups and bent longitudinal
reinforcement;

(e) Spirals.

A.7.5.2 — Design yield strength of shear reinforce-
ment shall not exceed 60,000 psi.

A.7.5.3 — Stirrups and other bars or wires used as
shear reinforcement shall extend to a distance d from
extreme compression fiber and shall be anchored at
both ends according to 12.13 of this code to develop
design yield strength of reinforcement.

A.7.5.4 — Spacing limits for shear reinforcement
A.7.5.4.1 — Spacing of shear reinforcement

placed perpendicular to axis of member shall not
exceed d/2, nor 24 in.

COMMENTARY
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A.7.5.4.2 — Inclined stirrups and bent longitudinal
reinforcement shall be so spaced that every 45-deg line,
extending toward the reaction from middepth of member
(d/2) to longitudinal tension reinforcement, shall be
crossed by at least one line of shear reinforcement.

A.7.5.4.3 — When (v - v,) exceeds 2 [f', maxi-
mum spacing given in A.7.5.4.1 and A.7.5.4.2 shall be
reduced by one-half.

A.7.5.5 — Minimum shear reinforcement

A.7.5.5.1 — A minimum area of shear reinforce-
ment shall be provided in all reinforced concrete flex-
ural members where design shear stress v is greater
than one-half the permissible shear stress v, carried
by concrete, except:

(a) Slabs and footings;

(b) Concrete joist construction defined by 8.11 of
this code;

(c) Beams with total depth not greater than 10 in.,
2.5 times thickness of flange, or one-half the width
of web, whichever is greatest.

A7552 — Minimum shear reinforcement
requirements of A.7.5.5.1 shall be permitted to be
waived if shown by test that required ultimate flexural
and shear strength can be developed when shear rein-
forcement is omitted.

A 7553 — Where shear reinforcement is
required by A.7.5.5.1 or by analysis, minimum area of
shear reinforcement shall be computed by

b
A, = 501> (A-5)

fy

where b,, and s are in inches.
A.7.5.6 — Design of shear reinforcement

A.7.5.6.1 — Where design shear stress v
exceeds shear stress carried by concrete v, shear
reinforcement shall be provided in accordance with
A.7.5.6.2 through A.7.5.6.8.

A.7.5.6.2 — When shear reinforcement perpen-
dicular to axis of member is used,

(v-v)b,s
v = f—

S

A (A-6)

A.7.5.6.3 — When inclined stirrups are used as
shear reinforcement,

(v=vob,s

v o fs(sina + cos a) (A7)

COMMENTARY
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A.7.5.6.4 — When shear reinforcement consists
of a single bar or a single group of parallel bars, all
bent up at the same distance from the support,

_(v-vyb,d

A, = “Fasna (A-8)

where (v - v,) shall not exceed 1.6 /' .

A.7.5.6.5 — When shear reinforcement consists
of a series of parallel bent-up bars or groups of parallel
bent-up bars at different distances from the support,
required area shall be computed by Eq. (A-7).

A.7.5.6.6 — Only the center three-quarters of the
inclined portion of any longitudinal bent bar shall be
considered effective for shear reinforcement.

A.7.5.6.7 — When more than one type of shear
reinforcement is used to reinforce the same portion of
a member, required area shall be computed as the
sum of the various types separately. In such computa-
tions, v, shall be included only once.

A.7.5.6.8 — Value of (v - v,) shall not exceed

4.4@.

A.7.6 — Shear-friction

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, shear-friction provisions of 11.7 of this code
shall be permitted to be applied, with limiting maxi-
mum stress for shear taken as 55 percent of that given
in 11.7.5. Permissible stress in shear-friction reinforce-
ment shall be that given in A.3.2.

A.7.7 — Special provisions for slabs and footings

A.7.7.1 — Shear capacity of slabs and footings in
the vicinity of concentrated loads or reactions is gov-
erned by the more severe of two conditions:

A.7.7.1.1 — Beam action for slab or footing, with
a critical section extending in a plane across the entire
width and located at a distance d from face of concen-
trated load or reaction area. For this condition, the slab
or footing shall be designed in accordance with A.7.1
through A.7.5.

A.7.7.1.2 — Two-way action for slab or footing,
with a critical section perpendicular to plane of slab and
located so that its perimeter is a minimum, but need not
approach closer than d/2 to perimeter of concentrated

COMMENTARY
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load or reaction area. For this condition, the slab or
footing shall be designed in accordance with A.7.7.2
and A.7.7.3.

A.7.7.2 — Design shear stress v shall be computed by

- v -
V_bod (A-9)

where V and b, shall be taken at the critical section
defined in A.7.7.1.2.

A.7.7.3 — Design shear stress v shall not exceed v,
given by Eq. (A-10) unless shear reinforcement is pro-
vided

ve=H+ ﬁéﬁ/ﬁ (A-10)

but v, shall not exceed 2 ff'. B, is the ratio of long
side to short side of concentrated load or reaction
area. When lightweight aggregate concrete is used,
the modifications of A.7.4.6 shall apply.

A.7.7.4 — If shear reinforcement consisting of bars
or wires is provided in accordance with 11.12.3 of this
code, v, shall not exceed /f', and v shall not exceed

3,/f .

A.7.7.5 — If shear reinforcement consisting of steel
I- or channel-shaped sections (shearheads) is pro-
vided in accordance with 11.12.4 of this code, v on the
critical section defined in A.7.7.1.2 shall not exceed
3.5@, and v on the critical section defined in
11.12.4.7 shall not exceed 2 /.. In Eq. (11-39) and
(11-40), design shear force V shall be multiplied by 2
and substituted for V.

A.7.8 — Special provisions for other members

For design of deep flexural members, brackets and
corbels, and walls, the special provisions of Chapter
11 of this code shall be used, with shear strengths pro-
vided by concrete and limiting maximum strengths for
shear taken as 55 percent of the values given in Chap-
ter 11. In 11.10.6, the design axial load shall be multi-
plied by 1.2 if compression and 2.0 if tension, and
substituted for N,, .

A.7.9 — Composite concrete flexural members

For design of composite concrete flexural members,
permissible horizontal shear stress v, shall not exceed
55 percent of the horizontal shear strengths given in
17.5.2 of this code.

COMMENTARY
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B.1 — Scope

Design for flexure and axial load by provisions of
Appendix B shall be permitted. When Appendix B is
used in design, all numbered sections in this appendix
shall be used in place of the corresponding numbered
sections in Chapters 8, 9, 10, and 18. If any section in
this appendix is used, all sections in this appendix
shall be substituted for the corresponding sections in
the body of the code, and all other sections in the body
of the code shall be applicable.

B.8.4 — Redist ributio n of ne gative mo ments in
continuous fl exural membe rs

B.8.4.1 — Except where approximate values for
moments are used, it shall be permitted to increase or
decrease negative moments calculated by elastic theory
at supports of continuous flexural members for any
assumed loading arrangement by not more than
1000¢; percent, with a maximum of 20 percent.

B.8.4.2 — The modified negative moments shall be
used for calculating moments at sections within the
spans.

B.8.4.3 — Redistribution of negative moments shall
be made only when g; is equal to or greater than
0.0075 at the section at which moment is reduced.

COMMEN TARY

RB.1 — Scope

This appendix to the code introduces substantial changes in
design for fexure and axial loads. Reinforcement limits,
strength reduction factap, and moment redistribution are
affected. Designs using theqpisions of this Appendix B
satisfy the code, and are equally acceptable.

When this appendix is used, each section of the appendix
should be substituted for the corresponding section in the
body of the codeFor instance, B.8.4 is substituted for 8.4,
etc. through B.18.10.4 being substituted for 18.10.4. The cor-
responding commentary sections should also be substituted.

RB.8.4 — Redistrbution of negatve moments in contin-
uous flexural members

Moment redistifiution is dependent on adequate ductility in
plastic hinge egions. These plastic hingegions dvelop at
points of maximum moment and cause a shift in the elastic
moment diagram. The usual result is a reduction irvéhe
ues of mgaive moments in the plastic hingegion and an
increase in thealues of posive moments from those com-
putedby elastic analysis. Sincesgaive moments are deter-
mined for one loading arrangement and pesimoments
for anothe, each section has a regercapacity 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 agtural member at ultimate loads.

Using conserative values of ultimate concrete strains and
lengths of plastic hinges deed fromextensve tests, fx-

ural members with small rotation capacity were analyzed
for moment redistkution up to 20 percent depending on the
reinforcement ratio. The results were found to be ceomser
tive (seeFig. RB.8.9. Studiesby Cohrf? and MattocR-3
support this conclusion and indicate that cracking and
deflection of beams designed for moment redistion are

not signficantly greater at service loads than for beams
designedby the elastic theory distition of moments.
Also, these studies indicated that adequate rotation capacity
for the moment redistiution allbwed by the code isvail-
able if the members satisfy the code requirements.

Moment redisttution does not apply to members designed
by the Alternate Design Method of Appendix A; nor may it
be used for slab systems desigrsdthe Direct Design
Method (see 13.6.1.7).

Section 8.4 of the code spkes the permissible redistri-
tion percentage in terms of reinforcement indices. This
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B.9.3 — Design strength

B.9.3.1 — Design strength provided by a member,
its connections to other members, and its cross sec-
tions, in terms of flexure, axial load, shear, and torsion,
shall be taken as the nominal strength calculated in
accordance with requirements and assumptions of this
code, multiplied by a strength reduction factor ¢.

B.9.3.2 — Strength reduction factor g shall be as fol-
lows:

B.9.3.2.1 — Tension-controlled sections....... 0.90
B.9.3.2.2 — Compression-controlled sections:

(a) Members with spiral reinforcement
conforming t0 10.9.3........cccciiiiiieeeeee e, 0.75

(b) Other reinforced members....................... 0.70

For sections in which the net tensile strain in the

COMMENTARY
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Fig. RB.8.4—Permissible moment redistribution for mini-
mum rotation capacity

appendix specifies the permissible redistribution percentage
in terms of the net tensile stragp. See Reference B.1 for a
comparison of these moment redistribution provisions.

RB.9.3 — Design strength

RB.9.3.1 — The term “design strength” of a member
refers to the nominal strength calculated in accordance with
the requirements stipulated in this code multiplied by a
strength reduction factas, which is always less than 1.

The purposes of the strength reduction fag@re: (1) to
allow for the probability of understrength sections 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 section
under the load effects being considered, and (4) to reflect
the importance of the member in the strucfife’>

RB.9.3.2— Prior to the development of these provisions,
the code specified the magnitude of grfactor for cases of
axial load or flexure or both in terms of the type of loading.
For these cases, tigefactor 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
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 hig{ehan tied col-
umns since they have greater ductility or toughness.
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extreme tension steel at nominal strength is between
the limits for compression-controlled and tension-con-
trolled sections, @ shall be linearly increased from that
for compression-controlled sections to 0.90 as the net
tensile strain in the extreme tension steel at nominal
strength increases from the compression-controlled
strain limit to 0.005. Alternatively, it shall be permitted
to take @ as that for compression-controlled sections.

B.9.3.2.3 — Shear and torsion ..................... 0.85

B.9.3.2.4 — Bearing on concrete
(see also 18.13)....c.cccvvvvverrunnnnnn. 0.70

B.10.3.2 — Balanced strain conditions exist at a
cross section when tension reinforcement reaches the
strain corresponding to its specified yield strength f,
just as concrete in compression reaches its assumed
strain limit of 0.003.

The compression-controlled strain limit is the net ten-
sile strain in the reinforcement at balanced strain con-
ditions. For prestressed sections, it shall be permitted
to use the same compression-controlled strain limit as
that for reinforcement with a design yield strength f,, of

60,000 psi.

B.10.3.3 — Sections are compression-controlled
when the net tensile strain in the extreme tension steel
is equal to or less than the compression-controlled
strain limit at the time the concrete in compression
reaches its assumed strain limit of 0.003. Sections are
tension-controlled when the net tensile strain in the

318/318R-369
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For sections subjected to axial load witlexfire, design
strengths are determindég multiplying bothP,, andM by

the appropriate singlealue of @ Compression-controlled
and texsion-controlled seéonsare déined n Chapter 2as
those which Bve net tensile strain in thextreme tension
steel at nominal strength less than or equal to the compres-
sion-controlled strain limit and equal to or greater than
0.005, respedtely. For sections with net tensile strain in the
extreme tension steel at nominal strength between theeab
limits, thevalue ofg may be determined by linear interpola-
tion, as sbhwn in Fig. RB.9.3.2 The concept of net tensile
strain is discussed in RB.10.3.3.

Since the compres® 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 @it/ d., wherec is the depth of
the neutral axis at nominal strengthdah is the distance
from theextreme compressiofiber to theextreme tension
steel. Tle ¢/ d, limits for compression-controlled and ten-
sion-controlled sections are 0.6 and 0.375, respt The

0.6 limit applies to sections reinforced with Grade 60 steel
and to prestressed sectioRsy. RB.9.3.2also gves equa-
tions forgas a function ot/ d, .

