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PREFACE

The landmark volume, Design of Multistory Concrete Buildings for Earthquake Motions
by Blume, Newmark, and Coming, published by the Portland Cement Association (PCA)
in 1961, gave major impetus to the design and construction of concrete buildings in
regions of high seismicity. In the decades since, significant strides have been made in the
earthquake resistant design and construction of reinforced concrete buildings. Significant
developments have occurred in the building codes arena as well However, a
comprehensive guide to aid the designer in the detailed seismic design of concrete
buildings was not available until PCA published Design of Concrete Buildings for
Earthquake and Wind Forces by S.K. Ghosh and August W. Domel, Jr. in 1992.

That design manual illustrated the detailed design of reinforced concrete buildings
utilizing the various structural systems recognized in U.S. seismic codes. All designs
were according to the provisions of the 1991 edition of the Uniform Building Code
(UBC), which had adopted, with modifications, the seismic detailing requirements of the
1989 edition of Building Code Requirements for Reinforced Concrete (ACI 318-89,
Revised 1992). Design of the same building was carried out for regions of high,
moderate, and low seismicity, and for wind, so that it would be apparent how design and
detailing changed with increased seismic risk at the site of the structure.

The above publication was updated to the 1994 edition of the UBC, in which ACI 318-
89, Revised 1992, remained the reference standard for concrete design and construction,
although a new procedure for the design of reinforced concrete shear walls in combined
bending and axial compression was introduced in the UBC itself. The updated
publication by S.K. Ghosh, August W. Domel, Jr., and David A. Fanella was issued by
PCA in 1995.

A similar publication of more limited scope by David A. Fanella and Javeed A. Munshi
was issued by PCA in 1998. The detailed design of three reinforced concrete buildings in
high seismic zones utilizing the various structural systems recognized in the 1997 UBC
was illustrated. The designs for the combined effects of gravity, seismic, and wind loads
were by the 1997 edition of the UBC, which had adopted the 1995 edition of ACI 318.

In the ensuing years, the building code situation in the country has changed drastically. In
1994, the three model building code organizations: BOCA, the Building Officials and
Code Administrators International, the publishers of The BOCA National Building Code
(BOCA/NBC); ICBO, the International Conference of Building Officials, the publishers
of the Uniform Building Code (UBC); and SBCCI, the Southern Building Code Congress
International, the publishers of the Standard Building Code (SBC), formed the
International Code Council (ICC) with the express purpose of developing a single set of
construction codes for the entire country. Included in this family of International Codes
is the International Building Code (IBC), which represents a major step in a cooperative
effort to bring unity to building codes. The first edition of the IBC was published in April

2000.
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The seismic design provisions of the First (2000) Edition of the IBC represent
revolutionary changes from those of the model codes 1t was developed to replace. The
ground motion maps and parameters used in seismic design are completely different.
Also, since the inception of seismic design in this country, soil at the site of the structure
has not been given as much importance in seismic design, as 1t 1s given in the 2000 IBC.
This results in a significant impact on the cost of construction in many parts of the
country, particularly if such construction is to be founded on softer soils. This has created
a need for a publication similar to the volume first issued by PCA in 1992. This
publication seems to fill that need. The purpose of this publication is to assist the
engineer in the proper application of the seismic and wind design provisions of the 2000
edition of the International Building Code. This code has adopted, for concrete design
and construction, with some modifications, the 1999 edition of Building Code
Requirements for Structural Concrete (ACI 318-99).

In Chapter 1, an introduction to earthquake-resistant design is provided, along with
summaries of the seismic and wind design provisions of the 2000 IBC. Chapter 2 is
devoted to an office building utilizing a dual shear wall-frame interactive system in one
direction and a moment-resisting frame system in the orthogonal direction. Designs for
Seismic Design Categories (SDC) A, C, D, and E are illustrated in both directions.
Chapter 3 features a residential building, which utilizes a shear-wall frame interactive
system in SDC A and B and a building frame system for lateral resistance in SDC C, D,
and E. Chapter 4 presents the design of a school building with a moment-resisting frame
system in SDC B, C, and D. A residential building utilizing a bearing wall system is
treated in Chapter 5. Design is illustrated for SDC A, B, C, D, and E. The final (sixth)
chapter is devoted to design of a precast parking structure utilizing the building frame
system in SDC B, C, and D. The Seismic design Category represents a combination of
seismic risk at the site of the structure, occupancy category of the structure, and soil
characteristics at the site of the structure. While design is always for the combination of
gravity, wind, and seismic forces, wind forces typically govern the design in the low
seismic design categories (particularly A), and earthquake forces typically govern in the
high seismic design categories (particularly D and above). Detailing requirements depend
on the seismic design category, regardless of whether wind or seismic forces govern the
design. This publication is designed to provide an appreciation on how design and
detailing change with changes in the seismic design category.

Although every attempt has been made to impart editorial consistency to the seven
chapters, some inconsistencies probably still remain. Since this is the very first edition of
a fairly extensive volume, some errors, almost certainly, are also to be found. The authors
would be grateful to any reader who would bring such errors or inconsistencies to their
attention. Other suggestions for improvement would also be most welcome.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

The purpose of this publication is to assist the engineer in the proper application of the
seismic and wind design provisions of the 2000 edition of the International Building
Code (IBC) [1.1}] (numbers in brackets refer to references listed at the end of this
chapter). The emphasis is on how to apply the IBC provisions in the design of reinforced
concrete structures utilizing the various structural systems recognized in the code. The
seismic and wind provisions ot the IBC are discussed in detail below and are illustrated
in subsequent chapters of this publication with examples of typical building and parking
structures located in regions of low, moderate, and high seismic risk and founded on
different types of soil. In the examples, structural members are designed and detailed
according to Chapter 19 of the IBC, which is based primarily on Building Code
Requirements for Structural Concrete (318-99) [1.2], with a few modifications.

The 2000 IBC was created by the International Code Council (ICC), a nonprofit
organization established in 1994. The three model code bodies—Building Officials and
Code Administrators International, Inc. (BOCA), International Conference of Building
Officials (ICBO), and the Southern Building Code Congress International, Inc.
(SBCCI)—are the founding members of the ICC. The 2000 IBC is the culmination of
years of cooperative effort by committees representing the three model code bodies and
other organizations.

Chapter 16 of the IBC addresses the design requirements for various types of loads and
design load combinations. The ASCE Standard Minimum Design Loads for Buildings and
Other Structures [1.3] is the basis of all provisions related to nonseismic forces. Thus,
design for wind forces according to the 2000 IBC follows ASCE 7-98.

The seismic design provisions of the 2000 IBC are based primarily on the 1997 NEHRP
Provisions [1.4], with some of the features of the 1997 Uniform Building Code (UBC)
[1.5] included. A brief history of the evolution of seismic codes in the U.S. as these relate
to the determination of design forces is given in the next section.

Throughout this publication, section numbers from the 2000 IBC are referenced as
illustrated by the following: Section 1616 of the 2000 IBC is denoted IBC 1616.
Similarly, section references from ASCE 7-98 and ACI 318-99 appear as ASCE 6.5 and
ACI 21.2, respectively.
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1.2 EARTHQUAKE-RESISTANT DESIGN

1.2.1 Background
1.2.1.1 Nature of Earthquake Motion

Ground motion resulting from earthquakes presents unique challenges to the design of
structures. The forces that a structure must resist in an earthquake result directly from the
distortions caused by the motion of the ground that supports it. The response—magnitude
and distribution of forces and displacements—of a structure resulting from such ground
motion is influenced by the properties of the structure and its foundation, as well as the
character of the exciting motion.

Earthquakes produce large-magnitude forces of short duration that must be resisted by a
structure without causing collapse and preferably without significant damage to the
structural members. Lessons from past earthquakes and research have provided technical
solutions that will minimize loss of life and property damage associated with
carthquakes. For materials such as concrete that lack inherent inelastic deformability or
ductility, a critical part of the solution is to provide special detailing of the reinforcement
to assure a ductile response to lateral forces. Inelastic deformability is the ability of a
structure to sustain gravity loads as it deforms laterally beyond the stage where the
deformations are recoverable, i.e., beyond the stage where no residual deformations
remain in a structure once the earthquake motion subsides. Irrecoverable deformations
are associated with damage, while recoverable deformations are associated with no

damage.

Figure 1-1 illustrates a simplified representation of a building during an earthquake. As
the ground on which the building rests is displaced, the base of the building moves with
it. However, the inertia of the building mass resists this motion and causes the building to
suffer a distortion (greatly exaggerated in the figure). This distortion wave travels along
the height of the structure. The continued shaking of the base causes the building to
undergo a complex series of oscillations.

It 1s 1important to draw a distinction between forces due to wind and those produced by
earthquakes. These forces are often thought of as being similar, just because codes
specify design wind as well as earthquake forces in terms of equivalent static forces.
Although both wind and earthquake forces are dynamic (varying in time) in character, a
basic difference exists in the manner in which they are induced in a structure. Whereas
wind loads are external loads applied, and hence proportional, to the exposed surface of a
structure, earthquake forces are essentially inertia forces. The latter result from the
distortion produced by both the earthquake motion and the inertial resistance of the
structure. Their magnitude is a function of the mass of the structure rather than its
exposed surface. Also, in contrast to structural response to essentially static gravity
loading or even to wind loads, which can often be validly treated as static loads, the
dynamic character of the response to earthquake excitation can seldom be ignored.

1-2



-
-

P

s

\ \ \
] i \ \
| - | | I
/ ! | |
7 4 / 7
/ / ’ /

Seismic Waves

Figure 1-1 Simplified Representation of Building Behavior During an Earthquake

The earthquake ground motion quantity most commonly used in analytical studies is the
time-wise variation of the ground acceleration in the immediate vicinity of a structure. At
any point, the ground acceleration may be described by horizontal components along two
perpendicular directions and a vertical component. In addition, rocking and twisting
(rotational) components may be present; however, these are usually negligible. Because
buildings and most other structures are most sensitive to horizontal or lateral distortions,
it has been the practice in most instances to consider structural response to the horizontal
components of ground motion only. The effects of the vertical components of ground
motion have generally not been considered significant enough to merit special attention.
In most instances, a further simplification of the actual three-dimensional response of
structures is made by assuming the horizontal acceleration components to act non-
concurrently in the direction of each principal plan axis of a building. It is implicitly
assumed that a building designed by this approach will have adequate resistance against
the resultant acceleration acting in any direction.

The complete system of inertia forces in a structure can be determined only by evaluating
the acceleration of every mass particle. The analysis can be greatly simplified if the
deflections of the structure can be specified adequately by a limited number of
displacement components or ordinates. The number of displacement components required
to specify the positions of all significant mass particles in a structure is called the number
of degrees of freedom of the structure. In the so-called lumped-mass idealization, the
mass of the structure is assumed concentrated at a number of discrete locations. Because
the floor and roof elements (diaphragms) in a building are relatively heavy, a large
proportion of the building mass i1s concentrated in these elements. For structural analysis
purposes, the mass of other building components such as walls and columns, and that
associated with the superimposed dead loads, are normally assumed concentrated at the
floor and roof levels [1.6].

A multi-degree of freedom system possesses as many natural modes of vibration as there
are degrees of freedom. The distinguishing feature of a mode of vibration is that a
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dynamic system can, under certain circumstances, vibrate in that mode alone. During
such vibration, the ratio ot the displacements of any two masses remains constant with
time. These ratios define the characteristic shape of the mode; the absolute amplitude of
motion 1s arbitrary. Each natural mode shape m has a natural period of vibration 7,

associated with 1t. The period 7,, 1s the time required for one cycle of motion in the

deflected shape characteristic of the m"™ natural mode of vibration. The term natural is
used to qualify each vibration quantity to emphasize the fact that these are natural
properties of the structure, depending on its stiffness and mass, when it is allowed to
vibrate freely without any external excitation. An idealized n-story building possesses #
natural periods of vibration (77,75...7,) arranged from the largest to the smallest,
corresponding to natural modes 1 through n. The longest period of the first or the
fundamental mode is designated 7j. Figure 1-2 shows that any arbitrary displaced shape
of a structure may be expressed in terms of the amplitudes of the mode shapes. The
equation of motion of any mode m of a multi-degree system is equivalent to the equation
of motion for a single-degree system.

ma

P31

Free vibration - |
superposition
of 3 modes

Mode 2 Mode 3

Shape change

No change of shape

Figure 1-2 Mode Superposition Analysis of Earthquake Response

Modal periods are functions of the dynamic properties of mass, stiffness, and beyond the
stage of elastic response, also strength. The seismic response of short, stiff buildings is
dominated by the first or fundamental mode of response; most of the building mass
vibrates in that mode. The higher modes of vibration contribute significantly to seismic
response only when a building is relatively tall and flexible.

1.2.1.2 Design Philosophy

When a structure responds elastically to ground motion during a severe earthquake, the
maximum response accelerations may be several times the maximum ground
acceleration. It 1s generally uneconomical and unnecessary to design a structure to
respond in the elastic range to the maximum earthquake-induced inertia forces. Thus, the
design seismic horizontal forces prescribed in the 2000 IBC, as well as forces prescribed
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in prior model building codes and resource documents, are generally less than the elastic
response inertia forces induced by the design earthquake.

It 1s expected that structures would undergo fairly large deformations when subjected to a
major earthquake. The intent is that these large deformations will be accompanied by
yielding in some of the members of the structure. It should be evident that the use of
code-prescribed seismic design forces implies that critical regions of certain members
should have sufficient inelastic deformability to enable the structure to survive without
collapse when subjected to several cycles of loading well into the inelastic range. This
means avoiding all forms of brittle failure and achieving adequate inelastic deformation
via yielding of certain localized regions of certain members or connections in the
structure. This is precisely why the material chapters of the IBC contain detailing and
other requirements that go hand-in-hand with the code-prescribed seismic forces. For
concrete structures, satisfying the design and detailing requirements in Chapter 19 of the
2000 IBC, which is essentially the requirements in Chapter 21 of ACI 318-99, provides
the required levels of inelastic deformability that are inherent in the code.

Experience from recent earthquakes has shown that structures designed to the level of
seismic forces prescribed by codes can survive major earthquake shaking. This is mainly
due to the ability of well-designed structures to dissipate seismic energy by inelastic
deformations in particular regions of certain members in the structure. Decrease in
structural stiffness caused by accumulating damage and soil-structure interaction also
helps at times.

Figure 1-3 shows the idealized force-displacement relationship of a structure subjected to
the design earthquake of the 2000 IBC, as defined in IBC 1613. On the horizontal axis
are the earthquake-induced displacements. The quantity V" along the vertical axis is the
code notation for design base shear, a global force quantity. The curve in the figure may
be thought of as the envelope or the backbone curve of hysteretic force-displacement
loops that describe the response of a structure subjected to reversed cyclic displacement
histories of the type imposed by earthquake ground motion.

The bases shear V is to be distributed along the height of the structure as required by
IBC 1617.4.3 (discussed below). The distribution results in a series of lateral forces
concentrated at the various floor levels. Next, a mathematical model of the structure is to

be elastically analyzed under these lateral forces. The quantity d,, represents the lateral

displacement at floor level x obtained from this analysis, and Qg represents the member
forces (bending moments, shear forces, axial forces, etc.).

As the structure responds inelastically to the design earthquake defined in IBC 1613, the
lateral displacement at floor level x increases from 8, to C;8,,, and the member forces

increase from Qp to Q,0f . Both the deflection amplification factor C; and the system
overstrength coefficient €2, depend on the structural system used for earthquake
resistance, and are given in IBC Table 1617.6. Quantities ¥ and &, are the base shear
and the lateral displacement at floor level x, respectively, corresponding to the
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hypothetical elastic response of the structure to the design earthquake defined in
IBC 1613. Figure 1-3 suggests that a response modification factor R of 2 used in design
would result in an essentially elastic response of a structure to the design earthquake. The
basis for this 1s explained in Reference 1.13.

ELASTIC RESPONSE TO
/ DESIGN EARTHQUAKE

by
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Figure 1-3 Idealized Force-Displacement Relationship of a Structure Subjected fo the Design
Earthquake of the 2000 IBC

1.2.1.3 Evolution of U.S. Seismic Codes

Until recently, seismic design provisions in U.S. building codes followed a certain
pattern: provisions were first proposed by the Structural Engineers Association of
California (SEAOC) in its Recommended Lateral Force Requirements [1.7], which is
commonly referred to as the Blue Book, then adopted by the International Conference of
Building Officials (ICBO) in the UBC [1.5]. The UBC provisions were then adopted,
often with modifications, by the American National Standards Institute (ANSI) Standard
A58.1 [1.8], which in turn, was adopted by the other two model codes: The BOCA
National Building Code (BOCA/NBC) published by the Building Officials and Code
Administrators International [1.9] and the Standard Building Code (SBC) published by
the Southern Building Code Congress International [1.10]. Thus, the seismic design
provisions of all three model codes were based on the provisions in the SEAOC Blue
Book; a lag usually occurred in the time it took the most current Blue Book provisions to

reach the model codes.

A departure from the above pattern was initiated in 1972 when the National Science
Foundation and the National Bureau of Standards (now the National Institute of
Standards and Technology) decided to jointly sponsor a Cooperative Program in Building
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Practices for Disaster Mitigation. Under that program, the Applied Technology Council
(ATC) developed a document entitled Tentative Provisions for the Development of
Seismic Regulations for Buildings [1.11]. This document, published in 1978 and
commonly referred to as ATC 3-06, underwent a thorough review by the building
community in ensuing years. Trial designs were conducted to establish the technical
validity of the new provisions and to assess their impact. A new entity, the Building
Seismic Safety Council (BSSC), was created under the auspices of the National Institute
of Building Sciences (NIBS) to administer and oversee the trial design effort. The trial
designs indicated the need for certain modifications to the original ATC 3-06 document.
The modifications were made, and the resulting document was the first edition, dated
1985, of the NEHRP (National Earthquake Hazards Reduction Program) Recommended
Provisions for the Development of Seismic Regulations for New Buildings [1.12]. Under
continued federal funding, this document has been updated every three years; the 1988,
1991, 1994, 1997, and 2000 editions of the NEHRP Provisions have been issued by the
Building Seismic Safety Council. The 2003 edition of the NEHRP Provisions is currently
under development.

In 1980, the SEAOC Seismology Committee undertook the task of developing an ATC-
based revision of their Blue Book. This extensive effort resulted in the 1988 edition of the
SEAOC Blue Book, which was then adopted into the 1988 edition of the UBC. Changes
from the 1988 to the 1991 and from the 1991 to the 1994 editions of the UBC were
minor. Major revisions to the seismic code provisions occurred between the 1994 and
1997 editions of the UBC, which were due to a code change under development since
1993 by the SEAOC Seismology Committee and its ad hoc subcommittees on strength
design and strong ground motions. Numerous significant revisions were incorporated into
their code change proposal to reflect the lessons learned from the Northridge and Kobe
earthquakes. Also, recognizing that the IBC would be based on existing model codes,
SEAOC evaluated the basis of the seismic provisions in the BOCA/NBC and the SBC to
determine if convergence of the seismic provisions was possible. As a result, significant
concepts consistent with the seismic provisions in these other two model codes were
incorporated into SEAOC’s code change proposal. These changes, sometimes in
modified forms, were included in Appendix C to the 1996 SEAOC Blue Book and in the
1999 SEAOC Blue Book.

The BOCA/NBC and the SBC, which traditionally adopted the seismic provisions of the
ANSI A58.1 (now ASCE 7) Standard, adopted seismic design provisions based on the
1991 NEHRP Provisions in 1993 and 1994, respectively. This i1s because the seismic
provisions of the national loading standard had fallen behind the times. The 1988 edition
of the ASCE/ANSI Standard, published in 1990, still had seismic design provisions based
on the 1979 UBC. Requirements based on the 1991 NEHRP Provisions were retained in
the 1996 BOCA/NBC and the 1997 SBC. The 1994 NEHRP Provisions did not become
the basis of the seismic design provisions of the 1996 BOCA/NBC or the 1997 SBC.
However, seismic design provisions based on the 1994 NEHRP Provisions were adopted
into the 1995 edition of the ASCE 7 Standard. Both the 1996 edition of the BOCA/NBC
and the 1997 edition of the SBC permit seismic design by ASCE 7-95. Seismic design
provisions of the 1999 BOCA/NBC remained the same as those of the 1996 edition.
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Similarly, the seismic design provisions of the 1999 SBC remained the same as those of
the 1997 edition. Table 1-1 summarizes seismic design provisions of the model codes.

Table 1-1 Seismic Design Provisions of the Model Codes

Resource Edition Model Code
Document
SEAQOC Blue Book* 1988 UBC 1994
1996 (App. C), 1999 UBC 1997

BOCA/NBC 1993, 1996, 1999

NEHRP 1991 SBC 1994, 1997, 1999
1994 See ASCE 7 1995 below
1997 IBC 2000
BOCA/NBC 19967, 19997
ASCE 7 1995 (NEHRP 1994 adopted) Al

SBC 19977, 19997

* Recommended Lateral Force Requirements

T The 1991 NEHRP Provisions form the basis of the seismic design requirements of the 1996 and 1999 editions
of the BOCA/NBC and the 1997 and 1999 editions of the SBC. However, both codes allow the use of
ASCE 7-95, which has adopted seismic design requirements based on the 1994 NEHRP Provisions. ASCE 7-
98 and ASCE 7-02 have adopted seismic design provisions based on the 1997 and 2000 NEHRP Provisions,
respectively.

The seismic design provisions of the IBC were treated separately from the rest of the
structural provisions in the code development process. In 1996, the IBC Code
Development Committee agreed in concept for the IBC to be based on the 1997 edition
of the NEHRP Provisions, which was being developed at the time the last edition of the
UBC (1997) was published. A Code Resource Development Committee (CRDC), funded
by the Federal Emergency Management Agency (FEMA), was formed under the auspices
of the Building Seismic Safety Council (BSSC) to generate seismic code provisions
based on the 1997 edition of the NEHRP Provisions, for incorporation into the 2000 IBC.
This effort was successful and the CRDC submittal was accepted by the IBC Code
Development Committee for inclusion in the IBC. The seismic design provisions of the
Working Draft were based on the 1997 NEHRP Provisions, but also included a number
of features of the 1997 UBC that were not included in the 1997 NEHRP Provisions.
Many changes were made to the provisions of the Working Draft through a public forum
and two sets of public hearings. BSSC’s Code Resource Support Committee (CRSC), a
successor group to the CRDC, played an active role in this development by sponsoring
changes of their own and by taking positions on other submitted changes—positions that
were carefully considered by the IBC Structural Subcommittee at the public forum and at
the public hearings. The seismic design provisions of the First Edition of the IBC remain
based on the 1997 NEHRP Provisions, with some of the features of the 1997 UBC also
included.

The changes from the 1994 to the 1997 edition of the UBC took it in the direction of the
1997 NEHRP and the IBC. However, there are still substantial differences between the
seismic design provisions of the 1997 UBC and those of the 2000 IBC. The treatment of
ground motion parameters in seismic design is entirely different in the two documents.
Another major difference is discussed below.
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The 2000 IBC uses Seismic Design Categories to determine permissible structural
systems, limitations on height and rregularity, the type of lateral force analysis that must
be performed, the level of detailing for structural members and joints that are part of the
lateral-force-resisting system and for the components that are not. The 1997 UBC, as in
prior editions of the code, uses the seismic zone in which a structure is located for all
these purposes. Seismic Design Category (SDC) is a function of occupancy (called
Seismic Use Group in the 2000 IBC and the 1997 NEHRP Provisions) and of soil-
modified seismic risk at the site of the structure.

In 1978, when ATC 3-06, the predecessor document to the NEHRP Provisions, made the
level of detailing (and other restrictions concemning permissible structural systems,
height, rregularty, and analysis procedure) a function of occupancy, that was a major
departure from UBC practice, which was continued in all the NEHRP Provisions through
the 1994 edition. Now, in the 2000 IBC and the 1997 NEHRP Provistons, the level of
detailing and the other restrictions have been made a function of the soil characteristics at
the site of the structure. This is a further major departure from UBC practice and indeed
from current seismic design practice across the U.S.

1.2.1.4 Evolution of Seismic Design Criteria
Seismic Zones.

Until relatively recently, seismic design criteria in building codes depended solely upon
the seismic zone in which a structure is located. This is still the situation with the last
edition, dated 1997, of the UBC. Zones are regions in which seismic ground motion on
rock, corresponding to a certain probability of occurrence, is within certain ranges. Under
the UBC, the United States is divided into Seismic Zones 0 through 4, with 0 indicating
the weakest earthquake ground motion, and 4 indicating the strongest. The level of
seismic detailing (including the amount of reinforcement) for concrete structures is then
indexed to the Seismic Zone. Also indexed to the seismic zone are height limits on
structural systems, minimum requirements concerning analytical procedure that must
form the basis of seismic design, and other restrictions/limitations/requirements.

Seismic Performance Categories.

Given that public safety is a primary code objective, and that not all buildings in a given
seismic zone are equally crucial to public safety, a new mechanism for triggering
restrictions and requirements, called the Seismic Performance Category (SPC), was
developed. The SPC classification includes not only the seismicity at the site, but also the
occupancy of the structure. The SPC, rather than the Seismic Zone, is the determinant of
seismic design and detailing requirements in the last three editions of the BOCA/NBC
and the SBC, thereby dictating that the seismic design requirements for a hospital be
more restrictive than those for an office building constructed on the same site. The
detailing requirements under Seismic Performance Categories A & B, C, and D & E are
roughly equivalent to those for Seismic Zones 0 & 1, 2, and 3 & 4, respectively.
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Seismic Design Categories.

The most recent development in the mechanism for triggering seismic design
requirements and restrictions has been the establishment of Seismic Design Categories.
Recognizing that building performance during a seismic event depends not only on the
severity of sub-surface rock motion, but also on the type of soil upon which a structure 1s
founded, the SDC is a function of location, building occupancy, and soil type.

Table 1-2 contains a summary of the seismic risk levels, Seismic Performance
Categories, and Seismic Design Categories specified in the model building codes and
other resource documents.

Table 1-2 Seismic Risk Terminology

Level of Seismic Risk or Assigned Seismic Performance
Code, Standard, or Category (SPC) or Seismic Design Category (SDC)

Resource Document '
Low Moderate High

BOCA National Building Code
(1993, 1996, 1999)

Standard Building Code
(1994, 1997, 1999)

ASCE 7-93, 7-95
NEHRP (1991, 1994)

SPCA, B SPCC SPCD, E

Uniform Building Code

(1991, 1994, 1997) Seismic Zone 0, 1 Seismic Zone 2 Seismic Zone 3, 4

International Building Code
(2000)

ASCE 7-98, 7-02 SDCA,B sSDCC SDCD,E, F
NEHRP (1997)
NFPA 5000 (2003)

1.2.2 Response of Concrete Buildings to Seismic Forces

A well-designed and well-constructed building has a reliable load path that transfers
lateral forces through the structure to the foundation where the soil can resist them.
Horizontal earthquake forces are usually resisted by either walls or frame elements. At
the base of wall and frame elements, foundation components transfer the earthquake

forces to the earth.

The diaphragms, walls, frames, and foundations of a building are the key elements in the
load path through the structure. The connections between these elements are also
important components of the chain that makes up the horizontal and vertical load paths
that transfer the horizontal forces. The earthquake resistance of a building 1s only as
strong as the weakest link in the load path.

The following discussion of structural elements along the load path is largely based on a
very lucid treatment of the same topic in the ATC-48 seminar manual [1.6].
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1.2.21 Diaphragm Response

Floor and roof diaphragms in a concrete building typically span between shear walls of
cast-in-place or precast concrete. When subjected to lateral forces caused by earthquakes,
diaphragms respond like deep beams bending in their own plane. Figure 1-4 illustrates
the two basic types of forces produced at the diaphragm edges: shear and tension or

compression.

Seismic forces
concentrated at
roof and floor
diaphragms

:Compre.s_é,ibh_- . iy ;

f chord " -

Tension
chord

Diaphragm shear forces at each end
of diaphragm are transferred to the

Bending moment
Tenslon j %

tension and compression bounda
forces in the shear wall

— e -

The overturning moment causes /— Shear force
ry

Compression

Friction

Variable foundation
contact pressure

collector beam and the shear wall

Collector beam accumulates diaphragm
shear and transfers it to the end of the
shear wall

Seismic forces tend to push the shear wall
over causing an overturning moment

Passlve pressure

Shear forces are transferred to the earth by friction
on the bottom of footings and by passive pressure
on the sides of footings

Forces from gravity loads and seismic overturning
forces are transferred to the earth by vertical
contact pressures beneath the footing

Figure 1-4 Load Path of Seismic Forces in a Concrete Building

Seismic forces acting in the direction perpendicular to the long side of the diaphragm, as
shown in Figure 1-4, produce shear forces acting in the opposite direction at each end of
the diaphragm. These shear forces are transferred to shear walls alone or to collector
elements (also called “drag struts”) and shear walls (or to vertical frames) at those
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locations. On the side of the diaphragm opposite the seismic forces, tension develops in
the chord, and compression develops on the side on which the seismic forces are acting.
Reverse situations apply upon reversal of the seismic forces. When seismic forces act in
the direction perpendicular to the short side of the diaphragm, chord forces (tension and
compression) develop along the short sides of the diaphragms, and shear forces act along
the long sides.

Diaphragms are typically classified into two broad groups for design purposes. When the
in-plane deflection of a diaphragm at a particular floor level is more than twice the
average lateral deflections of the supporting vertical elements (shear walls or frames) at
the same level with respect to the next lower level, it is classified as flexible by seismic
codes of the present and the recent past. If that is not the case, a diaphragm is classified as

rigid.

Floors and roofs constructed of reinforced concrete or concrete fill on metal deck are
almost invariably rigid diaphragms (unless very large openings are made in such
diaphragms). The concrete is effective in resisting shear, as long as it 1s reinforced. The
reinforcement may be in the form of reinforcing bars laid out in both directions at
uniform spacing. Welded wire fabric is a much more common alternative. In many cases,
a sufficient amount of longitudinal reinforcement may be present along the edges of
concrete diaphragms, with or without the presence of beams, to resist the chord forces. If
that is not the case, extra chord reinforcement must be added.

Forces similar to chord forces also can develop around openings in both rigid and flexible
diaphragms. The edges of these openings may need to be reinforced with additional
longitudinal steel in concrete diaphragms.

If a diaphragm is flexible, lateral forces transmitted by the diaphragm are distributed to
vertical lateral-force-resisting elements (shear walls, frames) in proportion to their
tributary areas. If a diaphragm is rigid, lateral forces are distributed according to the
relative lateral stiffnesses of the vertical lateral-force-resisting elements. Stiffness is the
force required to cause a unit displacement.

Diaphragm Force Transfer.

Shear forces at diaphragm edges must be transferred to the supporting walls or frame
elements. One mechanism for such shear transfer is known as shear-friction. It is
assumed that the diaphragm cannot slide with respect to the wall or frame element
without yielding of the reinforcing steel that crosses the interface between the two. The
shear strength is a function of the amount of steel crossing the interface and the
roughness of the interface. Another mechanism for transferring shear is the so-called
dowel action. This assumes that shear is transferred from the diaphragm into the wall or
frame element through the reinforcement acting in shear like an anchor bolt. In some
cases, forces can be large enough to require that the construction joint itself have
deformations to provide dowel action.



Out-of-Plane Forces.

In an earthquake, out-of-plane forces act perpendicularly to the plane of a wall or frame
(which itself is perpendicular to the direction of ground motion), causing direct tension or
compression across its connections to diaphragms. Out-of-plane forces are usually not a
problem for rigid diaphragms, but they have caused serious problems in past earthquakes
for flexible diaphragms. This makes it important to pay close attention to the connections
between diaphragms and wall or frame elements. No matter how strong or stiff a
diaphragm and its supporting elements may be, the lateral-force-resisting elements cannot
be mobilized if the connection between the two fails.

Collector Elements.

A supporting shear wall may not extend along the entire edge of a diaphragm. In such
cases, the shear forces from the unsupported portion of the diaphragm must be
transmitted to the shear walls. A collector element or drag strut, which is usually a beam,
“collects” these forces and transfers them to the end of the shear wall. Collector elements
must be designed for the tension and compression forces they collect. Additional
reinforcement may have to be placed in collectors supporting concrete diaphragms,
particularly where they frame into the wall.

Collector elements are often the same members that are used as the chords for seismic
forces in the perpendicular direction. The required amount of drag reinforcement needs to
be compared to the required amount of chord reinforcement, and the larger of the two
should be supplied along that edge.

1.2.2.2 Seismic Response of Shear Walls

Shear walls are elements that resist, in addition to gravity loads, in-plane (as distinct from
out-of-plane) lateral forces. They are like vertical cantilever beams and are typically quite
deep. Once the shear force along the edge of a diaphragm is transferred into a shear wall
(see Figure 1-4), it causes bending moment as well as shear force in the plane of the wall.
The tendency of a shear wall to overturn and slide under such bending moment and shear
force is resisted by the foundation to which these internal forces must be transmitted. The
bending moment, often called overturning moment, increases from the top to the bottom
of a building and causes tension and compression forces in the plane of the wall, which
are the largest along the vertical edges at the ends of the wall.

The seismic response of short stocky shear walls (height to horizontal length ratio of one
or less) is typically governed by shear (bending strength being typically in excess of that
required). The response of taller, more flexible shear walls (height to horizontal length
ratio of two or more) is, on the other hand, typically governed by flexure (shear strength
being in excess of that required). In the range of height to horizontal length ratios
between one and two, whether response would be shear- or flexure-governed depends on
a number of factors, including the amount of horizontal shear reinforcement. Shear-
dominated response is characterized by inclined, often x-shaped, cracking patterns. In the
absence of adequate reinforcement, shear-controlled walls can lose strength quite rapidly,
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leading to failure with little waming. Flexure-dominated walls exhibit horizontal
cracking, starting at or near the base. These typically do not fail abruptly.

1.2.2.3 Seismic Response of Frames

Frames respond differently from shear walls to lateral forces. Frames consist of vertical
elements (columns) and horizontal elements (beams or slabs). A frame resists being
deformed by lateral forces due to the rigidity of the beam-column joints. Because of this
rigidity (the tendency of a joint to retain the initial 90-degree angles between beams and
columns meeting at the joint), the beams and the columns bend as shown in Figure 1-5.
The tension stresses caused by the bending must be resisted by reinforcement. The
bending also causes vertical shear forces in beams and horizontal shear forces in
columns. Vertical shear reinforcement (hoops or stirrups) is therefore needed in beams,
and horizontal shear reinforcement in columns.

ke 7777
Figure 1-56 Response of Frame to Seismic Forces
1.2.2.4 Foundation Response

This section largely reproduces the excellent, concise text on this topic in ATC-48
Briefing Paper 4, Part C [1.6].

Foundations can be shallow or deep. Shallow foundations are supported by the vertical
pressure of the earth directly below. They can be square or rectangular conventional
spread footings supporting individual columns, or continuous, relatively narrow,
rectangular (strip) footings supporting walls or frames. Deep foundations consist of
wood, steel, or concrete piles driven into the ground, or concrete piers that have been
drilled and poured in place. These components are supported vertically by end bearing
and by skin friction along their length. Foundation elements are often connected together
by ties, grade beams, or slabs on grade.

Shear forces are transferred to the foundation from walls and frames (see Figure 1-4).
Dowels from footings or pile caps must match in total cross-section both boundary
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reinforcement in walls and flexural reinforcement in columns, to resist overturning. In
fact, all vertical reinforcement in walls and frames must be matched by foundation
dowels.

1.2.3 Seismic Design Requirements of the 2000 IBC

The seismic design provisions in the 2000 IBC are contained in sections 1613 through
1623. The following discussion focuses on IBC 1613 through 1617. IBC 1617 contains
the provisions of the Equivalent Lateral Force Procedure. Requirements of seismic design
using structural dynamics are contained in IBC 1618 and are not covered in this
publication. Readers are referred to [1.14] for a comprehensive coverage of this topic.

1.2.3.1 General Requirements

IBC 1614.1 requires that every structure and it components be designed for the effects of
earthquake motions and be assigned a Seismic Design Category (SDC). However, it does
permit a number of important exceptions. Structures in SDC A need only comply with
IBC 1616.4 (note: a discussion on how to determine the SDC of a structure is given
below). For structures exposed to such a low seismic risk, that section requires only that a
complete lateral-force-resisting system be provided and that all elements of the structure
be tied together. The lateral-force-resisting system must be proportioned to resist a lateral
force at every floor level equal to 1 percent of the weight at that floor level as depicted in
Figure 1-6 (IBC 1616.4.1).

0.01w, > =
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0.01ws > g
W2
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V=0.01(wy + wy + wy +w,)

Figure 1-6 Design Seismic Force Distribution for Structures Assigned to SDC A
The other exceptions in IBC 1614.1 are:

1. Detached one- and two-family dwellings in SDC A, B, and C are totally exempt
from all seismic design requirements.

2. The seismic-force-resisting system of wood frame buildings that meet the
limitations of IBC 2308 (conventional light frame construction) need only
conform to that section. Although some control is necessary to ensure the
mtegrity of these structures, it is felt that the requirements of IBC 2308 are



adequate to provide the safety required based on the history of such light-frame
construction — invariably low-rise structures — in earthquakes.

3. Agricultural storage structures intended only for incidental human occupancy are
exempt from all seismic design requirements because of the exceptionally low
risk to life involved.

4. Structures located where the mapped spectral response acceleration at short
periods (discussed below), S¢ <0.15g and the mapped spectral response
acceleration at 1 second period (also discussed below), S; <0.04g need only
comply with IBC 1616.4.

5. Structures located where the short period design spectral response acceleration
(discussed below), Spg <0.167g and the design spectral response acceleration at

1 second period (also discussed below), Sp; <0.067g need only comply with
IBC 1616.4. In view of the definitions of Seismic Design Categories in IBC
Tables 1616.3(1) and 1616.3(2), this is a repeat of the SDC A exemption.

Exception 4 is a particularly important one. Areas with S¢ < 0.15g and §; < 0.04g are
darkened on the map of the United States in Figure 1-7. The darkened areas are, in a

sense, analogous to Zone 0 of the UBC.
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Also contained in this section are requirements for additions, change of occupancy, and
alterations to existing buildings (IBC 1614.1.1, 1614.2, and 1614.3). IBC 1614.5 is also
important: this section requires that appropriate seismic detailing requirements and
limitations are to be satisfied even though wind forces govern the design.

1.2.3.2 Site Ground Motion

IBC 1615.1 defines a Maximum Considered Earthquake (MCE) which, for most of the
United States, 1s an earthquake with an approximately 2500-year return period (2%
probability of exceedance in 50 years). However, in coastal California, the MCE 1is the
largest (deterministic) earthquake that can be generated by the known seismic sources.

IBC Figures 1615(1) and 1615 (2) contain contour maps of the conterminous U.S. giving
Ss and Sy, respectively. The quantities Sg and S; are the mapped MCE spectral
response accelerations at periods of 0.2 sec and 1.0 sec, respectively, on Site Class B. For
the concept of the spectral acceleration, refer to [1.14]. Spectral acceleration is directly
related to base shear (base shear equals spectral acceleration times mass or spectral
acceleration divided by g times weight, where g is the acceleration due to gravity).
Figures 1615(3) through 1615(10) contain similar contour maps for specific regions of
the conterminous U.S., Alaska, Hawaii, Puerto Rico, and U.S. commonwealths and
territories. Straight-line interpolation or the value of the higher contour may be used
where a site is between contours (IBC 1615.1).

Site Class B is one of six Site Classes defined by IBC Table 1615.1.1, which have
replaced the old four-tier soil classification (5] through S4); the old classifications are

still in the BOCA/NBC and the SBC and were in the 1994 UBC. Site classification is
now based on one of three measured properties of the soils in the top 100 ft of the site:

shear wave velocity ¥,, standard penetration resistance (or blow count) N
(ASTM D 1586-84), or undrained shear strength 5, (ASTM D 2166-91 or D 2850-87).

Where site-specific data are not available to a depth of 100 feet, appropriate soil
properties are permitted to be estimated by the registered design professional preparing
the soils report based on known geologic conditions.

When the soil properties are not known in sufficient detail to determine the site class, Site
Class D must be used unless the building official determines that Site Class E or F soil is
likely to be present at the site.

At the beginning of seismic design, Sg and S§; must be determined for the site—either
by interpolating between contours on the maps included in the IBC, or by using a CD-
ROM, prepared by the United States Geological Survey (USGS) and distributed with the
IBC [1.15]. The program on the CD-ROM accepts as input either the zip code of the
location or the latitude and the longitude (the latter is obviously more precise) and
provides S¢ and S as output.



Once Sy, S;, and the Site Class at a site have been determined, a short-period or
acceleration-dependent site coefficient, £, and a long-period or velocity-dependent site
coefficient, F, must be determined from IBC Tables 1615.1.2(1) and 1615.1.2(2),
respectively. These coefficients replace the earlier soil factor S (UBC through 1994,
BOCA/NBC through 1999, SBC through 1999), which was a function solely of the soil at
the site. By contrast, £, is a function of the Site Class and Sg, while F,, is a function of
the Site Class and Sy. This dependence of the site coefficients on the seismicity at the
site has created a much more elaborate scheme than before: now there is a row of values
of each site coefficient for a particular Site Class. It should be noted that the values of F,
and F, are higher in areas of low seismicity, and lower in areas of high seismicity. This

is in line with observations that weak sub-surface rock motion is amplified to a much
larger extent by overlying soft soil deposits than is strong sub-surface rock motion. In
areas of high seismicity, short-period sub-surface rock motion may even be de-amplified
by overlying soils when they are very soft, as illustrated by a value of 0.9 for F,, where

S¢ = 1.0 for site Class E. Finally, whereas the old S-factor had a maximum value of 2 for
Type S, (very soft) soil, the new site coefficient F, has a maximum value of 2.5 and
F, has a maximum value of 3.5. Thus, for taller buildings on softer soils in areas of low

seismicity, the design base shear has gone up by up to 75% from the prior model codes
(not including the 1997 UBC) to the 2000 IBC,

Having determined F, and F,,, Sg must be modified by F,, resulting in Sy =F,Sg,

the soil-modified MCE spectral response acceleration at short periods (IBC Eq. 16-16).
Likewise, S| must be modified by F,, resulting in 8,1 = F,. S5}, the soil-modified MCE

spectral response acceleration at 1 second period (IBC Eq. 16-17).

For design purposes, two-thirds of these soil-modified MCE values are used. The five-
percent damped design spectral response acceleration at short periods, Spg, and at

1 second period Spy, are determined from IBC Egs. 16-18 and 16-19, respectively:

2
SDSIESMS
2
Sp =28
DL =3 5m

Note that 2/3 is the reciprocal of 1.5, the lower-bound margin of safety that is
acknowledged to have been built into seismic design by model codes of the recent past.
In other words, a code-designed structure is thought highly unlikely to collapse under
ground motion that is one-and-one-half times as strong as the design earthquake ground
motion. The design earthquake of all codes of the recent past was the 500-year return
period earthquake (10% probability of non-exceedance in 50 years). In coastal California
where MCE ground motion is no more than 150% as strong as ground motion in the 500-
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year return period earthquake, collapse in the MCE was prevented by code-based design.
In the Midwest and the East, where MCE ground motion can be four to five times as
strong as ground motion in the 500-year return period earthquake, safety against collapse
in the MCE was not ensured by code-based design. The design approach of the IBC
ensures prevention of collapse of structures across the United States, because all
structures must be designed for two-thirds of the MCE ground motion and because a
margin of safety of at least one and a half is still built in.

A general procedure for determining a response spectrum (to be more exact, a design
spectrum) is contained in IBC 1615.1.4. This section provides a method of obtaining a 5-
percent damped response spectrum from Sp¢ and Sp;. The response spectrum consists

of a series of two curves representing the short-period range (a region of constant spectral
response acceleration) and the long-period range (a region of constant spectral response
velocity). A very long period range, which 1s a region of constant spectral response
displacement, is not included, since relatively few structures have a period long enough
to fall into this range. IBC Figure 1615.1.4 depicts the design response spectrum based on
the provisions in IBC 1615.1.4.

A step-by-step procedure for classifying a site is contained in IBC 1615.1.5. The
definitions of average soil properties in IBC 1615.1.5 and the steps for classifying a site
in IBC 1615.1.5.1 first appeared in the 1994 NEHRP Provisions, were adopted virtually
unmodified into the 1997 UBC, were retained in the 1997 NEHRP Provisions, and were
adopted into the 2000 IBC. Table 1615.1.5, which was part of the 1994 NEHRP
Provisions, is really a part of IBC Table 1615.1.1, except that Table 1615.1.1 does not
include the note below Table 1615.1.5.

IBC 1615.2 contains a site-specific procedure for determining ground motion
accelerations. Five specific aspects must be accounted for in the investigation:
(1) regional seismicity and geology, (2) expected recurrence rates and maximum
magnitudes of events on known source zones, (3) location of the site with respect to these
source zones, (4) near source effects, if any, and (5) subsurface site characteristics and
conditions. IBC 1615.2.1 defines a probabilistic, site-specific MCE acceleration-response
spectrum, and IBC 1615.2.3 defines a deterministic, site-specific MCE response
spectrum. The site-specific MCE ground motion spectrum is required to be the lesser of
these two, subject to the minimum of the deterministic limit ground motion of
IBC 1615.2.2 (see IBC Figure 1615.2.2).

1.2.3.3 Seismic Design Category

According to IBC 1616.1, all structures shall be assigned to a Seismic Design Category
(SDC) in accordance with IBC 1616.3. As mentioned previously, an SDC is used in the
2000 IBC to determine permissible structural systems, limitations on structure height and
irregularity, the components of the structure that must be designed for seismic resistance,
and the types of lateral force analysis that must be performed. Note that an SDC need not
be determined for those structures for which earthquakes effects need not be considered
(see discussion above and the exceptions in IBC 1614.1).
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In general, the SDC 1s a function of occupancy or use, which is related to the Seismic Use
Group (SUG) defined in IBC 1616.2, and the soil-modified risk at the site of the structure
in the form of Spg and Sp;. Both the SUG and the design spectral-response

accelerations must be determined before an SDC can be established.

Descriptions of the four SUGs are contained in IBC Table 1604.5. Note that for purposes
of IBC 1616.2, “Category,” as it appears in this table, is equivalent to “Seismic Use
Group.” SUG I is comprised of Categories I an IV of Table 1604.5. Category I contains
all occupancies other than those in Categories II, III, and IV; these occupancies are
sometime referred to as ordinary for the purpose of risk exposure. Category IV contains
buildings and other structures that represent a low hazard to human life in the event of
failure.

SUG 1I is the same as Category II of Table 1604.5, except that the building official is
permitted to assign a structure to this group at his or her discretion. This group pertains to
buildings and other structures that represent a substantial hazard in the event of failure.
Buildings and structures with large occupancies (assembly halls, schools, jails, etc.) fall
mnto this SUG.

SUG III is the same as Category III of Table 1604.5; like SUG 1I, a structure may be
assigned to this group at the discretion of the building official. Buildings and other
structures that are required for post-earthquake response and recovery (essential facilities)
such as hospitals, fire and police stations, and power-generating stations, as well as
structures containing substantial amounts of hazardous substances as indicated in

Table 1604.5, fall into this group.

For structures having two or more occupancies not included in the same SUG, the highest
SUG corresponding to the various occupancies is to be assigned to the structure
(IBC 1616.2.4).

IBC Table 1604.5 also contains the seismic importance factor /5 for each SUG. An
importance factor has long been required in seismic design by the UBC. The magnitude
of I is larger for high occupancy structures and essential facilities. As shown below,
design seismic forces are directly proportional to /. The increased forces were intended

to increase the likelihood that structures belonging to high occupancy and essential
categories would continue to function during and following an earthquake.

Once the SUG and design spectral response accelerations have been determined, the SDC
is determined twice: first as a function of Sp¢ by Table 1616.3(1) and second as a

function Sp; by Table 1616.3(2). According to IBC 1616.3, the more severe category of
the two governs.

Table 1-3 contains information on the applicability of the six SDCs of the 2000 IBC.
Reference 1.16 contains a lucid step-by-step procedure to determine the SDC for any
structure.
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Table 1-3 Seismic Design Categories of the 2000 IBC

Seismic Design Seismic Use Description
Category (SDC) Group (SUG)
A All Struptures of any occupancy where anticipated ground
motions are minor, even for very long return periods.
B Ll Strugturgs in r-egions where moderately destructive ground
’ shaking is anticipated.
m Strugtures in regions where moderately destructive ground
c shaking may occur.
Ll Strugtures in rggions with somewhat more severe ground
' shaking potential.
Structures in regions expected to experience destructive
D I, 1, . ; .
ground shaking, but not located close to major active faults.
i, Structures in regions located close to major active faults.
F ] Structures in regions located close to major active faults.

Except for one- and two-family dwellings of light frame construction, structures assigned
to SDC E or F are not allowed to be sited over an identified active fault. It is not possible
to reliably design a structure to resist the very large forces it may be subjected to if an
active fault were to cause rupture of the ground surface at its location.

1.2.3.4 Building Configuration

Past earthquakes have repeatedly shown that buildings having irregular configurations in
plan and/or elevation suffer greater damage than those having regular configurations. In
irregular structures, inelastic behavior can concentrate in certain localized regions,
resulting in rapid deterioration of structural elements in these areas. In contrast, inelastic
demands tend to be more well distributed throughout a regular structure. Furthermore,
elastic analysis methods typically used to analyze a structure are not capable of
accurately predicting the distribution of earthquake demands in an irregular structure. The
requirements in IBC 1616.5 encourage the use of buildings with regular configurations
and prohibit the use of highly irregular buildings located on sites close to active faults.

Plan Irregularities.

Five different plan structural irregularities are contained in IBC Table 1616.5.1 (see
Table 1-4):

o Torsional Irregularity

o Re-entrant Corners

o Diaphragm Discontinuity
o Out-of-plane Offsets

e Nonparallel Systems

Structures having plan irregularity as defined in Table 1616.5.1 must comply with the
requirements of the applicable sections referenced in the table.
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Table 1-4 Plan Structural Irreqularities

Irregularity Type

Description

; e A+ A
1a Torsxona.l Azf ———— ‘Nj_l_ A2 >1.2 1 2
Irregularity ! - ——tr | 2
P T
jul a a ]I
__________ ]
-
Extreme ° ] A +A
1b | Torsional I Ay > 1.4(—1~£
Irregularity | 2
I
U _ §
e Projection b > 0.15a
Re-entrant “
2 COrnerS ‘[7 AE-ENTRANT CORNER / and
. e Projectiond > 0.15¢
L . d X
F
e Area of opening > 0.5ab
QPENING
5 | Diaphragm v or
Discontinuity e Changes in effective
diaphragm stiffness > 50%
v from one story to the next
L N
I 1
"ﬁ\\ ’/-f
1 ] H \I Discontinuities in lateral-force-
4 Out-of-Plane % ,,’ \ / resisting path, such as out-of-
Offsets S i plane offsets of vertical
elements
Vertical lateral-force-resisting
elements are not paraliel to or
Nonparallel . .
5 Svstems symmetric about the major
Y orthogonal axes of the lateral-

force-resisting system
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Vertical Irregularities.

Five different types of wvertical structural iurregularities are contained in IBC
Table 1616.5.2 (see Table 1-5):

+ Stiffness lrregularity—Soft Story

o  Weight (Mass) Irregularity

o Vertical Geometric Irregularity

o In-Plane Discontinuity in Vertical Lateral-Force-Resisting Elements
» Discontinuity in Capacity—Weak Story

Vertical configuration irregularities affect seismic response at various floor levels and
induce forces at these levels that depart significantly from the distribution assumed in the
equivalent lateral force procedure in IBC 1617.4, which is discussed below.

Structures having vertical irregularity as defined in Table 1616.5.2 must comply with the
requirements of the applicable sections referenced in the table.

1.2.3.5 Analysis Procedures

Except for structures assigned to SDC A, a structural analysis must be carried out for all
structures subjected to seismic forces in accordance with IBC 1616.6. This analysis forms
the basis for determining the internal forces in the members of the structure due to
seismic effects that are used in the load combinations given in IBC 1605. It also forms
the basis for determining the design drift required by IBC 1617.3. The following is a
summary of the analysis procedures contained in the 2000 IBC.

Simplified Analysis.

The simplified method in IBC 1617.5 is applicable to SUG I structures assigned to
SDC B through F that are up to 2 stories in height when constructed of any material and
up to 3 stories in height when light frame construction is utilized. The method is thus
applicable only to short-period structures. The seismic base shear V is determined in
accordance with IBC Eq. 16-49:

1.28
y=—"DSp
R

where R is the response modification factor contained in IBC Table 1617.6 for seismic-
force-resisting systems and W is the effective seismic weight of the structure, which is
defined in IBC 1617.5.1. A complete discussion on these 2 quantities is given in the
Equivalent Lateral Force Procedure section below.



Table 1-5 Vertical Structural Irregularities

Irregularity Type Description

_ :)—— Soft story stiffness
ﬂzxiaw— [::] :::] < 70%(story stiffness above)
Soft 8 or

ot Story i % < 80%(average stiffness of 3 stories above)
Stiffness Ji Scft story stiffness
Irregularity— E [ ~sm w 09 iff b
Ex?rgeumae Syoft ﬁm e - olsten Stcl>rneSS ove)
Story 1 | ]] i < 70%(average stiffness of 3 stories above)

— =]
’ l HEAVY MASS . )
Weight [ J { ] Story mass > 150%(adjacent story mass)
(Mass -
Irregul)arity l—_li [[ l S}Ztrct))c;fét;itslizel;gerg)er than the floor below need
]
Vertical l: Horizontal dimension of lateral-force-resisting
Geometric system in story > 130% of that in adjacent
Irregularity l [ story
I |
[ .
“ l
In_—PIang '
i?)ls\;;::rrt}tclg:ﬂty I: In-plane offset of lateral-force-resisting
L ateral- [:j elements > lengths of those elements, or
Force- D reduction in stiffness of resisting elements in
R 1 t' \STIFFHES!ST[NG Story below
Eieesr:wselr?tg ;:l eLevenTs
STIFF RESISTING ELEMENTS o Weak story strength < 80%(story strength

. o S < above)
alsg:nélgtxlz &\\\\\\\\\\\\\\\\\\\\\\i\\\\\\\\\\\ e Story strength = total strength of seismic-
WeakpStoZy ;g;cdﬁ;;iiiics):nfnzfrﬁéi::;:;fti;% story shear

WEAK”STORY {
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The vertical distribution of the base shear is determined from IBC Eq. 16-50:

125 ps
Py ===,

where F 1s the seismic force applied at level x and w, is the portion of the effective

seismic weight of the structure W at level x. The vertical force distribution of the base
shear V'1s depicted in Figure 1-8.

(1.2S08/R)W,———> i
W
(1.2Sps/R)W3 > :
(1.2805/R)Wo— o]
w
(1.2Sps/R)w; > !
«—

V = (1.2Spg/R)(wy + Wy + W3 + W)

Figure 1-8 Design Seismic Force Distribution According to the Simplified Method in IBC 1617.5

According to the second exception in IBC 1616.6, design drift need not be evaluated in
accordance with IBC 1617.3 when the simplified analysis method is used. Instead, unless
a more exact analysis is utilized, the design story drift may be taken as 1 percent of the
story height (IBC 1617.5.3).

Equivalent Lateral Force Procedure.
The Equivalent Lateral Force Procedure (ELFP) is contained in IBC 1617.4. This
analysis procedure can be used for all structures assigned to SDC B and C (IBC 1616.6.2)

as well as for some types of structure assigned to SDC D, E, and F (see IBC
Table 1616.6.3 for the analysis procedures that are to be utilized for SDC D, E, or F).

Design Base Shear, V. In a given direction, the design base shear V' is determined from
IBC Eq. 16-34:

V=CW

where C; 1s the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure, which includes the total
dead load and the following other loads (IBC 1617.4.1):
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e In areas used for storage, a mimimum of 25 percent of the reduced floor live load
(floor live load in public garages and open parking garages need not be included).

« When an allowance for partition load 1s included in the floor load design, the
actual partition weight or a minimum weight of 10 psf of floor area, whichever is
greater.

o Total operating weight of permanent equipment.

o Twenty percent of flat roof snow load where flat roof snow load exceeds 30 psf.

Seismic Response Coefficient, C. The seismic response coefficient C; is determined
from IBC Eq. 16-36:

c. =_5D1
R
Ig

where Sp; = design spectral response acceleration at 1 second period
R =response modification factor determined from IBC Table 1617.6
I'; = occupancy importance factor determined from IBC Table 1604.5
T = elastic fundamental period of the structure determined in accordance with
IBC 1617.4.2

The value of C; need not exceed that from Eq. 16-35:
S
C, =2Ds
R
Ig
where Sp¢ = design spectral response acceleration at short period (0.2 sec)
Also, C, must not be less than that determined from IBC Eq. 16-37:
C, =0.044Sps I g

For structures assigned to SDC E or F, and for structures located where S} 20.6g, C;
shall not taken less than that determined from IBC Eq. 16-38:

055,
.
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The design spectrum defined by IBC Eqgs. 16-34 through 16-38 is depicted in Figure 1-9.
Equation 16-35 represents the constant acceleration portion of the spectrum, while
Eq. 16-36 represents the constant velocity portion. The design force level defined by
Egs. 16-34 through 16-36 is based on the assumption that a structure will undergo several
cycles of inelastic deformation during major earthquake ground motion; therefore, the
force level i1s related to the type of structural system and the structure’s estimated ability
to sustain these deformations and dissipate energy without collapse. It is important to
note that the force level close to that defined by Eqgs. 16-34 through 16-36 is also used as
the lower bound for the dynamic lateral force procedure of IBC 1618.

SpsW

/ Rllg

(RI)T

V = 0.044SpgleW
_ 0.55,W

RN\

Design Base Shear, V

Te = So1/Sps Period, T

Figure 1-9 Design Response Spectrum According to the Equivalent Lateral Force Procedure in
IBC 1617.4

The minimum seismic base shear from Egs. 16-34 and 16-37 is included in view of the
uncertainty and lack of knowledge of actual structural response of long-period buildings
subjected to earthquake motions. The lower bound represented by Eq. 16-38 was adopted
into the IBC from the 1997 NEHRP Provisions. A form of this lower bound equation
originally appeared in the 1997 UBC; it was adopted in response to the 1994 Northridge
earthquake. Originally applicable to structures assigned to SDC E and F only, the
applicability was later expanded to all structures located where S; 2 0.6g .

Elastic Fundamental Period, 7. The design base shear is dependent on the elastic

fundamental period 7 for buildings in the intermediate height range. However, 7, which
is a function of the mass and the stiffness of a structure, cannot be determined until a
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structure has been designed, since until then, the stiffness and the mass cannot be
evaluated. Basically, seismic design cannot be started without a period, and a period
cannot be determined until seismic design has been done. This being the situation,
building codes include approximate period formulas, the purpose of which is to get the
design process started. The approximate period formulas deliberately produce estimated
periods that are shorter than the “real” periods of actual structures, the idea being that if
the initial period estimate is later not refined, the design should still be safe. Since design
base shear is inversely proportional to period (Egs. 16-34 and 16-36), a shorter period
means a higher base shear used in design.

