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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 318-
08 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 lateral-
force-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 INTRODUCTION

1.1 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].}

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 Sructural 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 Sructures[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.? 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.

" Numbers in brackets refer to references listed in Section 1.3 of this publication.

2 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).

*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 Il 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.
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Code provisions have been organized in tables, figures and comprehensive flowcharts,
which provide aroad 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

The terminator symbol represents the starting or ending

Terminator point of aflowchart.

The process symbol indicates a particular step or action that

Process is taken within aflowchart.

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

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

<> Decisi The decision symbol represents a decision point, which
ecision . « y I
requiresa“yes’ or “no” response.

The connector symbol indicates the sequence and direction

' Connector of aprocess.

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 membersin 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 othersinvolved in structural engineering, such as advanced
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undergraduate students and graduate students, will find the flowcharts and the worked-
out 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 isreferenced 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-in-
place 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
Sizesare aso given.

A summary of the lateral-force-resisting systems that are commonly utilized in low-rise
reinforced concrete buildingsis 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) isincluded, 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 alocation of lateral forces to the elements of the lateral-force-
resisting 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 areillustrated in two examples. A four-story residential building
utilizing aflat plate and moment-resisting frame system is presented in the first example.
The dlab, 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 giveniin
Chapter 5. Requirements are presented for members subjected to bending (beamsin
intermediate moment frames and two-way slabs without beams) and for frame members
subjected to bending and axial load in intermediate moment frames. The examplesin
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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) specia moment frame members subjected to bending and axial load, (3) joints
of special moment frames, (4) specia 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) wallsin the perpendicular direction
isused to illustrate the requirements for beams, columns, walls, joints, membersthat 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 Sructural Concrete
(ACI 318-08) and Commentary, Farmington Hills, M1, 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 FLOOR SYSTEMS

2.1 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 in-
place 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 fire-
resistance 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 £,,/30 where ¢,, 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.

12.0
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10.0 +

8.0
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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,
f, is not the most effective way of increasing the nominal shear strength of the concrete,
V., at the critical section around a column, since V_ is a function of the square root of f,.
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:

e Square-edge column of size c¢; bending perpendicular to the slab edge with a
three-sided critical section and ag = 30.

e Column supports a tributary area, A

e Square bays

e 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, g,,, must include an estimate of the slab weight. The ratio d/c; is
determined as a function of g, and the area ratio A/c?. A preliminary slab thickness, h,
can be obtained by adding 1 ¥4 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.
: |
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: /
- :‘/A '

0.20 /

0 3 1 0 ] i 1 i i 1 i i ' 1 L 1 L L ]
200 250 300 350 400

qu (psf)

=]
©
=1

0.80

0.70

0.60

0.50

d-"c-,

0.40

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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1 /6 /6 , (in each direction)
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center-to-center of support

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.

Sl
/ ab Gl ry - - ..

P|y10rm i L e . P 'I__;_Drop

Nominal lumber | Actual lumber |Plyform thickness h;
size size (in.) (in.) (in)

2X 1%, ¥, 2%,

4x 3, %, 4,

6X 5%, ¥, 6%,

8X 7, ¥, 8%,

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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2.3.3 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 apanel istwo 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 sidesis less than
two, load is transferred by bending in both orthogonal directions and the panel actsas a
two-way slab.

In aone-way system, the thickness of the beams and one-way sab is governed by the
provisions of ACI 9.5.2. The largest applicable minimum valuein 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.

UJ

Figure 2.7 Beam-Supported Slab System

The minimum thickness, h, for a solid one-way slab with one end continuousis ¢ /24,
while the minimum thickness for a beam with one end continuousis#/18.5 where £ 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 atwo-way system is governed by ACI 9.5.3.3, and
depends on the average value of a, for all beams on the edges of a panel, as,,, where a,
istheratio of the flexural stiffness of a beam section to the flexural stiffness of aslab
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 isdepicted in Figure 2.2.
The largest required slab thickness from al 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 |ateral-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, areinforced 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.

One-way Joist

Wide-module Joist

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 joistsis usually
controlled by fire-resistance requirements, since the structural requirements of the slab
areminimal.
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For SI: 1inch = 25.4 mm.
Figure 2.9 Standard Form Dimensions for One-way Joist Construction

Wide-modulejoists, 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 asthejoists. 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.
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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.

Anincreasein live load from 50 psf (2.39 kPa) to 100 psf (4.79 kPa) resultsin
approximately a5 percent increase in total material costs.
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CHAPTER 3 LATERAL SYSTEMS

3.1 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-force-
resisting 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.* 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 6-
6 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.

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 system? 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 6.4.1.1.2 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. In short, wind forces are external forces that are
applied to, and hence are proportional to, the exposed surface of a structure.

*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.

®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.

*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, E,, applied at the roof and floor levels
of a structure that meet the requirements of this method.> 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.

—v

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, low-
rise structures that fall under Occupancy Categories | and Il and possess seismic-force-
resisting 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 low-
rise 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, Sy and Sy, at the site.

The SDC is determined twice: first as a function of S, by IBC Table 1613.5.6(1) or
ASCE/SEI Table 11.6-1 and second as a function of S, by IBC Table 1613.5.6(2) or
ASCE/SEI Table 11.6-2. The more severe of the two governs.

% 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,
S1, 1s 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

e Permissible seismic-force-resisting systems
e Limitations on building height
e Consideration of structural irregularities

e 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)

v

Determine Sg and S; from ASCE/SEI
Figures 22-1 through 22-14 (11.4.1).

IsS¢ < 0.15and S; < 0.04?

. —
Determine the Occupancy N Structure is permitted to be assigned
Category from IBC Table 1604.5. to SDC A and must comply with only

| ASCE/SEI 11.7 (ASCE/SEI 11.4.1).

Is the Occupancy Category I, I
or I11?

No s S; = 0.75? Yes  No Is S; > 0.75? Yes

! o

2 2

A 4

Y
<Structure is assigned to SDC F.**> <Structure is assigned to SDC E.“)

* Values of Sg and S; 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)

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

—

Determine Spg = 2F,Ss/3
(ASCE/SEI 12.14.8.1) "

Are all four conditions of

ASCE/SEI 11.6 satisfied? Yes

A 4

v
] Determine the SDC from ASCE/SEI
Determine Sps = 25ys/3 by Table 11.6-1 based on S, and the
ASCE/SEI Eq. 11.4-3. Occupancy Category.

A 4

Determine Sps and Sp; 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 Spg and Sp,, respectively.

For Sl: 1 foot = 304.8 mm.

T Short-period site coefficient, F,, 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, Sg, 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)

Structural System Limitations and

Building Height (ft) Limit'’

Seismic-force-resisting R Q- c.t
System ° d Seismic Design Category
B | C D E F

A. Bearing Wall Systems
L fﬁ:acr""\‘l'vgfl':formd concrete 5 24, 5 NL | NL | 160 | 160 | 100
2. g}rg;psvrg“rsmforced concrete 4 2, 4 NL NL NP NP NP
3. \Iljvztl?slled plain concrete shear 2 2, 2 NL NP NP NP NP
4. f/)v;c:llgary plain concrete shear 1Y, 2, 1Y, NL NP NP NP NP
5. IWn;TIrsmedlate precast shear 4 2, 4 NL NL 40¢ 40¢ 40¢
6. Ordinary precast shear walls 3 21, 3 NL NP NP NP NP
B. Building Frame Systems
5 fﬁ:;i'v;fl':forced concrete 6 24, 5 NL | NL | 160 | 160 | 100
6. g]r:;pivriursmforced concrete 5 24, 4, NL NL NP NP NP
7. \[/)vztITsIIEd plain concrete shear 2 2, 2 NL NP NP NP NP
8. f,)v;?;gary plain concrete shear 1Y, 24, 1Y, NL NP NP NP NP
9. w;elslr:wedlate precast shear 5 2, 4, NL NL 40¢ 40¢ 40¢
10. Ordinary precast shear walls 4 2, 4 NL NP NP NP NP
C. Moment-resisting Frame Systems
> rsn%erﬁfr']tr?:;‘:ﬁefed concrete 8 3 5Y, NL | NL | NL | NL | NL
6. Intermediate reinforced 5 3 Ay, NL NL NP NP NP

concrete moment frames
7. 8Ldr:1nea:]rtyf:§:rr]n;2rced concrete 3 3 21, NL NP NP NP NP
F. Shear Wall-Frame

Inter active System with

Ordinary Reinfor ced 1 1

Concrete Moment Frames 4l 212 4 NL NP NP NP NP

and Ordinary Reinforced

Concrete Shear Walls

For SI: 1 foot = 304.8 mm.

* R = Response modification coefficient
**(), = System overstrength factor
T¢,4 = Deflection amplification factor

"'NL = Not Limited and NP = Not Permitted
*Increase in height to 45 feet is permitted for single story storage warehouse facilities.
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3.4.1 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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3.4.2 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 wall-
frame 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.
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3.4.3 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.

/

\4

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.
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3.5.1 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.® 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 lateral-
force-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 span-
to-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-force-
resisting 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
SDCA,BorC.

® 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, §;, of a wall or pier subjected to a lateral force,
V;, 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.

(@) (b)
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,
6;, is as follows:

e For both ends fixed (fixed wall or pier):

Vihi 12Vihy ViV

S5 = O8pi + 8 = = 4+ — Equation 3.1
i = Ori T Ovi 12E,I; * GA; kg * ky; a
e For one end fixed, the other end pinned (cantilevered wall or pier):
Vihi  12Vihy  V, V; .
5:=8pi + 6, = =— 4+ — Equation 3.2
RO T OVITREL Y TGA, ke R, |
The total stiffness of a wall or pier k; is as follows:
V; kpiky;
k= —=—0 Equation 3.3

_Ei_kFi-l'kVi
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where 6p; = displacement due to flexure
6y; = displacement due to shear

V; = lateral force on wall or pier

h; = height of wall or pier

I; = moment of inertia of wall or pier cross-section in the direction of analysis
A; = cross-sectional area of wall or pier

E. = modulus of elasticity of concrete

G = shear modulus of concrete

kg = flexural stiffness of wall or pier
= 12E_I;/h3 for fixed walls or piers
= 3E.I;/h3 for cantilevered walls or piers
kyi = shear stiffness of wall or pier, which is equal to GA;/1.2h; 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, k;, can be set equal to the flexural stiffness, kg;.

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, 6§, at the top of the wall can be obtained by determining the stiffness of

the component piers, k;. The deflection of a wall consisting of n piers (each with a lateral
stiffness of k;) connected by rigid spandrels is:

6 = Equation 3.4

where k; 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.” 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

"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

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.

hy

A
A

Figure 3.11 Example Wall with Opening
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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:

12h3 1.2h

5. =
LU BEt(8 4 £, + £5)3 + Gt(fy + €, + £3)

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:

5 _ 12h3 N 1.2h,
2T A2E (6, + £, + £3)3 T Gt(£, + £, + £3)

The deflection of the strip is subtracted from the deflection of the solid wall:
81, =06,—6;

The deflection of the piers on each side of the opening is determined next by
Equation 3.1:

e For the pier to the left of the opening:

12K | 12hy
PLU12E, ¢80 Gtey

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

<
_
[=9)

e For the pier to the right of the opening:

__tend | 12m
P2 12 t0,%  Gtes

The corresponding rigidity of this pier is obtained by taking the inverse of this
deflection:
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The total deflection of the two piers is obtained by taking the inverse of the sum of the
pier rigidities:

1
B =
PU+2) ™ Ry + Ry

The total wall deflection, considering the opening, is obtained by adding the net
deflection, §;,_,, to the total deflection of the piers:

Ototar = 61-2F0p(142)

The inverse of §;,.4; 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, V;, which produces the deflection, §;. The equivalent story stiffness, k;, is obtained
by combining the stiffness of all of the columns and the beams in a story:

12E,
B2 < 1 ) Equation 3.5
t Z kc + Z kb

ki:

where k. = column stiffness = I./h;
I. = cross-sectional moment of inertia of a column in the direction of analysis
h; = length of column
k, = beam stiffness =1, /¢;
I, = cross-sectional moment of inertia of a beam
¢; = length of beam

E. = 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, b, that is a fraction of the transverse
width of the slab. The following equation can be used to determine b, for an interior slab-
column frame:®

b, = 2¢; +% Equation 3.6

where ¢, is the column dimension in the direction of analysis and ¢, is the span length in
the direction of analysis. For an exterior frame, b, 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

8See “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):

Z(ki)yxi .
Xy = Equation 3.7
¢ Z(ki)y a
_ Z(ki)xyi .
VYer = m Equa“on 3.8

where (k;), = in-plane lateral stiffness of the lateral-force-resisting element, i, in the y-
direction

(k;), = in-plane lateral stiffness of the lateral-force-resisting element, i, in the x-
direction

x; = distance in the x-direction from the origin to the centroid of lateral-force-
resisting element, i

y; = distance in the y-direction from the origin to the centroid of lateral-force-
resisting element, i

The in-plane lateral stiffness, k;, 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.’

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:

k;
Xk

Relative stiffness of element i =

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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Figure 3.14 Resultant Wind Force Acting through the Center of Rigidity

where k; 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:

k;

Vi:Zki

|4 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, V;, that must be resisted by the
wall based on its relative stiffness with respect to the other elements of the lateral-force-
resisting system. It is then used a second time to determine the portion of V; 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, M., 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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Figure 3.15 Resultant Wind Force Not Acting through the Center of Rigidity

The portion of the total story shear, 1, in the y-direction that must be resisted by element
iis:

_ (ki)y x‘.(ki)y
(Vdy = X (k) b Y x2(k)y + X2 (ki) e

Equation 3.11
Similarly, the portion of the total story shear, V,, in the x-direction that must be resisted
by element i is:

_ (kl)x }_’l(kz)x
Vdx = Sk, © T Zfiz(ki)y + Zyiz(ki)x ey

Equation 3.12
where x; = perpendicular distance from element i to the center of rigidity parallel to the
X-axis

y; = 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 For ce Distribution: Centersof 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).1° 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.

SZF ''''''''''''''''''''''''''''''''''''''' K

N

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

Seismic For ce Distribution: Centersof 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, M,, 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.

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



CHAPTER 4 DESIGN AND DETAILING FOR
SDCs A AND B

4.1 GENERAL REQUIREMENTS
411 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.! Ordinary moment frames that are part of the seismic-force-resisting systemin
buildings assigned to SDC B must also satisfy the provisions of ACI 21.2.

The genera 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:

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

e 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.

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

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

e Beamsthat 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.

11BC 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 areto 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.? 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:

e Thevariable, f;, that ispresent in IBC Equations 16-3, 16-4 and 16-5 is not found in
ASCE/SEI combinations 3, 4 and 5. Instead, the |oad factor on the live load, L, in the
ASCE/SEI combinationsis equal to 1.0 with the exception that the load factor onL 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.

e Thevariable, f,, that is present in IBC Equation 16-5 is not found in ASCE/SEI
combination 5. Instead, aload factor of 0.2 is applied to Sin the ASCE/SEI
combination. The third exception in ASCE/SEI 2.3.2 states that in combinations 2, 4
and 5, Sshall be taken as either the flat roof snow load, py, or the sloped roof snow
load, p,. 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 |oads 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 arein the IBC and ASCE/SEI 7.

The load combinations of ASCE/SEI 2.3.3 are to be used where flood loads, F,, must be
considered in design (see IBC 1605.2.2).3

2By definition, a“variable load” isaload that is not considered to be a permanent load (see IBC 1602).
Permanent |oads are those |oads 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.

®Flood |oads 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
D Dead load See IBC 1606
D; Weight of ice See Chapter 10 of ASCE/SEI 7
Combined effect of horizontal and vertical
E earthquake-induced forces as defined in See IBC 1613, ASCE/SEI 12.4.2
ASCE/SEI 12.4.2
E, Maximum seismic load effect of horizontal and See IBC 1613, ASCE/SE] 12.4.3

vertical forces as set forth in ASCE/SEI 12.4.3

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

F, Flood load SeeIBC 1612

Load due to lateral earth pressures, ground water

H pressure or pressure of bulk materials See|BC 1610 for soil lateral loads
Live load, except roof live load, including any

L permitted live load reduction See [BC 1607

L, Roof | ive load including any permitted live load See IBC 1607
reduction

R Rain load SeeIBC 1611

S Snow load See IBC 1608
Self-straining force arising from contraction or
expansion resulting from temperature change,

T shrinkage, moisture change, creep in component —
materials, movement due to differential
settlement or combinations thereof

w Load due to wind pressure See IBC 1609

W; Wind-on-ice load See Chapter 10 of ASCE/SEI 7

In particular, 1.6/ in combinations 4 and 6 shall be replaced by 1.6W + 2.0F, inV
Zones or Coastal A Zones.* In noncoastal A Zones, 1.6W in combinations 4 and 6 shall
be replaced by 0.8W + 1.0F,.

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:”

e 0.5(L, or SorR)incombination 2 shall be replaced by 0.2D; + 0.5S

e 1.6W 4+ 0.5(L, or S or R) in combination 4 shall be replaced by D; + W; + 0.5S

e 1.6 incombination 6 shall be replaced by D; + W,

“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 1.4(D + F)
16-2 1.2(D+F +T) + 1.6(L + H) + 0.5(L, or Sor R)
16-3 1.2D + 1.6(L, or Sor R) + (f;L or 0.8W)
16-4 1.2D + 1.6W + f,L + 0.5(L, or S or R)
16-5 1.2D + 1.0E + fiL + f,S
16-6 0.9D + 1.6W + 1.6H
16-7 0.9D + 1.0E + 1.6H
For Sl: 1 pound per square foot = 47.88 Pa.
Notes:

f1 = 1forfloorsin places of public assembly, for live loadsin excess of
100 psf and for parking garage live load

= 0.5 for other live loads

f» = 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, f,/, 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 f, 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 MEMBERS SUBJECTED TO BENDING
4.2.1 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 (B, < A,f//10).



MEMBERS SUBJECTED TO BENDING

4-5

Table 4.3 Summary of Requirements for Beams and One-way Slabs in Buildings

Assigned to SDC A or B

Requirement

ACI Section Number(s)

Serviceability

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

9521

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 limitsin
ACI Table 9.5(b).

9.5.2.6

Analysis M ethods

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.

83.1

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 one-
way slabsthat satisfy the limitations given in that
section.

8.3.3

Flexure

Design flexura members as tension-controlled
sections.

10.34,9.3.21

Minimum flexural reinforcement shall not be less than:
3\ f!b,d 200b,,d
and
fy fy

at every section of aflexura member where tensile
reinforcement is required by analysis, except as
provided by ACI 10.5.2, 10.5.3 and 10.5.4.

10.5.1

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

10.35

Ensure that minimum and maximum spacing
requirements for the flexural reinforcement are
satisfied.

10.6, 7.6

Positive and negative reinforcement must be
developed.

12.10,12.11, 12.12

Provide minimum structural integrity reinforcement.

7.13

(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 ACI Section Number(s)
For straight deformed bars, the development length,
{4, shall be determined by the following:
3 fy Ve
by = —-—2—""""—|d, ACIEq.(12-1
a 40 A\/ﬁ (Cb + Ktr) b a- ( )
dp
where the term (¢, + Ky,-)/d,, shall not be taken
greater than 2.5.
Y, = 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
1, = reinforcement coating factor
= 1.5 for epoxy-coated bars or wires with cover
Development lessthan 3d,, or clear spacing less than 6d,,
Length® = 1.2 for al other epoxy-coated bars or wires 1223

= 1.0 for uncoated and zinc-coated (galvanized)
reinforcement

The product of ¥, need not be greater than 1.7.

Y, = reinforcement size factor
= 0.8 for No. 6 and smaller bars and deformed
wires
= 1.0for No. 7 and larger bars

A = lightweight concrete factor

= 0.75 for lightweight concrete unless f,; is
specified (see ACI 8.6.1)

= 1.0 for normal weight concrete

¢, = smaller of (a) distance from center of abar or
wire to nearest concrete surface and (b) one-half
the center-to-center spacing of the bars or wires
being developed

K., = transverse reinforcement index
= 404 /sn

(continued)

®The provisions of ACI 12.2.2 may also be used.
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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)

Development
Length
(continued)

The standard development length, £, for adeformed
bar in tension with a standard hook must not be less
than:

(@ 8d,
(b) 6inches

© (0.02y.f,/A/f)d,

where, = 1.2 for epoxy-coated reinforcement and
A = 0.75 for lightweight concrete. For other cases, Y,
and A shall betaken as 1.0.

It is permitted to multiply ¢4, by the following factors,
if applicable:

e 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.

o 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 3d,, or
(2) enclosed within ties or stirrups parallel to the
bar being developed and spaced less than or
equal to 3d,, along the full length of the tail
extension of the hook plus bend,
areduction of 0.8 is permitted.

o 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
3d,, along 44, areduction of 0.8 is permitted.

e Where anchorage or development of f,, is not
specifically required for reinforcement in excess of
that required by analysis, amultiplier of
(A required/A, provided) can be used.

125

(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 ACI Section Number(s)

For headed deformed bars satisfying ACI 3.5.9 and the
conditionsin ACI 12.6.1, the development length, €4,
in tension must not be less than:

(@ 8d,
Development (b) 6inches
Length © (0.016W,f,/2/F)dy e
(continued)

where, = 1.2 for epoxy-coated reinforcement and
f. < 6000 psi. For other cases, 1, shal be taken as
1.0.

A reduction factor of (A required/A; provided) can be
applied, if applicable.

Provide Class A or Class B tension lap splices or

mechanical and welded splices. 12.14,12.15

Lap splices of deformed bars or wires in tension shall

be Class B splices, except Class A splices are allowed

where:

(a) theareaof reinforcement provided is at least twice
that required by analysis over the entire length of

Splices the splice; and,

(b) one-haf or less of the total reinforcement is spliced
within the required lap length.

12152

Class A splicelength = 1.0¢,
Class B splice length = 1.3¢,;

where ¢, is calculated in accordance with ACI 12.2, 12151

but without the 12 inches minimum of ACI 12.2.1 and
without the modification factor of ACI 12.2.5.

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

7111

Confinement - -
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 ACI Section Number(s)
For one-way slabs, the following equation must be
satisfied:
v, < ¢V, 11.11.1,11.2.112

where V, = 2A\/f/b,,d and ¢ = 0.75.

For beams, the following equation must be satisfied:
V, < oV, + PV 11.11.1,11.2.1.1,11.4.7
Shear whereV, = 24,/f/b,d, V; = A,f,:d/s, and ¢ = 0.75.

For beamswhere V,, > 0.5¢V,, provide the following
minimum shear reinforcement:
0.75,/f!b,,s 50b,s
Av,min = fC = = R
fye fye

See ACI 11.4.6.1 for cases where minimum shear
reinforcement is not required.

11.4.6.3

For beams, the following equation must be satisfied:

11.5.3,
I <o, 535

Torsion . : I .
Provide required transverse and longitudinal torsion

reinforcement in accordance with ACI 11.5.1 through 115
115.6.

For Sl: 1inch = 25.4 mm; 1 degree = 0.01745 rad; 1 pound per sguare inch = 6.895 kPa.

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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A A —— A

Beams or rh2€1/18.5 thfz/Zl . l—h2€3/8

Ribbed

One-way j-L . |

Slabs T One end T Both ends TCanuIever
continuous continuous

+ . + . _,t,_

s

—\ —\ — —\ —\
> >
Solid l—h_{’1/24 rh2€2/28 - l—h_{’3/10
One-way H —l
Slabs 1 oneend 1 Bothends v fcantilever
continuous continuous

g A

For SlI: 1 pound per square inch = 6.895 kPa; 1 pound per cubic foot = 16.02 kg/m°.

Notes:

e Applicable to one-way construction not supporting or attached to partitions or other construction
likely to be damaged by large deflections.

e Values shown are applicable to members with normal weight concrete (w, = 145 pcf) and
Grade 60 reinforcement. For other conditions, modify the values as follows:

- For structural lightweight having w, in the range 90-115 pcf, multiply the values by
(1.65 — 0.005w,) = 1.09.

- For f,, other than 60,000 psi, multiply the values by (0.4 + £,,/100,000).

e For simply-supported members, minimum h = £/20 for solid one-way slabs and ¢/16 for
beams or ribbed one-way slabs.

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.
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<Analysis Methods for Beams and One-way Slabs>

Are all of the following conditions
satisfied?

1. There are two or more spans.

2. Ratio of longer to shorter
adjacent spans < 1.2.

3. Loads are uniformly distributed.

Service live load/dead load < 3.

Members are prismatic.

>

+ A 4

Determine stiffness in accordance with It is permitted to determine

ACI 8.7 and 8.8. moments and shears using
v the coefficients in ACI 8.3.3.

Use span length defined in ACI 8.9.

v

Arrange live load in accordance with
ACI 8.11.

v

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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——
[{1]111]]] uniformly distributed loadw, (wo<3) [ [ [ 1]][]]
Two or more spans
Integral with Pri ti b Simple Ez
i rismatic members St /
Lol o,<e, <120, L b L1 b0

< > < > <

wy, 51 wuts, _Wug'zl'z Positive
14‘ 16 11 Moment
Spandrel Wule,l Wu{)%l,avg Wufgl,avg Wu€121,2 Wufgl,Z 0
Support 24 10 11 11 10
Column Wuﬁm Negative
Support 16 Moment
Note A Wu‘gzl,l Wu‘grzl,avg Wu€721,avg Wuggz,z Wu‘gi,z 0
12 12 12 12 12
Wy tn1 1.15wy 1t} 4 Wyt o Wyt o 115wyt wytn, Shear
2 2 2 2 2 2

For SI: 1 foot = 304.8 mm.

“ For 2-span condition, first interior negative moment = w,,#2 /9
Cnavg = (Bn1 +¥n2)/2  (ACI8.3.3)
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.
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Figure 4.4 can be used to determine the depth of a beam or one-way slab, h, the width of
a beam, b,, [one-way slabs are typically designed using a 12-inch-wide (305 mm) design
strip], and the required flexural reinforcement, A, for a factored moment, M,,.”

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

v

Determine maximum factored moment, M,,.

(use Figure 4.3, if applicable)

v

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

v

Round h to next largest whole number.

v

Calculate approximate d:
e Beams: d = h — 2.5in.
e One-way slabs: d = h — 1.25 in.

v

Assume tension-controlled section (¢ = 0.9).
(AC110.3.4,ACl19.3.2.1)

v
Calculate coefficient g, (ACI 10.2.7.3):
0.65 < B, = 1.05 — 0.00005f, < 0.85

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

"Figure 4.4 is applicable to beams that are not deep beams. Deep beams are defined in ACI 10.7.
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Select an approximate value of p:

Pmin” S P <P = 0-319.31fc,/fy

(see Table 4.4)

'

Calculate strength coefficient R,,:

O.Spfy]

Ry = pfy |1~

0.85f;

Is the member a heam?

A 4

Calculate beam width, b,, (see Table 4.5):

Use b, = 12 in. M,
by, = ———
for one-way slabs 0.9R, d?

A

A

e

A

Round b,, to appropriate whole number.

* For beams: p,,;, = greater of Sﬁ/fy and 200/f, (ACI 10.5.1)

For slabs: p,,;, = 0.0018 (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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Mu

R,=—"—
"~ 0.9b,,d2

Calculate modified strength coefficient, R,,:

v

A - 0.85bydf¢ |
fy

Calculate required area of flexural reinforcement, A,:

*

No IS Ag = Agmin ?

A 4

Increase A; so that As = Ag pin.

Yes

A 4

A 4

** For beams: A min = greater of 3,/f/b,,d/f, and 200b,,d/f,
(ACI 10.5.1). Requirements of ACI 10.5.1 need not be
applied if provided A; is at least one-third greater than that
required by analysis (ACI 10.5.3).

For slabs: A ,nin = 0.0018bh (Grade 60 deformed bars)
(ACI 10.5.4)

Calculate depth of equivalent rectangular
stress block, a:

a = Asfy
0.85//b,
(ACI 10.2.7.1)

v

Calculate distance from extreme compression
fiber to neutral axis, c:

c=a/p,
(ACI110.2.7.1)

Figure 4.4 Determination of Member Size and Required Flexural Reinforcement—
Beams and One-way Slabs (continued)
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Determine net tensile strain in extreme layer of
longitudinal steel at nominal strength, &;:

~0.003(d; —¢)
c

(ACI 10.2.2)

&t

Reinforcement limitation
of ACI 10.3.5 is violated.
Redesign section.

Is &, > 0.004?

Is & > 0.005?

A 4 A 4
Initial assumption that the section
is a tension-controlled section

(¢ = 0.9) is correct.

Modify one or more of the
following, if possible: b, d or ;.

Select reinforcing bar size and determine
number of bars so that the provided A, >
required Ag. 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, p,, 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, p;, at Strain Limit of 0.005 for Tension-Controlled
Sections Assuming Grade 60 Reinforcement

fe (psi) Pt
3000 0.01355
4000 0.01806
5000 0.02125

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

~ 36,600M,,
pp1fe (1 —0.2143pp;)d?

by,

where p = p/Pmax: fe 18I0 psi, d is in inches, M,, is in ft-kips and

0858,/ 0.003
Pmax = ¢ 70.004 + 0.003

(ACI 10.3.5)

Using p = 0.5 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 b,
assuming Grade 60 reinforcement and p = 0.5.

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 A, = M,,/4d where A is in square
inches, M,, is in ft-kips and d 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 b,, Assuming Grade 60 Reinforcement and
p = P/Pmax = 0.5

fe (psi) b,, (in.)’

2000 31.6M,
dZ

4000 23.7M,,
dZ

5000 20.0M,,
dZ

M, is in ft-kips and d 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 A; Assuming Tension-Controlled Section and
Grade 60 Reinforcement

fe (psi) A (in)
3000 M
3.95d
4000 M
3.96d
5000 M
3.99d

*Mu is in ft-kips and d is in inches
For SI: 1 inch = 25.4 mm; 1 square inch = 645.16 mm?; 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, c., equal to 2 inches (51 mm), and f, 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 % inches (38 mm), and %s-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

) Beam Width (in.)
Bar Size

12 14

'_\
»
'_\
oo
N
o

22 24 26

)
o'
w
o
w
o))
N
¥

No. 4

No. 5

No. 6

No. 7

No. 8

No. 9
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2
2
2
2
2
2
2
2
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No. 11 2

For SI: 1 inch = 25.4 mm.

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

i Beam Width (in.)

Bar Size

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
No. 10 3 4 4 5 6 7 10 12 15 17
No. 11 3 3 4 5 5 6 9 11 13 15

For SI: 1 inch = 25.4 mm.

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, ¢4, 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.

| ‘Larger of 8%1 or %27 | iLarger of %Z or3 b

|
| | |

|
l
__!\‘__ et
Note 3 '

IS

Ll *
1
=(A%) Al (R Als 7
Note 3 L - L B
0.125n1 | 0.125Ln2 0.125Ln2 0 125803
‘ " fn1 bn2 ' tn3

(a) Other than perimeter beams without transverse
reinforcement defined in ACI 7.13.2.3

%.1 KLarger of E? or %27 viLarger of *32 or3° 7
| |

= N -t
Note 3 Azq - Note 2 Az .
A/’- N ‘(/_‘_ A/- * = 83 {
n— ® . 1
= \ at !
1
=A%) A§1J Note 1 A;;—/ A§3J
Note 3 L L L
0.125En1 | 0.1258n2 0.125Ln2 0 1256n3
16" £ fnz I &n3
" T Transverse reinforcement of the

type specified in ACI 11.5.4.1 (typ.)

(b) Perimeter beams or other than perimeter beams where transverse
reinforcement as defined in ACI 7.13.2.3 is provided

Notes: (1) Larger of %, (A$1) or 4 (Ad2) but not less than two bars continuous or spliced with Class B
splices or mechanical or welded splice satisfying ACI 12.14.3 (ACI 7.13.2.2 and 7.13.2.4)

(2) Larger of % (Az1) or J& (As2) but not less than two bars continuous or spliced with Class B
splices or mechanical or welded splice satisfying ACI 12.14.3 (ACI 7.13.2.2 and 7.13.2.4)

(3) Use a standard hook satisfying ACI 12,5 or a headed deformed bar satisfying ACI 12.6

(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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Temperature & shrinkage
reinforcement —_ _

1 r T - [y
wargerot 0. nicr . nz Larger of O.
0.258n1 \ | R
e | T 1 |
= L\ r | | |
\ 8
= 4 . e
\ A§1J \ AEZJ ‘ \‘Alﬁa
=4(A%) =V(A%) =/(A%)
6" 6" 16" _k__
0.1256n1 | 0.1250n2  0.1250n2 0.1250n3
6" En1 ' n2 ' I tn3

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,
1,, at the critical section located a distance, d, from the face of the support must not
exceed the shear design strength for concrete, ¢V,. Figure 4.7 outlines the requirements
to determine ¢V, 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 ¢V} 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, T;,, 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 A, /s and
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, ¢pV.—Beams and One-way Slabs

A
Strength reduction factor, ¢ = 0.75.

(AC19.3.2.3)

No Does concrete mix contain Yes

lightweight aggregate?

Is the average splitting
tensile strength, £,
specified?

— o
Lightweight concrete modification factor Lightweight concrete modification
A = 0.75 for all-lightweight concrete factor A = f../6.7./f; < 1.0.”
= (.85 for sand-lightweight concrete (ACI 8.6.1)
(ACI18.6.1)"

y

\ 4

A
* Values of ,/ f;/ shall not exceed 100 psi except as allowed in ACI 11.1.2.1 (ACI 11.1.2).

**|_inear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).

Figure 4.7 Determination of Design Shear Strength for Concrete, ¢V.—Beams and
One-way Slabs
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N

Calculate design shear strength
provided by the concrete ¢V

¢V, = 2/f/bd

ACI Eq. (11-3)

Calculate design shear strength provided by the concrete, ¢V.:

, Vd :
BV = & (19T + 25000, 5~ ) bud < 3.562/Fbd
u

where V,,d/M,, < 1.0

ACI Eq. (11-5)

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

Figure 4.7 Determination of Design Shear Strength for Concrete, ¢V.—Beams and
One-way Slabs (continued)
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**

Determination of Required Shear Reinforcement,
A, /s—Beams and One-way Slabs’

v

Strength reduction factor, ¢ = 0.75.

