Significant changes from
the 2011 to the 2014 edition

of ACI 318
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B The 2014 edition of American Concrete Institute (ACI)’s Building
Code Requirements for Structural Concrete (ACI 318-14) and
Commentary (ACI 318R-14) has undergone a complete reorga-
nization from its 2011 edition.

B ACI 318-14 contains a number of significant technical chang-
es, with some of the most important in chapter 18, “Earthquake
Resistant Structures.”

B Changes from ACI 318-11 to ACI 318-14 are discussed in this
paper.
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lished Building Code Requirements for Struc-

tural Concrete (ACI 318-14) and Commentary
(ACI 318R-14)," and it has been adopted by the 2015
International Building Code (IBC).> Thus, whenever the
2015 IBC is adopted by a local jurisdiction, as it will be by
the state of California on January 1, 2017, ACI 318-14 will
be law within that jurisdiction.

The American Concrete Institute (ACI) has pub-

As is fairly well known by now, ACI 318 has undergone a
complete reorganization from its 2011 to its 2014 edi-
tion. In view of the effort involved in the reorganization,
the initial expectation was that the number of technical
changes in ACI 318-14 would be minimal. However, it did
not end up that way. ACI 318-14 does contain a number of
significant technical changes, some of the most important
of which are found in chapter 18, “Earthquake Resistant
Structures.” Organizational changes from ACI 318-11° to
ACI 318-14 are discussed, followed by a chapter-by-chap-
ter list of the significant technical changes. Throughout
the paper, underlining is used to indicate text that was not
in ACI 318-11 but has been added in ACI 318-14; strik-
ing out has been used to indicate text that was included in
ACI 318-11 but has been deleted from ACI 318-14.



Organizational changes
Organization of ACI 318-11

The organization of ACI 318-11 followed a framework that
was started with ACI 318-71.* There have been eight edi-
tions in between, in 1977, 1983, 1989, 1995, 1999, 2002,
2005, and 2008, with the framework remaining essentially
unchanged.

ACI 318-11, following initial chapters on materials and
construction aspects, dealt with analysis and design and
strength and serviceability requirements in two succeeding
chapters. Next, there were three behavior-based chapters,
one on flexure and axial loads, one on shear and torsion,
and one on development and splices of reinforcement.
The document then switched to member-based chapters:
two-way slab systems, walls, and footings. Finally, there
were chapters on precast concrete, composite concrete
flexural members, prestressed concrete, shells and folded
plate members, strength evaluation of existing structures,
earthquake-resistant structures, and structural plain con-
crete. There were also four appendixes, including one on
strut-and-tie models and one on anchoring to concrete.

Member-based organization
in ACI 318-14

While the ACI 318 cycle that produced ACI 318-05° and
ACI 318-08° was still in full swing, it was decided after
long deliberation within ACI, in the course of which exter-
nal input was actively sought and considered, that ACI 318
should be reorganized as a member-based document. The
idea was that within each chapter devoted to a particular
member type, such as beam or column, the user would find
all the requirements necessary to design that particular
member type. Cary Kopczynski,” an ACI 318 committee
member, says, “This will eliminate the need to flip through
several chapters to comply with all of the necessary design
requirements for a particular structural member, as was
necessary with the old organization format. The code’s new
design can be compared to a cookbook: all the ingredients
for baking a cake such as eggs, flour, sugar, oil—along
with the baking instructions—are in one chapter, instead of
individual chapters on eggs, flour, and sugar.”

Toolbox chapters

One challenge in converting to a member-based organiza-
tion was determining where to place design information
that applies to multiple member types, such as develop-
ment-length requirements. To repeat essentially the same
information in multiple chapters did not make sense be-
cause that would make the ACI 318 standard much longer
and more unwieldy, so the decision was made to house
such information in “toolbox” chapters and to reference the
information from the member-based chapters.

Overall changes

There are some overall changes in the makeup of

ACI 318-14 that should be noted. There are two new chap-
ters: chapter 4, “Structural System Requirements,” and
chapter 12, “Diaphragms.”

Appendix B of ACI 318-11, “Alternative Provisions for
Reinforced and Prestressed Concrete Flexural and Com-
pression Members, “and appendix C, “Alternative Load
and Strength Reduction Factors,” have been discontinued.

Appendix A, “Strut-and-Tie Models,” is now chapter 23,
and appendix D, “Anchoring to Concrete,” is chapter 17 in
the reorganized document. No changes of any significance
have been made in the provisions of chapter 23 or appen-
dix D.

Three other chapters have remained intact: chapter 20,
now 27, “Strength Evaluation of Existing Structures;”
chapter 21, now 18, “Earthquake-Resistant Structures;”
and chapter 22, now 14, “Structural Plain Concrete.” There
are significant technical changes in chapter 18 and none in
chapter 27 or 14. Chapter 1, “General” (previously “Gen-
eral Requirements”); chapter 2, “Notation and Terminol-
ogy” (previously “Notation and Definitions”), and chapter
3, “Referenced Standards” (previously “Materials™) are in
the same category in the sense that they have remained es-
sentially the same entities but with changes in content.

Chapter 16, “Precast Concrete,” and chapter 18, “Pre-
stressed Concrete,” no longer exist as separate entities. The
provisions of those chapters are now spread over several of
the new chapters.

Chapter 19, “Shells and Folded Plates,” is no longer part
of the reorganized document. ACI Committee 318, in col-
laboration with ACI-ASCE Committee 334, Concrete Shell
Design and Construction, has developed ACI 318.2-14.%
whose contents match those of ACI 318-11 chapter 19.
(The reader may wonder why this document was desig-
nated ACI 318.2 rather than ACI 318.1. This is because it
was initially planned that ACI 318-11 chapter 22 on plain
concrete would become a separate standard, ACI 318.1.
The number was reserved for that purpose. It was later
decided to place the contents of ACI 318-11 chapter 22 in
ACI 318-14 chapter 14.)

Table 1 shows a side-by-side comparison of the organiza-
tion of ACI 318-11 and ACI 318-14.

ACI 318-14 has no appendixes. It is likely that appendixes
will be acquired in time because ACI 318 appendixes have
served a useful purpose in the past by providing a home
for material on its way into the standard (ACI 318-11 ap-
pendixes A and D, for example) or material on its way out
(ACI 318-11 appendixes B and C, for example).
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Table 1. Reorganization of ACI 318-14 compared with ACI 318-11

Descrl_p t_lon Chapter and title Descrl_p t_|on Chapter and title
of provisions of provisions

Introductory

Materials/
construction

Other

Behavior-based

Member-based

Other

ACI 318-11

1 - General Requirements

2 - Notation and Definitions

3 - Materials

4 - Durability Requirements

5 - Concrete Quality, Mixing, and Placing

6 - Formwork, Embedded Pipes, and Con-
struction Joints

7 - Details of Reinforcement

8 - Analysis and Design—General Consid-
erations

9 - Strength and Serviceability Require-
ments

10 - Flexure and Axial Loads
11 - Shear and Torsion

12 - Development and Splices of Rein-
forcement

13 - Two-Way Slab Systems
14 - Walls

15 - Footings

16 - Precast Concrete

17 - Composite Concrete Flexural Members
18 - Prestressed Concrete

19 - Shells and Folded Plate Members

20 - Strength Evaluation of Existing
Structures

21 - Earthquake-Resistant Structures

22 - Structural Plain Concrete

App. A - Strut-and-Tie Models

App. B - Alternative Provisions for Rein-
forced and Prestressed Concrete Flexural
and Compression Members (discontinued)

App. C - Alternative Load and Strength
Reduction Factors (discontinued)

App. D - Anchoring to Concrete
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Introductory

Other

Member-based

Other

Connections

Other

Materials

Toolbox

Construction

Other

ACI 318-14

1 - General

2 - Notation and Terminology

3 - Referenced Standards

4 - Structural System Requirements

5 - Loads
6 - Structural Analysis
7 - One-Way Slabs

8 - Two-Way Slabs

9 - Beams

10 - Columns

11 - Walls
12 - Diaphragms

13 - Foundation
14 - Plain Concrete

15 - Beam-Column and Slab-Column
Joints

16 - Connections between Members
17 - Anchoring to Concrete
18 - Earthquake-Resistant Structures

19 - Code Requirements for Thin Shells
and Commentary

20 - Steel Reinforcement Properties, Dura-
bility, and Embedments

21 - Strength Reduction Factors
22 - Sectional Strength
23 - Strut-and-Tie Models

24 - Serviceability Requirements

25 - Reinforcement Details

26 - Construction Documents and Inspec-
tion

27 - Strength Evaluation of Existing
Structures

Comment

New

New

Intact

Intact

Intact

ACl 318.2

Intact

Intact



Construction documents
and inspection

A unique chapter that the user will probably require some
time to get used to is chapter 26, “Construction Documents
and Inspection.” The chapter starts with the following:

26.1.1 This chapter addresses (a) through (c):

(a) Design information that the licensed design profes-
sional shall specify in the construction documents,

(b) Compliance requirements that the licensed design
professional shall specify in the construction docu-
ments,

(c) Inspection requirements that the licensed design
professional shall specify in the construction docu-
ments.