IBC 1617.4.2.1 provides Eq. 16-39 to determine an approximate fundamental period 7, :

Ta = CT (hn)3/4

where Cr = building period coefficient

0.030 for moment-resisting frames of concrete

0.020 for all other concrete structural systems

height above the base to the highest level of the building

h

il

n

The base is the level at which the horizontal seismic ground motions are considered to be
imparted to a structure. Having started design based on the approximate period and
having gone part of the way through, it is then possible to refine the initial period
estimate if desired. The code permits this to be done.

Period may be estimated by any rational procedure as long as it is in conformance with
the principles of mechanics (IBC 1617.4.2). There is, however, scope for potential abuse
here. The rationally computed period of a concrete building is very much dependent upon
what stiffness assumption is made in the period computation. Gross section stiffness
versus cracked section stiffness makes a big difference; how low the cracked section
stiffness is taken to be obviously has a major impact. In order to ensure that an
unreasonably low design base shear is not taken by calculating an unduly long period
based on unrealistic stiffness assumptions, the code imposes a limit on rationally
computed period. According to IBC 1617.4.2, the rationally computed 7 may not be
taken any longer than a multiplier C,,, which 1s obtained from IBC Table 1617.4.2, times

the approximate period 7, (this restriction typically does not apply to drift
computations). In the 2000 IBC, C,, depends on the long-period design spectral response
acceleration, Sp, and varies from 1.2 for S 20.4 to 1.7 for Sp; <0.1.

The period 7, =Sp;/Sps in Figure 1-9 is the dividing line between “short-period” and
“long-period” response. If the period of a structure 7 is less than or equal to the transition
period, Ty, its response is governed by the “flat top” or period-independent part of the
spectrum, making it a short-period structure. If, on the other hand, 7 is larger than or



equal to 7, its response i1s governed by the period-dependent part of the spectrum,

making 1t a long-period structure.

Equation 16-40 may also be used to determine the approximate tundamental period:
7, =0.1N

where N is the number of stories in a building. This equation is applicable to concrete
moment resisting frame buildings not exceeding 12 stories in height and having a
minimum story height of 10 ft. This approximate equation has long been in use for low-
to moderate-height frames.

Response Modification Factor, R. The response modification factor R is intended to
account for differences in the inelastic deformability or energy dissipation capacity of
various structural systems. It reflects the reduction in structural response caused by
damping, overstrength, and inelasticity.

It has been suggested in Section 1.2.1.2 above that an R-value of 2 used in design would
result in essentially elastic response of a structure to the design earthquake of the IBC. By
contrast, the R-values assigned by the 2000 IBC to structural systems of concrete range
from 1-1/2 to 8, as can be seen from IBC Table 1617.6, reproduced here in part as
Table 1-6. An R-value of 8 (for special reinforced concrete moment frames or dual
systems combining special moment frames with special reinforced concrete shear walls)
represents one quarter (2/8) of the strength level that would have been needed for elastic
response to the design earthquake of the IBC. An R-value of 1-1/2 (for a bearing wall
system consisting of ordinary plain concrete shear walls) represents elastic response to
the design earthquake of the IBC, with a margin of safety built in.

The R-values contained in IBC Table 1617.6 are largely based on engineering judgment
of the performance of various materials and systems in past earthquakes. For ATC 3-06
[1.11], where R was first introduced, certain agreed-upon reference structures were
selected. Two systems having high and low expected levels of performance were chosen
to be “a steel ductile frame and a box type masonry or concrete building, respectively.” In
today’s terminology, these would be the special moment frame of steel and a bearing wall
system consisting of masonry or concrete shear walls, respectively. The R-values for
these two systems were chosen considering the seismic design forces assigned to them by
older editions of the UBC. No compelling arguments were offered to change the design
basis loads for these systems or to change their interrelationship. The expected
performances of other systems were then evaluated relative to these reference systems in
order to determine the other R-values. Considerations focused on the following issues:

1. The degree to which the system can be allowed to go beyond the elastic range,
its degree of energy dissipation in so doing, and the stability of the vertical
load-carrying systen. during inelastic response due to maximum expected
ground motion.

1-29



Table 1-6 Seismic-Force-Resisting Systems of Concrete

Biis SalERiEE Detailing System Limitations and Building
Recicting Svetor | Reference | R | O, | €4 Height Limitations (ft) by SDC*
g=y Section AorBl C [DJ E IF
Bearing Wall Systems
Special reinforced 1910.2.4 5% | 21 5 NL NL 160 160 160
concrete shear walls
Ordinary reinforced 191023 | 4% | 2% | 4 NL | NL | NP | NP | NP
concrete shear walls
Sheézlrlﬁiagl)l!sam concrete 191022 | 2u | 2w 2 NL NP ‘NP NP NP
ordinary plain concrete | 491021 | 1% | 24 | 1% | N NP | NP | NP | NP
Building Frame Systems
Special reinforced 191024 | 6 | 2% | 5 NL NL | 160 | 160 | 100
concrete shear walls
Ordinary reinforced 1910.2.3 5 2% | 4% NL NL NP NP NP
concrete shear walls
ootaled plain concrete | 491022 | 3 | 2% | 2% | NL | NP | NP | NP | NP
Shrg;r;awrélﬁ);am concrete 1910.2.1 2 2% 2 NL NP NP NP NP
Moment-resisting Frame Systems
Special reinforced 1
Goncrate moment frames ACl 211 8 3 5% NL NL NL NL NL
Intermediate reinforced ACI 21.1 5 3 4% NL NL NP NP NP
concrete moment frames
Ordinary reinforced Aci214 | 3 | 3 | 2 | AL NP | NP | NP | NP
concrete moment frames
Dual Systems with Special Moment Frames
Special reinforced , ,
anrerals shear walls 1910.2.4 8 2 672 NL NL NL NL NL
Ordinary reinforced ,
concrete shear walls 1910.2.3 7 2% 6 NL NL NP NP NP
Dual Systems with Intermediate Moment Frames
Special reinforced 191024 | 6 | 2% | 5 NL NL | 160 | 100 | 100
concrete shear walls
Ordinary reinforced 191023 | 5% [ 2% | 4% | NL | NL | NP | NP | NP
concrete shear walls
Shear wall-frame
interactive system with ACI 2.1
ordinary reinforced . \ :
concrete moment frames 1910.2.3 % | 2% ° NL NP NP NP NP
and ordinary reinforced
concrete shear walls
Inverted Pendulum Systems
Special reinforced . 1
concrete moment frames ACl 211 2% 2 1% NL NL NL NL NL

*NL = not limited, NP = not permitted
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2.

The consequence of failure or partial failure of vertical elements of the
seismic-force-resisting system on the vertical load-carrying capacity and
stability of the total building system.

The inherent redundancy of the system that would allow some progressive
inelastic excursions without overall failure. One localized failure of a part
must not lead to failure of the system.

Where dual systems are employed, important performance characteristics
include the ability of the secondary (back-up) system to maintain vertical
support when the primary system suffers significant damage at the maximum
deformation response. The back-up system can serve to redistribute lateral
loads when the primary system undergoes degradation and should stabilize the
building in the event that the primary system is badly damaged.

Vertical Distribution of Seismic Forces. Once the design base shear ¥ has been
determined, the lateral force F, to be applied at level x of the structure is determined

from Egs.

FX

C

where

h;

Wi,

vx

16-41 and 16-42:

=C,V

weht

iw,-hik
i=l

C,, = vertical distribution factor

k = distribution exponent related to the building period
1 for T <0.5 sec

2for T 225 sec
= 2, or is to be determined by linear interpolation between 1 and 2 for

0.5sec<T<25sec
,h, = height from the base to level i and x

w, = portion of W located or assigned to level i and x

For structures with 7 < 0.5 sec, V is distributed linearly over the height, varying from
zero at the base to a maximum value at the top. For 0.5sec < T < 2.5 sec, a linear
interpolation between a linear and a parabolic distribution is permitted, or a parabolic
distribution is also allowed (see Figure 4-10). When T > 2.5 sec, a parabolic distribution

is to be us

ed. The larger the value of £, the higher the proportion of ¥ distributed to the

upper portions of a structure. This produces more overturning moment for the same base
shear, which 1s characteristic of flexible building response.
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Figure 1-10 Vertical Distribution of Seismic Forces According to IBC 1617.4.3

Horizontal Distribution of Seismic Forces. The seismic design story shear ¥, in any

story x is the sum of the lateral forces acting at the floor or roof level supported by that
story and all the floor levels above, including the roof (IBC Eq. 16-43):

n
Vy = ZFI
i=x

The distribution of V, to the vertical elements of the lateral-force-resisting system (shear
walls and frames) in story x is determined by the flexibility of the supported diaphragm.

A diaphragm 1is flexible for the purpose of distribution of the story shear and torsional
moment when the lateral deformation of the diaphragm is more than two times the
average story drnft of the associated story (the story supporting the diaphragm),
determined by comparing the computed maximum in-plane deflection of the diaphragm
itself under lateral load with the story drift of adjoining vertical resisting elements under
equivalent tributary lateral load (IBC 1602.1). A diaphragm that is not flexible by the
above definition is rigid for the purposes of the code.

For flexible diaphragms, the seismic design story shear V. is distributed to various
vertical elements based on the area of the diaphragm tributary to each line of resistance.
The vertical elements of the seismic-force-resisting system may be considered to be in
the same line of resistance if the maximum out-of-plane offset between such elements is

less than 5 percent of the building dimension perpendicular to the direction of the lateral
force (IBC 1617.4.4.2).
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For rigid diaphragms, ¥, is distributed to the various vertical elements of the seismic-

force-resisting system 1n the story under consideration based on the relative lateral
stiffnesses of the vertical resisting elements and the diaphragm (IBC 1617.4.4.1).
Virtually all computer programs utilized for structural analysis assume diaphragms to be
rigid (by default), unless otherwise specified.

Torsion, Including Accidental Torsion. Where diaphragms are rigid, provisions must
be made for the increased horizontal forces induced on vertical elements of the lateral-
force-resisting system resulting from torsion due to eccentricity between the center of
application of the lateral forces (center of mass) and the center of rigidity of the seismic-
force-resisting system (through which the resultant of the resistances to the lateral forces
act). Forces are not to be decreased due to torsional effects.

IBC 1617.4.4.4 clearly states that the torsional design moment at a given story must be
the moment resulting from eccentricities between applied design lateral forces at levels
above that story and the center of rigidity of the vertical resisting elements in that story
(IBC 1617.4.4.3) plus an accidental torsion. To compute the accidental torsion, the mass
at each level must be assumed to be displaced from the calculated center of mass in each
direction a distance equal to 5 percent of the building plan dimension at that level
perpendicular to the direction of the force under consideration.

IBC 1617.4.4.5 further requires that where a torsional irregularity or an extreme torsional
irregularity exists, as defined in Table 1616.5.1, the effects must be accounted for by
increasing the accidental torsion at each level by an amplification factor 4, (<£3.0),

given by IBC Eq. 16-45. This last requirement applies to buildings in Seismic Design
Categories C, D, E, and F only.

Overturning. According to IBC 1617.4.5, structures are to be designed for the effects of
overturning caused by the seismic forces determined from IBC 1617.4.3. The overturning

moment M, at level x is determined from Eq. 16-45:
n
My =1y Fy(h —hy)
i=x

where F; = portion of ¥ induced at level i

h;,h, = height from the base to level 7 and x

I>°°Xx
T = overturning moment reduction factor

1.0 for the top 10 stories

= (.8 for the 20th story from the top and below

= value between 1.0 and 0.8 determined by a straight-line interpolation

for stories between the 20th and 10th stories below the top

Il

Note that T is permitted to be taken as 1.0 for the full height of the structure.
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The reduction, represented by 7T, below overturning moments that are statically
consistent with the forces F;, is justified in terms of higher mode response. All the
masses at the various floor levels move in the same direction only when response is in the
fundamental mode.

Drift Limitation. Drift computation starts with & ,,, the elastically computed lateral
deflection at floor level x under code-prescribed seismic forces (the design base shear V,
distributed along the height of the structure in the manner prescribed by the code).
Recognizing that the deflections &, are much lower than the actual lateral deflections
the various floor levels would undergo if the structure were to be subjected to the design
earthquake of the IBC (two-thirds of the maximum considered earthquake), the
deflections ., are multiplied by the deflection amplification factor C; producing
estimated design earthquake displacements at the various floor levels. At the same time,
the 6,, values are divided by the occupancy importance factor /x by which the code-

prescribed seismic forces (under which the deflections 0o,, were calculated) were

increased for structures belonging to the higher occupancy categories. This is necessary
because the limiting values of interstory drift in the IBC are more stringent for structures
in the higher occupancy categories. Without the division by /g, structures with /g

larger than 1.0 would be doubly penalized. Thus, the deflection &, at level x is
determined from IBC Eq. 16-46:

Cd Sxe

O, =—""=
x IE

The design story drift A is computed as the difference of the deflections &, at the
centers of mass of the diaphragms at the top and bottom of the story under consideration
(see Figure 1-11). For structures assigned to Seismic Design Category C or higher, with
torsional or extreme torsional irregularity (Table 1616.5.1), A is computed as the largest
difference of the deflections along any of the edges of the diaphragms at the top and
bottom of the story under consideration.

Deflections &, must be determined based on the elastic properties of all elements of the

lateral-force-resisting system, including the spatial distribution of the mass and the
stiffness of the structure. For concrete elements, stiffness properties must include the
effects of cracked sections.

For the purposes of dnft analysis, the upper bound limitation on the computed
fundamental period 7 (7 < C,T,) does not apply (IBC 1617.4.6.1).

The design story drift A must be increased by the incremental factor 1.0/(1—6) when P-
delta effects are determined to be significant (see following section on that topic). When
calculating drift, the redundancy coefficient p (see later discussion) is to be taken as 1.0.
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Figure 1-11 Interstory Drift, A

Once the design story drifts are computed, they are to be compared to the allowable story
drift A, contained in Table 1617.3 (IBC 1617.3). Buildings subjected to earthquakes
need drift control to restrict damage to partitions, shaft and stair enclosures, glass and
other fragile nonstructural elements, and more important, to minimize differential
movement demand on the seismic safety elements. The 2000 IBC limitations on story
drift depend on the SUG, and generally become more restrictive for the higher use
groups, to provide a higher level of performance. The limits also depend on the type of
structure. The design story drifts must not exceed the allowable values.

P-delta Effects. IBC 1617.4.6.2 specifically requires that member forces and story drifts
induced by P-delta effects must be considered in the evaluation of overall structural
stability. P-delta need not be considered when the ratio of secondary moment to primary
moment does not exceed 0.10. The ratio may be evaluated for any story as the product of

the dead, floor live, and snow load above the story (P,), times the unamplified drift
(A/Cy) in the story, divided by the product of the seismic shear in the story (¥, ) and the
story height ( 4, ) (see IBC Eq. 16-47 and Figure 1-12):

_ PA
Vx hsx Cd

If 6 is greater than ©,,,,, the structure is potentially unstable and must be redesigned.
0. ax 1s given by IBC Eq. 16-48 as follows:

=03 <005
BC

d

emax
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where 3 1s the ratio of shear demand to shear capacity for the story between levels x and
x—1.If § is not calculated, B is to be taken equal to 1.0.

For 0.10 <6 <8,,,,, Interstory drift and element forces must be computed including P-
delta effects. To obtain the story drift for determining P-delta effects, the design story
drift A is to be multiplied by [1.0/(1—6)] (see preceding section).

A

LEVEL x+1

LEVEL x

LEVEL x -1

‘\ VEATICAL AXIS OF STRUCTURE DEFORMED BY
SEISMIC DESIGN FORCES

Figure 1-12 P-delta Effect
1.2.3.6 Seismic-Force-Resisting Systems

The basic structural systems that may be used to resist earthquake forces are listed in IBC
Table 1617.6. A summary of the seismic-force-resisting systems of reinforced concrete is
given in Table 1-6. Included in the table are the response modification factors R to be

used in determining the base shear V, the system overstrength factor €, to be used in
determining element design forces, and the deflection amplification factor C; to be used

in determining design story drift. A general description of each of the seismic-force-
resisting systems is given below.

Moment-Resisting Frame Systems.

Figure 1-13(a) depicts a moment-resisting frame system. This is a structural system with
an essentially complete space frame providing support for gravity loads. Lateral forces
are resisted primarily by flexural action of the frame members. The entire space frame or
selected portions of the space frame may be designated as the seismic-force-resisting
system; the members of the seismic-force-resisting system must be designed and detailed
accordingly, based on the SDC.

For structures assigned to SDC A or B, an ordinary reinforced concrete moment frame is
permitted (IBC 1910.3). No special detailing of the frame members in accordance with
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Figure 1-13 Seismic-Force-Resisting Structural Systems
ACT 318 Chapter 21 i1s required for the effects of seismic forces.

Intermediate moment frames or special moment frames are to be utilized for structures
assigned to SDC C (IBC 1910.4). Members of the seismic-force-resisting system of
intermediate moment frames are to be detailed in accordance with ACI 21.10.

Special moment frames are required for structures assigned to SDC D, E, or F
(IBC 1910.5). The special design and detailing requirements in ACI 21.2 through 21.5
must be satisfied for members of the seismic-force resisting system. For members that are
not proportioned to resist forces induced by earthquake motions, the deformation
compatibility requirements of ACI 21.9, as modified by IBC 1908.1.11, must be satisfied
(IBC 1910.5.2). In short, every structural component not included in the seismic-force-
resisting system 1n the direction under consideration must be designed to be adequate for
vertical load-carrying capacity and the induced bending moments and shear forces
resulting from the design story drift A.

Bearing Wall Systems.
The bearing wall system depicted in Figure 1-13(b) is a structural system without an
essentially complete space frame that provides support for the gravity loads. Bearing

walls provide support for all or most of the gravity loads. Resistance to lateral forces is
provided by the same bearing walls acting as shear walls.

Ordinary reinforced concrete shear walls are permitted to be used in structures assigned
to SDC A and B. Ordinary reinforced concrete shear walls are walls conforming to the
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requirements of ACI 318 Chapter 14 for ordinary reinforced concrete structural walls
(IBC 1910.2.3). Note that ordinary plain and detailed plain concrete shear walls may also
be used. Ordinary plain concrete shear walls are walls conforming to the requirements of
ACI Chapter 22 (IBC 1910.2.1). According to IBC 1910.2.2, detailed plain concrete
shear walls are walls conforming to the requirements for ordinary plain concrete shear
walls, which contain additional reinforcement per IBC 1910.2.2.

For structures assigned to SDC C, ordinary or special reinforced concrete shear walls are
to be utilized. Special reinforced concrete shear walls are walls conforming to the
requirements of ACI 21.6 for special reinforced concrete structural walls (IBC 1910.2.4).

Special reinforced concrete shear walls are required for structures with bearing wall
systems assigned to SDC D, E, or F (IBC 1910.5.1). In such cases, the height of the
building is limited to 160 ft (IBC Table 1617.6).

Dual Systems.

A dual system, which is depicted in Figure 1-13(c), is a structural system with the
following essential features:

1. An essentially complete space frame provides support for gravity loads.

2. Resistance to lateral forces is provided by moment-resisting frames capable of
resisting at least 25 percent of the design base shear and by shear walls
(IBC 1617.6.1).

3. The two subsystems (moment-resisting frames and shear walls) are designed to
resist the design base shear in proportion to their relative rigidities
(IBC 1617.6.1).

The 2000 IBC separately recognizes dual systems in which the moment-resisting frame
consists of special moment frames and dual systems in which the moment-resisting frame
consists of intermediate moment frames.

For buildings assigned to SDC D, E, or F, a dual system with special moment frames and
special reinforced concrete shear walls can be utilized without any height limitations. A
dual system with an intermediate moment frame and special reinforced concrete shear
walls may also be used; however, in SDC D, a building is then limited in height to 160 ft
and in SDC E or F, the height limit is 100 ft.

For buildings assigned to SDC C, dual systems with special or intermediate moment
frames with special or ordinary reinforced concrete shear walls can be used without any
limitations.

The concept of the dual system loses its validity in buildings assigned to SDC A and B,
since it 1s questionable whether the moment frames, which are required to have only
ordinary detailing, can act as a backup to the ordinary reinforced concrete shear walls
(the inelastic deformability of both systems are comparable). In areas of low seismicity,
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utilizing a shear wall-frame interactive system is more logical. In this system, which is
also found in IBC Table 1617.6, the shear walls and frames resist the lateral forces in
proportion to their rigidities, considering interaction between the two subsystems at all
levels. It 1s important to note that a shear wall-frame interactive system is only allowed in
structures assigned to SDC A or B.

Building Frame Systems.

A building frame system is depicted in Figure 1-13(d). This a structural system with an
essentially complete space frame that supports the gravity loads. Resistance to lateral
forces 1s provided by shear walls. No interaction between the shear walls and frames 1s
considered 1n the lateral load analysis; all of the lateral forces are allocated to the walls.

For structures assigned to SDC A or B, the following types of concrete shear walls may
be utilized without any limitations: ordinary plain, detailed plain, and ordinary reinforced.
Ordinary reinforced shear walls are allowed to be used in SDC C.

Special reinforced concrete shear walls must be used in SDC D, E, or F. In such cases,
the building 1s limited in height to 160 ft, and the deformational compatibility
requirements 1in IBC 1617.6.4.3 must be satistfied. Although the walls are designed to
carry all of the seismic forces, the beam-column frames must be designed to resist the
effects caused by the lateral deflections, since they are connected to the walls at every
level. Members not designated to be part of the seismic-force-resisting system must be
capable of maintaining support of the gravity loads when subjected to the expected
deformations caused by the seismic forces.

Similar to dual systems, the concept of the building frame system loses its appeal for
structures assigned to SDC A or B, since there is little to be gained from assigning the
entire lateral resistance to the shear walls in the absence of any special detailing
requirements for the frames. As noted above, a shear wall-frame interactive system is
more practical and economical in such cases.

Inverted Pendulum Systems.

Inverted pendulum type structures are defined in IBC 1613 as structures that have a large
portion of their mass concentrated near the top; thus, they have essentially one degree of
freedom in horizontal translation. These structures have little redundancy and
overstrength, and inelastic behavior is concentrated at their bases. As a result, they have
substantially less energy dissipation capacity than other systems.

Undefined Structural Systems.

Undefined structural systems are any systems not listed in IBC Table 1617.6. The
coefficients R, Q,, and C,; are to be substantiated based on approved cyclic test data

and analysis (IBC 1617.6).
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1.2.3.7 Seismic Force Effects

Once the seismic-force-resisting system has been chosen and the design base shear 7 has
been determined and distributed over the height of the building, an analysis of the
building is performed, and the structural members are designed for the combined effects
of gravity and seismic forces. The effects of wind, which are covered in the next section,
are to be considered as well.

Load Combinations.

Basic load combinations for strength design are given in IBC 1605.2.1. The first
exception in this section requires that the non-seismic load combinations of ACI 9.2 be
used for concrete structures. Thus, the following load combinations are utilized in the
design of the structural members:

1. 14D+ 1.7L (ACI Eq. 9-1)
2. 0.75(14D+1.7L+1.7W) (ACI Eq. 9-2)
3. 09D+ 1.3W (ACI Eq. 9-3)
4. 12D+ fiL+1.0E (IBC Formula 16-5)
5. 0.9D+ 1.0F (IBC Formula 16-6)

where D, L, W, and E are the effects due to dead loads, live loads, wind, and seismic
forces, respectively, and f] is equal to either 1.0 for places of public assembly, for live
loads in excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other
live loads.

Seismic Force Effect, E.

According to IBC 1617.1.1, the seismic force effect £ for use in load combination
Formula 16-5, which is the combined effect of horizontal and vertical earthquake-induced
forces, 1s computed from Eq. 16-28 when the effects of gravity and seismic ground
motion are additive:

E= pQE + OstSD

where QO = effect of horizontal seismic forces

p =redundancy coefficient determined in accordance with IBC 1617.2.2 for
structures assigned to SDC D, E, or F

= 1.0 for structures assigned to SDC A, B, or C

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion are counteractive:
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E=pQp —025psD

Redundancy.

The redundancy coefficient p is a measure of the redundancy inherent in the lateral-
force-resisting system and depends on three items:

1. The number of vertical lateral-force resisting elements.
2. Floor areas of the building at different story levels.

3. Distribution of lateral forces to the lateral-force-resisting elements.

According to IBC 1617.2.2, p is the largest of the values of p; at each story i computed
in accordance with Eq. 16-32:

20

p;=2——p=
rmaxi\/Ai

where, in general, for a given direction of loading, ryay, is the ratio of the design story

shear resisted by the most heavily loaded single element in the story to the total story
shear, and 4; is the floor area in square feet of the diaphragm level immediately above

story i.
Determination of Fmax, depends on the type of lateral-force-resisting system:

e For moment frames:

F

max, — maximum sum of shears in any 2 adjacent columns/total story shear

In the column shear summation, use 70% of shear in columns common to 2
adjacent bays, with moment-resisting connections on opposite sides.

e For shear walls:

Ymax, = (maximum wall shear x 10/7,, )/total story shear

¢, = length of the wall in feet

e For dual systems:
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{rmax , calculated for portion of story shear carried by columns

; = max. of 1

Ay #max, calculated for portion of story shear carried by walls

p based on the above may be reduced by 20 percent in recognition of frames
backing up shear walls.

The value of p must not be less than 1.0 and need not be greater than 1.5 (i.e., the upper
limit on the penalty for nonredundancy is 1.5). For structures with seismic-force-resisting
systems comprised solely of special moment frames, the upper limit on p 1s equal to 1.25
for structures assigned to SDC D, and is 1.1 for structures assigned to SDC E or F. In
other words, if p 1s determined to be greater than the appropriate upper limit, the

physical configuration of the system must be changed until p comes within the target

range.
Seismic Force Effect, E; .

IBC 1620.1.9 requires that elements supporting discontinuous walls or frames of
structures having certain plan or vertical irregularities in SDC B or higher must have the
design strength to resist the special seismic load combinations in IBC 1605.4;

1. 12D+ fiL+ E,,
2. 09D+ E,,

where E,, is the maximum effect of horizontal and vertical forces determined from
Eqgs. 16-30 and 16-32 in IBC 1617.1.2:

E, =Q,0r +02S5psD (when effects of gravity and seismic forces are
additive)

E,=Q,0r—-028psD (when effects of gravity and seismic forces
counteract)

The overstrength factor ,, which is given in Table 1617.6 for the various seismic-

force-resisting systems, increases the design level effects to represent the actual forces
that may be experienced in a structural member as a result of the design ground motion
(see Figure 1-3, which also shows the corresponding displacement that is expected when

the effects of the horizontal ground motion Qf are amplified by Q).

The term 2, ,0p need not exceed the maximum force that can be transferred to the

element by the other elements of the seismic-force-resisting system.
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1.2.3.8 Structural Component Load Effects

Except for structures assigned to SDC A, the design and detailing of the components of
the seismic-force-resisting system must comply with the requirements of IBC 1620.1 in
addition to the nonseismic requirements of the IBC. The discussion that follows focuses
on those provisions in IBC 1620 that are required for the types of structures addressed in
this publication.

Diaphragms.

For structure assigned to SDC B and C, floor and roof diaphragms are to be designed to
resist the seismic force ¥, determined from IBC Eq. 16-62:

Fp :O'ZIESDSW‘D +Vpx

where w, is the weight of the diaphragm and other elements of the structure attached to

§/
it and V,, is the portion of the seismic shear force at the level of the diaphragm that is

required to be transferred to the components of the vertical seismic-force-resisting system
due to offsets or changes in the stiffness of the vertical components above or below the
diaphragm. An example of an offset in the vertical components of the seismic-force-
resisting system is illustrated in Figure 1-14. The diaphragm must be designed for the
additional force due to this offset.

Figure 1-14 Example of Offset of Vertical Components of Seismic-force-resisting System
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For structures assigned to SDC D or above, floor and roof diaphragms must be designed

to resist the design seismic force F, . given in IBC Eq. 16-65:

n
> F;

0.3S sl gWpx 2 Fpe = 5wy 20155 ps I pw ),

where F; is the design level force applied to level 7, w; is the weight tributary to level

and w, the weight tributary to the diaphragm at level x. Similar to the case described

above for SDC B and C, any forces due to offsets in the vertical seismic-force-resisting
system or changes in lateral stiffness of the vertical elements must be added to the force

determined from Eq. 16-65.
Collector Elements.

In general, collector elements transfer seismic forces from the diaphragm to the vertical
elements of the seismic-force-resisting system. Collectors (or drag struts), are required,
for example, when shear walls do not extend the full length of the diaphragm in the
direction of loading. It is essential that the seismic forces are transferred to the shear
walls in order to guarantee a continuous load path. Therefore, IBC 1620.1.6 requires that
for structures assigned to SDC B or C, collector elements, splices, and their connections
be designed to resist the special load combinations in IBC 1605.4.

In addition to the requirements for SDC B or C, collector elements, splices, and their
connections must be designed to resist the forces determined in accordance with IBC
Eq. 16-65 for structures assigned to SDC D and higher (IBC 1620.3.4).

Bearing Walls and Shear Walls.

In addition to seismic forces in the plane of the wall, bearing walls, shear walls, and their
anchorages in structures assigned to SDC B and higher are to be designed to resist an out-

of-plane force F,, given by IBC Eq. 16-63:
F, =0407gSpsw,, 20.10w,

where w,, 1s the weight of the wall.
Additionally, concrete walls are to be anchored to the roof and floor members that

provide lateral support for the wall. The anchorage shall be capable of resisting the
greater of ', or 4005 pg/p pounds per linear foot of wall.
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For structures assigned to SDC C and higher with diaphragms that are not flexible, which
is typical for reinforced concrete systems, anchorage of concrete walls shall be designed
for the forces specified in IBC 1621.1.4 (IBC 1620.2.1).

Direction of Seismic Load.

For structures assigned to SDC B or C, IBC 1620.1.10 requires that the seismic forces be
applied in a direction that will produce the most critical load effects in the members. This
requirement is satisfied if the design seismic forces are applied separately and
independently in each of the two orthogonal directions.

For SDC C, structures that have plan irregularity Type 5 in Table 1616.5.1 are required to
satisfy the requirements in IBC 1620.2.2. The critical direction requirements of
IBC 1620.1.10 are deemed to be satisfied if the members are designed for either of the
following orthogonal combinations of the applied loads: (1) one hundred percent of the
forces for one direction plus 30 percent of the forces for the perpendicular direction (the
member is designed for the combination producing the critical load effects) (2) the effects
of the two orthogonal directions are permitted to be combined on a square root of the sum
of squares basis (SRSS). When the SRSS method is utilized, each sum must be assigned
the sign that will produce the most conservative result.

The independent orthogonal procedure is not satisfactory for members that are part of a
structure assigned to SDC D or higher. In such cases, members are to be designed using
the orthogonal combination procedure in IBC 16202.2 that is described above
(IBC 1620.3.5). In the 2002 supplement to the 2000 IBC [1.17], the orthogonal
combination procedure is required only for columns or walls that form part of two or
more intersecting seismic-force-resisting systems and are subjected to axial load due to
seismic forces greater than or equal to 20% of the axial load design strength.

1.2.3.9 Detailing Requirements

As was discussed previously, the design seismic forces determined by the analysis
procedures described in Section 1.2.3.5 of this publication are only a fraction of the
actual forces that an elastic structure may experience during an earthquake. For design
purposes, the seismic forces are reduced, since it is impractical as well as uneconomical
to design a structure to remain elastic in such situations. In order to prevent collapse,
structures must be properly detailed so that they are able to dissipate the earthquake
energy through inelastic deformations.

The 2000 IBC references the requirements of ACI 318-99 for the design of reinforced
concrete structures, with a few modifications. Chapter 21 of ACI 318-99 contains the
design and detailing requirements for structures assigned to regions of low, moderate, and
high seismic risk. Table 1-7 contains a summary of the sections of Chapter 21 to be
satisfied as a function of the SDC for various types of components resisting earthquake
effects.
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Reference 1.18 contains a comprehensive summary of the design and detailing
requirements in Chapter 21 of ACI 318-99. Included are tables and figures that
summarize the provisions for all of the components listed in Table 1-7.

Table 1-7 Sections of ACI 318 Chapter 21 to be Satisfied"

Component Resisting Earthquake Seismic Design Category (SDC)
Effect sSDC C SDC D, E,or F
(21.2.1.3) (21.2.1.4)
Frame members 21.10 21.2-21.5
Structural walls and coupling beams None 21.2,21.6
Structural diaphragms and trusses None 21.2,21.7
Foundations None 21.2,21.8
Frame members not proportioned to
resist forces induced by earthquake None 21.2,21.9
motions

I addition to requirements of Chapters 1-18 for structures assigned to SDC C and Chapters 1-17 for structures assigned
to SDC D and higher.

1.2.4 Impact of the 2000 IBC Seismic Design Provisions

As is evident from the discussion above, the seismic design provisions of the 2000 IBC
represent revolutionary changes from those of the three model building codes.

The procedure for establishing the trigger that determines detailing requirements and
other applicable restrictions has become more complex in the 2000 IBC. In earlier model
codes, determining the seismic zone of a structure only required establishing the location
of the structure on the seismic zone maps contained in the model codes.

In the more recent editions of the BOCA/NBC and SBC, determining the Seismic
Performance Category (SPC) of a structure requires interpolating the ground motion
parameter 4, on a contour map, based on the location of the structure, and determining

the use classification of the structure. The SPC is subsequently determined by using a
table.

When determining a structure’s Seismic Design Category (SDC), site-specific soil data
must be gathered to establish the site class; otherwise, the default Site Class D must be
used. The IBC procedure requires evaluation of SDC for short-period and long-period
ground motion parameters. After working through the requirements, the more severe
SDC is selected on the basis of these parameters.

Tables 1-8, 1-9, and 1-10 below provide snapshots of the potential impact of the
difference in the triggering mechanism for invoking higher levels of detailing and other
restrictions under the 2000 IBC criteria as compared to the latest editions of the
BOCA/NBC, the SBC, and the UBC. These tables assume a Seismic Use Group I
(standard occupancy) structure.
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The default Site Class D 1s of particular interest. If the average shear wave velocity,
standard penetration resistance, or undrained shear strength has not been determined for
the top 100 ft (30 m) of soil at a site (as indicated in Table 1615.1 of the 2000 IBC), the
engineer must design for an assumed Site Class D.

A comprehensive comparison of the seismic design provisions in the 2000 IBC and the
three model codes is given in Reference 1.19. Based on the information in that reference,
the potential impact of the 2000 IBC on seismic design and construction across the U.S.
appears to be quite substantive. The following section summarize some of the findings
from that report.

1.2.4.1 Comparison: 2000 IBC and 1999 BOCA/NBC

It 1s very instructive to compare the soil-independent Seismic Performance Categories of
the 1999 BOCA/NBC and the soil-dependent seismic design categories of the 2000 IBC
for the various locations listed in Table 1-8. For instance, structures in Cincinnati, Ohio,
that are assigned to SPC B under the BOCA/NBC may be assigned to SDC A, B, C, or D
under the IBC, depending upon soil conditions at the building site.

Table 1-8 Seismic Design Categories of 2000 IBC vs. Seismic Performance Categories of 1999

BOCAINBC

2000 IBC

EERAG BOCA/NBC Site Class
A B | ¢ p | E

SPC sSDC

Washington, D.C. A A A B B C
Chicago, IL A A A B B C
Baltimore, MD A A A B B C
Boston, MA C B B B C D
New York, NY C B B C C D
Cincinnati, OH B A A B C D
Philadelphia, PA B B B B C &
Richmond, VA B A B B B C

Table 1-8 shows that a standard-occupancy structure in Cincinnati on Site Class D would
be assigned to IBC Seismic Design Category C, thus triggering the equivalent of UBC
Seismic Zone 2 detailing and other restrictions. A standard-occupancy structure at the
same location on Site Class E would be assigned to IBC SDC D, thus triggering the
equivalent of UBC Seismic Zone 3 and 4 detailing and other restrictions. The comments
here, however, are made without specific knowledge of existing soil types at the various
locations. For instance, Site Class E may or may not exist in and around Cincinnati.

1.2.4.2 Comparison: 2000 IBC and 1997 UBC

As shown in Table 1-9, many of the Zone 3 or 4 locations on Site Class E require a site-
specific geotechnical investigation. This 1s currently not required by the 1997 UBC. On
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firmer sotls in Sacramento, CA, only the equivalent of Zone 2 detailing will be required
under the 2000 IBC. This is because the seismicity at the location has been judged to be
lower by the IBC. In many of the low-seismicity locations examined, such as Denver
(Seismic Zone 1), the equivalent of Zone 2 detailing will be required for Site Class E.
These comments are once again made without specific knowledge of existing soil types
at the various locations. For instance, while it 1s known that Site Class A does not exist in
California, Site Class B may or may not exist in and around Sacramento.

Table 1-9 Seismic Design Categaories of 2000 IBC vs. Seismic Zone of 1997 UBC

2000 IBC

Location UuBC Site Class
A B C D E

Zone SDC
West LA. (N5 =1.3,N, =1.6) 4 E E E E *
San Francisco, CA 4 D D D D *
Berkeley, CA

(Ng =1.5Ny = 2.0) 4 E E E E "
Denver, CO 1 A A A B C
Sacramento, CA 3 B C D D D
St. Paul, MN 0 A A A A B
Seattle, WA 3 D D D D *
Portland, OR 3 D D D D D
Houston, TX 0 A A A B B

* Site specific geotechnical investigation and dynamic site response analysis must be performed

1.2.4.3 Comparison: 2000 IBC and 1999 SBC

Comparison of soil-independent Seismic Performance Categories of the 1999 SBC and
soil-dependent Seismic Design Categories of the 2000 IBC for the locations listed in
Table 1-10 appears to indicate that the IBC may have its greatest impact on seismic
design and construction in cities in the SBC territory. Standard-occupancy structures in
Atlanta, GA, currently are in SPC B, which requires no special seismic detailing. Such
structures under the IBC will be assigned to SDC C, if founded on the default Site
Class D. This would require these structures to conform to the equivalent of UBC
Seismic Zone 2 requirements. If founded on Site Class E, the same structures will be
assigned to SDC D, triggering the equivalent of UBC Seismic Zone 3 and 4 detailing and
other restrictions.

In Charlotte, NC, standard-occupancy structures are now in SPC C, requiring the
equivalent of Seismic Zone 2 detailing. The same structures under the IBC would be
assigned to SDC D, if founded on the default Site Class D, thus triggering the equivalent
of UBC Seismic Zone 3 and 4 detailing and other restrictions.

In Charleston, SC, as in Charlotte, standard-occupancy structures are now assigned to
SPC C, requiring the equivalent of UBC Seismic Zone 2 detailing. The same structures
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under the IBC would be assigned to SDC D, irrespective of the site class they are
founded on, thus triggering the equivalent of UBC Seismic Zone 3 and 4 detailing and
other restrictions. This is because the IBC judges the seismicity at the location to be
higher.

Table 1-10 Seismic Design Categories of 2000 IBC vs. Seismic Performance Categories of 1999

SBC
2000 IBC
. SBC Site Class
Location
A | B c | b E
SPC SDC

Birmingham, AL B B B B C D
Atlanta, GA B A B B C D
Orlando, FL A A A A B B
Little Rock, AK B B B C D D
New Orleans, LA A A A A B B
Nashville, TN B B B C D D
Charlotte, NC C B B C D D
Charleston, SC C D D D D D

Once again, the above comments are made without specific knowledge of existing soil
types at the various locations. For instance, Site Class E may or may not exist in and
around Atlanta.

1.2.4.4 Overall Observations

In addition to Reference 1.19, the various aspects of impact of the more recent seismic
regulations, as embodied in the 1997 NEHRP Provisions, the 2000 IBC, and ASCE 7-98,
have been examined in detail elsewhere [1.20]. S.K. Ghosh Associates Inc. carried out a
limited comparative design study using the 2000 IBC, the 1997 UBC, and the 1991
NEHRP Provisions (as contained in the last three editions of the BOCA/NBC and the
SBC) for reinforced concrete structures. J.R. Harris & Co. conducted a similar study for
steel, masonry, and wood structures. Both efforts were funded by FEMA under a contract
administered by the BSSC, and limited results of this study have been published [1.21].
Reference 1.21 makes the following significant points:

1. Required level of seismic detailing under 1997 NEHRP/2000 IBC/ASCE 7-98
is a function of the soil characteristics at the site of a structure. The level
additionally depends on the occupancy or use of the structure and on seismic
risk at the site of the structure.

2. The design ground motion parameters in the 1997 and 2000 NEHRP
Provisions, the 2000 IBC, and ASCE 7-98 differ significantly from those in
any previous code or code-like document. Seismicity assessment at many
locations across the U.S. has also changed rather significantly.
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In the 2000 IBC, response modification factors R for several concrete
structural systems (the higher the R, the lower the seismic design force) difter
significantly from those in any previous code.

Lo

4. The occupancy importance factor / of the UBC and other older seismic codes
(the higher the 7, the higher the seismic design force) has been introduced mnto
the 1997 and 2000 NEHRP Provisions, the 2000 IBC, and ASCE 7-98.

5. Differences in soil-modified design ground motion parameters, R-values and
I-values between existing model codes and the 1997 and 2000 NEHRP
Provisions, the 2000 IBC, or ASCE 7-98 often add up to differences in
seismic design forces for the same structural systems. These are significant in
many locations.

6. The treatment of soils at the site in the seismic design of a structure is
profoundly different in the 1997 and 2000 NEHRP Provisions, the 2000 IBC,
and ASCE 7-98 than in any previous code or code-like document, with the
sole exception of the 1997 UBC.

7. Seismic design to withstand moderate to severe ground motion is no longer
only a regional concern. The equivalent of moderate or even high seismic
zone design may be required in unlikely places, particularly on softer soils.

1.3 WIND-RESISTANT DESIGN

1.3.1 Wind Forces

In general, the application of wind forces to a building is in the form of pressures that act
normal to the surface of the building (see Figure 1-15). Positive (or above ambient) wind
pressure (commonly referred to as just pressure) acts towards the surface of the building,
while negative (or below ambient) pressure (or, suction) acts away from the surface. For
the simple structure shown in Figure 1-15, it can be seen that positive pressure acts on the
windward wall and negative pressure acts on the leeward wall, the walls parallel to the
direction of wind, and the leeward portion of the roof. Either positive or negative pressure
acts on the windward portion of the roof, depending on its slope.
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Figure 1-15 Wind Pressures on a Building
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Building codes typically contain static methods for estimating the magnitude of wind
pressure, which, in general, depends on the importance, size, geometry, openness, and
location (exposure) of the structure, and on the height above the ground level (as
lustrated on the elevation of the building in Figure 1-15). These methods also account
for gusting and local extreme pressures at various locations on the building.

Static methods cannot be used for most tall structures that respond dynamicaily to wind
forces; in such cases, inertial forces are generated. Dynamic analysis or a wind tunnel test
to determine the design pressures is warranted in these cases.

1.3.2 Response of Concrete Buildings to Wind Forces

Figure 1-16 shows the path of wind forces as they propagate through a simple, idealized
concrete building. The windward wall receives the wind pressures and transfers the
resulting forces to the roof and floor diaphragms. The diaphragms, in turn, transfer these
loads to the elements of the lateral-force-resisting system, which in this case, are the
shear walls parallel to the wind forces. The shear walls then transfer these loads to the
building foundation. A similar scenario would occur for frame buildings. In any case, the
design of structural members for wind forces is based on linear behavior; the structure is
assumed to remain elastic under the design wind forces.

Diaphragms receive edge loading
from the windward walf and
distribute the loads 1o the shear walls

1 Shear walls receive the
loads from the diaphragms
and transfer the loads to
Wind pressure applied the faundatians

to windward wall

Wind

Figure 1-16 Propagation of Wind Forces in a Concrete Building
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1.3.3 Wind Design Requirements of the 2000 IBC

The wind load provisions of the 2000 IBC are contained in IBC 1609. According to
IBC 1609.1.1, wind loads on buildings and structures are to be determined in accordance
with Section 6 of ASCE 7-98 [1.3]. Exceptions to this provision are also contained in that
section, and are applicable mainly to residential buildings. One exception allows the use
of the simplified provisions for low-rise buildings that are contained in IBC 1609.6,
which is covered in the next section.

IBC 1609.1.2 specifies a minimum wind pressure of 10 psf for the design of the main
wind-force-resisting system (MWFRS) acting on the area of an enclosed or partially
enclosed structure projected on a vertical plane normal to the direction of the wind. A
minimum wind pressure of 10 psf is also required for components and cladding acting in
either direction normal to the surface.

In wind-borme debris regions, as defined in IBC 1609.2, glazing in the lower 60 ft is
assumed to be openings unless impact-resistant glazing is used or the glazing is protected
with an impact-resistant covering meeting the requirements given in IBC 1609.1.4.
Whether this type of protection is provided or not has an important effect on the design
wind pressures.

It is important to note that appropriate levels of seismic detailing must be provided in any
structure, even when the effects from wind forces govern the design (IBC 1609.1.5).

Reference 1.22 contains a lucid summary of the wind load provisions contained in the
2000 IBC.

1.3.3.1 Simplified Provisions for Low-rise Buildings

The simplified provisions of IBC 1609.6 are allowed to be used for determining wind
forces on simple diaphragm buildings with flat, gabled, or hipped roofs that have a mean
roof height less than or equal to the least horizontal dimension of the building or 60 ft,
whichever is less. Additionally, such buildings must not be located on the upper half of
an isolated hill or escarpment that meets the conditions in IBC 1609.6.1. These provisions
are based on Method 1, the simplified procedure in ASCE 6.4, and are briefly described
below.

The seven characteristics that define a simple diaphragm building are contained in
IBC 1609.2. Based on this definition, a concrete-framed building can be classified as a
simple diaphragm building.

As its name 1mplies, determining wind forces by the simplified procedure is simple. The
basic wind speed and wind importance factor are obtained from Figure 1609 and Table
1604.5, respectively. Pressures for various wind speeds are tabulated for Exposure B
buildings up to 30 ft in (mean roof) height:

o Table 1609.6.2.1(1): main wind-force-resisting systems
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o Table 1609.6.2.1(2): components and cladding

o Table 1609.6.2.1(3): roof overhang component and cladding

Table 1609.6.2.1(4) contains the adjustment coefficients that are to be used to modify the
pressures from the above tables for different exposures and mean roof heights.

Figures 1609.6(1), 1609.6(2), and 1609.6(3) contain the loading diagrams that are to be
used for the MWEFRS and components and cladding.

Since the wind forces are delivered to the MWERS through the roof and floor slabs and
the building, by definition of a simple diaphragm building, is enclosed, internal pressures
are not required to be computed for the walls, since they cancel out. Internal pressures
must be considered for the roof.

1.3.3.2 Wind Loads According to ASCE 7-98

As noted above, wind loads are to be determined in accordance with Section 6 of
ASCE 7-98 when the simplified method in IBC 1609.6 cannot be used. What follows is a
summary of the provisions contained in that section.

Method 1 — Simplified Procedure

ASCE 6.4 contains a simplified method that can be used to determine design wind loads
for enclosed or partially enclosed structures (note: definitions for these types of structures
are given in ASCE 6.2). Although the provisions contained in this section are very similar
to those in IBC 1609.6, their applicability is not as broad: Method 1 applies to essentially
flat roof buildings (roof slope less than 10 degrees) and only buildings that are less than
or equal to 30 ft in height. Note that ASCE 6.4 has not been adopted by the 2000 IBC;

IBC 1609.6 has taken its place instead.

Conditions when method 1 can be applied are contained in ASCE 6.4.1, and the design
procedure is given in ASCE 6.4.2, which closely follows the procedure given in
IBC 1609.6.

Method 2 — Analytical Procedure

The analytical procedure in ASCE 6.5 can be used to determine design wind forces for
any building or structure that meets the following conditions:

e The building or structure is regular-shaped (has no unusual geometrical
irregulanty in spatial form), and

e The building or structure does not have response characteristics that make it
subject to across wind loading, vortex shedding, instability due to gallop or
flutter; or is not located on a site where channeling effects or buffeting in the
wake of upwind obstructions warrant special consideration.
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Commentary Section C6.5 provides examples of structure types and site locations that do
not satisfy the conditions listed above. In such cases, the wind tunnel procedure in
ASCE 6.6 or methods in recognized literature are to be used to determine the wind effects

on the structure.

The 10-step design procedure of the analytical method 1s contained in ASCE 6.5.3. Each
of these steps 1s examined below.

1. Basic wind speed, V, and wind directionality factor, K ;. The basic wind speed V is

determined in accordance with ASCE 6.5.4. ASCE Figure 6-1 contains the wind speed
map for the contiguous United States and Alaska. Wind speeds correspond to 3-sec gust
speeds at 33 ft above the ground for Exposure C (exposure categories are described
below). The mean recurrence interval for these wind speeds is 50 years (annual
probability of occurrence equal to 0.02).

The wind speed map in ASCE 7-98 has been updated to include hurricane wind speeds
based on more complete data analyses. Also, the hurricane importance factor that was
used to modify wind speeds obtained from maps in earlier editions of the standard is now
included in the map contours in ASCE 7-98. In the case of hurricane winds, ultimate
loads are obtained after the loads calculated from the standard are multiplied by the
appropriate load factors; these ultimate loads have approximately the same return period
as loads that are determined from the standard for non-hurricane winds.

The wind directionality factor, which has been essentially hidden in the wind load factor
in previous editions of the standard, has been separated out in ASCE 7-98. This factor
accounts for the reduced probability of maximum winds coming from any given direction
and the reduced probability of the maximum pressure coefficient occurring for any given
wind direction.

Values of the wind directionality factor K; are contained in ASCE Table 6-6 for various

types of structures. The footnote to this table is important: K; has been calibrated with

the load combinations specified in Sections 2.3 and 2.4. Note that these load
combinations are essentially the same as those in Sections 1605.2 and 1605.3 of the 2000
IBC. Exception 1 in IBC 1605.2.1 is important for concrete structures: load combinations
of ACI 9.2 are to be used for concrete structures where combinations do not include
seismic forces. The load factors in the ACI 318 combinations are different than those in
ASCE 7 and the IBC. The exception goes on to state that for concrete structures designed
for wind in accordance with ASCE 7-98 using the ACI load combinations, wind forces

are to be divided by K.

2. Importance factor, Iy . Similar to the seismic importance factor /g, the wind
importance factor Iy is used to adjust the level of structural reliability of a building or

structure. This 1s accomplished by adjusting the velocity pressure to different return
periods. For non-hurricane winds, importance factors equal to 0.87 and 1.15 correspond
to mean recurrence intervals of 25 and 100 years, respectively. For hurricane winds,

1-54



mean recurrence levels vary along the coast; risk levels, though, are approximately
consistent with those applied to non-hurricane winds.

ASCE Table 6-1 contains [/ as a function of the occupancy classification and location
of the building (non-hurricane or hurricane prone region). In ASCE 7, occupancy
categories are contained in Table 1-1. The wind load importance factors are the same in
ASCE 7 Table 6-1 and IBC Table 1604.5. However, what 1s important to note is that the
numbers corresponding to the occupancy category are different in the two tables for a
given occupancy: Occupancy Categories I, II, III, and IV in the IBC are equivalent to
Occupancy Categories II, I1l, IV, and I, respectively, in ASCE 7.

3. Exposure categories and Velocity pressure exposure coefficient, K . An exposure
category that adequately reflects the characteristics of ground surface irregularities must
be determined for each wind direction that is considered (IBC 1609.4 and ASCE 6.5.6).
The exposure categories in both codes are essentially the same, except the IBC has made
modifications to the definitions of Exposure B and Exposure C. In view of new research,
revisions were made to the definitions for Exposure C and Exposure D in ASCE 7-98. An
improvement introduced in ASCE 7-98 is that wind forces for both the MWEFRS and
components and cladding are based on the actual exposure. Previously, using only
Exposure C or using a modofied exposure factor for Exposure B in such cases was
required.

According to ASCE 6.5.6.4, values of the velocity pressure exposure coefficient K, are

to be determined from ASCE Table 6-5. To account for increased wind loading caused by
local turbulence and from increased wind speed near the surface associated with openings
‘in surface roughness, the wind profiles have been truncated in the bottom 100 ft and 30 ft
for Exposures A and B, respectively, in the case of low-rise buildings and components
and cladding.

In lieu of linear interpolation, K, may be calculated at any height z above ground level
from the equations given at the bottom of Table 6-5:

15

z

2/
12.01 ) forz <151t

g

z

2/
201 — forISﬁSzSzg
Zg

where o = 3-second gust speed power law exponent from ASCE Table 6-4
z, = nominal height of the atmospheric boundary layer from ASCE Table 6-4

4. Topographic factor, K, . Buildings or structures located on the upper half of an
isolated hill or escarpment may experience significantly higher wind speeds than
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buildings located on level ground. The topographic factor accounts for this effect by
multiplying the velocity pressure exposure coefficients in Table 6-5 by K,,, which is
determined from Eq. 6-1 in ASCE 6.5.7. ASCE Figure 6-2 contains the three multipliers
that are to be used to determine K, in Eq. 6-1.

5. Gust effect factors, G and G . Gust effect factors account for the loading effects in

the along-wind direction due to wind turbulence-structure interaction. Effects due to wind
gust depend on whether a building is rigid or flexible (ASCE 6.5.8). A rigid building has
a fundamental natural frequency greater than or equal to 1 Hz (a fundamental period if
1 sec or less), while a flexible building has a fundamental natural frequency less than
1 Hz (a fundamental period exceeding 1 sec) (ASCE 6.2). Fundamental period may be
calculated by using the approximate formulas in ASCE 9.5.3.3 or IBC 1617.4.2.

In the case of rigid structures, the gust effect factor G may be taken as 0.85 or may be
calculated from Eq. 6-2. Equation 6-2 will give a more accurate value for G, since it
incorporates specific features of the wind environment and building size.

For flexible or dynamically sensitive structures, the gust effect factor Gy 1is to be

determined from Eq. 6-6. This equation accounts for along-wind loading effects due to
dynamic amplification. Across-wind loading effects, vortex shedding, instability due to
gallop or flutter, or dynamic torsional effects are not considered. As mentioned above,
wind tunnel tests or information from recognized literature should be used to determine

wind loads on structures susceptible to those effects not covered by G .

6. Enclosure classification. According to ASCE 6.5.9, all buildings are to be classified
as enclosed, partially enclosed, or open according to the definitions in ASCE 6.2. Such a
classification is required in order to determine internal pressure coefficients.

An open building has each wall at least 80 percent open:

4, 2084,

where 4, is the total area of openings in a wall that receives positive external pressure
and A, is the gross area of that wall with total area of openings 4, (see Figure 1-17).

By definition, an opening is an aperture or hole in the building envelope that allows air to
flow through the building envelope. Glazing in the lower 60 ft of ASCE Category II, III,
or I'V buildings located in wind borne debris regions (1.e., portions of the hurricane prone
regions as defined in ASCE 6.2) shall be assumed to be openings when impact resistant
glazing or impact resistant covering s not used (ASCE 6.5.9.3).

A partially enclosed building complies with both of the following conditions (see
Figure 1-17):
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1. the total area of openings in a wall that receives external positive pressure
exceeds the sum of the areas of openings in the balance of the building
envelope (walls and roof) by more than 10 percent:

A, >1.14,,;

2. the total area of openings in a wall that receives external positive pressure
exceeds 4 sq ft or 1 percent of the area of that wall, whichever is smaller, and
the percentage of openings in the balance of the building envelope does not
exceed 20 percent:

4 ft?
A, = smaller of

0.0IAg
and
Aoi 2920
Ag,-

where A,; = sum of the areas of openings in building envelope (walls and roof) not
including 4,

Ag; = sum of gross surface areas of the building envelope (walls and roof) not

including 4,

<&

A,

A;=BxH

A=A+ A+ Ay

Figure 1-17 Wall Openings in Windward Wall
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Buildings that comply with both the open and partially enclosed definitions given above
are to be classified as open buildings (ASCE 6.5.9.4). An enclosed building 1s one that
does not comply with the requirements for open or partially enclosed buildings. A
building may have large openings which would allow pressure to enter, but also have
enough background porosity that the pressure escapes as fast as it enters. In this case, the
building is still classitied as enclosed. By this definition, many porosity structures with
significant (but less than 80 percent) openings on the four faces become classified as
enclosed buildings.

7. Internal pressure coefficient, GCp,- . According to ASCE 6.5.11.1, internal pressure
coefficients are to be determined from ASCE Table 6-7 based on building enclosure
classification. Values in Table 6-7 were obtained from wind tunnel tests and other full-
scale test data.

8. External pressure coefficients, Cp, GCpr, GC . External pressure coefficients are

provided for MWFRS, components and cladding, and other structures (ASCE 6.5.11.2).

The pressure coefficients for MWEFRS are separated into two groups: one for buildings of
all heights (C o in ASCE Figure 6-3) and one for low-rise buildings with a mean roof

height less than or equal to 60 ft (GCpf in ASCE Figure 6-4). A comprehensive

discussion on how these coefficients were determined is contained in ASCE Commentary
Section C6.5.11.

Combined gust effect factor and external pressure coefficients for components and
cladding GC,, are contained in ASCE Figures 6-5 through 6-8.

9. Velocity pressure, g,. The velocity pressure at height z is determined from Eq. 6-13

in ASCE 6.5.10; this equation essentially converts the basic wind speed V to a velocity
pressure:

g, =0.00256K K, K ;V 21

where all terms have been defined previously. The constant 0.00256 is the mass density
of air for standard atmosphere (temperature of 59 degrees Fahrenheit and sea level
pressure of 29.92 in. of mercury). A conversion factor from miles per hour wind speed to
feet per second wind speed is also built in, so that wind speed in miles per hour can be
directly plugged into the above equation. This constant should be used except where
sufficient weather data are available to justify a different value. Average and extreme
values of air density are given in ASCE Commentary Table C6-1.

10. Design wind pressure, p. Design wind pressures on the main wind-force-resisting

systems of enclosed and partially enclosed buildings are determined in accordance with
ASCE 6.5.12.
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For rigid buildings of all heights, design wind pressures are calculated from Eq. 6-15:
p=4qGC, —q;(GCp))

For flexible buildings, Eq. (6-17) is to be used:
p=9GsC, —q;(GCp;)

where g = g, for windward walls at height z above ground
q = qy for leeward walls, side walls, and roof, evaluated at mean roof height 4

g;= qy, for all walls and roofs of enclosed buildings

and all other terms have been defined previously.

Once the design wind pressures have been computed, design wind forces are determined
by multiplying the pressures by the approprate tributary area. For buildings, design
pressures are typically determined at floor levels; the corresponding design forces are
obtained by multiplying the pressures by the tributary area at that floor level.