(AC19.3.2.3)

y

Determine ¢V, from Figure 4.7.

No shear reinforcement is
required at section.

(ACI 11.4.6.1)

Provide minimum shear reinforcement in accordance with ACI
Eqg. (11-13):

Av min bw 50bw
——— =0.75{f/— =
S Ie fyt fyt

where s < minimum of d/2 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, d, from face of support shall be permitted to be designed for I}, computed at a distance
d 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, A,,/s—Beams and
One-way Slabs
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ISV, — ¢V, > 4¢./f!b,,d?

— Vu - ¢Vc > Av,min
dfyed

where s < minimum of d/2 or
24 inches (ACI 11.4.5.1)

(see Table 4.10)

(ACI 11.1.1)

IsV, — pV. > 8¢ /F/b,,d?

— —

Increase member size and/or f. .
(ACI 11.4.7.9)

A, _ Vi — ¢Vc Av,min

— = > (ACI11.11
S bfyed S )

where s < minimum of d /4 or
12 inches (ACI 11.4.5.3)

(see Table 4.10) e

For SI: 1 inch = 25.4 mm.

Figure 4.8 Determination of Required Shear Reinforcement, A,,/s—Beams and
One-way Slabs (continued)
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Table 4.9 Minimum Shear Reinforcement, A,, ,;,/s, Assuming Grade 60 Reinforcement

fé (p3|) Av,min/s (in'z/in')
< 4000 0.00083p,,
5000 0.00088b,,

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 ¢V, =V, — ¢V, (kips) as a Function of Spacing, s*

s No. 3 U-stirrups No. 4 U-stirrups No. 5 U-stirrups
d/2 19.8 36.0 55.8
d/3 29.7 54.0 83.7
d/4 39.6 72.0 111.6

For SI: 1 ksi = 6.8948 MPa.

* Valid for Grade 60 (fy, = 60 ksi) stirrups with two legs (double the tabulated values for four legs, etc.).

@termination of Factored Torsional Moment, D

v

Strength reduction factor, ¢ = 0.75.

(ACI 9.3.2.3)

Does concrete mix contain
lightweight aggregate?

Is the average splitting
tensile strength, f;,
specified?

Figure 4.9 Determination of Factored Torsional Moment, T,



MEMBERS SUBJECTED TO BENDING

4-27

Lightweight concrete modification factor
A = 0.75 for all-lightweight concrete

= (.85 for sand-lightweight concrete
(ACI18.6.1)"

Lightweight concrete modification
factor 1 = f.,/6.7./f; < 1.0.”

(ACI 8.6.1)

v

Determine A, and p,,.
(ACI 11.5.1.1; see Table 4.11)

A 4

Determine T, at section from
structural analysis.

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

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

**|_inear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).

T Sections located less than a distance, d, from face of support shall be permitted to be designed for
T,, computed at a distance, d. 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, T;, (continued)



4-28 CHAPTER 4 DESIGN AND DETAILING FOR SDCs A AND B

Is T, required to
maintain equilibrium
in the member?

Yes

Design section for T,, determined
from structural analysis.

(ACI 11.5.2.1)

2
Agp

IsT, < ¢4/1\/E(p )?
cp

v
T, = p4f! <Ag”>

Pep
[ACI 11.5.2.2(3)]*

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

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

Figure 4.9 Determination of Factored Torsional Moment, T;, (continued)
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Table 4.11 Torsional Section Properties
Section* Acp Pep Aon Pn
. b, b,=h-h;=<4h,
‘ "I
; byh + bohg 2(h+b,+b,) | X411 2(xy +y4)
Y4
X,=b,-2c-d,
I X | y;=h-2c-d,
be=b.+ 2(h - hy) <b.+ 8h, .
—— |
[ F _In
by, (h — h¢) + bohy 2(h +b,) xuyr | 20 +y1)

Y1

%,=b,-2c-d,

X1
[ b, y,=h-2c-d,

*Notes: X1,Yy; = center-to-center dimension of closed rectangular stirrup
¢ = clear cover to closed rectangular stirrup

dg = diameter of closed rectangular stirrup
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Determination of Required Torsional Transverse
Reinforcement, A, /s

Strength reduction factor, ¢ = 0.75.

(ACI 9.3.2.3)

A

Determine T, from Figure 4.9.

v

Determine ¢V, from Figure 4.7.

v

Determine A, and py,.

(see Table 4.11)

G\, Tupn \ A
v < 1) 7
IS\/<de) +<1.7Agh _¢(bwd+8 7)

ACI Eq. (11-18)

v
: - : A
Modify section dimensions.
* Values of\/ﬁ 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, A;/s
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AO = 085A0h**

(ACI 11.5.3.6)
6 = 45 degrees’
(ACI 11.5.3.6(a))

v

A Ty

s 2¢CotfA,fy,

ACI Eq. (11-21)

** A, can also be determined from analysis (ACI 11.5.3.6).

6 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, A;/s
(continued)
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Determination of Required Torsional Longitudinal
Reinforcement, A4,

Determine A /s from Figure 4.10.

A

Determine Ac, and py,

(see Table 4.11)

v

6 = 45 degrees*
[ACI 11.5.3.6(a)]

v

A *%
Ae="pn <fyt> cot?0 = Apmin  ACIEq. (11-22)

fy
5./fA A
where Ay min = # - (?f) ph% ACI Eq. (11-24)"
y y

* @ shall not be taken smaller than 30 degrees nor larger than 60 degrees (ACI 11.5.3.6).
“ A,/s shall 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), A, /s = 25b,,/f,: (ACI 11.5.5.3). Values of ./f; shall not exceed 100.

Figure 4.11 Determination of Required Torsional Longitudinal Reinforcement, A,



MEMBERS SUBJECTED TO BENDING 4-33

@ign for Combined Torsion, Shear and Bending MomD

v

Determine T,, from Figure 4.9.

v

Determine A, /s from Figure 4.10.

v

Determine A,,/s from Figure 4.8.

v

Add stirrups required for shear and torsion:*

A, 24 0.75/f/b 50b
SR greater of Jeby and d

S S fyt fyt

where s = minimum of p, /8,12 inches, and d/2**

(ACI 11.5.3.8,11.5.5.2,11.5.6.1)

* 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 V, < 4./f/b,,d. Where V, > 4./f/b,,d, 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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Determine A, from Figure 4.11.

'

Determine A, from Figure 4.4.

A 4

Combine A, and A, by adding A,/4 to the negative and
positive flexural reinforcement at the top and bottom of the
section, respectively. Provide at least A,/4 on each side face
of the beam with a maximum spacing of 12 inches.

(ACI 11.5.3.8,11.5.6.2)

\ 4

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)

422 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 AorB

Requirement

ACI Section Number(s)

Serviceability

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:

e For ag, < 0.2, the provisions of ACI 9.5.3.2 apply.
e For0.2 <ap, <2.0:

fy
tn (0'8 + 200,000)

h=
36 + 5B (aym — 0.2)

>5in. ACIEQ.(9-12)

e Foragy, > 2.0:
£ (08 + 5
"\ 200,000
36 + 98

At discontinuous edges, an edge beam shall be
provided with a stiffness ratio ay > 0.8 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.

h=

>3.5in. ACIEQ. (9-13)

9.5.33

Slab thickness less than the minimum required by
ACI19.5.3.1,9.5.3.2 and 9.5.3.3 is permitted where
computed deflections do not exceed the limits of ACI
Table 9.5(b).

9.5.34

Analysis M ethods

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

1351

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.

135.11

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)

Flexure

Design flexural members as tension-controlled
sections.

10.3.4,93.2.1

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.

13.34

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.

13.35

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 ay > 1.0.

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-force-
resisting system, but shall not be less than those in ACI
Figure 13.3.8.

13.3.84

(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 13.3.8.5
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 The fraction of unbalanced moment given by yyM,, is
(continued) transferred by flexure within an effective slab width
equal to ¢, + 3h where 13532
1
Yr =T
1+ (2/3)\/b:1/b;
Itis permitted to increase y; determined by ACI 13533

Eqg. (13-1) in accordance with ACI 13.5.3.3.

Openings of any size are permitted if shown by
analysis that requirements for strength and 1341
serviceability are satisfied.

Openings - A
As an alternate to analysis, openings in slab systems

without beams are permitted provided the requirements 13.4.2
of ACI 13.4.2.1 through 13.4.2.4 are satisfied.

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: 11.11.1.1

W < oV,
where V, = 2A\/f/b,,d and ¢ = 0.75.

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
Shear changes in slab thickness (capitals, drop panels or
shear caps):

W < oV
where V, is the smallest of the following: 11.111.2,1111.21
4
v = (2 + E)/l fib,d  ACIEq (11-31)
ad
v = ( =+ 2)Aﬁbod ACI Eq. (11-32)
[
V. = 44/fb,d ACI Eq. (11-33)

(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)

Shear
(continued)

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 y,M,, is
transferred by eccentricity of shear about the centroid
of the critical section defined in ACI 11.11.1.2 where

Yo=1-y; ACIEq.(11-37)

111171

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:

V;L +vauCAB <¢Vc

O TR Tl T hed
v — ﬁ _ vauCCD < %
we A ). T byd

where V. is defined in ACI 11.11.2.1.

11.11.7.2

For members with shear reinforcement other than
shearheads:

Vu + vauCAB < ¢(Vc + Vs)

O T T T T b
v — ﬁ _ vauCCD < d)(Vc + Vs)
Y TAc e T bed

where V. < 21,/ f/b,d, V is calculated in accordance
with ACI 11.4, and V, + V; < 6,/f/b,d.

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 ¢ (24/f;).

11.11.7.2,11.11.3

For SI: 1inch =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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Minimum of ¢, /4 or (£;)g/4

/ -Middle strip /
) N AN NN
/ \ / ¥-Middle strip /
L1t
Minimum of £, /4 or (€,)/4

b

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.

Uniformly distributed loading (L/D < 2)

INNNENNNERENENER Illllllllw{l:ﬂ

% | i

fy >2/,/3 £y

Three or more spans

J - E] S 'l'_i"i' . _._._.I__j_ —

f . !

i ! !
s.| || Rectangular slab panels | : e
2l (2 or less:1) :

i i :

1 1

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:

af1€%

02< <5.0

2
Aty

— Ecblb
Ecsls

E. = modulus of elasticity of concrete (ACI 8.5.1)

where  ay ACI Eq. (13-3)

= WC1'533\/E for values of w,. between 90 and 160 pcf

I, I, =moment of inertia of beam and slab, respectively

The information in Figure 4.15 can be used to determine [, and I for slabs and for
interior and edge beams.

Interior Beam Edge Beam
!: t2 :! le ? (EIL
I I [ I
i _ /| _

Slab, I,!

TSN [E\}w he

) by, B b, .
besy = by +2(a —h) < b, +8h bess = by + (@ — B)|< by, + 4h
2,h3
I, ==
12
b, (a—h)? a—h\>  beh® h 2
Ib:TJ’bw(“_h)(y”_ 2 )+ 12 +beffh(“_§_”’)
where
h\ b, (a— h)?
I T hesth + by (a—h)

Figure 4.15 Effective Beam and Slab Sections for Computation of ay
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The Direct Design Method is essentially a three-step analysis procedure. First, the total

static moment for a span, M,, is determined by ACI Eq. (13-4):

where q, = factored load

£, = length of span perpendicular to £; (length of span in direction that
moments are being determined), measured center-to-center of supports

_ Qu{)zf%

M, 8

per unit area

£, = 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.

>

A

|

h
h| ¢ ! >\7
0.93h L—:—-
|
|
=~
[)
@,
o.aghL—i—>
|
!
h |<—|—>
i
; £, = 0.65¢,
|
J £

Figure 4.16 Determination of Clear Span, ¢,, (ACI 13.6.2.5)
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Second, M, 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, g;, for slab systems with T- and L-
sections 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 A, = M,,/4d.

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, M,,, transferred by flexure is y,M,, where y, is defined by ACI Eq. (13-1). It is
assumed that yyM,, is transferred within an effective slab width equal to ¢, + 3h.
Reinforcement is concentrated in the effective slab width such that ¢ M,, = yM,,, or
using the simplified equation for the area of reinforcement, A; > yM,,/4d. Under
certain conditions, y, 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

TV T\ TV
3
End Span Interior Span
Ext. neg. | Positive | First interior negative | Positive | Int. neg.
Total Moment | 0.26M, | 0.52M, 0.70M, 0.35M, | 0.65M,
Column Strip | 0.26M, | 0.31M, 0.53M, 0.21M, | 0.49M,
Middle Strip 0 0.21M, 0.17M, 0.14M, | 0.16M,
MNote: All negative moments are at face of support.
Flat Plate or Flat Slab with Spandrel Beams
}
] End Span Interior Span
Ext. neg. | Positive | Firstinterior negative | Positive | Int. neg.
Total Moment | 0.30M, | 0.50M, 0.70M, 0.35M, | 0.65M,
Column Strip | 0.23M, | 0.30M, 0.53M, 0.21M, | 0.49M,
Middle Strip 0.07M, | 0.20M, 0.17M, 0.14M, | 0.16M,

Notes: (1) All negative moments are at face of support.
(2) Torsional stifiness of spandrel beam f; > 2.5. For values of p; < 2.5, exterior negative
column strip moment increases to (0.30 — 0.03p)M..

See Figure 4.18 for determination of f, .

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

_.a\,_ A

1

End Span Interior Span

Ext. neg. | Positive | Firstinterior negative | Positive | Int. neg.
Total Moment | 0.65M, | 0.35M, 0.65M, 0.35M, | 0.65M,
Column Strip | 0.49M, | 0.21M, 0.49M, 0.21M, | 0.49M,
Middle Strip 0.16M, | 0.14M, 0.16M, 0.14M, l 0.16M,

Note: All negative moments are at face of support.

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

i Py

End Span Interior Span

Ext. neg. | Positive | First interior negative | Positive | Int. neg.
Total Moment 0 0.63M, 0.75M, 0.35M, | 0.65M,
Column Strip 0 0.38M, 0.56M, 0.21M, | 0.49M,
Middle Strip 0 0.25M, 0.19M, 0.14M, | 0.16M,

Note: All negative moments are at face of support.

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

End Span Interior Span
Moments Ext. neg. | Positive | First interior negative Positive Int. neg.
fafty | Total 0.16M, 0.57M, 0.70M, 0.35M, 0.65M,
Column | Beam | 0.12M, 0.43M, 0.54M, 0.27M, 0.50M,
P Stri o

0.5 " isiab | 0.02M, | 0.08M, 0.09M, 0.05M, 0.09M,
Middle Strip 0.02M, 0.06M, 0.07M, 0.03M, 0.06M,
Column | Beam [ 0.10M, | 0.37M, 0.45M, 0.22M, 0.42M,

10 Strip
! Slab 0.02M, 0.06M, 0.08M, 0.04M, 0.07TM,
Middle Strip 0.04M, 0.14M, 0.17M, 0.09M, 0.16M,
Column | Beam | 0.06M, 0.22M, 0.27M, 0.14M, 0.25M,

Strip
2.0 Slab | 0.01M, | 0.04M, 0.05M, 0.02M, 0.04M,
Middle Strip 0.09M, 0.31M, 0.38M, 0.19M, 0.36M,

Notes: (1) All negative moments are at face of support.

(2) Beams and slabs satisfy stiffness criteria: o, £;/¢, 2 1.0 and 3, =2.5.

See Figures 4.15 and 4.18 for determination of ay and S, 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

|

— - — =

— - —- - -

i "

Case A
Y2 K V2
2y T 2 o
1\ X1 )1
' hd xz CA - (1 - 0.63_)
X1 yl 33
X X
+2(1 —0.63—2) 2Y2
| y2/ 3
> ! >
Case B
5 Y2 .
T T
X\ X3
T —————— 1 3 x, c,9=(1—0.63—1 B4
xlT Y1 33
X X
+ (1 - 0.63—2> 2Y2
Y2 3
141
< :yl »

C = maximum of C, and Cy

E.C

B = 2E.I,

ACI Eq. (13-5)

where I; = £,h®/12 and E, = w}533,/f; for values of w, between 90 and 160 pcf

Figure 4.18 Computation of Torsional Stiffness Factor, f;, for T- and L-sections
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Edge Beam
2, ct
) ) g
|
i
[ | ! Jrih
a D
|
& bw
Case A
/l/ Y2
J;':(hCz X\ Xy,
X ' C, = (1 — 0.63—)
1[ A }’1 33
+ (1 - 0633)3623’2
/l/ y2/ 3
; V1
Case B
y V2 .
‘ i X1 x13y1
;ri X3 Cp = (1 —0.63 —)
xlI: Y1 33
+ (1 —0.63 ﬂ) X¥2¥2
/l/ Y2 3
PR BN

For Sl: 1 pound per cubic foot = 16.02 kg/m®.
C = maximum of C, and Cy

B Eal  pcrE (13-5)
—_ ——— q. -
b 2E,

where I; = £,h®/12 and E, = w}®33,/f; for values of w, between 90 and 160 pcf

Figure 4.18 Computation of Torsional Stiffness Factor, S;, 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, y,,M,,, is transferred by eccentricity of shear where y,, 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, A., J., c,p and c.p. 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)

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

Cap = Ccp = by /2
Ac = fldz

Je/cag = Jc/Ccp = 2f>d?

Edge
Rectangular
Column
Bending
Perpendicular to
the Edge

(Table 4.16)

cap = [f3/(Fz + f3)llex + (d/2)]
cep = [f2/(f2 + f)ler + (d/2)]
A, = fd?

Je/Can = 2fod?

Je/cco = 2f3d?

(continued)
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Table 4.13 Properties of Critical Sections (continued)
cap = [fs/(f2 + f3)ller + (d/2)]
Corner cep = [f2/(fz + f3)]ler + (d/2)]
Rectangular 2
Column Ac=fd
(Table4.17)

Je/cag = 2f>d?

Je/ccp = 2f3d?

Circular Interior
Column
(Table 4.18)

c=c'=(D+d)/2

[

9 Ac = fd?

Je/c=]c/c" = 2f2d3




MEMBERS SUBJECTED TO BENDING 4-51
Table 4.14 Properties of Critical Section—Interior Rectangular Column
fi f2
c2/cq c2/¢1
cy/d 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
100 | 7.00| 750 | 800 | 850 | 9.00| 950 | 1000 | 233 | 258 | 283 | 308| 333 | 358| 383
150 | 850 | 9.25 | 10.00 | 10.75 | 11.50 | 12.25 | 13.00 | 3.40 | 386 | 433 | 480 | 527 | 574| 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
250 | 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 | 1533 | 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
450 | 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 | 3542 | 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
f1 f2
c2/cq c2/cq
cq/d 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 | 400 | 450| 500| 550| 600 | 650 | 7.00 | 142 | 167 | 1.92| 217 | 242 2.67 2.92
150 | 500 | 575| 650 | 725| 800 | 875| 950 | 217 | 264 | 310 | 357 | 4.04 451 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
350 | 9.00 | 10.75 | 12.50 | 14.25 | 16.00 | 17.75 | 19.50 | 6.83 | 8.80 | 10.77 | 12.74 | 1471 | 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
450 | 11.00 | 13.25 | 15.50 | 17.75 | 20.00 | 22.25 | 24.50 | 10.17 | 13.26 | 16.35 | 19.45 | 22.54 | 2564 | 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
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Table 4.18 Properties of Critical Section—Interior Circular Column

D/d f1 f2
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

4.3 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 afactored axial force, P, > A,f./10.

Combined flexure and axial strength. Typicaly, 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 alow 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 slendernessratio 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)

Combined
Flexural and
Axial Strength

Members must be designed such that the following
equations are satisfied for each load combination:

P, < P, and M, < ¢pM,.

9.2,9.3,10.2,10.3

Design axia strength, ¢ B,, shall not be taken greater
than ¢ P, ;nax Where

® PPy max = 0.85¢[0.85f(Ay — Ase) + f,Age] fOr
nonprestressed members with spiral reinforcement

conforming to ACI 7.10.4. 1036
®  PPymax = 0.809[0.85f (Ay — Ase) + fAs] for

nonprestressed members with tie reinforcement

conforming to ACI 7.10.5.
Areaof longitudina reinforcement, A, shall not be 109.1
lessthan 0.014, or more than 0.084,,. e
The following minimum number of longitudinal bars
must be provided:
(@ four for barswithin rectangular or circular ties 10.9.2
(b) threefor barswithin triangular ties o
(c) six for barsenclosed by spirals conforming to

ACI 10.9.3

Slenderness effects must be considered in the
following situations:
e For compression members not braced against

sidesway: kt,,/r > 22

10.10

e  For compression members braced against
sidesway: kt,, /r > 34 — 12(M;/M,)

A nonlinear second-order analysis must be performed

or moments must be magnified to account for second-

order slenderness effects.

(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

ACI Section Number(s)

Splices

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.

Splices shall satisfy requirements for al load
combinations for the column.

12171

Where the bar stress due to factored loads is
compressive, lap splices shall conformto ACI 12.16.1,
ACI 12.16.2 and, where applicable, to ACI 12.17.2.4
or 12.17.2.5.

121721

Where the bar stress due to factored loads is tensile and

isless than or equal to 0.5f,, the lap splices shall be:

e ClassB tension lap splices if more than one-half of
the bars are spliced at any section.

e Class A tension lap splicesif half or fewer of the
bars are spliced at any section and alternate lap
splices are staggered by £.

121722

Where the bar stress due to factored loads is greater
than 0.5f,,, 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 0.0015hs in both directions.
Minimum lap length is 12 inches.

12.17.2.4

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

12.17.25

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 barsin each face shall have a
tensile strength not less than 0.25f,, 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

ACI Section Number(s)

Transverse
Reinfor cement

Volumetric spiral reinforcement ratio, p,, shall not be
less than that given by:
Ag 3 1)f_c’

- 0.45(
Ps Ach fyt

where the value of f,,, shall not exceed 100,000 psi.
Lap splices according to ACI 7.10.4.5(a) shall not be
used where f,, is greater than 60,000 psi.

10.9.3

Spiral reinforcement must satisfy the following

requirements:

(@ Minimum spiral diameter = g inch.

(b) Clear spacing between spirals shall not exceed
3 inches nor be lessthan 1 inch. Also see ACI
3.3.2

(c) Spira 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) Spirasshall extend from top of footing or slab in
any story to the level of the lowest horizontal
reinforcement in members supported above.

(e) Tiesshall 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)  Incolumnswith 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:

(8 Atleast No. 3tiesshall 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) Tiesshal be arranged such that every corner or
alternate longitudinal bar has lateral support
provided by the corner of atie 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 alaterally supported bar. A complete
circular tieis 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 ACI Section Number(s)

Ties shall be located vertically not more than one-half
atie spacing above the top of afooting or slab in any
story and should be spaced to not more than one-half a

Transverse tie spacing below the lowest horizontal reinforcement
Reinfor cement in aslab, drop panel or shear cap above. 7.10.5
(continued) Where beams or brackets frame from four directions

into acolumn, 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

Columnsin ordinary moment frames that are part of
Shear Strength the seismic-force-resisting system that have aclear
height less than or equal to 5¢; shall be designed for
shear in accordance with ACI 21.3.3.

2123

For SI: 1inch =25.4 mm; 1 pound per square inch = 6.895 kPa; 1 degree = 0.01745 rad.

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 agravity load combination where all of the longitudinal
bars are in compression, atension splice would be required if aload 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 barswith £,/ > 3,000 psi (20 684 kPa). 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 ACl 12.17.2.4 and 12.17.2.5 are satisfied.

Lap splices, mechanical splices and welded splices are permitted where the bar stressis
tensile. Mechanica and welded splices must conform to the provisions of ACI 12.14.3.
Where the bar stress on the tension face of acolumn isless than or equal to 0.5f,,, 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, £, 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 acolumn is greater than 0.5f,,, 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 Minimunzirl]_.?f Length
3 12.0
4 15.0
5 18.8
6 225
7 26.3
8 30.0
9 338
10 38.1
11 42.3

*f. = 3000 psi
For SI: 1 inch = 25.4 mm; 1 pound per square inch = 6.895 kPa.

Transver se Reinfor cement. Provisions for lateral reinforcement of compression
members are given in ACI 7.10 for spiral reinforcement and tie reinforcement. Maximum
spacing of tie reinforcement isillustrated 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, ¢V, for members subjected to
axial compression, shear and flexure.

Required spacing of tie reinforcement for shear is determined by ACI Eqg. (11-15). This
spacing is limited by the smaller of those givenin ACI 7.10.5.

According to ACI 21.2.3, columnsin ordinary moment frames that are part of the
seismic-force-resisting system that have a clear height less than or equal to 5¢; shall be
designed for shear in accordance with ACI 21.3.3. This requirement is intended to
provide additional toughness to resist shear forcesin columns with proportions that make
them more susceptible to shear failure.

44  WALLS

Table 4.21 contains requirements for walls. ACI 2.2 defines awall as a member, usually
vertical, that is used to enclose or separate spaces. A definition based on the ratio of
overal plan dimensionsis 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, awall is
designed as a compression member in accordance with the provisionslisted in ACI 14.4.
This general method appliesto any wall section. Reinforcement is developed and spliced
in accordance with the provisions in ACI Chapter 12.
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—

Offset bend/
(ACI 7.8.1)

\sfz (ACI 7.10.5.4)

L

>
| Lap splice

Additional ties within 6 in.
of offset (ACI 7.8.1.3)

Tie spacing, s (ACI 7.10.5.2)

=

A

s/, (ACI 7.10.5.4)
|

Section A-A

£

| —Tie spacing, s (ACI 7.10.5.2)

s/, (ACI 7.1054)

Offset bend
(ACI7.8.1)

For SlI: 1inch = 25.4 mm.

/

Beams on all
four sides of
column

™~
~—3"max. (ACI 7.10.5.5)

Additional ties within 6 in.

\cf offset (ACI 7.8.1.3)
Tie spacing, s (ACI 7.10.5.2)

Figure 4.19 Splice and Tie Details for Columns in Buildings Assigned to SDC A and B
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Determination of Design Shear Strength for

Concrete, ¢pV.—Members Subjected to Axial
Compression, Shear and Flexure

v
Strength reduction factor, ¢ = 0.75.

(ACl 9.3.2.3)

No Does concrete mix contain Yes

lightweight aggregate?

|sthe average splitting tensile
strength, f,;, specified?

— e —

Lightweight concrete modification factor Lightweight concrete modification
A = 0.75 for all-lightweight concrete factor A = f,,/6.7./f. < 1.0.

= (.85 for sand-lightweight concrete (ACI 8.6.1)

(ACI 86.1)"

y

A 4

A
* Valuesof /f shall not exceed 100 psi except asalowed in ACI 11.1.2.1 (ACI 11.1.2).
**|_inear interpolation shall be permitted when partial sand replacement is used (ACI 8.6.1).

Figure 4.20 Determination of Design Shear Strength for Concrete, ¢pV.—Members
Subjected to Axial Compression, Shear and Flexure
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N
A
4h —d
M, =M, — Nu(8—)
A =2¢<1+2000A >A\/fb d
ACI Eq. (11-6)
ACI Eq. (11-4) l
No ISM,, < 0? Yes

V,d
PV, = (1 INFL + ZSOOpW

®V, = 3.5¢1\/f!b,d /”500/1

ACl 11.2.2.2

< 3.5¢1\/f/b,, d 1+500A

ACl 11.2.2.2

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

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

144

Combined In lieu of ACI 14.4, walls that meet the requirements of
Flexural and ACI 14.5.1 may be designed using the Empirical 1451
Axial Strength Design Method.

Where flexural tension controls the out-of-plane design
of awall, the alternate design requirements of

ACI 14.8 are considered to satisfy the slenderness
effects requirements of ACI 10.10.

1481

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 bein accordance with ACI 11.11. 1191

Design for horizontal in-plane shear forces shall bein

accordance with ACI 11.9.2 through 11.9.9. 1191

Nominal shear strength Vj, = V. + V, < 10,/ f/hd
whered = 0.8¢,, or is determined by a strain 119.2,11.9.3,11.94
compatibility analysis.

Unless amore detailed calculation is madein

accordance with ACI 11.9.6, V. = 21\/f,hd for walls 11.95
subjected to axial compression.

V7. shall be permitted to be the lesser determined by
ACI Eq. (11-27) or (11-28):

N,d
Shear Strength | V, = 3.34/f/hd + 5
w
2, (125077 +02 ) 11.96
V. =10.61\/f! + w® | hd
c fc %_g_w
v, 2

ACI Eg. (11-28) does not apply when (M, /V;,) —
(4w /2) isnegative.

Vaues of /. computed by ACI Eq. (11-27) or (11-28)
at a section located a distance of #,,/2 or h,, /2,

whichever isless, above the base apply to that and all 11.97
sections between this section and the base.

WhereV,, < 0.5¢V,, provide reinforcement in

accordance with ACI 11.9.9 or Chapter 14. Where 11.9.8

V,, > 0.5¢V, provide reinforcement in accordance with
ACI 11.9.9.

(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)

WhereV,, > ¢V,, determine horizontal reinforcement
in accordance with ACI Eq. (11-29):

Ay Vs 11.9.9.1
s fyd

Provide vertical reinforcement to satisfy ACI 11.9.9.4.

Ratio of horizontal shear reinforcement areato gross

concrete area of vertical section, p;, must be greater 11.9.9.2
Shear Strength than or equal to 0.0025.
(continued) Spacing of horizontal shear reinforcement shall not 11093

exceed the smallest of #,,/5, 3h, and 18 inches.

Ratio of vertical shear reinforcement areato gross
concrete area of horizontal section, p,, shall be greater
than or equal to the larger of 11.9.94

0.0025 + 0.5[2.5 — (h,,/£\,)]1(p; — 0.0025) and
0.0025. The value of p, need not be greater than p,.

Spacing of vertical shear reinforcement shall not

exceed the smallest of #,,/3, 3k and 18 inches. 11995

For SI: 1inch = 25.4 mm.

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:
, ke \*
P, < ¢P, = 0.55¢f /A, [1— (32h)

where ¢ = 0.65 for compression-controlled sections (ACI 9.3.3.2) and the effective
length factor, k, isdefined in ACI 14.5.2. Minimum wall thicknesses are prescribed in
ACl 145.3.

The third method is an aternate method for the out-of-plane design of slender walls that
meet the criteriain ACI 14.8.2. The design moment strength for combined flexure and
axial forces, ¢ M,,, must be greater than or equal to the factored moment, M,,, which
includes second-order effects [see ACI Egs. (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 wallsfor shear are givenin ACI 11.9.
Design for shear forces perpendicular to the face of awall must satisfy the provisions for
dabsin 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 AorB

v

Strength reduction factor, ¢ = 0.75.

(ACl 9.3.2.3)

|

No Does concrete mix contain Yes

lightweight aggregate?

Isthe average splitting tensile
strength, £, specified?

— F
Lightweight concrete modification factor Lightweight concrete modification
A = 0.75 for all-lightweight concrete factor 1 = f../6.7./f; < 1.0."

= (.85 for sand-lightweight concrete (ACI 8.6.1)

(ACI 86.1)"

A 4
>

* Values of \/ﬁ shall not exceed 100 psi except asalowed in ACI 11.1.2.1 (ACI 11.1.2).
**|_inear 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
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N
A 4 A 4
d=0.8%¢, Determine d from astrain
(ACI 11.9.9) compatibility analysis.
(ACI 11.9.9)
Y
N
v L
V. =2Af.hd
ACI Eq. (11-6) No Yes

A 4

2

v

A —33/1\/f_chd+—

ACI Eq. (11-27)

V. isthe lesser of the following:

f;l

£, (1250 + 0.2

ACI Eq. (11-27)

N,

)

Zwh

V. = [0.6A/F + 7

—_u__w
v, 2

A 4

o

hd ACIEq.(11-28)

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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ps = pp = 0.0025 pe = 0.0012 for No. 5 and smaller bars

Maximum s of horizontal reinforcement
= smallest of ¢,,/5, 3h, and 18 inches.

p, = 0.0015 for other bars
p: = 0.0020 for No. 5 and smaller bars

p: = 0.0025 for other bars

Maximum s of vertical reinforcement
Maximum s = smallest of 3k or 18 inches.

= smallest of ¢,,/3, 3h, and 18 inches.

(ACI 11.9.9) (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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> 0.0025

Maximum s of horizontal reinforcement = smallest of #,,/5, 3h,
and 18 inches.

h
p, = 0.0025 + 0.5 (2.5 = {)—W) (pe — 0.0025) > 0.0025
w

< Pt

Maximum s of vertical reinforcement = smallest of ¢,,/3, 3h, 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 aviable
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 ACI Section Number(s)

Footings shall be proportioned to resist factored
reactions in accordance with the appropriate flexure

and shear requirementsin ACI Chapters 9, 10, 11 and
L oads and 15.

1521

Reactions - -
Base area of footings shall be determined from

unfactored forces and moments using the permissible 15.2.2
soil pressure.

The critical section for the maximum factored moment,
M, inanisolated footing is as follows:

o For footings supporting a concrete column, pedestal
or wall, the critical sectionis at the face of the
concrete column, pedestal or wall.

o For footings supporting a masonry wall, the critical 15.4.2
section is halfway between the middle and the edge
of thewall.

o 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.

Moment X - -
Reinforcement shall be distributed uniformly across

the entire width of a one-way footing and two-way 15.4.3
square footings.

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 1544
direction shall be distributed in accordance with
ACl 15.4.4.2.

Minimum reinforcement = 0.0018bh. Maximum
spacing of reinforcement = smaller of 3h and 10.5.4
18 inches.

Shear strength of footings supported on soil or rock
shall satisfy the one-way and two-way shear 155.1
requirements of ACI 11.11.

For footings supporting a column, pedestal or wall, the
Shear 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 1552
base plate, the critical section isto be measured from

the location defined in ACI 15.4.2(c).

Development of reinforcement is to be in accordance 15.6.1

with ACI Chapter 12.

Development of

Reinfor cement Reinforcement is permitted to be developed at critical

sections by embedment length, hooks (tension only), 15.6.2
mechanical devices or a combination thereof.

