ACI Reinforced Concrete Design Handbook
A Companion to ACI 318-19

) i
Lm}ﬂllllll Iﬂlﬁl i!mulm.: e 9
uﬁ*ﬂmﬂllllllﬂ!ﬂﬂm W - PR
¥ O By f -

e a el P 1 p— IEJJ iﬂﬂuﬂ'"ﬂ”ﬁmmﬂ” | e -=.-j‘-:_." e [ R e
SR el BE nmntl'“&lllllﬂi.ulﬂ"!l!ﬂrhﬂl g WL LR el et o R
T N e ot 2 TRl
el mm oman = L. : l,i'I’lllé&!Hnm!lll‘llllllllhﬁ H T e e
- 0| e i # - E

i . ]
. |.l d i ‘ e 2 ]
o ul _ I HIFI "l‘ H! I!!‘ m Jl_m___ H- . B i s By 5] .i.i

: N b s wEE

- “ :“5 = ‘Jﬂl 'Ha
v ) m' " :::' “ E =" - .
| 1:; [} f EJF ; ’h

Volume 1: Member DeSign f ™ American Concrete Institute

Always advancing

MNL-17(21)



ACI MNL-17(21)

ACI REINFORCED CONCRETE DESIGN HANDBOOK

A Companion to ACI 318-19

VOLUME 1 VOLUME 2
INTRODUCTION RETAINING WALLS
STRUCTURAL SYSTEMS SERVICEABILITY
STRUCTURAL ANALYSIS STRUT-AND-TIE METHOD
DURABILITY ANCHORING TO CONCRETE

ONE-WAY SLABS

TWO-WAY SLABS

BEAMS

DIAPHRAGMS

COLUMNS

STRUCTURAL REINFORCED CONCRETE WALLS

FOUNDATIONS



aci}?



ACI MNL-17(21)
Volume 1

ACI REINFORCED CONCRETE
DESIGN HANDBOOK

A Companion to ACI 318-19

(aci®

American Concrete Institute



N A erican et First Printing
CICI‘ merican Concrete Institute April 2021

Al d ]
ways advancing ISBN: 978-1-64195-136-4

ACI REINFORCED CONCRETE DESIGN HANDBOOK
Volume 1 ~ Tenth Edition

Copyright by the American Concrete Institute, Farmington Hills, MI. All rights reserved. This material may not be
reproduced or copied, in whole or part, in any printed, mechanical, electronic, film, or other distribution and storage
media, without the written consent of ACI.

The technical committees responsible for ACI committee reports and standards strive to avoid ambiguities,
omissions, and errors in these documents. In spite of these efforts, the users of ACI documents occasionally find
information or requirements that may be subject to more than one interpretation or may be incomplete or incorrect.
Users who have suggestions for the improvement of ACI documents are requested to contact ACI via the errata
website at http://concrete.org/Publications/DocumentErrata.aspx. Proper use of this document includes periodically
checking for errata for the most up-to-date revisions.

ACI committee documents are intended for the use of individuals who are competent to evaluate the significance and
limitations of its content and recommendations and who will accept responsibility for the application of the material
it contains. Individuals who use this publication in any way assume all risk and accept total responsibility for the
application and use of this information.

All information in this publication is provided “as is” without warranty of any kind, either express or implied, including
but not limited to, the implied warranties of merchantability, fitness for a particular purpose or non-infringement.

ACI and its members disclaim liability for damages of any kind, including any special, indirect, incidental, or
consequential damages, including without limitation, lost revenues or lost profits, which may result from the use of
this publication.

It is the responsibility of the user of this document to establish health and safety practices appropriate to the specific
circumstances involved with its use. ACI does not make any representations with regard to health and safety issues
and the use of this document. The user must determine the applicability of all regulatory limitations before applying
the document and must comply with all applicable laws and regulations, including but not limited to, United States
Occupational Safety and Health Administration (OSHA) health and safety standards.

Participation by governmental representatives in the work of the American Concrete Institute and in the development
of Institute standards does not constitute governmental endorsement of ACI or the standards that it develops.