Thus, construction and inspection requirements have been
consolidated, and they are now related to construction
documents. The construction requirements are designated
either as “design information” or “‘compliance require-
ments.” These are largely existing materials that have been
rearranged. The primary intent of these provisions is that
the licensed design professional must now provide all of
the construction requirements in the project drawings and
specifications, rather than referring to ACI 318.

The inspection requirements in section 26.13 are taken
from chapter 17 of the 2015 IBC? and were previously not
part of ACI 318.

Technical changes
Chapter 1: General

General information regarding the scope and applicability
of ACI 318 is provided.

A new section on interpretation is included to help users
better understand the ACI 318 provisions.

Chapter 2: Notation
and Terminology

Engineers are specifying use of interlocking headed de-
formed bars to form the legs of hoops. The use of inter-
locking headed bars is a concern because of the possibility
that heads will not be adequately interlocked and because
the heads could become disengaged under complex load-
ings well into the nonlinear range of response. Therefore,
the definition for hoops has been modified as follows:

hoop — Closed tie or continuously wound tie, made up
of one or several reinforcement elements, each having

seismic hooks at both ends. A closed tie shall not be
made up of interlocking headed deformed bars.

A definition for special seismic systems, a term used in
chapters 18 and 19, has been added:

special seismic systems — Structural systems that use
special moment frames, special structural walls, or both.

Chapter 3: Referenced Standards

The following referenced specifications have been added
to section 3.2.4:

* ASTM A370-14, Standard Test Methods and Defini-
tions for Mechanical Testing of Steel Products®

* ASTM A1085-13, Standard Specification for Cold-
Formed Welded Carbon Steel Hollow Structural Sec-
tions (HSS)"°

* ASTM C173/C173M-14, Standard Test Method for
Air Content of Freshly Mixed Concrete by the Volu-
metric Method"

* ASTM C1582/C1582M-11, Standard Specification for
Admixtures to Inhibit Chloride-Induced Corrosion of
Reinforcing Steel in Concrete'?

The following referenced specifications have been deleted:

* ASTM C109/C109M-08, Standard Test Method for
Compressive Strength of Hydraulic Cement Mortars
(Using 2-in. or [50-mm] Cube Specimens)"

* ASTM C192/C192M-07, Standard Practice for
Making and Curing Concrete Test Specimens in the
Laboratory™

Several referenced standards and specifications have been
updated, as always happens with every new edition of

ACI 318. Note that the edition of every referenced standard
is important. ACI 318 does not necessarily adopt new edi-
tions of referenced standards unless they are vetted before
the publication of each edition of the standard.

Chapter 4: Structural System
Requirements

This chapter has been added to ACI 318-14 to introduce
structural system requirements. This chapter contains
sections on materials, design loads, structural system and
load paths, structural analysis, strength, serviceability,
durability, sustainability, structural integrity, fire resistance,
requirements for specific types of construction, construc-
tion and inspection, and strength evaluation of existing
structures. Most of these sections refer to other chapters
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in ACI 318-14. The section on construction and inspec-
tion, for instance, refers to chapter 26. In the areas of
sustainability and fire resistance, ACI 318-14 does not
have specific requirements. The section on sustainability
allows the licensed design professional to specify, in the
construction documents, sustainability requirements in
addition to the strength, serviceability, and durability
requirements of ACI 318-14. The strength, serviceability,
and durability requirements are required to take prece-
dence over sustainability considerations, though these
requirements are generally in harmony with sustainable
structures. In the section on fire resistance, ACI 318 refers
to the fire-protection requirements of the general building
code, saying only that where “the general building code
requires a thickness of concrete cover for fire protection
greater than the concrete cover specified in 20.6.1, such
greater thickness shall govern.” This would be the case
anyway because 2015 IBC?section 102.4.1 explicitly
states, “Where conflicts occur between provisions of this
code and referenced codes and standards, the provisions
of this code shall apply.”

Chapter 5: Loads

The following modification has been made in the provision
for live load reduction because there are still unincorpo-
rated areas where there may not be a general building code:

5.2.3 — Live load reductions shall be permitted in
accordance with the general building code or, in the
absence of a general building code, in accordance with
ASCE/SEL 7.

For many code cycles, ACI 318 retained provisions for
service-level earthquake forces in design load combina-
tions. In 1993, ASCE 7" converted earthquake forces to
strength-level forces and reduced the earthquake load fac-
tor to 1.0, and the model building codes followed suit. In
modern building codes around the world, earthquake loads
are now strength-level forces. Therefore, any references

to service-level earthquake forces including the following
ACI 318-11 section have been deleted:

9.2.1 fe)-Where F;the toad-effectsof earthquake,is-

s

A requirement to include secondary moments was properly
included in the ACI 318-11 section on moment redis-
tribution but was not included anywhere else. Because
secondary moments are significant considerations when a
member is being designed, including when moments are
not redistributed, they should be included in the member
chapters. Also, the effects of reactions induced by pre-
stressing include more than just secondary moments, so
the language is modified to reflect this. Two new sections
should be noted:
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5.3.11 — Required strength U shall include internal
load effects due to reactions induced by prestressing

with a load factor of 1.0.

7.4.1.3 — For prestressed slabs, effects of reactions in-

duced by prestressing shall be considered in accordance
with 5.3.11.

Sections 8.4.1.3 and 9.4.1.3 have, similarly, been added to
the chapters on two-way slabs and beams, respectively.

Chapter 6: Structural Analysis

The following new item has been added in section 6.6.2.3:

(b) For frames or continuous construction, it shall be per-

mitted to assume the intersecting member regions are rigid.

ACI 318 has so far been silent on the use of finite ele-
ment analysis (FEA), though it is now frequently used.
Chapter 6 has added section 6.9 with provisions that are
intended to explicitly allow the use of FEA and to provide
a framework for the future expansion of FEA provisions.
It is not the purpose of the added provisions to serve as a
guide toward the selection and use of FEA software. The
new chapter on diaphragms and collectors makes an ex-
plicit reference to the use of FEA, which makes it impera-
tive that ACI 318 recognize the acceptability of its use.

Chapter 8: Two-Way Slabs

ACI 318-11 section 18.9.1 required a minimum area of
bonded reinforcement to be provided in all flexural mem-
bers with unbonded tendons. The purpose of the mini-
mum bonded reinforcement over the tops of columns is
to distribute cracking caused by high local flexural tensile
stresses in areas of peak negative moments. However, the
high local tensile stresses are not unique to slabs with
unbonded tendons. ACI 318-14 section 8.6.2.3 requires the
same minimum bonded reinforcement in slabs with un-
bonded or bonded tendons, except that the area of bonded
tendons is considered effective in controlling cracking.

ACIT Committee 318 also decided that if the same bonded rein-
forcement were required for both bonded and unbonded post-
tensioned two-way systems, the structural integrity require-
ments for both systems should also be the same. The structural
integrity requirements in ACI 318-11 section 18.12.6 applied
to two-way posttensioned slab systems with unbonded tendons
only. The structural integrity requirements in ACI 318-14 sec-
tion 8.7.5.6 now apply to two-way posttensioned slab systems
with bonded as well as unbonded tendons.

Chapter 9: Beams

The use of open web reinforcement for torsion and shear in
slender spandrel beams has been suggested by the precast



Figure 1. Precast concrete spandrel specimen tested at North Carolina State
University. Image from Lucier et al., “Development of a Rational Design Meth-

odology for Precast Concrete Slender Spandrel Beams: Part 1, Experimental
Results” (2011).

concrete industry as an alternative to the closed stirrups
traditionally mandated by ACI 318. Eliminating closed stir-
rups is desirable because they cause reinforcement conges-
tion; production costs also increase significantly because
pretensioning strand must be threaded through the closed
stirrups.

An extensive PCI-sponsored experimental and analytical
research program was conducted at North Carolina State
University (NCSU).'!'" The objective was to develop a
rational design procedure for slender precast concrete
spandrel beams. Specifically, the research was aimed at
simplifying the detailing requirements for the end regions
of such beams. The end regions are often congested with
heavy reinforcement cages when designed using current
procedures.

Sixteen precast concrete spandrel beams were tested

to failure (Fig. 1). All specimens were full-scale, most
spanning 45 ft (13.7 m). Two of the test specimens were
designed and detailed with closed stirrups, according to
current practice, to serve as controls for the experimental
program. The remaining specimens were designed with
various configurations of open web reinforcement. Sev-
eral specimens were specially configured to force failures
in their end regions by adding extra ledge, flexural, and
hanger reinforcement.