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

Requirement ACI Section Number(s)

Critical sections for development of reinforcement
shall occur at the same locations defined in ACI 15.4.2
Development of for maximum factored moment, and at all other

Reinfor cement locations where changes of section or reinforcement 15.6.3
(continued) occur. See also ACI 12.10.6 for provisions where
reinforcement stress is not directly proportional to
moment.
- Depth of footing above bottom reinforcement must be
Minimum . -
) greater than or equal to 6 inches for footings supported 15.7
Footing Depth on soil

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 1581
and mechanical connections.
Bearing stress on concrete shall not exceed the 15811

concrete bearing strength given by ACI 10.14.

Reinforcement dowels or mechanical connectors
between supported and supporting members must be
adequate to transfer all compressive forces that exceed 158.1.2
the concrete bearing strength of either member or any
tensile force across the interface.

Reinforcement, dowels or mechanical connectors must
be adequate to satisfy the provisions of ACI 12.17

where moments are transferred to a supporting pedestal 15813
Tranger of F or footing.
ransfer of Force _
at Base of Lateral forces shall be transferred to supporting
Column. Wall or pedestal or footing in accordance with the shear- 15814
Reinfor éed friction provisions of ACI 11.6 or by other appropriate o
Pedestal means.
Areaof reinforcement across the interface must be
greater than or equal to 0.0054, for cast-in-place 15.8.2.1
columns and pedestals.

For cast-in-place walls, area of reinforcement across
the interface must be greater than or equal to the 15.8.2.2
minimum reinforcement givenin ACl 14.3.2.

Itis permitted to lap splice No. 14 and No. 18
longitudinal barsin 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 £, of the 15.8.2.3
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 ¢4, of the
dowels.

For SI: 1inch =25.4 mm.
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L oads and reactions. In general, the base area of afooting 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

o= M/P Soil Pressure Distribution

o

A
q-= P/A¢

A
I
<L/6 ‘ ‘

A A

q = (PIA) + (6M/BL?)

(continued)
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Table 4.23 Soil Pressure Distributions for Various Loading Conditions (continued)

Eccentricity

e = M/P Soil Pressure Distribution

A
q = 2P/A

>L/6

]
I,
w | ]
T
i

3(0.5L — €)

|<—>
w‘q = 2P/[3(0.5L — €)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 areillustrated in Figures 4.22, 4.23 and 4.24.

Figure 4.22 depicts an isolated spread footing subjected to a concentric factored axial
load, P,. The factored pressure, q,,, at the base of the footing is equal to the factored axial
force, B, divided by the area of the footing, A. The maximum factored bending
moment, M,,, at this critical section in thisdirection isequal to g, c?/2. Similar equations
can be derived for other pressure distributions.
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Concrete column,

T,L/ pedestal or wall

Critical section [ ¢

I = _Jd[h

Figure 4.22 Critical Section for Flexure for an Isolated Footing Supporting a Concrete
Column, Pedestal or Wall

b b
2:2
«—  Masonry wall

__/S/_

/ Critical section

T

b
4
Figure 4.23 Critical Section for Flexure for an Isolated Footing Supporting a Masonry
Wall

~ Column and steel
/ base plate
s

Critical section

/)

n
£l

Figure 4.24 Critical Section for Flexure for an Isolated Footing Supporting a Column
with a Steel Base Plate
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Once M,, has been determined, the required area of reinforcing steel, A, can be
calculated using the strength requirements of ACI Chapter 9. The required strength, M,,,
must be less than or equal to the design strength, ¢ M, :

2

quzc < oM, = ¢Asfy (d - g)

M, =

In this equation, the expression for M,, isfor a concentrically loaded isolated spread
footing and the expression for ¢ M,, isfor arectangular concrete section with tension
reinforcement. An efficient design for footings would be one where the section is tension-
controlled. 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, A ,,;,,, 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:

P,
d=22c |-= Equation 4.1
«’Af

where cisinfeet, P, isinkips, A; isin square feet and d isin inches.

ACI 15.4.3 provides detailing requirements for one-way footings and two-way sgquare
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, y,A;, isto 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, y, is
afunction of the long to short sides of the footing, 8. 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 givenin 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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AsL
As? @ Sy As‘l @ Sq As? @ Sy
5 , i A= —2— A,
T 1 | ' B * 1 )
b‘? E i Asz - ASL - As1
Q|4 d1 1M | 2
] IHELEE i
‘*’-J : : B=L/B
o B2 . B2 |
L

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:

d=—1C Equation 4.2
- uatl .
Gu+ 20T, g

Two-way shear strength will be the lesser of the values obtained from ACI Egs. (11-32)
and (11-33) for a square concrete column supported by a square footing. Since Eq. (11-
32) will govern whered/c; < 0.25, which israre, it isreasonable to assume that Eq. (11-
33) will govern in the majority of cases. Thus, the minimum effective d that is required to
satisfy two-way shear requirementsis:

—a+./a*+ qubc]
2b

d=c Equation 4.3

where a =—+ ¢v,
q
b=f+¢c
A
=t
€1
v, = 44 f!

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, £, beyond the critical section defined
in ACI 15.4.2 (see Figures 4.22 through 4.24).

For areinforced concrete column supported on an isolated footing, the available
development length can be determined by the following:

‘g <L_C1
a= 2

where L = length of footing in direction of analysis
c; = length of concrete column in direction of analysis

A minimum 3 inches (76 mm) cover isrequired 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 devel oped.

Forcetransfer 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 afooting with atotal 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 areto be satisfied for the dowel bars that are spliced to the column bars.

Tensile forces transferred from a supported element to afooting 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 afooting (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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46 EXAMPLES
4.6.1 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 forcesin 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.
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For Sl: 1inch = 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: f; = 4000 psi; reinforcement: £, = 60,000 psi.

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

L ateral-force-resisting system: moment-resisting frames

Wind velocity = 90 mph, Exposure B

Seismic Design Category: B (Sps = 0.19, Sp; = 0.10)

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 dlab is not part of the lateral-force-resisting system, the slab
needs to be designed for the effects of gravity loads only.

e 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:

» £, (24x12)-20 .
Minimum h = 30" 30 = 8.9 in.

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 q,, = 1.2(112.5 + 30) + 1.6(70) = 283 psf

1 20
Tributary area 4 = §<21 + E) X 20 = 226.67 sq ft
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Areaof edge column = ¢ = 2.78 sq ft
A/c? =81.6

From Figure 2.3, d/c; = 0.35
Therefore, d = 0.35 X 20 = 7.0 in.
h=17.04+1.25=8.25in.

Try a9-inch-thick slab.

Check one-way (beam) shear at adistance d = 7.75 inches from the face of an
interior column (see Figure 4.27).

Factored shear force at critical sectionis:

(24 20 7.75) « 20 = 59.6 ki
2 2x12 12 — 070 KIpS

Panel centerlines
20/_0// ' {

»]
>

Critical section for
one-way shear

20+ 7.75=27.75"

|t |20+7.75=27.75"

4,y i | 241_0”
7.75" L v
L_JZO,, 'lcntical section
for two-way
shear

For SI: 1inch = 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):
¢V, = p21/f/b,,d = 0.75 x 2 x 1.0/4000 x (20 x 12) x 7.75/1000

= 176.5 kips > I}, = 59.6 kips O.K.

Check two-way shear at adistance d/2 = 3.875 inches from the face of an interior
column (see Figure 4.27).

Factored shear force at critical section is:

27.75 x 27.75

= 134.3 kips

Design shear strength is the smallest value determined by ACI Egs. (11-31), (11-32)
and (11-33). For square columns, ACI Eq. (11-33) governs:

V. = paA/flb,d = 0.75 X 4 x 1.0v/4000 x (4 x 27.75) X 7.75/1000

= 163.2 kips > V, = 134.3 kips O.K.

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.

e Designfor 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 criteriaare met in this
example, asindicated below (see Figure 4.14):

e Thereshal be aminimum of three consecutive spans in each direction.
...Structure has at |east three spans in each direction. O.K.

e Panelsshall be rectangular with a center-to-center longer span to shorter span
length ratio not greater than 2.

...Longer span/shorter span=24/20=12<2 O.K.

e Successive center-to-center span lengths in each direction shall not differ by more
than one-third the longer span.

...Inthe north-south direction, 21/24 =0.875> 0.67. O.K.

e 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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e Loads must be uniformly distributed gravity loads only and the live load must be
less than or equal to 2 times the dead |oad.

...Uniform liveto dead load ratio = 70/1425=049<2 O.K.

e For apanel 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 spansin the interior design strip aong column
line 4 are computed by ACI Eq. (13-4):

— Qufzf)%
© 8

For an end span:

0.283 x 20 x 19.33?
M, = 8

= 264.5 ft-kips

For an interior span:

0.283 x 20 x 22.332
M, = 8

= 352.9 ft-kips

These moments are divided into positive and negative moments, and then into column
strip and middle strip moments according to the distribution factorsin ACI 13.6.3,
13.6.4 and 13.6.6. The distribution factors for aflat plate system are given in

Figure 4.17. A summary of the factored gravity load bending momentsin the end
span and an interior spanisgivenin Table 4.24.

Table 4.24 Factored Moments in Design Strip Along Column Line 4

Slab Moments _ End Span . Interior Span_
(ekips) | oo, | Positve | (T | Posive | (TET
el I R R e
coumn s | Yegg | Zeao | 1 | 7ar | -
Middle Strp o | Yo | Tis | Zion | Tses
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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 thislocation (ACI 13.6.3.4).

Required Flexural Reinforcement

The required flexural reinforcement is given in Table 4.25.2 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 (ft{‘:i];)s) (ig.) (iﬁ.zz) Reinforcement*
Ext. neg. -68.8 120 2.22 8-No. 5
Sct‘r’i':m” Positive 82.0 120 | 265 9-No. 5
End Int. neg. -172.9 120 5.58 18-No. 5
Span _ Ext. neg. 0.0 120 1.94 8-No. 5
gﬂt;?pme Positive | 556 | 120 | 1.94 8-No. 5
Int. neg. -56.5 120 1.94 8-No. 5
Column | Positive 74.1 120 2.39 8-No. 5
Interior strip Negative | -172.9 120 5.58 18-No. 5
Span Middle | Positive 49.4 120 1.94 8-No. 5
strip Negative | -56.5 120 1.94 8-No. 5
* Minimum Ag = 0.0018bh = 0.0018 x 120 x 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 mn".

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, yM,,, must be transferred by

flexure over an effective width equal to ¢, + 3h = 20 + (3 X 9) = 47 in.
(ACI 13.5.3.2) where y; is determined by ACI Eq. (13-1):

1
T  @/3hb,
J— 1 J—
1+ (2/3)[20 + (7.75/2)]/(20 + 7.75)

0.62

® Required reinforcement is computed by the following simplified equation: A, = M,,/4d whered =
7.75 in.
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For edge columns bending perpendicular to the edge, the value of y, computed by
ACI Eg. (13-1) may be increased in accordance with the provisions of ACI 13.5.3.3.
No adjustment is made to y; in this example.

Unbalanced moment transferred by flexure = y;M,, = 0.62 X 68.8 = 42.7 ft-kips.
The required area of steel to resist this moment in the 47-inch-wide strip = 42.7 /(4 X
7.75) = 1.38 in.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=9.4in.<18.0in. O.K.
For four No. 5 within the 120 — 47 = 73 inch width: 73/4=18.25in.>18.0in. N.G.

Therefore, add two more No. 5 bars to the 73-inch width: 73/6 =12.2in. < 18.0in.
O.K.

Reinforcement details for the top bars at the exterior column are shown in

Figure 4.28.
Column strip — 10-0"

-

<

31_11" .
1"8"

> S

3-No.5 5-No.5 3-No.5

—, A —

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.

e Designfor Shear

The total shear stressis 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:

Vu )/vMuCAB

V. =
u(AB) AC ]C

where A, = areaof concrete section resisting shear transfer

J. =property of critical section analogous to polar moment of inertia of
segments forming A,

c,p = distance from centroidal axis of critical section to perimeter of critical
section in direction of analysis

¥, = factor used to determine the unbalanced moment transferred by
eccentricity of shear

1
— 1oy =1-
s 1+ (2/3)/b,/b,

Shear Strength at End Support

At thislocation, the factored shear force due to gravity loadsis

My = M,
Vi = Qu(Ae = byby) ———=
n
23.875x 27.75 185.2 — 68.8
144 21-(20/12)

= 0.283(226.67 —

= 62.9 — 6.0 = 56.9 kips
where A, = tributary area of column = [(21/2) + (20/24)] x 20 = 226.67 sq ft

M; = total negative design strip moment at interior support (see Table 4.24)
M, = 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:

c,/c; =1.0
¢,/d =20/7.75 = 2.58
From Table4.16, f; = 9.74 and f, = 5.52 (by linear interpolation).

Using Table 4.13, A, = f,d? = 9.74 x 7.75% = 585.0 in.? and
J./cap = 2f,d® =2 x 5.52 x 7.753 = 5139 in.®

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 0.3M, = 0.3 X 264.5 =

79.4 ft-Kips.

Therefore, the combined factored shear stress at the face of the critical section due to
gravity loadsis

_ 56900 (1-062) x 79.4 X 12,000
Yu4B) = 5850 5139

=97.3+70.5 = 167.8 psi

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

_ Pk

== d4A/f! = 0.75 x 4 x 1.0//4000 = 189.7 psi > 167.8 psi 0.K.
o]

bv.

Shear Strength at First Interior Support

At thislocation, the factored shear force due to gravity loadsis

M, — M,
V., = q,(A¢ — biby) + —7
n

27.752 185.2 — 68.8
= 0.283 450 —

122 | T 21 (20/12)
= 125.8 + 6.0 = 131.8 kips
where A, = tributary area of column = 22.5 x 20 = 450 sq ft

M, = total negative design strip moment at interior support (see Table 4.24)
M, = 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:

c,/c; = 1.0
¢,/d =20/7.75 = 2.58
From Table4.14, f; = 14.32 and £, = 8.73 (by linear interpolation).

Using Table 4.13, A, = f,d? = 14.32 x 7.75% = 860.1 in.? and
J./cap = 2f,d® =2 x 8.73 x 7.753 = 8127 in.2

The total unbalanced moment at the first interior support is equal to 229.4 — 185.2 =
44.2 ft-Kips (see Table 4.24).

Therefore, the combined factored shear stress at the face of the critical section due to
gravity loadsis

131,800 (1 - 0.62) x 44.2 X 12,000
Vu(4B) = Tgg01 8127

= 153.2 + 24.8 = 178.0 psi

< 189.7 psi O.K.
e Reinforcement Details
Slab reinforcement must conform to the requirements of ACI 13.3. The minimum bar
extensionsin 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 = 1.3¢,; where ¢, is determined by ACI Eq. (12-1):

b2 h v
40 / + K
o)

where A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

Y, = modification factor for reinforcement location = 1.0 for other than top
bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement
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s = modification factor for reinforcement size = 0.8 for No. 5 bars
¢, = Spacing or cover dimension

.625
=0.75+ — = 1.1in. (governs)

_15_75_
= =75in.

K., = transverse reinforcement index = 0

cp+Ky 1140

_ —18<2.
d, 0625  18<25

Therefore,

3 60,000 1.0x 1.0 0.8
L= ( ) X 0.625 = 19.8 in. = 1.7 ft

401,0y/4000 1.8
ClassB tension splice= 1.3 x 1.7 = 2.2 ft
Use a2 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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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 afraction of the column
strip moment where the fraction depends on the value of a¢; £, /¢;.

Use ACI Eq. (13-3) and Figure 4.15 to determine a; .

Effective slab width b,sr = 20 + (24 — 9) = 35 in. < 20 + (4 X 9) = 56 in.

[35x9x(24—%)]+[22—0><(24—9)2]
= = 13.7 in,
Yo [35 x 9] + [20 x (24 — 9)] 3.71n
—ZOX(24_9)3+20><(24 9)X<137 24—9>2+35x93
b 12 ' 2 12
9 2
+(35x 9 x (24 -5 13.7) ] = 29,880 in.*

. (10.75 x12) x 93

f B = 7837 in4
Thus,

29,880 281
1= 837 T >

af1£2_3.81x20_32
L, 24

Since ar; £,/¢;1 > 1.0, 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 momentsin the column strip and the
beam. A summary of the momentsisgivenin Table 4.26.

The total static factored dead and live load moments are computed by ACI Eq. (13-4):

qptyt2  0.179 x 10.83 x 22.332

= 120.8 ft-kips

8 8
q.f,f%2 0.070 x 10.83 x 22.332 _
M,, = 3 - 3 = 47.3 ft-kips

where
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—(9 X 150
qp = 12

>+30+[

(24 —9) x 20

150

8x11

144

X
10.83

J+(

10.83

) = 179 psf

¢, = (20/2) + (20/24) = 10.83 ft (to be used when calculating M,, for

spans adjacent and parallel to an edge; see ACI 13.6.2.4)

£, = 24— (20/12) = 22.33 ft

Table 4.26 Service Gravity Bending Moments in Design Strip Along Column Line 1

End Spa Interior Spa

Bending Moments - pan - riof >pan -
(ftkips) Exterior Positive Interior Positive Interior
Negative Negative Negative

Total Dead 36.4 60.4 84.6 42.3 78.5

Moment Live 14.2 23.7 33.1 16.6 30.8

Column Dead 33.1 48.3 67.7 33.8 62.8

Strip Live 12.9 19.0 26.5 13.3 24.6

Dead 28.1 41.1 57.6 28.7 53.4

Beam :
Live 11.0 16.2 22.5 11.3 20.9

In the interior span, the static moment, M,,, was distributed into total negative and
positive moments using the distribution factorsin ACI 13.6.3.2, and in the end span,
M, was distributed using the distribution factorsin ACI 13.6.3.3 for slabs without
beams between interior supports with an edge beam.’

Interior negative moments in the column strip were obtained by multiplying the total
interior negative moments by the appropriate percentagein ACI 13.6.4.1. For

t,/%1 =20/24 = 0.83 and ay ¥, /¢, = 3.2 > 1, 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 thislocation is 0.80 x 84.6 = 67.7 ft-Kips.

Exterior negative moments in the column strip were obtained by multiplying the total
exterior negative moments by the appropriate percentagein ACI 13.6.4.2. The
stiffnessratio, B;, is calculated using ACI Egs. (13-5) and (13-6) and Figure 4.18:
besr =20+ (24 —9) = 35in. <20 + (4 X 9) = 56 in.

Case A:

C —(1 06320>203XZ4+(1 0639>93X15—32667' 4
0= 637 3 6372 3 =32, in.* (governs)

® 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:

C —<1 06315>153X20+<1 0639)93X35—18996' 4
B~ 0220/ 3 ©235) 7 3 o0
Also,

1_20x12x93_14580_ .

s = 12 = ) n.

Therefore,

32,667 11

'Bt_2><14,580_ '

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

?,/¢, = 0.83 and ; = 1.1. For example, the dead load moment in the column strip
at thislocationis 0.91 x 36.4 = 33.1 ft-Kips.

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 ¢, /¢, = 0.83 and
apt,/€1 = 3.2 > 1, 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 intheend is 0.80 x 60.4 = 48.3 ft-kips.

As noted previously, the gravity bending moments in the beams are 85 percent of the
column strip moments, since ay; £,/£; > 1.0 (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 forcesin 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 combinationsin this case
are:

U=14D ACI Eq. (9-1)
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U=1.2D + 1.6L ACI Eq. (9-2)
U=1.2D +0.8W ACI Eq. (9-3)
U=1.2D +05L + 1.6W ACI Eq. (9-4)
U=1.2D+05L + 1.0E ACI Eq. (9-5)
U =0.9D + 1.6W ACI Eq. (9-6)
U =0.9D + 1.0E 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 Instggr?r
Exterior Interior Interior
Negative Negative Negative
Wind (W) 54.0 49.0 40.4
Seismic (Qg) 376.7 342.1 283.1

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 usein ACI Eg. (9-5) (or,
equivalently, ASCE/SEI load combination 5) where the effects of gravity and seismic
ground motion are additiveis

E = pQE + O.ZSDsD

The redundancy factor, p, isequal to 1.0 for structures assigned to SDC B
(ASCE/SEI 12.3.4.1).

The E for usein ACI Eq. (9-7) (or, equivalently, ASCE/SEI load combination 7)
where the effects of gravity and seismic ground motion counteract is

E = pQg — 0.2SpsD

A summary of the governing factored bending momentsis givenin 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, ¢, 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 asingle 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

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Support -57.6 11.8
D D
ead (D) Midspan 41.1
. Support -22.5 4.6
Live (L) Midspan 16.2
wind (W) Support +54.0 +4.8
Seismic (Qg ) Support | £376.7 +33.7
Load Combination
Support -80.6 16.5
1.4D
Midspan 57.5
19D + 1.6L SL.lpport -105.1 21.5
Midspan 75.2
Support -166.8 24.1
.2D + 0.5L + 1.
1.2D+05L + 1.6W Midspan 57.4
Support 34.6 2.9
.9D - 1.6W
0.9 6 Midspan 37.0
1.24D + 0.5L + Q¢ Sgpport -459.4 50.7
Midspan 59.1
Support 327.2 23.6

.86D —
0.86D - Qe Midspan 35.3

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

) M, A .
Location (ft-kips) (in?) Reinforcement
Supoort -459.4 5.33 6-No. 9
PP 327.2 3.66 4-No. 9
Midspan 75.2 1.43 2-No. 9
3y f/b,d 3v4000 x 20 x 21.5
*Asmin = \/E - = = 1.36in.?
' f, 60,000
_200bwd_200><20><21.5_143_ ) ACI105.1
= 7 = 60,000 = 1.43 in.* (governs) 5.
P _ 0.85B,f/b,d  0.003
smax fy 0.003 + 0.004
_0.85><O.85><4><20><21.5X0.003_888_ ) ACI10.3.5
- 60 0.007 _ oM a

For SI: 1 square inch = 645.16 mm?; 1 foot-kip = 1.356 kN-m.
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The final flexural reinforcement will be chosen after the effects of torsion are
included in the analysis.

e 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, t,,, on the beams is equal to the total negative
moment in the slab at column line 1 (which is equal to 0.3M,, for slabs without beams
between interior supports and with an edge beam) divided by the span length:

. 0.3M, 0.3 x0.283 x 24 x 18.33?
Yo 8 x 24

= 3.6 ft-kips/ft

The torsional moment at the critical section T,, = 3.6 X 24/2 = 43.2 ft-kips10
Torsion can be neglected where T, is less than

6152
118

AZ
YN <p—“’> = 0.75 x 1.0\/4000< ) /12,000 = 12.7 ft-kips
cp

where A., and p,, are determined by Table 4.11 for an edge beam.

Thus, torsional effects must be considered since T,, = 43.2 ft-kips > 12.7 ft-Kips.

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, T,,, 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]:

2
Agp

Pcep

T, = ¢p4l/f! (

) =4 x 12.7 = 50.8 ft-kips > 43.2 ft-kips

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. (11-
18).

Maximum factored shear force at face of support V;, = 50.7 kips and factored shear
force at critical section 1, = 50.3 Kips (see Table 4.28 and Figure 4.30).

19 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 kipsl/ft
294.0 ft-kips (1 1t 0 459.4 ft-kips
9/_2// R ‘4/_0/: ) 9/_2// |
204"
N
16.8 kips 50.7 kips

For SI: 1 inch = 25.4 mm; 1 foot = 304.8 mm; 1 ft-kip = 1.356 kKN-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 A, and py:

Ayn = [20 = (2 X 1.5) — 0.5] x [24 — (2 x 1.5) — 0.5] = 338.25 in.2

pr =2 % {[20 — (2 X 1.5) — 0.5] + [24 — (2 x 1.5) — 0.5]} = 74 in,
2 2 2 2
( v, ) NAZ AW ( 50,300 ) N (43.2 X 12,000 X 74) 203 0
byd) " \1742,) ~ |\20x215 17x338252 ) _ <472

|74
) (b Cd +8 fc’) = 0.75(2 4+ 8)v4000 = 474.3 psi > 229.3 psi O0.K.
w

Required Transverse Reinforcement for Torsion

Determine transverse reinforcement required for torsion by ACI Eq. (11-21) (see
Figure 4.10).

A, = 0.854,, = 287.5 in.2

24, 2T, B 2 x 43.2 x 12,000
s 2¢cothA,fy 2 % 0.75 X cot 45° X 287.5 X 60,000

= 0.040 in.? /in.

Required Transverse Reinforcement for Shear

Determine transverse reinforcement required for shear by ACI Egs. (11-1), (11-2) and
(11-15) (see Figure 4.8).

A, V,—¢V. 50,300 —(0.75 x 2 x v/4000 x 20 x 21.5)
s ¢fyd 0.75 x 60,000 x 21.5

= 0.010 in.? /in.
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Total Required Transverse Reinforcement

Total required transverse reinforcement = 0.040 + 0.010 = 0.050 in./in.
Minimum transverse reinforcement is the greater of the following:

b, 20

0.754/f¢ = 0.75v4000 = 0.016 in.? /in.
fcfyt 60,000 in.% /in

50b, _50x20 _ oo o

Fn = 50000 ~ % in.” /in. (governs)

Maximum spacing of transverse reinforcement is the smallest of the following:

bn 74 .

3-8 = 9.3 in. (governs)
12in

d 215 108

> = =108in

Assuming No. 4 closed stirrups, the required spacing, s, at the critical section
=2 % 0.20/0.050 = 8.0 in. < 9.3 in.

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).

A 0.040
0= —pn & cot?0 = —— X 74 = 1.48 in.?
s fy 2
A o 5 fC’ACp_<é>p & _ 5V4‘000X615_<0040x74) — 176 in.2
£min £, s/ S, 60,000 2 R

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.? to each
face.

Use one No. 6 bar on each side (area = 0.44 in.?, bar diameter = 0.75 in. > 0.042s =
0.34 in.). This bar satisfies the maximum spacing requirement of 12 inches, since the
spacing = {24 — 2[1.5 + 0.5 + (1.128/2)]}/2 = 9.4 in.

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):

e Face of support
5.37 +0.44=5.81in.?<6.00 in.?
3.65+0.44 = 4.09 in.2~ 4.00 in.?
e Midspan
1.43 +0.44 =1.87 in.?<2.00 in.?

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

e 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 A, =

2.00 in2, M, = 185.6 ft-kips.

The load combination 0.86D — Q 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 4.31):
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(xx1'54x><x) 43.9x +376.7 = 185.6
2791673 o TR
1.54 kips/ft
f
327.2 ft-kips @ — D 426.2 ft-kips
X »
: 9/_2/, ‘:41_01; : a a 9/_2// e
204"
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
ofd=21.5in.0r 12d, = 12 x 1.128 = 13.5 in. beyond the distance x (ACI
12.10.3). Thus, from the face of the support, the total bar length must be at least equal
t0 5.6 + (21.5/12) = 7.4 ft. Also, the bars must extend a full development length, £,
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):

0, = 3 fy Yedeths d,
40 /7 (b t+ Kir
e

where A1 = modification factor for lightweight concrete = 1.0 for normal weight
concrete

Y, = modification factor for reinforcement location = 1.3 for top bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

1, = modification factor for reinforcement size = 1.0 for No. 9 bars

¢, = spacing or cover dimension

1.128
=15+05+ — = 2.6 in.

_20-2(15+0.5) - 1.128
B 2X%X5

= 1.5in. (governs)
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K, = transverse reinforcement index = 0 (conservative)

d, 1128

=13<25

Therefore,

( 3 60,000 1.3x1.0x1.0
d =

— X 1.128 = 80.3 in. = 6.7 ft
40 1.0/4000 1.3 )

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
12.10.5issatisfied. In this case, check if the factored shear force, 1, at the cutoff
point does not exceed 2¢V;, /3 (ACI 12.10.5.1). With No. 4 stirrups at 8 inches on
center, ¢V, isdetermined by ACI Egs. (11-1) and (11-2):

0.4 x 60 x 21.5
8

oV, = p(V, + V) = 0.75 (54.4 + ) = 89.2 kips

At 7.4 feet from the face of the support, V;, = 43.9 — (0.5 x 1.24 x 7.4) = 39.3 kips,
whichislessthan 2 x 89.2/3 = 59.5 Kkips. Therefore, the four No. 9 bars can be
terminated at 7.4 feet from the face of the support.

It isassumed 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 Bl isgiven
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 theliveload 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.**

1t was assumed in the analysis that the base of the column is pinned and that only axial forceis
transmitted from the column to the footing.



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

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

Column Line 1
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1/_8// 1,'8”
7-6”  4-No.9 2-No.9 4-No. 9
S J,. <
2-No. 6 4-No. 9
2”7 lle No. 4 closed stirrups @ 8”
: 22'-4" ,

Table 4.30 Summary of Axial Forces, Bending Moments and Shear Forces on

Column B1 Supporting the First Floor Level

Axial Bending Shear
Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 157.9 11.3 +2.3
Live (L) 315 11.0 +2.2
Roof live (L) 4.9
wind (W) + 3.6 +111.0 +11.1
Seismic (Qg) +25.1 +402.0 +40.2
Load Combination
1.4D 221.1 15.8 3.2
1.2D + 1.6L + 0.5L, 242.3 31.2 6.3
1.2D +0.5(L +L,) + 1.6W 213.4 196.7 21.6
0.9D - 1.6W 136.4 167.4 15.7
1.24D + 0.5L + Qg 236.7 421.5 44.2
0.86D — Q¢ 110.7 392.3 38.2

For SI: 1 ft-kip = 1.356 kN-m.

2/_0//
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Design for Axia 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 (45, = 0.027A4,) 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.

2,500
2,000 P~ |
3 | \
E L \\
= 1,500 ~
3 [ \
6 [ \
L 1,000 .
L [ N | \
500 | \ |
[+ + . | |+ /
0 [ 5 5 5 3 o o T- Ii o o o 3 o o o +i_g— o o .
0 100 200 300 400 500 600

Bending iMioment (fi-kips)
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 1.5d;,, = 1.5 x 1.128 = 1.7 in. (governs) or 1.5 inches. In this case,
the clear distanceisequal to

20—2(15+0375+££@)

5 2 J _1128=50in.>17in. OK

Design for Shear

Since the clear height to plan dimension of the column = [(12 x 12) — 24]/20 =
6 > 5, 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:

v.=2(1+ N M b, d
¢ 20004, febw

236,700

- 2(1 + 2000 x 202

)V4000 X 20 x 13.8/1000 = 45.2 kips
where N,, = 236.7 Kkips, which is the factored axial compressive force on the column

corresponding to the maximum shear force and d = 13.8 in. was obtained from a
strain compatibility analysis.

Since ¢V, = 0.75 x 45.2 = 33.9 kips < I}, = 44.2 Kips, provide shear
reinforcement in accordance with ACl 11.4.7:

A, V,— oV 44.2 —33.9
A Pl = 0.017 in.2/in.
s ¢f,ed  0.75%60x 13.8

The required spacing of No. 3 tiesand crossties is

4%0.11 A 4% 0.11) X 60,000
s = =25.9in. < ofy _( )

_ = 264 in.
0.017 50b,, 50 x 20 n

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) = 16 x 1.128 = 18.0 in.
48(tie bar diameters) = 48 x 0.375 = 18.0 in.
L east column dimension = 20 in.
Use No. 3ties @ 18.0 in. on center with the first tie located vertically not more than
18/2 = 9.0 in. above the top of the slab and not more than 3.0 inches below the
lowest horizonta reinforcement in the beams (ACI 7.10.5.4 and 7.10.5.5).

e 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 0.5f,,. 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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g =3 b b )
- 40 % cp + Ky
VI (257)

where A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

Y, = modification factor for reinforcement location = 1.0 for bars other
than top bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

Y, = modification factor for reinforcement size = 1.0 for No. 9 bars

¢, = Spacing or cover dimension
1.128
=15+05+ — = 2.6 in.

_ 20—-2(1.5+0.375) — 1.128
B 2x%x3

= 2.5in. (governs)

K, = transverse reinforcement index

404, 40X 4x011
~ sn 18x4

cp+ Kip  2.5+0.2

= =24<25
dy 1.128

Therefore,

( 3 60,000 1.0x1.0x1.0
d =

— x 1.128 = 33.4in. = 2.8 ft
401.04/4000 2.4 )

ClassB splicelength = 1.3¢,; = 3.6 ft
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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Figure 4.34 Reinforcement Details for Column B1 Supporting the First Floor Level

Part 4. Determine reinforcement in footing B1

e Base Area of Footing

According to ACI 15.2.2, the base area of afooting is to be determined using service
loads in whatever combination that governs the design. Basic load combination 6 in

ASCE/SEI 2.4.1 isthe critical load combination for footing B1 (see ASCE/SEI

12.4.2.3 and Table 4.30):

P = (1 +0.105Sp5)Py + 0.75P, + 0.75P, + 0.525P,, = 201.5 kips

From Table 4.23, the required base area of the footing is

201,500

A = = 50.45q f
r="g000 _ -04saft

Use a7 foot, 6 inch square footing (A = 56.3 sq ft).
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e 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:

157,900) ( 31,500) 25,100

=11.24 X
( 7.52 7.52 7.52

= 4207 psf

Design for Flexure

The critical section for flexure for afooting 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

7.5 20

d=22c/q, =22 (7 - ﬁ) V4207 = 13.2 in.

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 requirementsis
determined by Eq. 4.2:

4207 (7.5 20) 12

c — X (5 —757) X
=R 144 2 = 8.21in.
Qu+2¢yfe 7+ (2 x 0.75v4000)

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

—a++/a?+ q,bc
d = C1
2b
—204.4 + \/204.42 n (% x 197.1 X 19.3)
=2 —95in.
0 2 x 1971 9-5in

where a =24 ¢y, = + (0.75 X 253.0) = 204.4 psi

2 2 X 144
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p=Tey _ 4207 + (0.75 x 253.0) = 197.1 psi
B AR TEvV A R
Ay 7.52
c=—-—1= ~—1=193
T @
12

v, = 4A/f! = 4 x 1.0v/4000 = 253.0 psi
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 = 0.0018 x 12 x 18 = 0.39 in.? /ft
Try No. 5@ 9in. (4, = 0.41 in.2/ft)

Determine the development length of the No. 5 bars.

0= | 2Ly bebebs
40 X cp + Kipr
VI (257)

dp

(3 y 60,000 ><1.0><1.0><0.8>><0625 1421 1ot
I . = 1N, = 1.
40 1.04/4000 2.5

Available devel opment length:

20
75713 3

> 7= 27ft>12ft OK

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 158.1.1.

