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Preface
The purpose of Design of Low-Rise Reinforced Concrete Buildings—based on
the 2009 IBC/ASCE/SEI 7-05/ACI 318-08 is to help engineers analyze, design
and detail low-rise cast-in-place conventionally reinforced concrete buildings in
accordance with the 2009 edition of the International Building Code® (IBC®).
Because the 2009 IBC references the 2008 edition of Building Code
Requirements for Structural Concrete (ACI 318-08) and the 2005 edition of
ASCE/SEI 7, Minimum Design Loads for Buildings and Other Structures, the
narrative and examples are based on these current standards wherever
applicable. Section numbers and equation numbers from the 2009 IBC, ACI 31808 and ASCE/SEI 7-05 that pertain to the specific requirements are provided
throughout the text.
Although the book is geared primarily for practicing structural engineers,
engineers studying for licensing exams, structural plan check engineers and civil
engineering students will find the book a valuable resource because of its
straightforward approach.
Chapter 2 summarizes floor systems commonly used in concrete buildings with
guidance on the advantages of various systems and practical framing layouts
and formwork. Information on the selection of economical floor systems for
various span and gravity load conditions is provided along with methods to
determine preliminary member sizes.
Chapter 3 summarizes the typical lateral-force-resisting systems used in low-rise
reinforced concrete buildings and describes how these buildings respond to wind
and earthquake forces. The procedure used to determine Seismic Design
Category is included as well as the limitations imposed on the various lateralforce-resisting systems in relation to the Seismic Design Category of the building.
Approximate methods to determine stiffness of lateral-force-resisting elements
and distribution of lateral forces to the vertical resisting elements are provided.
Chapters 4, 5 and 6 cover the comprehensive design and detailing requirements
for various structural elements based on Seismic Design Category and
summarize the requirements in many tables, figures and flowcharts.
Design of Low-Rise Reinforced Concrete Buildings According to the 2009 IBC is
an excellent resource for practicing civil and structural engineers as well as plan
check engineers, engineers preparing for licensing exams and civil engineering
students.
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CHAPTER 1

1.1

INTRODUCTION

OVERVIEW

The purpose of this publication is to assist in the analysis, design and detailing of low-rise
reinforced concrete buildings in accordance with the 2009 edition of the International
Building Code® (IBC®) [1.1].1
Section 1901.2 of the IBC requires that structural concrete be designed and constructed in
accordance with the provisions of Chapter 19 of the 2008 edition of Building Code
Requirements for Structural Concrete (ACI 318-08) and Commentary as amended in IBC
Section 1908.2 Wherever applicable, the requirements of the 2005 edition of ASCE/SEI 7
Minimum Design Loads for Buildings and Other Structures [1.3], which is also
referenced in the 2009 IBC, must be satisfied as well.
The general principles of design and construction are essentially the same for any size
building. Code requirements for analysis, design and detailing are typically given in
general terms, without regard to the overall size of a building. In the case of low-rise
buildings, certain assumptions can often safely be made to simplify the overall design
procedure.
1.2

SCOPE

This publication focuses on the design requirements for cast-in-place reinforced concrete
buildings with members utilizing nonprestressed reinforcement. Requirements for
prestressed, post-tensioned and precast members are not addressed.
For purposes of this publication, a low-rise building is defined as one that has one or
more of the following characteristics: (1) no more than five stories above grade, (2) a
height less than 60 feet (18 288 mm), and (3) a fundamental period less than or equal to
0.5 seconds.3 Usually, the less rigorous provisions in the IBC and ASCE/SEI 7 can be
used to determine load effects on low-rise buildings. Also, simpler assumptions and
procedures can be utilized in the structural analysis and in the methods of allocating
lateral forces to the elements of the lateral-force-resisting system.
1

Numbers in brackets refer to references listed in Section 1.3 of this publication.
ACI 318-05 is one of a number of codes and standards that is referenced by the IBC. These documents,
which can be found in Chapter 35 of the 2009 IBC, are considered part of the requirements of the IBC to
the prescribed extent of each reference (see Section 101.4 of the 2009 IBC).
3
IBC 403 defines a high-rise building as a building with an occupied floor located more than 75 feet (22
860 mm) above the lowest level of fire department vehicle access. In such buildings assigned to
Occupancy Category III or IV, the structural integrity requirements of IBC 1614 must be satisfied. Based
on the types of buildings addressed in this publication, the requirements of IBC 1614 need not be satisfied.
2
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Code provisions have been organized in tables, figures and comprehensive flowcharts,
which provide a road map that guides the reader through the requirements. Included in
the flowcharts are the applicable section numbers and equation numbers from the 2009
IBC, the 2008 ACI 318 and ASCE/SEI 7-05 that pertain to the specific requirements. A
basic description of flowchart symbols used in this publication is provided in Table 1.1.

Table 1.1 Summary of Flowchart Symbols
Symbol

Description

Terminator

The terminator symbol represents the starting or ending
point of a flowchart.

Process

The process symbol indicates a particular step or action that
is taken within a flowchart.

Decision

The decision symbol represents a decision point, which
requires a “yes” or “no” response.

Off-page
Connector

The off-page connector symbol is used to indicate
continuation of the flowchart on another page.

Or

The logical “Or” symbol is used when a process diverges in
two or more branches. Any one of the branches attached to
this symbol can be followed.

Connector

The connector symbol indicates the sequence and direction
of a process.

Although this publication focuses on low-rise buildings, it is evident that many of the
design aids can be used in the design of reinforced concrete members in any building
regardless of size.
The content of this publication is geared primarily to practicing structural engineers. The
design and detailing requirements of the 2009 IBC and ACI 318-08 are presented in a
straightforward manner with emphasis placed on the proper application of the provisions
in everyday practice.
In addition to practicing structural engineers, engineers studying for licensing exams,
structural plan checkers and others involved in structural engineering, such as advanced
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undergraduate students and graduate students, will find the flowcharts and the workedout design examples to be very useful.
Completely worked-out design examples are included in Chapters 4, 5 and 6 and
illustrate the proper application of the code requirements. These examples follow the
steps provided in the referenced flowcharts.
Throughout this publication, section numbers from the 2009 IBC are referenced as
illustrated by the following: Section 1908 of the 2009 IBC is denoted as IBC 1908.
Similarly, Section 21.1 from the 2008 ACI 318 is referenced as ACI 21.1 and
Section 12.10 from the 2005 ASCE/SEI 7 is referenced as ASCE/SEI 12.10.
Chapter 2 contains a summary of the floor systems that are typically utilized in cast-inplace concrete buildings. General descriptions and basic information on the advantages of
various systems as well as practical framing layouts and formwork are presented.
Information is provided that can be used to select an economical floor system for various
span and gravity load conditions. Methods on how to determine preliminary member
sizes are also given.
A summary of the lateral-force-resisting systems that are commonly utilized in low-rise
reinforced concrete buildings is given in Chapter 3. Included is a general description of
how such buildings respond to wind and earthquake forces. A comprehensive procedure
to determine the Seismic Design Category (SDC) is included, as are the limitations of the
various lateral-force-resisting systems as a function of the SDC. Also provided are
approximate methods to determine stiffness of lateral-force-resisting elements and
equations to evaluate the allocation of lateral forces to the elements of the lateral-forceresisting system.
The remaining chapters of the publication present comprehensive design and detailing
requirements for various structural elements based on the SDC of the building.
Requirements are summarized in numerous tables, figures and flowcharts.
Chapter 4 contains the design and detailing requirements for buildings assigned to SDCs
A and B. Requirements are summarized for the following: (1) members subjected to
bending, (2) members subjected to bending and axial forces, (3) walls and (4) footings.
The requirements are illustrated in two examples. A four-story residential building
utilizing a flat plate and moment-resisting frame system is presented in the first example.
The slab, beams, columns, footings and the diaphragm (including chords and collectors)
are also designed and detailed according to code provisions. A one-story retail building
utilizing a bearing wall system is presented in the second example.
The design and detailing requirements for buildings assigned to SDC C are given in
Chapter 5. Requirements are presented for members subjected to bending (beams in
intermediate moment frames and two-way slabs without beams) and for frame members
subjected to bending and axial load in intermediate moment frames. The examples in
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Chapter 4 are again utilized in Chapter 5 to illustrate the similarities and differences for
the different SDCs.
Chapter 6 presents the design and detailing requirements for buildings assigned to SDC
D, E and F. Requirements are summarized for (1) flexural members of special moment
frames, (2) special moment frame members subjected to bending and axial load, (3) joints
of special moment frames, (4) special structural walls, (5) structural diaphragms, (6)
foundations and (7) members not designated as part of the seismic-force-resisting system.
A three-story residential building utilizing special moment frames in one direction and a
building frame system with special structural (shear) walls in the perpendicular direction
is used to illustrate the requirements for beams, columns, walls, joints, members that are
not part of the seismic-force-resisting system and the diaphragm (including chords and
collectors).
1.3

REFERENCES

1.1 International Code Council, International Building Code, Washington, D.C., 2009.
1.2 American Concrete Institute, Building Code Requirements for Structural Concrete
(ACI 318-08) and Commentary, Farmington Hills, MI, 2008.
1.3 Structural Engineering Institute of the American Society of Civil Engineers,
Minimum Design Loads for Buildings and Other Structures including Supplements
No. 1 and 2, ASCE/SEI 7-05, Reston, VA, 2006.

CHAPTER 2

2.1

FLOOR SYSTEMS

INTRODUCTION

In general, the cost of a floor system is often a major part of the overall structural cost of
a building. Selecting the most effective system for a given set of constraints is vital to
achieving overall economy. This is especially important for low-rise buildings, since the
costs associated with lateral force resistance are usually nominal.
The information provided in the following sections can be used to select an economical
cast-in-place concrete floor system with mild reinforcement for various span and gravity
load conditions. General considerations that are applicable to all floor systems are
presented first. Following the general considerations are a general description and basic
information on the advantages of various systems as well as practical framing layouts and
formwork. Methods on how to determine preliminary member sizes are also provided.
2.2

GENERAL CONSIDERATIONS

The three primary expenses in cast-in-place concrete floor system construction are
concrete, reinforcement (mild and/or post-tensioned) and formwork. Of the three,
formwork has the greatest influence, which accounts for about 50 percent of the total inplace costs. The following basic principles of formwork economy should be considered
for site-cast concrete structures:
1. Specify readily available standard form sizes.
Most projects—especially low-rise projects—do not have the budget to accommodate
the additional cost of custom formwork unless they are required in a quantity that
allows for mass production.
2. Repeat sizes and shapes of concrete members wherever possible.
Maximum overall savings is achieved when formwork can be used from bay to bay
and from floor to floor.
3. Strive for simple formwork.
Simple formwork and economical formwork are one in the same. The cost savings
associated with a reduction in material quantities is negligible compared to the cost
savings associated with simple formwork.
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It is strongly recommended to consult with a concrete contractor during the early stages
of a site-cast project. The type of forming system can have a major impact on the
structural layout as well as on the schedule and time to completion.
A concrete mix with a specified compressive strength of 4,000 psi (27 580 kPa) yields the
least expensive floor system where mild reinforcement is utilized. In post-tensioned floor
systems, a concrete compressive strength of at least 5,000 psi (34 473 kPa) is usually
specified to attain more cost-effective anchorages and higher resistance in tension and
shear.
Fire resistance must also be considered in the preliminary design stage. Required fireresistance ratings are a measure of the endurance needed to safeguard the structural
stability of a building during a fire (i.e., structural members must be able to carry their
own dead load and superimposed loads when subjected to the effects from fire) and to
prevent the spread of fire to other parts of a building.
Concrete floor systems offer inherent fire resistance and no additional protective
measures are required to achieve code-prescribed fire-resistance ratings when the floor
system is completed (see Chapter 7 of the IBC).
Fire-resistance rating requirements depend on a number of factors and generally vary
from 1 to 4 hours, with buildings typically requiring 2 hours. The concrete member
thickness for structural purposes will usually be adequate to provide at least a 2-hour
rating. In cases where a thicker member is required to satisfy fire-resistance requirements,
consideration should be given to using a lightweight aggregate that provides higher fire
resistance for the same thickness.
Adequate cover is needed to protect reinforcement from the effects of fire. The minimum
cover requirements to the main reinforcement, which are in ACI 7.7, are adequate for at
least a 2-hour fire-resistance rating.
It is good practice to consult the local building code governing the project at an early
stage to ensure that minimum fire-resistance requirements are satisfied.
2.3

FLOOR SYSTEMS

The following sections describe the floor systems commonly used in concrete buildings,
and the discussion is applicable to concrete buildings of any size. The information can be
used as a guide in selecting an economical floor system.
2.3.1

Flat Plate System

A flat plate floor system is a two-way concrete slab supported directly on columns with
reinforcement primarily in two orthogonal directions (see Figure 2.1). This system has
the advantages of simple construction and formwork, and it is typically economical for
span lengths between 15 feet (4572 mm) and 25 feet (7620 mm) when subjected to
moderate live loads.
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Figure 2.1 Flat Plate System

Minimum thickness requirements for flat plates are given in ACI 9.5.3. The thickness of
flat plates without edge beams and containing mild reinforcement with a yield strength of
60,000 psi (413 685 kPa) must be greater than or equal to κ Τ͵Ͳ where κ is the length
of the clear span (measured face-to-face of supports) in the long direction [see ACI Table
9.5(c)]. Minimum slab thickness is depicted in Figure 2.2, which includes the 5-inch (127
mm) minimum requirement of ACI 9.5.3.2.

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 2.2 Minimum Slab Thickness in accordance with ACI 9.5.3
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The thickness of a flat plate will usually be controlled by deflection requirements for
relatively short spans and live loads of 50 psf (2.39 kPa) or less. In such cases, the
flexural reinforcement at the critical sections in the column and middle strips will be
about the minimum amount specified in ACI 13.3. Thus, using a slab thickness greater
than the minimum required for serviceability is not economical, since a thicker slab
requires more concrete without a reduction in reinforcement. Also, since the minimum
slab thickness requirements are independent of the concrete compressive strength,
specifying 4,000-psi (27 580 kPa) concrete is the most economical; using a concrete
strength greater than 4,000 (27 580 kPa) psi increases cost without a reduction in slab
thickness.
Two-way or punching shear also plays a key role in determining the thickness of a flat
plate, especially where the spans are relatively long and/or the live load is 100 psf (4.79
kPa) or greater. To satisfy shear strength requirements, the thickness is usually greater
than that required for serviceability. Shear stresses developed at edge and corner columns
are particularly critical, since they are subjected to relatively large unbalanced moments.
Shear strength requirements for slabs are given in ACI 11.11. It is evident from
Equations (11-31), (11-32) and (11-33) that using a higher concrete compressive strength,
݂ᇱ , is not the most effective way of increasing the nominal shear strength of the concrete,
ܸ , at the critical section around a column, since ܸ is a function of the square root of ݂ᇱ .
In lieu of using shear reinforcement, increasing the thickness of the slab and/or increasing
the column dimensions are typically the most cost-effective solutions to two-way shear
problems. Providing spandrel beams significantly increases shear strength at perimeter
columns, but there is additional material and forming costs associated with such members
and they may not fit into the architectural scheme.
Figure 2.3, which is based on the two-way shear strength requirements of ACI 318-08,
can be used to determine a preliminary slab thickness, h, for a flat plate assuming the
following:
•

Square-edge column of size ܿଵ bending perpendicular to the slab edge with a
three-sided critical section and ߙ௦ ൌ ͵Ͳ.

•

Column supports a tributary area, A

•

Square bays

•

Gravity load moment transferred between the slab and edge column in accordance
with the Direct Design Method requirement of ACI 13.6.3.6

•

4,000 psi (27 580 kPa) normal weight concrete

The total factored load, ݍ௨ , must include an estimate of the slab weight. The ratio ݀ Τܿଵ is
determined as a function of ݍ௨ and the area ratio ܣΤܿଵଶ . A preliminary slab thickness, h,
can be obtained by adding 1 ¼ inches (32 mm) to d acquired from the figure. Figure 2.3
can help decrease the number of iterations that are needed to establish a viable slab
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thickness based on shear strength. It can also be used to check the output from a
computer program.

For SI: 1 pound per square foot = 47.88 Pa.

Figure 2.3 Preliminary Slab Thickness for Flat Plate Construction Based on Two-way
Shear Strength at an Edge Column

As mentioned previously, slab thickness and/or column sizes can be increased where
shear strength requirements are not satisfied. When these options are not viable, the slab
can be thickened locally around the columns (commonly referred to as shear caps; see
ACI 13.2.6) or shear reinforcement can be provided. Provisions for headed shear stud
reinforcement are given in ACI 11.11.5; such reinforcement provides an economical
means of resisting shear stresses and helps alleviate congestion at slab-column joints.
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For a live load of 50 psf (2.39 kPa) or less, flat plates are economically viable for spans
between 15 feet (4572 mm) and 25 feet (7620 mm). The economical range for live loads
of 100 psf (4.79 kPa) is 15 feet (4752 mm) to 20 feet (6096 mm). A flat plate floor
subjected to a 100-psf (4.79 kPa) live load is only about 8 percent more expensive than
one subjected to a 50-psf (2.39 kPa) live load, primarily due to the minimum thickness
requirements for deflection.
It will be shown later in this publication that flat plate systems are not permitted to be the
primary seismic-force-resisting system in areas of high seismicity.
2.3.2

Flat Slab System

A flat slab floor system is similar to a flat plate floor system, with the exception that the
slab is thickened around the columns, as depicted in Figure 2.4. These thickened portions
of the slab are called drop panels. With relatively simple construction and formwork, this
system is typically economical for spans between 20 feet (6096 mm) and 30 feet (9144
mm).

Figure 2.4 Flat Slab System

Unlike shear caps, which extend horizontally a minimum distance from the edge of the
column equal to the thickness of the projection below the slab soffit and which are
provided exclusively to increase shear strength, drop panels conform to the dimensional
requirements of ACI 13.2.5. These requirements are illustrated in Figure 2.5. When drop
panels are provided, the shear strength around the columns is increased and the amount of
negative reinforcement and the overall thickness is reduced.
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Figure 2.5 Drop Panel Dimensions (ACI 13.2.5)

The minimum slab thickness required by ACI 9.5.3 for flat slabs is 10 percent less than
that required for flat plates (see Figure 2.2), and in no case can the slab thickness be less
than 4 inches (102 mm) (ACI 9.5.3.2).
Drop panel dimensions are also controlled by formwork considerations. Using depths
other than the standard depths indicated in Figure 2.6, which are dictated by lumber
dimensions, will unnecessarily increase formwork costs.

Nominal lumber
size

Actual lumber
size (in.)

Plyform thickness
(in.)

2X

11/2

3

21/4

4X

31/2

3

41/4

6X

51/2

3

61/4

8X

71/2

3

81/4

/4
/4
/4
/4

h1
(in.)

For SI: 1 inch = 25.4 mm.

Figure 2.6 Drop Panel Formwork Details

For a live load of 50 psf (2.39 kPa) or less, flat slabs are economically viable for spans
between 25 feet (7620 mm) and 30 feet (9144 mm). The economical range for live loads
of around 100 psf (4.79 kPa) is 20 feet (6096 mm) to 25 feet (7620 mm). Total material
costs increase by only about 4 percent when going from 50 psf (2.39 kPa) to 100 psf
(4.79 kPa) because the material quantities are usually controlled by deflections.
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Beam-Supported Slab System

The slab system supported on beams on all sides, which is depicted in Figure 2.7, was the
original slab system in reinforced concrete. Where the ratio of the long side to the short
side of a panel is two or more, load is transferred primarily by bending in the short
direction and the panel acts as a one-way slab. Where the ratio of the sides is less than
two, load is transferred by bending in both orthogonal directions and the panel acts as a
two-way slab.
In a one-way system, the thickness of the beams and one-way slab is governed by the
provisions of ACI 9.5.2. The largest applicable minimum value in ACI Table 9.5(a)
should be used to determine the thickness of a slab or beam; for economy in formwork,
this thickness should be used as much as possible over the floor area.

Figure 2.7 Beam-Supported Slab System

The minimum thickness, h, for a solid one-way slab with one end continuous is κΤʹͶ,
while the minimum thickness for a beam with one end continuous is κΤͳͺǤͷ where κ is
the span length of the slab or beam defined by ACI 8.9 [see ACI Table 9.5(a)]. These
values are for members with normal weight concrete and Grade 60 reinforcement that are
not supporting or attached to partitions or other construction likely to be damaged by
large deflections.
The minimum slab thickness for a two-way system is governed by ACI 9.5.3.3, and
depends on the average value of ߙ for all beams on the edges of a panel, ߙ , where ߙ
is the ratio of the flexural stiffness of a beam section to the flexural stiffness of a slab
section bounded by centerlines of adjacent panels (if any) on each side of the beam.
Minimum slab thickness based on the provisions of ACI 9.5.3.3 is depicted in Figure 2.2.
The largest required slab thickness from all of the panels should be used wherever
possible over the floor for economy in formwork.
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Column-line beams are not used as often as they once were in concrete floor systems,
except in cases where the demands for lateral-force resistance are relatively large. In such
cases, and in lieu of other types of systems, moment-resisting frames with column-line
beams must be used as the seismic-force-resisting system.
2.3.4

One-Way Joist System

A one-way joist system consists of evenly spaced concrete joists (ribs) spanning in one
direction, a reinforced concrete slab that is cast integrally with the joists and beams that
span between the columns perpendicular to the joists (see Figure 2.8). It is usually more
cost-effective to frame the joists in the long direction.

Figure 2.8 One-way Joist Systems

Standard joists, which are not commonly used any more, have pan forms that are 30
inches (762 mm) wide and range in depth from 8 inches to 24 inches (203 mm to 610
mm) (see Figure 2.9). The thickness of the slab spanning between the joists is usually
controlled by fire-resistance requirements, since the structural requirements of the slab
are minimal.
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For SI: 1 inch = 25.4 mm.

Figure 2.9 Standard Form Dimensions for One-way Joist Construction

Wide-module joists, or “skip” joists, are similar to standard one-way joists, except the
pans are 53 inches (1346 mm) or 66 inches (1676 mm) wide. The depths vary as shown
in Figure 2.9. Wide-module joists are economical for long spans [30 feet to 50 feet (9144
mm to 15 240 mm)] and/or heavier loads.
In wide-module joist construction, the ribs and a portion of the slab must satisfy the
requirements for beams, and the overall depth is governed by the deflection requirements
of ACI 9.5.2. The longest span should be used to determine the required joist depth for
the floor, if possible.
Joist width can be tailored to satisfy virtually any requirement. In usual situations, the
thinnest practical width will usually be adequate for structural requirements. Column-line
joists can be made part of the lateral-force-resisting system, and the width can be adjusted
as needed to resist the combined load effects.
To achieve overall formwork economy, the depth of the supporting beam should be the
same overall depth as the joists. If additional capacity is required, the beams should be
made wider, not deeper. Also, beams should be as wide as, or wider than, the columns
into which they frame (see Figure 2.10). Beams that are narrower than the columns
require additional material and labor for formwork, which results in significant costs.

FLOOR SYSTEMS
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Figure 2.10 Formwork Considerations for Beam Construction

The depth of the one-way slab spanning between the ribs is governed by the deflection
requirements of ACI 9.5.2. In most cases, minimum reinforcement for temperature and
shrinkage is required for flexure.
An increase in live load from 50 psf (2.39 kPa) to 100 psf (4.79 kPa) results in
approximately a 5 percent increase in total material costs.
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CHAPTER 3

3.1

LATERAL SYSTEMS

INTRODUCTION

This chapter contains a summary of the lateral-force-resisting systems that are commonly
utilized in low-rise reinforced concrete buildings. Included is a general description of
how buildings respond to wind and earthquake forces.
A comprehensive procedure on how to determine the Seismic Design Category (SDC) is
also included, as are the limitations of the various lateral-force-resisting systems as a
function of the SDC.
Approximate methods to determine the stiffness of lateral-force-resisting elements for
different types of low-rise systems are discussed and equations are provided that can be
used to evaluate the allocation of lateral forces to the elements of the lateral-forceresisting system.
3.2

RESPONSE OF LOW-RISE BUILDINGS TO LATERAL FORCES

All buildings must be designed for the combined effects due to gravity, wind, earthquake
and other applicable forces. For purposes of design, it is generally assumed that wind and
earthquakes generate horizontal and vertical forces on a structure. These assumptions
greatly simplify how the response of a building is treated when it is subjected to these
complex natural occurrences.
The overall response of a building to wind is distinctly different than the overall response
to earthquakes. Both response modes are examined below.
3.2.1

Response to Wind Forces

According to the 2009 IBC and ASCE/SEI 7-05, wind is applied to a structure in the
form of pressures that act normal to the surfaces of a structure, as depicted in Figure 3.1
for a building with a gable or hip roof.1 Positive wind pressure, which is commonly
referred to as pressure, is above the ambient pressure at the site and acts towards the
surface of the building. Negative wind pressure, or suction, is below the ambient pressure
and acts away from the surface. As shown in Figure 3.1, which is adapted from Figure 66 of ASCE/SEI 7-05, positive pressure acts on the windward wall, while negative
pressure acts on the leeward wall, the side walls and the leeward portion of the roof.
Depending on the roof slope, either positive or negative wind pressure acts on the
windward portion of the roof.
1

Pressure distributions for buildings with other types of roofs are given in ASCE/SEI 7 Figure 6-6.
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Figure 3.1 Wind Pressure Distribution on a Building with a Gable/Hip Roof

The methods for estimating wind pressures in Chapter 6 of ASCE/SEI 7 are essentially
static methods and are based on the size, geometry, location (exposure), openness and
importance of a building as well as on the height above ground level (pressure is assumed
to vary with respect to height on the windward face, as shown in Figure 3.1). Gust and
local extreme pressures at various locations over the faces of a building are also
considered.
For most tall buildings, static methods cannot be used to estimate wind pressure because
buildings respond dynamically to wind forces and inertial forces are generated. A
dynamic analysis or a wind tunnel test is generally warranted in such cases (see
ASCE/SEI 7 Section 6.6 for more information on wind tunnel procedures). For low-rise
buildings, dynamic effects are typically negligible, so static methods are usually
sufficient to determine wind pressures.
Design wind forces on the main wind-force-resisting system2 can be determined by
Method 1, Simplified Procedure, in Section 6.4 of ASCE/SEI 7 for low-rise buildings that
satisfy the conditions of ASCE/SEI 6.4.1.1.3 Method 2, Analytical Procedure, can be used
to determine design wind forces for a wide variety of buildings that meet the
requirements of ASCE/SEI 6.5.1.4 In short, wind forces are external forces that are
applied to, and hence are proportional to, the exposed surface of a structure.
2

The main wind-force-resisting system is defined in Section 6.2 of ASCE/SEI 7 as the assemblage of
structural elements assigned to provide support and stability for the overall structure and generally
receives wind loading from more than one surface.
3
Low-rise buildings are defined in Section 6.2 of ASCE/SEI 7 as buildings with a mean roof height less
than 60 feet (18 288 mm) and with a mean roof height that does not exceed the least horizontal dimension
of the building.
4
Detailed information on how to determine wind forces by Methods 1 and 2 can be found in the ICC
publication, Structural Load Determination Under 2006 IBC and ASCE/SEI 7-05, 2008.
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It should be noted that Section 1609.6 of the 2009 IBC provides an alternate all-heights
wind design method that is a simplification of the ASCE/SEI 7 analytical procedure.
The path of the externally applied, static wind forces through a building is
straightforward. Wind pressure is applied on the windward surface, which transfers it to
roof and floor decks acting as diaphragms. The diaphragms subsequently transmit these
forces to the elements of the lateral-force-resisting system (such as walls, frames or a
combination thereof). The elements of the lateral-force-resisting system in turn transfer
their respective forces to the foundation. It is generally assumed that a structure remains
elastic under the effects from design wind forces.
3.2.2

Response to Earthquake Forces

In short, seismic forces are generated by the dead weight of a building. These inertial
forces are created by the motion of the ground that supports a building’s foundation. The
response of a structure resulting from such ground motion is influenced by the nature of
the motion and the properties of the structure and its foundation.
The horizontal components of ground motion typically have a more significant effect on
a building than the vertical components. Thus, earthquake-resistant design concentrates
more on the effects of the horizontal forces although vertical load effects must also be
considered as part of the earthquake load effect, E.
The general philosophy of earthquake-resistant design is to allow some structural and
nonstructural damage while minimizing hazard to life. This is to be achieved by utilizing
the inelastic deformability of a structure and allowing dissipation of the earthquake
energy. It is expected that structures would undergo relatively large deformations when
subjected to a design-basis earthquake and that yielding would occur in some members of
the structure. Possessing sufficient inelastic deformability through ductile detailing of
critical members enables the structure to survive without collapse when subjected to
several cycles of deformation into the inelastic range.
Figure 11.4-1 of ASCE/SEI 7 shows the general shape of the design spectrum for seismic
design. Low-rise buildings will typically have periods that correspond to maximum
accelerations (the horizontal plateau of the design spectrum). These accelerations are
translated directly into inertial forces, as described below.
Chapter 12 of ASCE/SEI 7-05 contains analytical procedures to determine seismic forces.
In general, the procedure that is permitted to be used depends on a structure’s Seismic
Design Category (SDC), structural system, dynamic properties and regularity (see
Section 12.6 of ASCE/SEI 7).
The Equivalent Lateral Force Procedure in ASCE/SEI 12.8 can be used to analyze all
structures assigned to SDC B and C as well as some types of structures assigned to
SDC D, E and F (see Table 12.6-1). In this method, a seismic base shear, V, is computed,
which depends on the design response accelerations at the site and the structure’s
seismic-force-resisting system, period, importance and weight. The base shear is then
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distributed over the height of the building; it is assumed that the effects from an
earthquake can be modeled as a set of static forces, ܨ௫ , applied at the roof and floor levels
of a structure that meet the requirements of this method.5 For a low-rise building where
the fundamental period is less than or equal to 0.5 sec, the vertical distribution of seismic
forces is triangular with the maximum force occurring at the roof level, as depicted in
Figure 3.2.

Figure 3.2 Vertical Distribution of Seismic Forces in a Low-rise Building ( T ≤ 0.5 sec)

The simplified method presented in ASCE/SEI 12.14 can be used to determine seismic
forces on simple bearing wall or building frame systems that meet the requirements of
ASCE/SEI 12.14.1.1. This procedure is applicable to a wide range of relatively stiff, lowrise structures that fall under Occupancy Categories I and II and possess seismic-forceresisting systems that are arranged in a torsionally-resistant, regular layout.
It is essential that reinforced concrete structures be properly detailed in order to perform
satisfactorily during earthquakes. It is especially important that stiff components of lowrise buildings (such as piers, short columns or walls) that may be prone to shear rather
than flexural failures be designed and detailed to prevent such brittle failure. The proper
level of seismic detailing must be provided even when the effects of wind forces govern
the design. Detailing requirements are given in subsequent chapters of this publication as
a function of SDC.
3.3

SEISMIC DESIGN CATEGORY

All buildings and structures must be assigned to a Seismic Design Category (SDC) in
accordance with IBC 1613.5.6 or ASCE/SEI 11.6. In general, a SDC is a function of
occupancy or use and the design spectral accelerations, ܵௌ and ܵଵ , at the site.
The SDC is determined twice: first as a function of ܵௌ by IBC Table 1613.5.6(1) or
ASCE/SEI Table 11.6-1 and second as a function of ܵଵ by IBC Table 1613.5.6(2) or
ASCE/SEI Table 11.6-2. The more severe of the two governs.

5

Detailed information on how to determine seismic forces by the Equivalent Lateral Force Method and
other methods can be found in the ICC publication, Structural Load Determination Under 2006 IBC and
ASCE/SEI 7-05, 2008.
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In locations where the mapped spectral acceleration parameter at a period of one second,
ܵଵ , is less than 0.75, the SDC may be determined by IBC Table 1613.5.6(1) or ASCE/SEI
Table 11.6-1 alone provided all of the four conditions listed under IBC 1613.5.6.1 or
ASCE/SEI 11.6 are satisfied. This provision can be advantageous for low-rise buildings
that meet these conditions, since the SDC determined by the short-period response alone
can be lower than that determined by the more severe of the short-period and long-period
responses. As will be shown later, this can have a large impact on the level of detailing
that is required.
Conditions under which SDC E and SDC F are to be assigned are also given in
IBC 1613.5.6 and ASCE/SEI 11.6.
The SDC is a trigger mechanism for many seismic requirements, including
•

Permissible seismic-force-resisting systems

•

Limitations on building height

•

Consideration of structural irregularities

•

The need for additional special inspections

The flowchart in Figure 3.3 can be used to determine the SDC in accordance with the
IBC and ASCE/SEI 7. Referenced section numbers, tables and figures in the flowchart
are from ASCE/SEI 7-05 unless noted otherwise.
3.4

LATERAL-FORCE-RESISTING SYSTEMS

Numerous types of reinforced concrete lateral-force-resisting systems are available to
resist the effects from wind and earthquake forces, and this section focuses on those that
are commonly used in low-rise buildings. This does not imply that the systems discussed
here are the most suitable in every situation; other systems may be more appropriate in
certain cases, and it is left to the judgment of the engineer to determine the system that is
best for the given situation.
ASCE/SEI 7 essentially puts no limitations on the type of lateral-force-resisting system
that can be used as the main wind-force-resisting system, even in hurricane-prone
regions. However, ASCE/SEI 12.2.1 requires that seismic-force-resisting systems
conform to those indicated in Table 12.2-1. Structural system limitations and building
height limits are given in the table as a function of the SDC.
There are no system limitations for structures assigned to SDC A; such structures need
only comply with ASCE/SEI 11.7.
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Seismic Design Category
(ASCE/SEI 11.6)

Determine ܵௌ and ܵଵ from ASCE/SEI
Figures 22-1 through 22-14 (11.4.1).*

Is ܵௌ  ͲǤͳͷ and ܵଵ  ͲǤͲͶ?

No

Determine the Occupancy
Category from IBC Table 1604.5.**

Structure is permitted to be assigned
to SDC A and must comply with only
ASCE/SEI 11.7 (ASCE/SEI 11.4.1).

Is the Occupancy Category I, II
or III?

No

No

Yes

Is ܵଵ  ͲǤͷ?

Yes

No

A

Yes

Is ܵଵ  ͲǤͷ?

Yes

A
Structure is assigned to SDC F.***

Structure is assigned to SDC E.***

* Values of ܵௌ and ܵଵ may be obtained from the USGS website (http://earthquake.usgs.gov/research/hazmaps/design/) for a particular
site.
** Where the IBC is the legally adopted code, IBC Table 1604.5 should be used to determine occupancy category instead of ASCE/SEI
Table 1-1.
*** A structure assigned to SDC E or F shall not be located where there is a known potential for an active fault to cause rupture of the
ground surface at the structure (ASCE/SEI 11.8).

Figure 3.3 Determination of Seismic Design Category
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Seismic Design Category (ASCE/SEI 11.6)
(continued)

A

Is the simplified design procedure of
ASCE/SEI 12.14 permitted to be used?

No

Are all four conditions of
ASCE/SEI 11.6 satisfied?

No

Determine ܵௌ ൌ ʹܵெௌ Ȁ͵ by
ASCE/SEI Eq. 11.4-3.

Yes

Determine ܵௌ ൌ ʹܨ ܵௌ Ȁ͵
Yes

(ASCE/SEI 12.14.8.1) †

Determine the SDC from ASCE/SEI
Table 11.6-1 based on ܵௌ and the
Occupancy Category.

Determine ܵௌ and ܵଵ in accordance with
ASCE/SEI 11.4.4.

Determine the SDC as the more severe of the two from
ASCE/SEI Tables 11.6-1 and 11.6-2 based on the
Occupancy Category and ܵௌ and ܵଵ , respectively.
For SI: 1 foot = 304.8 mm.
†

Short-period site coefficient, ܨ , is permitted to be taken as 1.0 for rock sites, 1.4 for soil sites, or may
be determined in accordance with ASCE/SEI 11.4.3. Rock sites have no more than 10 feet of soil
between the rock surface and the bottom of spread footing or mat foundation. Mapped spectral response
acceleration, ܵௌ , is determined in accordance with ASCE/SEI 11.4.1 and need not be taken larger than
1.5 (ASCE/SEI 12.14.8.1).

Figure 3.3 Determination of Seismic Design Category (continued)
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Bearing wall systems, building frame systems, moment-resisting frame systems, and
shear wall-frame interactive systems are commonly utilized in low-rise buildings.
Table 3.1 contains a summary of the information provided in ASCE/SEI Table 12.2-1 for
these systems. Descriptions of each system are given in the following sections.
Table 3.1 Design Coefficients and Factors for Concrete Seismic-force-resisting Systems
Typically Used in Low-rise Construction (adapted from ASCE/SEI Table 12.2-1)
Seismic-force-resisting
System

ࡾ

כ

ષככ

ࢊ

†

Structural System Limitations and
Building Height (ft) Limit††
Seismic Design Category
B
C
D
E
F

A. Bearing Wall Systems
1. Special reinforced concrete
5
21/2
5
NL
shear walls
2. Ordinary reinforced concrete
4
NL
4
21/2
shear walls
3. Detailed plain concrete shear
2
NL
2
21/2
walls
4. Ordinary plain concrete shear
11/2
21 / 2
1 1/ 2
NL
walls
5. Intermediate precast shear
4
NL
4
21/2
walls
1
6. Ordinary precast shear walls
3
2 /2
3
NL
B. Building Frame Systems
5. Special reinforced concrete
5
NL
6
21/2
shear walls
6. Ordinary reinforced concrete
4 1/ 2
NL
5
21/2
shear walls
7. Detailed plain concrete shear
2
NL
2
21/2
walls
8. Ordinary plain concrete shear
21 / 2
1 1/ 2
NL
11/2
walls
9. Intermediate precast shear
4 1/ 2
NL
5
21/2
walls
1
10. Ordinary precast shear walls
4
2 /2
4
NL
C. Moment-resisting Frame Systems
5. Special reinforced concrete
NL
8
3
5 1/ 2
moment frames
6. Intermediate reinforced
NL
5
3
4 1/ 2
concrete moment frames
7. Ordinary reinforced concrete
3
3
2 1/ 2
NL
moment frames
F. Shear Wall-Frame
Interactive System with
Ordinary Reinforced
41/2
21 / 2
4
NL
Concrete Moment Frames
and Ordinary Reinforced
Concrete Shear Walls
For SI: 1 foot = 304.8 mm.
*ܴ = Response modification coefficient
**π = System overstrength factor
†
ܥௗ = Deflection amplification factor
††
NL = Not Limited and NP = Not Permitted
‡
Increase in height to 45 feet is permitted for single story storage warehouse facilities.

NL

160

160

100

NL

NP

NP

NP

NP

NP

NP

NP

NP

NP

NP

NP

NL

40‡

40‡

40‡

NP

NP

NP

NP

NL

160

160

100

NL

NP

NP

NP

NP

NP

NP

NP

NP

NP

NP

NP

NL

40‡

40‡

40‡

NP

NP

NP

NP

NL

NL

NL

NL

NL

NP

NP

NP

NP

NP

NP

NP

NP

NP

NP

NP
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Bearing Wall Systems

In a bearing wall system, bearing walls provide support for all or most of the gravity
loads, and resistance to lateral loads is provided by the same bearing walls acting as shear
walls (see Figure 3.4). These systems do not have an essentially complete space frame
that provides support for gravity loads.

Figure 3.4 Bearing Wall System

SDC B. Ordinary reinforced concrete shear walls are permitted to be used in buildings
assigned to SDC B without any limitations. Such walls must satisfy the applicable
requirements of ACI Chapters 1 through 18; the provisions of Chapter 21 need not be
satisfied. Detailed plain and ordinary plain concrete shear walls may also be used without
limitations. According to ASCE/SEI 14.2.2.4, detailed plain concrete shear walls are
walls complying with the requirements of ACI Chapter 22 and the additional
reinforcement requirements of ASCE/SEI 14.2.2.15, and ordinary plain concrete shear
walls are walls complying with the requirements of Chapter 22 only. Ordinary precast
shear walls, which are precast walls complying with the requirements of ACI Chapters 1
through 18, are also permitted with no limitations.
SDC C. Ordinary or special reinforced concrete shear walls are to be used in buildings
assigned to SDC C. Special reinforced concrete shear walls must conform to the
requirements of ACI 21.9. Note that intermediate precast shear walls may also be used
with no limitations as long as they comply with the additional requirements of ACI 21.4
and ASCE/SEI 14.2.2.14.
SDC D, E and F. Special reinforced concrete shear walls are required in buildings
assigned to SDC D, E or F. The height of a building is limited to 160 feet (48 768 mm)
for SDC D and E and is limited to 100 feet (30 480 mm) for SDC F. Although not listed
in ASCE/SEI Table 12.2-1, special structural walls constructed using precast concrete
may be used, provided the provisions of ACI 21.10 are satisfied. Intermediate precast
shear walls are also permitted with a building height limit of 40 feet (12 192 mm), which
can be increased to 45 feet (13 716 mm) for single-story storage warehouse facilities.
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Building Frame Systems

A building frame system is a structural system with an essentially complete space frame
that supports the gravity loads and shear walls that resist the lateral forces (see
Figure 3.5). In the lateral load analysis, all of the lateral forces are allocated to the shear
walls; no interaction is considered between the shear walls and the frames.

Figure 3.5 Building Frame System

SDC B. Ordinary plain, detailed plain and ordinary reinforced concrete shear walls and
ordinary precast shear walls are permitted to be used in buildings assigned to SDC B with
no limitations. Building frame systems are generally not used in buildings assigned to
SDC B, since there is little to be gained from assigning the entire lateral resistance to the
shear walls in absence of any special detailing requirements for the frames. A shear wallframe interactive system, which is discussed in Section 3.4.4 of this publication, is
usually more practical and economical in such cases.
SDC C. Buildings assigned to SDC C are permitted to utilize ordinary reinforced, special
reinforced and intermediate precast concrete shear walls with no limitations. Like in the
case of bearing wall systems, intermediate precast shear walls must comply with the
additional requirements of ACI 21.4 and ASCE/SEI 14.2.2.14.
SDC D, E or F. The same systems (special reinforced, intermediate precast and special
structural walls constructed using precast concrete) used in the bearing wall system can
be used in the building frame system, along with the applicable building height limits. It
is important to note that for these SDCs, the deformational compatibility requirements of
ACI 21.13 must be satisfied. The beam-column frames must be designed to resist the
effects caused by the lateral deflections due to the earthquake effects, since they are
connected to the walls by the diaphragm at each level. The frame members, which are not
designated as part of the seismic-force-resisting system, must be capable of supporting
their gravity loads when subjected to the deformations caused by the seismic forces.

LATERAL-FORCE-RESISTING SYSTEMS
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Moment-resisting Frame Systems

In a moment-resisting frame system, gravity loads are supported by an essentially
complete space frame and lateral forces are resisted primarily by flexural action of
designated frame members (the entire space frame or selected portions of the space frame
may be designated as the seismic-force-resisting system). A typical moment-resisting
frame system is illustrated in Figure 3.6.

Figure 3.6 Moment-resisting Frame System

SDC B. An ordinary reinforced concrete moment can be used in buildings assigned to
SDC B with no limitations. In addition to the requirements of ACI Chapters 1 to 19 and
22 (which must be satisfied for all members, regardless of SDC), the requirements of
ACI 21.1.2 and 21.2 for ordinary moment frames must also be satisfied.
SDC C. Buildings assigned to SDC C are permitted to utilize intermediate reinforced
concrete frames with no limitations. Such frames are to be designed and detailed in
accordance with ACI 21.1.2, 21.1.8 and 21.3.
SDC D, E or F. Special reinforced concrete moment frames are required in buildings
assigned to SDC D, E or F. These frames can be used without any limitations and must
be designed and detailed in accordance with ACI 21.1.2, 21.1.8, 21.5 through 21.8, and
21.11 through 21.13.
3.4.4

Shear Wall-Frame Interactive Systems

In a shear wall-frame interactive system, an essentially complete space frame provides
support for gravity loads and resistance to lateral forces is provided by moment-resisting
frames and shear walls (see Figure 3.7). The frames and shear walls are designed to resist
lateral forces in proportion to their relative rigidities.
Shear wall-frame interactive systems with ordinary reinforced concrete moment frames
and ordinary reinforced concrete shear walls are permitted to be used in buildings
assigned to SDC B with no limitations.
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Figure 3.7 Shear Wall-Frame Interactive System
3.4.5

Dual Systems

For buildings assigned to SDC C and higher, dual systems must be utilized, which are
similar to shear wall-frame interactive systems in that gravity loads are resisted by an
essentially complete space frame and lateral forces are resisted by a combination of
moment-resisting frames and shear walls. The main difference between the two systems
is that in dual systems, the moment frames must be capable of resisting at least 25 percent
of the seismic forces (i.e., the frames act as a backup to the shear walls). The concept of a
dual system loses its validity for buildings assigned to SDC A or B, since it is
questionable whether the moment frames with ordinary detailing can act as a backup to
the ordinary reinforced concrete shear walls. It is for this reason that shear wall-frame
interactive systems are used in such cases. Dual systems can be utilized in low-rise
buildings, but it is generally more common to use the other types of systems described
above.
3.5

HORIZONTAL DISTRIBUTION OF LATERAL FORCES

Lateral forces are transferred to the elements of the lateral-force-resisting system (shear
walls and frames) by the roof and floor diaphragms at each level of the structure. The
diaphragms distribute the lateral forces from above to the shear walls and frames below
based on the degree of diaphragm flexibility and the relative rigidities of the shear walls
and frames.
This section provides methods that can be used to estimate the allocation of lateral forces
to the various members of the lateral-force-resisting system in low-rise structures with
sufficiently regular plan and vertical configurations. Approximate methods to determine
lateral stiffness of wall and frame systems are given, as are equations for the distribution
of the lateral forces, which include building torsion. These methods are useful in
preliminary design and can be used to verify the results from a computer program
analysis.

HORIZONTAL DISTRIBUTION OF LATERAL FORCES

3.5.1
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Diaphragm Flexibility

Floor and roof framing systems support gravity loads and transfer these loads to columns
and walls. In addition, they act as diaphragms that transfer the lateral forces to the
elements of the lateral-force-resisting system. A three-dimensional analysis that considers
the relative rigidities of the diaphragm and the elements of the lateral-force-resisting
system would provide the most accurate distribution of the forces in these components. A
more simple analysis is possible when assumptions are made concerning the flexibility,
or rigidity, of a diaphragm.
ASCE/SEI 12.3 contains provisions on diaphragm flexibility that can be used to simplify
the overall analysis of horizontal force distribution.6 ASCE/SEI 12.3.1.1 lists various
types of floor systems that can be idealized as flexible. A definition of “Flexible
diaphragm” is provided in ASCE/SEI 12.3.1.3 (also see ASCE/SEI Figure 12.3-1).
Flexible diaphragms typically develop large deformations compared to those developed
by the elements of the lateral-force-resisting system. In such cases, the amount of lateral
force transferred to the elements of the lateral-force-resisting system can be based on the
areas tributary to the elements. It is assumed that all of the lateral forces are taken by the
elements of the lateral-force-resisting system parallel to the direction of analysis; flexible
diaphragms are considered incapable of transferring forces to elements of the lateralforce-resisting system in the direction perpendicular to the direction of analysis.
Consequently, torsional moments need not be considered.
According to ASCE/SEI 12.3.1.2, concrete slabs or concrete-filled metal deck with spanto-depth ratios less than or equal to 3 in structures that have no horizontal irregularities as
defined in Table 12.3-1 are permitted to be idealized as rigid diaphragms. In the case of
rigid diaphragms, lateral forces are distributed to the elements of the lateral-forceresisting system in proportion to their stiffness. The effects of torsion must be considered
when applicable, which is usually the case. When rigid diaphragms rotate, lateral forces
are transferred to all of the elements of the lateral-force-resisting system in both
directions.
If a diaphragm cannot be idealized as either flexible or rigid by ASCE/SEI 12.3.1.1,
12.3.1.2 or 12.3.1.3, the diaphragm is classified as semi-rigid, and the actual stiffness of
the diaphragm must be explicitly considered in the analysis in order to capture the correct
distribution of horizontal forces.
Diaphragms must resist the design forces from the structural analysis. In the case of
seismic design, diaphragm design forces must be greater than or equal to the design force
computed by ASCE/SEI 12.10.1.1. Provisions for the design and detailing of structural
reinforced concrete diaphragms in buildings assigned to SDC D and above are given in
ACI 21.11. No special detailing is required for diaphragms in buildings assigned to
SDC A, B or C.

6

Although these provisions are given in ASCE/SEI 7 with respect to seismic design, they are also
applicable to wind design.
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3.5.2

Stiffness of Lateral-force-resisting Elements

Wall Systems
Illustrated in Figure 3.8 is the deflection, ߜ , of a wall or pier subjected to a lateral force,
ܸ , in the plane of the element. In Figure 3.8(a), the wall or pier is assumed to be fixed at
both ends and in Figure 3.8(b), the wall or pier is fixed at one end and is pinned at the
other; the latter case is commonly referred to as a cantilevered wall or pier.

Figure 3.8 Lateral Displacement of a Wall or Pier

Due to their typical overall dimensions, most walls or piers act as short, deep beams, and
displacements due to flexure and shear must both be considered. The total displacement,
ߜ , is as follows:
•

For both ends fixed (fixed wall or pier):
ߜ ൌ ߜி  ߜ

•

ܸ ݄ଷ
ͳǤʹܸ ݄
ܸ
ܸ
ൌ

ൌ

ͳʹܧ ܫ
ܣܩ
݇ி ݇

Equation 3.1

For one end fixed, the other end pinned (cantilevered wall or pier):
ߜ ൌ ߜி  ߜ

ܸ ݄ଷ ͳǤʹܸ ݄
ܸ
ܸ
ൌ

ൌ

͵ܧ ܫ
ܣܩ
݇ி ݇

Equation 3.2

The total stiffness of a wall or pier ݇ is as follows:
݇ ൌ

ܸ
݇ி ݇
ൌ
ߜ ݇ி  ݇

Equation 3.3
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where ߜி = displacement due to flexure
ߜ = displacement due to shear
ܸ = lateral force on wall or pier
݄ = height of wall or pier
ܫ = moment of inertia of wall or pier cross-section in the direction of analysis
ܣ = cross-sectional area of wall or pier
ܧ = modulus of elasticity of concrete
G = shear modulus of concrete
݇ி = flexural stiffness of wall or pier
= ͳʹܧ ܫ Ȁ݄ଷ for fixed walls or piers
= ͵ܧ ܫ Ȁ݄ଷ for cantilevered walls or piers
݇ = shear stiffness of wall or pier, which is equal to ܣܩ ȀͳǤʹ݄ for both fixed
and cantilevered walls or piers
For columns of typical proportions, the contribution of shear to the total displacement is
usually small. Thus, the total stiffness, ݇ , can be set equal to the flexural stiffness, ݇ி .
The computation of stiffness and deflection are more complex for walls with door or
window openings. In such cases, it is assumed that the walls consist of piers and
spandrels, and the stiffness of these elements must be considered in the analysis.
For relatively flexible piers, the spandrels are assumed to be infinitely rigid, and the piers
can be analyzed as having both ends fixed, as shown in Figure 3.9.
The deflection, ߜ, at the top of the wall can be obtained by determining the stiffness of
the component piers, ݇ . The deflection of a wall consisting of n piers (each with a lateral
stiffness of ݇ ) connected by rigid spandrels is:

ߜൌ

ܸ
σ ݇

Equation 3.4

where ݇ for each pier is determined by Equation 3.3 using the appropriate stiffness
components for piers that are fixed at both ends.
Thus, the total stiffness of a wall consisting of n piers connected by rigid spandrels is
determined by adding the stiffness of each pier.
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Figure 3.9 Lateral Displacement—Flexible Piers and Infinitely Rigid Spandrels

It is important to note that in some cases this approximate method can produce a total
stiffness for a wall with openings greater than the stiffness of the same wall without
openings. A more refined analysis is required when it is found that the total stiffness of
the piers is greater than or approximately equal to the stiffness of the wall without
openings.
For the situation shown in Figure 3.10, the piers are very rigid with respect to the
spandrel. The piers essentially act as vertical cantilevers, and when a lateral force is
applied, the spandrel deforms to be compatible with the deformation of the piers. It is
relatively straightforward to determine the deflection of the piers if the deformation
characteristics of the spandrel are ignored. For more substantial spandrels, the system
needs to be analyzed as a coupled shear wall system, and the analysis must take into
consideration the relative stiffness of the piers and the connecting spandrels.
In situations that are between the two extreme cases described above, the following
method can be used to determine deflections (or stiffness) of walls with openings; this
method is considered to be the most accurate of all the approximate methods developed
for these situations.7 In this method, the deflection of a wall is first obtained by assuming
that the wall is solid. The deflection of the section of the wall that contains the opening is

7

This method is presented in Seismic Design for Buildings, United States Army Corps of Engineers, United
States Government Printing Office, Washington, D.C., 1998.
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then subtracted from the aforementioned deflection. Finally, the deflection of each pier
that is formed by the opening is added back.

Figure 3.10 Lateral Displacement—Rigid Piers and Flexible Spandrel

݄

݄ଵ

As an example, consider the wall shown in Figure 3.11, which contains a generic
opening. Assume that the wall has a constant thickness, t, and that a unit horizontal load
is applied to the top of the wall.

κଵ

κଶ

Figure 3.11 Example Wall with Opening

κଷ
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In the first step of the analysis, the deflection of the solid wall is obtained by Equation 3.2
for a cantilevered condition:
ߜଵ ൌ

ͳʹ݄ଷ
ͳǤʹ݄

ଷ
ݐܩሺκଵ  κଶ  κଷ ሻ
͵ܧ ݐሺκଵ  κଶ  κଷ ሻ

In the next step, the deflection of the strip of the wall that contains the opening is
computed by Equation 3.1 for fixed end conditions:
ߜଶ ൌ

ͳʹ݄ଵଷ
ͳǤʹ݄ଵ

ଷ
ͳʹܧ ݐሺκଵ  κଶ  κଷ ሻ
ݐܩሺκଵ  κଶ  κଷ ሻ

The deflection of the strip is subtracted from the deflection of the solid wall:
ߜଵିଶ ൌ ߜଵ െ ߜଶ
The deflection of the piers on each side of the opening is determined next by
Equation 3.1:
•

For the pier to the left of the opening:
ߜଵ ൌ

ͳʹ݄ଵଷ
ͳʹܧ ݐκଵ

ଷ



ͳǤʹ݄ଵ
ݐܩκଵ

The corresponding rigidity of this pier is obtained by taking the inverse of this
deflection:
ܴଵ ൌ
•

ͳ
ߜଵ

For the pier to the right of the opening:
ߜଶ ൌ

ͳʹ݄ଵଷ
ͳʹܧ ݐκଷ

ଷ



ͳǤʹ݄ଵ
ݐܩκଷ

The corresponding rigidity of this pier is obtained by taking the inverse of this
deflection:
ܴଶ ൌ

ͳ
ߜଶ
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The total deflection of the two piers is obtained by taking the inverse of the sum of the
pier rigidities:
ߜሺଵାଶሻ ൌ

ͳ
ܴଵ  ܴଶ

The total wall deflection, considering the opening, is obtained by adding the net
deflection, ߜଵିଶ , to the total deflection of the piers:
ߜ௧௧ ൌ ߜଵିଶ ߜሺଵାଶሻ
The inverse of ߜ௧௧ is the relative rigidity of the wall, which is used in determining the
amount of lateral force that is allocated to the wall in the case of a rigid diaphragm.
A similar analysis can be derived for walls with multiple openings.
Frame Systems
The rigid two-dimensional frame illustrated in Figure 3.12 is subjected to the lateral
force, ܸ , which produces the deflection, ߜ . The equivalent story stiffness, ݇ , is obtained
by combining the stiffness of all of the columns and the beams in a story:

݇ ൌ

ͳʹܧ
ͳ
݄ଶ ൬
൰
σ ݇  σ ݇

Equation 3.5

where ݇ = column stiffness ൌ ܫ Ȁ݄
ܫ = cross-sectional moment of inertia of a column in the direction of analysis
݄ = length of column
݇ = beam stiffness = ܫ Ȁκ
ܫ = cross-sectional moment of inertia of a beam
κ = length of beam
ܧ = modulus of elasticity of concrete
The exact solution for story stiffness is obtained by Equation 3.5 for the case of rigid
beams. Note that this equation underestimates the stiffness of the first story in cases
where the lower ends of the column are assumed to be fixed.
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Figure 3.12 Lateral Displacement of a Story in a Rigid Frame

Flat plate structures behave like rigid frames when subjected to lateral loads. Numerous
analytical procedures exist for modeling such systems, and any procedure that satisfies
equilibrium and geometric compatibility may be utilized. Acceptable methods include
finite element models, effective beam width models and equivalent frame models.
The effective beam width model can yield reasonably accurate results in routine
situations. Since only a portion of the slab is effective across its full width in resisting the
effects from lateral loads, the actual slab is replaced by a flexural element with the same
thickness as the slab and an effective beam width, ܾ , that is a fraction of the transverse
width of the slab. The following equation can be used to determine ܾ for an interior slabcolumn frame:8
ܾ ൌ ʹܿଵ 

κଵ
͵

Equation 3.6

where ܿଵ is the column dimension in the direction of analysis and κଵ is the span length in
the direction of analysis. For an exterior frame, ܾ is equal to one-half the value
determined by Equation 3.6.
Combined Wall and Frame Systems
The approximate techniques presented above, as well as other approximate methods, can
be used in structures where both walls and frames are part of the lateral-force-resisting
system. In low-rise buildings, it is common for the walls to be stiff enough to attract
most, if not all, of the lateral forces. In such cases, the interaction between the walls and
frames can be neglected. Even though the walls may be designed to resist the entire
effects from the lateral forces, the frames must be designed to carry their gravity loads
8

See “Models for Laterally Loaded Slab-Column Frames,” by Hwang and Moehle, ACI Structural Journal,
March-April 2000, pp. 345-352.
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when subjected to the lateral deflections, since the walls and frames are tied together by
the diaphragms. As noted previously, deformational compatibility requirements must be
satisfied for all structures assigned to SDC D and higher.
3.5.3

Distribution of Lateral Forces

The distribution of lateral forces to the elements of the lateral-force-resisting system in a
structure with rigid diaphragms depends on the relative stiffness of these elements on
each floor level. The center of rigidity plays a key role in lateral force allocation.
Center of Rigidity
By definition, the center of rigidity is the point where the equivalent lateral story stiffness
is assumed to act. In other words, the reaction to lateral forces acts through the center of
rigidity. Depending on the structural layout, this point can be at different locations on
different floor levels.
The following equations can be used to locate the center of rigidity (see Figure 3.13):
ݔ ൌ

σሺ݇ ሻ௬ ݔ
σሺ݇ ሻ௬

Equation 3.7

ݕ ൌ

σሺ݇ ሻ௫ ݕ
σሺ݇ ሻ௫

Equation 3.8

where ሺ݇ ሻ௬ ൌ in-plane lateral stiffness of the lateral-force-resisting element, i, in the ydirection
ሺ݇ ሻ௫ ൌ in-plane lateral stiffness of the lateral-force-resisting element, i, in the xdirection
ݔ ൌ distance in the x-direction from the origin to the centroid of lateral-forceresisting element, i
ݕ ൌ distance in the y-direction from the origin to the centroid of lateral-forceresisting element, i
The in-plane lateral stiffness, ݇ , can be obtained by any rational method, including the
approximate methods presented in Section 3.5.2 of this publication for wall and frame
systems. The summation in Equations 3.7 and 3.8 is taken for all of the elements parallel
to the direction of analysis only, since it is commonly assumed that out-of-plane
resistance of a lateral-force-resisting element is negligible.
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Figure 3.13 Location of Center of Rigidity (CR)

Wind Force Distribution: Wind Forces Acting through the Center of Rigidity
In the case of wind forces, it is generally assumed that the wind pressures acting over a
tributary story height are uniformly distributed at that level over the width of the building
that is perpendicular to the pressures. The resultant wind force acts through the geometric
center of the building at that level (see ASCE/SEI 6.5.12.3).
When the resultant wind force acts through the center of rigidity at a floor level, a floor
translates horizontally as a rigid body, as depicted in Figure 3.14. The elements of the
lateral-force-resisting system all displace an equal amount horizontally, and the story
shear is distributed to these elements based on their relative rigidities.9
The distribution of the story shear in the direction of analysis depends on the relative
stiffness of the elements (walls, frames) of the lateral-force-resisting system in that
direction, which is defined as follows:
݅ ൌ

9

݇
σ ݇

Equation 3.9

Even in cases where the resultant of the wind force acts through the center of rigidity, torsional load cases
must be investigated in accordance with ASCE/SEI 7 Chapter 6 (see Figures 6-2, 6-9 and 6-10).
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δ

CR

δ

V
Figure 3.14 Resultant Wind Force Acting through the Center of Rigidity

where ݇ is the stiffness of element i and the summation is over all of the elements in the
direction of analysis.
The portion of the total story shear, V, in the direction of analysis that must be resisted by
element i is:
ܸ ൌ

݇
ܸ
σ ݇

Equation 3.10

Equation 3.10 can also be used to determine the amount of lateral force that is to be
allocated to the piers of a wall that is connected at the top by a rigid diaphragm. This
equation is used first to determine the total lateral force, ܸ , that must be resisted by the
wall based on its relative stiffness with respect to the other elements of the lateral-forceresisting system. It is then used a second time to determine the portion of ܸ that is to be
resisted by each pier based on the relative stiffness of all the piers in the wall.
Wind Force Distribution: Wind Forces Not Acting through the Center of Rigidity
When the resultant wind force does not act through the center of rigidity (either due to
geometry or minimum eccentricity requirements of ASCE/SEI 7), a floor translates and
rotates, as shown in Figure 3.15. The torsional moment, ܯ௧ , that is generated induces
horizontal forces in the elements of the lateral-force-resisting system in the direction of
analysis and in the direction perpendicular to analysis.
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Mt = Ve
e
CR

V
Figure 3.15 Resultant Wind Force Not Acting through the Center of Rigidity

The portion of the total story shear, ܸ௬ , in the y-direction that must be resisted by element
i is:
ሺܸ ሻ௬ ൌ

ሺ݇ ሻ௬
ݔҧ ሺ݇ ሻ௬
ܸ௬ േ
ܸ݁
σሺ݇ ሻ௬
σ ݔҧ ଶ ሺ݇ ሻ௬  σ ݕത ଶ ሺ݇ ሻ௫ ௬ ௫

Equation 3.11

Similarly, the portion of the total story shear, ܸ௫ , in the x-direction that must be resisted
by element i is:
ሺܸ ሻ௫ ൌ

ሺ݇ ሻ௫
ݕത ሺ݇ ሻ௫
ܸ௫ േ
ܸ݁
ଶ
σሺ݇ ሻ௫
σ ݔҧ ሺ݇ ሻ௬  σ ݕത ଶ ሺ݇ ሻ௫ ௫ ௬

Equation 3.12

where ݔҧ ൌ perpendicular distance from element i to the center of rigidity parallel to the
x-axis
ݕത ൌ perpendicular distance from element i to the center of rigidity parallel to the
y-axis
Note that the second term in Equation 3.11 or 3.12 may be either positive or negative
depending on the location of the element with respect to the center of rigidity.
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Seismic Force Distribution: Centers of Mass and Rigidity Coincide
The center of mass is the location on a floor of a building where the mass of the entire
story may be assumed to be concentrated. It is also the location where the seismic force
for the story is assumed to act.
Similar to when a resultant wind force acts through the center of rigidity, a floor
translates horizontally as a rigid body when the center of mass and center of rigidity
coincide (see Figure 3.16).10 Equation 3.10 can be used to determine the portion of the
seismic force that is to be resisted by the elements of the lateral-force-resisting system.

δ

CM, CR

V
δ

Figure 3.16 Center of Mass and Center of Rigidity at the Same Point

Seismic Force Distribution: Centers of Mass and Rigidity at Distinct Points
Where the center of mass and the center of rigidity do not coincide, the distribution of the
seismic forces must consider the torsional moment, ܯ௧ , that is generated due to the
eccentricity between the locations of the center of mass and the center of rigidity, as
shown in Figure 3.17 (ASCE/SEI 12.8.4.1). Equations 3.11 and 3.12 can be used to
distribute the seismic forces to the elements of the lateral-force-resisting system in each
direction.
ASCE/SEI 12.8.4 requires consideration of inherent torsion due to the displacement
between the center of mass and the center of rigidity, combined with accidental torsion
due to an assumed displacement of the center of mass from its actual location.

10

Even in cases where the center of mass and the center rigidity coincide, the minimum eccentricity due to
accidental torsion of ASCE/SEI 12.8.4.2 must be considered.
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Mt = Vyex
CM
Mt = Vxey

Vx

CR ey
ex
Vy

Figure 3.17 Center of Mass and Center of Rigidity at Distinct Points

CHAPTER 4

4.1

DESIGN AND DETAILING FOR
SDCs A AND B

GENERAL REQUIREMENTS

4.1.1

Design and Detailing

For concrete buildings assigned to SDC A or B, all members must be designed and
detailed in accordance with the general requirements of ACI 318 Chapters 1 to 19 and
22.1 Ordinary moment frames that are part of the seismic-force-resisting system in
buildings assigned to SDC B must also satisfy the provisions of ACI 21.2.
The general requirements in the aforementioned chapters of ACI 318 contain a number of
provisions that are intended to increase the resistance of concrete buildings to all types of
loading conditions. The following are examples of such provisions:
•

Structural integrity reinforcement must be provided in accordance with ACI 7.13. The
purpose of this reinforcement is to improve redundancy and ductility, especially in
structures subjected to abnormal loading events where major supporting elements
may be damaged.

•

Minimum shear reinforcement must be provided in accordance with ACI 11.4.6. Such
reinforcement is of great value in cases where a member is subjected to an
unexpected tensile force or an overload.

•

Beam-column connections must have a minimum amount of lateral reinforcement
where such connections are not confined by beams on all four sides of a joint
(ACI 11.10.2). Joints on the exterior of a building without lateral confinement need
lateral reinforcement to prevent deterioration caused by shear cracking.

•

Reinforcing bars must be spliced and anchored in accordance with the provisions of
ACI Chapter 12. In order for a reinforced concrete structure to perform as intended,
the reinforcing bars must be fully developed for all possible loading conditions.

•

Beams that are part of the primary seismic-force-resisting system must contain
positive reinforcement conforming to ACI 12.11.2. The proper anchorage of positive
reinforcement at the supports helps ensure a ductile response in the event of
overloading.

More information on these requirements is provided in subsequent sections of this
chapter.
1

IBC 1908.1.2, which modifies ACI 21.1.3, explicitly states that structures assigned to SDC A shall satisfy
the requirements of ACI Chapters 1 to 19 and 22 and that the provisions of Chapter 21 do not apply.
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4.1.2

Load Combinations

The load combinations for strength design (or load and resistance factor design) in
IBC 1605.2 are to be used in the design of reinforced concrete members. According to
IBC 1605.1, load combinations must be investigated with one or more of the variable
loads set equal to zero.2 It is possible that the most critical load effects on a member
occur when variable loads are not present.
ASCE/SEI 2.3 contains load combinations using strength design that are essentially the
same as those in IBC 1605.2 with the following exceptions:
•

The variable, ݂ଵ , that is present in IBC Equations 16-3, 16-4 and 16-5 is not found in
ASCE/SEI combinations 3, 4 and 5. Instead, the load factor on the live load, L, in the
ASCE/SEI combinations is equal to 1.0 with the exception that the load factor on L is
permitted to equal 0.5 for all occupancies where the live load is less than or equal to
100 psf (4.79 kPa), except for parking garages or areas occupied as places of public
assembly (see Exception 1 in ASCE/SEI 2.3.2). This exception makes these load
combinations the same in ASCE/SEI 7 and the IBC.

•

The variable, ݂ଶ , that is present in IBC Equation 16-5 is not found in ASCE/SEI
combination 5. Instead, a load factor of 0.2 is applied to S in the ASCE/SEI
combination. The third exception in ASCE/SEI 2.3.2 states that in combinations 2, 4
and 5, S shall be taken as either the flat roof snow load,  , or the sloped roof snow
load, ௦ . This essentially means that the balanced snow load defined in ASCE/SEI 7.3
for flat roofs and 7.4 for sloped roofs can be used in combinations 2, 4 and 5. Drift
loads and unbalanced snow loads are covered by combination 3.

The load effects that are included in the IBC and ASCE/SEI 7 load combinations are
summarized in Table 4.1. Additional information can be found in the IBC and
ASCE/SEI 7, as noted in the table.
The basic strength design load combinations given in IBC 1605.2 are summarized in
Table 4.2. According to the exception at the end of IBC 1605.2, factored load
combinations that are specified in other provisions of the IBC take precedence to those
listed in IBC 1605.2. ACI 9.2 contains essentially the same strength design load
combinations that are in the IBC and ASCE/SEI 7.
The load combinations of ASCE/SEI 2.3.3 are to be used where flood loads, ܨ , must be
considered in design (see IBC 1605.2.2).3

2

By definition, a “variable load” is a load that is not considered to be a permanent load (see IBC 1602).
Permanent loads are those loads that do not change or that change very slightly over time, such as dead
loads. Live loads, roof live loads, snow loads, rain loads, wind loads and earthquake loads are all
examples of variable loads.
3
Flood loads are determined by Chapter 5 of ASCE/SEI 7-05.
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Table 4.1 Summary of Load Effects
Notation

Load Effect

Notes

ܦ

Dead load

See IBC 1606

ܦ

Weight of ice

See Chapter 10 of ASCE/SEI 7

ܧ

Combined effect of horizontal and vertical
earthquake-induced forces as defined in
ASCE/SEI 12.4.2

See IBC 1613, ASCE/SEI 12.4.2

ܧ

Maximum seismic load effect of horizontal and
vertical forces as set forth in ASCE/SEI 12.4.3

See IBC 1613, ASCE/SEI 12.4.3

ܨ

Load due to fluids with well-defined pressures
and maximum heights

ܨ

Flood load

See IBC 1612

ܪ

Load due to lateral earth pressures, ground water
pressure or pressure of bulk materials

See IBC 1610 for soil lateral loads

ܮ

Live load, except roof live load, including any
permitted live load reduction

See IBC 1607

ܮ

Roof live load including any permitted live load
reduction

See IBC 1607

ܴ

Rain load

See IBC 1611

ܵ

Snow load

See IBC 1608

ܶ

Self-straining force arising from contraction or
expansion resulting from temperature change,
shrinkage, moisture change, creep in component
materials, movement due to differential
settlement or combinations thereof

ܹ

Load due to wind pressure

See IBC 1609

ܹ

Wind-on-ice load

See Chapter 10 of ASCE/SEI 7

—

—

In particular, ͳǤܹ in combinations 4 and 6 shall be replaced by ͳǤܹ  ʹǤͲܨ in V
Zones or Coastal A Zones.4 In noncoastal A Zones, ͳǤܹ in combinations 4 and 6 shall
be replaced by ͲǤͺܹ  ͳǤͲܨ .
ASCE/SEI 2.3.4 provides load combinations that include atmospheric ice loads, which
are not found in the IBC. The following load combinations must be considered when a
structure is subjected to atmospheric ice and wind-on-ice loads:5
•

ͲǤͷሺܮ ܴܵሻ in combination 2 shall be replaced by ͲǤʹܦ  ͲǤͷܵ

•

ͳǤܹ  ͲǤͷሺܮ ܴܵሻ in combination 4 shall be replaced by ܦ  ܹ  ͲǤͷܵ

•

ͳǤܹ in combination 6 shall be replaced by ܦ  ܹ

4
5

Definitions of Coastal High Hazard Areas (V Zones) and Coastal A Zones are given in ASCE/SEI 5.2.
Atmospheric and wind-on-ice loads are determined by Chapter 10 of ASCE/SEI 7.
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Table 4.2 Summary of Load Combinations Using Strength Design or Load and
Resistance Factor Design (2009 IBC)
IBC Equation No.

Load Combination

16-1

ͳǤͶሺ ܦ ܨሻ

16-2

ͳǤʹሺ ܦ  ܨ ܶሻ  ͳǤሺ ܮ ܪሻ  ͲǤͷሺܮ ܴܵሻ

16-3

ͳǤʹ ܦ ͳǤሺܮ ܵ ܴሻ  ሺ݂ଵ Ͳ ܮǤͺܹሻ

16-4

ͳǤʹ ܦ ͳǤܹ  ݂ଵ  ܮ ͲǤͷሺܮ ܵ ܴሻ

16-5

ͳǤʹ ܦ ͳǤͲ ܧ ݂ଵ  ܮ ݂ଶ ܵ

16-6

ͲǤͻ ܦ ͳǤܹ  ͳǤܪ

16-7

ͲǤͻ ܦ ͳǤͲ ܧ ͳǤܪ

For SI: 1 pound per square foot = 47.88 Pa.
Notes:
݂ଵ = 1 for floors in places of public assembly, for live loads in excess of
100 psf and for parking garage live load
= 0.5 for other live loads
݂ଶ = 0.7 for roof configurations (such as sawtooth) that do not shed snow
off the structure
= 0.2 for other roof configurations

4.1.3

Materials

The specified compressive strength of concrete, ݂ᇱ , shall not be less than 2,500 psi (17
237 kPa) (ACI 1.1.1). Except for some specific provisions that are identified later, no
maximum value of ݂ᇱ is prescribed. Requirements on the types of cementitious materials,
aggregates, water and admixtures are given in ACI 3.2, 3.3, 3.4 and 3.6, respectively.
Materials permitted for use as reinforcement are specified in ACI 3.5. Included are
provisions for deformed reinforcement, plain reinforcement, headed shear stud
reinforcement, prestressing steel, structural steel, steel pipe, steel tubing, steel fiber
reinforcement and headed deformed bars.
In short, there are no limitations on the types of materials that can be used in buildings
assigned to SDC A or B other than those listed above.
4.2
4.2.1

MEMBERS SUBJECTED TO BENDING
Beams and One-way Slabs

Table 4.3 contains requirements for beams and one-way slabs. These apply to flexural
members with negligible axial forces ሺܲ௨  ܣ ݂ᇱ ȀͳͲሻ.
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Table 4.3 Summary of Requirements for Beams and One-way Slabs in Buildings
Assigned to SDC A or B
Requirement

Serviceability

Analysis Methods

ACI Section Number(s)

Minimum thickness in accordance with ACI Table
9.5(a) shall apply for beams and one-way slabs that are
not supporting or are attached to partitions or other
construction likely to be damaged by large deflections.

9.5.2.1

A lesser thickness than that required by Table 9.5(a) is
permitted to be used where calculation of deflections
by the methods of ACI 9.5.2 do not exceed the limits in
ACI Table 9.5(b).

9.5.2.6

All members of frames or continuous construction
shall be designed for the maximum effects of factored
loads determined by an elastic analysis. The
assumptions specified in ACI 8.7 through 8.11 may be
used.

8.3.1

Approximate methods of analysis may be used for
buildings of usual types of construction, spans and
story heights.

8.3.2

The approximate bending moments and shear forces of
ACI 8.3.3 may be used for continuous beams and oneway slabs that satisfy the limitations given in that
section.

8.3.3

Design flexural members as tension-controlled
sections.

10.3.4, 9.3.2.1

Minimum flexural reinforcement shall not be less than:

Flexure

͵ඥ݂ᇱ ܾ௪ ݀
ʹͲͲܾ௪ ݀


݂௬
݂௬
at every section of a flexural member where tensile
reinforcement is required by analysis, except as
provided by ACI 10.5.2, 10.5.3 and 10.5.4.
The net tensile strain, ߝ௧ , at nominal strength shall be
greater than or equal to 0.004.
Ensure that minimum and maximum spacing
requirements for the flexural reinforcement are
satisfied.
Positive and negative reinforcement must be
developed.
Provide minimum structural integrity reinforcement.
(continued)

10.5.1

10.3.5
10.6, 7.6
12.10, 12.11, 12.12
7.13
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Table 4.3 Summary of Requirements for Beams and One-way Slabs in Buildings
Assigned to SDC A or B (continued)
Requirement

ACI Section Number(s)

For straight deformed bars, the development length,
" d , shall be determined by the following:

͵ ݂௬ ߰௧ ߰ ߰௦
൲ ݀  ǤሺͳʹǦͳሻ
κௗ ൌ ൮
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀
where the term ሺܿ  ܭ௧ ሻΤ݀ shall not be taken
greater than 2.5.
߰௧ = reinforcement location factor
= 1.3 for horizontal reinforcement where 12 inches
of concrete is cast below the development length
or splice
= 1.0 for other situations

Development
Length6

߰ = reinforcement coating factor
= 1.5 for epoxy-coated bars or wires with cover
less than ͵݀ or clear spacing less than ݀
= 1.2 for all other epoxy-coated bars or wires
= 1.0 for uncoated and zinc-coated (galvanized)
reinforcement
The product of ߰௧ ߰ need not be greater than 1.7.
߰௦ = reinforcement size factor
= 0.8 for No. 6 and smaller bars and deformed
wires
= 1.0 for No. 7 and larger bars
ߣ

= lightweight concrete factor
= 0.75 for lightweight concrete unless ݂௧ is
specified (see ACI 8.6.1)
= 1.0 for normal weight concrete

ܿ = smaller of (a) distance from center of a bar or
wire to nearest concrete surface and (b) one-half
the center-to-center spacing of the bars or wires
being developed
ܭ௧ = transverse reinforcement index
= ͶͲܣ௧ Ȁ݊ݏ
(continued)

6

The provisions of ACI 12.2.2 may also be used.