The net tensile strain limit for tension-controlled sections
may also be stated in terms of {bp, ratio as déned in
previous editions of the code. The net tensile strain limit of
0.005 corresponds to @/p, ratio of 0.63 for rectangular
sections with Grade 60 reinforcemelfbr a comparison of
these povisions with those of the body of the code, see Ref-
erence B.1.

The factorgfor bearing on concrete in this section does not
apply to post-tensioning anchorage bearing plates (see
R18.13).

RB.10.32 — A balanced strain conditicaxists at a cross
section when the maximum strain at #x¢reme compres-
sion fiber just reaches 0.003 simultaneously with fingt
yield stran f,/E in the tension reinforcement. The rein-
forcement ratiop, which produces balanced conditions
under fexure, depends on the shape of the cross section and
the location of the reinforcement.

For Grade 60 reinforcement, the compression-controlled
strain limit may be taken as a net tensile steginf 0.002.

This net tensile strain may be used as the compression-con-
trolled strain limit for prestressed sections.

RB.10.3.3— The nominal #xural strength of a member
is reached when the strain in thdéreme compressiofiber
reaches the assumed strain limit 0.003. The net tensile strain
in the extreme tension steel is determined from a linear
strain distrbution at nominal strength, elwn in Fig.
RB.10.3.3 using similar triangles.
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extreme tension steel is equal to or greater than 0.005
just as the concrete in compression reaches its
assumed strain limit of 0.003. Sections with net tensile
strain in the extreme tension steel between the com-
pression-controlled strain limit and 0.005 constitute a
transition region between compression-controlled and
tension-controlled sections.

COMMENTARY

With Spirals ‘\ $=0.65+ 5081‘\

-

0.90 X Y
0.75 p========= f== \

~ ¢ = 0.56 + 68¢

0.70
L
0.50
Compression Transition Tension
Controlled Controlled
Strain, g = 0.002 0.005
c¢/dy = 0.600 0.375

Alternative, As Function of ¢/dy
¢ =0.356 + 0.204/(c/dy)
With Spirals ¢ = 0.50 + 0.15/(c/dy)

Fig. RB.9.3.2—Variation @ with net tensile strain for
Grade 60 reinforcement and for prestressing steel

When the net tensile strain in the extreme tension steel is
sufficiently large (equal to or greater than 0.005), the sec-
tion is defined as tension-controlled where ample warning
of failure with extensive deflection and cracking may be
expected. When the net tensile strain in the extreme ten-
sion steel is small (less than or equal to the compression-
controlled strain limit), a brittle failure condition may be
expected, with little warning of impending failure. Flex-
ural members are usually tension-controlled, whereas
compression members are usually 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 sec-
tions are in a transition region between compression- and
tension-controlled sections. Section B.9.3.2 specifies the
appropriate strength reduction factors for tension-con-
trolled and compression-controlled sections, and for inter-
mediate cases in the transition regions. See Reference B.1
for a comparison of these provisions to those in the body
of the code.

Prior to the development of these provisions, the code
defined balanced strain conditions as those existing at a
cross section when tension reinforcement reaches the strain
corresponding to its specified yield strength just as the
concrete in compression reaches its assumed strain limit of
0.003. The reinforcement ratjm, was defined as the rein-
forcement ratio producing balanced strain conditions. The
limiting tensile strain for flexural members was not stated,
but was implicit in the maximum tension reinforcement
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B.18.1.3 — The following provisions of this code
shall not apply to prestressed concrete, except as spe-
cifically noted: Sections 7.6.5, 8.10.2, 8.10.3, 8.10.4,
8.11, 10.5, 10.6, 10.9.1, and 10.9.2; Chapter 13; and
Sections 14.3, 14.5, and 14.6.

COMMENTARY
0.063 Compression
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Fig. RB.10.3.3—Strain distribution and net tensile strain

ratio that was given as a fraction g@f, which was depen-
dent on the yield strength of the reinforcement. The new net
tensile strain limit of 0.005 for tension-controlled sections
was chosen to be a single value which applies to all types of
steel (prestressed and nonprestressed) permitted by this
code. Note that the net tensile strain limit of 0.005 is not an
absolute limit (as was th@. 750, limit in earlier editions),

but a point at which the capacity reduction factor begins to
change. High reinforcement ratios producing net tensile
strain less than 0.005 are permitted, but are not economical
because of the reducegifactor. In flexural members, it is
more economical to add compression reinforcement if nec-
essary to make,; = 0.005

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 B.8.4 permits redistribution of neg-
ative moments. Since moment redistribution is dependent
on adequate ductility in hinge regions, moment redistribu-
tion 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 the compression reinforcement and flanges are
automatically accounted for in the computation of net ten-
sile straine;.

RB.18.1.3— Some sections of the code are excluded
from use in the design of prestressed concrete for specific
reasons. The following discussion provides explanation for
such exclusions:

Section 7.6.5 — Section 7.6.5 of the code is excluded from

application to prestressed concrete since the requirements
for bonded reinforcement and unbonded tendons for cast-in-
place members are provided in 18.9 and 18.12, respectively.
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Sectios 8.10.2, 8.1@, and8.104 — Theenyirical provi-

sions of 8.10.2, 8.10.3, and 8.10.4 for T-beams were devel-
oped for conventionally reinforced concrete and if applied
to prestressed concrete would exclude many standard pre-
stressed products in satisfactory use today. Hence, proof by
experience permits variations.

By excluding 8.10.2, 8.10.3, and 8.10.4, no special require-
ments for prestressed concrete T-beams appear in the code.
Instead, the determination of an effective width of flange is
left to the experience and judgment of the engineer. Where
possible, the flange widths in 8.10.2, 8.10.3, and 8.10.4
should be used unless experience has proven that variations
are safe and satisfactory. It is not necessarily conservative in
elastic analysis and design considerations to use the maxi-
mum flange width as permitted in 8.10.2.

Sectios 8.101 and 8.10.5provide general requirements for
T-beams that are also applicable to prestressed concrete
units. The spacing limitations for slab reinforcement are
based on flange thickness, which for tapered flanges can be
taken as the average thickness.

Sectio 8.11 — The empirical limits establikied for cawven-
tionally reinforced concrete joist floors are based on suc-
cessful past performance of joist construction using
“standard” joist forming gstems.See R8L1. For pre-
stressed joist construction, experience and judgment should
be used. The provisions of 8.11 may be used as a guide.

Sectims 10.5 10.91, and 10.9.2 — For prestressed con-
crete, the limitations on reinforcement given in 10.5, 10.9.1,
and 109.2 are replacedby those in 188.3, 18.9 and
18.112.

Sectian 10.6— When orginally prepared, the pvisions of

10.6 for distribution of flexural reinforcement were not
intended for prestressed concrete members. The behavior of
a prestressed member is considerably different from that of
a nonprestressed member. Experience and judgment should
be used for proper distribution of reinforcement in a pre-
stressed member.

Chapter13 — The design of prestress# concrete slabs
requires recognition of secondary moments induced by the
undulating profile of the prestressing tendons. Also, volume
changes due to the prestressing force can create additional
loads on the structure that are not adequately covered in
Chapter 13. Because of these unique properties associated
with prestressing, many of the design procedures of Chapter
13 are not appropriate for prestressed concrete structures
and are replacedly the povisionsof 18.12.

Sectios 14.5and14.6 — The regirements forwall design
in 14.5 and 14.6 are largely empirical, utilizing consider-
ations not intended to apply to prestressed concrete.
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B.18.8 — Limits for reinforcement of flexural mem-
bers

B.18.8.1 — Prestressed concrete sections shall be
classified as tension-controlled and compression-con-
trolled sections in accordance with B.10.3.3. The
appropriate @-factors from B.9.3.2 shall apply.

B.18.8.2 — Total amount of prestressed and non-
prestressed reinforcement shall be adequate to
develop a factored load at least 1.2 times the cracking
load computed on the basis of the modulus of rupture
f, specified in 9.5.2.3, except for flexural members with
shear and flexural strength at least twice that required
by 9.2.

B.18.8.3 — Part or all of the bonded reinforcement
consisting of bars or tendons shall be provided as
close as practicable to the extreme tension fiber in all
prestressed flexural members, except that in members
prestressed with unbonded tendons, the minimum
bonded reinforcement consisting of bars or tendons
shall be as required by 18.9.

B.18.10.4 — Redistri bution of negative mome nts
in conti nuous prestressed fl exural
members

B.18.10.4.1 — Where bonded reinforcement is
provided at supports in accordance with 18.9.2, it shall
be permitted to increase or decrease negative
moments calculated by elastic theory for any assumed
loading, in accordance with B.8.4.

B.18.10.4.2 — The modified negative moments
shall be used for calculating moments at sections
within spans for the same loading arrangement.

318/318R-373
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RB.18.8 — Limits for reinforcement of flexural mem-
bers

RB.18.8.1— The net tensile strain limits for compres-
sion- and tension-controlled sections given in B.10.3.3
apply to prestressed sections. These provisions take the
place of the maximum reinforcement limits in the code.

The net tensile strain limit for tension-controlled sections
given in B.10.3.3 may also be stated in termsupf as
defined in previous editions of the code. The net tensile
strain limit of 0.005 corresponds @, = 0.328; for pre-
stressed rectangular sections.

RB.18.8.2 — This provision is a precaution against
abrupt flexural failure developing immediately after crack-
ing. A flexural member designed according to code provi-
sions requires considerable additional load beyond cracking
to reach its flexural strength. Thus, considerable deflection
would warn that the member strength is approaching. If the
flexural strength should be reached shortly after cracking,
the warning deflection would not occur.

RB.18.8.3— Some bonded steel is required to be placed
near the tension face of prestressed flexural members. The
purpose of this bonded steel is to control cracking under full
service loads or overloads.

RB.18.10.4 — Redistribution of negative moments in
continuous prestressed flexural members

The provisions for redistribution of negative moments given
in B.8.4 of this code apply equally to prestressed members.
See Reference B.1 for a comparison to research results and
code provisions.

For the moment redistribution principles of B.18.10.4 to be
applicable to beams with unbonded tendons, it is necessary
that such beams contain sufficient bonded reinforcement to
ensure they will act as beams after cracking and not as a
series of tied arches. The minimum bonded reinforcement
requirements of 18.9 will serve this purpose.
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APPENDIX C — ALTERNATIVE LOAD AND STRENGTH

REDUCTION FACTORS

CODE
C.1 — General

C.1.1 — It shall be permitted to proportion the con-

crete members of a building structure using the load-
| factor combinations in ASCE 7-95 in conjunction with

the following strength reduction factors, if the structural

framing includes primary members of other materials

proportioned to satisfy the load factor combinations in
| Section 2.3 of ASCE 7-95.

C.1.1.1 — Flexure, without axial load................. 0.80

C.1.1.2 — Axial tension and axial tension
WIth fIEXUIE ... 0.80

C.1.1.3 — Axial compression and axial compression
with flexure:

(a) Members with spiral reinforcement
conforming to 10.9.3........oovvriiiiiiiiiiiie 0.70

(b) Other reinforced members ............cccccceeeeeen. 0.65

except that for low values of axial compression, it shall
be permitted to increase ¢ towards the value for flex-
ure, 0.80, using the linear interpolation provided in
either 9.3.2.2 or B.9.3.2.2.

C.1.1.4 — Shear and torsion ..........ccoceevvvneeeennnn. 0.75

Except in structures that rely on special moment
resisting frames or special reinforced concrete struc-
tural walls to resist earthquake effects:

(@) Shear in any member that is designed to resist
earthquake effects if its nominal shear strength is less
than the shear corresponding to the development of
the nominal flexural strength of the member........... 0.55

(b) Shear in diaphragms shall not exceed the mini-
mum strength reduction factor for shear used for the
vertical components of the primary lateral-force-
resisting system

(c) Shear in joints and diagonally reinforced coupling

(01T= 10 0 1T 0.80
C.1.1.5—Bearing ...c.c.ceeeevvvvrrrirrreee e 0.65
C.1.1.6 — Plain CONCrete........ccovvvvveeeeeeereeinnnnnnn. 0.55

C.1.2 — The design of post-tensioned anchorage zones
shall use the load factors of 9.2.8 and @-factors of 9.3.2.5.

COMMENTARY
RC.1 — General

Appendix C has been included to facilitate the proportion-
ing of building structures that include members made of
materials other than concrete. If those members are to be
proportioned using the minimum design loads specified in
ASCE 71 it is convenient to execute the entire design
using the same load requirements.

The strength reduction factors in Appendix C were cali-
brated so that if they are used in conjunction with the mini-
mum design load combinations from Section 2.3.2 of
Reference C.1, the designs, in most cases, will be compara-
ble to those that would be obtained using the load factors
and strength reduction factors specified in Chapter 9. It is
unsafe to use the load factors from Reference C.1 with the
strength redction factors fromChapter.