Order information: ACI documents are available in print, by download, through electronic subscription, or reprint, and
may be obtained by contacting ACI. ACI codes, specifications, and practices are made available in the ACI Collection

of Concrete Codes, Specifications, and Practices. The online subscription to the ACI Collection is always updated, and
includes current and historical versions of ACI's codes and specifications (in both inch-pound and SI units) plus new
titles as they are published. The ACI Collection is also available as an eight-volume set of books and a USB drive.

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700

Fax: +1.248.848.3701

Managing Editor: H. R. Trey Hamilton On the Cover: Hudson Commons, New York City, NY,
Staff Engineer: Sureka Sumanasooriya USA (photo credit: Karen Fuchs and Cove Property Group)
Technical Editor: Carl R. Bischof
Director, Publishing Services: Lauren E. Mentz
Supervisor, Publishing Services: Ryan M. Jay
Lead Production Editor: Kelli R. Slayden
Production Editors: Erin N. Azzopardi, Kaitlyn J. Dobberteen, Tiesha Elam, and Hannah E. Genig
Graphic Designers: Paul F. Sullivan and Aimee Kahaian
Manufacturing: Marie Fuller
www.concrete.org



DEDICATION

This edition of The ACI Reinforced Concrete Design Handbook, MNL-17(21), is dedicated
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FOREWORD

The ACI Reinforced Concrete Design Handbook provides assistance to professionals engaged in the design of reinforced
concrete buildings and related structures. This edition is a major revision that brings it up-to-date with the approach and provi-
sions of “Building Code Requirements for Structural Concrete” (ACI 318-19).

The ACI Reinforced Concrete Design Handbook provides dozens of design examples of various reinforced concrete members,
such as one- and two-way slabs, beams, columns, walls, diaphragms, footings, and retaining walls. For consistency, many of the
numerical examples are based on a fictitious seven-story reinforced concrete building. There are also many additional design
examples not related to the design of the members in the seven-story building that illustrate various ACI 318-19 requirements.

Each example starts with a problem statement, then provides a design solution in a three-column format—Code provision
reference, short discussion, and design calculations—followed by a drawing of reinforcing details, and finally a conclusion
elaborating on a certain condition or comparing results of similar problem solutions.

In addition to examples, almost all chapters in The ACI Reinforced Concrete Design Handbook contain a general discussion
of the related ACI 318-19 chapter.

This edition of The ACI Reinforced Concrete Design Handbook was updated and enhanced by ACI staff engineers under the
auspices of the ACI Technical Activities Committee (TAC). Each chapter was reviewed by at least two reviewers, who provided
valuable comments, suggestions, and insights. The following reviewers are gratefully acknowledged and thanked:

Michael E. Ahern Christopher C. Ferraro Ian S. McFarlane Brandon Ross
Hakim Bouadi Ronald J. Janowiak Donald F. Meinheit Thomas C. Schaeffer
Sergio F. Brefia Donald P. Kline Kevin Mueller Pericles C. Stivaros
Ronald A. Cook Michael E. Kreger Antonio Nanni Jovan Tatar

Charles W. Dolan Mustafa A. Mahamid Kyle A. Riding Andrew W. Taylor

Lisa R. Feldman Kenton McBride David M. Rogowsky

Special thanks are due to a number of outside contributors to this Manual. Dirk Bondy and Kenneth Bondy provided soft-
ware used to analyze and design the post-tensioned beam example, in addition to their valuable comments and suggestions.
StructurePoint and Computers and Structures, Inc. (SAP 2000 and Etabs) provided use of their software to perform analyses of
structure and members. The Bridge Software Institute (BSI) provided use of their software and their expertise in the develop-
ment of the design examples on deep foundations.

The ACI Reinforced Concrete Design Handbook is published in two volumes: Chapters 1 through 11 are published in
Volume 1 and Chapters 12 through 15 are published in Volume 2. Design aids and a moment interaction diagram Excel spread-
sheet are available for free download from the following ACI webpage links:
https://www.concrete.org/MNL1721Download1
https://www.concrete.org/MNL1721Download2

Keywords: anchoring to concrete; beams; columns; cracking; deflection; diaphragm; durability; flexural strength; footings;
frames; pile caps; piles; post-tensioning; punching shear; retaining wall; shear strength; seismic; slabs; splicing; stiffness; struc-
tural analysis; structural systems; strut-and-tie; walls.