Bearing strength of column (ACI 10.14.1):
dP,p = $0.85f/A; = 0.65 x 0.85 x 4 x 202 = 884 kips > P, = 236.7 kips O.K.

Bearing strength of footing:
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The bearing strength of the footing is permitted to be increased by the factor /A, /A,
where A, isthe 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,

A, = (35 + 20 + 35)% = 8100 in.2

A, 8100
A_1 = 502 =45> 2.0,use 2.0

d)Pnb = 2¢)085f;~,A1

= 0.65 x 0.85 X 4 x 202 = 1768 kips > P, = 236.7 kips O.K.

In accordance with ACI 15.8.2.1, the following minimum area of reinforcement is
required across the interface:

Minimum As = 0.0054, = 0.005 X 20%2 = 2.0in.?
Provide eight No. 5 bars as dowels (4, = 2.48 in.?)
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:

PV, = p0.2f A, = 0.75 X 0.2 X 4 x 202 = 240 kips < 8004, = 320 kips
From Table 4.30, V, = 67.8 kips < 240 kips 0.K.
The required area of shear-friction reinforcement is determined by ACI Eq. (11-25):

4 67.8

Ayr = = = 2.51in.2
T pfu 0.75% 60 X 0.6 n

Provided 4,; = 2.48 in.? = 2.51in.? say 0.K. (1.2 percent difference)

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:

0, = 3 fy Yeeths d,
40 /7 (bt Kir
e

where A1 = modification factor for lightweight concrete = 1.0 for normal weight
concrete

Y, = modification factor for reinforcement location = 1.0 for bars other
than top bars

1, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

s = modification factor for reinforcement size = 0.8 for No. 5 bars

¢, = Spacing or cover dimension

=15+05+

1.128 N (1.128 + 0.625

> > )51n45 = 3.21in.

1[20 —2(1.5+0.375) —1.128 /1.128 + 0.625\ .

== — ( )51n45°
2 3 2

= 2.2 in. (governs)

K., = transverse reinforcement index

_40Atr_40><4><0.11_
 sn 6X%X3 B

1.0

¢+ Ky 22410
d,  0.625

=51>25, use25

Therefore,

~ ( 3 60,000 1.0x 1.0 X 0.8
47 \401.0v2000 2.5

Provide at least 14.2 inches of embedment into the column.

) X 0.625 = 14.2 in.

Tensile anchorage into the footing, assuming 90-degree standard hooks at the ends of
the No. 5 dowel bars:
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0.02 0.02 x 1.0 X 60,000

NI 1.0v/4000
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):
Lan =0.7x11.9 =8.3in. > 8d, = 5in.and 6 in.
Available footing depth = 18 — 3 — (2 X 0.625) = 13.75in. > 8.3 in.
Therefore minimum total length of dowel bars= 14.2 + 8.3 = 22.5 in.

Use 2 foot-long dowels.

Reinforcement details for footing B1 are given in Figure 4.35.

-

S '/—12-N0.9

' //—8 MO, 5% 2°-0" DOWELS

1

2

»
e ] A
3" CLEAR (TYP)

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 forcesin 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 massis located
60.0 feet to the east of column line 1 and 61.8 feet to the north of column line F.*2

The stiffnesses of the frames are determined by Equation 3.5 in this publication. Using
the beam and column cross-sectional dimensions and lengthsin Figure 4.26, the relative
stiffnesses of the frames are as follows:

One-bay frameson lines 2 and 6: 1.00
One-bay frameson line D: 1.06
Three-bay framesonlines1 and 7: 2.35
Six-bay frameonline A: 4.62

By inspection, the center of rigidity in the east-west direction islocated x ., = 60 feet
from column line 1 due to the symmetric distribution of the frame stiffnesses in the north-
south 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:

— Z(ki)in
Yer Z(ki)x

(462 x 114) + (2 x 1.06 x 45)

=70.2 ft
4.62 + (4 x 1.06)

Diaphragm Design Forces

ASCE/SEI Equation (12.10-1) is used to determine the design seismic force, F,,, on the
diaphragm:™

n n
pr = (z Fl/z Wi) pr
i=x i=x

> 0.25ps Wy, = 0038w,

12 The center of mass s 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 F; = the seismic design force applied at level i

w; = the weight tributary to level i

wp, = 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 Wi LWy Fy Y Fy LFy Wpx Fpx
(kips) | (kips) (kips) | (kips) LWy (kips) (kips)

4 1,667 1,667 172 172 0.076* 1,667 127

3 1,995 3,662 157 329 0.076* 1,995 152

2 1,995 5,657 108 437 0.076* 1,995 152

1 2,014 7,671 59 496 0.065 2,014 131

* 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. Thisforce 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 = 0.05 x 114 = 5.7 ft (ASCE/SEI 12.8.4.2). Thus, two cases must be
examined: (1) center of masslocated at 61.8 + 5.7 = 67.5 ft from column line F and

(2) center of masslocated at 61.8 — 5.7 = 56.1 ft from column line F.

Case 1: Center of mass located at 67.5 feet from column line F

Inthis case, the eccentricity, e,,, between the center of mass and the center of rigidity
=702—-675=27ft

The forces applied to each frame are determined by Equation 3.12 of this
publication:**

(k) yi (ki)

X\, +

2k YRR )y + 2 97k )y

(\/I )x = Vxey

where X; = perpendicular distance from element i to the center of rigidity parallel to
the x-axis

y; = perpendicular distance from element i to the center of rigidity parallel to
the y-axis

4 The forces determined by this method are within 3 percent of those determined by a computer analysis of

the diaphragm assuming that the diaphragm isrigid.
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Frame on column line A between lines 1 and 7:

y | 462x152 (114 — 70.2) X 4.62 x (152 X 2.7)
AT (4 % 1.06) + 4.62 40,777

= 77.2 kips

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

y _y __ 106x152 (702 45)x 106 x (152 X 2.7)
D/1=2 = TD/6=7 ™ (4 % 1.06) + 4.62 40,777

= 18.5 kips
Frames on column line F between lines 2 and 3 and between lines 5 and 6:

sy __ 106x152  70.2x1.06x (152X 27)
F/2=3 7 7D/576 7 (4 x 1.06) + 4.62 40,777

= 18.9 kips

The maximum shear force per unit length in the slab occurs along column line A and
isequal to 77.2 kips, which is distributed over alength of 80 feet.

The shear strength of the slab is determined by ACI Equation (11-3) using the full
thickness of the dlab:

®V. = p24,/f/bt = 0.75 x 2 x 1.0¥/4000 x (80 x 12) x 9/1000
= 819.7 kips > 77.2 kips 0.K.
o Case 2: Center of masslocated at 56.1 feet from column line F

Inthis case, the eccentricity, e,,, between the center of mass and the center of rigidity
=702—-561=14.1ft

Frame on column line A between lines 1 and 7:

yo o 462x152 (114 — 70.2) X 4.62 x (152 X 14.1)
AT (4 % 1.06) + 4.62 40,777

= 68.7 kips

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

y _y _ 1.06x 152 (70.2 — 45) x 1.06 x (152 x 14.1)
D/1=2 = TD/6=7 7 (4 % 1.06) + 4.62 40,777

= 19.6 kip
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Frames on column line F between lines 2 and 3 and between lines 5 and 6:

v _y __ 106x152  70.2x1.06x (152 X 14.1)
F/2=3 = "D/576 = (4 % 1.06) + 4.62 40,777

= 22.1 kips

The maximum shear force per unit length in the slab occurs along column line A and
isequal to 68.7 kips, which is distributed over alength of 80 feet. This maximum
shear forceisless than that determined in case 1, so the shear strength of theslabis
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 atrapezoidal distributed load as illustrated
in Figure 4.36. Since the reactions at the supports are known, the distributed |oads, w,
and w,, can be determined from statics. Once the distributed |oads 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:

RA = VA/1—7 =77.2 klpS
RD = VD/].—Z + VD/6—7 = 2 X 18.5 == 37.0 klpS

RF = VF/2—3 + VD/5—6 =2x%x189 =378 klps
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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
resultsin the following two equations for the diaphragm at the second floor level:

1
(wy X 114) + [E (Wy — wy) X 114] =152

1142\ 11 1
wy X —— | + [E (wy —wy) X 114 X <§ X 114)] = (37.0 X 69) + (37.8 x 114)

Solving these equations simultaneously resultsin w; = 0.50 kips/ft and w, =
2.16 kips/ft.

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 massis located at
67.5 feet from column line F.
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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 forceis
equal to the following:

M, 1513.2
Tw=Cu=5"="7

= 12.6 kips15

The required area of tension reinforcement is

T, 126
¢f, 0.9 %60

A = = 0.23 in.2

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

%51t 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.

'8 1n 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 optionis
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:

M, 970.7 _
Tu :Cu:F:W: 121k1pS

Therefore, provide one No. 5 chord bar along the slab edges on column lines 2 and 6
between lines D and F."’

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.® 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 37.8/80 =
0.473 kips/ft. Similarly, the unit shear force for the frames is 37.8/40 = 0.945 kips/ft.

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 0.473 X 20 = 9.5 kips. This is the maximum value
of the collector force (compression or tension) along the length between lines 2 and 6.

7 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.

8 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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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:
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T, 95
¢f, 0.9 %60

A = =0.18in.2

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
9500/(9 x 20) = 53 psi, 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: f¢ = 4000 psi; reinforcement: f,, = 60,000 psi.

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 (Sps = 0.13, Sp; = 0.07)
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Figure 4.39 Roof Plan and Elevations of One-story Retail Building
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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.*®

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: §; = 6g; + dy;

ép; = displacement due to bending

(&)’
_ M for fixed walls or piers
T Et P

4 (ﬁ ’
= E; for cantilevered walls or piers

6y; = displacement due to shear

3 (ﬁ
= Etl for fixed or cantilevered walls or piers

where h; = height of pier or wall
¢; = length of pier or wall
t = thickness of pier or wall
E = modulus of elasticity of pier or wall = G /0.4

Stiffness of pier or wall k; = 1/6;

® 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 | h; (ft) | £; (ft)) | Type &pEt 8y;Et 8;Et k;/Et
1+2+3
Y4+5+ | 12 | 34 | cant | 0176 1.059 | 1235 | —
6+7
1++62++73 4 34 | cant | -0.007 0353 | -0360 | —
1 4 21 | Fixed | 0.007 0571 — [ 1729
2 4 4 | Fixed | 1.000 3.000 — | 0250
3 4 4 | Fixed | 1.000 3.000 — | 0250
1+2+3 | — | — | — — — 0.449 | 2.229
1324 0.756

Table 4.33 Stiffness Calculations for South Wall

Pier/Wall | h; (ft) | €; (ft) | Type opEt oy;Et 6,Et k;/Et
L 42++53 12 | 445 | cant | 0078 0809 | 0887 | —
1+2+5| 4 | 445 | cant | -0.003 0270 | 0273 | —

1 4 4 | Fixed | 1.000 3.000 — | 0250

2 4 38 | Fixed | 0.001 0.316 — | 3157

1+2 — = | = — — 0294 | 3.407

0.908 1.101
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Table 4.34 Stiffness Calculations for East Wall (Northern Segment)

Pier/wWall | h; (ft) | €; (ft) | Type érEt éy;Et 6,Et k;/Et

1+2+3

t4+5+ | 12 29 | cant | 0.283 1241 | 1.524 —
6

1++52++63 7 29 | cant | -0.056 -0.724 | -0.780 —
1 7 95 | Fixed | 0.400 2211 — 0.383
2 7 4 | Fixed | 5.359 5.250 — 0.094
3 7 95 | Fixed | 0.400 2211 — 0.383

1+2+3 | — — — — — 1.163 | 0.860

1907 0524

Table 4.35 Stiffness Calculations for East Wall (Southern Segment)

Pier/Wall hi (ﬂ'.) t’i (ft) Type SFiEt SViEt 61Et kl/Et
1 ++24+ 31 12 | 23 | cant | 0568 1565 | 2133 | —
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 | h; (ft) | €; (ft) | Type opEt oy;Et 6,Et k;/Et
1+2+3
+4+5+ 12 52 Cant 0.049 0.692 0.741 —
6
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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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
Et
12 y° 12
4(153) +3(103)

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:

= 0.106Et

o = Z(ki)yxi
cr Z(ki)y

) [0.524Et x (34 - %)] + [0.028Et x (44.5 - %)]

= =242 ft
(0.222 + 0.524 + 0.028)Et

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:

_ Z(ki)xyi
Yer = Sk
[0.106Et X (23 - %)] + [0.756Et x (52 - 1%)]

=21.0ft
(1.101 + 0.106 + 0.756)Et
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It can be shown that the effects from the wind forces govern in this example.?’ 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 1.6 x 3 = 5 Kips
(see ACI19.2.1 or ASCE/SEI 2.3.2). This force is distributed to the walls in accordance
with Equation 3.12.

North wall on line A:

. 0.756Et X 5 . (30.33 x 12) x 0.756Et X (5 X 4.67 x 12)
47 (0.756 + 0.106 + 1.101)Et 196,655Et

=19+ 0.4 = 2.3 kips
where yy = 52 — (8/12) — 21 = 30.33 ft
ey, = [52— (8/12)]/2 — 21 = 4.67 ft
Y xf(k)y + X2 (ki)y = 0.222Et X (24.20 X 12)? + 0.524Et X (9.13 x 12)?
+0.028Et x (19.63 x 12)? + 1.101Et X (21.0 x 12)?

+0.106E¢ x (1.33 X 12)% + 0.756E¢ X (30.33 X 12)2

= 196,655Et

South wall on line E:

. 1.101Et X 5 (21.0 x 12) X 1.101Et X (5 X 4.67 x 12)
E 7 (0.756 + 0.106 + 1.101)Et 196,655Et

= 2.8—-0.4 = 2.4 kips

Solid wall near line C:

V.- 0.106Et X 5 N (1.33 x 12) X 0.106Et X (5 X 4.67 x 12)
© 7 (0.756 + 0.106 + 1.101)Et 196,655Et

= 0.3+ 0.0 = 0.3 kips
West wall on line 1:

. (24.20 x 12) x 0.222Et X (5 X 4.67 x 12)
1= 196,655Et

= 0.09 kips

20 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:

_ —(9013x12) X 0524Ee x (5x 467 x12) |
37 196,655E¢ - Yo KIpS

East wall on line 4:

~ —(19.63 x12) x 0.028E¢t x (5 X 4.67 X 12) 0.01 ki
+= 196,655E¢ - TOUL NS

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 1.6 X 17 x 12 = 326.4 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-of-
plane seismic force is equal to the following:

E, = 0.05w,,

where w,,, = the weight of the wall = (8/12) x 150 x 12 = 1200
pounds/foot width of wall.

Thus, F, = 0.05 x 1200 = 60 plf < 280 plf (governs)

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 (4, = 0.31 in.?/ft) at the
centerline of the wall.

For a 1-foot-wide design strip, check minimum vertical reinforcement requirements of
ACI 14.3.2:

p (gross) = 1 = (0.0032 > minimum p = 0.0012 O.K.

2X8

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
13.5 17
[2 < X )] [(34 —17) X —] =172 sq ft

Dead load = [(— x 150) + 10] X —= = 557 plf
172
Live load = 20 % 37 = 101 plf

8
Wall dead load = 1 X 150 X 12 = 1200 plf

Factored load combinations at mid-height of wall:

e U=14D

Py 12
P, = P, +22 —(14x056)+(14x7>—16k1ps

Mya =0
£, _ 29000 =8.0>6.0 0K (ACI14.8.3)
E. 5744000 o

I—ESA Fuh d z 4 bwe? ACI Eq. (14-7
o T ny (_C) 3 ( q-( '))

1.6 X 8
Mgyt 37 031x60) +(577)
where ¢ = = = 0.58in.
0.855,f/¢,,  0.85x0.85X 4 x 12
I —80(031+ 16x8 )(4 058)2+12X0'583—323' 4
R 2 X 60 X 4 ' 3 = 2a3 I
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0.003 0.003
& = (T) d—0.003 = (W) (4) — 0.003 = 0.018 > 0.005

Therefore, section is tension-controlled and ¢p = 0.9 in accordance with ACI
10.3.4 and 9.3.2.

M, =0 (ACIEq.(14-6))
e U=12D+16L, +08W
Py, 1.2 _
Pu=Put—-=(12x0.56) + (16 x 0.1) + (1.2 X T) = 1.6 kips

w2 0.8x0.017 x 122
Mua =—g— = 8

= 0.25 ft-kips = 2.9 in.-kips

P,h

1.6 x 8
_Asfy+ﬁ_(0.31><60)+( )

2X4

= = = 0.58 in.
€T 085B,f/¢, 085x085x4x12 n
I —80(031+ 16x8 )(4 058)2+12X0'583 =323 in*
er = SO 2 X 60 X 4 ' 3 = 2es
0.003 0.003
g = (T) d—0.003 = (W) (4) — 0.003 = 0.018 > 0.005

Therefore, section is tension-controlled and ¢p = 0.9 in accordance with ACI
10.3.4 and 9.3.2.

v My, ~ 2.9 ot
LT 5PZ | Bx16x(12x122 1-KIpS

~ (0.75)48E.I., " 0.75 x 48 x 3605 x 32.3

e U=12D+05L, +16W

Py, 1.2 _
Pu= Pyt —>=(12% 056) + (0.5 x 0.1) + (1.2 X 7) = 1.4 kips

w2 1.6 x0.017 x 122

M,, = 3 3 = 0.49 ft-kips = 5.9 in.-kips
P.h 14 %8
CAfy+F2g (031x60) + (—2 = )

_ - = 0.58 in.
€T 0858,f/¢, 0.85x085x4x12 n
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12 x 0.583

- _ 2 I 4

ICT—80<031+2 0% 4)(4 0.58)% + 2 32.0in.
0.003 0.00

etz(T)d—O.OOB—(058)(4)—0003—0018>0005

Therefore, section is tension-controlled and ¢ = 0.9 in accordance with ACI
10.3.4 and 9.3.2.

- M, ~ 5.9 et
“T sl Sx14x(12x12)2 o s

(0.75)48E.I. | ~0.75 x 48 X 3605 x 32.0

e U=09D+1.6W

Py, 1.2
P, =P +—2 —(09x056)+<09x7)—10k1ps

w2 1.6 % 0.017 x 122

Mua = 8 - 8

= 0.49 ft-kips = 5.9 in.-kips

Af, + (0.31 x 60) + (M)
c= i 2d= Zx4 = 0.57 in
0.85B,f/¢, 085x085x4x12 /'™
8 12 x 0.573 _
I. =80 (0 31 + m) (4-057)? + ————=315in
0.003 0.00
8t:(T)d_O'OO3_<05 )(4)—0003—0018>0005

Therefore, section is tension-controlled and ¢ = 0.9 per ACI 10.3.4 and 9.3.2.

- My, - 5.9 et
ST 5x1.0x (12 x12)2 O s

(0.75)48E,I. | ~0.75 x 48 x 3605 x 31.5

Determine the cracking moment, M, :

1
Ig—ﬁx12x83—5121n

fr = 7.54/f! = 7.5 x 1.0V/4000 = 474.3 psi
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frly 4743 x512
y,  4x1000

M. = = 60.7 in.-kips

Check design moment strength, ¢ M,,, for each load combination:
e U=14D
M, = (AS +%)fy(d —%)
- (0.31 + ﬂ) X 60 X (4 - M) — 75.8 in.-kips
2xX60x4 2
¢M,, = 0.9 X 75.8 = 68.2 in.-kips > M,, =0
> M., = 60.7 in.-kips 0.K.

e U=12D+1.6L, +08W

0.85 x 0.58 o
—) = 75.8 in.-kips

M —(o31+ 1.6 x8 )x60x(4
no\ 2 X 60X 4

¢M,, = 0.9 X 75.8 = 68.2 in.-kips > M,, = 3.0 in-kips
> M., = 60.7 in.-kips 0.K.
e U=12D+0.5L, +1.6W

1.4 x8 0.85 x 0.58
) 0 x (1. 255058

M"=(0'31+2><60><4 2

) = 75.1 in.-Kkips

¢M, = 0.9 X 75.1 = 67.6 in.-kips > M,, = 6.1 in-Kips
> M., = 60.7 in.-kips 0.K.

e U=09D +1.6W

0.85 x 0.57

1.0x8
Mn=(0.31+—)><60><(4— >

2X60x4 ) = 73.7 in.-kips

¢M,, = 0.9 x 73.7 = 66.3 in.-kips > M,, = 6.1 in-kips

> M., = 60.7 in.-kips O.K.
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Check vertical stress at mid-height of wall using the maximum factored axial force
from all of the combinations:

P, 1600

A, 8x12

=17 psi < 0.06f/ = 240 psi OK.

Check mid-height deflection, A;:

w2 0.017 x 122
M= =73

= 0.31 ft-kips = 3.7 in.-kips < 2M,,./3 = 40.5 in.-kips

Since M, < 2M,,-/3, use ACI Eq. (14-9) to determine Ag:

A —(M“)A
s MCT cr

SMe 2 5% 60.7 X (12 X 12)?
48E.I, 48 %3605 x 512

where A, = = 0.07 in. [ACI Equation (14-10)]

Therefore,

3.7
=|—=) X 0. =0U. in.
Ay <60.7) 0.07 = 0.004in. <

¢, 12x12

150 150 =096in. O.K

The wall is adequate with No. 5 @ 12 inches vertical reinforcement for combined
axial force and bending.

Check out-of-plane shear requirements of ACI 11.9.1.

V,=1.6x0.017 x 12 x 1/2 = 0.2 kips
< ¢2A/f/bd = 0.75 X 2 x 1.04/4000 x 12 x 4/1000 = 4.6 kips O.K.
Check in-plane shear strength requirements of ACI 11.9.2.

According to ACI 11.9.5, ¢V, = ¢p24,/f/hd = 0.75 X 2 X 1.044000 x 8 X (0.8 X 34 X
12)/1000 = 247.7 kips > 2.3 kips.2!

Per ACI 14.3.3, minimum horizontal reinforcement = 0.0020 X 12 X 8 = 0.19 in.?

Provide No. 4 @ 12 inches (4,=0.20 in.?/ft) horizontal reinforcement.

2 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 DESIGN AND DETAILING FOR
SDCC

5.1 GENERAL REQUIREMENTS

5.1.1 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," 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.

514 Anchoring to Concrete

The requirements of ACI D.3.3 must be satisfied for anchors resisting earthquake-
induced 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 MEMBERS SUBJECTED TO BENDING

521 Beams

Table 5.1 contains requirements for beams in intermediate moment frames. These apply
to frame members with negligible axial forces, i.e., B, < A,f; /10 (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

! 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 C?

Requirement ACI Section Number(s)

Design flexural members as tension-controlled

. 10.3.4,93.2.1
sections.

Minimum flexural reinforcement shall not be less than:
3/f/b,d nd 200b,,d

fy fy 10.5.1
at every section of a flexural member where tensile
reinforcement is required by analysis, except as
provided by ACI 10.5.3.

Flexure The net tensile strain, &;, at nominal strength shall be

greater than or equal to 0.004. 10.3.5

Positive moment strength at the face of a joint must be
greater than or equal to one-third the negative moment 21.34.1
strength at that face of the joint.

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.

21.34.1

Hoops are required over a length equal to at least twice
the member depth from the face of the supporting 21.3.4.2
member toward midspan at both ends of the beam.

Where hoops are required, the spacing shall not exceed
the smallest of:

(a) d/4a

(b) 8 x diameter of smallest longitudinal bar
Confinement (c) 24 x diameter of hoop bar

(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. 21343

Transverse reinforcement must also be proportioned to

resist the design shear forces. 2133

(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 ACI Section Number(s)

Design shear strength ¢V}, shall not be less than the
smaller of:

(@) The sum of the shear associated with the

development of nominal moment strengths of the
member at each restrained end of the clear span

Shear and the shear calculated for factored gravity forces. 21.33

(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

For SI: 1 inch = 25.4 mm.

Agmin = 3yf/b,d/f, = 200b,,d/f,, unless ACI 10.5.3 is satisfied
€, = 0.004

Structural integrity reinforcement in accordance with ACI 7.13

n,l M.

+ -_—
Mrtl > M‘r:,l/3 Mn,r = Mn,‘r/3

M;; or M;' > (maximum M,, at either joint)/5

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.® 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,

d/4
8d, (longitudinal bar)

s <
24d;, (hoop bar)
12"
< 2"sfe Hoops Stirrups
| g | — {
: il 2]
> 2h
i > —s<d/2

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
SDCC

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, V,, is determined by
adding the shear effects associated with the application of the nominal moment strengths,
M, 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.

*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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Wy

Sidesway to the right

M DRL

Sidesway to the left

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, V,,, 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):

1.2D + 2.0E + fiL + f,S
where E = Qg + 0.2Sp¢D.*

Design shear strength, ¢V}, shall not be less than the smaller of those obtained by these
two methods.

The required amount of shear reinforcement to resist V,, 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 ¢V in Table 4.10 can be used to

determine the required spacing of the hoops. The required hoop spacing for V;, must be
less than or equal to the limiting values in Figure 5.2.

*The redundancy factor, p, 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 P, < Agf)/10?

A 4

Design and detail member in
accordance with ACI 21.3.5.

A 4
Determine factored bending moments and shear

forces on member using the applicable load
combinations of IBC 1605.2 or ACI 9.2. 4—@
(see Section 4.1.2)
v

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 ACI17.6.1,3.3.2,7.7.1 and 10.6.

(see Tables 4.7 and 4.8)
v

Calculate the positive and negative flexural
strengths M;} and M;; at the faces of the joints
and at every section along the member length
where M,, = A;f,(d —a/2) and a =

Asf,/0.85£/b.

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames




MEMBERS SUBJECTED TO BENDING 5-7

At each joint face, is
M} > M, /3?

A 4

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

At each section, is M;; or M} >
(maximum M,, at either joint)/5?

Yes

v 2

Increase the appropriate area Calculate the maximum shear force (1},), at the
of reinforcement to satisfy the ends of the beam due to M,!, M,;, and the
requirements of ACI 21.3.4.1. —\_, maximum factored gravity load w,, along the

span for sidesway to the left and to the right.
(see Figure 5.3)

A 4

Calculate the maximum shear force (14,), 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.

v

2

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

No

Use 1, = (

§<

Yes

A 4

v

Calculate V; at face of support by ACI
Equations (11-1) and (11-2):

V. =

where V, = 24,/f/b,,d and ¢ = 0.75.

IsV, > 4./f/b, d?

Assume a hoop bar size and calculate the

required hoop spacing:

L _Aofd

where s < minimum of d/2 or 24 inches

(ACI 11.4.5.1).

Vs

A 4

A 4

(O
/'Y

Assume a hoop bar size and calculate the
required hoop spacing:
o Aufd
Vs
where s < minimum of d /4 or 12 inches
(ACI 11.45.3).

Increase member size
and/or f!

(ACI 11.4.7.9)

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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and 50by,s/f,¢?

3

Increase A,, and/or decrease

Is A, > larger of 0.75\/f/b,,s/fy:

s to satisfy requirements of
ACIl 11.4.6.3.

of hoop bar), and 12 inches?

v

Provide hoops at a spacing of the smallest of
d/4, 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).

(see Figure 5.2)

Is s < smallest of d /4, 8(diameter of
smallest longitudinal bar), 24(diameter

Yes

—

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

(see Figure 5.2)

A 4

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

A 4

L

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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A 4

Calculate V; at 2h from the face of support
by ACI Equations (11-1) and (11-2):

4
V, = é‘ —2A/f/b,d

where ¢ = 0.75.

sV, > 4/f!b,,d?

Assume a stirrup bar size and calculate

the required stirrup spacing:
s = Avfytd
74
where

s < minimum of d/2 or 24 inches

(ACI 11.45.1).

A 4

\ 4

Assume a stirrup bar size and calculate the
required stirrup spacing:
o Aofyd
Vs
where s < minimum of d /4 or 12 inches
(ACI 11.4.5.3).

Increase member size
and/or f_

(ACI 11.4.7.9)

\ 4

LF

Figure 5.4 Design Procedure for Beams in Intermediate Moment Frames (continued)
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Is A, = larger of 0.75./f!by,s/fy¢
and 50by,5/f¢?

I

Increase A,, 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 M,, 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, M,,;,, 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 M,,;,, the portion of the slab moment
balanced by the support moment, must be placed within the column strip 21.36.1
defined in ACI 13.2.1.

Reinforcement placed within an effective slab width defined in ACI 13.5.3.2
must be proportioned to resist the moment, y;M;,5, Where y; is determined
by ACI Equation (13-1). Effective slab widths for exterior and corner 21.3.6.2
connections must not extend beyond the column face a distance greater than
¢; measured perpendicular to the slab span.

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. 21.36.3
Not less than one-quarter of the top reinforcement at the support in the

; ; 21.3.6.4
column strip shall be continuous throughout the span.
Continuous bottom reinforcement in the column strip shall not be less than 91365

one-third of the top reinforcement at the support in the column strip.

Not less than one-half of all bottom middle strip reinforcement and all
bottom column strip reinforcement at midspan shall be continuous and shall 21.3.6.6
develop f, at the face of the support defined in ACI 13.6.2.5.

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 21.3.6.7
ACI 13.6.2.5.

At the critical sections for columns defined in ACI 11.11.1.2, two-way shear
caused by factored gravity loads shall not exceed 0.4¢V, where V, 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 0.4¢V, 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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5.3 MEMBERS SUBJECTED TO BENDING AND AXIAL FORCES

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 P, > A, f. /10.

Transver se 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 C°

Requirement ACI Section Number(s)

Columns shall be spirally reinforced in accordance
with ACI 7.10.4 or shall conform to the provisions of 21.35.1
ACI 21.3.5.2 through 21.3.5.4.

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

The spacing, s,, shall not exceed the smallest of:

(@) 8 x diameter of smallest longitudinal bar
(b) 24 x diameter of hoop bar

(c) 0.5 x smallest dimension of the column
Transverse (d) 12 inches

Reinfor cement

21.3.5.2

The length, €, shall not be less than the largest of:
(@) (Clear span of the column)/6

(b) Maximum dimension of the column

(c) 18 inches

The first hoop shall be located not more than s, /2

from the joint face. 21353

Spacing of transverse reinforcement outside of the

length, £, shall conform to ACI 7.10 and 11.4.5.1. 21354

Joint transverse reinforcement for all columns must

conform to ACI 11.10. 21.35.5

(continued)

® 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 ACI Section Number(s)

Columns supporting reactions from discontinuous stiff
members, such as walls, shall have transverse
reinforcement spaced at s, (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

’
Transverse earthquake effects exceeds 4, . /10.

Reinforcement 21.35.6
(continued) The limit of A, £/ /10 shall be increased to 4, f/ /4
where design forces have been magnified to account
for the overstrength of the vertical elements of the
seismic-force-resisting system.

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

Design shear strength, ¢V;,, shall not be less than the

smaller of:

(@) The sum of the shear associated with the
development of nominal moment strengths of the
member at each restrained end of the clear span 2133
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.

Shear Strength

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 A, f /4.° transverse reinforcement must be provided over the entire length of the

column at a spacing of s,, which is defined in ACI 21.3.5.2.

®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, Q,, of ASCE/SEI 12.4.3.2. In such cases, the limit on the axial compressive force in ACI 21.3.5.6
is Agf¢ /4. Otherwise, the limit is A, £, /10.
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Joint reinforcement in accordance with ACI 21.3.5.5

¥ K 4
A

A

Y Spacing of transverse reinforcement in accordance with
ACI 21.35.4

Clear span/6
P See note below

£, =< Larger of c; or c,
187 Transverse reinforcement in accordance with ACI 21.3.3
: 8 x diameter of smallest longitudinal bar
24 x diameter of hoop bar
s, < oo
<s,/2 0.5 x smallest dimension of the column
v, 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.

1

A
A 4

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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A, —
wall /

|~ Reinforcement not shown for clarity

' Development length, £, of largest
longitudinal column bar where £, is
y determined by ACI 21.7.5

Transverse reinforcement
spaced in accordance
with ACI 21.3.5.2

wall Footing or mat \

- 5 % /\/ + I > 12"

A% Development length, £, of largest longitudinal

column bar where £ is determined by ACI 21.7.5
For SI: 1inch = 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
requirementsof ACI 11.1, 11.2, 11.4 and 21.3.5 for the applicable design shear force, V,,,
determined by ACI 21.3.3.

Outside of the anticipated plastic hinge length, £, 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 requirementsisto 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 framesis givenin Figure 5.7.
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Design Procedure for Frame Members
Subjected to Bending and Axial Load in
Intermediate Moment Frames

ISP, > Ayf!/10?

Design and detail member in
accordance with ACI 21.3.4.

A 4

Determine factored bending moments, axial
loads, and shear forces on member using the

applicable load combinations of IBC 1605.2 or 4_®
ACl 9.2.

(see Section 4.1.2)
v

Determine member size and required
longitudinal reinforcement such that P, <

¢P, and M,, < ¢pM,, are satisfied for each load
combination (ACI 9.2, 9.3 and 10.3). Design
axial strength shall not be taken greater than

¢ Py max 1N accordance with ACI 10.3.6.

150.014, < Ay, < 0.084,7?

Is Ag; < 0.014,7

; Y
Revise cross-sectional Increase the area of A4
dimensions of column to longitudinal reinforcement ><BJ
satisfy ACl 21.6.3.1. so that Ag, = 0.014,.

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

Calculate the maximum shear force (1), at the
ends of the column due to the maximum, M,,, of
the column considering sidesway to the left and
to the right.

A 4

Calculate the maximum shear force (1), 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 Yes

A 4

For agiven hoop size, determine the required
spacing for shear:

Apfyed

S:Vu
E_Vc

<

N

< Avfyt
~ 50b,,
where ¢ = 0.75 and V, isdetermined by ACI 11.2.

K

Figure 5.7 Design Procedure for Frame Members Subjected to Bending and Axial Load
in Intermediate Moment Frames (continued)
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(2) 24(hoop bar diameter)

(4) 12inches

Determine s,,, which isthe smallest of the following:
(1) 8(smallest longitudinal bar diameter)

(3) Least column dimension/2

(ACI 21.35.2)

No

4

Yes

A 4

Provide hoops spaced at s, over the length, ¢,
at each end of the column where ¢, > largest of:

(1) depth of member
(2) clear span/6
(3) 18 inches

(ACI 21.35.2)

Provide hoops spaced at s over the length, ¢, a
each end of the column where ¢, > largest of:

(1) depth of member
(2) clear span/6
(3) 18inches

(ACI 21.35.2)

A

Outside the length, ¢,, provide ties that
conformto ACI 7.10 and 11.4.5.1.