Relkevant section®f Chapter 2 of Reference @, arerepro-
duced here:

2.2 — Symbols and Notation

D = dead loal consisting of: (a) weight of thmem-
ber itself; (b) weight of all materials of con-
struction incorporated into the building to be
permanently supported by the member, includ-
ing built-in partitions; and (c) weight of per-
manent equipment;

earthquake load;

loads due to fluids with well-defined pressures
and maximum heights;

live loads due to intended use and occupancy,
including loads due to movable objects and
movable partitions and loads temporarily sup-
ported by the structure during maintenante.
includes any permissible reduction. If resis-
tance to impact loads is taken into account in
design, such effects shall be included with the
live loadL;

roof live loads;

= snow loads;

rain loads, except ponding;

= loads due to the weight and lateral pressure of
soil and water in soil;

= loads, forces, and effects due to ponding;

= self-straining forces and effects arising from

contraction or expansion resulting from temper-

ature changes, shrinkage, moisture changes,

creep in component materials, movement due to

*Reprinted from ASCE 7-88 Standaidinimum Design Loads for Build-
ings and Other Structurewiith permission of ASCE, 1995.
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differential settlement, or combinations thereof;
W = wind load;

2.4 — Combining Loads Using Strength Design

2.4.1 — Applicability. The load combinations and
load factors given in 2.4.2 and 2.4.3 shall be used only
in those cases in which they are specifically authorized
by the applicable material design standard.

2.4.2 — Basic CombinationsExcept where applica-
ble codes and standards provide otherwise, structures,
components, and foundations shall be designed so that
their design strength exceeds the effects of the factored
loads in the following combinations:

1.1.4D
2.1.2D + 1.6L + 0.5(Lor Sor R)

3.1.2D + 1.6(l. or Sor R) + (0.5Lor 0.8W)
4.1.2D + 1.3W + 0.5L + 0.5¢lor Sor R)

5.1.2D + 1.5E + (0.5lor 0.2S)
6. 0.9D- (1.3Wor 1.5E)

Exception: the load factor oh in combinations (3),
(4), and (5) shall equal 1.0 for garages, areas occupied
as places of public assembly, and all areas where the
live load is greater than 100 Ib?ft(pounds—force per
square foot).

Each relevant strength limit state shall be considered.
The most unfavorable effect may occur when one or
more of the contributing loads are not acting.

2.4.3 — Other CombinationsThe structural effects
of F, H, P, or T shall be considered in design as the fol-
lowing factored loadsi.3F, 1.6H, 1.2RPand1.2T.

The load and strength reduction factors in Chapter 9 of this
code have evolved since the early 1966shere have been
advances in recent years in understanding the probabilities
of structural failure. Probability considerations provide a
basis for assessing relative measures of structural safety if
the variables affecting safety are distributed randomly and if
the natures of the distributions are known. The load factors
in Section 2.4.3 of ASCE 7 are said to be based on a survey
of “reliabilities inherent in existing design practic%.l’ For
reinforced concrete buildings in countries where the ACI
Building Code and similar codes have been used, the best
and most compact survey of “reliabilities inherent in exist-
ing design practice” are the load and strength reduction fac-
tors used in the ACI Building Code. Currently, the strongest
support for the strength reduction factors in Appendix C is
the fact that, used with the load-factor combinations from
ASCE 7, the results are generally compatible with those
obtained using Chapter 9.
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APPENDIX D — NOTATION

Items set in Times Roman type appear only in the commentary.

depth of rectangutsstress blockChapter 9

depth of equivalent rectangular stress block as defined in
10.2.7.1. Chapter 10 and 12

shear span, distance between concentrated load and face
of support. Chapter 11

effective tension area of concrete surrounding the flexural
tension reinforcement and having the same centroid as
that reinforcement, divided by the number of bars or wires,
in.2 When the flexural reinforcement consists of different
bar or wire sizes the numbers of bars or wires shall be
computed as the total area of reinforcement divided by the
area of the largest bar or wire used. Chapter 10

area of that part of cross section between flexural tension
face and center of gravity of gross section, in.? Chapter 18
area of an individual bar, in.2 Chapter 12

area of core of spirally reinforced compression member
measured to outside diameter of spiral, in.2 Chapter 10
area of concrete section resisting shear transfer, in.2 Chap-
ter 11

area of concrete of assumed critical section for transfer of

moment at slab-column connection,?iSeeFig. R11.12.6.2
Chapter 11
area of contact surface being investigated for horizontal
shear, in.2 Chapter 17
larger gross cross-sectional area of the slab-beam strips of
the two orthogonal equivalent frames intersecting at a col-
umn of a two-way slab. Chapter 18
cross-sectional area of a structural member measured out-
to-out of transverse reinforcement, in.2 Chapter 21
area enclosed by outside perimeter of concrete cross sec-
tion, in.2 See 11.6.1. Chapter 11
area of concrete section, resisting shear, of an individual
pier or horizontal wall segment, in.2 Chapter 21
net area of concrete section bounded by web thickness
and length of section in the direction of shear force consid-
ered, in.2 Chapter 21
area of reinforcement in bracket or corbel resisting fac-
tored moment, [V,a+ N, (h- d)], in.? Chapter 11
base area of footing, Chapter 15
gross area of section, in.2 Chapter 9, 10, 11, 14, 15, 21,
22, and Appendix A
gross area of column, in.2 Chapter 16
area of shear reinforcement parallel to flexural tension
reinforcement, in.? Chapter 11
effective cross-sectional area within a joint, in.,?> see
21.5.3.1, in a plane parallel to plane of reinforcement gen-
erating shear in the joint. The joint depth shall be the over-
all depth of the column. Where a beam frames into a
support of larger width, the effective width of the joint shall
not exceed the smaller of:

(a) beam width plus the joint depth

(b) twice the smaller perpendicular distance from the

longitudinal axis of the beam to the column side.
See 21.5.3.1. Chapter 21

total area of longitudinal reinforcement to resist torsion, in.2
Chapter 11
area of reinforcement in bracket or corbel resisting tensile
force N, in? Chapter 11
gross area enclosed by shear flow path, in.2 Chapter 11
area enclosed by centerline of the outermost closed trans-
verse torsional reinforcement, in.? Chapter 11
area of prestressed reinforcement in tension zone, in.?
Chapter 11 and 18

A, =

A, =

318/318R-377

area of longitudinal tension reinforcement in wall segment,
in.2 Chapter 14
area of nonprestressed tension reinforcement, in.2 Chapter

8,10, 11, 12, and 18

area of tension reinforcement. Chapter 9

area of compression reinforcement, in.2 Chapter 8, 9, and 18
area of effective longitudinal tension reinforcement in wall
segment, in.2, as calculated by Eq. (14-8). Chapter 14
total cross-sectional area of transverse reinforcement
(including crossties) within spacing s and perpendicular to
dimension h.. Chapter 21

area of skin reinforcement per unit height in one side face,
in.2/ft. See 10.6.7. Chapter 10

minimum amount of flexural reinforcement, in.2 See 10.5.
Chapter 10

total area of longitudinal reinforcement, (bars or steel
shapes), in.2 Chapter 10

area of structural steel shape, pipe, or tubing in a compos-
ite section, in.2 Chapter 10

area of one leg of a closed stirrup resisting torsion within a
distance s, in.2 Chapter 11

total cross-sectional area of all transverse reinforcement
which is within the spacing s and which crosses the poten-
tial plane of splitting through the reinforcement being
developed, in.2 Chapter 12

area of shear reinforcement within a distance s, or area of
shear reinforcement perpendicular to flexural tension rein-
forcement within a distance s for deep flexural members,
in.2 Chapter 11

area of shear reinforcement within a distance s, in.2 Chap-
ter 12 and Appendix A

area of ties within a distance s, in.,2 Chapter 17

total area of reinforcement in each group of diagonal bars
in a diagonally reinforced coupling beam, in.2 Chapter 21
area of shear-friction reinforcement, in.2 Chapter 11

area of shear reinforcement parallel to flexural tension
reinforcement within a distance s,, in.? Chapter 11

area of an individual wire to be developed or spliced, in.2
Chapter 12

loaded area. Chapter 10 and Appendix A

loaded area, in.? Chapter 22

the area of the lower base of the largest frustum of a pyra-
mid, cone, or tapered wedge contained wholly within the
support and having for its upper base the loaded area, and
having side slopes of 1 vertical to 2 horizontal. Chapter 10
the area of the lower base of the largest frustum of a pyramid,
cone, or tapered wedge contained wholly within the support
and having for its upper base the loaded area, and having
side slopes of 1 vertical to 2 horizontal, in.? Chapter 22
maximum area of the portion of the supporting surface that
is geometrically similar to and concentric with the loaded
area. Appendix A

width of compression face of member, in. Chapter 8, 9, 10,
11,18

effective compressive flange width of a structural member,
in. Chapter 21

width of member, in. Chapter 22

perimeter of critical section for slabs and footings, in.
Chapter 11 and Appendix A

critical perimeter for shear for pile groups. Chapter 15
perimeter of critical section for shear in footings, in. Chapter 22
width of that part of cross section containing the closed
stirrups resisting torsion. Chapter 11
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b, = width of cross section at contact surface being investigated tension steel, in. Chapter 9 and 10
for horizontal shear. Chapter 17 D = dead loads, or related internal moments and forces. Chap-
b, = web width, in. Chapter 10 ter 9, 18, and 20
b, = web width, or diameter of circular section, in. Chapter 11, D = dead loads, or related internal moments and forces. Chapter 21
12, 21, and Appendix A D = dead load consisting of: (a) weight of the member itself; (b)
b, = width of the critical section defined in 11.12.1.2 measured weight of all materials of construction incorporated into the
in the direction of the span for which moments are deter- building to be permanently supportbg the membe including
mined, in. Chapter 11 and 13 built-in partitions; and (c) weight of permanent equipment.
b, = width of the critical section defined in 11.12.1.2 measured Appendix C
in the direction perpendicular to b,, in. Chapter 11 and 13 D; = resolution ofV;into diagonal compression force. Chapter 11
B, = nominal bearing strength of loaded area. Chapter 22 e = eccentricity of load parallel to axis of member measured from
c = distance from extreme compression fiber to neutral axis, centroid of gross section. Chapter 10
in. Chapter 9 and 10 e = base of Napierian logarithms. Chapter 18
c = spacing or cover dimension, in. See 12.2.4. Chapter 12 E = load effects of earthquake, or related internal moments
c = distance from the extreme compression fiber to neutral axis, and forces. Chapter 9 and 21
see 10.2.7, calculated for the factored axial force and nomi- E = earthquake load. Appendix C
nal moment strength, consistent with the design displace- E. = modulus of elasticity of concrete, psi. See 8.5.1. Chapter
ment §,, resulting in the largest neutral axis depth, in. 8,9, 10, 19, and Appendix A
Chapter 21 E modulus of elasticity of beam concrete. Chapter 13
cug = distance from centroidal axis of critical section to perimeter of  E,, = modulus of elasticity of slab concrete. Chapter 13
Cep critical section. Se€ig. R11.12.6.2Chapter 11 El relaive flexural stffness of membreChapter 8
¢, = size of rectangular or equivalent rectangular column, capital, El = flexural stiffness of compression member. See Eq. (10-12)
or bracket measured in the direction of the span for which and (10-13). Chapter 10
moments are being determined, in. Chapter 11 and 13 Es; = modulus of elasticity of reinforcement, psi. See 8.5.2 or
c, = size of rectangular or equivalent rectangular column, capi- 8.5.3. Chapter 8, 10, and Appendix A
tal, or bracket measured transverse to the direction of the f; = specified compressive strength of concrete, psi. Chapter 4,
span for which moments are being determined, in. Chapter 5,8,9, 10, 11, 12, 14, 18, 19, 20, 21, 22, and Appendix A
11 and 13 f, = requiredaverage concrete strength, psi. Chapter 4
C = cross-sectional constant to define torsional properties. The f, = required average compressive strength of concrete used
constant C for T- or L-sections shall be permitted to be eval- as the basis for selection of concrete proportions, psi.
uated by dividing the section into separate rectangular parts Chapter 5
and summing the values of Cfor each part. Chapter 13 f.! = square root of specified compressive strength of concrete,
3 psi. Chapter 9, 11, 12, 18, 19, 21, 22, and Appendix A
= Z%L—O.63)—(HX—3Z f4 = compressive strength of concrete at time of initial pre-
Y stress, psi. Chapter 7 and 18
c. = clear cover from the nearest surface in tension to the sur- f;' = square root of compressive strength of concrete at time of
face of the flexural tension reinforcement, in. Chapter 10 initial prestress, psi. Chapter 18
C, = a factor relating actual moment diagram to an equivalent f, = average splitting tensile strength of lightweight aggregate
uniform moment diagram. Chapter 10 concrete, psi. Chapter 5, 9, 11, 12, 22, and Appendix A
d = distance from extreme compression fiber to centroid of fy = stress due to unfactored dead load, at extreme fiber of
tension reinforcement, in. Chapter 7, 8, 9, 10, 12, and section where tensile stress is caused by externally
Appendix A applied loads, psi. Chapter 11
d = distance from extreme compression fiber to centroid of lon- f,, = compressive stress in concrete (after allowance for all pre-
gitudinal tension reinforcement, but need not be less than stress losses) at centroid of cross section resisting exter-
0.80h for circular sections and prestressed members, in. nally applied loads or at junction of web and flange when
Chapter 11 the centroid lies within the flange, psi. (In a composite
d = effective depth of footing. Chapter 15 member, f,. is resultant compressive stress at centroid of
d = distance from extreme compression fiber to centroid of composite section, or at junction of web and flange when
tension reinforcement for entire composite section, in. the centroid lies within the flange, due to both prestress
Chapter 17 and moments resisted by precast member acting alone).
d = distance from extreme compression fiber to centroid of Chapter 11
nonprestressed tension reinforcement, in. Chapter 18 f,c = average compressive stress in concrete due to effective
d = effective depth of section. Chapter 21 prestress force only (after allowance for all prestress
d' = distance from extreme compression fiber to centroid of losses), psi. Chapter 18
compression reinforcement, in. Chapter 9 and 18 fre = compressive stress in concrete due to effective prestress
d, = nominal diameter of bar, wire, or prestressing strand, in. forces only (after allowance for all prestress losses) at
Chapter 7 and 12 extreme fiber of section where tensile stress is caused by
d, = diameter of féxural reinforcement. Chapter 11 externally applied loads, psi. Chapter 11
d, = bardiameter. Chapter 21 fos = prestressing tendon stress at ultimate at section of maximum
d. = thickness of concrete cover measured from extreme ten- moment. Chapter 11
sion fiber to center of bar or wire located closest thereto, f,s = stress in prestressed reinforcement at nominal strength.
in. Chapter 10 See text for units. Chapter 12 and 18
d, = diameter of pile at footing base. Chapter 15 foy = specified tensile strength of prestressing tendons, psi.
d, = distance from extreme compression fiber to centroid of Chapter 11 and 18
prestressed reinforcement. Chapter 18 foy = specified yield strength of prestressing tendons, psi. Chapter 18
ds = distance from extreme tension fiber to centroid of tension f, = modulus of rupture of concrete, psi. Chapter 9 and 18
reinforcement, in. Chapter 9 f¢ = calculated stress in reinforcement at service loads, ksi.
d; = distance from extreme compression fiber to extreme Chapter 10
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permissible tensile stress in reinforcement, psi. Appendix A