12.2.3

MEMBERS SUBJECTED TO BENDING

4-7

Table 4.3 Summary of Requirements for Beams and One-way Slabs in Buildings
Assigned to SDC A or B (continued)
Requirement

ACI Section Number(s)

The standard development length, κௗ , for a deformed
bar in tension with a standard hook must not be less
than:
(a) ͺ݀
(b) 6 inches
(c) ሺͲǤͲʹ߰ ݂௬ Ȁߣඥ݂ᇱ ሻ݀
where ߰ ൌ ͳǤʹ for epoxy-coated reinforcement and
ߣ ൌ 0.75 for lightweight concrete. For other cases, ߰
and ߣ shall be taken as 1.0.
It is permitted to multiply κௗ by the following factors,
if applicable:

Development
Length
(continued)

• For No. 11 bars and smaller with side cover (normal
to plane of hook) greater than or equal to 2.5 inches,
and for 90-degree hooks with cover on bar extension
beyond the hook greater than or equal to 2 inches, a
reduction multiplier of 0.7 is permitted.
• For 90-degree hooks of No. 11 bars and smaller that
are
(1) enclosed within ties or stirrups perpendicular
to the bar being developed and spaced less
than or equal to ͵݀ , or
(2) enclosed within ties or stirrups parallel to the
bar being developed and spaced less than or
equal to ͵݀ along the full length of the tail
extension of the hook plus bend,
a reduction of 0.8 is permitted.
• For 180-degree hooks of No. 11 bars and smaller,
enclosed within ties or stirrups perpendicular to the
bar being developed and spaced less than or equal to
͵݀ along κௗ , a reduction of 0.8 is permitted.
• Where anchorage or development of ݂௬ is not
specifically required for reinforcement in excess of
that required by analysis, a multiplier of
(ܣ௦ required/ܣ௦ provided) can be used.
(continued)

12.5
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Table 4.3 Summary of Requirements for Beams and One-way Slabs in Buildings
Assigned to SDC A or B (continued)
Requirement

Development
Length
(continued)

ACI Section Number(s)

For headed deformed bars satisfying ACI 3.5.9 and the
conditions in ACI 12.6.1, the development length, κௗ௧ ,
in tension must not be less than:
(a) ͺ݀
(b) 6 inches
(c) ሺͲǤͲͳ߰ ݂௬ Ȁߣඥ݂ᇱ ሻ݀

12.6

where ߰ ൌ ͳǤʹ for epoxy-coated reinforcement and
݂ᇱ  ͲͲͲ. For other cases, ߰ shall be taken as
1.0.
A reduction factor of (ܣ௦ required/ܣ௦ provided) can be
applied, if applicable.
Provide Class A or Class B tension lap splices or
mechanical and welded splices.

Splices

Lap splices of deformed bars or wires in tension shall
be Class B splices, except Class A splices are allowed
where:
(a) the area of reinforcement provided is at least twice
that required by analysis over the entire length of
the splice; and,
(b) one-half or less of the total reinforcement is spliced
within the required lap length.

12.14, 12.15

12.15.2

Class A splice length ൌ ͳǤͲκௗ
Class B splice length ൌ ͳǤ͵κௗ
where κௗ is calculated in accordance with ACI 12.2,
but without the 12 inches minimum of ACI 12.2.1 and
without the modification factor of ACI 12.2.5.

Confinement

12.15.1

Compression reinforcement in beams shall be enclosed
by ties or stirrups satisfying the size and spacing
limitations in ACI 7.10.5 or by welded wire
reinforcement of equivalent area.

7.11.1

Reinforcement of flexural members subject to stress
reversals or to torsion shall consist of closed ties,
closed stirrups or spirals extending around the flexural
reinforcement.

7.11.2

(continued)
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Table 4.3 Summary of Requirements for Beams and One-way Slabs in Buildings
Assigned to SDC A or B (continued)
Requirement

For one-way slabs, the following equation must be
satisfied:
ܸ௨  ߶ܸ

ACI Section Number(s)

11.11.1, 11.2.1.1

where ܸ ൌ ʹߣඥ݂ᇱ ܾ௪ ݀ and ߶ ൌ ͲǤͷ.
For beams, the following equation must be satisfied:
ܸ௨  ߶ܸ  ߶ܸ௦
Shear

11.11.1, 11.2.1.1, 11.4.7

where ܸ ൌ ʹߣඥ݂ᇱ ܾ௪ ݀, ܸ௦ ൌ ܣ௩ ݂௬௧ ݀Ȁݏ, and ߶ ൌ ͲǤͷ.
For beams where ܸ௨  ͲǤͷ߶ܸ , provide the following
minimum shear reinforcement:
ܣ௩ǡ ൌ

ͲǤͷඥ݂ᇱ ܾ௪  ݏͷͲܾ௪ ݏ

݂௬௧
݂௬௧

11.4.6.3

See ACI 11.4.6.1 for cases where minimum shear
reinforcement is not required.
For beams, the following equation must be satisfied:
ܶ௨  ߶ܶ

11.5.3.5

Torsion

Provide required transverse and longitudinal torsion
reinforcement in accordance with ACI 11.5.1 through
11.5.6.
For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad; 1 pound per square inch = 6.895 kPa.

11.5

Serviceability. Chapter 9 of ACI 318 contains the general serviceability requirements for
various types of reinforced concrete members, including beams and one-way slabs.
Chapter 2 of this publication presents an overview of these requirements, which are
summarized in Figure 4.1.
To achieve economy of formwork, the largest required depth should be used for all spans
in a continuous system (see Chapter 2 of this publication).
It is permitted to use a thickness less than that required by ACI Table 9.5(a) provided the
deflections computed in accordance with ACI 9.5.2 are less than the limiting deflections
in ACI Table 9.5(b).
Analysis methods. In the strength design method, an elastic analysis is used to determine
bending moments and shear forces for beams and one-way slabs. The assumptions for
stiffness, effective stiffness for determination of lateral deflections, span length, columns
and arrangement of live load in ACI 8.7 through 8.11 can be used in the analysis.
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Beams or
Ribbed
One-way
Slabs

݄  κଵ ȀͳͺǤͷ

݄  κଶ Ȁʹͳ

One end
continuous

Both ends
continuous

κଵ

݄  κଵ ȀʹͶ

Solid
One-way
Slabs

One end
continuous

κଵ

κଶ

݄  κଶ Ȁʹͺ
Both ends
continuous

κଶ

݄  κଷ Ȁͺ
Cantilever

κଷ

݄  κଷ ȀͳͲ
Cantilever

κଷ

For SI: 1 pound per square inch = 6.895 kPa; 1 pound per cubic foot = 16.02 kg/m3.
Notes:
• Applicable to one-way construction not supporting or attached to partitions or other construction
likely to be damaged by large deflections.
• Values shown are applicable to members with normal weight concrete (ݓ ൌ ͳͶͷ ) and
Grade 60 reinforcement. For other conditions, modify the values as follows:
−

For structural lightweight having ݓ in the range 90-115 pcf, multiply the values by
ሺͳǤͷ െ ͲǤͲͲͷݓ ሻ  ͳǤͲͻǤ

−

For ݂௬ other than 60,000 psi, multiply the values by ሺͲǤͶ  ݂௬ ȀͳͲͲǡͲͲͲሻ.

• For simply-supported members, minimum ݄ ൌ κΤʹͲ Ǧ κΤͳ 
ǦǤ

Figure 4.1 Minimum Thickness, h, for Beams and One-Way Slabs Unless Deflections
Are Calculated

Continuous beams and one-way slabs that meet the limitations in ACI 8.3.3 may be
designed using the approximate bending moments and shear forces given in that section.
Figure 4.2 outlines a summary of the analysis requirements presented above. The
approximate bending moments and shear forces of ACI 8.3.3 are given in Figure 4.3.

MEMBERS SUBJECTED TO BENDING
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Analysis Methods for Beams and One-way Slabs

Are all of the following conditions
satisfied?
No

1. There are two or more spans.
2. Ratio of longer to shorter
adjacent spans  1.2.
3. Loads are uniformly distributed.
4. Service live load/dead load  3.
5. Members are prismatic.

Determine stiffness in accordance with
ACI 8.7 and 8.8.

Yes

It is permitted to determine
moments and shears using
the coefficients in ACI 8.3.3.

Use span length defined in ACI 8.9.

Arrange live load in accordance with
ACI 8.11.

Analyze structure for maximum
effects of factored loads using theory
of elastic analysis.*

* Redistribution of negative moments in
accordance with ACI 8.4 is permitted.

Figure 4.2 Analysis Methods for Beams and One-way Slabs
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Uniformly distributed load wu (L/D ≤ 3)
Two or more spans
Integral with
Support

Simple
Support

Prismatic members

κǡଶ ൏ κǡଵ  ͳǤʹκǡଶ

κǡଶ

κǡଶ

ݓ௨ κଶǡଵ
ͳͶ

ݓ௨ κଶǡଶ
ͳ

ݓ௨ κଶǡଶ
ͳͳ

ݓ௨ κଶǡ௩
ͳͲ

כ

ݓ௨ κଶǡ௩
ͳͳ

Spandrel
Support

ݓ௨ κଶǡଵ
ʹͶ

Column
Support

ݓ௨ κଶǡଵ
ͳ

Note A

ݓ௨ κଶǡଵ
ͳʹ

ݓ௨ κଶǡ௩
ͳʹ

ݓ௨ κଶǡ௩
ͳʹ

ݓ௨ κଶǡଶ
ͳʹ

ݓ௨ κǡଵ
ʹ

ͳǤͳͷݓ௨ κǡଵ
ʹ

ݓ௨ κǡଶ
ʹ

ݓ௨ κǡଶ
ʹ

ݓ௨ κଶǡଶ
ͳͳ

ݓ௨ κଶǡଶ
ͳͲ

Positive
Moment

כ

0

Negative
Moment

ݓ௨ κଶǡଶ
ͳʹ
ͳǤͳͷݓ௨ κǡଶ
ʹ

0

ݓ௨ κǡଶ
ʹ

For SI: 1 foot = 304.8 mm.
*

For 2-span condition, first interior negative moment ൌ ݓ௨ κଶ Ȁͻ
κǡ௩ ൌ ሺκǡଵ  κǡଶ ሻȀʹ

(ACI 8.3.3)

Note A: Applicable to slabs with spans  10 feet and beams where
the ratio of the sum of column stiffnesses to beam stiffness
> 8 at each end of the span.

Figure 4.3 Approximate Bending Moments and Shear Forces for Beams and One-way
Slabs (ACI 8.3.3)

Design methods for flexure. ACI Chapter 10 contains the general principles and
requirements for flexural design. Included are provisions for minimum reinforcement and
distribution of flexural reinforcement.

Shear

MEMBERS SUBJECTED TO BENDING
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Figure 4.4 can be used to determine the depth of a beam or one-way slab, ݄, the width of
a beam, ܾ௪ [one-way slabs are typically designed using a 12-inch-wide (305 mm) design
strip], and the required flexural reinforcement, ܣ௦ , for a factored moment, ܯ௨ .7

Determination of Member Size and Required Flexural
Reinforcement—Beams and One-way Slabs

Determine maximum factored moment, ܯ௨ .
(use Figure 4.3, if applicable)

Determine minimum h for control of deflection.
(ACI 9.5; see Figure 4.1)

Round h to next largest whole number.

Calculate approximate d:
• Beams: ݀ ൌ ݄ െ ʹǤͷ Ǥ
• One-way slabs: ݀ ൌ ݄ െ ͳǤʹͷ Ǥ
Assume tension-controlled section (߶ ൌ ͲǤͻ).
(ACI 10.3.4, ACI 9.3.2.1)

Calculate coefficient ߚଵ (ACI 10.2.7.3):
ͲǤͷ  ߚଵ ൌ ͳǤͲͷ െ ͲǤͲͲͲͲͷ݂ᇱ  ͲǤͺͷ
A
Figure 4.4 Determination of Member Size and Required Flexural Reinforcement—
Beams and One-way Slabs

7

Figure 4.4 is applicable to beams that are not deep beams. Deep beams are defined in ACI 10.7.
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A

Select an approximate value of ߩ:
ߩ  כ ߩ  ߩ௧ ൌ ͲǤ͵ͳͻߚଵ ݂ᇱ Ȁ݂௬
(see Table 4.4)

Calculate strength coefficient ܴ :
ܴ ൌ ߩ݂௬ ͳ െ

No

ͲǤͷߩ݂௬
൨
ͲǤͺͷ݂ᇱ

Is the member a beam?

Yes

Calculate beam width, ܾ௪ ሺͶǤͷሻǣ
Use ܾ௪ ൌ ͳʹ Ǥ
for one-way slabs

B

ܾ௪ ൌ

ܯ௨
ͲǤͻܴ ݀ ଶ

Round ܾ௪ to appropriate whole number.

* For beams: ߩ ൌ ͵ඥ݂ᇱ Ȁ݂௬ ʹͲͲȀ݂௬ (ACI 10.5.1)

For slabs: ߩ ൌ ͲǤͲͲͳͺ (Grade 60 deformed bars) (ACI 10.5.4)

Figure 4.4 Determination of Member Size and Required Flexural Reinforcement—
Beams and One-way Slabs (continued)
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B

Calculate modified strength coefficient, ܴ :
ܴ ൌ

ܯ௨
ͲǤͻܾ௪ ݀ ଶ

D

Calculate required area of flexural reinforcement, ܣ௦ ǣ
ܣ௦ ൌ

No

ͲǤͺͷܾ௪ ݂݀ᇱ
ʹܴ
ͳ െ ඨͳ െ

݂௬
ͲǤͺͷ݂ᇱ

Is ܣ௦  ܣ௦ǡ **?

Increase ܣ௦ so that ܣ௦  ܣ௦ǡ .

Yes

Calculate depth of equivalent rectangular
stress block, ܽ:
ܽൌ

ܣ௦ ݂௬
ͲǤͺͷ݂ᇱ ܾ௪

(ACI 10.2.7.1)

** For beams: ܣ௦ǡ ൌ ͵ඥ݂ᇱ ܾ௪ ݀Ȁ݂௬ ʹͲͲܾ௪ ݀Ȁ݂௬

(ACI 10.5.1). Requirements of ACI 10.5.1 need not be
applied if provided ܣ௦ is at least one-third greater than that
required by analysis (ACI 10.5.3).
For slabs: ܣ௦ǡ ൌ ͲǤͲͲͳͺܾ݄ (Grade 60 deformed bars)
(ACI 10.5.4)

Calculate distance from extreme compression
fiber to neutral axis, ܿǣ
ܿ ൌ ܽȀߚଵ
(ACI 10.2.7.1)

C

Figure 4.4 Determination of Member Size and Required Flexural Reinforcement—
Beams and One-way Slabs (continued)
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C

Determine net tensile strain in extreme layer of
longitudinal steel at nominal strength, ߝ௧ ǣ
ߝ௧ ൌ

ͲǤͲͲ͵ሺ݀௧ െ ܿሻ
ܿ

(ACI 10.2.2)

Reinforcement limitation
of ACI 10.3.5 is violated.
Redesign section.

No

Is ߝ௧  ͲǤͲͲͶ?

Yes

No

Is ߝ௧  ͲǤͲͲͷ?

Yes

Modify one or more of the
following, if possible: ܾ௪ ǡ ݀ ݂ᇱ .

Initial assumption that the section
is a tension-controlled section
(߶ ൌ ͲǤͻ) is correct.

D
Select reinforcing bar size and determine
number of bars so that the provided ܣ௦ 
required ܣ௦ . Ensure that the minimum and
maximum spacing requirements are satisfied.
(ACI 10.6.4, ACI 7.6; see Tables 4.7 and 4.8)

For SI: 1 inch = 25.4 mm.

Figure 4.4 Determination of Member Size and Required Flexural Reinforcement—
Beams and One-way Slabs (continued)
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The reinforcement ratio, ߩ௧ , at a strain limit of 0.005 for tension-controlled sections is
given in Table 4.4 as a function of the concrete compressive strength and Grade 60
reinforcement.
Table 4.4 Reinforcement Ratio, ߩ௧ , at Strain Limit of 0.005 for Tension-Controlled
Sections Assuming Grade 60 Reinforcement

ࢌᇱࢉ (psi)

࢚࣋

3000

0.01355

4000

0.01806

5000

0.02125

In general, beam width, ܾ௪ , can be determined from the following equation, which is
derived from the basic strength equation for flexural members:
ܾ௪ ൌ

͵ǡͲͲܯ௨
ߩҧ ߚଵ ݂ᇱ ሺͳ െ ͲǤʹͳͶ͵ߩҧ ߚଵ ሻ݀ ଶ

where ߩҧ ൌ ߩȀߩ௫ , ݂ᇱ is in psi, ݀ is in inches, ܯ௨ is in ft-kips and
ߩ௫ ൌ

ͲǤͲͲ͵
ͲǤͺͷߚଵ ݂ᇱ
ሺ ͳͲǤ͵Ǥͷሻ
ͲǤͲͲͶ  ͲǤͲͲ͵
݂௬

Using ߩҧ ൌ ͲǤͷ will typically result in members of sufficient size so that deflections will
be within acceptable limits. The equations in Table 4.5 can be used to determine ܾ௪
assuming Grade 60 reinforcement and ߩҧ ൌ ͲǤͷ.
The calculation of the required flexural reinforcement can be simplified by using the
equations in Table 4.6, which are also derived from the basic strength equation for
reinforced concrete sections. It can be seen from the table that for concrete compressive
strengths from 3,000 psi to 5,000 psi (20 684 kPa to 34 474 kPa), the required
reinforcement can be expediently calculated by ܣ௦ ൌ ܯ௨ ȀͶ݀ where ܣ௦ is in square
inches, ܯ௨ is in ft-kips and ݀ is in inches.
The minimum and maximum number of reinforcing bars permitted in a cross-section are
a function of the cover and spacing requirements in ACI 7.6.1 and ACI 3.3.2 (minimum
spacing for concrete placement), ACI 7.7.1 (minimum cover for protection of
nonprestressed reinforcement) and ACI 10.6 (maximum spacing for control of flexural
cracking).
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Table 4.5 Simplified Calculation of ܾ௪ Assuming Grade 60 Reinforcement and

ߩҧ ൌ ߩȀߩ௫ ൌ ͲǤͷ

ࢌᇱࢉ (psi)
3000
4000
5000

࢈࢝ ሺǤሻ*
͵ͳǤܯ௨
݀ଶ
ʹ͵Ǥܯ௨
݀ଶ
ʹͲǤͲܯ௨
݀ଶ

*

ܯ௨ is in ft-kips and ݀ is in inches.
For SI: 1 inch = 25.4 mm; 1 pound per square inch = 6.895 kPa; 1 ft-kip = 1.356 kN-m.

Table 4.6 Simplified Calculation of ܣ௦ Assuming Tension-Controlled Section and
Grade 60 Reinforcement

ࢌᇱࢉ (psi)
3000
4000
5000

࢙ ሺǤʹ ሻ
ܯ௨
͵Ǥͻͷ݀
ܯ௨
͵Ǥͻ݀
ܯ௨
͵Ǥͻͻ݀

*

ܯ௨ is in ft-kips and ݀ is in inches
For SI: 1 inch = 25.4 mm; 1 square inch = 645.16 mm2; 1 pound per square inch = 6.895 kPa; 1 ft-kip =
1.356 kN-m.

Table 4.7 contains the minimum number of bars required in a single layer for beams of
various widths, assuming Grade 60 reinforcement, clear cover to the tension
reinforcement, cc , equal to 2 inches (51 mm), and fs equal to 40 ksi (276 MPa). Table 4.8
contains the maximum number of bars permitted in a single layer assuming Grade 60
reinforcement, clear cover to the stirrups, cs , equal to 1 ½ inches (38 mm), and ¾-inch
(19 mm) aggregate. Also, it is assumed that No. 3 stirrups are utilized for No. 5 and No. 6
longitudinal bars, and No. 4 stirrups are used for No. 7 and larger bars.
Development Length. Flexural reinforcement must be developed in accordance with the
provisions of ACI 12.10, 12.11 and 12.12. ACI Figure R12.10.2 depicts the requirements
for development of flexural reinforcement in a typical continuous beam.
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Table 4.7 Minimum Number of Reinforcing Bars Required in a Single Layer
in accordance with ACI 10.6.4
Bar Size

Beam Width (in.)
12

14

No. 4

2

2

3

3

3

3

3

4

4

4

5

5

6

No. 5

2

2

3

3

3

3

3

4

4

4

5

5

6

No. 6

2

2

3

3

3

3

3

4

4

4

5

5

6

No. 7

2

2

3

3

3

3

3

4

4

4

5

5

6

No. 8

2

2

3

3

3

3

3

4

4

4

5

5

6

No. 9

2

2

3

3

3

3

3

4

4

4

5

5

6

No. 10

2

2

3

3

3

3

3

4

4

4

5

5

6

3

3

3

3

3

4

4

4

5

5

6

No. 11
2
2
For SI: 1 inch = 25.4 mm.

16

18

20

22

24

26

28

30

36

42

48

Table 4.8 Maximum Number of Reinforcing Bars Permitted in a Single Layer
in accordance with ACI 7.6
Bar Size

Beam Width (in.)
12

14

16

18

20

22

24

26

28

30

36

42

48

No. 4

5

6

8

9

10

12

13

14

16

17

21

25

29

No. 5

5

6

7

8

10

11

12

13

15

16

19

23

27

No. 6

4

6

7

8

9

10

11

12

14

15

18

22

25

No. 7

4

5

6

7

8

9

10

11

12

13

17

20

23

No. 8

4

5

6

7

8

9

10

11

12

13

16

19

22

No. 9

3

4

5

6

7

8

8

9

10

11

14

17

19

4

5

6

7

8

8

9

10

12

15

17

4

5

5

6

7

8

8

9

11

13

15

3
4
No. 11
3
3
For SI: 1 inch = 25.4 mm.
No. 10

For beams subjected to uniformly distributed gravity loads where the shape of the
moment diagram is known, the development lengths shown in Figure 4.5 can be used.
These recommended details include the provisions for structural integrity reinforcement
in ACI 7.13. Figure 4.6 depicts similar details for one-way slabs.
Cut-off points of the reinforcement need to be determined by the requirements of ACI
Chapter 12 when combined gravity and lateral loads act on a member.
Splices. In general, flexural reinforcement is spliced at locations along the span where the
bending moment is small or zero. Thus, positive (bottom) reinforcement is typically
spliced over the supports and negative (top) reinforcement is spliced near or at midspan.
Tension lap splices are classified as either Class A or Class B, and the length of the lap
splice is a multiple of the tensile development length, κௗ , defined in ACI 12.2
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(ACI 12.15). Class B splices are required in all cases except for those given in
ACI 12.15.2 where Class A splices may be used.
Mechanical or welded splices conforming to the requirements of ACI 12.14.3 may also
be used.

(4) Beams shall have at least two of the longitudinal bars continuous along the top and
bottom faces when they are part of the seismic-force-resisting system (ACI 21.2.2)

Figure 4.5 Recommended Bar Details for Beams
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For SI: 1 inch = 25.4 mm.

Figure 4.6 Recommended Bar Details for One-way Slabs

Confinement. Lateral reinforcement for flexural members must satisfy the requirements
of ACI 7.11. Closed ties or closed stirrups are required for members subject to stress
reversals (e.g., members that are part of the lateral-force-resisting system subject to wind
or seismic forces) or to torsion.
Shear. For one-way slabs where shear reinforcement is not used, the factored shear force,
ܸ௨ , at the critical section located a distance, ݀, from the face of the support must not
exceed the shear design strength for concrete, ߶ܸ . Figure 4.7 outlines the requirements
to determine ߶ܸ for one-way slabs and for beams.
The required amount of shear reinforcement for beams can be determined by the
information provided in Figure 4.8. Minimum shear reinforcement for Grade 60
reinforcing bars is given in Table 4.9 and the values of ߶ܸ௦ in Table 4.10 can be used to
determine the required spacing of shear reinforcement.
Torsion. Torsional effects typically need to be considered for spandrel beams. However,
other members can be subjected to torsion (for example, interior beams with adjoining
spans perpendicular to the beam span that are not equal).
The factored torsion, ܶ௨ , at a section can be determined using Figure 4.9. It is assumed
that the section is not subjected to significant axial compressive or tensile forces.
Torsional section properties for edge and interior members are given in Table 4.11.
Information on how to determine the required transverse reinforcement ܣ௧ Ȁ ݏand
longitudinal reinforcement is provided in Figures 4.10 and 4.11, respectively, for solid
sections.
The design procedure for members subjected to combined torsion, shear and bending
moment is given in Figure 4.12.
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Determination of Design Shear Strength for
Concrete, ߶ܸ —Beams and One-way Slabs

Strength reduction factor, ߶ ൌ ͲǤͷ.
(ACI 9.3.2.3)

Does concrete mix contain
lightweight aggregate?

No

Is the average splitting
tensile strength, ݂௧ ,
specified?

No

Lightweight concrete modification factor
ߣ ൌ ͲǤͷǦ  

Yes

Lightweight concrete modification
factor ߣ ൌ ݂௧ ȀǤඥ݂ᇱ  ͳǤͲ.*

ൌ ͲǤͺͷǦ  
(ACI 8.6.1)

Yes

(ACI 8.6.1)

**

A
* Values of ඥ݂ᇱ shall not exceed 100 psi except as allowed in ACI 11.1.2.1 (ACI 11.1.2).
**Linear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).

Figure 4.7 Determination of Design Shear Strength for Concrete, ߶ܸ —Beams and
One-way Slabs

MEMBERS SUBJECTED TO BENDING

4-23

A

Calculate design shear strength
provided by the concrete ߶ܸ ǣ
߶ܸ ൌ ʹ߶ߣඥ݂ᇱ ܾ௪ ݀
ACI Eq. (11-3)

Calculate design shear strength provided by the concrete, ߶ܸ ǣ
߶ܸ ൌ ߶ ൬ͳǤͻߣඥ݂ᇱ  ʹͷͲͲߩ௪

ܸ௨ ݀
൰ ܾ ݀  ͵Ǥͷ߶ߣඥ݂ᇱ ܾ௪ ݀
ܯ௨ ௪

where ܸ௨ ݀Ȁܯ௨  ͳǤͲ
ACI Eq. (11-5)

For SI: 1 pound per square inch = 6.895 kPa.

Figure 4.7 Determination of Design Shear Strength for Concrete, ߶ܸ —Beams and
One-way Slabs (continued)
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Determination of Required Shear Reinforcement,
ܣ௩ Ȁ—ݏBeams and One-way Slabs†

Strength reduction factor, ߶ ൌ ͲǤͷ.
(ACI 9.3.2.3)

Determine ߶ܸ from Figure 4.7.

B

No

Is ܸ௨  ߶ܸ Ȁʹ?*

No

No shear reinforcement is
required at section.
(ACI 11.4.6.1)

Yes

Is ܸ௨  ߶ܸ ?

Yes

A

Provide minimum shear reinforcement in accordance with ACI
Eq. (11-13):**
ܣ௩ǡ
ܾ௪ ͷͲܾ௪
ൌ ͲǤͷඥ݂ᇱ

ݏ
݂௬௧
݂௬௧
where  ݏ minimum of ݀Ȁʹ or 24 inches (ACI 11.4.5.1)
(see Table 4.9)
†

*

Applicable to shear reinforcement perpendicular to axis of member (ACI 11.4.7.2); see ACI 11.4.7.3 through 11.4.7.8 for
other cases.
Sections located less than a distance, ݀, from face of support shall be permitted to be designed for ܸ௨ computed at a distance
݀ provided all of the conditions of ACI 11.1.3 are satisfied (ACI 11.1.3.1).

** Minimum shear reinforcement need not be provided in the types of members listed in ACI 11.4.6.1.

Figure 4.8 Determination of Required Shear Reinforcement, ܣ௩ Ȁ—ݏBeams and
One-way Slabs
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A

Is ܸ௨ െ ߶ܸ  Ͷ߶ඥ݂ᇱ ܾ௪ ݀?

No

Yes

ܣ௩ ܸ௨ െ ߶ܸ ܣ௩ǡ
ൌ

ሺ ͳͳǤͳǤͳሻ
ݏ
߶݂௬௧ ݀
ݏ
where  ݏ minimum of ݀Ȁʹ or
24 inches (ACI 11.4.5.1)
(see Table 4.10)

No

Is ܸ௨ െ ߶ܸ  ͺ߶ඥ݂ᇱ ܾ௪ ݀?

Yes

Increase member size and/or ݂ᇱ .
ܣ௩ ܸ௨ െ ߶ܸ ܣ௩ǡ
ൌ

ሺ ͳͳǤͳǤͳሻ
ݏ
߶݂௬௧ ݀
ݏ

(ACI 11.4.7.9)

where  ݏ minimum of ݀ȀͶ or
12 inches (ACI 11.4.5.3)
(see Table 4.10)

B

For SI: 1 inch = 25.4 mm.

Figure 4.8 Determination of Required Shear Reinforcement, ܣ௩ Ȁ—ݏBeams and
One-way Slabs (continued)
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Table 4.9 Minimum Shear Reinforcement, ܣ௩ǡ Ȁݏǡ Assuming Grade 60 Reinforcement

࢜ǡ Ȁ࢙ ሺǤʹ ȀǤሻ

ࢌᇱࢉ (psi)
 ͶͲͲͲ

ͲǤͲͲͲͺ͵ܾ௪

ͷͲͲͲ

ͲǤͲͲͲͺͺܾ௪
2

For SI: 1 inch = 25.4 mm; 1 square inch = 645.16 m ; 1 pound per square inch = 6.895 kPa.

Table 4.10 Values of ߶ܸ௦ ൌ ܸ௨ െ ߶ܸ (kips) as a Function of Spacing, *ݏ

࢙

No. 3 U-stirrups

No. 4 U-stirrups

݀ Τʹ

19.8

36.0

55.8

݀ Τ͵

29.7

54.0

83.7

݀ ΤͶ

39.6

72.0

111.6

No. 5 U-stirrups

* Valid for Grade 60 (݂௬௧ ൌ Ͳ) stirrups with two legs (double the tabulated values for four legs, etc.).
For SI: 1 ksi = 6.8948 MPa.

Determination of Factored Torsional Moment, ܶ௨
Strength reduction factor, ߶ ൌ ͲǤͷ.
(ACI 9.3.2.3)

No

Does concrete mix contain
lightweight aggregate?

Yes

A

No

B

Is the average splitting
tensile strength, ݂௧ ,
specified?

Figure 4.9 Determination of Factored Torsional Moment, ܶ௨

Yes

C
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B

C

Lightweight concrete modification factor
ߣ ൌ ͲǤͷǦ  
ൌ ͲǤͺͷǦ  

Lightweight concrete modification
factor ߣ ൌ ݂௧ ȀǤඥ݂ᇱ  ͳǤͲ.*
(ACI 8.6.1)

(ACI 8.6.1)**

A

Determine ܣ and  .
(ACI 11.5.1.1; see Table 4.11)

Determine ܶ௨ at section from
structural analysis.†

No

D

ܶ௨ ൏ ߶ߣඥ݂ᇱ ቆ

ܣଶ
ቇǫ


Yes

Torsion effects may be neglected.
[ACI 11.5.1(a)]

* Values of ඥ݂ᇱ shall not exceed 100 psi except as allowed in ACI 11.1.2.1 (ACI 11.1.2).
**Linear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).
†

Sections located less than a distance, ݀, from face of support shall be permitted to be designed for
ܶ௨ computed at a distance, ݀. If a concentrated torque occurs within this distance, the critical
section is at the face of the support (ACI 11.5.2.4). It is permitted to take the torsional loading from
a slab as uniformly distributed along a member (ACI 11.5.2.3).

Figure 4.9 Determination of Factored Torsional Moment, ܶ௨ (continued)
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D

Is ܶ௨ required to
maintain equilibrium
in the member?

No

Yes

Design section for ܶ௨ determined
from structural analysis.
(ACI 11.5.2.1)

ܶ௨ ൏ ߶Ͷߣඥ݂ᇱ ቆ

No

ܶ௨ ൌ

ܣଶ
ቇǫ


Yes

ܣଶ
ᇱ
߶Ͷߣඥ݂ ቆ ቇ


[ACI 11.5.2.2(a)]ª

ª

Adjoining members must be designed for the redistributed bending
moments and shear forces corresponding to ܶ௨ (ACI 11.5.2.2).

For SI: 1 pound per square inch = 6.895 kPa.

Figure 4.9 Determination of Factored Torsional Moment, ܶ௨ (continued)
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Table 4.11 Torsional Section Properties
Section*

*Notes:

ࢉ

ࢉ

ࢎ

ࢎ

ܾ௪ ݄  ܾ ݄

ʹሺ݄  ܾ௪  ܾ ሻ

ݔଵ ݕଵ

ʹሺݔଵ  ݕଵ ሻ

ܾ௪ ሺ݄ െ ݄ ሻ  ܾ ݄

ʹሺ݄  ܾ ሻ

ݔଵ ݕଵ

ʹሺݔଵ  ݕଵ ሻ

ݔଵ ǡ ݕଵ ൌ center-to-center dimension of closed rectangular stirrup
ܿ ൌ clear cover to closed rectangular stirrup
݀௦ ൌ diameter of closed rectangular stirrup
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Determination of Required Torsional Transverse
Reinforcement, ܣ௧ Τݏ

Strength reduction factor, ߶ ൌ ͲǤͷ.
(ACI 9.3.2.3)

Determine ܶ௨ from Figure 4.9.

B

Determine ߶ܸ from Figure 4.7.

Determine ܣ and  .
(see Table 4.11)

ଶ

ඨ൬

No

ܸ௨ ଶ
ܶ௨ 
ܸ
ቇ  ߶൬
 ͺඥ݂ᇱ ൰ ǫכ
൰ ቆ
ଶ
ܾ௪ ݀
ܾ௪ ݀
ͳǤܣ

Yes

ACI Eq. (11-18)

Modify section dimensions.

B

A

* Values of ඥ݂ᇱ shall not exceed 100 psi except as allowed in ACI 11.1.2.1
(ACI 11.1.2).

Figure 4.10 Determination of Required Torsional Transverse Reinforcement, ܣ௧ Τݏ
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A
ܣ ൌ ͲǤͺͷܣ ככ
(ACI 11.5.3.6)
ߠ ൌ 45 degrees†
(ACI 11.5.3.6(a))

ܣ௧
ܶ௨
ൌ
ݏ
ʹ߶ ߠܣ ݂௬௧
ACI Eq. (11-21)

** ܣ can also be determined from analysis (ACI 11.5.3.6).
†

ߠ shall not be taken smaller than 30 degrees nor larger than
60 degrees (ACI 11.5.3.6).

For SI: 1 degree = 0.01745 rad; 1 pound per square inch = 6.895 kPa.

Figure 4.10 Determination of Required Torsional Transverse Reinforcement, ܣ௧ Τݏ
(continued)
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Determination of Required Torsional Longitudinal
Reinforcement, ܣκ

Determine At / s from Figure 4.10.

Determine Acp and ph
(see Table 4.11)

ߠ ൌ 45 degrees*
[ACI 11.5.3.6(a)]

ܣκ ൌ

݂௬௧
ܣ௧
 ቆ ቇ  ଶ ߠ  ܣκǡ  ǤሺͳͳǦʹʹሻȗȗ
ݏ
݂௬

ܣκǡ ൌ

ͷඥ݂ᇱ ܣ
݂௬௧
ܣ௧
െ ൬ ൰ 
 ǤሺͳͳǦʹͶሻ†
݂௬
ݏ
݂௬

* ߠ shall not be taken smaller than 30 degrees nor larger than 60 degrees (ACI 11.5.3.6).

**

†

ܣ௧ Τ ݏshall be taken as the amount computed from ACI Eq. (11-21) not modified in
accordance with ACI 11.5.5.2 or 11.5.5.3.
In ACI Eq. (11-24), ܣ௧ Τ ݏ ʹͷܾ௪ Ȁ݂௬௧ (ACI 11.5.5.3). Values of ඥ݂ᇱ shall not exceed 100.

Figure 4.11 Determination of Required Torsional Longitudinal Reinforcement, ܣκ
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Design for Combined Torsion, Shear and Bending Moment

Determine ܶ௨ from Figure 4.9.

Determine ܣ௧ Τ ݏfrom Figure 4.10.

Determine ܣ௩ Τ ݏfrom Figure 4.8.

Add stirrups required for shear and torsion:*
ͲǤͷඥ݂ᇱ ܾ௪
ͷͲܾ௪
ܣ௩ ʹܣ௧

 

ݏ
ݏ
݂௬௧
݂௬௧
 ݏൌ   Τͺ ǡ ͳʹ ǡ ݀Τʹככ
(ACI 11.5.3.8, 11.5.5.2, 11.5.6.1)

A

* For stirrup groups that have more than two legs for shear, only the legs adjacent to the sides
of the beam would be included in this summation since the inner legs would be ineffective
for torsion.
** Applicable where ܸ௦  Ͷඥ݂ᇱ ܾ௪ ݀. Where ܸ௦  Ͷඥ݂ᇱ ܾ௪ ݀, maximum spacing shall be
reduced by one-half (ACI 11.4.5.1, 11.4.5.3).

Figure 4.12 Determination for Combined Torsion, Shear and Bending Moment
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A

Determine ܣκ from Figure 4.11.

Determine ܣ௦ from Figure 4.4.

Combine ܣκ and ܣ௦ by adding ܣκ ȀͶ to the negative and
positive flexural reinforcement at the top and bottom of the
section, respectively. Provide at least ܣκ ȀͶ on each side face
of the beam with a maximum spacing of 12 inches.
(ACI 11.5.3.8, 11.5.6.2)

Detail flexural and transverse reinforcement.

For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad.

Figure 4.12 Determination for Combined Torsion, Shear and Bending Moment
(continued)

4.2.2

Two-way Slabs

A summary of the requirements for two-way slabs is given in Table 4.12.
Serviceability. Calculating deflections for two-way slabs is complicated even when
linear elastic behavior is assumed. For routine designs, meeting the minimum thickness
requirements of ACI 9.5.3 is usually sufficient. Section 2.3 of this publication provides
an overview of these requirements for two-way systems with and without column-line
beams. Also provided is a procedure to determine a preliminary slab thickness based on
two-way shear requirements.
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Table 4.12 Summary of Requirements for Two-way Slabs in Buildings Assigned to
SDC A or B
Requirement

ACI Section Number(s)

Minimum thickness of two-way slabs without interior
beams shall be in accordance with the provisions of
ACI Table 9.5(c) and shall not be less than 5 inches for
slabs without drop panels as defined in ACI 13.2.5 or
4 inches for slabs with drop panels as defined in
ACI 13.2.5.

9.5.3.2

Minimum thickness of two-way slabs with beams
spanning between the supports on all sides shall be
determined in accordance with the following:
• For ߙ  ͲǤʹ, the provisions of ACI 9.5.3.2 apply.
• For ͲǤʹ ൏ ߙ  ʹǤͲǣ
݂௬
൰
ʹͲͲǡͲͲͲ
 ͷǤ ǤሺͻǦͳʹሻ
݄ൌ
͵  ͷߚ൫ߙ െ ͲǤʹ൯
κ ൬ͲǤͺ 

Serviceability

9.5.3.3

• For ߙ  ʹǤͲ:
݄ൌ

݂௬
൰
ʹͲͲǡͲͲͲ
 ͵ǤͷǤ ǤሺͻǦͳ͵ሻ
͵  ͻߚ

κ ൬ͲǤͺ 

At discontinuous edges, an edge beam shall be
provided with a stiffness ratio ߙ  ͲǤͺ or the
minimum thickness required by ACI Eq. (9-12) or
(9-13) shall be increased by at least 10 percent in the
panel with a discontinuous edge.

Analysis Methods

Slab thickness less than the minimum required by
ACI 9.5.3.1, 9.5.3.2 and 9.5.3.3 is permitted where
computed deflections do not exceed the limits of ACI
Table 9.5(b).

9.5.3.4

A slab system shall be designed by any procedure
satisfying conditions of equilibrium and geometric
compatibility.

13.5.1

It is permitted to design for gravity loads using the
Direct Design Method of ACI 13.6 or the Equivalent
Frame Method of ACI 13.7.

13.5.1.1

Analysis for lateral loads shall take into account the
effects of cracking and reinforcement on stiffness of
members.

13.5.1.2

Combining the results of the gravity load analysis with
the results of the lateral load analysis is permitted.

13.5.1.3

(continued)
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Table 4.12 Summary of Requirements for Two-way Slabs in Buildings Assigned to
SDC A or B (continued)
Requirement

ACI Section Number(s)

Design flexural members as tension-controlled
sections.

Flexure

10.3.4, 9.3.2.1

Minimum flexural reinforcement shall not be less than
that required by ACI 7.12.2.1.

13.3.1

Maximum spacing of flexural reinforcement is equal to
2h.

13.3.2

Positive moment reinforcement perpendicular to a
discontinuous edge shall extend to the edge of the slab
and shall have straight or hooked embedment of at
least 6 inches into spandrel beams, columns or walls.

13.3.3

Negative moment reinforcement perpendicular to a
discontinuous edge shall be bent, hooked or otherwise
anchored into spandrel beams, columns or walls. The
reinforcement shall be developed at the face of the
support in accordance with the provisions of ACI
Chapter 12.

13.3.4

Anchorage of reinforcement shall be permitted within a
slab where a slab is not supported by a spandrel beam
or a wall at a discontinuous edge or where a slab
cantilevers beyond a support.

13.3.5

Top and bottom reinforcement shall be provided at
exterior corners in accordance with ACI 13.3.6.1
through 13.3.6.4 at exterior corners of slabs supported
by edge walls or where one or more edge beams have a
value of ߙ  ͳǤͲ.

13.3.6

The amount of negative reinforcement over the column
of a flat slab may be reduced provided the dimensions
of the drop panel conform to ACI 13.2.5. For purposes
of computing the required negative reinforcement, the
thickness of the drop panel below the slab shall not be
assumed to be greater than one-quarter the distance
from the edge of the drop panel to the face of the
column or the column capital.

13.3.7

For two-way slabs without beams, reinforcement shall
have minimum extensions prescribed in ACI
Figure 13.3.8. Extension of negative reinforcement is
based on the longer of adjacent spans.

13.3.8.1, 13.3.8.2

Lengths of reinforcement shall be based on analysis
where two-way slabs are part of the lateral-forceresisting system, but shall not be less than those in ACI
Figure 13.3.8.

13.3.8.4

(continued)
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Table 4.12 Summary of Requirements for Two-way Slabs in Buildings Assigned to
SDC A or B (continued)
Requirement

ACI Section Number(s)

All bottom bars within the column strip must be
continuous or spliced with Class B tension splices or
with mechanical or welded splices satisfying
ACI 12.14.3. At least two bars must pass within the
region bounded by the longitudinal reinforcement of
the column and shall be anchored at exterior supports.
Flexure
(continued)

The fraction of unbalanced moment given by ߛ ܯ௨ is
transferred by flexure within an effective slab width
equal to ܿଶ  ͵݄ where
ߛ ൌ

Openings

ͳ

13.3.8.5

13.5.3.2

ͳ  ሺʹȀ͵ሻඥܾଵ Ȁܾଶ

It is permitted to increase ߛ determined by ACI
Eq. (13-1) in accordance with ACI 13.5.3.3.

13.5.3.3

Openings of any size are permitted if shown by
analysis that requirements for strength and
serviceability are satisfied.

13.4.1

As an alternate to analysis, openings in slab systems
without beams are permitted provided the requirements
of ACI 13.4.2.1 through 13.4.2.4 are satisfied.

13.4.2

Beam action—For two-way slabs without shear
reinforcement, the following must be satisfied at the
critical section located a distance, d, from the face of
the support:
ܸ௨  ߶ܸ

11.11.1.1

where ܸ ൌ ʹߣඥ݂ᇱ ܾ௪ ݀ and ߶ ൌ ͲǤͷǤ

Shear

Two-way action—For two-way slabs without shear
reinforcement, the following must be satisfied at the
critical section located a distance d/2 from corners of
columns, concentrated loads or reaction areas or from
changes in slab thickness (capitals, drop panels or
shear caps):
ܸ௨  ߶ܸ
where ܸ is the smallest of the following:
Ͷ
ܸ ൌ ൬ʹ  ൰ ߣඥ݂ᇱ ܾ ݀ ǤሺͳͳǦ͵ͳሻ
ߚ
ܸ ൌ ൬

ߙ௦ ݀
 ʹ൰ ߣඥ݂ᇱ ܾ ݀ ǤሺͳͳǦ͵ʹሻ
ܾ

ܸ ൌ Ͷߣඥ݂ᇱ ܾ ݀ ǤሺͳͳǦ͵͵ሻ
(continued)

11.11.1.2, 11.11.2.1
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Table 4.12 Summary of Requirements for Two-way Slabs in Buildings Assigned to
SDC A or B (continued)
Requirement

ACI Section Number(s)

It is permitted to use shear reinforcement consisting of
bars or wires and single- or multiple-leg stirrups,
shearheads or headed shear studs to resist shear forces.

11.11.3, 11.11.4, 11.11.5

Critical sections for shear defined in ACI 11.11.1.2 and
11.11.4.7 shall be modified to account for openings in
slabs located at a distance less than 10h from a
concentrated load or reaction area or when openings in
flat slabs are located within column strips as defined in
ACI Chapter 13.

11.11.6

The fraction of unbalanced moment given by ߛ௩ ܯ௨ is
transferred by eccentricity of shear about the centroid
of the critical section defined in ACI 11.11.1.2 where

11.11.7.1

ߛ௩ ൌ ͳ െ ߛ  ǤሺͳͳǦ͵ሻ
The shear stress resulting from moment transfer by
eccentricity of shear is assumed to vary linearly about
the centroid of the critical section.
For members without shear reinforcement, the
following equations must be satisfied:
Shear
(continued)

ݒ௨ሺሻ ൌ

ܸ௨ ߛ௩ ܯ௨ ܿ ߶ܸ


ܣ
ܬ
ܾ ݀

ݒ௨ሺሻ ൌ

ܸ௨ ߛ௩ ܯ௨ ܿ ߶ܸ
െ

ܣ
ܬ
ܾ ݀

11.11.7.2

where ܸ is defined in ACI 11.11.2.1.
For members with shear reinforcement other than
shearheads:
ݒ௨ሺሻ ൌ

ܸ௨ ߛ௩ ܯ௨ ܿ ߶ሺܸ  ܸ௦ ሻ


ܾ ݀
ܣ
ܬ

ݒ௨ሺሻ ൌ

ܸ௨ ߛ௩ ܯ௨ ܿ ߶ሺܸ  ܸ௦ ሻ
െ

ܾ ݀
ܣ
ܬ

11.11.7.2, 11.11.3

where ܸ  ʹߣඥ݂ᇱ ܾ ݀, ܸ௦ is calculated in accordance
with ACI 11.4, and ܸ  ܸ௦  ඥ݂ᇱ ܾ ݀.
At the critical section located d/2 outside the outermost
line of stirrup legs, the shear stress due to factored
shear force and moment shall not exceed ߶ሺʹߣඥ݂ᇱ ሻ.
For SI: 1 inch = 25.4 mm.

Analysis methods. For purposes of analysis, two-way slab panels are generally divided
into design strips consisting of column strips and middle strips, which are illustrated in
Figure 4.13 (see ACI 13.2).
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ሺκଶ ሻ
 κଵ ΤͶ ሺκଶ ሻ ȀͶ

ሺκଶ ሻ

½-Middle strip
Column strip

½-Middle strip

κଵ
 κଵ ΤͶ ሺκଶ ሻ ȀͶ

Figure 4.13 Definitions of Column Strips and Middle Strips in accordance with ACI 13.2

The Direct Design Method of ACI 13.6 can be used to determine approximate bending
moments in column strips and middle strips of two-way slab systems that meet the
limitations in ACI 13.6.1. The conditions for analysis by the Direct Design Method are
given in Figure 4.14.

Figure 4.14 Conditions for Analysis by the Direct Design Method (ACI 13.6.1)
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For a panel with beams between supports on all sides, ACI Eq. (13-2) must also be
satisfied:
ͲǤʹ 

ߙ ൌ

ߙଵ κଶଶ
 ͷǤͲ
ߙଶ κଵଶ

ܧ ܫ
 Ǥሺͳ͵Ǧ͵ሻ
ܧ௦ ܫ௦

ܧ ൌ  modulus of elasticity of concrete (ACI 8.5.1)
ൌ ݓଵǤହ ͵͵ඥ݂ᇱ ݓ ͻͲͳͲ 
ܫ ǡ ܫ௦ ൌmoment of inertia of beam and slab, respectively
The information in Figure 4.15 can be used to determine ܫ and ܫ௦ for slabs and for
interior and edge beams.
Interior Beam
C

Edge Beam
C

κଶ

ǡܫ௦

ǡܫ௦
݄

ܽ

ǡܫ

CL

κଶ

ܽ

ܾ௪

ܾ௪
ܾ ൌ ܾ௪  ሺܽ െ ݄ሻ  ܾ௪  Ͷ݄

ܾ ൌ ܾ௪  ʹሺܽ െ ݄ሻ  ܾ௪  ͺ݄

ܫ௦ ൌ

κଶ ݄ ଷ
ͳʹ

ଶ
ܾ௪ ሺܽ െ ݄ሻଷ
ܽ െ ݄ ଶ ܾ ݄ଷ
݄
ܫ ൌ
 ܾ௪ ሺܽ െ ݄ሻ ൬ݕ െ
 ܾ ݄ ൬ܽ െ െ ݕ ൰
൰ 
ʹ
ʹ
ͳʹ
ͳʹ

where

ܾ ሺܽ െ ݄ሻଶ
݄
ܾ ݄ ቀܽ െ ቁ  ௪
ʹ
ʹ
ݕ ൌ
ܾ ݄  ܾ௪ ሺܽ െ ݄ሻ

Figure 4.15 Effective Beam and Slab Sections for Computation of ߙ

݄
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The Direct Design Method is essentially a three-step analysis procedure. First, the total
static moment for a span, ܯ , is determined by ACI Eq. (13-4):
ܯ ൌ

ݍ௨ κଶ κଶ
ͺ

where ݍ௨ ൌ factored load per unit area
κଶ ൌ length of span perpendicular to κଵ (length of span in direction that
moments are being determined), measured center-to-center of supports
κ ൌ length of clear span measured face-to-face of supports
Figure 4.16 illustrates the determination of the clear span for various support conditions,
based on the provisions of ACI 13.6.2.5.

h

h
h
h
0.93h

h

0.89h

h

κ  ͲǤͷκଵ
κଵ
Figure 4.16 Determination of Clear Span, κ (ACI 13.6.2.5)
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Second, ܯ is distributed to negative and positive sections along the span length in
accordance with ACI 13.6.3. Third, the negative and positive factored moments are
distributed to column and middle strips and to beams, if any, using the requirements in
ACI 13.6.4, 13.6.5 and 13.6.6.
Moment coefficients for typical two-way slab systems are given in Figure 4.17.
Equations for computing the torsional stiffness factor, ߚ௧ , for slab systems with T- and Lsections are given in Figure 4.18.
Slab-column frames that are considered to be part of the lateral-force-resisting system are
subjected to the effects from wind and seismic forces in addition to gravity load effects.
For slab systems without column-line beams, a portion of the slab is effective across its
full width in resisting the effects from lateral forces. Section 3.5.2 of this publication
contains an approximate method for determining the effective slab width that can be used
in a lateral analysis (see Equation 3.6). In slab systems with relatively stiff column-line
beams, the beams will resist the majority of the lateral force effects.
According to ACI 13.5.1.3, the results from the gravity load analysis by the Direct
Design Method can be combined with the results from the lateral analysis using the
appropriate load combinations given in ACI 9.2.
Design methods for flexure. Once the factored negative and positive factored moments
are determined at the critical sections, the required reinforcement in the column strips and
middle strips can be obtained using the simplified equation ܣ௦ ൌ ܯ௨ ȀͶ݀.
According to ACI 13.3, the minimum reinforcement at any critical section is equal to
0.0018bh for Grade 60 reinforcement and maximum bar spacing is the smaller of 2h or
18 inches (457 mm). Additional provisions for slab reinforcement, including details of
reinforcement in slabs without beams, can be found in ACI 13.3.
Transfer of moment in slab-column connections takes place by a combination of flexure
(ACI 13.5.3.2) and eccentricity of shear (ACI 11.11.7). The portion of total unbalanced
moment, ܯ௨ , transferred by flexure is ߛ ܯ௨ where ߛ is defined by ACI Eq. (13-1). It is
assumed that ߛ ܯ௨ is transferred within an effective slab width equal to ܿଶ  ͵݄.
Reinforcement is concentrated in the effective slab width such that ߶ܯ  ߛ ܯ௨ , or
using the simplified equation for the area of reinforcement, ܣ௦  ߛ ܯ௨ ȀͶ݀. Under
certain conditions, ߛ may be increased to values greater than those determined by
ACI Eq. (13-1) (see ACI 13.5.3.3).
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Flat Plate or Flat Slab

Flat Plate or Flat Slab with Spandrel Beams

See Figure 4.18 for determination of β t .

Figure 4.17 Design Moment Coefficients Used with the Direct Design Method
(ACI 13.6.3–13.6.6)
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Flat Plate or Flat Slab with End Span Integral with Wall

Flat Plate or Flat Slab with End Span Simply Supported on Wall

Figure 4.17 Design Moment Coefficients Used with the Direct Design Method
(ACI 13.6.3–13.6.6) (continued)
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Two-Way Beam-Supported Slab

See Figures 4.15 and 4.18 for determination of ߙ and ߚ௧ , respectively.

Figure 4.17 Design Moment Coefficients Used with the Direct Design Method
(ACI 13.6.3–13.6.6) (continued)
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Interior Beam
κଶ

C

C

݄

ܽ

ܾ௪
ܾ ൌ ܾ௪  ʹሺܽ െ ݄ሻ  ܾ௪  ͺ݄

Case A
ݕଶ

ݕଶ
ݔଶ

ݔଵ

ݔଵ ݔଵଷ ݕଵ
൰
ݕଵ ͵
ݔଶ ݔଶଷ ݕଶ
 ʹ ൬ͳ െ ͲǤ͵ ൰
ݕଶ ͵

ܥ ൌ ൬ͳ െ ͲǤ͵

ݕଵ
Case B

ݕଶ

ݔଶ
ݔଵ

ݔଵ ݔଵଷ ݕଵ
൰
ݕଵ ͵
ݔଶ ݔଶଷ ݕଶ
 ൬ͳ െ ͲǤ͵ ൰
ݕଶ ͵

ܥ ൌ ൬ͳ െ ͲǤ͵

ݕଵ
 ܥൌ ܥ ܥ
ߚ௧ ൌ

ܧ ܥ
 Ǥሺͳ͵Ǧͷሻ
ʹܧ௦ ܫ௦

where ܫ௦ ൌ κଶ ݄ଷ Ȁͳʹ and ܧ ൌ ݓଵǤହ ͵͵ඥ݂ᇱ for values of ݓ between 90 and 160 pcf
Figure 4.18 Computation of Torsional Stiffness Factor, ߚ௧ , for T- and L-sections

MEMBERS SUBJECTED TO BENDING

4-47

Edge Beam

CL

κଶ

݄

ܽ

ܾ௪
ܾ ൌ ܾ௪  ሺܽ െ ݄ሻ  ܾ௪  Ͷ݄

Case A
ݕଶ
ݔଶ

ݔଵ

ݔଵ ݔଵଷ ݕଵ
൰
ݕଵ ͵
ݔଶ ݔଶଷ ݕଶ
 ൬ͳ െ ͲǤ͵ ൰
ݕଶ ͵

ܥ ൌ ൬ͳ െ ͲǤ͵

ݕଵ
Case B

ݕଶ

ݔଶ
ݔଵ

ݔଵ ݔଵଷ ݕଵ
൰
ݕଵ ͵
ݔଶ ݔଶଷ ݕଶ
 ൬ͳ െ ͲǤ͵ ൰
ݕଶ ͵

ܥ ൌ ൬ͳ െ ͲǤ͵

ݕଵ
For SI: 1 pound per cubic foot = 16.02 kg/m3.

 ܥൌ ܥ ܥ
ߚ௧ ൌ

ܧ ܥ
 Ǥሺͳ͵Ǧͷሻ
ʹܧ௦ ܫ௦

where ܫ௦ ൌ κଶ ݄ଷ Ȁͳʹ and ܧ ൌ ݓଵǤହ ͵͵ඥ݂ᇱ for values of ݓ between 90 and 160 pcf
Figure 4.18 Computation of Torsional Stiffness Factor, ߚ௧ , for T- and L-sections
(continued)
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Openings. Openings of any size are permitted in a two-way slab system provided that
strength and serviceability requirements are satisfied (ACI 13.4.1). For two-way slabs
without beams, such an analysis is not required when the provisions of ACI 13.4.2 are
met.
Reinforcement that is interrupted by an opening must be replaced on each side of the
opening (ACI 13.4.2.3).
Shear. When two-way slab systems are supported directly by columns, shear stresses
around the columns are of critical importance. In contrast, shear stresses are seldom a
critical factor in design when two-way slabs are supported by beams or walls.
The total shear stress at the critical section around a column is a combination of shear
stress due to direct shear forces and transfer of moment by eccentricity of shear. The
moment, ߛ௩ ܯ௨ , is transferred by eccentricity of shear where ߛ௩ is defined by ACI
Eq. (11-37).
Table 4.13 contains the equations that must be satisfied for systems with and without
shear reinforcement. Numerous resources contain equations for determining the critical
section properties, ܣ ǡܬ ǡ ܿ ܿ . Tables 4.14 through 4.18 facilitate calculation of
these quantities for rectangular and circular columns.
Openings in slabs for mechanical, electrical or plumbing equipment are almost invariably
located in close proximity to columns. These openings have a direct impact on shear
strength when they are located within a column strip or within a distance of 10h from a
column. ACI Figure R11.11.6 illustrates the portion of the critical shear perimeter that is
considered ineffective due to an opening.
Shear reinforcement can supplement the shear strength of concrete. Provisions for shear
reinforcement consisting of bars or wires or single- and multiple-leg stirrups can be found
in ACI 11.11.3.
Shearhead reinforcement, which is typically a structural steel section that is cast in the
concrete at a slab-column joint (ACI 11.11.4), is rarely used any longer due to high labor
and material costs.
Provisions for headed shear stud reinforcement are given in ACI 11.11.5. Shear studs
consist of vertical rods that are mechanically anchored by heads on one end of the rod
and a base rail at the other end. Rails are shared by more than one stud and are nailed to
the formwork around the columns. The dimensions of the shear studs are such that they
can develop their full yield strength in tension. Typical arrangements of headed shear
stud reinforcement and critical sections are given in ACI Figure R11.11.5.
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Table 4.13 Properties of Critical Sections

Interior
Rectangular
Column
(Table 4.14)

ܿ ൌ ܿ ൌ ܾଵ Ȁʹ
ܣ ൌ ݂ଵ ݀ ଶ
ܬ Ȁܿ ൌ ܬ Ȁܿ ൌ ʹ݂ଶ ݀ ଷ

Edge
Rectangular
Column
Bending Parallel
to the Edge
(Table 4.15)

ܿ ൌ ሾ݂ଷ Ȁሺ݂ଶ  ݂ଷ ሻሿሾܿଵ  ሺ݀Ȁʹሻሿ

Edge
Rectangular
Column
Bending
Perpendicular to
the Edge
(Table 4.16)

ܿ ൌ ሾ݂ଶ Ȁሺ݂ଶ  ݂ଷ ሻሿሾܿଵ  ሺ݀Ȁʹሻሿ
ܣ ൌ ݂ଵ ݀ ଶ
ܬ Ȁܿ ൌ ʹ݂ଶ ݀ ଷ
ܬ Ȁܿ ൌ ʹ݂ଷ ݀ ଷ

(continued)
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Table 4.13 Properties of Critical Sections (continued)

ܿ ൌ ሾ݂ଷ Ȁሺ݂ଶ  ݂ଷ ሻሿሾܿଵ  ሺ݀Ȁʹሻሿ

Corner
Rectangular
Column
(Table 4.17)

ܿ ൌ ሾ݂ଶ Ȁሺ݂ଶ  ݂ଷ ሻሿሾܿଵ  ሺ݀Ȁʹሻሿ
ܣ ൌ ݂ଵ ݀ ଶ
ܬ Ȁܿ ൌ ʹ݂ଶ ݀ ଷ
ܬ Ȁܿ ൌ ʹ݂ଷ ݀ ଷ

ܿ ൌ ܿ ᇱ ൌ ሺ ܦ ݀ሻȀʹ

Circular Interior
Column
(Table 4.18)

ܣ ൌ ݂ଵ ݀ ଶ
ܬ Ȁܿ ൌ ܬ Ȁܿ ᇱ ൌ ʹ݂ଶ ݀ ଷ
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Table 4.14 Properties of Critical Section—Interior Rectangular Column
ࢌ

ࢌ

ࢉ Ȁࢉ

ࢉ Ȁࢉ

ࢉ Ȁࢊ

0.50

0.75

1.00

1.25

1.50

1.75

2.00

0.50

0.75

1.00

1.25

1.50

1.75

2.00

1.00

7.00

7.50

8.00

8.50

9.00

9.50

10.00

2.33

2.58

2.83

3.08

3.33

3.58

3.83

1.50

8.50

9.25

10.00

10.75

11.50

12.25

13.00

3.40

3.86

4.33

4.80

5.27

5.74

6.21

2.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

4.67

5.42

6.17

6.92

7.67

8.42

9.17

2.50

11.50

12.75

14.00

15.25

16.50

17.75

19.00

6.15

7.24

8.33

9.43

10.52

11.61

12.71

3.00

13.00

14.50

16.00

17.50

19.00

20.50

22.00

7.83

9.33

10.83

12.33

13.83

15.33

16.83

3.50

14.50

16.25

18.00

19.75

21.50

23.25

25.00

9.73

11.70

13.67

15.64

17.60

19.57

21.54

4.00

16.00

18.00

20.00

22.00

24.00

26.00

28.00

11.83

14.33

16.83

19.33

21.83

24.33

26.83

4.50

17.50

19.75

22.00

24.25

26.50

28.75

31.00

14.15

17.24

20.33

23.43

26.52

29.61

32.71

5.00

19.00

21.50

24.00

26.50

29.00

31.50

34.00

16.67

20.42

24.17

27.92

31.67

35.42

39.17

5.50

20.50

23.25

26.00

28.75

31.50

34.25

37.00

19.40

23.86

28.33

32.80

37.27

41.74

46.21

6.00

22.00

25.00

28.00

31.00

34.00

37.00

40.00

22.33

27.58

32.83

38.08

43.33

48.58

53.83

7.00

25.00

28.50

32.00

35.50

39.00

42.50

46.00

28.83

35.83

42.83

49.83

56.83

63.83

70.83

7.50

26.50

30.25

34.00

37.75

41.50

45.25

49.00

32.40

40.36

48.33

56.30

64.27

72.24

80.21

8.00

28.00

32.00

36.00

40.00

44.00

48.00

52.00

36.17

45.17

54.17

63.17

72.17

81.17

90.17

8.50

29.50

33.75

38.00

42.25

46.50

50.75

55.00

40.15

50.24

60.33

70.43

80.52

90.61

100.71

9.00

31.00

35.50

40.00

44.50

49.00

53.50

58.00

44.33

55.58

66.83

78.08

89.33

100.58

111.83

9.50

32.50

37.25

42.00

46.75

51.50

56.25

61.00

48.73

61.20

73.67

86.14

98.60

111.07

123.54

10.00

34.00

39.00

44.00

49.00

54.00

59.00

64.00

53.33

67.08

80.83

94.58

108.33

122.08

135.83
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Table 4.15 Properties of Critical Section—Edge Rectangular Column Bending Parallel
to Edge
ࢌ

ࢌ

ࢉ Ȁࢉ

ࢉ Ȁࢉ

ࢉ Ȁࢊ

0.50

0.75

1.00

1.25

1.50

1.75

2.00

0.50

0.75

1.00

1.25

1.50

1.00

4.00

4.50

5.00

5.50

6.00

6.50

7.00

1.42

1.67

1.92

2.17

2.42

2.67

2.92

1.50

5.00

5.75

6.50

7.25

8.00

8.75

9.50

2.17

2.64

3.10

3.57

4.04

4.51

4.98

2.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

3.08

3.83

4.58

5.33

6.08

6.83

7.58

2.50

7.00

8.25

9.50

10.75

12.00

13.25

14.50

4.17

5.26

6.35

7.45

8.54

9.64

10.73

3.00

8.00

9.50

11.00

12.50

14.00

15.50

17.00

5.42

6.92

8.42

9.92

11.42

12.92

14.42

3.50

9.00

10.75

12.50

14.25

16.00

17.75

19.50

6.83

8.80

10.77

12.74

14.71

16.68

18.65

4.00

10.00

12.00

14.00

16.00

18.00

20.00

22.00

8.42

10.92

13.42

15.92

18.42

20.92

23.42

4.50

11.00

13.25

15.50

17.75

20.00

22.25

24.50

10.17

13.26

16.35

19.45

22.54

25.64

28.73

5.00

12.00

14.50

17.00

19.50

22.00

24.50

27.00

12.08

15.83

19.58

23.33

27.08

30.83

34.58

5.50

13.00

15.75

18.50

21.25

24.00

26.75

29.50

14.17

18.64

23.10

27.57

32.04

36.51

40.98

6.00

14.00

17.00

20.00

23.00

26.00

29.00

32.00

16.42

21.67

26.92

32.17

37.42

42.67

47.92

6.50

15.00

18.25

21.50

24.75

28.00

31.25

34.50

18.83

24.93

31.02

37.11

43.21

49.30

55.40

7.00

16.00

19.50

23.00

26.50

30.00

33.50

37.00

21.42

28.42

35.42

42.42

49.42

56.42

63.42

7.50

17.00

20.75

24.50

28.25

32.00

35.75

39.50

24.17

32.14

40.10

48.07

56.04

64.01

71.98

8.00

18.00

22.00

26.00

30.00

34.00

38.00

42.00

27.08

36.08

45.08

54.08

63.08

72.08

81.08

8.50

19.00

23.25

27.50

31.75

36.00

40.25

44.50

30.17

40.26

50.35

60.45

70.54

80.64

90.73

9.00

20.00

24.50

29.00

33.50

38.00

42.50

47.00

33.42

44.67

55.92

67.17

78.42

89.67

100.92

9.50

21.00

25.75

30.50

35.25

40.00

44.75

49.50

36.83

49.30

61.77

74.24

86.71

99.18

111.65

10.00

22.00

27.00

32.00

37.00

42.00

47.00

52.00

40.42

54.17

67.92

81.67

95.42

109.17

122.92

1.75

2.00

0.50

4.50

5.75

7.00

8.25

9.50

10.75

12.00

13.25

14.50

15.75

17.00

18.25

19.50

20.75

22.00

23.25

24.50

25.75

27.00
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1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

7.00

7.50

8.00

8.50

9.00

9.50

10.00

29.50

28.12

26.75

25.37

24.00

22.62

21.25

19.87

18.50

17.12

15.75

14.37

13.00

11.62

10.25

8.87

7.50

6.13

4.75

0.75

32.00

30.50

29.00

27.50

26.00

24.50

23.00

21.50

20.00

18.50

17.00

15.50

14.00

12.50

11.00

9.50

8.00

6.50

5.00

1.00

34.50

32.87

31.25

29.62

28.00

26.37

24.75

23.12

21.50

19.87

18.25

16.62

15.00

13.37

11.75

10.13

8.50

6.88

5.25

37.00

35.25

33.50

31.75

30.00

28.25

26.50

24.75

23.00

21.25

19.50

17.75

16.00

14.25

12.50

10.75

9.00

7.25

5.50

1.50

39.50

37.62

35.75

33.87

32.00

30.12

28.25

26.37

24.50

22.62

20.75

18.87

17.00

15.12

13.25

11.38

9.50

7.63

5.75

1.75

42.00

40.00

38.00

36.00

34.00

32.00

30.00

28.00

26.00

24.00

22.00

20.00

18.00

16.00

14.00

12.00

10.00

8.00

6.00

2.00

39.59

36.05

32.67

29.47

26.42

23.55

20.84

18.30

15.93

13.72

11.68

9.80

8.10

6.56

5.18

3.98

2.94

2.07

1.38

0.50

48.36

43.98

39.82

35.86

32.11

28.57

25.24

22.11

19.20

16.49

13.99

11.70

9.62

7.74

6.08

4.62

3.38

2.34

1.51

0.75

57.13

51.92

46.96

42.25

37.80

33.59

29.63

25.92

22.46

19.26

16.30

13.59

11.13

8.93

6.97

5.26

3.81

2.60

1.65

1.00

65.90

59.86

54.11

48.65

43.48

38.61

34.02

29.73

25.73

22.03

18.61

15.49

12.65

10.11

7.86

5.91

4.24

2.87

1.79

1.25
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74.67

67.79

61.25

55.04

49.17

43.63

38.42

33.54

29.00

24.80

20.92

17.38

14.17

11.30

8.76

6.55

4.68

3.14

1.93

1.50

83.44

75.73

68.40

61.44

54.86

48.65

42.81

37.36

32.27

27.56

23.23

19.27

15.69

12.48

9.65

7.19

5.11

3.40

2.07

1.75

92.21

83.67

75.54

67.83

60.54

53.67

47.21

41.17

35.54

30.33

25.54

21.17

17.21

13.67

10.54

7.83

5.54

3.67

2.21

2.00

25.19

22.89

20.69

18.61

16.64

14.78

13.03

11.39

9.86

8.44

7.14

5.94

4.86

3.89

3.02

2.27

1.63

1.11

0.69

0.50

26.72

24.27

21.93

19.71

17.61

15.63

13.77

12.02

10.40

8.89

7.51

6.24

5.09

4.06

3.15

2.36

1.69

1.13

0.70

0.75

27.90

25.33

22.88

20.56

18.36

16.29

14.34

12.51

10.82

9.24

7.80

6.47

5.27

4.20

3.25

2.43

1.73

1.16

0.71

1.00

28.83

26.17

23.63

21.23

18.95

16.81

14.79

12.91

11.15

9.52

8.03

6.66

5.42

4.31

3.34

2.49

1.77

1.18

0.72

1.25
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Table 4.16 Properties of Critical Section—Edge Rectangular Column Bending Perpendicular to Edge

29.59

26.85

24.25

21.78

19.44

17.24

15.17

13.23

11.43

9.76

8.22

6.82

5.55

4.41

3.41

2.53

1.80

1.19

0.72

1.50

30.21

27.41

24.75

22.23

19.84

17.59

15.47

13.50

11.65

9.95

8.38

6.95

5.65

4.49

3.46

2.58

1.82

1.21

0.73

1.75

30.74

27.89

25.18

22.61

20.18

17.89

15.74

13.72

11.85

10.11

8.51

7.06

5.74

4.56

3.51

2.61

1.85

1.22

0.74

2.00
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1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

7.00

7.50

8.00

8.50

9.00

9.50

10.00

18.50

17.62

16.75

15.87

15.00

14.12

13.25

12.37

11.50

10.62

9.75

8.87

8.00

7.12

6.25

5.37

4.50

3.63

2.75

0.75

21.00

20.00

19.00

18.00

17.00

16.00

15.00

14.00

13.00

12.00

11.00

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

1.00

23.50

22.37

21.25

20.12

19.00

17.87

16.75

15.62

14.50

13.37

12.25

11.12

10.00

8.87

7.75

6.62

5.50

4.38

3.25

26.00

24.75

23.50

22.25

21.00

19.75

18.50

17.25

16.00

14.75

13.50

12.25

11.00

9.75

8.50

7.25

6.00

4.75

3.50

1.50

28.50

27.12

25.75

24.37

23.00

21.62

20.25

18.87

17.50

16.12

14.75

13.37

12.00

10.62

9.25

7.87

6.50

5.13

3.75

1.75

31.00

29.50

28.00

26.50

25.00

23.50

22.00

20.50

19.00

17.50

16.00

14.50

13.00

11.50

10.00

8.50

7.00

5.50

4.00

2.00

28.56

25.96

23.48

21.13

18.90

16.79

14.82

12.96

11.23

9.63

8.15

6.80

5.57

4.46

3.49

2.63

1.90

1.30

0.83

0.50

37.33

33.90

30.63

27.52

24.58

21.81

19.21

16.77

14.50

12.40

10.46

8.69

7.09

5.65

4.38

3.27

2.34

1.57

0.97

0.75

46.10

41.83

37.77

33.92

30.27

26.83

23.60

20.58

17.77

15.17

12.77

10.58

8.60

6.83

5.27

3.92

2.77

1.83

1.10

1.00

54.87

49.77

44.92

40.31

35.96

31.85

28.00

24.39

21.04

17.94

15.08

12.48

10.12

8.02

6.16

4.56

3.20

2.10

1.24

1.25
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63.64

57.71

52.06

46.71

41.64

36.87

32.39

28.21

24.31

20.70

17.39

14.37

11.64

9.20

7.06

5.20

3.64

2.36

1.38

1.50

72.41

65.64

59.21

53.10

47.33

41.89

36.79

32.02

27.58

23.47

19.70

16.26

13.16

10.39

7.95

5.84

4.07

2.63

1.52

1.75

81.18

73.58

66.35

59.50

53.02

46.91

41.18

35.83

30.85

26.24

22.01

18.16

14.68

11.57

8.84

6.49

4.50

2.90

1.66

2.00

13.95

12.66

11.44

10.28

9.18

8.14

7.17

6.26

5.41

4.62

3.90

3.24

2.64

2.10

1.63

1.21

0.87

0.58

0.35

0.50

14.79

13.42

12.12

10.89

9.72

8.62

7.58

6.61

5.71

4.88

4.11

3.41

2.77

2.20

1.70

1.27

0.90

0.60

0.36

0.75

Table 4.17 Properties of Critical Section—Corner Rectangular Column

15.37

13.94

12.59

11.31

10.09

8.94

7.87

6.86

5.92

5.06

4.26

3.53

2.87

2.28

1.76

1.31

0.92

0.61

0.37

1.00

15.79

14.32

12.93

11.61

10.36

9.18

8.08

7.04

6.08

5.19

4.37

3.62

2.94

2.33

1.80

1.33

0.94

0.62

0.37

1.25
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16.10

14.61

13.19

11.84

10.57

9.36

8.24

7.18

6.20

5.29

4.45

3.68

2.99

2.37

1.83

1.36

0.96

0.63

0.38

1.50

16.35

14.83

13.39

12.02

10.73

9.51

8.36

7.29

6.29

5.37

4.52

3.74

3.04

2.41

1.85

1.37

0.97

0.64

0.38

1.75

16.55

15.02

13.56

12.17

10.86

9.62

8.46

7.38

6.37

5.43

4.57

3.78

3.07

2.44

1.88

1.39

0.98

0.64

0.38

2.00
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Table 4.18 Properties of Critical Section—Interior Circular Column
ࡰΤࢊ

4.3

ࢌ

ࢌ

1.00

6.28

1.74

1.50

7.85

2.62

2.00

9.42

3.70

2.50

11.00

4.98

3.00

12.57

6.45

3.50

14.14

8.12

4.00

15.71

9.98

4.50

17.28

12.05

5.00

18.85

14.30

5.50

20.42

16.76

6.00

21.99

19.41

6.50

23.56

22.26

7.00

25.13

25.30

7.50

26.70

28.54

8.00

28.27

31.98

8.50

29.85

35.61

9.00

31.42

39.44

9.50

32.99

43.46

10.00

34.56

47.68

MEMBERS SUBJECTED TO BENDING AND AXIAL FORCES

Table 4.19 contains requirements for frame members subjected to combined bending and
axial forces. These would typically apply to columns of frames and flexural members that
carry a factored axial force, ܲ௨  ܣ ݂ᇱ ȀͳͲ.
Combined flexure and axial strength. Typically, columns must be designed for the
combined effects from flexure and axial forces. Numerous design aids and computer
programs are available for determining the size and reinforcement for such columns.
A preliminary column size can be obtained using a low percentage of reinforcement; it is
then possible to provide additional reinforcement in the final design stage, if required,
without having to change the column size.
Slenderness effects must also be considered in columns where the slenderness ratio is
greater than the limits for members that are not braced and braced against sidesway in
ACI 10.10.1(a) and 10.10.1(b), respectively.
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Table 4.19 Summary of Requirements for Frame Members Subjected to Bending and
Axial Forces in Buildings Assigned to SDC A or B
Requirement

ACI Section Number(s)

Members must be designed such that the following
equations are satisfied for each load combination:
ܲ௨  ߶ܲ and ܯ௨  ߶ܯ .

9.2, 9.3, 10.2, 10.3

Design axial strength, ߶ܲ , shall not be taken greater
than ߶ܲǡ௫ where
•

•

Combined
Flexural and
Axial Strength

߶ܲǡ௫ ൌ ͲǤͺͷ߶ሾͲǤͺͷ݂ᇱ ሺܣ െ ܣ௦௧ ሻ  ݂௬ ܣ௦௧ ሿ for
nonprestressed members with spiral reinforcement
conforming to ACI 7.10.4.
߶ܲǡ௫ ൌ ͲǤͺͲ߶ሾͲǤͺͷ݂ᇱ ሺܣ െ ܣ௦௧ ሻ  ݂௬ ܣ௦௧ ሿ for
nonprestressed members with tie reinforcement
conforming to ACI 7.10.5.

10.3.6

Area of longitudinal reinforcement, ܣ௦௧ , shall not be
less than ͲǤͲͳܣ or more than ͲǤͲͺܣ .

10.9.1

The following minimum number of longitudinal bars
must be provided:
(a) four for bars within rectangular or circular ties
(b) three for bars within triangular ties
(c) six for bars enclosed by spirals conforming to
ACI 10.9.3

10.9.2

Slenderness effects must be considered in the
following situations:
• For compression members not braced against
sidesway: ݇κ௨ Ȁ ݎ ʹʹ
• For compression members braced against
sidesway: ݇κ௨ Ȁ ݎ ͵Ͷ െ ͳʹሺܯଵ Ȁܯଶ ሻ
A nonlinear second-order analysis must be performed
or moments must be magnified to account for secondorder slenderness effects.

10.10

(continued)

MEMBERS SUBJECTED TO BENDING AND AXIAL FORCES

4-57

Table 4.19 Summary of Requirements for Frame Members Subjected to Bending and
Axial Forces in Buildings Assigned to SDC A or B (continued)
Requirement

ACI Section Number(s)

Lap splices, mechanical splices, butt-welded splices
and end-bearing splices must conform to the provisions
of ACI 12.17.2 through 12.17.4.

12.17.1

Splices shall satisfy requirements for all load
combinations for the column.
Where the bar stress due to factored loads is
compressive, lap splices shall conform to ACI 12.16.1,
ACI 12.16.2 and, where applicable, to ACI 12.17.2.4
or 12.17.2.5.

12.17.2.1

Where the bar stress due to factored loads is tensile and
is less than or equal to ͲǤͷ݂௬ , the lap splices shall be:
• Class B tension lap splices if more than one-half of
the bars are spliced at any section.
• Class A tension lap splices if half or fewer of the
bars are spliced at any section and alternate lap
splices are staggered by κௗ .
Splices

12.17.2.2

Where the bar stress due to factored loads is greater
than ͲǤͷ݂௬ , lap splices shall be Class B tension lap
splices.

12.17.2.3

Required lap splice length may be multiplied by 0.83
in tied reinforced compression members where ties
throughout the lap splice length have an effective area
greater than or equal to ͲǤͲͲͳͷ݄ ݏin both directions.
Minimum lap length is 12 inches.

12.17.2.4

Lap splice length may be multiplied by 0.75 for bars
within a spiral of a spirally reinforced compression
member. Minimum lap length is 12 inches.

12.17.2.5

Mechanical or welded splices must meet the
requirements of ACI 12.14.3.2 or 12.14.3.4.