In addition to the experimental program, finite element
models were developed (Fig. 2) and calibrated to experi-
mental data. These models were used in conjunction with
conventional analysis to corroborate the experimental
results and to further investigate the behavior of slender
precast concrete spandrel beams.

The results of this research demonstrated that properly
designed open web reinforcement is a safe, effective, and
efficient alternative to traditional closed stirrups for slender
precast concrete spandrels. A simple, rational design proce-
dure was developed. This proposed procedure significantly

reduces reinforcement congestion, especially in the end
regions of slender spandrels, while maintaining a desired
level of safety.

The relevant newly added ACI 318-14 section reads

9.5.4.7— For solid precast sections with an aspect

ratio /b, = 4.5 [b, = width of that part of cross section
containing the closed stirrups resisting torsion, in.], it
shall be permitted to use an alternative design procedure
and open web reinforcement, provided the adequacy of
the procedure and reinforcement have been shown by

analysis and substantial agreement with results of com-
prehensive tests. The minimum reinforcement require-

ments of 9.6.4 and detailing requirements of 9.7.5 and
9.7.6.3 need not be satisfied.

The research at NCSU is referenced in commentary sec-
tion C9.5.4.7.

Chapter 12: Diaphragms

ACI 318 has, for many editions, contained design and
detailing requirements, found in ACI 318-11 section 21.11
or ACI 318-14 section 18.12, for diaphragms in structures
assigned to seismic design category (SDC) D, E, or F,

as defined in ASCE 7-10."® ACI 318-14 has, for the first
time, added design provisions in the new chapter 12 for
diaphragms in buildings assigned to SDC C and lower. The
new chapter applies “to the design of nonprestressed and
prestressed diaphragms, including (a) through (d):

(a) Diaphragms that are cast-in-place slabs

(b) Diaphragms that comprise a cast-in-place topping
slab on precast elements

Figure 2. Finite element model of a precast concrete spandrel beam. Image
from Lucier et al., “Development of a Rational Design Methodology for Precast
Concrete Slender Spandrel Beams: Part 2, Analysis and Design Guidelines”
(2011).

PCl Journal | March—April 2016




Figure 3. Precast concrete double-tee deck diaphragm. Image courtesy of Pat
Hynes, Knife River Prestress Division, Harrisburg, Ore.

(c) Diaphragms that comprise precast elements with
end strips formed by either a cast-in-place concrete
topping slab or edge beams

(d) Diaphragms of interconnected precast elements
without cast-in-place concrete topping.” (Fig. 3)

Chapter 12 follows the format of the other member-based
chapters.

Chapter 18: Earthquake-Resistant
Structures

There are a number of significant and substantive changes
in this chapter.

Column confinement The ability of the concrete

core of a reinforced concrete column to sustain compres-
sive strains tends to increase with confinement pressure.
Compressive strains caused by lateral deformation are
additive to the strains caused by axial load. It follows that
confinement reinforcement should be increased with axial
load to ensure consistent lateral deformation capacity.
The dependence of the amount of required confinement
on the magnitude of axial load imposed on a column has
been recognized by some codes from other countries (such
as CSA A23.3-14" and NZS 3101-06%°2!) but was not
reflected in ACI 318 through its 2011 edition.

The ability of confining steel to maintain core concrete
integrity and increase deformation capacity is also related
to the layout of the transverse and longitudinal reinforce-
ment. Longitudinal reinforcement that is well distributed
and laterally supported around the perimeter of a column
core provides more-effective confinement than a cage
with larger, widely spaced longitudinal bars. Confine-
ment effectiveness is a key parameter determining the
behavior of confined concrete (Mander et al.??) and has
been incorporated into the CSA A23.3-14" equation for
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column confinement. ACI 318, through its 2011 edition,
did not explicitly account for confinement effectiveness in
determining the required amount of confinement. It instead
assumed constant confinement effectiveness independent
of how the reinforcement is distributed.

In view of this, confinement requirements for columns of
special moment frames (section 18.7.5) Fig. 4) with high
axial load (P, > 0.34, f. , where P, is the factored axial
force, A, is the gross area of concrete section;,and f, "is the
specified compressive strength of concrete) or high con-
crete compressive strength (f. > 10,000 psi [6895 MPa])
are significantly different in ACI 318-14.

One important new requirement for special moment frame
columns is as follows:

18.7.5.2 — Transverse reinforcement shall be in accor-
dance with (a) through (f):

(f) Where P, > 0.3A, f. or f. > 10.000 psi in col-
umns with rectilinear hoops, every longitudinal
bar or bundle of bars around the perimeter of the

column core shall have lateral support provided by
the corner of a hoop or by a seismic hook, and the

value of h_shall not exceed 8 in. (Fig. 5). P, shall

be the largest value in compression consistent with
factored load combinations including E.

where

h, = maximum center-to-center spacing of longitudinal
bars laterally supported by corners of crossties or
hoop legs around the perimeter of the column

R

T ' {u.zs x (smaller of b, or h,)

:[ 55 = 6xlongitudinal bar diameter
4in 55, =4+ (14-h 3£ 6in.

h, s defined in Fig. 5

f, == Clear span/6

Larger of h, or h;
18 in.

6x Iﬂnﬂiludiﬂal bar diameter
*596in

Figure 4. Confinement of rectangular column of special moment frame. Note:
h, = plan dimension of column in one of two orthogonal directions; h, = plan
dimension of column in other orthogonal direction; £, = length, measured from

joint face along axis of member, over which special transverse reinforcement
must be provided; s = center-to-center spacing of items, such as longitudinal
reinforcement, transverse reinforcement, tendons, or anchors. 1 in. = 25.4 mm.




Table 2. Confinement of high-strength or highly axially loaded rectangular column of special moment frame in ACI 318-14

Transverse reinforcement Conditions

Applicable expressions

P,=03A,f,
and

f, = 10,000 psi

sh

for rectilinear hoop
50 Pu>0.3Agfc‘

and

f, > 10,000 psi

Source: Data from ACI 318-14 Table 18.7.5.4.

Greater of (a) and (b)

Greater of (a), (b) and (c)

Note: A,, = cross-sectional area of a member measured to the outside edges of transverse reinforcement; A, = gross area of concrete section; for a
hollow section, A, is the area of the concrete only and does not include the area of the void(s); A, = area of longitudinal reinforcement in shear wall
boundary element; b, = cross-sectional dimension of member core measured to the outside edges of the transverse reinforcement composing area
Ay fc' = specified compressive strength of concrete; £, = specified yield strength of transverse reinforcement; k; = concrete strength factor; k, = con-
finement effectiveness factor; P, = factored axial force, to be taken as positive for compression and negative for tension; s = center-to-center spacing
of items, such as longitudinal reinforcement, transverse reinforcement, tendons, or anchors.

The change from prior practice is that instead of every
other longitudinal bar having to be supported by a corner
of a tie or a crosstie, every longitudinal bar will have to be
supported when either the axial load on a column is high or
the compressive strength of the column concrete is high.

The other new requirement for special moment frame col-
umns is in the following section:

18.7.5.4 — Amount of transverse reinforcement shall be
in accordance with Table 18.7.5.4 (reproduced here as
Table 2).

The concrete strength factor &, and confinement effec-
tiveness factor k, are calculated by (a) and (b).

i

~

h, = max. value of x; on all column faces < 8 in.

Figure 5. Confinement of high-strength or highly axially loaded rectangular
column of special moment frame. Note: d, = nominal diameter of bar, wire, or

prestressing strand; h, = maximum value of x; on all column faces greater than
8 in.; x,= dimension from centerline to centerline of laterally supported longitu-
dinal bars. 1 in. = 25.4 mm.

5
k,=—2<10.6=1.0
; 25’000+ (18.7.5.4a)
_n
k,= P (18.7.5.4b)

where n, is the number of longitudinal bars or bar
bundles around the perimeter of a column core with rec-

tilinear hoops that are laterally supported by the corner
of hoops or by seismic hooks.

Special moment frame beam-column joints For
beam-column joints of special moment frames, clarifi-
cation of the development length of beam longitudinal
reinforcement that is hooked, requirements for joints with
headed longitudinal reinforcement, and restrictions on
joint aspect ratio are new.

ACI 318 joint design provisions are based on the as-
sumption that joint shear strength is provided mainly by a
diagonal compression strut that develops across the joint.
Joint transverse reinforcement confines the concrete strut,
enabling it to resist shear under force reversals. The strut is
most effective if the joint aspect ratio h,,,,/h is close to
1.0, where h,,,,, is the overall depth of the beam and A
is the overall depth of the column. For very large aspect
ratios (Fig. 6), joint strength is likely to be reduced if a
single strut is used. For such joints, additional transverse
reinforcement might be required to support development of
concrete struts that form at a shallower angle. It might also
be necessary to modify the nominal joint shear strength

column

column
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Provision of additional ties
to support multiple struts
at shallow angle
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—
\_‘T,l Single strut

Figure 6. Joint with high aspect ratio. Note: h,,,,, = overall depth of beam;

Neonmn = OVerall depth of column.

provisions in consideration of the steep strut (Fig. 6).
Unfortunately, no tests on special moment frame joints
with high aspect ratios have been reported in the litera-
ture. In view of this, ACI 318-14 section 18.8.2.4 restricts
Hean! Peornn tO @ value of 2 or less.