ASCE 6.5.12.3 requires that the MWFRS of buildings with mean roof heights greater
than 60 ft be designed for the torsional moments resulting from the design wind loads
acting in the combinations illustrated in ASCE Figure 6-9. The load combinations shown
in the figure reflect surface pressure patterns that have been observed on tall buildings in
turbulent wind. Additional information on torsional response due to full and partial
loading can be found in ASCE Commentary Section C6.5.12.3.

Design wind pressures on components and cladding are given in ASCE 6.5.12.4 for low-
rise buildings with mean roof heights less than or equal to 60 ft and in ASCE 6.5.12.4.2

for buildings with mean roof heights greater than 60 ft. Design wind forces for open
buildings and other structures are contained in ASCE 6.5.13.
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CHAPTER 2

OFFICE BUILDING WITH DUAL AND MOMENT-RESISTING
FRAME SYSTEMS

2.1 INTRODUCTION

A typical plan and elevation of a 12-story office building is shown in Figure 2-1. The
computation of wind and seismic forces according to the 2000 IBC is illustrated below.
Typical beams, columns, and walls are designed and detailed for combined effects of
gravity, wind, and seismic forces for Seismic Design Categories (SDC) A, C, D, and E.

In the N-S direction, resistance to lateral forces is provided by a combination of shear
walls and frames acting together. A shear wall-frame interactive system with ordinary
reinforced concrete moment frames and ordinary reinforced concrete shear walls is
permitted for SDC A according to IBC Table 1617.6. For SDC C, a dual system with
mtermediate moment frames and ordinary reinforced concrete shear walls is required,
while for SDC D and E, a dual system with special moment frames and special reinforced
concrete shear walls must be used.

Resistance to lateral forces in the E-W direction is provided by the flexural action of the
beams and columns. An ordinary reinforced concrete moment frame is permitted for
SDC A, while intermediate and special reinforced concrete moment frames must be used
for SDC C and for SDC D and E, respectively.

It is assumed mainly for simplicity that slabs, beams, columns, and walls have constant
cross-sections throughout the height of the building, and that the bases of the lowest story
segments are fixed. Although the member dimensions in the following sections are within
the practical range, the structure itself is a hypothetical one, and has been chosen mainly
for illustrative purposes.

2.2 DESIGN FOR SDC A

2.2.1 Design Data

¢ Building Location: Miami, FL. (zip code 33122)

e Material Properties

Concrete: f. = 4,000 psi, w, =150 pcf
Reinforcement: f, = 60,000 psi
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Figure 2-1 Typical Plan and Elevation of Example Building
e Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse

floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)
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e Seismic Design Data

For zip code 33122: S¢ =0.065g, 5, =0.024g [2.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, 7z =1.0 (IBC Table 1604.5)

e  Wind Design Data

Basic wind speed = 145 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, fy =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 8 in.

Beams: 24 x 24 in.
Columns: 28 x 28 in.
Wall thickness: 12 1n.

2.2.2 Seismic Load Analysis

Exception 4 of IBC 1614.1 states that structures located where Sg <0.15g¢ and
S] £0.04g need only comply with IBC 1616.4, which are design requirements for
SDC A. Thus, the minimum lateral force F, applied simultaneously at each floor level is
computed according to IBC Eq. 16-27:

F, =0.01w,

where w, is the portion of the total gravity load ¥ located or assigned to level x and W is
defined in IBC 1616.4.1. The seismic forces F, are summarized in Table 2-1.

Note that the seismic forces are the same in both the N-S and E-W directions, and may be
applied separately in each of the two orthogonal directions of the building, 1e.,
orthogonal effects may be neglected (IBC 1616.4.1).

2.2.3 Wind Load Analysis

According to IBC 1609.1.1, wind forces shall be determined in accordance with Section 6
of ASCE 7 [2.2]. Since the building has a mean roof height greater than 30 ft, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft.
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Table 2-1 Seismic Forces for SDC A

. Lateral force,
Level Story welght, Wx F, =0.01w,
(kips) (kips)

12 2,205 22.1
11 2,439 24.4
10 2,439 24 4
9 2,439 244
8 2,439 24.4
7 2,439 24.4
6 2,439 24.4
5 2,439 24.4
4 2,439 24.4
3 2,439 24.4
2 2,439 24.4
1 2,503 25.0
z 2911

The example building is regular shaped by the definition in ASCE 6.2, i.e., it has no
unusual geometrical irregularity in spatial form. Also, the building does not have
response characteristics making it subject to across wind loading, vortex shedding, or
instability due to galloping or flutter. It is assumed that the site location is such that
channeling effects or buffeting in the wake of upwind obstructions need not be
considered. Thus, the analytical procedure (Method 2) of ASCE 6.5 may be used to
determine the wind forces.

Design Procedure.

The design procedure outlined in Section 6.5.3 of ASCE 7 is used to determine the wind
forces on the building in both the N-S and E-W directions.

1. Basic wind speed, V, and wind directionality factor, K,. Both quantities are

determined in accordance with ASCE 6.5.4. As noted above, V is equal to 145 mph for
Miami according to IBC Figure 1609 or ASCE Figure 6-1.

The wind directionality factor K ; is equal to 0.85 for main wind-force-resisting systems

per ASCE Table 6-6 when load combinations specified in Sections 2.3 and 2.4 are used.
Note that these load combinations are essentially the same as those in Sections 1605.2
and 1605.3 of the 2000 IBC. It is important to note exception 1 to IBC 1605.2.1, Basic
load combinations: load combinations of ACI 9.2 shall be used for concrete structures
where combinations do not include seismic forces. The load factors in the ACI 318
combinations are different than those in ASCE 7 and the IBC. The exception goes on to
state that for concrete structures designed for wind in accordance with ASCE 7, wind
forces are to be divided by the directionality factor. Thus, in the following computations,



instead of multiplying and then subsequently dividing the external wind pressures/forces
by 0.85, K, 1s taken equal to 1.0.

2. Importance factor, Iy . As noted above, I 1s equal to 1.0 for Category I occupancy

according to IBC Table 1604.5 and Category Il occupancy according to ASCE Table 1-1
(note that IBC Category I and ASCE 7 Category II are the same).

3. Velocity pressure exposure coefficient, K,. According to ASCE 6.5.6.4, values of

K, are to be determined from ASCE Table 6-5. In lieu of linear interpolation, K, may

be calculated at any height z above ground level from the equations given at the bottom
of Table 6-5:

2/0
Q.OI[EJ forz <158
Zg

K., =X

z

g

2/0
2.01[1} fori5ft<z<z
Zg

where o = 3-second gust speed power law exponent from ASCE Table 6-4
= 7.0 for Exposure B
= nominal height of the atmospheric boundary layer from ASCE Table 6-4

= 1,200 ft for Exposure B

Zg

Values of K, are summarized in Table 2-2 at the various story heights for the example
building.

Table 2-2 Velocity Pressure Exposure Coefficient K,

Level Halgﬁzszf\;e(g)round K,
12 148 1.105
11 136 1.079
10 124 1.051
9 112 1.021
8 100 0.988
7 88 0.953
6 76 0.914
5 64 0.870
4 52 0.820
3 40 0.761
2 28 0.687
1 16 0.585
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4. Topographic factor, K. The topographic factor is to be determined in accordance
with ASCE 6.5.7, Eq. 6-1. Assuming the example building is situated on level ground
and not on a hill, ridge, or escarpment, K ,; is equal to 1.

5. Gust effect factors, ¢ and Gf. Effects due to wind gust depend on whether a

building is rigid or flexible (ASCE 6.5.8). A rigid building has a fundamental natural
frequency n; greater than or equal to 1 Hz, while a flexible building has a fundamental
natural frequency less than 1 Hz (ASCE 6.2).

In lieu of a more exact method, an approximate fundamental period 7, is determined in

the N-S and E-W directions using Eq. 16-39 in IBC 1617.4.2.1. The natural frequency is
computed by taking the inverse of the period.

3/4
1, = CT(hn)

where C7 = building period coefficient
= (0.030 for moment-resisting frame systems of concrete
= (.020 for other types of building systems

Thus, in the N-S direction,
T, = 0.020x(148)>'* = 0.85sec or n; =1/0.85=12Hz

Since n; > 1.0 Hz, the building is considered rigid, and G may be taken equal to 0.85 or
may be calculated by Eq. 6-2 (ASCE 6.5.8.1). For simplicity, G is taken as 0.85,

In the E-W direction,
T, = 0.030><(148)3/4 =127sec or n =1/127=0.79Hz<1.0Hz

Therefore, the gust effect factor G + must be computed in accordance with Eq. 6-6:

2 A2 2p2
1+1.71;\ngQ +g5R

Gf =0.925
1+1‘7gl,1;

1+ (1.7><o.25)\/(3.42 x0.85%) +(4.14% x 0.542)
1+(1.7x3.4% 0.25)

=0.925 =0.97
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gg = [21n(3.600m) + ——2217
J21n(3,6001,)

0.577
J/21n(3,600x 0.79)

= /21n(3,600%0.79) + =3.99+0.15=4.14

[ = intensity of turbulence at height z

z

33 176 33 176
= c(Tj = 0.30(mj =0.25 (Eq. 6-3 and Table 6-4 for Exposure B)

z= 0.6h 2z, =06x148=888ft> z,, = 30ft (Table 6-4 for Exposure B)

Q = background response

1 = 1 - 0.85 (Eq. 6-4)

0.63 06
1+0-63[MJ 1+0.63(M)

445.1

z

L> = integral length scale of turbulence at equivalent height

7 8883
= f(——] = 320(—') =445.1 ft (Eq. 6-5 and Table 6-4 for Exposure B)

33

The resonant response factor R is computed from:

R= \/%R,,RhRB(O.53+O.47RL)

= \/ﬁx 0.07x0.20%0.37[0.53+(0.47x0.05)] = 0.54 (Eq.6-8)

where B = damping ratio (assumed to be 0.01)

7.47N, 7.47%2.87

= -0.07 (Eq. 6-9)
A+103N)"3  [1+0103x2.87)P"3

R, =

N; = reduced frequency

nLz; 0.79x445.1
7 122.6

z

-287 (Eq. 6-10)

¥, = mean hourly wind speed at height z



—\& N/ 4 -
SB[ 2y B 0as BB a8 58
33 60 33 60
=122.6 ft/sec (Eq. 6-12 and Table 6-4 for Exposure B)
1 1

Ry, :___2(1_6—2T\h)
Ny 21y
_ 1 1 (1 —2x4.39)
= — 5 —e
439 2x439

=0.20 (Eq.6-11a)
_46mh  4.6x0.79x148

=4.39
=" 122.6
RB :__1-__%(1—3_2“3)
Mg ZT]B
_ 1 . (l_e—2x2.03)
2.03 2x2.03
=037 (Eq 6-112)
g = 4.617?11B _ 4.6><01.;§>;68.33 203
E .
R; :_1____17(1_8_an)
ne 2T]L
1 1 (l_e—2x18.29)

T 1829 2x18.292
~0.05 (Eq.6-11a)

_154m L 15.4x0.79%184.33
Vs 122.6

ny ~18.29

6. Enclosure classification. It is assumed in this example that the building is enclosed
per ASCE 6.5.9 or IBC 1609.2.

7. Internal pressure coefficient, GC ;. According to ASCE 6.5.11.1, internal pressure

coefficients are to be determined from Table 6-7 based on building enclosure
classification. The building is in a hurricane-prone region. Glazing in the bottom 60 ft of
the building is assumed to be debris resistant (ASCE 6.5.9.3). Therefore, for an enclosed
building, GC,,; =+0.18.
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8. External pressure coefficients, C',. External pressure coefficients for main wind-

force-resisting systems are given in ASCE 7 Figure 6-3 for this example building. For
wind in the N-S direction:

Windward wall: Cp =0.8
Leeward wall (/B = 68.33/184.33 = 0.37): Cp =-0.5

Side wall: Cp =-0.7

Roof (h/L =148/68.33 =2.17):
C, =—1.3 over entire roof (68.33 ft < 4/2 = 74 ft). May be reduced to 0.80 x

—1.3 =—1.04 for area greater than 1,000 sq ft per Figure 6-3.
For wind in the E-W direction:

Windward wall: Cp =028
Leeward wall (/B = 184.33/68.33 =2.70): ¢, =-026

Side wall: Cp =-0.7

Roof (h/L = 148/184.33 = 0.80):

C, =-1.14 from windward edge to #/2 =74 ft

C,=-0.78 from 74 ftto h = 148 ft

Cp =-0.62 from 148 ft to 184.33 ft

9. Velocity pressure, q,. The velocity pressure at height z is determined from Eq. 6-13
in ASCE 6.5.10:

q, =0.00256K K, K VI

where all terms have been defined previously. Table 2-3 contains a summary of the
velocity pressures for the example building.

10. Design wind pressure, p. Design wind pressures on the main wind-force-resisting
systems of enclosed and partially enclosed buildings are determined in accordance with
ASCE 6.5.12. For rigid buildings of all heights, design wind pressures are calculated
from Eq. 6-15:

P=9GC, —q;(GCp)
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Table 2-3 Velocity Pressure q, (V =145 mph)

Height above ground
Level g lovel. = (f% K, (:Szf)
12 148 1.105 59.5
1M 136 1.079 58.1
10 124 1.051 56.6
9 112 1.021 54.9
8 100 0.988 53.2
7 88 0.953 513
6 76 0.914 49,2
5 64 0.870 46.8
4 52 0.820 441
3 40 0.761 40.9
2 28 0.687 37.0
1 16 0.585 315

For flexible buildings, Eq. (6-17) is to be used:
p=49GsC, —q,(GCp;)

where g = g, for windward walls at height z above ground
q = gy, for leeward walls, side walls, and roof, evaluated at height £

q;= qy, for all walls and roofs of enclosed buildings

and all other terms have been defined previously.

Table 2-4 contains a summary of the design pressures for wind in the N-S direction (rigid
building). The design wind forces at each floor level are given in Table 2-5. It has been
assumed in the calculation of the wind forces that the design wind pressure is constant
over the tributary height of the floor level. Design wind pressures and forces are
contained in Tables 2-6 and 2-7, respectively, for wind acting in the E-W direction
(flexible building).

2.2.4 Design for Combined Load Effects
It is evident from Tables 2-1, 2-5, and 2-7 that wind forces will govern the design of the
structural members for SDC A. It is important to note, however, that IBC 1609.1.5

requires that seismic detailing requirements of the code be satisfied, even when wind load
effects are greater than seismic load effects.
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Table 2-4 Design Wind Pressures in N-S Direction (V = 145 mph)

Height External Pressure Internal Pressure
above

(f) | (psf) (psf) | (psf) (psf)

12 148 59.5 | 0.85 | 0.80 40.5 595 | £0.18 +10.7

11 136 581 | 0.85| 0.80 39.5 595 | +0.18 +10.7

10 124 56.6 | 0.85 | 0.80 38.5 59.5 | £0.18 +10.7

9 112 549 | 0.85| 0.80 374 595 | +0.18 +10.7

8 100 53.2 | 0.85| 0.80 36.2 595 | £0.18 +10.7

. 7 88 51.3 | 0.85 | 0.80 34.9 595 | +0.18 +10.7

Windward

6 76 49.2 | 0.85] 0.80 334 595 | +0.18 +10.7

5 64 46.8 1 0.85 | 0.80 31.8 59.5 | +0.18 +10.7

4 52 441 | 0.85| 0.80 30.0 595 | £0.18 +10.7

3 40 40.9 | 0.85 | 0.80 27.8 59.5 | £0.18 +10.7

2 28 37.0 | 0.85| 0.80 251 595 | +£0.18 +10.7

1 16 315 | 0.85| 0.80 21.4 595 | £0.18 +10.7

Leeward All 595 | 0.85| -0.50 | -25.3 595 | +0.18 +10.7
Side All 59.5 | 0.85 | -0.70 | -354 595 | +0.18 +10.7
Roof --- 148 595 1085 | -1.04 | -52.6 595 | £0.18 +10.7

Table 2-5 Design Wind Forces in N-S Direction (V = 145 mph)
Windward Leeward
Height External Design External Design Total
above | Tributary | Design Wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, p* Pressure, P* Force
quCp thCp

(ft) (f) (psf) (kips) (psf) (kips) (kips)

12 148 6 40.5 447 -25.3 28.0 72.7
11 136 12 39.5 87.4 -25.3 56.0 143.4
10 124 12 38.5 85.1 -25.3 56.0 1411
9 112 12 374 82.6 -25.3 56.0 138.6
8 100 12 36.2 80.0 -25.3 56.0 136.0
7 88 12 34.9 771 -25.3 56.0 133.1
6 76 12 334 74.0 -25.3 56.0 130.0
5 64 12 31.8 70.4 -25.3 56.0 126.4
4 52 12 30.0 66.4 -25.3 56.0 122.4
3 40 12 27.8 61.6 -25.3 56.0 117.6
2 28 12 251 55.6 -25.3 56.0 111.6
1 16 14 21.4 55.3 -25.3 65.3 120.6
*P= gGC, x Tributary height x 184.33 )y 1,493.5




Table 2-6 Design Wind Pressures in E-W Direction (V = 145 mph)

Height External Pressure Internal Pressure
above
Location | Level ?;3:1?: q G, Cp quCp q, chl_ inCpi
(ft) | (psf) (psf) | (psh (psf)
12 148 59.5 | 0.97 | 0.80 46.2 595 | £0.18 +10.7
11 136 58.1 | 0.97 | 0.80 451 595 | £0.18 +10.7
10 124 56.6 | 0.97 | 0.80 43.9 595 | £0.18 +10.7
9 112 5491097 | 0.80 42.6 595 | £0.18 +10.7
8 100 53.2 | 0.97 | 0.80 41.3 595 | £0.18 +10.7
> 7 88 5131097 | 0.80 39.8 595 | £0.18 +10.7
Windward
6 76 492 | 0.97 | 080 38.2 595 | £0.18 +10.7
5 64 46.8 | 0.97 | 0.80 36.3 595 | +0.18 +10.7
4 52 441 | 0.97 | 0.80 34.2 595 | £0.18 +10.7
3 40 409 | 0.97 ] 0.80 31.8 595 | £0.18 +10.7
2 28 37.0 { 0.97 | 0.80 28.7 59.5 | £0.18 +10.7
1 16 3151097 | 080 245 595 | £0.18 +10.7
Leeward -—- All 595 | 0.97 | -0.26 -15.0 595 | +0.18 +10.7
Side - All 59,5 | 0.97 | -0.70 -40.4 595 | £0.18 +10.7
- 148* 59.5 | 0.97 | -1.14 -65.8 595 | £0.18 +10.7
Roof - 148" 59.5 | 0.97 | -0.78 -45.0 595 | £0.18 +10.7
-—- 148* 59.5 | 0.97 | -0.62 -35.8 595 | £0.18 +10.7

*from windward edge to 74 ft
from 74 ft to 148 ft

*from 148 ft to 184.33 ft

Chapter 19 of the 2000 IBC references ACI 318-99 [2.3] for the design of reinforced
concrete members; provisions that differ from ACI 318 are given in italicized text.
According to ACI 21.2.1.2, design of members in regions of low seismic risk shall satisfy

Chapters 1 through 18 and 22, and no special seismic detailing is required.

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the wind loads contained in Tables 2-5 and 2-7 using SAP2000 [2.4]. In the
model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were
defined at the ends of the horizontal members so that results were automatically obtained
at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section
properties were used:

* Beams: /4 =0.5/,

e Columns: /5 =0.71,

* Shearwalls: 1,7 =0.5/,
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where 7/, 1s the gross moment of inertia of the section.
o

According to ASCE 6.5.12.3, the main wind-force-resisting systems of buildings with
mean roof height # greater than 60 ft must be designed for the full and partial wind load
cases of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-
dimensional analysis.

Table 2-7 Design Wind Forces in E-W Direction (V = 145 mph)

Windward Leeward
Height External Design External Design Total
above | Tributary Design Wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, P* Pressure, P+ Force
qupr thpr
(ft) (ft) (psf) (kips) (psf) (kips) | (kips)
12 148 6 46.2 18.9 -15.0 6.2 251
11 136 12 45.1 37.0 -15.0 123 493
10 124 12 43.9 36.0 -15.0 12.3 48.3
9 112 12 42.6 35.0 -15.0 12.3 47.3
8 100 12 41.3 33.8 -15.0 12.3 46.1
7 88 12 39.8 32.6 -15.0 12.3 44.9
6 76 12 38.2 31.3 -15.0 12.3 43.6
5 64 12 36.3 29.8 -15.0 12.3 42.1
4 52 12 34.2 28.1 -15.0 12.3 40.4
3 40 12 31.8 26.0 -15.0 12.3 38.3
2 28 12 28.7 23.5 -15.0 12.3 358
1 16 14 245 23.4 -15.0 14.3 37.7
*P= qGC, x Tributary height x 68.33 b 498.9

2.2.41 Load Combinations

As noted above, IBC 1605.2.1 requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+1.7L (Eq. 9-1)
2. 0.75(1.4D+ 17L+17W)  (Eq. 9-2)
3. 09D+ 1.3W (Eq. 9-3)

where D, L, and W are the effects due to dead, live, and wind loads, respectively. It is
important to reiterate that the wind loads were computed utilizing a directionality factor
equal to one (IBC 1605.2.1, exception 1).
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2.2.4,2 Design of Beam C4-C5
Flexural design.

Table 2-8 contains a summary of the design bending moments and shear forces for beam
C4-C5 at the second floor level. Included are the results for full and partial wind load
cases of ASCE 7 Figure 6-9. Note that for wind load cases 1 and 2, wind in the E-W
direction will cause appreciable reactions in this member.

The required flexural reinforcement 1s contained in Table 2-9. The provided areas of steel
are within the limits prescribed in ACI 10.3.3 for maximum reinforcement and ACI 10.5
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).

Shear design.

The largest factored shear force V), at the support is 50 kips (see Table 2-8). At critical

section d = 21.5/12 = 1.8 ft from the face of the support (ACI 11.1.3.1),
V, =50-(4.3x1.8) =42 kips, where 4.3 kips/ft is the equivalent factored uniform load

on the beam, which is determined as follows (see ACI Figure R13.6.8 for definition of
tributary area on beam):

Total trapezoidal area tributary to beam = 2{2[% x11x1 IJ +(4x1 1)} =330 ft?

Dead load = —8-x0.15x330 + 16><24><0.15x23.67 + 30x330 =52.4 kips
12 144 1,000

Live load = 0330 =16.5 kips
1,000

Total factored load = (1.4%x52.4)+(1.7x16.5) =101.4 kips

Equivalent factored uniform load w, = —;21—6‘; =43 kips/ft

Equivalent uniform loads are more convenient to use than the actual trapezoidal loads,
especially when determining cutoff points for the flexural reinforcement as illustrated
below.
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Table 2-8 Summary of Design Bending Moments and Shear Forces for Beam C4-C5 at the 27°
Floor Level (SDC A)

Full and
Partial Bending Shear
Load Case Wind Location | Moment Force
Load (ft-kips) (kips)
Cases* -
Dead (D) SL.Jppon -109 26
Midspan 75
Live (L) Sl.Jpport -16 8
Midspan 11
1 Support + 87 +7
2 Support +77 +7
Wind (W) PP
3 Support +65 +6
4 Support +58 +5
LLoad Combinations
1.4D +1.7L Support 180 50
Midspan 124
-246 46
1 Support 24 29
Midspan 93
-233 46
2 Support 37 29
0.75(1.4D + 1.7L + 1.7W) Midspan 93
Subbort -218 45
3 PP 52 30
Midspan 93
-209 44
4 Support 61 31
Midspan 93
-211 33
S rt
1 uppo 15 14
Midspan 68
-198 33
2 Support 2 14
i 6
0.9D + 1.3W Midspan 8
Support -183 31
3 PP 14 16
Midspan 68
Support -174 30
4 PP 23 17
Midspan 68

*Cases defined in ASCE 7 Figure 6-9
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Table 2-9 Required Flexural Reinforcement for Beam C4-C5 at the 2" Floor Level (SDC A)

Location M_“ As Reinforcement” (M?"
(ft-kips) (in.z) (ft-kips)
Support -246 2.66 5-No. 7 275
Midspan 93 1.72 3-No.7 169
3\/Ebwd 314,000 x 24 x 21,5 63 in2
o= = =1, in.
smn 60,000
Y ACI 10.5
200b,d  200x24x215 2
= = =1.72 in.” (governs)
f 60,000
y
Ag max =P gD, d = 00214 x 24 x 21.6 = 11.04 in.? ACI10.3.3

The nominal shear strength provided by concrete V. is computed from ACI Eq. 11-3:
V. =24 flb,,d=24,000x24x21.5/1,000 = 65.3 kips

Since ¥V, is greater than ¢V./2=0.85x653/2=278 kips and 1is less than
OV, =55.5 kips, provide minimum shear reinforcement per ACI 11.5.5. Assuming
No. 3 stirrups, the required spacing s is determined from Eq. (11-13):

4/, (2x0.11)x60,000

50b,, 5024

11 in

According to ACI 11.5.4, the maximum spacing of shear reinforcement is d/2 = 21.5/2 =
10.75 in. (governs) or 24 in. Thus, provide No. 3 stirrups @ 10 in. at both ends of the
beam. Stirrups can be discontinued at sections where ¥, < ¢V, /2. This occurs at 5.7 ft

from the face of the support, based on Eq. (9-2) for wind load cases 1 or 2.

Use 8-No. 3 stirrups at each end of the beam spaced at 10 in. on center with the first
stirrup located 2 in. from the face of the support.

Reinforcing bar cutoff points.

The negative reinforcement at the supports is 5-No. 7 bars. The location where 3 of the 5
bars can be terminated is determined. The design flexural strength ¢, provided by 2-

No. 7 bars is 114 ft-kips.

The load combinations used to determine the cutoff points are shown in Table 2-10. The
distance x from the face of the support to the section where the bending moment equals
114 fi-kips is obtained by summing moments about section a-a in the figure. For
example, for the first load combination:
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Table 2-10 Cutoff Location of Negative Bars (SDC A)

Load Combination Load Diagram X (ft)
14D +1.7L
4.3 kips/ft a
180 fkips Q t—t—¥_¥ ¥ ¥ ¥ ¥ 9130 fi-kips
G 3y eonrs |
I 23’_8” a
50 kips 50 kips
3.2 kips/ft a
A fekios PE T & I »
0.75(1.4D + 1.7L + 1.7y | 24 ks € - { ) 246 fikips | 5,
23’-8” a
29 kips 46 kips
2.0kips/ft 2
15 ft-kips Cl—t—b_Y ¥ ¥ ¥ ¥ ¥ 9511 frkips
0.9D + 1.3W ¢ , ) PS 1 33
' 23’-8” al
14 kips 33 kips
4.3x?

—-50x+180=114

Solving for x gives a distance of 1.4 ft from the face of the support. The cutoff locations
for other load combinations are determined in a similar fashion. It i1s evident from the

table that the third load combination governs.

The 3-No. 7 bars must extend a distance 4 = 21.5 in. (govemns) or
12dy =12x0.875=10.5 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 3.3 + (21.5/12) = 5.1 ft. Also, the
bar must extend a full development length 7, beyond the face of the support

(ACI 12.10.4), which is determined from ACI Eq. (12-1):

fa _3 Ty op
dp 40 fc’ [C+KtrJ

dp

where o = reinforcement location factor = 1.3 for top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
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¢ = spacing or cover dimension

0.875

1.5+0.375+ =2.3 in. (governs)

24-2(1.5+0.375)-0.875
2x4

2.4 1n

K,. = transverse reinforcement index = 0 (conservative)

CHRy 2340 5 e 05 use2ss

dy 0.875

Therefore,

£ 3 60,000 1.3x1.0x1.0x1.0

-4 == % X =37.0
dy, 40 /4,000 2.5

24 =37.0x0875=323 in.=2.7 ft <51 ft

Thus, the total required length of the 3-No. 5 bars must be at least 5.1 ft beyond the face
of the support.

Note that 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 8.7 ft from the face of the support, which is greater than 5.1 ft. Thus, the
No. 7 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 ¥, at the cutoff point does not

exceed 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 10 in. on center that are provided
in this region of the beam, ¢V, is determined by ACI Egs. 11-1 and 11-2:

oV, =0V, +V,) = 0.85><(65.3 + 0'22Xf8><21'5j= 79.6 kips

%(DVH =53.1kips

At 5.1 ft from the face of the support, ¥V, =33 -(2.0x5.1) =22.8 kips, which is less than
53.1 kips. Therefore, the 3-No. 7 bars can be terminated at 5.1 ft from the face of the
support.

It 1s assumed in this example that all positive reinforcement is continuous with splices
over the columns. Note that the structural integrity provisions of ACI 7.13.2.3 require
that at least one-quarter of the positive reinforcement be continuous or spliced over the
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support with a Class A tension splice for other than perimeter beams that do not have
closed stirrups.

Figure 2-2 shows the reinforcement details for beam C4-C5.

2/_4” 2,-4”

[
56 3-No.7  2-No.7  3-No.7

__

% % o

/
3-No. 7

]

2/1 i

\ 8-No. 3 stirrups @ 10~ -
231_8”

Figure 2-2 Reinforcement Details for Beam C4-C5 at the 2" Floor Level (SDC A)
2.2.4.3 Design of Column C4

Table 2-11 contains a summary of the design axial forces, bending moments, and shear
forces on column C2. It is subjected to biaxial bending due to wind load cases 3 and 4.

Table 2-11 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C4 between the 1° and 2" Floor Levels (SDC A)

Fl;’:r::rl Axial Bending Shear
Load Case Wind Load Force Moment Force
Casesr | (dips) | (ftkips) | (kips)
Dead (D) 1,084 0 0]
Live (L)** 134 0 0
’ N-S + 11 + 89 + 15
E-W 0 + 87 +17
5 N-S +9 +77 +13
. E-W 0 +77 +15
Wind (W) + 65 +13
3 +8 — —
+ 67 +12
+ 58 +12
4 +7
+ 57 + 11

*Cases defined in ASCE 7 Figure 6-9
** Live load reduced per IBC 1607.9
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Table 2-11 (continued) Summary of Design Axial Forces, Bending Moments, and Shear Forces
on Column C4 between the 1% and 2" Floor Levels (SDC A)

Full and Axial Bending Shear
Load Combinations Partial Wind Force Moment Force
Load Cases (kips) (ft-kips) (kips)
14D +1.7L 1,745 0 0
1,323 114 19
1 N-S ™1 205 114 -19
E-W 1,309 111 22
N-S 1,321 98 17
2 1,298 -98 -17
E-W 1,309 98 19
1,319 83 17
0.75(1.4D + 1.7L + 1.7W) , 1.299 83 17
1,319 85 15
1,299 -85 -15
1,318 74 15
4 1,300 -74 -15
1,318 73 14
1,300 -73 -14
990 116 20
1 N-S 961 -116 -20
E-W 976 113 22
987 100 17
2 N-S 964 -100 -17
E-W 976 100 20
986 85 17
0.9D+1.3W , 965 85 17
986 87 16
965 -87 -16
985 75 16
4 967 -75 -16
985 74 14
967 -74 -14

Design for axial force and bending.

Based on the load combinations in Table 2-11, a 28 x 28 in. column with 16-No. 10 bars
(pg =2.59%) 1s adequate for column C4 supporting the second floor level. The load

combination for gravity loads governs the design and slenderness effects need not be
considered since P-delta effects were included in the analysis. Also, the provided
reinforcement ratio is within the allowable range of 1% and 8% (ACI 10.9.1).

Figure 2-3 contains the interaction diagram cut at an angle of 0 degrees (pure axial load)
through the biaxial interaction surface with the governing load combination shown. Other
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interaction diagrams cut at 44, 45, and 46 degrees through the biaxial interaction surface
would show the other load combination points well inside the surface. Note that the
angles of the interaction diagrams are obtained by taking the inverse tangent of the ratio
of N-S and E-W factored bending moments. For example, for wind load case 1 in the

second load combination, the angle of the interaction diagram = tan_1(114/111):
46 degrees (see Table 2-11).

ACI 7.6.3 requires that the clear distance between longitudinal bars shall not be less than
1.5dp =1.5 x 1.27 = 1.9 in. nor 1.5 in. In this case, the clear distance is equal to the

following:

28 —2(1.5+0.375+£z

]—1.27 =4.475 in.>1.9 in. O.K.

2
4
4,500.0 ¢
4,0000
3,500.0 R —+
_‘?_: 3,000.0 é___ - \
= :
£ 2,000.0 F= == \ N
®
% 1,500.0 E %
: N\, j
1,000.0 E ) ) 7
500.0 F v
; ") /

00 A M i A ' N A
500.0 1,000.0 1,500.0 2,000.0

Bending Moment (ft-kips)

o
o

Figure 2-3 Design and Nominal Strength Interaction Diagrams for Column C4 Supporting the 2
Floor Level (SDC A)

Design for shear.

The shear capacity of the column will be checked using ACI Eq. 11-4 for members
subjected to axial compression:
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N
V., =21+ —H%— ’“/ 'b..d
C [ 27000Ag f(. w
=2 1+—976’0i2 4,000 x28%23.85/1,000 =137.1 kips
2,000%28

where N, = 976 kips is the smallest axial force corresponding to the largest shear force

V,, = 22 kips on the section (see Table 2-11) and @ = 23.85 in. was obtained from a strain

compatibility analysis.

Since ¢V, /2=0.85x137.1/2= 583 kips > V,, = 22 kips, transverse reinforcement
requirements must satisfy ACI 7.10.5. With No. 3 lateral ties, the vertical spacing of the

ties must not exceed the least of the following:
o 16(smallest longitudinal bar diameter) = 16 x 1.27 =20.3 in.
e 48(tie bar diameter) =48 x 0.375 = 18.0 in. (governs)

e [ .east column dimension = 28 in.

Use No. 3 ties @ 18 in. with the first tie located vertically not more than 18/2 = 9 in.
above the top of the slab and not more than 3 in. below the lowest horizontal
reinforcement in the beams (ACI 7.10.5.4 and 7.10.5.5).

Splice length of longitudinal reinforcement.

ACI 12.17 contains special provisions for splices in columns. It can be shown for this
example that the bar stress due to all factored load combinations is compressive. Thus, a
compression lap splice computed in accordance with ACI 12.17.2.1 could be used.
However, a Class A tension lap splice is used in this example.

From ACI Eq. (12-1):

Ly 3 Jy afn
db 40 fc' [C+K1r}

dp

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension
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' 1.2
1.54+0.375 +77 =2.51n. (governs)

28-2(1.5+0.375)-127
2x4

2.9 m.

K, = transverse reinforcement index = 0 (conservative)

C+Ktr :2.5+0:20<25

d, 1.27

Therefore,

g 3 y 60,000 1.0x1.0x1.0x1.0

-a _ - X =356
dp, 40 4,000 2.0

04 =35.6x127=452 in.=338 ft

Class A splice length = 1.0¢,; = 3.8 ft

Use a 3 ft-10 in. splice length with the splice located just above the floor level.
Reinforcement details for column C4 are shown in Figure 2-4.

2.2.4.4 Design of Shear Wall on Line 7

This section outlines the design of the shear wall on line 7. Table 2-12 contains a
summary of the design axial forces, bending moments, and shear forces at the base of the

wall. Note that for wind load cases 1 and 2, wind in the N-S direction will cause
appreciable reactions in this member.

Design for shear.

The shear strength of the concrete is determined in accordance with ACI 11.10.5 for
walls subjected to axial compression:

V, =2flhd
= 2,/4,000 x12x 233.6/1,000 = 354.6 kips

where 4 1s permitted to be taken equal to 0.8¢ , = 0.8 X 292 =233.6 in. (ACI 11.10.4).
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Other reinforcement net shown
for clarity

1
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2™ Floor

No. 3 ties @ 1-6”

14" {typ.)

2'-4”

Figure 2-4 Reinforcement Details for Column C4 Supporting the 2" Floor Level (SDC A)

Table 2-12 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of

—

Additional ties at offset bend

Shear Wall on Line 7 (SDC A)

" 16-No. 10

Full and
Partial Axial Bending Shear
Load Case Wind Force Moment | Force
Load (kips) (ft-kips) (kips)
Cases*
Dead (D) 2,716 0 0
Live (L) 279 0 0
1 0 +29,419 | +647
2 0 + 28,322 +624
Wwind .
W) 3 0 +22,079 | 486
4 0 +21,471 + 473
Load Combinations
14D+ 1.7L 4,277 0 0
1 3,208 37,509 825
0.75(1.4D+1.7L + 1.7W) 2 3,208 36,111 796
3 3,208 28,151 620
4 3,208 27,376 603
1 2,444 -38,245 -841
0.9D + 1.3W 2 2,444 -36,819 -811
3 2,444 -28,703 -632
4 2,444 -27,912 -615

*Cases defined in ASCE 7 Figure 6-9
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The maximum factored shear force 1s 841 kips from wind load case 1 in the third load
combination (see Table 2-12). Since ¢V, =0.85x354.6 =301.4 kips <V, =841 kips,

horizontal shear reinforcement shall be provided in accordance with ACI 11.10.9. With 2
layers of No. 5 bars in the web, the required bar spacing is determined by Eq. 11-33:

A, fyd  (2x0.31)x60x233.6
14 (841/0.85) ~354.6

5

=13.7 in.

Sy =

Try 2-No. 5 horizontal bars @ 12 in. Note that ACI 14.3.4 requires two layers of
reinforcement for walls more than 10 in. thick.

According to ACI 11.10.9.2, ratio of horizontal shear reinforcement shall not be less than
0.0025, and according to ACI 11.10.9.3, spacing of horizontal reinforcement shall not
exceed ¢,,/5 =292/5=584in., 3h =3 x 12 =36 in, or 18 in. (governs). For 2-No. 5
horizontal bars spaced at 12 in., which is less than 18 in., the ratio p; of horizontal shear

reinforcement area to gross concrete area of vertical section is

2x0231

= =0.0043 > 0.0025 O.K.
12x12

Ph

Use 2-No. 5 horizontal bars @ 12 in.

The shear strength ¥, at any horizontal section must be less than or equal to 10,/ f; hd =
1,773 kips (ACI 11.10.3). In this case,

(2x0.31)x 60%233.6

5 =1,078.8 kips < 1,773 kips O.K.

V,=V,+V, =354.6+

The ratio of vertical shear reinforcement area to gross concrete area of horizontal section
shall not be less than 0.0025 nor the value obtained from Eq. 11-34 (ACI 11.10.9.4):

h
p, =0.0025+ 0.5(2.5 —?’L}ph —0.0025)

w

—0.0025+0.5 2.5-—22_}0.0043 - 0.0025)< 0
24.33

Thus, p, =0.0025.

According to ACI 11.10.9.5, spacing of vertical shear reinforcement shall not exceed
2,/3=292/3=9731in,3h=3x12=2361n, or 18 in. (governs). For 2-No. 5 vertical

bars spaced at 18 in.:
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_ 2x0.31
P 12%x18

=0.0029 > 0.0025 O.K.

Use 2-No. 5 vertical bars @ 18 in.

The provided vertical and horizontal reinforcement satisfy the requirements of
ACI14.3.2 and 14.3.3 for minimum ratio of vertical and horizontal reinforcement to
gross concrete area, respectively, and ACI 14.3.5 for maximum bar spacing.

Design for axial force and bending.

ACI 14.4 requires that walls subjected to axial load or combined flexure and axial load
shall be designed as compression members in accordance with ACI 10.2, 10.3, 10.10
through 10.14, 10.17, 14.2, and 14.3 unless the empirical design method of ACI 14.5 or
the alternative design method of ACI 14.8 can be used. Clearly, both of these methods
cannot be applied in this case, and the wall is designed in accordance with ACI 14.4.

Figure 2-5 contains the interaction diagram of the wall. The wall is reinforced with 16-
No. 10 bars in the 28 x 28 in. columns at both ends of the wall and 2-No. § vertical bars
@ 18 in. in the web. As seen from the figure, the wall is adequate for the load
combinations in Table 2-12.

20,000.0 ¢

18,000.0 E

16,000.0 \

14,000.0

12,000.0 E -

10,000.0 F \ \
8,000.0 | P

a \ ‘N>
6,000.0 F

4,000.0 F s
2,000.0 E // //

0.0 E 2 L " " P i i " L
0.0 20,000.0 40,000.0 60,000.0 80,000.0 100,000.0

Bending Moment (ft-kips)

Axial Force (kips)

Figure 2-5 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 7
(SDC A)
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Splice length of reinforcement.

Class B lap splices are utilized for the longitudinal reinforcement in the columns and the
vertical bars in the web. No splices are required for the No. 5 horizontal bars in the web,
smee full length bars weigh approximately 1.043 x 24.33 = 25.5 lbs. and are easily

installed.

For the No. 10 vertical bars in the columns, £; = 45.2 in., which was computed for
column C4 in Section 2.2.4.3 of this publication. Therefore, according to ACI 12.15.1:

Class B splice length=1.3¢ ; = 1.3 x45.2=58.8 in.
Use a 5 ft-0 in. splice length for the No. 10 bars.

For the No. 5 vertical bars in the web, ¢, is determined from ACI Eq. (12-1):

g 3 Sy oA
db 40 fc’ (C_f_KtrJ

dyp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement

v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

0.75+0.625 + 0.625 =1.7 in. (governs)
h .

—x18=9.0 in.

2

K, = transverse reinforcement index = 0

ct+K, 17+0
dy 0.625

=2.7>2.5, use2.5

Therefore,

Q:ix 60,000 ><0.8x1.0x1.0x1.0 =978
dy 40 /4,000 2.5
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£, =228%x0.625=142 in.=12 ft
Class B splice length=1.3¢; = 1.6 ft

Use a 1 {1-8 1n. splice length for the No. 5 bars.

The No. 5 horizontal bars in the web must be developed in the columns. As shown above,
the development length ¢, is equal to 1.2 ft. This length can be accommodated within

the 28 in. = 2.3 ft columns, so that hooks are not needed at the ends of the bars.

Reinforcement details for the shear wall along line 7 are shown in Figure 2-6.

2’4"
l‘—_’ 16-No. 10
/
No. 3 ties and prracscameer<v4 I
crossties @ 1’-6"
: S 21_4”
1% (typ.) | @]
‘ ity kR ae X
L P
|} No.5 @ 12”
dlNo. 5 @ 18”

Y4” (typ.)—»
1 I_OH

Figure 2-6 Reinforcement Details for Shear Wall Along Line 7 (SDC A)
2.3 DESIGNFOR SDCC
To illustrate the design requirements for Seismic Design Category (SDC) C, the office
building in Figure 2-1 is assumed to be located in New York City. Typical beams,
columns, and walls are designed and detailed for combined effects of gravity, wind, and
seismic forces.

2.3.1 Design Data

e Building Location: New York, NY (zip code 10013)
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Material Properties

Concrete: f =4,000 psi, w,. =150 pcf
Reinforcement: f), = 60,000 psi

Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

Seismic Design Data

For zip code 10013: S¢ =0.424g, 5, =0.094g [2.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, Ir =1.0 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 110 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

Member Dimensions

Slab: 8 in.

Beams: 22 x 22 in.

Interior columns: 26 X 26 in.
Edge columns: 24 x 24 in.
Wall thickness: 12 in.

2.3.2 Seismic Load Analysis

2.3.21 Seismic Design Category (SDC)

Analysis procedures for seismic design are given in IBC 1616.6. The appropriate
procedure to use depends on the Seismic Design Category (SDC), which is determined in
accordance with IBC 1616.3. Structures are assigned to a SDC based on their Seismic

Use Group and the design spectral response acceleration parameters Sp¢ and Sp,.
These parameters can be computed from Egs. 16-18 and 16-19 in IBC 1615.1.3 or can be
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obtained from the provisions of IBC 1615.2.5 where site-specific procedures are used as
required or permitted by IBC 1615.

The maximum considered earthquake spectral response accelerations for short periods
Sy and at l-second period S, are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sus = F,S¢ =1.46x0.424=0.62g
Sy =F,S; =2.40%0.094 =023g

where F, and F, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods S¢ and at 1-second period Sy,

respectively. The values of these coefficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F, . Straight-line

interpolation was used to determine F,.

Once S)s¢ and Sy have been determined, Spg and Sp; are computed from Eqgs. 16-
18 and 16-19:

SDS :%SMS =%X062 = 041g

SD] :§SM1 =§X023=015g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg = 0.41g, the SDC is C. Similarly, from

Table 1616.3(2), the SDC is C for Sp; = 0.15g. Thus, the SDC is C for this building.

2.3.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC C. In a given
direction, ¥ is determined from Eq. 16-34:

V=CW

where C; 1s the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 27,226 kips (see
Table 2-13 below).
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Seismic Forces in N-S Direction.

In the N-S direction, a dual system is utilized. As a minimum, the dual system must have
mtermediate reinforced concrete moment frames and ordinary reinforced concrete shear
walls to satisfy the provisions of IBC 1910.4.1 for structures assigned to SDC C. For this
system, the response modification coefficient R = 5.5 and the deflection amplification

factor C; =4.5 (see IBC Table 1617.6).

Approximate period (7,). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, is computed from Eq. 16-39 for the dual system:

Building height &, = 148 ft
Building period coefficient Cy = 0.02
Period T, = Cy(h,)>'* =0.020x(148)*'* = 0.85 sec

For comparison purposes, the period was also determined using SAP2000 [2.4], which
gave 7= 1.50 sec. In this example, no further refinement of the period is made.

Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:

C, = Soi 015 403

i

The value of C; need not exceed that from Eq. 16-35:

C, = Sps__ 041 _ g o95

NERNEE
Iz | \1.0
Also, C, must not be less than the following value from Eq. 16-37:
C, =0.044Sps1p =0.044x0.41x1.0=0.018

Thus, the value of C, from Eq. 16-36 governs so that the base shear V' in the N-S

direction is:

V=CW=0.032x27,226 =871 kips
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Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqs. 16-41 and 16-42:

F,= Cvx 4

whE

iwz’ht’k
i=1

C=

121

where [ 1s the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or i, and £ is the distribution exponent defined in IBC 1617.4.3. For T
= (.85 sec, k= 1.17 from linear interpolation. The lateral forces F, and the story shears

V are contained in Table 2-13.

Table 2-13 Seismic Forces and Story Shears in N-S Direction (SDC C)

St_ory Height, Lateral force, | Story Shear,
Level weight, ho (f) th: F. (ki V. (ki
w, (kips) | 'x x (kips) x (Kips)
12 2,082 148 720,588 131 131
1 2,281 136 715,098 130 261
10 2,281 124 641,843 116 377
9 2,281 112 569,784 103 480
8 2,281 100 499,028 90 570
7 2,281 88 429,705 78 648
6 2,281 76 361,974 65 713
5 2,281 64 296,044 54 767
4 2,281 52 232,193 42 809
3 2,281 40 170,819 31 840
2 2,281 28 112,638 20 860
1 2,334 16 59,830 11 871
b 27,226 4,809,444 871

Seismic Forces in E-W Direction.

In the E-W direction, a moment-resisting frame system is utilized. As a minimum, this
must be an intermediate reinforced concrete moment frame to satisfy the provisions of
IBC 1910.4.1 for structures assigned to SDC C. For this system, the response
modification coefficient R = 5 and the deflection amplification factor C; = 4.5, which

are found in IBC Table 1617.6.

Approximate period (7}, ). Similar to the N-S direction, the fundamental period of the
building is determined in accordance with Eq. 16-39 in IBC 1617.4.2:
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Building period coefficient Cy = 0.03
Period T, = Cr(h,)>'* =0.030x(148)>"* =1.27 sec

The period obtained from SAP2000 1s 7' = 2.36 sec.

Seismic base shear (V). The seismic response coefficient C. is determined from Eq. 16~
36:

co= 5o _ 015 =0.024

S
R 20 107
I 1.0

The value of C need not exceed that from Eq. 16-35:

S .
c.=20s _ 041 _0eo

EANED
Ip ) 1.0
Also, C, must not be less than the following value from Eq. 16-37:
C; =0.044Spglp =0.044%x0.41x1.0=0.018

Thus, the base shear ¥V in the E-W direction is:

V=CW =0.024x27,226 = 653 kips

Vertical distribution of seismic forces. The lateral forces F, and the story shears V,

are contained in Table 2-14 for seismic forces in the E-W direction. For T=1.27 sec, k=
1.39 from linear interpolation.

2.3.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Tables 2-13 and 2-14 using SAP2000 [2.4].
In the model, rigid diaphragms were assigned at each floor level, and rigid-end offsets
were defined at the ends of the horizontal members so that results were automatically
obtained at the faces of the supports. The stiffness properties of the members were input
assuming cracked sections. In lieu of a more accurate analysis, the following cracked
section properties were used:

* Beams: .5 =051,
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e Columns: [e_[f' = 0.71g
e Shear walls: [e_[/ = O.SIg

where [/, 1s the gross moment of inertia of the section. P-delta effects were also

considered in the analysis.

Table 2-14 Seismic Forces and Story Shears in E-W Direction (SDC C)

St | Height, . | tateral | gy Shear,
Level welg. , h. (#) w, h) force, F, V. (kips)
w, (kips) x (kips) *
12 2,082 148 2,163,438 107 107
11 2,281 136 2,107,387 104 211
10 2,281 124 1,853,452 92 303
9 2,281 112 1,608,934 79 382
8 2,281 100 1,374,438 68 450
7 2,281 88 1,150,684 57 507
6 2,281 76 938,547 46 553
5 2,281 64 739,121 37 590
4 2,281 52 553,822 27 617
3 2,281 40 384,582 19 636
2 2,281 28 234,248 12 648
1 2,334 16 110,110 5 653
X 27,226 13,218,763 653

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the building does not possess Type la or 1b plan torsional
irregularity as defined in Table 1616.5.1 (IBC 1617.4.4.5).

2.3.2.4 Story Drift and P-delta Effects

Story drift determination. Table 2-15 contains the displacements d,, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S and E-W directions,
including accidental torsional effects. The table also contains the design earthquake

displacement 6, computed by IBC Eq. 16-46:

8,( - Cdaxe
; I
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where C, 1s the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C; is equal to 4.5 for both the dual
system in the N-S direction and the moment-resisting frame in the E-W direction.

Table 2-15 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W
Directions (SDC C)

r
N-S Direction E-W Direction
Story

Ore S, A Sse 3, A
(in.) (in.) (in.) (in.) (in.) (in.)
12 1.38 6.21 0.49 5.21 23.45 0.54
11 1.27 5.72 0.54 5.09 22.91 0.91
10 1.15 5.18 0.54 4.89 22.00 1.25
9 1.03 4.64 0.59 4.61 20.75 1.58
8 0.90 4.05 0.58 4.26 19.17 1.84
7 0.77 3.47 0.63 3.85 17.33 2.12
6 0.63 2.84 0.59 3.38 15.21 2.29
5 0.50 2.25 0.58 2.87 12.92 2.48
4 0.37 1.67 0.54 2.32 10.44 2.52
3 0.25 1.13 0.50 1.76 7.92 2.65

2 0.14 0.63 0.36 1.17 5.27 2.61
1 0.06 0.27 0.27 0.59 2.66 2.66

The interstory drifts A computed from the &, are also contained in the table. For this

structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A=6x —‘Sx—l

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, =0.020A;, where hg, is the
story height below level x. Thus, for the 12-ft story heights, A, = 0.020 x 12 x 12 =
2.88 in., and for the 16-ft story height at the first level, A, =3.84 in. It is evident from

Table 2-15 that for all stories, the lateral drifts obtained from the prescribed lateral forces
in both directions are less than the limiting values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. The provisions of IBC 1617.4.6.2 are illustrated in
Section 2.4.2.4 of this publication for SDC D.
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2.3.3 Wind Load Analysis
2.3.3.1 Wind Forces

According to IBC 1609.1.1, wind forces shall be determined in accordance with Section 6
of ASCE 7 [2.2]. Since the building has a mean roof height greater than 30 ft, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft. As was discussed in Section 2.2.3 of this publication, the
analytical procedure (Method 2) of ASCE 6.5 may be used to determine the wind forces.

Details on how to compute the wind forces in both the N-S and E-W directions are given
in Section 2.2.3 of this publication. In this example, the wind velocity 1s 110 mph. A
summary of the design wind forces in both directions at all floor levels is contained in
Table 2-16. Once again it is important to note that the wind directionality factor K; has

been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).
2.3.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in the N-S and E-W directions for the wind forces contained in Tables 2-16
using SAP2000. The modeling assumptions utilized for the seismic analysis were also
used for the wind analysis.

Table 2-16 Design Wind Forces in N-S and E-W Directions (V = 110 mph)

Lavel Height above ground level, | Total Design \f\‘ind Force | Total Design \i_Nind Force
z (ft) N-S (kips) E-W (kips)

12 148 41.7 14.3
11 136 82.2 28.2
10 124 80.9 27.8
9 112 79.5 27.0
8 100 78.0 26.4
7 88 76.3 25.7
6 76 745 249
5 64 72.5 241
4 52 70.1 23.1
3 40 67.4 21.9
2 28 64.0 20.5
1 16 69.1 21.6

z 856.2 2853

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height 4 greater than 60 ft must be designed for the full and partial wind load cases
of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three:
dimensional analysis.
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2.3.4 Design for Combined Load Effects
2.3.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+1.7L+1.7W) (Eq. 9-2)

3. 09D+ 13W (Eq. 9-3)

4. 12D+ fiL+1.0E (Formula 16-5)
5. 0.9D+1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f; is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, 1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= pQE + 02SD5D

where  Qp = effect of horizontal seismic forces

p =redundancy coefficient
= 1.0 for structures assigned to SDC A, B,orC (IBC 1617.2.1)

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract;

E= pQE —0.2SD5D

Substituting Sp¢ = 0.41g and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D +0.5L + 1.005 +(0.2x0.41)D = 128D +0.5L + Qf
4b. 1.2D+0.5L+ 1.00g —(0.2x0.41)D = 1.12D + 0.5L + Qf
5a. 0.9D + 1.00g +(0.2x0.41)D =0.98D + Of
5b. 0.9D + 1.00g —(0.2x0.41)D =0.82D + Qf

2-37



Values of Of are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
2.3.4.2 Design of Beam C4-C5
Flexural design.

Comparing the seismic forces in Table 2-14 to the wind forces in Table 2-16, it is clear
that seismic effects will govern the design in the E-W direction in this example. Thus,
Table 2-17 contains a summary of the governing design bending moments and shear
forces for beam C4-C5 at the second floor level due to gravity and seismic forces only.

Table 2-17 Summary of Design Bending Moments and Shear Forces for Beam C4-C5 at the 2
Floor Level (SDC C)

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Dead (D) SL.Jpport -104 25
Midspan 72
Live (L) SLl:pport -16 8
Midspan 11
Seismic (Qg) Support + 107 +9
Load Combinations
14D +1.7L Support | -173 i
Midspan 120
Support -248 45
1.28D + 0.5L +
Qe Midspan 98 ;
0.820 + Qp SL.Jpport 22 12
Midspan 59

Requirements for intermediate moment frames are given in ACI 21.10. The factored axial
load on the member, which is negligible, is less than Agfc' /10; thus, the provisions of

ACT 21.10.4 for beams must be satisfied. All other applicable provisions in Chapters 1
through 18 of ACI 318-99 are to be satisfied as well.

The required flexural reinforcement is contained in Table 2-18. The provided areas of
steel are within the limits prescribed in ACI 10.3.3 for maximum reinforcement and
ACI 10.5 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).
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Table 2-18 Required Flexural Reinforcement for Beam C4-C5 at the 2™ Floor Level (SDC C)

Location M_” A, Reinforcement* qw_’" T
(ft-kips) (in2) (ft-kips)
-248 3.01 4-No. 8 259
Support
22 1.43 3-No. 7 152
Midspan 120 1.43 3-No. 7 152
» 3\/Ebwd 34,000 x22x19.5 2
Ag min = = =1.36 in.
’ f, 60,000
ACI 105
200b,d 200 x 22x19.5 2
= = =1.43 in.” (governs)
f 60,000
y
Agmax =P b, 0 = 00214 x22x19.5 = 918 in.? ACI10.3.3

ACI 21.10.4.1 requires that the positive moment strength at the face of the joint be
greater than or equal to 33% of the negative moment strength at that location. This is
satisfied, since 152 ft-kips > 259/3 = 86 ft-kips. Also, the negative or positive moment
strength at any section along the length of the member must be greater than or equal to
20% of the maximum moment strength provided at the face of either joint. In this case,
20% of the maximum moment strength is equal to 259/5 = 52 ft-kips. Providing 2-No. 8
bars (oM, = 134 fi-kips) or 2-No. 7 bars (oM, = 103 fi-kips) satisfies this provision.
However, to satisfy the minimum reinforcement requirement of ACI 10.5 (i.e., minimum
4, = 143 in.?), a minimum of 2-No.8 bars (A; = 1.58 in.%) or 3-No. 7 bars (4 =

1.80 in.%) must be provided as required.
Shear design.

Shear requirements for beams, columns, and two-way slabs in intermediate moment
frames are contained in ACI 21.10.3. Design shear strength shall not be less than either
(a) the sum of the shear associated with development of nominal moment strength at each
end of the clear span and shear due to factored gravity loads or (b) the maximum shear
obtained from load combinations that include FE, where FE is taken to be twice that
prescribed by the governing code. In this example, the first of the two options is utilized.

The largest shear force associated with seismic effects is obtained from the second of the
three load combinations in Table 2-17. Figure 2-7 shows the beam and shear forces due
to gravity loads plus nominal moment strengths for sidesway to the right. Due to the
symmetric distribution of longitudinal reinforcement in the beam, sidesway to the left
gives the same maximum shear force. The equivalent factored uniform loads on the beam
are determined as follows (see ACI Figure R13.6.8 for definition of tributary area on
beam):

Total trapezoidal area tributary to beam = 2{2[%x 11x1 1} +(4x1 1)} =330 ft°
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Dead load = | 55 0.15%x330 |+ [ 24522 0.15%23.83 [+ 222339 | _ 506 kips
12 1000
50.6 |
o =———=2.1ki S/ﬂ
"D T 9383 P

0 A 16.5 :
Live load = 20330 _ 16.5 kips; w; = ——=0.7 kips/ft
1,000 23.83

2

w, =1.28wp +0.5w; =(1.28%2.1)+(0.5x0.7) = 3.0 kips/ft

The maximum combined shear force as shown in Figure 2-7 (54.9 kips) is larger than the
maximum shear force obtained from the structural analysis (49 kips; see Table 2-17).

The nominal shear strength provided by concrete V. is computed from ACI Eq. 11-3:
V. =2 f.b,d=2,4,000%22x19.5/1,000 = 54.3 kips

wy =3.0¢

<

M;(s-No.7)=169'kC.\ Py ‘23,{1(& ! L‘ )M;(4-No.8)=288'k

”

16.6K 54.9%

Figure 2-7 Design Shear Forces for Beam C4-C5 (SDC C)

Since ¥V, = 54.9 kips is greater than ¢V, =0.85x54.3=46.1 kips, provide shear

reinforcement in accordance with ACI 11.5.6. Assuming No. 3 stirrups, the required
spacing s is determined from Eq. (11-15):

A fyd _ (2x0.1)x60x195
Vv, (54.9/0.85) - 54.3

According to ACI 21.10.4.2, the maximum spacing of stirrups over the length 242 =2 x 22
= 44 in. from the face of the support at each end of the member is the smaller of the
following:

° d/4=19.5/4=491n. (govemns)

° 8(diameter of smallest longitudinal bar) = 8 X 0.875 = 7.0 in.