12.17.3

End-bearing splices satisfying the requirements of
12.16.4 are permitted to be used for column bars
stressed in compression provided the splices are
staggered or additional bars are provided at splice
locations. The continuing bars in each face shall have a
tensile strength not less than ͲǤʹͷ݂௬ times the area of
the vertical reinforcement in that face.

12.17.4

(continued)
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Table 4.19 Summary of Requirements for Frame Members Subjected to Bending and
Axial Forces in Buildings Assigned to SDC A or B (continued)
Requirement

Transverse
Reinforcement

ACI Section Number(s)

Volumetric spiral reinforcement ratio, ߩ௦ , shall not be
less than that given by:
ܣ
݂ᇱ
െ ͳ൰
ߩ௦ ൌ ͲǤͶͷ ൬
ܣ
݂௬௧
where the value of ݂௬௧ shall not exceed 100,000 psi.
Lap splices according to ACI 7.10.4.5(a) shall not be
used where ݂௬௧ is greater than 60,000 psi.

10.9.3

Spiral reinforcement must satisfy the following
requirements:
(a) Minimum spiral diameter = 3/8 inch.
(b) Clear spacing between spirals shall not exceed
3 inches nor be less than 1 inch. Also see ACI
3.3.2.
(c) Spiral reinforcement shall be spliced using lap
splices conforming to ACI 7.10.4.5(a) or
mechanical or welded splices conforming to
ACI 7.10.4.5(b).
(d) Spirals shall extend from top of footing or slab in
any story to the level of the lowest horizontal
reinforcement in members supported above.
(e) Ties shall extend above termination of spiral to
the bottom of a slab, drop panel or shear cap
where beams or brackets do not frame into all
sides of a column.
(f) In columns with capitals, spirals shall extend to a
level at which the diameter or width of capital is
two times that of the column.

7.10.4

Tie reinforcement must satisfy the following
requirements:
(a) At least No. 3 ties shall enclose No. 10 or smaller
longitudinal bars, and at least No. 4 ties shall
enclose No. 11, No. 14, No. 18 and bundled
longitudinal bars.
(b) Vertical spacing of ties shall not exceed the
smallest of (1) 48 tie bar diameters, (2) 16
longitudinal bar diameters or (3) the least
dimension of the compression member.
(c) Ties shall be arranged such that every corner or
alternate longitudinal bar has lateral support
provided by the corner of a tie with an included
angle of not more than 135 degrees. No bar shall
be farther than 6 inches clear on each side along
the tie from a laterally supported bar. A complete
circular tie is also permitted.

7.10.5

(continued)
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Table 4.19 Summary of Requirements for Frame Members Subjected to Bending and
Axial Forces in Buildings Assigned to SDC A or B (continued)
Requirement

Transverse
Reinforcement
(continued)

Ties shall be located vertically not more than one-half
a tie spacing above the top of a footing or slab in any
story and should be spaced to not more than one-half a
tie spacing below the lowest horizontal reinforcement
in a slab, drop panel or shear cap above.

ACI Section Number(s)

7.10.5

Where beams or brackets frame from four directions
into a column, it is permitted to terminate the ties not
more than 3 inches below the lowest reinforcement in
the shallowest of the beams or brackets.
Provide sufficient transverse reinforcement for shear.

11.1, 11.2, 11.4

Columns in ordinary moment frames that are part of
the seismic-force-resisting system that have a clear
21.2.3
height less than or equal to ͷܿଵ shall be designed for
shear in accordance with ACI 21.3.3.
For SI: 1 inch = 25.4 mm; 1 pound per square inch = 6.895 kPa; 1 degree = 0.01745 rad.
Shear Strength

Splices. Splice requirements for columns are given in ACI 12.17. Column splices must
satisfy requirements for all load combinations. For example, even though the strength
requirements may govern for a gravity load combination where all of the longitudinal
bars are in compression, a tension splice would be required if a load combination that
includes wind or seismic produces tensile stresses in the reinforcing bars.
Where the bar stress due to factored loads is compressive, lap splices, mechanical splices,
butt-welded splices and end-bearing splices are permitted. Table 4.20 contains minimum
compression lap splice lengths for Grade 60 bars with ݂ᇱ  ͵ǡͲͲͲሺʹͲͺͶሻ. Lap
splice lengths may be multiplied by 0.83 and 0.75 for tied reinforced compression
members and spirally reinforced compression members, respectively, provided the
requirements of ACI 12.17.2.4 and 12.17.2.5 are satisfied.
Lap splices, mechanical splices and welded splices are permitted where the bar stress is
tensile. Mechanical and welded splices must conform to the provisions of ACI 12.14.3.
Where the bar stress on the tension face of a column is less than or equal to ͲǤͷ݂௬ , lap
splices may be Class A if half or fewer of the longitudinal bars are spliced at one location
and alternate splices are staggered by the tension development length, κௗ , or must be
Class B if more than half of the bars are spliced at any section. Where the bar stress on
the tension face of a column is greater than ͲǤͷ݂௬ , Class B tension lap splices must be
used.
Typical lap splice details for tied columns are shown in Figure 4.19. Lap splices are
typically located just above the floor for ease of construction. There is no restriction on
their location for buildings assigned to SDC A or B.
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Table 4.20 Minimum Compression Lap Splice Lengths for Grade 60 Bars
Bar Size

Minimum Lap Length
(in.)*

3

12.0

4

15.0

5

18.8

6

22.5

7

26.3

8

30.0

9

33.8

10

38.1

11
42.3
 ͵ͲͲͲ
For SI: 1 inch = 25.4 mm; 1 pound per square inch = 6.895 kPa.
*݂ᇱ

Transverse Reinforcement. Provisions for lateral reinforcement of compression
members are given in ACI 7.10 for spiral reinforcement and tie reinforcement. Maximum
spacing of tie reinforcement is illustrated in Figure 4.19.
Shear strength. Sufficient transverse reinforcement must be provided for shear in
accordance with the applicable provisions of ACI 11.1, 11.2 and 11.4. Figure 4.20 can be
used to determine the design shear strength for concrete, ߶ܸ , for members subjected to
axial compression, shear and flexure.
Required spacing of tie reinforcement for shear is determined by ACI Eq. (11-15). This
spacing is limited by the smaller of those given in ACI 7.10.5.
According to ACI 21.2.3, columns in ordinary moment frames that are part of the
seismic-force-resisting system that have a clear height less than or equal to ͷܿଵ shall be
designed for shear in accordance with ACI 21.3.3. This requirement is intended to
provide additional toughness to resist shear forces in columns with proportions that make
them more susceptible to shear failure.
4.4

WALLS

Table 4.21 contains requirements for walls. ACI 2.2 defines a wall as a member, usually
vertical, that is used to enclose or separate spaces. A definition based on the ratio of
overall plan dimensions is not provided.
Combined flexural and axial strength. ACI 14.2.2 gives three methods that can be used
for wall sections subjected to flexure and axial forces. In the first method, a wall is
designed as a compression member in accordance with the provisions listed in ACI 14.4.
This general method applies to any wall section. Reinforcement is developed and spliced
in accordance with the provisions in ACI Chapter 12.

WALLS
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For SI: 1 inch = 25.4 mm.

Figure 4.19 Splice and Tie Details for Columns in Buildings Assigned to SDC A and B

4-62

CHAPTER 4 DESIGN AND DETAILING FOR SDCS A AND B

Determination of Design Shear Strength for
Concrete, ߶ܸ —Members Subjected to Axial
Compression, Shear and Flexure
Strength reduction factor, ߶ ൌ ͲǤͷ.
(ACI 9.3.2.3)

Does concrete mix contain
lightweight aggregate?

No

Yes

Is the average splitting tensile
strength, ݂௧ , specified?

No

Lightweight concrete modification factor
ߣ ൌ ͲǤͷǦ  

Lightweight concrete modification
factor ߣ ൌ ݂௧ ȀǤඥ݂ᇱ  ͳǤͲ.*

ൌ ͲǤͺͷǦ  
(ACI 8.6.1)

Yes

(ACI 8.6.1)

**

A

* Values of ඥ݂ᇱ shall not exceed 100 psi except as allowed in ACI 11.1.2.1 (ACI 11.1.2).
**Linear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).

Figure 4.20 Determination of Design Shear Strength for Concrete, ߶ܸ —Members
Subjected to Axial Compression, Shear and Flexure
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A

߶ܸ ൌ ʹ߶ ቆͳ 

ܯ ൌ ܯ௨ െ ܰ௨

ܰ௨
ቇ ߣඥ݂ᇱ ܾ௪ ݀
ʹͲͲͲܣ

ሺͶ݄ െ ݀ሻ
ͺ

ACI Eq. (11-6)

ACI Eq. (11-4)

No

߶ܸ ൌ ߶ ൬ͳǤͻߣඥ݂ᇱ  ʹͷͲͲߩ௪

 ͵Ǥͷ߶ߣඥ݂ᇱ ܾ௪ ݀ඨͳ 

Is ܯ ൏ Ͳ?

Yes

ܸ௨ ݀
൰ܾ ݀
ܯ ௪

ܰ௨
ͷͲͲܣ

߶ܸ ൌ ͵Ǥͷ߶ߣඥ݂ᇱ ܾ௪ ݀ ඨͳ 
ACI 11.2.2.2

ACI 11.2.2.2

For SI: 1 pound per square inch = 6.895 kPa.

Figure 4.20 Determination of Design Shear Strength for Concrete, ߶ܸ —Members
Subjected to Axial Compression, Shear and Flexure (continued)

ܰ௨
ͷͲͲܣ
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Table 4.21 Summary of Requirements for Walls in Buildings Assigned to SDC A or B
Requirement

ACI Section Number(s)

Walls subjected to axial force or to combined flexure
and axial force are to be designed as compression
members in accordance with ACI 10.2, 10.3, 10.10,
10.11, 10.14, 14.2 and 14.3.
Combined
Flexural and
Axial Strength

14.4

In lieu of ACI 14.4, walls that meet the requirements of
ACI 14.5.1 may be designed using the Empirical
Design Method.

14.5.1

Where flexural tension controls the out-of-plane design
of a wall, the alternate design requirements of
ACI 14.8 are considered to satisfy the slenderness
effects requirements of ACI 10.10.

14.8.1

Design for shear shall be in accordance with ACI 11.9.

14.2.3

Design for shear forces perpendicular to the face of a
wall shall be in accordance with ACI 11.11.

11.9.1

Design for horizontal in-plane shear forces shall be in
accordance with ACI 11.9.2 through 11.9.9.

11.9.1

Nominal shear strength ܸ ൌ ܸ  ܸ௦  ͳͲඥ݂ᇱ ݄݀
where ݀ ൌ ͲǤͺκ௪ or is determined by a strain
compatibility analysis.
Unless a more detailed calculation is made in
accordance with ACI 11.9.6, ܸ ൌ ʹߣඥ݂ᇱ ݄݀ for walls
subjected to axial compression.

11.9.2, 11.9.3, 11.9.4

11.9.5

ܸ shall be permitted to be the lesser determined by
ACI Eq. (11-27) or (11-28):
Shear Strength

ܸ ൌ ͵Ǥ͵ߣඥ݂ᇱ ݄݀ 

ܸ ൌ

൦ͲǤߣඥ݂ᇱ



ܰ௨ ݀
Ͷκ௪

κ௪ ቀͳǤʹͷߣඥ݂ᇱ  ͲǤʹ
ܯ௨ κ௪
െ
ܸ௨
ʹ

ܰ௨
ቁ
κ௪ ݄

11.9.6
൪ ݄݀

ACI Eq. (11-28) does not apply when ሺܯ௨ Ȁܸ௨ ሻ െ
ሺκ௪ Ȁʹሻ is negative.
Values of ܸ computed by ACI Eq. (11-27) or (11-28)
at a section located a distance of κ௪ Ȁʹ or ݄௪ Ȁʹ,
whichever is less, above the base apply to that and all
sections between this section and the base.

11.9.7

Where ܸ௨  ͲǤͷ߶ܸ , provide reinforcement in
accordance with ACI 11.9.9 or Chapter 14. Where
ܸ௨  ͲǤͷ߶ܸ , provide reinforcement in accordance with
ACI 11.9.9.

11.9.8

(continued)
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Table 4.21 Summary of Requirements for Walls in Buildings Assigned to SDC A or B
(continued)
Requirement

ACI Section Number(s)

Where ܸ௨  ߶ܸ , determine horizontal reinforcement
in accordance with ACI Eq. (11-29):
ܸ௦
ܣ௩

ݏ
݂௬ ݀

11.9.9.1

Provide vertical reinforcement to satisfy ACI 11.9.9.4.

Shear Strength
(continued)

Ratio of horizontal shear reinforcement area to gross
concrete area of vertical section, ߩ௧ , must be greater
than or equal to 0.0025.

11.9.9.2

Spacing of horizontal shear reinforcement shall not
exceed the smallest of κ௪ Τͷ, ͵݄, and 18 inches.

11.9.9.3

Ratio of vertical shear reinforcement area to gross
concrete area of horizontal section, ߩκ , shall be greater
than or equal to the larger of

11.9.9.4

ͲǤͲͲʹͷ  ͲǤͷሾʹǤͷ െ ሺ݄௪ Ȁκ௪ ሻሿሺߩ௧ െ ͲǤͲͲʹͷሻ and
ͲǤͲͲʹͷ. The value of ߩκ need not be greater than ߩ௧ .
Spacing of vertical shear reinforcement shall not
exceed the smallest of κ௪ Τ͵, ͵݄ and 18 inches.
For SI: 1 inch = 25.4 mm.

11.9.9.5

The second method is the Empirical Design Method (ACI 14.5), which is applicable to
solid rectangular cross-sections where the resultant load for all applicable load
combinations falls within the middle third of the wall thickness (i.e., the eccentricity is
less than or equal to h/6). The following equation, based on ACI Equation (14-1), must be
satisfied:
ܲ௨  ߶ܲ ൌ ͲǤͷͷ߶݂ᇱ ܣ ඨͳ െ ൬

݇κ ଶ
൰
͵ʹ݄

where ߶ ൌ ͲǤͷ for compression-controlled sections (ACI 9.3.3.2) and the effective
length factor, k, is defined in ACI 14.5.2. Minimum wall thicknesses are prescribed in
ACI 14.5.3.
The third method is an alternate method for the out-of-plane design of slender walls that
meet the criteria in ACI 14.8.2. The design moment strength for combined flexure and
axial forces, ߶ܯ , must be greater than or equal to the factored moment, ܯ௨ , which
includes second-order effects [see ACI Eqs. (14-3) and (14-4)]. Limitations on maximum
out-of-plane deflection are prescribed in ACI 14.8.4.
Shear strength. Provisions for the design of walls for shear are given in ACI 11.9.
Design for shear forces perpendicular to the face of a wall must satisfy the provisions for
slabs in ACI 11.11. Figure 4.21 can be used to determine the required vertical and
horizontal reinforcement for shear.
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Determination of Vertical and Horizontal Shear
Reinforcement for Walls in Buildings Assigned to
SDC A or B
Strength reduction factor, ߶ ൌ ͲǤͷ.
(ACI 9.3.2.3)

Does concrete mix contain
lightweight aggregate?

No

Yes

Is the average splitting tensile
strength, ݂௧ , specified?

No

Lightweight concrete modification factor
ߣ ൌ ͲǤͷǦ  

Lightweight concrete modification
factor ߣ ൌ ݂௧ ȀǤඥ݂ᇱ  ͳǤͲ.*

ൌ ͲǤͺͷǦ  
(ACI 8.6.1)

Yes

(ACI 8.6.1)

**

A

* Values of ඥ݂ᇱ shall not exceed 100 psi except as allowed in ACI 11.1.2.1 (ACI 11.1.2).
**Linear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).

Figure 4.21 Determination of Vertical and Horizontal Shear Reinforcement for Walls in
Buildings Assigned to SDC A or B

WALLS
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A

݀ ൌ ͲǤͺκ௪

Determine d from a strain
compatibility analysis.

(ACI 11.9.4)

(ACI 11.9.4)

ܸ ൌ ʹߣඥ݂ᇱ ݄݀


No

ACI Eq. (11-6)

ܯ௨ κ௪
െ
൏ Ͳǫ
ܸ௨
ʹ

Yes

B

ܸ ൌ ͵Ǥ͵ߣඥ݂ᇱ ݄݀ 

ܰ௨ ݀
Ͷκ௪

ACI Eq. (11-27)

Vc is the lesser of the following:
ܸ ൌ ͵Ǥ͵ߣඥ݂ᇱ ݄݀ 

ܰ௨ ݀
 ǤሺͳͳǦʹሻ
Ͷκ௪
B

ܸ ൌ ൦ͲǤߣඥ݂ᇱ 

κ௪ ቀͳǤʹͷߣඥ݂ᇱ  ͲǤʹ
ܯ௨ κ௪
െ
ܸ௨
ʹ

ܰ௨
ቁ
κ௪ ݄

൪ ݄݀ ǤሺͳͳǦʹͺሻ

Figure 4.21 Determination of Vertical and Horizontal Shear Reinforcement for Walls in
Buildings Assigned to SDC A or B (continued)
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B

No

ܸ௨  ͲǤͷ߶ܸ ǫ

ͲǤͷ߶ܸ ൏ ܸ௨  ߶ܸ ǫ

No

Yes

Yes

C

ߩ௧ ൌ ߩκ ൌ ͲǤͲͲʹͷ

ߩκ ൌ ͲǤͲͲͳʹ for No. 5 and smaller bars

Maximum s of horizontal reinforcement

ߩκ ൌ ͲǤͲͲͳͷ for other bars

ൌ smallest of κ௪ Τͷ, ͵݄, and 18 inches.

ߩ௧ ൌ ͲǤͲͲʹͲ for No. 5 and smaller bars

Maximum s of vertical reinforcement
ൌ smallest of κ௪ Τ͵, ͵݄, and 18 inches.
(ACI 11.9.9)

ߩ௧ ൌ ͲǤͲͲʹͷ for other bars
Maximum s = smallest of ͵݄ or 18 inches.
(ACI 11.9.8)

Figure 4.21 Determination of Vertical and Horizontal Shear Reinforcement for Walls in
Buildings Assigned to SDC A or B (continued)
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C

ܸ௨
െ ܸ
߶
ߩ௧ ൌ
 ͲǤͲͲʹͷ
݄݂݀௬
Maximum s of horizontal reinforcement = smallest of κ௪ Τͷ, ͵݄,
and 18 inches.
ߩκ ൌ ͲǤͲͲʹͷ  ͲǤͷ ൬ʹǤͷ െ

݄௪
൰ ሺߩ௧ െ ͲǤͲͲʹͷሻ  ͲǤͲͲʹͷ
κ௪

 ߩ௧
Maximum s of vertical reinforcement = smallest of κ௪ Τ͵, ͵݄, and
18 inches.
(ACI 11.9.9)

For SI: 1 inch = 25.4 mm; 1 pound per square inch = 6.985 kPa.

Figure 4.21 Determination of Vertical and Horizontal Shear Reinforcement for Walls in
Buildings Assigned to SDC A or B (continued)

4.5

FOOTINGS

Depending on the soil conditions, reinforced concrete spread footings can be a viable
foundation option, especially for low-rise buildings. Table 4.22 contains the requirements
for footings based on ACI 318-08.
It should be noted that IBC 1809 contains requirements for shallow foundations
(footings) that must also be met. For example, IBC 1809.4 requires footings to be a
minimum of 12 inches (305 mm) in width. IBC 1809.8 requires plain concrete footings to
be 8 inches (203 mm) thick except for footings in Group R-3 occupancies, which are
permitted to be a minimum of 6 inches (152 mm) thick if the projection of the footing
beyond the wall does not exceed the thickness of the footing. Additionally, IBC 1908.1.8
contains modifications to ACI 318 for plain concrete footings based on the SDC.
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Table 4.22 Summary of Requirements for Footings in Buildings Assigned to SDC A or B
Requirement

Loads and
Reactions

Moment

Shear

Development of
Reinforcement

ACI Section Number(s)

Footings shall be proportioned to resist factored
reactions in accordance with the appropriate flexure
and shear requirements in ACI Chapters 9, 10, 11 and
15.

15.2.1

Base area of footings shall be determined from
unfactored forces and moments using the permissible
soil pressure.

15.2.2

The critical section for the maximum factored moment,
ܯ௨ , in an isolated footing is as follows:
• For footings supporting a concrete column, pedestal
or wall, the critical section is at the face of the
concrete column, pedestal or wall.
• For footings supporting a masonry wall, the critical
section is halfway between the middle and the edge
of the wall.
• For footings supporting a column with a steel base
plate, the critical section is halfway between the
face of the column and the edge of the base plate.

15.4.2

Reinforcement shall be distributed uniformly across
the entire width of a one-way footing and two-way
square footings.

15.4.3

In two-way rectangular footings, reinforcement in the
long direction shall be distributed uniformly across the
entire width of the footing. Reinforcement in the short
direction shall be distributed in accordance with
ACI 15.4.4.2.

15.4.4

Minimum reinforcement = 0.0018bh. Maximum
spacing of reinforcement = smaller of 3h and
18 inches.

10.5.4

Shear strength of footings supported on soil or rock
shall satisfy the one-way and two-way shear
requirements of ACI 11.11.

15.5.1

For footings supporting a column, pedestal or wall, the
location of critical section for shear shall be measured
from the face of the column, pedestal or wall. For
footings supporting a column or pedestal with a steel
base plate, the critical section is to be measured from
the location defined in ACI 15.4.2(c).

15.5.2

Development of reinforcement is to be in accordance
with ACI Chapter 12.

15.6.1

Reinforcement is permitted to be developed at critical
sections by embedment length, hooks (tension only),
mechanical devices or a combination thereof.

15.6.2

(continued)

FOOTINGS

4-71

Table 4.22 Summary of Requirements for Footings in Buildings Assigned to SDC A or B
(continued)
Requirement

ACI Section Number(s)

Development of
Reinforcement
(continued)

Critical sections for development of reinforcement
shall occur at the same locations defined in ACI 15.4.2
for maximum factored moment, and at all other
locations where changes of section or reinforcement
occur. See also ACI 12.10.6 for provisions where
reinforcement stress is not directly proportional to
moment.

15.6.3

Minimum
Footing Depth

Depth of footing above bottom reinforcement must be
greater than or equal to 6 inches for footings supported
on soil.

15.7

Forces and moments at the base of a column, wall or
pedestal are to be transferred to a supporting pedestal
or footing by bearing and by reinforcement, dowels
and mechanical connections.

Transfer of Force
at Base of
Column, Wall or
Reinforced
Pedestal

15.8.1

Bearing stress on concrete shall not exceed the
concrete bearing strength given by ACI 10.14.

15.8.1.1

Reinforcement dowels or mechanical connectors
between supported and supporting members must be
adequate to transfer all compressive forces that exceed
the concrete bearing strength of either member or any
tensile force across the interface.

15.8.1.2

Reinforcement, dowels or mechanical connectors must
be adequate to satisfy the provisions of ACI 12.17
where moments are transferred to a supporting pedestal
or footing.

15.8.1.3

Lateral forces shall be transferred to supporting
pedestal or footing in accordance with the shearfriction provisions of ACI 11.6 or by other appropriate
means.

15.8.1.4

Area of reinforcement across the interface must be
greater than or equal to ͲǤͲͲͷܣ for cast-in-place
columns and pedestals.

15.8.2.1

For cast-in-place walls, area of reinforcement across
the interface must be greater than or equal to the
minimum reinforcement given in ACI 14.3.2.

15.8.2.2

It is permitted to lap splice No. 14 and No. 18
longitudinal bars in compression only to dowels from a
footing where the dowel bars are No. 11 or smaller.
The dowels must extend into the supported member a
distance greater than or equal to the larger of κௗ of the
No. 14 or No. 18 bars and the compression lap splice
length of the dowels. The dowels must extend into the
footing a distance greater than or equal to κௗ of the
dowels.
For SI: 1 inch = 25.4 mm.

15.8.2.3
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Loads and reactions. In general, the base area of a footing is determined using
unfactored loads and allowable soil pressures, while the thickness of the footing and the
required reinforcement are obtained using factored loads.
Table 4.23 contains soil pressure distributions for various loading conditions. These
distributions can be used to size the base area of the footing using service loads.
Similarly, the footing thickness and reinforcement can be obtained using these
distributions with factored loads.
Table 4.23 Soil Pressure Distributions for Various Loading Conditions
Eccentricity
e = M/P

Soil Pressure Distribution

L

B

P

0

q = P/Af

P

M

< L/6

q = (P/Af) + (6M/BL2)
(continued)
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Table 4.23 Soil Pressure Distributions for Various Loading Conditions (continued)
Eccentricity
e = M/P

Soil Pressure Distribution

L

B

P

M

= L/6

q = 2P/Af

P

M

> L/6
3(0.5L – e)
q = 2P/[3(0.5L – e)B]

Design for Flexure. Once the required area of the footing has been established based on
the service loads and the allowable bearing capacity of the soil, the thickness h of the
footing must be determined considering both flexure and shear. In general, a spread
footing must be designed for the bending moments that are induced due to the soil
pressure developed at the base of the footing from the factored loads.
Critical sections for the maximum factored moment in an isolated footing are provided in
ACI 15.4.2 and are illustrated in Figures 4.22, 4.23 and 4.24.
Figure 4.22 depicts an isolated spread footing subjected to a concentric factored axial
load, ܲ௨ . The factored pressure, ݍ௨ ǡat the base of the footing is equal to the factored axial
force, ܲ௨ , divided by the area of the footing, ܣ . The maximum factored bending
moment, ܯ௨ ǡat this critical section in this direction is equal to ݍ௨ ܿ ଶ Ȁʹ. Similar equations
can be derived for other pressure distributions.
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qu = Pu/Af
Figure 4.22 Critical Section for Flexure for an Isolated Footing Supporting a Concrete
Column, Pedestal or Wall

Figure 4.23 Critical Section for Flexure for an Isolated Footing Supporting a Masonry
Wall

Figure 4.24 Critical Section for Flexure for an Isolated Footing Supporting a Column
with a Steel Base Plate
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Once ܯ௨ has been determined, the required area of reinforcing steel, ܣ௦ , can be
calculated using the strength requirements of ACI Chapter 9. The required strength, ܯ௨ ,
must be less than or equal to the design strength, ߶ܯ :
ݍ௨ ܿ ଶ
ܽ
 ߶ܯ ൌ ߶ܣ௦ ݂௬ ቀ݀ െ ቁ
ܯ௨ ൌ
ʹ
ʹ
In this equation, the expression for ܯ௨ s for a concentrically loaded isolated spread
footing and the expression for ߶ܯ is for a rectangular concrete section with tension
reinforcement. An efficient design for footings would be one where the section is tensioncontrolled. Thus, in accordance with ACI 9.3.2, the strength reduction factor, ߶, is equal
to 0.9.
Alternatively, the above strength equation can be used to determine the minimum
effective depth, d, of the footing using the minimum area of steel, ܣ௦ǡ , which is equal
to 0.18 percent of the gross area of the footing for Grade 60 reinforcement. For a square
footing supporting a square concrete column:
݀ ൌ ʹǤʹܿඨ

ܲ௨
ܣ

Equation 4.1

where c is in feet, ܲ௨ is in kips, ܣ is in square feet and d is in inches.
ACI 15.4.3 provides detailing requirements for one-way footings and two-way square
footings. In such cases, the flexural reinforcement is to be distributed uniformly across
the entire width of the footing.
Flexural reinforcement in two-way rectangular footings must be distributed in accordance
with ACI 15.4.4. In the long direction, the flexural reinforcement is to be uniformly
distributed across the entire width of the footing. In the short direction, a portion of the
total reinforcement, ߛ௦ ܣ௦ ǡis to be uniformly distributed over a band width centered on the
column or pedestal equal to the length of the short side of the footing. The quantity,ߛ௦ , is
a function of the long to short sides of the footing, ߚ. The remainder of the reinforcement
must be uniformly distributed outside of the center band width of the footing (see
Figure 4.25).
Shear strength. Provisions for shear strength of footings are given in ACI 11.11. Like
two-way slabs, both one-way and two-way shear must be investigated for footings. The
critical section for shear is measured from the face of a column, pedestal or wall for
footings supporting such members or from the location defined in ACI 15.4.2(c) for
footings supporting a column or pedestal with steel base plates.
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Figure 4.25 Distribution of Flexural Reinforcement in a Rectangular Footing

For a square concrete column supported by a square footing, the following equation can
be used to determine the minimum effective depth, d, that is required to satisfy one-way
shear requirements:
݀ൌ

ݍ௨ ܿ
ݍ௨  ʹ߶ඥ݂ᇱ

Equation 4.2

Two-way shear strength will be the lesser of the values obtained from ACI Eqs. (11-32)
and (11-33) for a square concrete column supported by a square footing. Since Eq. (1132) will govern where ݀Ȁܿଵ  ͲǤʹͷ, which is rare, it is reasonable to assume that Eq. (1133) will govern in the majority of cases. Thus, the minimum effective d that is required to
satisfy two-way shear requirements is:
݀ ൌ ܿଵ 
ܽ ൌ

ݍ௨
 ߶ݒ
ʹ

ܾൌ

ݍ௨
 ߶ݒ
Ͷ

ܿൌ

ܣ
െͳ
ܿଵଶ

െܽ  ඥܽଶ  ݍ௨ ܾܿ
൩
ʹܾ

Equation 4.3

ݒ ൌ Ͷߣඥ݂ᇱ
The largest d computed by Equations 4.1, 4.2 and 4.3 should be used to determine the
overall thickness of the footing.
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Development of flexural reinforcement. Flexural reinforcement in footings must be
fully developed in accordance with the applicable provisions of ACI Chapter 12. The bars
must extend at least a tension development length, κௗ , beyond the critical section defined
in ACI 15.4.2 (see Figures 4.22 through 4.24).
For a reinforced concrete column supported on an isolated footing, the available
development length can be determined by the following:
κௗ 

 ܮെ ܿଵ
െ͵
ʹ

where  ܮൌ length of footing in direction of analysis
ܿଵ ൌ length of concrete column in direction of analysis
A minimum 3 inches (76 mm) cover is required for concrete cast against and permanently
exposed to earth (ACI 7.7.1).
The reinforcing bar size and spacing must be chosen to satisfy the above equation so that
the bars can become fully developed.
Force transfer at base of column. The interface between a supported element and a
footing must be designed to adequately transfer any vertical and horizontal forces
between the members.
In general, compression forces must be transferred by bearing. For the case of a concrete
column supported on a footing with a total area considerably larger than the column area,
bearing on the column concrete will govern in cases where the strength of the column
concrete is less than or equal to twice that of the footing concrete.
If the factored axial compressive force exceeds the concrete bearing capacity given in
ACI 10.14 for either surface, the excess compression must be transferred by
reinforcement developed in the footing (extended column bars or dowels). The minimum
area of reinforcement required across the interface is equal to 0.5 percent of the gross
area of the supported member (ACI 15.8.2.1). Dowels extending into a footing must be
developed in compression in accordance with ACI 12.3. The splice requirements of
ACI 12.16 are to be satisfied for the dowel bars that are spliced to the column bars.
Tensile forces transferred from a supported element to a footing must be resisted entirely
by reinforcement across the interface (ACI 15.8.1.2 and 15.8.1.3).
The shear-friction method of ACI 11.6 can be used to check for transfer of lateral forces
from a supported member to a footing (ACI 15.8.1.4). In such cases, the reinforcement
provided across the interface must satisfy the strength requirements of this method.
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EXAMPLES
Example 4.1—Four-story Residential Building

For the four-story residential building depicted in Figure 4.26, determine the required
reinforcement (1) in the slab along column line 4, (2) in the beams along column line 1
on the first floor, (3) in column B1 supporting the first floor level, (4) in footing B1,
(5) in the diaphragm chords along column lines 1, 2, 6 and 7 at the second-floor level for
lateral forces in the east-west direction and (6) in the collector element along column line
F at the second floor level for lateral forces in the east-west direction.

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.26 Typical Floor Plan of Four-story Residential Building
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DESIGN DATA

Concrete: ݂ᇱ ൌ ͶͲͲͲ; reinforcement: ݂௬ ൌ ͲǡͲͲͲ.
Roof live load = 20 psf; roof superimposed dead load = 10 psf
Floor average live load = 70 psf (40 psf outside of corridors, 100 psf for corridors)
Floor superimposed dead load = 30 psf
Glass curtain wall system: 8 psf
Net allowable bearing capacity of soil = 4000 psf
Lateral-force-resisting system: moment-resisting frames
Wind velocity = 90 mph, Exposure B
Seismic Design Category: B (ܵௌ ൌ ͲǤͳͻǡ ܵଵ ൌ ͲǤͳͲሻ
First story height = 12 feet, typical story height = 10 feet.
SOLUTION

Part 1: Determine reinforcement in slab along column line 4
Assuming that the two-way slab is not part of the lateral-force-resisting system, the slab
needs to be designed for the effects of gravity loads only.
•

Preliminary Slab Thickness
For serviceability, an interior panel without beams will govern in this example
(ACI 9.5.3.2).
From ACI Table 9.5(c), minimum overall thickness, h, with Grade 60 reinforcement
is:
κ ሺʹͶ ൈ ͳʹሻ െ ʹͲ
݄ ൌ
ൌ
ൌ ͺǤͻǤ
͵Ͳ
͵Ͳ
Use Figure 2.3 to estimate minimum slab thickness based on two-way shear strength
at an edge column assuming a 9-inch-thick slab (112.5 psf).
Total factored load ݍ௨ ൌ ͳǤʹሺͳͳʹǤͷ  ͵Ͳሻ  ͳǤሺͲሻ ൌ ʹͺ͵
 ܣൌ

ͳ
ʹͲ
൬ʹͳ  ൰ ൈ ʹͲ ൌ ʹʹǤ
ʹ
ͳʹ
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Area of edge column ൌ ܿଵଶ ൌ ʹǤͺ
ܣȀܿଵଶ ൌ ͺͳǤ
From Figure 2.3, ݀Ȁܿଵ ؆ ͲǤ͵ͷ
Therefore, ݀ ൌ ͲǤ͵ͷ ൈ ʹͲ ൌ ǤͲǤ
݄ ൌ ǤͲ  ͳǤʹͷ ൌ ͺǤʹͷǤ
Try a 9-inch-thick slab.
Check one-way (beam) shear at a distance ݀ ൌ Ǥͷ  from the face of an
interior column (see Figure 4.27).
Factored shear force at critical section is:
ܸ௨ ൌ ͲǤʹͺ͵ ൈ ൬

ʹͶ
ʹͲ
Ǥͷ
െ
െ
൰ ൈ ʹͲ ൌ ͷͻǤ
ʹ ʹ ൈ ͳʹ
ͳʹ
Panel centerlines

20′-0″

Critical section for
one-way shear
20 + 7.75 = 27.75″

7.75″

20 + 7.75 = 27.75″

20″
20″

24′-0″

Critical section
for two-way
shear

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.27 Critical Sections for One-way and Two-way Shear at an Interior Column
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Design shear strength is computed by ACI Eq. (11-3):
߶ܸ ൌ ߶ʹߣඥ݂ᇱ ܾ௪ ݀ ൌ ͲǤͷ ൈ ʹ ൈ ͳǤͲξͶͲͲͲ ൈ ሺʹͲ ൈ ͳʹሻ ൈ ǤͷȀͳͲͲͲ
ൌ ͳǤͷ  ܸ௨ ൌ ͷͻǤǤǤ
Check two-way shear at a distance ݀Ȁʹ ൌ ͵Ǥͺͷ  from the face of an interior
column (see Figure 4.27).
Factored shear force at critical section is:
ܸ௨ ൌ ݍ௨ ሺκଵ κଶ െ ܾଵ ܾଶ ሻ ൌ ͲǤʹͺ͵ ሺʹͶ ൈ ʹͲሻ െ

ʹǤͷ ൈ ʹǤͷ
൨ ൌ ͳ͵ͶǤ͵
ͳͶͶ

Design shear strength is the smallest value determined by ACI Eqs. (11-31), (11-32)
and (11-33). For square columns, ACI Eq. (11-33) governs:
߶ܸ ൌ ߶Ͷߣඥ݂ᇱ ܾ ݀ ൌ ͲǤͷ ൈ Ͷ ൈ ͳǤͲξͶͲͲͲ ൈ ሺͶ ൈ ʹǤͷሻ ൈ ǤͷȀͳͲͲͲ
ൌ ͳ͵Ǥʹ  ܸ௨ ൌ ͳ͵ͶǤ͵ǤǤ
A 9-inch-thick slab appears to be adequate for both serviceability and shear strength
requirements. A more refined check for shear strength is made at a later stage.
•

Design for Flexure
The Direct Design Method in ACI 13.6 is utilized in this example to determine the
bending moments in the slab due to gravity loads. This method can be used only if
certain geometric and loading criteria are met. All of the criteria are met in this
example, as indicated below (see Figure 4.14):
•

There shall be a minimum of three consecutive spans in each direction.
…Structure has at least three spans in each direction. O.K.

•

Panels shall be rectangular with a center-to-center longer span to shorter span
length ratio not greater than 2.
…Longer span/shorter span = 24/20 = 1.2 < 2 O.K.

•

Successive center-to-center span lengths in each direction shall not differ by more
than one-third the longer span.
…In the north-south direction, 21/24 = 0.875 > 0.67. O.K.

•

Columns may be offset a maximum of 10 percent of the span in the direction of
offset from either axis between centerlines of successive columns.
…No column offsets are present. O.K.
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•

Loads must be uniformly distributed gravity loads only and the live load must be
less than or equal to 2 times the dead load.
…Uniform live to dead load ratio = 70/142.5 = 0.49 < 2 O.K.

•

For a panel with beams between supports on all sides, ACI Eq. (13-2) must be
satisfied.
…Not applicable, since this design strip does not have beams. O.K.

Therefore, the Direct Design Method can be used for gravity load analysis.
Design Moments
The total static factored moments for spans in the interior design strip along column
line 4 are computed by ACI Eq. (13-4):
ܯ ൌ

ݍ௨ κଶ κଶ
ͺ

For an end span:
ܯ ൌ

ͲǤʹͺ͵ ൈ ʹͲ ൈ ͳͻǤ͵͵ଶ
ൌ ʹͶǤͷǦ
ͺ

For an interior span:
ܯ ൌ

ͲǤʹͺ͵ ൈ ʹͲ ൈ ʹʹǤ͵͵ଶ
ൌ ͵ͷʹǤͻǦ
ͺ

These moments are divided into positive and negative moments, and then into column
strip and middle strip moments according to the distribution factors in ACI 13.6.3,
13.6.4 and 13.6.6. The distribution factors for a flat plate system are given in
Figure 4.17. A summary of the factored gravity load bending moments in the end
span and an interior span is given in Table 4.24.
Table 4.24 Factored Moments in Design Strip Along Column Line 4
Slab Moments
(ft-kips)
Total Moment
Column Strip
Middle Strip

End Span
Exterior
Negative
ͲǤʹܯ
ൌ ͺǤͺ
ͲǤʹܯ
ൌ ͺǤͺ
0

Positive
ͲǤͷʹܯ
ൌ ͳ͵Ǥͷ
ͲǤ͵ͳܯ
ൌ ͺʹǤͲ
ͲǤʹͳܯ
ൌ ͷͷǤ

Interior
Negative
ͲǤͲܯ
ൌ ͳͺͷǤʹ
ͲǤͷ͵ܯ
ൌ ͳͶͲǤʹ
ͲǤͳܯ
ൌ ͶͷǤͲ

Interior Span
Interior
Positive
Negative
ͲǤ͵ͷܯ
ͲǤͷܯ
ൌ ͳʹ͵Ǥͷ
ൌ ʹʹͻǤͶ
ͲǤʹͳܯ
ͲǤͶͻܯ
ൌ ͶǤͳ
ൌ ͳʹǤͻ
ͲǤͳͶܯ
ͲǤͳܯ
ൌ ͶͻǤͶ
ൌ ͷǤͷ
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It is evident from the table that the interior negative moment in an interior span is
greater than the interior negative moment in an end span; the larger moment is used to
compute the required flexural reinforcement at this location (ACI 13.6.3.4).
Required Flexural Reinforcement
The required flexural reinforcement is given in Table 4.25.8 The provided areas of
steel are greater than the minimum required in accordance with ACI 13.3.1 and the
provided spacing is less than the maximum allowed in accordance with ACI 13.3.2.
Table 4.25 Required Slab Reinforcement in Design Strip Along Column Line 4
Location
Column
strip
End
Span
Middle
strip

Interior
Span

Column
strip
Middle
strip

Ext. neg.
Positive
Int. neg.
Ext. neg.
Positive
Int. neg.
Positive
Negative
Positive
Negative

ࡹ࢛

࢈

࢙כ

(ft-kips)

(in.)

(in.2)

Reinforcement*

-68.8
82.0
-172.9
0.0
55.6
-56.5
74.1
-172.9
49.4
-56.5

120
120
120
120
120
120
120
120
120
120

2.22
2.65
5.58
1.94
1.94
1.94
2.39
5.58
1.94
1.94

8-No. 5
9-No. 5
18-No. 5
8-No. 5
8-No. 5
8-No. 5
8-No. 5
18-No. 5
8-No. 5
8-No. 5

2

* Minimum As = 0.0018bh = 0.0018 × 120 × 9 = 1.94 in. (ACI 13.3.1)
Maximum spacing = 2h = 18 in. (ACI 13.3.2). For b = 120 in., 120/18 = 6.7 spaces, say 8 bars

For SI: 1 inch = 25.4 mm; 1 square inch = 645.16 mm2.

Additional Flexural Reinforcement Required for Moment Transfer—End Support
The total unbalanced moment at the exterior slab-column connection is equal to
68.8 ft-kips (see Table 4.24). A fraction of this moment, ߛ ܯ௨ , must be transferred by
flexure over an effective width equal to ܿଶ  ͵݄ ൌ ʹͲ  ሺ͵ ൈ ͻሻ ൌ ͶǤ
(ACI 13.5.3.2) where ߛ is determined by ACI Eq. (13-1):
ߛ ൌ

ൌ

8

ͳ
ͳ  ሺʹΤ͵ሻඥܾଵ Τܾଶ
ͳ
ͳ  ሺʹΤ͵ሻඥሾʹͲ  ሺǤͷΤʹሻሿΤሺʹͲ  Ǥͷሻ

ൌ ͲǤʹ

Required reinforcement is computed by the following simplified equation: ܣ௦ ൌ ܯ௨ ȀͶ݀ where ݀ ൌ
ǤͷǤ
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For edge columns bending perpendicular to the edge, the value of ߛ computed by
ACI Eq. (13-1) may be increased in accordance with the provisions of ACI 13.5.3.3.
No adjustment is made to ߛ in this example.
Unbalanced moment transferred by flexure ൌ ߛ ܯ௨ ൌ ͲǤʹ ൈ ͺǤͺ ൌ ͶʹǤǦǤ
The required area of steel to resist this moment in the 47-inch-wide strip ൌ ͶʹǤȀሺͶ ൈ
Ǥͷሻ ൌ ͳǤ͵ͺin.2, which is equivalent to five No. 5 bars. Provide the five No. 5 bars
by concentrating five of the column strip bars (eight No. 5) within the 47-inch width
over the column. For symmetry, add another bar in the column strip and check bar
spacing:
For five No. 8 within the 47-inch width: 47/5 = 9.4 in. < 18.0 in. O.K.
For four No. 5 within the 120 – 47 = 73 inch width: 73/4 = 18.25 in. > 18.0 in. N.G.
Therefore, add two more No. 5 bars to the 73-inch width: 73/6 = 12.2 in. < 18.0 in.
O.K.
Reinforcement details for the top bars at the exterior column are shown in
Figure 4.28.
Column
strip
– 11′-0″
Column
strip
– 10ƍ-0Ǝ

4′-1″
3ƍ-11Ǝ
1′-10″
1ƍ-8Ǝ

3-No. 5

5-No. 5

3-No. 5

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.28 Reinforcement Detail at Exterior Column
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Similar analyses can be performed for additional flexural reinforcement requirements
at interior columns.
•

Design for Shear
The total shear stress is the sum of the direct shear stress plus the shear stress due to
the fraction of the unbalanced moment transferred by eccentricity of shear
(ACI 11.11.7).
The maximum shear stress is determined by the following equation, assuming shear
stress due to moment transfer by eccentricity of shear varies linearly about the
centroid of the critical section:
ݒ௨ሺሻ ൌ

ܸ௨ ߛ௩ ܯ௨ ܿ

ܣ
ܬ

where ܣ ൌ area of concrete section resisting shear transfer
ܬ ൌ property of critical section analogous to polar moment of inertia of
segments forming ܣ
ܿ ൌ distance from centroidal axis of critical section to perimeter of critical
section in direction of analysis
ߛ௩ ൌ factor used to determine the unbalanced moment transferred by
eccentricity of shear
ൌ ͳ െ ߛ ൌ ͳ െ

ͳ
ͳ  ሺʹΤ͵ሻඥܾଵ Τܾଶ

Shear Strength at End Support
At this location, the factored shear force due to gravity loads is
ܸ௨ ൌ ݍ௨ ሺܣ௧ െ ܾଵ ܾଶ ሻ െ
ൌ ͲǤʹͺ͵ ʹʹǤ െ

ܯଵ െ ܯଶ
κ
ʹ͵Ǥͺͷ ൈ ʹǤͷ
ͳͺͷǤʹ െ ͺǤͺ
൨െ
ͳͶͶ
ʹͳ െ ሺʹͲΤͳʹሻ

ൌ ʹǤͻ െ ǤͲ ൌ ͷǤͻ
where ܣ௧ ൌ tributary area of column ൌ ሾሺʹͳΤʹሻ  ሺʹͲΤʹͶሻሿ ൈ ʹͲ ൌ ʹʹǤ
ܯଵ ൌ total negative design strip moment at interior support (see Table 4.24)
ܯଶ ൌ total negative design strip moment at exterior support (see Table 4.24)
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The section properties of the critical section are determined using Tables 4.13 and
4.16 for an edge column bending perpendicular to the edge:
ܿଶ Τܿଵ ൌ ͳǤͲ
ܿଵ Τ݀ ൌ ʹͲȀǤͷ ൌ ʹǤͷͺ
From Table 4.16, ݂ଵ ൌ ͻǤͶ and ݂ଶ ൌ ͷǤͷʹ (by linear interpolation).
Using Table 4.13, ܣ ൌ ݂ଵ ݀ ଶ ൌ ͻǤͶ ൈ Ǥͷଶ ൌ ͷͺͷǤͲ in.2 and
ܬ Τܿ ൌ ʹ݂ଶ ݀ ଷ ൌ ʹ ൈ ͷǤͷʹ ൈ Ǥͷଷ ൌ ͷͳ͵ͻ in.3
According to ACI 13.6.3.6, the gravity load moment to be transferred between the
slab and edge column by eccentricity of shear must be ͲǤ͵ܯ ൌ ͲǤ͵ ൈ ʹͶǤͷ ൌ
ͻǤͶǦ.
Therefore, the combined factored shear stress at the face of the critical section due to
gravity loads is
ݒ௨ሺሻ ൌ

ͷǡͻͲͲ ሺͳ െ ͲǤʹሻ ൈ ͻǤͶ ൈ ͳʹǡͲͲͲ

ൌ ͻǤ͵  ͲǤͷ ൌ ͳǤͺ
ͷͳ͵ͻ
ͷͺͷǤͲ

Design shear strength is the smallest value determined by ACI Eqs. (11-31), (11-32)
and (11-33). For a square column, ACI Eq. (11-33) governs:
߶ݒ ൌ

߶ܸ
ൌ ߶Ͷߣඥ݂ᇱ ൌ ͲǤͷ ൈ Ͷ ൈ ͳǤͲξͶͲͲͲ ൌ ͳͺͻǤ  ͳǤͺǤǤ
ܾ ݀

Shear Strength at First Interior Support
At this location, the factored shear force due to gravity loads is
ܸ௨ ൌ ݍ௨ ሺܣ௧ െ ܾଵ ܾଶ ሻ 
ൌ ͲǤʹͺ͵ ቈͶͷͲ െ

ܯଵ െ ܯଶ
κ

ͳͺͷǤʹ െ ͺǤͺ
ʹǤͷଶ

ʹͳ െ ሺʹͲΤͳʹሻ
ͳͶͶ

ൌ ͳʹͷǤͺ  ǤͲ ൌ ͳ͵ͳǤͺ
where ܣ௧ ൌ tributary area of column ൌ ʹʹǤͷ ൈ ʹͲ ൌ ͶͷͲ
ܯଵ ൌ total negative design strip moment at interior support (see Table 4.24)
ܯଶ ൌ total negative design strip moment at exterior support (see Table 4.24)
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The section properties of the critical section are determined using Tables 4.13 and
4.14 for an interior column:
ܿଶ Τܿଵ ൌ ͳǤͲ
ܿଵ Τ݀ ൌ ʹͲȀǤͷ ൌ ʹǤͷͺ
From Table 4.14, ݂ଵ ൌ ͳͶǤ͵ʹ and ݂ଶ ൌ ͺǤ͵ (by linear interpolation).
Using Table 4.13, ܣ ൌ ݂ଵ ݀ ଶ ൌ ͳͶǤ͵ʹ ൈ Ǥͷଶ ൌ ͺͲǤͳ in.2 and
ܬ Τܿ ൌ ʹ݂ଶ ݀ ଷ ൌ ʹ ൈ ͺǤ͵ ൈ Ǥͷଷ ൌ ͺͳʹ in.3
The total unbalanced moment at the first interior support is equal to ʹʹͻǤͶ െ ͳͺͷǤʹ ൌ
ͶͶǤʹǦ (see Table 4.24).
Therefore, the combined factored shear stress at the face of the critical section due to
gravity loads is
ݒ௨ሺሻ ൌ

ͳ͵ͳǡͺͲͲ ሺͳ െ ͲǤʹሻ ൈ ͶͶǤʹ ൈ ͳʹǡͲͲͲ

ൌ ͳͷ͵Ǥʹ  ʹͶǤͺ ൌ ͳͺǤͲ
ͺͳʹ
ͺͲǤͳ
൏ ͳͺͻǤǤǤ

•

Reinforcement Details
Slab reinforcement must conform to the requirements of ACI 13.3. The minimum bar
extensions in ACI Figure 13.3.8 are to be provided for reinforcement in the column
and middle strips.
Splice lengths for the flexural bars are determined by ACI 12.15. Class B splices are
required for the bottom bars in the column strip in accordance with ACI 13.3.8.
Class B splice ൌ ͳǤ͵κௗ where κௗ is determined by ACI Eq. (12-1):

κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߣ ൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for other than top
bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
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߰௦ ൌ modification factor for reinforcement size ൌ ͲǤͺ for No. 5 bars
ܿ ൌ spacing or cover dimension
ൌ ͲǤͷ 
ൌ

ͲǤʹͷ
ൌ ͳǤͳǤሺሻ
ʹ

ͳͷ
ൌ ǤͷǤ
ʹ

ܭ௧ ൌ transverse reinforcement index ൌ Ͳ
ܿ  ܭ௧ ͳǤͳ  Ͳ
ൌ
ൌ ͳǤͺ ൏ ʹǤͷ
ͲǤʹͷ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͲǤͺ
൰ ൈ ͲǤʹͷ ൌ ͳͻǤͺǤ ൌ ͳǤ
ͳǤͺ
ͶͲ ͳǤͲξͶͲͲͲ

Class B tension splice ൌ ͳǤ͵ ൈ ͳǤ ൌ ʹǤʹ
Use a 2 foot, 3 inch splice length.
Reinforcement details for the column strip and middle strip in the end span are shown
in Figure 4.29.
Part 2: Determine reinforcement in beams along column line 1
The beams along column line 1 are part of the lateral-force-resisting system and must be
designed for the combined effects due to gravity, wind and seismic forces.
•

Design for Flexure
Bending moments due to the dead and live loads are determined using the Direct
Design Method. The longest clear span is used to calculate bending moments due to
gravity forces.
The bending moments due to gravity forces are combined with the bending moments
due to the lateral forces to obtain the maximum factored moments at the critical
sections.
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1′-6″

5′-10″

1′-8″

6′-9″

4′-0″

4′-6″

5-No. 5

6-No. 5

9-No. 5

9-No. 5

9″
6″

2-No. 5

7-No. 5

2′-3″

19′-5″
Column Strip

1′-6″

4′-4″

5′-0″

8-No. 5

1′-8″

8-No. 5

9″
6″

4-No. 5

4-No. 5

6″

2′-10″
19′-5″
Middle Strip
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.29 Reinforcement Details for Design Strip Along Column Line 4
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Bending Moments Due to Gravity Forces
According to ACI 13.6.5, beams are proportioned to resist a fraction of the column
strip moment where the fraction depends on the value of ߙଵ κଶ Τκଵ Ǥ
Use ACI Eq. (13-3) and Figure 4.15 to determine ߙଵ Ǥ
Effective slab width ܾ ൌ ʹͲ  ሺʹͶ െ ͻሻ ൌ ͵ͷǤ ൏ ʹͲ  ሺͶ ൈ ͻሻ ൌ ͷǤ
ʹͲ
ͻ
ቂ͵ͷ ൈ ͻ ൈ ቀʹͶ െ ቁቃ  ቂ ൈ ሺʹͶ െ ͻሻଶ ቃ
ʹ
ʹ
ൌ ͳ͵ǤǤ
ݕ ൌ
ሾ͵ͷ ൈ ͻሿ  ሾʹͲ ൈ ሺʹͶ െ ͻሻሿ
͵ͷ ൈ ͻଷ
ʹͲ ൈ ሺʹͶ െ ͻሻଷ
ʹͶ െ ͻ ଶ
 ቈʹͲ ൈ ሺʹͶ െ ͻሻ ൈ ൬ͳ͵Ǥ െ
൰ 
ʹ
ͳʹ
ͳʹ
ଶ
ͻ
 ቈ͵ͷ ൈ ͻ ൈ ൬ʹͶ െ െ ͳ͵Ǥ൰  ൌ ʹͻǡͺͺͲǤସ
ʹ

ܫ ൌ

ܫ௦ ൌ

ሺͳͲǤͷ ൈ ͳʹሻ ൈ ͻଷ
ൌ ͺ͵Ǥସ
ͳʹ

Thus,
ߙଵ ൌ

ʹͻǡͺͺͲ
ൌ ͵Ǥͺͳ
ͺ͵

ߙଵ κଶ ͵Ǥͺͳ ൈ ʹͲ
ൌ
ൌ ͵Ǥʹ
ʹͶ
κଵ
Since ߙଵ κଶ Τκଵ  ͳǤͲǡ the beam must be proportioned to resist 85 percent of the
column strip moment (ACI 13.6.5.2).
ACI 13.6.2 is used to determine the bending moments in the column strip and the
beam. A summary of the moments is given in Table 4.26.
The total static factored dead and live load moments are computed by ACI Eq. (13-4):
ܯ

ݍ κଶ κଶ ͲǤͳͻ ൈ ͳͲǤͺ͵ ൈ ʹʹǤ͵͵ଶ
ൌ
ൌ
ൌ ͳʹͲǤͺǦ
ͺ
ͺ

ܯ ൌ
where

ݍ κଶ κଶ ͲǤͲͲ ൈ ͳͲǤͺ͵ ൈ ʹʹǤ͵͵ଶ
ൌ
ൌ ͶǤ͵Ǧ
ͺ
ͺ
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ݍ ൌ ൬

ሺʹͶ െ ͻሻ ൈ ʹͲ
ͺ ൈ ͳͳ
ͻ
ͳͷͲ
ൈ ͳͷͲ൰  ͵Ͳ  ቈ
ൈ
൬
൰ ൌ ͳͻ
ͳͲǤͺ͵
ͳʹ
ͳͶͶ
ͳͲǤͺ͵

κଶ ൌ ሺʹͲΤʹሻ  ሺʹͲΤʹͶሻ ൌ ͳͲǤͺ͵ (to be used when calculating ܯ for
spans adjacent and parallel to an edge; see ACI 13.6.2.4)
κ ൌ ʹͶ െ ሺʹͲΤͳʹሻ ൌ ʹʹǤ͵͵
Table 4.26 Service Gravity Bending Moments in Design Strip Along Column Line 1
Bending Moments
(ft-kips)
Total
Moment
Column
Strip
Beam

Dead
Live
Dead
Live
Dead
Live

End Span
Exterior
Negative
36.4
14.2
33.1
12.9
28.1
11.0

Positive
60.4
23.7
48.3
19.0
41.1
16.2

Interior
Negative
84.6
33.1
67.7
26.5
57.6
22.5

Interior Span
Interior
Positive
Negative
42.3
78.5
16.6
30.8
33.8
62.8
13.3
24.6
28.7
53.4
11.3
20.9

In the interior span, the static moment, ܯ , was distributed into total negative and
positive moments using the distribution factors in ACI 13.6.3.2, and in the end span,
ܯ was distributed using the distribution factors in ACI 13.6.3.3 for slabs without
beams between interior supports with an edge beam.9
Interior negative moments in the column strip were obtained by multiplying the total
interior negative moments by the appropriate percentage in ACI 13.6.4.1. For
κଶ Τκଵ ൌ ʹͲΤʹͶ ൌ ͲǤͺ͵ and ߙଵ κଶ Τκଵ ൌ ͵Ǥʹ  ͳ, the percentage of the total moment
to be assigned to the column strip is 80 from linear interpolation. For example, the
dead load moment in the column strip at this location is ͲǤͺͲ ൈ ͺͶǤ ൌ ǤǦǤ
Exterior negative moments in the column strip were obtained by multiplying the total
exterior negative moments by the appropriate percentage in ACI 13.6.4.2. The
stiffness ratio, ߚ௧ , is calculated using ACI Eqs. (13-5) and (13-6) and Figure 4.18:
ܾ ൌ ʹͲ  ሺʹͶ െ ͻሻ ൌ ͵ͷǤ ൏ ʹͲ  ሺͶ ൈ ͻሻ ൌ ͷǤ
Case A:
ܥ ൌ ൬ͳ െ ͲǤ͵
9

ʹͲ ʹͲଷ ൈ ʹͶ
ͻ ͻଷ ൈ ͳͷ
 ൬ͳ െ ͲǤ͵ ൰
ൌ ͵ʹǡǤସ ሺሻ
൰
͵
͵
ʹͶ
ͳͷ

The distribution factors chosen for the end span resulted in bending moments very close to those
obtained from a computer analysis.
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Case B:
ͳͷ ͳͷଷ ൈ ʹͲ
ͻ ͻଷ ൈ ͵ͷ
 ൬ͳ െ ͲǤ͵ ൰
ൌ ͳͺǡͻͻǤସ
ܥ ൌ ൬ͳ െ ͲǤ͵ ൰
͵
͵
ʹͲ
͵ͷ
Also,
ܫ௦ ൌ

ʹͲ ൈ ͳʹ ൈ ͻଷ
ൌ ͳͶǡͷͺͲǤͶ
ͳʹ

Therefore,
ߚ௧ ൌ

͵ʹǡ
ൌ ͳǤͳ
ʹ ൈ ͳͶǡͷͺͲ

The percentage of the total moment to be assigned to the column strip is 91 from
double linear interpolation of the values provided in ACI 13.6.4.2 using
κଶ Τκଵ ൌ ͲǤͺ͵ and ߚ௧ ൌ ͳǤͳǤ For example, the dead load moment in the column strip
at this location is ͲǤͻͳ ൈ ͵ǤͶ ൌ ͵͵ǤͳǦǤ
Positive moments in the column strip were obtained by multiplying the total positive
moments by the appropriate percentage in ACI 13.6.4.4. For κଶ Τκଵ ൌ ͲǤͺ͵ and
ߙଵ κଶ Τκଵ ൌ ͵Ǥʹ  ͳ, the percentage of the total moment to be assigned to the column
strip is 80 from linear interpolation. For example, the dead load moment in the
column strip in the end is ͲǤͺͲ ൈ ͲǤͶ ൌ ͶͺǤ͵ǦǤ
As noted previously, the gravity bending moments in the beams are 85 percent of the
column strip moments, since ߙଵ κଶ Τκଵ  ͳǤͲ (ACI 13.6.5.1).
Bending Moments Due to Lateral Forces
Wind and seismic forces were computed in accordance with ASCE/SEI Chapters 6,
11, 12, 20 and 21 given the design data above. The structure was analyzed for the
lateral forces in the N-S direction, and the results are summarized in Table 4.27 for
the beams along column line 1 at the first floor. Note that since the building is
assigned to SDC B, ordinary reinforced concrete moment frames are utilized (see
ASCE/SEI Table 12.2-1, system C7).
Factored Bending Moments
Basic strength design load combinations are given in ACI 9.2, which are essentially
the same as those in ASCE/SEI 2.3.2. The applicable load combinations in this case
are:
ܷ ൌ ͳǤͶܦ

ACI Eq. (9-1)
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ܷ ൌ ͳǤʹ ܦ ͳǤܮ

ACI Eq. (9-2)

ܷ ൌ ͳǤʹ ܦ ͲǤͺܹ

ACI Eq. (9-3)

ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ͳǤܹ

ACI Eq. (9-4)

ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ͳǤͲܧ

ACI Eq. (9-5)

ܷ ൌ ͲǤͻ ܦ ͳǤܹ

ACI Eq. (9-6)

ܷ ൌ ͲǤͻ ܦ ͳǤͲܧ

ACI Eq. (9-7)

Table 4.27 Bending Moments (ft-kips) in Beams at First Floor Level Along Column
Line 1 Due to Wind and Seismic Forces
End Span

Wind (W)
Seismic (QE)

Exterior
Negative
54.0
376.7

Interior
Negative
49.0
342.1

Interior
Span
Interior
Negative
40.4
283.1

According to ASCE/SEI 12.4.2, the seismic load effect, E, is the combination of
horizontal and vertical seismic load effects. The E for use in ACI Eq. (9-5) (or,
equivalently, ASCE/SEI load combination 5) where the effects of gravity and seismic
ground motion are additive is
 ܧൌ ߩܳா  ͲǤʹܵௌ ܦ
The redundancy factor, ߩ, is equal to 1.0 for structures assigned to SDC B
(ASCE/SEI 12.3.4.1).
The E for use in ACI Eq. (9-7) (or, equivalently, ASCE/SEI load combination 7)
where the effects of gravity and seismic ground motion counteract is
 ܧൌ ߩܳா െ ͲǤʹܵௌ ܦ
A summary of the governing factored bending moments is given in Table 4.28. The
required flexural reinforcement is given in Table 4.29, and the provided areas of steel
are within the limits prescribed in ACI 10.3.5 for maximum reinforcement (i.e., net
tensile strain in the extreme tension steel at nominal strength, ߝ௧ , shall be greater than
or equal to 0.004) and ACI 10.5.1 for minimum reinforcement.
The selected reinforcement satisfies ACI 7.6.1 and 3.3.2 (minimum spacing for
concrete placement), ACI 7.7.1 (minimum cover for protection of reinforcement) and
ACI 10.6 (maximum spacing for control of flexural cracking). See Tables 4.7 and 4.8
for minimum and maximum number of reinforcing bars permitted in a single layer.
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Table 4.28 Summary of Design Bending Moments and Shear Forces for Beam at First
Floor Level Along Column Line 1

Wind (W)

Support
Midspan
Support
Midspan
Support

Bending
Moment
(ft-kips)
-57.6
41.1
-22.5
16.2
± 54.0

Seismic ( QE )

Support

± 376.7

± 33.7

Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan

-80.6
57.5
-105.1
75.2
-166.8
57.4
34.6
37.0
-459.4
59.1
327.2
35.3

16.5

Load Case
Dead (D)
Live (L)

Location

Shear
Force
(kips)
11.8
4.6
± 4.8

Load Combination
1.4D
1.2D + 1.6L
1.2D + 0.5L + 1.6W
0.9D – 1.6W
1.24D + 0.5L + QE
0.86D – QE

21.5
24.1
2.9
50.7
23.6

Table 4.29 Required Flexural Reinforcement for Beam at First Floor Level Along
Column Line 1
Location
Support
Midspan

࢙כ

(ft-kips)

(in.2)

Reinforcement

-459.4
327.2
75.2

5.33
3.66
1.43

6-No. 9
4-No. 9
2-No. 9

ࡹ࢛

ȗܣ௦ǡ ൌ

͵ඥ݂ᇱ ܾ௪ ݀ ͵ξͶͲͲͲ ൈ ʹͲ ൈ ʹͳǤͷ
ൌ
ൌ ͳǤ͵ Ǥʹ
ͲǡͲͲͲ
݂௬

ൌ

ʹͲͲܾ௪ ݀ ʹͲͲ ൈ ʹͲ ൈ ʹͳǤͷ
ൌ
ൌ ͳǤͶ͵Ǥʹ ሺሻ ͳͲǤͷǤͳ
݂௬
ͲǡͲͲͲ

ܣ௦ǡ௫ ൌ

ͲǤͲͲ͵
ͲǤͺͷߚଵ ݂ᇱ ܾ௪ ݀
݂௬
ͲǤͲͲ͵  ͲǤͲͲͶ

ൌ

ͲǤͺͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ʹͲ ൈ ʹͳǤͷ ͲǤͲͲ͵
ൈ
ൌ ͺǤͺͺ Ǥʹ
ͲǤͲͲ
Ͳ

For SI: 1 square inch = 645.16 mm2; 1 foot-kip = 1.356 kN-m.

 ͳͲǤ͵Ǥͷ
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The final flexural reinforcement will be chosen after the effects of torsion are
included in the analysis.
•

Design for Combined Flexure, Shear and Torsion (see Figure 4.12)
Maximum Torsional Moment
In accordance with ACI 13.6.3.5, the beams along column line 1 must be designed to
resist the torsional moments caused by the slab framing perpendicular to their span
length. The applied uniform torsion, ݐ௨ , on the beams is equal to the total negative
moment in the slab at column line 1 (which is equal to ͲǤ͵ܯ for slabs without beams
between interior supports and with an edge beam) divided by the span length:
ݐ௨ ൌ

ͲǤ͵ܯ ͲǤ͵ ൈ ͲǤʹͺ͵ ൈ ʹͶ ൈ ͳͺǤ͵͵ଶ
ൌ
ൌ ͵ǤǦȀ
κଵ
ͺ ൈ ʹͶ

The torsional moment at the critical section ܶ௨ ൌ ͵Ǥ ൈ ʹͶȀʹ ൌ Ͷ͵ǤʹǦͳͲ
Torsion can be neglected where ܶ௨ is less than
߶ߣඥ݂ᇱ ቆ

ܣଶ
ͳͷଶ
ቇ ൌ ͲǤͷ ൈ ͳǤͲξͶͲͲͲ ቆ
ቇ ȀͳʹǡͲͲͲ ൌ ͳʹǤǦ

ͳͳͺ

where ܣ and  are determined by Table 4.11 for an edge beam.
Thus, torsional effects must be considered since ܶ௨ ൌ Ͷ͵ǤʹǦ  ͳʹǤǦ.
Since the beams are part of an indeterminate framing system where redistribution of
internal forces can occur following torsional cracking, the maximum factored
torsional moment, ܶ௨ , at the critical section located at a distance, d, from the face of
the support need not exceed the following [see ACI 11.5.2.2(a) and Figure 4.9]:
ܶ௨ ൌ ߶Ͷߣඥ݂ᇱ ቆ

ܣଶ
ቇ ൌ Ͷ ൈ ͳʹǤ ൌ ͷͲǤͺǦ  Ͷ͵ǤʹǦ


Therefore, design the beams for a torsional moment of 43.2 ft-kips.
Check the adequacy of the cross-sectional dimensions of the beam using ACI Eq. (1118).
Maximum factored shear force at face of support ܸ௨ ൌ ͷͲǤ and factored shear
force at critical section ܸ௨ ൌ ͷͲǤ͵ (see Table 4.28 and Figure 4.30).
10

The factored torsional moment at the critical section based on a finite element analysis is equal to
26.7 ft-kips.
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2.57 kips/ft

294.0 ft-kips

459.4 ft-kips
9′-2″

4′-0″
22′-4″

9′-2″

16.8 kips

50.7 kips

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm; 1 ft-kip = 1.356 kN-m.

Figure 4.30 Factored Shear Forces on Beam at First Floor Level Along Column Line 1

Assuming a 1.5-inch clear cover to No. 4 closed stirrups in the beam web only, use
Table 4.11 to determine the section properties ܣ and  :
ܣ ൌ ሾʹͲ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿ ൈ ሾʹͶ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿ ൌ ͵͵ͺǤʹͷǤଶ
 ൌ ʹ ൈ ሼሾʹͲ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿ  ሾʹͶ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿሽ ൌ ͶǤ
ଶ

ඨ൬

ܶ௨ 
ͷͲǡ͵ͲͲ ଶ
Ͷ͵Ǥʹ ൈ ͳʹǡͲͲͲ ൈ Ͷ ଶ
ܸ௨ ଶ
ඨ
ቇ ൌ ൬
൰ ቆ
൰ ൬
൰ ൌ ʹʹͻǤ͵
ʹͲ ൈ ʹͳǤͷ
ͳǤ ൈ ͵͵ͺǤʹͷଶ
ܾ௪ ݀
ͳǤܣଶ

߶൬

ܸ
 ͺඥ݂ᇱ ൰ ൌ ͲǤͷሺʹ  ͺሻξͶͲͲͲ ൌ ͶͶǤ͵  ʹʹͻǤ͵ǤǤ
ܾ௪ ݀

Required Transverse Reinforcement for Torsion
Determine transverse reinforcement required for torsion by ACI Eq. (11-21) (see
Figure 4.10).
ܣ ൌ ͲǤͺͷܣ ൌ ʹͺǤͷǤଶ
ʹܣ௧
ʹܶ௨
ʹ ൈ Ͷ͵Ǥʹ ൈ ͳʹǡͲͲͲ
ൌ
ൌ
ൌ ͲǤͲͶͲǤଶ ȀǤ
ݏ
ʹ߶ ߠܣ ݂௬௧ ʹ ൈ ͲǤͷ ൈ Ͷͷι ൈ ʹͺǤͷ ൈ ͲǡͲͲͲ
Required Transverse Reinforcement for Shear
Determine transverse reinforcement required for shear by ACI Eqs. (11-1), (11-2) and
(11-15) (see Figure 4.8).
ܣ௩ ܸ௨ െ ߶ܸ ͷͲǡ͵ͲͲ െ ൫ͲǤͷ ൈ ʹ ൈ ξͶͲͲͲ ൈ ʹͲ ൈ ʹͳǤͷ൯
ൌ
ൌ
ൌ ͲǤͲͳͲǤଶ ȀǤ
ͲǤͷ ൈ ͲǡͲͲͲ ൈ ʹͳǤͷ
ݏ
߶݂௬௧ ݀
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Total Required Transverse Reinforcement
Total required transverse reinforcement = 0.040 + 0.010 = 0.050 in.2/in.
Minimum transverse reinforcement is the greater of the following:
ͲǤͷඥ݂ᇱ

ܾ௪
ʹͲ
ൌ ͲǤͷξͶͲͲͲ
ൌ ͲǤͲͳǤଶ ȀǤ
ͲǡͲͲͲ
݂௬௧

ͷͲܾ௪ ͷͲ ൈ ʹͲ
ൌ
ൌ ͲǤͲͳǤଶ ȀǤሺሻ
ͲǡͲͲͲ
݂௬௧
Maximum spacing of transverse reinforcement is the smallest of the following:
 Ͷ
ൌ
ൌ ͻǤ͵Ǥሺሻ
ͺ
ͺ
12 in.
݀ ʹͳǤͷ
ൌ
ൌ ͳͲǤͺǤ
ʹ
ʹ
Assuming No. 4 closed stirrups, the required spacing, s, at the critical section
ൌ ʹ ൈ ͲǤʹͲȀͲǤͲͷͲ ൌ ͺǤͲǤ ൏ ͻǤ͵Ǥ
Provide No. 4 closed stirrups spaced at 8 inches on center at the critical section.
Closed stirrups are required over the length of the continuous reinforcement
(ACI 7.13.2.3).
Longitudinal Reinforcement Required for Torsion
Determine longitudinal reinforcement required for torsion by ACI Eq. (11-22) (see
Figure 4.11).
ܣκ ൌ

݂௬௧
ܣ௧
ͲǤͲͶͲ
 ቆ ቇ  ଶ Ʌ ൌ
ൈ Ͷ ൌ ͳǤͶͺǤଶ
ʹ
ݏ
݂௬

ܣκǡ

ͷඥ݂ᇱ ܣ
݂௬௧
ܣ௧
ͷξͶͲͲͲ ൈ ͳͷ
ͲǤͲͶͲ
ൌ
െ ൬ ൰  ቆ ቇ ൌ
െ൬
ൈ Ͷ൰ ൌ ͳǤǤଶ 
ͲǡͲͲͲ
ʹ
݂௬
ݏ
݂௬

Total Required Longitudinal Reinforcement
The longitudinal reinforcement required for torsion must be combined with the
longitudinal reinforcement required for flexure. The longitudinal torsion
reinforcement must be distributed around the perimeter of the section with a
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maximum spacing of 12 inches (ACI 11.5.6.2). In order to have a uniform
distribution of reinforcement around the perimeter, assign 1.76/4 = 0.44 in.2 to each
face.
Use one No. 6 bar on each side (area = 0.44 in.2, bar diameter = 0.75 in. > 0.042s =
0.34 in.). This bar satisfies the maximum spacing requirement of 12 inches, since the
spacing ൌ ሼʹͶ െ ʹሾͳǤͷ  ͲǤͷ  ሺͳǤͳʹͺΤʹሻሿሽȀʹ ൌ ͻǤͶǤ
The remaining 0.44 square inches of longitudinal steel required for torsion at the top
and bottom of the section is added to the area of steel required for flexure (see Table
4.29):
•

Face of support
5.37 + 0.44 = 5.81 in.2 < 6.00 in.2
3.65 + 0.44 = 4.09 in.2 § 4.00 in.2

•

Midspan
1.43 + 0.44 = 1.87 in.2 < 2.00 in.2

Thus, the reinforcing bars in Table 4.29 can be used for combined flexure and torsion
at the top and bottom of the section.
•

Reinforcement Details
According to the structural integrity provisions in ACI 7.13.2.2, at least one-sixth of
the tension reinforcement required for negative moment at the support (but not less
than two bars) and at least one-quarter of the tension reinforcement required for
positive moment at midspan (but not less than two bars) must be continuous and be
enclosed by closed stirrups. Thus, at least two No. 9 tops bars must be continuous or
spliced by Class B tension splices near midspan, and at least two No. 9 bottom bars
must be continuous or spliced by Class B tension splices at or near the supports. ACI
21.2.2 also requires that at least two of the top and bottom longitudinal bars be
continuous.
Four of the six No. 9 top bars can be theoretically cut off at the location where the
factored bending moment is equal to the design moment strength of the section based
on a total area of steel equal to the area of two No. 9 bars. Thus, with ܣ௦ ൌ
ʹǤͲͲǤଶ ǡ ߶ܯ ൌ ͳͺͷǤǦǤ
The load combination ͲǤͺ ܦെ ܳா produces the longest bar lengths. The distance x
from the face of the support where the factored bending moment is equal to 185.6 ftkips is obtained by summing moments about section a-a at this location (see
Figure 4.31):
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ͳ ݔǤͷͶݔ ݔ
ൈ ൰ െ Ͷ͵Ǥͻ ݔ ͵Ǥ ൌ ͳͺͷǤ
൬ ൈ
ʹ ͻǤͳ ͵
1.54 kips/ft
a
327.2 ft-kips

426.2 ft-kips
9′-2″

4′-0″
22′-4″

a

x
9′-2″

23.6 kips

43.9 kips

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm; 1 ft-kip = 1.356 kN-m.

Figure 4.31 Cutoff Location of Negative Flexural Reinforcement

Solution of this equation gives x = 5.6 ft. The four No. 9 bars must extend a distance
of d = 21.5 in. or ͳʹ݀ ൌ ͳʹ ൈ ͳǤͳʹͺ ൌ ͳ͵ǤͷǤ beyond the distance x (ACI
12.10.3). Thus, from the face of the support, the total bar length must be at least equal
to 5.6 + (21.5/12) = 7.4 ft. Also, the bars must extend a full development length, κௗ ,
beyond the face of the support (ACI 12.10.4). The development length for the No. 9
bars can be determined by ACI Eq. (12-1):

κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߣ ൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤ͵ for top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͳǤͲ for No. 9 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͳʹͺ
ൌ ʹǤǤ
ʹ

ʹͲ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͳʹͺ
ൌ ͳǤͷǤሺሻ
ʹൈͷ

4-100

CHAPTER 4 DESIGN AND DETAILING FOR SDCS A AND B

ܭ௧ ൌ transverse reinforcement index ൌ Ͳ (conservative)
ܿ  ܭ௧ ͳǤͷ  Ͳ
ൌ
ൌ ͳǤ͵ ൏ ʹǤͷ
ͳǤͳʹͺ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤ͵ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͳʹͺ ൌ ͺͲǤ͵Ǥ ൌ Ǥ
ͳǤ͵
ͶͲ ͳǤͲξͶͲͲͲ

Thus, the total length of the four No. 9 bars must be at least 7.4 feet beyond the face
of the support.
Flexural reinforcement shall not be terminated in a tension zone unless one or more of
the conditions of ACI 12.10.5 are satisfied. In this case, the point of inflection is
approximately 10.4 feet from the face of the support, which is greater than 7.4 feet.
Thus, the No. 9 bars cannot be terminated here unless one of the conditions of ACI
12.10.5 is satisfied. In this case, check if the factored shear force, ܸ௨ , at the cutoff
point does not exceed ʹ߶ܸ Ȁ͵ (ACI 12.10.5.1). With No. 4 stirrups at 8 inches on
center, φVn is determined by ACI Eqs. (11-1) and (11-2):
߶ܸ ൌ ߶ሺܸ  ܸ௦ ሻ ൌ ͲǤͷ ൬ͷͶǤͶ 

ͲǤͶ ൈ Ͳ ൈ ʹͳǤͷ
൰ ൌ ͺͻǤʹ
ͺ

At 7.4 feet from the face of the support, ܸ௨ ൌ Ͷ͵Ǥͻ െ ሺͲǤͷ ൈ ͳǤʹͶ ൈ ǤͶሻ ൌ ͵ͻǤ͵,
which is less than ʹ ൈ ͺͻǤʹȀ͵ ൌ ͷͻǤͷ. Therefore, the four No. 9 bars can be
terminated at 7.4 feet from the face of the support.
It is assumed in this example that the four No. 9 positive bars are continuous with
splices over the columns.
Figure 4.32 shows the reinforcement details for the beam.
Part 3: Determine reinforcement in column B1 supporting the first floor level
A summary of the axial forces, bending moments and shear forces on column B1 is given
in Table 4.30. ACI Eq. (13-7) was used in determining the gravity load moments on the
column where the full dead load is taken on adjoining spans and half of the live load is
taken on the longer span. The bending moment determined by this equation was
distributed to the column above and below inversely proportional to their lengths. Also
given in Table 4.30 are the factored load combinations.11

11

It was assumed in the analysis that the base of the column is pinned and that only axial force is
transmitted from the column to the footing.
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1′-8″

1′-8″

4-No. 9

7′-6″

2-No. 9

4-No. 9

2′-0″

2-No. 6
2″

4-No. 9

No. 4 closed stirrups @ 8″
22′-4″

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.32 Reinforcement Details for the Beam at First Floor Level Along
Column Line 1

Table 4.30 Summary of Axial Forces, Bending Moments and Shear Forces on
Column B1 Supporting the First Floor Level

Load Case

Axial
Force
(kips)

Bending
Moment
(ft-kips)

Shear
Force
(kips)

157.9

11.3

± 2.3

31.5

11.0

± 2.2

± 3.6

± 111.0

± 11.1

Seismic ( QE )

± 25.1

± 402.0

± 40.2

Load Combination
1.4D
1.2D + 1.6L + 0.5Lr
1.2D + 0.5(L + Lr) + 1.6W
0.9D – 1.6W

221.1
242.3
213.4
136.4

15.8
31.2
196.7
167.4

3.2
6.3
21.6
15.7

1.24D + 0.5L + QE

236.7

421.5

44.2

0.86D – QE

110.7

392.3

38.2

Dead (D)
Live (L)
Roof live (Lr)
Wind (W)

For SI: 1 ft-kip = 1.356 kN-m.
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Design for Axial Force and Bending
Based on the governing load combinations in Table 4.30, a 20-inch by 20-inch
column reinforced with 12 No. 9 bars ሺܣ௦௧ ൌ ͲǤͲʹܣ ሻ is adequate for column B1
supporting the first floor level. The interaction diagram for this column is shown in
Figure 4.33. Since P-delta effects were considered in the analysis, slenderness effects
need not be considered. The provided area of longitudinal reinforcement is within the
allowable range specified in ACI 10.9.1.