(ACI 21.3.5.4)

Figure 5.7 Design Procedure for Frame Members Subjected to Bending and Axial Load
in Intermediate Moment Frames (continued)
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Within the joint, provide ties that conform to
ACI 11.10.

(ACI 21.3.5.5)

\ 4

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

For SI: 1inch = 25.4 mm.

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

54 EXAMPLES
5.4.1 Example 5.1—Four-story Residential Building

For the four-story residentia 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 thefirst floor, (3) in column B1 supporting thefirst 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 forcesin the east-west direction and (6) in the collector element along column line
F at the third floor level for lateral forcesin the east-west direction.

DESIGN DATA

Concrete: f/ = 4000 psi; reinforcement: £, = 60,000 psi.

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
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L ateral-force-resisting system: moment-resisting frames
Wind velocity = 90 mph, Exposure B
Seismic Design Category: C (Sps = 0.41, Sp; = 0.15)

First story height = 12 feet, typical story height = 10 feet.

SOLUTION

Part 1: Determine reinforcement in slab along column line 4

Since the dab 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.

e Designfor 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 momentsin the design stripisgivenin
Table 4.26 in Example 4.1.

Bending Moments Due to L ateral 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 forcesin 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).



5-22 CHAPTER 5 DESIGN AND DETAILING FOR SDC C

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 Instre)gr?r
Exterior Interior Interior
Negative Negative Negative
Wind (W) 54.0 49.0 40.4
Seismic (Qg) 395.1 358.8 296.9

For SI: 1 ft-kip = 1.356 KN-m.

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:
U=14D ACI Eq. (9-1)
U=1.2D + 1.6L ACI Eq. (9-2)
U=1.2D +0.8W ACI Eq. (9-3)
U=12D+0.5L+ 1.6W ACI Eq. (9-4)
U=12D+05L + 1.0E ACI Eq. (9-5)
U=09D + 1.6W ACI Eq. (9-6)
U =0.9D + 1.0E 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

E = pQg + 0.25psD

The redundancy factor, p, 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

E = pQg — 0.25,5D
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, &,, 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

Bending Shear

Load Case Location | Moment Force
(ft-Kips) (kips)
Support -57.6 11.8
Dead (D) Midspan 41.1
. Support -22.5 4.6
Live (L) Midspan 16.2
Wwind (W) Support +54.0 +4.8
Seismic (Qg) Support | £395.1 +35.4
Load Combination
Support -80.6 16.5
1.4D
Midspan 57.5
Support -105.1 21.5
1.2D+ 1.6L Midspan 75.2
1.2D + 0.5L + 1.6W Support | -166.8 241
Midspan 57.4
Support 34.6 2.9
0.9D - 1.6W
Midspan 37.0
Support -480.1 52.8
+ +
1.28D +0.5L + Qg Midspan 60.7
Support 347.9 25.7

0.82D - Qe Midspan 33.7

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

Line 1
. Al * .
Location M_“ S, Reinforcement ¢N_|”
(ft-kips) (in.%) (ft-kips)
Subport -480.1 5.61 6-No. 9 509.0
PP 347.9 391 4-No. 9 355.2
Midspan 75.2 1.43 2-No. 9 185.6
« 3yf/b,d 34,000 x 20 x 21.5
Aq min = \E LA = - 1.36 in.?
’ fy 60,000
ACI105.1
200b,,d 200 x 20 x 21.5 )
= = =1.43 in.” (governs)
f 60,000
y
085/, d  0.003  0.85x0.85x4x20x215 L0003 oo 2
s,max f, 0.003 + 0.004 60 0.007
ACI 10.35
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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 (¢ M,, = 185.6 ft-kips)
along the length of the beam satisfies this provision.

e 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).

e 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.

2.64 kips/ft
M;" = 394.7 ft-kips C’ - - D M;, = 565.6 ft-kips
; 9/_2// =:4I_Ol; ) 9/_2” .
22/_4”
v
25.6 kips 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

"Sidesway to the left gives the same maximum shear force due to the symmetric distribution of the
longitudinal reinforcement.
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e 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:

U=1.2D+0.5L+ 2.0E =1.2D + 0.5L + 2.0(Qz + 0.25,5D)
= 1.36D + 0.5L + 2.0Qg
Using Table 5.5,
V, = (1.36 x 11.8) + (0.5 x 4.6) + (2.0 x 35.4) = 89.2 kips
Therefore, use V,, = 60.4 kips.
e 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).

A, Vy—¢V. 60,400 — (0.75 x 2 x /4000 x 20 X 21.5) o
—_—= = = 0.020 ln.z /1n.
s ¢fyd 0.75 X 60,000 X 21.5

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 A, and py:

Ayn = [20 — (2 x 1.5) — 0.5] x [24 — (2 x 1.5) — 0.5] = 338.25 in.2

pr =2 x{[20 = (2 x 1.5) — 0.5] + [24 — (2 x 1.5) — 0.5]} = 74 in.
( v, )2 o (Tubn ‘o ( 60,400 )2 s <43.2 X 12,000 X 74)2 —aa s
byd) "~ \1742,) ~ J\20x 215 17x338252 ) <o PY

v
b (b Cd +8 fc’) = 0.75(2 + 8)v/4000 = 474.3 psi > 242.1 psi OK.
w
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e Required transverse reinforcement for torsion

It was shown in Example 4.1 that the required transverse reinforcement for
torsion is

24, 2T, 2 X 43.2 x 12,000

- - = 0.040 in.2 /in.
s 2¢cotbA,f, 2 X 0.75 X cot 45° X 287.5 X 60,000 in" /in

Total Transverse Reinforcement Requirements

Total required transverse reinforcement = 0.020 + 0.040 = 0.060 in.?/in.
Minimum transverse reinforcement is the greater of the following:

b 20
0.751/fc'f—w = 0.75v4000 =000 = 0016 in.2 /in.
yt ’

50b,, 50 x 20
fye ~ 60,000

= 0.017 in.? /in. (governs)

According to ACI 21.3.4.2, the maximum spacing of hoops over the length 2h =
48 in. is the smallest of the following (see Figure 5.2):

(1) d/4 = 21.5/4 = 5.4 in. (governs)

(2) 8 x diameter of smallest longitudinal bar = 8 x 1.128 = 9.0 in.

(3) 24 x diameter of hoop bar = 24 X 0.5 = 12 in.

(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:

Pn 74 .
(D 5-8 " 9.3in. (governs)

(2) 12 inches

3 Lo25 o,
2— 2 = .0 1.

Assuming No. 4 hoops, the required spacing, s, at the critical section = 2 X
0.20/0.060 = 6.7 in. > 5.4 in.
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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.®

Longitudinal Reinforcement Required for Torsion

Determine longitudinal reinforcement required for torsion by ACI Equation (11-22)
(see Figure 4.11):

A 0.040
A¢=Jm1&£aﬁ9=———XM=14&nz
s fy 2

A, =E_££E£_(§§p Iye =5“40m)X615—(0040x74)=176nﬁ
£min fy S h fy 60,000 2 . -

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.? to each
face.

Use one No. 6 bar on each side (area = 0.44 in.?, bar diameter = 0.75 in. > 0.042s =
0.25 in.). This bar satisfies the maximum spacing requirement of 12 inches, since the
spacing = {24 — 2[1.5+ 0.5 + (1.128/2)]}/2 = 9.4 in.
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):
e Face of support
5.61 +0.44 =6.05in.”~6.00 in.”
3.91 +0.44 = 4.35in. > 4.00 in.?
e Midspan

1.43 +0.44=1.87in2<2.00in.?

®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.

e 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 A, = 2.00 in.?,

¢M,, = 185.6 ft-kips.

The load combination, 0.82D, plus the nominal flexural strengths, M,,, 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):

(xx1'47x><x) 52.7x + 565.6 = 185.6
279167 3 X 0T e
1.47 kips/ft
394.7 fi-kips (7 1l D) 565.6 ft-kips
” X :
: 9/_2’/ ‘:4/_01;: a N 9/_2’/
22'-4”
33.3 kips 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 = 21.5in. or 12d;, = 12 X 1.128 = 13.5 in. 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, £,, 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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g =3 b b )
- 40 % cp + Ky
VI (257)

where A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

Y, = modification factor for reinforcement location = 1.3 for top bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

Y, = modification factor for reinforcement size = 1.0 for No. 9 bars

¢, = Sspacing or cover dimension

1.128
=15+05+ — = 2.6 in.

_20-2(15+0.5) - 1.128
B 2X%X5

= 1.5in. (governs)

K, = transverse reinforcement index = 0 (conservative)

¢p + Kir 1540
d 1.128

=13<25

Therefore,

( 3 60,000 1.3x1.0x1.0
d =

— X 1.128 = 80.3 in. = 6.7 ft
40 1.0/4000 1.3 )

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, V,,, at the
cutoff point does not exceed 2¢V;, /3 (ACI 12.10.5.1). With No. 4 stirrups at 10
inches on center, ¢V, is determined by ACI Equations (11-1) and (11-2):

0.4 x 60 x21.5
8

oV, = ¢(V. + V) = 0.75 (54.4 + ) = 89.2 kips
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At 9.2 feet from the face of the support, V,, = 52.7 — (0.5 X 1.47 X 9.2) = 45.9 Kips,
which is less than 2 x 89.2/3 = 59.5 kips. 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/_8/1
1 [
9-3”  4-No.9 2-No.9 4-No.9
4
) = 2/_0”
3
2-No. 6 5-No. 9
27 | | No. 4 closed stirrups @ 6” |
’ VI p 11-No. 4 hoops @ 5” ea. end
3 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.’

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).

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

Axial Bending Shear

Load Case Force Moment Force
(kips) (ft-kips) (kips)

Dead (D) 157.9 11.3 +2.3
Live (L) 315 11.0 +22
Roof live (L) 4.9
Wind (W) +3.6 +111.0 |+11.1
Seismic (Qg) +26.4 +4221 | +42.2
Load Combination
1.4D 221.1 15.8 3.2
1.2D + 1.6L + 0.5L, 242.3 31.2 6.3
1.2D + 0.5(L + L) + 1.6W 213.4 196.7 21.6
0.9D - 1.6W 136.4 167.4 15.7
1.28D + 0.5L + Qf 244.3 442.1 46.2
0.82D - Qg 103.1 412.8 40.3

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 (45, = 0.027A4,) 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 1.5d,, = 1.5 x 1.128 = 1.7 in. (governs) or 1.5 inches. In this case,
the clear distance is equal to

20~ 2(15 +0.375 + 132%)
3 —1.128 =5.0in. > 1.7in. O.K.
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)
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The largest moment strength, M,,, of the column is obtained using the fifth of the
six load combinations in Table 5.7. For B, = P, /¢ = 244.3/0.817 = 299.0 Kips,
M,, = 561.3 ft-kips.

The shear force based on this nominal moment strength is equal to M,,/¢,, =

561.3/(12 — 2) = 56.1 kips.

The maximum shear force, V,,, is obtained from the fifth load combination:
V, = (1.28 x 2.3) + (0.5 x 2.2) + 56.1 = 60.1 kips

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:

U=12D + 0.5L + 2.0E = 1.2D + 0.5L + 2.0(Qz + 0.25psD)

= 136D + 0.5L + 2.0Q;

Using Table 5.7,
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U, = (1.36 X 2.3) + (0.5 X 2.2) + (2.0 X 46.2) = 96.6 kips
Therefore, use V;, = 60.1 Kips.

The shear capacity of the column is checked in accordance with ACI Equation (11-4)
for members subjected to axial compression:

N, :
Vc—2(1+2000Ag>A\/fbwd

244,300

=2(1 4+
(+2000x202

)\/4000 x 20 X 15.9/1000 = 52.5 kips
where N,, = 244.3 kips, which is the factored axial compressive force on the column

corresponding to the maximum shear force and d = 15.9 in. was obtained from a
strain compatibility analysis.

Since ¢V, = 0.75 x 52.5 = 39.4 kips < V,, = 60.1 kips, provide shear
reinforcement in accordance with ACI 11.4.7:

A, V,—oV, 60.1 — 39.4
A ok = 0.029 in.2/in.
s ¢fyed  0.75x 60 % 15.9

The required spacing of No. 3 hoops and crossties is

4x0.11 A 4 x 0.11) X 60,000
s = =15.21in. < ofy _( )

_ — 26.4in.
0.029 50b,, 50 x 20 64in

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, s,, of No. 3 hoops
must not exceed the smallest of the following over a length, ¢, at each end of the
column:

e 8(smallest longitudinal bar diameter) = 8 X 1.128 = 9.0 in.

e 24(hoop bar diameter) = 24 x 0.375 = 9.0 in.

e Least column dimension/2 = 10 in.

e 12 inches

where £, is the largest of the following:

e Clearspan/6 = (12 —2) x 12/6 = 20 in.
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e Maximum cross-sectional dimension of the column = 20 inches
e 18 inches

According to the spacing requirements for shear reinforcement in ACI 11.4.5.1, the
maximum spacing shall not exceed d/2 = 15.9/2 = 8.0 in.

Use four No. 3 hoops @ 8.0 in. on center with the first hoop located vertically not
more than s, /2 = 8/2 = 4.0 in. from the joint face (ACI 21.3.5.3). The 8.0-inch
spacing is used over the lap splice length of 42 inches ( > ¢, = 20 in.), 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:

Avfye (4 x 0.11) x 60,000
S = =
0.75\f/b,  0.75v/4000 x 20

Ayfy  (4x0.11) x 60,000
50b,, 50 x 20

= 27.81n.

>

= 26.4 in. (governs)

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

e 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 0.5f,,. Thus, Class B lap splices must be
provided in accordance with ACI 12.17.2.3.

Determine the development length in tension by ACI Eqg. (12-1):

g, =3 b b )
- 40 % cp + Ky
VI (257)

where A = modification factor for lightweight concrete = 1.0 for normal weight
concrete
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Y, = modification factor for reinforcement location = 1.0 for bars other
than top bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

Y, = modification factor for reinforcement size = 1.0 for No. 9 bars

¢, = Sspacing or cover dimension

1.128
=15+05+ — = 2.6 in.

20— 2(15+0.375) — 1.128
B 2 %3

= 2.5in. (governs)

K., = transverse reinforcement index

404, 40x4x0.11

sn 8X4
cb+1’('tr_2.5+0.6_28>25 25
4, =118 "~ % .5, use 2.

0.6

Therefore,

3 60,000 1.0x1.0x1.0
a= ( ) X 1.128 = 32.1in. = 2.7 ft

40 1.0/4000 2.5
Class B splice length = 1.3¢,; = 3.5 ft
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 60 feet to the east of column line 1 and
70.2 feet to the north of column line F.
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e
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No. 3 hoops @ 0’-8"—| 1-8” 178"
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shown for clarity 1% (typ.) 4 h . 1
Section A-A
No. 3 hoops @ 0’-8”\ ‘
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, 4+ | Ground
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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, F,,, on the

diaphragm:*

n n
pr = (Z Fl/z Wi> pr
i=x i=x

< O.4SD51pr = 0164‘pr

> 0.28psIWpy = 0.082w,,

where F; = the seismic design force applied at level i

w; = the weight tributary to level i

10 The effects from wind forces do not govern in this example.
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wp, = 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.™

Table 5.8 Design Seismic Diaphragm Forces

Level | Wx | ZWx Fx P U sEosw, | e Fox
(kips) | (kips) | (kips) | (kips) (kips) (kips)

4 1,667 1,667 | 173 173 0.104 1,667 173

3 1,995 | 3,662 | 158 331 0.090 1,995 180

2 1,995 | 5,657 | 108 439 0.082* 1,995 164

1 2,014 | 7,671 60 499 0.082* 2,014 165

* Minimum value governs.

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 = 0.05 x 114 = 5.7 ft (ASCE/SEI 12.8.4.2). Thus, two cases must be
examined: (1) center of mass located at 61.8 + 5.7 = 67.5 ft from column line F and

(2) center of mass located at 61.8 — 5.7 = 56.1 ft from column line F.

Case 1: Center of mass located at 67.5 feet from column line F

In this case, the eccentricity, e,,, between the center of mass and the center of rigidity
=70.2-67.5=2.7ft

The forces applied to each frame are determined by Equation 3.12 of this
publication:*?

_ (ki )y
Y (ki)

where X; = perpendicular distance from element i to the center of rigidity parallel to
the x-axis

. i (ki )y
S )y + 3 0,

Vi),

Vi

1 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 Spgand Sp;.

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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y; = 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:

v _ 4.62x180 (114 —70.2) x 4.62 x (180 x 2.7)
A=T 7 (4 % 1.06) + 4.62 40,777

= 91.5 kips

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

y _y _ 1.06x 180 (70.2 — 45) X 1.06 x (180 X 2.7)
D/1=2 = TD/6=7 T (4 % 1.06) + 4.62 40,777
= 21.9 kips

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

y _y __ 1.06x180  70.2x1.06x (180X 2.7)
F/2=3 = "D/576 7 (4 % 1.06) + 4.62 40,777

= 22.4 kips

The maximum shear force per unit length in the slab occurs along column line A and
is equal to 91.5 kips, 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:

dV. = p24/f/bt = 0.75 x 2 x 1.0v4000 x (80 x 12) x 9/1000
= 819.7 kips > 91.5 kips 0.K.
e (Case 2: Center of mass located at 56.1 feet from column line F

In this case, the eccentricity, e,,, between the center of mass and the center of rigidity
=70.2-56.1 = 14.1ft.

Frame on column line A between lines 1 and 7:

v 462 x 180 (114 — 70.2) X 4.62 x (180 x 14.1)
A=T (4 % 1.06) + 4.62 40,777

= 81.3 kips

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



EXAMPLES 5-39

y _y _ 1.06 x 180 (70.2 — 45) X 1.06 x (180 x 14.1)
D/1=2 = TD/6=7 T (4 % 1.06) + 4.62 40,777

= 23.2 kips
Frames on column line F between lines 2 and 3 and between lines 5 and 6:

sy __ 1.06x180  70.2x1.06x (180 x 14.1)
F/2=3 7 7D/56 7 (4 % 1.06) + 4.62 40,777

= 26.2 kips

The maximum shear force per unit length in the slab occurs along column line A and
is equal to 81.3 kips, 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, w,
and w,, 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:

RA - VA/1—7 - 91.5 klpS
RD == VD/l—Z + VD/6—7 = 2 X 21.9 - 4‘3.8 klpS

RF == VF/2—3 + VD/5—6 = 2 X 22.4 == 4’4’.8 klpS
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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:

1
(w; x 114) + [E (wy, —wy) X 114] =180

1142 1 1
wy X 5 + [E (wy, —wy) X 114 X <§ X 114)] = (43.8 X 69) + (44.8 x 114)

Solving these equations simultaneously results in w; = 0.60 kips/ft and w, =
2.56 kips/ft.

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.
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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:

M, 1796.1
D 120

= 15.0 kips13

The required area of tension reinforcement is

T 150 oo
ST %f, 09xe60 oM

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

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.

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:

M, 1157.1
f=tu=7 =50

= 14.5 kips

Therefore, provide one No. 5 chord bar along the slab edges on column lines 2 and 6
between lines D and F.*

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.™ 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 44.8/80 =
0.560 kips/ft. Similarly, the unit shear force for the frames is 44.8/40 = 1.12 kips/ft.

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 0.560 x 20 = 11.2 kips. 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.

I . 44.8 _ ' |
i | B0 - 0.560 kips/ft |
|[¢— — — | — | — — — «— <«

- T m S——N — e — E B — ﬁ_q_;" — } —
| | | |

44'8—112 kips/ft
20 - L12kips/

0.560 kips/ft
Unit Shear Forces

1.12 kips/ft

0.560 kips/ft

Net Shear Forces ]
l— 0.560 kips/ft

11.2 kips

Collector Force \//\

11.2 kips

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, €, of
ASCE/SEI 12.4.3.2. The overstrength factor, Q,, 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, Q,, in
accordance with ASCE/SEI 12.4.3.2 where Q, Qg is taken as the greatest of the
following:

e O,F

e (,F,, ignoring the 0.2SpsIw;,, minimum

e Collector force based on 0.25,5Iwp, 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
3 x 11.2 = 33.6 kips where Q, = 3 from ASCE/SEI Table 12.2-1 for an intermediate
reinforced concrete moment frame.

The required area of tension reinforcement is:

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
33,600/(9 x 20) = 187 psi, 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: f/ = 4000 psi; reinforcement: f;, = 60,000 psi.

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 (Sps = 0.27, Sp; = 0.14)

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.!” 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, M,, 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, M,,, be considered. This accidental torsional moment,
which is added to M,, 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 0.05 x 52 =
2.6 ft each way from its actual location. Thus, the center of mass must be located at 22.4
+2.6=25.0 ftand 22.4 — 2.6 = 19.8 ft from the centerline of the south wall.

The accidental torsional moment, M,,, must be amplified by the factor A, 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.

e Case 1: Center of mass at 25.0 feet from the centerline of the south wall
North wall on line A:

. 0.756Et X 22 (30.33 X 12) x 0.756Et X (22 X 4.0 X 12)
47(0.756 + 0.106 + 1.101)Et 196,655Et

= 8.5+ 1.5 = 10.0 kips
where Yy =52—(8/12) — 21 =30.33ft

e, =25 —21=40ft

7 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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Lxi(k)y + Zyi(k)x =
0.222Et X (24.20 x 12)% + 0.524Et x (9.13 x 12)?
40.028Et x (19.63 X 12)% + 1.101Et X (21.0 x 12)?
4+0.106Et x (1.33 X 12)% 4+ 0.756Et X (30.33 x 12)2
= 196,655Et
South wall on line E:

. 1.101Et x 22 (21.0 x 12) X 1.101E¢t X (22 X 4.0 x 12)
E7(0.756 + 0.106 + 1.101)Et 196,655E¢t

=12.3 - 1.5 = 10.8 kips
Solid wall near line C:

0.106Et x 22 (1.33 x 12) X 0.106E¢t X (22 X 4.0 X 12)

Ve = +
¢~ (0.756 + 0.106 + 1.101)E¢ 196,655Et

= 1.2+ 0.0 = 1.2 kips

West wall on line 1:

(2420 x 12) X 0.222E¢ X (22 X 4.0 X 12)

1 196,655E¢ = 0.4 kips
East wall on line 3:
V- —(9.13 x 12) X 0.524Et X (22 X 4.0 X 12) 0.3 ki
37 196,655E¢ = U KPS
East wall on line 4:
. —(19.63 x 12) X 0.028Et X (22 X 40 x 12) _ 0,041
4= 196,655E¢ - OIS

e Case 2: Center of mass at 19.8 feet from the centerline of the south wall
North wall on line A:

. 0.756Et x 22 (30.33 x 12) x 0.756Et X (22 x 1.2 x 12)
47 (0.756 4+ 0.106 + 1.101)Et 196,655Et
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= 8.5 - 0.4 = 8.1 kips
where e, =21.0 — (22.4—2.6) = 1.2 ft
South wall on line E:

o 1.101E¢ X 22 , (210X 12) X 1L101EE x (22 X 12 X 12)
E70.756 + 0.106 + 1.101)Et 196,655Et

=123+ 0.4 = 12.7 kips
Solid wall near line C:

yo_ 0.106Et X 22 (1.33 x 12) X 0.106E¢t X (22 X 1.2 X 12)
¢~ (0.756 + 0.106 + 1.101)E¢ 196,655Et

= 1.2 — 0.0 = 1.2 kips
West wall on line 1:

[ _-(2420x12) X 0222Bt X 22X 12%12) _
1o 196,655Et - U P

East wall on line 3:

, _ (913 % 12) X 0.524Et x (22 X 12 X 12)

3 196,655E¢ = 0.09 kips
East wall on line 4:
(19.63 x 12) x 0.028Et x (22 x 1.2 x 12) _
V, = = 0.01 kips

* 196,655Et
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
t0 1.6 X 17 x 4 = 109 plf.

For structures assigned to SDC C, structural walls shall be designed for an out-of-plane
seismic force equal to the maximum of 0.4S,s/ or 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):

8
Wp1 =5 X 150 X 4 = 400 plf

8 2.5
sz = Wp3 =EX 150)(7: 125p1f

! W2 Wpi W3 @
|
|
|
|
|

: ' A

I

DESIGN STRIP

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:
Fy = 0.45p51W,; = 0.4 X 0.27 X 1.0 X 400 = 43.2 plf from O feet to 12 feet
Fyp = Fp3 = 0.4SpgIW,; = 0.4 x 0.27 X 1.0 X 125 = 13.5 plf 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 DESIGN AND DETAILING FOR
SDCs D, EAND F

6.1 GENERAL REQUIREMENTS
6.1.1 Design and Detailing

For concrete buildings assigned to SDC D, E or F, al members must be designed and
detailed in accordance with the general requirements of ACI 318 Chapters 1 to 19" 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 walls® 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 afunction of the SDC.

6.1.2 Load Combinations and Strength Reduction Factors

Asnoted 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 requirementsin ACI 21.1.5.2 are satisfied.

ACI 21.1.5.4 limits the value of the specified yield strength of transverse reinforcement
fyt 10 100,000 psi (689 476 kPa). Thislimit is based on research results that indicate that

! 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“specia 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
fy or f,¢ 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 isto limit the

width of shear cracks.

6.1.4 Mechanical and Welded Splices

Requirements for mechanical and welded splicesin special moment frames and special
structural wallsare givenin 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 areto conformto ACI 12.14.3.2, which requires that the splice
develop in tension or compression 125 percent of the specified yield strength, £, 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
whereyielding islikely to occur as aresult of inelastic lateral displacements caused by
the design basis earthquake. The locations of Type 1 splices are restricted sinceitis
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, f,,, 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
whereyielding islikely to occur as aresult 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 earthquake-
induced forces in structures assigned to SDC C, D, E or F (ACI 21.1.8).
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6.2 FLEXURAL MEMBERS OF SPECIAL MOMENT FRAMES

Table 6.1 contains requirements for flexural members in special moment frames. These
apply to frame members with negligible axial forces, i.e., B, < A, f;/ /10 (ACI 21.5.1).

Table 6.1 Summary of Requirements for Flexural Members of Special Moment Frames®

Requirement ACI Section Number(s)
Factored axial compressive force < A,f. /10 21511
Clear span ¢,, = 4d 21512
General Width of member 21513
b,, = smaller of 0.3h and 10 inches o
Width of member b,, < smaller of 3¢, and ¢, + 1.5¢; 21514
SDee;:gE Sflexural members as tension-controlled 10.34,9321

Minimum flexural reinforcement shall not be less than:
3\ f!b,d 200b,,d
5, and 7 21521

at every section, top and bottom, of aflexural member,
except as provided by ACI 10.5.3.

The reinforcement ratio, p, shall not exceed 0.025. 21521

Fl
exure At least two bars shall be provided continuously at

both the top and bottom of a section. 21521

Positive flexural strength at the face of ajoint must be
greater than or equal to one-half the negative flexural 21.5.2.2
strength at that face of thejoint.

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.

21522

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.

Lap splices shall not be used:

() within joints

(b) within adistance of 2h from the face of thejoint
(c) where analysisindicates flexural yielding

21523
Splices

Mechanical splices shall conformto ACI 21.1.6 and

welded splices shall conformto ACI 21.1.7. 21524

(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)

Transverse
Reinforcement

Hoops are required:

(& Over alength 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 islikely to occur
dueto inelastic lateral displacements of the frame.

21531

Where hoops are required, the spacing shall not exceed
the smallest of:

(a) di4

(b) 8 x diameter of smallest longitudinal bar
(c) 24 x diameter of hoop bar

(d) 12inches

Thefirst hoop shall be located not more than 2 inches
from the face of the supporting member.

21532

Where hoops are required, longitudinal bars on the
perimeter shall have lateral support conforming to
ACI 7.10.5.3.

21533

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.

21534

Stirrups or tiesrequired to resist shear forces shall be
hoops over the lengths of members prescribed in
ACI 21.5.3.1.

21535

Hoops in flexural members may be made up of two
pieces of reinforcement: (1) astirrup 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.

21.5.3.6

(continued)
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Table 6.1 Summary of Requirements for Flexural Members of Special Moment Frames
(continued)

Requirement ACI Section Number(s)

Design shear force, V,, isto 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, M,,.,
act at the joint faces and that the member isloaded
with the factored tributary load along its span.

21541

Transverse reinforcement over the lengths defined in
Shear ACI 21.5.3.1 shall be proportioned to resist shear
forces assuming V. = 0 when both (@) and (b) occur:

(8 The earthquake-induced shear force calculated by
ACI 21.5.4.1 represents one-half or more of the 21542
maximum required shear strength within those
lengths.

(b) Thefactored axial compressive force, P,, including
earthquake effects, islessthan 4, 1/ /20.

For Sl: 1inch = 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

Agf¢ /10 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 alows for the possibility that the positive moment at the end of a beam dueto
earthquake-induced lateral displacements exceeds the negative moment due to gravity
loads.

Minimum flexural capacity at any section of abeam 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 |east two bars be continuous at both the top and
bottom of the section isfor construction purposes.

€1
| B / Column ¢; X ¢, (typ.) V7
Aq

d
by,
) " (= 03hand 10"
smaller of 3¢, and ¢, + 1.5¢;
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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Agmin 3\/Eb d/f, = 200b,,d/f,, unless ACI 10.5.3 is satisfied

p < 0.025

Minimum 2 bars continuous

n,l My,

LA 1 + — L1
M;,l > M—;,l/z Mnr = n,r/2

M;; or M;} = (maximum M,, at either joint) /4
Note: transverse reinforcement not shown for clarity

Figure 6.2 Flexural Requirements for Flexural Members of Special Moment Frames

> 2h Lap splice confined and located

i: — N outside potential hinge area
Hoop or spiral |
reinforcement
1 [ :
: —I
L d / 4 L/\ﬁ
s S

Figure 6.3 Lap Splice Requirements for Flexural Members of Special Moment Frames

For SI: 1inch = 25.4 mm.
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6.2.4  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.

d/4
8d, (longitudinal bar)
s <
24d;, (hoop bar)
12"
o Hoops Stirrups with seismic hooks
g il |
>2h
le > < SSd/Z

Transverse reinforcement determined in
accordance with ACI 21.5.4 at both ends

For SI: 1inch = 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, M,,.., acting at the ends of the member and the
factored tributary gravity load along its span. The design shear force, which isrelated to
the flexural strength of the member rather than to the shear forces obtained from the
structural analysis, is agood approximation of the maximum shear force that can develop
in amember.
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The probable flexural strength, M,,.., is associated with plastic hinging in aflexural
member, and is defined as the strength of aflexural member based on the properties of
the member at the joint faces assuming the tensile stress in the longitudinal reinforcing
steel isequal to 1.25f,, and a strength reduction factor, ¢, of 1.0 (ACI 2.1):

My, = A;(125f,) (4 - 5)
where a = A¢(1.25f,)/0.85f,b.

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 aflexural 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 islikely
to occur).

M (7 p—— DM

Sidesway to the right

M, g = D M},

Sidesway to the left

Figure 6.5 Design Shear Forces for Flexural Members in Special Moment Frames

A summary of the overall design procedure for flexural membersin special moment
framesisgivenin Figure 6.6.
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Design and detail member in
accordance with ACI 21.6.

A 4

Design Procedure for Flexural Members of
Special Moment Frames

ISP, < A,f!/10?

A

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

(see Section 4.1.2)

v

Determine member size and required flexural
reinforcement at critical sections along the
span using Figure 4.4. In lieu of satisfying the
requirement that e, > 0.004, ensure that

p < 0.025 at any section (ACI 21.5.2.1).

Areal of the following conditions satisfied?
o {,>4d
e b, = smaller of 0.3h and 10 inches
e b, < smallerof3c, and c, + 1.5¢;

(see Figure 6.1)

\ 4

conditions.

Resize the member to
satisfy the applicable @

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames

2
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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.

(seeTables 4.7 and 4.8)
v

Cdlculate the positive and negative flexura
strengths, M, and M,;, at the faces of the joints
and at every section along the member length
where M,, = Asf,,(d —a/2) anda =

Agf,/0.85f/b.

At each joint face, is
M; = M /2?

A 4

Increase the area of positive
reinforcement to satisfy the
requirements of ACl 21.5.2.2.

At each section, isM;, or M} >
(maximum M,, at either joint)/47?

Yes

v

Increase the appropriate area v
of reinforcement to satisfy the
requirements of ACl 21.5.2.2.

\ 4
L

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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I

At interior joints, isthe column
dimension parallel to the longitudinal
beam reinforcement > 20d,, for
normal weight concrete or 26d,, for
lightweight concrete?

Modify reinforcing bar size or
column dimension to satisfy
requirements of ACI 21.7.2.3

A 4

Calculate the positive and negative probable
flexural strengths, My, and My, at the faces of
the joints for sidesway to the left and to the
right where M,,,, = A;(1.25f,,)(d — a/2) and
a = Ag(1.25f,)/0.85f/b.

pr?

A 4

Calculate the maximum shear force, 1/, at the
ends of the beam dueto M,,., M., and the
maximum factored gravity load, w,,, dong the
span for sidesway to the left and to the right.

(see Figure 6.5)

v

o

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames

(continued)
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ISV, > maximum shear force V;,
from analysis?

— [
Usel, =V}, in shear Usel, in shear
calculations. calculations.

I's earthquake-induced shear force at
the supports = (M, + My,.) /4, =
0.5V, andis P, < A,f/20?

Yes

P—
Ve=20
(ACI 21.5.4.2)

|s earthquake-induced shear
force at 2h from the face of the

supports = (Mp, + M,.) /4, =
0.5(total shear force at 2h)

A 4

andisP, < Agf)/20?

V=20
(ACI 21.5.4.2)

V. = 2AJf/b,,d
(ACI 11.2.1.1)

E le
\/

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)

»
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Calculate V; at face of support by
ACI Equations (11-1) and (11-2):

Ve
Vs=$_vc

where ¢ = 0.75 (ACI 9.3.4).