. 24(diameter of stirrup bar) =24 x 0.375 =9.0 in.

° 12 1n.
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Use 12-No. 3 stirrups at each end of the beam spaced at 4 in. on center with the first
stirrup located 2 in. from the face of the support. For the remainder of the beam, the
maximum stirrup spacing is d/2 = 9.8 in. (ACI 21.10.4.3). Use No. 3 stirrups @ 9 in. for
the remainder of the beam.

Reinforcing bar cutoff points.

The negative reinforcement at the supports 1s 4-No. 8 bars. The location where 2 of the 4
bars can be terminated is determined.

The third load combination is used to determine the cutoff point of the 2-No. 8 bars (0.82
times the dead load in combination with the nominal flexural strengths M ,, at the ends of

the member), since this combination produces the longest bar lengths. The design flexural
strength ¢M ,, provided by 2-No. 8 bars is 134 ft-kips. Therefore, the 2-No. 8 bars can be

terminated after the required moment strength M, has been reduced to 134 ft-kips.

The distance x from the support to the location where the moment is equal to 134 ft-kips
can readily be determined by summing moments about section a-a in Figure 2-8:

1.7x2

—39.4x+288 =134

Solving for x gives a distance of 4.3 ft from the face of the support.
1.7¢ 3

NS O

2310”7 @ |
1.1€ 30.4%

Figure 2-8 Cutoff Location of Negative Bars (SDC C)

The 2-No. 8 bars must extend a distance 4 = 19.5 in. (governs) or
12d, =12%x1.0=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 4.3 + (19.5/12) = 5.9 ft. Also, the
bars must extend a full development length ¢, beyond the face of the support

(ACI 12.10.4), which is determined from ACI Eq. (12-1):

fg 3 fy  opvr
dy, 40 [f! [c+1<,,, )

dy

where o = reinforcement location factor = 1.3 for top bars
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3 = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 8 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

1.5+0.375 +% = 2.4 1n. (governs)

22-2(1.5+0.375)-1.0
2%x3

=29 in.

K, = transverse reinforcement index = 0 (conservative)

c+ K, _ 2.4+0:2_4<2'5

d, 1.0

Therefore,

_éi_ix 60,000 ><1.3><1.0><1.O><1.0
d, 40 /4,000 2.4

£, =385x1.0=3851n.=32 ft <59 ft

=385

Thus, the total required length of the 3-No. 8 bars must be at least 5.9 ft 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 9.1 ft from the face of the support, which is greater than 5.9 ft. Thus, the
No. 8 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 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 9 in. on center that are provided
in this region of the beam, ¢V, is determined by ACI Egs. 11-1 and 11-2:

=70.5kips

OV, =V, +V) = 0,85x(54_3+W)

%(DV,I =47.0kips

At 5.9 ft from the face of the support, ¥, =39.4—(1.7x5.9)=29.4 kips, which is less
than 47.0 kips. Therefore, the 2-No. 8 bars can be terminated at 5.9 ft from the face of the
support.
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[t is assumed 1n this example that all positive reinforcement is continuous with splices
over the columns. Note that the structural integrity provisions of ACI 7.13.2.3 require
that at least one-quarter of the positive reinforcement be continuous or spliced over the
support with a Class A tension splice for other than perimeter beams that do not have

closed stirrups.

Figure 2-9 shows the reinforcement details for beam C4-C5.

2/_2// 2,-2//

NN

|

6-0” 2-No.8 2-No.8 2-No. 8

== .

B o 1107

/
3-No. 7

o No. 3 stirrups @ 9”
T X

3 12-No. 3 stirrups @ 4”
23-10”

[ —

”

Figure 2-9 Reinforcement Details for Beam C4-C5 at the 2" Floor Level (SDC C)

2.3.4.3 Design of Column C4

Table 2-19 contains a summary of the design axial forces, bending moments, and shear
forces on this column for gravity and seismic loads. Since the factored compressive axial

loads exceed Agfc' /10 =26%x4/10= 270 kips, the provisions of ACI 21.10.5 must be

satisfied, unless spiral reinforcement conforming to Eq. 10-6 is used. In this example,
transverse reinforcement consists of ties and crossties.

Design for axial force and bending.

Based on the governing load combinations in Table 2-19, a 26 x 26 in. column with 12-
No. 10 bars (pg =2.25%) is adequate for column C4 supporting the second floor level.

Figure 2-10 contains the interaction diagram for this column. As noted above, slenderness
effects need not be considered since P-delta effects were included in the analysis. Also,
the provided reinforcement ratio is within the allowable range of 1% and 8%

(ACI 10.9.1).



Table 2-19 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C4 between the 1 and 2™ Floor Levels (SDC C)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 1,027 0 0
Live (L)* 134 0 0
Seismic (Qg) 0 +108 +20

Load Combinations

14D +1.7L 1,666 0 0
1.28D + 0.5L + Qf 1,382 108 20
0.82D + Qg 842 -108 -20

* Live load reduced per IBC 1607.9

3,500.0

3,000.0 Lﬁ

|

2,500.0

2,0000 f——

15000 f——— \ ,,,,,
1,0000 f———

500.0

\?
L T

0.0 200.0 400.0 600.0 800.0 1,000.0 1,200.0
Bending Moment (ft-kips)

Axial Force (kips)

Figure 2-10 Design and Nominal Strength Interaction Diagrams for Column C4 Supporting the
2" Floor Level (SDC C)

ACI 7.6.3 requires that the clear distance between longitudinal bars shall not be less than
1.5d, =1.5x1.27=1.9 in. nor 1.5 in. In this case, assuming No. 3 ties, the clear distance

is equal to the following:

26—2(1.5+0.375+1—'2—7)
-1.27=57 in.>1.9 in. OK.

3
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Design for shear.

Similar to beams, columns in intermediate moment frames must satisfy the shear
requirements in ACI 21.10.3. The second of the two options in that section is utilized
here to determine the design shear strength.

From Table 2-19, the maximum shear force ¥, obtained from design load combinations

that include £ is 20 kips. According to ACI 21.10.3(b), the design shear force must be
two times this value, which is 40 kips.

The shear capacity of the column will be checked using ACI Eq. 11-4 for members
subjected to axial compression:

2,0004,

=2 1+ﬁ1ﬁ)0—2 4,000 %26%21.2/1,000 =113.1 kips
2,000% 26

where N, = 842 kips is the smallest axial force corresponding to the largest shear force
on the section (see Table 2-19) and d = 21.2 in. was obtained from a strain compatibility
analysis.

N
v, =2(1+—i— fib,d

Since V, < ¢V,./2=0.85x113.1/2 =48.1 kips, transverse reinforcement requirements

would generally have to satisfy ACI 7.10.5. However, for intermediate moment frames,
the requirements in ACI 21.10.5.1 take precedence. These requirements are intended
primarily to confine the concrete within the core and provide lateral support for the

longitudinal reinforcement. For No. 3 ties, the vertical spacing s, must not exceed the

least of the following over a length ¢, measured from the joint face:

8(smallest longitudinal bar diameter) = 8 X 1.27 = 10.2 in.

24(tie bar diameter) = 24 X 0.375 = 9.0 in. (governs)

Least column dimension/2 = 26/2 =13 in.

12 in.

where 7, is the largest of the following:

e (Clear span/6 =[(12x 12) - 22]/6 = 20.3 in.

e Maximum cross-sectional dimension of member = 26 in. (governs)

e 18in.
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Use 6-No. 3 ties and crossties @ 9 in. with the first tie located at I in. (< s, /2=4.5In;
ACI 21.10.5.2) from the joint face above the 1* floor level. The 9 in. spacing is used over
the lap splice length of 46 in. ( > /7, = 26 in.), which is determined below. Below the
second floor level, 5-No. 3 ties and crossties are used. For the remainder of the column,
tie spacing shall not exceed 25, = 18 in. (ACI 21.10.5.4).

For comparison purposes, the magnitude of the design shear force 1s computed according
to ACI 21.10.3(a). The factored design axial load F, = 842 kips develops the largest
nominal moment strength of the column, which is 1,147 ft-kips (see the nominal strength
interaction diagram in Figure 2-10). For a clear column height of 12 — (22/12) = 10.17 ft,
the factored shear force V), is:

2x1147

= 225.6 kips
“ 1017 P

This is approximately 5.6 times the design shear force obtained from ACI 21.10.3(b). In
this case, No. 4 ties and crossties spaced at 5 in. would be required over the entire length

of the column.

ACI 21.10.5.3 requires that joint reinforcement in intermediate moment frames conform
to ACI 11.11.2. Since this beam-column joint is part of the primary seismic load-resisting
system, lateral reinforcement in the joint must not be less than that computed by Eq. (11-
13). For No. 3 ties with one crosstie, the required spacing is:

A4Sy (3%0.11)x 60,000

50b,, 50X 26

=15.2 in.

For detailing simplicity, continue the 9 in. spacing at the column ends through the joint.
Splice length of longitudinal reinforcement.

ACI 12.17 contains special provisions for splices in columns. It can be shown for this
example that the bar stress due to all factored load combinations is compressive. Thus, a
compression lap splice computed in accordance with ACI 12.17.2.1 could be used.
However, a Class A tension lap splice is used in this example.

From ACI Eq. (12-1):

b _3 Jy oy

db 40 fc’ (C+Ktr]

dp

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
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v = reinforcement size factor = 1.0 for No. 7 and larger bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

1.27 .
1.5+0.375+T:2.5 in. (governs)

26-2(1.5+0.375)-1.27
2%x3

=35 1n.

K, = transverse reinforcement index = 0 (conservative)

c+ K, =2.5+0:20<25

dy, 1.27

Therefore,

s 3 60,000X1.O><1.O><1.0><1.0

td _ 2 =35.6
dy, 40 /4,000 2.0

€45 =356x127=452 in.=3.8 ft
Class A splice length=1.0¢; = 3.8 ft

Use a 3 ft-10 in. splice length with the splice located just above the floor level.
Reinforcement details for column C4 are shown in Figure 2-11.
2.3.4.4 Design of Shear Wall on Line 7

This section outlines the design of the shear wall on line 7. Unlike the E-W direction,
design load combinations for wind need to be considered in the N-S direction. Table 2-20
contains a summary of the governing design axial forces, bending moments, and shear
forces at the base of the wall. Note that for wind load cases 1 and 2, wind in the N-S
direction will cause appreciable reactions in this member.

As noted above, this is an ordinary reinforced concrete shear wall; thus, the provisions of
ACI Chapters 1 through 18 must be satisfied.
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Figure 2-11 Reinforcement Details for Column C4 Supporting the 2" Floor Level (SDC C)

Design for shear.

The shear strength of the concrete is determined in accordance with ACI 11.10.5 for
walls subjected to axial compression:

vV, =2/ hd
=2./4,000 x12x 232.0/1,000 = 352.2 kips

where d is permitted to be taken equal to 0.8/, = 0.8 x 290 = 232.0 in. (ACI 11.10.4).
The maximum factored shear force is 490 kips from wind load case 1 in the third load
combination (see Table 2-20). Since ¢V, =0.85x352.2=2994 kips <V,, =490 kips,

hornizontal shear reinforcement shall be provided in accordance with ACI 11.10.9. With 2
layers of No. 4 bars in the web, the required bar spacing is determined by Eq. 11-33:

4, /,d (2x0.20)x60%232.0
v, (490/0.85) - 352.2

24.8 1n.

Note that ACI 14.3.4 requires two layers of reinforcement for walls more than 10 in.
thick.
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Table 2-20 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 7 (SDC C)

Full and
Partial Axial Bending Shear
Load Case Wind Force Moment Force
Load (kips) (ft-kips) (kips)
Cases”
Dead (D) 2,625 0 0
Live (L) 279 0 0
1 0 + 18,084 + 377
2 + +
Wind (W) 0 +17,402 + 363
3 0 + 13,564 +283
4 0 + 13,180 + 275
Seismic (Qg) 0 + 25,041 + 441
Load Combinations
14D+ 1.7L 4,149 0 0
1 3,112 23,057 481
2 3,112 22,188 463
0.75(1.4D+1.7L + 1.7 : :
( W) 3 3,112 17,294 361
4 3,112 16,805 351
1 2,363 -23,509 -490
2 2,363 -22,623 -472
0.9D + 1.3W : :
3 2,363 -17,633 -368
4 2,363 -17,134 -358
1.28D+0.5L + Qp 3,500 25,041 441
0.82D + Qg 2,153 -25,041 -441

*Cases defined in ASCE 7 Figure 6-9

According to ACI 11.10.9.2, ratio of horizontal shear reinforcement shall not be less than
0.0025, and according to ACI 11.10.9.3, spacing of horizontal reinforcement shall not
exceed £,,/5 =290/5 = 58 in.,, 3k = 3 x 12 = 36 in., or 18 in. (governs). For 2-No. 4

horizontal bars spaced at 18 in., the ratio pj; of horizontal shear reinforcement area to

gross concrete area of vertical section is

2x%0.20

= =0.0019 < 0.0025 N.G.
12x18

Ph
Therefore, use 2-No. 4 horizontal bars @ 13 in. (p;, = 0.0026).

Shear strength ¥, at any horizontal section must be less than or equal to 10,/ f hd =
1,761 kips (ACI 11.10.3). In this case,
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(2% 0.20)% 60x 232.0

3 =780.5 kips < 1,761 kips  O.K.

Vy=V.+V,=3522+

The ratio of vertical shear reinforcement area to gross concrete area of horizontal section
shall not be less than 0.0025 nor the value obtained from Eq. 11-34 (ACI 11.10.9.4):

w

;
p, =0.0025+ 0.5[2.5 —g—“’}ph ~0.0025)

=0.0025+0.5/ 2.5~ 148
24.167

}0.0026 —0.0025)=0.0023

Thus, p, =0.0025.

According to ACI 11.10.9.5, spacing of vertical shear reinforcement shall not exceed
2,/3 =290/3 =96.7 in.,3h =3 x 12 =36 in,, or 18 in. (govemns). For 2-No. 4 vertical

bars spaced at 13 in.,

2x0.20

Pn =0.0026 > 0.0025 O.K.
12x13

Use 2-No. 4 vertical bars @ 13 in.

The provided vertical and horizontal reinforcement satisfy the requirements of
ACI14.3.2 and 14.3.3 for minimum ratio of vertical and horizontal reinforcement to
gross concrete area, respectively, and ACI 14.3.5 for maximum bar spacing.

Design for axial force and bending.

ACI 14.4 requires that walls subjected to axial load or combined flexure and axial load
shall be designed as compression members in accordance with ACI 10.2, 10.3, 10.10
through 10.14, 10.17, 14.2, and 14.3 unless the empirical design method of ACI 14.5 or
the alternative design method of ACI 14.8 can be used. Clearly, both of these methods
cannot be applied in this case, and the wall is designed in accordance with ACI 14.4,

Figure 2-12 contains the interaction diagram of the wall. The wall is reinforced with 12-
No. 10 bars in the 26 X 26 in. columns at both ends of the wall and 2-No. 4 vertical bars
@ 13 in. in the web. As seen from the figure, the wall is adequate for the load
combinations in Table 2-20.

Splice length of reinforcement.

Class B lap splices are utilized for the longitudinal reinforcement in the columns and the
vertical bars in the web. No splices are required for the No. 4 horizontal bars in the web,
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since full length bars weigh approximately 0.668 x 24.17 = 16.2 lbs. and are easily
installed.
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Figure 2-12 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 7
(SDC C)

For the No. 10 vertical bars in the columns, ¢; = 45.2 in.,, which was computed for
column C4 in Section 2.3.4.3 of this publication. Therefore, according to ACI 12.15.1:

Class B splice length =1.3¢; =1.3x45.2=58.8 in.

Use a 5 ft-0 in. splice length for the No. 10 bars.

For the No. 4 vertical bars in the web, £ ; is determined from ACI Eq. (12-1):

g 3 Jfy  ofyr

dy 40 [f7(ctK,
dp

where «o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
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¢ = spacing or cover dimension

O.75+0.50+9%=1.5 in. (governs)

Il

l><13 =6.5 in.
2

K, = transverse reinforcement index = 0

c+ Ky :1'5+0 =3.0>2.5, use2.5

d, 0.50

Therefore,

{4 3 60,000 08x1.0x1.0x1.0
X X

fd _ 5 =22.8
dy 40" [4.000 2.5

{4 =228%x050=114 in.<12 in,, use 12 in.

Class B splice length=1.3¢,; = 1.3 ft

Use a 1 ft-4 in. splice length for the No. 4 bars.

The No. 4 horizontal bars in the web must be developed in the columns. As shown above,
the development length £ ; is equal to 1 ft. This length can be accommodated within the

26 in. = 2.17 ft columns, so that hooks are not needed at the ends of the bars.
Reinforcement details for the shear wall along line 7 are shown in Figure 2-13.

2.4 DESIGNFORSDCD

To illustrate the design requirements for Seismic Design Category (SDC) D, the office
building in Figure 2-1 1s assumed to be located in San Francisco. Typical beams,

columns, and walls are designed and detailed for combined effects of gravity, wind, and
seismic forces.

2.4.1 Design Data

e Building Location: San Francisco, CA (zip code 94105)
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Figure 2-13 Reinforcement Details for Shear Wall Along Line 7 (SDC C)
Material Properties
Concrete: f, = 4,000 psi, w, =150 pcf
Reinforcement: f), = 60,000 psi
Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

Seismic Design Data

For zip code 94105: S¢ =1.50g,8; =0.61g [2.1]
Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, Iz =1.0 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
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For Category I occupancy, [ =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 8 1n.

Beams: 28 x 26 1n.

Interior columns: 30 x 30 in.
Edge columns: 26 X 26 in.
Wall thickness: 16 in.
Boundary elements: 36 x 36 in.

2.4.2 Seismic Load Analysis
2.4.2.1 Seismic Design Category (SDC)

As was discussed in Section 2.3.2.1 of this publication, the appropriate analysis
procedure to use depends on the Seismic Design Category (SDC). For SDC D, E, or F,
Table 1616.6.3 contains the minimum allowable analysis procedure for seismic design
(IBC 1616.6.3). The SDC for this particular example is determined below.

The maximum considered earthquake spectral response accelerations for short periods
Sys and at l-second period S,y are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sys = F,S; =1.0%1.50 =1.50g
Sy =F,S =1.5%0.61=0.92g

where F, and F, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods Sg and at 1-second period Sy,
respectively. The values of these coefficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F,,.

Once Sjy5 and Sy have been determined, Spg and Sp are computed from Egs. 16-
18 and 16-19:

2 2
SDS :ESM{S =§x150:100g

Sp :ism :§x0.92 =0.6lg
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Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Sp¢ = 1.00g, the SDC is D. Similarly, from

Table 1616.3(2), the SDC 1s D for Sp; = 0.61g. Thus, the SDC 1s D for this building.

2.4.2.2 Seismic Forces

Since the building does not have plan urregularity Type la, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type la, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3; note: it 1s shown in Section 2.4.2.5 below that the first story 1s not a soft
story). For this regular building that is less than 240 ft in height, Table 1616.6.3 allows
the equivalent lateral force procedure in IBC 1617.4 to be used to compute the seismic
base shear V' (see Eq. 16-34):

V=CW

where C; 1is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 30,986 kips (see
Table 2-21 below).

Seismic Forces in N-S Direction.

In the N-S direction, a dual system is utilized. In order to satisfy the provisions of
IBC 1910.5.1 for structures assigned to SDC D, the dual system must have special
reinforced concrete moment frames and special reinforced concrete shear walls. For this
system, the response modification coefficient R = 8 and the deflection amplification

factor C; = 6.5 (IBC Table 1617.6).

Approximate period (7, ). The fundamental period T is determined in accordance with
IBC 1617.4.2. In lieu of a more exact analysis, an approximate fundamental period 7, is
computed from Eq. 16-39 for the dual system:

Building height %, = 148 ft
Building period coefficient Cy = 0.02
Period T, = Cr(h,)>'* = 0.020x(148)*'* =0.85 sec

For comparison purposes, the period was also determined using SAP2000 [2.4], which
gave T=1.21 sec. In this example, no further refinement of the period is made.

Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:



co= o _ 061 5000

ot

The value of C, need not exceed that from Eq. 16-35:

_ Sps _ 1.00
5 R i
I 1.0

Also, C; must not be less than the following value from Eq. 16-37:

C =0.125

C, =0.044Spg I = 0.044x1.0x1.0 = 0.044

For buildings assigned to SDC E or F and for those buildings for which $; 20.6g, C,

shall not be taken less than that computed from Eq. 16-38. Since §; =0.61g, Eq. 16-38 1s
applicable, even though the SDC is D:

_ 0585 _05%061_ .0

ST R/ 8/1.0

In this case, the lower limit is 0.044 from Eq. 16-37.

The value of C; from Eq. 16-36 governs; therefore, the base shear V in the N-S direction

1S:
V =C,W =0.090x30,986 = 2,789 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqs. 16-41 and 16-42:

F.=C,V

k
wehy

n
Zw,h,k
i=l

C,.. =

vxX

where F, is the lateral force induced at level x, w, and w; are the portions of W
assigned to levels x or 4, and £ is the distribution exponent defined in IBC 1617.4.3. For
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T=0.85 sec, k= 1.17 from linear interpolation. The lateral forces F, and the story shears

V. are contained in Table 2-21.

Table 2-21 Seismic Forces and Story Shears in N-S Direction (SDC D)

St_ory Height, Lateral force, | Story Shear,
Level | welght, | ©) S | wyhk F, (ki V. (ki
w, (kips) X x (kips) x (Kips)
12 2,350 148 813,344 415 415
11 2,597 136 814,165 415 830
10 2,597 124 730,761 373 1,203
9 2,597 112 648,720 331 1,534
8 2,597 100 568,162 290 1,824
7 2,597 88 489,234 250 2,074
6 2,597 76 412,120 210 2,284
5 2,597 64 337,056 172 2,456
4 2,597 52 264,360 135 2,591
3 2,597 40 194,483 98 2,689
2 2,597 28 128,129 65 2,754
1 2,666 16 68,341 35 2,789
b 30,986 5,468,875 2,789

Seismic Forces in E-W Direction.

In the E-W direction, a moment-resisting frame system is utilized. In order to satisfy the
provisions of IBC 1910.5.1 for structures assigned to SDC D, this must be a special
reinforced concrete moment frame. For this system, the response modification coefficient
R = 8 and the deflection amplification factor C; = 5.5 (IBC Table 1617.6).

Approximate period (7, ). Similar to the N-S direction, the fundamental period of the
building is determined in accordance with Eq. 16-39 in IBC 1617.4.2:

Building period coefficient C =0.03
Period T, = Cr(h,)>’ % =0.030%(148)>'* =1.27 sec

The period obtained from SAP2000 is 7= 1.93 sec.

Seismic base shear (V). The seismic response coefficient C; is determined from Eq. 16-
36:




The value of C, need not exceed that from Eq. 16-35:

_2ps 100 o

TS

Also, C. must not be less than the larger value from Eq. 16-37 and 16-38:

—~

C, =0.0445 pslp =0.044x1.0x1.0 =0.044 (governs)

_ 058 _05%061_ o

SR/l 8/10

Thus, Eq. 16-36 governs, and the base shear V in the E-W direction is:
V=CW =0.060x30,986 =1,859 kips

Vertical distribution of seismic forces. The lateral forces F, and the story shears V,

are contained in Table 2-22 for seismic forces in the E-W direction. For 7= 1.27 sec, k=
1.39 from linear interpolation.

2.4.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Tables 2-21 and 2-22 using SAP2000 [2.4].
In the model, rigid diaphragms were assigned at each floor level, and rigid-end offsets
were defined at the ends of the horizontal members so that results were automatically
obtained at the faces of the supports. The stiffness properties of the members were input
assuming cracked sections. In lieu of a more accurate analysis, the following cracked
section properties were used:

* Beams: I =05/,
e Columns: /5 =071,
e Shear walls: I, =0.351,

where 7, 1is the gross moment of inertia of the section. The shear walls have been

g
assigned an effective moment of inertia equal to one-half of the value assigned for

SDC A and C, since it 1s anticipated that significantly more cracking will occur in the
walls for SDC D. The effective moments of inertia for the beams and columns have been
taken the same as for SDC A and C. P-delta effects were also considered in the analysis.

]
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Table 2-22 Seismic Forces and Story Shears in E-W Direction (SDC D)

Story | Height, Lateral | story Shear,
Level | weight, h () w, hE force, F, V. (kips)

w, (kips) | X (kips) x TP
12 2,350 148 2,441,921 302 302
11 2,597 136 2,399,336 297 599
10 2,597 124 2,110,222 261 860
9 2,597 112 1,831,829 226 1,086
8 2,597 100 1,564,847 194 1,280
7 2,597 88 1,310,095 162 1,442
6 2,597 76 1,068,570 132 1,574
5 2,597 64 841,516 104 1,678
4 2,597 52 630,546 78 1,756
3 2,597 40 437,860 54 1,810
2 2,597 28 266,699 33 1,843
1 2,666 16 125,773 16 1,859

£ 30,986 15,029,214 1,859

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to S percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the building does not possess Type 1a or 1b plan torsional
irregularity as defined in Table 1616.5.1 (IBC 1617.4.4.5).

In a dual system, an additional safeguard is provided by requiring that moment-resisting
frames be capable of resisting at least 25% of the design forces without the benefit of
shear walls (IBC 1617.6.1). Thus, the building was also analyzed in the N-S direction
using 25% of the design forces in Table 2-21 without the shear walls present, including
torsional effects.

For all structures assigned to SDC D and higher, IBC 1620.3.5 requires that orthogonal
effects of the seismic forces be considered for design and detailing of the components of
the seismic-force-resisting system. The orthogonal combination procedure in
IBC 1620.2.2 is permitted to be used to satisfy the requirements of IBC 1620.3.5. In the
2002 supplement to the 2000 IBC [2.7], the orthogonal combination procedure is required
only for columns or walls that form part of two or more intersecting seismic-force-
resisting systems and are subjected to axial load due to seismic forces greater than or
equal to 20% of the axial load design strength. Both situations are examined below.

2.4.2.4 Story Drift and P-delta Effects

Story drift determination. Table 2-23 contains the displacements &, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S and E-W directions,
mncluding accidental torsional effects. The table also contains the design earthquake

displacement &, computed by IBC Eq. 16-46:
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Ca’ Sxe

X [E

where C; is the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C; is equal to 6.5 for the dual system

with special reinforced concrete moment frames and special reinforced concrete shear
walls in the N-S direction and is 5.5 for the special reinforced concrete moment frames in

the E-W direction.

Table 2-23 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W
Directions (SDC D)

N-S Direction E-W Direction
Story

S & A dve & A

(in.) (in.) (in.) (in.) (in.) (in.)
12 2.85 18.53 1.30 3.87 21.29 0.50
11 2.65 17.23 1.56 3.78 20.79 0.82
10 2.41 15.67 1.56 3.63 19.97 1.16
9 217 14.11 1.69 3.42 18.81 1.43
8 1.91 12.42 1.76 3.16 17.38 1.70
7 1.64 10.66 1.82 2.85 15.68 1.93
6 1.36 8.84 1.82 2.50 13.75 2.03
5 1.08 7.02 1.75 213 11.72 2.20
4 0.81 5.27 1.63 1.73 9.52 2.31
3 0.56 3.64 1.43 1.31 7.21 2.37
2 0.34 2.21 1.17 0.88 4.84 2.36
1 0.16 1.04 1.04 0.45 2.48 2.48

The interstory drifts A computed from the 6, are also contained in the table. For this

structure that does not have plan irregularity Type la or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A= 8.\' - 8x—l

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, =0.020k,, where i, is the
story height below level x. Thus, for the 12-ft story heights, A, = 0.020 x 12 x 12 =
2.88 in, and for the 16-ft story height at the first level, A, = 3.84 in. It is evident from
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Table 2-23 that for all stories, the lateral drifts obtained from the prescribed lateral forces
in both directions are less than the limiting values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. However, for illustration purposes, the following procedure can
be used to determine whether P-delta effects need to be considered or not in accordance
with IBC 1617.4.6.2.

P-delta effects need not be considered when the stability coefficient 6 determined by
Eq. 16-47 is less than or equal to 0.10:

_ PA
Vxhsxcd

where P, = total unfactored vertical design load at and above level x

A = design story drift occurring simultaneously with ¥V,
V, = seismic shear force acting between level x and x — 1
hg, = story height below level x

C, = deflection amplification factor
The stability coefficient 6 must not exceed 6,,,, determined from Eq. 16-48:

=22 <025

e max [_)) 4

where B is the ratio of shear demand to shear capacity between level x and x — 1, which
may be taken equal to 1.0 when it is not calculated.

Table 2-24 contains the calculations for the N-S and E-W directions. It is clear that in
both directions, P-delta effects need not be considered at any of the floor levels. Note that
is equal to 0.077 and 0.091 in the N-S and E-W directions, respectively, using p =

emax

1.0.
2425 Soft Story

The following procedure can be used to determine whether the first story is a soft story or
not. It will become evident in this discussion why this procedure is presented after the
section on story drifts.

According to IBC Table 1616.5.2 for vertical structural irregularities, a soft story is one
in which the lateral stiffness is less 70% of that in the story above or less than 80% of the
average stiffniess of the 3 stories above (irregularity type la). As noted in the table, this
irregularity type is applicable to buildings assigned to SDC D, E, and F.
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Table 2-24 P-delta Effects (SDC D)

N-S Direction E-W Direction
Level hsx Py Vv, A 5 Vv, A 5
(ft) (kips) (kips) (in.) (kips) (in.)
12 12 2,601 415 1.30 0.009 302 0.50 0.005
11 12 5,449 830 1.56 0.011 599 0.82 0.010
10 12 8,297 1,203 1.56 0.012 860 1.16 0.014
9 12 11,145 1,534 1.69 0.013 1,086 1.43 0.019
8 12 13,993 1,824 1.76 0.014 1,280 1.70 0.024
7 12 16,841 2,074 1.82 0.016 1,442 1.93 0.028
6 12 19,690 2,284 1.82 0.017 1,574 2.03 0.032
5 12 22,538 2,456 1.75 0.017 1,678 2.20 0.037
4 12 25,386 2,591 1.63 0.017 1,756 2.31 0.042
3 12 28,234 2,689 143 0.016 1,810 2.37 0.047
2 12 31,082 2,754 1.17 0.014 1,843 2.36 0.050
1 16 33,999 2,789 1.04 0.010 1,859 248 | 0.043

In general, determining the lateral stiffness of a story in a building can be complex. In
lieu of computing story stiffness, floor level displacements can be used to ascertain
whether a soft story exists or not. A displacement-based method is presented in
Example 4 in Reference 2.5. According to this method, a soft story exists in the first floor
level when one of the following conditions is satisfied:

0.70( et 5 9e2 =8a
m hy

0.80 S_e_l_ >l 882_861+8€3—8€2+864_8€3
N hy hy

where §,; are the elastic displacements at level i due to code-prescribed lateral forces

and h; are the story heights below level i.

Using the data in Table 2-23, check if a soft story exists in the first story based on
displacements in the E-W direction:

5 45 &.,-8 880,
o.7o(£j=o.7o( 04 ]:0.00164< e2 =% _ 088 045:0.00299 OK

hl 16x12 hz 12x12
b -0. 31-0. 73-1.
0.80| —¢L =().O()188<l 088 045+131 088+1 B3=131 =0.00296 OK
n 3 12x12 12x12 12x12
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Similar calculations with displacements in the N-S direction also show that a soft story
does not exist in the first story of this example building.

2.4.3 Wind Load Analysis
2.4.31 Wind Forces

According to IBC 1609.1.1, wind forces shall be determined in accordance with Section 6
of ASCE 7 [2.2]. Since the building has a mean roof height greater than 30 ft, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft. As was discussed in Section 2.2.3 of this publication, the
analytical procedure (Method 2) of ASCE 6.5 may be used to determine the wind forces.

Details on how to compute the wind forces in both the N-S and E-W directions are given
in Section 2.2.3 of this publication. In this example, the wind velocity is 85 mph. A
summary of the design wind forces in both directions at all floor levels 1s contained in
Table 2-25. Once again it is important to note that the wind directionality factor K; has

been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).
2.4.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in both directions for the wind forces contained in Tables 2-25 using
SAP2000. The modeling assumptions utilized for the seismic analysis were also used for

the wind analysis.

Also considered in the three-dimensional analysis were the full and partial wind load
cases of Figure 6-9 (Cases 1 through 4) given in ASCE 6.5.12.3.

2.4.4 Design for Combined Load Effects

2.4.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of

ACI9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)

2. 0.75(1.4D+1.7L+ 1.7W)  (Eq. 9-2)

3. 09D+ 1.3W (Eq. 9-3)

4. 12D+ fL+1.0E (Formula 16-5)
5. 09D+ 1.0E (Formula 16-6)
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Table 2-25 Design Wind Forces in N-S and E-W Directions (V = 85 mph)

Lavel Height above ground level, | Total Design \.Nind Force | Total Design \f\“ind Force
z (ft) N-S (kips) E-W (kips)

12 148 25.0 8.6
11 136 49.2 16.9
10 124 48.4 16.6
9 112 47.6 16.2
8 100 46.7 15.9
7 88 457 154
6 76 446 15.0
5 64 434 14.5
4 52 42.0 13.9
3 40 40.4 13.2
2 28 38.3 12.3
1 16 41.4 13.0

p> 512.7 171.5

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f; is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E = pQE + OZSDsD

where  Qf = effect of horizontal seismic forces

p = redundancy coefficient determined in accordance with IBC 1617.2.2 for
SDCD,E,orF

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= PQE —0.2SDSD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i
from Equation 16-32: '
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rmaxf\/Ai

Determination of ry,  depends on the type of lateral-force-resisting  system.

Considering the types of systems utilized in this example building:
e For moment frames:

Fmax, = maximum sum of shears in any 2 adjacent columns/total story shear

In the column shear summation, use 70% of shear in columns common to 2
adjacent bays, with moment-resisting connections on opposite sides.

e For shear walls:

Fmax, = (maximum wall shear x 10/£,, )/total story shear

¢, = length of the wall in feet

e For dual systems:

"max, calculated for portion of story shear carried by columns

Finax, = max. of _ _
i rmax, calculated for portion of story shear carried by walls

In buildings combining shear walls and frames (i.e., dual system), shear walls in the
lowest portions of the building resist most of the story shear; frames carry more story
shear in the upper portions of the building. Consequently, in the first story where the
story shear is the largest, Fmax, is computed in accordance with the equation given above

for shear walls. Clearly, the lowest story level produces the highest value of p; for dual
systems; by definition, this is p for the entire building in the in-plane direction of the
shear walls. IBC 1617.2.2 allows this value of p to be multiplied by 0.8 for dual systems.

In all cases, 4; is the floor area in square feet of the diaphragm level immediately above

story 1.

A comprehensive discussion on the determination of redundancy coefficients for all types
of seismic-force-resisting systems can be found in Reference 2.6.

For the dual system in the N-S direction, the shear force in the most heavily load shear
wall in the first story is 1,360 kips and the story shear is 2,789 kips. Therefore,
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o 1360%(10/25)
}maxI —W—0195
20

=1.09
0.195+/184.167 % 68.167

py=p=2-

For dual systems, p need not exceed 0.8 X 1.09=0.87 <1.0. Use p =1.0.

Computations for the redundancy coefficient in the E-W direction for the moment-
resisting frame along column line B (most heavily loaded frame when center of mass is
displaced north of actual location) are summarized in Table 2-26. Since the shear force
distribution in the columns 1s symmetric, results are presented for columns on lines 1
through 4 only. Subscripts on column shear forces refer to column lines. To illustrate the
computations, ripay, is calculated for the first story as follows:

maximum sum of shears in 2 adjacent columns 124.5
¥ = =
max

=0.067

total story shear a 1,859
From Table 2-26, maximum ry,,y, = 0.069; thus, p is:

- 20 -
0.069/184.167x68.167

p=2

Therefore, p = 1.0. For SDC D, IBC 1617.2.2 requires that p be less than or equal to
1.25 for special moment frames, which is satisfied in this case.

Table 2-26 Redundancy Coefficient Calculations in E-W Direction* (SDC D)

Story | Story Solumn Siar Fores V, +07V, | 0.7(V, +V,) | 0.7(v, +v,) | 1,

Shear v, v, Vs Vi 2 2 3 3 “ max,
12 | 302 | 27| 47 152 146 6.0 13.9 209 0.069
11 500 | 95| 221 | 244 | 240 | 25.0 326 33.9 0.057
10 | 860 | 143 | 307 | 35.0 | 342 | 358 46.0 48.4 0.056
9 | 1086 | 18.7 | 394 | 434 | 425| 463 58.0 60.1 0.055
8 | 1280 | 224 | 465 508 | 49.7 | 55.0 68 1 704 0.055
7 | 1,442 | 256 | 525 | 56.9 | 65.7| 624 76.6 78.8 0.055
6 |1574 | 283 | 573 | 619 | 605| 684 83.4 85.7 0.054
5 |1678 | 304 | 615 656 | 64.2| 735 89.0 90.9 0.054
4 | 1756 | 322 | 634 | 686|671 766 92.4 95.0 0.054
3 | 1810 | 333 | 698 695 682 822 975 96.4 0.053
2 | 1843 | 345 | 566 | 729 | 708 | 741 90.7 100.6 0.055
1 | 1,859 | 365 | 1106 | 67.3 | 66.6 | 113.0 1245 93.7 0.067

*Shear forces are in kips.
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Once p has been computed in both orthogonal directions, load combinations 4 and 5 can
be rewritten as follows. Substituting Sp¢ = 1.0g and p = 1.0 into the equations for £,
and then substituting £ along with f; = 0.5 into load combinations 4 and 5 above results
in the following:

4a. 12D +0.5L + 1.00g +(02x1.0)D = 1.4D + 0.5L + Qf
4b. 12D+ 0.5L+ 1.005 —(0.2x1.0)D =D+ 0.5L+ Qp
5a. 0.9D+ 1.005 +(02x1.0)D = 11D+ QF

5b. 0.9D+ 1.00g —(0.2x1.0)D =0.7D + QF

If it had turned out that p for the dual system was difterent than p for the moment-
resisting system, then two different sets of Eqs. 4a through 5b would be determined, one
for each orthogonal direction.

Values of Qf are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
2.4.4.2 Design of Beam C4-C5
Flexural design.

Comparing the seismic forces in Table 2-22 to the wind forces in Table 2-25, it is clear
that seismic effects will govern the design in the E-W direction in this example. For this
beam, orthogonal effects due to seismic forces are negligible, i.e., seismic forces in the
N-S direction have a negligible effect on the design forces of this member. According to
the 2002 supplement to the IBC [2.7], orthogonal effects need not be considered for
beams. Thus, Table 2-27 contains a summary of the governing design bending moments
and shear forces at the second floor level due to gravity and seismic forces in the E-W

direction only.

Requirements for special moment frames are given in ACI 21.2 through 21.5. The
factored axial load on the member, which is negligible, is less than Ag f7/10; thus, the

provisions of ACI 21.3 for flexural members of special moment frames must be satisfied.
All other applicable provisions in Chapters 1 through 18 are to be satisfied as well.

Check limitations on section dimensions per ACI 21.3.1:

e Factored axial compressive force on member is negligible. O.K.

£, (26x12)-30 _
d 23.5

12>4 OKXK.
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width 3% B
depth 26
e width=281mn. >10m. OK.

< width of supporting column + (1.5 x depth of beam)
<30+(1.5%x26)=69m. O.K.

1.1>03 OK.

Table 2-27 Summary of Design Bending Moments and Shear Forces for Beam C4-C5 at the 2

Floor Level (SDC D)
Bending Shear
Load Case Location | Moment Force
(ft-kips) {kips)
Support -111 28
D D
ead (D) Midspan 76
. Support -16 8
Live (L
ve (L) Midspan 11
Seismic (Qg) Support + 366 +31
Load Combinations
Support -183 53
1.4D+1.7L
Midspan 125
Support -529 74
4D +0.5L +
1.4D+0 Qe Midspan 112
Support 288 -1
0.7D +
D+ Qe Midspan 53

The required flexural reinforcement is contained in Table 2-28. The provided areas of
steel are within the limits prescribed in ACI 21.3.2.1 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).

Table 2-28 Required Flexural Reinforcement for Beam C4-C5 at the 2™ Floor Level (SDC D)

Location M_” A, Reinforcement* ¢N_""
(ft-kips) (in?) (ft-kips)
Support -529 5.40 7-No. 8 541
P 288 2.83 5No. 7 305
Midspan 125 2.19 5-No. 7 305
. 3fb,d  3Y2000 x28x235 ’
AS min = = = 2.08 in.
‘ 1, 60,000
ACI 21321
200b,d  200x28x 235 )
= = =2.19 in. (governs)
f 60,000
Yy
Agmax =0, b, =0025x28x235 =165 in.” ACI 21.3.2.1
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ACI 21.3.2.2 requires that the positive moment strength at the face of the joint be greater
than or equal to 50% of the negative moment strength at that location. This is satisfied,
since 305 ft-kips > 541/2 = 271 ft-kips. Also, the negative or positive moment strength at
any section along the length of the member must be greater than or equal to 25% of the
maximum moment strength provided at the face of either joint. In this case, 25% of the
maximum moment strength 1s equal to 541/4 = 135 fi-kips. Providing 3-No. 8 bars (oM,

= 243 ft-kips) or 3-No. 7 bars (0M, = 186 ft-kips) satisfies this provision. However, to
satisfy the minimum reinforcement requirement of ACI 21.3.2.2 (i.e., minimum A4, =
2.19 in.?), a minimum of 3-No. 8 bars (4, = 2.37 in.%) or 4-No. 7 bars (4, = 2.40 in.?)

must be provided at any section. This also automatically satisfies the requirement that at
least 2 bars be continuous at both the top and bottom of the section (ACI 21.3.2.1).

When reinforcing bars extend through a 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 21.5.1.4). In this case, the minimum required column
dimension = 20 X 1.0 = 20 in., which is less than the 30-in. column width that is
provided.

Shear design.

Shear requirements for beams in special moment frames are contained in ACI 21.3.4. The
method of determining design shear forces in beams in special moment frames takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) at regions near the
supports. In general, the shear forces are determined assuming simultaneous hinging at
the beam supports under lateral loading. To properly confine the concrete and to maintain
lateral support of the longitudinal bars in regions where yielding is expected, the
transverse reinforcement requirements of ACI 21.3.3 must also be satisfied.

According to ACI 21.3.4.1, shear forces are computed from statics assuming that
moments of opposite sign corresponding to the probable moment 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 calculating the

maximum design shear forces.

The probable moment strength M pr for a section is determined using the stress in the
tensile reinforcement equal to 1.25 f,, and a strength reduction factor ¢ equal to 1.0

(ACI 21.0). The following equation can be used to compute M, :

a
M, =4 (1.25fy)(d —5)
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| ol

4,(125£,)
0.85 f/b

where a =

For example, for sidesway to the right, the joint on column line 5 is subjected to the
negative moment M ,, that is determined as follows:

For 7-No. 8 top bars, 4, = 7x0.79 = 5.53 in.?

o= 5.53x1.25x60
0.85x4x28

= 4.36 1n.

My, = 5.53X1.25x60x(23.5—ﬁJ: 8,843 in.-kips = 737 ft-kips
2

Similarly, for the joint on column line 4, the positive moment M ,, based on 5-No. 7

bars is equal to 419 ft-kips.

The largest shear force associated with seismic effects is obtained from the second of the
three load combinations in Table 2-27. Figure 2-14 shows the beam and shear forces due
to factored gravity loads plus probable moment strengths for sidesway to the right. Due to
the symmetric distribution of longitudinal reinforcement in the beam, sidesway to the left
gives the same maximum shear force. The equivalent factored uniform loads on the beam
are determined as follows (see ACI Figure R13.6.8 for definition of tributary area on

beam):

Total trapezoidal area tributary to beam = 2{2[%x 11x1 l:l +(4x1 1)} =330 fi 2

Dead load = | —-x0.15%330 [+{ 25X28 0 0.15%23.5 |+ 20330 ) _ 55 5 kips
12 ,000
55.2 _
wp =——=24 kips/ft
D035 £
Live load = J0x358 =16.5 kips
1,000
16.5
wy =——=0.7 kips/ft
L9355 P

w, =1A4wp +0.5w; =(1.4x2.4)+(0.5x0.7) =3.7 kips/ft

The maximum combined shear force of 92.7 kips shown in Figure 2-14 is larger than the
maximum shear force obtained from the structural analysis, which i1s 74 kips (see
Table 2-27).
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MY, (5-No.7) =419 ] D My (7-No.g) =737

Figure 2-14 Design Shear Forces for Beam C4-C5 (SDC D)

In general, shear strength is provided by both concrete (¥, ) and reinforcing steel (V).
However, according to ACI 21.3.4.2, V. is to be taken as zero when the earthquake-

induced shear force calculated in accordance with ACI 21.3.4.1 is greater than or equal to
50% of the total shear force and the factored axial compressive force including

earthquake effects is less than A4, /4 /20 In this example, the beam carries negligible

axial forces and the maximum earthquake-induced shear force = (737 + 419)/23.5 =
49.2 kips > 92.7/2 = 46.4 kips. Thus, V¥, must be taken equal to zero.

The maximum shear force V is (ACI 11.1):

v =Yu _y 2227 _4-109.1 kips
o 0.85

where the strength reduction factor was taken as 0.85 in accordance with ACI 9.3 4.

Shear strength contributed by shear reinforcement shall not exceed (V)max
(ACI'11.5.6.9):

V) max = 8y byyd = 84,000 % 28x23.5/1,000 = 332.9 kips > 109.1 kips O.K.

Also, V is less than 4,/ f.b,,d = 166.5 kips.

Required spacing s of No. 3 closed stirrups (hoops) for a factored shear force of
109.1 kips is determined from Eq. (11-15):

. A,/yd  (4x0.11)x60%23.5
N 109.1

S

=5.7 in.

Note that 4 legs are required for support of the longitudinal bars (ACI 21.3.3.3).
Maximum allowable hoop spacing within a distance of 24 =2 x 26 = 52 in. (plastic hinge

length) from the face of the support at each end of the member is the smaller of the
following (ACI 21.3.3.2):
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o Jd/4=235/4=59Iin. (govemns)
e 8(diameter of smallest longitudinal bar) =8 x 0.875 = 7.0 in.
e 24(diameter of hoop bar) =24 x 0.375=9.01n.

e 12in.

Use 11-No. 3 hoops at each end of the beam spaced at 5 in. on center with the first hoop
located 2 in. from the face of the support (ACI 21.3.3.2).

Where hoops are no longer required, stirrups with seismic hooks at both ends may be
used (ACI 21.3.3.4). At a distance of 52 in. from the face of the support:

V, =92.7—[3.7 x(52/12)] = 76.7 kips

Also, the shear strength contributed by the concrete may be utilized outside of the
potential plastic hinge zones:

V., =24,000x28x23.5/1,000 =83.2 kips
Therefore, the required stirrup spacing for No. 3 stirrups is:

Ay fyd  (2x0.11)x60x23.5
v, (76.7/0.85)—83.2

=44.1 in.

5

A fy  (2x0.11)%60,000
50b 50x28

w

=94 in. (governs)

Confinement of the longitudinal bars in accordance with ACI 21.3.3.3 must be provided
only where hoops are required; that is why only 2 legs are used in this portion of the
beam where stirrups with seismic hooks are required.

The maximum allowable spacing of the stirrups is /2 = 11.8 in. (ACI 21.3.3.4), which is

greater than that required for minimum shear reinforcement. A 9 in. spacing, starting at
52 in. from the face of the support is sufficient for the remaining portion of the beam.

Reinforcing bar cutoff points.

The negative reinforcement at the supports 1s 7-No. 8 bars. The location where 3 of the 7
bars can be terminated will be determined.

The third load combination is used to determine the cutoff point of the 3-No. 8 bars (0.7
times the dead load in combination with the probable flexural strengths A ,, at the ends

of the member), since this combination produces the longest bar lengths. The design
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flexura] strength ¢Af,, provided by 4-No. 8 bars is 320 ft-kips. Therefore, the 3-No. 8
bars can be terminated after the required moment strength A/, has been reduced to
320 ft-kips.

The distance x from the support to the location where the moment is equal to 320 ft-kips
can readily be determined by summing moments about section a¢-a in Figure 2-15:

1.7x2
—692x+737 =320
1.7¥ a
419,ka Y vV VvV VYV ¥V VY XJr Y 3737'k
v 236" a ;
29.3K 69.2K

Figure 2-15 Cutoff Location of Negative Bars (SDC D)
Solving for x gives a distance of 6.6 ft from the face of the support.

The 3-No. 8 bars must extend a distance d = 23.5 in. (governs) or
12d, =12x1.0 =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 6.6 + (23.5/12) = 8.6 ft. Also, the
bars must extend a full development length £, beyond the face of the support

(ACI 12.10.4), which is determined from ACI Eq. (12-1):

fd__3 fy C(B’Y)\,

db —26 f(,f C+Ktr
dp

where o = reinforcement location factor = 1.3 for top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 8 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

1.5+0.375+ 12—0 =24 in.

28-2(15+0375)-10 =) . (govemns)
2x6
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K, = transverse reinforcement index = 0 (conservative)

c+K, 1940
dy 1.0

=19<25

Therefore,

=48.7

tg 3 N 60,000 ><1.3><1.0><1.0><1.0
d, 40 4,000 1.9

0y, =487x1.0=48.7 in.=4.1 ft <86 ft

Thus, the total required length of the 3-No. 8 bars must be at least 8.6 ft 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 12.6 ft from the face of the support, which is greater than 8.6 ft. Thus, the
No. 8 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 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 9 in. on center that are provided
in this region of the beam, ¢V, is determined by ACI Eqs. 11-1 and 11-2:

=100.0 kips

2 23,
¢V,,:¢(VC+VS)=O.85><(83.2+0 260 35)

%thn = 66.7 kips

At 8.6 ft from the face of the support, V,, =69.2—(1.7x8.6) =54.6 kips, which is less
than 66.7 kips. Therefore, the 3-No. 8 bars can be terminated at 8.6 ft from the face of the
support.

Flexural reinforcement splices.

According to ACI 21.3.2.3, lap splices of flexural reinforcement must not be placed
within a joint, within a distance 2/ from the face of the joint (plastic hinge region), or at
locations where analysis indicates flexural yielding due to inelastic lateral displacements
of the frame. Lap splices must be confined by hoops or spiral reinforcement along the
entire lap length, and the maximum spacing of the transverse reinforcement is d/4 or 4 in.
In lieu of lap splices, mechanical and welded splices conforming to ACI 21.2.6 and
21.2.7, respectively, may be used (ACI 21.3.2.4).
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Lap splices are determined for the No. 7 bottom bars. Since all of the bars are to be
spliced within the required length, a Class B splice must be used (ACI 12.15.1, 12.15.2):

Class B splice length=1.3/¢,

The development length 7 ; is determined from ACI Eq. (12-1):

tg 3 Sy _oph
dy 40 fc'(c+1<,,]

dp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

0.875 =23 in. (governs)

1.5+0.375+

28-2(1.5+0.375)-0.875 ~29in
2x4

- K, = transverse reinforcement index = 0 (conservative)

¢ty 2340 5 6505 use2.s
dy 0.875

Therefore,

¢
_“i:ix 60,000 ><1.0><1.0><1.0><1.0 _785
dy 40 /4,000 2.5

£, =285%0875=249 n.=2.1fi
Class B splice length=1.3¢, =13x2.1=271{t

Use a 3 {t-0 in. splice length.

Figure 2-16 shows the reinforcement details for beam C4-C5.
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Figure 2-16 Reinforcement Details for Beam C4-C5 at the 2" Floor Level (SDC D)

2.4.4.3 Design of Column C4

Table 2-29 contains a summary of the design axial forces, bending moments, and shear
forces on column C4 for gravity and seismic loads.

Table 2-29 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C4 between the 1% and 2™ Floor Levels (SDC D)

Axial Bending Moment Shear Force
Load Case Force (ft-kips) (kips)

(kips) N-S E-W N-S E-W

Dead (D) 1,158 0 0 0 0

Live (L)* 134 0 0 0 0

Seismic (Qg ) o** +209 | +354 | +36 + 71

Load Combinations
14D+ 1.7L 1,849 0 0 0 0
Case 1 1,688 209 106 36 21
4D+ 0.5L + !

! Qe Case2 1,688 63 354 11 71
07D+ Qp Case 1 811 -209 -106 -36 -21
Case 2 811 -63 -354 -1 -71

* Live load reduced per IBC 1607.9
“* Axial forces due to seismic load effects in both the N-S and E-W directions are zero

Case 1: 100% N-S seismic force effect + 30% E-W seismic force effect
Case 2: 100% E-W seismic force effect + 30% N-S seismic force effect
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According to the supplement to the IBC [2.7], orthogonal effects on this member need
not be considered, since the axial forces due to seismic forces in both directions (which
are equal to zero) are less than 20% of the axial load design strength. For illustration
purposes, the column 1s designed when orthogonal effects are not considered and the
results are compared to those where orthogonal effects are considered. Bending moments
and shear forces are contained in Table 2-29 for both the N-S and E-W directions. In the
N-S direction, the governing bending moment and shear force are due to 25% of the

seismic forces F, from Table 2-21 acting on the building without the presence of shear
walls, which 1s one of the requirements that is stipulated for dual systems (IBC 1617.6.1).

Two methods for combining orthogonal load effects from seismic forces are given in
IBC 1620.2.2. In the first method, members are designed for the effects from 100% of the
forces acting in one direction plus 30% of the forces acting in the perpendicular direction.
Bending moments and shear forces under Cases 1 and 2 in Table 2-29 have been
determined using this method. The square root of the sum of the squares (SRSS) method
can also be used.

Since the factored compressive axial loads exceed Agfc'/10=302 x4/10= 360 kips,

the provisions of ACI 21.4 are applicable. Thus, the following two criteria must be
satisfied (ACI 21.4.1):

e Shortest cross-sectional dimension=301n.>12in. O.K.

e Ratio of shortest cross-sectional dimension to perpendicular dimension = 1.0 >
04 OK.

Design for axial force and bending.

When orthogonal effects are not considered, the governing load combinations are due to
seismic forces acting the E-W-direction, since bending moments generated in the column
due to seismic forces in that direction are larger than those generated from seismic forces

in the N-§ direction. A 30 X 30 in. column with 12-No. 10 bars (p, =1.69% ) is adequate

for column C4 supporting the second floor level. Figure 2-17 contains the interaction
diagram for this column for uniaxial bending due to seismic forces in the E-W direction.

When orthogonal effects are considered, the column must be designed for biaxial bending
due to the load combinations given in Table 2-29 for seismic load cases 1 and 2 as
prescribed in IBC 1620.2.2. For the column reinforced with 12-No. 10 bars, interaction
diagrams cut at an angle of 0 degrees (pure axial load), 27 degrees, and 80 degrees
through the biaxial interaction surface would show that the load combination points fall
well within the interaction surface. Therefore, 12-No. 10 bars are also adequate for the
30 x 30 in. column subjected to biaxial bending. Note that the angles of the interaction
diagrams are obtained by taking the inverse tangent of the ratio of E-W and N-S factored
bending moments. For example, for seismic load case 1 in the second or third load

combinations, the angle of the interaction diagram = tan”! (106/209) = 27 degrees (see
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Table 2-29). The provided reinforcement ratio is within the allowable range of 1% and
6% (ACI 21.4.3.1).

4,500.0 T

4,000.0

/“

3,500.0 F
2 3,0000 F ~
__-‘_’ o \\
3 :
£ 2,000.0 f N —
© : + \ N
X 1500.0 : < )

1,000.0 E \ /

b

0.0
0.0 500.0 1,000.0 1,500.0 2,000.0
Bending Moment (ft-kips)

T

Figure 2-17 Design and Nominal Strength Interaction Diagrams for Column C4 Supporting the
2" Floor Level when Orthogonal Effects are not Considered (SDC D)

Relative Flexural Strength of Columns and Girders.

ACI 21.4.2 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 girders framing into that
joint. The intent is to provide columns with sufficient strength so that they will not yield
prior to the beams. Yielding at both ends of a column prior to the beams could result in
total collapse of the structure. Only seismic load combinations need to be considered
when checking the relative strengths of columns and girders.

When computing the nominal flexural strength of girders in T-beam construction, slab
reinforcement within an effective slab width defined in ACI 8.10 shall contribute to the
flexural strength if the slab reinforcement is developed at the critical section for flexure
(ACI 21.4.2.2). For an interior beam spanning in the E-W direction, the effective slab

width 1s determined as follows:

e 16 x slab thickness + beam width = (16 x 8) + 28 = 156 in.
e center-to-center spacing of beams =22 x 12 =264 in.

e beam span/4 = (26 X 12)/4=78 in.  (governs)
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The minimum required area of steel in the 78-in. effective width = 0.0018 x 78 x § =
1.12in.% (ACI 13.3.1), which corresponds to 6-No. 4 bars @ 78/6 = 13 in. spacing. This
spacing is less than the maximum allowable spacing of 24 = 16 in. Provide No. 4 @
13 in. at both the top and bottom of the slab.

Based on the reinforcement in beam C4-C5 (see Table 2-28) and the reinforcement in the
effective width of the slab, a strain compatibility analysis of the section yields M, =
838 fi-kips and M, =405 f-kips. Therefore, M, = 838 + 405 = 1,243 fi-kips (sce

Figure 2-18 for sidesway to the left; due to symmetric distribution of flexural
reinforcement, sidesway to the right yields the same results for the negative and positive
moment strengths).

M, =1,468 ft-kips

£

M =405 ft-kips cé ’ M7 =838 fi-Kips

¥ 4

M, =1,502 ft-kips

Figure 2-18 Relative Flexural Strength of Columns and Girders when Orthogonal Effects are not
Considered (SDC D)

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 2),
the minimum M, = 1,502 ft-kips, which corresponds to P, = 811 kips when orthogonal

effects are not considered (see Figure 2-17). Similarly, for the lower end of the upper
column framing into the joint (i.e., the column supporting floor level 3), M, = 1,468 fi-
kips, which corresponds to B, = 736 kips. Therefore, ZMC = 2,970 ft-kips.

Check Eq. 21-1:
M, =2.970 frkips > 0¥ a1, = Sx 1243 = 1492 frkips  OK
2 . , kips s g =X L , -kips K.

The same calculations are performed when orthogonal effects are considered. For the
upper end of the lower column framing into the joint, the minimum M, = 1,360 ft-kips,
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which corresponds to B, = 811 kips for an angle cut at 27 degrees through the biaxial
surface. Similarly, for the lower end of the upper column framing into the joint, M, =

1,337 ft-kips, which corresponds to £, = 736 kips. Therefore, ch = 2,697 fi-kips.
Check Eq. 21-1:

> M, =2,697 ft-kips > §2Mg = —x 1,243 =1,492 frkips O.K.