effective prestressing tendon stress after all prestress losses.K,,

Chapter 11

effective stress in prestressed reinforcement (after allow-
ance for all prestress losses). See text for units. Chapter
12 and 18

specified yield strength of nonprestressed reinforcement, psi.
Chapter 3, 7, 8, 9, 10, 11, 12, 18, 19, 21 and Appendix A
yield strength of tension reinforcement. Chapter 20
specified yield strength of circular tie, hoop, or spiral rein-
forcement, psi. Chapter 21

specified yield strength of transverse reinforcement, psi.
Chapter 21

yield strength of longitudinal torsional reinforcement, psi.
Chapter 11

specified yield strength of transverse reinforcement, psi.
Chapter 12

yield strength of closed transverse torsional reinforcement,
psi. Chapter 11

loads due to weight and pressures of fluids with well-
defined densities and controllable maximum heights, or
related internal moments and forces. Chapter 9

loads due to fluids with well-dimed pressures and maximum

heights. Appendix C

relaive torsional sffness of memheChapter 8

overall thickness of member, in. Chapter 9, 10, 11, 12, 13,
14, 18, 20, and 22

overall thickness of composite member, in. Chapter 17
thickness of shell or folded plate, in. Chapter 19
cross-sectional dimension of column core measured cen-
ter-to-center of confining reinforcement. Chapter 21

total depth of shearhead cross section, in. Chapter 11
total height of wall from base to top, in. Chapter 11

height of entire wall or of the segment of wall considered, in.
Chapter 21

maximum horizontal spacing of hoop or crosstie legs on all
faces of the column, in. Chapter 21

loads due to weight and pressure of soil, water in soil, or
other materials, or related internal moments and forces.
Chapter 9

loads due to the weight and lateral pressure of soilaer in
soil. Appendix C

moment of inertia of section resisting externally applied
factored loads. Chapter 11

moment of inertia about centroidal axis of gross section of
beam as defined in 13.2.4. Chapter 13

moment of inertia of cracked section transformed to con-
crete. Chapter 9, 14

effective moment of inertia for computation of deflection.
Chapter 9, 14

moment of inertia of gross concrete section about centroi-
dal axis, neglecting reinforcement. Chapter 9 and 10
moment of inertia about centroidal axis of gross section of
slab. Chapter 13

h3/12 times width of slab defined in notations a and B,
moment of inertia of reinforcement about centroidal axis of
member cross section. Chapter 10

moment of inertia of structural steel shape, pipe, or tubing
about centroidal axis of composite member cross section.
Chapter 10

moment arm at a section, in. Chapter 12

property of assumed critical section analogous to polar moment

of inertia. Seé-ig. 11.12.6.2Chapter 11

effective length factor for compression members. Chapter 10
effective length factor. Chapter 14

wobble friction coefficient per foot of prestressing tendon.
Chapter 18

torsional stiffness of torsional member; moment per unit
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rotation. See R13.7.5. Chapter 13
transverse reinforcement index. Chapter 12

Atrf t H ;i in 2
m:‘;—n(constant 1500 carries the unit Ib/in.?)

factor to determine portion of shear strength provicdedon-
crete at a section. Chapter 11

span length of beam or one-way slab, as defined in 8.7;
clear projection of cantilever, in. Chapter 9

span length of &xural member measured cemte-center of
joints. Chapter 10

span length of membeChapter 11

clear span, in. Chapter 16

additional embedment length at support or at point of
inflection, in. Chapter 12

length of a compression member in a frame, measured
from center to center of the joints in the frame. Chapter 10
vertical distance between supports, in. Chapter 14 and 22
development length, in. Chapter 7 and 19

development length, in. Chapter 12

/4, * applicable modification factors

development length for a straight bar. Chapter 21

required @velopment length for straight bar embedded in con-

fined concrete (Section 21.5.4.3). Chapter 21

basic development length, in. Chapter 12

length of bar embedded in damed concrete. Chapter 21
development length of standard hook in tension, measured
from critical section to outside end of hook (straight
embedment length between critical section and start of
hook [point of tangency] plus radius of bend and one bar
diameter), in. Chapter 12

4 x applicable modification factors

development length for a bar with a standard hook as
defined in Eq. (21-5). Chapter 21

required @velopment length if bar is not entirely embedded in

corfined concrete. Chapter 21

basic development length of standard hook in tension, in.
Chapter 12

clear span for positive moment or shear and average of
adjacent clear spans for negative moment. Chapter 8
clear span measured face-to-face of supports. Chapter 11
length of clear span in long direction of two-way construc-
tion, measured face-to-face of supports in slabs without
beams and face-to-face of beams or other supports in
other cases. Chapter 9

length of clear span in direction that moments are being
determined, measured face-to-face of supports. Chapter 13
clear span measured face-to-face of supports, in. Chapter 21
beam clear span. Chapter 21

minimum length, measured from joint face along axis of
structural member, over which transverse reinforcement
must be provided, in. Chapter 21

span of member under load test, in. (The shorter span for
two-way slab systems.) Span is the smaller of (a) distance
between centers of supports, and (b) clear distance
between supports plus thickness, h, of member. In Eq.
(20-1), span for a cantilever shall be taken as twice the dis-
tance from support to cantilever end, in. Chapter 20
unsupported length of compression member. Chapter 10
length of shearhead arm from centroid of concentrated
load or reaction, in. Chapter 11

horizontal length of wall, in. Chapter 11, 14

length of entire wall or of segment of wall considered in
direction of shear force, in. Chapter 21

length of prestressing tendon element from jacking end to
any point x ft. See Eq. (18-1) and (18-2). Chapter 18
length of span in direction that moments are being deter-
mined, measured center-to-center of supports. Chapter 13

ACI 318 Building Code and Commenta ry



318/318R-380 APPENDIX D

b = length of span transverse to 4, measured center-to-center bent in double curvature. Chapter 10
of supports. See also 13.6.2.3 and 13.6.2.4. Chapter 13 M,,s = factored end moment on a compression member at the
L = live loads or related internal moments and forces. Chapter end at which M, acts, due to loads that cause no apprecia-
9, 18, and 20 ble sidesway, calculated using a first-order elastic frame
L = live loads, or related internal moments and forces. Chapter 21 analysis. Chapter 10
L = live loads due to intended use and occupancy, including loads M;; = factored end moment on compression member at the end
due to movable objects and movable partitions and loads tempo- at which M, acts, due to loads that cause appreciable side-
rarily supported by the structure during maintenahdacludes sway, calculated using a first-order elastic frame analysis.
any permissible reduction. If resistance to impact loads is taken Chapter 10
into account in design, such effects shall be included with the M, = larger factored end moment on compression member,
live loadL. Appendix C always positive. Chapter 10
L, = roof live loads. Appendix C My min=" minimum value of M,. Chapter 10
M = design moment. Appendix A M,,s = factored end moment on compression member at the end
M = maximum unfactored moment due to service loads, includ- at which M, acts, due to loads that cause no appreciable
ing PA effects, in.-lb. Chapter 14 sidesway, calculated using a first-order elastic frame analy-
M, = maximum moment in member at stage deflection is com- sis. Chapter 10
puted. Chapter 9, 14 M,s = factored end moment on compression member at the end
M, = factored moment to be used for design of compression at which M, acts, due to loads that cause appreciable side-
member. Chapter 10 sway, calculated using a first-order elastic frame analysis.
M. = moment at the face of the joint, corresponding to the nomi- Chapter 10
nal flexural strength of the column framing into that joint, n = number of consecutive strength tests. Chapter 5
calculated for the factored axial force, consistent with the n = number of bars or wires being spliced or developed along
direction of the lateral forces considered, resulting in the the plane of splitting. Chapter 12
lowest flexural strength. See 21.4.2.2. n = modular ratio of elasticity. Appendix A
M, = cracking moment. See 9.5.2.3. Chapter 9 = E/E,
M, = moment causing flexural cracking at section due to exter- n = modular ratio of elasticity, but not less than 6. Chapter 14
nally applied loads. See 11.4.2.1. Chapter 11, 14 n = number of monostrand anchorage devices in a group.
M = total moment including dead load to cause cracking at extreme Chapter 18
fiber in tension. Chapter 11 ny, N, = number of tests in each test record, respectively. Chapter 5
My = service dead load moment. Chapter 9 N = design axial load normal to cross section occurring simul-
M, = moment at the face of the joint, corresponding to the nomi- taneously with V; to be taken as positive for compression,
nal flexural strength of the girder including slab where in negative for tension, and to include effects of tension due
tension, framing into that joint. See 21.4.2.2. to creep and shrinkage. Appendix A
M, = service live load moment. Chapter 9 N, = tensile force in concrete due to unfactored dead load plus
M,, = modified moment. Chapter 11 live load (D + L). Chapter 18
M = maximum factored moment at section due to externally N; = resolution ofV; into axial tension force. Chapter 11
applied loads. Chapter 11 N, = factored axial load normal to cross section occurring simul-
M, = nominal moment strength at section. Chapter 14, 22 taneously with V,,; to be taken as positive for compression,
M, = nominal moment strength. Chapter 9, 11, and 18 negative for tension, and to include effects of tension due
M, = nominal moment strength at section, in.-lb. Chapter 12 to creep and shrinkage. Chapter 11
= s fy (d-al2) N, = factored tensile force applied at top of bracket or corbel
M., = nominal beam moment, left. Chapter 21 acting simultaneously with V,,, to be taken as positive for
M, = nominal beam moment, right. Chapter 21 tension. Chapter 11
M,s = unmagnified nonsway moment at each end of each column. p;,, = outside perimeter of the concrete cross section, in. See
Chapter 10 11.6.1. Chapter 11
M, = total factored static moment. Chapter 13 pn = perimeter of centerline of outermost closed transverse tor-
M, = required plastic moment strength of shearhead cross sec- sional reinforcement, in. Chapter 11
tion. Chapter 11 P = design axial loads. Appendix A
M, = probable flexural moment strength of members, with or P = loads, forces, and effects due to ponding. Appendix C
without axial load, determined using the properties of the P, = nominal axial load strength at balanced strain conditions.
member at the joint faces assuming a tensile strength in See 10.3.2. Chapter 9 and 10
the longitudinal bars of at least 1.25 f, and a strength P. = critical load. See Eq. (10-11). Chapter 10
reduction factor @ of 1.0. Chapter 21 P, = nominal axial load strength at given eccentricity. Chapter 9
Ms; = moment due to loads causing appreciable sway. Chapter 10 and 10
Ms = portion of slab moment balanced by support moment. P, = nominal strength of cross section subject to compression.
Chapter 21 Chapter 22
M, = maximum unfactored applied moment due to service P, = nominal axial load strength. Appendix A
loads, not including PA effects, in.-Ib. Chapter 14 P, = nominal axial load strength at given eccentricity along both axes.
M, = required moment strength. Chapter 9 Chapter 10
M, = factored moment at section. Chapter 10, 11, 13, 21 and 22 P,, = nominal axial load strength of wall designed by 14.4.
M, = factored moment at section including PA effects, in.-lb. Chapter 14
Chapter 14 P,, = nominal axial load strength of wall designed by 22.6.5.
M,, = moment at the midheight section of the wall due to fac- Chapter 22
tored lateral and eccentric vertical loads, in.-lb. Chapter 14 P.x = nominal axial load strength at given eccentricity alaraxis.
M, = moment resistance contributed by shearhead reinforce- Chapter 10
ment. Chapter 11 P,, = nominal axial load strength at given eccentricity algraxis.
M, = smaller factored end moment on a compression member, Chapter 10
positive if member is bent in single curvature, negative if P, = nominal axial load strength at zero eccentricity. Chapter 10
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prestressing tendon force at jacking end. Chapter 18
unfactored axial load at the design (midheight) section
including effects of self-weight, Ib. Chapter 14