Figure 4.33 Design and Nominal Strength Interaction Diagrams for Column B1

In accordance with ACI 7.6.3, the distance between longitudinal bars must be greater
than or equal to ͳǤͷ݀ ൌ ͳǤͷ ൈ ͳǤͳʹͺ ൌ ͳǤǤ (governs) or 1.5 inches. In this case,
the clear distance is equal to
ʹͲ െ ʹ ቀͳǤͷ  ͲǤ͵ͷ 
͵
•

ͳǤͳʹͺ
ቁ
ʹ
െ ͳǤͳʹͺ ൌ ͷǤͲǤ  ͳǤǤǤǤ

Design for Shear
Since the clear height to plan dimension of the column ൌ ሾሺͳʹ ൈ ͳʹሻ െ ʹͶሿȀʹͲ ൌ
  ͷ, the column need not be designed for shear in accordance with ACI 21.3.3
(ACI 21.2.3).
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The shear capacity of the column is checked in accordance with ACI Eq. (11-4) for
members subjected to axial compression:
ܸ ൌ ʹ ቆͳ 

ܰ௨
ቇ ߣඥ݂ᇱ ܾ௪ ݀
ʹͲͲͲܣ

ൌ ʹ ൬ͳ 

ʹ͵ǡͲͲ
൰ ξͶͲͲͲ ൈ ʹͲ ൈ ͳ͵ǤͺȀͳͲͲͲ ൌ ͶͷǤʹ
ʹͲͲͲ ൈ ʹͲଶ

where ܰ௨ ൌ ʹ͵Ǥ, which is the factored axial compressive force on the column
corresponding to the maximum shear force and ݀ ൌ ͳ͵ǤͺǤ was obtained from a
strain compatibility analysis.
Since ߶ܸ ൌ ͲǤͷ ൈ ͶͷǤʹ ൌ ͵͵Ǥͻ ൏ ܸ௨ ൌ ͶͶǤʹ, provide shear
reinforcement in accordance with ACI 11.4.7:
ܣ௩ ܸ௨ െ ߶ܸ
ͶͶǤʹ െ ͵͵Ǥͻ
ൌ
ൌ
ൌ ͲǤͲͳǤʹ ȀǤ
ͲǤͷ ൈ Ͳ ൈ ͳ͵Ǥͺ
ݏ
߶݂௬௧ ݀
The required spacing of No. 3 ties and crossties is
ݏൌ

ܣ௩ ݂௬
Ͷ ൈ ͲǤͳͳ
ሺͶ ൈ ͲǤͳͳሻ ൈ ͲǡͲͲͲ
ൌ ʹͷǤͻǤ ൏
ൌ
ൌ ʹǤͶǤ
ͲǤͲͳ
ͷͲ ൈ ʹͲ
ͷͲܾ௪

The transverse reinforcement requirements of ACI 7.10.5 must also be satisfied. The
vertical spacing of the No. 3 ties must not exceed the smallest of the following:
16(longitudinal bar diameters) ൌ ͳ ൈ ͳǤͳʹͺ ൌ ͳͺǤͲǤ
48(tie bar diameters) ൌ Ͷͺ ൈ ͲǤ͵ͷ ൌ ͳͺǤͲǤ
Least column dimension ൌ ʹͲǤ
Use No. 3 ties @ 18.0 in. on center with the first tie located vertically not more than
ͳͺȀʹ ൌ ͻǤͲǤ above the top of the slab and not more than 3.0 inches below the
lowest horizontal reinforcement in the beams (ACI 7.10.5.4 and 7.10.5.5).
•

Reinforcement Details
ACI 12.17 contains the splice requirements for columns. It can be seen from the
interaction diagram in Figure 4.33 that the bar stress corresponding to at least one
factored load combination is greater than ͲǤͷ݂௬ . Thus, Class B lap splices must be
provided in accordance with ACI 12.17.2.3.
Determine the development length in tension by ACI Eq. (12-1):
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κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߣ ൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for bars other
than top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͳǤͲ for No. 9 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͳʹͺ
ൌ ʹǤǤ
ʹ

ʹͲ െ ʹሺͳǤͷ  ͲǤ͵ͷሻ െ ͳǤͳʹͺ
ൌ ʹǤͷǤሺሻ
ʹൈ͵

ܭ௧ ൌ transverse reinforcement index
ൌ

ͶͲܣ௧ ͶͲ ൈ Ͷ ൈ ͲǤͳͳ
ൌ
ൌ ͲǤʹ
ͳͺ ൈ Ͷ
݊ݏ

ܿ  ܭ௧ ʹǤͷ  ͲǤʹ
ൌ
ൌ ʹǤͶ ൏ ʹǤͷ
݀
ͳǤͳʹͺ
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͳʹͺ ൌ ͵͵ǤͶǤ ൌ ʹǤͺ
ʹǤͶ
ͶͲ ͳǤͲξͶͲͲͲ

Class B splice length ൌ ͳǤ͵κௗ ൌ ͵Ǥ
Use a 3 foot, 8 inch splice length with the splice located just about the slab.
Reinforcement details for column B1 are given in Figure 4.34.
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1st Floor

1′-8″
12-No. 9
A

A
No. 3 @ 1′-6″

Other reinforcement not
shown for clarity

1′-8″
1½″ (typ.)
Section A-A

≤ 9″

3′-8″
Ground
2′-0″

≤ 3″

Additional ties at
offset bent

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.34 Reinforcement Details for Column B1 Supporting the First Floor Level

Part 4: Determine reinforcement in footing B1
•

Base Area of Footing
According to ACI 15.2.2, the base area of a footing is to be determined using service
loads in whatever combination that governs the design. Basic load combination 6 in
ASCE/SEI 2.4.1 is the critical load combination for footing B1 (see ASCE/SEI
12.4.2.3 and Table 4.30):
ܲ ൌ ሺͳ  ͲǤͳͲͷܵௌ ሻܲ  ͲǤͷܲ  ͲǤͷܲೝ  ͲǤͷʹͷܲொಶ ൌ ʹͲͳǤͷ
From Table 4.23, the required base area of the footing is
ܣ ൌ

ʹͲͳǡͷͲͲ
ൌ ͷͲǤͶ
ͶͲͲͲ

Use a 7 foot, 6 inch square footing ሺܣ ൌ ͷǤ͵ሻ.
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Footing Thickness
The thickness of the footing must be determined using the factored pressure at the
base of the footing considering both flexure and shear. The maximum factored
pressure at the base of the footing is:
ݍ௨ ൌ ሺͳǤʹ  ͲǤʹܵௌ ሻݍ  ͲǤͷݍ  ݍொಶ

ൌ ൬ͳǤʹͶ ൈ

͵ͳǡͷͲͲ
ʹͷǡͳͲͲ
ͳͷǡͻͲͲ
ൌ ͶʹͲ
൰  ൬ͲǤͷ ൈ
൰
ଶ
ଶ
Ǥͷ
Ǥͷଶ
Ǥͷ

Design for Flexure
The critical section for flexure for a footing supporting a concrete column is at the
face of the column (see Figure 4.22). Using Eq. 4.1, the required effective depth, d, of
the footing for flexure, assuming minimum reinforcement, is
݀ ൌ ʹǤʹܿඥݍ௨ ൌ ʹǤʹ ൬

Ǥͷ ʹͲ
െ ൰ ξͶǤʹͲ ൌ ͳ͵ǤʹǤ
ʹ
ʹͶ

The required reinforcement will be determined after the required effective depth is
established, considering both flexure and shear strength.
Shear Strength
The minimum effective depth that is required to satisfy one-way shear requirements is
determined by Eq. 4.2:
Ǥͷ ʹͲ
ͶʹͲ
ൈቀ
െ ቁ ൈ ͳʹ
ʹ
ʹͶ
ͳͶͶ
ൌ
ൌ ͺǤʹǤ
݀ൌ
ͶʹͲ
ᇱ
ݍ௨  ʹ߶ඥ݂
 ൫ʹ ൈ ͲǤͷξͶͲͲͲ൯
ͳͶͶ
ݍ௨ ܿ

Equation 4.3 is used to determine the minimum effective depth to satisfy two-way
shear requirements:
݀ ൌ ܿଵ 

െܽ  ඥܽଶ  ݍ௨ ܾܿ
൩
ʹܾ

ۍെʹͲͶǤͶ  ටʹͲͶǤͶଶ  ቀͶʹͲ ൈ ͳͻǤͳ ൈ ͳͻǤ͵ቁې
ͳͶͶ
 ۑൌ ͻǤͷǤ
ൌ ʹͲ ێ
ʹ ൈ ͳͻǤͳ
ێ
ۑ
ۏ
ے
ܽ ൌ

ݍ௨
ͶʹͲ
 ߶ݒ ൌ
 ሺͲǤͷ ൈ ʹͷ͵ǤͲሻ ൌ ʹͲͶǤͶ
ʹ ൈ ͳͶͶ
ʹ
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ܾൌ
ܿൌ

ݍ௨
ͶʹͲ
 ߶ݒ ൌ
 ሺͲǤͷ ൈ ʹͷ͵ǤͲሻ ൌ ͳͻǤͳ
Ͷ ൈ ͳͶͶ
Ͷ
ܣ
Ǥͷଶ
െ
ͳ
ൌ
െ ͳ ൌ ͳͻǤ͵
ܿଵଶ
ʹͲ ଶ
ቀ ቁ
ͳʹ

ݒ ൌ Ͷߣඥ݂ᇱ ൌ Ͷ ൈ ͳǤͲξͶͲͲͲ ൌ ʹͷ͵ǤͲ
Therefore, an 13.2 + 4 = 17.2 inch footing thickness is adequate for flexure and shear.
Try a 18-inch-thick footing (d = 14 in.).
Footing Reinforcement
Required area of reinforcement ൌ ͲǤͲͲͳͺ ൈ ͳʹ ൈ ͳͺ ൌ ͲǤ͵ͻǤʹ Ȁ
Try No. 5 @ 9 in. (ܣ௦ ൌ ͲǤͶͳǤʹ Ȁሻ
Determine the development length of the No. 5 bars.

κௗ ൌ ൮

ൌ ൬

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

͵
ͲǡͲͲͲ
ͳǤͲ ൈ ͳǤͲ ൈ ͲǤͺ
ൈ
ൈ
൰ ൈ ͲǤʹͷ ൌ ͳͶǤʹǤ ൌ ͳǤʹ
ͶͲ ͳǤͲξͶͲͲͲ
ʹǤͷ

Available development length:
ʹͲ
ͳʹ െ ͵ ൌ ʹǤ  ͳǤʹǤǤ
ͳʹ
ʹ

Ǥͷ െ

Use No. 5 @ 9 inches, 7 feet long each way.
Force Transfer at Base of Column
Check bearing stress on the concrete column and footing in accordance with
ACI 15.8.1.1.
Bearing strength of column (ACI 10.14.1):
߶ܲ ൌ ߶ͲǤͺͷ݂ᇱ ܣଵ ൌ ͲǤͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ʹͲଶ ൌ ͺͺͶ  ܲ௨ ൌ ʹ͵ǤǤǤ
Bearing strength of footing:
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The bearing strength of the footing is permitted to be increased by the factor ඥܣଶ Τܣଵ
where ܣଶ is the plan area of the lower base of the largest frustrum of a pyramid, cone
or tapered wedge contained wholly within the support, and having for its upper base
the loaded area and having side slopes of 1 vertical to 2 horizontal. In this case,
ܣଶ ൌ ሺ͵ͷ  ʹͲ  ͵ͷሻଶ ൌ ͺͳͲͲǤଶ
ͺͳͲͲ
ܣଶ
ൌ ඨ ଶ ൌ ͶǤͷ  ʹǤͲǡʹǤͲ
ʹͲ
ܣଵ

ඨ

߶ܲ ൌ ʹ߶ͲǤͺͷ݂ᇱ ܣଵ
ൌ ͲǤͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ʹͲଶ ൌ ͳͺ  ܲ௨ ൌ ʹ͵ǤǤǤ
In accordance with ACI 15.8.2.1, the following minimum area of reinforcement is
required across the interface:
Minimum ܣ௦ ൌ ͲǤͲͲͷܣ ൌ ͲǤͲͲͷ ൈ ʹͲଶ ൌ ʹǤͲǤଶ
Provide eight No. 5 bars as dowels (ܣ௦ ൌ ʹǤͶͺǤଶ ሻ
The required length of the dowel bars are determined below.
Transfer of Horizontal Force at Base of Column
According to ACI 15.8.1.4, the shear-friction provisions of ACI 11.6 can be used to
check for transfer of lateral forces from the column to the footing.
Assuming that the footing surface is not intentionally roughened, the maximum shear
transfer permitted is:
߶ܸ ൌ ߶ͲǤʹ݂ᇱ ܣ ൌ ͲǤͷ ൈ ͲǤʹ ൈ Ͷ ൈ ʹͲଶ ൌ ʹͶͲ ൏ ͺͲͲܣ ൌ ͵ʹͲ
From Table 4.30, ܸ௨ ൌ Ǥͺ ൏ ʹͶͲǤǤ
The required area of shear-friction reinforcement is determined by ACI Eq. (11-25):
ܣ௩ ൌ

ܸ௨
Ǥͺ
ൌ
ൌ ʹǤͷͳǤʹ
߶݂௬ ߤ ͲǤͷ ൈ Ͳ ൈ ͲǤ

Provided ܣ௩ ൌ ʹǤͶͺǤʹ ൎ ʹǤͷͳǤʹ Ǥ Ǥ ሺͳǤʹ  ሻ
Since the shear-friction reinforcement acts in tension, it must be fully anchored for
tension into the column and into the footing.
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Tensile anchorage into the column:

κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߣ ൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for bars other
than top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͲǤͺ for No. 5 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 

ͳǤͳʹͺ
ͳǤͳʹͺ  ͲǤʹͷ
൬
൰ Ͷͷι ൌ ͵ǤʹǤ
ʹ
ʹ

ͳ ʹͲ െ ʹሺͳǤͷ  ͲǤ͵ͷሻ െ ͳǤͳʹͺ
ͳǤͳʹͺ  ͲǤʹͷ
ൌ ቈ
െ൬
൰ Ͷͷι
ʹ
͵
ʹ
ൌ ʹǤʹǤሺሻ
ܭ௧ ൌ transverse reinforcement index
ൌ

ͶͲܣ௧ ͶͲ ൈ Ͷ ൈ ͲǤͳͳ
ൌ
ൌ ͳǤͲ
ൈ͵
݊ݏ

ܿ  ܭ௧ ʹǤʹ  ͳǤͲ
ൌ
ൌ ͷǤͳ  ʹǤͷǡʹǤͷ
ͲǤʹͷ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͲǤͺ
൰ ൈ ͲǤʹͷ ൌ ͳͶǤʹǤ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

Provide at least 14.2 inches of embedment into the column.
Tensile anchorage into the footing, assuming 90-degree standard hooks at the ends of
the No. 5 dowel bars:
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ͲǤͲʹ߰ ݂௬
ߣඥ݂ᇱ

ቇ ݀ ൌ ൬

ͲǤͲʹ ൈ ͳǤͲ ൈ ͲǡͲͲͲ
൰ ൈ ͲǤʹͷ ൌ ͳͳǤͻǤ
ͳǤͲξͶͲͲͲ

Since the cover normal to the plane of the 90-degree hook is greater than 2.5 inches
and the cover on the bar extension beyond the hook is greater than 2 inches, the
required development length may be reduced in accordance with ACI 12.5.3(a):
κௗ ൌ ͲǤ ൈ ͳͳǤͻ ൌ ͺǤ͵Ǥ  ͺ݀ ൌ ͷǤǤ
Available footing depth ൌ ͳͺ െ ͵ െ ሺʹ ൈ ͲǤʹͷሻ ൌ ͳ͵ǤͷǤ  ͺǤ͵Ǥ
Therefore minimum total length of dowel bars ൌ ͳͶǤʹ  ͺǤ͵ ൌ ʹʹǤͷǤ
Use 2 foot-long dowels.
Reinforcement details for footing B1 are given in Figure 4.35.

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.35 Reinforcement Details for Footing B1
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Part 5: Determine reinforcement in the diaphragm chords along column lines 1, 2, 6
and 7 at the second floor level for lateral forces in the east-west direction
Prior to determining the required reinforcement, the locations of the center of mass and
center of rigidity will be determined.
Based on the member sizes and dimensions in Figure 4.26, the center of mass is located
60.0 feet to the east of column line 1 and 61.8 feet to the north of column line F.12
The stiffnesses of the frames are determined by Equation 3.5 in this publication. Using
the beam and column cross-sectional dimensions and lengths in Figure 4.26, the relative
stiffnesses of the frames are as follows:
One-bay frames on lines 2 and 6: 1.00
One-bay frames on line D: 1.06
Three-bay frames on lines 1 and 7: 2.35
Six-bay frame on line A: 4.62
By inspection, the center of rigidity in the east-west direction is located ݔ ൌ Ͳ
from column line 1 due to the symmetric distribution of the frame stiffnesses in the northsouth direction. Equation 3.8 is used to determine the location of the center of rigidity in
the north-south direction, which is measured from column line F:
ݕ ൌ

σሺ݇ ሻ௫ ݕ
σሺ݇ ሻ௫

ൌ

ሺͶǤʹ ൈ ͳͳͶሻ  ሺʹ ൈ ͳǤͲ ൈ Ͷͷሻ
ൌ ͲǤʹ
ͶǤʹ  ሺͶ ൈ ͳǤͲሻ

Diaphragm Design Forces
ASCE/SEI Equation (12.10-1) is used to determine the design seismic force, ܨ௫ , on the
diaphragm:13




ܨ௫ ൌ ൭ ܨ ൙ ݓ ൱ ݓ௫
ୀ௫

ୀ௫

 ͲǤͶܵௌ ݓܫ௫ ൌ ͲǤͲݓ௫
 ͲǤʹܵௌ ݓܫ௫ ൌ ͲǤͲ͵ͺݓ௫
12

The center of mass is located 60.0 feet to the east of from column line 1 and 60.8 feet to the north of
column line F when only the mass of the floor slab is considered.
13
The effects from wind forces do not govern in this example.
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where ܨ ൌ the seismic design force applied at level i
ݓ ൌ the weight tributary to level i
ݓ௫ ൌ the weight tributary to the diaphragm at level x
Table 4.31 contains a summary of the diaphragm forces at each level of the building.
Table 4.31 Design Seismic Diaphragm Forces
Level

࢝࢞

σ ࢝࢞

ࡲ࢞

σ ࡲ࢞

ࡲ࢞

(kips)

(kips)

(kips)

σ ࡲ࢞
σ ࢝࢞

࢝࢞

(kips)

(kips)

(kips)

172
157
108
59

172
329
437
496

0.076*
0.076*
0.076*
0.065

1,667
1,995
1,995
2,014

127
152
152
131

1,667
1,667
4
3
1,995
3,662
2
1,995
5,657
1
2,014
7,671
* Maximum value governs.

Since the diaphragm is rigid, the 152-kip diaphragm force at the second floor level is
distributed to the frames in proportion to their relative stiffnesses. This force is applied at
the location of the center of mass, which must be displaced from its actual location a
distance of 5 percent of the dimension of the building perpendicular to the direction of
the applied force ൌ ͲǤͲͷ ൈ ͳͳͶ ൌ ͷǤሺȀ ͳʹǤͺǤͶǤʹሻ. Thus, two cases must be
examined: (1) center of mass located at ͳǤͺ  ͷǤ ൌ Ǥͷ from column line F and
(2) center of mass located at ͳǤͺ െ ͷǤ ൌ ͷǤͳ from column line F.
•

Case 1: Center of mass located at 67.5 feet from column line F
In this case, the eccentricity, ݁௬ , between the center of mass and the center of rigidity
ൌ ͲǤʹ െ Ǥͷ ൌ ʹǤ
The forces applied to each frame are determined by Equation 3.12 of this
publication:14

(Vi )x =

(ki )x
yi (ki )x
Vx +
Vx e y
2
∑ (ki )x
∑ xi (ki )y + ∑ yi2 (ki )x

where xi = perpendicular distance from element i to the center of rigidity parallel to
the x-axis
yi = perpendicular distance from element i to the center of rigidity parallel to
the y-axis
14

The forces determined by this method are within 3 percent of those determined by a computer analysis of
the diaphragm assuming that the diaphragm is rigid.
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Frame on column line A between lines 1 and 7:
ܸΤଵି ൌ

ͶǤʹ ൈ ͳͷʹ
ሺͳͳͶ െ ͲǤʹሻ ൈ ͶǤʹ ൈ ሺͳͷʹ ൈ ʹǤሻ
െ
ൌ Ǥʹ
ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

Frames on column line D between lines 1 and 2 and between lines 6 and 7:
ܸΤଵିଶ ൌ ܸΤି ൌ

ͳǤͲ ൈ ͳͷʹ
ሺͲǤʹ െ Ͷͷሻ ൈ ͳǤͲ ൈ ሺͳͷʹ ൈ ʹǤሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ͳͺǤͷ
Frames on column line F between lines 2 and 3 and between lines 5 and 6:
ܸிΤଶିଷ ൌ ܸΤହି ൌ

ͳǤͲ ൈ ͳͷʹ
ͲǤʹ ൈ ͳǤͲ ൈ ሺͳͷʹ ൈ ʹǤሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ͳͺǤͻ
The maximum shear force per unit length in the slab occurs along column line A and
is equal to Ǥʹ, which is distributed over a length of 80 feet.
The shear strength of the slab is determined by ACI Equation (11-3) using the full
thickness of the slab:
߶ܸ ൌ ߶ʹߣඥ݂ᇱ ܾ ݐൌ ͲǤͷ ൈ ʹ ൈ ͳǤͲξͶͲͲͲ ൈ ሺͺͲ ൈ ͳʹሻ ൈ ͻȀͳͲͲͲ
ൌ ͺͳͻǤ  ǤʹǤǤ
•

Case 2: Center of mass located at 56.1 feet from column line F
In this case, the eccentricity, ݁௬ , between the center of mass and the center of rigidity
ൌ ͲǤʹ െ ͷǤͳ ൌ ͳͶǤͳ
Frame on column line A between lines 1 and 7:
ܸΤଵି ൌ

ͶǤʹ ൈ ͳͷʹ
ሺͳͳͶ െ ͲǤʹሻ ൈ ͶǤʹ ൈ ሺͳͷʹ ൈ ͳͶǤͳሻ
െ
ൌ ͺǤ
ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

Frames on column line D between lines 1 and 2 and between lines 6 and 7:
ܸΤଵିଶ ൌ ܸΤି ൌ

ͳǤͲ ൈ ͳͷʹ
ሺͲǤʹ െ Ͷͷሻ ൈ ͳǤͲ ൈ ሺͳͷʹ ൈ ͳͶǤͳሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ͳͻǤ
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Frames on column line F between lines 2 and 3 and between lines 5 and 6:
ܸிΤଶିଷ ൌ ܸΤହି ൌ

ͳǤͲ ൈ ͳͷʹ
ͲǤʹ ൈ ͳǤͲ ൈ ሺͳͷʹ ൈ ͳͶǤͳሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ʹʹǤͳ
The maximum shear force per unit length in the slab occurs along column line A and
is equal to ͺǤ, which is distributed over a length of 80 feet. This maximum
shear force is less than that determined in case 1, so the shear strength of the slab is
adequate in this case as well.
Chord Forces and Reinforcement
Section 1602 of the IBC defines a diaphragm chord as a boundary element perpendicular
to the applied lateral force that is assumed to resist the axial stresses due to the bending
moments in the diaphragm.
In general, the diaphragm is assumed to act as a deep beam that spans between the
vertical elements of the lateral-force-resisting system, which act as supports. The
compressive or tensile chord force along the length of the diaphragm can be calculated by
dividing the bending moment in the diaphragm due to the lateral forces by the diaphragm
dimension parallel to the direction of the load.
The concrete diaphragm in this example is modeled as a continuous beam with supports
along column lines A, D and F for seismic forces in the east-west direction. The total
reactions at these supports can be determined from the forces in the frames. It is assumed
that the diaphragm force can be represented by a trapezoidal distributed load as illustrated
in Figure 4.36. Since the reactions at the supports are known, the distributed loads, ݓଵ
and ݓଶ , can be determined from statics. Once the distributed loads have been established,
the maximum bending moment is computed and is used to determine the maximum chord
force in the diaphragm.
For the center of mass located at 67.5 feet from column line F, the reactions are as
follows:
ܴ ൌ ܸΤଵି ൌ Ǥʹ
ܴ ൌ ܸΤଵିଶ  ܸΤି ൌ ʹ ൈ ͳͺǤͷ ൌ ͵ǤͲ
ܴி ൌ ܸிΤଶିଷ  ܸΤହି ൌ ʹ ൈ ͳͺǤͻ ൌ ͵Ǥͺ
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ݓଶ
ܴ
ܨ௫

ܴ

ܴி

ݓଵ

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.36 Distributed Load on Diaphragm for Seismic Forces in the East-West
Direction

Summing forces in the east-west direction and summing moments about column line A
results in the following two equations for the diaphragm at the second floor level:
ͳ
ሺݓଵ ൈ ͳͳͶሻ   ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͶ൨ ൌ ͳͷʹ
ʹ
ቆݓଵ ൈ

ͳͳͶଶ
ͳ
ͳ
ቇ   ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͶ ൈ ൬ ൈ ͳͳͶ൰൨ ൌ ሺ͵ǤͲ ൈ ͻሻ  ሺ͵Ǥͺ ൈ ͳͳͶሻ
ʹ
͵
ʹ

Solving these equations simultaneously results in ݓଵ ൌ ͲǤͷͲȀݓଶ ൌ
ʹǤͳȀ.
The shear and moment diagrams for this case are shown in Figure 4.37. The maximum
bending moment in the portion of the diaphragm between column lines A and D is equal
to 1513.2 ft-kips. Between column lines D and F, the maximum bending moment is equal
to 970.7 ft-kips.
A similar analysis can be performed for the center of mass located at 56.1 feet from
column line F. In that case, the maximum bending moment in the portion of the
diaphragm between column lines A and D is equal to 1427.4 ft-kips. Between column
lines D and F, the maximum bending moment is equal to 966.3 ft-kips. Thus, the
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maximum chord forces are obtained for the case where the center of mass is located at
67.5 feet from column line F.

41.4ƍ

77.2k

1513.2ƍk

37.5k

0.5k
970.7ƍk

37.8k
Shear Force

Bending Moment

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.37 Shear Force and Bending Moment Diagrams for the Diaphragm at the
Second Floor Level for Seismic Forces in the East-West Direction

For the portion of the diaphragm between lines A and D, the maximum chord force is
equal to the following:
ܶ௨ ൌ ܥ௨ ൌ

ܯ௨ ͳͷͳ͵Ǥʹ
ൌ
ൌ ͳʹǤͳͷ
ͳʹͲ
ܦ

The required area of tension reinforcement is
ܣ௦ ൌ

ܶ௨
ͳʹǤ
ൌ
ൌ ͲǤʹ͵Ǥଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide one No. 5 chord bar along the slab edges on column lines 1 and 7
between lines A and D.16
15

It can be shown that the 20-inch by 24-inch edge beams on column lines 1 and 7 are adequate for the
combined effects due to bending and the 12.6-kip axial compressive force.
16
In lieu of providing an extra bar in the edge beams for chord reinforcement, any excess amount of
provided reinforcement in the beams may be used to resist the tensile force in the chord. That option is
not considered in this example.
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For the portion of the diaphragm between lines D and F, the maximum chord force is:
ܶ௨ ൌ ܥ௨ ൌ

ܯ௨ ͻͲǤ
ൌ
ൌ ͳʹǤͳ
ͺͲ
ܦ

Therefore, provide one No. 5 chord bar along the slab edges on column lines 2 and 6
between lines D and F.17
Similar analyses can be performed for the required chord reinforcement due to seismic
forces in the north-south direction.
It has been assumed in this example that the openings along column line A do not have a
major influence on the overall analysis of the diaphragm. For typical stair and elevator
openings, this is typically a good assumption. Additional reinforcement may be required
around such openings to resist the secondary chord forces that are developed in these
areas. In cases where the openings are relatively large compared to the area of the
diaphragm, a more detailed analysis that takes into account the nonuniform distribution
of seismic mass should be performed, especially in cases where a Type 3 diaphragm
discontinuity irregularity is present (see ASCE/SEI Table 12.3-1).
Part 6: Determine reinforcement in the collector element along column line F at the
second floor level for lateral forces in the east-west direction
The slab section between lines 3 and 5 is utilized in this example as the collector that
pulls (or drags) the unit shear force in this segment of the diaphragm into the elements of
the lateral-force-resisting system (frames) along line F. The concrete slab collector is
designed in accordance with the recommendations in the SEAOC Blue Book.18 It is
assumed that the effective width of the collector element is equal to the width of the
beams in the moment frames, which is 20 inches.
It was determined in Part 5 of this example that the total diaphragm force along line F is
equal to 37.8 kips. The unit shear force in the diaphragm is equal to ͵ǤͺȀͺͲ ൌ
ͲǤͶ͵ȀǤ Similarly, the unit shear force for the frames is ͵ǤͺȀͶͲ ൌ ͲǤͻͶͷȀǤ
The unit shear forces and net unit shear forces are depicted in Figure 4.38. The collector
force diagram is constructed by using the areas of the net unit shear force diagram as
changes in the magnitude of the collector force. For example, between lines 2 and 3, the
area of the net shear force diagram is ͲǤͶ͵ ൈ ʹͲ ൌ ͻǤͷǤ This is the maximum value
of the collector force (compression or tension) along the length between lines 2 and 6.

17

The portions of the chords on lines 2 and 6 between lines E and F also act as collector members for
seismic forces in the north-south direction. Reinforcement needs to be provided that satisfies the more
stringent of the two requirements.
18
SEAOC Seismology Committee, “Concrete slab collectors,” The SEAOC Blue Book: Seismic design
recommendations, Structural Engineers Association of California, Sacramento, CA, August 2008.
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͵Ǥͺ
ൌ ͲǤͶ͵ Ȁ
ͺͲ

͵Ǥͺ
ൌ ͲǤͻͶͷ Ȁ
ͶͲ

ͲǤͶ͵ Ȁ
Unit Shear Forces
ͲǤͻͶͷ Ȁ

ͲǤͶ͵Ȁ
Net Shear Forces
ͲǤͶ͵ Ȁ

ͻǤͷ 
Collector Force
ͻǤͷ 

Figure 4.38 Unit Shear Forces, Net Shear Forces and Collector Force Diagram on
Column Line F

Reinforcement Required to Resist Collector Tension
The required area of tension reinforcement is calculated based on the maximum collector
force:

EXAMPLES

ܣ௦ ൌ
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ܶ௨
ͻǤͷ
ൌ
ൌ ͲǤͳͺǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Provide one No. 4 bar in addition to the reinforcement required for gravity loads. This
reinforcement, which can be easily accommodated within the 20-inch-wide beams in the
moment frames, should be placed at the mid-depth of the slab to in order to prevent
additional out-of-plane bending stresses in the slab. By developing the collector
reinforcement within the width of beam, the collector forces are transmitted directly into
the lateral-force-resisting system.
Collector Compressive Strength
The maximum compressive stress on the concrete slab collector, which is equal to
ͻͷͲͲȀሺͻ ൈ ʹͲሻ ൌ ͷ͵ǡ is relatively low and the section is adequate without any
additional reinforcement.
Diaphragm Segment Eccentricity
In cases where all or part of the collector reinforcement is placed at the sides of the
lateral-force-resisting elements, which in this example are moment frames, the diaphragm
section adjacent to the lateral-force-resisting elements must be designed to resist the
seismic shear and in-plane bending resulting from the eccentricity of that part of the
collector force that is not transferred directly into the end of the lateral-force-resisting
elements. Since the collector force in this example is transferred directly into the beams
of the moment frames, no eccentricity is present and no in-plane bending occurs.
4.6.2

Example 4.2—One-story Retail Building

For the one-story retail building depicted in Figure 4.39, (1) determine the location of the
center of rigidity and distribute lateral forces to each wall and (2) design the wall on line
A.
DESIGN DATA

Concrete: ݂ᇱ ൌ ͶͲͲͲ; reinforcement: ݂௬ ൌ ͲǡͲͲͲ.
Roof live load = 20 psf
Roof superimposed dead load = 10 psf
Lateral-force-resisting system: bearing walls (thickness = 8 inches)
Wind velocity = 90 mph, Exposure B
Seismic Design Category: A (ܵௌ ൌ ͲǤͳ͵ǡ ܵଵ ൌ ͲǤͲሻ
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8Ǝ concrete slab

Figure 4.39 Roof Plan and Elevations of One-story Retail Building

EXAMPLES

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.39 Roof Plan and Elevations of One-story Retail Building (continued)
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SOLUTION

Part 1: Determine the location of the center of rigidity and distribute lateral forces to
each wall
Since the building has a rigid diaphragm, the locations of the center of mass and the
center of rigidity must be determined, and the lateral forces must be distributed to the
walls in proportion to their relative rigidities.
Based on the member sizes and dimensions in Figure 4.39, the center of mass is located
21.4 feet from the centerline of the west wall and 22.4 feet from the centerline of the
south wall.19
Equations 3.1 and 3.2 in Section 3.5.2 of this publication are used to determine the
stiffnesses of the walls.
Total displacement of pier or wall i: ߜ ൌ ߜி  ߜ
ߜி ൌ displacement due to bending
݄ ଷ
ቀ ቁ
κ
ൌ  ϐ
ݐܧ
݄ ଷ
Ͷ ቀ ቁ
κ
 
ൌ
ݐܧ
ߜ ൌ displacement due to shear
݄
͵ ቀ ቁ
κ
ϐ 
ൌ
ݐܧ
where ݄ ൌ height of pier or wall
κ ൌ length of pier or wall
 ݐൌ thickness of pier or wall
 ܧൌ modulus of elasticity of pier or wallൌ ܩȀͲǤͶ
Stiffness of pier or wall ݇ ൌ ͳΤߜ
19

The center of mass is located 19.4 feet from the centerline of the west wall and 23.9 feet from the
centerline of the south wall when only the mass of the floor slab is considered.
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In lieu of a more rigorous analysis, the stiffness of a wall with openings is determined as
follows (see Section 3.5.2): first, the deflection of the wall is obtained as though it were a
solid wall with no openings. Next, the deflection of that portion of the wall that contains
the openings is subtracted from the total deflection. Finally, the deflection of each pier
surrounded by the openings is added back.
Tables 4.32 through 4.36 contain a summary of the stiffness calculations for the walls,
and the pier designations are provided in Figure 4.40.
Table 4.32 Stiffness Calculations for North Wall
Pier/Wall

ࢎ ሺሻ

र ሺሻ

Type

ࢾࡲ ࡱ࢚

ࢾࢂ ࡱ࢚

ࢾ ࡱ࢚

 Ȁࡱ࢚

1+2+3
+4+5+
6+7

12

34

Cant

0.176

1.059

1.235

—

1+2+3
+6+7

4

34

Cant

-0.007

-0.353

-0.360

—

1

4

21

Fixed

0.007

0.571

—

1.729

2

4

4

Fixed

1.000

3.000

—

0.250

3

4

4

Fixed

1.000

3.000

—

0.250

1+2+3

—

—

—

—

—

0.449

2.229

1.324

0.756

Table 4.33 Stiffness Calculations for South Wall
Pier/Wall

ࢎ ሺሻ

र ሺሻ

Type

ࢾࡲ ࡱ࢚

ࢾࢂ ࡱ࢚

ࢾ ࡱ࢚

 Ȁࡱ࢚

1+2+3
+4+5

12

44.5

Cant

0.078

0.809

0.887

—

1+2+5

4

44.5

Cant

-0.003

-0.270

-0.273

—

1

4

4

Fixed

1.000

3.000

—

0.250

2

4

38

Fixed

0.001

0.316

—

3.157

1+2

—

—

—

—

—

0.294

3.407

0.908

1.101
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Table 4.34 Stiffness Calculations for East Wall (Northern Segment)
Pier/Wall

ࢎ ሺሻ

र ሺሻ

Type

ࢾࡲ ࡱ࢚

ࢾࢂ ࡱ࢚

ࢾ ࡱ࢚

 Ȁࡱ࢚

1+2+3
+4+5+
6

12

29

Cant

0.283

1.241

1.524

—

1+2+3
+5+6

7

29

Cant

-0.056

-0.724

-0.780

—

1

7

9.5

Fixed

0.400

2.211

—

0.383

2

7

4

Fixed

5.359

5.250

—

0.094

3

7

9.5

Fixed

0.400

2.211

—

0.383

1+2+3

—

—

—

—

—

1.163

0.860

1.907

0.524

Table 4.35 Stiffness Calculations for East Wall (Southern Segment)
Pier/Wall

ࢎ ሺሻ

र ሺሻ

Type

ࢾࡲ ࡱ࢚

ࢾࢂ ࡱ࢚

ࢾ ࡱ࢚

 Ȁࡱ࢚

1+2+3
+4

12

23

Cant

0.568

1.565

2.133

—

1+2+4

10

23

Cant

-0.329

-1.304

-1.633

—

1

10

4

Cant

62.500

7.500

—

0.014

2

10

4

Cant

62.500

7.500

—

0.014

1+2

—

—

—

—

35.71

0.028

36.21

0.028

—

Table 4.36 Stiffness Calculations for West Wall
Pier/Wall

ࢎ ሺሻ

र ሺሻ

Type

ࢾࡲ ࡱ࢚

ࢾࢂ ࡱ࢚

ࢾ ࡱ࢚

 Ȁࡱ࢚

1+2+3
+4+5+
6

12

52

Cant

0.049

0.692

0.741

—

1+2+3
+5+6

10

52

Cant

-0.028

--0.577

-0.605

—

1

10

10

Cant

4.000

3.000

—

0.143

2

10

6

Cant

18.519

5.000

—

0.043

3

10

6

Cant

18.519

5.000

—

0.043

1+2+3

—

—

—

—

4.367

0.229

4.503

0.222

—
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Figure 4.40 Pier Designations for Stiffness Calculations

4-126

CHAPTER 4 DESIGN AND DETAILING FOR SDCS A AND B

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 4.40 Pier Designations for Stiffness Calculations (continued)

The stiffness of the solid wall between lines 3 and 4 is equal to
ݐܧ
ଷ

ͳʹ
ͳʹ
Ͷቀ
ቁ  ͵ቀ
ቁ
ͳͲǤͷ
ͳͲǤͷ

ൌ ͲǤͳͲݐܧ

The location of the center of rigidity in the east-west direction measured from the
centerline of the west wall can be determined by Equation 3.7 in Chapter 3 of this
publication:
ݔ ൌ

ൌ

σሺ݇ ሻ௬ ݔ
σሺ݇ ሻ௬
ͺ
ͺ
ቁቃ  ቂͲǤͲʹͺ ݐܧൈ ቀͶͶǤͷ െ ቁቃ
ͳʹ ൌ ʹͶǤʹ
ͳʹ
ሺͲǤʹʹʹ  ͲǤͷʹͶ  ͲǤͲʹͺሻݐܧ

ቂͲǤͷʹͶ ݐܧൈ ቀ͵Ͷ െ

Similarly, the center of rigidity in the north-south direction measured from the centerline
of the south wall can be determined by Equation 3.8 in Chapter 3 of this publication:
ݕ ൌ

ൌ

σሺ݇ ሻ௫ ݕ
σሺ݇ ሻ௫
ͺ
ͺ
ቁቃ  ቂͲǤͷ ݐܧൈ ቀͷʹ െ ቁቃ
ͳʹ ൌ ʹͳǤͲ
ͳʹ
ሺͳǤͳͲͳ  ͲǤͳͲ  ͲǤͷሻݐܧ

ቂͲǤͳͲ ݐܧൈ ቀʹ͵ െ
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It can be shown that the effects from the wind forces govern in this example.20 In the
east-west direction, the base shear due to wind is equal to 3 kips, which is determined by
the provisions in Chapter 6 of ASCE/SEI 7. The factored base shear is ͳǤ ൈ ͵ ൌ ͷ
(see ACI 9.2.1 or ASCE/SEI 2.3.2). This force is distributed to the walls in accordance
with Equation 3.12.
North wall on line A:
ܸ ൌ

ͲǤͷ ݐܧൈ ͷ
ሺ͵ͲǤ͵͵ ൈ ͳʹሻ ൈ ͲǤͷ ݐܧൈ ሺͷ ൈ ͶǤ ൈ ͳʹሻ

ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͳǤͻ  ͲǤͶ ൌ ʹǤ͵
where ݕതே ൌ ͷʹ െ ሺͺȀͳʹሻ  െ ʹͳ ൌ ͵ͲǤ͵͵
݁௬ ൌ ሾͷʹ െ ሺͺȀͳʹሻሿȀʹ െ ʹͳ ൌ ͶǤ
σ ݔҧଶ ሺ݇ ሻ௬  σ ݕതଶ ሺ݇ ሻ௫ ൌ ͲǤʹʹʹ ݐܧൈ ሺʹͶǤʹͲ ൈ ͳʹሻଶ  ͲǤͷʹͶ ݐܧൈ ሺͻǤͳ͵ ൈ ͳʹሻଶ
ͲǤͲʹͺ ݐܧൈ ሺͳͻǤ͵ ൈ ͳʹሻଶ  ͳǤͳͲͳ ݐܧൈ ሺʹͳǤͲ ൈ ͳʹሻଶ 
ͲǤͳͲ ݐܧൈ ሺͳǤ͵͵ ൈ ͳʹሻଶ  ͲǤͷ ݐܧൈ ሺ͵ͲǤ͵͵ ൈ ͳʹሻଶ 
ൌ ͳͻǡͷͷݐܧ
South wall on line E:
ܸா ൌ

ͳǤͳͲͳ ݐܧൈ ͷ
ሺʹͳǤͲ ൈ ͳʹሻ ൈ ͳǤͳͲͳ ݐܧൈ ሺͷ ൈ ͶǤ ൈ ͳʹሻ
െ
ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ʹǤͺ െ ͲǤͶ ൌ ʹǤͶ
Solid wall near line C:
ܸ ൌ

ͲǤͳͲ ݐܧൈ ͷ
ሺͳǤ͵͵ ൈ ͳʹሻ ൈ ͲǤͳͲ ݐܧൈ ሺͷ ൈ ͶǤ ൈ ͳʹሻ

ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͲǤ͵  ͲǤͲ ൌ ͲǤ͵
West wall on line 1:
ܸଵ ൌ

20

ሺʹͶǤʹͲ ൈ ͳʹሻ ൈ ͲǤʹʹʹ ݐܧൈ ሺͷ ൈ ͶǤ ൈ ͳʹሻ
ൌ ͲǤͲͻ
ͳͻǡͷͷݐܧ

The seismic base shear in this example can be determined by Equation (11.7-1) for SDC A.
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East wall on line 3:
ܸଷ ൌ

െሺͻǤͳ͵ ൈ ͳʹሻ ൈ ͲǤͷʹͶ ݐܧൈ ሺͷ ൈ ͶǤ ൈ ͳʹሻ
ൌ െͲǤͲͺ
ͳͻǡͷͷݐܧ

East wall on line 4:
ܸସ ൌ

െሺͳͻǤ͵ ൈ ͳʹሻ ൈ ͲǤͲʹͺ ݐܧൈ ሺͷ ൈ ͶǤ ൈ ͳʹሻ
ൌ െͲǤͲͳ
ͳͻǡͷͷݐܧ

A similar analysis can be performed for wind in the north-south direction.
Part 2: Design the wall on line A
Due to the relatively small in-plane shear force on this wall due to the governing lateral
force on the building (see Part 1 of this example), the out-of-plane design forces are
examined first.
The maximum wind pressure on this wall panel is 17 psf, which is determined by the
provisions of Chapter 6 of ASCE/SEI 7 for components and cladding. The maximum
factored wind pressure is equal to ͳǤ ൈ ͳ ൈ ͳʹ ൌ ͵ʹǤͶ pounds per foot width of wall.
For structures assigned to SDC A, the provisions of ASCE/SEI 11.7 must be satisfied for
seismic effects. In accordance with ASCE/SEI 11.7.3, the out-of-plane seismic force is
equal to 5 percent of the weight of the wall. In accordance with ASCE/SEI 11.7.5, this
force must not be taken less than 280 pounds per linear foot of wall. Thus, the out-ofplane seismic force is equal to the following:
ܨ ൌ ͲǤͲͷݓ௪
where ݓ௪ ൌ the weight of the wall ൌ ሺͺȀͳʹሻ ൈ ͳͷͲ ൈ ͳʹ ൌ ͳʹͲͲ
pounds/foot width of wall.
Thus, ܨ ൌ ͲǤͲͷ ൈ ͳʹͲͲ ൌ Ͳ ൏ ʹͺͲሺሻ
Since the governing out-of-place seismic force is less than the factored out-of-plane wind
force, the wall will be designed for the combination of axial force due to the gravity loads
and bending moment due to the out-of-plane wind force.
The provisions of ACI 14.8 are used to design the wall for the combined effects due to
axial forces and bending moments. It is assumed that connection between the top of the
wall and the concrete roof slab is detailed to transfer only shear forces and not bending
moments, i.e., it is detailed as a simple support. It is also assumed that the gravity forces
act through the centroid of the wall (i.e., no eccentricity). The wall is supported on a
continuous wall footing, which is also a simple support.
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Try a single layer of No. 5 @ 12 inches vertical reinforcement (ܣ௦ ൌ ͲǤ͵ͳǤଶ Ȁ) at the
centerline of the wall.
For a 1-foot-wide design strip, check minimum vertical reinforcement requirements of
ACI 14.3.2:
ߩሺሻ ൌ

ͲǤ͵ͳ
ൌ ͲǤͲͲ͵ʹ  ߩ ൌ ͲǤͲͲͳʹǤǤ
ͳʹ ൈ ͺ

The reinforcement is spaced less than the maximum spacing of 18 inches (ACI 14.3.5).
The wall on line A supports load over a tributary area equal to
ͳ͵Ǥͷ
ͳ ͳ͵Ǥͷ ͳ
ʹ ൬
ൈ ൰൨  ሺ͵Ͷ െ ͳሻ ൈ
൨ ൌ ͳʹ
ʹ
ʹ ʹ
ʹ
 ൌ ൬

ͺ
ͳʹ
ൈ ͳͷͲ൰  ͳͲ൨ ൈ
ൌ ͷͷ
ͳʹ
͵Ͷ

 ൌ ʹͲ ൈ

ͳʹ
ൌ ͳͲͳ
͵Ͷ

 ൌ

ͺ
ൈ ͳͷͲ ൈ ͳʹ ൌ ͳʹͲͲ
ͳʹ

Factored load combinations at mid-height of wall:
•

ܷ ൌ ͳǤͶܦ
ܲ௨ ൌ ܲ௨ଵ 

ܲ௨ଶ
ͳǤʹ
ൌ ሺͳǤͶ ൈ ͲǤͷሻ  ൬ͳǤͶ ൈ
൰ ൌ ͳǤ
ʹ
ʹ


ܯ௨ ൌ Ͳ

ܧ௦
ʹͻǡͲͲͲ
ൌ
ൌ ͺǤͲ  ǤͲǤǤሺ ͳͶǤͺǤ͵ሻ
ܧ ͷξͶͲͲͲ

ܧ௦
ܲ௨ ݄
κ௪ ܿ ଷ
ଶ
ቇ ሺ݀ െ ܿሻ 
ሺ ǤሺͳͶǦሻሻ
ܫ ൌ ቆܣ௦ 
ʹ݂௬ ݀
ܧ
͵

ͳǤ ൈ ͺ
݄ܲ
ሺͲǤ͵ͳ ൈ Ͳሻ  ቀ
ቁ
ܣ௦ ݂௬  ௨
ʹ ൈ Ͷ ൌ ͲǤͷͺǤ
ʹ݀
ൌ
ܿ ൌ
ͲǤͺͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ͳʹ
ͲǤͺͷߚଵ ݂ᇱ κ௪

ͳǤ ൈ ͺ
ͳʹ ൈ ͲǤͷͺଷ
ܫ ൌ ͺǤͲ ൬ͲǤ͵ͳ 
ൌ ͵ʹǤ͵Ǥସ 
൰ ሺͶ െ ͲǤͷͺሻଶ 
ʹ ൈ Ͳ ൈ Ͷ
͵
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ߝ௧ ൌ ൬

•

ͲǤͲͲ͵
ͲǤͲͲ͵
൰ ݀ െ ͲǤͲͲ͵ ൌ ൬
൰ ሺͶሻ െ ͲǤͲͲ͵ ൌ ͲǤͲͳͺ  ͲǤͲͲͷ
ͲǤͷͺ
ܿ


ǡ Ǧ ߶ ൌ ͲǤͻ   
ͳͲǤ͵ǤͶͻǤ͵ǤʹǤ

ܯ௨ ൌ Ͳሺ ǤሺͳͶǦሻሻ

ܷ ൌ ͳǤʹ ܦ ͳǤܮ  ͲǤͺܹ
ܲ௨ ൌ ܲ௨ଵ 

ܯ௨ ൌ


ܲ௨ଶ
ͳǤʹ
ൌሺͳǤʹ ൈ ͲǤͷሻ  ሺͳǤ ൈ ͲǤͳሻ  ൬ͳǤʹ ൈ
൰ ൌ ͳǤ
ʹ
ʹ

ݓ௨ κଶ ͲǤͺ ൈ ͲǤͲͳ ൈ ͳʹଶ
ൌ
ൌ ͲǤʹͷǦ ൌ ʹǤͻǤǦ
ͺ
ͺ

ͳǤ ൈ ͺ
ܲ௨ ݄
ሺͲǤ͵ͳ ൈ Ͳሻ  ቀ
ቁ
ʹ ൈ Ͷ ൌ ͲǤͷͺǤ
ʹ݀
ൌ
ܿൌ
ͲǤͺͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ͳʹ
ͲǤͺͷߚଵ ݂ᇱ κ௪

ͳǤ ൈ ͺ
ͳʹ ൈ ͲǤͷͺଷ
ଶ
ሺͶ
ൌ ͵ʹǤ͵Ǥସ 
ܫ ൌ ͺǤͲ ൬ͲǤ͵ͳ 
൰ െ ͲǤͷͺሻ 
ʹ ൈ Ͳ ൈ Ͷ
͵

ͲǤͲͲ͵
ͲǤͲͲ͵
ߝ௧ ൌ ൬
൰ ݀ െ ͲǤͲͲ͵ ൌ ൬
൰ ሺͶሻ െ ͲǤͲͲ͵ ൌ ͲǤͲͳͺ  ͲǤͲͲͷ
ͲǤͷͺ
ܿ

ǡ Ǧ ߶ ൌ ͲǤͻ   
ͳͲǤ͵ǤͶͻǤ͵ǤʹǤ

ܯ௨
ʹǤͻ
ൌ
ൌ ͵ǤͲǤǦ
ܯ௨ ൌ
ଶ
ͷ ൈ ͳǤ ൈ ሺͳʹ ൈ ͳʹሻଶ
ͷܲ௨ κ
ͳെ
ͳെ
ሺͲǤͷሻͶͺܧ ܫ
ͲǤͷ ൈ Ͷͺ ൈ ͵Ͳͷ ൈ ͵ʹǤ͵

ܷ ൌ ͳǤʹ ܦ ͲǤͷܮ  ͳǤܹ
ܣ௦ ݂௬ 

•

ܲ௨ ൌ ܲ௨ଵ 

ܯ௨ ൌ


ܲ௨ଶ
ͳǤʹ
ൌሺͳǤʹ ൈ ͲǤͷሻ  ሺͲǤͷ ൈ ͲǤͳሻ  ൬ͳǤʹ ൈ
൰ ൌ ͳǤͶ
ʹ
ʹ

ݓ௨ κଶ ͳǤ ൈ ͲǤͲͳ ൈ ͳʹଶ
ൌ
ൌ ͲǤͶͻǦ ൌ ͷǤͻǤǦ
ͺ
ͺ

ͳǤͶ ൈ ͺ
ܲ௨ ݄
ሺͲǤ͵ͳ ൈ Ͳሻ  ቀ
ቁ
ʹ ൈ Ͷ ൌ ͲǤͷͺǤ
ʹ݀
ൌ
ܿൌ
ͲǤͺͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ͳʹ
ͲǤͺͷߚଵ ݂ᇱ κ௪

ܣ௦ ݂௬ 
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ܫ ൌ ͺǤͲ ൬ͲǤ͵ͳ 

ߝ௧ ൌ ൬

•

ͳǤͶ ൈ ͺ
ͳʹ ൈ ͲǤͷͺଷ
ൌ ͵ʹǤͲǤସ 
൰ ሺͶ െ ͲǤͷͺሻଶ 
ʹ ൈ Ͳ ൈ Ͷ
͵

ͲǤͲͲ͵
ͲǤͲͲ͵
൰ ݀ െ ͲǤͲͲ͵ ൌ ൬
൰ ሺͶሻ െ ͲǤͲͲ͵ ൌ ͲǤͲͳͺ  ͲǤͲͲͷ
ͲǤͷͺ
ܿ


ǡ Ǧ ߶ ൌ ͲǤͻ   
ͳͲǤ͵ǤͶͻǤ͵ǤʹǤ

ܯ௨
ͷǤͻ
ܯ௨ ൌ
ൌ
ൌ ǤͳǤǦ
ଶ
ͷܲ௨ κ
ͷ ൈ ͳǤͶ ൈ ሺͳʹ ൈ ͳʹሻଶ
ͳെ
ͳെ
ሺͲǤͷሻͶͺܧ ܫ
ͲǤͷ ൈ Ͷͺ ൈ ͵Ͳͷ ൈ ͵ʹǤͲ

ܷ ൌ ͲǤͻ ܦ ͳǤܹ
ܲ௨ ൌ ܲ௨ଵ 

ܯ௨


ܲ௨ଶ
ͳǤʹ
ൌሺͲǤͻ ൈ ͲǤͷሻ  ൬ͲǤͻ ൈ
൰ ൌ ͳǤͲ
ʹ
ʹ

ݓ௨ κଶ ͳǤ ൈ ͲǤͲͳ ൈ ͳʹଶ
ൌ
ൌ
ൌ ͲǤͶͻǦ ൌ ͷǤͻǤǦ
ͺ
ͺ

ͳǤͲ ൈ ͺ
ܲ௨ ݄
ሺͲǤ͵ͳ ൈ Ͳሻ  ቀ
ቁ
ʹ ൈ Ͷ ൌ ͲǤͷǤ
ʹ݀ ൌ
ܿൌ
ͲǤͺͷ ൈ ͲǤͺͷ ൈ Ͷ ൈ ͳʹ
ͲǤͺͷߚଵ ݂ᇱ κ௪

ͳǤͲ ൈ ͺ
ͳʹ ൈ ͲǤͷଷ
ܫ ൌ ͺǤͲ ൬ͲǤ͵ͳ 
ൌ ͵ͳǤͷǤସ 
൰ ሺͶ െ ͲǤͷሻଶ 
ʹ ൈ Ͳ ൈ Ͷ
͵

ͲǤͲͲ͵
ͲǤͲͲ͵
ߝ௧ ൌ ൬
൰ ݀ െ ͲǤͲͲ͵ ൌ ൬
൰ ሺͶሻ െ ͲǤͲͲ͵ ൌ ͲǤͲͳͺ  ͲǤͲͲͷ
ͲǤͷ
ܿ

ǡ Ǧ ߶ ൌ ͲǤͻ ͳͲǤ͵ǤͶͻǤ͵ǤʹǤ

ܯ௨
ͷǤͻ
ܯ௨ ൌ
ൌ
ൌ ǤͳǤǦ
ଶ
ͷ ൈ ͳǤͲ ൈ ሺͳʹ ൈ ͳʹሻଶ
ͷܲ௨ κ
ͳെ
ͳെ
ሺͲǤͷሻͶͺܧ ܫ
ͲǤͷ ൈ Ͷͺ ൈ ͵Ͳͷ ൈ ͵ͳǤͷ

  ǡܯ ǣ

ͳ
ܫ ൌ
ൈ ͳʹ ൈ ͺଷ ൌ ͷͳʹǤସ 
ͳʹ

݂ ൌ Ǥͷߣඥ݂ᇱ ൌ Ǥͷ ൈ ͳǤͲξͶͲͲͲ ൌ ͶͶǤ͵

ܣ௦ ݂௬ 
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݂ ܫ ͶͶǤ͵ ൈ ͷͳʹ
ൌ
ൌ ͲǤǤǦ
Ͷ ൈ ͳͲͲͲ
ݕ௧


 ǡ߶ܯ ǡ  ǣ

• ܷ ൌ ͳǤͶܦ

ܲ௨ ݄
ܽ
ܯ ൌ ቆܣ௦ 
ቇ ݂௬ ቀ݀ െ ቁ
ʹ݂௬ ݀
ʹ

ͲǤͺͷ ൈ ͲǤͷͺ
ͳǤ ൈ ͺ
ൌ ൬ͲǤ͵ͳ 
൰ ൈ Ͳ ൈ ൬Ͷ െ
൰ ൌ ͷǤͺǤǦ
ʹ
ʹ ൈ Ͳ ൈ Ͷ

߶ܯ ൌ ͲǤͻ ൈ ͷǤͺ ൌ ͺǤʹǤǦ  ܯ௨ ൌ Ͳ

 ܯ ൌ ͲǤǤǦǤǤ

• ܷ ൌ ͳǤʹ ܦ ͳǤܮ  ͲǤͺܹ

ͲǤͺͷ ൈ ͲǤͷͺ
ͳǤ ൈ ͺ
ܯ ൌ ൬ͲǤ͵ͳ 
൰ ൈ Ͳ ൈ ൬Ͷ െ
൰ ൌ ͷǤͺǤǦ
ʹ
ʹ ൈ Ͳ ൈ Ͷ

߶ܯ ൌ ͲǤͻ ൈ ͷǤͺ ൌ ͺǤʹǤǦ  ܯ௨ ൌ ͵ǤͲǦ

 ܯ ൌ ͲǤǤǦǤǤ

• ܷ ൌ ͳǤʹ ܦ ͲǤͷܮ  ͳǤܹ

ͲǤͺͷ ൈ ͲǤͷͺ
ͳǤͶ ൈ ͺ
ܯ ൌ ൬ͲǤ͵ͳ 
൰ ൈ Ͳ ൈ ൬Ͷ െ
൰ ൌ ͷǤͳǤǦ
ʹ
ʹ ൈ Ͳ ൈ Ͷ

߶ܯ ൌ ͲǤͻ ൈ ͷǤͳ ൌ ǤǤǦ  ܯ௨ ൌ ǤͳǦ

 ܯ ൌ ͲǤǤǦǤǤ

• ܷ ൌ ͲǤͻ ܦ ͳǤܹ

ͲǤͺͷ ൈ ͲǤͷ
ͳǤͲ ൈ ͺ
ܯ ൌ ൬ͲǤ͵ͳ 
൰ ൈ Ͳ ൈ ൬Ͷ െ
൰ ൌ ͵ǤǤǦ
ʹ
ʹ ൈ Ͳ ൈ Ͷ

߶ܯ ൌ ͲǤͻ ൈ ͵Ǥ ൌ Ǥ͵ǤǦ  ܯ௨ ൌ ǤͳǦ

 ܯ ൌ ͲǤǤǦǤǤ
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  Ǧ  
 ǣ

ܲ௨
ͳͲͲ
ൌ
ൌ ͳ ൏ ͲǤͲ݂ᇱ ൌ ʹͶͲǤǤ
ܣ ͺ ൈ ͳʹ

 Ǧ ǡȟ௦ ǣ

ݓκଶ ͲǤͲͳ ൈ ͳʹଶ
ܯ ൌ
ൌ
ൌ ͲǤ͵ͳǦ ൌ ͵ǤǤǦ ൏ ʹܯ Ȁ͵ ൌ ͶͲǤͷǤǦ
ͺ
ͺ

 ܯ ൏ ʹܯ Ȁ͵ǡ ǤሺͳͶǦͻሻȟ௦ ǣ

ܯ
ȟ௦ ൌ ൬
൰ȟ 
ܯ 

ͷܯ κଶ ͷ ൈ ͲǤ ൈ ሺͳʹ ൈ ͳʹሻଶ
ȟ ൌ
ൌ
ൌ ͲǤͲǤሾ ሺͳͶǦͳͲሻሿ
Ͷͺܧ ܫ
Ͷͺ ൈ ͵Ͳͷ ൈ ͷͳʹ

ǡ

κ
͵Ǥ
ͳʹ ൈ ͳʹ
ȟ௦ ൌ ൬
ൌ
ൌ ͲǤͻǤǤǤ
൰ ൈ ͲǤͲ ൌ ͲǤͲͲͶǤ ൏
ͲǤ
ͳͷͲ
ͳͷͲ

Ǥͷ̷ͳʹ    
 Ǥ

 ǦǦ ͳͳǤͻǤͳǤ

ܸ௨ ൌ ͳǤ ൈ ͲǤͲͳ ൈ ͳʹ ൈ ͳȀʹ ൌ ͲǤʹ

൏ ߶ʹߣඥ݂ᇱ ܾ݀ ൌ ͲǤͷ ൈ ʹ ൈ ͳǤͲξͶͲͲͲ ൈ ͳʹ ൈ ͶȀͳͲͲͲ ൌ ͶǤǤǤ

 Ǧ ͳͳǤͻǤʹǤ

  ͳͳǤͻǤͷǡ߶ܸ ൌ ߶ʹߣඥ݂ᇱ ݄݀ ൌ ͲǤͷ ൈ ʹ ൈ ͳǤͲξͶͲͲͲ ൈ ͺ ൈ ሺͲǤͺ ൈ ͵Ͷ ൈ
ͳʹሻȀͳͲͲͲ ൌ ʹͶǤ ʹ بǤ͵Ǥʹͳ

 ͳͶǤ͵Ǥ͵ǡ ൌ ͲǤͲͲʹͲ ൈ ͳʹ ൈ ͺ ൌ ͲǤͳͻǤଶ 

ǤͶ̷ͳʹ (ܣ௦ ൌͲǤʹͲǤଶ Ȁ) horizontal reinforcement.

21

According to ACI 11.9.4, the effective depth, d, is equal to 80 percent of the length of the wall.
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In addition to the vertical and horizontal reinforcement noted above, the minimum
reinforcement specified in ACI 14.3.7 must be provided around the two openings in the
wall.
The design of the walls on lines C, E and 3 would be similar to that outlined above for the
wall on line A. The walls on lines 1 and 4 should be designed and detailed similar to
frames.

CHAPTER 5

5.1
5.1.1

DESIGN AND DETAILING FOR
SDC C

GENERAL REQUIREMENTS
Design and Detailing

For concrete buildings assigned to SDC C, all members must be designed and detailed in
accordance with the general requirements of ACI 318 Chapters 1 to 19,1 and intermediate
moment frames that are part of the seismic-force-resisting system must also satisfy the
provisions of ACI 21.3 [ACI 21.1.1.7(c) and IBC 1908.1.2].
5.1.2

Load Combinations

As noted in Chapter 4, the load combinations for strength design (or load and resistance
factor design) in IBC 1605.2 are to be used in the design of reinforced concrete members.
See Section 4.1.2 of this publication for detailed information on load combinations.
5.1.3

Materials

There are no limitations on the types of materials that can be used in buildings assigned
to SDC C other than those given in Section 4.1.3 of this publication.
5.1.4

Anchoring to Concrete

The requirements of ACI D.3.3 must be satisfied for anchors resisting earthquakeinduced forces in structures assigned to SDC C (ACI 21.1.8). It should be noted that
IBC 1908.1.9 modifies ACI D.3.3.
5.2
5.2.1

MEMBERS SUBJECTED TO BENDING
Beams

Table 5.1 contains requirements for beams in intermediate moment frames. These apply
to frame members with negligible axial forces, i.e., ܲ௨  ܣ ݂ᇱ ȀͳͲ (ACI 21.3.2).
Flexure. Reinforcement requirements for beams in structures assigned to SDC C are
shown in Figure 5.1. Minimum moment capacity at any section of a beam is based on the

1

According to IBC 1908.1.2, structural elements of plain concrete are prohibited in structures assigned to
SDC C and above, except for those elements complying with IBC 1908.1.8.
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moment capacity at the face of either support. These requirements, together with those
for confinement, are meant to provide a minimum threshold level of toughness for beams.
Table 5.1 Summary of Requirements for Beams of Intermediate Moment Frames in
Buildings Assigned to SDC C2
Requirement

ACI Section Number(s)

Design flexural members as tension-controlled
sections.

10.3.4, 9.3.2.1

Minimum flexural reinforcement shall not be less than:
͵ඥ݂ᇱ ܾ௪ ݀
ʹͲͲܾ௪ ݀


݂௬
݂௬
at every section of a flexural member where tensile
reinforcement is required by analysis, except as
provided by ACI 10.5.3.
Flexure

Confinement

The net tensile strain, ߝ௧ , at nominal strength shall be
greater than or equal to 0.004.

10.5.1

10.3.5

Positive moment strength at the face of a joint must be
greater than or equal to one-third the negative moment
strength at that face of the joint.

21.3.4.1

Neither the negative nor the positive moment strength
at any section along the length of the beam must be
less than one-fifth the maximum moment strength at
the face of either joint.

21.3.4.1

Hoops are required over a length equal to at least twice
the member depth from the face of the supporting
member toward midspan at both ends of the beam.

21.3.4.2

Where hoops are required, the spacing shall not exceed
the smallest of:
(a) d/4
(b) ͺ ൈ 
(c) ʹͶ ൈ 
(d) 12 inches
The first hoop shall be located not more than 2 inches
from the face of the supporting member.

21.3.4.2

Where hoops are not required, stirrups shall be spaced
not more than d/2 throughout the length of the beam.

21.3.4.3

Transverse reinforcement must also be proportioned to
resist the design shear forces.

21.3.3

(continued)

2

Additional requirements of ACI Chapters 1 to 19 must also be satisfied. See Chapter 4 of this publication
for more details.
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Table 5.1 Summary of Requirements for Beams of Intermediate Moment Frames in
Buildings Assigned to SDC C (continued)
Requirement

Shear

ACI Section Number(s)

Design shear strength ߶ܸ shall not be less than the
smaller of:
(a) The sum of the shear associated with the
development of nominal moment strengths of the
member at each restrained end of the clear span
and the shear calculated for factored gravity forces.
(b) The maximum shear obtained from the design load
combinations that include E, with E assumed to be
twice that prescribed by the legally adopted
building code

21.3.3

For SI: 1 inch = 25.4 mm.

ܣ௦ǡ ൌ ͵ඥ݂ᇱ ܾ௪ ݀Ȁ݂௬  ʹͲͲܾ௪ ݀Ȁ݂௬ ǡ ͳͲǤͷǤ͵ϐ
߳௧  ͲǤͲͲͶ
Structural integrity reinforcement in accordance with ACI 7.13
ି
ܯǡ

ି
ܯǡ

ା
ି
ܯǡ
 ܯǡ
Ȁ͵

ା
ି
 ܯǡ
Ȁ͵
ܯǡ

ܯି  ܯା  ሺܯ ሻȀͷ
Note: transverse reinforcement not shown for clarity

Figure 5.1 Flexural Requirements for Beams in Buildings Assigned to SDC C
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Confinement. Lateral reinforcement for beams must satisfy the requirements of
ACI 21.3.4.2 and 21.3.4.3. Hoops must be provided at both ends of a beam over a
minimum distance of 2h from the face of the supporting member with the first hoop
located not more than 2 inches (51 mm) from the face of the support.3 The spacing of the
hoops within these regions must be less than or equal to the smallest of the four values
given in ACI 21.3.4.2. Stirrups spaced at a distance of no more than d/2 must be provided
throughout the remaining length of the beam.
The transverse reinforcement requirements for confinement are illustrated in Figure 5.2.
݀ȀͶ
ݏ

ͺ݀ ሺሻ
ʹͶ݀ ሺሻ
ͳʹ̶
Hoops

 ʹ̶

Stirrups

h

 ʹ݄

 ݏ ݀Ȁʹ

Transverse reinforcement determined in
accordance with ACI 21.3.3 at both ends
For SI: 1 inch = 25.4 mm.

Figure 5.2 Transverse Reinforcement Requirements for Beams in Buildings Assigned to
SDC C

Shear. Two methods are provided in ACI 21.3.3 to determine the factored shear force for
beams. According to the first method, the factored shear force, ܸ௨ , is determined by
adding the shear effects associated with the application of the nominal moment strengths,
ܯ , at each end of the member to those associated with the factored gravity loads. This
method is illustrated in Figure 5.3 for the cases of sidesway to the right and sidesway to
the left.

3

Requirements for hoops are given in ACI Figure R21.5.3. The likelihood of spalling and loss of shell
concrete is high at the ends of a beam. Transverse reinforcement must be bent around longitudinal
reinforcement and its ends must project into the core of the element in order to adequately confine the
concrete in these regions.
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ݓ௨
ܯା

ܯି
κ
ܸ௨ǡ

ܸ௨ǡ


ݓ௨
ܯି

ܯା
κ
ܸ௨ǡ

ܸ௨ǡ


Figure 5.3 Design Shear Forces for Beams in Buildings Assigned to SDC C
[ACI 21.3.3(a)]

In the second method, the factored shear force, ܸ௨ , is obtained from the design load
combinations that include the earthquake load effects, E, where E is assumed to be twice
that prescribed by the building code. In this option, the governing load combination for
shear design is given by IBC Equation 16-5 (see Table 4.2):
ͳǤʹ ܦ ʹǤͲ ܧ ݂ଵ  ܮ ݂ଶ ܵ
where  ܧൌ ܳா  ͲǤʹܵௌ ܦ.4
Design shear strength, ߶ܸ , shall not be less than the smaller of those obtained by these
two methods.
The required amount of shear reinforcement to resist ܸ௨ can be determined by the
information provided in Figure 4.8. Minimum shear reinforcement for Grade 60
reinforcing bars is given in Table 4.9 and the values of φVs in Table 4.10 can be used to
determine the required spacing of the hoops. The required hoop spacing for ܸ௨ must be
less than or equal to the limiting values in Figure 5.2.
4

The redundancy factor, ߩ, is equal to 1.0 for structures assigned to SDC B and C (ASCE/SEI 12.3.4.1).
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A summary of the overall design procedure for beams in intermediate moment frames is
given in Figure 5.4.
Design Procedure for Beams in Intermediate
Moment Frames

Is ܲ௨  ܣ ݂ᇱ ȀͳͲǫ

No

Yes

Design and detail member in
accordance with ACI 21.3.5.

Determine factored bending moments and shear
forces on member using the applicable load
combinations of IBC 1605.2 or ACI 9.2.

D

(see Section 4.1.2)
Determine member size and required flexural
reinforcement at critical sections along the span
using Figure 4.4.
Select the positive and negative reinforcing bars
that satisfy the cover and spacing requirements
of ACI 7.6.1, 3.3.2, 7.7.1 and 10.6.
(see Tables 4.7 and 4.8)
Calculate the positive and negative flexural
strengths ܯା ܯି at the faces of the joints
and at every section along the member length
where ܯ ൌ ܣ௦ ݂௬ ሺ݀ െ ܽΤʹሻ and ܽ ൌ
ܣ௦ ݂௬ ȀͲǤͺͷ݂ᇱ ܾ.
A

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames
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A

At each joint face, is
ܯା  ܯି Τ͵ǫ

No

Yes

Increase the area of positive
reinforcement to satisfy the
requirements of ACI 21.3.4.1.

At each section, is ܯି  ܯା 
ሺܯ ሻȀͷ?

No

Increase the appropriate area
of reinforcement to satisfy the
requirements of ACI 21.3.4.1.

Yes

Calculate the maximum shear force ሺܸ௨ ሻଵ at the
ends of the beam due to ܯା ǡܯି , and the
maximum factored gravity load ݓ௨ along the
span for sidesway to the left and to the right.
(see Figure 5.3)

Calculate the maximum shear force ሺܸ௨ ሻଶ at the
ends of the beam from the design load
combinations that include E, with E assumed to
be twice that prescribed by the code.

B

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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B

Is ሺܸ௨ ሻଵ ൏ ሺܸ௨ ሻଶ ?

No

Yes

Use ܸ௨ ൌ ሺܸ௨ ሻଶ .

Use ܸ௨ ൌ ሺܸ௨ ሻଵ .

Calculate ܸ௦ at face of support by ACI
Equations (11-1) and (11-2):
ܸ௨
ܸ௦ ൌ െ ܸ
߶
where ܸ ൌ ʹߣඥ݂ᇱ ܾ௪ ݀ ߶ ൌ ͲǤͷ.

No

Assume a hoop bar size and calculate the
required hoop spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀʹʹͶ 
(ACI 11.4.5.1).

C

Yes

Is ܸ௦  Ͷඥ݂ᇱ ܾ௪ ݀?

No

Is ܸ௦  ͺඥ݂ᇱ ܾ௪ ݀?

Assume a hoop bar size and calculate the
required hoop spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀͶͳʹ 
(ACI 11.4.5.3).

Yes

Increase member size
and/or ݂ᇱ
(ACI 11.4.7.9)

D

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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C

No

Is ܣ௩  ͲǤͷඥ݂ᇱ ܾ௪ ݏȀ݂௬௧
and ͷͲܾ௪ ݏȀ݂௬௧ ?

Yes

Increase ܣ௩ and/or decrease
s to satisfy requirements of
ACI 11.4.6.3.

No

Is  ݏ ݀ȀͶǡ 8(diameter of
smallest longitudinal bar), 24(diameter
of hoop bar), and 12 inches?

Yes

Provide hoops at a spacing of the smallest of
݀ȀͶǡ 24(diameter of hoop bar), and
12 inches within the distance of at least 2h
from the face of the supports (ACI 21.3.4.2).

Provide hoops at a spacing
of s within the distance of at
least 2h from the face of the
supports.

(see Figure 5.2)

(see Figure 5.2)

Calculate maximum shear
force, ܸ௨ , at 2h from the
face of the support.

E

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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E
Calculate ܸ௦ at 2h from the face of support
by ACI Equations (11-1) and (11-2):
ܸ௨
ܸ௦ ൌ െ ʹߣඥ݂ᇱ ܾ௪ ݀
߶
where ߶ ൌ ͲǤͷ.

No

Yes

Is ܸ௦  Ͷඥ݂ᇱ ܾ௪ ݀?

Assume a stirrup bar size and calculate
the required stirrup spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where
 ݏ ݀ȀʹʹͶ 
(ACI 11.4.5.1).

No

Yes

Is ܸ௦  ͺඥ݂ᇱ ܾ௪ ݀?

Assume a stirrup bar size and calculate the
required stirrup spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀͶ ͳʹ 
(ACI 11.4.5.3).

Increase member size
and/or ݂ᇱ
(ACI 11.4.7.9)

D

F

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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F

Is ܣ௩  ͲǤͷඥ݂ᇱ ܾ௪ ݏȀ݂௬௧
and ͷͲܾ௪ ݏȀ݂௬௧ ?

No

Yes

Increase ܣ௩ and/or decrease
s to satisfy requirements of
ACI 11.4.6.3.

Cut off top and bottom flexural reinforcement as desired
using the probable flexural strengths ܯ at the ends of the
member and the factored gravity load along the span that will
result in the longest bar lengths. Ensure that the reinforcement
is not terminated in a tension zone (see ACI 12.10.5). Satisfy
structural integrity provisions of ACI 7.13.2.2.

For SI: 1 inch = 25.4 mm.

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)

5.2.2

Two-way Slabs without Beams

A summary of the requirements for two-way slabs without beams in intermediate
moment frames is given in Table 5.2.
Two-way slabs without beams may be considered part of the seismic-force-resisting
system in buildings assigned to SDC B and C, but are not permitted in SDC D or above.
The provisions for effective width for the reinforcement placement in edge and corner
columns are illustrated in ACI Figure R21.3.6.1. Note that the moment, ܯ௦ , refers to
that portion of the factored slab moment that is balanced by the supporting members at a
joint for a given design load combination with seismic load effect, E, acting in a
particular horizontal direction. Flexural moment transfer reinforcement perpendicular to
the edge is not considered fully effective unless it is placed within the specified band
widths.
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Table 5.2 Summary of Requirements for Two-way Slabs without Beams in Buildings
Assigned to SDC C
Requirement

ACI Section Number(s)

All reinforcement provided to resist ܯ௦ , the portion of the slab moment
balanced by the support moment, must be placed within the column strip
defined in ACI 13.2.1.

21.3.6.1

Reinforcement placed within an effective slab width defined in ACI 13.5.3.2
must be proportioned to resist the moment, ߛ ܯ௦ , where ߛ is determined
by ACI Equation (13-1). Effective slab widths for exterior and corner
connections must not extend beyond the column face a distance greater than
ܿ௧ measured perpendicular to the slab span.