ISV, > 4/fb,,d?

h 4

Assume a hoop bar size and calculate the
required hoop spacing:
o _ Aufyd
Vs
where s < minimum of d/2 or 24 inches
(ACI 11.45.).

ISV, > 8./fb,,d?

A 4 y

Assume a hoop bar size and calculate the Increase member size
required hoop spacing: and/or f!
oo A, fyed (ACI 11.4.7.9)
7
where s < minimum of d /4 or 12 inches
(ACI 11.4.5.3).

y

.

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)

A 4
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IS4, > larger of 0.75\/f/b,,s/fy:
and 50b,,5/f,?

3

Increase A,, and/or decrease
sto satisfy requirements of
ACl 11.4.6.3.

Iss < smallest of d /4, 8(diameter of

smallest longitudinal bar), 24(diameter Yes

of hoop bar) and 12 inches?
v v
Provide hoops at a spacing of the smallest of Provide hoops at a spacing
d/4, 24(diameter of hoop bar), and of swithin the distance of at
12 inches within the distance of at least 2h least 2h from the face of the
from the face of the supports (ACI 21.5.3.2). supports.
(see Figure 6.4) (see Figure 6.4)

A 4
Cal culate maximum shear
force, 1, at 2h from the
face of the support.

A 4
:G

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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Calculate V; at 2h from the face of support
by ACI Equations (11-1) and (11-2):

4
V, = é‘ —2A/f/b,d

where ¢ = 0.75 (ACI 9.3.4).

ISV, > 4./f!b,,d?

\ 4

Assume a stirrup bar size and calculate the

required stirrup spacing:
S:Avfytd ISV, > 8,/f/b,d?
Vs

where s < minimum of d/2 or 24 inches
(ACl 11.45.1).

A 4 \ 4

Assume a stirrup bar size and calculate the Increase member size
required stirrup spacing: and/or f_
Apfyed (ACl 11.4.7.9)
§ = ——
Vs
where s < minimum of d /4 or 12 inches
(ACI 11.45.3).

y

"

A 4

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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IsA, = larger of 0.75\/f/byS/fy¢
and SObWS/fyt?

3

Increase A,, and/or decrease
s to satisfy requirements of
ACl 11.4.6.3.

Cut off top and bottom flexural reinforcement as desired
using the probable flexural strengths, M,,,., 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 atension zone (see ACI 12.10.5). Provide
aminimum of two bars continuous at the top and bottom of
the section (ACI 21.5.2.2). 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: 1inch = 25.4 mm.

Figure 6.6 Design Procedure for Flexural Members in Special Moment Frames
(continued)
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6.3 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 membersthat carry afactored axial force P, > A, f//10.

Table 6.2 Summary of Requirements for Special Moment Frame Members Subjected to
Bending and Axial Load*

Requirement ACI Section Number(s)
Factored axial compressive force > A, f.'/10. 21.6.1

Shortest cross-sectional dimension measured on a
straight line passing through the geometric centroid of 21.6.1.1

General . .

the section > 12 inches.

Ratio of the shortest cross-sectional dimension to the

perpendicular dimension > 0.4. 21612
Flexural strength of columns shall satisfy ACI
Equation (21-1):
LMy = (6/5)2Mnb

XM, = sum of nominal flexural strengths of columns

framing into the joint, evaluated at the faces of

the joint
2M,,;, =sum of nominal flexural strengths of the beams 21622

framing into the joint, evaluated at the faces of
thejoint. In T-beam construction, where the slab
isin tension under moments at the face of the
joint, slab reinforcement within an effective slab
width defined in ACI 8.12 shall contribute to
M, if the dab reinforcement is developed at the
critical section for flexure

Flexure

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 21.6.2.3
the strength and stiffness of the structure. These columns
must satisfy the provisions of ACI 21.13.

Areaof longitudinal reinforcement, A, shall satisfy the

following: 0.014, < Ay, < 0.064,. 21.63.1

Mechanical splices shall conformto ACI 21.1.6 and 21632
Lo_ngitudinal welded splices shall conformto ACI 21.1.7. B
Reinfor cement Lap splices are permitted only within the center half of

the member length and shall be designed astension lap 21632

splices. Lap splices must be enclosed by transverse
reinforcement conforming to ACI 21.6.4.2 and 21.6.4.3.

(continued)

“ 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

Transverse reinforcement conforming to ACI 21.6.4.2
through 21.6.4.4 must be provided over the length, ¢,
from each joint face and on both sides of any section
where flexural yielding is likely to occur. Length, £,
must be greater than or equal to the largest of the
following:

(a) Depth of member
(b) Clear span/6
(c) 18inches

21641

Transverse reinforcement is to be provided by:

(&) Single or overlapping spirals conforming to
ACl 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 acrosstie must engage a peripheral
longitudinal reinforcing bar.

Consecutive crossties shall be alternated end for end
aong the longitudinal reinforcement.

Spacing of crossties or legs of rectilinear hoops, h,., shall
not exceed 14 inches on center.

21.6.4.2

The spacing of transverse reinforcement along the length,
£,, shal not exceed the smallest of:

(@ Minimum member dimension/4
(b) 6 x diameter of smallest longitudinal bar
(©) s, defined in ACI Equation (21-2):

14— h,

4in.Sso=4+( >S6in.

21643

Volumetric ratio of spiral or circular hoop reinforcement,
ps, shall not be less than that determined by ACI
Equation (21-3):

0.12f) A '
ps = Je 20.45( g —1)f—c
fyt Ach fyt

21.6.4.4(a)

Total cross-sectional area of rectangular hoop
reinforcement, Ay, shall not be less than that required by
ACI Equations (21-4) and (21-5):

o= oa[E) ()

bC C’
Ay, = 0.09 (Sf—f>

yt

21.6.4.4(b)

(continued)
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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
(continued)

Beyond the length, £, 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) 6 x diameter of smallest longitudinal bar

(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.

21.6.4.5

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 A, £ /10.

The limit of A, f. /10 shall be increased to A, f.' /4 where
design forces have been magnified to account for the
overstrength of the vertical elements of the seismic-force-
resisting system.

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

21.6.4.6

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.

Concrete cover for additional transverse reinforcement
shall not exceed 4 inches and the spacing of the additional
transverse reinforcement shall not exceed 12 inches.

21.6.4.7

Shear Strength

Design shear force, V,, 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 M,,, at each end of the member
associated with the range of factored axial forces, P,.
Member shear forces need not exceed those determined
from joint strengths based on M, of the transverse
members framing into the joint.

21651

Transverse reinforcement over the lengths, 4, shall be
proportioned to resist shear forces assuming V, = 0 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 £,.

(b) The factored axial compressive force P,, including
earthquake effects, is less than A4, £, /20.

21.6.5.2

For SI: 1 inch = 25.4 mm.
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6.3.1  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.

=

|
> o

For Cq1 < Cy:
E= ¢y < 2.5¢

o > 12"

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.

¥ "V 0014, < 4, < 0.064,
A A

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, £, 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, s,, 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, ¢,.

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 Agfc’/4,5 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.

>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, Q,, of ASCE/SEI 12.4.3.2, and the limit on the axial compressive force in ACI 21.6.4.6 is A, f; /4.

Otherwise, the limit is A, f¢' /10.
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r
A

Larger of c;or ¢,

£, = { Clear span/6
18"

Provide additional
transverse reinforcement

spaced no greater
if thickness > 4"

Alternate —
90-deg hooks

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

>

L

o<

—3s<

2l

6d,, extension ) {0-3(5bcfc’/fyt)[(Ag/ACh) —1]
Agp =

6 X smallest longitudinal bar diameter

6"

(Smaller of ¢, or ¢,) /4

6 x smallest longitudinal bar diameter

0.09(sbef! /fyt)

than 12"

C2  *Provisions of ACI 21.6.5 must also
be satisfied

X X
; G
Section A-A

X < 14"

h, = largest value of x;

< 6"

14 — h,
4"Sso=4+< )

3

Figure 6.9 Transverse Reinforcement Requirements (Rectilinear Hoops) for Special
Moment Frame Members Subjected to Bending and Axial Load
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| | < 3"
] T Clear space < > 1"

(___‘ .

i > 1.33 X max. aggregate size
=]
A A= A

_. >{0.12fc’/fyt
| — Ps = 0.45[(Ag/Acn) = 1|(f! / fye)

Min. 6 longitudinal bars

Min. 3/8” diameter bar
Section A-A

For SI: 1inch =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, M,,,., acting at the ends of the member associated with the
range of factored axial loads, P,, 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 M, based on the range of factored axial loads, it is conservative to
use M, 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, €4, of largest
longitudinal column bar where £, is
v 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 \

7 % — + =12

\/

Development length, €4, of largest longitudinal
column bar where £ 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 B, > A,f./10?

A 4

Design and detail member in
accordance with ACI 21.5.

A 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.

(see Section 4.1.2)
v

Determine member size and required
longitudinal reinforcement such that P, <
¢P, and M,, < ¢pM,, are satisfied for each
load combination (ACI 9.2, 9.3 and 10.3).
Design axial strength shall not be taken
greater than ¢ P, 4 in accordance with
ACI 10.3.6.

Are all of the following conditions satisfied?

e Shortest cross-sectional dimension of
column > 12 inches

e Ratio of shortest to perpendicular column

dimension > 0.4

(see Figure 6.7)

Resize the member to
satisfy the applicable +®
conditions.

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load

\ 4

2
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15 0.014, < Ag < 0.064,?

Is Age < 0.014,?

— —
Revise cross-sectional Increase the area of
dimensions of column to longitudinal reinforcement
satisfy ACI 21.6.3.1. so that A, > 0.014,,.
A\ 4

Determine the positive and negative nominal
flexural strengths, M.}, and M,,,, of the beams
framing into the joint for sidesway to the right and
to the left (ACI 21.6.2.2).

v
EMyp = My, + My,

v

Determine the nominal flexural strength of the
upper end of the lower column, My, ;,,,, framing
into the joint and the lower end of the upper
column, M, ¢, 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.

v
IMy,. = Mnc,top + Mnc,bot

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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No

of the column when calculating the
required strength and stiffness of the
structure. The column must satisfy the
requirements of ACI 21.13.

Ignore the lateral strength and stiffness

Yes

A 4

£, = largest of:

(1) depth of member
(2) clear span/6
(3) 18 inches

(ACI 21.6.4.1)

v

£, < smallest of:

Spacing of transverse reinforcement, s, within distance

(1) Minimum member dimension/4
(2) 6(diameter smallest longitudinal bar)

14 —
(3) 4inches <s, =4+ ( x) < 6inches
(ACIl 21.6.4.3)
) 4
A
N
A 4 A 4
For spiral or circular hoop reinforcement For rectangular hoop reinforcement, Ag;, =
within the distance, ¢, volumetric ratio of largest of:
transverse reinforcement p, > largest of:
, b.f\1/4
0.12f, 1) 0.3 <S < C) [( g ) — 1] ACI Eq. (21-4
© » ACI Eq. (21-3) O 7. ) \a., (21-4)
A fe sbh.f!
(2) 0.45 (—g - 1) = ACIEq. (10-5) (2) 0.09 ce ACI Eq. (21-5)
Ach fyt fyt
(see Figure 6.10) (see Figure 6.9)
» D e
\/

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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2

Determine the design strength
interaction diagram for the column
using f, = 1.25f, and ¢ = 1.0

Is the column located in the
first story of the building?

v

At the base of the column,

determine the maximum, M,,.,
from the interaction diagram, based
on a factored axial load from a load

combination that includes E.

v

At the top of the column, determine
M, and M, for the beams
framing into the column
considering sideway to the right
and to the left.

v
Distribute the total moment
M, = My, + My, to the top of the
first-story column based on the
relative stiffnesses of the columns
framing into the joint.

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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Is My > M,, of the column?

\ 4

Ve = Vu,g + (Mpr + M) />

Is V, > maximum shear force
I;, from analysis?

A 4

A

Use I, in shear
calculations.

Use I, =V, in shear JOH L
calculations. A
F

At the top and bottom of the column, determine the
maximum, M,,., from the interaction diagram, based

factored axial load from a load combination that includes E.

ona

v

At the top and bottom of the column, determine
M, and My, for the beams framing into the column
considering sideway to the right and to the left.

v

columns framing into the joints.

At the top and bottom of the column, distribute the total
moments M, = M,, + M, to the top and bottom of the
column based on the respective relative stiffnesses of the

due to gravity loads

* V4 = factored shear force

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to

Bending and Axial Load (continued)
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At the top of the column, is
M, > M,,. of the column?

A A 4

Use My,, = M, at the Use My,, = M, at the
top of the column. top of the column.

At the bottom of the column,
is M, > M, of the column?

A 4 A 4

Use M, = M, at the Use My, = M, at the
bottom of the column. bottom of the column.

v

Ve = Vu,g + (Mtop + Mbot)/{)n*

Is V, > maximum shear force
1, from analysis?

A 4 \ 4

Use V, = I, in shear Use V, in shear
calculations. calculations.

* V,,4 = 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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Is earthquake-induced shear force
at column ends > 0.5V, and is
B, < Ayf!/20?

Yes

v v

Ny
.=2{1+ A fd by, d V=0

20004,
(ACI 11.2.1.2)** (ACI 21.6.5.2)

| |
v

Determine required spacing of transverse reinforcement:

_ Aufyd
v

where ¢ = 0.75 (ACI9.3.4)

Is s < smallest spacing of
ACI 21.6.4.3 determined above?

— P
Provide transverse reinforcement spaced Provide transverse

at smallest spacing of ACI 21.6.4.3 reinforcement spaced at s
throughout the length, ¢, throughout the length, ¢,

** The provisions of ACI 11.2.2.2
may also be used to calculate V.

Figure 6.12 Design Procedure for Special Moment Frame Members Subjected to
Bending and Axial Load (continued)
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o

transverse reinforcement for shear:

Beyond the length, #,, determine required spacing of

where ¢ = 0.75 (ACI 9.3.4)

Ay fyd
s %4 N,
u u 7
v 2 <1 +50004- 1g>/1,/fc b, d

No smallest column longitudinal

bar) and 6 inches?

0

Is s < smaller of 6(diameter of

Yes

—

Use transverse reinforcement
spaced at the spacing required by
ACI 21.6.4.5.

Use transverse reinforcement
spaced at s beyond the length, £,,.

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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6.4 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

ACI Section Number(s)

General

Forces in longitudinal beam reinforcement at joint faces
shall be determined assuming the stress in the flexural
tensile reinforcement = 1.25f,,.

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

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 three-
quarters 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.

21.7.33

(continued)
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Table 6.3 Summary of Requirements for Joints of Special Moment Frames (continued)

Requirement

ACI Section Number(s)

Shear

The nominal shear strength of the joint , shall not
exceed the following values for normal weight concrete:

For joints confined on all four faces: 20,/ f/ 4;
For joints confined on three faces or two opposite faces:

15/ f¢ 4;
For all other cases: 12,/ f/ A;

Aj; = effective cross-sectional area within a joint = joint
depth x effective joint width

Joint depth = overall depth of column

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

(@) 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.

21.74.1

For lightweight concrete, the nominal shear strength of
the joint shall not exceed three-quarters of the limits in
ACI 21.7.4.1.

21.7.4.2

Development
Length of Bars in
Tension

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, €4, should be greater than or equal
to the largest of the following:

(a) 8d,
(b) 6 inches
©) fydy/(65V)

For lightweight concrete, €4, is the largest of 1.25 times
the length required for normal weight concrete.

21751

(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,
24, for a straight bar is the largest of the following:

(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 21.75.2
< 12 inches

(b) 3.25 times the length required by ACI 21.7.5.1 if the

Development depth of the concrete cast in one lift beneath the bar

Length of Bars in > 12 inches

Tension Straight bars terminated at a joint shall pass through the
(continued) confined core of a column or boundary element. Any
portion of £, not within the confined core shall be
increased by a factor of 1.6.

21.7.5.3

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.

21.754

For SI: 1 inch = 25.4 mm; 1 degree = 0.01745 rad.
6.4.1 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 1.25f,, 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 load-
carrying 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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20 x dia. of largest long. beam bar (normal weight concrete)
>
C|1 | 26 x dia. of largest long. beam bar (lightweight concrete)
< fdh »
I | > {0'3(5bcfc’/fyt)[(Ag/Ach) —1]
h = '
m{mm > L0.09(sbef / fye)
Standard 90-deg hook —_| 2 : : T
|| &
’
L- ] ==
q _5 — —
(Smaller of ¢; or c¢,)/4 T
s << 6 X smallest long. bar dia.|{=H4 <
SO sl
Lap =4 ©

doty/ (65VF)
For lightweight concrete, multiply €4, by 1.25

For epoxy-coated bars, multiply ¢4, by 1.2
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.
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I N {0.3(sbcﬂ/fyt)[(Ag/Ach) -1]/2
= 10.09(sbef! /fye) /2

¢ L===j

L s<6"
Transverse beams not
shown for clarity
Elevation
— Y
— 2 3C2/4
ﬁ y A

\%

< > 3¢, /4
o =3¢/

For SI: 1 inch = 25.4 mm. 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, 4;, 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 1.25f;,. 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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6.4.4  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 f,, = 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 £4,,, = required
development length if the reinforcing bar is not entirely embedded in confined concrete;
£, = required development length in tension for a straight reinforcing bar embedded in
confined concrete; and, €4, = 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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< gdc >
? = =] =] 2
= - <12"
] ] =] c
Beam transverse 1]
reinforcement not H|EE
shown for clarity HEE ;
i g | 20 X long. bar diameter
e R
For g > 24t ‘ g 2.5dpfy/ (65‘/E)

Cam = 1.6(0q — €ac) + qc -
For lightweight concrete, multiply £, by 1.25
For epoxy-coated bars, multiply £, by

e 1.5 for bars with cover < 3d,or clear spacing < 6d,
e 1.2 for all other bars

For depth of concrete cast in one lift beneath the bar > 12 in.,
multiply ¢4 by 1.3

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.°

6.5.1 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.

® 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

, ®

Is the joint confined on all four sides by

No beams that have a width equal to at least Yes
three-fourths of the column width?
A 4
A
: : ) 4
A
N
A A 4
For spiral or circular hoop reinforcement, For rectangular hoop reinforcement,
provide volumetric ratio of transverse provide Ag), > largest of the following
reinforcement p, > largest of the following through the joint:
through the joint:
0.12f’ 0.3 [sb.f\[/4A
() 22 © 7<—C G-
045 /A ! 0.09 (sb.f,
@ (1) ©) T(—
2 Ach fyt fyt
where s < 6 inches where s < 6 inches
(see Figure 6.14)
A\ 4
V, = 20,/f!A; for normal weight concrete*
= 15./f! A; for lightweight concrete
, * See ACI Figure R21.7.4 for
B definition of effective joint area, A;.

Figure 6.16 Design Procedure for Joints of Special Moment Frames
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A 4

N

y

For spiral or circular hoop reinforcement,
provide volumetric ratio of transverse
reinforcement p; > largest of the following
through the joint:

0.12f/
Y] T
A X
(2) 0.45 (A gh — 1)]{—
[ yt

A

Detail transverse reinforcement in
accordance with ACI 21.6.4.2 and
21.6.4.7.

A

For rectangular hoop reinforcement,
provide Ay, = largest of the following
through the joint:

)-1

)|
sb.f!
)

where spacing of transverse reinforcement s
< smallest of:

(1) Minimum member dimension/4
(2) 6(diameter smallest longitudinal bar)

14 — h,,
(3)4"350=4+( )36"

(see Figure 6.13)

sb.f!
fyt

(1) 0.3 (

(2) 0.09(

v

V, = 12,/f!A; for normal weight concrete*
= 9./, A; for lightweight concrete

Is joint confined on three
faces or on two opposite

—

V, = 15,/f/A; for normal weight concrete*
= 11.25,/f/4; for lightweight concrete

* See ACI Figure R21.7.4 for
definition of effective joint area, A;.

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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Is the column located in the
first story of the building?

Is the column an interior column with
beams on both sides of the joint in the
direction of analysis?

Yes

v

Determine M, and M, of the beams framing into the joint.

v

T, = 1.2545f,
v

T, = 1.254¢f,
v

At the base of the column, determine the maximum M, .,; from
the interaction diagram, based on a factored axial load from a
load combination that includes E.

v

Distribute the total moment M,, = M. + M, 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 M,, ;,,. and M, ., respectively.

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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V,, at top of joint = 2Mu,b0t/€n**

where £,, = clear height of column above the joint

v
V, at bottom of joint = (Myy cor + My top ) /€
where £, = clear height of column below the joint

v

Maximum net shear force V,, =T, + T, -
(smaller of V}, at top of joint and V}, at bottom of joint)

IsV, < ¢V,?
where ¢ = 0.85 (ACI 9.3.4(c))

No

Yes

A 4 A 4
Increase column size and/or f (Joim strength is adequate. >
or decrease beam flexural
reinforcement, if possible.

** This assumes that My, 1o, = My por
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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=

Determine My, of the beam framing into the joint.

v

T, = 1.2545f,

v

At the base of the column, determine the maximum, My, ..,
from the interaction diagram, based on a factored axial load
from a load combination that includes E.

v

Distribute the total moment M,, = My,. 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, My, ,oc and My, ¢y, respectively.

v

V,, at top of joint = ZMu,bot/fn**

where £,, = clear height of column above the joint

** This assumes that My, 1o, =
My, o Tor the column
supporting the second floor
level. This may or may not be

v

the case in a particular

V,, at bottom of joint = (Mpr,col + Mu,top) /¥n
where £,, = clear height of column below the joint

situation.

v

Maximum net shear force V;, = T, -
(smaller of V}, at top of joint and V}, at bottom of joint)

IsV, < ¢V,?
where ¢ = 0.85 [ACI 9.3.4(¢c)])

No

Yes

Increase column size and/or f;
or decrease beam flexural
reinforcement, if possible.

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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Is the column an interior column with
beams on both sides of the joint in the
direction of analysis?

Yes

A 4

Determine M,, and M, of the beams framing into the joint.

A 4

1.2545f,

ey
I

A 4

T, = 1.254%f,

Yy
Distribute the total moment M,, = M. + M,,. 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, My, ;.. and M,, ;,,,, respectively.

v

e

Figure 6.16 Design Procedure for Joints of Special Moment Frames (continued)
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V,, at top of joint = ZMu,bot/fn**

where £,, = clear height of column above the joint

v

Vy, at bottom of joint = 2M,, 1, /4,

where £,, = clear height of column below the joint

v

Maximum net shear force V;, =T; + T, -
(smaller of V}, at top of joint and V}, at bottom of joint)

IsV, < ¢V,?
where ¢ = 0.85 (ACI 9.3.4(c))

No Yes

h 4 y
Increase column size and/or f; (Joint strength is adequate. >
or decrease beam flexural
reinforcement, if possible.

** This assumes that for each column
framing into the joint, My, 1o, = My, por-
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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Determine My, of the beam framing into the joint.

v

T, = 1.2545,

v

Distribute the total moment M,, = My, 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, My, o and M, ., respectively.

v

V,, at top of joint = 2Mu,b0t/1?n**

where £,, = clear height of column above the joint

** This assumes that My, ¢, =
My pyo¢ Tor the column
supporting the second floor
level. This may or may not be

v

the case in a particular

V,, at bottom of joint = ZMu_wp/{’n**
where £,, = clear height of column below the joint

situation.

v

Maximum net shear force V, = T; -
(smaller of V}, at top of joint and V},, at bottom of joint)

IsV, < ¢V,,?
where ¢ = 0.85 (ACI 9.3.4(c))

No

Yes

Increase column size and/or f,
or decrease beam flexural
reinforcement, if possible.

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 V, > Acv/l\/ﬁ, distributed web reinforcement
ratios, p, and p,, must be greater than or equal to 0.0025.
Where 1, < Acv/l\/ﬁ, the minimum reinforcement ratio
values of ACI 14.3 may be used.

) ] 21.9.21
The spacing of reinforcement shall be less than or equal
to 18 inches.
Reinforcement shall be continuous and shall be
distributed across the shear plane.
Two curtains of reinforcement are required where
219.2.2

Reinforcement Vi, > 24,01,

Reinforcement shall be developed or spliced for £, in
tension in accordance with Chapter 12, except:

(a) Effective depth may be taken as 0.8¢,,

(b) The requirements of ACI 12.11, 12.12 and 12.13
need not be satisfied.

(c) Development lengths of longitudinal reinforcement 21.9.2.3
shall be 1.25 times the values calculated for f;, 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.

The nominal shear strength shall not exceed that given by
ACI Equation (21-7):

V= Acv(acl\/ﬁ + ptfy)

where a. = 3forh,/?, < 1.5 219.41
= >
Shear Strength e 2 for_hW/f‘” = 2.0
a. varies linearly between 3.0 and 2.0 for
h, /¢, between 1.5 and 2.0
The value of h,,/?,, to be used when determining V;, by
ACI Equation (21-7) for segments of a wall shall be the 21.9.4.2

larger of the ratios for the entire wall and for the segment
of wall considered.

(continued)




SPECIAL STRUCTURAL WALLS

6-51

Table 6.4 Summary of Requirements for Special Structural Walls (continued)

Requirement

ACI Section Number(s)

Shear Strength

Walls shall have distributed shear reinforcement in two
orthogonal directions in the plane of the wall.
Reinforcement ratio p, must be greater than or equal to
reinforcement ratio p, where h,, /€, < 2.0.

21.9.4.3

For all wall piers sharing a common lateral force,
Vi < 8Agp/fe.

For any of the individual wall piers, V;, < 10A.,,+/f-

21.9.4.4

For horizontal wall segments, V,, < 10A4.,+/f+-

21.9.45

Flexure and
Axial Loads

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.

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.

21951

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.

21952

Boundary
Elements

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

tw
C2——F—F—
600(8,/hy)
The special boundary element reinforcement shall extend

vertically from the critical section a distance >
the larger of ,, or M, /4V,,.

21.9.6.2

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
0.2f,. Special boundary elements may be discontinued
where the compressive stress is less than 0.15f,. Stresses
shall be calculated using a linearly elastic model and
gross section properties.

21.9.6.3

(continued)
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Table 6.4 Summary of Requirements for Special Structural Walls (continued)

Requirement

ACI Section Number(s)

Wh
AC

@

(b)

(©

(d)

Boundary
Elements
(continued)

O

ere special boundary elements are required by
121.9.6.2 or 21.9.6.3, the following shall be satisfied:

Boundary elements shall extend horizontally from
the extreme compression fiber a distance greater than
or equal to the larger of c — 0.1¢,, and c/2.

In flanged sections, the boundary element shall
include the effective flange width and shall extend at
least 12 inches into the web.

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.

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.

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

(@)

(b)

Where special boundary elements are not required by
ACI 21.9.6.2 or 21.9.6.3, the following shall be satisfied:

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 400/ f,.. Longitudinal spacing of transverse
reinforcement in the boundary shall be less than or
equal to 8 inches.

Where 1, > AC,,A\/E , 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.

21.9.6.5

For SI: 1 inch = 25.4 mm.
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For walls that are subjected to substantial in-plane design shear forces (i.e., I}, >

2Ac,,/1\/ﬁ), 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 p, shall be greater than or equal to the reinforcement ratio p, where
the overall wall height to length ratio h,, /%, 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 p, and p;.

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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6.5.4 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.” The
provisions of ACI 21.9.6.2 are summarized in Figure 6.17.

Pu

|
g

\ 4

|
|
|
|
|
|
|
? M )
h, % Special boundary ':
% element transverse !
) reinforcement in | tw
/ accordance with « | larger of
% ACI 21.9.6.4 ! M, /4V,
% / Extend transverse reinforcement into the
e T —Y support at least £, of the largest long. bar or
M " at least 12 inches where the boundary
" element terminates into a footing or mat.
<& €W »
) . C ) c—0.1¢,
Neutral axis | [T = larger of
Bz — % | ¢

Special boundary elements required where
£
600(6,,/hw)

For SI: 1 inch = 25.4 mm.

Figure 6.17 Special Boundary Element Requirements of ACI 21.9.6.2

"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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NN

;,7'2/ - X
h,, Special boundary
% ] fé?{?g?é;::gﬁ;’fgse Special boundary elements may be
. discontinued where the calculated
accordance with compressive stress < 0.15f,
ACI 21.9.6.4 / P e
% Extend transverse reinforcement into the
r— : 7 —¥ support at least £, of the largest long. bar or
@ at least 12 inches where the boundary
M, element terminates into a footing or mat.
P
| | -
g
\I M, ¢,
21
. 2 |
2 . C ) c—0.1¢,,
Neutral axis | [T~ = larger of c/2
%

Special boundary elements required where

Pu Mufw
— > 0.2f.)
A‘gJr 21, Je

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.® 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-to-
thickness ratio less than 2.5 are to be designed as columns (new Section 21.9.10.3).

#I1BC 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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Agy = o.o9st]{—C

yt

JJ“

Least dimension of boundary element/3

> Development s << 6 X smallest longitudinal bar diameter

length of hooked
bar in

So

o)

14— h,
pes =B <

h, = largest value of x; defined in
ACI Figure R21.6.4.2

For SI: 1 inch = 25.4 mm. v

Figure 6.19 Reinforcement Details Where Special Boundary Elements Are Required
(ACI 21.9.6.4)

Where 1, > AC,,A\/E:

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.

h h
— "
Ay, = area of longitudinal f { % 11 Sp
reinforcement in A, a < 14" | e
_ Agp 400 e o d < 14"
Ay fy 1o )
1 AP Y
| SRR ! ]Tf
For SI: 1 inch = 25.4 mm. Acp = h(2x + a) Acp = hsp

Figure 6.20 Reinforcement Details where Special Boundary Elements Are Not Required
and p > 400/fy (ACI 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

A 4
Determine factored bending moments, axial

loads and shear forces on member using the
applicable load combinations of IBC 1605.2 4_@
or ACI 9.2.

(see Section 4.1.2)

No Yes

A 4

Determine minimum reinforcement ratios: Determine minimum reinforcement ratios:

e p,=0.0025 e p,=0.0012 for deformed bars not larger than

No. 5 with £, > 60,000 psi

e p,=0.0025 =0.0015 for other deformed bars
(ACI121.9.2.1) e p, =0.0020 for deformed bars not larger than

No. 5 with f, > 60,000 psi

=0.0025 for other deformed bars
(ACI121.9.2.1)

A

Figure 6.21 Design Procedure for Special Structural Walls
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No Yes

A 4 A 4

One or two curtains of reinforcement
may be provided.

(AC121922) (ACI 21.9.2.2)

Provide two curtains of reinforcement.

Determine spacing of reinforcement based on
minimum reinforcement ratios:

* s, =nAy/psh
* s =ndy/pch

where n = number of curtains of reinforcement

Is calculated spacing < 18 inches?

v v
Provide minimum spacing = Provide calculated spacing <
18 inches. 18 inches.

(ACI 21.9.2.1) (ACI 21.9.2.1)
I |
v
Determine h,,/%,,.
" For segments of a wall, h,, /£, 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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No Yes
A 4
a. =3.0
(ACI 21.9.4.1)
No Yes
v v
h =
aC=2+2(2—{)—W) % = 20
w (ACI 21.9.4.1)

(ACI 21.9.4.1)
[

y

OV = dAc(achfL + pefy)
where ¢ is determined in accordance with ACI 9.3.4.
[ACI Equation (21-7)]

A

Is it feasible to increase the amount
of transverse reinforcement?

v v
@ Modify section and/or material Provide the following:

properties of the wall.
W achff
Pt = -
qucvfy fy

Figure 6.21 Design Procedure for Special Structural Walls (continued)
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For all wall piers sharing a
common lateral force, is

PV = $pBAcy/ f7

Yes

A 4

PV, = $p104

For each wall pier, is

Modify section and/or material
properties of the wall.

cw f;:,?

A 4

Modify section and/or material
properties of the wall.

Yes

Provide p, = p;.

for each

IsP, < ¢P,and M,, < oM,

(ACI121.9.4.3)

load combination? Yes

(ACI 21.9.5)

No

I /

Is it feasible to modify the
amount of longitudinal
reinforcement?

Yes

2

Modify section and/or material
@4— properties of the wall.

Modify longitudinal reinforcement
to satisfy combined flexure and
axial load requirements.

Figure 6.21 Design Procedure for Special Structural Walls (continued)
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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?

] b
) N
D

From a strain compatibility analysis, determine the largest
neutral axis depth, c, calculated for the factored axial force
and nominal moment strength consistent with §,,. Only the
load combinations that include E need to be considered.

Is 8,/h,, = 0.007?

A 4

A 4
Use 6,/h,, = 0.007. Use calculated value of

(ACI 21.9.6.2) 8y /.
| |

an

>—7
15 € 2 60005,/

—

Provide special boundary elements

Y
that satisfy ACI 21.9.6.2 and
G 21.9.6.4.

(see Figures 6.17 and 6.19)

Figure 6.21 Design Procedure for Special Structural Walls (continued)



SPECIAL STRUCTURAL WALLS 6-63

to

Calculate the maximum compressive stress
feu = (P./Ag) + (M, £,/21,) that corresponds

load combinations including E.

T A 4

Yes

—®

Provide special boundary elements Calculate the longitudinal reinforcement
that satisfy ACI 21.9.6.3 and ratio, p, at the wall boundary in
21.9.6.4. accordance with ACI 21.9.6.5.

(see Figures 6.18 and 6.19) (see Figure 6.20)

@

Is p > 400/f,?

v

Provide reinforcement details that
satisfy ACI 21.9.6.3 and 21.9.6.4.

(see Figure 6.20)

A 4

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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6.6 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

ACI Section Number(s)

Minimum
Thickness

Concrete slabs serving as diaphragms used to transmit
earthquake forces must be greater than or equal to 2
inches thick.

21.11.6

Reinforcement

Minimum reinforcement shall be in accordance with
ACI 7.12.

Spacing of reinforcement shall be less than or equal to
18 inches.

Reinforcement provided for shear strength shall be
continuous and distributed uniformly across the shear
plane.

21.11.71

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 0.2f; .

Specified transverse reinforcement is permitted to be
discontinued where the compressive stress is less than
0.15f;.

Where design forces have been amplified to account for
the overstrength of the vertical elements of the seismic-
force-resisting system, the limit of 0.2f, shall be
increased to 0.5f; and the limit of 0.15f_ shall be
increased to 0.4f,.