The case of knee joints with headed beam reinforcement
(Fig. 7) requires special consideration. In such joints, joint
failure can occur by a diagonal crack that extends beyond
the headed bars or by top-face blowout above the beam
bars. ACI 318-14 section 18.8.3.4, therefore, requires that
in such joints, “the column shall extend above the top of
the joint a distance at least the depth /4 of the joint. Al-
ternatively, the beam reinforcement shall be enclosed by
additional vertical joint reinforcement providing equivalent
confinement to the top face of the joint.”

ASCE-ACI 352 recommends? that where standard hooks
are used, the hook should be bent into the joint, not away

Figure 7. Knee joint with headed beam reinforcement.
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[ 11/|—

Formation of compression
strut within joint

{,le

Forces acting on joint

Figure 8. Bending of hooks into a joint.

from it. Bending the hook into the joint helps to develop a
diagonal strut across the joint (Fig. 8). This strut is a criti-
cal part of joint shear resistance. Although it is widely un-
derstood that the hook must project into the joint (Fig. 8),
ACI 318 never stated this explicitly. Some designers allow
the hooks to be bent away from the joint at a contractor’s
option. The tail of 90-degree hooks is now required to be
bent into the joint (section 18.8.5.1).

Headed reinforcement was first introduced in ACI 318-
08. Use of headed reinforcement was not mentioned in
chapter 21 of ACI 318-08 or 318-11. However, headed
reinforcement is increasingly used in beam-column joints
of special moment frames, in part based on recommenda-
tions of ASCE-ACI 352% and in part based on the growing
literature on the subject. ACI 318-08 section 12.6.1(f)
required that the minimum clear spacing between headed
bars be at least 4d,, where d, is the nominal diameter of
bar. The ASCE-ACI 352 recommendations do not con-
strain the spacing for headed bars. Numerous tests have
now been reported on beam-column joints using headed
bars; Kang et al.>* summarize observations from tests on
exterior beam-column joints. In consideration of the data
presented there, ACI 318-14 now explicitly permits the
use of headed reinforcement in beam-column joints of
special moment frames and permits the clear spacing in
such joints to be as small as 3d, for bars in a layer (section
18.8.5.2).

Special shear walls Section 18.10, previously section
21.9, has been extensively revised in view of the perfor-
mance of buildings in the Chile earthquake of 2010* and
the Christchurch, New Zealand, earthquakes of 2011,%

as well as performance observed in the 2010 E-Defense
full-scale reinforced concrete building tests.?” In these
earthquakes and laboratory tests, concrete spalling and
vertical reinforcement buckling were at times observed at
wall boundaries.



Special boundary
h element transverse
reinforcement ¢
W
larger of
M, /4V,
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Special boundary fy
elements I*
required when: | c-0.1£,
£, = larger of
c= ul | c/2
600(1.56,/h,,)

Neutral Axis

Figure 9. Specially confined boundary zone of special shear wall. Note: ¢ = distance from extreme compression fiber to neutral axis; h,, = height of entire wall from
base to top, or clear height of wall segment or wall pier considered; £, = length of entire wall or length of wall segment or wall pier considered in direction of shear

force; M, = factored moment at section; P, = factored axial force, to be taken as positive for compression and negative for tension; V/,= factored shear force at sec-
tion; 5, = design displacement.

Wall damage was often concentrated over a wall height
of two or three times the wall thicknesses, much less than
the commonly assumed plastic-hinge height of one-half
the wall length. Out-of-plane buckling failures over par-
tial story heights were also observed. This failure mode
had previously been observed only in a few moderate-
scale laboratory tests. Following are the significant
changes.

* The displacement-based design procedure in sec-
tion 18.10.6.2 has all along been applicable only to
a cantilever wall with a critical section at the base.
Another requirement is now added for the displace-
ment-based design procedure to be applicable: the
total height—to—total length ratio (h,/¢,,, where h,, is
the height of entire wall from base to top, and ¢, is
the length of entire wall) of the wall must be no less
than 2; in other words, the wall must be reasonably
slender.

In the displacement-based approach, special confine-
ment is required over a part of the compression zone:

= b (18.10.6.2)
600(1.58,4,)

uw

where

¢ = largest neutral axis depth calculated for the
factored axial force and nominal moment strength
consistent with the direction of the design displace-
ment 5, (Fig. 9)

The 1.5 factor has been inserted in the denominator in
ACI 318-14. Thus, more shear walls will require con-
fined boundary zones under ACI 318-14 than under
ACI 318-11. There were four considerations behind
the insertion:

— The deflection amplification factor C, of ASCE 7
may underestimate displacement response.

— Because collapse prevention under the maximum
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Figure 10. Minimum thickness of compression zone of special shear wall that
is not tension controlled. Note: b = width of compression face of member; ¢ =

distance from extreme compression fiber to neutral axis; £, = length of entire
wall or length of wall segment or wall pier considered in direction of shear
force. 1in. = 25.4 mm.

considered earthquake is the prime objective of
IBC/ASCE 7 seismic design, maybe displace-
ments caused by the maximum considered earth-
quake, rather than the design earthquake, should
be considered. The maximum considered earth-
quake is 150% as strong as the design earthquake.

— There is dispersion in seismic response, making it
desirable to aim at an estimate that is not far from
the expected upper-bound response.

— Damping may be lower than the 5% value as-
sumed in the ASCE 7 design spectrum. The 1.5
factor is applied to the design displacement to
emphasize that it is the design displacement that is
modified (rather than changing the constant in the
denominator to 900).

The lower limit of §,/h,, = 0.007 in Eq. (21-8) of

ACI 318-11 is changed to 0.007/1.5 = 0.0047 (0.005)
to be consistent with this change. The commentary
already says, “The lower limit of 0.005 on the quantity
6,/h,, requires moderate wall deformation capacity for
stiff buildings.” The following new sentence has been
added, “The lower limit of 0.005 on the quantity J,/h,,
requires special boundary elements if wall boundary
longitudinal reinforcement tensile strain does not reach
approximately twice the limit used to define tension-
controlled beam sections according to 21.2.2.”

* ACI318-14 Eq. (18.10.6.2) is based on the assump-
tion that yielding at the assumed critical section occurs
over a plastic hinge height of one-half of the wall
length. In order to achieve this spread of plasticity,
either the wall section should be tension controlled
or the compression zone must remain stable when
subjected to large compressive strains (transition or
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compression-controlled section). Observations from
the 2010 Chile earthquake, corroborated by the 2010
E-Defense tests, indicate that brittle failures are pos-
sible for thin walls. Two changes have been made in
view of this observation. First, the sentence noted in
the previous bullet has been added to the commentary
section R18.10.6.2. Second, a minimum wall thick-
ness of 12 in. (300 mm) is imposed throughout the
specially confined boundary zone where the wall sec-
tion is not tension controlled (18.10.6.4[c]) (Fig. 10).

Required transverse reinforcement for specially con-
fined boundary zones of special shear walls has tradi-
tionally been determined using provisions for potential
hinging regions of special moment frame columns.

In the plastic hinge region of a special moment frame
column, the minimum cross-sectional area of trans-
verse reinforcement must be the larger amount given
by ACI 318-14 Eq. (20.7.5.4b) and (20.7.5.4c¢) (old
Eq. [21-4] and [21-5]). In the case of specially con-
fined boundary zones of special shear walls, however,
two exceptions were made. Eq. (21-4) or ACI 318-14
Eq. (20.7.5.4b) was declared inapplicable, and the
maximum spacing limitation of one-quarter the mini-
mum plan dimension was relaxed to one-third. Equa-
tion (20.7.5.4b) is no longer inapplicable. As to the
minimum cross-sectional area of transverse reinforce-
ment, there is no difference now between a special
moment frame column hinging region and the specially
confined boundary zone of a special shear wall.

In addition, the maximum center-to-center horizon-
tal spacing of crossties and hoop legs 4, of 14 in.
(360 mm) has been found not to provide sufficient
confinement to thin walls. Based on laboratory tests
by Thomsen and Wallace,*® the maximum center-to-
center horizontal spacing of crossties and hoop legs
is now restricted to the lesser of two-thirds the wall
thickness or 14 in. (section 18.10.6.4[e]).