21.3.6.2

Not less than one-half of the reinforcement in the column strip at the support
shall be placed within the effective slab width defined in ACI 13.5.3.2.

21.3.6.3

Not less than one-quarter of the top reinforcement at the support in the
column strip shall be continuous throughout the span.

21.3.6.4

Continuous bottom reinforcement in the column strip shall not be less than
one-third of the top reinforcement at the support in the column strip.

21.3.6.5

Not less than one-half of all bottom middle strip reinforcement and all
bottom column strip reinforcement at midspan shall be continuous and shall
develop ݂௬ at the face of the support defined in ACI 13.6.2.5.

21.3.6.6

At discontinuous edges of the slab, all top and bottom reinforcement at the
support shall be developed at the face of the support as defined in
ACI 13.6.2.5.

21.3.6.7

At the critical sections for columns defined in ACI 11.11.1.2, two-way shear
caused by factored gravity loads shall not exceed ͲǤͶ߶ܸ where ܸ is
calculated by ACI 11.11.2.1 for nonprestressed slabs. This requirement may
be waived if the slab design satisfies the provisions of ACI 21.13.6.

21.3.6.8

Requirements for location of reinforcement in slabs in accordance with ACI 21.3.6.1
through 21.3.6.3 are given in ACI Figure R21.3.6.2. The additional requirements in
ACI 21.3.6 for the arrangement of reinforcement in slabs are illustrated in ACI
Figure R21.3.6.3.
It has been shown that slab-column frames are susceptible to punching shear failures
during seismic events where shear stresses due to gravity loads are relatively large. Thus,
a limit of ͲǤͶ߶ܸ is prescribed in ACI 21.3.6.8 on the shear caused by factored gravity
loads. This limit essentially permits the slab-column connection to have adequate
toughness to withstand the anticipated inelastic moment transfer. The requirements of
ACI 21.3.6.8 are permitted to be waived where the slab design satisfies the requirements
of ACI 21.13.6, which are applicable to slab-column connections of two-way slabs
without beams that are not designated as part of the seismic-force-resisting system.
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Table 5.3 contains requirements for frame members subjected to combined bending and
axial forces in intermediate moment frames. These would typically apply to columns and
flexural members that carry a factored axial force ܲ௨  ܣ ݂ᇱ ȀͳͲ.
Transverse Reinforcement. Similar to the requirements for beams, the transverse
reinforcement requirements of ACI 21.3.5 are meant to provide a minimum threshold
level of toughness for columns in intermediate moment frames.
Column ends require adequate confinement (in the form of spirals or hoops) to ensure
column ductility in the event of hinge formation during a seismic event. The transverse
reinforcement requirements for columns with hoops and ties are illustrated in Figure 5.5.
Table 5.3 Summary of Requirements for Frame Members Subjected to Bending and
Axial Forces of Intermediate Moment Frames in Buildings Assigned to SDC C5
Requirement

ACI Section Number(s)

Columns shall be spirally reinforced in accordance
with ACI 7.10.4 or shall conform to the provisions of
ACI 21.3.5.2 through 21.3.5.4.

21.3.5.1

Hoops at a spacing of no more than ݏ shall be
provided at both ends of a column over a length, κ ,
measured from the joint face.

Transverse
Reinforcement

The spacing, ݏ , shall not exceed the smallest of:
(a) ͺ ൈ 
(b) ʹͶ ൈ 
(c) ͲǤͷ ൈ  
(d) 12 inches

21.3.5.2

The length, κ , shall not be less than the largest of:
(a) ሺ ሻȀ
(b) Maximum dimension of the column
(c) 18 inches
The first hoop shall be located not more than ݏ Ȁʹ
from the joint face.

21.3.5.3

Spacing of transverse reinforcement outside of the
length, κ , shall conform to ACI 7.10 and 11.4.5.1.

21.3.5.4

Joint transverse reinforcement for all columns must
conform to ACI 11.10.

21.3.5.5

(continued)

5

Additional requirements of ACI Chapters 1 to 19 must also be satisfied. See Chapter 4 of this publication
for more details.
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Table 5.3 Summary of Requirements for Frame Members Subjected to Bending and
Axial Forces of Intermediate Moment Frames in Buildings Assigned to SDC C
(continued)
Requirement

Transverse
Reinforcement
(continued)

ACI Section Number(s)

Columns supporting reactions from discontinuous stiff
members, such as walls, shall have transverse
reinforcement spaced at ݏ (as defined in ACI 21.3.5.2)
over their full length below the level at which the
discontinuity occurs if the portion of the factored axial
compressive force in these members related to
earthquake effects exceeds ܣ ݂ᇱ ȀͳͲ.
The limit of ܣ ݂ᇱ ȀͳͲ shall be increased to ܣ ݂ᇱ ȀͶ
where design forces have been magnified to account
for the overstrength of the vertical elements of the
seismic-force-resisting system.

21.3.5.6

Transverse reinforcement shall extend above and
below the column as required in ACI 21.6.4.6(b).

Shear Strength

Design shear strength, ߶ܸ , shall not be less than the
smaller of:
(a) The sum of the shear associated with the
development of nominal moment strengths of the
member at each restrained end of the clear span
and the shear calculated for factored gravity forces.
(b) The maximum shear obtained from the design load
combinations that include E, with E assumed to be
twice that prescribed by the legally adopted
building code.

21.3.3

For SI: 1 inch = 25.4 mm.

Transverse reinforcement conforming to ACI 11.10 must be provided within the joints of
an intermediate moment frame. Such confinement is essential to ensure that the flexural
strength of the beams and columns can be developed without deterioration of the joint
under loading cycles from an earthquake.
The transverse reinforcement requirements of ACI 21.3.5.6 must be satisfied for columns
that support reactions from discontinuous stiff members, such as walls. In cases where
the factored axial compressive force related to earthquake effects in such columns
exceeds ܣ ݂ᇱ ȀͶ,6 transverse reinforcement must be provided over the entire length of the
column at a spacing of ݏ , which is defined in ACI 21.3.5.2.

6

The provisions of ASCE/SEI 12.3.3.3 apply to structural members that support discontinuous frames or
shear walls systems where the discontinuity is severe enough to be deemed a structural irregularity. In
such cases, the supporting members must be designed to resist the load combinations with overstrength
factor, π , of ASCE/SEI 12.4.3.2. In such cases, the limit on the axial compressive force in ACI 21.3.5.6
is ܣ ݂ᇱ ȀͶ. Otherwise, the limit is ܣ ݂ᇱ ȀͳͲ.
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Joint reinforcement in accordance with ACI 21.3.5.5

A

A

Spacing of transverse reinforcement in accordance with
ACI 21.3.5.4
Clear span/6

See note below

κ  Larger of ܿଵ or ܿଶ

Transverse reinforcement in accordance with ACI 21.3.3

18″

ͺ ൈ diameter of smallest longitudinal bar
ݏ 

 ݏ Ȁʹ

ʹͶ ൈ diameter of hoop bar
ͲǤͷ ൈ smallest dimension of the column
12 inches

Note: There is no restriction on the location of
longitudinal bar splices for intermediate moment
frames. The splice may be located away from the
potential hinge regions as shown above, or it may
be located immediately above the floor slab.

ܿଶ

ܿଵ
Section A-A

For SI: 1 inch = 25.4 mm.

Figure 5.5 Transverse Reinforcement Requirements for Columns of Intermediate
Moment Frames in Buildings Assigned to SDC C

The transverse reinforcement must extend above into the discontinued member and
below into the supporting element in accordance with the provisions of ACI 21.6.4.6(b),
which are illustrated in Figure 5.6.
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Reinforcement not shown for clarity
Wall

Development length, κௗ , of largest
longitudinal column bar where κௗ is
determined by ACI 21.7.5

Transverse reinforcement
spaced in accordance
with ACI 21.3.5.2
Wall

Footing or mat
 ͳʹ̶

Development length, κௗ , of largest longitudinal
column bar where κௗ is determined by ACI 21.7.5
For SI: 1 inch = 25.4 mm.

Figure 5.6 Transverse Reinforcement Requirements for Columns Supporting
Discontinued Stiff Members in Buildings Assigned to SDC C

Shear strength. The two methods provided in ACI 21.3.3 to determine the factored shear
force for beams are also applicable to columns in intermediate moment frames. Both
methods are discussed in Section 5.2.1 of this publication and ACI Figure R21.3.3
illustrates the design shear forces in columns according to the first of the two methods.
The size and spacing of the transverse reinforcement must satisfy the applicable
requirements of ACI 11.1, 11.2, 11.4 and 21.3.5 for the applicable design shear force, ܸ௨ ,
determined by ACI 21.3.3.
Outside of the anticipated plastic hinge length, κ , the spacing of the transverse
reinforcement must conform to the lateral reinforcement for compression member
provisions of ACI 7.10 and to the spacing limits for shear reinforcement provisions of
ACI 11.4.5.1. The smallest spacing obtained from these requirements is to be used in the
center region of a column.
A summary of the overall design procedure for frame members subjected to bending and
axial load in intermediate moment frames is given in Figure 5.7.

MEMBERS SUBJECTED TO BENDING AND AXIAL FORCES
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Design Procedure for Frame Members
Subjected to Bending and Axial Load in
Intermediate Moment Frames

Is ܲ௨  ܣ ݂ᇱ ȀͳͲǫ

No

Yes

Design and detail member in
accordance with ACI 21.3.4.
Determine factored bending moments, axial
loads, and shear forces on member using the
applicable load combinations of IBC 1605.2 or
ACI 9.2.

A

(see Section 4.1.2)
Determine member size and required
longitudinal reinforcement such that ܲ௨ 
߶ܲ ܯ௨  ߶ܯ are satisfied for each load
combination (ACI 9.2, 9.3 and 10.3). Design
axial strength shall not be taken greater than
߶ܲǡ௫ in accordance with ACI 10.3.6.

Is ͲǤͲͳܣ  ܣ௦௧  ͲǤͲͺܣ ?

No

No

ܣ௦௧ ൏ ͲǤͲͳܣ ?

Revise cross-sectional
dimensions of column to
satisfy ACI 21.6.3.1.
A

Yes

Yes

Increase the area of
longitudinal reinforcement
so that ܣ௦௧  ͲǤͲͳܣ .

B
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Figure 5.7 Design Procedure for Frame Members Subjected to Bending and Axial Load
in Intermediate Moment Frames

B

Calculate the maximum shear force ሺܸ௨ ሻଵ at the
ends of the column due to the maximum, ܯ , of
the column considering sidesway to the left and
to the right.

Calculate the maximum shear force ሺܸ௨ ሻଶ at the
ends of the column from the design load
combinations that include E, with E assumed to
be twice that prescribed by the code.

No

Is ሺܸ௨ ሻଵ ൏ ሺܸ௨ ሻଶ ?

Use ܸ௨ ൌ ሺܸ௨ ሻଶ .

Yes

Use ܸ௨ ൌ ሺܸ௨ ሻଵ .

For a given hoop size, determine the required
spacing for shear:
ܣ௩ ݂௬௧ ݀ ݀

ݏൌ
ܸ௨
െ ܸ ʹ
߶
ܣ௩ ݂௬௧

ͷͲܾ௪
where ߶ ൌ ͲǤͷ ܸ is determined by ACI 11.2.

C
Figure 5.7 Design Procedure for Frame Members Subjected to Bending and Axial Load
in Intermediate Moment Frames (continued)

MEMBERS SUBJECTED TO BENDING AND AXIAL FORCES
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C

Determine ݏ , which is the smallest of the following:
(1) 8(smallest longitudinal bar diameter)
(2) 24(hoop bar diameter)
(3) Least column dimension/2
(4) 12 inches
(ACI 21.3.5.2)

No

Is  ݏ൏ ݏ ǫ

Yes

Provide hoops spaced at ݏ over the length, Ɛ ,
at each end of the column where Ɛ  largest of:
(1) depth of member
(2) clear span/6
(3) 18 inches

Provide hoops spaced at s over the length, Ɛ , at
each end of the column where Ɛ  largest of:
(1) depth of member
(2) clear span/6
(3) 18 inches

(ACI 21.3.5.2)

(ACI 21.3.5.2)

Outside the length, Ɛ , provide ties that
conform to ACI 7.10 and 11.4.5.1.
(ACI 21.3.5.4)

D

Figure 5.7 Design Procedure for Frame Members Subjected to Bending and Axial Load
in Intermediate Moment Frames (continued)
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D

Within the joint, provide ties that conform to
ACI 11.10.
(ACI 21.3.5.5)

Provide splices in the longitudinal reinforcement
in accordance with ACI 12.17. Lap splices may
be located immediately above the floor slab.

For SI: 1 inch = 25.4 mm.

Figure 5.7 Design Procedure for Frame Members Subjected to Bending and Axial Load
in Intermediate Moment Frames (continued)

5.4
5.4.1

EXAMPLES
Example 5.1—Four-story Residential Building

For the four-story residential building depicted in Figure 4.26, determine the required
reinforcement (1) in the slab along column line 4, (2) in the beams along column line 1
on the first floor, (3) in column B1 supporting the first floor level, (4) in footing B1,
(5) in the diaphragm chords along column lines 1, 2, 6 and 7 at the third floor level for
lateral forces in the east-west direction and (6) in the collector element along column line
F at the third floor level for lateral forces in the east-west direction.
DESIGN DATA

Concrete: ݂ᇱ ൌ ͶͲͲͲ; reinforcement: ݂௬ ൌ ͲǡͲͲͲ.
Roof live load = 20 psf; roof superimposed dead load = 10 psf
Floor average live load = 70 psf (40 psf outside of corridors, 100 psf for corridors)
Floor superimposed dead load = 30 psf
Glass curtain wall system: 8 psf
Net allowable bearing capacity of soil = 4000 psf

EXAMPLES
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Lateral-force-resisting system: moment-resisting frames
Wind velocity = 90 mph, Exposure B
Seismic Design Category: C (ܵௌ ൌ ͲǤͶͳǡ ܵଵ ൌ ͲǤͳͷሻ
First story height = 12 feet, typical story height = 10 feet.

SOLUTION

Part 1: Determine reinforcement in slab along column line 4
Since the slab is not part of the lateral-force-resisting system, it is designed for the effects
due to gravity loads only. Thus, the reinforcement details given in Part 1 of Example 4.1
for SDC B can be used for SDC C as well.
Part 2: Determine reinforcement in beams along column line 1
The beams along column line 1 are part of the lateral-force-resisting system, and must be
designed for the combined effects due to gravity, wind and seismic forces.
•

Design for Flexure
The bending moments due to gravity forces are combined with the bending moments
due to the lateral forces to obtain the maximum factored moments at the critical
sections.
Bending Moments Due to Gravity Forces
Bending moments due to the dead and live loads are determined using the Direct
Design Method. The longest clear span is used to calculate bending moments. A
summary of the service gravity bending moments in the design strip is given in
Table 4.26 in Example 4.1.
Bending Moments Due to Lateral Forces
Wind and seismic forces were computed in accordance with ASCE/SEI Chapters 6,
11, 12, 20 and 21 based on the design data above, and the structure was analyzed for
lateral forces in the N-S direction. The results of the analysis are summarized in
Table 5.4 for the beams along column line 1 at the first floor. Since the building is
assigned to SDC C, intermediate reinforced concrete moment frames are utilized (see
ASCE/SEI Table 12.2-1, system C6).
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Table 5.4 Bending Moments (ft-kips) in Beams at First Floor Level Along Column
Line 1 Due to Wind and Seismic Forces
End Span

Wind (W)
Seismic (QE)
For SI: 1 ft-kip = 1.356 kN-m.

Exterior
Negative
54.0
395.1

Interior
Negative
49.0
358.8

Interior
Span
Interior
Negative
40.4
296.9

Factored Bending Moments
Basic strength design load combinations are given in ACI 9.2, which are essentially
the same as those in ASCE/SEI 2.3.2. The applicable load combinations in this case
are:
ܷ ൌ ͳǤͶܦ

ACI Eq. (9-1)

ܷ ൌ ͳǤʹ ܦ ͳǤܮ

ACI Eq. (9-2)

ܷ ൌ ͳǤʹ ܦ ͲǤͺܹ

ACI Eq. (9-3)

ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ͳǤܹ

ACI Eq. (9-4)

ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ͳǤͲܧ

ACI Eq. (9-5)

ܷ ൌ ͲǤͻ ܦ ͳǤܹ

ACI Eq. (9-6)

ܷ ൌ ͲǤͻ ܦ ͳǤͲܧ

ACI Eq. (9-7)

According to ASCE/SEI 12.4.2, the seismic load effect, E, is the combination of
horizontal and vertical seismic load effects. The E for use in ACI Equation (9-5) (or,
equivalently, ASCE/SEI load combination 5) where the effects of gravity and seismic
ground motion are additive is
 ܧൌ ߩܳா  ͲǤʹܵௌ ܦ
The redundancy factor, ߩ, is equal to 1.0 for structures assigned to SDC C
(ASCE/SEI 12.3.4.1).
The E for use in ACI Equation (9-7) (or, equivalently, ASCE/SEI load combination
7) where the effects of gravity and seismic ground motion counteract is
 ܧൌ ߩܳா െ ͲǤʹܵௌ ܦ
A summary of the governing factored bending moments is given in Table 5.5. The
required flexural reinforcement is presented in Table 5.6, and the provided areas of
steel are within the limits prescribed in ACI 10.3.5 for maximum reinforcement (i.e.,
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net tensile strain in the extreme tension steel at nominal strength, ߝ௧ , shall be greater
than or equal to 0.004) and ACI 10.5.1 for minimum reinforcement.
Table 5.5 Summary of Design Bending Moments and Shear Forces for Beam at First
Floor Level Along Column Line 1

Wind (W)

Support
Midspan
Support
Midspan
Support

Bending
Moment
(ft-kips)
-57.6
41.1
-22.5
16.2
± 54.0

Seismic ( QE )

Support

± 395.1

± 35.4

Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan

-80.6
57.5
-105.1
75.2
-166.8
57.4
34.6
37.0
-480.1
60.7
347.9
33.7

16.5

Load Case

Location

Dead (D)
Live (L)

Shear
Force
(kips)
11.8
4.6
± 4.8

Load Combination
1.4D
1.2D + 1.6L
1.2D + 0.5L + 1.6W
0.9D – 1.6W
1.28D + 0.5L + QE
0.82D – QE

21.5
24.1
2.9
52.8
25.7

Table 5.6 Required Flexural Reinforcement for Beam at First Floor Level Along Column
Line 1

(ft-kips)
-480.1
347.9
75.2

Support
Midspan
*

As,min =

=

3 fc′ bw d

=

3 4,000 × 20 × 21.5

200 bw d

s, max

=

= 1.36 in.

Reinforcement
6-No. 9
4-No. 9
2-No. 9

φM n
(ft-kips)
509.0
355.2
185.6

2

60,000

fy

ACI 10.5.1
=

fy
A

As *
(in.2)
5.61
3.91
1.43

Mu

Location

200 × 20 × 21.5

2

= 1.43 in. (governs)

60,000
0.85 β1fc′ bw d

0.003

fy

0.003 + 0.004

=

0.85 × 0.85 × 4 × 20 × 21.5

ACI 10.3.5

60

×

0.003
0.007

= 8.88 in.

2
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The selected reinforcement satisfies ACI 7.6.1 and 3.3.2 (minimum spacing for
concrete placement), ACI 7.7.1 (minimum cover for protection of reinforcement) and
ACI 10.6 (maximum spacing for control of flexural cracking). See Tables 4.7 and 4.8
for minimum and maximum number of reinforcing bars permitted in a single layer.
ACI 21.3.4.1 requires that the positive moment strength at the face of a joint be
greater than or equal to 33 percent of the negative moment strength at that location
(see Figure 5.1). This is satisfied, since 355.2 ft-kips > 509.0/3 = 169.7 ft-kips. Also,
the negative or positive moment strength at any section of the beam must be greater
than or equal to 20 percent of the maximum moment strength provided at the face of
either joint. Twenty percent of the maximum moment strength in this case is equal to
509.0/5 = 101.8 ft-kips. Providing at least two No. 9 bars ሺ߶ܯ ൌ ͳͺͷǤǦሻ
along the length of the beam satisfies this provision.
•

Design for Combined Flexure, Shear and Torsion
Shear Requirements
Shear requirements for beams in intermediate moment frames are given in
ACI 21.3.3. Design shear strength shall not be less than the smaller of the two values
obtained by ACI 21.3.3(a) and ACI 21.3.3(b).
•

Design shear strength by ACI 21.3.3(a)
The largest shear force associated with seismic effects is obtained from the fifth
of the six load combinations in Table 5.5. Shear forces due to gravity loads plus
nominal moment strengths for sidesway to the right are shown in Figure 5.8.7

2.64 kips/ft

ܯା ൌ ͵ͻͶǤ ft-kips

ܯି ൌ ͷͷǤǦ
9′-2″
25.6 kips

4′-0″
22′-4″

9′-2″
60.4 kips

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.8 Factored Shear Forces on Beam at First Floor Level Along Column Line 1

7

Sidesway to the left gives the same maximum shear force due to the symmetric distribution of the
longitudinal reinforcement.
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•
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Design shear strength by ACI 21.3.3(b)
As in the first method, the largest shear force associated with seismic effects is
obtained from the fifth of the six load combinations in Table 5.5:
ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ʹǤͲ ܧൌ ͳǤʹ ܦ ͲǤͷ ܮ ʹǤͲሺܳா  ͲǤʹܵௌ ܦሻ
ൌ ͳǤ͵ ܦ ͲǤͷ ܮ ʹǤͲܳா
Using Table 5.5,
ܸ௨ ൌ ሺͳǤ͵ ൈ ͳͳǤͺሻ  ሺͲǤͷ ൈ ͶǤሻ  ሺʹǤͲ ൈ ͵ͷǤͶሻ ൌ ͺͻǤʹ

Therefore, use ܸ௨ ൌ ͲǤͶ.
•

Required transverse reinforcement for shear
Determine transverse reinforcement required for shear by ACI Equations (11-1),
(11-2) and (11-15) (see Figure 4.8).
ܣ௩ ܸ௨ െ ߶ܸ ͲǡͶͲͲ െ ൫ͲǤͷ ൈ ʹ ൈ ξͶͲͲͲ ൈ ʹͲ ൈ ʹͳǤͷ൯
ൌ
ൌ
ൌ ͲǤͲʹͲǤଶ ȀǤ
ͲǤͷ ൈ ͲǡͲͲͲ ൈ ʹͳǤͷ
ݏ
߶݂௬௧ ݀

Torsion Requirements
The torsional moments on the beam are due to gravity loads only. As shown in
Example 4.1, the beam must be designed for a torsional moment of 43.2 ft-kips.
Check the adequacy of the cross-sectional dimensions of the beam using ACI
Equation (11-18).
Assuming a 1.5-inch clear cover to No. 4 hoops/closed stirrups in the beam web only,
use Table 4.11 to determine the section properties ܣ and  :
ܣ ൌ ሾʹͲ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿ ൈ ሾʹͶ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿ ൌ ͵͵ͺǤʹͷǤଶ
 ൌ ʹ ൈ ሼሾʹͲ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿ  ሾʹͶ െ ሺʹ ൈ ͳǤͷሻ െ ͲǤͷሿሽ ൌ ͶǤ
ଶ

ͲǡͶͲͲ ଶ
ܸ ଶ
ܶ
Ͷ͵Ǥʹ ൈ ͳʹǡͲͲͲ ൈ Ͷ ଶ
ඨ൬ ௨ ൰  ቆ ௨ ଶ ቇ ൌ ඨ൬
൰ ൬
൰ ൌ ʹͶʹǤͳ
ʹͲ ൈ ʹͳǤͷ
ͳǤ ൈ ͵͵ͺǤʹͷଶ
ܾ௪ ݀
ͳǤܣ
߶൬

ܸ
 ͺඥ݂ᇱ ൰ ൌ ͲǤͷሺʹ  ͺሻξͶͲͲͲ ൌ ͶͶǤ͵  ʹͶʹǤͳǤǤ
ܾ௪ ݀
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•

Required transverse reinforcement for torsion
It was shown in Example 4.1 that the required transverse reinforcement for
torsion is
ʹܣ௧
ʹܶ௨
ʹ ൈ Ͷ͵Ǥʹ ൈ ͳʹǡͲͲͲ
ൌ
ൌ
ൌ ͲǤͲͶͲǤଶ ȀǤ
ݏ
ʹ߶ ߠܣ ݂௬௧ ʹ ൈ ͲǤͷ ൈ Ͷͷι ൈ ʹͺǤͷ ൈ ͲǡͲͲͲ

Total Transverse Reinforcement Requirements
Total required transverse reinforcement = 0.020 + 0.040 = 0.060 in.2/in.
Minimum transverse reinforcement is the greater of the following:
ͲǤͷඥ݂ᇱ

ܾ௪
ʹͲ
ൌ ͲǤͷξͶͲͲͲ
ൌ ͲǤͲͳǤଶ ȀǤ
ͲǡͲͲͲ
݂௬௧

ͷͲܾ௪ ͷͲ ൈ ʹͲ
ൌ
ൌ ͲǤͲͳǤଶ ȀǤሺሻ
ͲǡͲͲͲ
݂௬௧
According to ACI 21.3.4.2, the maximum spacing of hoops over the length ʹ݄ ൌ
ͶͺǤ is the smallest of the following (see Figure 5.2):
(1) ݀ȀͶ ൌ ʹͳǤͷȀͶ ൌ ͷǤͶǤ (governs)
(2) ͺ ൈ  ൌ ͺ ൈ ͳǤͳʹͺ ൌ ͻǤͲǤ
(3) ʹͶ ൈ  ൌ ʹͶ ൈ ͲǤͷ ൌ ͳʹǤ
(4) 12 inches
Maximum spacing of transverse reinforcement outside of the 48-inch segments at
each end of the beam is the smallest of the following:
ሺͳሻ

 Ͷ
ൌ
ൌ ͻǤ͵Ǥሺሻ
ͺ
ͺ

(2) 12 inches
݀ ʹͳǤͷ
ሺ͵ሻ ൌ
ൌ ͳͲǤͺǤ
ʹ
ʹ
Assuming No. 4 hoops, the required spacing, s, at the critical section ൌ ʹ ൈ
ͲǤʹͲȀͲǤͲͲ ൌ ǤǤ  ͷǤͶǤ

EXAMPLES
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Use 11 No. 4 hoops (two legs) at each end of the beam spaced at 5.0 inches on center
with the first hook located 2 inches from the face of the support. For the remainder of
the beam, provide No. 4 closed stirrups spaced at 6 inches.8
Longitudinal Reinforcement Required for Torsion
Determine longitudinal reinforcement required for torsion by ACI Equation (11-22)
(see Figure 4.11):
ܣκ ൌ

݂௬௧
ܣ௧
ͲǤͲͶͲ
 ቆ ቇ  ଶ Ʌ ൌ
ൈ Ͷ ൌ ͳǤͶͺǤଶ
ʹ
ݏ
݂௬

ܣκǡ ൌ

ͷඥ݂ᇱ ܣ
݂௬௧
ܣ௧
ͷξͶͲͲͲ ൈ ͳͷ
ͲǤͲͶͲ
െ ൬ ൰  ቆ ቇ ൌ
െ൬
ൈ Ͷ൰ ൌ ͳǤǤଶ 
ͲǡͲͲͲ
ʹ
݂௬
ݏ
݂௬

Total Required Longitudinal Reinforcement
The longitudinal reinforcement required for torsion must be combined with the
longitudinal reinforcement required for flexure. The longitudinal torsion
reinforcement must be distributed around the perimeter of the section with a
maximum spacing of 12 inches (ACI 11.5.6.2). In order to have a uniform
distribution of reinforcement around the perimeter, assign 1.76/4 = 0.44 in.2 to each
face.
Use one No. 6 bar on each side (area = 0.44 in.2, bar diameter = 0.75 in. > 0.042s =
0.25 in.). This bar satisfies the maximum spacing requirement of 12 inches, since the
spacing ൌ ሼʹͶ െ ʹሾͳǤͷ  ͲǤͷ  ሺͳǤͳʹͺΤʹሻሿሽȀʹ ൌ ͻǤͶǤ
The remaining 0.44 square inches of longitudinal steel required for torsion at the top
and bottom of the section is added to the area of steel required for flexure (see Table
5.6):
•

Face of support
5.61 + 0.44 = 6.05 in.2 § 6.00 in.2
3.91 + 0.44 = 4.35 in.2 > 4.00 in.2

•

Midspan
1.43 + 0.44 = 1.87 in.2 < 2.00 in.2

8

Providing hoops and closed stirrups at a spacing of 5 inches over the entire length of the beam would
result in simpler detailing.
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Thus, the top reinforcing bars listed in Table 5.6 can be used for combined flexure
and torsion. However, add one No. 9 bar to the bottom of the section for a total of
five No. 9 bottom reinforcing bars to satisfy combined reinforcement requirements.
•

Reinforcement Details
According to the structural integrity provisions in ACI 7.13.2.2, at least one-sixth of
the tension reinforcement required for negative moment at the support (but not less
than two bars) and at least one-quarter of the tension reinforcement required for
positive moment at midspan (but not less than two bars) must be continuous and be
enclosed by closed stirrups. Thus, at least two No. 9 tops bars must be continuous or
spliced by Class B tension splices near midspan, and at least two No. 9 bottom bars
must be continuous or spliced by Class B tension splices at or near the supports.
Four of the six No. 9 top bars can be theoretically cut off at the location where the
factored bending moment is equal to the design moment strength of the section based
on a total area of steel equal to the area of two No. 9 bars. Thus, with ܣ௦ ൌ ʹǤͲͲǤଶ ǡ
߶ܯ ൌ ͳͺͷǤǦǤ
The load combination, ͲǤͺʹܦ, plus the nominal flexural strengths, ܯ , at each end of
the beam produces the longest bar lengths. The distance, x, from the face of the
support where the factored bending moment is equal to 185.6 ft-kips is obtained by
summing moments about section a-a at this location (see Figure 5.9):
ͳ ݔǤͶݔ ݔ
ൈ ൰ െ ͷʹǤ ݔ ͷͷǤ ൌ ͳͺͷǤ
൬ ൈ
ʹ ͻǤͳ ͵
1.47 kips/ft
a

394.7 ft-kips
9′-2″
33.3 kips

4′-0″
22′-4″

a

565.6 ft-kips
x
9′-2″
52.7 kips

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.9 Cutoff Location of Negative Flexural Reinforcement

Solution of this equation gives x = 7.4 feet. The four No. 9 bars must extend a
distance of d = 21.5 in. or ͳʹ݀ ൌ ͳʹ ൈ ͳǤͳʹͺ ൌ ͳ͵ǤͷǤ beyond the distance, x
(ACI 12.10.3). Thus, from the face of the support, the total bar length must be at least
equal to 7.4 + (21.5/12) = 9.2 ft. Also, the bars must extend a full development
length, κௗ , beyond the face of the support (ACI 12.10.4). The development length for
the No. 9 bars can be determined by ACI Eq. (12-1):
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κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߣ ൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤ͵ for top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͳǤͲ for No. 9 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͳʹͺ
ൌ ʹǤǤ
ʹ

ʹͲ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͳʹͺ
ൌ ͳǤͷǤሺሻ
ʹൈͷ

ܭ௧ ൌ transverse reinforcement index ൌ Ͳ (conservative)
ܿ  ܭ௧ ͳǤͷ  Ͳ
ൌ
ൌ ͳǤ͵ ൏ ʹǤͷ
ͳǤͳʹͺ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤ͵ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͳʹͺ ൌ ͺͲǤ͵Ǥ ൌ Ǥ
ͳǤ͵
ͶͲ ͳǤͲξͶͲͲͲ

Thus, the total length of the four -No. 9 bars must be at least 9.2 feet beyond the face
of the support.
Flexural reinforcement shall not be terminated in a tension zone unless one or more of
the conditions of ACI 12.10.5 are satisfied. In this case, the point of inflection is
approximately 11.5 feet from the face of the support, which is greater than 9.2 feet.
Thus, the No. 9 bars cannot be terminated here unless one of the conditions of
ACI 12.10.5 is satisfied. In this case, check if the factored shear force, ܸ௨ , at the
cutoff point does not exceed ʹ߶ܸ Ȁ͵ (ACI 12.10.5.1). With No. 4 stirrups at 10
inches on center, φVn is determined by ACI Equations (11-1) and (11-2):
߶ܸ ൌ ߶ሺܸ  ܸ௦ ሻ ൌ ͲǤͷ ൬ͷͶǤͶ 

ͲǤͶ ൈ Ͳ ൈ ʹͳǤͷ
൰ ൌ ͺͻǤʹ
ͺ
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At 9.2 feet from the face of the support, ܸ௨ ൌ ͷʹǤ െ ሺͲǤͷ ൈ ͳǤͶ ൈ ͻǤʹሻ ൌ ͶͷǤͻ,
which is less than ʹ ൈ ͺͻǤʹȀ͵ ൌ ͷͻǤͷ. Therefore, the four No. 9 bars can be
terminated at 9.2 feet from the face of the support.
It is assumed in this example that the five No. 9 positive bars are continuous with
splices over the columns.
Figure 5.10 shows the reinforcement details for the beam.
1′-8″

1′-8″

4-No. 9 2-No. 9

9′-3″

4-No. 9

2′-0″

5-No. 9

2-No. 6
2″

No. 4 closed stirrups @ 6″
11-No. 4 hoops @ 5″ ea. end
22′-4″

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.10 Reinforcement Details for the Beam at First Floor Level Along
Column Line 1

Part 3: Determine reinforcement in column B1 supporting the first floor level
A summary of the axial forces, bending moments and shear forces on column B1 is given
in Table 5.7. ACI Equation (13-7) was used in determining the gravity load moments on
the column where the full dead load is taken on adjoining spans and half of the live load
is taken on the longer span. The bending moment determined by this equation was
distributed to the column above and below inversely proportional to their lengths. Also
given in Table 5.7 are the factored load combinations.9
According to ASCE/SEI 12.5.3, orthogonal load effects need not be considered on this
member, since the building does not have horizontal structural irregularity Type 5 in
ASCE/SEI Table 12.3-1 (nonparallel systems irregularity).
9

It was assumed in the analysis that the base of the column is pinned and that only axial force is
transmitted from the column to the footing.

EXAMPLES

5-31

Table 5.7 Summary of Axial Forces, Bending Moments and Shear Forces on
Column B1 Supporting the First Floor Level

Load Case

Bending
Moment
(ft-kips)

Shear
Force
(kips)

157.9

11.3

± 2.3

31.5

11.0

± 2.2

± 3.6

± 111.0

± 11.1

Seismic ( QE )

± 26.4

± 422.1

± 42.2

Load Combination
1.4D
1.2D + 1.6L + 0.5Lr
1.2D + 0.5(L + Lr) + 1.6W
0.9D – 1.6W

221.1
242.3
213.4
136.4

15.8
31.2
196.7
167.4

3.2
6.3
21.6
15.7

1.28D + 0.5L + QE

244.3

442.1

46.2

0.82D – QE

103.1

412.8

40.3

Dead (D)
Live (L)
Roof live (Lr)
Wind (W)

•

Axial
Force
(kips)

4.9

Design for Axial Force and Bending
Based on the governing load combinations in Table 5.7, a 20-inch by 20-inch column
reinforced with 12 No. 9 bars ሺܣ௦௧ ൌ ͲǤͲʹܣ ሻ is adequate for column B1 supporting
the first floor level. The interaction diagram for this column is shown in Figure 5.11.
Since P-delta effects were considered in the analysis, slenderness effects need not be
considered. The provided area of longitudinal reinforcement is within the allowable
range specified in ACI 10.9.1.
In accordance with ACI 7.6.3, the distance between longitudinal bars must be greater
than or equal to ͳǤͷ݀ ൌ ͳǤͷ ൈ ͳǤͳʹͺ ൌ ͳǤǤ (governs) or 1.5 inches. In this case,
the clear distance is equal to
ʹͲ െ ʹ ቀͳǤͷ  ͲǤ͵ͷ 
͵

•

ͳǤͳʹͺ
ቁ
ʹ
െ ͳǤͳʹͺ ൌ ͷǤͲǤ  ͳǤǤǤǤ

Design for Shear
Similar to beams, columns in intermediate moment frames must satisfy the shear
requirements of ACI 21.3.3.
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Figure 5.11 Design and Nominal Strength Interaction Diagrams for Column B1

•

Design shear strength by ACI 21.3.3(a)
The largest moment strength, ܯ , of the column is obtained using the fifth of the
six load combinations in Table 5.7. For ܲ ൌ ܲ௨ Ȁ߶ ൌ ʹͶͶǤ͵ȀͲǤͺͳ ൌ ʹͻͻǤͲ,
ܯ ൌ ͷͳǤ͵ǦǤ
The shear force based on this nominal moment strength is equal to ܯ Ȁκ௨ ൌ
ͷͳǤ͵Ȁሺͳʹ െ ʹሻ ൌ ͷǤͳǤ
The maximum shear force, ܸ௨ , is obtained from the fifth load combination:
ܸ௨ ൌ ሺͳǤʹͺ ൈ ʹǤ͵ሻ  ሺͲǤͷ ൈ ʹǤʹሻ  ͷǤͳ ൌ ͲǤͳ

•

Design shear strength by ACI 21.3.3(b)
As in the first method, the largest shear force associated with seismic effects is
obtained from the fifth of the six load combinations in Table 5.7:
ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ʹǤͲ ܧൌ ͳǤʹ ܦ ͲǤͷ ܮ ʹǤͲሺܳா  ͲǤʹܵௌ ܦሻ
ൌ ͳǤ͵ ܦ ͲǤͷ ܮ ʹǤͲܳா
Using Table 5.7,
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ܸ௨ ൌ ሺͳǤ͵ ൈ ʹǤ͵ሻ  ሺͲǤͷ ൈ ʹǤʹሻ  ሺʹǤͲ ൈ ͶǤʹሻ ൌ ͻǤ
Therefore, use ܸ௨ ൌ ͲǤͳ.
The shear capacity of the column is checked in accordance with ACI Equation (11-4)
for members subjected to axial compression:
ܸ ൌ ʹ ቆͳ 

ܰ௨
ቇ ߣඥ݂ᇱ ܾ௪ ݀
ʹͲͲͲܣ

ൌ ʹ ൬ͳ 

ʹͶͶǡ͵ͲͲ
൰ ξͶͲͲͲ ൈ ʹͲ ൈ ͳͷǤͻȀͳͲͲͲ ൌ ͷʹǤͷ
ʹͲͲͲ ൈ ʹͲଶ

where ܰ௨ ൌ ʹͶͶǤ͵, which is the factored axial compressive force on the column
corresponding to the maximum shear force and ݀ ൌ ͳͷǤͻǤ was obtained from a
strain compatibility analysis.
Since ߶ܸ ൌ ͲǤͷ ൈ ͷʹǤͷ ൌ ͵ͻǤͶ ൏ ܸ௨ ൌ ͲǤͳ, provide shear
reinforcement in accordance with ACI 11.4.7:
ͲǤͳ െ ͵ͻǤͶ
ܣ௩ ܸ௨ െ ߶ܸ
ൌ
ൌ
ൌ ͲǤͲʹͻǤʹ ȀǤ
ͲǤͷ ൈ Ͳ ൈ ͳͷǤͻ
ݏ
߶݂௬௧ ݀
The required spacing of No. 3 hoops and crossties is
ݏൌ

ܣ௩ ݂௬
Ͷ ൈ ͲǤͳͳ
ሺͶ ൈ ͲǤͳͳሻ ൈ ͲǡͲͲͲ
ൌ ͳͷǤʹǤ ൏
ൌ
ൌ ʹǤͶǤ
ͲǤͲʹͻ
ͷͲܾ௪
ͷͲ ൈ ʹͲ

The transverse reinforcement requirements of ACI 21.3.5.2 for intermediate moment
frames must also be satisfied (see Table 5.3). The vertical spacing, ݏ , of No. 3 hoops
must not exceed the smallest of the following over a length, κ , at each end of the
column:
•

8(smallest longitudinal bar diameter) ൌ ͺ ൈ ͳǤͳʹͺ ൌ ͻǤͲǤ

•

24(hoop bar diameter) ൌ ʹͶ ൈ ͲǤ͵ͷ ൌ ͻǤͲǤ

•

Least column dimension/2 ൌ ͳͲǤ

•

12 inches

where κ is the largest of the following:
•

Clear span/6 ൌ ሺͳʹ െ ʹሻ ൈ ͳʹȀ ൌ ʹͲǤ
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•

Maximum cross-sectional dimension of the column ൌ ʹͲ 

•

18 inches

According to the spacing requirements for shear reinforcement in ACI 11.4.5.1, the
maximum spacing shall not exceed ݀ Τʹ ൌ ͳͷǤͻȀʹ ൎ ͺǤͲǤ
Use four No. 3 hoops @ 8.0 in. on center with the first hoop located vertically not
more than ݏ Τʹ ൌ ͺȀʹ ൌ ͶǤͲǤ from the joint face (ACI 21.3.5.3). The 8.0-inch
spacing is used over the lap splice length of 42 inches ( κ ൌ ʹͲǤ), which is
determined below. For the remainder of the column, tie spacing shall conform to
ACI 7.10 and 11.4.5.1 (ACI 21.3.5.4). In this case, ACI 11.4.5.1 governs; therefore,
use a spacing of 8.0 inches for the No. 3 ties and crossties in this region of the
column.
ACI 21.3.5.5 requires that joint reinforcement in intermediate moment frames
conform to the provisions of ACI 11.10. Lateral reinforcement in the joint must not
be less than that computed by ACI Equation (11-13). For No. 3 ties with two
crossties, the required spacing is equal to:
ݏൌ



ܣ௩ ݂௬௧
ͲǤͷඥ݂ᇱ ܾ௪

ൌ

ሺͶ ൈ ͲǤͳͳሻ ൈ ͲǡͲͲͲ
ͲǤͷξͶͲͲͲ ൈ ʹͲ

ൌ ʹǤͺǤ

ܣ௩ ݂௬
ሺͶ ൈ ͲǤͳͳሻ ൈ ͲǡͲͲͲ
ൌ
ൌ ʹǤͶǤሺሻ
ͷͲܾ௪
ͷͲ ൈ ʹͲ

For simpler detailing, continue the 8.0-inch spacing at the column ends through the
joint.
•

Reinforcement Details
ACI 12.17 contains the splice requirements for columns. It can be seen from the
interaction diagram in Figure 5.11 that the bar stress corresponding to at least one
factored load combination is greater than ͲǤͷ݂௬ . Thus, Class B lap splices must be
provided in accordance with ACI 12.17.2.3.
Determine the development length in tension by ACI Eq. (12-1):

κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߣ ൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete
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߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for bars other
than top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͳǤͲ for No. 9 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͳʹͺ
ൌ ʹǤǤ
ʹ

ʹͲ െ ʹሺͳǤͷ  ͲǤ͵ͷሻ െ ͳǤͳʹͺ
ൌ ʹǤͷǤሺሻ
ʹൈ͵

ܭ௧ ൌ transverse reinforcement index
ͶͲܣ௧ ͶͲ ൈ Ͷ ൈ ͲǤͳͳ
ൌ
ൌ ͲǤ
ͺൈͶ
݊ݏ
ܿ  ܭ௧ ʹǤͷ  ͲǤ
ൌ
ൌ ʹǤͺ  ʹǤͷǡʹǤͷ
ͳǤͳʹͺ
݀
ൌ

Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͳʹͺ ൌ ͵ʹǤͳǤ ൌ ʹǤ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

Class B splice length ൌ ͳǤ͵κௗ ൌ ͵Ǥͷ
Use a 3 foot, 6 inch splice length with the splice located just above the slab.
Reinforcement details for column B1 are given in Figure 5.12.
Part 4: Determine reinforcement in footing B1
It can be shown that the required footing size and reinforcement determined in Part 3 of
Example 4.1 for SDC B can be used for SDC C as well.
Part 5: Determine reinforcement in the diaphragm chords along column lines 1, 2, 6
and 7 at the third-floor level for lateral forces in the east-west direction
It was determined in Part 5 of Example 4.1 that the center of mass is located 60.0 feet to
the east of column line 1 and 61.8 feet to the north of column line F. It was also
determined that the center of rigidity is located Ͳ to the east of column line 1 and
70.2 feet to the north of column line F.
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1st Floor

No. 3 hoops @ 0′-8″

1′-8″

1′-8″
12-No. 9

A

A
No. 3 ties @ 0′-8″

Other reinforcement not
shown for clarity

1′-8″

1½″ (typ.)
Section A-A

No. 3 hoops @ 0′-8″
No. 3 ties @ 0′-8″

3′-6″
≤ 4″

Ground
2′-0″

≤ 3″
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.12 Reinforcement Details for Column B1 Supporting the First-Floor Level

Diaphragm Design Forces
ASCE/SEI Equation (12.10-1) is used to determine the design seismic force, ܨ௫ , on the
diaphragm:10




ܨ௫ ൌ ൭ ܨ ൙ ݓ ൱ ݓ௫
ୀ௫

ୀ௫

 ͲǤͶܵௌ ݓܫ௫ ൌ ͲǤͳͶݓ௫
 ͲǤʹܵௌ ݓܫ௫ ൌ ͲǤͲͺʹݓ௫
where ܨ ൌ the seismic design force applied at level i
ݓ ൌ the weight tributary to level i
10

The effects from wind forces do not govern in this example.
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ݓ௫ ൌ the weight tributary to the diaphragm at level x
Table 5.8 contains a summary of the diaphragm forces at each level of the building.11
Table 5.8 Design Seismic Diaphragm Forces
wx
Σw x
(kips)
(kips)
1,667
1,667
4
3
1,995
3,662
2
1,995
5,657
1
2,014
7,671
* Minimum value governs.
Level

Fx
(kips)
173
158
108
60

ΣFx
(kips)
173
331
439
499

ΣFx / Σw x
0.104
0.090
0.082*
0.082*

w px

Fpx

(kips)
1,667
1,995
1,995
2,014

(kips)
173
180
164
165

Since the diaphragm is rigid, the 180-kip diaphragm force at the third floor level is
distributed to the frames in proportion to their relative stiffnesses. This force is applied at
the location of the center of mass, which must be displaced from its actual location a
distance of 5 percent of the dimension of the building perpendicular to the direction of
the applied force ൌ ͲǤͲͷ ൈ ͳͳͶ ൌ ͷǤሺȀ ͳʹǤͺǤͶǤʹሻ. Thus, two cases must be
examined: (1) center of mass located at ͳǤͺ  ͷǤ ൌ Ǥͷ from column line F and
(2) center of mass located at ͳǤͺ െ ͷǤ ൌ ͷǤͳ from column line F.
•

Case 1: Center of mass located at 67.5 feet from column line F
In this case, the eccentricity, ݁௬ , between the center of mass and the center of rigidity
ൌ ͲǤʹ െ Ǥͷ ൌ ʹǤ.
The forces applied to each frame are determined by Equation 3.12 of this
publication:12

(Vi )x

=

(k i )x
y i (k i )x
Vx +
Vxe y
2
2
(
)
(
)
x
k
y
k
+
∑ (k i )x
∑ i i y ∑ i ix

where xi = perpendicular distance from element i to the center of rigidity parallel to
the x-axis

11

The base shear, V, for the building assigned to SDC C with an intermediate moment frame (R = 5) is
equal to 499 kips compared to a base shear of 496 kips for the building assigned to SDC B with an
ordinary moment frame (R = 3). The Equivalent Lateral Force Procedure of ASCE/SEI 12.8 was used to
compute V in both cases using an approximate period equal to 0.46 sec and the appropriate design
spectral response accelerations ܵௌ ܵଵ Ǥ
12
The forces determined by this method are within 3 percent of those determined by a computer analysis of
the diaphragm assuming that the diaphragm is rigid.
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yi = perpendicular distance from element i to the center of rigidity parallel to
the y-axis
Frame on column line A between lines 1 and 7:
ܸΤଵି ൌ

ͶǤʹ ൈ ͳͺͲ
ሺͳͳͶ െ ͲǤʹሻ ൈ ͶǤʹ ൈ ሺͳͺͲ ൈ ʹǤሻ
െ
ൌ ͻͳǤͷ
ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

Frames on column line D between lines 1 and 2 and between lines 6 and 7:
ܸΤଵିଶ ൌ ܸΤି ൌ

ͳǤͲ ൈ ͳͺͲ
ሺͲǤʹ െ Ͷͷሻ ൈ ͳǤͲ ൈ ሺͳͺͲ ൈ ʹǤሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ʹͳǤͻ
Frames on column line F between lines 2 and 3 and between lines 5 and 6:
ܸிΤଶିଷ ൌ ܸΤହି ൌ

ͳǤͲ ൈ ͳͺͲ
ͲǤʹ ൈ ͳǤͲ ൈ ሺͳͺͲ ൈ ʹǤሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ʹʹǤͶ
The maximum shear force per unit length in the slab occurs along column line A and
is equal to ͻͳǤͷ, which is distributed over a length of 80 feet.
The shear strength of the slab is determined by ACI Equation (11-3) using the full
thickness of the slab:
߶ܸ ൌ ߶ʹߣඥ݂ᇱ ܾ ݐൌ ͲǤͷ ൈ ʹ ൈ ͳǤͲξͶͲͲͲ ൈ ሺͺͲ ൈ ͳʹሻ ൈ ͻȀͳͲͲͲ
ൌ ͺͳͻǤ  ͻͳǤͷǤǤ
•

Case 2: Center of mass located at 56.1 feet from column line F
In this case, the eccentricity, ݁௬ , between the center of mass and the center of rigidity
ൌ ͲǤʹ െ ͷǤͳ ൌ ͳͶǤͳ.
Frame on column line A between lines 1 and 7:
ܸΤଵି ൌ

ͶǤʹ ൈ ͳͺͲ
ሺͳͳͶ െ ͲǤʹሻ ൈ ͶǤʹ ൈ ሺͳͺͲ ൈ ͳͶǤͳሻ
െ
ൌ ͺͳǤ͵
ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

Frames on column line D between lines 1 and 2 and between lines 6 and 7:
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ܸΤଵିଶ ൌ ܸΤି ൌ

ͳǤͲ ൈ ͳͺͲ
ሺͲǤʹ െ Ͷͷሻ ൈ ͳǤͲ ൈ ሺͳͺͲ ൈ ͳͶǤͳሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ʹ͵Ǥʹ
Frames on column line F between lines 2 and 3 and between lines 5 and 6:
ܸிΤଶିଷ ൌ ܸΤହି ൌ

ͳǤͲ ൈ ͳͺͲ
ͲǤʹ ൈ ͳǤͲ ൈ ሺͳͺͲ ൈ ͳͶǤͳሻ

ሺͶ ൈ ͳǤͲሻ  ͶǤʹ
ͶͲǡ

ൌ ʹǤʹ
The maximum shear force per unit length in the slab occurs along column line A and
is equal to ͺͳǤ͵, which is distributed over a length of 80 feet. This maximum
shear force is less than that determined in case 1, so the shear strength of the slab is
adequate in this case as well.
Chord Forces and Reinforcement
Section 1602 of the IBC defines a diaphragm chord as a boundary element perpendicular
to the applied lateral force that is assumed to resist the axial stresses due to the bending
moments in the diaphragm.
In general, the diaphragm is assumed to act as a deep beam that spans between the
vertical elements of the lateral-force-resisting system, which act as supports. The
compressive or tensile chord force along the length of the diaphragm can be calculated by
dividing the bending moment in the diaphragm due to the lateral forces by the diaphragm
dimension parallel to the direction of the load.
The concrete diaphragm in this example is modeled as a continuous beam with supports
along column lines A, D and F for seismic forces in the east-west direction. The total
reactions at these supports can be determined from the forces in the frames. It is assumed
that the diaphragm force can be represented by a trapezoidal distributed load as illustrated
in Figure 5.13. Since the reactions at the supports are known, the distributed loads, ݓଵ
and ݓଶ , can be determined from statics. Once the distributed loads have been established,
the maximum bending moment is computed and is used to determine the maximum chord
force in the diaphragm.
For the center of mass located at 67.5 feet from column line F, the reactions are as
follows:
ܴ ൌ ܸΤଵି ൌ ͻͳǤͷ
ܴ ൌ ܸΤଵିଶ  ܸΤି ൌ ʹ ൈ ʹͳǤͻ ൌ Ͷ͵Ǥͺ
ܴி ൌ ܸிΤଶିଷ  ܸΤହି ൌ ʹ ൈ ʹʹǤͶ ൌ ͶͶǤͺ
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ݓଶ
ܴ
ܨ௫

ܴ

ܴி

ݓଵ

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.13 Distributed Load on Diaphragm for Seismic Forces in the East-West
Direction

Summing forces in the east-west direction and summing moments about column line A
results in the following two equations for the diaphragm at the second floor level:
ͳ
ሺݓଵ ൈ ͳͳͶሻ   ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͶ൨ ൌ ͳͺͲ
ʹ
ቆݓଵ ൈ

ͳͳͶଶ
ͳ
ͳ
ቇ   ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͶ ൈ ൬ ൈ ͳͳͶ൰൨ ൌ ሺͶ͵Ǥͺ ൈ ͻሻ  ሺͶͶǤͺ ൈ ͳͳͶሻ
ʹ
͵
ʹ

Solving these equations simultaneously results in ݓଵ ൌ ͲǤͲȀݓଶ ൌ
ʹǤͷȀ.
The shear and moment diagrams for this case are shown in Figure 5.14. The maximum
bending moment in the portion of the diaphragm between column lines A and D is equal
to 1796.1 ft-kips. Between column lines D and F, the maximum bending moment is equal
to 1157.1 ft-kips.
A similar analysis can be performed for the center of mass located at 56.1 feet from
column line F. In that case, the maximum bending moment in the portion of the
diaphragm between column lines A and D is equal to 1689.6 ft-kips. Between column
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lines D and F, the maximum bending moment is equal to 1143.9 ft-kips. Thus, the
maximum chord forces are obtained for the case where the center of mass is located at
67.5 feet from column line F.

41.5ƍ

91.5k

1796.1ƍk

44.2k

0.4k

1157.1ƍk

44.8k
Shear Force

Bending Moment

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.14 Shear Force and Bending Moment Diagrams for the Diaphragm at the
Third-Floor Level for Seismic Forces in the East-West Direction

For the portion of the diaphragm between lines A and D, the maximum chord force is
equal to the following:
ܶ௨ ൌ ܥ௨ ൌ

ܯ௨ ͳͻǤͳ
ൌ
ൌ ͳͷǤͲͳ͵
ܦ
ͳʹͲ

The required area of tension reinforcement is
ܣ௦ ൌ

ܶ௨
ͳͷǤͲ
ൌ
ൌ ͲǤʹͺǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide one No. 5 chord bar along the slab edges on column lines 1 and 7
between lines A and D.14
13

It can be shown that the 20-inch by 24-inch edge beams on column lines 1 and 7 are adequate for the
combined effects due to bending and a 15.0-kip axial compressive force.
14
In lieu of providing an extra bar in the edge beams for chord reinforcement, any excess amount of
provided reinforcement in the beams may be used to resist the tensile force in the chord. That option is
not considered in this example.
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For the portion of the diaphragm between lines D and F, the maximum chord force is:
ܶ௨ ൌ ܥ௨ ൌ

ܯ௨ ͳͳͷǤͳ
ൌ
ൌ ͳͶǤͷ
ͺͲ
ܦ

Therefore, provide one No. 5 chord bar along the slab edges on column lines 2 and 6
between lines D and F.15
Similar analyses can be performed for the required chord reinforcement due to seismic
forces in the north-south direction.
It has been assumed in this example that the openings along column line A do not have a
major influence on the overall analysis of the diaphragm. For typical stair and elevator
openings, this is typically a good assumption. Additional reinforcement may be required
around such openings to resist the secondary chord forces that are developed in these
areas. In cases where the openings are relatively large compared to the area of the
diaphragm, a more detailed analysis that takes into account the nonuniform distribution
of seismic mass should be performed, especially in cases where a Type 3 diaphragm
discontinuity irregularity is present (see ASCE/SEI Table 12.3-1). The example in
Chapter 6 of this publication illustrates an approximate method to estimate the effects of
openings in a diaphragm.
Part 6: Determine reinforcement in the collector element along column line F at the
third-floor level for lateral forces in the east-west direction
The slab section between lines 3 and 5 is utilized in this example as the collector that
pulls (or drags) the unit shear force in this segment of the diaphragm into the elements of
the lateral-force-resisting system (frames) along line F. The concrete slab collector is
designed in accordance with the recommendations in the SEAOC Blue Book.16 It is
assumed that the effective width of the collector element is equal to the width of the
beams in the moment frames, which is 20 inches.
It was determined in Part 5 of this example that the total diaphragm force along line F is
equal to 44.8 kips. The unit shear force in the diaphragm is equal to ͶͶǤͺȀͺͲ ൌ
ͲǤͷͲȀǤ Similarly, the unit shear force for the frames is ͶͶǤͺȀͶͲ ൌ ͳǤͳʹȀǤ
The unit shear forces and net unit shear forces are depicted in Figure 5.15. The collector
force diagram is constructed by using the areas of the net unit shear force diagram as
changes in the magnitude of the collector force. For example, between lines 2 and 3, the
area of the net shear force diagram is ͲǤͷͲ ൈ ʹͲ ൌ ͳͳǤʹǤ This is the maximum

15

The portions of the chords on lines 2 and 6 between lines E and F also act as collector members for
seismic forces in the north-south direction. Reinforcement needs to be provided that satisfies the more
stringent of the two requirements.
16
SEAOC Seismology Committee, “Concrete slab collectors,” The SEAOC Blue Book: Seismic design
recommendations, Structural Engineers Association of California, Sacramento, CA, August 2008.
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value of the collector force (compression or tension) along the length between lines 2 and
6.

ͶͶǤͺ
ൌ ͲǤͷͲ Ȁ
ͺͲ

ͶͶǤͺ
ൌ ͳǤͳʹ Ȁ
ͶͲ

ͲǤͷͲ Ȁ
Unit Shear Forces
ͳǤͳʹ Ȁ

ͲǤͷͲȀ
Net Shear Forces
ͲǤͷͲ Ȁ

ͳͳǤʹ 
Collector Force
ͳͳǤʹ 

Figure 5.15 Unit Shear Forces, Net Shear Forces and Collector Force Diagram on
Column Line F
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Reinforcement Required to Resist Collector Tension
According to ASCE/SEI 12.10.2.1, collector elements, splices and their connections to
the elements of the seismic-force-resisting system in structures assigned to SDC C, D, E
or F must be designed to resist the load combinations with the overstrength factor, π , of
ASCE/SEI 12.4.3.2. The overstrength factor, π , represents an upper bound lateral
strength and is appropriate to use when estimating the maximum forces that can be
developed in nonyielding elements of the seismic-force-resisting system during the
design earthquake. The intent of this requirement is to ensure that collectors and their
connections have adequate strength to transfer the seismic forces into the elements of the
seismic-force-resisting system, which has been properly detailed to yield during the
design basis ground motion.
According to the latest SEAOC Seismology Committee’s draft recommendations, the
collector is to be designed for the load combinations with the overstrength factor, π , in
accordance with ASCE/SEI 12.4.3.2 where π ܳா is taken as the greatest of the
following:
•

π ܨ௫

•

π ܨ௫ ignoring the ͲǤʹܵௌ ݓܫ௫ minimum

•

Collector force based on ͲǤʹܵௌ ݓܫ௫ minimum value from ASCE/SEI 12.10.1.1

It is evident from Table 5.8 that the second of the three forces above is the greatest.
Therefore, using the collector force diagram in Figure 5.15, the collector force is equal to
͵ ൈ ͳͳǤʹ ൌ ͵͵Ǥ where π ൌ ͵ from ASCE/SEI Table 12.2-1 for an intermediate
reinforced concrete moment frame.
The required area of tension reinforcement is:
ܣ௦ ൌ

ܶ௨
͵͵Ǥ
ൌ
ൌ ͲǤʹǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Provide two No. 5 bar in addition to the reinforcement required for gravity loads. This
reinforcement, which can be easily accommodated within the 20-inch-wide beams in the
moment frames, should be placed at the mid-depth of the slab in order to prevent
additional out-of-plane bending stresses in the slab. By developing the collector
reinforcement within the width of beam, the collector forces are transmitted directly into
the lateral-force-resisting system.
Collector Compressive Strength
The maximum compressive stress on the concrete slab collector, which is equal to
͵͵ǡͲͲȀሺͻ ൈ ʹͲሻ ൌ ͳͺǡ is relatively low and the section is adequate without any
additional reinforcement.
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Diaphragm Segment Eccentricity
In cases where all or part of the collector reinforcement is placed at the sides of the
lateral-force-resisting elements, which in this example are moment frames, the diaphragm
section adjacent to the lateral-force-resisting elements must be designed to resist the
seismic shear and in-plane bending resulting from the eccentricity of that part of the
collector force that is not transferred directly into the end of the lateral-force-resisting
elements. Since the collector force in this example is transferred directly into the beams
of the moment frames, no eccentricity is present and no in-plane bending occurs.
5.4.2

Example 5.2—One-story Retail Building

For the one-story retail building depicted in Figure 4.36, (1) determine the location of the
center of rigidity and distribute lateral forces to each wall and (2) design the wall on line
A.
DESIGN DATA

Concrete: ݂ᇱ ൌ ͶͲͲͲ; reinforcement: ݂௬ ൌ ͲǡͲͲͲ.
Roof live load = 20 psf
Roof superimposed dead load = 10 psf
Lateral-force-resisting system: bearing walls (thickness = 8 inches)
Wind velocity = 90 mph, Exposure B
Seismic Design Category: C (ܵௌ ൌ ͲǤʹǡ ܵଵ ൌ ͲǤͳͶሻ
SOLUTION

Part 1: Determine the location of the center of rigidity and distribute lateral forces to
each wall
It was determined in Example 4.2 that the center of mass is located 21.4 feet from the
centerline of the west wall and 22.4 feet from the centerline of the south wall.
It was also determined in Example 4.2 that the center of rigidity in the east-west direction
is 24.2 feet from the centerline of the west wall and in the north-south direction is 21.0
feet from the centerline of the south wall.
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It can be shown that the effects from the seismic forces govern in this example.17 The
seismic base shear is equal to 22 kips, which is determined by the provisions in
Chapters 11, 12 and 22 of ASCE/SEI 7.
In addition to the inherent torsional moment, ܯ௧ , resulting from eccentricity between the
location of the center of mass and center of rigidity, ASCE/SEI 12.8.4.2 requires that an
accidental torsional moment, ܯ௧ , be considered. This accidental torsional moment,
which is added to ܯ௧ , is caused by assuming that the center of mass is displaced each
way from its actual location by a distance equal to 5 percent of the dimension of the
structure perpendicular to the direction of the seismic base shear. For the seismic base
shear acting in the east-west direction, the center of mass must be displaced ͲǤͲͷ ൈ ͷʹ ൌ
ʹǤ each way from its actual location. Thus, the center of mass must be located at 22.4
+ 2.6 = 25.0 ft and 22.4 – 2.6 = 19.8 ft from the centerline of the south wall.
The accidental torsional moment, ܯ௧ , must be amplified by the factor ܣ௫ , defined in
ASCE/SEI Equation (12.8-14) for structures assigned to SDC C and above that have
Type 1a or 1b torsional irregularity, which is defined in ASCE/SEI Table 12.3-1
(ASCE/SEI 12.8.4.3). Type 1a torsional irregularity exists where the maximum story
drift, including accidental torsion, at one end of the structure is more than 1.2 times the
average of the story drifts at the two ends of the structure (see ASCE/SEI Figure 12.8-1).
In this example, it can be shown that the maximum story drift is less than 1.2 times the
average story drift so that no torsional irregularities exist.
This seismic base shear in the east-west direction is distributed to the walls in accordance
with Equation 3.12 in Chapter 3 of this publication. Two cases are examined: in the first
case, the center of mass is located at 25.0 feet from the centerline of the south wall and in
the second case, the center of mass is located at 19.8 feet from the centerline of the south
wall.
•

Case 1: Center of mass at 25.0 feet from the centerline of the south wall
North wall on line A:
ܸ ൌ

ͲǤͷ ݐܧൈ ʹʹ
ሺ͵ͲǤ͵͵ ൈ ͳʹሻ ൈ ͲǤͷ ݐܧൈ ሺʹʹ ൈ ͶǤͲ ൈ ͳʹሻ

ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͺǤͷ  ͳǤͷ ൌ ͳͲǤͲ
where

ݕതே ൌ ͷʹ െ ሺͺȀͳʹሻ  െ ʹͳ ൌ ͵ͲǤ͵͵
݁௬ ൌ ʹͷ െ ʹͳ ൌ ͶǤͲ

17

The Equivalent Lateral Force Procedure of ASCE/SEI 12.8 was used to determine the seismic base shear,
which is the same in both the north-south and east-west directions.
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σ ݔҧଶ ሺ݇ ሻ௬  σ ݕതଶ ሺ݇ ሻ௫ ൌ
ͲǤʹʹʹ ݐܧൈ ሺʹͶǤʹͲ ൈ ͳʹሻଶ  ͲǤͷʹͶ ݐܧൈ ሺͻǤͳ͵ ൈ ͳʹሻଶ
ͲǤͲʹͺ ݐܧൈ ሺͳͻǤ͵ ൈ ͳʹሻଶ  ͳǤͳͲͳ ݐܧൈ ሺʹͳǤͲ ൈ ͳʹሻଶ 
ͲǤͳͲ ݐܧൈ ሺͳǤ͵͵ ൈ ͳʹሻଶ  ͲǤͷ ݐܧൈ ሺ͵ͲǤ͵͵ ൈ ͳʹሻଶ 
ൌ ͳͻǡͷͷݐܧ
South wall on line E:
ܸா ൌ

ͳǤͳͲͳ ݐܧൈ ʹʹ
ሺʹͳǤͲ ൈ ͳʹሻ ൈ ͳǤͳͲͳ ݐܧൈ ሺʹʹ ൈ ͶǤͲ ൈ ͳʹሻ
െ
ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͳʹǤ͵ െ ͳǤͷ ൌ ͳͲǤͺ
Solid wall near line C:
ܸ ൌ

ͲǤͳͲ ݐܧൈ ʹʹ
ሺͳǤ͵͵ ൈ ͳʹሻ ൈ ͲǤͳͲ ݐܧൈ ሺʹʹ ൈ ͶǤͲ ൈ ͳʹሻ

ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͳǤʹ  ͲǤͲ ൌ ͳǤʹ
West wall on line 1:
ܸଵ ൌ

ሺʹͶǤʹͲ ൈ ͳʹሻ ൈ ͲǤʹʹʹ ݐܧൈ ሺʹʹ ൈ ͶǤͲ ൈ ͳʹሻ
ൌ ͲǤͶ
ͳͻǡͷͷݐܧ

East wall on line 3:
ܸଷ ൌ

െሺͻǤͳ͵ ൈ ͳʹሻ ൈ ͲǤͷʹͶ ݐܧൈ ሺʹʹ ൈ ͶǤͲ ൈ ͳʹሻ
ൌ െͲǤ͵
ͳͻǡͷͷݐܧ

East wall on line 4:
ܸସ ൌ
•

െሺͳͻǤ͵ ൈ ͳʹሻ ൈ ͲǤͲʹͺ ݐܧൈ ሺʹʹ ൈ ͶǤͲ ൈ ͳʹሻ
ൌ െͲǤͲͶ
ͳͻǡͷͷݐܧ

Case 2: Center of mass at 19.8 feet from the centerline of the south wall
North wall on line A:
ܸ ൌ

ͲǤͷ ݐܧൈ ʹʹ
ሺ͵ͲǤ͵͵ ൈ ͳʹሻ ൈ ͲǤͷ ݐܧൈ ሺʹʹ ൈ ͳǤʹ ൈ ͳʹሻ
െ
ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ
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ൌ ͺǤͷ െ ͲǤͶ ൌ ͺǤͳ
where ݁௬ ൌ ʹͳǤͲ െ ሺʹʹǤͶ െ ʹǤሻ ൌ ͳǤʹ
South wall on line E:
ܸா ൌ

ͳǤͳͲͳ ݐܧൈ ʹʹ
ሺʹͳǤͲ ൈ ͳʹሻ ൈ ͳǤͳͲͳ ݐܧൈ ሺʹʹ ൈ ͳǤʹ ൈ ͳʹሻ

ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͳʹǤ͵  ͲǤͶ ൌ ͳʹǤ
Solid wall near line C:
ܸ ൌ

ͲǤͳͲ ݐܧൈ ʹʹ
ሺͳǤ͵͵ ൈ ͳʹሻ ൈ ͲǤͳͲ ݐܧൈ ሺʹʹ ൈ ͳǤʹ ൈ ͳʹሻ
െ
ሺͲǤͷ  ͲǤͳͲ  ͳǤͳͲͳሻݐܧ
ͳͻǡͷͷݐܧ

ൌ ͳǤʹ െ ͲǤͲ ൌ ͳǤʹ
West wall on line 1:
ܸଵ ൌ

െሺʹͶǤʹͲ ൈ ͳʹሻ ൈ ͲǤʹʹʹ ݐܧൈ ሺʹʹ ൈ ͳǤʹ ൈ ͳʹሻ
ൌ െͲǤͳ
ͳͻǡͷͷݐܧ

East wall on line 3:
ܸଷ ൌ

ሺͻǤͳ͵ ൈ ͳʹሻ ൈ ͲǤͷʹͶ ݐܧൈ ሺʹʹ ൈ ͳǤʹ ൈ ͳʹሻ
ൌ ͲǤͲͻ
ͳͻǡͷͷݐܧ

East wall on line 4:
ܸସ ൌ

ሺͳͻǤ͵ ൈ ͳʹሻ ൈ ͲǤͲʹͺ ݐܧൈ ሺʹʹ ൈ ͳǤʹ ൈ ͳʹሻ
ൌ ͲǤͲͳ
ͳͻǡͷͷݐܧ

A similar analysis can be performed for seismic forces in the north-south direction.
Part 2: Design the wall on line A
It was shown in Example 4.2 that the maximum out-of-plane wind pressure on this wall
panel is 17 psf, which is determined by the provisions of Chapter 6 of ASCE/SEI 7 for
components and cladding. For a 4-foot-wide design strip, the factored wind force is equal
to ͳǤ ൈ ͳ ൈ Ͷ ൌ ͳͲͻ.
For structures assigned to SDC C, structural walls shall be designed for an out-of-plane
seismic force equal to the maximum of ͲǤͶܵௌ  ܫor 10 percent of the weight of the wall
(ASCE/SEI 12.11.1). In lieu of a more rigorous analysis, the pier width between the two
openings is commonly defined as the design strip. The total weight used in determining
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the out-of-plane design seismic force is taken as the weight of the design strip plus the
weight of the wall tributary to the design strip above each opening (see Figure 5.16):
ܹଵ ൌ

ͺ
ൈ ͳͷͲ ൈ Ͷ ൌ ͶͲͲ
ͳʹ

ܹଶ ൌ ܹଷ ൌ

ͺ
ʹǤͷ
ൈ ͳͷͲ ൈ
ൌ ͳʹͷ
ͳʹ
ʹ

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 5.16 Design Strip and Tributary Weights

The out-of-plane seismic forces are determined by ASCE/SEI 12.11.1:
ܨଵ ൌ ͲǤͶܵௌ ܹܫଵ ൌ ͲǤͶ ൈ ͲǤʹ ൈ ͳǤͲ ൈ ͶͲͲ ൌ Ͷ͵Ǥʹ from 0 feet to 12 feet
ܨଶ ൌ ܨଷ ൌ ͲǤͶܵௌ ܹܫଶ ൌ ͲǤͶ ൈ ͲǤʹ ൈ ͳǤͲ ൈ ͳʹͷ ൌ ͳ͵Ǥͷ from 7 feet to 12 feet
Thus, the wall is to be designed for the combination of axial force from the gravity forces
and bending and shear for the out-of-plane wind forces.
Since the effects from the gravity forces and wind forces govern, the design of the wall is
the same as that presented in Part 2 of Example 4.2.
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CHAPTER 6

6.1
6.1.1

DESIGN AND DETAILING FOR
SDCs D, E AND F

GENERAL REQUIREMENTS
Design and Detailing

For concrete buildings assigned to SDC D, E or F, all members must be designed and
detailed in accordance with the general requirements of ACI 318 Chapters 1 to 191 and
ACI 21.1.1.6, which references ACI 21.1.2 through 21.1.8 and 21.11 through 21.13.
Also, where special moment frames and special structural walls2 are utilized, the
provisions of ACI 21.5 through 21.8 and ACI 21.9 must be satisfied, respectively. ACI
Table R21.1.1 provides a summary of the sections of ACI Chapter 21 that must be
satisfied as a function of the SDC.
6.1.2

Load Combinations and Strength Reduction Factors

As noted in Chapter 4, the load combinations for strength design (or load and resistance
factor design) in IBC 1605.2 are to be used in the design of reinforced concrete members.
See Section 4.1.2 of this publication for detailed information on load combinations.
Strength reduction factors are given in ACI 9.3.4 (ACI 21.1.3).
6.1.3

Materials

In addition to the material limitations outlined in Section 4.1.3 of this publication, the
requirements of ACI 21.1.4 and ACI 21.1.5 must be satisfied for concrete and
reinforcement in special moment frames and special structural walls, respectively.
The minimum specified compressive strength of concrete is 3,000 psi (20 684 kPa), and
the specified compressive strength of lightweight concrete is limited to 5,000 psi (34 474
kPA).
Deformed reinforcement must comply with ASTM A706. ASTM A615 (Grades 40 and
60) may be used if the two requirements in ACI 21.1.5.2 are satisfied.
ACI 21.1.5.4 limits the value of the specified yield strength of transverse reinforcement
݂௬௧ to 100,000 psi (689 476 kPa). This limit is based on research results that indicate that
1

According to IBC 1908.1.2, structural elements of plain concrete are prohibited in structures assigned to
SDC C and above, except for those elements complying with IBC 1908.1.8.
2
According to IBC 1908.1, where ASCE/SEI 7 refers to a “special reinforced concrete structural wall,” it is
equivalent to a “special structural wall” as defined in ACI Chapter 21.
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higher yield strengths can be used effectively as confinement reinforcement. The value of
݂௬ or ݂௬௧ used in the design of shear reinforcement is limited to 60,000 psi (413 685 kPa)
for deformed reinforcing bars and 80,000 psi for welded deformed wire reinforcement in
accordance with ACI 11.4.2 (ACI 21.1.5.5). The intent of this requirement is to limit the
width of shear cracks.
6.1.4

Mechanical and Welded Splices

Requirements for mechanical and welded splices in special moment frames and special
structural walls are given in ACI 21.1.6 and 21.1.7, respectively.
Mechanical splices are to be classified as either Type 1 or Type 2 mechanical splices.
Type 1 mechanical splices are to conform to ACI 12.14.3.2, which requires that the splice
develop in tension or compression 125 percent of the specified yield strength, ݂௬ , of the
reinforcing bar. Such splices are not permitted within a distance equal to twice the
member depth from the column or beam face in special moment frames or from sections
where yielding is likely to occur as a result of inelastic lateral displacements caused by
the design basis earthquake. The locations of Type 1 splices are restricted since it is
possible for the tensile stresses in the reinforcement in these yielding regions to be greater
than the strength requirements of ACI 12.14.3.2.
Type 2 mechanical splices are required to conform to ACI 12.14.3.2 and must be able to
develop in tension the specified tensile strength of the spliced reinforcing bar. There are
no restrictions on where Type 2 splices can be located in a member.
Welded splices are to conform to ACI 12.14.3.4, which requires that the splice develop at
least 125 percent of the specified yield strength, ݂௬ , of the reinforcing bar. Like Type 1
mechanical splices, welded splices are not permitted within a distance equal to twice the
member depth from the column or beam face in special moment frames or from sections
where yielding is likely to occur as a result of inelastic lateral displacements caused by
the design basis earthquake. Welded splices are not permitted within anticipated yield
regions because the tension stresses in the reinforcement can exceed the strength
requirements prescribed in ACI 12.14.3.4.
It is not permitted to weld stirrups, ties, inserts or other similar elements to longitudinal
reinforcement that is required by design of the member. Such welding can lead to local
embrittlement of the reinforcing steel.
6.1.5

Anchoring to Concrete

The requirements of ACI D.3.3 must be satisfied for anchors resisting earthquakeinduced forces in structures assigned to SDC C, D, E or F (ACI 21.1.8).
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Table 6.1 contains requirements for flexural members in special moment frames. These
apply to frame members with negligible axial forces, i.e., ܲ௨  ܣ ݂ᇱ ȀͳͲ (ACI 21.5.1).
Table 6.1 Summary of Requirements for Flexural Members of Special Moment Frames3
Requirement

ACI Section Number(s)

Factored axial compressive force 
General

ܣ ݂ᇱ ȀͳͲ

21.5.1.1

Clear span κ  Ͷ݀

21.5.1.2

Width of member
ܾ௪  ͲǤ͵݄  ͳͲ 

21.5.1.3

Width of member ܾ௪  ͵ܿଶ ܿଶ  ͳǤͷܿଵ

21.5.1.4

Design flexural members as tension-controlled
sections.

10.3.4, 9.3.2.1

Minimum flexural reinforcement shall not be less than:
͵ඥ݂ᇱ ܾ௪ ݀
ʹͲͲܾ௪ ݀


݂௬
݂௬
at every section, top and bottom, of a flexural member,
except as provided by ACI 10.5.3.
Flexure

21.5.2.1

The reinforcement ratio, ߩ, shall not exceed 0.025.

21.5.2.1

At least two bars shall be provided continuously at
both the top and bottom of a section.

21.5.2.1

Positive flexural strength at the face of a joint must be
greater than or equal to one-half the negative flexural
strength at that face of the joint.

21.5.2.2

Neither the negative nor the positive flexural strength
at any section along the length of the beam must be
less than one-fourth the maximum moment strength at
the face of either joint.

21.5.2.2

Lap splices of flexural reinforcement are permitted
only if hoop or spiral reinforcement is provided over
the lap length. Hoop or spiral reinforcement spacing
shall not exceed the smaller of d/4 or 4 inches.
Splices

Lap splices shall not be used:
(a) within joints
(b) within a distance of 2h from the face of the joint
(c) where analysis indicates flexural yielding
Mechanical splices shall conform to ACI 21.1.6 and
welded splices shall conform to ACI 21.1.7.

21.5.2.3

21.5.2.4

(continued)

3

Additional requirements of ACI Chapters 1 to 19 must also be satisfied. See Chapter 4 of this publication
for more details.
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Table 6.1 Summary of Requirements for Flexural Members of Special Moment Frames
(continued)
Requirement

ACI Section Number(s)

Hoops are required:
(a) Over a length equal to at least 2h from the face of
the supporting member toward midspan at both
ends of the beam.
(b) Over lengths equal to at least 2h on both sides of a
section where flexural yielding is likely to occur
due to inelastic lateral displacements of the frame.