factored post-tensioned tendon force at the anchorage
device, Ib. Chapter 18

required axial load strength. Chapter 9 and 14

factored axial load at given eccentricity < ¢ P,,. Chapter 10
factored axial load, Ib. Chapter 14

factored design axial load. Chapter 21

factored axial load at given eccentricity. Chapter 22
prestressing tendon force at any point x. Chapter 18

shear flow. Chapter 11

soil reaction due to factored loading. Chapter 15

stability index for a story. See 10.11.4. Chapter 10

radius of gyration of cross section of a compression mem-
ber. Chapter 10

rain loads, except ponding. Appendix C

standard deviation, psi. Chapter 5

center-to-center spacing of flexural tension reinforcement
nearest to the extreme tension face, in. (where there is
only one bar or wire nearest to the extreme tension face, s
is the width of the extreme tension face.) Chapter 10
spacing of shear or torsion reinforcement in direction par-
allel to longitudinal reinforcement, in. Chapter 11
maximum spacing of transverse reinforcement within 4,
center-to-center, in. Chapter 12

spacing of ties measured along the longitudinal axis of the
member, in. Chapter 17

spacing of transverse reinforcement measured along the
longitudinal axis of the structural member, in. Chapter 21
spacing of shear reinforcement in direction parallel to lon-
gitudinal reinforcement, in. Appendix A

maximum spacing of transverse reinforcement, in. Chapter 21
spacing of wire to be developed or spliced, in. Chapter 12
longitudinal spacing of transverse reinforcement within the
length 4, in. Chapter 21

standard deviations calculated from two test records, 1 and 2,
respectively. Chapter 5

spacing of vertical reinforcement in wall, in. Chapter 11
spacing of shear or torsion reinforcement in direction per-
pendicular to longitudinal reinforcement — or spacing of
horizontal reinforcement in wall, in. Chapter 11

statistical average standard deviation where two test records are

used to estimate the standard deviation. Chapter 5

elastic section modulus of section. Chapter 22

snow loads. Appendix C

thickness of a wall of a hollow section, in. Chapter 11
cumulative effect of temperature, creep, shrinkage, differ-
ential settlement, and shrinkage-compensating concrete.
Chapter 9

torsional moment on a member. Chapter 11

self-straining forces and effects arising from contraction or

expansion resulting from temperature changes, shrinkage, mois-

>

Vi, V,,

=

*xSSES

ture changes, creep in component materials, movement due toX

differential settlement, or combinations thereof. Appendix C
torque or torsion on a member causing first crack. Chapter 11
nominal torsional moment strength. Chapter 11

factored torsional moment at section. Chapter 11

service load bond stress, psi. Chapter 12

required strength to resist factored loads or related internal
moments and forces. Chapter 9

factored concentric load on footing. Chapter 15

design shear stress. Appendix A

X

< XX

<

z

shear stress provided by the concrete at a section, psi. Chapter 11

permissible shear stress carried by concrete, psi. Appen-
dix A

permissible horizontal shear stress, psi. Appendix A
nominal shear stress, psi. See 11.12.6.2, Chapter 11

a

(alpha)
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factored shear stress. Chapter 11

shear required to cause a flexural crack at the section in question.
Chapter 11

service load shear. Chapter 12

design shear force at section. Appendix A

nominal shear strength provided by concrete. Chapter 8,
11, and 21

nominal shear strength provided by concrete. See
11.12.2.1. Chapter 13

nominal shear strength provided by concrete when diago-
nal cracking results from combined shear and moment.
Chapter 11

nominal shear strength provided by concrete when diago-
nal cracking results from excessive principal tensile stress
in web. Chapter 11

shear force at section due to unfactored dead load. Chap-
ter 11

design shear force determined from 21.3.4.1 or 21.4.5.1.
Chapter 21

one of the shear forcé4 to V,. Chapter 11

factored shear force at section due to externally applied
loads occurring simultaneously with M,,,,. Chapter 11
nominal shear strength. Chapter 9 and 11

nominal shear strength. Chapter 11 and 21

nominal shear strength at section. Chapter 22

nominal horizontal shear strength. Chapter 17

vertical component of effective prestress force at section.
Chapter 11

nominal shear strength provided by shear reinforcement.
Chapter 11

required shear strength. Chapter 9

factored horizontal shear in a story. Chapter 10

factored shear force at section. Chapter 11, 12, 13, 17, 21,
and 22

resolution of shear flow into shear forces on sides of tube or
space truss. Chapter 11

crack width, in. Chapter 10

service load per unit length or per unit area. Appendix A
weight of concrete, Ib/ft.2 Chapter 8 and 9

factored dead load per unit area. Chapter 13

dead load per unit length or per unit area. Chapter 21 and
Appendix A

factored live load per unit area. Chapter 13

live load per unit length or per unit area. Chapter 21 and Appen-
dix A

factored load per unit length of beam or per unit area of
slab. Chapter 8

factored load per unit area. Chapter 13

factored load per unit length or per unit area. Appendix A
wind load, or related internal moments and forces. Chapter 9
wind load. Appendix C

distance from section being investigated to the support. Chapter 11
distance between adjacent spliced bars. Chapter 12
shorter overall dimension of rectangular part of cross sec-
tion. Chapter 13

individual strength tests as defined in 5.6.1.4. Chapter 5
average oh strength test results. Chapter 5

longer overall dimension of rectangular part of cross sec-
tion. Chapter 13

distance from centroidal axis of gross section, neglecting
reinforcement, to extreme fiber in tension. Chapter 9 and 11
guantity limiting distribution of flexural reinforcement. See
10.6. Chapter 10

ratio of flexural stiffness of beam section to flexural stiff-
ness of a width of slab bounded laterally by centerlines of
adjacent panels (if any) on each side of the beam. Chapter
9and 13
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a = angle between inclined stirrups and longitudinal axis of
member. Chapter 11 and Appendix A

a = reinforcement location factor. See 12.2.4. Chapter 12

a = total angular change of prestressing tendon profile in radi-
ans from tendon jacking end to any point x. Chapter 18

a = angle between the diagonal reinforcement and the longitu-
dinal axis of a diagonally reinforced coupling beam. Chap-
ter 21

a. = coefficient defining the relative contribution of concrete
strength to wall strength. See Eq. (21-7) Chapter 21

a; = angle between shear-friction reinforcement and shear
plane. Chapter 11

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

a; = constant used to compute V, in slabs and footings. Chap-
ter 11

a, = ratio of stiffness of shearhead arm to surrounding compos-
ite slab section. See 11.12.4.5. Chapter 11

a; = aindirection of 4. Chapter 13

ap, = aindirection of Z,. Chapter 13

B = ratio of clear spans in long to short direction of two-way

(beta)  slabs. Chapter 9

B = ratio of distances to neutral axis from extreme tension fiber and
from centroid of flexural tension reinforcement. Chapter 10

B = coating factor. See 12.2.4. Chapter 12

B = ratio of long side to short side of footing. Chapter 15

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

B. = ratio of long side to short side of concentrated load or
reaction area. Chapter 11, 22, and Appendix A

B;, = (a) for nonsway frames, B, is the ratio of the maximum fac-
tored axial sustained load to the maximum factored axial
load associated with the same load combination;
(b) for sway frames, except as required in (c) of this defini-
tion, B, is the ratio of the maximum factored sustained shear
within a story to the maximum factored shear in that story;
(d) for stability checks of sway frames carried out in accor-
dance with 10.13.6, B, is the ratio of the maximum factored
sustained axial load to the maximum factored axial load.
Chapter 10

B, = -constant used to compute V, in prestressed slabs. Chap-
ter 11

B = ratio of torsional stiffness of edge beam section to flexural
stiffness of a width of slab equal to span length of beam,
center-to-center of supports. Chapter 13

- Ecb c

2E I

B, = factor defined in 10.2.7.3. Chapter 8, 10, and 18

y = reinforcement size factor. See 12.2.4. Chapter 12

(gamma)

y; = fraction of unbalanced moment transferred by flexure at
slab-column connections. See 13.5.3.2. Chapter 11 and 13

¥ = fraction ofMg assigned to slab effective width. Chapter 21

Y, = factor for type of prestressing tendon. Chapter 18

= 0.55for f,, /f,, not less than 0.80
= 0.40for f,, /f,, not less than 0.85
= 0.28for f,, /f,, notless than 0.90
Y, = fraction of unbalanced moment transferred by eccentricity
of shear at slab-column connections. See 11.12.6.1.
Chapter 11 and 13

= 1- Y
& = moment magnification factor for frames braced against side-
sway. Chapter 10
d,s = moment magnification factor for frames braced against

sidesway, to reflect effects of member curvature between

& =
(epsilon)
& =

ey =
n(eta)
9 =
(theta)
A =

ends of compression member. Chapter 10

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

design displacement, in. Chapter 21

difference betweef),s and prestressing tendon stress at ultimate

at section being considered. Chapter 11

measured maximum deflection in. See Eq. (20-1). Chapter 20
measured residual deflection, in. See Eq. (20-2) and (20-
3). Chapter 20

maximum deflection measured during the second test rela-
tive to the position of the structure at the beginning of the
second test, in. See Eq. (20-3). Chapter 20

relative lateral deflection between the top and bottom of a
story due to V,, computed using a first-order elastic frame
analysis and stiffness values satisfying 10.11.1. Chapter 10
maximum deflection at or near midheight due to service
loads, in. Chapter 14

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

strain in reinforcement corresponding to calculated stress. Chap-

ter 10

net tensile strain in extreme tension steel at nominal
strength. Chapter 9 and 10

yield strain of reinforcement. Chapter 10

number of identical arms of shearhead. Chapter 11

angle of compression diagonals in truss analogy for tor-
sion. Chapter 11

multiplier for additional long-term deflection as defined in

(lambda) 9.5.2.5. Chapter 9

A =

©
1

pp =
Py =
Py =
[

pn =

P =

correction factor related to unit weight of concrete. Chapter
11, 17, and 18

lightweight aggregate concrete factor. See 12.2.4. Chapter 12
coefficient of friction. See 11.7.4.3. Chapter 11

curvature friction coefficient. Chapter 18

time-dependent factor for sustained load. See 9.5.2.5.
Chapter 9

ratio of nonprestressed tension reinforcement. Chapter 8,
9, 10, 11, 13, 18, and 21

As/bd

ratio of tension reinforcement. Chapter 14

Al (t,d)

ratio of tension reinforcement. Chapter 20

ratio of nonprestressed compression reinforcement. Chap-
ter 8

A/ bd

reinforcement ratio for nonprestressed compression rein-
forcement, A’ / bd. Chapter 9

ratio of compression reinforcement. Chapter 18 = A/'/ bd.
reinforcement ratio producing balanced strain conditions.
See 10.3.2. Chapter 8, 10, 13, and 14

reinforcement ratio producing balanced strain conditions.
See B10.3.2. Chapter 9

ratio of total reinforcement area to cross-sectional area of
column. Chapter 21

ratio of horizontal shear reinforcement area to gross con-
crete area of vertical section. Chapter 11

ratio of vertical shear reinforcement area to gross concrete
area of horizontal section. Chapter 11

ratio of area of distributed reinforcement parallel to the plane
of A, to gross concrete area perpendicular to that rein-
forcement. Chapter 21

ratio of prestressed reinforcement. Chapter 18

Aps /bd,

ratio of volume of spiral reinforcement to total volume of
core (out-to-out of spirals) of a spirally reinforced compres-
sion member. Chapter 10
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ratio of volume of spiral reinforcement to the core volume
confined by the spiral reinforcement (measured out-to-
out). Chapter 21

ratio of the tie reinforcement area to area of contact sur-
face. Chapter 17

A,/b,s

ratio of area of distributed reinforcement perpendicular to
the plane of A, to gross concrete area A.,. Chapter 21
As/b,d. Chapter 11

ratio of tension reinforcement. Appendix A

As/b,d

perimeter of bar, in. Chapter 12

shear stress. Chapter 11
strength reduction factor. See 9.3. Chapter 8, 9, 10, 11,

13, 14,17, 18, 19, and 21
strength reduction factor. See 9.3.5. Chapter 22

€8
o

=
I

Un =

w =
(omega)
w =
w, =
[

w o Wow »

318/318R-383

strength reduction factor. See A.2.1. Appendix A

stiffness reduction factor. See R10.12.3. Chapter 10

ratio of sum of stiffnesses of compression members to sum of
stiffnesses of flexural members at one end of a compression
member. Chapter 10

smaller of ¢-values at two ends of a compression member.
Chapter 10

average ofy-values at two ends of a compression member.
Chapter 10

pf,/f/. Chapter 18

p'f, I f;. Chapter 18
Pplps! f;'. Chapter 18

w
reinforcement indices for flanged sections computed as
fore wp, and w’ except that b shall be the web width, and
reinforcement area shall be that required to develop com-
pressive strength of web only. Chapter 18
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APPENDIX E — STEEL REINFORCEMENT INFORMATION

APPENDIX E

318/318R-385

As an aid to users of the ACI Building Code, information on sizes, areas, and weights of various steel rein-

forcement is presented.