[ e

Thus, lateral strength and stiffness of this column can be considered when determining
the strength and stiffness of the structure whether orthogonal effects are considered or

not.
Design for shear.

Shear requirements for columns in special moment frames are contained in ACI 21.4.5.
Similar to beams, the method of determining design shear forces in columns takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) in regions near the
ends of the column. To properly confine the concrete and to maintain lateral support of
the longitudinal bars in regions where yielding is expected, the transverse reinforcement
requirements of ACI 21.4.4 must also be satisfied.

Confinement reinforcement. Special transverse reinforcement for confinement is
required over a distance ¢, from each joint face at both column ends where 7, is equal

to the largest of (ACI 21.4.4.4):

e Depth of member =30 in. (governs)
e Clear span/6 = [(12 X 12) — 26]/6 = 19.7 in.

e 18in.

Transverse reinforcement within the distance ¢, shall not be spaced greater than the
smallest of (ACI 21.4.4.2):

e Minimum member dimension/4 = 30/4= 7.5 in.

e 6(diameter of longitudinal reinforcement) =6 X 1.27 = 7.6 in.
14-4 14-10 . .
. sx:4+( ] xj=4+( 3 ]: 53in.>4m. (govems)

< 6 1n.

where h, = maximum horizontal spacing of hoop or crosstie legs on all faces of the

30 x 30 1n. column
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_30-2(1.5+0.5)-1.27
3

+1.27+05=10in. < 14in. O.K.(ACI21.443)

assuming No. 4 rectangular hoops with crossties around every longitudinal bar.
Therefore, try 5 in. spacing.

Minimum required cross-sectional area of rectangular hoop reinforcement Ay, is the
larger value obtained from Egs. 21-3 and 21-4:

e 0.3sh, 2| Ag }_1 _ 0.3x5x26.5x4 302 1lm06 2
g Sy Aen ) 60 729 '

0.09sh, £, 0.09%5x26.5%4
Ik 60

=0.80 in.? (governs)

where h, = cross-sectional dimension of column core measured center-to-center of
confinement reinforcement
= 30—-2[1.5+(0.5/2)] =26.5 in.
A,y = cross-sectional area of member measured out-to-out of transverse

reinforcement

[30 - (2 x 1.5)]* =729 in.?

Using No. 4 hoops with 2 crossties provides 4, =4 x 0.2 = 0.8 in.%, which is equal to

the minimum required area from Eq. 21-4. Use 5 in. spacing for the transverse
reinforcement at the column ends.

Transverse reinforcement for shear. According to ACI 21.4.5.1, 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. For columns in the first story, it is possible for the
base of the column to develop its probable flexural strength. For columns above the first
story, which is applicable to the column in this example, shear forces based on the
probable flexural strengths of the beams framing into the joint will usually control:
considering equilibrium at the joint, the largest bending moments and corresponding
shear forces that can be transmitted to the column occurs when plastic hinges form at the
ends of the beams. Thus, design shear forces in columns need not exceed those

determined from joint strengths based on M ,, of the beams framing into the joint. 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.
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It is conservative to assume that the maximum M ,, of the column is equal to the
moment at the balanced point. When orthogonal effects are not considered and using
fy =125x60=75 ksiand ¢ = 1.0, maximum M ,, = 1,731 ft-kips. Design shear force

V, based on the probable flexural strength of the column at the column ends 1s:

- 2XLB3L o i
12— (26/12)

When orthogonal effects are considered, the largest bending moment at the balanced
point occurs for an angle cut at 80 degrees through the biaxial surface, which i1s M pr =

1,590 kips. Design shear force ¥, based on this probable flexural strength is:

2x1,590

= EXOP 393 kips
¢ T 12-(26/12) P

The positive probable flexural strength of the beam framing into the joint at the face of
the column at the 2™ floor level is 419 ft-kips (see Figure 2-14). The negative probable
flexural strength of the beam on the other side of the column is 737 ft-kips. Assuming
that the flexural reinforcement in the 1% floor beams framing into the column is the same
as the 2™ floor beams, V, . based on the probable flexural strengths of the beams is:

(4194737
2 .

V, = = 118 kips oVerns

© = 12-(26/12) ps  (governs)

This design shear force is larger than the maximum shear force obtained from analysis,
which is 71 kips (see Table 2-29).

Since the factored axial forces are greater than Ag fL/20 = 180 kips, the shear strength

of the concrete may be used (ACI 21.4.5.2). The shear capacity of the column is checked
using ACI Eq. 11-4 for members subjected to axial compression:

N }r—
V. =2 1+—%— |/ /b d
¢ ( 2,0004, Jebuw
1,00
=2 1+ﬂ’—00—2 4,000 x30x25.5/1,000 =140.4 kips
2,000 30

oV, =0.85x140.4 = 119 kips > 118 kips
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where N, = 811 kips is the smallest axial force on the section (see Table 2-29) and d =

25.5 1n. was obtained from a strain compatibility analysis.

Thus, the No. 4 hoops at 5 in. on center required for confinement over the distance ¢, at

the column ends is also adequate for shear.

According to ACI 21.4.4.6, the remainder of the column must contain hoop
reinforcement with center-to center spacing not to exceed 6 times the diameter of the

longitudinal column bars = 6 X 1.27 = 7.6 in. or 6 in. (governs). For simpler detailing, use
5 in. spacing of hoops and crossties over entire column height.

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 21.4.3.2). Also, they
must be confined over the entire lap length with transverse reinforcement conforming to
ACI 21442 and 21.4.4.3. In lieu of lap splices, mechanical splices conforming to
ACI 21.2.6 and welded splices conforming to ACI 21.2.7.1 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). The development length ¢ ; is computed from ACI Eq. (12-1):

te_3 Ly _opnh
db 40 fc{ [C+Ktr)

dp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

27 :
1.5+0.5+ IT =2.6 in. (govermns)

30-2(1.5+0.5)-1.27 _
2%x3

4.1 in

K, = transverse reinforcement index

Ay Sy 4x0.2x60,000

= = 1.6
1,500sn 1,500x5x4
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c+K, 26+1.6
dp, 1.27

=33>25, uselS

Therefore,

f4 3 60,000 1.0x1.0x1.0x1.0
X

¢4=285x127=362 in.

Class B splice length =13 x36.2=47.1 in.

Use a4 ft-0 in. splice length.

Reinforcement details for column C4 are shown in Figure 2-19.

. ]%L R 2™ Floor

A A 12" (typ.)
f
41_0”
No.4 @ 5” 3
) 2’_1 1”
Other reinforcement not shown
for clarity - = . 1% Floor
" v = i » ':"‘..-_J‘
2’_2/[
¥

21_6”

P
v

12-No. 10

2/_6”

Section A-A

Figure 2-19 Reinforcement Details for Column C4 Supporting the 2™ Floor Leve/ (SDC D)

2.4.4.4 Design of Beam-Column Joint

This section outlines the design of interior and exterior beam-column connections along
column line 4. Similar calculations can be performed for joints along other column lines.
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The overall mtegrity of special moment frames i1s dependent on the behavior of beam-
column joints. Degradation of joints can result in large lateral deformations that can cause
excessive damage or even failure.

Interior Joint.

Transverse reinforcement for confinement. 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 load-carrying capacity even after possible spalling of the
outer shell. ACI 21.5.2 requires that transverse hoop reinforcement in accordance with
ACI 21.4.4 be provided within the joint, unless the joint is confined on all four sides by
beams that have widths equal to at least 75% the column width. When joints are
adequately confined on four sides, transverse reinforcement within the joint may be
reduced to one-half of that required by ACI 21.4.4 and the hoop spacing is permitted to
be a maximum of 6 in.

At an interior joint in the example building, beams frame into all four sides of the column
and the width ratio is 28/30 = 0.93 > 0.75. Therefore, transverse reinforcement can be
reduced by 50% according to ACI 21.5.2.2 as noted above. However, for detailing
simplicity, use the transverse reinforcement required at the column ends (No. 4 @ 5 in.)
through the joint.

Shear strength of joint. Figure 2-20 shows the interior beam-column joint at the 2™
floor level. The shear strength is checked in the E-W direction in accordance with
ACI21.5.3. The shear force at section x-x is obtained by subtracting the column shear
force from the sum of the tensile force in the top beam reinforcement and the
compressive force at the top of the beam on the opposite face of the column. Since
development of inelastic rotations at the joint face is associated with strains in the beam
flexural reinforcement significantly greater than the yield strain, joint shear forces
generated by beam reinforcement are calculated based on a stress in the reinforcement

equal to 1.25 f, (ACI 21.5.1.1):
Ty (7-No.8) = 4;(1.25f,) = (7x0.79)x(1.25x 60) = 415 kips
T, (5 -No.7) = (5% 0.60)x (1.25x 60) = 225 Kips

Column horizontal shear force ¥, can be obtained by assuming that adjoining floors are
deformed so that plastic hinges form at the ends of the beams. For the beams in this

example, M ,, =737 ft-kips and M ,, =419 fi-kips (see Figure 2-14).

Since the lengths of the columns above and below the joint are equal, moments M, n
the columns above and below the joint are (737 + 419)/2 = 578 fit-kips. Shear force V7, in

the column is: .
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M, =(M #1512 = 578"

A /9.83 = 118*

eV =2M, /¢, = (2x 578)

'——/\/_[—IZ7-NO. 8
Cy=Tp ' —> T, =1.25A4, = 415"

+ 7K > > - = 7k
ME, =419 (’ X X )My, =737
T, =1.25A5f, = 225" < :HEIJ C1=T

LA A

N

Figure 2-20 Shear Analysis of Interior Beam-Column Joint in E-W Direction (SDC D)

oM, 2% 578

0, 12-(26/12)

Vy =

The net shear force at section x-x is 7] + C; —V;, =415+225-118 = 522 kips

For a joint confined on all four faces, nominal shear strength ¢V, is determined from
ACI21.53.1:

0¥, =020,/ A; = 0.85x20,/4,000 x900/1,000 = 968 kips > 522 kips  O.X.

where A4 = effective cross-sectional area within a joint in a plane parallel to the plane of

reinforcement generating shear in the joint (see ACI Figure R21.5.3). The joint depth is
the overall depth of the column in the direction of analysis, which is 30 in. The effective
width of the joint is the smaller of (1) beam width + joint depth = 28 + 30 = 58 m. or
(2) beam width plus twice the smaller perpendicular distance from the edge of the beam
to the edge of the column = 28 + (2 X 1) = 30 in. (governs). Thus, 4; = 30 x 30 =

900 in.2

Joint shear strength is a function of concrete strength and effective cross-sectional area
A only. Tests results show that shear strength of a joint is not altered significantly with

changes in transverse reinforcement provided a minimum amount of such reinforcement
is present. Therefore, it is essential that at least minimum transverse reinforcement as
specified in ACI 21.5.2 be provided through the joint regardless of the magnitude of
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calculated shear force in the joint. In cases when the net shear force exceeds the design
strength prescribed in ACI 21.5.3.1, only the concrete strength or the effective cross-
sectional area can be increased to increase shear capacity.

Reinforcement details for an interior joint are shown in Figure 2-21.

Shear strength requirements must also be satisfied for the N-S direction.

2’-6” 12-No. 10
e e | No. 4 hoaps and
1 crossties @ 57
4 = =4 ==
=] 7-No. 8
s 4
B /= —
? == ? 21_2:/
== =
B
4 = = — A— =i
Transverse beams | 1[I 1] 5-No.7
not shawn for clarity | 1|1 11 | Na. 3 hoops @ 5”
||

’”,

N

Figure 2-21 Reinforcement Details at Interior Beam-Column Joint (SDC D)

Exterior Joint.

It is assumed for purposes of this example that the beam framing into the edge column
along column line 4 has the same flexural reinforcement as the interior beams along this

column line.

Transverse reinforcement for confinement. Since an exterior joint is confined on less
than four sides, transverse hoop reinforcement in accordance with ACI 21.4.4 must be
provided within the joint (ACI 21.5.2.1). For detailing simplicity, use the transverse
reinforcement required at the column ends through the joint.

Shear strength of joint. Figure 2-22 shows the exterior joint at the 2" floor level. In this
case, the shear force at section x-x is determined by subtracting the column shear force
from the tensile force in the top beam reinforcement.

Since the lengths of the columns above and below the joint are equal, moments Af, in
the columns above and below the joint are 737/2 = 369 ft-kips. Shear force V}, in the

column 1s:
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— — /K
My =M, /2= 369

{\ /9.83 = 75%

«———Vp =2M, /¢, = (2 x 369)

m%m 8
—> T, =1.25Af, =415"

-
e g e
l X 3—‘1‘01:T1

5-No. 7

\
A

——> V=75

M, = 369
Figure 2-22 Shear Analysis of Exterior Beam-Column Joint in E-W Direction (SDC D)

2M, 2%369

= = k_[ps
¢, 12-(26/12)

Vy =

The net shear force at section x-x is 7] — V), =415~75 = 340 kips

For a joint confined on three faces, the nominal shear strength ¢V, is determined from
ACI21.53.1:

OV, =015\ f7 4; =0.85x15,/4,000 x 26% /1,000 = 545 kips > 340 kips  O.K.

Since the beam width is slightly larger than the column width, it is possible for some of
the beam longitudinal bars to be placed outside of the confined column core. However,
these bars are confined by beams framing into the column in the N-S direction; thus, no
additional transverse reinforcement in accordance with ACI 21.5.2.3 is required.

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 according to
ACI 21.5.4 and Chapter 12, respectively (ACI 21.5.1.3). The development length ¢ 4, for
a bar with a standard 90-degree hook in normal weight concrete is the largest of
(ACI21.5.4.1):
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o §(diameter of longitudinal bar) = 8 x 1.0 = 8 in. for No. 8 top bars
=8 x 0.875 =7 in. for No. 7 bottom bars
e 6in.
fydy  _ 60,000<1.0

65y 7, 654/4,000

60,000x0.875 .
_ OUIUXDE 12.8 in. for No. 7 bottom bars  (governs)

65+/4,000

Required development lengths for both the top and bottom reinforcement can be
accommodated within the 26-in. deep column.

= 14.6 . for No. 8 top bars (governs)

Reinforcement details for the exterior joint are shown in Figure 2-23.

Asn per ACl 21.4.4,21.45

) { 7-No. 8

[ 11
LN

LT

Standard hook 4
(typ.) I £
{ 200"

N

5-No. 7

L]
L]

Figure 2-23 Reinforcement Details at Exterior Beam-Column Joint (SDC D)
2445 Design of Shear Wall on Line 7

This section outlines the design of the shear wall on line 7. According to the supplement
to the IBC [2.7], orthogonal effects need not be considered, since the axial forces due to
seismic forces (which are equal to zero) are less than 20% of the axial load design
strength. Table 2-30 contains a summary of the governing design axial forces, bending
moments, and shear forces at the base of the wall due to gravity and seismic forces.

As noted above, special reinforced concrete structural walls are required in dual systems

for buildings assigned to SDC D; thus, the provisions of ACI 21.6, as well as the
applicable provisions in Chapters 1 through 18, must be satisfied.
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Table 2-30 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 7 (SDC D)

Axial Bending Shear

Load Case Force Moment Force
(kips) (ft-kips) (kips)
Dead (D) 3,094 0 0
Live (L) 279 0 0
Seismic (Qg) 0 + 74,783 +1,360
Load Combinations
1.4D +1.7L 4,806 0 0
14D+ 0.5L + Qg 4,471 74,783 1,360
0.7D + Qf 2,166 -74,783 -1,360

Design for shear.

Reinforcement requirements. Special reinforced structural walls are to be provided
with reinforcement in two orthogonal directions in the plane of the wall in accordance
with ACI 21.6.2, The minimum reinforcement ratio in both directions is 0.0025, unless

the design shear force is less than or equal to 4.,/ f/ , where A4, is the gross area of

concrete bounded by the web thickness and the length of wall in the direction of analysis.
In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls

must be provided. For the wall in this example, 4,, =16 x [(22 x 12) + 36] = 4,800 in.?,
so that

Ao f2 = 4,800x+/4,000 /1,000 = 304 kips < ¥, = 1,360 kips

Therefore, the minimum reinforcement ratio is 0.0025 and the maximum spacing is 18 in.
(ACI21.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 24,/ f; =2 x 304 = 608 kips. In this case, two curtains are required,

since 1,360 kips > 608 kips.

The minimum required reinforcement in each direction per foot of wall is 0.0025 x 16 x
12 = 0.48 in.” Assuming No. 5 bars in two curtains, required spacing s is

g 2X03 1 155 in <18 in,

Try 2 curtains of No. 5 bars spaced at 15 in.
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Shear strength requirements. ACI Eq. 21-7 is used to determine nominal shear strength
V, of structural walls:

Ve = Acv(ac\/jfc?+pnf)>)

where o, =2 for ratio of wall height to length £,/¢,, = 14825 = 59 > 2
(ACI21.6.4.1).

For 2 curtains of No. 5 horizontal bars spaced at 15 in. (p,, =0.62/(16%x15) = 0.0026) :

OV, = 0.85% 4,800%[2:/4,000 + (0.0026 x 60,000)]/1,000
=1,149 kips <V, =1360 kips  N.G.

where ¢ =0.85 for walls with 4,,/¢,, >2 (ACI 9.3.4(a)). Therefore, use 2 curtains of
No. 5 bars @ 10 in. on center in horizontal direction (¢¥),, = 1,465 kips). Note that V,, =
1,724 kips is less than the wupper limit on shear strength, which is
8ACM/;’Z =8%304 = 2,432 kips (ACI 21.6.4.4).

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
hyw!?l,, < 2.0 (ACI 21.6.4.3). Since h,,/¢,, = 5.9 > 2, use minimum reinforcement ratio
of 0.0025.

Use 2 curtains of No. 5 bars spaced at 12 in. on center in the vertical direction (p, =
0.0032 > 0.0025).

Design for axial force and bending.

Structural walls subjected to combined flexural and axial loads are designed in
accordance with ACI 10.2 and 10.3 except that ACI 10.3.6 and the nonlinear strain
requirements of ACI 10.2.2 do not apply (ACI 21.6.5).

Figure 2-24 contains the interaction diagram of the wall. The wall is reinforced with 32-
No. 11 bars in the 36 X 36 in. boundary elements at both ends of the wall and 2-No. 5
vertical bars @ 12 in. in the web. As seen from the figure, the wall is adequate for the
load combinations in Table 2-30.

Special boundary elements.

The need for special boundary elements at the edges of structural walls is evaluated in
accordance with ACI 21.6.6.2 or 21.6.6.3. The displacement-based approach n
ACI21.6.6.2 is utilized in this example. In this method, the wall is displaced at the top an
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amount equal to the expected design displacement; special boundary elements are
required to confine the concrete when the strain in the extreme compression fiber of the
wall exceeds a critical value. This method 1s applicable to walls or wall piers that are
essentially continuous in cross-section over the entire height and designed to have one

critical section for flexure and axial loads.

30,000.0

25,0000 | ——]

20,000.0 f ~

15,000.0 F ~

: B

~.

Axial Force (kips)

10,000.0 \\ \r
A /
5,000.0 } T L
: . // ]
o bt a baa oo el | b i e
0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
Bending Moment (ft-kips)

Figure 2-24 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 7
(SDC D)

Compression zones are to be reinforced with special boundary elements where (Eq. 21-
8):

EW

cz—¥ 8 /h,>0.007
6005, / k)

where ¢ = distance from extreme compression fiber to the neutral axis per
ACI 10.2.7 calculated for the factored axial force and nominal moment
strength, consistent with the design displacement §,, resulting in the
largest neutral axis depth
¢,, = length of entire wall or segment of wall considered in the direction of the

shear force

2-92




o, = design displacement
= total lateral displacement expected for the design-basis earthquake as
specified by the governing code
h,, = height of entire wall or of a segment of wall considered

The lower limit on the quantity 8, /%, is specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢, =25 ft =300 in., &, = 148 ft = 1,776 in,, , is equal to J, from
Table 2-23, which i1s 18.53 in. at the top of the wall, and &, /4, = 0.0104 > 0.007.

Therefore, special boundary elements are required if ¢ is greater than or equal to
300/(600 x 0.0104) =47.9 in.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 65.5 in.

corresponding to a factored axial load of 4,471 kips and nominal moment strength
120,431 fi-kips, which is greater than 47.9 in. Therefore, special boundary elements are
required.

Special boundary elements must extend horizontally from the extreme compression fiber
a distance not less than the larger of the following (ACI 21.6.6.4):

o ¢-0.1¢,,=655-(0.1x300)= 355in. (governs)
o (/2=655/2=328In.

Special boundary transverse reinforcement in accordance with ACI 21.6.6.4 is provided
in the 36-in. boundary elements at the ends of the wall.

Vertical extent of special boundary transverse reinforcement from base of wall is the
larger of (ACI 21.6.6.2(b)):

o /,=300m=25ft (govemns)

M, _ 74783 _ .. o
4V, 4x1360

Special boundary element transverse reinforcement.
Provisions for the amount and spacing of transverse reinforcement required in the special

boundary elements are contained in ACI 21.6.6.4. In particular, transverse reinforcement
requirements of ACI 21.4.4.1 through 21.4.4.3 for columns in special moment frames

must be satisfied, except for Eq. 21-3.
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Assuming No. 4 rectangular hoops and crossties around every other longitudinal bar in
both directions of the 36 x 36 in. special boundary elements, the maximum allowable
spacing is the smallest of the following:

e Minimum member dimension/4 = 36/4 = 9.0 in.
e 6(diameter of longitudinal reinforcement) = 6 X 1.41 = 8.5 in.

14-h, 14-9.6
- 2=

=4 4+ =551in. >4.01in. (governs)

Sx 3

< 6.0 1n.

where h, = maximum horizontal spacing of hoop or crosstie legs on all faces of the

36 x 36 in. special boundary elements

=2[36—2(1'5;0'5)—1'41J+1.41+0.5=9.6 in.<14in. OK. (21.44.3)

Assuming a spacing of 5 in., required area of transverse reinforcement is determined
from Eq. 21-4:

- 0.09sh, 1, _0.09%x5%32.5x4 _ 0.98 in2
Son 60
where h, = cross-sectional dimension of boundary element core measured center-to-

center of confinement reinforcement

36— 2[1.5 + (0.5/2)] = 32.5 in.

No. 4 hoops with crossties around every other longitudinal bar provides 4y, =5x0.2 =
1.0in?>>098in> OK.

Splice length of reinforcement.

Class B lap splices are utilized for the longitudinal reinforcement in the special boundary
elements and the vertical bars in the web. Mechanical connectors may be considered as
an alternative to lap splices for the large bars in the special boundary element
(ACI 21.6.6.4(f)). No splices are required for the No. 5 horizontal bars in the web, since

full length bars weigh approximately 1.043 x 25 = 26 1bs. and are easily installed.

Vertical bars in special boundary elements. For the No. 11 vertical bars n the special
boundary elements, ¢ ; 1s determined from Eq. (12-1), since this results in a longer splice

length than determined from ACI 21.5.4 (ACI 21.6.2.3). Assuming no more than 50% of
the bars are spliced at any one location:
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fa 3 Sy opyr
db 40 fé C+Kt)‘
dp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension
1.41 :
1.5+O.50+—2— =27 in. (governs)
36—-2(1. S5)—1. .
2(1.5+0.5)-1.41 38 i
2x4
K, = transverse reinforcement index
Ay Sy (5%0.2)x60,000 L6
1,500sn 1,500% 5% 5 '
K
ctRe 15727 50505 use2.s
dp 1.41
Therefore,

£y 3 « 60’000xl'OXI'OXI'OXI'O:Z&S

» 40 /4,000 25
¢4 =285%1.41=40.2 in.

Class B splice length = 1.3/ ; =1.3 x40.2 =523 in.

Use a 4 ft-6 in. splice length for the No. 11 bars, with splices staggered at least 24 in.
(ACI 12.15.4.1).

Vertical bars in wall web. The provisions of ACI Chapter 12 are utilized to determine
the splice length of the vertical bars in the wall web instead of ACI 21.5.4, since
ACI 21.5.4 assumes the bars are confined, which they are not in the wall web.

Again assuming that no more than 50% of the bars are spliced at any one location:

2-95



where

e —

tg 3 Jy  ofyr

dp 40 1 [C+Ktr]

dy

o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

.62 .
0.75+0.625+ §i625 =1.7 m.  (governs)
12 _ 6.0 in.
2
K, = transverse reinforcement index = 0

c+K;, 1.7+0

= =2.7>2.5 use2)5
dy 0.625

Therefore,

Use a 1 ft-7 in. splice length for the No. 5 vertical bars in the web.

Horizontal bars in web. The development length of the No. 5 horizontal bars is

£y 3 60,000 0.8x1.0x1.0x1.0

4 - 2 x X =22.8
d, 40" /4,000 2.5

{4 =22.8x0.625=14.31n.

Class B splice length=13¢,; =13 x 143 =18.6 in.

determined assuming that no hooks are used in the special boundary elements

(ACI 21.6.6.4(e)). The provisions of ACI 21.5.4 are used in this case, since the horizontal
bars are terminated in the confined core of the special boundary elements.

Since it 1s reasonable to assume that the depth of concrete cast in one lift beneath a
horizontal bar is greater than 12 in., the required development length must not be less,
than 3.5 times the length required by ACI 21.5.4.1 (ACI 21.5.4.2):
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e §(diameter of bar) =8 X 0.625 =5.0 in.
e (in

fydy 60,000%0.625

65Jf7 654,000

Therefore, required development length £; =3.5x9.1 =319 1n.

=9.1in. (govemns)

This length can be accommodated within the confined core of the special boundary
element so that hooks are not required. However, ACI R21.6.6.4 recommends to anchor
the bars with standard 90-degree hooks or mechanical anchorage schemes instead of
straight bar development, since large transverse cracks can our in the special boundary
elements. Thus, 90-degree hooks are provided at the ends of the No. 5 horizontal bars.

Reinforcement details for the shear wall along line 7 are shown in Figure 2-25.

30
" T 1.5
- — —————————1. 32-No. 11

"IN No. 4 hoops and
1 crossties @ 5"

3-0"

|_No.5@ 107

at1—No.5@ 12"

Figure 2-25 Reinforcement Details for Shear Wall Along Line 7 (SDC D)

2.5 DESIGN FOR SDCE

To illustrate the design requirements for Seismic Design Category (SDC) E, the office
building in Figure 2-1 is assumed to be located in Berkeley, CA. In this example,
additional shear walls are located along column lines 3 and 6 (see Figure 2-26). Typical
beams, columns, and walls are designed and detailed for combined effects of gravity,

wind, and seismic forces.
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Figure 2-26 Typical Plan of Example Building (SDC E)

2.5.1 Design Data

Building Location: Berkeley, CA (zip code 94705)
Material Properties

Concrete: f, = 4,000 psi, w, =150 pcf
Reinforcement: f), = 60,000 psi

Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

Seismic Design Data

For zip code 94705: Sg =2.08g,5; =0.92g [2.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /g =1.0 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
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Exposure B (IBC 1609.4)
For Category I occupancy, /)y =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 8 in.

Beams: 28 X 32 in.

Interior columns: 34 X 34 in.
Edge columns: 30 x 30 1n.
Wall thickness: 18 1n.

Boundary elements: 40 x 40 in.
2.5.2 Seismic Load Analysis
2.5.21 Seismic Design Category (SDC)

As discussed previously, the appropriate analysis procedure to use depends on the
Seismic Design Category (SDC). For SDC D, E, or F, Table 1616.6.3 contains the
minimum allowable analysis procedure for seismic design (IBC 1616.6.3). The SDC for
this particular example 1s determined below.

The maximum considered earthquake spectral response accelerations for short periods
Sps and at 1-second period Sy are determined from IBC Egs. 16-16 and 16-17,

respectively:

SMS =FaSs =1.0%x2.08 = 208g
Sy =F,S =1.5x0.92=138g

where F, and F, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods Sg and at 1-second period Sy,
respectively. The values of these coefficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F,, .

Once Sy and S, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

2
Sps = %SMS = X208 =139

Sp :%SM1 = §x1.38 =092g
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Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From the footnote to
Table 1616.3(1), Seismic Use Group I structures located on sites with S; 2 0.75g shall

be assigned to SDC E when Spg2>0.50g. Similarly, from the footnote to
Table 1616.3(2), the SDC 1s E when S 20.20g. Thus, the SDC is E for this building.

2.5.2.2 Seismic Forces

Since the building does not have plan wrregularity Type 1a, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type la, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3; note: it is shown in Section 2.5.2.5 below that the first story is not a soft
story). Note that structures assigned to SDC E or F are not permitted to have plan
irregularity Type 1b and vertical irregularity Type 1b or 5 (IBC 1620.4.1). For this
regular building that is less than 240 ft in height, Table 1616.6.3 allows the equivalent
lateral force procedure in IBC 1617.4 to be used to compute the seismic base shear V (see
Eq. 16-34):

V=CW

where C; 1is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 34,742 kips (see
Table 2-31 below).

Seismic Forces in N-S Direction.

In the N-S direction, a dual system is utilized. In order to satisfy the provisions of
IBC 1910.5.1 for structures assigned to SDC E, the dual system must have special
reinforced concrete moment frames and special reinforced concrete shear walls. For this
system, the response modification coefficient R = 8 and the deflection amplification

factor C; = 6.5 (IBC Table 1617.6).

Approximate period (7, ). The fundamental period T is determined in accordance with
IBC 1617.4.2. In lieu of a more exact analysis, an approximate fundamental period T, is
computed from Eq. 16-39 for the dual system:

Building height 4, = 148 ft
Building period coefficient Cy = 0.02
Period T, = Cr (h,)>'* =0.020x(148)*'* = 0.85 sec

For comparison purposes, the period was also determined using SAP2000 [2.4], which
gave T=0.98 sec. As in previous examples, no further refinement of the period is made.
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Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:

S 0.
c.=-"DL _ 92 0135

R

The value of C need not exceed that from Eq. 16-35:

¢, - Sps _ 139
R) [8
) ()

Also, C, must not be less than the value from Eq. 16-37:

=0.174

C, =0.0445 no Iz = 0.044x1.39%1.0 = 0.061

For buildings assigned to SDC E or F and for those buildings for which S} 20.6g, C;
shall not be taken less than that computed from Eq. 16-38:

_0585 _0.5%0.92 oo

ST R/Ig  8/1.0

In this case, the lower limit is 0.061 from Eq. 16-37.

The value of C; from Eq. 16-36 governs; therefore, the base shear V in the N-S direction

1S:
V=C,W =0.135%x34,742 = 4,690 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqgs. 16-41 and 16-42:

F,=C,V

_ th)lcc

iwz’hz’k
i=1

C

|24
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where F 1s the lateral force induced at level x, w, and w; are the portions of W
assigned to levels x or i, and £ 1s the distribution exponent defined in IBC 1617.4.3. For
T=0.85 sec, k=1.17 from linear interpolation. The lateral forces F, and the story shears

V. are contained in Table 2-31.

Table 2-31 Seismic Forces and Story Shears in N-S Direction (SDC E)

St_ory Height, Lateral force, | Story Shear,
Level | Wweight, | @ | wxhs F, (kips) Vv, (kips)
w, (kips) x x X P
12 2,559 148 885.679 679 679
11 2916 136 914172 701 1,380
10 2,916 124 820,523 629 2009
9 2,916 112 728,405 559 2,568
8 2,916 100 637,951 489 3,057
7 2,916 88 549 327 421 3.478
6 2,916 76 462,743 355 3,833
5 2,916 64 378,458 290 4,123 .
4 2,916 52 296,832 228 4,351 ?
3 2,916 40 218,372 169 4,520 %
2 2,916 28 143,867 110 4,630 [
1 3,023 16 77,492 60 4,690 '
Y 34,742 6,113,821

Seismic Forces in E-W Direction.

In the E-W direction, a moment-resisting frame system is utilized. In order to satisfy the
provisions of IBC 1910.5.1 for structures assigned to SDC E, this must be a special
reinforced concrete moment frame. For this system, the response modification coefficient

R = 8 and the deflection amplification factor C; = 5.5 (IBC Table 1617.6).

Approximate period (7, ). Similar to the N-S direction, the fundamental period of the
building is determined in accordance with Eq. 16-39 in IBC 1617.4.2:

Building period coefficient Cy = 0.03
Period T, = Cr(h,)>'* =0.030x(148)3/4 =1.27 sec

The period obtained from SAP2000 1s 7= 1.93 sec.

Seismic base shear (V). The seismic response coefficient C; is determined from Eq. 16-
36:
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co=dpL___ 092 =0.091

T

The value of C; need not exceed that from Eq. 16-35:

Sps 139
C, = =7
R 8
(IEJ (I‘OJ

Also, C,; must not be less than the larger value from Eq. 16-37 and 16-38:

=0.174

C, =0.0445 pgly =0.044x1.39x1.0=0.061 (governs)

o _ 055 _05x0.92

= =0.058
R/Ip  8/10

Thus, Eq. 16-36 governs, and the base shear V in the E-W direction is:

V=CW =0.091x34,742 = 3,162 kips

Vertical distribution of seismic forces. The lateral forces F, and the story shears V,
are contained in Table 2-32 for seismic forces in the E-W direction. For 7'= 1.27 sec, k=

1.39 from linear interpolation.

2.5.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Tables 2-31 and 2-32 using SAP2000 [2.4].
In the model, rigid diaphragms were assigned at each floor level, and rigid-end offsets
were defined at the ends of the horizontal members so that results were automatically
obtained at the faces of the supports. The stiffness properties of the members were input
assuming cracked sections. In lieu of a more accurate analysis, the following cracked

section properties were used:

e Beams: I,4 =0.5],
e Columns: Iz =0.71,
e Shear walls: [, =035/,

where [ g

considered in the analysis.
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Table 2-32 Seismic Forces and Story Shears in E-W Direction (SDC E)

St_ory Height, Laters) Story Shear,
Level | Weight, h. () w, h¥ force, F, V. (kips)
. w, (kips) e (kips) X
12 2,559 148 2,659,096 501 501
1" 2,916 136 2,694,056 507 1,008
10 2,916 124 2,369,429 446 1,454
9 2,916 112 2,056,840 387 1,841
8 2,916 100 1,757,064 331 2,172
7 2,916 88 1,471,020 277 2,449
6 2,916 76 1,199,826 226 2,675
5 2,916 64 944 882 178 2,853
4 2,916 52 707,998 133 2,986
3 2,916 40 491,644 93 3,079
2 2,916 28 299,459 56 3,135
1 3,023 16 142,615 27 3,162
by 34,742 16,793,929

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the building does not possess Type la or 1b plan torsional
irregularity as defined in Table 1616.5.1 (IBC 1617.4.4.5).

In a dual system, an additional safeguard is provided by requiring that moment-resisting
frames be capable of resisting at least 25% of the design forces without the benefit of
shear walls (IBC 1617.6.1). Thus, the building was also analyzed in the N-S direction
using 25% of the design forces in Table 2-31 without the shear walls present, including
torsional effects.

As was discussed in Section 2.4.2.3 of this publication, changes in IBC 1620.2.2
regarding orthogonal effects and when such effects need to be considered appeared in the
supplement to the IBC [2.7]. In the following sections, designs based on when orthogonal
effects are considered and when they are not considered are compared for illustrative
PUrposes.

2.5.2.4 Story Drift and P-delta Effects

Story drift determination. Table 2-33 contains the displacements 0,, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S and E-W directions,
including accidental torsional effects. The table also contains the design earthquake
displacement 6, computed by IBC Eq. 16-46:
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C,0
Sx: z;xe
E

where C,; 1s the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C,; 1s equal to 6.5 for the dual system

with special reinforced concrete moment frames and special reinforced concrete shear
walls in the N-S direction and 1s 5.5 for the special reinforced concrete moment frames in
the E-W direction.

Table 2-33 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W
Directions (SDC E)

N-S Direction E-W Direction
sl 8, 5, A Bre 5, A

(in.) (in.) (in.) (in.) (in.) (in.)
12 2.78 18.07 1.36 4.56 25.08 0.60
11 2.57 16.71 1.56 4.45 24.48 0.99
10 2.33 15.15 1.56 427 23.49 1.32
9 2.09 13.59 1.69 4.03 22.17 1.71
8 1.83 11.90 1.76 3.72 20.46 1.98
7 1.56 10.14 1.75 3.36 18.48 2.20
6 1.29 8.39 1.69 2.96 16.28 242
5 1.03 6.70 1.70 2.52 13.86 2.64
4 0.77 5.00 1.55 2.04 11.22 2.64
3 0.53 3.45 1.37 1.56 8.58 2.75
2 0.32 2.08 1.10 1.06 5.83 2.75
1 0.15 0.98 0.98 0.56 3.08 3.08

The interstory drifts A computed from the &, are also contained in the table. For this

structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A :8x _8x—1

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, =0.0204;, where kg, is the
story height below level x. Thus, for the 12-ft story heights, A, = 0.020 x 12 x 12 =
2.88 in., and for the 16-ft story height at the first level, A, = 3.84 in. It is evident from

Table 2-33 that for all stories, the lateral drifts obtained from the prescribed lateral forces
in both directions are less than the limiting values.
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P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. However, for illustration purposes, the following procedure can
be used to determine whether P-delta effects need to be considered or not in accordance

with IBC 1617.4.6.2.

P-delta effects need not be considered when the stability coefficient 6 determined by
Eq. 16-47 is less than or equal to 0.10:

P.A

f=——X=
Vxhsxcd

where P, =total unfactored vertical design load at and above level x
A = design story drift occurring simultaneously with 7,

= geismic shear force acting between level x and x — 1

= story height below level x

C, = deflection amplification factor

The stability coefficient 6 must not exceed 6,,,, determined from Eq. 16-48:

0.5
max - E < 025

0
where B is the ratio of shear demand to shear capacity between level x and x — 1, which
may be taken equal to 1.0 when it is not calculated.

Table 2-34 contains the calculations for the N-S and E-W directions. It is clear that in
both directions, P-delta effects need not be considered at any of the floor levels. Note that

Bmax is equal to 0.077 and 0.091 in the N-S and E-W directions, respectively, using =
1.0.

2.5.2.5 Soft Story

The following procedure, which was introduced in Section 2.4.2.5 of this publication, can
be used to determine whether the first story 1s a soft story or not. Using the displacement-
based method presented in Example 4 in Reference 2.5, a soft story exists in the first
floor level when one of the following conditions is satisfied:

0.70 _B_el_ S 662 ~8€1

0.80 LE 1 8,2 — B4 +5€3—882+864_563
hl 3 hz h3 h4
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where O,; are the elastic displacements at level / due to code-prescribed lateral forces

and h; are the story heights below level i.

Table 2-34 P-deita Effects (SDC E)

N-S Direction E-W Direction
Level hgx Py V, A 0 vV, A 0
(ft) (kips) (kips) (in.) (kips) (in.)
12 12 2,812 679 1.36 0.006 501 0.60 0.004
1 12 5,981 1,380 1.56 0.007 1,008 0.99 0.007
10 12 9,149 2,009 1.56 0.008 1,454 1.32 0.011
9 12 12,318 2,568 1.69 0.009 1,841 1.71 0.015
8 12 15,487 3,057 1.76 0.009 2,172 1.98 0.018
7 12 18,656 3,478 1.75 0.010 2,449 2.20 0.021
6 12 21,824 3,833 1.69 0.010 2,675 2.42 0.025
5 12 24,993 4,123 1.70 0.011 2,853 2.64 0.029
4 12 28,162 4,351 1.55 0.011 2,986 2.64 0.032
3 12 31,331 4,520 1.37 0.010 3,079 2.75 0.036
2 12 34,499 4,630 1.10 0.009 3,135 2.75 0.038
1 16 37,775 4,690 0.98 0.006 3,162 3.08 0.035

Using the data in Table 2-33, check if a soft story exists in the first story based on
displacements in the E-W direction:

5 . 5., -8 06—-0.
o.7o(-ﬂj=o.7o( 0.56 j=0.00204< 2 7%t _106-056 00200 ok

By 16x12 hy 12x12
5 06-0.56 1.56-1. 041,

0.80( 2L |= 0.00233 < 1[1:06 2056 156 1.06 20421561 5343 ok
By 3| 12x12 12x12 12x12

Similar calculations with displacements in the N-S direction also show that a soft story
does not exist in the first story of this example building.

2.5.3 Wind Load Analysis

Details on how to compute the wind forces in both the N-S and E-W directions are given
in Section 2.2.3 of this publication. In this example, the wind velocity is 85 mph, which is
the same wind velocity for the example building in Section 2.4 located in San Francisco.
A summary of the design wind forces in both directions at all floor levels is contained in
Table 2-35. Once again it is important to note that the wind directionality factor K ; has

been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).
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Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in both directions for the wind forces contained in Tables 2-35 using
SAP2000. The modeling assumptions utilized for the seismic analysis were also used for
the wind analysis. Also considered in the three-dimensional analysis were the full and
partial wind load cases of Figure 6-9 (Cases | through 4) given in ASCE 6.5.12.3.

Table 2-35 Design Wind Forces in N-S and E-W Directions (V = 85 mph)

Levil Height above ground level, | Total Design \:Nind Force | Total Design \{Vind Force
z (ft) N-S (kips) E-W (kips)

12 148 25.0 8.6
11 136 49.2 16.9
10 124 48.4 16.6
9 112 47.6 16.2
8 100 46.7 15.9
7 88 457 15.4
6 76 446 15.0
5 64 43.4 14.5
4 52 42.0 13.9
3 40 40.4 13.2
2 28 38.3 12.3
1 16 41.4 13.0

by 512.7 171.5

2.5.4 Design for Combined Load Effects
2.5.4.1 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq.9-1)
2. 0.75(14D+ 1.7L+1.7W) (Eq.9-2)
3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ L+ 1.0E (Formula 16-5)
5. 09D+ 1.0E (Formula 16-6)

The seismic load effect E for use in Formula 16-5, which 1s the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:
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E= pQE +O.2SD5D

where O = effect of horizontal seismic forces
p =redundancy coefficient determined in accordance with IBC 1617.2.2 for

SDCD,E,orF

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= pQE —‘O.zSDsD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i

from Equation 16-32:
20

Fmax; VAi

For the dual system in the N-S direction, the shear force in the most heavily loaded shear
wall in the first story is 1,460 kips and the story shear is 4,690 kips. Therefore,

p; =2—

. _ Shear forcein wall 10 _ 1,460 x _10 =0.123

= X =
max] Story shear ¢, 4,690 2533

pp=p=2- 20 =0.55
1 0.123V184.5%68.5

For dual systems, p need not exceed 0.8 X 0.55 = 044 < 1.0. Use p = 1.0
(IBC 1617.2.2).

Computations for the redundancy coefficient in the E-W direction for the moment-
resisting frame along column line B (most heavily loaded frame when center of mass is
displaced north of actual location) are summarized in Table 2-36. Since the shear force
distribution in the columns is symmetric, results are presented for columns on lines 1
through 4 only. Subscripts on column shear forces refer to column lines. To illustrate the

computations, rmy,y 1s calculated for the first story as follows:

=0.057

maximum sum of shears in 2 adjacent columns 180.0
r = =
maxl

total story shear 3,162

From Table 2-36, maximum rp,,. = 0.067; thus, p is:
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20

— — <0
0.067+/184.5%68.5

p=2

Therefore, p = 1.0. For SDC E, IBC 1617.2.2 requires that p be less than or equal to 1.1
for special moment frames, which is satisfied in this case.

Table 2-36 Redundancy Coefficient Calculations in E-W Direction* (SDC E)

zory Story | Column ShearForces |\ o av | 07(v, +v.) | 020V, +V.) | £
Shear v, v, V, v, 1 2 27" 3 3 74 max

12 | 501 | 29| 156 235 | 247| 138 27.4 337 0.067
11 | 1,008 | 161 | 363 | 414 | 424 | 415 54.4 58.7 0.058
10 | 1,454 | 245 | 523 584 | 602 | 614 773 82.8 0.057
9 | 1841 | 31.7| 666 722 | 749| 783 97.2 103.0 0.056
8 | 2172 | 381| 788 | 843 | 876 | 93.3 114.2 120.3 0.055
7 | 2449 | 436 | 89.0| 942 | 981 | 105.9 1282 134.6 0.055
6 | 2,675 | 481 | 97.4 | 102.3 | 106.6 | 116.3 139.8 146.2 0.055
5 | 2,853 | 51.9 | 104.0 | 1085 | 113.2 | 1247 148.8 155.2 0.054
4 | 2,986 | 546 | 109.1 | 113.0 | 117.8 | 131.0 1555 161.6 0.054
3 |3,079 | 581 | 112.7 | 115.9 | 121.3 | 137.0 160.0 166.0 0.054
2 | 3135 | 55.9| 113.7 | 1161 | 121.0 | 1355 160.9 166.0 0.053
1 3,162 | 72.7 | 1265 | 127.0 | 130.1 | 161.3 1775 180.0 0.057

*Shear forces are in kips.

Once p has been computed in both orthogonal directions, load combinations 4 and 5 can
be rewritten as follows. Substituting Spg = 1.39g and p = 1.0 into the equations for E,
and then substituting £ along with f] = 0.5 into load combinations 4 and 5 above results
in the following:

4a. 1.2D+05L + 1.0Qg +(0.2x1.39)D =148D+ 0.5L + Of
4b. 1.2D+0.5L+ 1.0Qf —(0.2x1.39)D =0.92D+ 0.5L + Qf
5a. 0.9D+ 1.0Q0r +(0.2x1.39)D =1.18D + QOf
5b. 0.9D+ 1.00f —(0.2x1.39)D =0.62D + QOf
If it had turned out that p for the dual system was different than p for the moment-

resisting system, then two different sets of Eqs. 4a through 5b would be determined, one
for each orthogonal direction.

Values of Qf are obtained from the structural analysis for both sidesway to the left and

to the night based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this
example.
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2.5.4.2 Design of Beam C4-C5
Flexural design.

Comparing the seismic forces in Table 2-32 to the wind forces in Table 2-35, 1t is clear
that seismic effects will govern the design in the E-W direction in this example. For this
beam, orthogonal effects due to seismic forces are negligible, i.e., seismic forces in the
N-S direction have a negligible effect on the design forces of this member. According to
the 2002 supplement to the IBC [2.7], orthogonal effects need not be considered for
beams. Thus, Table 2-37 contains a summary of the governing design bending moments
and shear forces for beam C4-C5 at the second floor level due to gravity and seismic
forces in the E-W direction only.

Requirements for special moment frames are given in ACI 21.2 through 21.5. The
factored axial load on the member, which is negligible, is less than 4, /7 /10; thus, the

provisions of ACI 21.3 for flexural members of special moment frames must be satisfied.
All other applicable provisions in Chapters 1 through 18 are to be satisfied as well.

Check limitations on section dimensions per ACI 21.3.1:

e Factored axial compressive force on member is negligible. O.K.

£, (26x12)-34

. ~94>4 OK.
d 295

o Wdth 28 19.03 OK
depth 32

o width=28in. >10in. OK.
< width of supporting column + (1.5 X depth of beam)
<34+ (1.5x32)=82in. OK.

The required flexural reinforcement is contained in Table 2-38. The provided areas of
steel are within the limits prescribed in ACI 21.3.2.1 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).

ACI 21.3.2.2 requires that the positive moment strength at the face of the joint be greater
than or equal to 50% of the negative moment strength at that location. This is satisfied,
since 597 ft-kips > 860/2 = 430 ft-kips. Also, the negative or positive moment strength at
any section along the length of the member must be greater than or equal to 25% of the
maximum moment strength provided at the face of either joint. In this case, 25% of the
maximum moment strength 1s equal to 860/4 = 215 ft-kips. Providing 2-No. 9 bars
(oM, = 260 ft-kips) or 3-No. 8 bars (oM, = 307 ft-kips) satisfies this provision.
However, to satisfy the minimum reinforcement requirement of ACI 21.3.2.2 (ie,
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minimum A; = 2.75 in.”), a minimum of 3-No. 9 bars (4, = 3.00 in.”) or 4-No. 8 bars
(4, =3.16 in.?) must be provided at any section. This also automatically satisfies the

requirement that at least 2 bars be continuous at both the top and bottom of the section
(ACI21.3.2.1).

Table 2-37 Summary of Design Bending Moments and Shear Forces for Beam C4-C5 at the 2" d

Filoor Level (SDC E)
r Bending Shear
Load Case Location | Moment Force
(ft-kips) (kips)
Support -117 30
Dead (D
ead (D) Midspan 81
. Support -16 8
L L
ve (L) Midspan 11
Seismic (Qg) Support + 645 +56
Load Combinations
14D+ 1.7L Support | -191 56
Midspan 132
Support -826 104
48D + 0.5L +
! Qe Midspan 125
Support 573 -37
0.62D +
D+ Qe Midspan 50

Table 2-38 Required Flexural Reinforcement for Beam C4-C5 at the 2™ Floor Level (SDC E)

Location M_” A, Reinforcement* (M.'"
(ft-kips) (in.%) (ft-kips)
Siibort -826 6.70 7-No. 9 860
Ap 573 453 6-No. 8 597
Midspan 132 2.75 6-No. 8 597
. 3‘/Ebwd 314,000 x 28 x 29.5 2
AS min = = = 2.61in.
' f, 60,000
ACI 21.3.2.1
200b,d 200 x 28 x 29.5 2
= = =275 in.” (governs)
f, 60,000
LAs'maX =P g Dy @ = 0025 x 28x 29.5 = 20.7 in.2 ACI 21.3.2.1 J

When reinforcing bars extend through a 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 21.5.1.4). In this case, the minimum required column
dimension = 20 x 1.128 = 22.6 in., which is less than the 34-in. column width that is
provided.
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Shear design.

Shear requirements for beams in special moment frames are contained in ACI 21.3.4. The
method of determining design shear forces in beams in special moment frames takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) at regions near the
supports. In general, the shear forces are determined assuming simultaneous hinging at
the beam supports under lateral loading. To properly confine the concrete and to maintain
lateral support of the longitudinal bars in regions where yielding is expected, the
transverse reinforcement requirements of ACI 21.3.3 must also be satistied.

According to ACI 21.34.1, shear forces are computed from statics assuming that
moments of opposite sign corresponding to the probable moment strength A1 ,, act at the

joint faces and that the member is loaded with tributary factored gravity load along its
span. Sidesway to the right and to the left must be considered when calculating the

maximum design shear forces.
The probable moment strength A, for a section is determined using the stress in the
tensile reinforcement equal to 1.25 f), and a strength reduction factor ¢ equal to 1.0

(ACI 21.0). The following equation can be used to compute M ,, :

M, = 4,(1.25f, )(d—%]

4,(1.251,)

where a = y
0.85f.b

For example, for sidesway to the right, the joint on column line 5 is subjected to the
negative moment M ,, thatis determined as follows:

For 7-No. 9 top bars, 4, = 7 x 1.00 = 7.00 in.”

0= 7.00x1.25%x60 ~550in

0.85x4x28
M, = 7.00x1.25x60x[29.5——5ﬂ): 14,041 in.-kips = 1,170 ft-kips
2

Similarly, for the joint on column line 4, the positive moment M or based on 6-No. §

bars is equal to 819 ft-kips.

The largest shear force associated with seismic effects 1s obtained from the second of the
three load combinations in Table 2-37. Figure 2-27 shows the beam and shear forces due
to factored gravity loads plus probable moment strengths for sidesway to the right. Due to
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the symmetric distribution of longitudinal reinforcement in the beam, sidesway to the left
gives the same maximum shear force. The equivalent factored uniform loads on the beam
are determined as follows (see ACI Figure R13.6.8 for definition of tributary area on

beam):

Total trapezoidal area tributary to beam = 2{2[%x 11x1 1] +(4x1 I)} =330 ft?

Dead load = (%xO.le33OJ+(28X24x0.15x23.17j+(MJ=59.1 kips
59.1 .
=222 )6 kips/tt
"D =317 P
Live load = 22330 _ 16 5 kips
1,000
16.5 .
=22 0.7 kips/ft
YL T 037 P

w, =1.48wp +0.5w; =(1.48x2.6)+(0.5x0.7) =4.2 kips/ft
The maximum combined shear force of 134.5 kips shown in Figure 2-27 is larger than the

maximum shear force obtained from the structural analysis, which is 104 kips (see
Table 2-37).

wy =424

M§,(6-N0.8)=819'k(" vy ‘Lza,l_'z,,L‘t - lj* )M;, (7-No.9)=1,170

ar2¥ 134.5K
Figure 2-27 Design Shear Forces for Beam C4-C5 (SDC E)

In general, shear strength is provided by both concrete (¥, ) and reinforcing steel (V).
However, according to ACI 21.3.4.2, V, is to be taken as zero when the earthquake-

induced shear force calculated in accordance with ACI 21.3.4.1 is greater than or equal to
50% of the total shear force and the factored axial compressive force including

earthquake effects is less than 4, f7/20. In this example, the beam carries negligible

axial forces and the maximum earthquake-induced shear force = (1,170 + 819)/23.17 =
85.8 kips > 134.5/2 = 67.3 kips. Thus, ¥, must be taken equal to zero.

The maximum shear force ¥V is (ACI 11.1):
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134.5 :
Ve=-"2-V. = 272 0=158.2 kips
0 0.85

where the strength reduction factor was taken as 0.85 in accordance with ACI 9.3.4.

Shear strength contributed by shear reinforcement shall not exceed (V)max
(ACI 11.5.6.9):

V) max = 8+ f1b,,d =8/4,000 x 28x29.5/1,000 = 417.9 kips > 158.2 kips O.K.

Also, V; is less than 4./ f/b,,d = 209.0 kips.

Required spacing s of No. 4 closed stirrups (hoops) for a factored shear force of 158.2
kips 1s determined from Eq. (11-15):

A, fyd  (4x0.2)x60x29.5
v 158.2

5

=9.0 in.

S =

Note that 4 legs are required for support of the longitudinal bars (ACI 21.3.3.3).

Maximum allowable hoop spacing within a distance of 22 =2 X 32 = 64 in. (plastic hinge
length) from the face of the support at each end of the member is the smaller of the

following (ACI 21.3.3.2):

o di4=295/4=1741in. (governs)
o &(diameter of smallest longitudinal bar) =8 x 1.0 = 8.0 in.
~®  24(diameter of hoop bar) =24 x 0.5 = 12.0 in.

o 12in.

Use 10-No. 4 hoops at each end of the beam spaced at 7 in. on center with the first hoop
located 2 in. from the face of the support (ACI 21.3.3.2).

Where hoops are no longer required, stirrups with seismic hooks at both ends may be
used (ACI 21.3.3.4). At a distance of 65 in. from the face of the support:

V, = 134.5—[4.2 x (65/12)] = 111.8 kips

Also, the shear strength contributed by the concrete may be utilized outside of the
potential plastic hinge zones:

V., =24/4,000x28x29.5/1,000 =104.5 kips
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Therefore, the required stirrup spacing for No. 4 stirrups is:

e A fyd  (2x02)x60x29.5
Vv, (111.8/0.85)-104.5

N

26.2 1n

A, 1y
_ v/ _ (2x02)x60,000 _ . (governs)

50b,, 50%28

Confinement of the longitudinal bars in accordance with ACI 21.3.3.3 must be provided
only where hoops are required; that is why only 2 legs are used in this portion of the
beam where stirrups with seismic hooks are required.

The maximum allowable spacing of the stirrups is ¢/2 = 14.8 in. (ACI 21.3.3.4), which is
less than that required for minimum shear reinforcement. A 14 in. spacing, starting at
65 in. from the face of the support is sufficient for the remaining portion of the beam.

Reinforcing bar cutoff points.

The negative reinforcement at the supports is 7-No. 9 bars. The location where 3 of the 7
bars can be terminated will be determined.

The third load combination is used to determine the cutoff point of the 3-No. 9 bars (0.62
times the dead load in combination with the probable flexural strengths A, at the ends

of the member), since this combination produces the longest bar lengths. The design
flexural strength ¢M, provided by 4-No. 9 bars is 508 ft-kips. Therefore, the 3-No. 9

bars can be terminated after the required moment strength M, has been reduced to
508 ft-kips.

The distance x from the support to the location where the moment is equal to 508 ft-kips
can readily be determined by summing moments about section a-a in Figure 2-28:

2
LOX”  04.4x+1170 =508
16¥ a
K1Y Vv ¥V v v ¥ ¥ K
g19%C = 2 1170
‘ 23I—2ll a R
67.3% 104.4K

Figure 2-28 Cutoff Location of Negative Bars (SDC E)
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Solving for x gives a distance of 6.7 ft from the face of the support.

The 3-No. 9 bars must extend a distance d = 29.5 in. (governs) or
12dy =12x1.128 =13.5 in.beyond the distance x (ACI 12.10.3). Thus, from the face of

the support, the total bar [ength must be at least equal to 6.7 +(29.5/12) = 9.2 ft. Also, the
bars must extend a full development length /, beyond the face of the support

(ACI 12.10.4), which is determined from ACI Eq. (12-1):

g _ 3 fy ofyA
db fc (C+KlrJ

dy

where o = reinforcement location factor = 1.3 for top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 9 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

1.5+0.5+ 11228 2.6 in

28-2(1.5+0.5)-1.128

=19 In. overns
2%6 (governs)

K,, = transverse reinforcement index = 0 (conservative)

C+K,r _ 1.9+O :17<25

dy, 1.128

Therefore,

Lq _ 3 60,000 1.3x1.0x1.0x1.0
d, 40 Ja.000 1.7

=544

£ =544%1.128=614 in.=51ft <92 ft

Thus, the total required length of the 3-No. 9 bars must be at least 9.2 ft beyond the face
of the support.

Flexural reinforcement shall not be terminated 1n 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
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approximately 12.4 ft from the face of the support, which 1s greater than 9.2 ft. 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 ¥, at the cutoff point does not

exceed 20V, /3 (ACI 12.10.5.1). With No. 4 stirrups at 14 in. on center that are provided
in this region of the beam, ¢¥, is determined by ACI Egs. 11-1 and 11-2:

=131.8 kips

OV, =0 + V)= 0.85><(104.5+ 0'40X60X29-5>

%qw,, =87.9kips

At 92 ft from the face of the support, V,, =104.4—(1.6x9.2) =89.7 kips, which is
greater than 87.9 kips. Therefore, the 3-No. 9 bars cannot be terminated at this location.
However, by decreasing the stirrup spacing to 12 in., ¢¥, = 139.0 kips and 2¢V,,/3 =
92.7 kips, which is greater than ¥V, = 89.7 kjps. Therefore, use 12 in. spacing for the

stirrups in the regions of the beam outside the plastic hinge zones; this allows the No. 9
top bars to be cut off at 9.2 ft from the face of the support.

Flexural reinforcement splices.

According to ACI 21.3.2.3, lap splices of flexural reinforcement must not be placed
within a joint, within a distance 2/ from the face of the joint (plastic hinge region), or at
locations where analysis indicates flexural yielding due to inelastic lateral displacements
of the frame. Lap splices must be confined by hoops or spiral reinforcement along the
entire lap length, and the maximum spacing of the transverse reinforcement is d/4 or 4 in.
In lieu of lap splices, mechanical and welded splices conforming to ACI 21.2.6 and
21.2.7, respectively, may be used (ACI 21.3.2.4).