21.5.3.1

Where hoops are required, the spacing shall not exceed
the smallest of:
(a)
(b)
(c)
(d)

d/4
ͺ ൈ 
ʹͶ ൈ 
12 inches

21.5.3.2

The first hoop shall be located not more than 2 inches
from the face of the supporting member.
Transverse
Reinforcement

Where hoops are required, longitudinal bars on the
perimeter shall have lateral support conforming to
ACI 7.10.5.3.

21.5.3.3

Where hoops are not required, stirrups with seismic
hooks at both ends shall be spaced not more than d/2
throughout the length of the member.

21.5.3.4

Stirrups or ties required to resist shear forces shall be
hoops over the lengths of members prescribed in
ACI 21.5.3.1.

21.5.3.5

Hoops in flexural members may be made up of two
pieces of reinforcement: (1) a stirrup having seismic
hooks at both ends and (2) a crosstie as defined in
ACI 2.2.
Consecutive crossties engaging the same longitudinal
bar shall have the 90-degree hooks at opposite sides of
the flexural member.
In cases where the longitudinal reinforcement secured
by crossties is confined by a slab on only one side of
the flexural member, the 90-degree hooks of the
crossties shall be placed on that side.
(continued)

21.5.3.6
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Table 6.1 Summary of Requirements for Flexural Members of Special Moment Frames
(continued)
Requirement

Design shear force, ܸ , is to be determined from statics
on the portion of the member between faces of the
joints. It is assumed that moments of opposite sign
corresponding to the probable flexural strength, ܯ ,
act at the joint faces and that the member is loaded
with the factored tributary load along its span.
Shear

ACI Section Number(s)

21.5.4.1

Transverse reinforcement over the lengths defined in
ACI 21.5.3.1 shall be proportioned to resist shear
forces assuming ܸ ൌ Ͳ when both (a) and (b) occur:
(a) The earthquake-induced shear force calculated by
ACI 21.5.4.1 represents one-half or more of the
maximum required shear strength within those
lengths.
(b) The factored axial compressive force, ܲ௨ , including
earthquake effects, is less than ܣ ݂ᇱ ȀʹͲ.

21.5.4.2

For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad.

6.2.1

General Requirements

ACI 21.5 typically refers to beams of special moment frames. In general, any frame
member that is subjected to a factored axial compressive force that is greater than
ܣ ݂ᇱ ȀͳͲ under any load combination must be designed and detailed in accordance with
the requirements of ACI 21.6 for frame members subjected to bending and axial load.
The geometric requirements of ACI 21.5.1.2 through 21.5.1.4, which are summarized in
Figure 6.1, have been guided by experimental evidence and observations of reinforced
concrete frames that have performed well in the past. ACI Figure R21.5.1 illustrates an
example of maximum effective beam width where the beam is wider than the supporting
column.
6.2.2

Flexural Requirements

Longitudinal reinforcement requirements for beams in special moment frames are shown
in Figure 6.2. The requirement that the minimum positive flexural strength at the ends of
the beam must be equal to at least 50 percent of the corresponding negative flexural
strength allows for the possibility that the positive moment at the end of a beam due to
earthquake-induced lateral displacements exceeds the negative moment due to gravity
loads.
Minimum flexural capacity at any section of a beam is based on the flexural capacity at
the face of either support. These requirements ensure strength and ductility under large
lateral displacements. The maximum reinforcement ratio of 0.025 is based primarily on
considerations of steel congestion and also on limiting shear stresses in beams of typical
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proportions. The requirement that at least two bars be continuous at both the top and
bottom of the section is for construction purposes.
ܿଵ
Column ܿଵ ൈ ܿଶ (typ.)
A

݄
A

κ  Ͷ݀

݀

ܾ௪
 ͲǤ͵݄ ͳͲ̶
 ͵ܿଶ ܿଶ  ͳǤͷܿଵ
Section A-A
For SI: 1 inch = 25.4 mm.

Figure 6.1 Summary of General Requirements for Flexural Members of Special Moment
Frames
6.2.3

Splice Requirements

Provisions for lap splices of flexural reinforcement are illustrated in Figure 6.3. Lap
splices are permitted as long as they are properly confined with hoop or spiral
reinforcement over the entire lap length and are located away from potential hinge areas
(ACI 21.5.2.3).
In lieu of lap splices, mechanical and welded splices conforming to ACI 21.1.6 and
21.1.7, respectively, may be used (ACI 21.5.2.4).
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ܣ௦ǡ ൌ ͵ඥ݂ᇱ ܾ௪ ݀Ȁ݂௬  ʹͲͲܾ௪ ݀Ȁ݂௬ ǡ ͳͲǤͷǤ͵ϐ
ߩ  ͲǤͲʹͷ
Minimum 2 bars continuous
ି
ܯǡ

ି
ܯǡ

ା
ି
ܯǡ
 ܯǡ
Ȁʹ

ା
ି
ܯǡ
 ܯǡ
Ȁʹ

ܯି  ܯା  ሺܯ ሻȀͶ
Note: transverse reinforcement not shown for clarity

Figure 6.2 Flexural Requirements for Flexural Members of Special Moment Frames

 ʹ݄

Lap splice confined and located
outside potential hinge area
Hoop or spiral
reinforcement

݄

ݏ

݀ȀͶ
Ͷ̶

For SI: 1 inch = 25.4 mm.

Figure 6.3 Lap Splice Requirements for Flexural Members of Special Moment Frames
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Transverse Reinforcement Requirements

A summary of the requirements of ACI 21.5.3 for transverse reinforcement is given in
Figure 6.4. Adequate confinement is required at ends of flexural members where plastic
hinges are likely to form to ensure sufficient ductility of the members. In addition to
confining the concrete, transverse reinforcement also assists the concrete in resisting
shear forces and maintains lateral support for the longitudinal reinforcing bars.
In regions where yielding is expected, hoops must be used. Hoops are defined in ACI 2.2
and are illustrated in ACI Figure R21.5.3.

݀ȀͶ
ݏ

ͺ݀ ሺሻ
ʹͶ݀ ሺሻ
ͳʹ̶
Hoops

 ʹ̶

Stirrups with seismic hooks

h

 ʹ݄

 ݏ ݀Ȁʹ

Transverse reinforcement determined in
accordance with ACI 21.5.4 at both ends
For SI: 1 inch = 25.4 mm.

Figure 6.4 Transverse Reinforcement Requirements for Flexural Members of Special
Moment Frames

6.2.5

Shear Requirements

Flexural members of a special moment frames must be designed for the shear forces
associated with probable flexural strengths, ܯ , acting at the ends of the member and the
factored tributary gravity load along its span. The design shear force, which is related to
the flexural strength of the member rather than to the shear forces obtained from the
structural analysis, is a good approximation of the maximum shear force that can develop
in a member.
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The probable flexural strength, ܯ , is associated with plastic hinging in a flexural
member, and is defined as the strength of a flexural member based on the properties of
the member at the joint faces assuming the tensile stress in the longitudinal reinforcing
steel is equal to ͳǤʹͷ݂௬ and a strength reduction factor, ߶, of 1.0 (ACI 2.1):
ܽ
ܯ ൌ ܣ௦ ൫ͳǤʹͷ݂௬ ൯ ቀ݀ െ ቁ
ʹ
where ܽ ൌ ܣ௦ ൫ͳǤʹͷ݂௬ ൯ȀͲǤͺͷ݂ᇱ ܾ.
Sidesway to the right and sidesway to the left must both be considered to obtain the
maximum shear force. Figure 6.5 illustrates these two conditions.
In order to help preclude shear failure prior to the development of plastic hinges at the
ends of a flexural member, the contribution of concrete to shear strength must be taken
equal to zero when the two conditions under ACI 21.5.4.2 are satisfied. Additional shear
reinforcement in the form of hoops is deemed necessary at locations where potential
flexural hinging may occur (i.e., at locations where spalling of the concrete shell is likely
to occur).
ݓ௨
ା
ܯ

ି
ܯ

κ
ܸǡ

ܸǡ


ݓ௨
ି
ܯ

ା
ܯ

κ
ܸǡ

ܸǡ


Figure 6.5 Design Shear Forces for Flexural Members in Special Moment Frames

A summary of the overall design procedure for flexural members in special moment
frames is given in Figure 6.6.
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Design Procedure for Flexural Members of
Special Moment Frames

Is ܲ௨  ܣ ݂ᇱ ȀͳͲǫ

No

Yes

Design and detail member in
accordance with ACI 21.6.

Determine factored bending moments and
shear forces on member using the applicable
load combinations of IBC 1605.2 or ACI 9.2.

A

(see Section 4.1.2)
Determine member size and required flexural
reinforcement at critical sections along the
span using Figure 4.4. In lieu of satisfying the
requirement that ߝ௧  ͲǤͲͲͶ, ensure that
ߩ  ͲǤͲʹͷ  ሺ ʹͳǤͷǤʹǤͳሻ.

No

Are all of the following conditions satisfiedǫ
• κ  Ͷ݀
• ܾ௪  ͲǤ͵݄ͳͲ 
• ܾ௪  ͵ܿଶ ܿଶ  ͳǤͷܿଵ

Yes

(see Figure 6.1)

Resize the member to
satisfy the applicable
conditions.

A

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames

B
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B
Select the positive and negative reinforcing bars
that satisfy the cover and spacing requirements
of ACI 7.6.1, 3.3.2, 7.7.1 and 10.6.
(see Tables 4.7 and 4.8)
Calculate the positive and negative flexural
strengths, ܯା ܯି , at the faces of the joints
and at every section along the member length
where ܯ ൌ ܣ௦ ݂௬ ሺ݀ െ ܽΤʹሻ and ܽ ൌ
ܣ௦ ݂௬ ȀͲǤͺͷ݂ᇱ ܾ.

At each joint face, is
ܯି  ܯା Τʹǫ

No

Yes

Increase the area of positive
reinforcement to satisfy the
requirements of ACI 21.5.2.2.

No

At each section, is ܯି  ܯା 
ሺܯ ሻȀͶ?

Increase the appropriate area
of reinforcement to satisfy the
requirements of ACI 21.5.2.2.

Yes

C

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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C

No

At interior joints, is the column
dimension parallel to the longitudinal
beam reinforcement  ʹͲ݀ for
normal weight concrete or ʹ݀ for
lightweight concrete?

Modify reinforcing bar size or
column dimension to satisfy
requirements of ACI 21.7.2.3

Calculate the positive and negative probable
ା
ି
flexural strengths, ܯ
ܯ
, at the faces of
the joints for sidesway to the left and to the
right where ܯ ൌ ܣ௦ ሺͳǤʹͷ݂௬ ሻሺ݀ െ ܽΤʹሻ and
ܽ ൌ ܣ௦ ሺͳǤʹͷ݂௬ ሻȀͲǤͺͷ݂ᇱ ܾ.
Calculate the maximum shear force, ܸ , at the
ା
ି
ǡܯ
, and the
ends of the beam due to ܯ
maximum factored gravity load, ݓ௨ , along the
span for sidesway to the left and to the right.
(see Figure 6.5)

D

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)

Yes
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D

Is ܸ   ܸ௨
from analysis?

No

Use ܸ ൌ ܸ௨ in shear
calculations.

Yes

Use ܸ in shear
calculations.

Is earthquake-induced shear force at
ା
ି
the supports ൌ ൫ܯ
 ܯ
൯Ȁκ 
ᇱ
ͲǤͷܸ and is ܲ௨ ൏ ܣ ݂ ȀʹͲ?

No

Yes

ܸ ൌ Ͳ
(ACI 21.5.4.2)

No

Is earthquake-induced shear
force at 2h from the face of the
ା
ି
 ܯ
൯Ȁκ 
supports ൌ ൫ܯ
ͲǤͷሺ  ʹ݄ሻ
and is ܲ௨ ൏ ܣ ݂ᇱ ȀʹͲ?

Yes

ܸ ൌ Ͳ
(ACI 21.5.4.2)

ܸ ൌ ʹߣඥ݂ᇱ ܾ௪ ݀
(ACI 11.2.1.1)
E

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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E
Calculate ܸ௦ at face of support by
ACI Equations (11-1) and (11-2):
ܸ
ܸ௦ ൌ െ ܸ
߶
where ߶ ൌ ͲǤͷ (ACI 9.3.4).

No

Is ܸ௦  Ͷඥ݂ᇱ ܾ௪ ݀?

Assume a hoop bar size and calculate the
required hoop spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀʹʹͶ 
(ACI 11.4.5.1).

No

Yes

Is ܸ௦  ͺඥ݂ᇱ ܾ௪ ݀?

Assume a hoop bar size and calculate the
required hoop spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀͶ ͳʹ 
(ACI 11.4.5.3).

Yes

Increase member size
and/or ݂ᇱ
(ACI 11.4.7.9)

A

F

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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F

No

Is ܣ௩  ͲǤͷඥ݂ᇱ ܾ௪ ݏȀ݂௬௧
and ͷͲܾ௪ ݏȀ݂௬௧ ?

Yes

Increase ܣ௩ and/or decrease
s to satisfy requirements of
ACI 11.4.6.3.

No

Is  ݏ ݀ȀͶǡ 8(diameter of
smallest longitudinal bar), 24(diameter
of hoop bar) and 12 inches?

Yes

Provide hoops at a spacing of the smallest of
݀ȀͶǡ 24(diameter of hoop bar), and
12 inches within the distance of at least 2h
from the face of the supports (ACI 21.5.3.2).

Provide hoops at a spacing
of s within the distance of at
least 2h from the face of the
supports.

(see Figure 6.4)

(see Figure 6.4)

Calculate maximum shear
force, ܸ௨ , at 2h from the
face of the support.

G

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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G
Calculate ܸ௦ at 2h from the face of support
by ACI Equations (11-1) and (11-2):
ܸ௨
ܸ௦ ൌ െ ʹߣඥ݂ᇱ ܾ௪ ݀
߶
where ߶ ൌ ͲǤͷ (ACI 9.3.4).

No

Is ܸ௦  Ͷඥ݂ᇱ ܾ௪ ݀?

Assume a stirrup bar size and calculate the
required stirrup spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀʹʹͶ 
(ACI 11.4.5.1).

No

Yes

Is ܸ௦  ͺඥ݂ᇱ ܾ௪ ݀?

Assume a stirrup bar size and calculate the
required stirrup spacing:
ܣ௩ ݂௬௧ ݀
ݏൌ
ܸ௦
where  ݏ ݀ȀͶ ͳʹ 
(ACI 11.4.5.3).

Yes

Increase member size
and/or ݂ᇱ
(ACI 11.4.7.9)

A

H

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)

FLEXURAL MEMBERS OF SPECIAL MOMENT FRAMES

6-17

H

Is ܣ௩  ͲǤͷඥ݂ᇱ ܾ௪ ݏȀ݂௬௧
and ͷͲܾ௪ ݏȀ݂௬௧ ?

No

Yes

Increase ܣ௩ and/or decrease
s to satisfy requirements of
ACI 11.4.6.3.

Cut off top and bottom flexural reinforcement as desired
using the probable flexural strengths, ܯ , at the ends of the
member and the factored gravity load along the span that will
result in the longest bar lengths. Ensure that the reinforcement
is not terminated in a tension zone (see ACI 12.10.5). Provide
a minimum of two bars continuous at the top and bottom of
the section (ACI 21.5.2.1). If lap splices are utilized, satisfy
the requirements ACI 21.5.2.3. If mechanical or welded
splices are utilized, satisfy the requirements of ACI 21.5.2.4.

For SI: 1 inch = 25.4 mm.

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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SPECIAL MOMENT FRAME MEMBERS SUBJECTED TO BENDING
AND AXIAL LOAD

Table 6.2 contains requirements for special moment frame members subjected to
combined bending and axial forces. These requirements would typically apply to columns
and flexural members that carry a factored axial force ܲ௨  ܣ ݂ᇱ ȀͳͲ.
Table 6.2 Summary of Requirements for Special Moment Frame Members Subjected to
Bending and Axial Load4
Requirement

ACI Section Number(s)

Factored axial compressive force 
General

ܣ ݂ᇱ ȀͳͲ.

21.6.1

Shortest cross-sectional dimension measured on a
straight line passing through the geometric centroid of
the section  ͳʹ Ǥ

21.6.1.1

Ratio of the shortest cross-sectional dimension to the
perpendicular dimension  ͲǤͶ.

21.6.1.2

Flexural strength of columns shall satisfy ACI
Equation (21-1):
ȭܯ  ሺȀͷሻȭܯ

Flexure

Longitudinal
Reinforcement

ȭܯ ൌ sum of nominal flexural strengths of columns
framing into the joint, evaluated at the faces of
the joint
ȭܯ ൌ sum of nominal flexural strengths of the beams
framing into the joint, evaluated at the faces of
the joint. In T-beam construction, where the slab
is in tension under moments at the face of the
joint, slab reinforcement within an effective slab
width defined in ACI 8.12 shall contribute to
ܯ if the slab reinforcement is developed at the
critical section for flexure

21.6.2.2

If the requirements of ACI 21.6.2.2 are not satisfied at a
joint, the lateral strength and stiffness of the columns
framing into the joint are to be ignored when determining
the strength and stiffness of the structure. These columns
must satisfy the provisions of ACI 21.13.

21.6.2.3

Area of longitudinal reinforcement, ܣ௦௧ , shall satisfy the
following: ͲǤͲͳܣ  ܣ௦௧  ͲǤͲܣ .

21.6.3.1

Mechanical splices shall conform to ACI 21.1.6 and
welded splices shall conform to ACI 21.1.7.

21.6.3.2

Lap splices are permitted only within the center half of
the member length and shall be designed as tension lap
splices. Lap splices must be enclosed by transverse
reinforcement conforming to ACI 21.6.4.2 and 21.6.4.3.

21.6.3.2

(continued)

4

Additional requirements of ACI Chapters 1 to 19 must also be satisfied. See Chapter 4 of this publication
for more details.
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Table 6.2 Summary of Requirements for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
Requirement

ACI Section Number(s)

Transverse reinforcement conforming to ACI 21.6.4.2
through 21.6.4.4 must be provided over the length, κ ,
from each joint face and on both sides of any section
where flexural yielding is likely to occur. Length, κ ,
must be greater than or equal to the largest of the
following:

21.6.4.1

(a) Depth of member
(b) Clear span/6
(c) 18 inches
Transverse reinforcement is to be provided by:
(a) Single or overlapping spirals conforming to
ACI 7.10.4
(b) Circular hoops
(c) Rectilinear hoops with or without crossties

21.6.4.2

Crossties of the same size or smaller size as the hoop bars
are permitted.
Each end of a crosstie must engage a peripheral
longitudinal reinforcing bar.
Consecutive crossties shall be alternated end for end
along the longitudinal reinforcement.
Transverse
Reinforcement

21.6.4.2

Spacing of crossties or legs of rectilinear hoops, ݄௫ , shall
not exceed 14 inches on center.
The spacing of transverse reinforcement along the length,
κ , shall not exceed the smallest of:
(a) Minimum member dimension/4
(b)  ൈ 
ሺ ሻ ݏ defined in ACI Equation (21-2):
ͳͶ െ ݄௫
൰   Ǥ
͵
Volumetric ratio of spiral or circular hoop reinforcement,
ߩ௦ , shall not be less than that determined by ACI
Equation (21-3):

21.6.4.3

ͶǤ  ݏ ൌ Ͷ  ൬

ܣ
݂ᇱ
ͲǤͳʹ݂ᇱ
 ͲǤͶͷ ൬
െ ͳ൰
ߩ௦ ൌ
݂௬௧
ܣ
݂௬௧

21.6.4.4(a)

Total cross-sectional area of rectangular hoop
reinforcement, ܣ௦ , shall not be less than that required by
ACI Equations (21-4) and (21-5):
ܣ௦ ൌ ͲǤ͵ ቆ

ܣ
ܾݏ ݂ᇱ
ቇ ൬ ൰ െ ͳ൨
݂௬௧
ܣ

ܾݏ ݂ᇱ
ܣ௦ ൌ ͲǤͲͻ ቆ
ቇ
݂௬௧
(continued)

21.6.4.4(b)
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Table 6.2 Summary of Requirements for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
Requirement

ACI Section Number(s)

Beyond the length, κ , spiral or hoop reinforcement
satisfying the provisions of ACI 7.10 must be provided.
The spacing of the transverse reinforcement, s, shall not
exceed the smallest of:
(a)  ൈ 

21.6.4.5

(b) 6 inches
A larger amount of transverse reinforcement may be
required based on the provisions of ACI 21.6.3.2 or
21.6.5.

Transverse
Reinforcement
(continued)

Columns supporting reactions from discontinuous stiff
members, such as walls, shall have transverse
reinforcement as required in ACI 21.6.4.2 through
21.6.4.4 over their full height below the level at which the
discontinuity occurs if the portion of the factored axial
compressive force in these members related to earthquake
effects exceeds ܣ ݂ᇱ ȀͳͲ.
The limit of ܣ ݂ᇱ ȀͳͲ shall be increased to ܣ ݂ᇱ ȀͶ where
design forces have been magnified to account for the
overstrength of the vertical elements of the seismic-forceresisting system.

21.6.4.6

Transverse reinforcement shall extend above and below
the column as required in ACI 21.6.4.6(b).
Additional transverse reinforcement is required in
members where the concrete cover outside of the
transverse reinforcement specified in ACI 21.6.4.1,
21.6.4.5 and 21.6.4.6 exceeds 4 inches.

21.6.4.7

Concrete cover for additional transverse reinforcement
shall not exceed 4 inches and the spacing of the additional
transverse reinforcement shall not exceed 12 inches.
Design shear force, ܸ , is to be determined considering the
maximum forces that can be generated at the faces of the
joints at each end of the member. The joint forces are to
be determined using ܯ at each end of the member
associated with the range of factored axial forces, ܲ௨ .
Member shear forces need not exceed those determined
from joint strengths based on ܯ of the transverse
members framing into the joint.
Shear Strength

21.6.5.1

Transverse reinforcement over the lengths, κ , shall be
proportioned to resist shear forces assuming ܸ ൌ Ͳ when
both (a) and (b) occur:
(a) The earthquake-induced shear force calculated by
ACI 21.6.5.1 represents one-half or more of the
maximum required shear strength within κ .
(b) The factored axial compressive force ܲ௨ , including
earthquake effects, is less than ܣ ݂ᇱ ȀʹͲ.

For SI: 1 inch = 25.4 mm.

21.6.5.2
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General Requirements

ACI Section 21.6.1 is intended primarily for columns that are part of a special moment
frame. Frame members other than columns that do not satisfy the general requirements of
ACI 21.5.1 for flexural members of special moment frames are to be proportioned and
detailed by the provisions of ACI 21.6.
The geometric constraints prescribed in ACI 21.6.1.1 and 21.6.1.2, which are illustrated
in Figure 6.7, follow from previous practice.
ܿଵ

A

A

For ܿଵ ൏ ܿଶ ǣ

ܿଶ  ʹǤͷܿଵ
ܿଵ  ͳʹ̶
Section A-A

For SI: 1 inch = 25.4 mm.

Figure 6.7 Summary of General Requirements for Special Moment Frame Members
Subjected to Bending and Axial Load

6.3.2

Minimum Flexural Strength of Columns

The intent of ACI 21.6.2 is to have columns in a special moment frame with sufficient
strength so that they will not yield prior to the beams at a beam-column joint. Columns
satisfying ACI Equation (21-1) are to be detailed in accordance with ACI 21.6.3 through
21.6.5.
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If the provisions of ACI 21.6.2.2 are not satisfied at a joint, any positive contribution of a
column at that joint to the lateral strength and stiffness of the structure is to be ignored,
and the column must be designed and detailed in accordance with the requirements of
ACI 21.13 for members that are not part of the seismic-force-resisting system.
6.3.3

Longitudinal Reinforcement Requirements

The longitudinal reinforcement requirements of ACI 21.6.3 are illustrated in Figure 6.8.
The lower limit of the reinforcement ratio is to help in controlling time-dependent
deformations and to ensure that the yield moment exceeds the cracking moment. The
upper limit addresses concerns for steel congestion and high shear stresses that can be
developed in columns with larger amounts of longitudinal reinforcement.

A

A

ͲǤͲͳܣ  ܣ௦௧  ͲǤͲܣ

Tension lap splice within center
half of member length enclosed
with transverse reinforcement
in accordance with
ACI 21.6.4.2 and 21.6.4.3

Section A-A

Figure 6.8 Longitudinal Reinforcement Requirements for Special Moment Frame
Members Subjected to Bending and Axial Load

Requirements for splicing longitudinal reinforcement are also shown in Figure 6.8. Since
spalling of the shell concrete is likely to occur at the column ends where stress reversal is
expected to have a large stress range, lap splices must be located only within the center
half of the member length. Special transverse reinforcement is required over the lap
splice length due to the uncertainty in moment distributions along the height of the
column and the need for confinement of lap splices subjected to stress reversals.
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Mechanical and welded splices conforming to ACI 21.1.6 and 21.1.7, respectively, may
be used as well.
6.3.4

Transverse Reinforcement Requirements

Closely spaced transverse reinforcement is required over the length, κ , from each joint
face where flexural yielding normally occurs. To obtain adequate concrete confinement,
the spacing of the transverse reinforcement at the ends of the member should not exceed
one-quarter of the minimum column dimension. To restrain the longitudinal
reinforcement from buckling after possible spalling of the shell concrete, the hoop
spacing must be less than or equal to 6 times the diameter of the smallest longitudinal
bar.
The spacing, ݏ , is also related to concrete confinement. It is permitted to use a 6-inch
(152 mm) spacing instead of a 4-inch (102 mm) spacing if crossties or legs of
overlapping hoops are provided at a horizontal spacing no greater than 8 inches (203
mm).
Transverse reinforcement requirements are illustrated in Figure 6.9 for rectilinear hoops
and in Figure 6.10 for spiral reinforcement. Spiral reinforcement is generally the most
efficient form of confinement reinforcement; however, the extension of the spirals into
the beam-column joint may cause some construction difficulties.
To ensure a relatively uniform toughness of the column along its full height, spiral or
hoop reinforcement satisfying the lateral reinforcement requirements of ACI 7.10 must be
spaced no more than 6 longitudinal bar diameters or 6 inches (152 mm) in the region
beyond the length, κ .
The transverse reinforcement requirements of ACI 21.6.4.6 must be satisfied for columns
that support reactions from discontinuous stiff members, such as walls. In cases where
the factored axial compressive force related to earthquake effects in such columns
exceeds ܣ ݂ᇱ ȀͶ,5 transverse reinforcement satisfying ACI 21.6.4.2 through 21.6.4.4 must
be provided over the entire length of the column.
Transverse reinforcement must extend above into the discontinued member and below
into the supporting element in accordance with the provisions of ACI 21.6.4.6(b), which
are illustrated in Figure 6.11.

5

The provisions of ASCE/SEI 12.3.3.3 apply to structural members that support discontinuous frames or
shear walls systems where the discontinuity is severe enough to be deemed a structural irregularity. In
such cases, the supporting members must be designed to resist the load combinations with overstrength
factor, π , of ASCE/SEI 12.4.3.2, and the limit on the axial compressive force in ACI 21.6.4.6 is ܣ ݂ᇱ ȀͶ.
Otherwise, the limit is ܣ ݂ᇱ ȀͳͲ.
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A

A

 ൈ 

ݏ

̶

ܿଵ ܿଶ
κ 

Ȁ
ͳͺ̶
ሺܿଵ ܿଶ ሻȀͶ
ݏ

 ൈ 
ݏ

݀ 

݀  ͵̶
Provide additional
transverse reinforcement
spaced no greater than ͳʹ̶
if thickness  Ͷ̶
Alternate
90-deg hooks

ݔ
ݔ
ݔ

ݔ
ܿଵ

ݔ

Section A-A

כܣ௦ 

ܿଶ

ͲǤ͵൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯ൣ൫ܣ Τܣ ൯ െ ͳ൧
ͲǤͲͻ൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯

*Provisions of ACI 21.6.5 must also
be satisfied

ݔ  ͳͶ̶
݄௫ ൌ ݔ
Ͷ̶  ݏ ൌ Ͷ  ൬

ͳͶ െ ݄௫
൰  ̶
͵

For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad.

Figure 6.9 Transverse Reinforcement Requirements (Rectilinear Hoops) for Special
Moment Frame Members Subjected to Bending and Axial Load

SPECIAL MOMENT FRAME MEMBERS SUBJECTED TO BENDING AND AXIAL LOAD

6-25

 ͵̶
Clear space

 ͳ̶
 ͳǤ͵͵ ൈ Ǥ

A

A
ߩ௦ 

Min. 6 longitudinal bars

ͲǤͳʹ݂ᇱ Ȁ݂௬௧
ͲǤͶͷൣ൫ܣ Τܣ ൯ െ ͳ൧൫݂ᇱ Ȁ݂௬௧ ൯

Min. 3/8″ diameter bar
Section A-A
For SI: 1 inch = 25.4 mm.

Figure 6.10 Transverse Reinforcement Requirements (Spirals) for Special Moment
Frame Members Subjected to Bending and Axial Load

6.3.5

Shear Requirements

Like flexural members of a special moment frames, members subjected to bending and
axial load in special moment frames must be designed for the shear forces associated with
probable moment strengths, ܯ , acting at the ends of the member associated with the
range of factored axial loads, ܲ௨ , acting on the member. Sidesway to the left and
sidesway to the right must both be considered to obtain the maximum shear force. One
such case is illustrated in ACI Figure R21.5.4.
In lieu of computing ܯ based on the range of factored axial loads, it is conservative to
use ܯ at the balanced point of the interaction diagram.
Above the ground floor level, the maximum shear force that can be induced in a column
may be limited by the flexural strengths of the beams framing into the joint. In cases
where beams frame on opposite sides of a joint, the combined probable moment strength
may be taken as the sum of the negative probable moment strength of the beam on one
side of the joint and the positive probable moment strength of the beam on the other side.
The combined probable moment strength of the beams is then distributed to the columns
above and below the joint based on relative stiffness, and the shear forces in the column
are computed based on this distributed moment.
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Reinforcement not shown for clarity
Wall

Development length, κௗ , of largest
longitudinal column bar where κௗ is
determined by ACI 21.7.5

Transverse reinforcement
in accordance with ACI
21.6.4.2 through 21.6.4.4
Wall

Footing or mat
 ͳʹ̶

Development length, κௗ , of largest longitudinal
column bar where κௗ is determined by ACI 21.7.5
For SI: 1 inch = 25.4 mm.

Figure 6.11 Transverse Reinforcement Requirements for Columns Supporting
Discontinued Stiff Members in Buildings Assigned to SDC D, E or F

For columns supporting the first elevated floor, it is possible to develop the probable
flexural strength of the column at its base. Thus, for a first story column, shear forces are
computed based on one of two ways: (1) the probable flexural strength of the column
acting at both the top and bottom of the column and (2) the probable flexural strength of
the column at the base and the probable flexural strengths of the beams at the top.
In general, the design shear force must not be taken less than that determined from the
structural analysis of the building.
Like in the case of flexural members, the contribution of concrete to shear strength must
be taken equal to zero when the two conditions under ACI 21.6.5.2 are satisfied.
A summary of the overall design procedure for special moment frame members subjected
to bending and axial load is given in Figure 6.12.
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Design Procedure for Special Moment Frame
Members Subjected to Bending and Axial Load

Is ܲ௨  ܣ ݂ᇱ ȀͳͲǫ

No

Yes

Design and detail member in
accordance with ACI 21.5.

Determine factored bending moments, axial
loads and shear forces on member using the
applicable load combinations of IBC 1605.2
or ACI 9.2.

A

(see Section 4.1.2)
Determine member size and required
longitudinal reinforcement such that ܲ௨ 
߶ܲ ܯ௨  ߶ܯ are satisfied for each
load combination (ACI 9.2, 9.3 and 10.3).
Design axial strength shall not be taken
greater than ߶ܲǡ௫ in accordance with
ACI 10.3.6.

Are all of the following conditions satisfiedǫ
• Shortest cross-sectional dimension of
column  ͳʹ inches
• Ratio of shortest to perpendicular column
dimension  ͲǤͶ
(see Figure 6.7)

No

Resize the member to
satisfy the applicable
conditions.

A

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load

Yes

B
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B

Is ͲǤͲͳܣ  ܣ௦௧  ͲǤͲܣ ?

No

No

ܣ௦௧ ൏ ͲǤͲͳܣ ?

Revise cross-sectional
dimensions of column to
satisfy ACI 21.6.3.1.

A

Yes

Yes

Increase the area of
longitudinal reinforcement
so that ܣ௦௧  ͲǤͲͳܣ .

Determine the positive and negative nominal
ା
ି
flexural strengths, ܯ
ܯ
, of the beams
framing into the joint for sidesway to the right and
to the left (ACI 21.6.2.2).
ା
ି
ȭܯ ൌ ܯ
 ܯ

Determine the nominal flexural strength of the
upper end of the lower column, ܯǡ௧ , framing
into the joint and the lower end of the upper
column, ܯǡ௧ , framing into the joint based on the
factored axial force resulting in the lowest flexural
strength, consistent with the direction of the lateral
forces considered.
ȭܯ ൌ ܯǡ௧  ܯǡ௧

C

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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C

No

Yes

Is ȭܯ   ȭܯ Ȁͷǫ

κ  ǣ
(1) depth of member
(2) clear span/6
(3) 18 inches
(ACI 21.6.4.1)

Ignore the lateral strength and stiffness
of the column when calculating the
required strength and stiffness of the
structure. The column must satisfy the
requirements of ACI 21.13.

Spacing of transverse reinforcement, s, within distance
κ  ǣ
(1) Minimum member dimension/4
(2) 6(diameter smallest longitudinal bar)
ͳͶ െ ݄௫
ሺ͵ሻͶ   ݏ ൌ Ͷ  ൬
൰   
͵
(ACI 21.6.4.3)

For rectangular hoop reinforcement, ܣ௦ 
largest of:

For spiral or circular hoop reinforcement
within the distance, κ , volumetric ratio of
transverse reinforcement ߩ௦  largest of:
ͲǤͳʹ݂ᇱ
ሺͳሻ
 ǤሺʹͳǦ͵ሻ
݂௬௧
ܣ
݂ᇱ
െ ͳ൰
 ǤሺͳͲǦͷሻ
ሺʹሻͲǤͶͷ ൬
ܣ
݂௬௧

ܾݏ ݂ᇱ
ቇ  ǤሺʹͳǦͷሻ
ሺʹሻͲǤͲͻ ቆ
݂௬௧

(see Figure 6.10)

(see Figure 6.9)

ܣ
ܾݏ ݂ᇱ
ሺͳሻͲǤ͵ ቆ
ቇ ൬ ൰ െ ͳ൨  ǤሺʹͳǦͶሻ
݂௬௧
ܣ

D
Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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D
Determine the design strength
interaction diagram for the column
using ݂௬ ൌ ͳǤʹͷ݂௬ ߶ ൌ ͳǤͲ

No

Is the column located in the
first story of the building?

Yes

F
At the base of the column,
determine the maximum, ܯ ,
from the interaction diagram, based
on a factored axial load from a load
combination that includes E.
At the top of the column, determine
ା
ି
ܯ
ܯ
for the beams
framing into the column
considering sideway to the right
and to the left.
Distribute the total moment
ା
ି
 ܯ
to the top of the
ܯ௧ ൌ ܯ
first-story column based on the
relative stiffnesses of the columns
framing into the joint.
E

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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E

Is ܯ௧  ܯ of the column?

No

Yes

ܸ ൌ ܸ௨ǡ  ሺܯ  ܯ௧ ሻȀκ *

ܸ ൌ ܸ௨ǡ  ʹܯ Ȁκ *

Is ܸ  maximum shear force
ܸ௨ from analysis?

No

Use ܸ ൌ ܸ௨ in shear
calculations.

Yes

Use ܸ in shear
calculations.

H

F
At the top and bottom of the column, determine the
maximum, ܯ , from the interaction diagram, based on a
factored axial load from a load combination that includes E.

At the top and bottom of the column, determine
ା
ି
ܯ
ܯ
for the beams framing into the column
considering sideway to the right and to the left.

At the top and bottom of the column, distribute the total
ା
ି
moments ܯ௧ ൌ ܯ
 ܯ
to the top and bottom of the
column based on the respective relative stiffnesses of the
columns framing into the joints.
G

* ܸ௨ǡ ൌ factored shear force
due to gravity loads

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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G

No

At the top of the column, is
ܯ௧  ܯ of the column?

Yes

Use ܯ௧ ൌ ܯ௧ at the
top of the column.

No

Use ܯ௧ ൌ ܯ at the
top of the column.

At the bottom of the column,
is ܯ௧  ܯ of the column?

Yes

Use ܯ௧ ൌ ܯ௧ at the
bottom of the column.

Use ܯ௧ ൌ ܯ at the
bottom of the column.

ܸ ൌ ܸ௨ǡ  ሺܯ௧  ܯ௧ ሻȀκ *

No

Is ܸ  maximum shear force
ܸ௨ from analysis?

Use ܸ ൌ ܸ௨ in shear
calculations.

Yes

Use ܸ in shear
calculations.

H
* ܸ௨ǡ ൌ factored shear force
due to gravity loads

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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H

Is earthquake-induced shear force
at column ends  ͲǤͷܸ and is
ܲ௨ ൏ ܣ ݂ᇱ ȀʹͲ?

No

ܸ ൌ ʹ ቆͳ 

ܰ௨
ቇ ߣඥ݂ᇱ ܾ௪ ݀
ʹͲͲͲܣ

Yes

ܸ ൌ Ͳ
(ACI 21.6.5.2)

(ACI 11.2.1.2)**

Determine required spacing of transverse reinforcement:
ܣ௩ ݂௬ ݀
ݏൌ
ܸ௨
െ ܸ
߶
where ߶ ൌ ͲǤͷ ሺ ͻǤ͵ǤͶሻ

No

Is  ݏ൏ smallest spacing of
ACI 21.6.4.3 determined above?

Provide transverse reinforcement spaced
at smallest spacing of ACI 21.6.4.3
throughout the length, κ

Yes

Provide transverse
reinforcement spaced at s
throughout the length, κ

I

** ACI 11.2.2.2
may also be used to calculate ܸ

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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I
Beyond the length, κ , determine required spacing of
transverse reinforcement for shear:
ܣ௩ ݂௬ ݀
ݏൌ
ܰ௨
ܸ௨
െ ʹ ൬ͳ 
൰ ߣඥ݂ᇱ ܾ௪ ݀
߶
ʹͲͲͲܣ
where ߶ ൌ ͲǤͷ ሺ ͻǤ͵ǤͶሻ

Is  ݏ൏  of 6(diameter of
smallest column longitudinal
bar) and 6 inches?

No

Use transverse reinforcement
spaced at the spacing required by
ACI 21.6.4.5.

Yes

Use transverse reinforcement
spaced at  ݏbeyond the length, κ .

Splice longitudinal column bars using:
1. Mechanical or welded splices conforming to ACI 21.1.6
and 21.1.7, respectively.
2. Tension lap splices conforming to ACI 12.2 that are
located within the center half of the member and that are
enclosed by transverse reinforcement conforming to
ACI 21.6.4.2 and 21.6.4.3.
(ACI 21.6.3.2)

For SI: 1 inch = 25.4 mm.

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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JOINTS OF SPECIAL MOMENT FRAMES

Table 6.3 contains requirements of ACI 21.7, which are applicable to beam-column joints
of special moment frames that are part of the seismic-force-resisting system of the
structure.
Table 6.3 Summary of Requirements for Joints of Special Moment Frames
Requirement

General

Transverse
Reinforcement

ACI Section Number(s)

Forces in longitudinal beam reinforcement at joint faces
shall be determined assuming the stress in the flexural
tensile reinforcement = ͳǤʹͷ݂௬ .

21.7.2.1

Beam longitudinal reinforcement terminated in a column
is to be extended to the far face of the confined column
core and is to be anchored in tension in accordance with
ACI 21.7.5 and in compression in accordance with ACI
Chapter 12.

21.7.2.2

Where longitudinal beam reinforcement extends through
a beam-column joint, the column dimension parallel to
the beam reinforcement must be greater than or equal to
20 times the diameter of the largest longitudinal bar in
the beam for normal weight concrete. For lightweight
concrete, the column dimension must be greater than or
equal to 26 times the bar diameter.

21.7.2.3

Transverse reinforcement required at column ends per
ACI 21.6.4.4(a) or 21.6.4.4(b) must be provided through
joints of special moment frames and must conform with
the requirements of ACI 21.6.4.2, 21.6.4.3 and 21.6.4.7,
unless the provisions of ACI 21.7.3.2 are satisfied.

21.7.3.1

If members frame into all four sides of a joint and the
width of the members are greater than or equal to threequarters the width of the column, the amount of
transverse reinforcement through the joint can be reduced
to 50 percent of that required by ACI 21.6.4.4(a) or
21.6.4.4(b). The required spacing of the transverse
reinforcement in accordance with ACI 21.6.4.3 is
permitted to be increased to 6 inches within the overall
depth, h, of the shallowest framing member.

21.7.3.2

Longitudinal beam reinforcement outside of the column
core shall be confined by transverse reinforcement
passing through the column that satisfies ACI 21.5.3.2,
21.5.3.3 and 21.5.3.6, if such confinement is not provided
by a beam framing into the joint.

21.7.3.3

(continued)
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Table 6.3 Summary of Requirements for Joints of Special Moment Frames (continued)
Requirement

ACI Section Number(s)

The nominal shear strength of the joint ܸ shall not
exceed the following values for normal weight concrete:
For joints confined on all four faces: ʹͲඥ݂ᇱ ܣ
For joints confined on three faces or two opposite faces:
ͳͷඥ݂ᇱ ܣ
For all other cases: ͳʹඥ݂ᇱ ܣ
ܣ = effective cross-sectional area within a joint = joint
depth × effective joint width
Joint depth = overall depth of column

Shear

Effective joint width = overall width of column, except
where a beam frames into a wider column, effective joint
width shall not exceed the smaller of

21.7.4.1

(a) beam width + joint depth
(b) 2(smaller perpendicular distance from longitudinal
axis of beam to column side)
A member is considered to provide confinement to a joint
if at least three-quarters of the joint is covered by a
framing member. A joint is considered to be confined if
confining members frame into all faces of the joint.
Beam extensions that are at least one overall beam depth,
h, beyond the joint face are permitted to be considered as
confining members. Beam extensions shall satisfy
ACI 21.5.1.3, 21.5.2.1, 21.5.3.2, 21.5.3.3 and 21.5.3.6.
For lightweight concrete, the nominal shear strength of
the joint shall not exceed three-quarters of the limits in
ACI 21.7.4.1.

Development
Length of Bars in
Tension

21.7.4.2

For No. 3 through No. 11 bars with a standard 90-degree
hook in normal weight concrete located within the
confined core of a column or boundary element, the
development length, κௗ , should be greater than or equal
to the largest of the following:
21.7.5.1

(a) ͺ݀
(b) ches
(c) ݂௬ ݀ Ȁ൫ͷඥ݂ᇱ ൯
For lightweight concrete, κௗ is the largest of 1.25 times
the length required for normal weight concrete.
(continued)
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Table 6.3 Summary of Requirements for Joints of Special Moment Frames (continued)
Requirement

ACI Section Number(s)

For No. 3 through No. 11 bars, the development length,
κௗ , for a straight bar is the largest of the following:

Development
Length of Bars in
Tension
(continued)

(a) 2.5 times the length required by ACI 21.7.5.1 if the
depth of the concrete cast in one lift beneath the bar
 ͳʹ inches
(b) 3.25 times the length required by ACI 21.7.5.1 if the
depth of the concrete cast in one lift beneath the bar
 ͳʹ inches
Straight bars terminated at a joint shall pass through the
confined core of a column or boundary element. Any
portion of κௗ not within the confined core shall be
increased by a factor of 1.6.

Where epoxy-coated reinforcing bars are used, the
development lengths prescribed in ACI 21.7.5.1 through
21.7.5.3 shall be multiplied by the applicable factors in
ACI 12.2.4 or 12.5.2.
For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad.

6.4.1

21.7.5.2

21.7.5.3

21.7.5.4

General Requirements

The overall integrity and performance of a special moment frame is dependent on the
behavior of beam-column joints in the frames. The inelastic rotations at the faces of the
joints produce strains in the reinforcement well in excess of the yield strain. Thus, the
joint shear force is calculated using a stress of ͳǤʹͷ݂௬ in the beam longitudinal
reinforcement passing through the joint.
Slippage of the longitudinal reinforcement through a joint can lead to an increase in joint
rotation. Longitudinal bars must be continued through the joint or must be properly
developed for tension in accordance with ACI 21.7.5 and compression according to ACI
Chapter 12 in the confined column core. The minimum column size requirements of
ACI 21.7.2.3 for both normal weight and lightweight concrete reduces the possibility of
failure from loss of bond during load reversals that take the longitudinal reinforcement
well beyond its yield point. The general requirements of ACI 21.7.2 are illustrated in
Figure 6.13.
6.4.2

Transverse Reinforcement Requirements

Transverse reinforcement in a beam-column joint is required to adequately confine the
concrete to ensure its ductile behavior and to allow it to maintain its vertical loadcarrying capacity even after possible spalling of the outer shell. Minimum confinement
reinforcement equal to the amount required for potential hinging regions in columns must
be provided within a joint, unless the joint is confined by structural members as stipulated
in ACI 21.7.3.2. Figure 6.13 illustrates the transverse reinforcement requirements for
rectilinear hoops when less than four members frame into a beam-column joint.
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ܿଵ 

ʹͲ ൈ ǤǤሺ  ሻ
ʹ ൈ ǤǤሺ  ሻ

κௗ

ܣ௦ 

ͲǤ͵൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯ൣ൫ܣ Τܣ ൯ െ ͳ൧
ͲǤͲͻ൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯

Standard 90-deg hook

ሺܿଵ ܿଶ ሻȀͶ
ݏ

 ൈ ǤǤ
ݏ
ͺ݀

κௗ 

̶
݀ ݂௬ Ȁ ቀͷඥ݂ᇱ ቁ

For lightweight concrete, multiply κௗ ͳǤʹͷ
For epoxy-coated bars, multiply κௗ ͳǤʹ
For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad.

Figure 6.13 General Requirements and Transverse Reinforcement Requirements
(Rectilinear Hoops) for Joints Not Confined by Structural Members

Fifty percent of the transverse reinforcement required by ACI 21.6.4.4(a) or 21.6.4.4(b)
may be used when members frame into all four sides of a joint, provided the widths of the
members are at least three-fourths the corresponding column widths. This reduction in
the amount of transverse reinforcement recognizes the beneficial effect provided by these
members in resisting bursting pressures that can be generated within a joint. The
requirements of ACI 21.7.3.2 are shown in Figure 6.14.
Section 21.7.3.3 contains provisions for joints where the beam width is greater than the
corresponding column width. Beam reinforcement that is not confined by column
reinforcement must be confined by transverse reinforcement that satisfies ACI 21.5.3.2,
21.5.3.3 and 21.5.3.6, unless a beam framing into the joint provides confinement. ACI
Figure R21.5.1 shows an example of the transverse reinforcement through a column that
is required to confine the beam reinforcement that passes outside of the column core.
The minimum amount of transverse reinforcement for all of the cases noted above must
be provided through the joint regardless of the magnitude of the calculated shear force in
the joint.

SPECIAL STRUCTURAL WALLS

6-39

ܣ௦ 

ͲǤ͵൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯ൣ൫ܣ Τܣ ൯ െ ͳ൧Ȁʹ
ͲǤͲͻ൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯Ȁʹ

 ݏ ̶
Transverse beams not
shown for clarity

Elevation

 ͵ܿଶ ȀͶ
ܿଶ

ܿଵ
For SI: 1 inch = 25.4 mm.

 ͵ܿଵ ȀͶ

Plan

Figure 6.14 Transverse Reinforcement Requirements (Rectilinear Hoops) for Joints
Confined by Structural Members

6.4.3

Shear Requirements

Shear strength of a joint is a function of the concrete strength and the cross-sectional area
of the joint, ܣ , only. Tests of joints show that the shear strength of a joint is not altered
significantly with changes in transverse reinforcement, provided a minimum amount of
such reinforcement is present. ACI Figure R21.7.4 illustrates the effective joint area that
is to be used in the calculation of the nominal shear strength of a joint.
As noted above, the stress in the longitudinal reinforcement of the beams is
conservatively taken as ͳǤʹͷ݂௬ . The multiplier of 1.25 takes into account the likelihood
that due to strain hardening and actual strengths higher than the specified yield strengths,
larger tensile forces may develop in the bars, resulting in a larger shear force in the joint.
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Development Length of Bars in Tension

The detailing requirements of ACI 21.7.5 for reinforcing bars with standard 90-degree
(1.57 rad) hooks located within a confined core of a column or boundary element are
applicable for No. 3 through No. 11 bars, since information on the anchorage of No. 14
and No. 18 bars subjected to load reversals is very limited.
ACI Equation (21-6) for development length of bars in tension in normal weight concrete
is based on the requirements of ACI 12.5 for reinforcing bars with ݂௬ ൌ 60,000 psi (413
685 kPa). Since it is stipulated in ACI 21.7.5.1 that the hook is to be embedded in
confined concrete, the factors for hooks enclosed in ties that satisfy minimum cover
requirements, which are 0.8 and 0.7, respectively, are incorporated into ACI Equation
(21-6). Also incorporated into the equation are a 1.1-factor to reflect the effects of load
reversals and a 1.25-factor for overstrength in the reinforcing steel.
For lightweight concrete, the development length is 25 percent greater than that required
by ACI Equation (21-6) to compensate for variability of bond characteristics of
reinforcing bars in various types of lightweight concrete.
Straight bars may also be utilized provided they are properly developed. Development
lengths for straight bars are specified in ACI 21.7.5.2 as a multiple of the development
length of hooked bars in accordance with ACI 21.7.5.1.
Straight bars that are terminated at a joint must pass through the confined core of a
column or boundary element. Any portion of the required straight development length
that extends beyond the confined core must be increased by a factor of 1.6. This increase
is based on the premise that the limiting bond stress outside of the confined core is less
than that inside the core.
Figure 6.15 illustrates the requirements of ACI 21.7.5.3 where κௗ ൌ required
development length if the reinforcing bar is not entirely embedded in confined concrete;
κௗ ൌ required development length in tension for a straight reinforcing bar embedded in
confined concrete; and, κௗ ൌ length of reinforcing bar embedded in confined concrete
(i.e., length of confined core of column or boundary element).
A summary of the overall design procedure for joints of special moment frame is given in
Figure 6.16.
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κௗ

 ͳʹ̶
Beam transverse
reinforcement not
shown for clarity

ʹͲ ൈ Ǥ

κௗ 
For κௗ   κௗ ǣ

ͳͷ̶
ʹǤͷ݀ ݂௬ Ȁ ቀͷඥ݂ᇱ ቁ

κௗ ൌ ͳǤሺκௗ െ κௗ ሻ  κௗ
For lightweight concrete, multiply κௗ ͳǤʹͷ
For epoxy-coated bars, multiply κௗ 
• ͳǤͷ  ൏ ͵݀    ൏ ݀ 
• ͳǤʹ
   ͳʹǤǡ
 κௗ ͳǤ͵
For SI: 1 inch = 25.4 mm.

Figure 6.15 Development Length of Straight Bars in Tension Passing through a Joint in
a Special Moment Frame

6.5

SPECIAL STRUCTURAL WALLS

Requirements of ACI 21.9 for special structural walls are summarized in Table 6.4.6
6.5.1

Reinforcement Requirements

Special structural walls must have reinforcement in two orthogonal directions in the plane
of the wall. The minimum reinforcement requirements of ACI 21.9.2.1 for longitudinal
and transverse reinforcement follow from preceding codes.
Reinforcement that is provided for shear strength must be continuous and uniformly
distributed across the shear plane. Uniform distribution of reinforcement across the height
and horizontal length of the wall helps control the width of inclined cracks.

6

ACI 21.9 also contains requirements for coupling beams. Since coupling beams are typically not utilized
in low-rise buildings, the requirements for these members are not covered here.
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Design Procedure for Joints of Special
Moment Frames
F

Is the joint confined on all four sides by
beams that have a width equal to at least
three-fourths of the column width?

No

Yes

A

For spiral or circular hoop reinforcement,
provide volumetric ratio of transverse
reinforcement ߩ௦  largest of the following
through the joint:

For rectangular hoop reinforcement,
provide ܣ௦  largest of the following
through the joint:
ܣ
ͲǤ͵ ܾݏ ݂ᇱ
ቆ
ቇ ൬ ൰ െ ͳ൨
݂௬௧
ܣ
ʹ

ͲǤͳʹ݂ᇱ

ሺͳሻ
ʹ݂௬௧

ሺͳሻ

݂ᇱ
ͲǤͶͷ ܣ
െ ͳ൰ 
ሺʹሻ
൬
݂௬௧
ʹ ܣ

ͲǤͲͻ ܾݏ ݂ᇱ
ሺʹሻ
ቆ
ቇ
݂௬௧
ʹ

where  ݏ  inches

where  ݏ  inches
(see Figure 6.14)

ܸ ൌ ʹͲඥ݂ᇱ ܣ for normal weight concrete*
ൌ ͳͷඥ݂ᇱ ܣ for lightweight concrete

B

* See ACI Figure R21.7.4 for
definition of effective joint area, ܣ .

Figure 6.16 Design Procedure for Joints of Special Moment Frames
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A

For spiral or circular hoop reinforcement,
provide volumetric ratio of transverse
reinforcement ߩ௦  largest of the following
through the joint:

For rectangular hoop reinforcement,
provide ܣ௦  largest of the following
through the joint:

ͲǤͳʹ݂ᇱ

ሺͳሻ
݂௬௧

ܣ
ܾݏ ݂ᇱ
ሺͳሻͲǤ͵ ቆ
ቇ ൬ ൰ െ ͳ൨
݂௬௧
ܣ

ܣ
݂ᇱ
െ ͳ൰ 
ሺʹሻͲǤͶͷ ൬
ܣ
݂௬௧

ܾݏ ݂ᇱ
ሺʹሻͲǤͲͻ ቆ
ቇ
݂௬௧
where spacing of transverse reinforcement s
 ǣ
(1) Minimum member dimension/4
(2) 6(diameter smallest longitudinal bar)
ͳͶ െ ݄௫
ሺ͵ሻͶ̶  ݏ ൌ Ͷ  ൬
൰  ̶
͵
(see Figure 6.13)

Detail transverse reinforcement in
accordance with ACI 21.6.4.2 and
21.6.4.7.

No

Is joint confined on three
faces or on two opposite

ܸ ൌ ͳʹඥ݂ᇱ ܣ for normal weight concrete*
ൌ ͻඥ݂ᇱ ܣ forlightweight concrete

Yes

ܸ ൌ ͳͷඥ݂ᇱ ܣ for normal weight concrete*
ൌ ͳͳǤʹͷඥ݂ᇱ ܣ forlightweight concrete

B

* See ACI Figure R21.7.4 for
definition of effective joint area, ܣ .

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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B

No

Is the column located in the
first story of the building?

Yes

E

No

D

Is the column an interior column with
beams on both sides of the joint in the
direction of analysis?

ା
ି
Determine ܯ
ܯ
of the beams framing into the joint.

ܶଵ ൌ ͳǤʹͷିܣ
௦ ݂௬
ܶଶ ൌ ͳǤʹͷܣା
௦ ݂௬
At the base of the column, determine the maximum ܯǡ from
the interaction diagram, based on a factored axial load from a
load combination that includes E.
ା
ି
Distribute the total moment ܯ௨ ൌ ܯ
 ܯ
to the bottom of
the column above the joint and to the top of the column below
the joint based on the relative stiffnesses of the columns. Obtain
the moments ܯ௨ǡ௧ and ܯ௨ǡ௧ , respectively.

C

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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C

ܸ  ൌ ʹܯ௨ǡ௧ Ȁκ **
where κ ൌ clear height of column above the joint
ܸ  ൌ ൫ܯǡ  ܯ௨ǡ௧ ൯Ȁκ
where κ ൌ clear height of column below the joint
Maximum net shear force ܸ௨ ൌ ܶଵ  ܶଶ Ȃ
(ܸ  ܸ ሻ

Is ܸ௨  ߶ܸ ?

No

where ߶ ൌ ͲǤͺͷ ሺ ͻǤ͵ǤͶሺ ሻ)

Increase column size and/or ݂ᇱ
or decrease beam flexural
reinforcement, if possible.

F

Yes

Joint strength is adequate.

** This assumes that ܯ௨ǡ௧ ൌ ܯ௨ǡ௧
for the column supporting the second
floor level. This may or may not be
the case in a particular situation.

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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D
ି
Determine ܯ
of the beam framing into the joint.

ܶଵ ൌ ͳǤʹͷିܣ
௦ ݂௬
At the base of the column, determine the maximum, ܯǡ ,
from the interaction diagram, based on a factored axial load
from a load combination that includes E.
ି
Distribute the total moment ܯ௨ ൌ ܯ
to the bottom of the
column above the joint and to the top of the column below the
joint based on the relative stiffnesses of the columns. Obtain the
moments, ܯ௨ǡ௧ and ܯ௨ǡ௧ , respectively.

ܸ  ൌ ʹܯ௨ǡ௧ Ȁκ **
where κ ൌ clear height of column above the joint
ܸ  ൌ ൫ܯǡ  ܯ௨ǡ௧ ൯Ȁκ

** This assumes that ܯ௨ǡ௧ ൌ
ܯ௨ǡ௧ for the column
supporting the second floor
level. This may or may not be
the case in a particular
situation.

where κ ൌ clear height of column below the joint
Maximum net shear force ܸ௨ ൌ ܶଵ Ȃ
( ܸ  ܸ ሻ

No

Increase column size and/or ݂ᇱ
or decrease beam flexural
reinforcement, if possible.
F

Is ܸ௨  ߶ܸ ?
where ߶ ൌ ͲǤͺͷ ሾ ͻǤ͵ǤͶሺ ሻሿ)

Yes

Joint strength is adequate. Extend
beam flexural reinforcement to the
far face of the confined column core
and anchor it in tension according to
ACI 21.7.5 and in compression
according to ACI Chapter 12.

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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E

No

Is the column an interior column with
beams on both sides of the joint in the
direction of analysis?

H

ା
ି
Determine ܯ
ܯ
of the beams framing into the joint.

ܶଵ ൌ ͳǤʹͷିܣ
௦ ݂௬

ܶଶ ൌ ͳǤʹͷܣା
௦ ݂௬

ା
ି
Distribute the total moment ܯ௨ ൌ ܯ
 ܯ
to the bottom of
the column above the joint and to the top of the column below
the joint based on the relative stiffnesses of the columns. Obtain
the moments, ܯ௨ǡ௧ and ܯ௨ǡ௧ , respectively.

G

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)

Yes
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G

ܸ  ൌ ʹܯ௨ǡ௧ Ȁκ **
where κ ൌ clear height of column above the joint
ܸ  ൌ ʹܯ௨ǡ௧ Ȁκ **
where κ ൌ clear height of column below the joint
Maximum net shear force ܸ௨ ൌ ܶଵ  ܶଶ Ȃ
(ܸ  ܸ ሻ

Is ܸ௨  ߶ܸ ?

No

where ߶ ൌ ͲǤͺͷ ሺ ͻǤ͵ǤͶሺ ሻ)

Increase column size and/or ݂ᇱ
or decrease beam flexural
reinforcement, if possible.

F

Yes

Joint strength is adequate.

** This assumes that for each column
framing into the joint, ܯ௨ǡ௧ ൌ ܯ௨ǡ௧ .
This may or may not be the case in a
particular situation.

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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H
ି
Determine ܯ
of the beam framing into the joint.

ܶଵ ൌ ͳǤʹͷିܣ
௦ ݂௬
ି
Distribute the total moment ܯ௨ ൌ ܯ
to the bottom of the
column above the joint and to the top of the column below the
joint based on the relative stiffnesses of the columns. Obtain the
moments, ܯ௨ǡ௧ and ܯ௨ǡ௧ , respectively.

** This assumes that ܯ௨ǡ௧ ൌ
ܯ௨ǡ௧ for the column
supporting the second floor
level. This may or may not be
the case in a particular
situation.

ܸ  ൌ ʹܯ௨ǡ௧ Ȁκ **
where κ ൌ clear height of column above the joint
ܸ  ൌ ʹܯ௨ǡ௧ Ȁκ **
where κ ൌ clear height of column below the joint
Maximum net shear force ܸ௨ ൌ ܶଵ Ȃ
(ܸ  ܸ ሻ

No

Increase column size and/or ݂ᇱ
or decrease beam flexural
reinforcement, if possible.
F

Is ܸ௨  ߶ܸ ?
where ߶ ൌ ͲǤͺͷ ሺ ͻǤ͵ǤͶሺ ሻ)

Yes

Joint strength is adequate. Extend
beam flexural reinforcement to the
far face of the confined column core
and anchor it in tension according to
ACI 21.7.5 and in compression
according to ACI Chapter 12.

For SI: 1 inch = 25.4 mm.

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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Table 6.4 Summary of Requirements for Special Structural Walls
Requirement

ACI Section Number(s)

Where ܸ௨  ܣ௩ ߣඥ݂ᇱ , distributed web reinforcement
ratios, ߩκ ߩ௧ , must be greater than or equal to 0.0025.
Where ܸ௨  ܣ௩ ߣඥ݂ᇱ , the minimum reinforcement ratio
values of ACI 14.3 may be used.
The spacing of reinforcement shall be less than or equal
to 18 inches.

21.9.2.1

Reinforcement shall be continuous and shall be
distributed across the shear plane.

Reinforcement

Two curtains of reinforcement are required where
ܸ௨  ʹܣ௩ ߣඥ݂ᇱ Ǥ

21.9.2.2

Reinforcement shall be developed or spliced for ݂௬ in
tension in accordance with Chapter 12, except:
(a) Effective depth may be taken as ͲǤͺκ௪
(b) The requirements of ACI 12.11, 12.12 and 12.13
need not be satisfied.
(c) Development lengths of longitudinal reinforcement
shall be 1.25 times the values calculated for ݂௬ in
tension at locations where yielding of longitudinal
reinforcement is likely to occur.
(d) Mechanical and welded splices shall conform to ACI
21.1.6 and 21.1.7, respectively.

21.9.2.3

The nominal shear strength shall not exceed that given by
ACI Equation (21-7):
ܸ ൌ ܣ௩ ൫ߙ ߣඥ݂ᇱ  ߩ௧ ݂௬ ൯

Shear Strength

where ߙ ൌ ͵݄௪ Ȁκ௪  ͳǤͷ
ߙ ൌ ʹ݄௪ Ȁκ௪  ʹǤͲ
ߙ ͵ǤͲ ʹǤͲ 
݄௪ Ȁκ௪ ͳǤͷʹǤͲ
The value of ݄௪ Ȁκ௪ to be used when determining ܸ by
ACI Equation (21-7) for segments of a wall shall be the
larger of the ratios for the entire wall and for the segment
of wall considered.
(continued)

21.9.4.1

21.9.4.2

SPECIAL STRUCTURAL WALLS

6-51

Table 6.4 Summary of Requirements for Special Structural Walls (continued)
Requirement

ACI Section Number(s)

Walls shall have distributed shear reinforcement in two
orthogonal directions in the plane of the wall.
Reinforcement ratio ߩκ must be greater than or equal to
reinforcement ratio ߩ௧ where ݄௪ Ȁκ௪  ʹǤͲǤ
Shear Strength

For all wall piers sharing a common lateral force,
ܸ  ͺܣ௩ ඥ݂ᇱ .
For any of the individual wall piers, ܸ 

21.9.4.4

ͳͲܣ௪ ඥ݂ᇱ .

For horizontal wall segments, ܸ  ͳͲܣ௪ ඥ݂ᇱ .
Structural walls and portions of structural walls subjected
to combined flexure and axial loads shall be designed in
accordance with ACI 10.2 and 10.3 except that the
provisions of ACI 10.3.7 and the nonlinear strain
requirements of ACI 10.2.2 shall not apply.
Flexure and
Axial Loads

21.9.4.3

21.9.4.5

21.9.5.1

Concrete and developed longitudinal reinforcement
within effective flange widths, boundary elements and
the wall web shall be considered effective.
The effects of openings shall be considered.
Effective flange widths of flanged sections shall extend
from the face of the web a distance equal to the smaller
of one-half the distance to an adjacent wall web and 25
percent of the total wall height, unless a more detailed
analysis is performed.

21.9.5.2

The need for special boundary elements at the edges of
structural walls shall be evaluated by ACI 21.9.6.2 or
21.9.6.3. The requirements of ACI 21.9.6.4 and 21.9.6.5
must also be satisfied.

21.9.6.1

For walls or wall piers that are effectively continuous
from the base of the structure to the top of the wall and
that are designed to have a single critical section for
flexure and axial loads, compression zones shall be
reinforced with special boundary elements where
ܿ
Boundary
Elements

21.9.6.2

κ௪
ͲͲሺߜ௨ Τ݄௪ ሻ

The special boundary element reinforcement shall extend
vertically from the critical section a distance 
κ௪  ܯ௨ ΤͶܸ௨ Ǥ
Where walls are not designed to the provisions of
ACI 21.9.6.2, special boundary elements are required at
boundaries and edges around openings where the
maximum extreme fiber compressive stress
corresponding to load combinations including E exceeds
ͲǤʹ݂ᇱ . Special boundary elements may be discontinued
where the compressive stress is less than ͲǤͳͷ݂ᇱ . Stresses
shall be calculated using a linearly elastic model and
gross section properties.
(continued)

21.9.6.3
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Table 6.4 Summary of Requirements for Special Structural Walls (continued)
Requirement

ACI Section Number(s)

Where special boundary elements are required by
ACI 21.9.6.2 or 21.9.6.3, the following shall be satisfied:

Boundary
Elements
(continued)

(a) Boundary elements shall extend horizontally from
the extreme compression fiber a distance greater than
or equal to the larger of ܿ െ ͲǤͳκ௪ and ܿȀʹǤ
(b) In flanged sections, the boundary element shall
include the effective flange width and shall extend at
least 12 inches into the web.
(c) The boundary element transverse reinforcement shall
satisfy ACI 21.6.4.2 through 21.6.4.4 except ACI
Equation (21-4) need not be satisfied and the
transverse reinforcement spacing limit of ACI
21.6.4.3(a) shall be one-third of the least dimension
of the boundary element.
(d) Boundary element transverse reinforcement at the
base of the wall shall extend into the support at least
the tension development length determined by ACI
21.9.2.3 of the largest longitudinal bar in the
boundary element. Where special boundary elements
terminate on a footing or mat, transverse
reinforcement shall extend at least 12 inches into the
footing or mat.
(e) Horizontal reinforcement in the web of the wall shall
be anchored to develop the specified yield strength of
the reinforcement within the confined core of the
boundary element.

21.9.6.4

Where special boundary elements are not required by
ACI 21.9.6.2 or 21.9.6.3, the following shall be satisfied:
(a) Boundary transverse reinforcement shall satisfy
ACI 21.6.4.2 and 21.9.6.4(a) where the longitudinal
reinforcement ratio at the wall boundary is greater
than ͶͲͲΤ݂௬ Ǥ Longitudinal spacing of transverse
reinforcement in the boundary shall be less than or
equal to 8 inches.
(b) Where ܸ௨  ܣ௩ ߣඥ݂ᇱ , horizontal reinforcement
terminating at the edges of structural walls without
boundary elements shall have a standard hook
engaging the edge reinforcement or the edge
reinforcement shall be enclosed in U-stirrups having
the same size and spacing as, and spliced to, the
horizontal reinforcement.
For SI: 1 inch = 25.4 mm.

21.9.6.5

SPECIAL STRUCTURAL WALLS

6-53

For walls that are subjected to substantial in-plane design shear forces (i.e., ܸ௨ 
ʹܣ௩ ߣඥ݂ᇱ ሻ, two layers of reinforcement must be provided. This serves to reduce
fragmentation and premature deterioration of the concrete when the wall is subjected to
load reversals into the inelastic range.
Reinforcement in structural walls must be developed or spliced in accordance with the
provisions of ACI Chapter 12 (ACI 21.9.2.3). Since the actual force in the reinforcing
bars may exceed the calculated forces, the reinforcement must be developed or spliced
for the specified yield strength in tension.
At locations where yielding of the reinforcement is expected, the development lengths
obtained by ACI Chapter 12 must be increased by a factor of 1.25 to account for the
likelihood that the actual yield strength exceeds the specified yield strength and for strain
hardening and cyclic load reversals.
Development lengths may be reduced as permitted in ACI 12.2 and 12.5 where closely
spaced transverse reinforcement is utilized.
6.5.2

Shear Strength Requirements

The nominal shear strength of structural walls is given in ACI Equation (21-7). This
equation recognizes that walls with high shear-to-moment ratios have higher shear
strength.
Horizontal and vertical shear reinforcement must be appropriately distributed along the
height and length of a wall to effectively restrain inclined cracks. Within practical limits,
shear reinforcement should be uniformly distributed at a relatively small spacing. The
reinforcement ratio ߩκ shall be greater than or equal to the reinforcement ratio ߩ௧ where
the overall wall height to length ratio ݄௪ Τκ௪ is less than or equal to 2. Any concentrated
chord reinforcement near wall edges provided primarily for resisting bending moments is
not to be included when computing ߩκ and ߩ௧ .
6.5.3

Flexure and Axial Load Requirements

Structural walls and portions of structural walls subjected to combined bending moments
and axial loads are to be designed in accordance with the provisions of ACI 10.2 and 10.3
except that the nonlinear strain requirements of ACI 10.2.2 for deep members and the
requirements of ACI 10.3.7 shall not apply. This design procedure is essentially the same
as that used for columns subjected to bending moments and axial loads.
All reinforcement in the wall, including that in the boundary elements, web and effective
flange widths as defined in ACI 21.9.5.2, must be included in the strain compatibility
analysis of the wall. Openings in walls must also be considered.
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Boundary Element Requirements

Boundary elements and corresponding detailing requirements may be required at the
edges of structural walls to provide adequate confinement of the concrete at these
locations. Two design approaches for evaluating the need of boundary elements are
provided in ACI 21.9.6 and are discussed below.
ACI 21.9.6.2 permits the use of a displacement-based approach, which is applicable to
walls or wall piers that are effectively continuous in cross-section over the entire height
of the wall and designed to have one critical section for flexure and axial loads.7 The
provisions of ACI 21.9.6.2 are summarized in Figure 6.17.
ܲ௨
ߜ௨

݄௪

Special boundary
element transverse
reinforcement in
accordance with
ACI 21.9.6.4

ܯ௨
κ௪

κ௪
larger of

Extend transverse reinforcement into the
support at least κௗ of the largest long. bar or
at least 12 inches where the boundary
element terminates into a footing or mat.

ܸ௨

c
Neutral axis

ܯ௨ ΤͶܸ௨

 larger of

ܿ െ ͲǤͳκ௪
ܿ Τʹ

Special boundary elements required where

ܿ

κ௪
ͲͲሺߜ௨ Τ݄௪ ሻ

For SI: 1 inch = 25.4 mm.

Figure 6.17 Special Boundary Element Requirements of ACI 21.9.6.2

7

These types of walls are common in low-rise concrete buildings.
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Boundary elements are required to confine the concrete where the strain at the extreme
compression fiber of the wall exceeds a critical value when the wall is subjected to the
design displacement [see ACI Equation (21-8)]. The horizontal dimension of the
boundary element extends over the length where the compression strain exceeds the
critical value. The height of the boundary element is based on upper bound estimates of
plastic hinge length and extends beyond the zone over which spalling is likely to occur.
Boundary elements do not necessarily require an increase in wall thickness.
The second approach for evaluating the need of boundary elements is in ACI 21.9.6.3.
These provisions, which are summarized in Figure 6.18, are conservative for assessing
the need for transverse reinforcement at wall boundaries and at edges around openings
for many types of walls. This approach must be used when walls do not satisfy the
limitations of ACI 21.9.6.2.
The detailing requirements of ACI 21.9.6.4 must be satisfied where boundary elements
are required by ACI 21.9.6.2 or 21.9.6.3. These requirements are illustrated in
Figure 6.19 for walls without columns at the ends.
The required transverse reinforcement is the same as that for special moment frame
members subjected to bending and axial load, except ACI Equation (21-4) need not be
satisfied and the transverse reinforcement spacing limit of ACI 21.6.4.3(a) must be less
than or equal to one-third of the least dimension of the boundary element.
Horizontal reinforcement in the wall web must be anchored within the confined core of
the boundary element to develop its specified yield strength. To achieve this anchorage,
standard 90-degree (1.57 rad) hooks or mechanical anchorage schemes are recommended
in lieu of straight bar development.
Special transverse reinforcement at the ends of a wall may be necessary, even though
boundary elements are not required according to ACI 21.9.6.2 or 21.9.6.3. For walls with
moderate amounts of boundary longitudinal reinforcement, transverse reinforcement is
required to help prevent buckling of the longitudinal reinforcement due to cyclic load
reversals. The longitudinal reinforcement ratio includes only the reinforcement at the wall
boundary as indicated in Figure 6.20 for the case where reinforcing bars are provided at
the end of the wall that are larger than the uniformly distributed web longitudinal
reinforcement (left portion of figure) and where uniformly distributed longitudinal bars of
the same size and spacing are provided throughout the length of the wall (right portion of
figure).
Hooks or U-stirrups at the ends of horizontal wall reinforcement are required to provide
anchorage of the reinforcement so that it can effectively resist shear forces, and to help
prevent buckling of vertical edge reinforcement. Development of horizontal
reinforcement is not necessary for walls with relatively low in-plane shear forces.
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ܲ௨

݄௪

Special boundary
element transverse
reinforcement in
accordance with
ACI 21.9.6.4

Special boundary elements may be
discontinued where the calculated
compressive stress ൏ ͲǤͳͷ݂ᇱ

ܸ௨
ܯ௨

ܲ௨
ܣ

Extend transverse reinforcement into the
support at least κௗ of the largest long. bar or
at least 12 inches where the boundary
element terminates into a footing or mat.

ܯ௨ κ௪
ʹܫ

κ௪
c
Neutral axis

 larger of

ܿ െ ͲǤͳκ௪
ܿ Τʹ

Special boundary elements required where

ܲ௨ ܯ௨ κ௪

 ͲǤʹ݂ᇱ
ܣ
ʹܫ
For SI: 1 inch = 25.4 mm.

Figure 6.18 Special Boundary Element Requirements of ACI 21.9.6.3

IBC 1908.1.4 modifies ACI 21.9 by adding a new Section 21.9.10, which contains
requirements for wall piers and wall segments.8 Wall piers that are not designated to be
part of a special moment frame must have transverse reinforcement that satisfies the
requirements in new Section 21.9.10.2. Walls segments with a horizontal length-tothickness ratio less than 2.5 are to be designed as columns (new Section 21.9.10.3).
8

IBC 1908.1.1 modifies ACI 2.2 by including a definition for a wall pier: a wall pier is defined as a wall
segment that has a horizontal length-to-thickness ratio of at least 2.5, but not exceeding 6, whose clear
height is at least two times its horizontal length.
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ܣ௦  ͲǤͲͻܾݏ

݂ᇱ
݂௬௧

Ȁ͵
ݏ

 Development
length of hooked
bar in

 ൈ 
ݏ

Ͷ̶  ݏ ൌ Ͷ  ൬

ͳͶ െ ݄௫
൰  ̶
͵

݄௫ ൌ ݔ 
  ʹͳǤǤͶǤʹ
For SI: 1 inch = 25.4 mm.

Figure 6.19 Reinforcement Details Where Special Boundary Elements Are Required
(ACI 21.9.6.4)
 ܸ௨  ܣ௩ ߣඥ݂ᇱ :
Provide (1) standard hooks at ends of horizontal reinforcement
engaging the edge reinforcement or (2) U-stirrups spliced to
horizontal reinforcement with the same size and spacing as the
horizontal reinforcement.

݄

݄

ݔ

ݏ

ܣ௦ ൌ area of longitudinal
reinforcement in ܣ
ܽ
ߩൌ

 ͳͶ̶

ܣ௦ ͶͲͲ

ܣ
݂௬

 ͳͶ̶

ݔ

For SI: 1 inch = 25.4 mm.

 ݏ ͺ̶

ܣ ൌ ݄ሺʹ ݔ ܽሻ

ܣ ൌ ݄ݏ

Figure 6.20 Reinforcement Details where Special Boundary Elements Are Not Required
andߩ  ͶͲͲൗ݂( ݕACI 21.9.6.5)
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A summary of the overall design procedure for special structural walls is given in
Figure 6.21.

Design Procedure for Special
Structural Walls

Determine factored bending moments, axial
loads and shear forces on member using the
applicable load combinations of IBC 1605.2
or ACI 9.2.

C

(see Section 4.1.2)

No

Is ܸ௨  ܣ௩ ߣඥ݂ᇱ ǫ

Yes

Determine minimum reinforcement ratios:

Determine minimum reinforcement ratios:

• ߩκ = 0.0025

• ߩκ = 0.0012 for deformed bars not larger than
No. 5 with ݂௬  60,000 psi
= 0.0015 for other deformed bars
• ߩ௧ = 0.0020 for deformed bars not larger than
No. 5 with ݂௬  60,000 psi
= 0.0025 for other deformed bars
(ACI 21.9.2.1)

• ߩ௧ = 0.0025
(ACI 21.9.2.1)

A

Figure 6.21 Design Procedure for Special Structural Walls
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A

Is ܸ௨  ʹܣ௩ ߣඥ݂ᇱ ǫ

No

Yes

One or two curtains of reinforcement
may be provided.

Provide two curtains of reinforcement.
(ACI 21.9.2.2)

(ACI 21.9.2.2)

Determine spacing of reinforcement based on
minimum reinforcement ratios:
• ݏκ ൌ ݊ܣ Ȁߩκ ݄
• ݏ௧ ൌ ݊ܣ Ȁߩ௧ ݄
where ݊ ൌ number of curtains of reinforcement

Is calculated spacing ൏ ͳͺ  ǫ

No

Provide minimum spacing ൌ
ͳͺ .

Yes

Provide calculated spacing ൏
ͳͺ  .

(ACI 21.9.2.1)

(ACI 21.9.2.1)

Determine ݄௪ Ȁκ௪ Ǥ*
B

*

For segments of a wall, ݄௪ Ȁκ௪ shall
be the larger of the ratios for the
entire wall and the segment of wall
considered (ACI 21.9.4.2).