ASTM STANDARD REINFORCING BARS

Nominal Nominal area, | Nominal weight,
Bar size, no. diameter, in. in.2
3 0.375 0.11 0.376
4 0.500 0.20 0.668
5 0.625 0.31 1.043
6 0.750 0.44 1.502
7 0.875 0.60 2.044
8 1.000 0.79 2.670
9 1.128 1.00 3.400
10 1.270 1.27 4.303
11 1.410 1.56 5.313
14 1.693 2.25 7.650
18 2.257 4.00 13.600

ASTM STANDARD PRESTRESSING TENDONS

Nominal Nominal area, | Nominal weight,
Type' diameter, in. in.2
1/4 (0.250) 0.036 0.122
5/16 (0.313) 0.058 0.197
Seven-wire strand 3/8 (0.375) 0.080 0.272
(Grade 250) 7/16 (0.438) 0.108 0.367
1/2 (0.500) 0.144 0.490
(0.600) 0.216 0.737
3/8 (0.375) 0.085 0.290
Seven-wire strand 7/16 (0.438) 0.115 0.390
(Grade 270) 1/2 (0.500) 0.153 0.520
(0.600) 0.217 0.740
0.192 0.029 0.098
. . 0.196 0.030 0.100
Prestressing wire
0.250 0.049 0.170
0.276 0.060 0.200
3/4 0.44 1.50
718 0.60 2.04
Prestressing bars 1 0.78 2.67
(plain) 1-1/8 0.99 3.38
1-1/4 1.23 4.17
1-3/8 1.48 5.05
5/8 0.28 0.98
_ 3/4 0.42 1.49
(F;rgfcfrrr%sjér)‘g barp 1 0.85 3.01
1-1/4 1.25 4.39
1-3/8 1.58 5.56

* Availability of some tendon sizes should be investigated in advance.
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ASTM STANDARD WIRE REINFORCEMENT

Area, in%/ft of width for various spacings
W & D size Nominal | Nominal | Nominal Center-to-center spacing, in.
Plain Deformed|diameter, ir|. area, ir? weight, Ib/ft 2 3 4 6 8 10 12
W31 D31 0.628 0.310 1.054 1.86 1.24 0.93 0.62 0.46b 0.372 0.31
W30 D30 0.618 0.300 1.020 1.80 1.20 0.90 0.60 0.45 0.366 0.30
w28 D28 0.597 0.280 0.952 1.68 1.12 0.84 0.56 0.47 0.336 0.28
W26 D26 0.575 0.260 0.934 1.56 1.04 0.78 0.52 0.34 0.312 0.26
w24 D24 0.553 0.240 0.816 1.44 0.96 0.72 0.48 0.36 0.248 0.24
w22 D22 0.529 0.220 0.748 1.32 0.88 0.66 0.44 0.33 0.264 0.22
W20 D20 0.504 0.200 0.680 1.20 0.80 0.60 0.40 0.34 0.24 0.20
w18 D18 0.478 0.180 0.612 1.08 0.72 0.54 0.36 0.27 0.216 0.18
W16 D16 0.451 0.160 0.544 0.96 0.64 0.48 0.32 0.24 0.192 0.16
W14 D14 0.422 0.140 0.476 0.84 0.56 0.42 0.28 0.21 0.168 0.14
w12 D12 0.390 0.120 0.408 0.72 0.48 0.36 0.24 0.19 0.144 0.12
W11 D11 0.374 0.110 0.374 0.66 0.44 0.33 0.22 0.16p 0.132 0.11
W10.5 0.366 0.105 0.357 0.63 0.42 0.315 0.21 0.157 0.126 0.105
W10 D10 0.356 0.100 0.340 0.60 0.40 0.30 0.20 0.15 0.1p 0.10
W9.5 0.348 0.095 0.323 0.57 0.38 0.285 0.19 0.14p 0.114 0.095
W9 D9 0.338 0.090 0.306 0.54 0.36 0.27 0.18 0.135 0.108 0.09
W8.5 0.329 0.085 0.289 0.51 0.34 0.255 0.17 0.12f7 0.102 0.085
w8 D8 0.319 0.080 0.272 0.48 0.32 0.24 0.16] 0.12 0.096 0.08
W7.5 0.309 0.075 0.255 0.45 0.30 0.225 0.15] 0.11p 0.0p 0.075
w7 D7 0.298 0.070 0.238 0.42 0.28 0.21 0.14 0.105 0.084 0.07
W6.5 0.288 0.065 0.221 0.39 0.26 0.195 0.13] 0.09y7 0.078 0.065
W6 D6 0.276 0.060 0.204 0.36 0.24 0.18 0.12 0.09 0.072 0.06
W5.5 0.264 0.055 0.187 0.33 0.22 0.165 0.11] 0.08p 0.066 0.055
W5 D5 0.252 0.050 0.170 0.30 0.20 0.15 0.10 0.075 0.06 0.05
W4.5 0.240 0.045 0.153 0.27 0.18 0.135 0.09 0.06J7 0.034 0.045
w4 D4 0.225 0.040 0.136 0.24 0.16 0.12 0.08] 0.06 0.048 0.04
W3.5 0.211 0.035 0.119 0.21 0.14 0.105 0.07] 0.05p 0.042 0.035
W3 0.195 0.030 0.102 0.18 0.12 0.09 0.06 0.045 0.036 0.03
W2.9 0.192 0.029 0.098 0.174 0.116] 0.0871 0.058 0.043 0.085 0.029
W2.5 0.178 0.025 0.085 0.15 0.10 0.07§ 0.05] 0.03)7 0.08 0.025
w2 0.159 0.020 0.068 0.12 0.08 0.06 0.04 0.03 0.024 0.02
w1i.4 0.135 0.014 0.049 0.084 0.056 0.047 0.028 0.021 0.017 0.014
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INDEX

Acce ptance of concrete, 5.6
Admixtures, 3.6
-Accelerating, 3.6.5
-Air-entraining, 3.6
-Definition, 2.1
-Retarding, 3.6.5
-Water-reducing, 3.6.5
Aggregates, 3.3
-Definition, 2.1
-Lightweight—Definition, 2.1
-Nominal maximum size, 3.3
Air-entrainin g admixtures, 3.6
Alternate desi gn method, A.1, A.2
-Compression members, A.6
-Development and splices of reinforcement, A.4
-Flexure, A.5
-Permissible service load stresses, A.3
-Shear and torsion, A.7
Alternative load and stren gth reduction factors , C.1
Aluminum conduits or  pipes, 6.3
American Societ y for Testin g and Materials —See ASTM
American Weldin g Societ y—See AWS
Analysis methods, 8.3
Anchora ge device—Definition, 2.1
-Basic monostrand—Definition, 2.1
-Basic multi-strand—Definition, 2.1
-Special—Definition, 2.1
Anchora ge—Mechanical—Develo pment, 12.6
Anchora ge zones—Definition, 2.1
-Post-tensioned tendons, 18.13, 18.14, 18.15
-Prestressed tendons, 18.13
-Design for monostrand or single 5/8-in. diameter bar
tendons, 18.14
-Design for multi-strand tendons, 18.15
Anchora ges—Post-tensionin g, 18.21
ASCE (American Societ y of Clvil En gineers)
standard cited in this code, 3.8
ASTM (American Societ y for Testin g and Materials )
standards cited in this code, 3.8
AWS (American Weldin g Society) standards cited in this
code, 3.8
Axial load
-Design assumptions, 10.2
-Principles and requirements, 10.3
Axiall y loaded members—Slab s ystem su pport, 10.14

Base of structure—Definition, 21.1
Beam
-Deflections—Minimum thickness, 9.5
-Distribution of flexural reinforcement, 10.6
-Grade—Walls—Design, 14.7
Bearin g stren gth, 10.17
Bearin g walls
-Design, 14.2
-Precast, 16.4
Bendin g, 7.3
Bends—Reinforcement, 7.2
Bonded reinforcement—Minimum—Prestressed concrete,
18.9
Bonded tendon—Definition, 2.1
Boundar y elements—Definition, 21.1
Brackets—Shear provision, 11.9
Buildin g official—Definition, 1.2
Bundled bars
-Development, 12.4
-Spacing limits, 7.6

INDEX
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Calculations, 1.2
Cement, 3.2
Cementitious materials—Definition, 2.1
Chloride—Admixtures, 3.6
Cold weather concretin g, 5.12
Collector elements—Definition, 21.1
Column loads—Transmission throu  gh floor s ystem, 10.15
Columns

-Definition, 2.1

-Design, 8.8

-Equivalent—Slab design, 13.7

-Moment transfer, 11.11

-Reinforcement splices, 12.17

-Special reinforcement details, 7.8

-Steel cores, 7.8
Composite com pression members—Axial load, 10.16
Composite construction—Deflections, 9.5
Composite flexural members, 17.1,17.2

-Definition, 2.1

-Horizontal shear strength, 17.5

-Shoring, 17.3

-Ties for horizontal shear, 17.6

-Vertical shear strength, 17.4
Compression-controlled section—Definition, 2.1,B9.3
Compression-controlled strain limit—Definition, 2.1
Compression members

-Alternate design method, A.6

-Design dimensions, 10.8

-Effective length, 10.11

-Limits for reinforcement, 10.9

-Prestressed concrete, 18.11

-Slenderness effects, 10.10, 10.11
Computer programs, 1.2
Concrete

-Conveying, 5.9

-Curing, 5.11

-Definition, 2.1

-Depositing, 5.10

-Evaluation and acceptance, 5.6

-Proportioning, 5.2, 5.3, 5.4

-Mixing, 5.8
Conduits, embedded, 6.3
Connections

-Reinforcement, 7.9
Construction joints, 6.4
Continuous construction—Prestressed concrete,

18.10
Contraction joint—Definition, 2.1
Conveying concrete, 5.9
Corbels—Shear provisions, 11.9
Corrosion

-Protection of reinforcement, 4.4

-Protection of unbonded prestressing tendons, 18.18
Couplers—Post-tensionin g, 18.21
Cover, 7.7
Creep—Required stren gth, 9.2
Crosstie—Definition, 21.1
Curing, 5.11

-Accelerated, 5.11
Curvature friction—Definition,
Cylinders—Testin g, 5.6

2.1,18.6

Dead load —See Load, dead

Deep flexural members, 10.7
-Special provisions for shear, 11.8

Definitions, 2.1,13.2,19.1,21.1
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Deflection
-Composite construction, 9.5
-Control, 9.5
-Maximum, 9.5
-Nonprestressed concrete construction, 9.5
-Prestressed concrete construction, 9.5
Deformed bars, 12.2,12.3
-Compression—Splices, 12.16
-Tension—Splices, 12.15
Deformed reinforcement—Definition, 2.1
Depositin g concrete, 5.10
Design dis placement—Definition, 21.1
Design load combinations—Definition,  21.1
Design methods, 8.1
-Structural plain concrete, 22.4
Design stren gth, 9.3
-Reinforced and prestressed flexural and compression
members, B9.3
-Reinforcement, 9.4
-See also Strength, design
Develo pment
-Bundled bars, 12.4
-Deformed bars in compression, 12.3
-Deformed reinforcement in tension, 12.2
-Flexural reinforcement, 12.10
-Footing reinforcement, 15.6
-Hooks, 12.5
-Mechanical anchorages, 12.6
-Mechanical splices for reinforcement, 12.15
-Negative moment reinforcement, 12.12
-Positive moment reinforcement, 12.11
-Prestressing strand, 12.9
-Reinforcement, 12.1
-Reinforcement—Alternate design method, A.4
-Splices, 12.14
-Splices in column reinforcement, 12.17
-Web reinforcement, 12.13
-Welded deformed wire fabric in tension, 12.7
-Welded plain wire fabric in tension, 12.8
Develo pment len gth—Definition, 2.1
Develo pment len gth for a bar with a standard hook—Def-
inition, 21.1
Direct desi gn method—Slabs, 13.6
Drawin gs, 1.2
Drop panel—Two-wa y slab reinforcement, 13.3
Ducts
-Post-tensioning, 18.17
-Spacing limits, 7.6

Earth pressure, 9.2
Earth quake loads, 8.2, 9.2
Effective de pth of section (d)—Definition, 2.1
Effective prestress—Definition, 2.1
Embedded conduits and pipes, 6.3
Embedment—Develo pment of reinforcement, 12.13
Embedment len gth—Definition, 2.1
Equivalent frame method—Slabs, 13.7
Evaluation and acce ptance of concrete, 5.6
Expansive cement, 3.2
Exposure