Trey Hamilton
Managing Editor
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CHAPTER 1—INTRODUCTION

1.1—Introduction

This Manual is intended to assist with the design of rein-
forced concrete structures using ACI 318-19 (hereinafter
referred to as the Code). The focus is on the application of the
Code requirements to the individual members with respect
to both structural design requirements and detailing provi-
sions. As with the Code, the design procedures and detailing
practices illustrated in this Manual do not replace sound
professional judgment or the licensed design profession-
al’s (LDP’s) knowledge of the specific factors surrounding
a project.

To illustrate the procedures and details, it is necessary to
generate the member actions for which the design will be
conducted. Although this Manual provides background and
context regarding the analysis of structural concrete systems,
it is assumed that the user of this Manual has a basic under-
standing of structural analysis and the development of the
member design actions from such an analysis.

This chapter describes the overall organization of this
Manual and additionally describes the loads, geometry,
and other details of the example building used to generate
actions for member or component design illustrated in
subsequent chapters.

1.2—Organization and use

A structural system consists of members, joints, and
connections, each performing a specific role or function.
Structural systems and their component members must
provide sufficient stability, strength, and stiffness so that
overall structural integrity is maintained, design loads are
resisted, and serviceability limits are met.

This Manual is organized into chapters listed below that
follow the general progression of the structural design of a
building. The early chapters describe the overall building
configuration, loads, and development of actions from struc-
tural analysis followed by chapters devoted to the design of
the individual members within the example structure.

(a) Horizontal floor and roof members (one-way and
two-way slabs, Chapters 7 and 8)

(b) Horizontal support members (beams and joists,
Chapter 9)

(c) Vertical members (columns and structural walls, Chap-
ters 10 and 11)

(d) Diaphragms and collectors (Chapter 12)

(e) Foundations—isolated footings, mats, pile caps, and
piles (Chapter 13)

(f) Plain concrete—unreinforced foundations, walls, and
piers (Chapter 14)

(g) Joints and connections (Chapters 15 and 16)

In Table 1.2, Code chapters are correlated with the chap-
ters in Volumes 1 and 2 of this Manual.

The fictitious example building depicted in Fig. 1.2a
through 1.2d was created to demonstrate how, by various
examples in this Manual, to design and detail a typical struc-

American Concrete Institute — Copyrighted © Material — www.concrete.org

Table 1.2—Member chapters

Chapter No.
Volume No. Chapter name ACI
ACI MNL-17(21) | ACL MNL-17(21) | ACI 318-19 | MNL-17(21)
Building system — 1
Structural systems 4and5 2
Structural analysis 6 3
Durability 19 4
One-way slab 7 5
I Two-way slab 8 6
Beams 9 7
Diaphragm 12 8
Columns 10 9
Walls 11 10
Foundations 13 11
Retaining walls 7 and 13 12
Serviceability 24 13
! Strut and tie 23 14
e |0 |

tural concrete building according to the Code. This example
building is seven stories above ground and has a one-story
basement. The building has evenly spaced columns along the
grid lines in both directions. One column has been removed
along Grid C on the second level to provide open space for
the lobby. The building dimensions are:

*  Width (north/south) = 72 ft (5 bays @ 14 ft)

*  Length (east/west) =218 ft (6 bays @ 36 ft)

*  Height (above ground) = 92 ft

*  Basement height = 10 ft

The basement is used for storage, building services, and
mechanical equipment. It is 10 ft high and has an extra
column in every bay along Grids A through F to support a
two-way slab at the second level. There are basement walls
at the perimeter.

A single specific gravity load system is not specified
herein but rather is left unknown to enable demonstration
of the design of several structural systems including nonpre-
stressed and prestressed one-way beam and slab systems;
nonprestressed and prestressed two-way slab systems;
nonprestressed and prestressed transfer girder to accommo-
date column removal; and nonprestressed and prestressed
beams of various types and sizes. Lateral loads are resisted by
concrete shear walls in the north/south direction and concrete
moment frames in the east/west direction; both systems are
designated as ordinary for the purposes of seismic design and
detailing. In some cases, member examples are expanded to
demonstrate the change in design and detailing procedures
when elements or systems are designated as infermediate
or special, but using the results from the original structural
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Fig. 1.2a—FExample building first floor plan.

analysis. Those examples may modify this initial data to
demonstrate some specific code requirement.