No slenderness limits existed in ACI 318-11 section
21.9 for specially confined boundary zones, primarily
because this failure mode had only been observed in
moderate-scale laboratory tests. Observations of wall
instabilities following the recent earthquakes in Chile®
and New Zealand?® prompted a reexamination of this
issue.

The 1997 Uniform Building Code (UBC)® included a
limit of £,/16 for special boundary elements, and both
the Canadian' and New Zealand®**' codes include
more restrictive limits, where ¢, is the unsupported
length of the column or wall.

Observations of wall performance in recent earth-
quakes and laboratory tests indicate that slender walls,
which typically have low shear stress, are susceptible



Sectional elevation of wall Wall subject to tension Wall subject Segment of
subsequently buckled wall
to compression with two layers

of reinforcement

Figure 11. Lateral instability of wall boundary previously yielded in tension. Image from NIST (2014). Note: b = width of compression face of member; C = externally
applied compression force on section; G, = compression concrete force; C, = force in tension reinforcement; d = distance from extreme compression fiber to centroid
of longitudinal tension reinforcement; h, = laterally unsupported height at extreme compression fiber of wall or wall pier, equivalent to £, for compression members;

k = effective length factor; £, = unsupported length of column or wall; T = externally applied tensile force on section; y = distance of line of application of compres-
sion concrete force from neutral axis divided by total depth of section; 6 = maximum out-of-plane deflection; &, = strain in reinforcement at the section of maximum
deflection; k = ratio of effective depth to total depth of section; £ = ratio of maximum out-of-plane deflection to member depth; ¢ = sectional curvature.

to lateral instability failures. In ACI 318-11 sec-

tion 21.9.2, a single curtain of web reinforcement

was allowed as long as V, did not exceed 24,4/ £, ,
where A, is the gross area of concrete section bounded
by web thickness and length of section in the direc-
tion of shear force considered in the case of walls,

and the gross area of concrete section in the case of
diaphragms, not to exceed the thickness times the
width of the diaphragm. Use of a single curtain of web
reinforcement makes these walls more susceptible to
instability failure. This is because following yielding
of the longitudinal reinforcement in tension, a single
layer of vertical web reinforcement lacks a mechanism
to restore stability (Fig. 11).%°

Two changes have been made to address these issues:

— limit the slenderness ratio at all specially confined
boundary zones to ¢,/16 (section 18.10.6.4b)
(Fig. 12)

— require two curtains of web reinforcement in all
walls having h,/f,, = 2.0 (section 18.10.2.2)

Cyclic load reversals may lead to buckling of bound-
ary longitudinal reinforcement even in cases where the
demands on the boundary of the wall do not require
special boundary elements. For walls with a boundary
longitudinal reinforcement ratio exceeding a certain
threshold value, ties are required to inhibit buckling
(Fig. 13). The longitudinal reinforcement ratio is

intended to include only the reinforcement at the wall
boundary, as indicated in Fig. 13.

The following changes have been made in the nonspe-
cial confinement requirements of section 18.10.6.5(a):

The longitudinal spacing of transverse reinforce-
ment at the wall boundary shall not exceed the_

lesser of 8 in. and 84, of the smallest primary flex-

ural reinforcing bars, except the spacing shall not
exceed the lesser of 6 in. and 6d, within a distance

equal to the greater of £, and M]4V7 above and
below critical sections where yielding of longitu-

dinal reinforcement is likely to occur as a result of
inelastic lateral displacements.

where
M, = factored moment at section
V., = factored shear force at section

The commentary to ACI 318-14 has added two use-
ful figures summarizing the boundary confinement
requirements for walls with A, /¢, > 2 and a single criti-
cal section controlled by flexure and axial load. One
figure (Fig. 14, which is a reproduction of ACI 318-14
Fig. R18.10.6.4.2a) is for walls designed by the
displacement-based approach of sections 18.10.6.2,
18.10.6.4, and 18.6.5. The other figure (Fig. 15, which
is a reproduction of ACI 318-14 Fig. R18.10.6.4.2b) is
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Figure 12. Minimum thickness of compression zone of special shear wall. Note:

b = width of compression face of member; h, = laterally unsupported height at

extreme compression fiber of wall or wall pier, equivalent to £, for compression
members; £, = unsupported length of column or wall.

for walls designed by the traditional approach of sec-
tions 18.10.6.3, 18.10.6.4, and 18.10.6.5.

Chapter 19: Concrete: Design
and Durability Requirements

Quite a few significant changes have been made in this
chapter.

* ACI 318-11 section 5.1.5, which says, “Splitting
tensile strength tests shall not be used as a basis for
field acceptance of concrete,” and commentary section
RS5.1.5 have been deleted because ACI 318-14 sec-
tion 19.2.1.2 clearly says, “The specified compressive
strength shall be used for mixture proportioning in
26.4.3 and for testing and acceptance of concrete in
26.12.3”

* The tensile strength and all related properties of
concrete are considered by ACI 318 to be functions of

\/Z . To determine all such properties for lightweight
concrete, a multiplier of A is applied to y/ f. in all
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applicable provisions of ACI 318-14. The multiplier
is as given in Table 19.2.4.2 or as permitted in sec-
tion 19.2.4.3. For concrete using normalweight fine
aggregate, the table permits A to be linearly interpo-
lated between 0.75 and 0.85 based on the absolute
volume of normalweight fine aggregate as a fraction of
the total absolute volume of fine aggregate. For con-
crete using normalweight coarse aggregate, the table
also permits A to be linearly interpolated between 0.85
and 1.00 based on the absolute volume of normal-
weight coarse aggregate as a fraction of the total
absolute volume of coarse aggregate. The following
paragraph has been added to the commentary section
R19.2.4 to help with this interpolation: “Typically, the
designer will not know the blends of aggregate neces-
sary to achieve the target design strength and density
required for a project. In most cases, local concrete
and aggregate suppliers have standard lightweight
concrete mixtures and can provide the volumetric
fractions of lightweight and normalweight aggregates
necessary to achieve the target values. These volumet-
ric fractions can be used to determine the value of A,
or in the absence of such data, it is permissible to use
the lower-bound value of A for the type of lightweight
concrete specified.”

ACI 318-11 Table 4.2.1 (reproduced here as Table 3),
Exposure Categories and Classes, is now ACI 318-14
Table 19.3.1.1 (reproduced here as Table 4). A num-
ber of changes have been made in this table:

— The column titled “Severity” has been deleted
from the table.

— Conditions describing exposure classes F1, F2,
and F3 have changed. “Occasional exposure to
moisture” has been replaced by “limited exposure
to water.”

— “Continuous contact with moisture” has been
replaced by “frequent exposure to water.”

— Exposure classes PO and P1 (P for permeability)
are now W0 and W1 (W for contact with water)
because permeability is not an exposure condi-
tion.

ACI 318-11 Table 4.3.1, Requirements for Concrete
by Exposure Class, is now Table 19.3.2.1.

The maximum water—cementitious material ratio and
the minimum compressive strength requirements for
exposure classes F1 and F3 have changed (Table 5).

The cementitious material types that are allowed in
concrete assigned to exposure classes S1, S2, and S3
have changed (Table 6). Since 2009, ASTM C595°%!
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Figure 13. Local reinforcement ratio at shear wall boundary. Note: a = distance between first and last layers of concentrated flexural reinforcement at end of wall;
A, = concrete area of shear wall boundary element; A, = area of longitudinal reinforcement in shear wall boundary element; A, = total cross-sectional area of
transverse reinforcement, including crossties, within spacing s and perpendicular to dimension b,; b, = web width or diameter of circular section; ¢ = distance from

extreme compression fiber to neutral axis; f, = specified yield strength for nonprestressed reinforcement; £, = length of entire wall or length of wall segment or wall
pier considered in direction of shear force; s = center-to-center spacing of items, such as longitudinal reinforcement, transverse reinforcement, tendons, or anchors;
s, = spacing of longitudinal reinforcement in shear wall boundary element; x = cover from center of extreme layer of concentrated flexural reinforcement to extremity

of wall. 1in. = 25.4 mm.

Ties not required p < 400/f,
Ties per
18.10.6.5 S o p 2 400/,
T e
v o
-] o=
S S e,
Special boundary | 52 maximum 2 (M, /4V) . ,
12 . elemen‘t l u w! critical section
>12in.
1| EH = = 4 I S P
2€,for1.25f, i Ifc/8,=>3/8 thenb>12in.
(or hook as required)
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Figure 14. Summary of boundary confinement requirements for walls with h,/€,, = 2, a single critical section controlled by flexure and axial load, and designed by
the displacement-based approach of sections 18.10.6.2, 18.10.6.4, and 18.6.5. Note: b = width of compression face of member; ¢ = distance from extreme compres-
sion fiber to neutral axis; 7, = specified yield strength for nonprestressed reinforcement; f, = laterally unsupported height at extreme compression fiber of wall or wall

pier, equivalent to £, for compression members; h,, = height of entire wall from base to top or clear height of wall segment or wall pier considered; £, = development
length in tension of deformed bar, deformed wire, plain and deformed welded-wire reinforcement, or pretensioned strand; £, = unsupported length of column or wall;
£, = length of entire wall or length of wall segment or wall pier considered in direction of shear force; M, = factored moment at section; V, = factored shear force at
section; p = A,/A,, 1 in. = 25.4 mm. Reproduced with permission from the American Concrete Institute (ACI 318-14 Figure R18.10.6.4.2a).
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o2 0.2f,
—Special boundary
element required.

o=0.2f,
p > 400/f,

Develop for f,
past opening,
top and bottom

Ties per 18.10.6.5

—¥ 0<0.15f,

p < 400/f,

Ties not required
o< 0.15f",

p > 400/f,

Ties per 18.10.6.5
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o> 0.2f, Special bournc!ary
bz h,/16 element required.
= = See Notes.