-Cover requirements, 7.7

-Special requirements, 4.1, 4.2, 4.3
Extreme tension steel—Definition, 2.1

Factored load —See Load, factored

Factored loads and forces—Definition, 21.1

Field-cured s pecimens—Tests, 5.6

Flexural members—Limits for reinforcement,
B18.8

10.5, 18.8,

INDEX

Flexural reinforcement
-Development, 12.10
-Principles and requirements, 10.3
Floor finish, se parate, 8.12
Floors—Transmission of column loads, 10.15
Fly ash, 3.6
Folded plates—Definition, 19.1
Footin gs, 15.1
-Combined, 15.10
-Loads and reactions, 15.2
-Minimum depth, 15.7
-Moments, 15.4
-Reinforcement development, 15.6
-Shear, 11.12, 15.5
-Sloped or stepped, 15.9
-Structural plain concrete, 22.7
-Supporting circular or polygon columns, 15.3
-Transfer of force at base of column or pedestal, 15.8
Formwork
-Design of, 6.1
-Prestressed concrete, 6.1
-Removal, 6.2
Foundations, 21.8
Frames—Prestressed concrete, 18.10

Grade beam—Walls—Desi gn, 14.7
Grout—Bonded prestressin g, 18.18

Haunches—Effect on stiffness, 8.6
Hooks
-Development, 12.13
-Standard, 7.1
Hoo p—Definition, 21.1
Hot weather concretin g, 5.13

Impact, 9.2

Inspection, 1.3

Isolated beams, 8.10

Isolation joint—Definition, 2.1

Jackin g force—Definition, 2.1
Joints—Structural plain concrete, 22.3
Joist construction, 8.11

Laborator y-cured s pecimens—Tests, 5.6
Lap splices—Develo pment of reinforcement, 12.14,
12.15,12.16
Lateral-force resistin g system—Definition, 21.1
Lateral reinforcement
-Compressed members, 7.10
-Flexural members, 7.11
Lateral su pports—Distance between for flexural mem-
bers, 10.4
Lightwei ght aggregate, 3.3
Lightwei ght concrete
-Shear strength, 11.2
-Splitting tensile strength, 5.1
-Structural—Definition, 2.1
Liquid pressure, lateral, 9.2
Live load —See Load, live
Load
-Dead—Definition, 2.1
-Factored—Definition, 2.1
-Live—Arrangement, 8.9
-Live—Definition, 2.1
-Service, 8.2
-Service—Definition, 2.1
Load tests, 20.3
-Loading criteria, 20.4
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Loadin g, 8.2
Loss of prestress, 18.6
Low-stren gth concrete, 5.6

Magnified moments, 10.11
-Nonsway frames, 10.12
-Sway frames, 10.13

Materials stora ge, 3.7

Materials, tests, 3.1

Mats—Combined, 15.10

Mechanical s plices—Reinforcement develo pment, 12.14

Minimum reinforcement—Flexural members, 10.5

Mixin g and placin g equipment, 5.7

Mixin g concrete, 5.8

Mixture proportionin g, 5.2, 5.3, 5.4

Modal anal ysis—Shells, 19.2

Modulus of elasticit y, 8.5
-Definition, 2.1

Moment frame—Definition, 21.1
-Intermediate—Definition, 21.1
-Ordinary—Definition, 21.1
-Special—Definition, 21.1

Moment ma gnification—Slenderness effects—Com  pres-

sion members, 10.11

Moment ma gnifier
-Biaxial bending, 10.11
-Sway frames, 10.11

Moment transfer—Columns, 11.11

Moments
-Designs, 8.3
-Footings, 15.4
-Negative—Redistribution, 8.4, 18.10
-Negative—Reinforcement—Development, 12.12
-Positive—Reinforcement—Development, 12.11
-Slab design, 13.6

Net tensile strain—Definition, 2.1

Nominal stren gth—See Strength, nominal
Nonsway frames—Ma gnified moments, 10.12
Notation, Appendix D

Offset bars—Reinforcement details for columns, 7.8
Openings

-Slabs, 11.12

-Two-way slabs, 13.4

Pedestal
-Definition, 2.1
-Structural plain concrete, 22.8
Piles and piers, 1.1
Pipes
-Embedded, 6.3
-Steel—Reinforcement, 3.5
Placin g
-Preparation of equipment and place of deposit, 5.7
-Rate—Formwork, 6.1
Placin g equipment, 5.7
Plain concrete
-Definition, 2.1
-Earthquake-resisting structures, 22.10
-Structural, 21.1, 21.2
Plain reinforcement—Definition, 2.1
Post-tensionin g—Definition, 2.1
-External, 18.22
Pozzolans, 3.6
Precast concrete
-Bearing design, 16.6
-Definition, 2.1
-Design, 16.4
-Distribution of forces, 16.3

INDEX 318/318R-389

-Handling, 16.9
-Strength evaluation, 16.10
-Structural integrity, 16.5
Precast members—Structural plain concrete, 22.9
Prestressed concrete, 18.1, 18.2
-Application of prestressing force, 18.20
-Compression members, 18.11
-Corrosion protection for unbonded tendons, 18.16
-Definition, 2.1
-Deflection, 9.5
-Design assumptions, 18.3
-Flexural members—Limits of reinforcement, 18.8
-Flexural strength, 18.7
-Frames and continuous construction, 18.10
-Grout for bonded tendons, 18.18
-Loss of prestress, 18.6
-Measurement of prestressing force, 18.20
-Minimum bonded reinforcement, 18.9
-Permissible stresses—Flexural members, 18.4
-Permissible stresses in tendons, 18.5
-Post-tensioning anchorages and couplers, 18.21
-Post-tensioning ducts, 18.17
-Protection for prestressing tendons, 18.19
-Protection for unbonded prestressing tendons, 18.16
-Shear, 11.4
-Slab systems, 18.12
-Statically indeterminate structures, 18.10
-Tendon anchorage zones, 18.13
-Torsion, 11.6
Prestressin g strand—Develo pment, 12.9
Prestressin g tendons, 3.5
-Spacing limits, 7.6
-Surface conditions, 7.4
Pretensionin g—Definition, 2.1
PTI (Post-Tensionin g Institute )
standard cited in this code, 3.8

Quality of concrete, 5.1

Radius of gyration—Com pression members—Slender-
ness effects, 10.11

Reinforced concrete—Definition, 2.1

Reinforcement
-Bending of, 7.3
-Bend tests, 3.5
-Bundled bars—Development, 12.4
-Bundled bars—Spacing limits, 7.6
-Columns—Splices, 12.17
-Connections, 7.9
-Corrosion protection for unbonded prestressing tendons,
18.16
-Definition, 2.1
-Deformed, 3.5
-Deformed—Compression—Splices, 12.16
-Deformed—Definition, 2.1
-Deformed—Development in compression, 12.3
-Deformed—Development in tension, 12.2
-Deformed—Tension—Splices, 12.15
-Design strength, 9.4
-Development, 12.1
-Development and splices—Alternate design method, A.4
-Flexural—Development, 12.10
-Flexural—Distribution in beams and one-way slabs, 10.6
-Footings—Development, 15.6
-Hooks—Development, 12.5
-Lateral for compression members, 7.10
-Lateral for flexural members, 7.11
-Limits in compression members, 10.9
-Limits—Prestressed flexural members, 18.8
-Mats, 3.5
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-Mechanical anchorage—Development, 12.6
-Minimum—~Flexural members, 10.5
-Minimum bonded—Prestressed concrete, 18.9
-Negative moment—Development, 12.12
-Placing, 7.5

-Placing—Welding, 7.5

-Plain, 3.5

-Plain—Definition, 2.1

-Plain welded wire fabric—Splices, 12.19
-Plain wire fabric, 12.8

-Positive moment—Development, 12.11
-Prestressing strand—Development, 12.9
-Prestressing tendons—Protection, 18.19
-Shear—Alternate design method, A.7
-Shear—Minimum, 11.5
-Shear—Requirements, 11.5

-Shells, 19.4

-Shrinkage, 7.12

-Slab, 13.3

-Spacing limits, 7.6

-Special details for columns, 7.8

-Splices, 12.14

-Steel pipe, 3.5

-Structural integrity, 7.13, 16.5

-Structural steel, 3.5

-Surface conditions, 7.4

-Temperature, 7.12

-Transverse, 8.10

-Tubing, 3.5

-Two-way slabs, 13.3
-Web—Development, 12.13

-Welded deformed wire fabric—Development, 12.7

INDEX

-Horizontal—Composite flexural members, 17.5
-Lightweight concrete, 11.2
-Vertical—Composite flexural members, 17.4
Sheathin g—Definition, 2.1
Shells
-Construction, 19.5
-Definitions, 19.1
-Reinforcement, 19.4
-Strength of materials, 19.3
Shored construction, 9.5
Shores—Definition, 2.1
Shorin g—Formwork—Removal, 6.2
Shrinka ge—Required stren gth, 9.2
Shrinka ge reinforcement, 7.12
Slab su pport—Axiall y loaded members, 10.14
Slab systems—Prestressed concrete, 18.12
Slabs
-Moment transfer to columns, 11.11
-One-way—Deflections—Minimum thickness, 9.5
-One-way—Distribution of flexural reinforcement, 10.6
-Shear provisions, 11.12
-Two-way—Definitions, 13.2
-Two-way—Design, 13.3
-Two-way—Design procedures, 13.5
-Two-way—Direct design method, 13.6
-Two-way—Equivalent frame method, 13.7
-Two-way—Openings, 13.4
-Two-way—Reinforcement, 13.3
Slender walls, 14.8
-alternate design, 14.8
Slenderness effects
-Compression members, 10.10

-Evaluation, 10.11, 10.12, 10.13

Spacin g—Reinforcement—Limits, 7.6

Span length, 8.7

Special boundar y elements, 21.1

Special structures, 1.1

Special s ystems of desi gn or construction, 1.4

Specified com pressive stren gth of concrete (f.')—Defini-
tion, 2.1

Specified lateral forces—Definition, 21.1

Spiral reinforcement

Required stren gth—See Strength, required

Reshores—Definition, 2.1
-Formwork—Removal, 6.2

Retardin g admixtures, 3.6

Retempered concrete, 5.10

Safety—Stren gth evaluation, 20.7
Sampling, 5.6

Scope of code, 1.1

Seismic desi gn

-Definition, 21.1 -Definition, 2.1

-Flexural members of special moment frames, 21.3 -Structural steel core, 10.16
-Frame members, 21.4, 21.9, 21.10 Spirals, 7.10

-General requirements, 21.2 Splices, 12.14

-Joints of special moment frames, 21.5
-Shear strength requirements, 21.4, 21.5, 21.6
-Special moment frame members, 21.4
-Structural walls, and coupling beams, 21.6

Seismic hook—Definition, 21.1

Service load stresses—Permissible—Alternate desi  gn
method, A.3

-Alternate design method, A.4

-Columns, 12.17

-End bearing, 12.16

-Lap, 12.14,12.15, 12.16

-Plain wire fabric, 12.19

-Welded deformed wire fabric, 12.18
Splittin g tensile stren gth (f,)—Definition, 2.1
Service loads —See Load, service Standards cited in this code, 3.8
Settlement—Re quired stren gth, 9.2 Steam curin g, 5.11
Shear Steel reinforcement, 3.5

-Alternate design method, A.7 Stiffness, 8.6
-Brackets, 11.9 Stirru p
-Corbels, 11.9 -Definition, 2.1

-Deep flexural members, 11.8

-Footings, 11.12, 15.5

-Horizontal—Ties—Composite flexural members, 17.6
-Slabs, 11.12, 13.6

-Walls, 11.10

Shear-friction, 11.7

-Alternate design method, A-7

Shear stren gth, 11.1

-Concrete—Nonprestressed members, 11.3
-Concrete—Prestressed members, 11.4

-Development, 12.13
-Shear reinforcement requirements, 11.5
Storage—Materials, 3.7
Strength, desi gn, 9.1, 9.3
-Definition, 2.1
-Reinforcement, 9.4
-Structural plain concrete, 22.5
Stren gth evaluation, 16.10, 20.1
-Acceptance criteria, 20.5
-Analytical evaluation, 20.1
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-Load tests, 20.3
-Load criteria, 20.4
-Lower load rating, 20.6
-Safety, 20.7
Stren gth, nominal—Definition, 2.1
Stren gth reduction, 5.5
Stren gth, re quired, 9.2
-Definition, 2.1
Strain—Reinforcement, 10.2
Stress
-Definition, 2.1
-Permissible—Prestressed flexural members, 18.4
-Permissible—Prestressed tendons, 18.5
-Reinforcement, 10.2
-Service load—Permissible—Alternate design method,
A3
Structural concrete—Definition, 2.1
Structural dia phragms—Definition, 21.1
-Trusses, 21.7
Structural inte grity
-Requirements, 7.13,16.5
Structural plain concrete
-Design method, 22.4
-Footings, 22.7
-Joints, 22.3
-Limitations, 22.2
-Pedestals, 22.8
-Precast members, 22.9
-Strength design, 22.5
-Wallls, 22.6
Structural steel—Reinforcement, 3.5
Structural steel core—Concrete encased, 10.16
Structural trusses—Definition, 21.1
Structural walls—Definition, 21.1
-Ordinary reinforced concrete—Definition, 21.1
-Ordinary structural plain concrete—Definition, 21.1
-Special reinforced concrete—Definition, 21.1
Strut—Definition, 21.1
Sulfate ex posures, 4.3
Sway frames—Ma gnified moments, 10.13