This building example was created for the purpose of
illustrating design of structural concrete members and
systems. Other aspects of building design that may affect the
structural layout such as occupancy, egress, fire protection,
or other architectural constraints have not been addressed.

1.3—Building plans and elevation
The following building plans and elevation illustrate the
structural layout and some details of the example building.

1.4—Loads

The following loads for the example building are gener-
ated in accordance with ASCE/SEI 7. Risk Category II
is assumed.

Gravity Loads
Dead Load, D:
*  Self-weight
»  Additional D = 15 Ib/ft?
«  Perimeter walls = 15 1b/ft?
Live Load:
*  First and Second Floors: Lobbies, public rooms, and
corridors serving them = 100 1b/ft?

aci:

Graphic scale (ft)

*  Typical Floor: Private rooms and corridors serving them
65 1b/ft?
Roof Live Load:
e Unoccupied = 20 Ib/ft?
Snow Load:
+  Ground load, P, =20 Ib/ft*
e Thermal, C,=1.0
e Exposure, C,= 1.0
e Importance, I, = 1.0
*  Flatroof load, P;= 20 Ib/ft

Lateral Loads
Wind Load:

*  Basic (ultimate) wind speed = 115 mph

*  Exposure category = C

e Wind directionality factor, K, = 0.85

*  Topographic factor, K, = 1.0

*  Gust-effect factor, Gy= 0.85 (rigid)

* Internal pressure coefficient, GC,; = £0.18

Directional Procedure Seismic Load:

e Importance, I, = 1.0

* Siteclass=D

o S5=0.15,Sps=0.16

e §5=0.08,Sp=0.13

*  Seismic design category = B

*  Equivalent lateral force procedure

American Concrete Institute — Copyrighted © Material — www.concrete.org
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*  Ordinary reinforced concrete shear walls in the north-
south direction
° R=5
o C;=0.046

*  Ordinary reinforced concrete moment frame in the east-
west direction
° R=3
o (C;=0.032

1.5—Material properties

The designer should investigate and acquire a reasonable
knowledge of locally available concrete and steel mate-
rials. Concrete properties are typically selected based on
both mechanical properties and durability. Code Chapter
19 provides limitations, requirements, and guidance on the
selection of f.'. The chapter also provides requirements for
durability of concrete, which will be discussed further in
Chapter 4 of this Manual.

Code Table 19.2.1.1 provides minimum f;’ for use with
a variety of structural systems and seismic design catego-
ries (SDCs). Minimum required strength for general use
in SDC A, B, or C is 2500 psi. For typical floor spans and
loads, however, an f." of 4000 psi is usually sufficient to
satisfy strength requirements. For the example used in this
Manual, the building height is moderate and the loads are
typical. Assume that the locally available aggregate is a

American Concrete Institute — Copyrighted © Material — www.concrete.org

Graphic scale (ft)

durable dolomitic limestone. Thus, the concrete can readily
have a higher ;' than the initial assumption of 4000 psi. A
check of the durability requirements of Code Table 19.3.2.1
shows that 5000 psi will satisfy minimum £ for all expo-
sure classes. The following concrete material properties
are chosen:

e f/=5000 psi

*  Normalweight w, = 150 Ib/ft}

*  E.=4,030,000 psi (Code Eq. (19.2.2.1b))

e v=02

e ey =15.5x10"F (ACI 209R)

To minimize space occupied by heavily loaded columns
and walls in multi-story buildings, the designer may choose
to use a larger f;' for columns than is used for the floor
system. Concrete placement usually proceeds in two stages
for each story; first, the vertical members, such as columns,
and second, the floor members, such as beams and slabs. This
results in column loads being transferred through the lower-
strength concrete of the floor system. It may be desirable to
specify £ of the floor system to be greater than 0.7 x f.' of
the vertical members to avoid having to place higher-strength
concrete in the floor system in the area of contact between
floor and column (Code Sections 15.5.1 and 15.5.1a). Usually
this situation only becomes an issue for taller buildings.

The most common and most available nonprestressed
reinforcement is ASTM A615 Grade 60. Higher grades are
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