Lap splices are determined for the No. 8 bottom bars. Since all of the bars are to be
spliced within the required length, a Class B spiice must be used (ACI 12.15.1, 12.15.2):

Class B splice length=1.37

The development length £ ; is determined from ACI Eq. (12-1):

Ca _3 Jy ofyr

dy, 40 17 (c+K,
dp

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
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v = reinforcement size factor = 1.0 for No. 8 bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

1.5+O.5+1—;—)=2.5 in.

28-2(1.5+0.5)-1.0
2X%5

=23 in. (govems)

K, = transverse reinforcement index = 0 (conservative)

c+K, :2.3+0:23<25

dp 1.0

Therefore,

=30.9

£g _ 3 60,000 10x1.0x1.0x10
dy 40" /4,000 2.3

£4=309%1.0=30.9 in.=26 ft
Class B splice length=13¢,; =13 x2.6 =3.4 ft

Use a 3 ft-6 in. splice length.
Figure 2-29 shows the reinforcement details for beam C4-C5.
2.5.4.3 Design of Column C4

Table 2-39 contains a summary of the design axial forces, bending moments, and shear
forces on column C4 for gravity and seismic loads.

According to the supplement to the IBC [2.7], orthogonal effects on this member need
not be considered, since the axial forces due to seismic forces in both directions (which
are equal to zero) are less than 20% of the axial load design strength. For illustration
purposes, the column is designed when orthogonal effects are not considered and the
results are compared to those where orthogonal effects are considered. Bending moments
and shear forces are contained in Table 2-39 for both the N-S and E-W directions. In the
N-S direction, the govemning bending moment and shear force are due to 25% of the

seismic forces F, from Table 2-31 acting on the building without the presence of shear
walls, which is one of the requirements that is stipulated for dual systems (IBC 1617.6.1).

2-119



N
N
<

9/_3 ”

3-No. 9

»

P

/

4-No. 9

3-No. 9

210"

|

6-No. 8 / 3-6”

11-No. 4 hoops @ 4”

| No. 4 stirrups

RqIne
Lglad

4 stirrupgi |

—

A Y, L an

@iz
10-No. 4 hoops @ 7

23/_2;/

@ 127 L

Figure 2-29 Reinforcement Details for Beam C4-C5 at the 2"° Floor Level (SDC E)
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Table 2-39 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C4 between the 1% and 2" Floor Levels (SDC E)

Shear Force

Axial Bending Moment
Load Case Force (ft-kips) (kips)
(kips) N-S E-W N-S E-W
Dead (D) 1,270 0 0 0 0
Live (L)* 134 0 0 0 0
Seismic (Qg) o** + 251 + 604 + 54 +129
Load Combinations

14D +1.7L 2,006 0 0 0 0
148D + 0.5L + Qf Case 1 1,947 251 181 54 39
Case 2 1,947 75 604 16 129
062D + Qp Case 1 787 -251 -181 -54 -39
Case 2 787 -75 -604 -16 -129

* Live load reduced per IBC 1607.9
** Axial forces due to seismic load effects in both the N-S and E-W directions are zero
Case 1. 100% N-S seismic force effect + 30% E-W seismic force effect
Case 2: 100% E-W seismic force effect + 30% N-S seismic force effect

As was done in Section 2.4.4.3 of this publication, orthogonal load effects are combined
in accordance with the first method given in IBC 1620.2.2: 100% of the forces acting in
one direction plus 30% of the forces acting in the perpendicular direction. Bending
moments and shear forces under Cases | and 2 in Table 2-39 have been determined using

this method.
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Since the factored compressive axial loads exceed Agfé /10=34%%x4/10 = 462 kips,

the provisions of ACI 21.4 are applicable. Thus, the following two criteria must be
satisfied (ACI 21.4.1):

e Shortest cross-sectional dimension =34 1n. > 12 1n. O.K.

e Ratio of shortest cross-sectional dimension to perpendicular dimension = 1.0 >
04 OK

Design for axial force and bending.

When orthogonal effects are not considered, the governing load combinations are due to
seismic forces acting the E-W direction, since bending moments generated in the column
due to seismic forces in that direction are larger than those generated from seismic forces

in the N-S direction. A 34 x 34 in. column with 12-No. 10 bars (p, =1.32%) is adequate

for column C4 supporting the second floor level. Figure 2-30 contains the interaction
diagram for this column for uniaxial bending due to seismic forces in the E-W direction.

6,000.0

5,000.0

4,000.0 [ T~

3,000.0 |

™~

Axial Force (kips)

VAl

1,000.0 F 7
: + / /

0.0
0.0 500.0 1,000.0 1,500.0 2,000.0 2,500.0
Bending Moment (ft-kips)

Figure 2-30 Design and Nominal Strength Interaction Diagrams for Column C4 Supporting the
2" Floor Level when Orthogonal Effects are not Considered (SDC E)

When orthogonal effects are considered, the column must be designed for biaxial bending
due to the load combinations given in Table 2-39 for seismic load cases 1 and 2 as
prescribed in IBC 1620.2.2. For the column reinforced with 12-No. 10 bars, interaction
diagrams cut at an angle of 0 degrees (pure axial load), 36 degrees, and 83 degrees
through the biaxial interaction surface would show that the load combination points fall
well within the interaction surface. Therefore, 12-No. 10 bars are also adequate for the
34 x 34 in. column subjected to biaxial bending. Note that the angles of the interaction
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diagrams are obtained by taking the inverse tangent of the ratio of E-W and N-S factored
bending moments. For example, for seismic load case 1 in the second or third load

combinations, the angle of the interaction diagram = tan_l(181/251) = 36 degrees (see
Table 2-39). The provided reinforcement ratio 1s within the allowable range of 1% and
6% (ACI21.4.3.1).

Relative Flexural Strength of Columns and Girders.

ACI 21.4.2 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 girders framing into that
joint. The intent is to provide columns with sufficient strength so that they will not yield
prior to the beams. Yielding at both ends of a column prior to the beams could result in
total collapse of the structure. Only seismic load combinations need to be considered
when checking the relative strengths of columns and girders.

When computing the nominal flexural strength of girders in T-beam construction, slab
reinforcement within an effective slab width defined in ACI 8.10 shall contribute to the
flexural strength if the slab reinforcement is developed at the critical section for flexure
(ACI 21.4.2.2). Calculations for the effective slab width for an interior beam spanning in
the E-W direction and required reinforcement in the slab are given in Section 2.4.4.3 of
this publication and are not repeated here. In summary, the effective slab width is equal
to 78 in., and 6-No. 4 @ 13 in. are required at both the top and bottom of the slab.

Based on the reinforcement in beam C4-C5 (see Table 2-38) and the reinforcement in the
effective width of the slab, a strain compatibility analysis of the section yields M, =
1,264 fi-kips and M, =736 ft-kips. Therefore, 3 M, = 1,264 + 736 = 2,000 fi-kips

(see Figure 2-31 for sidesway to the left; due to symmetric distribution of flexural
reinforcement, sidesway to the right yields the same results for the negative and positive
moment strengths).

M, =1,769 ft-kips

&
A

M* =736 fi-kips ci }’ M =1.264 ft-kips

||
el

M, =1,815 ft-kips

Figure 2-31 Relative Flexural Strength of Columns and Girders when Orthogonal Effects are not
Considered (SDC E)
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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 mnto the joint (i.e., the column supporting floor level
2), M, = 1,815 ft-kips, which corresponds to £, = 787 kips when orthogonal effects are

not considered (see Figure 2-30). Similarly, for the lower end of the upper column
framing into the joint (1.e., the column supporting floor level 3), M, = 1,769 ft-kips,

which corresponds to £, = 716 kips. Therefore, ZM ¢ = 3,584 ft-kips.

Check Eq. 21-1:
. 6 6 .
> M, =3,584 fr-kips > §2Mg =3 2,000 = 2,400 ft-kips O.K.

The same calculations are performed when orthogonal effects are considered. For the
upper end of the lower column framing into the joint, the minimum M, = 1,640 ft-kips,

which corresponds to P, = 787 kips for an angle cut at 36 degrees through the biaxial
surface. Similarly, for the lower end of the upper column framing into the joint, M, =

1,600 ft-kips, which corresponds to B, = 716 kips. Therefore, ZM - = 3,240 ft-kips.
Check Eq. 21-1:

x 2,000 = 2,400 fi-kips O.K.

w | o

S M, =3,240 fr-kips > -‘;-ZMg =

Thus, lateral strength and stiffness of this column can be considered when determining
the strength and stiffness of the structure whether orthogonal effects are considered or

not.
Design for shear.

Shear requirements for columns in special moment frames are contained in ACI 21.4.5.
Similar to beams, the method of determining design shear forces in columns takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) in regions near the
ends of the member. To properly confine the concrete and to maintain lateral support of
the longitudinal bars in regions where yielding is expected, the transverse reinforcement
requirements of ACI 21.4.4 must also be satisfied.

Confinement reinforcement. Special transverse reinforcement for confinement 1s
required over a distance ¢, from each joint face at both column ends where 7, is equal

to the largest of (ACI 21.4.4.4):

e Depth of member =34 in.  (governs)

e (lear span/6 = [(12 x 12) - 32]/6 = 18.7 in.
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e 1&8i1n.

Transverse reinforcement within the distance ¢, shall not be spaced greater than the
smallest of (ACI 21.4.4.2):

e Minimum member dimension/4 = 34/4 = 8.5 1n.

e 6(diameter of longitudinal reinforcement) =6 x 1.27 = 7.6 in.
4—h —11. . )
. Sx:4+(l 3 xj:4+(1—4—311—4): 49in. >4in. (governs)

<6 1n.

where A, = maximum horizontal spacing of hoop or crosstie legs on all faces of the
34 x 34 in. column

_ 34-2(1.5+0.5-1.27
3

+1.27+05= 1141in <14 in. O.K.(ACI21.4.4.3)

assuming No. 4 rectangular hoops with crossties around every longitudinal bar.
Therefore, try 4 in. spacing.

Minimum required cross-sectional area of rectangular hoop reinforcement A, is the
larger value obtained from Eqs. 21-3 and 21-4:

Ah:0.3shcfc’ 4y )| 03x4x30.5%4 342 11=0.50 in2
: fon | Ao 60 961

_0.09sh, f, 0.09%x4%30.5%x4
Foh 60

=0.73 in.2 (governs)

where h, = cross-sectional dimension of column core measured center-to-center of

confinement reinforcement
= 34 -2[1.5+(0.5/2)] = 30.5 in.
A,y = cross-sectional area of member measured out-to-out of transverse
reinforcement

[34 - (2 x 1.5)]* =961 in.

Using No. 4 hoops with 2 crossties provides A4y, =4 x 0.2 =0.8 in.%, which is greater

than the minimum required area from Eq. 21-4. Use 4 in. spacing for the transverse
reinforcement at the column ends.

2-124




Transverse reinforcement for shear. According to ACI 21.4.5.1, 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. For columns in the first story, it is possible for the
base of the column to develop its probable flexural strength. For columns above the first
story, which is applicable to the column in this example, shear forces based on the
probable flexural strengths of the beams framing into the joint will usually control:
considering equilibrium at the joint, the largest bending moments and corresponding
shear forces that can be transmitted to the column occurs when plastic hinges form at the
ends of the beams. Thus, design shear forces in columns need not exceed those

determined from joint strengths based on M, of the beams framing into the joint. 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.

It is conservative to assume that the maximum A ,,. of the column is equal to the

moment at the balanced point. When orthogonal effects are not considered and using
Sy =125x60="75ksiand ¢ =1.0, maximum M ,, = 2,300 ft-kips. Design shear force

V, based on the probable flexural strength of the column at the column ends is:

22,300

= _2X2909 448 kips
¢ = 12-(26/12) P

When orthogonal effects are considered, the largest bending moment at the balanced
point occurs for an angle cut at 83 degrees through the biaxial surface, which is M, =

2,162 ft- kips. Design shear force ¥V, based on this probable flexural strength is:

- 2x2,162 _ .0 Kips
12-(26/12)

The positive probable flexural strength of the beam framing into the joint at the face of

the column at the 2™ floor level is 819 ft-kips (see Figure 2-27). The negative probable

flexural strength of the beam on the other side of the column is 1,170 ft-kips. Assuming

that the flexural reinforcement in the 1% floor beams framing into the column is the same

as the 2™ floor beams, ¥, based on the probable flexural strengths of the beams is:

3 819+1,170
2 )
V, = = 213 kips overns
¢ 12-(32/12) ps (8 )

This design shear force is larger than the maximum shear force obtained from analysis,
which 1s 129 kips (see Table 2-39).
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Since the factored axial forces are greater than Agfcf /20 = 231 kips, the shear strength

of the concrete may be used (ACI 21.4.5.2). The shear capacity of the column 1s checked
using ACI Eq. 11-4 for members subjected to axial compression:

, v

V.o=21+——% - \[f/b d

¢ 2,0004, ]JZ "

=l 14787000 4,000 x34%24.2/1,000 =139.5 kips
2,000 x 342

v 4, fyd  (4%0.2)x60x24.2
s s - 4

=290.4 kips

OV, =0V, +V,) = 0.85x(139.5+290.4) = 365.4 kips > 213 kips

where N,, = 787 kips is the smallest axial force on the section (see Table 2-39) and d =
24.2 in. was obtained from a strain compatibility analysis.

Thus, the No. 4 hoops at 4 in. on center required for confinement over the distance ¢, at
the column ends is also adequate for shear.

According to ACI 21.4.4.6, the remainder of the column must contain hoop
reinforcement with center-to center spacing not to exceed 6 times the diameter of the

longitudinal column bars = 6 X 1.27 = 7.6 in. or 6 in. (governs). For simpler detailing, use
4 in. spacing of hoops and crossties over entire column height.

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 21.4.3.2). Also, they
must be confined over the entire lap length with transverse reinforcement conforming to
ACI 21442 and 21.4.4.3. In lieu of lap splices, mechanical splices conforming to
ACI 21.2.6 and welded splices conforming to ACI 21.2.7.1 may be utilized.

Since all of the bars are to be spliced at the same location, a Class B splice is required
(ACI12.15.1, 12.15.2):

Class B splice length=1.37,

where the development length ¢ ; 1s computed from ACI Eq. (12-1):
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tg 3 fy ofya

d, 40 .[f) [c+1<,,j

dy

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

2 ;
1.5+05+ % =2.6 in. (governs)

34-2(1.5+0.5)-1.27 _
2x3

4.8 in.

K, = transverse reinforcement index

Ay 4x02x60,000

= = 2.0
1,500sn 1,500x4x 4

LK, 26+2.
ety 26420 6 05, use2s

dy, 1.27

Therefore,

=285

£g _ 3 60,000 1.0x1.0x1.0x1.0
dy 40" /4,000 2.5

£, =285x1.27=36.2 in.

Class B splice length = 1.3 x 36.2 =47.1 in.

Use a 4 ft-0 in. splice length.

Reinforcement details for column C4 are shown in Figure 2-32.
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Figure 2-32 Reinforcement Details for Column C4 Supporting the 2 Floor Level (SDC E)
2.5.4.4 Design of Beam-Column Joint

This section outlines the design of interior and exterior beam-column connections along
column line 4. Similar calculations can be performed for joints along other column lines.

The overall integrity of special moment frames is dependent on the behavior of beam-
column joints. Degradation of joints can result in large lateral deformations that can cause
excessive damage or even failure.

Interior Joint.

Transverse reinforcement for confinement. 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 load-carrying capacity even after possible spalling of the
outer shell. ACI 21.5.2 requires that transverse hoop reinforcement in accordance with
ACI 21.4.4 be provided within the joint, unless the joint is confined on all four sides by
beams that have widths equal to at least 75% the column width. When joints are
adequately confined on four sides, transverse reinforcement within the joint may be
reduced to one-half of that required by ACI 21.4.4 and the hoop spacing is permitted to
be a maximum of 6 in.

At an interior joint in the example building, beams frame into all four sides of the column

and the width ratio is 28/34 = 0.82 > 0.75. Therefore, transverse reinforcement can be
reduced by 50% according to ACI 21.5.2.2 as noted above. However, for detailing
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simplicity, use the transverse reinforcement required at the column ends (No. 4 @ 4 in.)
through the joint.

Shear strength of joint. Figure 2-33 shows the interior beam-column joint at the 2™
floor level. The shear strength is checked in the E-W direction in accordance with
ACI 21.5.3. The shear force at section x-x is obtained by subtracting the column shear
force from the sum of the tensile force in the top beam reinforcement and the
compressive force at the top of the beam on the opposite face of the column. Since
development of inelastic rotations at the joint face is associated with strains in the beam
flexural reinforcement significantly greater than the yield strain, joint shear forces
generated by beam reinforcement are calculated based on a stress in the reinforcement

equalto 1.25 f, (ACI 21.5.1.1):
71 (7-No.9)=4,(1.251,) = (7x1.0)x (1.25% 60) = 525 kips
T, (6-No.8)=(6%x0.79)x(1.25x 60) = 356 kips

Column horizontal shear force ¥}, can be obtained by assuming that adjoining floors are
deformed so that plastic hinges form at the ends of the beams. For the beams in this

example, M ,, =1170 ft-kips and M;, =819 ft-kips (see Figure 2-27).

My = (M, + Mg, )2 = 9957
Q_ Vi, = 2M, /£, = (2 x 995)/9.33 = 213"

4% 7-No. 9

Az

Cy=To | LL——- Ty =1.25Af, = 525"
= k L g K
v, =819%C x T <X My, = 1,170
T, =1.25A%f, = 356" < Tg Ci=Ty

6-No. 8

ave
—> V=213
M, = 9957
Figure 2-33 Shear Analysis of Interior Beam-Column Joint in E-W Direction (SDC E)

Since the lengths of the columns above and below the joint are equal, moments M, in
the columns above and below the joint are (1,170 + 819)/2 = 995 ft-kips. Shear force V,

in the column i1s;
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_2x995
12-(32/12)

y, = 2

: ; =213 kips

n

The net shear force at section x-xis 7} + Cy —V;, =525+356 — 213 = 668 kips

For a joint confined on all four faces, nominal shear strength ¢V, is determined from
ACI21.53.1:

oV, =020 foAj =0.85x20,/4,000 x1,156 /1,000 = 1,243 kips > 668 kips O.K.

where 4, = effective cross-sectional area within a joint in a plane parallel to the plane of
reinforcement generating shear in the joint (see ACI Figure R21.5.3). The joint depth is
the overall depth of the column in the direction of analysis, which is 34 in. The effective

width of the joint is the smaller of (1) beam width + joint depth = 28 + 34 = 62 in. or
(2) beam width plus twice the smaller perpendicular distance from the edge of the beam

to the edge of the column = 28 + (2 X 3) = 34 . (governs). Thus, 4; =34 x 34 =
1,156 in.?

Joint shear strength is a function of concrete strength and effective cross-sectional area
A; only. Tests results show that shear strength of a joint is not altered significantly with
changes in transverse reinforcement, provided a minimum amount of such reinforcement
is present. Therefore, it is essential that at least minimum transverse reinforcement as
specified in ACI 21.5.2 be provided through the joint regardless of the magnitude of
calculated shear force in the joint. In cases when the net shear force exceeds the design
strength prescribed in ACI 21.5.3.1, only the concrete strength or the effective cross-
sectional area can be increased to increase shear capacity.

Reinforcement details for an interior joint are shown in Figure 2-34.
Shear strength requirements must also be satisfied for the N-S direction.

Exterior Joint.

It 1s assumed for purposes of this example that the beam framing into the edge column
along column line 4 has the same flexural reinforcement as the interior beams along this

column line.

Transverse reinforcement for confinement. Since an exterior joint is confined on less
than four sides, transverse hoop reinforcement in accordance with ACI 21.4.4 must be
provided within the joint (ACI 21.5.2.1). For detailing simplicity, use the transverse
reinforcement required at the column ends through the joint.
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Figure 2-34 Reinforcement Details at Interior Beam-Column Joint (SDC E)

Shear strength of joint. Figure 2-35 shows the exterior joint at the 2™ floor level. In this
case, the shear force at section x-x is determined by subtracting the column shear force
from the tensile force in the top beam reinforcement.

- = sk
M, =Mg, /2= 585
.C_ Vi, =2M, /£, = (2 x 585)/9.33 = 125"

7-No. 9

—> T, =1.25A3f, = 525"
x 2% ) M, =1,170%

! «—1C=Ty

| \G-No. 8

— V= 125"

M, = 585"

Figure 2-35 Shear Analysis of Exterior Beam-Column Joint in E-W Direction (SDC E)
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Since the lengths of the columns above and below the joint are equal, moments M, in
the columns above and below the joint are 1,170/2 = 585 ft-kips. Shear force ¥}, in the

column is:

C2M,  2x585
Ry 12—-(26/12)

n

=125 kips

The net shear force at section x-x is 7] —F}, = 525-125 = 400 kips

For a joint confined on three faces, the nominal shear strength ¢V, is determined from
ACI21.53.1:

7 2 . .
O, =015\ f/ 4, = 0.85x15,/4,000 x30% /1,000 = 726 kips >400 kips ~ O.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 according to
ACI 21.5.4 and Chapter 12, respectively (ACI 21.5.1.3). The development length ¢ 4 for

a bar with a standard 90-degree hook in normal weight concrete is the largest of
(ACI21.5.4.1):

o &(diameter of longitudinal bar) = 8 x 1.128 = 9 in. for No. 9 top bars
=8 x 1.0 =8 in. for No. 8 bottom bars

e 6in.
d :
ly_bT _ 60,000%1.128 = 16.5 in. for No. 9 top bars (governs)
65\ f, 654/4,000
- S0P 14.6 in. for No. 8 bottom bars (governs)

654/4,000

Required development lengths for both the top and bottom reinforcement can be
accommodated within the 30-in. deep column.

Reinforcement details for the exterior joint are shown in Figure 2-36.
2.5.4.5 Design of Shear Wall on Line 7

This section outlines the design of the shear wall on line 7. According to the supplement
to the IBC [2.7], orthogonal effects need not be considered, since the axial forces due to
seismic forces (which are equal to zero) are less than 20% of the axial load design
strength. Table 2-40 contains a summary of the governing design axial forces, bending
moments, and shear forces at the base of the wall due to gravity and seismic forces.
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Figure 2-36 Reinforcement Details at Exterior Beam-Column Joint (SDC E)

As noted above, special reinforced concrete structural walls are required in dual systems
for buildings assigned to SDC E; thus, the provisions of ACI 21.6, as well as the
applicable provisions in Chapters 1 through 18, must be satisfied.

Table 2-40 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 7 (SDC E)

Axial Bending Shear

Load Case Force Moment Force
(kips) (ft-kips) (kips)
Dead (D) 3,375 0 0
Live (L) 279 0 0
Seismic (Qg) 0 + 87,479 + 1,460
Load Combinations
14D +1.7L 5,199 0 0
1.48D + 0.5L + Qp 5,135 87,479 1,460
0.62D + Qg 2,093 -87,479 -1,460

Design for shear.

Reinforcement requirements. Special reinforced structural walls are to be provided
with reinforcement in two orthogonal directions in the plane of the wall in accordance
with ACI 21.6.2. The minimum reinforcement ratio in both directions is 0.0025, unless
the design shear force is less than or equal to 4., ./ f/, where A4, is the gross area of

concrete bounded by the web thickness and the length of wall in the direction of analysis.
In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls

must be provided. For the wall in this example, 4., = 18 X [(22 x 12) + 40] = 5,472 in?,
so that
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Apy 12 =5,472%/4,000 /1,000 = 346 kips < ¥, = 1,460 kips

Therefore, the minimum reinforcement ratio 1s 0.0025 and the maximum spacing 1s 18 in.
(ACI 21.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 24.,./f, =2 x 346 = 692 kips. In this case, two curtains are required,

since V,, = 1,460 kips > 692 kips.

The minimum required reinforcement in each direction per foot of wall 1s 0.0025 x 18 x
12 = 0.54 in.” Assuming No. 5 bars in two curtains, required spacing s is

s=22031 10138 in<18in.

Try 2 curtains of No. 5 bars spaced at 13 in.

Shear strength requirements. ACI Eq. 21-7 is used to determine nominal shear strength
V, of structural walls:

Vi = Acv(ac'\/.7c7+pnfy)

where o, =2 for ratio of wall height to length 4,/¢, = 148/2533 = 58 > 2
(ACI21.6.4.1).

For 2 curtains of No. 5 horizontal bars spaced at 13 in. (p,, =0.62/(18x13) = 0.0026):
oV, = 0.85x5,472x[2,/4,000 + (0.0026 x 60,000)] /1,000
=1,314 kips <V, =1,460 kips  N.G.

where ¢ =0.85 for walls with #,,/¢,, >2 (ACI 9.3.4(2)). Therefore, use 2 curtains of
No. 5 bars @ 10 in. on center in horizontal direction (¢¥,, = 1,537 kips). Note that V, =
1,808 kips 1is less than the wupper limit on shear strength, which is
84,/ /7 =8x346 = 2,768 kips (ACI 21.6.4.4),

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
hy/l,, <20 (ACI21.643). Since &,,/{¢,, = 5.8 >2, use minimum reinforcement ratio
of 0.0025.
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Use 2 curtams of No. 5 bars spaced at 12 in. on center in the vertical direction (p, =
0.0029 > 0.0025).

Design for axial force and bending.

Structural walls subjected to combined flexural and axial loads are designed in
accordance with ACI 10.2 and 10.3 except that ACI 10.3.6 and the nonlinear strain

requirements of ACI 10.2.2 do not apply (ACI 21.6.5).

Figure 2-37 contains the interaction diagram of the wall. The wall is reinforced with 36-
No. 11 bars in the 40 X 40 in. boundary elements at both ends of the wall and 2-No. 5
vertical bars (@ 12 in. in the web. As seen from the figure, the wall is adequate for the
load combinations in Table 2-40.

36,000.0
30,000.0 \
26,0000 \\
s . q Ty
2 : B
E—zo,ooo.o - BN
s T
o o
L 15,000.0 - I
10,000.0 L 5
5,000.0 } e /1/
00 bt : —

0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
Bending Moment (ft-kips)

Figure 2-37 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 7
(SDC E)

Special boundary elements.

The need for special boundary elements at the edges of structural walls is evaluated in
accordance with ACI 21.6.6.2 or 21.6.6.3. The displacement-based approach in
ACI21.6.6.2 is utilized in this example. In this method, the wall is displaced at the top an
amount equal to the expected design displacement; special boundary elements are
required to confine the concrete when the strain in the extreme compression fiber of the
wall exceeds a critical value. This method is applicable to walls or wall piers that are
essentially continuous in cross-section over the entire height and designed to have one

critical section for flexure and axial loads.

Compression zones are to be reinforced with special boundary elements where (Eq. 21-
8):
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]}

c2—-N——" 3, /h,20.007
600(5, /A,,)
where ¢ = distance from extreme compression fiber to the neutral axis per

ACI10.2.7 calculated for the factored axial force and nominal moment
strength, consistent with the design displacement o, , resulting in the

largest neutral axis depth
¢, = length of entire wall or segment of wall considered in the direction of the
shear force
0, = design displacement
= total lateral displacement expected for the design-basis earthquake as
specified by the governing code

h, = height of entire wall or of a segment of wall considered

The lower limit on the quantity 8, /4, is specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢, =2533 ft=304in,, 4, =148 ft = 1,776 in,, §,, isequal to &, from
Table 2-33, which is 18.07 in. at the top of the wall, and 8, /h, = 0.0102 > 0.007.

Therefore, special boundary elements are required if ¢ is greater than or equal to
304/(600 x 0.0102) = 49.7 in.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 64.5 in.

corresponding to a factored axial load of 5,135 kips and nominal moment strength
136,330 fi-kips, which is greater than 49.7 in. Therefore, special boundary elements are
required.

Special boundary elements must extend horizontally from the extreme compression fiber
a distance not less than the larger of the following (ACI 21.6.6.4):

o ¢—0.14,=645-(0.1x304)= 34.1in. (governs)

o (/2=64.52=3231n.

Special boundary transverse reinforcement in accordance with ACI 21.6.6.4 is provided
in the 40-in. boundary elements at the ends of the wall.

Vertical extent of special boundary transverse reinforcement from base of wall is the
larger of (ACI 21.6.6.2(b)):
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o (,=304m. =2533ft (governs)

M, 87479
4V, 4x1,460

u

0 ft

Special boundary element transverse reinforcement.

Provisions for the amount and spacing of transverse reinforcement required in the special
boundary elements are contained in ACI 21.6.6.4. In particular, transverse reinforcement
requirements of ACI 21.4.4.1 through 21.4.4.3 for columns in special moment frames
must be satisfied, except for Eq. 21-3.

Assuming No. 4 rectangular hoops and crossties around every other longitudinal bar in
both directions of the 40 x 40 in. special boundary elements, the maximum allowable
spacing is the smallest of the following:

e Minimum member dimension/4 = 40/4 = 10.0 in.

e 6(diameter of longitudinal reinforcement) = 6 x 1.41 = 8.5 in.

4~ D)
L] 3hx:4+14 9.6

=55in. >4.0in. (governs)

<6.0i1n.

e 5. =4

where h, = maximum horizontal spacing of hoop or crosstie legs on all faces of the

40 x 40 in. special boundary elements

=2[40"2(1'520'5)“1'41]+1.41+0.5=9.6 in.<14in. OK. (21.4.4.3)

Assuming a spacing of 5 in., required area of transverse reinforcement is determined
from Eq. 21-4:

0.09sh, f, : x36.5x4 .
= shefe _ 0.09%5 X4 110 in2
Syn 60
where h, = cross-sectional dimension of boundary element core measured center-to-

center of confinement reinforcement

40 — 2[1.5 +(0.5/2)] = 36.5 in.

No. 4 hoops with crossties around every other longitudinal bar provides 4y, =6 X 0.2 =
120in*>110in> OK.
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Splice length of reinforcement.

Class B lap splices are utilized for the longitudinal reinforcement in the special boundary
elements and the vertical bars in the web. Mechanical connectors may be considered as
an alternative to lap splices for the large bars in the special boundary element
(ACI 21.6.6.4(f)). No splices are required for the No. 5 horizontal bars in the web, since
full length bars weigh approximately 1.043 x 25.33 =26 Ibs. and are easily installed.

Vertical bars in special boundary elements. For the No. 11 vertical bars in the special
boundary elements, ¢, is determined from Eq. (12-1), since this results in a longer splice

length than determined from ACI 21.5.4 (ACI 21.6.2.3). Assuming no more than 50% of
the bars are spliced at any one location:

dp 40 fc, c+ Ky
dp

ta _ 3 Iy opp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

1.5+O.50+1—';1= 2.7 in.  (governs)

40-2(1.5+0.5)-141 _
2x4

K, = transverse reinforcement index

4.3 in.

Ay fye  (5x0.2)x60,000
1,500sn 1,500x5% 5

1.6

c+K, 27+16

=31>25, use2.5
dy, 1.41

Therefore,

£4 3 60,000 1.0x1.0x1.0x1.0
= X X

42 =285
d, 40" 4000 25
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£, =285%1.41=40.2 .
Class B splice length = 1.3/ ; =1.3 x40.2 =523 in.

Use a 4 fi-6 in. splice length for the No. 11 bars, with splices staggered at least 24 in.
(ACI 12.154.1).

Vertical bars in wall web. The provisions of ACI Chapter 12 are utilized to determine
the splice length of the vertical bars in the wall web instead of ACI 21.5.4, since
ACI 21.5.4 assumes the bars are confined, which they are not in the wall web.

Again assuming that no more than 50% of the bars are spliced at any one location:

Ed_i fy CI[BY?\,

dy 40 .[f7(c+K,
dy

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

0.625

0.75+0.625+ =1.7 in.  (governs)

K, = transverse reinforcement index = 0

c+K, 17+0

=27>25, use2.5
dy, 0.625

Therefore,

¢, 3 60,000 0.8x1.0x1.0x1.0

dy 40 [4000 2.5

¢, =22.8x0.625=143in,
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Class B splice length = 1.3/ ; = 1.3 x 14.3 = 18.6 in.

Use a 1 ft-7 in. splice length for the No. 5 vertical bars in the web.

Horizontal bars in web. The development length of the No. 5 horizontal bars is
determined assuming that no hooks are used in the special boundary elements
(ACI21.6.6.4(e)). The provisions of ACI 21.5.4 are used in this case, since the horizontal
bars are terminated in the confined core of the special boundary elements.

Since it 1s reasonable to assume that the depth of concrete cast in one lift beneath a
horizontal bar is greater than 12 in., the required development length must not be less
than 3.5 times the length required by ACI 21.5.4.1 (ACI 21.5.4.2):

e 8(diameter of bar) = 8 x 0.625 = 5.0 in.
e Oin.

/ydp  60,000%0.625

651, 654,000

Therefore, required development length £; = 3.5 x 9.1 = 31.9 in. This length can be
accommodated within the confined core of the special boundary element so that hooks
are not required. However, ACI R21.6.6.4 recommends to anchor the bars with standard
90-degree hooks or mechanical anchorage schemes instead of straight bar development,
since large transverse cracks can our in the special boundary elements. Thus, 90-degree
hooks are provided at the ends of the No. 5 horizontal bars.

9.1 in. (governs)

Reinforcement details for the shear wall along line 7 are shown in Figure 2-38.
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Figure 2-38 Reinforcement Details for Shear Wall Along Line 7 (SDC E)
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CHAPTER 3

RESIDENTIAL BUILDING WITH SHEAR WALL-FRAME
INTERACTIVE AND BUILDING FRAME SYSTEMS

3.1 INTRODUCTION

According to IBC Table 1617.6, shear wall-frame interactive systems may be used as the
seismic-force-resisting system where structures are assigned to low Seismic Design
Categories (SDC), 1.e., SDC A or B. In such systems, shear walls and frames resist the
design lateral forces in proportion to their lateral rigidities.

Building frame systems may be used as the seismic-force-resisting system for structures
assigned to SDC C, D, and F, subject to the limitations in IBC Table 1617.6. This system
has an essentially complete space frame that resists the gravity loads and shear walls that
resist the lateral forces. It is essential that the deformation compatibility requirements of
IBC 1617.6.4.3 be satisfied for building frame systems assigned to SDC D and above.
These provisions recognize that members that are not designated to be part of the
seismic-force-resisting system deform with the members of the seismic-force-resisting
system when subjected to the code-specified earthquake design forces, since all of the
components are connected at every floor level through the floor systems. Thus, members
that are not of the seismic-force-resisting system must be able to carry reactions from
gravity forces when subjected to earthquake-induced lateral displacements.

This chapter illustrates the design and detailing of typical structural members in these two
types of systems for structures assigned to SDC A, B, C, D, and E.

3.2 DESIGN FORSDC A

3.2.1 Design Data

A typical plan and elevation of a 9-story residential building is shown in Figure 3-1. The
computation of wind and seismic forces according to the 2000 IBC is illustrated below.
Typical structural members are designed and detailed for combined eftects of gravity,
wind, and seismic forces.

A shear wall-frame interactive system with ordinary remforced concrete moment frames
and ordinary reinforced concrete shear walls may be used for structures assigned to
SDC A without any limitations according to IBC Table 1617.6. This type of system is
utilized in this example.
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[t 1s assumed mainly for simplicity that slabs, columns, and walls have constant cross-
sections throughout the height of the building, and that the bases of the lowest story
segments are fixed. Although the member dimensions in the following sections are within
the practical range, the structure itself is a hypothetical one, and has been chosen mainly

for 1llustrative purposes.
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Figure 3-1 Typical Plan and Elevation of Example Building (SDC A)
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Building Location: Miami, FL (zip code 33122)
Material Properties

Concrete: [, = 4,000 psi, w, =150 pcf
Reinforcement: £, = 60,000 psi

Service Loads

Live loads: roof=20 psf
floor = 50 psf

Superimposed dead loads: roof = 10 psf + 200 kips for penthouse
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

Seismic Design Data

For zip code 33122: S¢ =0.065g,5; =0.024g [3.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, I =1.0 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 145 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

Member Dimensions

Slab: 9 in.
Columns: 22 X 22 in.
Wall thickness: 8 in. in N-S direction, 12 in. in E-W direction

3.2.2 Seismic Load Analysis

Exception 4 of IBC 1614.1 states that structures located where Sg¢ <0.15g and
S} <0.04g need only comply with IBC 1616.4, which are design requirements for
SDC A. Thus, the minimum lateral force F, applied simultaneously at each floor level is

computed according to IBC Eq. 16-27:

F, =0.0lw,
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where w, is the portion of the total gravity load ¥ located or assigned to level x and Wis

defined in IBC 1616.4.1. The seismic forces F, are summarized in Table 3-1.

Table 3-1 Seismic Forces for SDC A

. Lateral force,
Level | Storyweight w, F, =0.01w,
(kips) (kips)

9 1,533 15.3
8 1,656 16.6
7 1,656 16.6
6 1,656 16.6
5 1,656 16.6
4 1,656 16.6
3 1,656 16.6
2 1,656 16.6
1 1,711 17.1
z 148.6

Note that the seismic forces are the same in both the N-S and E-W directions, and may be
applied separately in each of the two orthogonal directions of the building, i.e.,
orthogonal effects may be neglected (IBC 1616.4.1).

3.2.3 Wind Load Analysis

According to IBC 1609.1.1, wind forces shall be determined in accordance with Section 6
of ASCE 7 [3.2]. Since the building has a mean roof height greater than 30 fi, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft.

The example building is regular shaped by the definition in ASCE 6.2, i.e., it has no
unusual geometrical irregularity in spatial form. Also, the building does not have
response characteristics making it subject to across wind loading, vortex shedding, or
instability due to galloping or flutter. It is assumed that the site location is such that
channeling effects or buffeting in the wake of upwind obstructions need not be
considered. Thus, the analytical procedure (Method 2) of ASCE 6.5 may be used to
determine the wind forces.

Design Procedure.

The design procedure outlined in Section 6.5.3 of ASCE 7 is used to determine the wind
forces on the building in both the N-S and E-W directions.
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1. Basic wind speed, V, and wind directionality factor, K,. Both quantities are

determined 1n accordance with ASCE 6.5.4. As noted above, /' is equal to 145 mph for
Miami according to IBC Figure 1609 or ASCE Figure 6-1.

The wind directionality factor K; 1s equal to 0.85 for main wind-force-resisting systems

per ASCE Table 6-6 when load combinations specified in Sections 2.3 and 2.4 are used.
Note that these load combinations are essentially the same as those in Sections 1605.2
and 1605.3 of the 2000 IBC. It is important to note exception 1 to IBC 1605.2.1, Basic
load combinations: load combinations of ACI 9.2 shall be used for concrete structures
where combinations do not include seismic forces. The load factors in the ACI 318
combinations are different than those in ASCE 7 and the IBC. The exception goes on to
state that for concrete structures designed for wind in accordance with ASCE 7, wind
forces are to be divided by the directionality factor. Thus, in the following computations,
instead of multiplying and then subsequently dividing the external wind pressures/forces

by 0.85, K, 1s taken equal to 1.0.

2. Importance factor, Iy . As noted above, Iy is equal to 1.0 for Category I occupancy

according to IBC Table 1604.5 and Category II occupancy according to ASCE Table 1-1
(note that IBC Category I and ASCE 7 Category II are the same).

3. Velocity pressure exposure coefficient, K,. According to ASCE 6.5.6.4, values of

K, are to be determined from ASCE Table 6-5. In lieu of linear interpolation, K, may
be calculated at any height z above ground level from the equations given at the bottom
of Table 6-5:

2/
2.01[2 forz<15ft
K., =

z 2/
2.01(-2— forlsft<z<z,

where o = 3-second gust speed power law exponent from ASCE Table 6-4
= 7.0 for Exposure B
= nominal height of the atmospheric boundary layer from ASCE Table 6-4

= 1,200 ft for Exposure B

Zg

Values of K, are summarized in Table 3-2 at the various story heights for the example

building.
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Table 3-2 Velocity Pressure Exposure Coefficient K,

Height above ground
Level ’ level, z (fgt]) K,
9 94 0.971
8 84 0.940
7 74 0.907
6 64 0.870
5 54 0.829
4 44 0.782
3 34 0.726
2 24 0.657
1 14 0.575

4. Topographic factor, K,,. The topographic factor is to be determined in accordance
with ASCE 6.5.7, Eq. 6-1. Assuming the example building is situated on level ground
and not on a hill, ndge, or escarpment, K ,, 1s equal to 1.

5. Gust effect factors, G and G . Effects due to wind gust depend on whether a

building 1s rigid or flexible (ASCE 6.5.8). A rigid building has a fundamental natural
frequency n; greater than or equal to 1 Hz, while a flexible building has a fundamental

natural frequency less than 1 Hz (ASCE 6.2).

In lieu of a more exact method, an approximate fundamental period 7, 1s determined

using Eq. 16-39 in IBC 1617.4.2.1. The natural frequency is computed by taking the
inverse of the period.

/4
T, =Cr(hy)’
where Cp = building period coefficient
= 0.030 for moment-resisting frame systems of concrete

= 0.020 for other types of building systems

Thus,
T, =0.020x(94)>'% = 0.60sec or n; =1/0.60=1.7Hz

Since n; > 1.0 Hz, the building 1s considered rigid, and G may be taken equal to 0.85 or
may be calculated by Eq. 6-2 (ASCE 6.5.8.1). For simplicity, G is taken as 0.85.

6. Enclosure classification. It 1s assumed in this example that the building is enclosed
per ASCE 6.5.9 or IBC 1609.2.
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7. Internal pressure coefficient, GC ;. According to ASCE 6.5.11.1, internal pressure

coefficients are to be determined from Table 6-7 based on building enclosure
classification. The building is in a hurricane-prone region. Glazing in the bottom 60 {t of
the building 1s assumed to be debns resistant (ASCE 6.5.9.3). Therefore, for an enclosed

building, GC,; =+0.18.

8. External pressure coefficients, C,. External pressure coefficients for main wind-

force-resisting systems are given in Figure 6-3 for this example building. For wind in the
N-S direction:

Windward wall: €, = 0.8

Leeward wall (L/B = 67.83/145.83 = 0.47): C,, =~0.5
Side wall: €, =-0.7

Roof (h/L =94/67.83 = 1.39):

C, =-1.3 from 0 to h/2 =47 ft from windward edge. May be reduced to

0.80 x —1.3 =—1.04 for area greater than 1,000 sq ft per Figure 6-3.

C, =-0.7 from 47 ft from windward edge to 67.83 ft

For wind in the E-W direction:

Windward wall: C,, =0.8
Leeward wall (L/B = 145.83/67.83 =2.15): C, =-0.29
Side wall: €}, =-0.7
Roof (h/L =94/145.83 = 0.65):
Cp =—1.02 from windward edge to 4/2 =47 ft
C, =-0.84 from 47 ftto 2 =94 ft

C, =-0.56 from 94 ft to 145.83 ft

9. Velocity pressure, ¢q,. The velocity pressure at height z is determined from Eq. 6-13
in ASCE 6.5.10:

g, =0.00256K K, K V21

where all terms have been defined previously. Table 3-3 contains a summary of the
velocity pressures for the example building.

10. Design wind pressure, p. Design wind pressures on the main wind-force-resisting
systems of enclosed and partially enclosed buildings are determined in accordance with
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ASCE 6.5.12. For rigid buildings of all heights, design wind pressures are calculated
from Eq. 6-15: " . - -

r= qGCp 4 (chz)

Table 3-3 Velocity Pressure q, (V = 145 mph)

| Helght above ground

Leval ° level, ze(f'gl) o K, (:,Iszf)
9 94 0.971 52.3

8 84 0.940 506

7 74 0.907 488

6 64 0.870 16.8

5 54 0.829 446

4 44 0.782 421

3 34 0726 39.1

2 24 0.657 354

[ 1 14 0575 303

Tables 3-4 and 3-5 contain summaries of design pressures and forces, respectively, for
wind in the N-§ direction. It has been assumed that the design wind pressure is constant
over the tributary height of the floor level. Design wind pressures and forces are
contained in Tables 3-6 and 3-7, respectively, for wind acting in the E-W direction.

Table 3-4 Design Wind Pressures in N-S Direction (V = 145 mph)

Height External Pressure Internal Pressure
above
Location | Level lg;'\t::l:l:l q G CP chp q, chl inCpi
(ft) (psf) (psf) (psf) (psf)
9 94 52.3 |1 0.85| 0.80 35.6 523 | £0.18 +9.4
8 84 50.6 | 0.85 | 0.80 344 52.3 | +0.18 +94
7 74 48.8 | 0.85| 0.80 33.2 523 | +£0.18 +94
6 64 46.8 | 0.85 | 0.80 31.8 523 | £0.18 +94
Windward 5 54 446 | 0.85 | 0.80 30.3 52.3 | £0.18 +94
4 44 421 1085 0.80 28.6 52.3 | £0.18 +94
3 34 39.1 | 0.85( 0.80 26.6 523 | £0.18 +94
2 24 354 10.85 0.80 241 523 | £0.18 +94
1 14 30.3 | 0.85| 0.80 20.6 52.3 | £0.18 +94
Leeward - All 52.3 1 0.85|-050| -222 523 | £0.18 +94
Side - All 52.3 | 0.85|-0.70 | -31.1 523 | £0.18 +94
Roof - 94* 523 | 0.85|-1.30| -57.8 52.3 | £0.18 +9.4
- 94" 523 085 |-0.70 | -31.1 523 | £0.18 - +94

* from windward edge to 47 ft
Tfrom 47 ft to 67.83 ft
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Table 3-5 Design Wind Forces in N-S Direction (V = 145 mph)

Windward Leeward
Height External Design External Design Total
above | Tributary Design Wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, p* Pressure, p* Force
quCp thCp
() (ft) (psf) (kips) (psf) (kips) (kips)
9 94 5 35.6 259 -22.2 16.2 421
8 84 10 34.4 50.1 -22.2 323 | 824
7 74 10 33.2 48.3 -22.2 32.3 80.6
6 64 10 31.8 46.4 -22.2 32.3 78.7
5 54 10 30.3 442 -22.2 32.3 76.5
4 44 10 28.6 41.7 -22.2 323 74.0
3 34 10 26.6 38.7 -22.2 32.3 71.0
2 24 10 241 35.0 -22.2 32.3 67.3
1 14 12 20.6 36.0 -22.2 38.8 74.8
b 647.4

P= qGCp x Tributary height x 145.83

Table 3-6 Design Wind Pressures in E-W Direction (V = 145 mph)

Height External Pressure Internal Pressure
above
Location | Level ir‘?;ng q G, c, qG,Cp q, ch; q;GCp;
(ft) (psf) (psf) (psf) (psf)
9 94 52.3 | 0.85 | 0.80 35.6 523 | £0.18 +9.4
8 84 50.6 { 0.85| 0.80 34.4 523 | +£0.18 +94
7 74 488 | 0.85 | 0.80 33.2 523 | £0.18 +9.4
6 64 46.8 | 0.85 | 0.80 31.8 523 | £0.18 +94
Windward 5 54 446 | 0.85 ) 0.80 303 523 | £0.18 +9.4
4 44 42.1 |1 0.85| 0.80 28.86 523 | £0.18 +94
3 34 39.1 | 0.85| 0.80 26.6 52.3 | +£0.18 +94
2 24 354 | 085 0.80 241 523 | +£0.18 +9.4
1 14 30.3 | 085 0.80 20.6 523 | £0.18 +94
Leeward -~- All 52.3 | 0.85 ] -0.29 | -129 523 | £0.18 +94
Side --- All 523 1085} -0.70, -31.1 523 | £0.18 +94
-—- 94* 523 1085 -1.02 | -453 523 | £0.18 +94
Roof - 94" 523 | 0.85 | -0.84 | -373 523 | £0.18 +94
- 94* 523 10851(-0561 -249 523 | £0.18 +94

*from windward edge to 47 ft
ffrom 47 ft to 94 ft

¥rom 94 ft to 145.83 ft
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Table 3-7 Design Wind Forces in E-W Direction (V = 145 mph)

Windward Leeward
Height External Design External Design Tot_al
Level | above [ Tributary Design Wind Design Wind Design
ground Height Wind Force, Wind Force, Wind
level, z Pressure, - Pressure, P+ Force
qupr thpr
(ft) (ft) (psf) (kips) (psh) (kips) | (kips)
9 94 5 356 12.0 -12.9 4.4 16.4
8 84 10 344 23.3 -12.9 8.7 320
7 74 10 33.2 225 -12.9 8.7 31.2
6 64 10 31.8 215 -12.9 8.7 30.2
5 54 10 30.3 205 -12.9 8.7 29.2
4 44 10 28.6 194 -12.9 8.7 281
3 34 10 26.6 18.0 -12.9 8.7 26.7
2 24 10 24 1 16.3 -12.9 8.7 25.0
1 14 12 20.6 16.7 -12.9 10.5 27.2
*P= qGC, x Tributary height x 67.83 z 246.0

3.2.4 Design for Combined Load Effects

It is evident from Tables 3-1, 3-5, and 3-7 that wind forces will govern the design of the
structural members for SDC A. It is important to note, however, that IBC 1609.1.5
requires that seismic detailing requirements of the code be satisfied, even when wind load

effects are greater than seismic load effects.

Chapter 19 of the 2000 IBC references ACI 318-99 [3.3] for the design of reinforced
concrete members; provisions that differ from ACI 318 are given in italicized text.
According to ACI 21.2.1.2, design of members in regions of low seismic risk shall satisfy
Chapters 1 through 18 and 22, and no special seismic detailing is required.

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the wind loads contained in Tables 3-5 and 3-7 using SAP2000 [3.4]. In the
model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were
defined at the ends of the horizontal members so that results were automatically obtained
at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section
properties were used-

® Slabs: Iy =1,
e Columns: /4 =0.7/,
* Shear walls: /i =071,
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where 7, 1s the gross moment of inertia of the section.
S - -

When subjected to lateral forces, flat plate structures behave similarly to rigid frames
comprised of columns and beams. For slab-column frames, only a portion of the slab is
effective across its full width in resisting the effects of lateral forces. The slab can be
replaced by an equivalent beam that has the same flexural stiftness as that of the slab. By
using the same thickness, modulus of elasticity, and span length as those of the slab, the
only parameter that needs to be determined is the equivalent beam width. An analytical
study has shown that for an interior frame, internal forces in the columns and slabs do not
vary much as the effective width varies from one-fourth to one-half the bay width [3.5].
Therefore, in this example, the effective beam width is set equal to one-fourth and one-
eighth of the bay width in the direction perpendicular to the direction of analysis for
interior and exterior frames, respectively. This effective width includes a reduction in
stiffness for cracking, so that the effective moment of inertia of the slab can be computed
from:

Ly =bh’ 112

where b, = effective width of slab

= (bay width)/4 for interior frames
= (bay width)/8 for exterior frames
h = slab thickness

According to ASCE 6.5.12.3, the main wind-force-resisting systems of buildings with
mean roof height / greater than 60 ft must be designed for the full and partial wind load
cases of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-
dimensional analysis.

3.2.4.1 Load Combinations

As noted above, IBC 1605.2.1 requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+1.7L+17W)  (Eq.9-2)
3. 09D+ 13W (Eq. 9-3)

where D, L, and W are the effects due to dead, live, and wind loads, respectively. It 1s
important to reiterate that the wind loads were computed utilizing a directionality factor
equal to one (IBC 1605.2.1, exception 1).



3.24.2 Slab Design
Preliminary Slab Thickness.

Minimum overall thickness %~ for slab systems without edge and interior beams is
determined from ACI Table 9.5(¢). For systems without drop panels and with Grade 60
reinforcement, the minimum thickness is:

£, (24x12)-22
30 30

Minimum 4 = =8.9 in.

where £, is the longest clear span length. Therefore, a 9 in. slab thickness satisfies the

serviceability provisions of ACI 9.5.3.2.

When two-way slabs are supported directly on columns, shear near the columns is
critically important, especially at exterior slab-column connections without spandrel
beams. For flat plates, slab thickness will almost always be governed by two-way shear
rather than serviceability requirements. Shear strength requirements are checked for both
one-way and two-way shear forces due to gravity loads to determine if the 9-in. thick slab
is adequate or not. It is worthwhile to perform these preliminary calculations at this stage
so that any if adjustment in slab thickness is required, it can be made before additional
calculations are performed.

Live loads on the slab are reduced in accordance with IBC 1607.9.2 where the reduction
factor R is determined from Eq. 16-2:

R =r(4 - 150) £ 40% for horizontal members

where r = rate of reduction = 0.08 for floors

A = area of floor supported by member = 24 x 22 = 528 ft? > 150 fi?
Therefore,
R=0.08(528 - 150) =30% <40% O.K.
Reduced live load = (1 - 0.30) x 50 = 35 psf

The design loads are:

Factored slab weight = 1.4 % %x 150 =158 psf

Factored superimposed dead load = 1.4 x 30 = 42 psf
Factored live load = 1.7 x 35 = 60 psf
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Total factored load w, = 158 + 42 + 60 = 260 psf

One-way shear. Investigation of one-way (beam) shear is made at a distance ¢ =9 —
1.25="7.75 in. from the face of the support in either direction, and is shown in Figure 3-
2 at the section that gives the largest shear force (ACI 11.12.1.1).

Factored shear force at critical section is:

v =0260%| 1212 _ T30 05— 507 kips
12 12

From ACI Eq. 11-3, shear design strength is:
oV, =62/ f.b,d
=0.85%x24/4,000 x(22x12)x7.75/1,000 = 220.0 kips > 59.7 kips ~ O.K.
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Figure 3-2 Critical Sections for One-way and Two-way Shear at an Interior Column



Two-way shear. Investigation of two-way shear 1s made at a distance /2 from the face
of the support, as shown in Figure 3-2 for an interior column (ACI 11.12.1.2). Maximum
factored shear force at this location 1s:

VM :wll(€1€2 —blb2)

29.75%x29.75

=0.260| (24x22) —
144

}2135.7 kips

Design shear strength is the smallest value obtained from Egs. 11-35 through 11-37. For
square columns, Eq. 11-37 governs:

OV, = 04/ b,d
=0.85x4./4,000 x (4x29.75)x7.75/1,000 =198.3 kips >135.7 kips O.K.

Shear strength requirements at an edge column are also critical, since the total unbalanced
moment at this location must be transferred through the slab-column connection. The
design aid presented in Figure 3-3 can be used to determine a preliminary slab thickness
for a flat plate assuming the following [3.6]:

e square edge columns of size ¢; (three-sided critical section)

e column supports a tributary area 4
e square bays ({1 =¢,)

e gravity load moment transferred between the slab and column in accordance with
the Direct Design Method provisions in ACI 13.6.3.6 (note: it is shown below that
the Direct Design Method can be utilized to determine the design moments for
this system)

e normal weight concrete with £, = 4,000 psi

A preliminary slab thickness can be obtained by adding 1.25 in. to ¢ from the figure. In
this example, w,, = 260 psf and A/cl2 = (22 x 12.92)/(22/12)* = 85. From Figure 3-3,
d/c; = 035sothatd=035x22=77in.and h=7.7+1.25=8.95 in.

Therefore, preliminary design indicates that a 9-in. thick slab is adequate for control of
deflection and shear strength due to gravity loads. It i1s important to note that the check
for shear strength is only preliminary at this stage. The shear stress needs to be checked
tor gravity loads and combined gravity and wind loads at both an interior and exterior
slab-column connection. A more refined check for shear strength is made at a later stage.
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Figure 3-3 Preliminary Slab Thickness for Flat Plate Based on Two-way Shear at an Edge
Column

Design for Flexure.

In lieu of other analysis methods, the Direct Design Method in ACI 13.6 is utilized in this
example to determine the bending moments in the slab due to gravity loads. This method
can be used only if certain geometric and loading criteria are met. All of the criteria are
met in this example, as indicated below:

e There shall be a minimum of 3 consecutive spans in each direction.
...Structure has 3 spans in one direction, 6 in the other direction. 0O.K.

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

...Longer span/shorter span =24/22 =1.1<2 O.K.



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

...In each direction, the span lengths are equal.  O.K.

e Columns may be offset a maximum of 10% of the span in the direction of offset
from either axis between centerlines of successive columns.

...No column offsets are present. O.K.

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

...Uniform live to dead load ratio = 35/142.5=03 <2 O.K.
Therefore, the Direct Design Method can be used for gravity load analysis.

Using ACI Eq. 13-3, the total static service dead load and live load moments for spans in
an 1nterior design strip in the E-W direction are computed as follows:

2
wlé 62
Mo:—g
2
(MO)DZO.143><2§.17 ><22:193.3 fi - Kips
2
(M,), :0.035><22.17 ><22:47.3 ft - kips

8

These moments must be divided into positive and negative moments, and then into
column strip and middle strip moments according to the distribution factors given in
ACI13.6.3, 13.6.4, and 13.6.6. The distribution factors for a flat plate system are
contained in Table 3-8, where negative moments are at the face of the supports. Table 3-9
contains a summary of the service gravity load bending moments in the column strip and
middle strip of an end span and an interior span.

Table 3-8 Design Moments for Flat Plate Supported Directly on Columns

End Span Interior Span
Slab Moments Exterior . Interior - Interior
Negative Positive Negative Positive Negative
Total Moment 0.26M, 0.52M, 0.70M, 0.35M, 0.65Mo
Column Strip 0.26M, 0.31Mo 0.53Mo 0.21Mqo 0.49M,
Middle Strip 0 0.21Myo 0.17M, 0.14M, 0.16M,
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Table 3-9 Service Dead and Live Load Bending Moments (ft-kips) in E-W Interior Design Strip

Location Moment | M, [ M,
End Span
Exterior Negative 0.26M¢ -50.3 -12.3
Column Strip | Positive 0.31Mo 59.9 14.7
Interior Negative 0.53M¢ -102.5 -25.1
Exterior Negative 0 0 0
Middie Strip Positive 0.21M; 40.6 9.9
Interior Negative 0.17Mo -32.9 -8.0
Interior Span
Column Strip PosiFive . 0.21Mo 40.6 9.9
Interior Negative 0.49M, -94.7 -23.2
Middle Strip PosiFive . 0.14Mo 271 6.6
Interior Negative 0.16M¢ -30.9 -7.6

A summary of the governing design bending moments due to gravity and wind load
effects 1s contained in Table 3-10 at the fourth floor level where the bending moments
due to wind are the largest in the slab. These bending moments are the maximum
obtained from the full and partial wind load cases of ASCE 7 Figure 6-9 (Cases 1

through 4).