21.11.75,21.11.3.2

(continued)
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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 (a) A minimum center-to-center spacing of 3 21.11.7.6
(continued) 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
Flexural Strength | yequirements of ACI 10.2.2 for deep beams need not 21.11.8
apply.

Effects of openings must also be considered.

Nominal shear strength 1}, of structural diaphragms shall

not exceed that given by ACI Equation (21-10): 21.11.9.1
Shear strength y
g Vo = ACU(Z/‘{\/E + ptfy)
Nominal shear strength 1, shall not exceed 8AC,,\/E. 21.11.9.2

For SI: 1 inch = 25.4 mm.
6.6.1  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 0.5f; . Such
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transverse reinforcement is no longer required where the calculated compressive stressis
less than 0.4f.°

The reinforcement details prescribed in ACI 21.11.7.6 at splices and anchorage zones of
longitudinal reinforcement in collector elementsis intended to reduce the possibility of
longitudinal bar buckling and to provide adequate bar devel opment conditions.

Elements around openings, diaphragm edges and at other discontinuities in diaphragms
must comply with the aforementioned requirements for collectorsin 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 diaphragmsin 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 A, refersto 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 criteriain 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 provisionsin 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 aslong as they are not in conflict with the provisionsin IBC 1808 through
1810.

° 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 0.5f, and 0.4f, are applicable in such cases. Otherwise, the limitsare 0.2f, and 0.15f,.
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Table 6.6 Summary of Requirements for Foundations

Requirement

ACI Section Number(s)

Footings,
Foundation Mats
and Pile Caps

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.

211221

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.

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 afooting where columns or boundary elements
of specia structural walls have an edge located within
one-half the footing depth from an edge of afooting. 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.

211224

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.

21.12.25

Grade Beams
and Slabs-on-
ground

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.

211231

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.

Closed ties shall be provided at a spacing not to exceed
the lesser of one-half the smallest orthogonal cross-
section dimension or 12 inches.

21.12.3.2

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.

21.12.33

(continued)
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Table 6.6 Summary of Requirements for Foundations (continued)

Requirement

ACI Section Number(s)

Grade Beams
and Slabs-on-
ground
(continued)

Slabs-on-ground that resist seismic forces from columns
or wallsthat are part of the seismic-force-resisting system
shall be designed as structural diaphragms in accordance
with ACI 21.11.

Design drawings shall clearly state that the slab-on-
ground is a structural diaphragm that is part of the
seismic-force-resisting system/

211234

Piles, Piers, and
Caissons

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 post-
installed in the top of the pile, the grouting system shall
have been demonstrated by test that it can develop at
least 1.25f;, 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 thetop of amember for at least 5 timesthe
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 pilesin
soil that are not capable of providing lateral support,
orinair or water.

21.12.4.4

For precast concrete driven piles, the provided length of
transverse reinforcement shall be sufficient to account for
potential variationsin the elevation in piletips.

21.12.4.6

Pile capsincorporating batter piles shall be designed to
resist the full compressive strength of the batter piles
acting as short columns. For portions of pilesin soil that
is not capable of providing lateral support, or in air or
water, the slenderness effects of batter piles shall be
considered.

21.12.4.7

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

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.
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6.7.1 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 W / Column or boundary element of special

structural wall

Top reinforcement to resist tension uplift forces
¢ [ > minimum reinforcement in accordance with

] ACl 105

| R ceers ) n-L—/ Footing, mat or pile cap

(other reinforcement not shown for clarity)

For ¢ < h/2, provide transverse reinforcement
in accordance with ACI 21.6.4.2 through
{oeio 21.6.4.4. Transverse reinforcement shall extend
J+. - -] intothefooting, mat or pile cap and be
S| developedfor f, intension.

90-deg hooks with free end of bar oriented towards
center of column for fixed-end condition

For Sl: 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 aso 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 exceptionsin 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 dlab-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, aslab-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, aload path is necessary to transfer the
tension forces from the longitudinal reinforcing barsin a column or boundary member of
aspecial 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.®

It isimportant 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 resultsin a portion of transverse reinforcement required by ACI 21.12.4.4
being cut off aswell. 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-FORCE-
RESISTING SYSTEM

ASCE/SEI 12.12.4 requiresthat 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.

1% 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.
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Requirements of ACI 21.13 for members that are not designated to be part of the seismic-
force-resisting system are summarized in Table 6.7.

It isassumed 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:

(@ 1.2D +1.0L +0.2S

(b) 0.9D 21.13.3
The load factor on thelive load, L, is permitted to be
Memberswhere | reduced to 0.5 except for garages, public assembly
combined bending | occupancies, and all areas where L > 100 psf.
glomentsand Members with factored axial forces< A4, f,/ /10 shall
ear forcesdue i : 9
to factored gravity satisfy ACI 21.5.2_.1. Stirrups must be spaced < d /2 21.13.31
loads and design throughout the entire length.
displacementsare | Members with factored axial forces > A, f;' /10 shall
lessthan or equal | satisfy ACI 21.6.3.1, 21.6.4.2 and 21.6.5. Maximum
to thedesign longitudinal spacing of ties over the entire length shall 2113.3.2
moment and shear | pe s, where s, shall not exceed the smaller of 6 e
strengths diameters of the smallest longitudinal bar enclosed and
6 inches.
Members with factored axial forces > 0.35P, 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 21.13.3.3
required by ACI 21.6.4.4 and the spacing must not
exceed s, for the full member length.
Memberswhere Materials shall satisfy ACI 21.1.4.2,21.1.4.3,21.1.5.2
combined bending | and 21.1.5.5. 211341
moments and Mechanical and welded splices shall satisfy 21.1.6 and T
shear forcesdue | 37 171 regpectively.
to factored gravity - -
loads and design Members with factored axial forces < A, f.’/10 shall
displacements satisfy ACI 21.5.2.1 and 21.5.4. Stirrups must be spaced 21.134.2
exceed the design < d/2 throughout the entire length.
moment and shear
strengths, or if Members with factored axial forces > A, ;' /10 shall 211343

induced moments
arenot calculated

satisfy ACI 21.6.3, 21.6.4, 21.6.5 and 21.7.3.1.

(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 V, > 3.5,/f,b,d shall extend

at least four times the slab thickness from the face of the

support, unless either (a) or (b) is satisfied:

(@ Therequirementsof ACI 11.11.7 using the design
shear 1, and the induced moment transferred
between the slab and column under the design
displacement.

(b) The design story drift ratio isless than or equal to

Two-way sabs the larger of 0.005 and [0.035 — 0.05(V,;/$V,.)].

without beams 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 V. isdefined in ACI 11.11.2. The quantity
V.4 1s defined as the factored shear force on the slab
critical section for two-way action, which is
calculated for the load combination 1.2D + 1.0L +
0.2S wherethe load factor on the live load L is
permitted to be reduced to 0.5 except for garages,
public assembly occupancies, and all areas where

L > 100 psf.

21.136

For SI: 1 inch = 25.4 mm; 1 pound per square foot = 47.88 Pa.

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.

Agmin = 3Jf!by,d/f, = 200b,,d/f,, unless ACI 10.5.3 is satisfied

p <0.025

V] Minimum 2 bars continuous TV

Stirrups determined
A\ in accordancewith ~ +A—
s<d/2 Chapter 11

M, < pM, and I, < ¢V},

P, < Ayfl/10

Figure 6.23 Requirements of ACI 21.13.3.1
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9

1
A

5o <

{G(di ameter of longitudinal bar)

6"

N

I

6d, > 3", 6d, extension  Transverse reinforcement determined

0.014; < Ay < 0.06Ag\ in accordance with ACI 21.4.5
_ .
2

Alternate — " 1 - Jd.. Xi

90-deg hooks ] % | x
) e e x; < 14"
C1 R
Section A-A

M, < ¢M,, and V, < ¢V,
Agfi /10 < P, < 0.35F,

For SI: 1inch = 24.5 mm; 1 degree = 0.01745 rad.

Figure 6.24 Requirements of ACI 21.13.3.2
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1

A {G(di ameter of longitudinal bar)

~q

"o, <

6"

0-3(5bcfc’/fyt)[(Ag/Ach) - 1]/2

6d, = 3", 6dp extension 4%, > {
0.09(sb.f! /fye)/2

0.014, < Ay < 0.06Ag\

| 1 * Provisions of ACI 21.6.5 and
c, 21.6.4.7 must also be satisfied
Alternate — - ° o i
90-deg hooks — L
eg B X | Xi | X N
* o o Tox < 14"
C1 .
Section A-A

M, < ¢M, and V,, < ¢V},
P, > 0.35P,

For SI: 1inch = 24.5 mm; 1 degree = 0.01745 rad

Figure 6.25 Requirements of ACI 21.13.3.3
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Agmin = 3y/f/byd/f, = 200b,,d/f,, unless ACI 10.5.3 is satisfied

p <0.025

V] Minimum two bars continuoug— V]

il K <
Stirrups determined
A~ in accordance with A
s<d/f2 —t—e ACl 2154

M, > ¢M,, or 1, > ¢V, or induced moments not calculated

P, < Agf;/10
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, V;, greater than or equal to 3.5\/]7 b,d 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 [0.035 — 0.05(V;,,/$V,.)].
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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1

x|
6 x smallest longitudinal bar diameter

=y

Larger of c;or ¢,
£, = 4 Clear span/6

} Tension lap splice within center half of
18"

member [ength enclosed with transverse
reinforcement in accordance with
ACIl 21.6.4.2 and 21.6.4.3

(Smaller of ¢; or ¢,)/4

¥ s << 6 X smallest longitudinal bar diameter

y So

Joint reinforcement in accordance with
ACl 21.7.31

6d, > 3" 6d, extension 0.3(sb.f!/ A /A ) — 1
0.014, < A; < 0.064, ’ ’ sh 2{ (sbefé /el (Ag/Aen) 1]

A
S _ - ‘ 0.09(sb.f! /fye)

5 ¢, *Provisionsof ACI 21.6.5 and
Alternate — T .| X; 21.6.4.7 must also be satisfied
90-deg hooks j -xi 'xl T x, ¥ X < 14"
. G N h, = largest value of x;
Section A-A 4" <s, =4+ (14 ; h") <6"

M, > ¢M, orV,, > ¢V}, or induced moments not calculated

B, > Ayf!/10

For SI: 1inch = 24.5 mm; 1 degree = 0.01745 rad.

Figure 6.27 Requirements of ACI 21.13.4.3
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Design Procedure for Members Not
Designated as Part of the Seismic-
force-resisting System

|sthe frame member atwo-
way slab without beams?

A
. P .

Compute the combined bending moments,
M,,, and shear forces, V,,, dueto the gravity
loads and the design displacement, §,,."

Bending moments due to the design
displacement, §,,, are not computed.

IsM, < ¢M,, and V, < $V},?

ISP, < A,f!/10?

—

e Satisfy requirements of ACI 21.5.2.1.
A ¢ Provide stirrups spaced not more
than d /2 throughout the length of the
member.
X (see Figure 6.23)
Use the more critical of the following
gravity load combinations:

e 1.2D + 1.0L + 0.2
¢ 0.9D

(ACI 21.13.3)

Figure 6.28 Design Procedure for Members Not Designated as Part of the Seismic-
force-resisting System
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ISP, > 0.35P,?

— o
o Satisfy requirements of ACI 21.6.3.1, o Satisfy requirements of ACI 21.13.3.2
21.6.4.2 and 21.6.5. and 21.6.4.7.
e Maximum longitudinal spacing of ties e Provide at |east one-half of the
shall be s, for the full member length. transverse reinforcement required by
e Spacing, s,, shall not exceed the ACIl 21.6.4.4.
smaller of six diameters of the smallest e Spacing, s,, shall be provided over the
longitudinal bar enclosed and 6 inches. entire member length.
(see Figure 6.24) (see Figure 6.25)

e Materials shall satisfy ACI 21.1.4.2,
21.1.4.3,21.152,21.1.54and 21.1.5.5.

e Mechanical and welded splices shall satisfy
ACIl 21.1.6 and 21.1.7.1, respectively.

ISP, < A,f/!/10?

Satisfy requirements of ACI 21.6.3, e Satisfy requirements of ACI 21.5.2.1 and
21.6.4,21.6.5and 21.7.3.1. 21.5.4.
_ e Provide stirrups spaced not more than
(see Figure 6.27) d /2 throughout the length of the member.
(see Figure 6.26)

Figure 6.28 Design Procedure for Members Not Designated as Part of the Seismic-
force-resisting System (continued)
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At slab-column connections, are the
requirements of ACI 11.11.7 satisfied

* %

using the design shear, V,,?

At slab-column connections, is the
design story drift ratio less than or
equal to the larger of 0.005 and

[0.035 - 0.05(V,,/¢V)]?

Shear reinforcement satisfying the
requirements of ACI 11.11.3 and
11.11.5 and providing V; = 3.5,/f./b,d
extended over a distance of at |east
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 V; = 3.5,/f./b,d
extended over a distance of at least four
times the dlab thickness from the face
of the support.

(ACI 21.13.6)

(ACI 21.13.6)

" The factored gravity shear force, 1,4, on the
dlab critical section is calculated for the load
combination 1.2D + 1.0L + 0.2S.

For SI: 1 inch = 25.4 mm.

Figure 6.28 Design Procedure for Members Not Designated as Part of the Seismic-
force-resisting System (continued)
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6.9 EXAMPLE

For the three-story residentia 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 elementsin the N-S and E-W directions.

DESIGN DATA

Concrete: f; = 4000 psi; reinforcement: £, = 60,000 psi.
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 (R = 8,Q, = 3,C4; = 5.5)

Seismic-force-resisting system in east-west direction: building frame system with special
reinforced concrete shear (structural) walls(R = 6,Q, = 2.5,C; = 5)

Wind velocity = 85 mph, Exposure B
Seismic Design Category: D (Sps = 1.00, Sp; = 0.61)

First story height = 12 feet, typical story height = 12 feet.

SoLuTion

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 forcesin
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).

! The effects from the seismic forces govern in this example, and the effects from the wind forces are not
considered.
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For SI: 1inch = 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 thicknessin 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 continuousiis:

£,  (22x12) - 28
185 18.5

=12.8in. < 28.0in. O.K.

Flexural Design

A summary of the governing design bending moments and shear forcesisgivenin
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

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Support -45.6 21.4
Dead (D) Midspan 33.1
. Support -18.3 8.6
Live (L) Midspan | 12.9
Seismic (Qg) Support | £101.3 +10.3
Load Combination
Support -63.8 30.0
1.4D
Midspan 46.3
Support -84.0 394
2D + 1.
1.2b+16L Midspan 60.4
Support -174.3 44.6
14D +0.5L + Qg Midspan 52.8
Support 69.4 4.7

0.70- Qe Midspan 23.2

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

U =14D ACI Eq. (9-1)
U=12D+1.6L ACI Eq. (9-2)
U=1.2D +0.5L + 1.0E ACI Eq. (9-5)
U=09D + 1.0E 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,
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equivalently, ASCE/SEI load combination 5) where the effects of gravity and seismic
ground motion are additiveis

E = pQE + OZSDsD

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

E = pQz — 0.2SpsD

The redundancy factor, p, isequal to 1.3 for structures assigned to SDC D and above
unless one of the two conditionsin 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 12.3.4.2ismet and p = 1.0.

Therefore,

E = pQg + 0.25,sD = Qp + (0.2 X 1.00)D = Qy + 0.2D

E = pQg — 0.25,sD = Qz — 0.2D

Check limitations on section dimensions in accordance with ACI 21.5.1:

e Clearspan?t, =22 —(28/12) =19.7ft> 4 x (28 —-2.5)/12 =8.5ft O.K
e Width b,, = 22 in. > 0.3 X 28 = 8.4 in. (governs) and 10 in. 0.K.
e Widthb,, = 22in. <3 X 22 = 66 in.and 22 + (1.5 X 28) = 64 in. (governs) 0.K.

The required flexural reinforcement isgiven 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 asingle layer.
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Table 6.9 Required Flexural Reinforcement for Beam on Line 5 between A and B at
First Floor Level

*
Location M, A52 Reinforcement ¢N_|n
(ft-kips) (in.%) (ft-kips)
Supoort -174.3 1.87 3-No. 8 261.8
PP 69.4 1.87 3-No. 8 261.8
Midspan 60.4 1.87 3-No. 8 261.8
* 34f¢b,d  3y/4,000 x 22 x 25.5
Aq min = o - TR 1arin?
’ fy 60,000
ACI 10.5.1
200b,,d 200 x 22 x 25.5 o
= = =1.87 in.” (governs)
f 60,000
y
Ag max = PraxPud = 0.025x 22x 255 = 1403 in® ACI21.5.2.1

For SI: 1 square inch = 645.16 mn.

ACI 21.5.2.2 requires that the positive moment strength at the face of ajoint be greater
than or equal to 50 percent of the negative moment strength at that location (see

Figure 6.2). Thisis 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 (¢ M,, = 176.8 ft-Kkips) 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
= 20 x 1.00 = 20.0 in., which isless than the 28.0-inch column width that is provided.

Shear Design

Shear requirements for beams in special moment frames are givenin ACI 21.5.4. The
method of determining design shear forcesin beamsin 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 barsin 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, M,,,., 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 cal culating the maximum design shear
forces.
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The probable flexural strength, M,,., for asection is determined using the stressin the
tensile reinforcement equal to 1.25f,, and a strength reduction factor, ¢, equal to 1.0 (see
Figure 6.6). In this example, the positive and negative values of M,,, are the same:

(3 x0.79)(1.25 x 60)
2%X0.85x%x4x22

M,, = (3 x 0.79)(1.25 x 60) [25.5 — /12 = 360.1 ft-kips

The largest shear force including factored gravity effects and the effects from M,,,. is
depicted in Figure 6.30 for sidesway to the right.*? 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 kipsis 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

y A 4 \ 4 A

M3, = 360.1 ft-kips @ D M, = 360.1 ft-kips

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
Ay f:20 (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 isequal to 2 x
360.1/19.67 = 36.6 kips, which greater than 0.5 X 67.1 = 33.6 kips. Thus, I, = 0.

The maximum shear force, V;, is

v, 67.1 _
Vs E—chﬁ—ozfgg.SklpS

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, V;, shall

not exceed 8,/ f/b,,d = 283.9 Kkips, which is satisfied in this case. Also, V; isless than
4./f.b,,d = 142.0 kips.

12 The factored gravity load on the beam is an equivalent uniformly distributed load based on afinite
element analysis of the floor system.



6-86 CHAPTER 6 DESIGN AND DETAILING FOR SDCs D, E AND F

Required spacing, s, of No. 4 hoops for a factored shear force of 89.5 kipsis determined
by ACI Equation (11-15):

Afyed (3% 0.2) X 60 X 25.5
S = =

= 10.3 in.
7 395 0.3in

Note that three hoop legs are required for support of the longitudinal barsin order to
satisfy the requirements of ACI 21.5.3.3.

Maximum allowable hoop spacing within adistance of 2h = 56.0 in. from the face of the
support at each end of the member isthe smallest of the following (ACI 21.5.3.2):

e d/4=255/4=64in. (governs)

o 8(diameter of smallest longitudinal bar) = 8 X 1.0 = 8.0 in.

o 24(diameter of hoop bar) = 24 x 0.5 = 12.0 in.

e 12in.

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 adistance of 56 inches from the face of the support, 1, =
52.6 kips and shear strength contributed by shear reinforcement is*

oV, 52.6 24/4000 x 22 x 25.5
ST ¢ 075 1000

The maximum allowable spacing of the stirrupsisd/2 = 12.75 in. (ACI 21.5.3.4). A 12-
inch 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 barsin 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
ACl 11.4.6.3.

Reinforcing Bar Cutoff Points

The negative reinforcement at the supportsis 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, V., may be used.
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The load combination that is used to determine the cutoff point of the one No. 8 bar is0.7
times the dead |oad in combination with the probable flexural strengths, M,,.., at the ends
of the member, since this combination produces the longest bar lengths. The design
flexural strength, ¢ M,,, provided by two No. 8 barsis 176.8 ft-kips. Therefore, the one
No. 8 bar can be terminated after the required moment strength, M,,, 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 ft-
Kips can readily be determined by summing moments about section a-a in Figure 6.31.:

1.35x2

—499x +360.1 —176.8 =0

1.35 Kips/ft a

y A y A 4 y A

M, = 360.1 fi-kips (7

D My, = 360.1 ft-kips

A

19'-8”

v
23.4 kips 49.9 kips

Figure 6.31 Cutoff Location of Negative Reinforcement

Solving for x gives adistance of 3.9 feet from the face of the support.

The one No. 8 bar must extend adistanced = 25.5 in. (governs) or 12d;,, = 12 in.
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 3.9 + (25.5/12) = 6.0 ft.

Also, the bars must extend a full development length, £, beyond the face of the support
(ACI 12.10.4), which is determined by ACI Equation (12-1):

3 f bbb |
40 1 (Cp + Ky b
WE ()

where 1, = modification factor for reinforcement location = 1.3 for top bars

1,”d=

Ve
¥s

modification factor for reinforcement coating = 1.0 for uncoated bars

modification factor for reinforcement size = 1.0 for No. 8 bars
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A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

¢, = Spacing or cover dimension
1.0
=15+05+ - = 2.5in. (governs)

_22-2(15+0.5) — 1.0

%2 = 4.25in.

K., = transverse reinforcement index

404, 40x3x0.2
= = =1.3
sn 6x3

cp+ Ky  25+13
dy 1.0

=3.8> 2.5use 2.5

Therefore,

~ ( 3 60,000 1.3 % 1.0 x 1.0
4740 1.0v2000 2.5

Thus, the total required length of the one No. 8 bars must be at least 6.0 feet beyond the
face of the support.

) Xx1.0=370in.=3.1ft<6.0ft

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 12.10.5is
satisfied. In this case, check if the factored shear force, 1, at the cutoff point does not
exceed 2¢V, /3 (ACI 12.10.5.1). With No. 4 stirrups at 12 inches on center that are
provided in this region of the beam, ¢V, is determined by ACI Equations. (11-1) and (11-
2):

2v/4000 x 22 x 25.5 N 0.4 x 60 x 25.5
1000 12

oV, = p(V, + V) = 0.75( ) = 91.5 kips

At 6.0 feet from the face of the support, V;, = 41.8 kips, whichislessthan 2 x 91.5/3 =
61.0 kips. Therefore, the one No. 8 bar can be terminated at 6.0 feet from the face of the
support.
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Flexural Reinfor cement Splices

Lap splices of flexural reinforcement must not be placed within ajoint, within a distance
2h from the face of the joint, or at locations where analysis indicates flexural yielding due
toinelastic 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 isthe smaller of d /4 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 al 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):

Class B splice length = 1.3¢,

The development length, £, is determined by ACI Equation (12-1):

A
40 / + K
(o

b

dp

where 1, = modification factor for reinforcement location = 1.0 for other than top
bars

modification factor for reinforcement coating = 1.0 for uncoated bars

Ve

s = modification factor for reinforcement size = 1.0 for No. 8 bars

A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

¢, = spacing or cover dimension
1.0
=15+05+ - = 2.5in. (governs)

_22-2(15+0.5) — 1.0

%2 = 4.25in.

K., = transverse reinforcement index
_ 404, _40x2x02_

sn 4x3

cp+ Ky  25+13

= = 3. 2. 2.
a, 10 3.8 > 2.5,use 2.5
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Therefore,

3 60,000 1.0x 1.0 x 1.0 _
0y = (— ) X 1.0 = 28.5in. = 2.4 ft

40 1.0v/4000 2.5

ClassB splicelength= 1.3 x 2.4 = 3.1 ft

Use a3 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 ]
5.0 1No.8 2No.8  1-No.8 1
2
3No. 8 |34, j
A\ 11-No. 4 hoops @ 4” T

2/_4//

oy | No. 4 stirrups | | No. 4 stirrups | R
g g @ 12// g gl @ 12” g 4 g
\————10-No. 4 hoops @ 6”
191_8//

For SI: 1inch = 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 p = 1.0.

Since one of the factored axial force exceeds A, f; /10 = 28 X 22 X 4/10 = 246.4 Kips,
the provisions of ACI 21.6 are applicable, and the following two criteria of ACI 21.6.1
must be satisfied:

e Shortest cross-section dimension = 22 in. > 12 in. 0.K.

e Ratio of shortest cross-sectional dimension to the perpendicular dimension
=22/28=08>04 O.K

Table 6.10 Summary of Axial Forces, Bending Moments and Shear Forces on
Column B5 Supporting the First Floor Level

Axial Bending Shear

Load Case Force Moment Force
(kips) (ft-kips) (kips)

Dead (D) 147.7 2.0 +0.2
Live (L) 32.3 0.3 +0.1
Roof live (L) 4.0
Seismic (Qg ) +434 +399.8 +45.6
Load Combination
1.4D 206.8 2.8 0.3
1.2D + 1.6L + 0.5L, 230.9 31.2 0.4
1.4D + 0.5L + Qf 266.3 402.8 459
0.7D - Qg 60.0 398.4 45,5

Based on the load combinations in Table 6.10, a 22-inch by 28-inch column
reinforced with 12 No. 8 bars (45, = 0.0154,) is adequate for column B5 supporting
the first floor level. The interaction diagram for this column is shown in Figure
6.33.1 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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3,000

2,500

2,000

1,500

1,000

Axial Force (kips)

500

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 1.5d;,, = 1.5 X 1.0 = 1.5 in. In this case, the clear distance in the
direction of analysis is equal to

28—2@5+05+£%

. 2/ _10=475in.>15in. 0K

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):

e (Span/12)+b,, = (22 x 12/12) + 22 = 44.0 in. (governs)
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e 6h;+b,=(6%x9)+22=76.0in.
e (Clear distance/2) + b,, = (16.167 x 12/2) + 22 = 119.0 in.

The minimum required area of steel in the 44-inch width is equal to 0.0018 X 44 X 9 =
0.71 in.2, which corresponds to five No 4 bars at 44 /4 = 11.0 in. 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 M,;, =

502.0 ft-kips at the face of the joint.*> Also, the positive nominal flexural strength
M}, = 349.0 ft-Kips.

Thus, ¥ M, =502.0 + 349.0 = 851.0 ft-kips.

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 M,,. = 597.9 ft-kips, which corresponds to P, = 60.0 kips (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), M,,. = 584.2 ft-kips, which corresponds to
P, = (0.7 X 97.1) — 25.5 = 42.5 kips. Therefore, ) M,,, =597.9 + 584.2 =

1182.1 ft-kips.
Check ACI Equation (21-1):
> M, =1182.1 ft-kips > (6/5) ¥ M,,, = 6 x 851.0/5 =1021.2 ft-kips O.K.

Shear Strength

Special transverse reinforcement for confinement is required over a distance of £, from
each joint face at both column ends where £, is the largest of (ACI 21.6.4.1):

e Clearspan/6 = (12 —2.33) x 12/6 = 19.3 in.
e Maximum cross-sectional dimension of the column = 28 in. (governs)

e 18 inches

1> The negative nominal flexural strength M, = 261.8/0.9 = 290.9 ft-kips when the effective slab is not
considered (see Table 6.9).
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Transverse reinforcement within the distance, £, shall not be spaced greater than the
smallest of (ACI 21.6.4.3):
e Minimum member dimension/4 = 22/4 = 5.5 in.

e 6(diameter of smallest longitudinal bar) = 6 X 1.0 = 6.0 in.
e s5,=4+((14—-hx)/3) =4+ ((14 —10.0)/3) = 5.3 in. (governs)
where

h, = maximum spacing of hoop or crosstie legs on all faces of the 22-inch by 28-inch
column

_22-2(15+0.5) - 1.0

> + 1.0+ 0.5 =10.0in.

and assuming No. 4 rectangular hoops with crossties around every longitudinal bar.

Minimum required cross-sectional area of rectangular hoop reinforcement, Ay, is the
largest value obtained from ACI Equations (21-4) and (21-5):

A =03 <%> [(:;i) - 1]

Sbcfc'>

Agp = 0.09
sh ( fyt

where b, = cross-sectional dimension of column core measured to the outside edges of
the transverse reinforcement composing area, Agy,

A, =cross-sectional area of column core measured to the outside edges of the
transverse reinforcement

In the N-S direction: b, = 22 — (2 X 1.5) = 19.0 in.
In the E-W direction: b, = 28 — (2 x 1.5) = 25.0 in.
Thus, A., = 19.0 X 25.0 = 475.0 in.2

Minimum transverse reinforcement in the N-S direction:

5x19.0 X 4) [(22 X 28

_ _1l = L2
Agp = 0.3( = 0 ) 1] 0.56 in.
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5%19.0 x 4
Ay, = 0.09 (T) = 0.57in.2 (governs)

In the N-S direction, use No. 4 hoops with one crosstie spaced at 5.0 inches (4, =
0.60 in.?).

Minimum transverse reinforcement in the E-W direction:

2 _03<5x25.0x4>[(22x28) 1]_074_ 5
sh = 60 475.0 - noe
5x25.0%x 4
Ag, = 0.09 (—60 ) = 0.75in.> (governs)

In the E-W direction, use No. 4 hoops with three crossties spaced at 5.0 in. (A, =
1.00 in.?).

Shear forces are computed from statics assuming that moments of opposite sign act at the
joint faces corresponding to the probable flexural strengths, M,,., 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 £, = 75 ksiand ¢ = 1.0 is
shown in Figure 6.34. At the base of the column, the largest M,,,. 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 = (2 X 360.1) /2 = 360.1 ft-Kips, which is less than
828.2 ft-kips.

The maximum shear force is

8282 +360.1

V= 1229k
“ = 12— (28/12) P

which is greater than the maximum shear force of 45.9 kips obtained from the structural
analysis (see Table 6.10).



6-96 CHAPTER 6 DESIGN AND DETAILING FOR SDCs D, E AND F

3,000

2,500

2,000

1,500

1,000

Axial Force (kips)

500

0 [ L L ' Il A A i i A i AL L i 1 L 1 A i i
0 200 400 600 800 1,000

Bending Moment (ft-kips)

Figure 6.34 Design and Nominal Strength Interaction Diagrams for Column B5 with
fy =75ksiand ¢ = 1.0

When determining the nominal shear strength of the column, the shear strength of the
concrete, 1., must be set equal to zero, since one of the factored axial forces including
earthquake effects is less than A, f/ /20 = 123.2 kips (ACI 21.6.5.2).

Determine the required spacing of transverse reinforcement by ACI Equation (11-15):

_ Ayfyd  (3%x0.2) x60 X255
Vo 1229

¢ °c 0.75
Thus, the No. 4 hoops at 5.0 inches at the columns ends over the distance, 4, are also
adequate for shear.

= 5.61in.
-0

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 = 6.0 in. 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):

A AR A
40 ! +Kr
gt

b

where A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

1 = modification factor for reinforcement location = 1.0 for bars other
than top bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

Y, = modification factor for reinforcement size = 1.0 for No. 8 bars

¢, = Sspacing or cover dimension

1.0
=15+05+ > = 2.51in. (governs)

_22-2(1.5+0.5) - 1.0
B 2 X2

= 4.25in.

K, = transverse reinforcement index

404, 40x3x02

= 1.6
sn 5%x3

¢+ Ky 25+16
d, 1.0

=41> 25, use25

Therefore,

- ( 3 60,000 1.0x 1.0 X 1.0
47 \401,0v2000 2.5

Class B splice length = 1.3¢,; = 3.1 ft

) X 1.0 =28.5in. = 2.4 ft
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Use a 3 foot, 4 inch splice length.

Reinforcement details for column B5 are given in Figure 6.35.

e A
_ | 1°* Floor
= . 0"9” 2’-4” 1/_10”
— v ) * 12-No. 8
| =] I~
No. 4 hoops @ 0’-5”\A A ‘R 71
4 2 : 2/_4//
Other reinforcement not 3-4” ” h '
shown for clarity 1% (t)j'p-)
3-27 Section A-A
| | + Ground
< Ry
| |
A 1l

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 1.25f,

(ACI 21.7.2.1).

Since the lengths of the column above and below the joint are equal, moments, M,,, in the
columns above and below the joint are equal to one-half of the negative probable flexural
strength of the beam = 360.1/2 = 180.1 ft-kips. Thus, the shear force, V;,, in the column
at the top of the joint is:
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2M, 2x180.1

V, = 7 ” 728 = 37.3 kips
12
M, = Mj,./2 = 180.1 ft-kips

— V, =2M, /¢, = (2 x 180.1)/9.67 = 37.3 kips

1 VT /3-No. 8
| 4 > Ty = 1.254; f, = 177.8 kips

O I 2-x ) M;, =360.1 fr-kips
L R =T
\S-No. 8

— >V, = (828.2 + 180.1)/9.67 = 104.3 kips

J

M, = My,/2 = 180.1 ft-kips
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 1}, in the column at the bottom of the joint is:

_ My + M, _ 828141801

Vi
tn 1223

= 104.3 kips

The largest net shear force at section x-x is T; — V,, = 177.8 — 37.3 = 140.5 Kkips.

For a joint confined on one face, the design shear strength is determined in accordance
with ACI 21.7.4.1:

PV, = P12\ f  A;
= 0.85 x 12/4000 x (22 x 28)/1000 = 397.4 kips > 140.5 kips 0.K.
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, €, for a



6-100 CHAPTER 6 DESIGN AND DETAILING FOR SDCs D, E AND F

bar with a standard 90-degree hook in normal weight concrete is the largest of the
following (ACI 21.7.5.1):

e 8(diameter of beam longitudinal bar) = 8 x 1.0 = 8.0 in.
e 6in.

e f,dy/65/f! = (60,000 x 1.0)/65V4000 = 14.6 in. (governs)

The required development length can be accommodated in the confined core of the 28-
inch 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

L 2/_4//

Standard —_|
hook (typ.) I

N |

/

O
{

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 1.25f,, 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, M,,, 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

= (360.1 + 360.1)/2 = 360.1 ft-kips. Thus, the shear force, V, in the column at the top
of the joint is:

2M, 2x360.1

Vy, = 7 > —728 = 74.5 kips
12
My, = (M, + M) /2 = 360.1 ft-kips
N
—— V= 2M, /¢, = (2 X 360.1)/9.67 = 74.5 kips
] VT /3-No. 8
C;=T; (— £t T, = 1.2545 f, = 177.8 kips

My, = 360.1 ft-kipsc Xemg@mmmmmmmmm oo > -X ) M, = 360.1 ft-kips

T, = 1.25A% f, = 177.8 kips

A 3-No. 8

—— V, = (828.2 + 360.1)/9.67 = 122.9 kips

J

M, = (M, + My,)/2 = 360.1 ft-kips

Figure 6.38 Shear Analysis of the Joint at B5

Using the probable flexural strength of the column, the shear force, 1}, in the column at
the bottom of the joint is:

_ My + M, _ 828143601

Vi
tn 1228

= 122.9 kips

The largest net shear force at sectionx-x isTy + C, =V, = 177.8 +177.8 — 74.5 =
281.1 kips.