T-beams, 8.10

-Flanges in tension—Tension reinforcement, 10.6
Temperature reinforcement, 7.12
Tendon—Prestressin g, 3.5

-Anchorage zones, 18.13

-Definition, 2.1

-Protection, 18.19
Tensile stren gth—Concrete, 10.2
Tension-controlled section—Definition, 2.1,B9.3

INDEX

Testin g for acce ptance of concrete, 5.6
Tests, materials, 3.1
Thickness, minimum—Deflection—Non prestressed
beams or one-wa vy slabs, 9.5
Thin shells—Definition, 19.1
Tie—Definition, 2.1
Tie elements—Definition, 21.1
Ties, 7.10
-Definition, 2.1
-Horizontal shear—Composite flexural members, 17.6
-Steel core encased in concrete, 10.16
Tolerances—Placin g reinforcement, 7.5
Torsion
-Alternate design method, A.7
-Design, 11.6
Torsion reinforcement re quirements, 11.6
Torsional members—Slab desi gn, 13.7
Torsional moment stren gth, 11.6
Transfer—Definition, 2.1
Tubin g—Reinforcement, 3.5
Two-way construction—Deflections, 9.5

Unbonded tendon—Definition, 2.1
Unshored construction, 9.5

Wall
-Definition, 2.1
-Empirical design, 14.5
-Grade beams—Design, 14.7
-Special provisions, 11.10
-Structural design, 14.1
-Structural plain concrete, 22.6
Water, 3.4
Water-cementitious materials ratio, 4.1,5.4
Water-reducin g admixtures, 3.6
Web reinforcement—Develo pment, 12.13

Welded s plices—Tension—Reinforcement, 12.14, 12.16,

12.17

Welded wire fabric, 3.5
-Bends, 7.2
-Deformed—Development, 12.7
-Deformed—Splices, 12.18
-Placing, 7.5
-Plain—Development, 12.8
-Plain—Splices, 12.19

Weldin g—Reinforcement—Placin g, 7.5

Wind loads, 8.2

Wobble friction—Definition, 2.1, 18.6

Yield stren gth—Definition, 2.1

ACI 318 Building Code and Commentary

318/318R-391



	ACI 318-99
	Introduction
	318-99 Contents
	CHAPTER 1  GENERAL REQUIREMENTS 
	1.2  Drawings and specifications 
	1.3  Inspection 
	1.4  Approval of special systems of design or construction 

	CHAPTER 2  DEFINITIONS 
	CHAPTER 3  MATERIALS 
	3.0  Notation 
	3.1  Tests of materials 
	3.2  Cements 
	3.3  Aggregates 
	3.4  Water 
	3.5  Steel reinforcement 
	3.6  Admixtures 
	3.7  Storage of materials 
	3.8  Standards cited in this code 
	4.0  Notation 
	4.1  Water- cementitious materials ratio 

	CHAPTER 4  DURABILITY REQUIREMENTS 
	4.2  Freezing and thawing exposures 
	4.3  Sulfate exposures 
	4.4  Corrosion protection of reinforce-ment 

	CHAPTER 5  CONCRETE QUALITY, MIXING, AND PLACING 
	5.0  Notation 
	5.1  General 
	5.2  Selection of concrete proportions 
	5.3  Proportioning on the basis of field experience or trial mixtures, or both 
	5.4  Proportioning without field experi-ence or trial mixtures 
	5.5  Average strength reduction 
	5.6  Evaluation and acceptance of concrete 
	5.7  Preparation of equipment and place of deposit 
	5.8  Mixing 
	5.9  Conveying 
	5.10  Depositing 
	5.11 Curing 
	5.12 Cold weather requirements 
	5.13 Hot weather requirements 

	CHAPTER 6  FORMWORK, EMBEDDED PIPES, AND CONSTRUCTION JOINTS
	6.1  Design of formwork 
	6.2  Removal of forms, shores, and reshoring 
	6.3  Conduits and pipes embedded in concrete 
	6.4  Construction joints 

	CHAPTER 7  DETAILS OF REINFORCEMENT 
	7.0  Notation 
	7.1 Standard hooks 
	7.2 Minimum bend diameters 
	7.3 Bending 
	7.4 Surface conditions of reinforcement 
	7.5 Placing reinforcement 
	7.6 Spacing limits for reinforcement 
	7.7 Concrete protection for reinforce-ment 
	7.8 Special reinforcement details for columns 
	7.9 Connections 
	7.10 Lateral reinforcement for compression members 
	7.11 Lateral reinforcement for flexural members 
	7.12 Shrinkage and temperature rein-forcement 
	7.13 Requirements for structural integrity 

	CHAPTER 8  ANALYSIS AND D
	8.0 Notation 
	8.1 Design methods 
	8.2 Loading 
	8.3 Methods of analysis 
	8.4 Redistribution of negative moments in continuous nonprestressed flexural members 
	8.5 Modulus of elasticity 
	8.6 Stiffness 
	8.7 Span length 
	8.8 Columns 
	8.9 Arrangement of live load 
	8.10 T- beam construction 
	8.11 Joist construction 
	8.12 Separate floor finish 

	CHAPTER 9 STRENGTH AND SERVICEABILITY REQUIREMENTS 
	9.0 Notation 
	9.1 General 
	9.2 Required strength 
	9.3 Design strength 
	9.4 Design strength for reinforcement 
	9.5 Control of deflections 

	CHAPTER 10 FLEXURE AND AXIAL LOADS 
	10.0 Notation 
	10.1 Scope 
	10.2 Design assumptions 
	10.3 General principles and requirements 
	10.5 Minimum reinforcement of flexural members 
	10.4 Distance between lateral supports of flexural members 
	10.6 Distribution of flexural reinforce-ment in beams and one- way slabs 
	10.7 Deep flexural members 
	10.8 Design dimensions for compression members 
	10.9 Limits for reinforcement of com-pression members 
	10.10 Slenderness effects in compression members 
	10.11 Magnified moments General 
	10.12 Magnified moments  Nonsway frames 
	10.13 Magnified moments Sway frames 
	10.14 Axially loaded members support-ing slab system 
	10.15 Transmission of column loads through floor system 
	10.16 Composite compression members 
	10.17 Bearing strength 

	CHAPTER 11 SHEAR AND TORSION CHAPTER 12 Š DEVELOPMENT AND SPLICES OF REINFORCEMENT CHAPTER 13 Š TWO- WAY SLAB SYSTEMS 
	11.0 Notation 
	11.1 Shear strength 
	11.2 Lightweight concrete 
	11.3 Shear strength provided by concrete for nonprestressed members 
	11.4 Shear strength provided by con-crete for prestressed members 
	11.5 Shear strength provided by shear reinforcement 
	11.6 Design for torsion 
	11.7 Shear- friction 
	11.8 Special provisions for deep flexural members 
	11.9 Special provisions for brackets and corbels 
	11.10 Special provisions for walls 
	11.11 Transfer of moments to columns 
	11.12 Special provisions for slabs and footings 

	CHAPTER 12 DEVELOPMENT AND SPLICES OF
	12.0 Notation 
	12.1 Development of reinforcement General 
	12.2 Development of deformed bars and deformed wire in tension 
	12.3 Development of deformed bars in compression 
	12.4 Development of bundled bars 
	12.5 Development of standard hooks in tension 
	12.6 Mechanical anchorage 
	12.7 Development of welded deformed wire fabric in tension 
	12.8 Development of welded plain wire fabric in tension 
	12.9 Development of prestressing strand 
	12.10 Development of flexural reinforcement General 
	12.11 Development of positive moment reinforcement 
	12.12 Development of negative moment reinforcement 
	12.13 Development of web reinforcement 
	12.14 Splices of reinforcement General 
	12.15 Splices of deformed bars and deformed wire in tension 
	12.16 Splices of deformed bars in compression 
	12.17 Special splice requirements for columns 
	12.18 Splices of welded deformed wire fabric in tension 
	12.19 Splices of welded plain wire fabric in tension 

	CHAPTER 13 TWO-WAY SLAB SYSTEMS
	13.0 Notation 
	13.1 Scope 
	13. 2 Definitions 
	13.3 Slab reinforcement 
	13.4 Openings in slab systems 
	13.5 Design procedures 
	13.6 Direct design method 
	13.7 Equivalent frame method 

	CHAPTER 14 WALLS 
	14.0 Notation 
	14.2 General 
	14. 1 Scope 
	14.3 Minimum reinforcement 
	14.4 Walls designed as compression members 
	14.5 Empirical design method 
	14.6 Nonbearing walls 
	14.7 Walls as grade beams 
	14.8 Alternative design of slender walls 

	CHAPTER 15 FOOTINGS
	15.0 Notation 
	15.1 Scope 
	15.2 Loads and reactions 
	15.3 Footings supporting circular or regular polygon shaped columns or pedestals 
	15.4 Moment in footings 
	15.5 Shear in footings 
	15.6 Development of reinforcement in footings 
	15.7 Minimum footing depth 
	15.8 Transfer of force at base of column, wall, or reinforced pedestal 
	15.9 Sloped or stepped footings 
	15.10 Combined footings and mats 

	CHAPTER 16 PRECAST CONCRETE
	16.0 Notation 
	16.1 Scope 
	16.2 General 
	16.3 Distribution of forces among members 
	16.4 Member design 
	16.5 Structural integrity 
	16.6 Connection and bearing design 
	16.7 Items embedded after concrete placement 
	16.8 Marking and identification 
	16.9 Handling 
	16.10 Strength evaluation of precast construction 

	CHAPTER 17 COMPOSITE CONCRETE FLEXURAL MEMBERS 
	17.0 Notation 
	17.1 Scope 
	17.2 General 
	17.3 Shoring 
	17.4 Vertical shear strength 
	17.5 Horizontal shear strength 
	17.6 Ties for horizontal shear 

	CHAPTER 18 PRESTRESSED CONCRETE 
	18.0 Notation 
	18.1 Scope 
	18.2 General 
	18.3 Design assumptions 
	18.4 Permissible stresses in concrete Š Flexural members 
	18.5 Permissible stresses in prestressing tendons 
	18.6 Loss of prestress 
	18.7 Flexural strength 
	18.8 Limits for reinforcement of flexural members 
	18.9 Minimum bonded reinforcement 
	18. 10 Statically indeterminate structures 
	18.11 Compression members Š Combined flexure and axial loads 
	18.12 Slab systems 
	18.13 Post- tensioned tendon anchorage zones 
	18.14 Design of anchorage zones for monostrand or single 5/ 8 in. diameter bar tendons 
	18.15 Design of anchorage zones for multistrand tendons 
	18.16 Corrosion protection for unbonded prestressing tendons 
	18.17 Post- tensioning ducts 
	18.18 Grout for bonded prestressing tendons 
	18.19 Protection for prestressing tendons 
	18.20 Application and measurement of prestressing force 
	18.21 Post- tensioning anchorages and couplers 
	18.22 External post- tensioning 

	CHAPTER 19 SHELLS AND FOLDED PLATE MEMBERS 
	19.0 Notation 
	19.1 Scope and definitions 
	19.2 Analysis and design 
	19.3 Design strength of materials 
	19.4 Shell reinforcement 
	19.5 Construction 

	CHAPTER 20 STRENGTH EVALUATION OF EXISTING STRUCTURES 
	20.0 Notation 
	20.1 Strength evaluation General 
	20.2 Determination of required dimensions and material properties 
	20.3 Load test procedure 
	20.4 Loading criteria 
	20.5 Acceptance criteria 
	20.6 Provision for lower load rating 
	20.7 Safety 

	CHAPTER 21 SPECIAL PROVISIONS FOR SEISMIC DESIGN 
	21.0 Notation 
	21.1 Definitions 
	21.2 General requirements 
	21.3 Flexural members of special moment frames 
	21. 4 Special moment frame members subjected to bending and axial load 
	21.5 Joints of special moment frames 
	21.6 Special reinforced concrete structural walls and coupling beams 
	21.7 Structural diaphragms and trusses 
	21.8 Foundations 
	21.9 Frame members not proportioned to resist forces induced by earthquake motions 
	21.10 Requirements for intermediate moment frames 

	CHAPTER 22 STRUCTURAL PLAIN CONCRETE 
	22.0 Notation 
	22.1 Scope 
	22.2 Limitations 
	22.3 Joints 
	22.4 Design method 
	22.5 Strength design 
	22.6 Walls 
	22.7 Footings 
	22.8 Pedestals 
	22.9 Precast members 
	22.10 Plain concrete in earthquake-resisting structures 

	APPENDIX A ALTERNATE DESIGN METHOD 
	A. 0 Notation 
	A. 1 Scope 
	A. 2 General 
	A. 3 Permissible service load stresses 
	A. 4 Development and splices of reinforcement 
	A. 5 Flexure 
	A. 6 Compression members with or without flexure 
	A. 7 Shear and torsion 

	APPENDIX B UNIFIED DESIGN PROVISIONS FOR REINFORCED
	B. 1 Scope 

	APPENDIX C 
	C. 1 General 

	APPENDIX D NOTATION 
	APPENDIX E STEEL REINFORCEMENT INFORMATION 