Figure 6.21 Design Procedure for Special Structural Walls (continued)
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B

Is ݄௪ Ȁκ௪  ͳǤͷǫ

No

Yes

ߙ ൌ ͵ǤͲ
(ACI 21.9.4.1)
Is ݄௪ Ȁκ௪  ʹǤͲǫ

No

ߙ ൌ ʹ  ʹ ൬ʹ െ

Yes

݄௪
൰
κ௪

ߙ ൌ ʹǤͲ
(ACI 21.9.4.1)

(ACI 21.9.4.1)

߶ܸ ൌ ߶ܣ௩ ൫ߙ ߣඥ݂ᇱ  ߩ௧ ݂௬ ൯
where ߶ is determined in accordance with ACI 9.3.4.
[ACI Equation (21-7)]

No

Is ܸ௨  ߶ܸ ǫ

Yes

D
No

C

Is it feasible to increase the amount
of transverse reinforcement?

Modify section and/or material
properties of the wall.

Yes

Provide the following:
ߩ௧ 

ܸ௨
ߙ ߣඥ݂ᇱ
െ
߶ܣ௩ ݂௬
݂௬

Figure 6.21 Design Procedure for Special Structural Walls (continued)

D
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D

For all wall piers sharing a
common lateral force, is
߶ܸ  ߶ͺܣ௩ ඥ݂ᇱ ǫ

No

C

Yes

Modify section and/or material
properties of the wall.

For each wall pier, is
߶ܸ  ߶ͳͲܣ௪ ඥ݂ᇱ ǫ

No

Yes

C
No

Modify section and/or material
properties of the wall.

Is ݄௪ Ȁκ௪  ʹǤͲǫ

Yes

ߩκ  ߩ௧Ǥ
(ACI 21.9.4.3)

No

Is ܲ௨  ߶ܲ ܯ௨  ߶ܯ
for each load combination?

Yes

(ACI 21.9.5)

No

C

Is it feasible to modify the
amount of longitudinal
reinforcement?

Modify section and/or material
properties of the wall.

Yes

Modify longitudinal reinforcement
to satisfy combined flexure and
axial load requirements.

Figure 6.21 Design Procedure for Special Structural Walls (continued)

E
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E

Is the wall or wall pier effectively
continuous from the base to the top
and is there a single critical section
for flexure and axial loads?

No

Yes

F

From a strain compatibility analysis, determine the largest
neutral axis depth, c, calculated for the factored axial force
and nominal moment strength consistent with ߜ௨ Ǥ Only the
load combinations that include E need to be considered.

No

Is ߜ௨ Ȁ݄௪  ͲǤͲͲ?

Use ߜ௨ Ȁ݄௪ ൌ ͲǤͲͲ.
(ACI 21.9.6.2)

No

G

Yes

Use calculated value of
ߜ௨ Ȁ݄௪ .

ܿ 

κ௪
ǫ
ͲͲሺߜ௨ Τ݄௪ ሻ

H

Yes

Provide special boundary elements
that satisfy ACI 21.9.6.2 and
21.9.6.4.
(see Figures 6.17 and 6.19)

Figure 6.21 Design Procedure for Special Structural Walls (continued)
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F

Calculate the maximum compressive stress
݂௨ ൌ ൫ܲ௨ Τܣ ൯  ൫ܯ௨ κ௨ Τʹܫ ൯ that corresponds
to load combinations including E.

Is ݂௨  ͲǤʹ݂ᇱ ?

No

Yes

G

Provide special boundary elements
that satisfy ACI 21.9.6.3 and
21.9.6.4.
(see Figures 6.18 and 6.19)

No

Calculate the longitudinal reinforcement
ratio, ߩ, at the wall boundary in
accordance with ACI 21.9.6.5.
(see Figure 6.20)

Is ߩ  ͶͲͲȀ݂௬ ?

Yes

Provide reinforcement details that
satisfy ACI 21.9.6.3 and 21.9.6.4.
(see Figure 6.20)

H

Develop and splice reinforcement
in accordance with ACI 21.9.2.3.

For SI: 1 inch = 25.4 mm.

Figure 6.21 Design Procedure for Special Structural Walls (continued)
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STRUCTURAL DIAPHRAGMS

Requirements of ACI 21.11 for structural diaphragms are summarized in Table 6.5. As
noted in Chapter 3, diaphragms and their components transfer lateral forces to the
elements of the seismic-force-resisting system (also see ACI 21.11.3 and ACI
Figure R21.11.3.2).
Table 6.5 Summary of Requirements for Structural Diaphragms
Requirement

Minimum
Thickness

ACI Section Number(s)

Concrete slabs serving as diaphragms used to transmit
earthquake forces must be greater than or equal to 2
inches thick.

21.11.6

Minimum reinforcement shall be in accordance with
ACI 7.12.
Spacing of reinforcement shall be less than or equal to
18 inches.

21.11.7.1

Reinforcement provided for shear strength shall be
continuous and distributed uniformly across the shear
plane.

Reinforcement

All reinforcement used to resist collector forces,
diaphragm shear or flexural tension shall be developed or
spliced for the specified yield strength of the
reinforcement in tension.

21.11.7.3

Where mechanical splices are used to transfer forces
between the diaphragm and the vertical elements of the
seismic-force-resisting system, Type 2 splices are
required.

21.11.7.4

Transverse reinforcement in accordance with
ACI 21.9.6.4(c) is required over the length of collector
elements and other elements around openings or other
discontinuities in diaphragms where the compressive
strength exceeds ͲǤʹ݂ᇱ .
Specified transverse reinforcement is permitted to be
discontinued where the compressive stress is less than
ͲǤͳͷ݂ᇱ .
Where design forces have been amplified to account for
the overstrength of the vertical elements of the seismicforce-resisting system, the limit of ͲǤʹ݂ᇱ shall be
increased to ͲǤͷ݂ᇱ and the limit of ͲǤͳͷ݂ᇱ shall be
increased to ͲǤͶ݂ᇱ .
(continued)

21.11.7.5, 21.11.3.2
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Table 6.5 Summary of Requirements for Structural Diaphragms (continued)
Requirement

ACI Section Number(s)

Longitudinal reinforcement for collector elements and
other elements around openings or other discontinuities
in diaphragms at splices and anchorage zones shall have
either:
Reinforcement
(continued)

Flexural Strength

(a) A minimum center-to-center spacing of 3
longitudinal bar diameters, but not less than
1.5 inches and a minimum clear cover of 2.5
longitudinal bar diameters, but not less than 2 inches.
(b) Transverse reinforcement as required by
ACI 11.4.6.3, except as required in ACI 21.11.7.5.
Diaphragms and portions of diaphragms shall be
designed for flexure in accordance with ACI 10.2 and
10.3 except the nonlinear distribution of strain
requirements of ACI 10.2.2 for deep beams need not
apply.

21.11.7.6

21.11.8

Effects of openings must also be considered.
Nominal shear strength ܸ of structural diaphragms shall
not exceed that given by ACI Equation (21-10):
Shear strength

Nominal shear strength ܸ shall not exceed ͺܣ௩ ඥ݂ᇱ .
For SI: 1 inch = 25.4 mm.

6.6.1

21.11.9.1

ܸ ൌ ܣ௩ ൫ʹߣඥ݂ᇱ  ߩ௧ ݂௬ ൯
21.11.9.2

Minimum Thickness Requirements

The minimum thickness of diaphragms prescribed in ACI 21.11.4 reflects current
practice in concrete joist and waffle slab floor systems. Requirements for fire resistance
will usually call for concrete slab thicknesses greater than 2 inches (51 mm).
6.6.2

Reinforcement Requirements

Provisions for minimum reinforcement in diaphragms are the same as those required in
ACI 7.12 for temperature and shrinkage reinforcement. The maximum spacing of
18 inches (457 mm) is intended to control the width of inclined cracks that may form
during a design-basis event.
All reinforcement in the diaphragm and its components must be developed and spliced
for tension in accordance with the applicable provisions of ACI Chapter 12. A reduction
in the development length or splice length in accordance with the excess reinforcement
requirements of ACI 12.2.5 is not permitted.
Collector elements must contain the same transverse reinforcement as boundary elements
in special structural walls at any section where the compressive stress, based on factored
forces using a linearly elastic model and gross section properties, exceeds ͲǤͷ݂ᇱ . Such
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transverse reinforcement is no longer required where the calculated compressive stress is
less than ͲǤͶ݂ᇱ .9
The reinforcement details prescribed in ACI 21.11.7.6 at splices and anchorage zones of
longitudinal reinforcement in collector elements is intended to reduce the possibility of
longitudinal bar buckling and to provide adequate bar development conditions.
Elements around openings, diaphragm edges and at other discontinuities in diaphragms
must comply with the aforementioned requirements for collectors in ACI 21.11.7.5 and
21.11.7.6.
6.6.3

Flexural Strength Requirements

Diaphragms are designed using the same assumptions as those for beams, columns and
walls, except that the nonlinear distribution of strain for deep beams need not be
considered.
The influence of slab openings on flexural and shear strength must also be considered.
6.6.4

Shear Strength Requirements

The shear strength requirements for monolithic diaphragms in ACI Equation (21-10) are
similar to those for slender structural walls and are based on the shear provisions for
beams. In this equation, the term ܣ௩ refers to the thickness times the width of the
diaphragm, which corresponds to the gross area of the deep beam that forms the
diaphragm. Shear reinforcement should be placed perpendicular to the flexural
reinforcement.
Design requirements for diaphragms and collectors are illustrated in the example at the
end of this chapter.
6.7

FOUNDATIONS

Requirements of ACI 21.12 for foundations are summarized in Table 6.6. The provisions
for piles, drilled piers, caissons and slab-on-ground supplement other criteria in ACI 318
(see ACI 1.1.6 and 1.1.7).
IBC 1908 1.6 modifies ACI 21.12.1.1 by requiring that the foundation requirements of
ACI 21.12 be modified by the applicable provisions in IBC Chapter 18. For structures
assigned to SDC D, E and F, the provisions of ACI 21.12.1 through 21.12.4 are
applicable as long as they are not in conflict with the provisions in IBC 1808 through
1810.

9

ASCE/SEI 12.10.2.1 requires that collectors, splices and their connections in structures assigned to SDC C
through F be designed to resist the load combinations with overstrength of ASCE/SEI 12.4.3.2. The limits
of ͲǤͷ݂ᇱ and ͲǤͶ݂ᇱ are applicable in such cases. Otherwise, the limits are ͲǤʹ݂ᇱ and ͲǤͳͷ݂ᇱ .
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Table 6.6 Summary of Requirements for Foundations
Requirement

ACI Section Number(s)

Longitudinal reinforcement of columns and structural
walls resisting forces induced by earthquake effects shall
extend into the footing, mat or pile cap, and shall be fully
developed for tension at the interface.

21.12.2.1

Columns designed assuming fixed-end conditions at the
foundation shall satisfy the requirements of
ACI 21.12.2.1.
If hooks are required at the ends of the longitudinal
reinforcement, the hooks shall have a 90-degree bend and
shall be located near the bottom of the foundation with
the free end of the bars oriented toward the center of the
column.
Footings,
Foundation Mats
and Pile Caps

Grade Beams
and Slabs-onground

21.12.2.2

Transverse reinforcement in accordance with
ACI 21.6.4.2 through 21.6.4.4 shall be provided below
the top of a footing where columns or boundary elements
of special structural walls have an edge located within
one-half the footing depth from an edge of a footing. The
transverse reinforcement shall extend into the footing,
mat or pile cap and be developed for the specified yield
strength of the reinforcement in tension.

21.12.2.3

Flexural reinforcement shall be provided in the top of a
footing, mat or pile cap supporting columns or boundary
elements of special structural walls that are subjected to
uplift forces from earthquake effects. Provided flexural
reinforcement must be greater than or equal to that
required by ACI 10.5.

21.12.2.4

Structures assigned to SDC D, E and F shall not have
foundation elements of structural plain concrete, except
for those cases provided in ACI 22.10.1.

21.12.2.5

Grade beams acting as horizontal ties between pile caps
or footings shall have continuous longitudinal
reinforcement that shall be developed within or beyond
the supported column. At all discontinuities, the
longitudinal reinforcement must be anchored within the
pile cap or footing.

21.12.3.1

Grade beams acting as horizontal ties between pile caps
or footings shall be proportioned such that the smallest
cross-section dimension is greater than or equal to the
clear spacing between connected columns divided by 20,
but need not be greater than 18 inches.

21.12.3.2

Closed ties shall be provided at a spacing not to exceed
the lesser of one-half the smallest orthogonal crosssection dimension or 12 inches.
Grade beams and beams that are part of a mat foundation
subjected to flexure from columns that are part of the
seismic-force-resisting system shall conform to
ACI 21.5.
(continued)

21.12.3.3
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Table 6.6 Summary of Requirements for Foundations (continued)
Requirement

Grade Beams
and Slabs-onground
(continued)

Piles, Piers, and
Caissons

Slabs-on-ground that resist seismic forces from columns
or walls that are part of the seismic-force-resisting system
shall be designed as structural diaphragms in accordance
with ACI 21.11.

ACI Section Number(s)

21.12.3.4

Design drawings shall clearly state that the slab-onground is a structural diaphragm that is part of the
seismic-force-resisting system/
Piles, piers or caissons resisting tension loads shall have
continuous longitudinal reinforcement over the length
resisting design tension forces. The longitudinal
reinforcement shall be detailed to transfer tensile forces
between the pile cap and the supported structural
members.

21.12.4.2

Where tension forces induced by earthquake effects are
transferred between a pile cap or mat foundation and a
precast pile by reinforcing bars that are grouted or postinstalled in the top of the pile, the grouting system shall
have been demonstrated by test that it can develop at
least ͳǤʹͷ݂௬ of the bar.

21.12.4.3

Piles, piers or caissons shall have transverse
reinforcement in accordance with ACI 21.6.4.2 though
21.6.4.4 at the following locations:
(a) At the top of a member for at least 5 times the
member cross-section dimension, but not less than 6
feet below the bottom of the pile cap.
(b) Along the entire unsupported length plus the length
required in ACI 21.12.4.4(a) for portions of piles in
soil that are not capable of providing lateral support,
or in air or water.

21.12.4.4

For precast concrete driven piles, the provided length of
transverse reinforcement shall be sufficient to account for
potential variations in the elevation in pile tips.

21.12.4.6

Pile caps incorporating batter piles shall be designed to
resist the full compressive strength of the batter piles
acting as short columns. For portions of piles in soil that
is not capable of providing lateral support, or in air or
water, the slenderness effects of batter piles shall be
considered.
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

21.12.4.7

IBC 1808.8.6 points out that the provisions of ACI 21.12.4(a) for transverse
reinforcement at the top of piles, piers and pile caps are not applicable.
Requirements for shallow foundations are contained in IBC 1809. Footing seismic ties
must be provided for structures assigned to SDC D, E or F, and must satisfy the
provisions of IBC 1809.13.
Design and detailing requirements for deep foundations are given in IBC 1810.

FOUNDATIONS

6.7.1
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Requirements for Footings, Foundation Mats and Pile Caps

Detailing requirements for columns that have been designed assuming fixed-end
conditions at the foundation are illustrated in Figure 6.22. Tests have demonstrated that
column longitudinal reinforcement that is developed into the foundation from a supported
flexural member (column or wall) should have hooks turned inwards towards the axis of
the member in order for the joint to be able to resist the flexure at this location.

Longitudinal reinforcement
fully developed for tension

ܿ

݄

Column or boundary element of special
structural wall
Top reinforcement to resist tension uplift forces
 minimum reinforcement in accordance with
ACI 10.5
Footing, mat or pile cap
(other reinforcement not shown for clarity)
For ܿ  ݄Ȁʹ, provide transverse reinforcement
in accordance with ACI 21.6.4.2 through
21.6.4.4. Transverse reinforcement shall extend
into the footing, mat or pile cap and be
developed for ݂௬ in tension.
90-deg hooks with free end of bar oriented towards
center of column for fixed-end condition

For SI: 1 degree = 0.01745 rad.

Figure 6.22 Requirements for Footings, Foundation Mats and Pile Caps

The detailing requirements of ACI 21.12.2.3, which are also illustrated in Figure 6.22, are
provided to help prevent an edge failure where columns or boundary elements of special
structural walls are supported close to an edge of a foundation, which can occur, for
example, near property lines.
Structural plain concrete footings and basement walls supporting structures assigned to
SDC D, E or F are prohibited, except for the specific cases cited in ACI 22.10.
IBC 1908.1.8 modifies the exceptions in ACI 22.10.
6.7.2

Requirements for Grade Beams and Slabs-on-ground

The cross-section limitation and the minimum tie requirements of ACI 21.12.3.1 for
grade beams between pile caps or footings are intended to provide reasonable beam
proportions. Grade beams that are part of a mat foundation that resists flexural stresses
from columns that are part of the seismic-force-resisting system must conform to the
provisions of ACI 21.5 for flexural members of special moment frames.
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A slab-on-ground that is not subjected to earthquake effects is generally considered
nonstructural, and ACI 318 does not govern its design and construction (ACI 1.1.7).
However, for structures assigned to SDC D, E or F, a slab-on-ground is often part of the
seismic-force-resisting system, acting as a diaphragm that holds the structure together at
the ground level and that minimizes the effects of out-of-phase ground motion that may
occur over the footprint of the structure. In such cases, it must be designed and detailed in
accordance with the provisions of ACI 21.11 for diaphragms.
6.7.3

Requirements for Piles, Piers and Caissons

The provisions of ACI 21.12.4 apply to concrete piles, piers and caissons that support
structures subjected to earthquake effects. Adequate performance of these supporting
members for seismic loads requires that these provisions be met, as well as other
applicable standards and guidelines, which are contained in ACI R1.1.6.
For piles, piers or caissons resisting tension loads, a load path is necessary to transfer the
tension forces from the longitudinal reinforcing bars in a column or boundary member of
a special structural wall through the pile cap to the reinforcement of the pile, pier or
caisson.
Piles can be subjected to extremely high flexural stresses just below the pile cap and near
the base of soft or loose soil deposits during an earthquake. The requirement of
ACI 21.12.4.4 for transverse reinforcement at the specified locations is based on
numerous failures that were observed after recent earthquakes.10
It is important to consider that the tip of a precast pile may be driven to an elevation
different than that specified in the design drawings. For example, a pile may reach refusal
at a shallower depth than anticipated. When this occurs, the excess pile length needs to be
cut off, which results in a portion of transverse reinforcement required by ACI 21.12.4.4
being cut off as well. If this possible situation is not anticipated, transverse reinforcement
may not be provided over the length that is required.
Extensive structural damage has been observed at the junction of batter piles and
buildings after some recent earthquakes. Pile caps and surrounding structure must be
designed for the potentially large forces that can be developed in batter piles.
6.8

MEMBERS NOT DESIGNATED AS PART OF THE SEISMIC-FORCERESISTING SYSTEM

ASCE/SEI 12.12.4 requires that all structural members that are not designated to be part
of the seismic-force-resisting system in structures assigned to SDC D and above shall be
designed to support their respective gravity load effects when subjected to the design
displacement from an earthquake. The provisions of ACI 21.13 satisfy this requirement
for beams, columns and slabs.

10

Recall that IBC 1808.8.6 modifies ACI 21.12.4.4 in that the provisions of ACI 21.12.4.4(a) do not apply.

MEMBERS NOT DESIGNATED AS PART OF THE SEISMIC-FORCE-RESISTING SYSTEM
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Requirements of ACI 21.13 for members that are not designated to be part of the seismicforce-resisting system are summarized in Table 6.7.
It is assumed in the provisions of ACI 21.13.2 through 21.13.4 that beams and columns
yield if the combined effects of factored gravity loads and design displacements exceed
the design moment and shear strengths of the members. Requirements for transverse
reinforcement vary with the magnitude of the factored axial load and whether or not the
member yields under the design displacement.

Table 6.7 Summary of Requirements for Members Not Designated as Part of the
Seismic-force-resisting System
Requirement

ACI Section Number(s)

Factored gravity load combinations to use in the design
of beams and columns is the more critical of the
following:
(a) ͳǤʹ ܦ ͳǤͲ ܮ ͲǤʹܵ
(b) ͲǤͻܦ
Members where
combined bending
moments and
shear forces due
to factored gravity
loads and design
displacements are
less than or equal
to the design
moment and shear
strengths

Members where
combined bending
moments and
shear forces due
to factored gravity
loads and design
displacements
exceed the design
moment and shear
strengths, or if
induced moments
are not calculated

21.13.3

The load factor on the live load, ܮ, is permitted to be
reduced to 0.5 except for garages, public assembly
occupancies, and all areas where  ܮ ͳͲͲ Ǥ
Members with factored axial forces  ܣ ݂ᇱ ȀͳͲ shall
satisfy ACI 21.5.2.1. Stirrups must be spaced  ݀Ȁʹ
throughout the entire length.

21.13..3.1

Members with factored axial forces  ܣ ݂ᇱ ȀͳͲ shall
satisfy ACI 21.6.3.1, 21.6.4.2 and 21.6.5. Maximum
longitudinal spacing of ties over the entire length shall
be ݏ where ݏ shall not exceed the smaller of 6
diameters of the smallest longitudinal bar enclosed and
6 inches.

21.13.3.2

Members with factored axial forces  ͲǤ͵ͷܲ shall
satisfy ACI 21.13.3.2 and 21.6.4.7. Required amount of
transverse reinforcement must be at least one-half of that
required by ACI 21.6.4.4 and the spacing must not
exceed ݏ for the full member length.

21.13.3.3

Materials shall satisfy ACI 21.1.4.2, 21.1.4.3, 21.1.5.2
and 21.1.5.5.
Mechanical and welded splices shall satisfy 21.1.6 and
21.1.7.1, respectively.

21.13.4.1

Members with factored axial forces  ܣ ݂ᇱ ȀͳͲ shall
satisfy ACI 21.5.2.1 and 21.5.4. Stirrups must be spaced
 ݀Ȁʹ throughout the entire length.

21.13.4.2

Members with factored axial forces  ܣ ݂ᇱ ȀͳͲ shall
satisfy ACI 21.6.3, 21.6.4, 21.6.5 and 21.7.3.1.

21.13.4.3

(continued)
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Table 6.7 Summary of Requirements for Members not Designated as Part of the
Seismic-force-resisting System (continued)
Requirement

ACI Section Number(s)

Slab shear reinforcement conforming to ACI 11.11.3
and 11.11.5 that provides ܸ௦  ͵Ǥͷඥ݂ᇱ ܾ ݀ shall extend
at least four times the slab thickness from the face of the
support, unless either (a) or (b) is satisfied:

Two-way slabs
without beams

(a) The requirements of ACI 11.11.7 using the design
shear ܸ௨ and the induced moment transferred
between the slab and column under the design
displacement.
(b) The design story drift ratio is less than or equal to
the larger of 0.005 and ൣͲǤͲ͵ͷ െ ͲǤͲͷ൫ܸ௨ Τ߶ܸ ൯൧.

Design story drift ratio shall be taken as the larger
of the design story drift ratios of the adjacent stories
above and below the slab-column connection. The
quantity ܸ is defined in ACI 11.11.2. The quantity
ܸ௨ is defined as the factored shear force on the slab
critical section for two-way action, which is
calculated for the load combination ͳǤʹ ܦ ͳǤͲ ܮ
ͲǤʹܵ where the load factor on the live load  ܮis
permitted to be reduced to 0.5 except for garages,
public assembly occupancies, and all areas where
 ܮ ͳͲͲǤ
For SI: 1 inch = 25.4 mm; 1 pound per square foot = 47.88 Pa.

21.13.6

Figures 6.23, 6.24 and 6.25 illustrate the requirements of ACI 21.13.3 and Figures 6.26
and 6.27 illustrate the requirements of ACI 21.13.4.
ܣ௦ǡ ൌ ͵ඥ݂ᇱ ܾ௪ ݀Ȁ݂௬  ʹͲͲܾ௪ ݀Ȁ݂௬ ǡ ͳͲǤͷǤ͵ϐ
ߩ  ͲǤͲʹͷ
Minimum 2 bars continuous

 ݏ ݀Ȁʹ

Stirrups determined
in accordance with
Chapter 11

ܯ௨  ߶ܯ ܸ௨  ߶ܸ
ܲ௨  ܣ ݂ᇱ ȀͳͲ
Figure 6.23 Requirements of ACI 21.13.3.1

MEMBERS NOT DESIGNATED AS PART OF THE SEISMIC-FORCE-RESISTING SYSTEM

A

A

ݏ 

ͲǤͲͳܣ  ܣ௦௧  ͲǤͲܣ

ݔ
ݔ

6(diameter of longitudinal bar)
̶

݀ extension Transverse reinforcement determined
in accordance with ACI 21.4.5

݀  ͵̶

ݔ
Alternate
90-deg hooks
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ݔ

ݔ

ܿଵ

ܿଶ

ݔ  ͳͶ̶

Section A-A
ܯ௨  ߶ܯ ܸ௨  ߶ܸ
ܣ ݂ᇱ ȀͳͲ ൏ ܲ௨  ͲǤ͵ͷܲ
For SI: 1 inch = 24.5 mm; 1 degree = 0.01745 rad.

Figure 6.24 Requirements of ACI 21.13.3.2
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A

A

ݏ 

ͲǤͲͳܣ  ܣ௦௧  ͲǤͲܣ

݀ extension

݀  ͵̶

ݔ
Alternate
90-deg hooks

ݔ
ݔ

ݔ

ݔ

ܿଵ

6(diameter of longitudinal bar)
̶

כܣ௦

ܿଶ



ͲǤ͵൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯ൣ൫ܣ Τܣ ൯ െ ͳ൧Ȁʹ
ͲǤͲͻ൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯Ȁʹ

* Provisions of ACI 21.6.5 and
21.6.4.7 must also be satisfied

ݔ  ͳͶ̶

Section A-A
ܯ௨  ߶ܯ ܸ௨  ߶ܸ
ܲ௨  ͲǤ͵ͷܲ
For SI: 1 inch = 24.5 mm; 1 degree = 0.01745 rad
.

Figure 6.25 Requirements of ACI 21.13.3.3

MEMBERS NOT DESIGNATED AS PART OF THE SEISMIC-FORCE-RESISTING SYSTEM
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ܣ௦ǡ ൌ ͵ඥ݂ᇱ ܾ௪ ݀Ȁ݂௬  ʹͲͲܾ௪ ݀Ȁ݂௬ ǡ ͳͲǤͷǤ͵ϐ
ߩ  ͲǤͲʹͷ
Minimum two bars continuous

 ݏ ݀Ȁʹ

Stirrups determined
in accordance with
ACI 21.5.4

ܯ௨  ߶ܯ ܸ௨  ߶ܸ , or induced moments not calculated
ܲ௨  ܣ ݂ᇱ ȀͳͲ

Figure 6.26 Requirements of ACI 21.13.4.2

Members must be detailed in accordance with ACI 21.13.4 when the effects of the design
displacement are not determined.
Slab shear reinforcement conforming to ACI 11.11.3 and 11.11.5 and supplying a
nominal shear strength, ܸ௦ , greater than or equal to ͵Ǥͷඥ݂ᇱ ܾ ݀ must be provided at all
slab-column connections of two-way slabs without beams. Such reinforcement need not
be provided where the requirements of ACI 11.11.7 are satisfied or where the design
story drift ratio is less than or equal to the larger of 0.005 and ൣͲǤͲ͵ͷ െ ͲǤͲͷ൫ܸ௨ Τ߶ܸ ൯൧.
The latter exemption does not require the calculation of moments due to the design
displacement and is based on research that identifies the likelihood of punching shear
failure considering the story drift ratio and shear forces due to gravity loads.
A summary of the design procedure for members that are not designated as part of the
seismic-force-resisting system is given in Figure 6.28.
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A

A

 ൈ 

ݏ

̶

ܿଵ ܿଶ
κ 

Ȁ

Tension lap splice within center half of
member length enclosed with transverse
reinforcement in accordance with
ACI 21.6.4.2 and 21.6.4.3

ͳͺ̶

ሺܿଵ ܿଶ ሻȀͶ
ݏ

 ൈ 
ݏ

Joint reinforcement in accordance with
ACI 21.7.3.1
ͲǤͲͳܣ  ܣ௦௧  ͲǤͲܣ

݀ 

݀  ͵̶

ݔ
Alternate
90-deg hooks

ݔ
ݔ

ݔ
ܿଵ

ݔ

Section A-A

כܣ௦ 

ܿଶ

ͲǤ͵൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯ൣ൫ܣ Τܣ ൯ െ ͳ൧
ͲǤͲͻ൫ܾݏ ݂ᇱ Ȁ݂௬௧ ൯

*Provisions of ACI 21.6.5 and
21.6.4.7 must also be satisfied

ݔ  ͳͶ̶
݄௫ ൌ ݔ
Ͷ̶  ݏ ൌ Ͷ  ൬

ܯ௨  ߶ܯ ܸ௨  ߶ܸ , or induced moments not calculated
ܲ௨  ܣ ݂ᇱ ȀͳͲ

For SI: 1 inch = 24.5 mm; 1 degree = 0.01745 rad.

Figure 6.27 Requirements of ACI 21.13.4.3

ͳͶ െ ݄௫
൰  ̶
͵

MEMBERS NOT DESIGNATED AS PART OF THE SEISMIC-FORCE-RESISTING SYSTEM
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Design Procedure for Members Not
Designated as Part of the Seismicforce-resisting System

No

Is the frame member a twoway slab without beamsǫ

Yes

C

Bending moments due to the design
displacement, ߜ௨ , are not computed.

B

Compute the combined bending moments,
ܯ௨ , and shear forces, ܸ௨ , due to the gravity
loads and the design displacement, ߜ௨ .*

No

Is ܯ௨  ߶ܯ ܸ௨  ߶ܸ ǫ

Yes

No

Is ܲ௨  ܣ ݂ᇱ ȀͳͲǫ

Yes

• Satisfy requirements of ACI 21.5.2.1.
• Provide stirrups spaced not more
than ݀Ȁʹ throughout the length of the
member.
(see Figure 6.23)

A

*

Use the more critical of the following
gravity load combinations:
• ͳǤʹ ܦ ͳǤͲ ܮ ͲǤʹܵ
• ͲǤͻܦ
(ACI 21.13.3)

Figure 6.28 Design Procedure for Members Not Designated as Part of the Seismicforce-resisting System

6-78

CHAPTER 6 DESIGN AND DETAILING FOR SDCS D, E AND F

A

Is ܲ௨  ͲǤ͵ͷܲ ǫ

No

• Satisfy requirements of ACI 21.6.3.1,
21.6.4.2 and 21.6.5.
• Maximum longitudinal spacing of ties
shall be ݏ for the full member length.
• Spacing, ݏ , shall not exceed the
smaller of six diameters of the smallest
longitudinal bar enclosed and 6 inches.

Yes

• Satisfy requirements of ACI 21.13.3.2
and 21.6.4.7.
• Provide at least one-half of the
transverse reinforcement required by
ACI 21.6.4.4.
• Spacing, ݏ , shall be provided over the
entire member length.

(see Figure 6.24)

(see Figure 6.25)

B
• Materials shall satisfy ACI 21.1.4.2,
21.1.4.3, 21.1.5.2, 21.1.5.4 and 21.1.5.5.
• Mechanical and welded splices shall satisfy
ACI 21.1.6 and 21.1.7.1, respectively.

No

Satisfy requirements of ACI 21.6.3,
21.6.4, 21.6.5 and 21.7.3.1.
(see Figure 6.27)

Is ܲ௨  ܣ ݂ᇱ ȀͳͲǫ

Yes

• Satisfy requirements of ACI 21.5.2.1 and
21.5.4.
• Provide stirrups spaced not more than
݀Ȁʹ throughout the length of the member.
(see Figure 6.26)

Figure 6.28 Design Procedure for Members Not Designated as Part of the Seismicforce-resisting System (continued)

MEMBERS NOT DESIGNATED AS PART OF THE SEISMIC-FORCE-RESISTING SYSTEM
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C

At slab-column connections, are the
requirements of ACI 11.11.7 satisfied
using the design shear, ܸ௨ ?**

No

No

At slab-column connections, is the
design story drift ratio less than or
equal to the larger of 0.005 and
ൣͲǤͲ͵ͷ െ ͲǤͲͷ൫ܸ௨ Τ߶ܸ ൯൧?

Yes

Yes

Shear reinforcement satisfying the
requirements of ACI 11.11.3 and
11.11.5 and providing ܸ௦  ͵Ǥͷඥ݂ᇱ ܾ ݀
extended over a distance of at least
four times the slab thickness from the
face of the support need not be
provided.

Provide shear reinforcement satisfying
the requirements of ACI 11.11.3 and
11.11.5 and providing ܸ௦  ͵Ǥͷඥ݂ᇱ ܾ ݀
extended over a distance of at least four
times the slab thickness from the face
of the support.

(ACI 21.13.6)

(ACI 21.13.6)

**

The factored gravity shear force, ܸ௨ , on the
slab critical section is calculated for the load
combination ͳǤʹ ܦ ͳǤͲ ܮ ͲǤʹܵ.

For SI: 1 inch = 25.4 mm.

Figure 6.28 Design Procedure for Members Not Designated as Part of the Seismicforce-resisting System (continued)
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EXAMPLE

For the three-story residential building depicted in Figure 6.29, (1) design the beam on
line 5 between A and B, (2) design column B5, (3) check the beam-column joint
strengths at A5 and B5, (4) design the special structural wall on line C, (5) check the
adequacy of the elements that are not part of the seismic-force-resisting system and (6)
design the diaphragm and the collector elements in the N-S and E-W directions.
DESIGN DATA

Concrete: ݂ᇱ ൌ ͶͲͲͲ; reinforcement: ݂௬ ൌ ͲǡͲͲͲ.
Roof live load = 20 psf
Roof superimposed dead load = 10 psf
Floor live load = 80 psf
Floor superimposed dead load = 30 psf
Seismic-force-resisting system in north-south direction: special reinforced concrete
moment frame (ܴ ൌ ͺǡ π ൌ ͵ǡ ܥௗ ൌ ͷǤͷሻ
Seismic-force-resisting system in east-west direction: building frame system with special
reinforced concrete shear (structural) walls (ܴ ൌ ǡ π ൌ ʹǤͷǡ ܥௗ ൌ ͷሻ
Wind velocity = 85 mph, Exposure B
Seismic Design Category: D (ܵௌ ൌ ͳǤͲͲǡ ܵଵ ൌ ͲǤͳሻ
First story height = 12 feet, typical story height = 12 feet.
SOLUTION11

Seismic forces were computed in accordance with ASCE/SEI Chapters 6, 11, 12, 20 and
21 based on the design data above, and the structure was analyzed for seismic forces in
the N-S and E-W directions. Since the building is assigned to SDC D, special reinforced
concrete moment frames are utilized in the N-S direction (see ASCE/SEI Table 12.2-1,
system C5) and a building frame system with special reinforced concrete shear
(structural) walls are utilized in the E-W direction (see ASCE/SEI Table 12.2-1, system
B5).

11

The effects from the seismic forces govern in this example, and the effects from the wind forces are not
considered.

EXAMPLE
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For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.29 Typical Floor Plan for Three-story Residential Building

Part 1: Design beam on line 5 between A and B
Deflection Control
Provisions for deflection control for reinforced concrete members subjected to flexure are
given in ACI 9.5. Deflection requirements can be satisfied for nonprestressed beams by
providing the minimum thickness in ACI Table 9.5(a).
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The minimum thickness of beams made of normal weight concrete and Grade 60
reinforcement with one end continuous is:
ሺʹʹ ൈ ͳʹሻ െ ʹͺ
κ
ൌ
ൌ ͳʹǤͺǤ ൏ ʹͺǤͲǤǤǤ
ͳͺǤͷ
ͳͺǤͷ
Flexural Design
A summary of the governing design bending moments and shear forces is given in
Table 6.8 for the beam at the first floor level.
Table 6.8 Summary of Design Bending Moments and Shear Forces for Beam on Line 5
between A and B at First Floor Level

Load Case
Dead (D)
Live (L)
Seismic ( QE )

Support
Midspan
Support
Midspan

Bending
Moment
(ft-kips)
-45.6
33.1
-18.3
12.9

Support

± 101.3

± 10.3

Support
Midspan
Support
Midspan
Support
Midspan
Support
Midspan

-63.8
46.3
-84.0
60.4
-174.3
52.8
69.4
23.2

30.0

Location

Shear
Force
(kips)
21.4
8.6

Load Combination
1.4D
1.2D + 1.6L
1.4D + 0.5L + QE
0.7D – QE

39.4
44.6
4.7

Basic strength design load combinations are given in ACI 9.2, which are essentially the
same as those in ASCE/SEI 2.3.2. The applicable load combinations in this case are:
ܷ ൌ ͳǤͶܦ

ACI Eq. (9-1)

ܷ ൌ ͳǤʹ ܦ ͳǤܮ

ACI Eq. (9-2)

ܷ ൌ ͳǤʹ ܦ ͲǤͷ ܮ ͳǤͲܧ

ACI Eq. (9-5)

ܷ ൌ ͲǤͻ ܦ ͳǤͲܧ

ACI Eq. (9-7)

According to ASCE/SEI 12.4.2, the seismic load effect, E, is the combination of
horizontal and vertical seismic load effects. The E for use in ACI Equation (9-5) (or,

EXAMPLE
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equivalently, ASCE/SEI load combination 5) where the effects of gravity and seismic
ground motion are additive is
 ܧൌ ߩܳா  ͲǤʹܵௌ ܦ
The E for use in ACI Equation (9-7) (or, equivalently, ASCE/SEI load combination 7)
where the effects of gravity and seismic ground motion counteract is
 ܧൌ ߩܳா െ ͲǤʹܵௌ ܦ
The redundancy factor, ߩ, is equal to 1.3 for structures assigned to SDC D and above
unless one of the two conditions in ASCE/SEI 12.3.4.2 is met. In the N-S direction, the
loss of moment resistance at both ends of a single beam in the special moment frames
would not result in more than a 33 percent reduction in story strength, nor would the
resulting system have a Type 1b extreme torsional irregularity (see ASCE/SEI
Table 12.3-1). Thus, in the N-S direction, the first of the two conditions under
ASCE/SEI 12.3.4.2 is met and ߩ ൌ ͳǤͲ.
Therefore,
 ܧൌ ߩܳா  ͲǤʹܵௌ  ܦൌ ܳா  ሺͲǤʹ ൈ ͳǤͲͲሻ ܦൌ ܳா  ͲǤʹܦ
 ܧൌ ߩܳா െ ͲǤʹܵௌ  ܦൌ ܳா െ ͲǤʹܦ
Check limitations on section dimensions in accordance with ACI 21.5.1:
•

Clear span κ ൌ ʹʹ െ ሺʹͺȀͳʹሻ ൌ ͳͻǤ  Ͷ ൈ ሺʹͺ െ ʹǤͷሻȀͳʹ ൌ ͺǤͷǤǤ

•

Width ܾ௪ ൌ ʹʹǤ  ͲǤ͵ ൈ ʹͺ ൌ ͺǤͶǤሺሻͳͲǤǤǤ

•

Width ܾ௪ ൌ ʹʹǤ ൏ ͵ ൈ ʹʹ ൌ Ǥʹʹ  ሺͳǤͷ ൈ ʹͺሻ ൌ ͶǤሺሻǤǤ

The required flexural reinforcement is given in Table 6.9, and the provided areas of steel
are within the limits prescribed in ACI 21.5.2.1 for maximum and minimum
reinforcement.
The selected reinforcement satisfies ACI 7.6.1 and 3.3.2 (minimum spacing for concrete
placement), ACI 7.7.1 (minimum cover for protection of reinforcement) and ACI 10.6
(maximum spacing for control of flexural cracking). See Tables 4.7 and 4.8 for minimum
and maximum number of reinforcing bars permitted in a single layer.
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Table 6.9 Required Flexural Reinforcement for Beam on Line 5 between A and B at
First Floor Level

Support
Midspan
*

As, min =

=

3 fc′ bw d

fy

A

s, max

=

=ρ

Reinforcement

2

(in. )
1.87
1.87
1.87

3 4,000 × 22 × 25.5

fy
200 bw d

As *

Mu
(ft-kips)
-174.3
69.4
60.4

Location

3-No. 8
3-No. 8
3-No. 8

= 1.77 in.

φMn
(ft-kips)
261.8
261.8
261.8

2

60,000

ACI 10.5.1
=

200 × 22 × 25.5

2

= 1.87 in. (governs)

60,000
2

b d = 0.025 × 22 × 25.5 = 14.03 in.
max w

ACI 21.5.2.1

2

For SI: 1 square inch = 645.16 mm .

ACI 21.5.2.2 requires that the positive moment strength at the face of a joint be greater
than or equal to 50 percent of the negative moment strength at that location (see
Figure 6.2). This is satisfied, since 261.8 ft-kips > 261.8/2 = 130.9 ft-kips. Also, the
negative or positive moment strength at any section of the beam must be greater than or
equal to 25 percent of the maximum moment strength provided at the face of either joint.
Twenty-five percent of the maximum moment strength in this case is equal to 261.8/4 =
65.5 ft-kips. Providing at least two No. 8 bars ሺ߶ܯ ൌ ͳǤͺǦሻ along the length of
the beam satisfies this provision.
Where reinforcing bars extend through an interior joint, the column dimension parallel to
the beam reinforcement must be at least 20 times the diameter of the largest longitudinal
bar for normal weight concrete (ACI 21.7.2.3). The minimum required column dimension
ൌ ʹͲ ൈ ͳǤͲͲ ൌ ʹͲǤͲǤ, which is less than the 28.0-inch column width that is provided.
Shear Design
Shear requirements for beams in special moment frames are given in ACI 21.5.4. The
method of determining design shear forces in beams in special moment frames takes into
consideration the likelihood of plastic hinges forming at regions near the supports. Shear
forces are determined assuming simultaneous hinging at the beam supports. To properly
confine the concrete and to maintain lateral support of the longitudinal bars in regions
where yielding is expected, the transverse reinforcement requirements of ACI 21.5.3
must also be satisfied.
Shear forces are computed from statics assuming that moments of opposite sign
corresponding to the probable flexural strength, ܯ , act at the joint faces and that the
member is loaded with tributary factored gravity load along its span. Sidesway to the
right and to the left must be considered when calculating the maximum design shear
forces.
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The probable flexural strength, ܯ , for a section is determined using the stress in the
tensile reinforcement equal to ͳǤʹͷ݂௬ and a strength reduction factor, ߶, equal to 1.0 (see
Figure 6.6). In this example, the positive and negative values of ܯ are the same:
ܯ ൌ ሺ͵ ൈ ͲǤͻሻሺͳǤʹͷ ൈ Ͳሻ ʹͷǤͷ െ

ሺ͵ ൈ ͲǤͻሻሺͳǤʹͷ ൈ Ͳሻ
൨ Ȁͳʹ ൌ ͵ͲǤͳǦ
ʹ ൈ ͲǤͺͷ ൈ Ͷ ൈ ʹʹ

The largest shear force including factored gravity effects and the effects from ܯ is
depicted in Figure 6.30 for sidesway to the right.12 Sidesway to the left yields the same
maximum shear force due to the symmetric distribution of the longitudinal reinforcement
in the beam. The maximum shear force of 67.1 kips is greater than the maximum shear
force obtained from the structural analysis, which is equal to 44.6 kips (see Table 6.8).
3.1 kips/ft
ା
ܯ
ൌ ͵ͲǤͳ ft-kips

ି
ൌ ͵ͲǤͳǦ
ܯ

19′-8″
6.1 kips

67.1 kips

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.30 Design Shear Forces for Beam on Line 5 between A and B at First Floor
Level

The nominal shear strength provided by the concrete, ܸ , must be taken as zero when the
earthquake-induced shear force is greater than or equal to 50 percent of the total shear
force and the factored axial compressive force including earthquake effects is less than
ܣ ݂ᇱ ʹͲ (ACI 21.5.4.2). The beam in this example carries negligible axial forces and the
maximum earthquake-induced shear force at the face of the support is equal to ʹ ൈ
͵ͲǤͳȀͳͻǤ ൌ ͵Ǥ, which greater than ͲǤͷ ൈ Ǥͳ ൌ ͵͵Ǥ. Thus, ܸ ൌ Ͳ.
The maximum shear force, ܸ௦ , is
ܸ௦ ൌ

ܸ௨
Ǥͳ
െ ܸ ൌ
െ Ͳ ൌ ͺͻǤͷ
ͲǤͷ
߶

where the strength reduction factor was taken as 0.75 in accordance with ACI 9.3.4.
According to ACI 11.4.7.9, shear strength contributed by shear reinforcement, ܸ௦ , shall
not exceed ͺඥ݂ᇱ ܾ௪ ݀ ൌ ʹͺ͵Ǥͻ, which is satisfied in this case. Also, ܸ௦ is less than
Ͷඥ݂ᇱ ܾ௪ ݀ ൌ ͳͶʹǤͲ.
12

The factored gravity load on the beam is an equivalent uniformly distributed load based on a finite
element analysis of the floor system.
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Required spacing, s, of No. 4 hoops for a factored shear force of 89.5 kips is determined
by ACI Equation (11-15):
ݏൌ

ܣ௩ ݂௬௧ ݀ ሺ͵ ൈ ͲǤʹሻ ൈ Ͳ ൈ ʹͷǤͷ
ൌ
ൌ ͳͲǤ͵Ǥ
ͺͻǤͷ
ܸ௦

Note that three hoop legs are required for support of the longitudinal bars in order to
satisfy the requirements of ACI 21.5.3.3.
Maximum allowable hoop spacing within a distance of ʹ݄ ൌ ͷǤͲǤ from the face of the
support at each end of the member is the smallest of the following (ACI 21.5.3.2):
•

݀ȀͶ ൌ ʹͷǤͷȀͶ ൌ ǤͶǤ (governs)

•

8(diameter of smallest longitudinal bar) ൌ ͺ ൈ ͳǤͲ ൌ ͺǤͲǤ

•

24(diameter of hoop bar) ൌ ʹͶ ൈ ͲǤͷ ൌ ͳʹǤͲǤ

•

12 in.

Use 10 No. 4 hoops with three legs at each end of the beam spaced at 6 inches on center
with the first hoop located 2 inches from the face of the support (ACI 21.5.3.2).
Where hoops are no longer required, stirrups with seismic hooks at both ends may be
used (ACI 21.5.3.4). At a distance of 56 inches from the face of the support, ܸ௨ ൌ
ͷʹǤ and shear strength contributed by shear reinforcement is13
ܸ௦ ൌ

ܸ௨
ͷʹǤ ʹξͶͲͲͲ ൈ ʹʹ ൈ ʹͷǤͷ
െ ܸ ൌ
െ
൏Ͳ
ͳͲͲͲ
ͲǤͷ
߶

The maximum allowable spacing of the stirrups is ݀Ȁʹ ൌ ͳʹǤͷǤ (ACI 21.5.3.4). A 12inch spacing, starting at 56 inches from the face of the support, is sufficient for the
remaining portion of the beam. Two stirrup legs are provided, since confinement of the
longitudinal bars in accordance with ACI 21.5.3.3 must be satisfied only where hoops are
required.
The provided shear reinforcement also satisfies the minimum shear requirements of
ACI 11.4.6.3.

Reinforcing Bar Cutoff Points
The negative reinforcement at the supports is three No. 8 bars. The location where one of
the three bars can be terminated will be determined.

13

At this location, the nominal strength provided by the concrete, ܸ , may be used.
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The load combination that is used to determine the cutoff point of the one No. 8 bar is 0.7
times the dead load in combination with the probable flexural strengths, ܯ , at the ends
of the member, since this combination produces the longest bar lengths. The design
flexural strength, ߶ܯ , provided by two No. 8 bars is 176.8 ft-kips. Therefore, the one
No. 8 bar can be terminated after the required moment strength, ܯ௨ , has been reduced to
176.8 ft-kips.
The distance, x, from the support to the location where the moment is equal to 176.8 ftkips can readily be determined by summing moments about section a-a in Figure 6.31:
ͳǤ͵ͷ ݔଶ
െ ͶͻǤͻ ݔ ͵ͲǤͳ െ ͳǤͺ ൌ Ͳ
ʹ

1.35 kips/ft

a

ା
ܯ
ൌ ͵ͲǤͳ ft-kips

ି
ൌ ͵ͲǤͳ Ǧ
ܯ

x

19′-8″
23.4 kips

a

49.9 kips

Figure 6.31 Cutoff Location of Negative Reinforcement

Solving for x gives a distance of 3.9 feet from the face of the support.
The one No. 8 bar must extend a distance ݀ ൌ ʹͷǤͷǤ (governs) or ͳʹ݀ ൌ ͳʹǤ
beyond the distance x (ACI 12.10.3). Thus, from the face of the support, the total bar
length must be at least equal to ͵Ǥͻ  ሺʹͷǤͷȀͳʹሻ ൌ ǤͲǤ
Also, the bars must extend a full development length, κௗ , beyond the face of the support
(ACI 12.10.4), which is determined by ACI Equation (12-1):

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀
where ߰௧ ൌ ϐ    ൌͳǤ͵
κௗ ൌ ൮

߰ ൌ ϐ    ൌͳǤͲfor uncoated bars
߰௦ ൌ ϐ   ൌͳǤͲǤͺ
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ߣ ൌ ϐ    ൌͳǤͲ
concrete
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͲ
ൌ ʹǤͷǤሺሻ
ʹ

ʹʹ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͲ
ൌ ͶǤʹͷǤ
ʹൈʹ

ܭ௧ ൌ transverse reinforcement index
ൌ

ͶͲܣ௧ ͶͲ ൈ ͵ ൈ ͲǤʹ
ൌ
ൌ ͳǤ͵
ൈ͵
݊ݏ

ܿ  ܭ௧ ʹǤͷ  ͳǤ͵
ൌ
ൌ ͵Ǥͺ  ʹǤͷǡʹǤͷ
ͳǤͲ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤ͵ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͲ ൌ ͵ǤͲǤ ൌ ͵Ǥͳ ൏ ǤͲ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

Thus, the total required length of the one No. 8 bars must be at least 6.0 feet beyond the
face of the support.
Flexural reinforcement shall not be terminated in a tension zone unless one or more of the
conditions of ACI 12.10.5 are satisfied. In this case, the point of inflection is
approximately 11.6 feet from the face of the support, which is greater than 6.0 feet. Thus,
the No. 8 bar cannot be terminated here unless one of the conditions of ACI 12.10.5 is
satisfied. In this case, check if the factored shear force, ܸ௨ , at the cutoff point does not
exceed ʹ߶ܸ Ȁ͵ (ACI 12.10.5.1). With No. 4 stirrups at 12 inches on center that are
provided in this region of the beam, ߶ܸ is determined by ACI Equations. (11-1) and (112):
߶ܸ ൌ ߶ሺܸ  ܸ௦ ሻ ൌ ͲǤͷ ቆ

ʹξͶͲͲͲ ൈ ʹʹ ൈ ʹͷǤͷ ͲǤͶ ൈ Ͳ ൈ ʹͷǤͷ

ቇ ൌ ͻͳǤͷ
ͳͲͲͲ
ͳʹ

At 6.0 feet from the face of the support, ܸ௨ ൌ ͶͳǤͺ, which is less than ʹ ൈ ͻͳǤͷȀ͵ ൌ
ͳǤͲ. Therefore, the one No. 8 bar can be terminated at 6.0 feet from the face of the
support.
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Flexural Reinforcement Splices
Lap splices of flexural reinforcement must not be placed within a joint, within a distance
2h from the face of the joint, or at locations where analysis indicates flexural yielding due
to inelastic lateral displacements of the frame (ACI 21.5.2.3). Lap splices must be
confined by hoops or spiral reinforcement along the entire lap length, and the maximum
spacing of the transverse reinforcement is the smaller of ݀ȀͶ or 4 inches. In lieu of lap
splices, mechanical and welded splices conforming to ACI 21.1.6 and 21.1.7,
respectively, may be used (ACI 21.5.2.4).
Lap splices are determined for the No. 8 bottom bars. Since all of the bars are to be
spliced within the required length, a Class B splice must be used (ACI 12.15.1, 12.15.2):
  ൌ ͳǤ͵κௗ
The development length, κௗ , is determined by ACI Equation (12-1):

κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀

where ߰௧ ൌ ϐ    ൌͳǤͲ
bars
߰ ൌ ϐ    ൌͳǤͲfor uncoated bars
߰௦ ൌ ϐ   ൌͳǤͲǤͺ
ߣ ൌ ϐ    ൌͳǤͲ
concrete
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͲ
ൌ ʹǤͷǤሺሻ
ʹ

ʹʹ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͲ
ൌ ͶǤʹͷǤ
ʹൈʹ

ܭ௧ ൌ transverse reinforcement index
ͶͲܣ௧ ͶͲ ൈ ʹ ൈ ͲǤʹ
ൌ
ൌ
ൌ ͳǤ͵
Ͷൈ͵
݊ݏ
ܿ  ܭ௧ ʹǤͷ  ͳǤ͵
ൌ
ൌ ͵Ǥͺ  ʹǤͷǡʹǤͷ
ͳǤͲ
݀
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Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͲ ൌ ʹͺǤͷǤ ൌ ʹǤͶ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

Class B splice length ൌ ͳǤ͵ ൈ ʹǤͶ ൌ ͵Ǥͳ
Use a 3 foot, 4 inch. splice length with No. 4 hoops spaced at 4 inches.
Figure 6.32 shows the reinforcement details for this beam.

2′-4″

2′-4″

1-No. 8

6′-0″

2-No. 8

1-No. 8

2′-4″

3′-4″

3-No. 8

11-No. 4 hoops @ 4″

2″

No. 4 stirrups
@ 12″

No. 4 stirrups
@ 12″

10-No. 4 hoops @ 6″

19′-8″

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.32 Reinforcement Details for Beam on Line 5 between A and B at First Floor
Level

Part 2: Design column B5
Design for Axial Force and Bending
A summary of the design axial forces, bending moments, and shear forces on column B5
for gravity and seismic loads is given in Table 6.10.
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It was shown in Part 1 of this example that ߩ ൌ ͳǤͲǤ
Since one of the factored axial force exceeds ܣ ݂ᇱ ȀͳͲ ൌ ʹͺ ൈ ʹʹ ൈ ͶȀͳͲ ൌ ʹͶǤͶ,
the provisions of ACI 21.6 are applicable, and the following two criteria of ACI 21.6.1
must be satisfied:
•

Shortest cross-section dimension ൌ ʹʹǤ  ͳʹǤǤǤ

•

Ratio of shortest cross-sectional dimension to the perpendicular dimension
ൌ ʹʹȀʹͺ ൌ ͲǤͺ  ͲǤͶǤǤ
Table 6.10 Summary of Axial Forces, Bending Moments and Shear Forces on
Column B5 Supporting the First Floor Level

Load Case
Dead (D)
Live (L)
Roof live (Lr)

Axial
Force
(kips)

Bending
Moment
(ft-kips)

Shear
Force
(kips)

147.7

2.0

± 0.2

32.3

0.3

± 0.1

4.0

Seismic ( QE )

± 43.4

± 399.8

± 45.6

Load Combination
1.4D
1.2D + 1.6L + 0.5Lr

206.8
230.9

2.8
31.2

0.3
0.4

1.4D + 0.5L + QE

266.3

402.8

45.9

60.0

398.4

45.5

0.7D – QE

Based on the load combinations in Table 6.10, a 22-inch by 28-inch column
reinforced with 12 No. 8 bars ሺܣ௦௧ ൌ ͲǤͲͳͷܣ ሻ is adequate for column B5 supporting
the first floor level. The interaction diagram for this column is shown in Figure
6.33.14 The provided area of longitudinal reinforcement is within the allowable range
specified in ACI 21.6.3.1.

14

Slenderness effects in accordance with ACI 10.10 need not be considered in the design of this column.
Also, P-Delta effects in accordance with ASCE/SEI 12.8.7 need not be considered.
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Figure 6.33 Design and Nominal Strength Interaction Diagrams for Column B5

In accordance with ACI 7.6.3, the distance between longitudinal bars must be greater
than or equal to ͳǤͷ݀ ൌ ͳǤͷ ൈ ͳǤͲ ൌ ͳǤͷ. In this case, the clear distance in the
direction of analysis is equal to
ʹͺ െ ʹ ቀͳǤͷ  ͲǤͷ 
Ͷ

ͳǤͲ
ቁ
ʹ െ ͳǤͲ ൌ ͶǤͷǤ  ͳǤͷǤǤǤ

This provision is also satisfied in the perpendicular direction.
Minimum Flexural Strength of Columns
ACI 21.6.2 requires that the sum of flexural strengths of columns at a joint must be
greater than or equal to 6/5 times the sum of flexural strengths of beams framing into that
joint. Only seismic load combinations need to be considered when checking the relative
strengths of columns and girders.
The nominal flexural strength of the beam framing into the column must include the slab
reinforcement within an effective slab width equal to the smallest of the following in
accordance with ACI 8.12.3 (ACI 21.6.2.2):
•

ሺȀͳʹሻ  ܾ௪ ൌ ሺʹʹ ൈ ͳʹȀͳʹሻ  ʹʹ ൌ ͶͶǤͲǤ (governs)
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•

݄௦  ܾ௪ ൌ ሺ ൈ ͻሻ  ʹʹ ൌ ǤͲǤ

•

ሺ Ȁʹሻ  ܾ௪ ൌ ሺͳǤͳ ൈ ͳʹȀʹሻ  ʹʹ ൌ ͳͳͻǤͲǤ

The minimum required area of steel in the 44-inch width is equal to ͲǤͲͲͳͺ ൈ ͶͶ ൈ ͻ ൌ
ͲǤͳǤଶ , which corresponds to five No 4 bars at ͶͶȀͶ ൌ ͳͳǤͲǤ spacing. This spacing
is less than the maximum bar spacing of 18.0 inches. Provide No. 4 @ 11 inches at both
the top and bottom of the section.
A strain compatibility analysis of the 22-inch by 28-inch beam reinforced with three No.
8 bars with a 9-inch by 44-inch effective slab reinforced with No. 4 @ 11 inches at both
ି
ൌ
the top and bottom of the section yields a negative nominal flexural strength ܯ
15
ͷͲʹǤͲǦ at the face of the joint. Also, the positive nominal flexural strength
ା
ൌ ͵ͶͻǤͲǦ.
ܯ
Thus, σ ܯ ൌ ͷͲʹǤͲ  ͵ͶͻǤͲ ൌ ͺͷͳǤͲǦ.
Column flexural strength is determined for the factored axial force resulting in the lowest
flexural strength, consistent with the direction of lateral forces considered. For the upper
end of the lower column framing into the joint (i.e., the column supporting floor level 1),
the minimum ܯ ൌ ͷͻǤͻǦ, which corresponds to ܲ௨ ൌ ͲǤͲ (see Table 6.10
and Figure 6.33). Similarly, for the lower end of the upper column framing into the joint
(i.e., the column supporting floor level 2), ܯ ൌ ͷͺͶǤʹǦ, which corresponds to
ܲ௨ ൌ ሺͲǤ ൈ ͻǤͳሻ െ ʹͷǤͷ ൌ ͶʹǤͷ. Therefore, σ ܯ ൌ ͷͻǤͻ  ͷͺͶǤʹ ൌ
ͳͳͺʹǤͳǦ.
Check ACI Equation (21-1):
σ ܯ ൌ ͳͳͺʹǤͳǦ  ሺȀͷሻ σ ܯ ൌ  ൈ ͺͷͳǤͲȀͷ ൌ ͳͲʹͳǤʹǦ O.K.
Shear Strength
Special transverse reinforcement for confinement is required over a distance of κ from
each joint face at both column ends where κ is the largest of (ACI 21.6.4.1):

15

•

Clear span/6 ൌ ሺͳʹ െ ʹǤ͵͵ሻ ൈ ͳʹȀ ൌ ͳͻǤ͵Ǥ

•

Maximum cross-sectional dimension of the column ൌ ʹͺǤ (governs)

•

18 inches

ି
The negative nominal flexural strength ܯ
ൌ ʹͳǤͺȀͲǤͻ ൌ ʹͻͲǤͻǦ when the effective slab is not
considered (see Table 6.9).
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Transverse reinforcement within the distance, κ , shall not be spaced greater than the
smallest of (ACI 21.6.4.3):
• Minimum member dimension/4 ൌ ʹʹȀͶ ൌ ͷǤͷǤ
•

6(diameter of smallest longitudinal bar) ൌ  ൈ ͳǤͲ ൌ ǤͲǤ

•

ݏ ൌ Ͷ  ሺሺͳͶ െ ̴݄ݔሻȀ͵ሻ ൌ Ͷ  ሺሺͳͶ െ ͳͲǤͲሻȀ͵ሻ ൌ ͷǤ͵݅݊Ǥሺ݃ݏ݊ݎ݁ݒሻ

where
݄௫ ൌ maximum spacing of hoop or crosstie legs on all faces of the 22-inch by 28-inch
column
ൌ

ʹʹ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͲ
 ͳǤͲ  ͲǤͷ ൌ ͳͲǤͲǤ
ʹ

and assuming No. 4 rectangular hoops with crossties around every longitudinal bar.
Minimum required cross-sectional area of rectangular hoop reinforcement, ܣ௦ , is the
largest value obtained from ACI Equations (21-4) and (21-5):
ܣ௦ ൌ ͲǤ͵ ቆ

ܣ
ܾݏ ݂ᇱ
ቇ ൬ ൰ െ ͳ൨
݂௬௧
ܣ

ܣ௦ ൌ ͲǤͲͻ ቆ

ܾݏ ݂ᇱ
ቇ
݂௬௧

where ܾ ൌ cross-sectional dimension of column core measured to the outside edges of
the transverse reinforcement composing area, ܣ௦
ܣ ൌ cross-sectional area of column core measured to the outside edges of the
transverse reinforcement
In the N-S direction: ܾ ൌ ʹʹ െ ሺʹ ൈ ͳǤͷሻ ൌ ͳͻǤͲǤ
In the E-W direction: ܾ ൌ ʹͺ െ ሺʹ ൈ ͳǤͷሻ ൌ ʹͷǤͲǤ
Thus, ܣ ൌ ͳͻǤͲ ൈ ʹͷǤͲ ൌ ͶͷǤͲǤʹ
Minimum transverse reinforcement in the N-S direction:
ܣ௦ ൌ ͲǤ͵ ൬

ʹʹ ൈ ʹͺ
ͷ ൈ ͳͻǤͲ ൈ Ͷ
൰ ൬
൰ െ ͳ൨  ൌ ͲǤͷǤʹ
ͶͷǤͲ
Ͳ
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ͷ ൈ ͳͻǤͲ ൈ Ͷ
൰ ൌ ͲǤͷǤʹ ሺሻ
Ͳ
In the N-S direction, use No. 4 hoops with one crosstie spaced at 5.0 inches (ܣ௦ ൌ
ͲǤͲǤʹ ).

ܣ௦ ൌ ͲǤͲͻ ൬

Minimum transverse reinforcement in the E-W direction:
ܣ௦ ൌ ͲǤ͵ ൬

ʹʹ ൈ ʹͺ
ͷ ൈ ʹͷǤͲ ൈ Ͷ
൰ ൬
൰ െ ͳ൨  ൌ ͲǤͶǤʹ
ͶͷǤͲ
Ͳ

ܣ௦ ൌ ͲǤͲͻ ൬

ͷ ൈ ʹͷǤͲ ൈ Ͷ
൰ ൌ ͲǤͷǤʹ ሺሻ
Ͳ

In the E-W direction, use No. 4 hoops with three crossties spaced at 5.0 in. (ܣ௦ ൌ
ͳǤͲͲǤʹ ).
Shear forces are computed from statics assuming that moments of opposite sign act at the
joint faces corresponding to the probable flexural strengths, ܯ , associated with the
range of factored axial loads on the column (ACI 21.6.5.1).
For columns in the first story, it is possible to develop the probable flexural strength of
the column at its base. At the top of a first floor column, probable flexural strengths of
the beams framing into the joint will usually control. Thus, for a first story column, shear
forces are computed based on the probable flexural strength of the column at the base and
the probable flexural strengths of the beams at the top. Also, the design shear force must
not be taken less than that determined from the structural analysis. Sidesway to the right
and to the left must be considered when calculating the maximum design shear forces.
The design strength interaction diagram for this column with ݂௬ ൌ ͷ and ߶ ൌ ͳǤͲ is
shown in Figure 6.34. At the base of the column, the largest ܯ is equal to 828.2 ft-kips,
which corresponds to an axial load equal to 266.3 kips (see Table 6.10).
At the top of the column, the positive and negative probable flexural strengths of the
beam framing into the joint are equal to 360.1 ft-kips (see Figure 6.31). The moment
transferred to the top of the column ൌ ሺʹ ൈ ͵ͲǤͳሻȀʹ ൌ ͵ͲǤͳǦ, which is less than
828.2 ft-kips.
The maximum shear force is
ܸ௨ ൌ

ͺʹͺǤʹ  ͵ͲǤͳ
ൌ ͳʹʹǤͻ
ͳʹ െ ሺʹͺȀͳʹሻ

which is greater than the maximum shear force of 45.9 kips obtained from the structural
analysis (see Table 6.10).
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Figure 6.34 Design and Nominal Strength Interaction Diagrams for Column B5 with
݂௬ ൌ ͷ ksi and ߶ ൌ ͳǤͲ

When determining the nominal shear strength of the column, the shear strength of the
concrete, ܸ , must be set equal to zero, since one of the factored axial forces including
earthquake effects is less than ܣ ݂ᇱ ȀʹͲ ൌ ͳʹ͵Ǥʹ (ACI 21.6.5.2).
Determine the required spacing of transverse reinforcement by ACI Equation (11-15):
ݏൌ

ܣ௩ ݂௬ ݀
ሺ͵ ൈ ͲǤʹሻ ൈ Ͳ ൈ ʹͷǤͷ
ൌ
ൌ ͷǤǤ
ܸ௨
ͳʹʹǤͻ
െ ܸ
െͲ
߶
ͲǤͷ

Thus, the No. 4 hoops at 5.0 inches at the columns ends over the distance, κ , are also
adequate for shear.
The remainder of the column must contain hoop reinforcement with spacing less than or
equal to the larger of 6 times the diameter of the longitudinal bars ൌ ǤͲǤ or 6 inches
(ACI 21.6.4.5). For simpler detailing, use a 5-inch spacing over the entire column length.
Splice Length of Longitudinal Reinforcement
Lap splices in columns of special moment frames are permitted only within the center
half of the member and must be designed as tension lap splices (ACI 21.6.3.2). Such
splices must be confined over the entire lap length with transverse reinforcement
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conforming to ACI 21.6.4.2 and 21.6.4.3. In lieu of lap splices, mechanical splices
conforming to ACI 21.1.6 and welded splices conforming to ACI 21.1.7 may be utilized.
Since all of the bars are to be spliced at the same location, a Class B splice is required
(ACI 12.15.1, 12.15.2).
Determine the development length in tension by ACI Eq. (12-1):

κௗ ൌ ൮

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀
ߣൌ

where

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for bars other
than top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͳǤͲ for No. 8 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͲ
ൌ ʹǤͷǤሺሻ
ʹ

ʹʹ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͲ
ൌ ͶǤʹͷǤ
ʹൈʹ

ܭ௧ ൌ transverse reinforcement index
ൌ

ͶͲܣ௧ ͶͲ ൈ ͵ ൈ ͲǤʹ
ൌ
ൌ ͳǤ
ͷൈ͵
݊ݏ

ܿ  ܭ௧ ʹǤͷ  ͳǤ
ൌ
ൌ ͶǤͳ  ʹǤͷǡʹǤͷ
ͳǤͲ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͲ ൌ ʹͺǤͷǤ ൌ ʹǤͶ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

Class B splice length ൌ ͳǤ͵κௗ ൌ ͵Ǥͳ
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Use a 3 foot, 4 inch splice length.
Reinforcement details for column B5 are given in Figure 6.35.

1st Floor
0′-9″ 2′-4″

1′-10″
12-No. 8

No. 4 hoops @ 0′-5″

A

A
2′-4″

Other reinforcement not
shown for clarity

3′-4″

1½″ (typ.)

Section A-A

3′-2″
Ground

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.35 Reinforcement Details for Column B5 Supporting the First-Floor Level

Part 3: Check the beam-column joint strengths at A5 and B5
Exterior Joint A5
Since this joint is not confined on all four sides, the transverse reinforcement at the
column ends is provided through the joint (ACI 21.7.3.2).
Figure 6.36 shows the exterior joint at level 1. The shear force at section x-x is
determined by subtracting the column shear force from the tensile force in the top beam
reinforcement assuming that the stress in the reinforcement is equal to ͳǤʹͷ݂௬
(ACI 21.7.2.1).
Since the lengths of the column above and below the joint are equal, moments, ܯ௨ , in the
columns above and below the joint are equal to one-half of the negative probable flexural
strength of the beam ൌ ͵ͲǤͳȀʹ ൌ ͳͺͲǤͳǦǤ Thus, the shear force, ܸ , in the column
at the top of the joint is:
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ʹܯ௨ ʹ ൈ ͳͺͲǤͳ
ൌ
ൌ ͵Ǥ͵
ʹͺ
κ
ͳʹ െ
ͳʹ
ି
ܯ௨ ൌ ܯ
Ȁʹ ൌ ͳͺͲǤͳ Ǧ

ܸ ൌ ʹܯ௨ Ȁκ ൌ ሺʹ ൈ ͳͺͲǤͳሻȀͻǤ ൌ ͵Ǥ͵
͵ǦǤͺ
ܶଵ ൌ ͳǤʹͷିܣ
௦ ݂௬ ൌ ͳǤͺ 
x

ି
ܯ
ൌ ͵ͲǤͳ Ǧ

x

ܥଵ ൌ ܶଵ
͵ǦǤͺ
ܸ ൌ ሺͺʹͺǤʹ  ͳͺͲǤͳሻȀͻǤ ൌ ͳͲͶǤ͵ 
ି
ܯ௨ ൌ ܯ
Ȁʹ ൌ ͳͺͲǤͳ Ǧ

Figure 6.36 Shear Analysis of the Joint at A5

Assuming that the probable flexural strength of this corner column is the same as that of
the interior column, the shear force ܸ in the column at the bottom of the joint is:
ܸ ൌ

ܯ  ܯ௨ ͺʹͺǤͳ  ͳͺͲǤͳ
ൌ
ൌ ͳͲͶǤ͵
ʹͺ
κ
ͳʹ െ
ͳʹ

The largest net shear force at section x-x is ܶଵ െ ܸ ൌ ͳǤͺ െ ͵Ǥ͵ ൌ ͳͶͲǤͷǤ
For a joint confined on one face, the design shear strength is determined in accordance
with ACI 21.7.4.1:
߶ܸ ൌ ߶ͳʹඥ݂ᇱ ܣ
ൌ ͲǤͺͷ ൈ ͳʹξͶͲͲͲ ൈ ሺʹʹ ൈ ʹͺሻȀͳͲͲͲ ൌ ͵ͻǤͶ  ͳͶͲǤͷǤǤ
Beam flexural reinforcement terminated in a column must extend to the far face of the
confined column core and must be anchored in tension and compression in accordance
with ACI 21.7.5 and ACI Chapter 12, respectively. The development length, κௗ , for a
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bar with a standard 90-degree hook in normal weight concrete is the largest of the
following (ACI 21.7.5.1):
•

8(diameter of beam longitudinal bar) ൌ ͺ ൈ ͳǤͲ ൌ ͺǤͲǤ

•

6 in.

•

݂௬ ݀ Ȁͷඥ݂ᇱ ൌ ሺͲǡͲͲͲ ൈ ͳǤͲሻȀͷξͶͲͲͲ ൌ ͳͶǤǤሺሻ

The required development length can be accommodated in the confined core of the 28inch column.
Reinforcement details of the exterior joint are shown in Figure 6.37.
2′-4″
No. 4 hoops and crossties @ 0′-5″
3-No. 8
Standard
hook (typ.)
2′-4″

3-No.8

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.37 Reinforcement Details of the Joint at A5

Interior Joint A5
Since this joint is not confined on all four sides, the transverse reinforcement at the
column ends is provided through the joint (ACI 21.7.3.2).
Figure 6.38 shows the interior joint at level 1. The shear force at section x-x is determined
by subtracting the column shear force from the tensile force in the top beam
reinforcement assuming that the stress in the reinforcement is equal to ͳǤʹͷ݂௬ and the
compressive force at the top of the beam on the opposite face of the column
(ACI 21.7.2.1).
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Since the lengths of the column above and below the joint are equal, moments, ܯ௨ , in the
columns above and below the joint are equal to one-half of the summation of the negative
probable flexural strength and the positive probable flexural strength of the beams
ൌ ሺ͵ͲǤͳ  ͵ͲǤͳሻȀʹ ൌ ͵ͲǤͳǦǤ Thus, the shear force, ܸ , in the column at the top
of the joint is:
ܸ ൌ

ʹܯ௨ ʹ ൈ ͵ͲǤͳ
ൌ
ൌ ͶǤͷ
ʹͺ
κ
ͳʹ െ
ͳʹ
ି
ା
ܯ௨ ൌ ሺܯ
 ܯ
ሻȀʹ ൌ ͵ͲǤͳǦ

ܸ ൌ ʹܯ௨ Ȁκ ൌ ሺʹ ൈ ͵ͲǤͳሻȀͻǤ ൌ ͶǤͷ 
͵ǦǤͺ
ܥଶ ൌ ܶଶ
ା
ൌ ͵ͲǤͳǦ
ܯ

ܶଵ ൌ ͳǤʹͷିܣ
௦ ݂௬ ൌ ͳǤͺ
x

ି
ܯ
ൌ ͵ͲǤͳǦ

x

ܶଶ ൌ ͳǤʹͷܣା
௦ ݂௬ ൌ ͳǤͺ

ܥଵ ൌ ܶଵ
͵ǦǤͺ
ܸ ൌ ሺͺʹͺǤʹ  ͵ͲǤͳሻȀͻǤ ൌ ͳʹʹǤͻ
ି
ା
ܯ௨ ൌ ሺܯ
 ܯ
ሻȀʹ ൌ ͵ͲǤͳǦ

Figure 6.38 Shear Analysis of the Joint at B5

Using the probable flexural strength of the column, the shear force, ܸ , in the column at
the bottom of the joint is:
ܸ ൌ

ܯ  ܯ௨ ͺʹͺǤͳ  ͵ͲǤͳ
ൌ
ൌ ͳʹʹǤͻ
ʹͺ
κ
ͳʹ െ
ͳʹ

The largest net shear force at section x-x is ܶଵ  ܥଶ െ ܸ ൌ ͳǤͺ  ͳǤͺ െ ͶǤͷ ൌ
ʹͺͳǤͳǤ
For a joint confined on two opposite face, the design shear strength is determined in
accordance with ACI 21.7.4.1:
߶ܸ ൌ ߶ͳͷඥ݂ᇱ ܣ
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ൌ ͲǤͺͷ ൈ ͳͷξͶͲͲͲ ൈ ሺʹʹ ൈ ʹͺሻȀͳͲͲͲ ൌ ͶͻǤ  ʹͺͳǤͳǤǤ
Reinforcement details of the interior joint are shown in Figure 6.39.
2′-4″

No. 4 hoops and crossties @ 5″
3-No. 8
2′-4″

3-No. 8

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.39 Reinforcement Details of the Joint at B5

Part 4: Design the special structural wall on line C
A summary of the governing design axial forces, bending moments, and shear forces is
given in Table 6.11 at the base of the structural wall on line C.
Table 6.10 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Structural Wall on Line C
Load Case
Dead (D)

Axial
Force
(kips)

Bending
Moment
(ft-kips)

Shear
Force
(kips)

375

0

0

Live (L)

49

0

0

Roof live (Lr)

12

0

0

Seismic (QE)

0

± 9,660

± 356

525
534
550
263

0
0
12,558
-12,558

0
0
463
-463

Load Combination
1.4D
1.2D + 1.6L + 0.5Lr
1.4D + 0.5L + 1.3QE
0.7D – 1.3QE
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The redundancy factor, ߩ, is equal to 1.3 for structures assigned to SDC D and above
unless one of the two conditions in ASCE/SEI 12.3.4.2 are met. In the east-west
direction, the story to length ratio of a wall is equal to ͳʹȀͳͻǤͺ͵ ൌ ͲǤ ൏ ͳǤͲ, so there is
no requirement that needs to be met under the condition of ASCE/SEI 12.3.4.2(a).
However, the walls are not located at the perimeter of the building, so the condition of
ASCE/SEI 12.3.4.2(b) is not met. Therefore, in the east-west direction, ߩ ൌ ͳǤ͵Ǥ
Shear Design
Special structural walls must be provided with reinforcement in two orthogonal directions
in the plane of the wall in accordance with ACI 21.9.2.
The minimum web reinforcement ratio is 0.0025 unless the design shear force is less than
or equal to ܣ௩ ߣඥ݂ᇱ where ܣ௩ is the gross area of concrete bounded by the web
thickness and the length of the wall in the direction of the shear force. In such cases,
minimum reinforcement in accordance with ACI 14.3 must be provided. In this example,
ܣ௩ ߣඥ݂ᇱ ൌ ሺͳͲ ൈ ͳͻǤ ൈ ͳʹሻξͶͲͲͲȀͳͲͲͲ ൌ ͳͶͻ ൏ ܸ௨ ൌ Ͷ͵
Therefore, the required minimum reinforcement ratio is 0.0025.
Since ܸ௨ ൌ Ͷ͵  ʹܣ௩ ߣඥ݂ᇱ ൌ ʹͻͺ, two curtains of reinforcement must be
provided (ACI 21.9.2.2).
Minimum required area of steel per foot of wall for the horizontal and vertical
reinforcement ൌ ͲǤͲͲʹͷ ൈ ͳͲ ൈ ͳʹ ൌ ͲǤ͵ͲǤʹ Try two layers of No. 4 bars @ 14 in.
(ܣ௦ ൌ ͲǤ͵ͶǤʹ Ȁ) in both directions.
The nominal shear strength of structural walls is determined by ACI Equation (21-7):
ܸ ൌ ܣ௩ ሺߙ ߣඥ݂ᇱ  ߩ௧ ݂௬ ሻ
where ߙ ൌ ʹǤͶ for ݄௪ Ȁκ௪ ൌ ͵ȀͳͻǤ ൌ ͳǤͺ (ACI 21.9.4.1).
For two curtains of No. 4 horizontal bars spaced at 14 inches, ߩ௧ ൌ ሺʹ ൈ ͲǤʹሻȀሺͳͲ ൈ
ͳͶሻ ൌ ͲǤͲͲʹͻ and
߶ܸ ൌ ͲǤͲ ൈ ሺͳͲ ൈ ͳͻǤ ൈ ͳʹሻ ൈ ሾʹǤͶξͶͲͲͲ  ሺͲǤͲͲʹͻ ൈ ͲǡͲͲͲሻሿȀͳͲͲͲ
ൌ Ͷͳ ൏ ܸ௨ ൌ Ͷ͵Ǥ Ǥ
where ߶ ൌ ͲǤͲ for low-rise walls (ACI 9.3.4(a)).
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Therefore, provide two curtains of No. 4 horizontal bars spaced at 12 inches (߶ܸ ൌ
Ͷͻͺሻ. Note that ܸ ൌ ͺ͵Ͳ is less than the upper limit on shear strength
ͺܣ௩ ඥ݂ᇱ ൌ ͺ ൈ ͳͶͻ ൌ ͳǡͳͻʹ (ACI 21.9.4.4).
Reinforcement ratio, ߩκ , for the vertical reinforcement must not be less than ߩ௧ where
݄௪ Ȁκ௪ ൏ ʹ (ACI 21.9.4.3). Since ݄௪ Ȁκ௪ ൌ ͳǤͺ, provide two curtains of No. 4 @ 12
inches vertical reinforcement in the web.
Design for Axial Force and Bending
The interaction diagram of the wall is shown in Figure 6.40. The 20-inch by 20-inch
columns at the ends of the wall are reinforced with 12 No. 8 bars and the web is
reinforced with two curtains of No. 4 bars @ 12 inches. As seen from the figure, the wall
is adequate for the load combinations in Table 6.10.