Notes: Requirement for special boundary element is triggered if maximum extreme fiber
compressive stress g 2 0.2f".. Once triggered, the special boundary element extends until
o <0.15f".. Since h,, / €, < 2.0, 18.10.6.4(c) does not apply.

Figure 15. Summary of boundary confinement requirements for walls with h,/¢, > 2, with a single critical section controlled by flexure and axial load, and designed
by the traditional approach of sections 18.10.6.3, 18.10.6.4, and 18.10.6.5. Note: b = width of compression face of member; f_ = specified compressive strength of
concrete; f, = specified yield strength for nonprestressed reinforcement; h, = laterally unsupported height at extreme compression fiber of wall or wall pier, equiva-

lent to £, for compression members; h, = height of entire wall from base to top or clear height of wall segment or wall pier considered; £, = unsupported length of
column or wall; £, = length of entire wall,or length of wall segment or wall pier considered in direction of shear force; p = A,/A,,; o = extreme fiber compressive
stress in concrete. Reproduced with permission from the American Concrete Institute (ACI 318-14 Figure R18.10.6.4.2b).

has included requirements for binary (IP and IS) and
ternary (IT) blended cements.

e Insection 19.3.3 (ACI 318-11 section 4.4), a new
section 19.3.3.2 has been added that requires that
“Concrete shall be sampled in accordance with ASTM
C172, and air content shall be measured in accordance
with ASTM C231 or ASTM C173.°'1323 ASTM C231
(pressure method) is commonly used for normalweight
concrete and ASTM C173!"! (volumetric method) for
lightweight concrete.

* The new commentary section 19.3.3.2 clarifies
that ACI 318 requirements for air content apply to
fresh concrete sampled at the point of discharge
from a mixer or a transportation unit upon ar-
rival on-site. If the licensed design professional
requires sampling and acceptance of fresh con-
crete air content at another point, appropriate
requirements must be included in the construction
documents.

e The footnotes to ACI 318-11 Table 4.4.1,Total Air
Content of Concrete Exposed to Freezing and Thaw-
ing, are deleted from Table 19.3.3.1. The first footnote
is not pertinent to the table, and the information in the
second footnote is contained in the ASTM test meth-
ods cited in section 19.3.3.2.
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Chapter 20: Steel Reinforcement
Properties, Durability,
and Embedments

A major change in this chapter is a change in the definition
of the yield strength of reinforcement.

ACI 318-08 section 3.5.3.2, which was unchanged from
the 1971 to 2008 editions of ACI 318, read, “Deformed
reinforcing bars shall conform to one of the ASTM specifi-
cations listed in 3.5.3.1 except that for bars with specified
yield strength f, exceeding 60,000 psi [414 MPa], the yield
strength shall be taken as the stress corresponding to a
strain of 0.35 percent.”

In ACI 318-11, this requirement became “Deformed rein-
forcing bars shall conform to one of the ASTM specifica-
tions listed in 3.5.3.1, except that for bars with f; less than
60,000 psi (414 MPa), the yield strength shall be taken as
the stress corresponding to a strain of 0.5 percent, and for
bars with f; at least 60,000 psi, the yield strength shall be
taken as the stress corresponding to a strain of 0.35 per-
cent.”

This definition has changed in a major way in ACI 318-14.
For reinforcement without a sharply defined yield point,
yield strength is now based on the 0.2% offset method
(Fig. 16), as in ASTM specifications. The change was initi-



Table 3. Exposure categories and classes in ACI 319-11

Category Severity Condition

Not applicable FO Concrete not exposed to freezing-and-thawing cycles

Moderate F1 Coqcrete exposed to freezing-and-thawing cycles and occasional exposure to
moisture

Freezing and thawing (F) Severe = Concrete exposed to freezing-and-thawing cycles and in continuous contact with

moisture
Concrete exposed to freezing-and-thawing cycles and in continuous contact with

Very severe

moisture and exposed to deicing chemicals

Wat lubl Ifat i il
ater soluble sulfate (SOA)ﬁm soll Dissolved sulfate (SO,) in water, ppm®
percentage by mass

Not applicable S0, < 0.10 S0, < 150
Sulfate (S) Moderate S 010 = S0, < 0.20 150 < SO, < 1500
or seawater
Severe S2 0.20 = S0, = 2.00 1500 = SO, < 10,000
Very severe S3 S0, > 2.00 S0, > 10,000
Not applicable PO In contact with water where low permeability is not required
Requiring low permeability (P)
Required P1 In contact with water where low permeability is required
Not applicable Co Concrete dry or protected from moisture
Corrosion protection Moderate C1 Concrete exposed to moisture but not to an external source of chlorides

of reinforcement (C
© Concrete exposed to moisture and an external source of chlorides from deicing

Severe C2 : .
chemicals, salt, brackish water, seawater, or spray from these sources

Source: Data from ACI 318-11 Table 4.2.1.
* Percentage sulfate by mass in soil shall be determined by ASTM C1580.
T Concentration of dissolved sulfates in water in parts per million shall be determined by ASTM D516 or ASTM D4130.

ated when a task group was formed under ACI 318 Sub- ually yielding and the yield strength definition was based
committee B to reassess yield measurement methodologies on the 0.2% offset method. Also, only certain heavily rein-
in light of the actual stress-strain behavior of currently forced sections were found to have predicted strengths as
produced nonprestressed steel reinforcement products. The low as 95% of code nominal strength when reinforcement
task group conducted a parametric study that performed was gradually yielding and the yield strength definition
analytical predictions of actual sectional strength for nu- was based on the 0.2% offset method.

merous beams and columns, as reported by Paulson et al.**
The yield measurement method for gradually yielding non-

Normalized stress-strain relationships were developed for prestressed steel reinforcement became the offset method
Grade 60 (414 MPa) and Grade 80 (552 MPa) reinforce- (using an offset of 0.2%) because of the following:

ment, both sharply yielding and gradually yielding, based

on observed actual stress-strain behavior. As used here, *  Heavily reinforced column sections are less practical.
normalized means that the gradually yielding stress-strain

curve develops exactly the specified yield strength when *  Actual strengths are no more than 5% below code-
yield is measured according to the criteria being consid- predicted strengths.

ered (based on 0.35% elongation under load, 0.2% offset

method, and so forth). Also included in the parametric *  Gradually yielding reinforcement is an infrequent
study were code-based nominal sectional strengths. occurrence (estimated to be at most a few percent of

current ASTM A615 and A706 bars).333
Beam sections were found to have predicted analytical
strengths that were always in excess of code-calculated * The sections with the lowest actual strengths com-
nominal strengths, even when the reinforcement was grad- pared with code-predicted strengths are compression-
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Table 4. Exposure categories and classes in ACI 318-14

Category Condition
FO Concrete not exposed to freezing-and-thawing cycles
F1 Concrete exposed to freezing-and-thawing cycles with limited exposure to water
Freezing and Thawing (F) F2 Concrete exposed to freezing-and-thawing cycles with frequent exposure to water

F3 . .
ing chemicals

Concrete exposed to freezing-and-thawing cycles with frequent exposure to water and exposure to deic-

m Water-soluble sulfae (S0, in soil O —
percentage by mass

S0 S0,2 < 0.10 S0,2 < 150
s
Sulfate (S) S1 0.10 = S0 < 0.20 150 < S0, < 1500
or seawater
S2 0.20 = S0,> = 2.00 1500 = S0, < 10,000
S3 S0,z > 2.00 S0,> > 10,000
wo In contact with water where low permeability is not required
In contact with water (W)
w1 In contact with water where low permeability is required
Co Concrete dry or protected from moisture
Corrosion protection C1 Concrete exposed to moisture but not to an external source of chlorides

of reinforcement (C)
C2

Concrete exposed to moisture and an external source of chlorides from deicing chemicals, salt, brackish

water, seawater, or spray from these sources

Source: Data from ACI 318-14 Table 19.3.1.1.

* Percentage sulfate by mass in soil shall be determined by ASTM C1580.