Table 3-10 Summary of Slab Design Bending Moments (ft-kips) at the 4" Floor Level (SDC A)

End Span Interior Span
Load Case Location | Column Middle | Column | Middle
- Strip Strip Strip Strip
Ext. neg. -50.3 0 i
Dead (D) Positive 59.9 40.6 40.6 27 1
Int. neg. -102.5 -32.9 -94.7 -30.9
Ext. neg. -12.3 0
Live (L) Positive 14.7 9.9 9.9 6.6
Int. neg. -25.1 -8.0 -23.2 -7.6
Ext. neg. +5.6
Wind (W) Positive
Int. neg. +568 +4.8
Load Combinations
Ext. neg. -91.3 0
1.4D+1.7L Positive 108.9 73.7 73.7 49.2
int. neg. -186.2 -59.7 -172.0 -56.2
Ext. neg. -75.6 0
0.75(1.4D + 1.7L + 1.7W) | Positive 81.7 55.3 55.3 36.9
Int. neg. -147 1 -44 .8 -135.1 -42.2
Ext. neg. -38.0 0
0.9D +1.3W Positive 53.9 36.5 36.5 244
Int. neg. -84.7 -29.6 -79.0 -27.8
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The required flexural reinforcement is contained in Table 3-11. The provided areas of
steel are greater than the minimum required (ACI 13.3.1). Also, the provided spacing is
less than the maximum allowed according to ACI 13.3.2.

Table 3-11 Required Slab Reinforcement at the 4" Floor Level (SDC A)

- M b A , .
Location u . s Reinforcement
(ft-kips) | (in.) (in.%)
c Ext. neg. -91.3 132 2.66 9-No. 5
Stfi:;‘m” Positve | 108.9 132 | 317 11-No. 5
End Int. neg. -186.2 132 5.61 19-No. 5
Span _ Ext. neg. 0 132 2.14 8-No. 5
Middle =
strip Positive 73.7 132 2.15 8-No. 5
Int. neg. -59.7 132 2.14 8-No. 5
Column | Positive 73.7 132 2.15 8-No. 5
Interior | Strip Negative | -172.0 132 512 17-No. 5
Span Middle | Positive 492 132 2.14 8-No. 5
strip Negative | -56.2 132 2.14 8-No. 5
* Minimum A, = 0.0018bf = 0.0018 x 132 x 9 = 2,14 in.2 (AC} 13.3.1)
Maximum spacing = 2h = 18 in. For b= 132 in., 132/18 = 7.3 spaces, say 8 bars

The amount of slab reinforcement needs to be checked at the end support and the first
interior support to ensure that the moment transfer requirements in ACI 13.5.3 are

satisfied.

End Support — Additional Flexural Reinforcement Required for Moment Transfer.
The total unbalanced moment at this slab-column connection is equal to 91.3 ft-kips (see
Table 3-11). A fraction of this moment y M, must be transferred over an effective

width equalto ¢, +3h = 22+ (3 x9)=49 in. (ACI 13.5.3.2).
The fraction of unbalanced moment transferred by flexure is calculated from Eq. 13-1:

1 1

_ = =0.62
LA (2/3)Jb1 /by 1+(2/3)J[22+(7.75/2)]/(22+7.75)

For edge columns bending perpendicular to the edge, the value of y s computed from
Eq. 13-1 is permitted to be increased by up to 25% provided that V, <0.4¢V,
(ACI'13.5.3.3). No adjustment to ¥ » was made in this example.

Unbalanced moment transferred by flexure = v M, = 0.62 X 91.3 = 56.6 ft-kips. The

required area of steel to resist this moment in the 49-in. wide strip is 4, = 1.69 in?

which is equivalent to 6-No. 5 bars.




Provide the 6-No. 5 bars by concentrating 6 of the column strip bars (9-No. 5) within the
49 in. width over the column. For symmetry, add another bar in the column strip and
check bar spacing:

e For 6-No. 5 within 49 m. width: 49/6 =82 1n. <18 in. O.K.
e TFor4-No. 5 within 132 —49 = 83 in. width: 83/4 =208 in. > [8 in. N.G.

Therefore, add 2 more No. 5 bars in the 83 in. width; bar spacing = 83/6 = 13.8 in. O.K.

Figure 3-4 shows the reinforcement detail for the top bars at the exterior column.
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Figure 3-4 Reinforcement Detail at Exterior Column (SDC A)

First Interior Support — Additional Flexural Reinforcement Required for Moment
Transfer. The total factored moment in the column strip at the first interior support is
186.2 ft-kips (see Table 3-11). At an internior column, by =by = 22 + 7.75 = 29.75 .

Therefore, from Eq. 13-1, vy, = 0.60, and y,M, = 0.60 x 186.2 = 111.7 ft-kips.
Required area of steel to resist this moment in the 49-in. wide strip 1s 4, = 3.49 in.?,

which is equivalent to 12-No. 5 bars.

Provide the 12-No. 5 bars by concentrating 12 of the column strip bars (19-No. 5) within
the 49 in. width over the column. For symmetry, add another bar in the column strip and
check bar spacing:
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e For 12-No. 5 within 49 in. width: 49/12=4.1in. <18 m. OK.
e For 8-No. 5 within 132 —49 = 83 in. width: 83/§ =104 in. <18 mn. O.K.

Design for Shear.

In general, the total shear stress is the sum of the direct shear stress plus the shear stress
due to the fraction of unbalanced moment transferred by eccentricity of shear
(ACI11.12.6.1). Assuming shear stress from moment transfer by eccentricity of shear
varies linearly about the centroid of the section, maximum factored shear stress v, at the

face of the critical section due to direct shear ¥}, and the unbalanced moment transferred

by eccentricity of shear v, M, is:

V M, c
T

C

where 4, =area of concrete section resisting shear transfer = b,d
b()
Y, = fraction of unbalanced moment transferred by eccentricity of shear

1
:l_y =1—-
Y EN TS

M, = factored unbalanced moment at slab-column connection

= perimeter of critical section

(Egs. 11-41, 13-1)

J = property of critical section analogous to polar moment of inertia of
segments forming A4,
¢ = distance from centroidal axis of critical section to perimeter of critical

section in direction of analysis

Shear strength is checked at the slab-column connections at the end support and the first
interior support for gravity forces and for gravity plus wind forces.

End Support — Check for Shear Strength. At this location, the factored shear force V,,

due to gravity loads is:

M, -M
Vi =w, (4, —bjby)——1——2
n

_ 0_260{284_2_ 25.875><29.75J_ 246.0—91.4

144 24—(22/12)

=72.5-7.0=065.5 kips
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where

A4, =tributary area of column
(22 1 on s ogan
2 12

b, = length of critical section perimeter in direction of analysis
=22 +(7.75/2) =25.875 1n. (see Figure 3-5)
b, = length of critical section perimeter perpendicular to direction of analysis

=22+7.75=29.751n.

M, = total negative design strip moment at interior support determined from
Direct Design Method (ACI 13.6.6.3)

=0.70M, =0.70 x 351.4 = 246.0 ft-kips (see Table 3-8)

M 5 = total negative design strip moment at exterior support determined from
Direct Design Method (ACI 13.6.6.3)

=0.26 M, =0.26 x 351.4 = 91.4 ft-kips (see Table 3-8)
M , = total factored static moment in span determined from Eq. 13-3

_ walaly _0.260%22x22.17°
8 8

=351.4 ft-kips

Panel centerlines

22"1 1) |22+775=2075" ! | 2200

| n Critical section i
. ¥ for two-way !
L shear !
}
i
i
|
i
|

BN _IJL
120 !

Figure 3-5 Critical Section for Two-way Shear at Exterior Column
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The section properties of the critical section are determined as follows [3.7]:

A, =(2b +by)d =631.6 in?

cC

2 3
£:2b1 d(b1+2b2)+d (2b1+b2):5,951 in,3
C 6[’)1

According to ACI 13.6.3.6, gravity load moment to be transferred between the slab and
edge column must be set equal to 0.30M, = 105.4 ft-kips. Also, vy, =1-0.62=0.38.
Therefore, the combined factored shear stress at the face of the cntical section due to
gravity loads is:

. 65,500 0.38%105.4%x12,000
“ 6316 5,951

=103.7+80.8 =184.5 psi

Design shear strength of nonprestressed slabs 1s the smallest value obtained from Egs. 11-
35 through 11-37. For a square column, Eq. 11-37 governs:

V
ov, = i ; =04,/ f; =0.85x4,/4,000 =215.0 psi >184.5 psi OXK.
2]

In addition to the gravity load case, shear strength must be checked for combined gravity
and wind loads. From previous calculations, direct shear force on critical section due to

gravity loads is 1.4V p +1.7V; = 65.5 kips. The shear force due to wind loads Vy =
(5.6 +5.8)/22.17 = 0.5 kip. Therefore, total factored shear force at exterior column is:

V, =0.75(1.4V p+1.7V, +1.7V,,) = 0.75[65.5+(1.7%0.5)] = 49.8 kips

When wind is considered, shear stress computations can be based on the actual
unbalanced moment, rather than on the provisions of ACI 13.6.3.6, which, as shown
above, requires the unbalanced moment to be 0.30M , . The actual unbalanced moment at

the exterior slab-column connection is 75.6 ft-kips from the second load combination (see
Table 3-10). The combined shear stress is:

, = 49.800  0.38x75.6x12,000
6316 5,951

—78.9+57.9=1368 psi<215.0 psi OK.

First Interior Support — Check for Shear Strength. At this location, the factored shear
force ¥V, due to gravity loads is:
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My-M
Vu = wu(Ar _bIb2)+;—2'

- n

2
_ 0-260{528— 29.75 }L 246.0-91.4

144 24-(22/12)

=1357+7.0=142.7 kips

where A, =24x22=528 ft’
by =by=22+775=29.75in.
M, =070M, =0.70 x 351.4 = 246.0 ft-kips (see Table 3-8)
M,=026M, =0.26 x351.4=91.4 ft-kips (see Table 3-8)

The section properties of the critical section are determined as follows [3.7]:
A, =2(by +by)d =922.3 in?

J _ bd(b +3by)+d’

=9301 in’
c 3

The difference between the slab moments acting on opposite faces of the interior support
needs to be transferred by shear to the first interior column. From Table 3-8, the exterior

moment at the face of the support is 0.70M, = 0.70 x 351.4 = 246.0 ft-kips, and the
interior moment at the face of the support is 0.65M , = 228.4 ft-kips. Therefore, the
unbalanced moment = 246.0 — 228.4 = 17.6 ft-kips. The combined shear stress is:

142,700 N 0.4x17.6x12,000

vu
922.3 9,301

=154.7+9.1=163.8 psi <2150 psi O.K.
In addition to the gravity load case, shear strength must be checked for combined gravity
and wind loads. From previous calculations, direct shear force on critical section due to

gravity loads is 1.4Vp +1.7V; = 142.7 kips. The shear force due to wind loads Vy =
(4.8 +4.8)/22.17 = 0.4 kip. Therefore, total factored shear force at the interior column is:

V, =0.75(1.4V p+ 1.7V, +1.7V,,) = 0.75[142.7 +(1.7x 0.4)] = 107.5 kips

As shown above, the unbalanced moment at the first interior support due to gravity loads
is the difference between the moments acting on the two sides of the support. However,
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the unbalanced moment due to wind loads is the sum of the moments acting on the two
sides of the support. Therefore, the total unbalanced moment 1s:

M, =0.75[(246.0—228.4) +1.7(4.8 + 4.8)] = 25 4 ft-kips

The combined stress is:

107,500 N 0.4x25.4x12,000

vll
9223 9,301

=116.6+13.1=129.7 psi<215.0 psi O.K.

Reinforcement Details.

Slab reinforcement must conform to the requirements given in ACI 13.3. The provisions
in ACI 13.3.8 must also be satisfied for slabs without beams; included are requirements
for structural integrity (ACI 13.3.8.5). Since the wind loads have minimal effect on the
design of the slab, the minimum bar lengths given in ACI Figure 13.3.8 govern.

Splice lengths for the flexural bars can be determined in accordance with ACI 12.15. A
Class A splice is determined for the bottom bars in the column strip.

Using ACI Eq. (12-1):

tg _ 3 Jy  afyr

d, 40 Jf! [c+K,r]

dp

where o = reinforcement location factor = 1.0
B = coating factor = 1.0 for uncoated reinforcement

v = reinforcement size factor = 0.8 for No. 5 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

O.75+O—'622—5:1.1 . (governs)

L_60in
2

K, = transverse reinforcement index = 0
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c+K, 1.1+0

=1.8<25
d,  0.625

Therefore,

£4 3 60,000 ><1.O><1.0><O.8><1.0

fd _ 3 =316
dy, 40" 2,000 1.8

€4 =31.6x0.625=19.8 in.=1.7 ft

Class A splice length=1.0x1.7=1.7 ft

Use a I ft-9 in. splice length. When computing the development length ¢; for the top

bars in accordance with ACI 12.2.3, the reinforcement location factor o can be taken
equal to one, since less than 12 in. of concrete is cast below the splice location.
Reinforcement details for the column strip and middle strip are shown in Figure 3-6.

1107 6-8” 6-8” 1107
46 46
"\ "\
6-No. 5 Fe-No. 5 10-No. 5—1 10-No. §
- B
—J— & 2-No. 5 / 9-No. 5 197
LA A
{ 2227 |
[ Al
Cotumn Strip
1107 414 4117 10
_/\/_ ._/\/_
8-No. 5 8-No. 5
\ -

_.L.._5~ 4-No. 5/ 4-No. 5/ .J L 6"
L
L

222" N

Middle Strip

Figure 3-6 Reinforcement Detaiis for interior Design Strip, Floor Level 4 (SDC A)
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3.2.4.3 Design of Column B2

This section outlines the design of column B2 supporting the first floor level. From the
analysis it can be shown that reactions on columns due to wind forces in either direction
are very small; the shear walls primarily resist the effects from the lateral loads.
Therefore, column B2 is designed for the effects of gravity loads only.

Design for axial force.

Service dead and live load axial forces on this member are 714 kips and 103 kips,
respectively. Maximum factored axial load = (1.4 x 714) + (1.7 x 103) = 1,175 kips.
Based on this factored load combination, a 22 X 22 in. column with 8-No. 10 bars
(pg =2.10%) is adequate for column B2 supporting the first floor level. Slenderness

effects need not be considered since P-delta effects were included in the analysis. Also,
the provided reinforcement ratio is within the allowable range of 1% and 8%

(ACI 10.9.1).

Transverse reinforcement.

Transverse reinforcement requirements must satisfy ACI 7.10.5. With No. 3 lateral ties,
the vertical spacing of the ties must not exceed the least of the following:

e 16(smallest longitudinal bar diameter) = 16 x 1.27 = 20.3 in.
e 43(tie bar diameter) = 48 x 0.375 = 18.0 in. (governs)

e Least column dimension = 22 in.

Use No. 3 ties @ 18 in. with the first tie located vertically not more than 18/2 = 9 in.
above the top of the slab and not more than 18/2 = 9 in. below the lowest horizontal
reinforcement in the slab (ACI 7.10.5.4).

Splice length of longitudinal reinforcement.

ACI 12.17 contains special provisions for splices in columns. It can be shown for this
example that the bar stress due to all factored load combinations is compressive. Thus, a
compression lap splice computed in accordance with ACI 12.17.2.1 is used.

Compression lap splice length = 0.0005 f,dy =0.0005%x60,000x1.27 = 38.1 in. > 12 in.

Use a 3 ft-3 in. splice length.

Reinforcement details for column B2 are shown in Figure 3-7.
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Figure 3-7 Reinforcement Details for Column B2 Supporting the 1% Floor Level (SDC A)
3.2.4.4 Design of Shear Wall on Line 4

Table 3-12 contains a summary of the design axial forces, bending, moments, and shear
forces at the base of the wall. Note that wind in the N-S direction causes appreciable
reactions in this member; thus, the governing reactions in Table 3-12 are for wind in that
direction.

Table 3-12 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 4 (SDC A)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 1,549 0 0
Live (L) 195 0 0
Wind (W) 0 + 12,641 +222

Load Combinations

14D +1.7L 2,500 0 0
0.75(1.4D+1.7L+1.7W) 1,875 16,117 283
0.9D + 1.3W 1,394 -16,433 -289

3-27



Design for shear.

The shear strength of the concrete is determined in accordance with ACI 11.10.5 for
walls subjected to axial compression:

v, =2)f hd
=2./4,000 x8x 220.8/1,000 = 223 .4 kips

where d is permitted to be taken equal to 0.8/, = 0.8 x 276 = 220.8 in. (ACI 11.10.4).

The maximum factored shear force is 289 kips from the third load combination (see
Table 3-12). Since ¢V, =0.85x223.4=189.9 kips <V, =289 kips, horizontal shear

reinforcement shall be provided in accordance with ACI 11.10.9. With 2 layers of No. 4
bars in the web, the required bar spacing is determined by Eq. 11-33:

A fyd (2x0.20)x60%220.8
4 (289/0.85)—223.4

RY

=455 in. > 18 in.

S2

where, according to ACI 11.10.9.3, maximum spacing of horizontal reinforcement shall
not exceed £,,/5 =276/5=5521n.,3h=3x8=24Iin., or 18 in. (governs). Try 2-No. 4

horizontal bars @ 18 in.

Ratio of horizontal shear reinforcement pj, shall not be less than 0.0025 (ACI 11.10.9.2).
For 2-No. 4 horizontal bars spaced at 18 in, the ratio pj; of horizontal shear
reinforcement area to gross concrete area of vertical section is

_2x0.20

pj = =0.0028 > 0.0025 O.K.
gx18

Use 2-No. 4 horizontal bars @ 18 in.

The shear strength V), at any horizontal section must be less than or equal to 10,/ /. whd =
1,117 kips (ACI 11.10.3). In this case,

(2x0.20)x60x220.8

18 =5178 kips < 1,117 kips O.K.

V,=V.+V,=2234+

The ratio of vertical shear reinforcement area to gross concrete area of horizontal section
shall not be less than 0.0025 nor the value obtained from Eq. 11-34 (ACI 11.10.9 4):
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h,
0, =0.0025+ o.s[z.s - ;_lih](ph ~0.0025)

C W

=0.0025+ 0.5(2.5 - 2—2}0.0028 —0.0025) = 0.0023 < 0.0025

Thus, p,, = 0.0025.

According to ACI 11.10.9.5, spacing of vertical shear reinforcement shall not exceed
¢,/3 =276/3 =9201n, 3k =3 x 8 =24 in, or 18 in. (governs). For 2-No. 4 vertical

bars spaced at 18 in.:

~ 2x0.20
8%x18

=0.0028 > 0.0025 O.K.

n

Use 2-No. 4 vertical bars @ 18 in.

The provided vertical and horizontal reinforcement satisfy the requirements of
ACI14.3.2 and 14.3.3 for minimum ratio of vertical and horizontal reinforcement to
gross concrete area, respectively, and ACI 14.3.5 for maximum bar spacing.

Design for axial force and bending.

ACI 14 .4 requires that walls subjected to axial load or combined flexure and axial load
shall be designed as compression members in accordance with ACI 10.2, 10.3, 10.10
through 10.14, 10.17, 14.2, and 14.3 unless the empirical design method of ACI 14.5 or
the alternative design method of ACI 14.8 can be used. Clearly, both of these methods
cannot be applied in this case, and the wall is designed in accordance with ACI 14.4.

Preliminary design indicates that 2-No. 4 vertical bars @ 18 in. in the web is not
sufficient for the load combinations in Table 3-12. Figure 3-8 contains the interaction
diagram of the wall reinforced with 2-No. 4 vertical bars @ 12 in. and 4-No. 10 bars at
each end of the wall. As seen from the figure, the wall is adequate for the load
combinations in Table 3-12.

Splice length of reinforcement.

Class B lap splices are utilized for the vertical bars in the wall. No splices are required for
the No. 4 horizontal bars, since full length bars weigh approximately 0.668 x 23 =
15.4 Ibs. and are easily installed.
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Figure 3-8 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 4

(SDC A)

For the No. 10 vertical bars:

where

£q 3 Jy  opyr

dy, 40 [f7 (c+K,,]

dy

o. = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement

v = reinforcement size factor = 1.0 for No. 7 and larger bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

0.75+0.5+1§—7= 1.9 in. (governs)

lx 52=2.6 in.
2

K, = transverse reinforcement index = 0
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c+ K, :1.9+O S 15<25

dp 1.27

Therefore,

=474

£q 3 60,000 1.0x1.0x1.0x1.0
dy 40" [2,000 15

0, =47.4x127=602 in.=50 ft
Class B splice length = 1.3¢ ; = 6.5 ft

Use a 6 ft-6 in. splice length for the No. 10 bars. In lieu of lap splices for these large bars,
mechanical or welded splices can be used (ACI 12.14.3).

For the No. 4 bars:

lg 3 fy afyA

d, 40 [f (c+K,
dy

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

0. .
0.75+0.5+—2§=1.5 in. (governs)

l><12 =6.0 in.
2

K, = transverse reinforcement index = 0

Ky 1570 20025 use2s
d, 5
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Therefore,

ty 3 o« 60,000 1.0x1.0x0.8x1.0

_ X ~22.8
dy 40" 4,000 2.5

¢y =228%x05=114in.< 12 in., usel2 in.
Class B splice length=1.3¢, = 13 fi

Use a 1 ft-4 1n. splice length for the No. 4 bars.

The No. 4 horizontal bars are developed by providing standard 90-degree hooks at the
ends of the bars.

Reinforcement details for the shear wall along line 4 are shown in Figure 3-9.
4-No. 10

S x]i S .

Y . - Vot . . .

oy No. 4 @ 12"
3 .G}V
| No.4@1®

Figure 3-9 Reinforcement Details for Shear Wall Along Line 4 (SDC A)

3.3 DESIGN FOR SDC B

To illustrate the design requirements for Seismic Design Category (SDC) B, the
residential building in Figure 3-1 is assumed to be located in Atlanta, GA. Typical
structural members are designed and detailed for combined effects of gravity, wind, and
seismic forces.
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3.3.1 Design Data

e Building Location: Atlanta, GA (zip code 30350)
e Material Properties

Concrete: f, =4,000 psi, w, =150 pef
Reinforcement: f), = 60,000 psi

e Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof = 10 psf + 200 kips for penthouse

floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 30350: S¢ =0.276g,S5; =0.117g [3.1]
Site Class C (very dense soil / soft rock soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /p =1.0 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 90 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 9 in.
Columns: 22 X 22 in.
Wall thickness: 8 in. in N-S direction, 12 1n. in E-W direction

3.3.2 Seismic Load Analysis

3.3.2.1 Seismic Design Category (SDC)

Analysis procedures for seismic design are given in IBC 1616.6. The appropriate
procedure to use depends on the Seismic Design Category (SDC), which is determined 1n

accordance with IBC 1616.3. Structures are assigned to a SDC based on their Seismic
Use Group and the design spectral response acceleration parameters Spg¢ and Spy.
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These parameters can be computed from Eqs. 16-18 and 16-19 in IBC 1615.1.3 or can be
obtained from the provisions of IBC 1615.2.5 where site-specific procedures are used as
required or permitted by IBC 1615.

The maximum considered earthquake spectral response accelerations for short periods
Sy and at 1-second period S, are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sys = F,Sg =1.2x0.276 = 0.33g
Sy =F,S; =168%x0.117=020g

where F, and F, are the values of site coefficients as a function of site class and of
mapped spectral response acceleration at short periods Sg and at 1-second period Sy,

respectively. The values of these coefficients for Site Class C in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F, . Straight-line

interpolation was used to determine F, .

Once Sy and Sy, have been determined, Spg and Sp; are computed from Eqs. 16-
18 and 16-19:

SDS = %SA/[S = %X 033= 0.22g

SDI =§SM1 =§X020=013g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg = 0.22g, the SDC is B. Similarly, from

Table 1616.3(2), the SDC is B for Sp; =0.13g. Thus, the SDC is B for this building.

3.3.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC B. In a given
direction, ¥ is determined from Eq. 16-34;

V=CWw

where C; 1s the seismic response coefficient determined in accordance with
IBC 1617.4.1.1 and W 1s the effective weight of the structure defined in IBC 1617.4. For
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the member sizes and superimposed dead loads given above, W = 14,836 kips (see
Table 3-13 below).

In both directions, a shear wall-frame interactive system with ordinary reinforced
concrete moment frames and ordinary reinforced concrete shear walls 1s utilized, which is
permitted for structures assigned to SDC B without any limitations (see IBC
Table 1617.6 and IBC 1910.3). The response modification coefficient K = 5.5 and the

deflection amplification tactor C; =5 (IBC Table 1617.6).

Approximate period (7, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, is computed from Eq. 16-39:

Building height 4, =94 fi
Building period coefficient Cy = 0.02
Period T, = Cr(h,)>" % =0.020%(94)3/% = 0.60 sec

No further refinement of the period is made as permitted by IBC 1617.4.2.

Seismic base shear (V). The seismic response coefficient C; is determined from Eq. 16-
36:

co=_Sp __ 0B 45

5
R 53 )0.60
Iy 1.0

The value of C; need not exceed that from Eq. 16-35:

S 0.
C, __&__2:0,040

(R (55
Ig | 1.0
Also, C, must not be less than the following value from Eq. 16-37:
C, =0.0448 pglg =0.044x0.22x1.0=0.010

Thus, the value of C, from Eq. 16-36 governs so that the base shear } in the N-S and E-

W directions 1s:

V=CW =0.039%x14,836 = 579 kips
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Vertical distribution of seismic forces. The total base shear 1s distributed over the
height of the building in conformance with Eqgs. 16-41 and 16-42:

F

X

=C,V

w

c, =—"
- Lk
Y wikf

i=1

VX

where F_ is the lateral force induced at level x, w, and w; are the portions of W
assigned to levels x or i, and £ 1s the distribution exponent defined in IBC 1617.4.3. For
7= 0.60 sec, k= 1.05 from linear interpolation. The lateral forces F, and the story shears

V. are contained in Table 3-13.

Table 3-13 Seismic Forces and Story Shears (SDC B)

Story | height, Lateral force, | Story Shear,
Level | weight, | Ty | wxhs F, (ki v, (ki
w, (kips) | M'x x (10} x (Kips)
9 1533 94 180,853 107 107 |
8 1,656 84 173,602 103 210 |
7 1,656 74 151,969 90 300
6 1,656 64 130,482 78 378
5 1,656 54 109,163 65 443
4 1,656 44 88,041 52 495
3 1,656 34 67,160 40 535
2 1656 24 46,589 28 563
1 1711 14 27,333 16 579
T 14.836 975,192 579

3.3.2.3 Method of Analysis |

A three-dimensional analysis of the building was performed in both the N-S and E-W
directions for the seismic forces contained in Table 3-13 using SAP2000 [3.4]. In the
model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were |
defined at the ends of the horizontal members so that results were automatically obtained
at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section
properties were used:

e Slabs: [y =1,
e Columns: [y =0.71,
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o Shearwalls: [ = 0.7/,

where /[, is the gross moment of inertia of the section. P-delta effects were also

considered in the analysis. As discussed in Section 3.2.4 of this publication, the effective
beam width of the slab was set equal to one-fourth and one-eighth of the bay width in the
direction perpendicular to the direction of analysis for interior and exterior frames,
respectively. These effective widths include a reduction in stiffness for cracking.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the building is assigned to SDC B (IBC 1617.4.4.5).

3.3.2.4 Story Drift and P-delta Effects

Story drift determination. Table 3-14 contains the displacements 8,, in the N-S

direction obtained from the 3-D static, elastic analysis using the design seismic forces,
including accidental torsional effects. The table also contains the design earthquake

displacement &, computed by IBC Eq. 16-46:
8x — Ca' 6xe
Ig

where C,; is the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, Cy; is equal to 5 for this system.

Table 3-14 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S Direction

(SDC B)
Story j&“ 8 _A

(in.) (in.) (in.)
9 0.41 2.05 0.25
8 0.36 1.80 0.25
7 0.31 1.55 0.25
6 0.26 1.30 0.25
5 0.21 1.05 0.25
4 0.16 0.80 0.25
3 0.1 0.55 0.20
2 0.07 0.35 0.20
1 0.03 0.15 0.15

The interstory drifts A computed from the &, are also contained in the table. For this
structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
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story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A= 8,\- - 8.\'71

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, = 0.020h,, where h,, is the
story height below level x. Thus, for the 10-ft story heights, A, = 0.020 x 10 x 12 =
2.40 in., and for the 14-ft story height at the first level, A, = 3.36 in. It is evident from

Table 3-14 that for all stories, the lateral drifts obtained from the prescribed lateral forces
in the N-S direction are less than the [imiting values.

Similar calculations for seismic forces in the E-W direction also show that the lateral
drifts are less than the allowable values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. The provisions of IBC 1617.4.6.2 are illustrated in
Sections 3.5.2.4 and 3.6.2.4 of this publication for SDC D.

3.3.3 Wind Load Analysis
3.3.3.1 Wind Forces

According to IBC 1609.1.1, wind forces shall be determined in accordance with Section 6
of ASCE 7 [3.2]. Since the building has a mean roof height greater than 30 ft, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft. The analytical procedure (Method 2) of ASCE 6.5 may be
used to determine the wind forces.

Details on how to compute the wind forces in both the N-S and E-W directions are given
in Section 3.2.3 of this publication. A summary of the design wind forces in both
directions is contained in Table 3-15. Once again it 1s important to note that the wind
directionality factor K ; has been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).

3.3.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in the N-S and E-W directions for the wind forces contained in Table 3-15
using SAP2000. The modeling assumptions utilized for the seismic analysis were also
used for the wind analysis.

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height / greater than 60 ft must be designed for the full and partial wind load cases
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of Figure 6-9 (Cases | through 4). These four cases were considered in the three-
dimensional analysis.

Table 3-15 Design Wind Forces in N-S and E-W Directions (V = 90 mph)

Level Height above ground level, | Total Design YVind Force | Total Design Wind Force
z (ft) N-S (kips) E-W (kips)

9 94 16.2 6.3

8 84 31.8 12.3

7 74 31.2 12.0

6 64 30.4 11.7

5 54 295 11.3

4 44 28.6 10.8

3 34 27.4 10.3

2 24 26.0 9.6

1 14 28.9 10.5 ]
X 250.0 94.8

3.3.4 Design for Combined Load Effects
3.3.4.1 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(0.4D+ 1.7L+1.7W) (Eq.9-2)
3. 0.9D+13W (Eq. 9-3)
4. 12D+ f{L+1.0E (Formula 16-5)
5. 0.9D+ 1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] 1s equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of

horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
etfects of gravity and seismic ground motion are additive:

E= pQE + OZSDSD
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where Oy = effect of horizontal seismic forces

p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B, or C (IBC 1617.2.1)

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= pQE —O.ZSDsD

Substituting Spg = 0.22g and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D +0.5L + 1.00; +(0.2x0.22)D = 124D + 0.5L + O
4b. 12D +0.5L+ 1.00g —(0.2x0.22)D = 1.16D + 0.5L + Qp
Sa. 0.9D+ 1.00g +(0.2x0.22)D = 0.94D + Of
S5b. 0.9D + 1.00g —(0.2%0.22)D =0.86D + Qf

Values of Qf are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this
example.

3.3.4.2 Slab Design
Preliminary Slab Thickness.

Calculations given in Section 3.2.4.2 of this publication show that a 9-in. thick slab is
adequate for serviceability and shear strength requirements for gravity loads. A more
refined check for shear strength is made at a later stage for gravity loads and combined
gravity and seismic loads.

Design for Flexure.

It was determined in Section 3.2.4.2 of this publication that the Direct Design Method
could be utilized to compute the design bending moments in the slab due to gravity loads.
Table 3-9 contains a summary of the service gravity load bending moments in the column
strip and middle strip of an end span and an interior span.

Comparing the seismic forces in Table 3-13 to the wind forces in Table 3-15, it is clear
that seismic effects will govern the design in both directions. Thus, a summary of the
governing design bending moments due to gravity and seismic load effects 1s contained
in Table 3-16 at the fourth floor level where the bending moments due to seismic forces
are the largest in the slab for the E-W direction.
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As In the case for SDC A, gravity load effects govern the flexural design of the slab for
SDC B. Therefore, the same slab reinforcement in the column strips and middle strips
that was provided for SDC A can be used for SDC B, including the additional reinforcing
bars at the supports required for moment transfer as determined in Section 3.2.4.2 of this
publication (see Figures 3-4 and 3-6).

Table 3-16 Summary of Slab Design Bending Moments (ft-kips) at the 4" Floor Level (SDC B)

End Span Interior Span
Load Case Location | Column Middle | Column | Middle
Strip Strip Strip Strip
Ext. neg. -50.3 0
Dead (D) Positive 59.9 40.6 40.6 27 1
Int. neg. -102.5 -32.9 -94.7 -30.9
Ext. neg. -12.3 0
Live (L) Positive 14.7 9.9 9.9 6.6
Int. neg. -25.1 -8.0 -23.2 -7.6
Ext. neg. +14.4
Seismic (Qg) Positive
Int. neg. +14.0 +18.0
Load Combinations
Ext. neg. -91.3 0
14D+ 1.7L Positive 108.9 73.7 73.7 49.2
Int. neg. -186.2 -59.7 -172.0 -56.2
Ext. neg. -82.9 0
1.24D + 0.5L + Q¢ Positive 81.6 55.3 55.3 36.9
Int. neg. -153.7 -44.8 -147.0 -42 .1
Ext. neg. -28.9 0
0.86D + Q¢ Positive 51.5 34.9 34.9 23.3
Int. neg. -74.2 -28.3 -63.4 -26.6

Design for Shear.

Shear strength needs to be checked at the slab-column connections at the end support and
the first interior support for gravity forces and for gravity plus seismic forces.

End Support — Check for Shear Strength. At this location, the factored shear stress v,
due to gravity loads is the same as that computed for SDC A, 1.e., v, = 184.5 ps1 <
v, = 215psi  O.K. (see Section 3.2.4.2).

Shear strength must also be checked for combined gravity and seismic loads. Direct shear
forces on the critical section are as follows:
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Myp -Myp

Vp =wp(d, =biby) -
gfl

25.875% 29.75} ~(0.70x193.3) - (0.26 x193.3)

=0.143} 284.2
144 22.17

=39.9-3.8=36.1 kips

My, —Myy

Vi =wp (4, —biby) - ;

n

25.875x29.75} _ (0.70x47.3) — (0.26x47.3)

=0.035284.2 —
144 22.17

=9.8-0.9=8.9 kips

_14.4+140

= =1.3 kips
YRV £

Therefore, total factored shear force at exterior column is:

V, =124V 0.5V, +Vg =(1.24x36.1)+ (0.5x8.9)+1.3 = 50.5 kips

When seismic effects are considered, shear stress computations can be based on the
actual unbalanced moment, rather than on the provisions of ACI 13.6.3.6, which, as
shown above in Section 3.2.4.2, requires the unbalanced moment to be 0.30M,. The
actual unbalanced moment at the exterior slab-column connection s 82.9 ft-kips from the
second load combination (see Table 3-16). The combined shear stress is:

o 50,500 . 0.38%82.9x12,000
“ 6316 5,951

=80.0+63.5=143.5 psi<215.0 psi O.K.

where the section properties of the critical section 4. and J/c were determined in
Section 3.2.4.2.

First Interior Support — Check for Shear Strength. At this location, the factored shear

stress v, due to gravity loads is the same as that computed for SDC A, e, v, =
163.8 ps1 < ¢pv, = 215 ps1  O.K. (see Section 3.2.4.2).
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The shear strength due to gravity plus seismic loads must also be checked. Direct shear
forces on the critical section are as follows:

Mip—M
Vi =wp (4, —byby) +—2 20

- n

2 B .
_ 0.143[528 2975 }4- (0.70x193.3) - (0.26x193.3)

144 22.17

=74.6+3.8 =78.4 kips

My -Mj,

n

Vi =wp (4, —biby) +

2
_ 0-035{528 _29.75 jl N (0.70x47.3)—(0.26x47.3)

144 22.17

=18.3+0.9=19.2 kips

_18.0+18.0

= =1.6 kips
E= 017 P

Therefore, total factored shear force is:
V, =124V p+0.5V; +Vg =(1.24x78.4) +(0.5%19.2) +1.6 =108.4 kips

The unbalanced moment at the first interior support due to gravity loads is the difference
between the moments acting on the two sides of the support, while the unbalanced
moment due to seismic forces is the sum of the moments acting on the two sides of the

support:

M, =1.24[(0.70x193.3) - (0.65x%193.3)] + 0.5[(0.70x 47.3) — (0.65x47.3)]
+(18.0 +14.0)
=452 ft-kips

The combined shear stress is:
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108,400 N 0.4x45.2x12,000

p =G
9223 9,301
=117.5+23.3=140.8 psi<215.0 psi O.K.

Reinforcement Details.

Slab reinforcement must conform to the requirements given in ACI 13.3. The provisions
in ACI 13.3.8 must also be satisfied for slabs without beams; included are requirements

for structural integrity (ACI 13.3.8.5).

Bar cutoff points for the top bars in the column strip were computed in accordance with
ACI 12.10 through 12.12 based on the third load combination, since this resulted in the
longest bar lengths. The minimum bar lengths in ACI Figure 13.3.8 were longer than
those computed from analysis, except for the top bars at the first interior support in the
end span where a length of 0.32¢, is required (compared to 0.30 ¢, in Figure 13.3.8).
Therefore, the reinforcement details in Figure 3-6 can also be used for SDC B with the
one modification noted above.

3.3.4.3 Design of Column B2

Table 3-17 contains a summary of the design axial forces, bending moments, and shear
forces on column B2 for gravity and seismic loads.

Table 3-17 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
B2 between Ground and 1* Floor Levels (SDC B)

Axial Bending Shear

Load Case Force Moment Force

{kips) (ft-kips) (kips)
Dead (D) 714 0 0
Live (L)* 103 0 0
Seismic (Qg) +3 +18 +13

Load Combinations

14D+ 1.7L 1,175 0 0
124D+ 0.5L + Q¢ 940 18 13
0.86D + Qg 611 -18 -13

* Live load reduced per IBC 1607.9
Design for axial force and bending.

Based on the governing load combinations in Table 3-17, a 22 x 22 in. column with 8-
No. 10 bars (p, =2.10%) is adequate for column B2 supporting the first floor level. As

noted above, slenderness effects need not be considered since P-delta effects were
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included in the analysis. Also, the provided reinforcement ratio 1s within the allowable
range of 1% and 8% (ACI 10.9.1).

Transverse reinforcement.

Transverse reinforcement requirements must satisfy ACI 7.10.5. The same transverse
reinforcement determined in Section 3.2.4.3 for SDC A can be used for SDC B.

Note that since the clear column height to maximum plan dimension of the column 1s
[(14 x 12) - 9)/22 = 7.2 > 5, the column need not be designed for shear in accordance
with ACI 21.10.3 (IBC 1910.3.1).

Reinforcement details for the column are the same as for SDC A (see Figure 3-7).
3.3.4.4 Design of Shear Wall on Line 4

Table 3-18 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the wall.

Table 3-18 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 4 (SDC B)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 1,549 0 0
Live (L) 195 0 0
Seismic (Qg) 0 + 14,465 + 204

Load Combinations

14D+ 1.7L 2,500 0 0
1.24D + 0.5L + Q¢ 2,018 14,465 204
0.86D + Qg 1,332 -14,465 -204

Design for shear.

Calculations for shear strength for SDC B are similar to those given in Section 3.2.4.4 for
SDC A. It is determined that 2-No. 4 horizontal and vertical bars spaced at 18 in. satisfy
the shear strength requirements of ACI 11.10 for SDC B, as well as the requirements of
ACI 14.3.2 and 14.3.3 for minimum ratio of vertical and horizontal reinforcement to
gross concrete area, respectively, and ACI 14.3.5 for maximum bar spacing.

Design for axial force and bending.

Preliminary design indicates that 2-No. 4 vertical bars @ 18 in. in the web is not
sufficient for the load combinations in Table 3-18.
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Figure 3-8 contains the interaction diagram of the wall reinforced with 2-No. 4 vertical
bars @ 12 in. and 4-No. 10 bars at each end of the wall, which was determined to be
adequate for SDC A. As seen from the figure, the wall 1s also adequate for the load
combinations in Table 3-18 for SDC B.

The splice lengths of the reinforcement and the reinforcement details determuned for
SDC A can be used for SDC B as well (see Figure 3-9).

3.4 DESIGN FORSDCC

To illustrate the design requirements for Seismic Design Category (SDC) C, the
residential building in Figure 3-10 is assumed to be located in New York, NY. Typical
structural members are designed and detailed for combined effects of gravity, wind, and
seismic forces.

@ @ O O 240" Q 240" @ 240" @

240" 24'-0” 240"

P
q {g.gr 16°0"

O 3: 8 s o q .
N

C—p- S o =
)
%
N

@ al fal o o al

1 R i [ [ | |
A1 | N | | | I | I | |
3 ||| A | | I
9L__lf WJrJl 1[12
Ll I 1C |
JJ Il LFU |

Figure 3-10 Typical Plan and Elevation of Example Building (SDC C)
3.4.1 Design Data

e Building Location: New York, NY (zip code 10013)
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e Maternal Properties

Concrete: [/ =4,000 psi, w, =150 pcf
Reinforcement: f y = 60,000 ps1

e Service Loads

Live loads: roof'=20 psf
floor = 50 psf

Superimposed dead loads: roof =10 psf + 200 kips for penthouse

floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 10013: S¢ =0.424g,5; =0.094g [3.1]
Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /p =1.0 (IBC Table 1604.5)

e Wind Design Data
Basic wind speed = 110 mph (IBC Figure 1609)

Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 9 in.

Columns: 24 X 24 in.

Wall thickness: 8 in. in N-S direction, 12 in. in E-W direction
3.4.2 Seismic Load Analysis
3.421 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sus and at 1-second period Sy, are determined from IBC Eqs. 16-16 and 16-17,

respectively:

Sus =F,85¢ =1.46%x0.424 =0.62¢g

Sy = F,S) =2.4x0.094 = 023¢g
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where F, and £ are the values of site coefficients as a function of site class and of
mapped spectral response acceleration at short periods Sg¢ and at 1-second period S,
respectively. The values of these coefficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for £, and Table 1615.1.2(2) for £, . Straight-line

interpolation was used to determine £, .

Once Sy and Sy, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

2
Sps :%SMS =5x0.62=041g

SDI :i—SMI :§X023:015g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg¢ = 04lg, the SDC is C. Similarly, from

Table 1616.3(2), the SDC is C for Sp; =0.15g. Thus, the SDC is C for this building.

3.4.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC C. In a given
direction, ¥ is determined from Eq. 16-34:

v=CcWw

where C; is the seismic response coefficient determined in accordance with IBC

1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For the
member sizes and superimposed dead loads given above, W = 10,040 kips (see Table 3-
19 below).

In both directions, a building frame system with ordinary reinforced concrete shear walls
is utilized, which is permitted for structures assigned to SDC C without any limitations
(see IBC Table 1617.6 and IBC 1910.4). The response modification coefficient R = 5 and

the deflection amplification factor C; =4.5 (IBC Table 1617.6).
Approximate period (7). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate

fundamental period 7, is computed from Eq. 16-39:

Building height 4, = 64 ft
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Building period coefficient Cy = 0.02
Period T, = Cy(h,)>'* =0.020%(64)>' % = 0.45 sec

Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:

co= o 01 0es

T

The value of C; need not exceed that from Eq. 16-35:

S .
C, _Sps _ 041

RY [

) (%)

Also, C, must not be less than the following value from Eq. 16-37:

=0.082

C, =0.0445pg/p =0.044x0.41x1.0=0.018

Thus, the value of C; from Eq. 16-36 govemns so that the base shear } in the N-S and E-

W directions is:
V=CW =0.067x10,040 = 673 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqgs. 16-41 and 16-42:

F.X = CVXV

wohy

n
EWihik
i=1

Cvx =

where F_ is the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or i, and & 1s the distribution exponent defined in IBC 1617.4.3. For
T= 045 sec, k = 1.0. The lateral forces F, and the story shears ¥, are contained in

Table 3-19.
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Table 3-19 Seismic Forces and Story Shears (SDC C)

St'ory Height, Lateral force, | Story Shear,
Level | weight, | Tl w, hy F. (kips) V. (kips)
W, (kips) 2 .5 x
6 1,552 64 99,328 173 173
5 1,686 54 91,044 158 331
4 1,686 44 74,184 129 460
3 1,686 34 57,324 100 560
2 1,686 24 40,464 70 630
1 1,744 14 24,416 43 673
3 10,040 386,760 673

3.4.2.3 Method of Analysis

In a building frame system, the shear walls are designed to carry the total lateral forces,
and the frames provide support for the gravity forces. However, since the shear walls and
beam-column frames form one structural system and will laterally deflect by virtually the
same amount, it is important to ensure that compatibility requirements be addressed in the
design of the frame members. In general, the elements of the structure that are not
designated to be part of the seismic-force-resisting system (SFRS) must be designed and
detailed to maintain support of the design dead and live forces when subjected to the
expected deformations caused by seismic forces.

Structures that are assigned to SDC C and that have a building frame system as the SFRS
are not required to satisfy the deformational compatibility requirements described above
(see IBC 1617.6.4). However, it is prudent to satisfy the provisions of IBC 1617.6.4.3 for
such structures, considering the important function frame members have when subjected
to earthquake-induced displacements. Application of these provisions is illustrated below
for the example building.

The reactions in members that are part of the SFRS were determined from a three-
dimensional analysis of a structural model comprised of the shear walls subjected to the
seismic forces in Table 3-19. In accordance with IBC 1617.4.4 4, the center of mass was
displaced each way from its actual location a distance equal to 5 percent of the building
dimension perpendicular to the applied forces to account for accidental torsion. Torsional
effects need not be amplified, since the building does not possess Type la or 1b plan
torsional irregularities as defined in Table 1616.5.1 (IBC 1617.4.4.5). Also, 70% of the
gross section properties of the walls were used to account for cracking. P-delta effects
were also considered in the analysis. The deflections §,, in the N-S direction from this

analysis are contained in Table 3-20.

IBC 1617.6.4.3 requires that reinforced concrete members not designed as part of the
SFRS comply with ACI 21.9. According to ACI 21.9.1, such members are to be detailed
according to ACI 21.9.2 or 21.9.3 depending on the magnitude of bending moments in
those members when subjected to the design displacements &, where 8, =Cy8,, /15
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and 0., are the displacements calculated by an elastic analysis of the SFRS subjected to
the code-prescribed seismic forces. The approximate method outlined in Reference 3.8
can be used to determine the reactions in these members due to the earthquake-induced
displacements. In this method, the required member force £y, induced by &, can be

determined from the following equation:

& ,
Fyp =Cy [S—f‘]ﬁw
X

where Fj, is the member force due to the code-prescribed seismic forces applied to the
entire structure (which includes stiffening effects of members that are not part of the
SFRS), &, = C;8,,, and &), are the corresponding displacements of the entire
structure. A three-dimensional analysis similar to the one described above was performed
on the entire structure subjected to the seismic forces contained in Table 3-19. As
discussed in Section 3.2.4 of this publication, the effective beam width of the slab was set
equal to one-fourth and one-eighth of the bay width in the direction perpendicular to the
direction of analysis for interior and exterior frames, respectively. These effective widths
include a reduction in stiffness for cracking. An effective moment of inertia equal to 70%
of the gross moment of inertia was taken for the columns. The displacements &',

determined from this analysis are also contained in Table 3-20.

Table 3-20 Lateral Displacements (in.) due to Seismic Forces in N-S Direction (SDC C)

story | B | B | A} ¥ | & |55
(iny | (in) | @n) | (n) | (in)
6 | 032 | 1.44 | 027 | 025 | 113 | 1.27
5 | 026 | 117 | 027 | 021 | 095 | 1.23
4 | 020 | 090 | 027 | 016 | 072 | 125
3 | 014 | 063 | 022 | 012 | 054 | 117
2 | 009 | 041 | 023 | 007 | 032 | 1.28
1 0.04 | 018 | 018 | 0.03 | 014 | 1.29

3.4.2.4 Story Drift and P-deita Effects

Story drift determination. Table 3-20 contains the displacements d,, of the SFRS in

the N-S direction obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects, and the design earthquake displacement &,

computed by IBC Eq. 16-46. As noted above, C; 1s equal to 4.5 for this system. The

interstory drifts A computed from the 6, are also contained in the table.

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, = 0.0204,, where A, 1s the
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story height below level x. Thus, for the 10-ft story heights, A, = 0.020 x 10 x 12 =
2.40 in., and for the 14-fi story height at the first level, A, = 3.36 in. It is evident from

Table 3-20 that for all stories, the lateral drifts obtained from the prescribed lateral forces
in the N-S direction are less than the limiting values.

Similar calculations for seismic forces in the E-W direction also show that the lateral
dnifts are less than the allowable values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. The provisions of IBC 1617.4.6.2 are illustrated in
Sections 3.5.2.4 and 3.6.2.4 of this publication for SDC D.

3.4.3 Wind Load Analysis
3.4.3.1 Wind Forces

According to IBC 1609.1.1, wind forces shall be determined in accordance with Section 6
of ASCE 7 [3.2]. Since the building has a mean roof height greater than 30 ft, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft. The analytical procedure (Method 2) of ASCE 6.5 may be
used to determine the wind forces.

Details on how to compute the wind forces are given in Section 3.2.3 of this publication.
A summary of the design wind forces in both directions at all floor levels is contained in
Table 3-21. Once again it is important to note that the wind directionality factor K; has

been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).

Table 3-21 Design Wind Forces in N-S and E-W Directions (V = 110 mph)

Level Height above ground level, | Total Design Wind Force | Total Design Wind Force
z (ft) N-S (kips) E-W (kips)

6 64 21.7 85
5 54 421 16.4
4 44 40.7 15.7
3 34 39.0 14.9
2 24 36.9 13.9
1 14 379 | 15.3

by 218.3 84.7

3.4.3.2 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the wind forces contained in Table 3-21 using SAP2000 [3.4]. The
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modeling assumptions utilized for the seismic analysis were also used for the wind
analysis.

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height / greater than 60 ft must be designed for the full and partial wind load cases
of Figure 6-9 (Cases | through 4). These four cases were considered in the three-
dimensional analysis.

3.4.4 Design for Combined Load Effects

3.4.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of

ACI 9.2 be used for concrete structures. Thus, the following load combinations are
applicable to structural members that are part of the SFRS:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(14D+ 1.7L+1.7W) (Eq.9-2)
3. 09D+ 13W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
5. 09D+ 1.0F (Formula 16-6)

where D, L, W, and FE are the effects due to dead, live, wind, and seismic loads,
respectively, and f] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of

horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

FE = pQE + 0.2SD5D

where Qg = effect of horizontal seismic forces

p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B,orC (IBC 1617.2.1)

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

F= pQE - O~2SDSD
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Substituting Spg = 0.4lg and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D +0.5L + 1.00; +(0.2x0.41)D =1.28D + 0.5 + Og
4b. 12D +0.5L+ 1.00z ~(02x0.41)D = 1.12D + 0.5L + Of
5a. 0.9D + 1.00z +(0.2x0.41)D =0.98D + Of
5b. 0.9D + 1.00g —(0.2x0.41)D = 0.82D + QO

Values of O are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the building.

The exception in IBC 1617.6.4.3 requires that reinforced concrete members that are not
part of the SFRS comply with ACI 21.9. The load combinations for these members are

(ACI 21.9.2):

e 105D+ 128L+E
e 09D+E

where the values of E are the forces in the frame members due to the lateral
displacements &, being applied to the frames. When the approximate method outlined

above is utilized, £ = F); .

Also, the special seismic load combinations in IBC 16054 are not applicable in this
example.

3.4.4.2 Slab Design
Preliminary Slab Thickness.

As noted above, the flat plate is not part of the SFRS. Thus, the slab must satisfy the
requirements of ACI 21.9 for frame members not proportioned to resist forces induced by
earthquake motions. Since factored gravity axial forces on the slab are less than
Ag f; /10, either ACI 21.9.2 or 21.9.3 apply, depending on whether or not the

earthquake-induced bending moments and shear forces due to the design displacements
exceed the design moment and shear strength of the slab. In the Supplement to the 2000
IBC [3.9], ACI 21.9.2.1 and 21.9.3.2 have been modified to include specific requirements
for two-way slabs. In particular, stirrups need not be provided in two-way slabs with
column-line beams that are the same thickness as the slab. Shear reinforcement in the
slab is to be provided in accordance with ACI 11.12 where required.

Calculations given in Section 3.2.4.2 of this publication show that a 9-in. thick slab and
22-1n. square columns are adequate for serviceability and shear strength requirements for
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gravity loads. A more refined check for shear strength is made at a later stage in this
example for a 9-in. thick slab and 24-in. square columns for effects from gravity loads
and combined effects from gravity loads and earthquake-induced displacements.

Design for Flexure.

It was determined in Section 3.2.4.2 of this publication that the Direct Design Method
can be utilized to compute the design bending moments in the slab due to gravity loads.
Table 3-22 contains a summary of the service gravity load bending moments in the
column strip and middle strip of an end span and an interior span of an interior N-S
design strip. The total static service dead load and live load moments for spans in an
interior design strip in the N-S direction are computed as follows:

2
wisf
Mo: nt2
8
2
(MO)D=O'I43X§O x24 _ £ - ips
2
) 4 :
(MO)L:0035><20 X2 = 42.0 ft - kips

8

Table 3-22 Service Dead and Live Load Bending Moments (ft-kips) in N-S Interior Design Strip

(SDC C)

Location ‘ Moment T Mo l M,

End Span
Exterior Negative 0.26M, -44.6 -10.9
Column Strip | Positive 0.31Mp 53.2 13.0
interior Negative 0.53M, -91.0 -22.3
Exterior Negative 0 0] 0
Middle Strip Positive 0.21M, 36.0 8.8
Interior Negative 0.17Mo -29.2 -7.1

Interior Span

. Positive 0.21M, 36.0 8.8

Column St
olumn Sirip interior Negative 0.49Mo -84.1 -20.6
. . Positive 0.14Mo 24 .0 5.9

Middle Str
' P Interior Negative 0.16M, -27.5 -6.7

The reactions in the slab due to seismic displacements &, are determined using the

approximate method outlined above. Table 3-23 contains the bending moments M, in

the slab at the fourth floor level obtained from a 3-D analysis of the shear walls and
frames acting together subjected to the seismic forces in Table 3-19. The table also

contains the approximate compatibility bending moments My = C,(8, /8’ )M, where
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Cy = 4.5 and the ratio (8, /8% ) at the fourth floor level is equal to 1.25 (see Table 3-
20).

Table 3-23 Compatibility Bending Moments (ft-kips) in N-S Interior Design Strip (SDC C)

Location Mg Mg
Exterior Negative +11.8 + 66.4
End Span - J ;
Interior Negative +11.6 +65.3
Interior Span | Interior Negative +114 +64.1

A summary of the governing design bending moments at the fourth floor level is
contained in Table 3-24.

Table 3-24 Summary of Slab Design Bending Moments (ft-kips) at Floor Level 4 (SDC C)

End Span Interior Span
Load Case Location | Column Middle | Column | Middle
Strip Strip Strip Strip
Ext. neg. -44 .6 0
Dead (D) Positive 53.2 36.0 36.0 24.0
Int. neg. -91.0 -29.2 -84 .1 -27.5
Ext. neg. -10.9 0
Live (L) Positive 13.0 8.8 8.8 5.9
Int. neg. -22.3 -7.1 -20.6 -6.7
Ext. neg. + 66.4
Seismic (E) Positive
Int. neg. +65.3 +64.1
Load Combinations
Ext. neg. -81.0 0
1.4D+1.7L Positive 96.6 65.4 65.4 43.6
Int. neg. -165.3 -53.0 -152.8 -49.9
Ext. neg. -127.2 0
1.08D+ 1.28L + E Positive 725 491 491 32.8
Int. neg. -189.4 -39.8 -178.8 -37.5
Ext. neg. 26.3 0
09D+ E Positive 47.9 324 324 21.6
| Int. neg. -16.6 -26.3 -11.6 -24.8

The required flexural reinforcement 1s contained in Table 3-25. The provided areas of
steel are greater than the minimum required (ACI 13.3.1). Also, the provided spacing is
less than the maximum allowed according to ACI 13.3.2.

The amount of slab reinforcement needs to be checked at the end support and the first
interior support to ensure that the moment transfer requirements in ACI 13.5.3 are
satisfied.
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Table 3-25 Required Slab Reinforcement at Floor Level 4 (SDC C)

b "
Location M_" . As Reinforcement”
(ft-kips) (in) (in.z)
Col Ext. neg. | -127.2 132 3.79 13-No. 5
Stﬁ;m” Positive 96.6 132 | 2.86 10-No.5 |
End Int. neg. -1894 132 573 19-No. 5
Span , Ext. neg. 0 156 2.53 9-No. 5
Middle —
strip Positive 65.4 156 2.53 9-No. 5
Int. neg. -53.0 156 2.53 9-No. 5
Column | Positive 65.4 132 2.14 8-No. 5
Interior | Strip Negative | -178.8 132 5.42 18-No. 5
Span Middle | Positive 43.6 156 2.53 9-No. 5
strip Negative | -49.9 156 2.53 9-No. 5
* Minimum A, = 0.0018bh = 0.0018 x 132 x 9 =2.14in.* (AC! 13.3.1)
=0.0018 x 156 x 9 = 2,53 in.?
Maximum spacing = 2h = 18 in. For b =132 in., 132/18 = 7.3 spaces, say 8 bars
For b = 156 in., 156/18 = 8.6 spaces, say 9 bars

End Support — Additional Flexural Reinforcement Required for Moment Transfer.
At this location, the maximum unbalanced moment at the slab-column connection is

127.2 ft-kips (see Table 3-25). A fraction of this moment Yy M, mustbe transferred over
an effective width equal to ¢y +342= 24 + (3 x9) =51 in. (ACI 13.5.3.2).

The fraction of unbalanced moment transferred by flexure is calculated from Eq. 13-1:

1 1
= = =0.62
v 1+(2/3)Jby /by 1+(2/3)J[24+(7.75/ 2)]/(24 + 7.75)
17V2

For edge columns bending perpendicular to the edge, the value of y s computed from
Eq. 13-1 is permitted to be increased by up to 25% provided that V, <0.4¢V,
(ACI'13.5.3.3). No adjustment to Y s is made in this example.

Unbalanced moment transferred by flexure = v M, =0.62 x 127.2 = 78.9 ft-kips. The

required area of steel to resist this moment in the 51-in. wide strip is 4, = 2.37 in%,

which is equivalent to 8-No. 5 bars.

Provide the 8-No. 5 bars by concentrating 8 of the column strip bars (13-No. 5) within the
51 in. width over the column. For symmetry, add another bar in the column strip and

check bar spacing:

e For 8-No. 5 within 51 in. width; 51/8=6.41n. <18 m. O.K.
e For 6-No. 5 within 132 — 51 =81 in. width: 81/6 =13.51n. < 18 in. 0O.K.
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Figure 3-11 shows the reinforcement detail for the top bars at the exterior column.

Column strip — 11'-0"

4! _3”

2-0

-

e

sy ,
3-No.5 8-No.5 3-No.5

J\ﬁ J\/—_

Figure 3-11 Reinforcement Detail at Exterior Column (SDC C)

End Support — Design for Positive Moment. From the third load combination, a
positive moment of 26.3 ft-kips occurs in the column sirip at the face of the exterior
support (see Table 3-24). The 10-No. 5 bars required for the positive moment in the
column strip in the end span are sufficient to resist this moment. Two of these bottom
bars, which must be anchored into the column in accordance with ACI 13.3.8.5, are
sufficient to transfer 62% of this moment by flexure in the 51-in. slab width.