Figure 6.40 Design and Nominal Strength Interaction Diagrams for the Structural Wall
on Line C

Boundary Elements
The need for special boundary elements at the edges of the walls is evaluated in
accordance with ACI 21.9.6.2 or 21.9.6.3. The displacement-based approach of
ACI 21.9.6.2 is utilized for this low-rise wall, since the wall is essentially continuous
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over its entire height and it is designed at the base (one critical section) for flexure and
axial forces.
Compression zones are to be reinforced with special boundary elements where ACI
Equation (21-8) is satisfied:
κ௪
ǡߜ௨ Ȁ݄௪  ͲǤͲͲ
ܿ
ͲͲሺߜ௨ Ȁ݄௪ ሻ
In this example, κ௪ ൌ ʹ͵Ǥǡ݄௪ ൌ Ͷ͵ʹǤǡand the displacement at the top of the wall
from the elastic analysis ߜ௫ ൌ ͲǤͳͺǤ By definition,
ߜ௨ ൌ ߜ௫ ൌ

ܥௗ ߜ௫ ͷ ൈ ͲǤͳͺ
ൌ
ൌ ͲǤͻͲǤ
ͳǤͲ
ܫ

where ߜ௫ is determined by ASCE/SEI Equation (12.8-15) and the deflection
amplification factor, ܥௗ , is given in ASCE/SEI Table 12.2-1.
Since ߜ௨ Ȁ݄௪ ൌ ͲǤͻͲȀͶ͵ʹ ൌ ͲǤͲͲʹ ൏ ͲǤͲͲ, use ߜ௨ Ȁ݄௪ ൌ ͲǤͲͲǤ
Therefore, special boundary elements are required if c is greater than or equal to ʹ͵Ȁ
ሺͲͲ ൈ ͲǤͲͲሻ ൌ ͷǤʹǤ
The distance, c, to be used in ACI Equation (21-8) is the largest neutral axis depth
calculated for the factored axial force and nominal moment strength consistent with the
design displacement,ߜ௨ . From a strain compatibility analysis of the wall section, the
largest c is equal to 21.0 inches, which corresponds to a factored axial force of 550 kips
and nominal moment strength of 19,587 ft-kips, which is less than 56.2 inches. Therefore,
special boundary elements are not required.
Where special boundary elements are not required by ACI 21.9.6.2, the provisions of
ACI 21.9.6.5 must be satisfied.
Boundary element transverse reinforcement satisfying the requirements of ACI 21.6.4.2
and 21.9.6.4(a) must be provided at the ends of the wall where longitudinal reinforcement
ratio at the wall boundary is greater than ͶͲͲΤ݂௬ . The reinforcement layout in this
example is similar to that shown in the top portion of ACI Figure R21.9.6.5, and the
longitudinal reinforcement ratio at the wall boundary is ሺͳʹ ൈ ͲǤͻሻȀሺʹͲ ൈ ʹͲሻ
ൌ ͲǤͲʹͶ  ͶͲͲȀͲǡͲͲͲ ൌ ͲǤͲͲ. Therefore, provide transverse reinforcement in the
columns that satisfy ACI 21.6.4.2 and 21.9.6.4(a).
The boundary element must extend a minimum distance of ܿ െ ͲǤͳκ௪ ൏ Ͳ or ܿȀʹ ൌ
ͳͲǤͷ Ǥ Provide No. 4 hoops and crossties spaced at 8 inches. in the columns.
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Splice Length of Reinforcement
ACI 21.9.2.3 requires that reinforcement in structural walls be developed or spliced for
the specified yield strength, ݂௬ , in accordance with ACI Chapter 12.
Class B splices are utilized for the vertical bars in the columns and in the web.
Mechanical connectors in accordance with ACI 21.1.6 or welded splices in accordance
with ACI 21.1.7 may be considered as an alternative to lap splices [ACI 21.9.2.3(d)].
At locations where yielding of the reinforcement is likely to occur due to lateral
displacements from the seismic forces, development lengths of longitudinal
reinforcement must be 1.25 times the values calculated by Chapter 12 [ACI 21.9.2.3(c)].
The anticipated plastic hinge length at the base of a wall is the larger of κ௪ ൌ ͳͻǤ
(governs) or ܯ௨ ȀͶܸ௨ ൌ ͳʹǡͷͷͺȀሺͶ ൈ Ͷ͵ሻ ൌ Ǥͺ. Therefore, the development lengths
of the longitudinal reinforcement must be ͳǤʹͷκௗ over approximately two of the three
stories of this building.
For the No. 8 vertical bars in the columns at the ends of the wall:

κௗ ൌ ൮

where

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀
ߣൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for bars other
than top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͳǤͲ for No. 8 bars
ܿ ൌ spacing or cover dimension
ൌ ͳǤͷ  ͲǤͷ 
ൌ

ͳǤͲ
ൌ ʹǤͷǤ
ʹ

ʹͲ െ ʹሺͳǤͷ  ͲǤͷሻ െ ͳǤͲ
ൌ ʹǤͷǤ
ʹൈ͵

ܭ௧ ൌ transverse reinforcement index
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ൌ

ͶͲܣ௧ ͶͲ ൈ ͵ ൈ ͲǤʹ
ൌ
ൌ ͲǤͷ
ͺൈͶ
݊ݏ

ܿ  ܭ௧ ʹǤͷ  ͲǤͷ
ൌ
ൌ ͵Ǥ͵  ʹǤͷǡʹǤͷ
ͳǤͲ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͳǤͲ
൰ ൈ ͳǤͲ ൌ ʹͺǤͷǤ ൌ ʹǤͶ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

In the plastic hinge zone, development length ൌ ͳǤʹͷ ൈ ʹǤͶ ൌ ͵ǤͲ
Class B splice length ൌ ͳǤ͵κௗ ൌ ͵Ǥͻ
Use a 4-foot splice length in the plastic hinge zone for the No. 8 vertical bars in the
columns. For simpler detailing, this splice length can be used over the entire height of the
building.
For the No. 4 vertical bars in the web of the wall:

κௗ ൌ ൮

where

͵ ݂௬ ߰௧ ߰ ߰௦
൲݀
ͶͲ ߣඥ݂ᇱ ቀܿ  ܭ௧ ቁ 
݀
ߣൌ

modification factor for lightweight concrete ൌ ͳǤͲ for normal weight
concrete

߰௧ ൌ modification factor for reinforcement location ൌ ͳǤͲ for bars other
than top bars
߰ ൌ modification factor for reinforcement coating ൌ ͳǤͲ for uncoated
reinforcement
߰௦ ൌ modification factor for reinforcement size ൌ ͲǤͺ for No. 4 bars
ܿ ൌ spacing or cover dimension
ൌ ͲǤͷ  ͲǤͷ 
ൌ

ͲǤͷ
ൌ ͳǤͷǤሺሻ
ʹ

ͳʹ
ൌ ǤͲǤ
ʹ

ܭ௧ ൌ transverse reinforcement index ൌ Ͳ
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ܿ  ܭ௧ ͳǤͷ  Ͳ
ൌ
ൌ ͵ǤͲ  ʹǤͷǡʹǤͷ
ͲǤͷ
݀
Therefore,
κௗ ൌ ൬

͵ ͲǡͲͲͲ ͳǤͲ ൈ ͳǤͲ ൈ ͲǤͺ
൰ ൈ ͲǤͷ ൌ ͳͳǤͶǤ ൏ ͳʹǤͲǤǡͳʹǤͲǤ
ʹǤͷ
ͶͲ ͳǤͲξͶͲͲͲ

In the plastic hinge zone, development length ൌ ͳǤʹͷ ൈ ͳǤͲ ൌ ͳǤʹͷ
Class B splice length ൌ ͳǤ͵κௗ ൌ ͳǤ
Use a 1 foot, 8 inch splice length in the plastic hinge zone for the No. 4 vertical bars in
the web. For simpler detailing, this splice length can be used over the entire height of the
building.
The splice length of the No. 4 horizontal bars in the web is 1 foot, 4 inches. Since
ܸ௨  ܣ௩ ߣඥ݂ᇱ , the No. 4 bars must have a standard hook that engages the No. 8 edge
reinforcement, or the No. 8 edge reinforcement must be enclosed in No. 4 U-stirrups
spaced at 12 inches that are spliced to the No. 4 horizontal bars in the web (ACI
21.9.6.5(b)). The first of the two options is provided in this example.
Reinforcement details for the structural wall along line C are shown in Figure 6.41.

1′-8″

12-No. 8

No. 4 ties and
crossties @ 8″
1′-8″
1½″ (typ.)

No. 4 @ 12″

¾″ (typ.)
0′-10″
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.41 Reinforcement Details for the Structural Wall on Line C
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Part 5: Check the adequacy of the elements that are not part of the seismic-forceresisting system
The deformation compatibility requirements of ASCE/SEI 12.12.4 must be satisfied for
structures assigned to SDC D and above. According to the exception in that section, the
requirements of ACI 21.13 apply to reinforced concrete members not designated as part
of the seismic-force-resisting system.
Frame Members Other Than the Two-way Slab without Beams
Frame members, except two-way slabs without beams, must be detailed according to
ACI 21.13.3 or 21.13.4 depending on the magnitude of the moments induced in those
members when subjected to the design displacement ߜ௨ ൌ ߜ௫ ൌ ܥௗ ߜ௫ Ȁܫ. The design
displacements, ߜ௨ , are obtained from the analysis considering the code-prescribed
seismic forces applied to only the elements of the seismic-force-resisting system.
In lieu of a more accurate analysis, the reactions, ܨெ , in the members that are not part of
the seismic-force-resisting system due to the earthquake-induced displacements, ߜ௫ , can
be determined by the following equation:16
ߜ௫
ܥௗ ߜ௫ Ȁ ܫᇱ
ߜ௫
ܨெ ൌ ܥௗ ൬ ᇱ ൰ ܨெᇱ ൌ ܥௗ ൬
൰ ܨெ ൌ ܥௗ ൬ ᇱ ൰ ܨெᇱ
ᇱ
ܥௗ ߜ௫ Ȁܫ
ߜ௫
ߜ௫
where ܨெᇱ ൌ    Ǧ   
 
ᇱ
ߜ௫
ൌ     Ǧ 
  

A three-dimensional analysis was performed on the entire structure subjected to the codeprescribed seismic forces in the north-south and east-west directions. The lateral
displacement results are summarized in Tables 6.12 and 6.13 for analyses in the northsouth and east-west directions, respectively.17
The forces on columns A3 and B3 in the first story are summarized in Tables 6.14 and
6.15, respectively, for seismic forces in the north-south and east-west directions.

16

This procedure is based on the method in Seismic Design Manual—Volume 1, Code Application
Examples, Structural Engineers Association of California, Sacramento, CA, 1999. In lieu of using this
approximate method, the forces in the members that are not part of the seismic-force-resisting system can
be obtained by analyzing the structure subjected to the design displacements, ߜ௫ , applied at each floor
level.
17
The maximum story drift occurs in the north-south direction and is equal to 3.58 inches, which is less
than the allowable story drift of ͲǤͲʹͷ ൈ ͳʹ ൈ ͳʹ ൌ ͵ǤͲǤ for structures, other than masonry shear
wall structures, four stories or less with interior walls, partitions, ceilings and exterior wall systems that
have been designed to accommodate the story drifts (see ASCE/SEI Table 12.12-1). The following
coefficients were applied to the gross moments of inertia in the analyses to account for cracking: 0.35 for
the beams, 0.70 for the columns and 0.35 for the structural walls.
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Table 6.12 Lateral Displacements / Drift (in.) Due to Seismic Forces in N-S Direction

Story

ࢾ࢞ࢋ

ࢾ࢞

ઢ

ࢾᇱ࢞ࢋ

ࢾ࢞ࢋ Ȁࢾᇱ࢞ࢋ

3
2
1

1.57
1.09
0.44

8.64
6.00
2.42

2.64
3.58
2.42

0.56
0.41
0.20

2.81
2.66
2.20

Table 6.13 Lateral Displacements / Drift (in.) Due to Seismic Forces in E-W Direction

Story

ࢾ࢞ࢋ

ࢾ࢞

ઢ

ࢾᇱ࢞ࢋ

ࢾ࢞ࢋ Ȁࢾᇱ࢞ࢋ

3
2
1

0.18
0.11
0.04

0.90
0.55
0.20

0.35
0.35
0.20

0.08
0.05
0.02

2.25
2.20
2.00

Table 6.14 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Column A3 in the First Story

Load Case

N-S Seismic Forces
Axial
Bending
Shear
Force
Moment
Force
(kips)
(ft-kips)
(kips)

E-W Seismic Forces
Axial
Bending
Shear
Force
Moment
Force
(kips)
(ft-kips)
(kips)

Dead (D)

90.9

18.1

1.5

90.9

18.1

1.5

Live (L)

31.7

9.1

0.8

31.7

9.1

0.8

Roof live (Lr)

4.0

0

0

4.0

0

0

Seismic (E)

81.7

20.6

3.4

1.0

8.6

1.4

127.3
161.8
206.6
0.1

25.3
36.3
46.9
4.3

2.1
3.1
5.6
2.1

127.3
161.8
125.9
80.8

25.3
36.3
34.9
7.7

2.1
3.1
3.6
0.1

Load Combination
1.4D
1.2D + 1.6L + 0.5Lr
1.2D + 0.5L + E
0.9D – E

In the load combinations that include seismic effects, which are prescribed in
ACI 21.13.3, the values of E are the forces in the columns due to the displacements, ߜ௫ .
When the approximate method outlined above is utilized,  ܧൌ ܨெ . The forces on the
columns obtained from the analysis of the entire structure in the north-south direction in
ᇱ
the first story are multiplied by ܥ ሺߜ௫ Ȁߜ௫
ሻ ൌ ͷǤͷ ൈ ʹǤʹͲ ൌ ͳʹǤͳ to determine the
ᇱ
forces due to the earthquake-induced displacements, where ሺߜ௫ Ȁߜ௫
ሻ is given in
Table 6.12.
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Table 6.15 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Column B3 in the First Story

Load Case
Dead (D)
Live (L)

N-S Seismic Forces
Axial
Bending
Shear
Force
Moment
Force
(kips)
(ft-kips)
(kips)

E-W Seismic Forces
Axial
Bending
Shear
Force
Moment
Force
(kips)
(ft-kips)
(kips)

190.0

3.4

0.3

190.0

3.4

0.3

67.7

1.7

0.1

67.7

1.7

0.1

Roof live (Lr)

8.5

0

0

8.5

0

0

Seismic (E)

45.5

157.4

26.2

12.6

6.6

1.1

266.0
340.6
307.4
125.5

4.8
6.8
162.3
154.3

0.4
0.5
26.6
25.9

266.0
340.6
274.5
158.4

4.8
6.8
11.5
3.5

0.4
0.5
1.5
0.8

Load Combination
1.4D
1.2D + 1.6L + 0.5Lr
1.2D + 0.5L + E
0.9D – E

ᇱ
ᇱ
ሻ ൌ ͷǤͲ ൈ ʹǤͲ ൌ ͳͲǤͲ, where ሺߜ௫ Ȁߜ௫
ሻ
Similarly, in the east-west direction, ܥ ሺߜ௫ Ȁߜ௫
18
is given in Table 6.13. For example, the axial force in column A3 due to the codeprescribed seismic forces is equal to 6.75 kips at the first story from the analysis of the
entire structure in the north-south direction. Thus,  ܧൌ ܨெ ൌ ͳʹǤͳ ൈ Ǥͷ ൌ ͺͳǤ kips,
which is shown in Table 6.14.

Column A3. Based on the governing load combinations in Table 6.14, a 20-inch by 20inch column with eight No. 7 bars ሺܣ௦௧ ൌ ͲǤͲͳʹܣ ሻ is adequate for column A3 (see
Figure 6.42).19 Since the maximum factored gravity axial force exceeds ܣ ݂ᇱ ȀͳͲ ൌ
ͳͲǤͲ, longitudinal reinforcement must satisfy ACI 21.6.3.1. This provision is
satisfied, since the provided area of longitudinal reinforcement is between ͲǤͲͳܣ and
ͲǤͲܣ .
Transverse reinforcement requirements also depend on the magnitude of the factored
gravity axial force. As noted above, it exceeds ܣ ݂ᇱ ȀͳͲ, but it is less than ͲǤ͵ͷܲ ൌ
ͲǤ͵ͷൣͲǤͺͷ݂ᇱ ሺܣ െ ܣ௦௧ ሻ  ݂௬ ܣ௦௧ ൧ ൌ ͷͳǤͳ. Therefore, the transverse reinforcement
requirements and shear requirements of ACI 21.6.4.2 and 21.6.5, respectively, must be
satisfied (ACI 21.13.3.2).

18

Values of the deflection amplification factor, ܥ , for the special moment frames and the building frame
system with special structural walls are given in ASCE/SEI Table 12.2-1.
19
The 20-inch by 20-inch column size is needed primarily to resist two-way shear stresses in the slab.
Slenderness effects in accordance with ACI 10.10 need not be considered in the design of this column.
Also, P-Delta effects in accordance with ASCE/SEI 12.8.7 need not be considered.
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Figure 6.42 Design and Nominal Strength Interaction Diagrams for Column A3

According to ACI 21.13.3.2, longitudinal spacing of ties must be less than or equal to 6
times the diameter of the smallest longitudinal bar ൌ  ൈ ͲǤͺͷ ൌ ͷǤ͵Ǥ (governs) or
6.0 inches for the full height of the column.
Shear forces are computed from statics assuming that moments of opposite sign act at the
joint faces corresponding to the probable flexural strengths, ܯ , associated with the
range of factored axial loads on the column (ACI 21.6.5.1). The largest ܯ is equal to
358.7 ft-kips, which corresponds to an axial load equal to 206.6 kips (see Table 6.14).
Assuming that plastic hinges form simultaneously at the ends of the column, the
maximum shear force is:
ܸ௨ ൌ

͵ͷͺǤ  ͵ͷͺǤ
ൌ ͵Ǥͺ
ͳʹ െ ሺͻȀͳʹሻ

which is greater than the maximum shear force of 5.6 kips obtained from the structural
analysis (see Table 6.14).
When determining the nominal shear strength of the column, the shear strength of the
concrete, ܸ , must be set equal to zero, since one of the factored axial forces including
earthquake effects is less than ܣ ݂ᇱ ȀʹͲ ൌ ͺͲǤͲ (ACI 21.6.5.2).
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Determine the required spacing of transverse reinforcement by ACI Equation (11-15)
assuming No. 4 ties and one crosstie:
ݏൌ

ܣ௩ ݂௬ ݀
ሺ͵ ൈ ͲǤʹሻ ൈ Ͳ ൈ ͳǤͷ
ൌ
ൌ ǤͶǤ
ܸ௨
͵Ǥͺ
െ ܸ
െͲ
߶
ͲǤͷ

Thus, the No. 4 ties spaced at 5.0 inches that are required by ACI 21.13.3.2 are also
adequate for shear. Provide such ties and crossties over the full column length.
Column B3. Based on the governing load combinations in Table 6.15, a 20-inch by 20inch column with eight No. 7 bars ሺܣ௦௧ ൌ ͲǤͲͳʹܣ ሻ is adequate for column B3 (see
Figure 6.43). Since the maximum factored gravity axial force exceeds ܣ ݂ᇱ ȀͳͲ ൌ
ͳͲǤͲ, longitudinal reinforcement must satisfy ACI 21.6.3.1. This provision is
satisfied, since the provided area of longitudinal reinforcement is between ͲǤͲͳܣ and
ͲǤͲܣ .

Figure 6.43 Design and Nominal Strength Interaction Diagrams for Column B3

Transverse reinforcement requirements and shear requirements for this column are the
same as those for column A3.
Provide No. 4 ties and crossties at a 5.0 inches spacing over the full column length.
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Lap splices of the longitudinal reinforcement for both columns must be Class B lap
splices determined in accordance with ACI Chapter 12. These splices can occur just
above the slab at each floor level.
In this example, it is evident that calculating the effects of the design displacements on
the columns resulted in less stringent detailing requirements than those that would have
been required if such effects were not determined.
Two-way Slab without Beams
Provisions for slab-column connections of two-way slabs without beams are given in
ACI 21.13.6.
In lieu of providing shear reinforcement in accordance with ACI 21.13.6, check if either
ACI 21.13.6(a) or 21.13.6(b) are satisfied.
ACI 21.13.6(a) requires calculation of shear stress due to the factored shear force and the
moment induced by the design displacement ߜ௨ ൌ ߜ௫ . Instead of calculating such shear
stresses, check if the requirements of ACI 21.13.6(b) are satisfied for columns A3 and B3
for seismic forces in the north-south direction.
Column A3. The factored shear force, ܸ௨ ǡon the slab critical section for two-way action
due to gravity loads and the design shear strength, ߶ܸ , are determined at the roof level
and at the typical floor levels.
•

Roof level
ݍ ൌ ൬

ͻ
ൈ ͳͷͲ൰  ͳͲ ൌ ͳʹʹǤͷ
ͳʹ

ݍ ൌ ʹͲ
ݍ௨ ൌ ሺͳǤʹ ൈ ͳʹʹǤͷሻ  ሺͲǤͷ ൈ ʹͲሻ ൌ ͳͷ
Critical section dimensions:
Average ݀ ൌ ͻǤͲ െ ͳǤʹͷ ൌ ǤͷǤ
ܾଵ ൌ ʹͲ 

Ǥͷ
ൌ ʹ͵ǤͺͷǤ
ʹ

ܾଶ ൌ ʹͲ  Ǥͷ ൌ ʹǤͷǤ
ܸ௨ ൌ ͲǤͳͷ ሺͳͺ ൈ ͳͳǤͺ͵ሻ െ

ʹ͵Ǥͺͷ ൈ ʹǤͷ
൨ ൌ ͵ʹǤ
ͳͶͶ
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For square columns, ACI Equation (11-33) governs:
߶ܸ ൌ ߶Ͷߣඥ݂ᇱ ܾ ݀ ൌ ͲǤͷ ൈ ͶǤͲξͶͲͲͲ ൈ ͷǤͷ ൈ ǤͷȀͳͲͲͲ ൌ ͳͳͳǤͲ
Maximum story drift at roof level ൌ ʹǤͶǤ (see Table 6.12)
Design story drift ratio ൌ Ȁ ൌ ʹǤͶȀሺͳʹ ൈ ͳʹሻ ൌ ͲǤͲͳͺ͵
Limiting design story drift ratio:
ͲǤͲ͵ͷ െ ͲǤͲͷሺܸ௨ Ȁ߶ܸ ሻ ൌ ͲǤͲ͵ͷ െ ͲǤͲͷሺ͵ʹǤȀͳͳͳǤͲሻ ൌ ͲǤͲʹͲ͵  ͲǤͲͲͷ
Since the design story drift ratio ൌ ͲǤͲͳͺ͵ ൏ ͲǤͲʹͲ͵ǡ slab shear reinforcement
satisfying the requirements of ACI 21.13.6 need not be provided.
•

Typical floor levels
ݍ ൌ ൬

ͻ
ൈ ͳͷͲ൰  ͵Ͳ ൌ ͳͶʹǤͷ
ͳʹ

ݍ ൌ ͺͲ
ݍ௨ ൌ ሺͳǤʹ ൈ ͳͶʹǤͷሻ  ሺͲǤͷ ൈ ͺͲሻ ൌ ʹͳͳ
ܸ௨ ൌ ͲǤʹͳͳ ሺͳͺ ൈ ͳͳǤͺ͵ሻ െ

ʹ͵Ǥͺͷ ൈ ʹǤͷ
൨ ൌ ͶͶǤͲ
ͳͶͶ

For square columns, ACI Equation (11-33) governs:
߶ܸ ൌ ߶Ͷߣඥ݂ᇱ ܾ ݀ ൌ ͲǤͷ ൈ ͶǤͲξͶͲͲͲ ൈ ͷǤͷ ൈ ǤͷȀͳͲͲͲ ൌ ͳͳͳǤͲ
Maximum story drift at level 2 ൌ ͵ǤͷͺǤ (see Table 6.12)
Design story drift ratio ൌ Ȁ ൌ ͵ǤͷͺȀሺͳʹ ൈ ͳʹሻ ൌ ͲǤͲʹͶͻ
Limiting design story drift ratio:
ͲǤͲ͵ͷ െ ͲǤͲͷሺܸ௨ Ȁ߶ܸ ሻ ൌ ͲǤͲ͵ͷ െ ͲǤͲͷሺͶͶǤͲȀͳͳͳǤͲሻ ൌ ͲǤͲͳͷʹ  ͲǤͲͲͷ
Since the design story drift ratio ൌ ͲǤͲʹͶͻ  ͲǤͲͳͷʹǡ slab shear reinforcement
satisfying the requirements of ACI 21.13.6 must be provided.20 Provide either stirrups
in accordance with ACI 11.11.3 or headed shear stud reinforcement in accordance
with ACI 11.11.5. In either case, the nominal shear strength of the shear
reinforcement must be greater than or equal to ͵Ǥͷඥ݂ᇱ ܾ ݀ and the reinforcement
must extend at least 4 times the slab thickness from the face of the column (see ACI
20

In lieu of providing shear reinforcement, the provisions of ACI 21.13.6(a) can be checked. That check is
not done in this example.
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Figure R11.11.3(e) for arrangement of stirrup shear reinforcement at an edge column
and ACI Figure R11.11.5 for arrangement of headed shear stud reinforcement at an
edge column).
To illustrate the design of the required shear reinforcement, provide headed shear stud
reinforcement around column A3. In order to satisfy the requirements of
ACI 11.11.5.3 related to spacing between adjacent shear reinforcement elements,
three lines of elements must be provided on each column face (provided spacing
؆ ሺʹͲ െ ͳሻȀʹ ൌ ͻǤͷǤ൏ʹ݀ ൌ ͳͷǤͷǤሻǤ
Assuming ½-inch diameter studs (ܣ௦௧௨ௗ ൌ ͲǤͳͻǤʹ ሻ, the required spacing is:
ݏൌ

ܣ௩ ݂௬௧ ݀ ሺͻ ൈ ͲǤͳͻሻ ൈ ͷͳǡͲͲͲ ൈ Ǥͷ
ൌ
ൌ ͷǤ͵Ǥ
ܸ௦
͵ǤͷξͶͲͲͲ ൈ ͷǤͷ ൈ Ǥͷ

where ܣ௩ is the cross-sectional area of all the shear reinforcement on one peripheral
line that is approximately parallel to the perimeter of the column section and the
minimum specified yield strength of the studs is 51,000 psi (see ACI R3.5.5).
Maximum spacing ൌ ͲǤͷ݀ ൌ ͷǤͺǤሺ ͳͳǤͳͳǤͷǤʹሻ
Assuming a 5-inch spacing, check the requirement of ACI 11.11.5.1:
ܣ௩ ݂௬௧ ሺͻ ൈ ͲǤͳͻሻ ൈ ͷͳǡͲͲͲ
ൌ
ൌ ʹ͵ͺǤ͵  ʹඥ݂ᇱ ൌ ͳʹǤͷǤǤ
ܾ ݏ
ͷǤͷ ൈ ͷ
The studs must extend a distance of at least Ͷ݄ ൌ ͵Ǥ from the faces of the column
(ACI 21.13.6) with the first peripheral line of shear reinforcement located no farther
than ݀Ȁʹ ൌ ͵ǤͻǤ from the column face.
No additional studs are required for shear stresses from gravity load effects.
Figure 6.44 illustrates the shear reinforcement detail for the joint at column A3.
Column B3. The factored shear force, ܸ௨ ǡon the slab critical section for two-way action
due to gravity loads and the design shear strength, ߶ܸ , are determined at the roof level
and at the typical floor levels.
• Roof level
ݍ ൌ ൬

ͻ
ൈ ͳͷͲ൰  ͳͲ ൌ ͳʹʹǤͷ
ͳʹ
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For SI: 1 inch = 25.4 mm.

Figure 6.44 Shear Stud Reinforcement Details for the Joint at Column A3 at Typical
Floor Levels

ݍ ൌ ʹͲ
ݍ௨ ൌ ሺͳǤʹ ൈ ͳʹʹǤͷሻ  ሺͲǤͷ ൈ ʹͲሻ ൌ ͳͷ
Critical section dimensions:
Average ݀ ൌ ͻǤͲ െ ͳǤʹͷ ൌ ǤͷǤ
ܾଵ ൌ ܾଶ ൌ ʹͲ  Ǥͷ ൌ ʹǤͷǤ
ܸ௨ ൌ ͲǤͳͷ ቈሺͳͺ ൈ ʹʹሻ െ

ʹǤͷଶ
 ൌ ͳǤ͵
ͳͶͶ

For square columns, ACI Equation (11-33) governs:
߶ܸ ൌ ߶Ͷߣඥ݂ᇱ ܾ ݀ ൌ ͲǤͷ ൈ ͶǤͲξͶͲͲͲ ൈ ͳͳͳǤͲ ൈ ǤͷȀͳͲͲͲ ൌ ͳ͵Ǥʹ
Maximum story drift at roof level ൌ ʹǤͶǤ (see Table 6.12)
Design story drift ratio ൌ Ȁ ൌ ʹǤͶȀሺͳʹ ൈ ͳʹሻ ൌ ͲǤͲͳͺ͵
Limiting design story drift ratio:
ͲǤͲ͵ͷ െ ͲǤͲͷሺܸ௨ Ȁ߶ܸ ሻ ൌ ͲǤͲ͵ͷ െ ͲǤͲͷሺͳǤ͵Ȁͳ͵Ǥʹሻ ൌ ͲǤͲͳʹ  ͲǤͲͲͷ
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Since the design story drift ratio ൌ ͲǤͲͳͺ͵  ͲǤͲͳʹǡ slab shear reinforcement satisfying
the requirements of ACI 21.13.6 must be provided (see ACI Figure R11.11.3(d) for
arrangement of stirrup shear reinforcement at an interior column and ACI Figure
R11.11.5 for arrangement of headed shear stud reinforcement at an interior column).
Provide headed shear stud reinforcement around column B3. In order to satisfy the
requirements of ACI 11.11.5.3 related to spacing between adjacent shear
reinforcement elements, three lines of elements must be provided on each column
face (provided spacing ؆ ሺʹͲ െ ͳሻȀʹ ൌ ͻǤͷǤ൏ʹ݀ ൌ ͳͷǤͷǤሻǤ
Assuming ½-inch diameter studs (ܣ௦௧௨ௗ ൌ ͲǤͳͻǤʹ ሻ, the required spacing is:
ݏൌ

ܣ௩ ݂௬௧ ݀ ሺͳʹ ൈ ͲǤͳͻሻ ൈ ͷͳǡͲͲͲ ൈ Ǥͷ
ൌ
ൌ ͶǤͻǤ
ܸ௦
͵ǤͷξͶͲͲͲ ൈ ͳͳͳǤͲ ൈ Ǥͷ

where ܣ௩ is the cross-sectional area of all the shear reinforcement on one peripheral
line that is approximately parallel to the perimeter of the column section and the
minimum specified yield strength of the studs is 51,000 psi (see ACI R3.5.5).
Maximum spacing ൌ ͲǤͷ݀ ൌ ͷǤͺǤሺ ͳͳǤͳͳǤͷǤʹሻ
Assuming a 4.5-inch spacing, check the requirement of ACI 11.11.5.1:
ܣ௩ ݂௬௧ ሺͳʹ ൈ ͲǤͳͻሻ ൈ ͷͳǡͲͲͲ
ൌ
ൌ ʹͶͲǤͳ  ʹඥ݂ᇱ ൌ ͳʹǤͷǤǤ
ܾ ݏ
ͳͳͳǤͲ ൈ ͶǤͷ
As noted above, the studs must extend a distance of at least Ͷ݄ ൌ ͵Ǥ from the
faces of the column (ACI 21.13.6) with the first peripheral line of shear reinforcement
located no farther than ݀Ȁʹ ൌ ͵ǤͻǤ from the column face.
No additional studs are required for shear stresses from gravity loads.
Figure 6.45 illustrates the shear reinforcement detail for the joint at column B3.
•

Typical floor levels
ݍ ൌ ൬

ͻ
ൈ ͳͷͲ൰  ͵Ͳ ൌ ͳͶʹǤͷ
ͳʹ

ݍ ൌ ͺͲ
ݍ௨ ൌ ሺͳǤʹ ൈ ͳͶʹǤͷሻ  ሺͲǤͷ ൈ ͺͲሻ ൌ ʹͳͳ
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For SI: 1 inch = 25.4 mm.

Figure 6.45 Shear Stud Reinforcement Details for the Joint at Column B3

ܸ௨ ൌ ͲǤʹͳͳ ቈሺͳͺ ൈ ʹʹሻ െ

ʹǤͷଶ
 ൌ ͺʹǤͶ
ͳͶͶ

For square columns, ACI Equation (11-33) governs:
߶ܸ ൌ ߶Ͷߣඥ݂ᇱ ܾ ݀ ൌ ͲǤͷ ൈ ͶǤͲξͶͲͲͲ ൈ ͳͳͳǤͲ ൈ ǤͷȀͳͲͲͲ ൌ ͳ͵Ǥʹ
Maximum story drift at level 2 ൌ ͵ǤͷͺǤ (see Table 6.12)
Design story drift ratio ൌ Ȁ ൌ ͵ǤͷͺȀሺͳʹ ൈ ͳʹሻ ൌ ͲǤͲʹͶͻ
Limiting design story drift ratio:
ͲǤͲ͵ͷ െ ͲǤͲͷሺܸ௨ Ȁ߶ܸ ሻ ൌ ͲǤͲ͵ͷ െ ͲǤͲͷሺͺʹǤͶȀͳ͵Ǥʹሻ ൌ ͲǤͲͲͻͺ  ͲǤͲͲͷ
Since the design story drift ratio ൌ ͲǤͲʹͶͻ  ͲǤͲͲͻͺǡ slab shear reinforcement
satisfying the requirements of ACI 21.13.6 must be provided [see ACI
Figure R11.11.3(d) for arrangement of stirrup shear reinforcement at an interior
column and ACI Figure R11.11.5 for arrangement of headed shear stud reinforcement
at an interior column].
Provide the same shear stud reinforcement that is required at the roof level.

6-120

CHAPTER 6 DESIGN AND DETAILING FOR SDCS D, E AND F

In addition to the required shear reinforcement due to the design displacement, flexural
reinforcement must be provided in the slab, which is determined for the effects of the
gravity loads. See Chapter 4 of this publication for design and detailing procedures for
two-way slabs without beams.
Part 6: Design the diaphragm and the collector elements in the N-S and E-W directions
No significant openings occur in the roof diaphragm, and an 18-foot by 22-foot opening
occurs in the diaphragms at levels 1 and 2. Check if there exists a Type 3 diaphragm
discontinuity irregularity at levels 1 and 2 in accordance with ASCE/SEI Table 12.3-1:
ͳͺ ൈ ʹʹ

ൌ
ൌ ͲǤͲͷ ൏ ͲǤͷͲ
  ʹ ൈ ͳͳͲ
Also, since the area of the opening in diaphragms at levels 1 and 2 is only 5 percent of the
gross area, the change in diaphragm stiffness from the roof to level 2 is less than 50
percent by inspection. Thus, a Type 3 diaphragm discontinuity irregularity does not exist,
and the design forces need not be increased in accordance with the requirements in
ASCE/SEI 12.3.3.4.
Diaphragm Design Forces
ASCE/SEI Equation (12.10-1) is used to determine the design seismic force, ܨ௫ , on the
diaphragm:21




ܨ௫ ൌ ൭ ܨ ൙ ݓ ൱ ݓ௫
ୀ௫

ୀ௫

 ͲǤͶܵௌ ݓܫ௫ ൌ ͲǤͶݓ௫
 ͲǤʹܵௌ ݓܫ௫ ൌ ͲǤʹݓ௫
where ܨ ൌ the seismic design force applied at level i
ݓ ൌ the weight tributary to level i
ݓ௫ ൌ the weight tributary to the diaphragm at level x
Tables 6.16 and 6.17 contain diaphragm forces at each level of the building in the northsouth and east-west directions, respectively. 22

21
22

The effects from wind forces do not govern in this example.
The base shear, V, for the special moment frame in the N-S direction is equal to 508 kips, and the base
shear for the building frame system in the E-W is equal to 677 kips. The Equivalent Lateral Force
Procedure of ASCE/SEI 12.8 was used to compute V in both cases using an approximate period equal to
0.40 sec in the N-S direction and 0.29 sec in the E-W direction.
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Table 6.16 Design Seismic Diaphragm Forces in N-S Direction
Level

wx

Σw x

(kips)
(kips)
3
1,167
1,167
2
1,448
2,615
1
1,448
4,063
* Minimum value governs.

Fx

ΣFx

(kips)
227
187
94

(kips)
227
414
508

ΣFx / Σw x
0.200*
0.200*
0.200*

w px

Fpx

(kips)
1,167
1,448
1,448

(kips)
233
290
290

Table 6.17 Design Seismic Diaphragm Forces in E-W Direction
Level

wx

Σw x

(kips)
(kips)
1,167
1,167
3
2
1,448
2,615
1
1,448
4,063
* Minimum value governs.

Fx

ΣFx

(kips)
302
250
125

(kips)
302
552
677

ΣFx / Σw x
0.259
0.211
0.200*

w px

Fpx

(kips)
1,167
1,448
1,448

(kips)
302
306
290

According to ASCE/SEI 12.10.1.1, ߩ shall equal to 1.0 where inertial forces are
calculated in accordance with ASCE/SEI Equation (12.10-1), and for transfer forces, ߩ
shall be the same as that used for the structure.
Design of Roof Diaphragm in N-S Direction
Since the diaphragm is rigid, the 233-kip diaphragm force at the roof (level 3) is
distributed to the frames in proportion to their relative stiffnesses. This force is applied at
the location of the center of mass, which must be displaced from its actual location a
distance of 5 percent of the dimension of the building perpendicular to the direction of
the applied force ൌ ͲǤͲͷ ൈ ʹ ൌ ͵ǤሺȀ ͳʹǤͺǤͶǤʹሻǤ
The center of mass is located essentially at the geometric center of the building. Due to
symmetry in the stiffness and location of the elements of the seismic-force-resisting
systems, the center of rigidity is located at the geometric center of the building as well.
The forces applied to each frame are determined by Equation 3.11 of this publication:23
ሺܸ ሻ௬ ൌ

ሺ݇ ሻ௬
ݔҧ ሺ݇ ሻ௬
ܸ௬ 
ܸ݁
ଶ
σሺ݇ ሻ௬
σ ݔҧ ሺ݇ ሻ௬  σ ݕതଶ ሺ݇ ሻ௫ ௬ ௫

where ݔҧ ൌ perpendicular distance from element i to the center of rigidity parallel to the
x-axis

23

The forces determined by this method are within 2 percent of those determined by a computer analysis
assuming that the diaphragm is rigid.
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ݕത ൌ perpendicular distance from element i to the center of rigidity parallel to the
y-axis
Equations 3.3 and 3.5 are used to determine the stiffnesses of the walls and frames,
respectively, and the relative stiffnesses are
•

Frames: 1.00

•

Walls: 3.22

Assuming that the center of mass is displaced 3.6 feet to the east of its original location,
the forces in the frames are as follows (see Equation 3.11):24
Frame on column line 1:
ܸଵ ൌ

ͳǤͲͲ ൈ ʹ͵͵
͵ ൈ ͳǤͲͲ ൈ ሺʹ͵͵ ൈ ͵Ǥሻ
െ ଶ
ൌ ͳͳǤͷ െ ͻǤͲ ൌ ͳͲǤͷ
ͳǤͲͲ  ͳǤͲͲ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

Frame on column line 5:
ܸହ ൌ

ͳǤͲͲ ൈ ʹ͵͵
͵ ൈ ͳǤͲͲ ൈ ሺʹ͵͵ ൈ ͵Ǥሻ
 ଶ
ൌ ͳͳǤͷ  ͻǤͲ ൌ ͳʹͷǤͷ
ͳǤͲͲ  ͳǤͲͲ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

The maximum shear force in the slab occurs along column line 5 and is equal to
ͳʹͷǤͷ, which is distributed over a length of 110 feet.
The shear strength of the slab is determined by ACI Equation (21-10) assuming that
ߩ௧ ൌ Ͳ:
߶ܸ ൌ ߶ܣ௩ ʹߣඥ݂ᇱ ൌ ͲǤͷ ൈ ͻ ൈ ሺͳͳͲ ൈ ͳʹሻ ൈ ʹ ൈ ͳǤͲξͶͲͲͲȀͳͲͲͲ
ൌ ͳͳʹǤͲ  ͳʹͷǤͷǤǤ
൏ ߶ͺܣ௩ ඥ݂ᇱ ൌ ͶͷͲͺǤͳሺ ʹͳǤͳͳǤͻǤʹሻ
where ߶ ൌ ͲǤͷ, which is the same ߶ used for the shear design of the columns in the
special moment frame [ACI 9.3.4(b)].
In general, the diaphragm is assumed to act as a deep beam that spans between the
vertical elements of the seismic-force-resisting system, which act as supports. The
compressive or tensile chord force along the length of the diaphragm can be calculated by

24

The values of ܸଵ ܸହ would be reversed if the center of mass were displaced 3.6 feet to the west of its
original location.
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dividing the bending moment in the diaphragm due to the seismic forces by the
diaphragm dimension parallel to the direction of the load.25
The concrete diaphragm in this example is modeled as a simply-supported beam with
supports along column lines 1 and 2 for seismic forces in the north-south direction. The
total reactions at these supports can be determined from the forces in the frames. It is
assumed that the diaphragm force can be represented by a trapezoidal distributed load as
illustrated in Figure 6.46. Since the reactions at the supports are known, the distributed
loads, ݓଵ and ݓଶ , can be determined from statics. Once the distributed loads have been
established, the maximum bending moment is computed and is used to determine the
maximum chord force in the diaphragm.
For the center of mass located at 3.6 feet to the east of column line 3, the reactions are:
ܴଵ ൌ ܸଵ ൌ ͳͲǤͷ
ܴହ ൌ ܸହ ൌ ͳʹͷǤͷ
Summing forces in the north-south direction and summing moments about column line 5
results in the following two equations for the diaphragm at the roof level:
ͳ
ሺݓଵ ൈ ʹሻ   ሺݓଶ െ ݓଵ ሻ ൈ ʹ൨ ൌ ʹ͵͵
ʹ
ʹଶ
ͳ
ͳ
ቆݓଵ ൈ
ቇ   ሺݓଶ െ ݓଵ ሻ ൈ ʹ ൈ ൬ ൈ ʹ൰൨ ൌ ͳͲǤͷ ൈ ʹ
ʹ
͵
ʹ
Solving these equations simultaneously results in ݓଵ ൌ ʹǤͶͻȀݓଶ ൌ
͵ǤͻͻȀ.
The shear and moment diagrams for this case are shown in Figure 6.47. The maximum
bending moment in the diaphragm is equal to 2100.1 ft-kips.
The maximum chord force is equal to the following:
ܶ௨ ൌ ܥ௨ ൌ

25

ܯ௨ ʹͳͲͲǤͳ
ൌ
ൌ ͳͻǤͳ
ͳͳͲ
ܦ

Section 1602 of the IBC defines a diaphragm chord as a boundary element perpendicular to the applied
lateral force that is assumed to resist the axial stresses due to the bending moments in the diaphragm.
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ܶ௨

ܴଵ

ܴହ

ܥ௨
ݓଵ
ݓଶ

ܨ௫
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.46 Distributed Load on Roof Diaphragm for Seismic Forces in the North-South
Direction
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107.5k
Shear Force
125.5k
2100.1ƍk

Bending Moment
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.47 Shear Force and Bending Moment Diagrams for the Roof Diaphragm for
Seismic Forces in the North-South Direction
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The required area of tension reinforcement is
ܣ௦ ൌ

ܶ௨
ͳͻǤͳ
ൌ
ൌ ͲǤ͵ͷǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide two No. 4 chord bars along the slab edges on column lines A and F
between lines 1 and 5.
Design of Roof Diaphragm in E-W Direction
Since the diaphragm is rigid, the 302-kip diaphragm force at the roof (level 3) is
distributed to the walls in proportion to their relative stiffnesses. This force is applied at
the location of the center of mass, which must be displaced from its actual location a
distance of 5 percent of the dimension of the building perpendicular to the direction of
the applied force ൌ ͲǤͲͷ ൈ ͳͳͲ ൌ ͷǤͷሺȀ ͳʹǤͺǤͶǤʹሻǤ
The forces applied to each frame are determined by Equation 3.12 of this publication:
ሺܸ ሻ௫ ൌ

ሺ݇ ሻ௫
ݕത ሺ݇ ሻ௫
ܸ௫ 
ܸ݁
ଶ
σሺ݇ ሻ௫
σ ݔҧ ሺ݇ ሻ௬  σ ݕതଶ ሺ݇ ሻ௫ ௫ ௬

where ݔҧ ൌ perpendicular distance from element i to the center of rigidity parallel to the
x-axis
ݕത ൌ perpendicular distance from element i to the center of rigidity parallel to the
y-axis
The relative stiffnesses, which were determined previously, are
•

Frames: 1.00

•

Walls: 3.22

Assuming that the center of mass is displaced 5.5 feet to the north of its original location,
the forces in the frames are as follows (see Equation 3.11):26
Wall on column line C:
ܸ ൌ

26

͵Ǥʹʹ ൈ ͵Ͳʹ
ͳͳ ൈ ͵Ǥʹʹ ൈ ሺ͵Ͳʹ ൈ ͷǤͷሻ
 ଶ
ൌ ͳͷͳǤͲ  ͳǤͷ ൌ ͳͺǤͷ
͵Ǥʹʹ  ͵Ǥʹʹ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

The values of ܸ ܸ would be reversed if the center of mass were displaced 5.5 feet to the south of
its original location.
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Wall on column line D:
ܸ ൌ

͵Ǥʹʹ ൈ ͵Ͳʹ
ͳͳ ൈ ͵Ǥʹʹ ൈ ሺ͵Ͳʹ ൈ ͷǤͷሻ
െ ଶ
ൌ ͳͷͳǤͲ െ ͳǤͷ ൌ ͳ͵͵Ǥͷ
͵Ǥʹʹ  ͵Ǥʹʹ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

The concrete diaphragm in this example is modeled as a continuous beam with supports
along column lines C and D for seismic forces in the east-west direction. The total
reactions at these supports are equal to the forces in the walls.
It is assumed that the diaphragm force can be represented by a trapezoidal distributed
load as illustrated in Figure 6.48. Since the reactions at the supports are known, the
distributed loads, ݓଵ and ݓଶ , can be determined from statics. Once the distributed loads
have been established, the maximum bending moment is computed and is used to
determine the maximum chord force in the diaphragm.

ݓଶ

ܨ௫
ܴ
ܥ௨

ܶ௨
ܴ

ݓଵ
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.48 Distributed Load on Roof Diaphragm for Seismic Forces in the East-West
Direction
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For the center of mass located at 5.5 feet to the north of its original location, the reactions
are:
ܴ ൌ ܸ ൌ ͳͺǤͷ
ܴ ൌ ܸ ൌ ͳ͵͵Ǥͷ
Summing forces in the east-west direction and summing moments about column line D
results in the following two equations for the diaphragm at the roof level:
ͳ
ሺݓଵ ൈ ͳͳͲሻ   ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͲ൨ ൌ ͵Ͳʹ
ʹ
ͳ
ʹ
ሺݓଵ ൈ ͳͳͲ ൈ ͳͳሻ  ൜ ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͲ ൈ ൬ ൈ ͳͳͲ൰ െ ͶͶ൨ൠ ൌ ͳͺǤͷ ൈ ʹʹ
ʹ
͵
Solving these equations simultaneously results in ݓଵ ൌ ʹǤͷȀݓଶ ൌ
ʹǤͻͶȀ. The shear and moment diagrams for this case are shown in Figure 6.49. The
maximum bending moment in the diaphragm is equal to 2793.1 ft-kips.

42.7k

2793.1ƍk

125.8k

17.7k

115.8k
2522.1ƍk

Shear Force

Bending Moment

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.49 Shear Force and Bending Moment Diagrams for the Roof Diaphragm for
Seismic Forces in the East-West Direction
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The maximum chord force is equal to the following:
ܶ௨ ൌ ܥ௨ ൌ

ܯ௨ ʹͻ͵Ǥͳ
ൌ
ൌ ͵ͺǤͺ
ʹ
ܦ

The required area of tension reinforcement is
ܣ௦ ൌ

ܶ௨
͵ͺǤͺ
ൌ
ൌ ͲǤʹǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide two No. 6 chord bars at mid-height of the beams along column lines 1
and 5. These bars are to be tied to the vertical legs of the transverse reinforcement.
The maximum shear force in the slab occurs along column line C and is equal to
ͳʹͺǤͷ, which is distributed over a length of 72 feet (see Figure 6.49).
The shear strength of the slab is determined by ACI Equation (21-10) assuming that
ߩ௧ ൌ Ͳ:
߶ܸ ൌ ߶ܣ௩ ʹߣඥ݂ᇱ ൌ ͲǤͲ ൈ ͻ ൈ ሺʹ ൈ ͳʹሻ ൈ ʹ ൈ ͳǤͲξͶͲͲͲȀͳͲͲͲ
ൌ ͷͻͲǤʹ  ͳʹͷǤͺǤǤ
൏ ߶ͺܣ௩ ඥ݂ᇱ ൌ ʹ͵ͲǤሺ ʹͳǤͳͳǤͻǤʹሻ
where ߶ ൌ ͲǤͲ, which is the same ߶ used for the shear design of the walls in the
building frame system [ACI 9.3.4(b)].
The beams along lines C and D are utilized as collectors that pull (or drag) the shear
forces in the diaphragm into the walls along those lines.
It was determined above that the total diaphragm force along line C is equal to
168.5 kips. The total unit shear force in the diaphragm is equal to ͳͺǤͷȀʹ ൌ
ʹǤ͵ͶȀǤ Similarly, the unit shear force for the wall is ͳͺǤͷȀͳͺ ൌ ͻǤ͵ȀǤ
The unit shear forces and net unit shear forces are depicted in Figure 6.50.
In general, the collector elements must be designed to resist the combined effects from
gravity forces (bending moments and shear forces) and earthquake forces (axial
compression and tension).
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ͳͺǤͷ
ൌ ʹǤ͵Ͷ Ȁ
ʹ

ͳͺǤͷ
ൌ ͻǤ͵ Ȁ
ͳͺ
ʹǤ͵Ͷ Ȁ
Unit Shear Forces
ͻǤ͵ Ȁ

ʹǤ͵Ͷ Ȁ
Net Shear Forces
ǤͲʹ Ȁ
ͺͶǤʹ 

Collector Force
ͶʹǤͳ
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.50 Unit Shear Forces, Net Shear Forces and Collector Force Diagram on
Column Line C at Roof Level
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According to ASCE/SEI 12.10.2.1, collector elements, splices and their connections to
the elements of the seismic-force-resisting system in structures assigned to SDC C, D, E
or F must be designed to resist the load combinations with the overstrength factor, π , of
ASCE/SEI 12.4.3.2. The overstrength factor, π , represents an upper bound lateral
strength and is appropriate to use when estimating the maximum forces that can be
developed in nonyielding elements of the seismic-force-resisting system during the
design earthquake. The intent of this requirement is to ensure that collectors and their
connections have adequate strength to transfer the seismic forces into the elements of the
seismic-force-resisting system, which has been properly detailed to yield during the
anticipated ground motion.
Therefore, the governing load combinations for the collector elements are:
•

ͳǤͶܦ

•

ͳǤʹ ܦ ͳǤܮ

•

ሺͳǤʹ  ͲǤʹܵௌ ሻ ܦ ͲǤͷܮ  π ܳா ൌ ͳǤͶ ܦ ͲǤͷܮ  ʹǤͷܳா

•

ሺͲǤͻ െ ͲǤʹܵௌ ሻ ܦ π ܳா ൌ ͲǤ ܦ ʹǤͷܳா

where the system overstrength factor is equal to 2.5 for building frame systems with
special structural walls (see ASCE/SEI Table 12.2-1).
Table 6.18 contains a summary of the axial forces (ܳா ൌ ͺͶǤʹǢ ǤͷͲሻ,
bending moments, and shear forces for the collector element along line C.
Table 6.18 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Collector Element on Line C at Roof Level
Load Case
Dead (D)
Roof live (Lr)

Axial
Force
(kips)

Bending Moment
(ft-kips)
Negative Positive

Shear
Force
(kips)

0

62.5

38.6

17.5

0

8.0

5.1

2.2

Seismic (2.5QE)

± 211

0

0

0

Load Combination
1.4D
1.2D + 1.6Lr
1.4D + 0.5Lr ± 2.5QE
0.7D ± 2.5QE

0
0
± 211
± 211

87.5
87.8
91.5
43.8

54.0
54.5
56.6
27.0

24.5
24.5
25.6
12.3

Based on the load combinations in Table 6.18, a 20-inch by 28-inch collector element
reinforced with three No 8 top bars, three No. 8 bottom bars, and two No. 8 side bars is
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adequate (ܣ௦௧ ൌ ͲǤͲͳͳܣ ሻ.27 The interaction diagram for this collector is shown in
Figure 6.51.

Figure 6.51 Design and Nominal Strength Interaction Diagrams for Collector Elements
at Roof Level

Check if transverse reinforcement satisfying ACI 21.9.6.4(c) must be provided over the
length of the collector elements (ACI 21.11.7.5):
 ൌ

ʹǤͷܳா
ʹͳͳ
ൌ
ൌ ͲǤ͵ͺ ൏ ͲǤͷ݂ᇱ ൌ ʹʹͺ
ܣ
ʹͲ ൈ ʹͺ

Therefore, transverse reinforcement satisfying ACI 21.9.6.4(c) need not be provided.
The maximum shear force, ܸ௨ , on the collector is 25.6 kips and the design shear strength
of the concrete, ߶ܸ , is set equal to zero since the collector is subjected to significant
axial tension (ACI 11.2.1.3). Thus, assuming No. 3 ties, the required spacing is:

27

The maximum axial force in the collector has been conservatively applied at all sections along the length
of the collectors.
28
The limit of ͲǤͷ݂ᇱ is used since the axial force is amplified by the overstrength factor, π
(ACI 21.11.7.5).
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ݏൌ
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ܣ௩ ݂௬௧ ݀ ሺʹ ൈ ͲǤͳͳሻ ൈ Ͳ ൈ ʹͷǤͷ
݀
ൌ
ൌ ͻǤͻǤ ൏ ൌ ͳʹǤͷǤ
ܸ௨
ʹͷǤ
ʹ
െ ܸ
െͲ
߶
ͲǤͷ
ܣ௩ ݂௬௧
ͲǤͷඥ݂ᇱ ܾ௪

ൌ

ሺʹ ൈ ͲǤͳͳሻ ൈ ͲǡͲͲͲ
ͲǤͷξͶͲͲͲ ൈ ʹͲ

ൌ ͳ͵ǤͻǤ

ܣ௩ ݂௬௧ ሺʹ ൈ ͲǤͳͳሻ ൈ ͲǡͲͲͲ
ൌ
ൌ ͳ͵ǤʹǤ
ͷͲ ൈ ʹͲ
ͷͲܾ௪

Provide No. 3 ties (two legs) spaced at 9.0 inches on center over the entire length of the
collectors.
Reinforcement details for the collector elements are shown in Figure 6.52. Top, bottom
and side longitudinal bars are continuous over the entire span and are spliced and
anchored in accordance with one of the options in ACI 21.11.7.6.29

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.52 Reinforcement Details for Collector Elements at Roof Level

29

The No. 3 ties spaced at 9.0 inches provided along the span satisfies the requirements of ACI
21.11.7.6(b).
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Design of Level 2 Floor Diaphragm in N-S Direction
Using Equation 3.11 of this publication, the 290-kip diaphragm force is distributed to the
frames as follows, assuming that the center of mass is displaced 3.6 feet to the east of its
original location:30
Frame on column line 1:
ܸଵ ൌ

ͳǤͲͲ ൈ ʹͻͲ
͵ ൈ ͳǤͲͲ ൈ ሺʹͻͲ ൈ ͶǤͳሻ
െ ଶ
ൌ ͳͶͷǤͲ െ ͳʹǤ ൌ ͳ͵ʹǤ͵
ͳǤͲͲ  ͳǤͲͲ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

Frame on column line 5:
ܸହ ൌ

ͳǤͲͲ ൈ ʹͻͲ
͵ ൈ ͳǤͲͲ ൈ ሺʹͻͲ ൈ ͶǤͳሻ
 ଶ
ൌ ͳͶͷǤͲ  ͳʹǤ ൌ ͳͷǤ
ͳǤͲͲ  ͳǤͲͲ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

A method of analysis similar to the one that was used for the roof diaphragm without an
opening can be used for the level 2 diaphragm with an opening.
The concrete diaphragm in this example is modeled as a simply-supported beam with
supports along column lines 1 and 2 for seismic forces in the north-south direction. The
total reactions at these supports can be determined from the forces in the frames. It is
assumed that the diaphragm force can be represented by a trapezoidal distributed load as
illustrated in Figure 6.53. Since the reactions at the supports are known, the distributed
loads, ݓଵ and ݓଶ , can be determined from statics.
For the center of mass located at 4.1 feet to the east of column line 3, the reactions are:
ܴଵ ൌ ܸଵ ൌ ͳ͵ʹǤ͵
ܴହ ൌ ܸହ ൌ ͳͷǤ
Summing forces in the north-south direction and summing moments about column line 5
results in the following two equations for the diaphragm at level 2:
ͳ
ሺݓଵ ൈ ʹሻ   ሺݓଶ െ ݓଵ ሻ ൈ ʹ൨ ൌ ʹͻͲ
ʹ
ʹଶ
ͳ
ͳ
ቇ   ሺݓଶ െ ݓଵ ሻ ൈ ʹ ൈ ൬ ൈ ʹ൰൨ ൌ ͳ͵ʹǤ͵ ൈ ʹ
ቆݓଵ ൈ
ʹ
͵
ʹ
Solving these equations simultaneously results in ݓଵ ൌ ʹǤͻȀݓଶ ൌ
ͷǤͲͻȀ.

30

The center of mass is located 0.5 feet to the east of the center of rigidity due to the opening. Therefore,
the total eccentricity ൌ ͲǤͷ  ͵Ǥ ൌ ͶǤͳǤ
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ܶଵ
ܶଶ

ܥଶ
ܴଵ

ܴହ

ܶଷ

ܥଷ
ܥଵ
ݓଵ
ݓଶ

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

ܨ௫

Figure 6.53 Distributed Load on Level 2 Diaphragm for Seismic Forces in the NorthSouth Direction

The shear and moment diagrams for this case are shown in Figure 6.54. The maximum
shear force in the slab occurs along column line 5 and is equal to ͳͷǤ, which is
distributed over a length of 110 feet.
The shear strength of the slab is determined by ACI Equation (21-10) assuming that
ߩ௧ ൌ Ͳ:
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132.3k
Shear Force
157.7k
2615.0ƍk

Bending Moment

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.54 Shear Force and Bending Moment Diagrams for the Level 2 Diaphragm for
Seismic Forces in the North-South Direction
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߶ܸ ൌ ߶ܣ௩ ʹߣඥ݂ᇱ ൌ ͲǤͷ ൈ ͻ ൈ ሺͳͳͲ ൈ ͳʹሻ ൈ ʹ ൈ ͳǤͲξͶͲͲͲȀͳͲͲͲ
ൌ ͳͳʹǤͲ  ͳͷǤǤǤ
൏ ߶ͺܣ௩ ඥ݂ᇱ ൌ ͶͷͲͺǤͳሺ ʹͳǤͳͳǤͻǤʹሻ
where ߶ ൌ ͲǤͷ, which is the same ߶ used for the shear design of the columns in the
special moment frame [ACI 9.3.4(b)].
The shear force along column line 2 is equal to 74.1 kips, which is distributed over a
length of 88 feet. The shear strength of the diaphragm is adequate at this location as well.
Primary chord forces (ܶଵ ǡ ܥଵ ) are calculated by dividing the maximum moment in the
diaphragm by the total depth of the diaphragm perpendicular to the direction of loading.
The maximum primary chord force is equal to the following:
ܶଵ ൌ ܥଵ ൌ

ܯ௨ ʹͳͷǤͲ
ൌ
ൌ ʹ͵Ǥͺ
ͳͳͲ
ܦ

Secondary chord forces (ܶଶ ǡ ܥଶ ) and (ܶଷ ǡ ܥଷ ) occur due to local bending of the diaphragm
segments on either side of the opening, which in this case are located to the north
(segment bounded by lines AC23) and to the south (segment bounded by lines DF23) of
the opening (see Figure 6.53). Typically, these diaphragm segments are idealized as
beams that are fixed at the ends.31 The loading on these segments is based on the relative
mass of the segments, and the secondary chord forces are calculated based on this loading
and the length of the segment perpendicular to the direction of loading.
Referring to Figure 6.53, the value of the distributed load is equal to 3.50 kips/ft at
column line 2 and is equal to 4.03 kips/ft at column line 3.32 Since the mass of the
segments on either side of the opening are equal in the direction of analysis, one half of
these loads are applied to each segment over the 18-foot length.
Depicted in Figure 6.55 is one of the segments of the diaphragm with the applied
trapezoidal load and the corresponding moment diagram.
The secondary chord force near midspan is equal to the following:
ܶଶ ൌ ܶଷ ൌ ܥଶ ൌ ܥଷ ൌ

31
32

ܯ௨ ʹͷǤͷ
ൌ
ൌ ͲǤ
ͶͶ
ܦ

Actual beam end conditions are somewhere between a fixed and a pinned condition.
The distributed load along the length of the diaphragm is ݓሺݔሻ ൌ ሺͷǤͲͻ െ ʹǤͻሻݔȀʹ  ʹǤͻ where  ݔis
measured from line 1. Thus, at  ݔൌ ͳͺǡ ݓൌ ͵ǤͷͲȀ ݔൌ ͵ǡ ݓൌ ͶǤͲ͵ȀǤ
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2

3

25.5ƍk

50.2ƍk

51.6ƍk
18ƍ-0Ǝ

3.50/2 = 1.75 kips/ft
4.03/2 = 2.02 kips/ft

Figure 6.55 Loading and Bending Moment Diagrams for the Level 2 Floor Diaphragm
Segment for Seismic Forces in the North-South Direction

Therefore, the total chord force near midspan is equal to ܶ௨ ൌ ܶଵ  ܶଶ ൌ ʹ͵Ǥͺ  ͲǤ ൌ
ʹͶǤͶǤ
The required area of tension reinforcement along column lines A and F is
ܣ௦ ൌ

ܶ௨
ʹͶǤͶ
ൌ
ൌ ͲǤͶͷǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide two No. 5 chord bars along the slab edges on column lines A and F
between lines 1 and 5.
Tensile chord forces will also develop near the corners of the openings due to the
negative moments at these locations (see Figure 6.55). The secondary chord force at the
corner of the opening is:
ܶଶ ൌ

ܯ௨ ͷͳǤ
ൌ
ൌ ͳǤʹ
ͶͶ
ܦ

The required area of tension reinforcement required for the negative moment adjacent to
the opening at line 3 is
ܣ௦ ൌ

ܶ௨
ͳǤʹ
ൌ
ൌ ͲǤͲʹǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Provide one No. 5 chord bar along the slab edges adjacent to the openings.
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Design of Level 2 Diaphragm in E-W Direction
Using Equation 3.11 of this publication, the 306-kip diaphragm force is distributed to the
frames as follows, assuming that the center of mass is displaced 5.5 feet to the north of its
original location:
Wall on column line C:
ܸ ൌ

͵Ǥʹʹ ൈ ͵Ͳ
ͳͳ ൈ ͵Ǥʹʹ ൈ ሺ͵Ͳ ൈ ͷǤͷሻ
 ଶ
ൌ ͳͷ͵ǤͲ  ͳǤ ൌ ͳͲǤ
͵Ǥʹʹ  ͵Ǥʹʹ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

Wall on column line D:
ܸ ൌ

͵Ǥʹʹ ൈ ͵Ͳʹ
ͳͳ ൈ ͵Ǥʹʹ ൈ ሺ͵Ͳʹ ൈ ͷǤͷሻ
െ ଶ
ൌ ͳͷ͵ǤͲ െ ͳǤ ൌ ͳ͵ͷǤ͵
͵Ǥʹʹ  ͵Ǥʹʹ ͵ ሺͳ  ͳሻ  ͳͳଶ ሺ͵Ǥʹʹ  ͵Ǥʹʹሻ

The concrete diaphragm in this example is modeled as a continuous beam with supports
along column lines C and D for seismic forces in the east-west direction. The total
reactions at these supports are equal to the forces in the structural walls.
It is assumed that the diaphragm force can be represented by a trapezoidal distributed
load as illustrated in Figure 6.56. Since the reactions at the supports are known, the
distributed loads, ݓଵ and ݓଶ , can be determined from statics.
For the center of mass located at 5.5 feet to the north of its original location, the reactions
are:
ܴ ൌ ܸ ൌ ͳͲǤ
ܴ ൌ ܸ ൌ ͳ͵ͷǤ͵
Summing forces in the east-west direction and summing moments about column line D
results in the following two equations for the diaphragm at level 2:
ͳ
ሺݓଵ ൈ ͳͳͲሻ   ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͲ൨ ൌ ͵Ͳ
ʹ
ͳ
ʹ
ሺݓଵ ൈ ͳͳͲ ൈ ͳͳሻ  ൜ ሺݓଶ െ ݓଵ ሻ ൈ ͳͳͲ ൈ ൬ ൈ ͳͳͲ൰ െ ͶͶ൨ൠ ൌ ͳͲǤ ൈ ʹʹ
ʹ
͵
Solving these equations simultaneously results in ݓଵ ൌ ʹǤͷͻȀݓଶ ൌ
ʹǤͻȀ.
The shear and moment diagrams for this case are shown in Figure 6.57. The maximum
shear force in the slab occurs along column line C and is equal to ͳʹǤͶ, which is
distributed over a length of 72 feet.
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ݓଶ

ܨ௫
ܶଵ

ܴ
ܶଶ ܥଶ

ܶଷ

ܥଷ

ܥଵ

ܴ

ݓଵ
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.56 Distributed Load on Level 2 Diaphragm for Seismic Forces in the East-West
Direction

The shear strength of the slab is determined by ACI Equation (21-10) assuming that
ߩ௧ ൌ Ͳ:
߶ܸ ൌ ߶ܣ௩ ʹߣඥ݂ᇱ ൌ ͲǤͲ ൈ ͻ ൈ ሺʹ ൈ ͳʹሻ ൈ ʹ ൈ ͳǤͲξͶͲͲͲȀͳͲͲͲ
ൌ ͷͻͲǤʹ  ͳʹǤͶǤǤ
൏ ߶ͺܣ௩ ඥ݂ᇱ ൌ ʹ͵ͲǤሺ ʹͳǤͳͳǤͻǤʹሻ
where ߶ ൌ ͲǤͲ, which is the same ߶ used for the shear design of the walls in the
building frame system [ACI 9.3.4(b)].
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43.3k

2829.9ƍk

127.4k

17.9k

117.4k
2555.7ƍk

Shear Force

Bending Moment

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.57 Shear Force and Bending Moment Diagrams for the Level 2 Diaphragm for
Seismic Forces in the East-West Direction

The shear force along column line C is equal to 43.3 kips just to the south of line C,
which is distributed over a length of 54 feet. The shear strength of the diaphragm is
adequate at this location as well.
Primary chord forces (ܶଵ ǡ ܥଵ ) are calculated by dividing the maximum moment in the
diaphragm by the total depth of the diaphragm perpendicular to the direction of loading.
The maximum primary chord force is equal to the following:
ܶଵ ൌ ܥଵ ൌ

ܯ௨ ʹͺʹͻǤͻ
ൌ
ൌ ͵ͻǤ͵
ʹ
ܦ

Secondary chord forces (ܶଶ ǡ ܥଶ ) and (ܶଷ ǡ ܥଷ ) occur due to local bending of the diaphragm
segments on either side of the opening, which in this case are located to the west
(segment bounded by lines CD12) and to the east (segment bounded by lines CD35) of
the opening (see Figure 6.56).
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Referring to Figure 6.56, the value of the distributed load is equal to 2.82 kips/ft at
column line C and is equal to 2.74 kips/ft at column line D.33 Since the mass of the
segment to the west of the opening is equal to one-half the mass to the right of the
opening, it will resist one-third of the total diaphragm load over this segment and the
segment to the east of the opening will resist two-thirds of the load.
Depicted in Figure 6.58 are the segments of the diaphragm with the applicable
trapezoidal loads and the corresponding moment diagrams.

18.7ƍk

D

2.82/3 = 0.94 kips/ft

22ƍ-0Ǝ

C

37.4ƍk

37.2ƍk

75.0ƍk

2 × 2.82/3 = 1.89 kips/ft

75.0ƍk

2 × 2.74/3 = 1.83 kips/ft

37.4ƍk

2.74/3 = 0.91 kips/ft

Segment CD12

Segment CD35

Figure 6.58 Loading and Bending Moment Diagrams in the Level 2 Diaphragm
Segments for Seismic Forces in the East-West Direction

The secondary chord force near midspan for segment CD12 is equal to the following:
ܶଶ ൌ ܥଶ ൌ

33

ܯ௨ ͳͺǤ
ൌ
ൌ ͳǤͳ
ͳͺ
ܦ

The distributed load along the length of the diaphragm is ݓሺݔሻ ൌ ሺʹǤͷͻ െ ʹǤͻሻݔȀͳͳͲ  ʹǤͻ where ݔ
is measured from line A. Thus, at  ݔൌ ͶͶǡ ݓൌ ʹǤͺʹȀ ݔൌ ǡ ݓൌ ʹǤͶȀǤ
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Therefore, the total chord force on line 1 near midspan is equal to ܶ௨ ൌ ܶଵ  ܶଶ ൌ ͵ͻǤ͵ 
ͳǤͳ ൌ ͶͲǤͶǤ
The required area of tension reinforcement along column line 1 is
ܣ௦ ൌ

ܶ௨
ͶͲǤͶ
ൌ
ൌ ͲǤͷǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide two No. 6 chord bars at mid-height of the beams along column line 1.
These bars are to be tied to the vertical legs of the transverse reinforcement.
Tensile chord forces will also develop near the corners of the openings due to the
negative moments at these locations (see Figure 6.58). The secondary chord force is:
ܶଶ ൌ

ܯ௨ ͵ǤͶ
ൌ
ൌ ʹǤͳ
ͳͺ
ܦ

The required area of tension reinforcement required for the negative moment adjacent to
the opening at line C is
ܣ௦ ൌ

ܶ௨
ʹǤͳ
ൌ
ൌ ͲǤͲͶǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Provide one No. 5 chord bar along the slab edge adjacent to the opening on line 2.
The secondary chord force near midspan for segment CD35 is equal to the following:
ܶଷ ൌ ܥଷ ൌ

ܯ௨ ͵ǤͶ
ൌ
ൌ ͳǤͳ
͵
ܦ

Therefore, the total chord force on line 1 near midspan is equal to ܶ௨ ൌ ܶଵ  ܶଷ ൌ ͵ͻǤ͵ 
ͳǤͳ ൌ ͶͲǤͶǤ
The required area of tension reinforcement along column line 5 is
ܣ௦ ൌ

ܶ௨
ͶͲǤͶ
ൌ
ൌ ͲǤͷǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Therefore, provide two No. 6 chord bars at mid-height of the beams along column line 5.
These bars are to be tied to the vertical legs of the transverse reinforcement.
Tensile chord forces will also develop near the corners of the openings due to the
negative moments at these locations (see Figure 6.58). The secondary chord force is:
ܶଷ ൌ

ܯ௨ ͷǤͲ
ൌ
ൌ ʹǤͳ
͵
ܦ
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The required area of tension reinforcement required for the negative moment adjacent to
the opening at line C is
ܣ௦ ൌ

ܶ௨
ʹǤͳ
ൌ
ൌ ͲǤͲͶǤଶ
߶݂௬ ͲǤͻ ൈ Ͳ

Provide one No. 5 chord bar along the slab edge adjacent to the opening on line 3.
The beams along lines C and D are utilized as collectors that pull (or drag) the shear
forces in the diaphragm into the structural walls along those lines.
It was determined above that the diaphragm force to the north of line C is equal to
127.4 kips, and the unit shear force in the diaphragm is equal to ͳʹǤͶȀʹ ൌ
ͳǤȀǤ Similarly, the diaphragm force to the south of line C is equal to 43.3 kips,
and the unit shear force is equal to Ͷ͵Ǥ͵ȀͷͶ ൌ ͲǤͺͲȀǤ The unit shear force for the
wall is ͳͲǤȀͳͺ ൌ ͻǤͶͺȀǤ
The unit shear forces and net unit shear forces are depicted in Figure 6.59.
In general, the collector elements must be designed to resist the combined effects from
gravity forces (bending moments and shear forces) and earthquake forces (axial
compression and tension).
The governing load combinations for the collector elements are:
•

ͳǤͶܦ

•

ͳǤʹ ܦ ͳǤܮ

•

ሺͳǤʹ  ͲǤʹܵௌ ሻ ܦ ͲǤͷ ܮ π ܳா ൌ ͳǤͶ ܦ ͲǤͷ ܮ ʹǤͷܳா

•

ሺͲǤͻ െ ͲǤʹܵௌ ሻ ܦ π ܳா ൌ ͲǤ ܦ ʹǤͷܳா

where the system overstrength factor is equal to 2.5 for building frame systems with
special structural walls (see ASCE/SEI Table 12.2-1).
Table 6.19 contains a summary of the axial forces (ܳா ൌ ͻʹǤͷǢ Ǥͷͻሻ,
bending moments, and shear forces for the collector element along line C.
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ͳʹǤͶ
ൌ ͳǤ Ȁ
ʹ

Ͷ͵Ǥ͵
ൌ ͲǤͺͲ Ȁ
ͷͶ

ͳͲǤ
ൌ ͻǤͶͺ Ȁ
ͳͺ

ͳǤ Ȁ

ʹǤͷ Ȁ

Unit Shear Forces
ͻǤͶͺ Ȁ

ʹǤͷ Ȁ
Net Shear Forces
Ǥͳ Ȁ
ͻʹǤͷ 

Collector Force
ͶǤ͵
For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm.

Figure 6.59 Unit Shear Forces, Net Shear Forces and Collector Force Diagram on
Column Line C at Level 2

6-146

CHAPTER 6 DESIGN AND DETAILING FOR SDCS D, E AND F

Table 6.19 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Collector Element on Line C at Level 2

Load Case
Dead (D)
Live (L)

Axial
Force
(kips)

Bending Moment
(ft-kips)
Negative Positive

Shear
Force
(kips)

0

70.6

43.7

19.7

0

32.1

20.4

9.0

Seismic (2.5QE)

± 231

0

0

0

Load Combination
1.4D
1.2D + 1.6L
1.4D + 0.5L ± 2.5QE
0.7D ± 2.5QE

0
0
± 231
± 231

98.8
136.1
114.9
49.4

61.2
85.1
71.4
30.6

27.6
38.0
32.1
13.8

Based on the load combinations in Table 6.19, a 20-inch by 28-inch collector element
reinforced with three No 9 top bars, three No. 9 bottom bars, and two No. 9 side bars is
adequate (ܣ௦௧ ൌ ͲǤͲͳͶܣ ሻ.34 The interaction diagram for this collector is shown in
Figure 6.60.

Figure 6.60 Design and Nominal Strength Interaction Diagrams for Collector Elements
at Level 2

34

The maximum axial force in the collector has been conservatively applied at all sections along the length
of the collectors.
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Check if transverse reinforcement satisfying ACI 21.9.6.4(c) must be provided over the
length of the collector elements (ACI 21.11.7.5):
 ൌ

ʹǤͷܳா
ʹ͵ͳ
ൌ
ൌ ͲǤͶͳ ൏ ͲǤͷ݂ᇱ ൌ ʹ͵ͷ
ʹͲ ൈ ʹͺ
ܣ

Therefore, transverse reinforcement satisfying ACI 21.9.6.4(c) need not be provided.
The maximum shear force on the collector is 32.1 kips where the collector is subjected to
significant axial tension. Therefore, the design shear strength of the concrete, ߶ܸ , is set
equal to zero (ACI 11.2.1.3). Assuming No. 4 ties, the required spacing is:
ݏൌ





ܣ௩ ݂௬௧ ݀ ሺʹ ൈ ͲǤʹሻ ൈ Ͳ ൈ ʹͷǤͷ
݀
ൌ
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Provide No. 4 ties (two legs) spaced at 12.0 inches on center over the entire length of the
collectors. This reinforcement is also adequate for the 38.0-kip shear force that is due to
the factored gravity forces (see Table 6.19).
Reinforcement details for the collector elements are similar to those shown in
Figure 6.52. Top, bottom, and side longitudinal bars are continuous over the entire span
are spliced and anchored in accordance with one of the options in ACI 21.11.7.6.36
The design of the diaphragm in the north-south direction at level 1 would be the same as
that at level 2 since the diaphragm forces are the same (see Table 6.16). Even though the
east-west diaphragm force at level 1 is smaller than that at level 2, use the same
reinforcement for simplicity.

The limit of ͲǤͷ݂ᇱ is used since the axial force is amplified by the overstrength factor, π
(ACI 21.11.7.5).
36
The No. 4 ties spaced at 12.0 inches provided along the span satisfies the requirements of
ACI 21.11.7.6(b).
35
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