For a joint confined on two opposite face, the design shear strength is determined in
accordance with ACI 21.7.4.1:

¢V = p15\/f/4;
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= 0.85 x 15v4000 x (22 x 28)/1000 = 496.7kips > 281.1 kips O.K.

Reinforcement details of the interior joint are shown in Figure 6.39.

2/_4//

No. 4 hoops and crossties @ 5”

3-No. 8

21_4”

| N O
x

= |

3-No. 8

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

Figure 6.39 Reinforcement Details of the Joint at BS

Part 4: Design the special structural wall on lineC
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

Axial Bending Shear
Load Case Force Moment Force
(kips) (ft-kips) (kips)
Dead (D) 375 0 0
Live (L) 49 0 0
Roof live (L,) 12 0 0
Seismic (Qg) 0 |[+9,660 +356
Load Combination
1.4D 525 0 0
1.2D +1.6L + 0.5L, 534 0 0
1.4D + 0.5L + 1.3Q¢ 550 12,558 463
0.7D - 1.3Q¢ 263 -12,558 -463
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The redundancy factor, p, 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 12/19.83 = 0.6 < 1.0, 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, p = 1.3.

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 Acvl\/ﬁ where A, 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,

AcAJf] = (10 X 19.67 x 12)Y4000/1000 = 149 kips < V, = 463 Kips

Therefore, the required minimum reinforcement ratio is 0.0025.

Since V;, = 463 kips > 24,1/ f. = 298 kips, 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 = 0.0025 x 10 x 12 = 0.30 in.? Try two layers of No. 4 bars @ 14 in.
(A, = 0.34 in.2/ft) in both directions.

The nominal shear strength of structural walls is determined by ACI Equation (21-7):
Vo = Acv(“cl\/ﬁ + ptfy)

where o, = 2.4 for h,,/¢,, = 36/19.67 = 1.8 (ACI 21.9.4.1).

For two curtains of No. 4 horizontal bars spaced at 14 inches, p, = (2 x 0.2)/(10 X
14) = 0.0029 and

¢V, = 0.60 X (10 X 19.67 x 12) X [2.4v4000 + (0.0029 x 60,000)]/1000
= 461 kips < V;, = 463 kips N.G.

where ¢ = 0.60 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 (¢V,, =
498 kips). Note that V,, = 830 kips is less than the upper limit on shear strength

8A 4/ f! =8 %149 = 1,192 kips (ACI 21.9.4.4).

Reinforcement ratio, p,, for the vertical reinforcement must not be less than p, where
h, /€, <2 (ACI 21.9.4.3). Since h,,/¢,, = 1.8, 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.

12,000
10,000 }
8,000 |

6,000 |

Axial Force (kips)

4,000

2,000 f

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000
Bending Moment (ft-kips)

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:
tw
> > 0.
€2 F 0006y 5,/h,, = 0.007

In this example, ¢, = 236 in., h,, = 432 in., and the displacement at the top of the wall
from the elastic analysis &, = 0.18 in. By definition,

€46y 5x0.18

Ou = 0x I 1.0

where &, is determined by ASCE/SEI Equation (12.8-15) and the deflection
amplification factor, Cy4, is given in ASCE/SEI Table 12.2-1.

Since 8, /h,, = 0.90/432 = 0.002 < 0.007, use 8, /h,, = 0.007.

Therefore, special boundary elements are required if c is greater than or equal to 236/
(600 x 0.007) = 56.2 in.

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, &,,. 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 400/f,,. 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 (12 x 0.79)/(20 x 20)

= 0.024 > 400/60,000 = 0.007. 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 c — 0.1¢,, < 0orc/2 =
10.5 inches. 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, £, 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 £, = 19.67 ft
(governs) or M,, /4V,, = 12,558/(4 X 463) = 6.8 ft. Therefore, the development lengths
of the longitudinal reinforcement must be 1.25¢; 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:

o (25 bty
40 1 (Cp + Ky
yNIA (bd_bt)

where A modification factor for lightweight concrete = 1.0 for normal weight

concrete

Y, = modification factor for reinforcement location = 1.0 for bars other
than top bars

Y, = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

Y, = modification factor for reinforcement size = 1.0 for No. 8 bars

¢, = spacing or cover dimension

1.0
=1.5 + 0.5 + 7 = 2.51in.

_20—-2(1.5+05)—-1.0

X3 = 2.5in.

K., = transverse reinforcement index
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404, 40 %3 x0.2

= = 0.75
sn 8x4

¢y + K 2.5+0.75

= =33>25, use2.5
d, 1.0 use

Therefore,

3 60,000 1.0 x 1.0 X 1.0 _
L= <— ) X 1.0 = 28.5in. = 2.4 ft

401.04/4000 2.5
In the plastic hinge zone, development length = 1.25 x 2.4 = 3.0 ft
Class B splice length = 1.3¢,; = 3.9 ft
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:

o _ |3 I bubeds
==
40 3 [f7 (€t Kir
VI (2
where A = modification factor for lightweight concrete = 1.0 for normal weight
concrete

Y, = modification factor for reinforcement location = 1.0 for bars other
than top bars

Y. = modification factor for reinforcement coating = 1.0 for uncoated
reinforcement

Y, = modification factor for reinforcement size = 0.8 for No. 4 bars

¢, = Spacing or cover dimension

0.5
=075+ 0.5+ > = 1.5in. (governs)

= 7 = 6.0 in.

K, = transverse reinforcement index = 0
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d, 05

=3.0> 2.5, use2.5

Therefore,

< 3 60,000 1.0x1.0x0.8
d =

— X 0.5=11.4in. < 12.0in., use 12.0 in.
40 1.0v/4000 2.5 )

In the plastic hinge zone, development length = 1.25 X 1.0 = 1.25 ft

Class B splice length = 1.3¢,; = 1.6 ft

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

, > Acvﬂ\/ﬁ , 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/’

A 4

/12-N0. 8

No. 4 ties and

crossties @ 8"—_| f
Y
: 1/_8//
1%" (typ.)
~7 No. 4 @ 12”7
boo
% (typ.) —fle—
p/_lo/

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 elementsthat are not part of the seismic-force-
resisting 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 §,, = §, = C;0,./I. The design
displacements, &,,, 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, Fy,, in the members that are not part of
the seismic-force-resisting system due to the earthquake-induced displacements, §,., can
be determined by the following equation:®

_ 6x r Cd5xe/1 r 6xe ’
Fu = Ca (5,;) Fu = Ca (cda,;eﬂ) Fu = La (5,;Q>FM

where F,, = force in the member caused by the code-prescribed seismic forces
applied to the entire structure

dye = displacements of the entire structure caused by the code-prescribed
seismic forces

A three-dimensional analysis was performed on the entire structure subjected to the code-
prescribed 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 north-
south and east-west directions, respectively.'’

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.

18 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, 6., applied at each floor
level.

" 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 0.025 x 12 x 12 = 3.60 in. 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.



6-110 CHAPTER 6 DESIGN AND DETAILING FOR SDCs D, E AND F

Table 6.12 Lateral Displacements / Drift (in.) Due to Seismic Forces in N-S Direction

Story | Oy 6, A 6;ce 6xe/6;ce

3 157 | 8.64 2.64 0.56 2.81
1.09 | 6.00 3.58 0.41 2.66
1 0.44 | 2.42 2.42 0.20 2.20

N

Table 6.13 Lateral Displacements / Drift (in.) Due to Seismic Forces in E-W Direction

Story | 8y, 8, A Oe | Oxe/Oke

3 0.18 | 0.90 0.35 0.08 2.25
0.11 | 0.55 0.35 0.05 2.20
1 0.04 | 0.20 0.20 0.02 2.00

N

Table 6.14 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Column A3 in the First Story

N-S Seismic Forces E-W Seismic Forces
Axial Bending Shear Axial Bending | Shear
Load Case Force Moment Force Force Moment Force
(kips) (ft-Kips) (kips) (kips) (ft-kips) (kips)
Dead (D) 90.9 18.1 15 90.9 18.1 15
Live (L) 31.7 9.1 0.8 31.7 9.1 0.8
Roof live (L,) 4.0 0 0 4.0 0 0
Seismic (E) 81.7 20.6 3.4 1.0 8.6 1.4
Load Combination
1.4D 127.3 25.3 2.1 127.3 25.3 2.1
1.2D +1.6L + 0.5L, 161.8 36.3 3.1 161.8 36.3 3.1
1.2D+05L+ E 206.6 46.9 5.6 125.9 34.9 3.6
09D -E 0.1 4.3 2.1 80.8 7.7 0.1

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, &,..
When the approximate method outlined above is utilized, E = F,,. The forces on the
columns obtained from the analysis of the entire structure in the north-south direction in
the first story are multiplied by Cp(8,./9xe) = 5.5 X 2.20 = 12.1 to determine the
forces due to the earthquake-induced displacements, where (6,./dxe) 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

N-S Seismic Forces E-W Seismic Forces
Axial Bending Shear Axial Bending | Shear
Load Case Force Moment Force Force Moment Force
(kips) (ft-kips) (kips) (kips) (ft-kips) (kips)
Dead (D) 190.0 3.4 0.3 190.0 3.4 0.3
Live (L) 67.7 1.7 0.1 67.7 1.7 0.1
Roof live (L) 8.5 0 0 8.5 0 0
Seismic (E) 455 157.4 26.2 12.6 6.6 1.1
Load Combination
1.4D 266.0 4.8 0.4 266.0 4.8 0.4
1.2D + 1.6L + 0.5L, 340.6 6.8 0.5 340.6 6.8 0.5
1.2D+05L+E 307.4 162.3 26.6 2745 11.5 15
09D -E 1255 154.3 25.9 158.4 3.5 0.8

Similarly, in the east-west direction, Cp(8,./0xe) = 5.0 X 2.0 = 10.0, where (6xe/6xe)
is given in Table 6.13."% For example, the axial force in column A3 due to the code-
prescribed 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, E = F,; = 12.1 X 6.75 = 81.7 Kips,
which is shown in Table 6.14.

Column A3. Based on the governing load combinations in Table 6.14, a 20-inch by 20-
inch column with eight No. 7 bars (45, = 0.0124,) is adequate for column A3 (see
Figure 6.42)." Since the maximum factored gravity axial force exceeds Agfi /10 =
160.0 kips, longitudinal reinforcement must satisfy ACI 21.6.3.1. This provision is
satisfied, since the provided area of longitudinal reinforcement is between 0.014, and
0.064,.

Transverse reinforcement requirements also depend on the magnitude of the factored
gravity axial force. As noted above, it exceeds A, f;/10, but it is less than 0.35F, =
0.35[0.85fc’(Ag —Ag) + fyAst] = 571.1 kips. 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).

'8 values of the deflection amplification factor, C,, 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 = 6 x 0.875 = 5.3 in. (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, M,,., associated with the
range of factored axial loads on the column (ACI 21.6.5.1). The largest M,,. 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:

[y 398743587 o
T2 —(9/12) oS

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, 1., must be set equal to zero, since one of the factored axial forces including
earthquake effects is less than A, /¢ /20 = 80.0 kips (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:

Ayfyd  (3x0.2) x60Xx17.5 )
S=7v = 638 = 7.4 in.
-V : 0

U _—
) 0.75

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 20-
inch column with eight No. 7 bars (A5, = 0.0124,) is adequate for column B3 (see
Figure 6.43). Since the maximum factored gravity axial force exceeds A, f,; /10 =
160.0 kips, longitudinal reinforcement must satisfy ACI 21.6.3.1. This provision is
satisfied, since the provided area of longitudinal reinforcement is between 0.014, and
0.064,.

1,800
1,600 E
1,400
1,200
1,000
800
600
400

Axial Force (kips)

N
[e]
o

o
F +

0 100 200 300 400 500
Bending Moment (ft-kips)
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 §,, = &,. 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, 1,4, on the slab critical section for two-way action

due to gravity loads and the design shear strength, ¢V, are determined at the roof level
and at the typical floor levels.

e Roof level

9
iy = (E x 150) +10 = 122.5 psf

q. = 20 psf
qu = (1.2 x122.5) + (0.5 X 20) = 157 psf
Critical section dimensions:

Averaged = 9.0 — 1.25 = 7.75in.
7.75
by =20+ — = 23.875 in.

b, = 20 + 7.75 = 27.75 in.

23.875x 27.75

Vug = 0.157 | (18 x 11.83) — o

= 32.7 kips
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For square columns, ACI Equation (11-33) governs:

V. = paA/flb,d = 0.75 X 4.0v4000 x 75.5 X 7.75/1000 = 111.0 kips

Maximum story drift at roof level = 2.64 in. (see Table 6.12)
Design story drift ratio = story drift/story height = 2.64/(12 x 12) = 0.0183

Limiting design story drift ratio:
0.035 — 0.05(V,,4/¢V.) = 0.035 — 0.05(32.7/111.0) = 0.0203 > 0.005

Since the design story drift ratio = 0.0183 < 0.0203, slab shear reinforcement
satisfying the requirements of ACI 21.13.6 need not be provided.

e Typical floor levels

9
o = (E x 150) +30 = 142.5 psf

q; = 80 psf
qu = (1.2 x 142.5) + (0.5 x 80) = 211 psf

23.875 x 27.75
144

Vig = 0.211 [(18 x 11.83) — = 44.0 kips

For square columns, ACI Equation (11-33) governs:

oV, = p4AJf!b,d = 0.75 x 4.08/4000 x 75.5 X 7.75/1000 = 111.0 kips
Maximum story drift at level 2 = 3.58 in. (see Table 6.12)

Design story drift ratio = story drift/story height = 3.58/(12 X 12) = 0.0249
Limiting design story drift ratio:

0.035 — 0.05(V;,,/¢V.) = 0.035 — 0.05(44.0/111.0) = 0.0152 > 0.005

Since the design story drift ratio = 0.0249 > 0.0152, slab shear reinforcement
satisfying the requirements of ACI 21.13.6 must be provided.? 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 3.5\/ﬁbod 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

=~ (20 —1)/2 = 9.5in. < 2d = 15.5 in.).

Assuming Y2-inch diameter studs (Ag,; = 0.196 in.?), the required spacing is:

Aufyed (9 % 0.196) x 51,000 X 7.75
s = =

= = 5.3 in.
Vs 3.5v4000 X 75.5 X 7.75

where A, 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 = 0.75d = 5.8 in. (ACI 11.11.5.2)
Assuming a 5-inch spacing, check the requirement of ACI 11.11.5.1:

Aufye  (9%0.196) x 51,000
bys 75.5 X 5

= 2383 psi > 2,/f/ =126.5psi OK.

The studs must extend a distance of at least 4h = 36 in. from the faces of the column
(ACI 21.13.6) with the first peripheral line of shear reinforcement located no farther
than d /2 = 3.9 in. 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, 4, on the slab critical section for two-way action
due to gravity loads and the design shear strength, ¢V, are determined at the roof level
and at the typical floor levels.

e Roof level

9
i = (E x 150) +10 = 122.5 psf
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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

q. = 20 psf

gy = (1.2 x 122.5) + (0.5 x 20) = 157 psf
Critical section dimensions:

Averaged = 9.0 — 1.25 = 7.75in.

b, = b, =20 + 7.75 = 27.75 in.

2

144

Vug = 0.157 | (18 x 22) — = 61.3 kips

For square columns, ACI Equation (11-33) governs:

dV. = p4A/fIb,d = 0.75 x 4.0v/4000 x 111.0 X 7.75/1000 = 163.2 kips
Maximum story drift at roof level = 2.64 in. (see Table 6.12)

Design story drift ratio = story drift/story height = 2.64/(12 x 12) = 0.0183
Limiting design story drift ratio:

0.035 — 0.05(V,,4/¢V.) = 0.035 — 0.05(61.3/163.2) = 0.0162 > 0.005
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Since the design story drift ratio = 0.0183 > 0.0162, 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 = (20 —1)/2 = 9.5in. < 2d = 15.5in.).

Assuming Y2-inch diameter studs (A, = 0.196 in.?), the required spacing is:

Avfyed (12 % 0.196) x 51,000 X 7.75
s = =

= = 4.9 in.
Vs 3.5v/4000 x 111.0 x 7.75

where A, 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 = 0.75d = 5.8 in. (ACI 11.11.5.2)
Assuming a 4.5-inch spacing, check the requirement of ACI 11.11.5.1:

Aufye (12X 0.196) X 51,000
b,s 111.0 X 4.5

= 240.1psi > 2,/f/ =126.5psi OK.

As noted above, the studs must extend a distance of at least 4h = 36 in. from the
faces of the column (ACI 21.13.6) with the first peripheral line of shear reinforcement
located no farther than d /2 = 3.9 in. 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.

e Typical floor levels

9
ap = (ﬁ X 150) + 30 = 142.5 psf

q; = 80 psf

gy = (1.2 X 142.5) + (0.5 x 80) = 211 psf
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Figure 6.45 Shear Stud Reinforcement Details for the Joint at Column B3

2

144

Vg = 0.211|(18 x 22) — = 82.4 kips

For square columns, ACI Equation (11-33) governs:

®V. = p4A\/f/b,d = 0.75 x 4.0/4000 x 111.0 X 7.75/1000 = 163.2 kips
Maximum story drift at level 2 = 3.58 in. (see Table 6.12)

Design story drift ratio = story drift/story height = 3.58/(12 x 12) = 0.0249
Limiting design story drift ratio:

0.035 — 0.05(V,4/¢V;) = 0.035 — 0.05(82.4/163.2) = 0.0098 > 0.005

Since the design story drift ratio = 0.0249 > 0.0098, 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.
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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 elementsin 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:

Area of diaphragm opening _ 18x22

= = 0.05 < 0.50
Gross enclosed diaphragm opening 72 X 110

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, F,,, on the
diaphragm:**

n n
Epy = (Z Fi/z Wl-> Wpx
i=x i=x

< 0.4SpsIwy,, = 04wy,
where F; = the seismic design force applied at level i

w; = the weight tributary to level i
wy, = 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 north-
south and east-west directions, respectively. %

2! The effects from wind forces do not govern in this example.

%2 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 | W | B 1 IR gp my | Ve Fox
(kips) | (kips) | (kips) | (kips) (Kips) (kips)

3 | 1167 | 1167 | 227 | 227 | 0200 | 1167 | 233

2 | 1448 | 2615 | 187 | 414 | 0200 | 1,448 | 290

1 | 1,448 | 4063 | 94 | 508 | 0200° | 1448 | 290

* Minimum value governs.

Table 6.17 Design Seismic Diaphragm Forces in E-W Direction

Level Wx ZWy Fx 2Py SF, /3w W px Fox
(Kips) | (kips) | (kips) | (kips) * * (Kips) (Kips)

3 1,167 1,167 302 302 0.259 1,167 302

2 1,448 2,615 250 552 0.211 1,448 306

1 1,448 4,063 125 677 0.200* 1,448 290

* Minimum value governs.

According to ASCE/SEI 12.10.1.1, p shall equal to 1.0 where inertial forces are
calculated in accordance with ASCE/SEI Equation (12.10-1), and for transfer forces, p
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 = 0.05 x 72 = 3.6 ft (ASCE/SEI 12.8.4.2).

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:*

(ki)y v+ JEi(ki)y
Z(ki)y Y Zflz (ki)y + 23—112 (kl)x

(VL)y = Vyex

where x; = perpendicular distance from element i to the center of rigidity parallel to the
X-axis

% 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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y; = 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

e Frames: 1.00
e 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):%

Frame on column line 1:

, _ 100x233 36 x 1.00 X (233 X 3.6)
17100+1.00 362(1+1) + 112(3.22 + 3.22)

= 116.5—-9.0 = 107.5 kips

Frame on column line 5:

, - 100x233 = 36x1.00x (233 x3.6)
57 1.00+1.00 ' 362(1 + 1) + 112(3.22 + 3.22)

=116.5 + 9.0 = 125.5 kips

The maximum shear force in the slab occurs along column line 5 and is equal to
125.5 kips, which is distributed over a length of 110 feet.

The shear strength of the slab is determined by ACI Equation (21-10) assuming that
pe = 0:

V. = pA2A\/f! = 0.75 X 9 x (110 x 12) X 2 X 1.0v4000/1000

= 1127.0 kips > 125.5 kips O.K.

< 84 /f! = 4508.1kips (ACI21.11.9.2)

where ¢ = 0.75, 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

% The values of V; and Vs 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.”

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, w; and w,, 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:
R5 = V5 = 1255 klps

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:

1

722 1 1
wy XT + [E(Wz —wy) X 72X (§X 72)] = 107.5%x 72

Solving these equations simultaneously results in w, = 2.49 kips/ftand w, =
3.99 kips/ft.

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:

M, 2100.1 )
T, =Cu=7= 10— 19.1 kips

25 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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Figure 6.46 Distributed Load on Roof Diaphragm for Seismic Forces in the North-South
Direction
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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

T, 19.1

A = = =
ST ¢f, 09x60

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 = 0.05 x 110 = 5.5 ft (ASCE/SEI 12.8.4.2).

The forces applied to each frame are determined by Equation 3.12 of this publication:

_ (kl)x }_’i(ki)x
(Vl)x - Z(ki)x Vet Z )Eiz (ki)y + 23712 (ki)x ‘/;Cey

where x; = perpendicular distance from element i to the center of rigidity parallel to the
X-axis

y; = perpendicular distance from element i to the center of rigidity parallel to the
y-axis

The relative stiffnesses, which were determined previously, are
e Frames: 1.00
e 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):%°

Wall on column line C:

- 3.22 x 302 N 11 x 3.22 x (302 x 5.5)
€7 3224322 362(1+1)+112(3.22 + 3.22)

= 151.0 + 17.5 = 168.5 kips

%6 The values of V. and V,, 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:

[ _322x302 11 x 3.22 X (302 X 5.5)
DT 322+322 362(1+1)+112(3.22 + 3.22)

= 151.0 — 17.5 = 133.5 kips

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, w; and w,, 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.
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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:

RD == VD = 133.5 klpS

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:

1
(w; X 110) + [E (wy, —wy) X 110] =302

1 2
(wy X 110 x 11) + {E (wy —wy) X 110 X [(§ X 110) - 44]} = 168.5 X 22

Solving these equations simultaneously results in w; = 2.56 Kkips/ftand w, =
2.94 kips/ft. 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.
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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:

M, 2793.1
hw=tue=7="73

= 38.8 kips

The required area of tension reinforcement is

T, 388
¢f, 0.9 x60

A = = 0.72 in.2

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
128.5 kips, 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
pe = 0:

GV, = A, 2M[f! = 0.60 X 9 x (72 x 12) x 2 X 1.0¥/4000/1000
= 590.2 kips > 125.8 kips O.K.
< $8A/f! = 2360.6 kips (ACI 21.11.9.2)

where ¢ = 0.60, 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 168.5/72 =
2.34 kips/ft. Similarly, the unit shear force for the wall is 168.5/18 = 9.36 kips/ft.

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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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, €, of
ASCE/SEI 12.4.3.2. The overstrength factor, (,, 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:
e 14D
e 12D+ 16L,
e (1.2+0.2555)D + 0.5L, + Q,Qz = 1.4D + 0.5L, + 2.5Q;
e (0.9-0.25,5)D + Q,Qz = 0.7D + 2.5Q,

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 (Q; = 84.2 kips; see Figure 6.50),
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

Axial Bending Moment Shear
Load Case Force (ft-Kips) Force
(kips) | Negative | Positive | (Kips)
Dead (D) 0 62.5 38.6 17.5
Roof live (L,) 0 8.0 5.1 2.2
Seismic (2.5Qg) +211 0 0 0
Load Combination
1.4D 0 87.5 54.0 24.5
1.2D + 1.6L, 0 87.8 545 24.5
1.4D + 0.5L, + 2.5Q¢ +211 91.5 56.6 25.6
0.7D + 2.5Q¢ +211 43.8 27.0 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 (A5, = O.OllAg).27 The interaction diagram for this collector is shown in
Figure 6.51.
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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):

c e stregs 250 _ 211
ompressive stress = Ag = 50 X 28

= 0.38 ksi < 0.5 = 2 ksi28

Therefore, transverse reinforcement satisfying ACI 21.9.6.4(c) need not be provided.

The maximum shear force, V,, on the collector is 25.6 Kips and the design shear strength
of the concrete, ¢V, 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:

%" The maximum axial force in the collector has been conservatively applied at all sections along the length

of the collectors.
%8 The limit of 0.5£ is used since the axial force is amplified by the overstrength factor, (),

(ACI 21.11.7.5).
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Apfyed  (2%x0.11) X 60 X 25.5
S = =

%_ v 256

d
=99in. < 5 = 12.75in.

0.75 0

Aofye (2% 0.11) X 60,000

< = = 139in.
0.75/f’b,  0.75v4000 x 20
A 2% 0.11) x 60,000
vfye _ ( ) = 13.2 in.

~ 50b, 50 x 20

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.%°

2
o
K Ps ) ? Z
Q
| -
'=_ “~tHo— o 1— 2-No. 8
= 1T ———No. 3ties @ 9"
] ¥f 3-No. 8 T&B
Il_all

SLAB REINFORCEMENT NOT SHOUN FOR CLARITY

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

Figure 6.52 Reinforcement Details for Collector Elements at Roof Level

%° The No. 3 ties spaced at 9.0 inches provided along the span satisfies the requirements of ACI
21.11.7.6(b).



6-134 CHAPTER 6 DESIGN AND DETAILING FOR SDCs D, E AND F

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:®

Frame on column line 1:

y _ 100x290 36 X 1.00 X (290 x 4.1)
17100+ 1.00 362(1+ 1)+ 112(3.22 + 3.22)

= 145.0 — 12.7 = 132.3 kips

Frame on column line 5:

y. - 100x290  36x1.00x (290 x 4.1)
>71.00+ 1.00  362(1+ 1) + 112(3.22 + 3.22)

= 145.0 + 12.7 = 157.7 kips

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, w, and w,, 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:
R1 == V1 - 132.3 klpS

R5 = V5 = 157.7 klpS

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:

1
722 1 1
wy XT + [E(Wz —wp) X 72X (§X 72)] = 1323 %X 72

Solving these equations simultaneously results in w, = 2.97 kips/ftand w, =
5.09 kips/ft.

%0 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 = 0.5 + 3.6 = 4.1 ft.
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Figure 6.53 Distributed Load on Level 2 Diaphragm for Seismic Forces in the North-

South 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 157.7 kips, which is

distributed over a length of 110 feet.

The shear strength of the slab is determined by ACI Equation (21-10) assuming that

pe = 0:
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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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DV, = pA2A/f! = 0.75 X 9 x (110 x 12) X 2 X 1.0v4000/1000

= 1127.0 kips > 157.7 kips O.K.

< ¢p8A.,/f! = 4508.1kips (ACI21.11.9.2)

where ¢ = 0.75, 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 (T, C;) 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:

_ _ M, 2615.0
=== p =7 110

= 23.8 kips

Secondary chord forces (T, C,) and (T3, C5) 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.*" 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 3.3 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:

M, 255 ,
T2=T3=CZ=C3=F=H=O.6k1pS

31 Actual beam end conditions are somewhere between a fixed and a pinned condition.
%2 The distributed load along the length of the diaphragm is w(x) = (5.09 — 2.97)x/72 + 2.97 where x is
measured from line 1. Thus, at x = 18 ft, w = 3.50 kips/ft and at x = 36 ft, w = 4.03 kips/ft.
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3.50/2 = 1.75 kips/ft M\
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 midspanisequalto T, =T; + T, = 23.8 4+ 0.6 =
24.4 Kkips.

The required area of tension reinforcement along column lines A and F is

T, 24.4

- = 0.45 in.2
of, 09x60 " 5in

As =

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:

M, 516 _
T2 —F—E— 12klpS

The required area of tension reinforcement required for the negative moment adjacent to
the opening at line 3 is

T, 12
¢f, 0.9 x60

A = = 0.02 in.2

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:

y._322x306  11x322x(306x5.5)
€7 3224322 362(1+1)+112(3.22 + 3.22)

= 153.0 + 17.7 = 170.7 kips

Wall on column line D:

y. _ 3:22%302 11 x 3.22 x (302 X 5.5)
D7 322+322 362(1+1)+112(3.22 +3.22)

= 153.0 — 17.7 = 135.3 kips

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, w; and w,, 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:

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:

1
(wy X 110) + [E (Wy — wy) X 110] =306

1 2
(wy X 110 x 11) + {E (wy —wy) X 110 X [(§ X 110) - 44]} = 170.7 x 22

Solving these equations simultaneously results in w; = 2.59 kips/ft and w, =
2.97 kips/ft.

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 127.4 kips, which is
distributed over a length of 72 feet.
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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
pe = 0:
V. = pA2A/f) = 0.60 X 9 x (72 X 12) X 2 X 1.0v/4000/1000
= 590.2 kips > 127.4 kips O.K.
< ¢p8Aq/f) = 2360.6kips (ACI21.11.9.2)

where ¢ = 0.60, 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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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 (T, C,) 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:

M, 28299
Tl =0 =—7/—=

D 72

= 39.3 kips

Secondary chord forces (T, C,) and (T3, C5) 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.* 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.

O 37.4% 2.82/3 = 0.94 kips/ft 75.0% 2 x 2.82/3 = 1.89 kips/ft
—
[ =c. [
18.7" a 37.4%
N
l—
C 37.2% 2.74/3 = 0.91 kips/ft 75.0% 2 x 2.74/3 = 1.83 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:

M, 187 _
T2 = CZ :F:W: 11k1pS

% The distributed load along the length of the diaphragm is w(x) = (2.59 — 2.97)x/110 + 2.97 where x
is measured from line A. Thus, at x = 44 ft, w = 2.82 kips/ft and at x = 66 ft, w = 2.74 kips/ft.
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Therefore, the total chord force on line 1 near midspanisequaltoT,, =T, + T, = 39.3 +
1.1 = 40.4 kips.

The required area of tension reinforcement along column line 1 is

T, 40.4

- = 0.75 in.2
of,  0.9%60 n

As =

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:

M, 374 _
TZ —F—F—Z.lklps

The required area of tension reinforcement required for the negative moment adjacent to
the opening at line C is

Ty

= ' = 0.04in.2
of, 0.9 x 60 n

Ag =

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:

M, 37.4 _
T3 = C3 =F=¥= 11k1pS

Therefore, the total chord force on line 1 near midspanisequaltoT,, = T; + T3 = 39.3 +
1.1 = 40.4 kips.

The required area of tension reinforcement along column line 5 is

T, 40.4

- = 0.75 in.2
of, 09x60 0 >in

Ag =

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:

oM _750
3—D—36— . 1ps
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The required area of tension reinforcement required for the negative moment adjacent to
the opening at line C is

T, 2.1

= = 0.04in2
of,  0.9%60 -

As =

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 127.4/72 =
1.77 kips/ft. Similarly, the diaphragm force to the south of line C is equal to 43.3 kips,
and the unit shear force is equal to 43.3/54 = 0.80 kips/ft. The unit shear force for the
wall is 170.7/18 = 9.48 kips/ft.
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:

e 1.4D

e 12D+ 1.6L

e (1.2+40.25p5)D + 0.5L + Q,Q; = 1.4D + 0.5L + 2.5Q%

e (0.9—-0.2555)D + Q,Qz = 0.7D + 2.5Qg

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 (Q; = 92.5 kips; see Figure 6.59),
bending moments, and shear forces for the collector element along line C.
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Figure 6.59 Unit Shear Forces, Net Shear Forces and Collector Force Diagram on
Column Line C at Level 2
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Table 6.19 Summary of Design Axial Forces, Bending Moments and Shear Forces for
Collector Element on Line C at Level 2

Axial Bending Moment Shear
Load Case Force (ft-kips) Force
(kips) | Negative | Positive | (kips)
Dead (D) 0 70.6 43.7 19.7
Live (L) 0 32.1 20.4 9.0
Seismic (2.5Q¢) +231 0 0 0
Load Combination
1.4D 0 98.8 61.2 27.6
1.2D + 1.6L 0 136.1 85.1 38.0
1.4D + 0.5L + 2.5Q¢ +231 114.9 71.4 32.1
0.7D + 2.5Q¢ +231 494 30.6 13.8

Based on the load combinationsin 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 barsis
adequate (As; = 0.0144,) 3* The interaction diagram for this collector is shown in

Figure 6.60.

2,500

2,000

1,500

™r T rrrrrr

1,000 F

Axial Force (kips)

500 F

-500

«

Bending Moment (ft-kips)

Figure 6.60 Design and Nominal Strength Interaction Diagrams for Collector Elements
at Level 2

% The maximum axial forcein 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):

25Q; 231
A 20 %28

Compressive stress = = 0.41Kksi < 0.5f) = 2 ksi35

g9

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 axia tension. Therefore, the design shear strength of the concrete, ¢V, is set
equal to zero (ACI 11.2.1.3). Assuming No. 4 ties, the required spacing is:

Apfyed (2% 0.2) X 60 X 25.5
s = =

. d .
74 = 371 =14.3in. > 7= 12.75 in.

G 075 0
A 2% 0.2) X 60,000
< oy _( ) = 25.3 in.
0.75/f/b,  0.75V4000 x 20
A 2% 0.2) X 60,000
< vfye _ ( ) = 24.0 in.

~ 50b, 50 x 20

Provide No. 4 ties (two legs) spaced at 12.0 inches on center over the entire length of the
collectors. Thisreinforcement 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 optionsin ACI 21.11.7.6.%°

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 issmaller than that at level 2, use the same
reinforcement for simplicity.

% Thelimit of 0.5f, isused since the axial forceis amplified by the overstrength factor, Q,,
(ACI 21.11.7.5).

% The No. 4 ties spaced at 12.0 inches provided along the span satisfies the requirements of
ACI 21.11.7.6(b).
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