T Concentration of dissolved sulfates in water in parts per million shall be determined by ASTM D516 or ASTM D4130.

controlled with a ¢-factor of 0.65, providing for a still
ample margin of safety. The 0.2% offset method is
selected because it is the most common method used
in the steel products manufacturing industry. This
change aligns ACI 318 with common industry practice
while not adversely affecting the structural safety of
reinforced concrete members.

There are other changes in chapter 20 as well.

Deformed and plain stainless steel wire and welded wire

Table 5. Comparison of requirements for concrete by exposure class
between ACI 318-14 and ACI 318-11

ACI 318-11 ACI 318-14

Exposure
class Maximum | Minimum | Maximum | Minimum
wlcm fcl, psi wicm fc', psi

F1 0.45 4500 0.55 3500
F3 0.45 4500 0.40 5000
Note: fc‘ = specified compressive strength of concrete; w/cm = water—

cementitious materials ratio. 1 psi = 6.985 kPa.
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conforming to ASTM A1022% is now permitted to be used
as concrete reinforcement.

Section 20.2.2.5 requires “Deformed nonprestressed
longitudinal reinforcement resisting earthquake induced
moment, axial force, or both, in special moment frames,
special structural walls, and all components of special
structural walls including coupling beams and wall piers”
to be ASTM A706° Grade 60 (414 MPa). ASTM A615%
Grade 40 (276 MPa) or Grade 60 reinforcement is permit-
ted if two supplementary requirements are met, which

are already part of the ASTM A706 specification. A third
supplementary requirement is now added for ASTM A615
Grade 60 reinforcement to be permitted for use in special
moment frames and special shear walls. The minimum
elongation in 8 in. (200 mm) must now be the same as that
for ASTM A706 Grade 60 reinforcement.

The stress in prestressing steel at the stage of strength £
can be calculated based on strain compatibility or is per-
mitted to be calculated in accordance with Eq. (20.3.2.3.1)
for members with bonded prestressed reinforcement if

the effective prestress is no smaller than one-half the
tensile strength of the prestressing reinforcement. The



Table 6. Comparison of restrictions on cementitious-material types

by exposure class between ACI 318-14 and ACI 318-11 “
ACI 318-14
Cementitious-material types Fy|pmmmmmmmmmmmmm s ;
Exposure permitted by ASTM C595 ] mrrrereTy
class E
SO No type restriction No type restriction ;"
Types IP, IS, or IT with (MS)
1 . . }
S IP (MS), IS (<70)(MS) designation :,
Types IP, IS, or IT with (HS
S2 IP (HS), IS (<70)(HS) dyp. nation (H5) I (20T S Y [ N I I
A1 0.002 0004 0006 0008 0010 0012 &
IP (HS) + pozzolan or slag Typ(.as IP,.IS, or IT with (HS) Figure 16. Definition of yield strength of high-strength reinforcement. Note:
S3 [I'or IS (<70)(HS) + poz- designation plus pozzolan f, = specified yield strength for nonprestressed reinforcement; & = strain in
zolan or slag or slag cement reinforcement; o = stress in reinforcement.

Note: HS = high sulfate resistance; IP = portland-pozzolan cement;

IS = portland blast-furnace slag cement; IT = ternary blended cement; The value of f,, is required to be at least 0.003E,. For
MS = moderate sulfate resistance. grouted, posttensioned tendons, it is permitted to as-
sume A , equals A,

commentary to this provision in ACI 318-11 indicated * ACI 318-14 has also added a new section 22.4.3.1,

that the use of then—Eq. (18-1) was appropriate only if all which requires that the nominal axial tensile strength

prestressed reinforcement is in the tension zone. Therefore, of a nonprestressed, composite, or prestressed member

ACI 318-14 now requires that for Eq. (20.3.2.3.1) to be P, not be taken greater than the maximum nominal

applicable, all prestressing reinforcement must be in the axial tensile strength of member P,,,,,,. calculated by

tension zone. the following equation:

Chapter 22: Sectional Strength Pomae =[A, + (i, T Af)A, (22.4.3.1)

Following are the changes in chapter 22: where

*  For prestressed members, a new equation for the Af, = increase in stress in prestressing reinforcement
nominal axial strength at zero eccentricity P, has been due to factored loads

introduced in section 22.4.2.3:
. (fie + Af) = fiy
P,=085f(A,—A,—A,)+fA,—(f,—0.003E)A,
A, = zero for nonprestressed members

(22.4.2.3)
* InACI 318-11, the two-way shear strength of a slab-
where column connection that is subjected to concentric axial
load only was expressed in terms of force (nominal
A,, = total area of nonprestressed longitudinal rein- shear strength V,, nominal shear strength provided by
forcement, including bars or steel shapes and concrete V,, nominal shear strength provided by shear
excluding prestressing reinforcement reinforcement V), while the two-way shear strength of
a slab-column connection that is subjected to axial load
A,, = total area occupied by duct, sheathing, and and moment was expressed in terms of stress (equiva-
prestressing reinforcement lent concrete stress corresponding to nominal two-way
shear strength of slab or footing v,, stress correspond-
A, = total area of prestressing reinforcement ing to nominal two-way shear strength provided by
concrete v, and equivalent concrete stress correspond-
f.. = effective stress in prestressing reinforcement ing to nominal two-way shear strength provided by
after allowance for all prestress losses reinforcement v,). In ACI 318-14, the two-way shear
provisions are all expressed in terms of stress.
E, = modulus of elasticity of prestressing
reinforcement *  For typical cruciform shear reinforcement layouts,

ACI 318-11 commentary sections R11.11.3 and
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Figure 17. Critical section for two-way shear around discontinued punching shear reinforcement.

R11.11.5 recommend outer critical sections with diag-
onal segments in the open quadrants of the cruciform,
yielding a polygon for the critical section rather than
the rectangle permitted for the critical section nearest
the column (Fig. 17). However, it came to the attention
of ACI Committee 318 that a widely distributed com-
mercial concrete design program uses a straight-sided
critical section beyond the termination of the shear
reinforcement (Fig. 17).

The polygon-shaped critical section corresponds to the
minimum perimeter of the outer critical section b,,. Us-
ing a rectangular outer critical section with cruciform
reinforcement layouts can result in a 30% increase in
calculated factored shear strength or shear reinforce-
ment being discontinued too close to the column.

Section 22.6.4.2, therefore, now reads: “For two-way
members reinforced with headed shear reinforce-
ment or single- or multi-leg stirrups, a critical section
with perimeter b, located d/2 beyond the outermost
peripheral line of shear reinforcement shall also be
considered. The shape of this critical section shall be
a polygon selected to minimize b,.” d is distance from
extreme compression fiber to centroid of longitudinal
tension reinforcement.

The underlined sentence is newly added to ACI 318-14
to provide clarification.

Chapter 25: Reinforcement Details
The two changes shown in Table 7 (part of ACI 318-14

Table 25.3.2) are made to eliminate the difference between
the required tail extension of a 90-degree or 135-degree

March-April 2016 | PCI Journal

standard hook (64, in ACI 318-11) and that of a seismic
hook (6d,, subject to a minimum of 3 in. [75 mm]).

The provisions in ACI 318-11 section 12.14.3.5 and
associated commentary allowed the use of mechanical

or welded splices with strength lower than 125% of the
specified yield strength f; of the spliced reinforcing bars
provided that such splices were used on no. 5 (16M) and
smaller bars and that the splices met other requirements,
such as staggering, outlined in ACI 318-11 section 12.15.5.
These provisions were originally written to accommodate
a mechanical splice product, which delivered such lower
performance, and for welds of lower strength. Due to

the development of new mechanical splices, the need for
such a category of splice for bar sizes no. 5 and smaller
no longer exists and the provisions and commentary have
therefore been deleted from ACI 318-14.

ACI 318-11 referred to the 17th edition of the American
Assocation of State Highway and Transportation Officials
(AASHTO) Standard Specification for Highway Bridges®
for the design of local zone reinforcement in postten-
sioned anchorage zones. However, AASHTO is no longer
updating the Standard Specification for Highway Bridges.
Therefore, in section 25.9.4.3.1, reference is now made to
the AASHTO LRFD Bridge Design Specifications.*

Chapter 26: Construction
Documents and Inspection

There was no direct counterpart to chapter 26 in

ACI 318-11. ACI Committee 318 has concluded that
ACI 318 is really written to the engineer, not the contrac-
tor. This means that all construction requirements—all
construction-related information that the engineer needs



Table 7. Minimum inside bend diameters and standard hook geometry for stirrups, ties, and hoops

Minimum inside bend Straight extension

Bar size . - .
diameter, in. £, in.

Type of standard hook Type of standard hook

No.3105 4d,
90-degree hook
No.6 1o 8 6d,
No.31t05 44,
135-degree hook
No.6 10 8 6d,

Source: Data from ACI 318-14 Table 25.3.2

Greater of 6d,and 3 in.

12d,

Greater of 6d,and 3 in.

Note: d, = nominal diameter of bar, wire, or prestressing strand; £.,,= extension of hook beyond 90-, 135-, or 180-degree bend. 1 in. = 25.4 mm; no.

3 =10M; no. 4 = 13M; no. 5 = 16M; no. 6 = 19M; no. 7 = 22M; no. 8 = 25M.

to convey to the contractor—must be communicated on
the construction documents: the drawings or the specifica-
tions. In ACI 318-11, construction requirements were often
located with the design requirements. In ACI 318-14, all
construction requirements are gathered together in chap-
ter 26. The construction requirements are designated as
either design information or compliance requirements. In
addition, inspection requirements for concrete construc-
tion are imported from chapter 17 of the 2015 IBC. ACI
Committee 318 would like inspection requirements to be
housed in the standard and referenced from chapter 17 of
the IBC. The plan is to have these deleted from editions of
the IBC subsequent to the 2015 edition. Inspection require-
ments for structural steel and masonry have already been
dropped from chapter 17 of the IBC in favor of references
to AISC 360* and the MSJC code,*! respectively.

The first paragraph of the commentary to chapter 26 gives
a good idea of what the chapter is about:

This chapter establishes the minimum requirements for
information that must be included in the construction
documents as applicable to the project. The require-
ments include information developed in the structural
design that must be conveyed to the contractor, provi-
sions directing the contractor on required quality, and
inspection requirements to verify compliance with

the construction documents. In previous editions of
the Code through 2011, these provisions were located
throughout the document. Starting with the 2014 edi-
tion, with the exception of Chapter 17, all provisions
relating to construction have been gathered into this
chapter for use by the licensed design professional.
Construction and inspection-related provisions associ-
ated with anchors are in Chapter 17 and are called out

within Sections 26.7 and 26.13, as appropriate.

Ned Cleland says that “When the Structural Engineer of
Record (SER), as the Owner’s agent, provides only limited
services on a project and the design of the system, connec-
tions and components is delegated to the precast concrete
subcontractor, there appears to be a large gap in the con-
struction documents as envisioned in Chapter 26. ... there
is a liability exposure of the SER who does not provide the
design information, compliance requirements or inspection
requirements on construction drawings because they have
little or no knowledge as to the design of the precast/pre-
stressed concrete.”*?

There are some substantive changes made to the
ACI 318-11 provisions covered in chapter 26:

e InACI 318-11 section 3.5.1, “Discontinuous deformed
steel fibers shall be permitted only for resisting shear
under conditions specified in 11.4.6.1(f)” has been
interpreted to restrict other applications in which dis-
continuous deformed steel fibers could potentially be
used. The intent of the wording was not to exclude the
use of discontinuous deformed steel fibers. The word-
ing has been improved to indicate that ACI 318-14
only addresses the use of deformed steel fibers for
shear. Other applications are not prohibited but rather
fall under ACI 318-14 section 1.4.

* ACI 318-11 sections 5.3, “Proportioning on the Basis
of Field Experience or Trial Mixtures, or Both;” 5.4,
“Proportioning without Field Experience or Trial
Mixtures;” and 5.5, “Average Compressive Strength
Reduction,” contained prescriptive requirements for
mixture proportioning. These requirements are no
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longer found in ACI 318-14. Instead, ACI 301-10,
Specifications for Structural Concrete,* is referenced
from section 26.4.3.

The reason for the removals is that many concrete produc-
ers are capable of using their quality control processes

to develop appropriate mixtures without following the
prescriptive procedures.

The prescriptive requirements on mixture proportioning
were directed to the contractor. ACI 301 is the proper docu-
ment for them. ACI 318 need only provide the acceptance
criteria for the concrete, which are now given in section
26.4.2.
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Notation

depth of equivalent rectangular stress block
concrete area of shear wall boundary element

cross-sectional area of a member measured to the
outside edges of transverse reinforcement

gross area of concrete section bounded by web
thickness and length of section in the direction
of shear force considered in the case of walls

and gross area of concrete section in the case of
diaphragms, not to exceed the thickness times the
width of the diaphragm

gross area of concrete section; for a hollow sec-
tion, A, is the area of the concrete only and does

not include the area of the void(s)

total area occupied by duct, sheathing, and pre-
stressing reinforcement

total area of prestressing reinforcement

area of longitudinal reinforcement in shear wall
boundary element

total cross-sectional area of transverse reinforce-
ment, including crossties, within spacing s and
perpendicular to dimension b,

total area of nonprestressed longitudinal reinforce-
ment, including bars or steel shapes and excluding
prestressing reinforcement

width of compression face of member
cross-sectional dimension of member core
measured to the outside edges of the transverse

reinforcement composing area A,

perimeter of critical section for two-way shear in
slabs and footings

width of the part of the cross section that contains
the closed stirrups resisting torsion

web width or diameter of circular section

distance from extreme compression fiber to neu-
tral axis

externally applied compression force on section

compression concrete force
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h

h

h

u

beam

column —

deflection amplification factor
force in tension reinforcement

distance from extreme compression fiber to cen-
troid of longitudinal tension reinforcement

nominal diameter of bar, wire, or prestressing
strand

modulus of elasticity of prestressing reinforce-
ment

specified compressive strength of concrete

stress in prestressing reinforcement at nominal
flexural strength

specified yield strength of prestressing reinforce-
ment

effective stress in prestressing reinforcement after
allowance for all prestress losses

specified yield strength for nonprestressed rein-
forcement

specified yield strength of transverse reinforce-
ment

overall thickness, height, or depth of member
overall depth of beam

overall depth of column

laterally unsupported height at extreme compres-
sion fiber of wall or wall pier, equivalent to ¢, for

compression members

height of entire wall from base to top or clear
height of wall segment or wall pier considered

maximum center-to-center spacing of longitudinal
bars laterally supported by corners of crossties or

hoop legs around the perimeter of the column

plan dimension of column in one of two orthogo-
nal directions

plan dimension of column in other orthogonal
direction

effective length factor

concrete strength factor



P

nt

P

h

nt,max —

confinement effectiveness factor

development length in tension of deformed bar,
deformed wire, plain and deformed welded-wire
reinforcement, or pretensioned strand

extension of hook beyond 90-, 135-, or 180-de-
gree bend

length, measured from joint face along axis of
member, over which special transverse reinforce-
ment must be provided

unsupported length of column or wall

length of entire wall, or length of wall segment or
wall pier considered in direction of shear force

factored moment at section

number of longitudinal bars around the perimeter
of a column core with rectilinear hoops that are
laterally supported by the corner of hoops or by
seismic hooks; a bundle of bars is counted as a
single bar

nominal axial tensile strength of member

maximum nominal axial tensile strength of mem-
ber

nominal axial strength at zero eccentricity

factored axial force, to be taken as positive for
compression and negative for tension

center-to-center spacing of items, such as longi-
tudinal reinforcement, transverse reinforcement,
tendons, or anchors

spacing of longitudinal reinforcement in shear
wall boundary element

strength of a member or cross section required to
resist factored loads or related internal moments
and forces in combinations such as those stipu-
lated in ACI 318-14

externally applied tensile force on section

stress corresponding to nominal two-way shear
strength provided by concrete

equivalent concrete stress corresponding to nomi-
nal two-way shear strength of slab or footing

equivalent concrete stress corresponding to nomi-

sm

nal two-way shear strength provided by reinforce-
ment

nominal shear strength provided by concrete
nominal shear strength

nominal shear strength provided by shear rein-
forcement

factored shear force at section
water—cementitious materials ratio

cover from center of extreme layer of concen-
trated flexural reinforcement to extremity of wall

dimension from centerline to centerline of later-
ally supported longitudinal bars

distance of line of application of compression
concrete force from neutral axis divided by total
depth of section

maximum out-of-plane deflection

design displacement

= increase in stress in prestressing reinforcement

due to factored loads
generalized notation for strain

strain in reinforcement at the section of maximum
deflection

ratio of effective depth to total depth of section
modification factor to reflect the reduced mechan-
ical properties of lightweight concrete relative to
normalweight concrete of the same compressive

strength

ratio of maximum out-of-plane deflection to
member depth

A.\'l/ A(:b
generalized notation for stress

sectional curvature
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Abstract

The American Concrete Institute (ACI) has published
Building Code Requirements for Structural Concrete (ACI

March-April 2016 | PCI Journal

318-14) and Commentary (ACI 318R-14), which has un-
dergone a complete reorganization from its 2011 edition.
ACI 318-14 does contain a number of significant technical
changes, some of the most important of which are found in
chapter 18, Earthquake Resistant Structures. Organization-
al changes from ACI 318-11 to ACI 318-14 are discussed,
as well as significant technical changes in each chapter.
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