First Interior Support — Additional Flexural Reinforcement Required for Moment
Transfer. The maximum factored moment in the column strip at the first interior support

1s 189.4 ft-kips (see Table 3-25). At an interior column, by =by = 24 + 7.75 = 31.75 in.
Therefore, from Eq. 13-1, Yr= 0.60, and 'nyu = 0.60 x 189.4 = 113.6 ft-kips.



Required area of steel to resist this moment in the 51-in. wide strip is 4, = 3.52 in.*,

which is equivalent to 12-No. 5 bars.

Provide the 12-No. 5 bars by concentrating 12 of the column strip bars (19-No. 5) within
the 51 m. width over the column. For symmetry, add another bar in the column strip and
check bar spacing:

e For 12-No. 5 within 51 in. width: 51/12=43mn. <18 1mn. Q.K.
e For 8No. 5 within 132 — 51 =81 in. width: 81/8 = 10.1 in. <18 1in. O.K.

Design for Shear.

Shear strength 1s checked at the slab-column connections at the end support and the first
interior support for the effects from gravity loads and combined effects from gravity
loads and earthquake-induced displacements.

End Support — Check for Shear Strength. At this location, the factored shear force ¥,
due to gravity loads is:

My—-M

Vi = wy (4 —biby) ———2

n

— 0260 288 — 27.875x31.75 | 218.4-81.1
144 20

=733-69=664 kips

where A4, = tributary area of column
= [%2—+%sz4 = 288 fi*
by = length of critical section perimeter in direction of analysis
=24+ (7.75/2) =27.875 in. (see Figure 3-12)
b, = length of critical section perimeter perpendicular to direction of analysis
=24+ 7.75=31.751n.

M, = total negative design strip moment at interior support determined from
Direct Design Method (ACI 13.6.6.3)

=0.70M, =0.70 x 312 =218.4 fi-kips

M, = total negative design strip moment at exterior support determined from
Direct Design Method (ACI 13.6.6.3)
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=0.26M, =026x312=81.1 ft-kips
M, = total factored static moment in span determined from Eq. 13-3

_wofaln  0.260x24x20°

~ 312 fikips
g g P

The section properties of the critical section are determined as follows [3.7]:
A, =(2b; +by)d = 678.1 in?

J2bPd(by +2by) +d’ (2b; +by)

= 6,824 in.>
C 6b1

According to ACI 13.6.3.6, gravity load moment to be transferred between the slab and
edge column must be set equal to 0.30M , = 93.6 ft-kips. Also, vy, =1-0.62 = 0.38.

24 +7.75/2 = 27.875"

4

A

Critical section for 24 +7.75 =31.75"
two-way shear

1 1 /_0//

24-0” & Panel centerlines

Figure 3-12 Critical Section for Two-way Shear at Exterior Column

Therefore, the combined factored shear stress at the face of the critical section due to
gravity loads is:

b 66,400 N 0.38x93.6x12,000
Y 678.1 6,824

=979+62.6 =160.5 psi

Design shear strength of nonprestressed slabs is the smallest value obtained from Egs. 11-
35 through 11-37. For a square column, Eq. 11-37 governs:
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”
v, :2 ; = 04./// =0.85x4,/4,000 =215.0 psi >160.5 psi O.K.

o

In addition to the gravity load case, shear strength must be checked for the combined
effects from gravity loads and earthquake-induced displacements. Direct shear forces on
critical section due to gravity loads are:

My ~-M
Vp =wp(4, —blbz)—*ﬁﬂ—ﬁ

“n

_ 0_143[288_ 27.873><31.75J_ (0.7x171.6) — (0.26 x171.6)

144 20
=40.3-3.8=36.5 kips

M, - M
Vi =wp (4 —bby)————2L

n

= 0.035[288 _27.875x31 -75} _(0.7x42.0)—(0.26x42.0)

144 20
=99-0.9=9.0 kips

The shear force V5 due to the compatibility moments = (66.4 + 65.3)/20 = 6.6 kips.
Therefore, total factored shear force at exterior column is:

V, =105V p+1.28V; +Vg =(1.05x36.5)+(1.28x9.0) + 6.6 = 56.5 kips

When compatibility moments due to seismic displacements are considered, shear stress
computations can be based on the actual unbalanced moment, rather than on the
provisions of ACI 13.6.3.6, which, as shown above, requires the unbalanced moment to
be 0.30M . The actual unbalanced moment at the exterior slab-column connection is
127.2 ft-kips from the second load combination (see Table 3-24). The combined shear
stress 1s:

. 56,500 0.38%127.2x12,000
¥ 678.1 6,824

=833+850=1683 psi<2150 psi O.K.

First Interior Support — Check for Shear Strength. At this location, the factored shear
force V,, due to gravity loads 1s:
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My -M
Vi =w, (4, —bby)+ 1 :

H
n

31.75% | 2184-81.1
+

20

= 0.260{528—

=135.5+6.9 =142.4 kips

where 4, =24x22=7528 ft’
by =by=24+775=31.75in.
My =070M, =0.70 x 312 = 218.4 ft-kips

My=0206M, =026x312=81.1 ft-kips
The section properties of the critical section are determined as follows [3.7]:

A, =2(h; +by)d =984.3 in”

c

J_bd(by +3b)) +d°

=10,572 in.
c 3

The difference between the slab moments acting on opposite faces of the interior support
needs to be transferred by shear to the first interior column. From Table 3-8, the exterior

moment at the face of the support is 0.70M, = 0.70 x 312 = 218.4 ft-kips, and the
interior moment at the face of the support is 0.65M, = 202.8 ft-kips. Therefore, the
unbalanced moment = 218.4 —202.8 = 15.6 fi-kips. The combined shear stress is:

_ 142,400 N 0.4x15.6x12,000

vu
984.3 10,572

—144.7+7.1=151.8 psi<215.0 psi O.K.

In addition to the gravity load case, shear strength must be checked for the combined
effects from gravity loads and earthquake-induced displacements. Direct shear forces on
critical section due to gravity loads are:

Mipn—M
Vp =wp (4, —bby)+ —12 20
n

31.752 }_ (0.7x171.6) — (0.26x171.6)
20

= 0.143{528 -

=745+3.8=783 kips
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My -M
VL = WL(AI —blb2)+¥£

-n

2 p—
20.035{528_ 31.75 }L (0.7%42.0) — (0.26 % 42.0)

144 20

=18.2+0.9 =19.1 kips

The shear force Vp due to the compatibility moments = (64.1 + 64.1)/20 = 6.4 kips.
Therefore, total factored shear force at the interior column is:

V, =105V p+1.28V; +Vy =(1.05x783)+(1.28%x19.1)+ 6.4 =113.1 kips

As shown above, the unbalanced moment at the first interior support due to gravity loads
1s the difference between the moments acting on the two sides of the support. However,
the unbalanced moment due to the earthquake-induced displacements is the sum of the
moments acting on the two sides of the support. Therefore, the total unbalanced moment
is:

M, =1.05[(0.7x171.6) — (0.65%171.6)] +1.28[(0.7 % 42.0) — (0.65x 42.0)]
+(65.3+64.1)

=141.1 ft - kips
The combined stress is:

o 113,100 s 0.4%141.1x12,000
“ 9843 10,572

=114.9+64.1=179.0 psi <215.0 psi O.K.

Reinforcement Details.

Slab reinforcement must conform to the requirements given in ACI 13.3. The provisions
in ACI 13.3.8 must also be satisfied for slabs without beams; included are requirements
for structural integrity (ACI 13.3.8.5).

Bar cutoff points for the top bars in the column strip were computed in accordance with
ACI 12.10 through 12.12 based on the third load combination, since this resulted in the
longest bar lengths. Due to the positive moment at the exterior column, a portion of the
top bars must be continuous. Reinforcement details are shown in Figure 3-13.
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Figure 3-13 Reinforcement Details for Interior Design Strip, Floor Level 4 (SDC C)
3.4.4.3 Design of Column B2

This section outlines the design of column B2 supporting the first floor level. Like the
slab, this member is not part of the SFRS and must comply with the requirements in
ACI21.9 (IBC 1617.6.4.3). The reactions on the column obtained from the analysis of

the shear walls and frames acting together are multiplied by C; (8,/8%) =4.5x 129 =
5.8 to determine the reactions induced by the earthquake-induced displacements, where
(6, /98%) at the first floor level is given in Table 3-20. Table 3-26 contains a summary of

the design axial forces, bending moments, and shear forces on this column from gravity
loads and earthquake-induced displacements.
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Table 3-26 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
B2 between Ground and 1 Floor Levels (SDC C)

Axial Bending Shear
Load Case Force Moment Force
(kips) (ft-kips) (kips)
Dead (D) 479 0 0
Live (L)* 72 0 0 ]
Seismic (E) +8 + 151 +12
Load Combinations
1.4D+1.7L 793 0 0
1.05D +1.28L + E 603 151 12
09D+ E 423 -151 -12

* Live load reduced per IBC 1607.9

Design for axial force and bending.

Based on the governing load combinations in Table 3-26, a 24 x 24 in. column with 8-
No. 8 bars (pg =1.10%) is adequate for column B2 supporting the first floor level. As

noted above, slenderness effects need not be considered since P-delta effects were
included in the analysis. Since the maximum factored gravity axial force exceeds
Ag fi/10 = 230 kips, longitudinal reinforcement must satisfy the provisions in

ACI21.4.3.1 (see IBC 1908.1.11, which modifies ACI 21.9.2.2). The provided amount of
longitudinal reinforcement is greater than 1% and less than 6% (ACI 21.4.3.1).

Transverse reinforcement.

Transverse reinforcement requirements also depend on the magnitude of the factored
gravity axial force. As noted above, the maximum factored gravity axial force exceeds

Agfc'/lo. However, it is less than 035P, = 0.35[0.85fc'(Ag —dg)+ [ Ay] =
811 kips, where P, = the nominal axial load strength at zero eccentricity. Therefore,
transverse reinforcement requirements in ACI 21.9.2.2 must be satisfied.

According to ACI 21.9.2.2, transverse reinforcement shall not be spaced greater than 6
times the diameter of the smallest longitudinal bar = 6 X 1.0 = 6 in. or 6 in. for the full
height of the column.

Since the factored axial forces are greater than 4, f./20 = 115 kips, the shear strength

of the concrete may be used (ACI 21.4.5.2). The shear capacity of the column is checked
using ACI Eq. 11-4 for members subjected to axial compression, assuming No. 3 hoops
spaced at 6 in.:
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N
V=2 1+ }/ b d
¢ 2,0004, Jeby
=2 1+_M)O~2 4,000 x24%17.8/1,000 = 73.9 kips
2,000% 24

v 4, fyd  (3x0.11)x60%17.8
= -
s 6

=58.7 kips

OV, =o(V. +V,) =085x(73.9+58.7) = 112.7 kips > ¥,, =12 kips O.K,

where N, = 423 kips is the smallest axial force on the section (see Table 3-26) and d =
17.8 in. was obtained from a strain compatibility analysis.

Splice length of longitudinal reinforcement.

As noted above, IBC 1908.1.11 requires that the longitudinal reinforcement satisfy
ACI21.4.3.1, whereas ACI 21.9.2.2 requires that ACI 21.4.3 be satisfied. This means
that in the case of lap splices, the IBC does not require them to conform to ACI 21.4.3.2.
However, it is prudent to locate the lap splices within the center half of the member
length, to design them as tension lap splices, and to confine them over the entire lap
length with transverse reinforcement conforming to ACI 21.4.4.2 and 21.4.4.3. Satisfying
ACI 21.4.3.2 locates lap splices outside of potential plastic hinge regions and helps
ensure that that they perform as intended. In lieu of lap splices, mechanical splices
conforming to ACI 21.2.6 and welded splices conforming to ACI 21.2.7.1 may be
utilized. Requirements for lap splices are illustrated below.

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):

Class B splice length= 137,

where the development length /; is computed from ACI Eq. (12-1):

by _ 3 Jy apyr

dp A0 1 (et Ky
dp

where « = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement

v = reinforcement size factor = 1.0 for No. 7 and larger bars
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A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension
1.0 .
1.5+0375+ 5 =2.375 . (governs)

24-2(1.5+0375)-1.0
2x2

4.8 in

K, = transverse reinforcement index

Ay Sy 3x0.11%60,000

= 0.88
1,500sn 1,500x5x3

+K . .
ctRy _2375+088 15 55 use2s

dp 1.0

Therefore,

£y 3 60,000 1.0x1.0x1.0x1.0
— X X

== =285
d, 40 /4,000 2.5

¢, =285x1.0=285 in.

Class B splice length = 1.3 x 28.5=37.1 in.

Use a 3 ft-2 in. splice length.

Lap slices are to be enclosed with transverse reinforcement conforming to ACI 21.4.4.2
and 21.4.4.3. Transverse reinforcement shall not be spaced greater than the smallest of

(ACI 21.4.4.2);

e Minimum member dimension/4 = 24/4 = 6.0 1n.

e 6(diameter of longitudinal reinforcement) =6 x 1.0 = 6.0 in.
14-h - . :
o sx=4+[ 3 sz4+(14311): 50in. >4in. (governs)

<6 1n.
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where £, = maximum horizontal spacing of hoop or crosstie legs on all faces of the
24 x 24 1n. column

 24-2(1.5+0375)-1.0
2

+1.0+0375=11.01n. <14 1n. (ACI21.4.4.3)

Reinforcement details for column B2 are shown in Figure 3-14.
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Figure 3-14 Reinforcement Details for Column B2 Supporting the 1% Floor Level (SDC C)
3.4.4.4 Design of Shear Wall on Line 4

Table 3-27 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the wall. As noted above, this ordinary reinforced concrete shear
wall, as well as all of the other shear walls in the building, is part of the SFRS.

Design for shear.

Calculations for shear strength for SDC C are similar to those given in Section 3.2.4.4 for
SDC A. It is determined that 2-No. 4 honizontal and vertical bars spaced at 18 in. satisfy
the shear strength requirements of ACI 11.10 for SDC C, as well as the requirements of
ACI 14.3.2 and 14.3.3 for mmimum ratio of vertical and horizontal reinforcement to
gross concrete area, respectively, and ACI 14.3.5 for maximum bar spacing.
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Table 3-27 Summary of Design Axjal Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 4 (SDC C)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 1,029 0 0
Live (L) 132 0 0
Seismic (Qg) 0 + 11,842 + 226

Load Combinations

14D +1.7L 1,665 0 0
1.28D + 0.5L + Qg 1,383 11,842 226
0.82D + Q¢ | 844 -11,842 -226

Design for axial force and bending.

Figure 3-8 contains the interaction diagram of the wall reinforced with 2-No. 4 vertical
bars @ 12 in. and 4-No. 10 bars at each end of the wall, which was determined to be
adequate for SDC A and B. As seen from the figure, the wall is also adequate for the load
combinations in Table 3-27 for SDC C.

The splice lengths of the reinforcement and the reinforcement details determined for
SDC A can be used for SDC C as well (see Figure 3-9).

3.5 DESIGN FOR SDC D - SOUTHEASTERN U.S.
To illustrate the design requirements for Seismic Design Category (SDC) D, the 7-story
residential building in Figure 3-15 is assumed to be located in Atlanta, GA on a site with

a soft soil profile. Typical structural members are designed and detailed for combined
effects of gravity, wind, and seismic forces.

3.5.1 Design Data
e Building Location: Atlanta, GA (zip code 30350)
e Material Properties

Concrete: f, =4,000 psi, w, =150 pcf
Reinforcement: £, = 60,000 psi
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Figure 3-15 Typical Plan and Elevation of Example Building (SDC D)

Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof =10 psf + 200 kips for penthouse

floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

Seismic Design Data

For zip code 30350: S¢ =0.276g,5, =0.117g [3.1]
Site Class E (soft soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /p =1.0 (IBC Table 1604.5)
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e  Wind Design Data

Basic wind speed = 90 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, /yr =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 9 1n.
Columns: 28 x 28 1n.
Wall thickness: 12 1n. in both directions

3.5.2 Seismic Load Analysis
3.5.21 Seismic Design Category (SDC)
The maximum considered earthquake spectral response accelerations for short periods

Sy and at 1-second period Sy, are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sus = F,Ss =2.42x0276=0.67g
Sy =F,S; =3.45%0.117 = 0.40g

where F, and F, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods Sg and at 1-second period S,

respectively. The values of these coefficients for Site Class E in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F,, . Straight-line

interpolation was used to determine both £, and F, .

Once Sy.¢ and Sy have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

SDS =§SMS =§X067 :045g

Spp = %SMI = %x 0.40 =0.27¢g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Sp¢ = 045g, the SDC is C. Similarly, from

Table 1616.3(2), the SDC 1s D for Sp; = 0.27g. The most severe SDC is assigned to the
structure in accordance with IBC 1616.3. Thus, the SDC 1s D for this building.
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3.5.2.2 Seismic Forces

Since the building does not have plan irregularity Type 1a, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type la, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). For this regular building that is less than 240 ft in height, Table 1616.6.3
allows the equivalent lateral force procedure in IBC 1617.4 to be used to compute the

seismic base shear V (see Eq. 16-34):
V=CW

where C, 1is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 12,291 kips (see
Table 3-28 below).

In both directions, a building frame system with special reinforced concrete shear walls is
utilized, which is permitted for structures assigned to SDC D with a height less than or
equal to 160 ft (see IBC Table 1617.6 and IBC 1910.5). The response modification

coefficient R = 6 and the deflection amplification factor C; =5 (IBC Table 1617.6).

Approximate period (7, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period T, is computed from Eq. 16-39:

Building height £, =74 ft
Building period coefficient Cy = 0.02
Period T, = Cr (h,)*'* =0.020%(74)>'* = 0.50 sec

Seismic base shear (V). The seismic response coefficient C. is determined from Eq. 16-
36:

C, = Soi____ 027 _ 090

e

The value of C need not exceed that from Eq. 16-35:

Sp

)

=——=0.073

Q

T
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Also, C; must not be less than the following value from Eq. 16-37:
C, =0.0445ps/p =0.044x0.44x1.0 =0.019

Thus, the value of C; from Eq. 16-35 governs so that the base shear V' in the N-S and E-

W directions 1s:
V=CW =0.073x12,291 =897 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqs. 16-41 and 16-42:

F,=C,V

k
wxhx

<k
Z Hf’ihi
i=1

C. =

VX

where F is the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or #, and k is the distribution exponent defined in IBC 1617.4.3. For
T= 0.50 sec, k£ = 1.0. The lateral forces F, and the story shears V, are contained in

Table 3-28.

Table 3-28 Seismic Forces and Story Shears (SDC D)

. Stpry Height, Lateral force, | Story Shear,
Level | Welght, || ° Te | wyh) F, (kips) V, (kips)
w, (kips) x x X
7 1,597 74 118,178 199 199
6 1,770 64 113,280 191 390
5 1,770 54 95,580 161 551
4 1,770 44 77,880 131 682
3 1,770 34 60,180 101 783
2 1,770 24 42,480 71 854
1 1,844 14 25,816 43 897
T 12,291 533,394 897

3.5.2.3 Method of Analysis
As discussed in Section 3.4.2.3 of this publication, shear walls in a building frame system

are designed to carry the total lateral loads, and frames provide support for the gravity
loads. Also, frame members, which are not designated to be part of the SFRS, must be
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designed and detailed to maintain support of design dead and live loads when subjected
to expected deformations caused by seismic forces.

The reactions in members that are part of the SFRS were determined from a three-
dimensional analysis of a structural model comprised of the shear walls subjected to the
seismic forces in Table 3-28. In accordance with IBC 1617.4.4 4, the center of mass was
displaced each way from its actual location a distance equal to 5 percent of the building
dimension perpendicular to the applied forces to account for accidental torsion. Torsional
effects need not be amplified, since the building does not possess Type la or 1b plan
torsional urregularities as defined in Table 1616.5.1 (IBC 1617.4.4.5). Also, 70% of the
gross section properties of the walls were used to account for cracking. P-delta effects
were also considered in the analysis. The deflections &,, in the N-S direction from this

analysis are contained in Table 3-29.

Table 3-29 Lateral Disptacements (in.) due to Seismic Forces in N-S Direction (SDC D)

Story {5“’ & A E_V“ .5', 84 &
(in) | (in) | (in) (in.) (in.) X

7 0.43 215 0.30 0.36 1.80 1.19

6 0.37 1.85 0.35 0.31 1.55 1.19

5 0.30 1.50 0.35 0.26 1.30 1.15

4 0.23 1.15 0.35 0.20 1.00 1.15

3 0.16 0.80 0.30 0.14 0.70 1.14

2 0.10 0.50 0.25 0.09 0.45 1.1

1 0.05 0.25 0.25 0.04 0.20 1.25

For all structures assigned to SDC D and higher, IBC 1620.3.5 requires that orthogonal
effects of the seismic forces be considered for design and detailing of the components of
the SFRS. In the 2002 supplement to the 2000 IBC [3.9], the orthogonal combination
procedure is required only for columns or walls that form part of two or more intersecting
seismic-force-resisting systems and that are subjected to axial load due to seismic forces
greater than or equal to 20% of the axial load design strength. Orthogonal effects can be
neglected for the shear walls in this example building.

IBC 1617.6.4.3 requires that reinforced concrete members not designed as part of the
SFRS comply with ACI 21.9. According to ACI 21.9.1, such members are to be detailed
according to ACI 21.9.2 or 21.9.3 depending on the magnitude of bending moments in
those members when subjected to the design displacements &, where &, =C;0,,/1f

and §,, are the displacements calculated by an elastic analysis of the SFRS subjected to

the prescribed seismic forces (IBC 1617.6.4.3). The approximate method outlined in
Reference 3.8, which was first introduced in Section 3.4.2.3 of this publication, is used to
determine these reactions. A three-dimensional analysis similar to the one described
above was performed on the entire structure subjected to the seismic forces contained in
Table 3-28. The effective beam width of the slab was set equal to one-fourth and one-
eighth of the bay width in the direction perpendicular to the direction of analysis for
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interior and exterior frames, respectively. These effective widths include a reduction in
stiffness for cracking. An effective moment of inertia equal to 70% of the gross moment
of inertia was taken for the columns. The displacements &', determined from this

analysis are also contained in Table 3-29.
3.5.2.4 Story Drift and P-delta Effects

Story drift determination. Table 3-29 contains the displacements 6,, of the SFRS in

the N-S direction obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects, and the design earthquake displacement &,

computed by IBC Eq. 16-46. As noted above, C; 1s equal to 5 for this system. The

interstory drifts A computed from the &, are also contained in the table.

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For the 10-ft story heights, A, =0.020 x 10 x 12 =2.40 in.
and for the 14-ft story height at the first level, A, =3.36 in. It is evident from Table 3-29

that for all stories, the lateral drifts obtained from the prescribed lateral forces in the N-S
direction are less than the limiting values.

Similar calculations for seismic forces in the E-W direction also show that the lateral
drifts are less than the allowable values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. However, for illustration purposes, the following procedure can
be used to determine whether P-delta effects need to be considered or not in accordance

with IBC 1617.4.6.2.

P-delta effects need not be considered when the stability coefficient 6 determined by
Eq. 16-47 is less than or equal to 0.10:

P.A

0=— "
Vxhsxcd

where P, = total unfactored vertical design load at and above level x
A = design story drift occurring simultaneously with ¥V,
VX
h
C, = deflection amplification factor

= seismic shear force acting between level x and x — 1

o = story height below level x
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The stability coefficient 8 must not exceed 6,,,, determined from Eq. 16-48:

0.,
max BC,

where [3 1s the ratio of shear demand to shear capacity between level x and x — I, which
may be taken equal to 1.0 when it is not calculated.

Table 3-30 contains the calculations for the N-S direction. It is clear that P-delta effects
need not be considered at any of the floor levels. Note that 6,5 1s equal to 0.100 in the

N-S direction using 3 = 1.0. Similar calculations for the E-W direction show that P-delta
effects may also be neglected.

Table 3-30 P-delta Effects (SDC D)

Level hex P Vi A 6
() | (<ips) | (dips) | (in)
7 10 1,797 199 0.30 0.0045
6 10 3,767 390 0.35 0.0056
5 10 5,737 551 0.35 0.0061
4 10 7,707 682 0.35 0.0066
3 10 9,677 783 0.30 0.0062
2 10 11,647 854 0.25 0.0057
1 14 13,691 897 0.25 0.0045

3.5.3 Wind Load Analysis
3.5.3.1 Wind Forces

The analytical procedure (Method 2) of ASCE 6.5 may be used to determine the wind
forces.

Details on how to compute the wind forces are given in Section 3.2.3 of this publication.
A summary of the design wind forces in the N-S direction at all floor levels is contained

in Table 3-31. Once again it is important to note that the wind directionality factor K
has been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).

3.5.3.2 Method of Analysis
A three-dimensional analysis of the building was performed in the N-S and E-W
directions using SAP2000. The modeling assumptions utilized for the seismic analysis

were also used for the wind analysis.

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height /4 greater than 60 ft must be designed for the full and partial wind load cases
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of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-
dimensional analysis.

Table 3-31 Design Wind Forces in N-S Directions (V = 90 mph)

—
L Height above ground level, | Total Design Wind Force
evel :
z (ft) (kips)
7 74 15.2
6 64 29.6
5 54 28.8
4 44 27.8
3 34 26.7
2 24 253
1 14 28.0
p> 181.4

3.5.4 Design for Combined Load Effects

3.5.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are
applicable to structural members that are part of the SFRS:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(14D+ 1.7L + 1.7W)  (Eq. 9-2)

3. 09D+ 1.3W (Eq. 9-3)

4. 12D+ f{L+1.0E (Formula 16-5)
5. 0.9D+ 1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and /] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E = pQE +0‘2SDSD

where  Qf = effect of horizontal seismic forces
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g

p = redundancy coefficient determined in accordance with IBC 1617.2.2 for
SDCD,E,orF

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= pQE — OzSDsD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i

from Equation 16-32:

20

p;=2-———F=—
"maxi\/Ai

For shear walls:

max, = (maximum wall shear x 10/¢,, )/total story shear

¢, = length of the wall in feet

For the building in Figure 3-15, the shear wall on line 3 or 5 will have the largest shear
force at its base, depending on which direction the center of mass is displaced. Therefore,

336><j12%
rmaxl = W = 016
20
- =0.75<1.0
Pmax 0.16/146.33x 68.33

Use p = 1.0.

Substituting Spg = 0.44g and p = 1.0 into the equations for £, and then substituting F
along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 1.2D+0.5L + 1.00f +(0.2%x0.44)D =129D+0.5L+ Qf

4b. 1.2D+0.5L+ 1.0Q0f —(0.2x0.44)D =1.11D+05L + Qf

5a. 0.9D+ 1.005 +(0.2x0.44)D =0.99D + Qf

5b. 0.9D + 1.00z —(0.2x0.44)D =0.81D + O
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Values of O are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the building.

The exception in IBC 1617.6.4.3 requires that reinforced concrete members that are not
part of the SFRS comply with ACI 21.9. Therefore, the load combinations for these
members are:

e 1.05D+128L+E
e 09D+E

where the values of E are the forces in the frame members due to the lateral
displacements o, being applied to the frames. When the approximate method outlined in

Section 3.4.2.3 is utilized, £= Fy, .

Also, the special seismic load combinations in IBC 1605.4 are not applicable in this
example.

3.5.4.2 Slab Design
Preliminary Slab Thickness.

As noted above, the flat plate is not part of the SFRS. Thus, the requirements of ACI 21.9
for frame members not proportioned to resist forces induced by earthquake motions must
be satisfied (IBC 1617.6.4.3). Since factored gravity axial forces on the slab are less than

Agfc'/IO, either ACI 21.9.2 or 21.9.3 apply, depending on whether or not the

earthquake-induced bending moments and shear forces due to the design displacements
exceed the design moment and shear strength of the slab. In the supplement to the 2000
IBC [3.9], ACI 21.9.2.1 and 21.9.3.2 were modified to include specific requirements for
two-way slabs. In particular, stirrups need not be provided in two-way slabs with column-
line beams that are the same thickness as the slab. Shear reinforcement in the slab is to be
provided in accordance with ACI 11.12 where required.

Calculations given in Section 3.2.4.2 of this publication show that a 9-in. thick slab and
22-in. square columns are adequate for serviceability and shear strength requirements for
gravity loads. A more refined check for shear strength is made at a later stage in this
example for a 9-in. thick slab and 28-in. square columns for effects from gravity loads
and combined effects from gravity loads and earthquake-induced displacements.

Design for Flexure.

It was determined in Section 3.2.4.2 of this publication that the Direct Design Method
can be utilized to compute the design bending moments in the slab due to gravity loads.
Table 3-32 contains a summary of the service gravity load bending moments in the
column strip and middle strip of an end span and an interior span of an interior N-S
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design strip. The total static service dead Joad and live load moments for spans in an
interior design strip in the N-S direction are computed as follows:

2
02y
M, =22n2
143%19.67% x 24 L
(M) p =244 ’“?867 X _166.0 fi-Kkips
0.035%19.67% x 24 .
(M,) = 1 =40.6 ft-kips

8

The reactions in the slab due to seismic displacements &, are determined using the

approximate method outlined above. Table 3-33 contains the bending moments M% in

the slab at the sixth floor level obtained from a 3-D analysis of the shear walls and frames
acting together subjected to the seismic forces in Table 3-28. The table also contains the

approximate compatibility bending moments My = C,(8, /8, )M, where the ratio
(8/8’,) at the sixth floor level is equal to 1.19 (see Table 3-29).

Table 3-32 Service Dead and Live Load Bending Moments (ft-kips) in N-S Interior Design Strip

(SDC D)
Location ] Moment J Mp [ M,
End Span
Exterior Negative 0.26Mo -43.2 -10.6
Column Strip | Positive 0.31Mo 51.5 12.6
Interior Negative 0.53M, -88.0 -21.5
Exterior Negative 0 0 0
Middie Strip Positive 0.21M, 34.9 8.5
Interior Negative 0.17Mo -28.2 -6.9
Interior Span
Column Strip Posit'ive . 0.21M, 34.9 8.5
Interior Negative 0.49M, -81.3 -19.9
Middile Strip PosiFive . 0.14M, 23.2 57
Interior Negative 0.16Mg -26.6 -6.5

Table 3-33 Compatibility Bending Moments (ft-kips) in N-S Interior Design Strip (SDC D)

Location Mg Mg
teri i + 23. * .
End Span Ex erlor Nega.tnve +237 +141.0
Interior Negative +19.7 +117.2
Interior Span | Interior Negative +19.5 +116.0
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A summary of the governing design bending moments at the 6™ floor level is contained in
Table 3-34.

Table 3-34 Summary of Slab Design Bending Moments (ft-kips) at Floor Level 6 (SDC D)

End Span Interior Span
Load Case Location | Column Middle | Column | Middle
Strip Strip Strip Strip
Ext. neg. -43.2 0
Dead (D) Positive 51.5 34.9 34.9 23.2
Int. neg. -88.0 -28.2 -81.3 -26.6
Ext. neg. -10.6 0
Live (L) Positive 12.6 8.5 8.5 57
Int. neg. -21.5 -6.9 -19.9 -6.5
Ext. neg. | £ 141.0
Seismic (E) Positive
Int. neg. | +117.2 + 116.0
Load Combinations
Ext. neg. -78.5 0
14D +1.7L Positive 93.5 63.3 63.3 42.2
Int. neg. -159.8 -51.2 -147.7 -48.3
Ext. neg. -199.9 0
1.05D +1.28L + E Positive 70.2 47.5 47.5 31.7
Int. neg. -237 1 -38.4 -226.8 -36.3
Ext. neg. 102.1 0
09D+ E Positive 46.4 31.4 31.4 20.9
Int. neg. 38.0 -254 42.8 -23.9

The required flexural reinforcement is contained in Table 3-35. The provided areas of
steel are greater than the minimum required (ACI 13.3.1). Also, the provided spacing is
less than the maximum allowed according to ACI 13.3.2.

The amount of slab reinforcement needs to be checked at the end support and the first
interior support to ensure that the moment transfer requirements in ACI 13.5.3 are

satisfied.

End Support — Additional Flexural Reinforcement Required for Moment Transfer.
At this location, the maximum unbalanced moment at the slab-column connection is

199.9 fi-kips (see Table 3-35). A fraction of this moment v y M, must be transferred over
an effective width equal to ¢, +3h = 28 + (3 x9) =55 1n. (ACI 13.5.3.2).

The fraction of unbalanced moment transferred by flexure is calculated from Eq. 13-1:

1 1

= = =0.61
LA (2/3):Jby 1by 1+ (2/3)/[28 +(7.75/2)]/(28+7.75)
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Table 3-35 Regquired Slab Reinforcement at Fioor Level 6 (SDC D)

b *
Location M_“ . As Reinforcement”
(ft-kips) (in.) (in.z)
Col Ext. neg. -199.9 132 €.04 20-No. 5
Stfi;m” Positive 935 | 132 | 274 9-No. 5
End Int. neg. -237 .1 132 7.25 24-No. 5
Span Ext. neg. 0 156 2.53 9-No. 5
Middle "
strip Positive 63.3 156 2.53 9-No. 5
Int. neg. -51.2 156 2.53 9-No. 5
Column | Positive 63.3 132 2.14 8-No. 5
Interior | Strip Negative | -226.8 132 6.92 23-No. 5
Span Middle | Positive 422 156 2.53 9-No. 5
strip Negative -48.2 156 2.53 9-No. 5
* Minimum A, = 0.0018bh = 0.0018 x 132 x 9 = 2.14in* (ACI 13.3.1)
=0.0018 x 156 x 9 = 2,53 in.?
Maximum spacing = 2h = 18 in. For b =132 in., 132/18 = 7.3 spaces, say 8 bars
For b =156 in., 156/18 = 8.6 spaces, say 9 bars

For edge columns bending perpendicular to the edge, the value of vy, computed from
Eq. 13-1 is permitted to be increased by up to 25% provided that ¥V, <0.46V,
(ACI 13.5.3.3). No adjustment to Yy was made in this example.

Unbalanced moment transferred by flexure = y M, =0.61 x 199.9 = 121.9 ft-kips. The

required area of steel to resist this moment in the 55-in. wide strip is 4; = 3.82 in.z,

which is equivalent to 13-No. 5 bars.

Provide the 13-No. S bars by concentrating 13 of the column strip bars (20-No. 5) within
the 55 in. width over the column. For symmetry, add another bar in the column strip and
check bar spacing:

e For 13-No. 5 within 55 in. width: 55/13 =42 in. <18 1in. OK.
e For 8-No. 5 within 132 — 55=77 in. width: 77/8=9.6in. <18 1n. O.K.

The reinforcement detail for the top bars at the exterior column is similar to that depicted
in Figure 3-11 for SDC C.

End Support — Design for Positive Moment. From the third load combination, a
positive moment of 102.1 ft-kips occurs in the column strip at the face of the exterior
support (see Table 3-34), which requires 3.01 in.? of reinforcement. The 9-No. 5 bars
required for the positive moment in the column strip in the end span are not sufficient to
resist this moment. Therefore, add 2 additional No. 5 bars at the bottom of the section
(one additional bar 1s required to increase the flexural strength and the other to satisfy the
spacing requirements in ACI 13.3.2). The 55-in. slab width in the column strip must be
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able to resist 61% of this moment, which is equal to 62.3 ft-kips. This requires 6-No. 5
bars, with at least 2 of these bars anchored into the column to satisfy the integrity
requirements in ACI 13.3.8.5.

First Interior Support — Additional Flexural Reinforcement Required for Moment
Transfer. The maximum factored moment in the column strip at the first interior support
1s 237.1 ft-kips (see Table 3-35). At an interior column, b; = b, = 28 + 7.75 = 35.75 in.

Therefore, from Eq. 13-1, v, = 0.60, and vy M, = 0.60 x 237.1 = 142.3 ft-kips.

Required area of steel to resist this moment in the 55-in. wide strip is 4, = 4.50 in.?,

which is equivalent to 15-No. 5 bars.

Provide the 15-No. 5 bars by concentrating 15 of the column strip bars (24-No. 5) within
the 55 in. width over the column. For symmetry, add another bar in the column strip and

check bar spacing:

e For 15-No. 5 within 55 in. width: 55/15=37in. <18 in. O.K.
e For 10-No. 5 within 132 — 55 =77 in. width: 77/10=7.7in. < 18 in. Q.K.

First Interior Support - Design for Positive Moment. From the third load
combination, a positive moment of 42.8 ft-kips occurs in the column strip at the face of
the exterior support (see Table 3-34), which requires 1.24 in.” of reinforcement. The 11-
No. 5 bars required for the positive moment in the column strip are sufficient to resist this
moment. The 55-in. slab width in the column strip must be able to resist 60% of this
moment, which is equal to 25.7 ft-kips. This requires 3-No. 5 bars, with at least 2 of these
bars anchored into the column to satisfy the integrity requirements in ACI 13.3.8.5.

Design for Shear.

Shear strength is checked at the slab-column connections at the end support and the first
interior support for the effects from gravity loads and combined effects from gravity
loads and earthquake-induced displacements.

End Support — Check for Shear Strength. At this location, the factored shear force V,

due to gravity loads is:

M| -M,

Vu = Wu (A! _ble)_
fn

: : 10.9-78.
20.260[292_31875x3575}_2 0.9-783

144 19.67

=73.9-6.7=67.2 kips
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where 4, =tributary area of column

_[= +%jx 24 = 292 ft

by = length of critical section perimeter in direction of analysis
=28+ (7.75/2) = 31.875 in.

by = length of critical section perimeter perpendicular to direction of analysis
=28+7.75=35.751n.

M, = total negative design strip moment at interior support determined from
Direct Design Method (ACI 13.6.6.3)

=0.70 M, =0.70 x 301.3 = 210.9 ft-kips

M 5 = total negative design strip moment at exterior support determined from
Direct Design Method (ACI 13.6.6.3)

=0.26 M, =0.26 x301.3 =78.3 ft-kips

M , = total factored static moment in span determined from Eq. 13-3

_ wulafy _ 0.260x24x19.672

=301.3 fi-kips
8 8

The section properties of the critical section are determined as follows [3.7]:

A, =(2b; +by)d =771.1 in?

J _2bfd(by +2by)+d>(2b +by)
4 6b1

=8,754 in3

According to ACI 13.6.3.6, gravity load moment to be transferred between the slab and
edge column must be set equal to 0.30M, = 90.4 fi-kips. Also, v, =1-0.61=10.39.
Therefore, the combined factored shear stress at the face of the critical section due to
gravity loads is:

, = 67,200  0.39x90.4x12,000
Y771 8,754

= 87.2+48.3=135.5 psi

Design shear strength of nonprestressed slabs is the smallest value obtained from Eqgs. 11-
35 through 11-37. For a square column, Eq. 11-37 governs:
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oV, . _ .
ove = ; =04/, =0.85%4,/4,000 =215.0 psi >135.5 psi OK.

@]

In addition to the gravity load case, shear strength must be checked for the combined
effects from gravity loads and earthquake-induced displacements. Direct shear forces on
critical section due to gravity loads are:

Mip —Myp

Vp =wpld, —biby) - ;

n

_ 0_143[292 - 31.875x35.75} ~ (0.7%165.9) — (0.26X165.9)

144 19.67
=40.6-3.7=36.9 kips

My -Myp

Vi =wp (4, —biby)— ;

n

—0.035 292 — 31.875%35.75| (0.7x40.6) —(0.26x40.6)
144 19.67

=9.9-0.9=9.0 kips

The shear force Vy due to the compatibility moments = (141.0 + 117.2)/19.67 =
13.1 kips. Therefore, total factored shear force at exterior column is:

V, =1.05V p+1.28V, + Vg = (1.05x36.9) + (1.28x9.0) +13.1 = 63.4 kips

When compatibility moments due to seismic displacements are considered, shear stress
computations can be based on the actual unbalanced moment. The actual unbalanced
moment at the exterior slab-column connection is 199.9 ft-kips from the second load
combination (see Table 3-34). The combined shear stress is:

63,400 . 0.39%x199.9%12,000
V =
Y7711 8,754

=82.2+106.9=189.1 psi<215.0 psi O.K.
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First Interior Support — Check for Shear Strength. At this location, the factored shear
force ¥, due to gravity loads 1s:

My -M
=w, (4, —b1bz)+——1/—2

- n

Va

144 19.67

=135.0+6.7=141.7 kips

where 4, =24x22=528 ft’
by =by, =28+7.75=35.75in.
M| =0.70 M, =0.70 x 301.3 = 210.9 ft-kips
M, =026M, =026x301.3 =783 ft-kips

The section properties of the critical section are determined as follows [3.7]:
A, =2(b; +by)d =1,108.3 in’

J_bd(by +3by) +d°

=13,362 in.
c 3

The difference between the slab moments acting on opposite faces of the interior support
needs to be transferred by shear to the first interior column. The exterior moment at the

face of the support is 0.70M , = 0.70 x 301.3 = 210.9 ft-kips, and the interior moment at
the face of the support is 0.65M, = 195.9 ft-kips. Therefore, the unbalanced moment =
210.9 —195.9 = 15.0 ft-kips. The combined shear stress is:

) _141,700+0.4x15.0x12,000
“ 01,1083 13,362

=127.9+54=133.3 psi<215.0 psi OK.

In addition to the gravity load case, shear strength must be checked for the combined
effects from gravity loads and earthquake-induced displacements. Direct shear forces on
critical section due to gravity loads are:

Mynp-—-M
VD = WD(A[ —b1b2)+—1D—2D

n
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_ 0.14{528 | 35.75 }r (0.7><165.91)9—6(;).26><165.9)

=742+3.7=779 kips

My, — M,
VL = WL(AI —blbz)-f'#—l‘

n

2 —
_ 0_035{528 3575 }r (0.7%40.6) — (0.26 X 40.6)

19.67

=18.2+0.9=19.1 kips

The shear force Vyp due to the compatibility moments = (116.0 + 116.0)/19.67 =
11.8 kips. Therefore, total factored shear force at the interior column is:

¥, =1.05V p+1.28¥; + Vg = (1.05%77.9)+(1.28%19.1) +11.8 =118.0 kips

As shown above, the unbalanced moment at the first interior support due to gravity loads
1s the difference between the moments acting on the two sides of the support. However,
the unbalanced moment due to the earthquake-induced displacements is the sum of the
moments acting on the two sides of the support. Therefore, the total unbalanced moment

1S:

M, =1.05[(0.7x165.9)~ (0.65x165.9)] +1.28[(0.7x40.6) — (0.65x40.6)]
+(117.2+116.0)
=2445 ft-kips

The combined stress is:

b 118,000 . 0.4x244.5x12,000
‘01,1083 13,362

=106.5+87.8=194.3 psi <2150 psi O.K.
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Reinforcement Details.

Slab reinforcement must conform to the requirements given in ACI 13.3. The provisions
in ACI 13.3.8 must also be satisfied for slabs without beams; included are requirements

for structural integrity (ACI 13.3.8.5).

Bar cutoff points for the top bars in the column strip were computed in accordance with
ACI 12.10 through 12.12 based on the third load combination, since this resulted in the
longest bar lengths. Reinforcement details are shown in Figure 3-16.

| 19-8”

Column Strip

274" 474" 44" 204"

9-No. § 9-No. 5

J—-ﬂ— 8" 4-No. 5 / 5-No. 5/ J ‘ 6"

LA 34" 4,-
[ 19%-8”
e

Middle Strip

Figure 3-16 Reinforcement Details for Interior Design Strip, Floor Level 6 (SDC D)
3.5.4.3 Design of Column B2

As noted previously, column B2 is not part of the SFRS. The design of this member
supporting the first floor level for SDC D is very similar to the design for SDC C
presented in Section 3.4.4.3 of the publication. It can be shown that a 28 x 28 in. column
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with 8-No. 9 bars (pg =1.02%) 1s adequate for the load combinations. Reinforcement

details for the transverse reinforcement are similar to those depicted in Figure 3-14.
3.5.4.4 Design of Shear Wall on Line 4

Table 3-36 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the wall. As noted above, this special reinforced concrete shear wall,
as well as all of the other shear walls in the building, is part of the SFRS.

Table 3-36 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 4 (SDC D}

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 1,288 0 0
Live (L) 153 0 0
Seismic (Qg) 0 |+20,153 | +330

Load Combinations

1.4D +1.7L 2,063 0 0
1.29D + 0.5L + Qg 1,738 20,153 330
0.81D+ Q¢ 1,043 -20,153 -330

Design for shear.

Reinforcement requirements. Special reinforced structural walls are to be provided
with reinforcement in two orthogonal directions in the plane of the wall in accordance
with ACI 21.6.2. The minimum reinforcement ratio in both directions is 0.0025, unless

the design shear force is less than or equal to A,/ f; , where A, is the gross area of

concrete bounded by the web thickness and the length of wall in the direction of analysis.
In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls

must be provided. For the wall in this example, 4, = 12 x 276 = 3,312 in.%, so that
Aoy f7 =3,312%/4,000 /1,000 = 210 kips < V,, =330 kips

Therefore, the minimum reinforcement ratio is 0.0025 and the maximum spacing 1s 18 in.
(ACI21.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 24,,+/ f, =2 x 210 =420 kips. In this case, two curtains are not required,
since 330 kips <420 kips. However, two curtains will be provided.
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The minimum required reinforcement in each direction per foot of wall is equal to
0.0025 x 12 x 12 = 0.36 in.” Assuming No. 4 bars in two curtains, required spacing s 1s

2x0.20
S:
0.36

x12=13.3 in. < 18 in.

Try 2 curtains of No. 4 bars spaced at 12 1in.

Shear strength requirements. ACI Eq. 21-7 is used to determine nominal shear strength
V, of structural walls:

Vn :Acv((xc\}fcT +pnfy)
where o, =2 for ratio of wall height to length 4,/¢,, = 74/23 = 32 > 2

(ACI21.6.4.1).

For 2 curtains of No. 4 horizontal bars spaced at 12 in. (p,, =0.40/(12x12) = 0.0028) :

oV, = 0.85x3,312x[2,/4,000 + (0.0028 x 60,000)]/1,000
=829 kips >V, =330 kips O.K.

where ¢ =0.85 for walls with 4, /2, >2 (ACI 9.3.4(a)). Therefore, use 2 curtains of
No. 4 bars @ 12 in. on center in horizontal direction. Note that V,, = 975 kips is less than
the upper limit on shear strength, which is 84,,./f, =8x210=1680 kips
(ACI21.6.4.4).

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
h,/?¢, < 2.0 (ACI21.6.4.3). Since h,,/{,, = 3.2> 2, use minimum reinforcement ratio

0f 0.0025.

Use 2 curtains of No. 4 bars spaced at 12 in. on center in the vertical direction (p, =
0.0028 > 0.0025).

Design for axial force and bending.

Figure 3-17 contains the interaction diagram of the wall reinforced with 2-No. 4 vertical
bars @ 12 in. and 6-No. 10 bars at each end of the wall. As seen from the figure, the wall
is adequate for the load combinations in Table 3-36.
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Figure 3-17 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 4
(SDC D)

Special boundary elements.

The need for special boundary elements at the edges of structural walls is evaluated in
accordance with ACI 21.6.6.2 or 21.6.6.3. The displacement-based approach in
ACI21.6.6.2 is utilized in this example. In this method, the wall is displaced at the top an
amount equal to the expected design displacement; special boundary elements are
required to confine the concrete when the strain in the extreme compression fiber of the
wall exceeds a critical value. This method 1s applicable to walls or wall piers that are
essentially confinuous in cross-section over the entire height and designed to have one

critical section for flexure and axial loads.

Compression zones are to be reinforced with special boundary elements where (Eq. 21-
8):

Ly

cx——¥ 8 /h,>0007
6005, /h,,)

where ¢ = distance from extreme compression fiber to the neutral axis per
ACI 10.2.7 calculated for the factored axial force and nominal moment

strength, consistent with the design displacement 8, , resulting in the

largest neutral axis depth
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{ = length of entire wall or segment of wall considered 1n the direction of the

shear force

0, = design displacement
= total lateral displacement expected for the design-basis earthquake as
specified by the governing code
h,, = height of entire wall or of a segment of wall considered

The lower limit on the quantity 8, /4, is specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢,, =23 ft =276 in,, A, = 74 ft = 888 in,, §, is equal to &, from
Table 3-29, which is 2.15 in. at the top of the wall, and &, /%, = 0.0024 < 0.007 (use

0.007). Therefore, special boundary elements are required if ¢ is greater than or equal to
276/(600 x 0.007) = 65.7 in.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 60.0 in.
corresponding to a factored axial load of 1,738 kips and nominal moment strength of
30,739 ft-kips, which is less than 65.7 in. Therefore, special boundary elements are not
required.

Where special boundary elements are not required according to ACI 21.6.6.2, the
provisions of ACI 21.6.5.5 must be satisfied. These provisions require boundary
transverse reinforcement for walls with moderate amounts of boundary longitudinal
reinforcement to help prevent buckling of the longitudinal bars.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement

ratio at the wall boundary is greater than 400/ f,,. In this example, the reinforcement

layout is similar to that shown in the upper portion of ACI Figure R21.6.6.5, i.e., larger
Jongitudinal bars concentrated at the ends of the wall. The longitudinal reinforcement
ratio p at the wall boundary is (see Figure 3-18):

6x1.27 0461 > 400

p= = 0.0461

_ =0.0067
12[10 +(2x1.89)] 60,000

Therefore, provide transverse reinforcement in accordance with ACI 21.4.4.1(c),
21.44.3, and 21.6.6.4(a) at ends of wall. The maximum spacing of the transverse
reinforcement is 8 in. (ACI 21.6.6.5(a)).

3-92
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—No. 4 (typ.)

L

10"

Figure 3-18 Longitudinal Reinforcement Ratio at Wall Boundary

The boundary elements must extend horizontally from the extreme compression fiber a
distance not less than the larger of the following (ACI 21.6.6.4):

e ¢—0.1¢,,=60.0-(0.1x276)= 32.4in. (governs)
e ¢/2=60.0/2=30.0in.

Based on the 12 in. spacing of the No. 4 vertical bars in the web, provide confinement
over a length of 42 in. at each end of the wall.

Since ¥, = 330 kips > A_,+/f;, = 210 kips, horizontal reinforcement terminating at the

edges of the wall must have a standard hook engaging the edge reinforcement or the edge
reinforcement must be enclosed in U-stirrups that are spliced to the horizontal
reinforcement; the U-stirrups must have the same size and spacing as the horizontal
reinforcement (ACI 21.6.6.5(b)).

Splice length of reinforcement.

Class B lap splices are utilized for the longitudinal reinforcement at the ends of the wall
and the vertical bars in the web. Mechanical connectors may be considered as an
alternative to lap splices for the large bars at the ends of the wall. No splices are required
for the No. 4 horizontal bars in the web, since full length bars weigh approximately

0.668 x 23 = 15 lbs. and are easily installed.

Vertical bars at ends of wall. For the No. 10 vertical bars at the ends of the wall, 7 ; 1s
determined from Eq. (12-1):
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fa 3 Jy  ofyr
d, 4017 (c+K,
dp

o = reinforcement location factor = 1.0 for other than top bars

where
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension
1.27 .
0.75+0.50+T =1.89 in.  (governs)
— =25 1n.
K, = transverse reinforcement index = 0 (conservative)
'+ K 1.
Ry 18910 15 05
dy, 1.27
Therefore,

£4 3 60000 1.0x1.0x1.0x10_ -,
dy 40" 4,000 1.5

£, =474%x127=602 in.
Class B splice length =134 ,; = 1.3 x60.2 =783 in.
Use a 6 ft-7 in. splice length for the No. 10 bars.
Vertical bars in wall web.
tg 3 1y  opyr

dy 40 Jo (et Ky
dp

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement

3-94



v = reinforcement size factor = 0.8 for No. 6 and smaller bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

5 . .
O.75+O.5+07:1.5 in.  {govemns)

2
— =06.0 In.
2

K, = transverse reinforcement index = 0

+ K S+
ety 15 0:3.0>2.5, use 2.5

dy 0.5

Therefore,

Ly 3 y 60,000 0.8x1.0x1.0x1.0

-4 _ - X =228
dy 40 /4,000 2.5

ly =228%x0.5=114 in.<12.0 in., usel2.0 in.
Class B splice length=13¢; =13 x 12.0=15.6in.

Use a 1 ft-4 1n. splice length for the No. 4 vertical bars in the web.

Reinforcement details for the shear wall along line 4 are shown in Figure 3-19.

3.6 DESIGN FOR SDC D - CALIFORNIA

The 5-story residential building in Figure 3-20 is assumed to be located in San Francisco.
Typical structural members are designed and detailed for combined effects of gravity,
wind, and seismic forces.

3.6.1 Design Data

e Building Location: San Francisco, CA (zip code 94105)

e Material Properties

Concrete: [ =4,000 psi, w, =150 pcf
Reinforcement: f,, = 60,000 psi
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Figure 3-19 Reinforcement Details for Shear Wall Along Line 4 (SDC D)

0.75" {typ.)
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2207 2207

4@ 10-0” = 40"-0"

147-0"

Figure 3-20 Typical Plan and Elevation of Example Building (SDC D)
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e Service Loads

Live loads: roof =20 psf
floor = 50 psf

Superimposed dead loads: roof =10 psf+ 200 kips for penthouse
tloor = 30 psf (20 pst permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 94105: S¢ =1.50g,S5; =0.61g ([3.1]
Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, 7z =1.0 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

¢ Member Dimensions

Slab: 9 1n.
Columns: 28 x 28 in.
Wall thickness: 12 in. in both directions

3.6.2 Seismic Load Analysis

3.6.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sys and at 1-second period S, are determined from IBC Egs. 16-16 and 16-17,

respectively. According to IBC 1616.6.3, for regular structures 5 stories or less having a
period determined in accordance with IBC 1617.4.2 of 0.5 sec or less, Spg and Sp

need not exceed the values calculated using values of Sy = 1.50g and S| = 0.60g,

respectively. The 5-story example building is regular according to IBC 1616.6.3, and it is
shown below that its period is less than 0.5 sec. Therefore,

S/WS :FaSS :10X150:150g

Sy = F,S8; =1.5%0.60 =0.90g
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where £, and F, are contained in IBC Table 1615.1.2(1) and Table 1615.1.2(2),

respectively.

Once Sz and Sy have been determined, Spg and Sp; are computed from Eqs. 16-
18 and 16-19:

2
SDS :§SIWS :§X1.50=1.00g

2
SDV:25M1:§x090:060g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg = 1.00g, the SDC is D. Similarly, from

Table 1616.3(2), the SDC is D for Sp; = 0.60g. Thus, the SDC is D for this building.

3.6.2.2 Seismic Forces

Since the building does not have plan irregularity Type la, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type la, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). For this regular building that is less than 240 ft in height, Table 1616.6.3
allows the equivalent lateral force procedure in IBC 1617.4 to be used to compute the
seismic base shear V' (see Eq. 16-34):

V=CW

where C, 1is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 8,970 kips (see
Table 3-37 below).

In both directions, a building frame system with special reinforced concrete shear walls is
utilized, which is permitted for structures assigned to SDC D with a height less than or
equal to 160 ft (see IBC Table 1617.6 and IBC 1910.5). The response modification
coefficient R = 6 and the deflection amplification factor C; = 5 are found in IBC

Table 1617.6.

Approximate period (7, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, is computed from Eq. 16-39:

Building height 2, =54 ft
Building period coefficient Cp =0.02
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Period T, = Cr(h,)>' % =0.020%(54)>'* =0.40 sec

Seismic base shear (V). The seismic response coefficient C, is determined from Eq. 16-
36:

S .
co=_Sp 060 o

e e

The value of €, need not exceed that from Eq. 16-35:

h) .
¢, = Sps__ 100
RY) (6
(J’E] [l‘oj

Also, C; must not be less than the following value from Eq. 16-37:

=0.167

C, =0.0448 po I = 0.044x1.00x1.0 = 0.044

For buildings assigned to SDC E or F and for those buildings for which $; >0.6g , C,

shall not be taken less than that computed from Eq. 16-38. Since S} = 0.60g, Eq. 16-38 is
applicable, even though the SDC 1s D:

058 0.5%0.60

= ~ =0.050
R/IIg  6/1.0

In this case, the lower limit is 0.050 from Eq. 16-38.

Thus, the value of C; from Eq. 16-35 governs so that the base shear V' in the N-S and E-

W directions is:
V=CW =0.167x8,970 = 1,498 kips

Vertical distribution of seismic forces. The total base shear i1s distributed over the
height of the building in conformance with Eqs. 16-41 and 16-42:

F,.=C,V
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k
WAy
C VX =

Sk
Z\V['hl‘
=1

where F_ is the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or /, and £ is the distribution exponent defined in IBC 1617.4.3. For
T= 040 sec, k = 1.0. The lateral forces /', and the story shears V, are contained in

Table 3-37.

Table 3-37 Seismic Forces and Story Shears (SDC D)

Stpry Height, Lateral force, | Story Shear,
Level | weldht, |\ "y | wxhx F, (kips) v, (ki
W, (kips) x x p x ( lpB)
5 1,621 54 87,534 438 438
4 1,816 44 79,904 400 838
3 1,816 34 61,744 309 1,147
2 1,816 24 43,584 218 1,365
1 1,901 14 26,614 133 1,498
z 8,970 299,380 1,498

3.6.2.3 Method of Analysis

The method of analysis described in Section 3.5.2.3 of this publication is the same
method of analysis utilized here. The shear walls are part of the SFRS and the slab and
columns are not. Lateral displacements 8,, and &, are contained in Table 3-38.

Table 3-38 Lateral Displacements (in.) due to Seismic Forces in N-S Direction (SDC D)

story | O | O A O | 0% | 58,
(in.) (in.) (in.) (in.) (in.)
5 0.39 1.95 0.40 0.35 1.75 1.1
4 0.31 1.55 0.45 0.28 1.40 1.11
3 0.22 1.10 0.40 0.20 1.00 1.10
2 0.14 0.70 0.40 0.13 0.65 1.08
1 0.06 0.30 0.30 0.06 0.30 1.00

3.6.2.4 Story Drift and P-delta Effects

Story drift determination. Table 3-38 contains the displacements &,, of the SFRS in

the N-S direction obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects, and the design earthquake displacement &,
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computed by IBC Eq. 16-46. As noted above, C, 1s equal to 5 for this system. The

interstory drifts A computed from the &, are also contained in the table.

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For the 10-{t story heights, A, =0.020 x 10 x 12 =2.40 in,
and for the 14-ft story height at the first level, A, =3.36 in. It is evident from Table 3-38

that for all stories, the lateral drifts obtained from the prescribed lateral forces in the N-S
direction are less than the limiting values.

Similar calculations for seismic forces in the E-W direction also show that the lateral
drifts are less than the allowable values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. Section 3.5.2.4 of this publication illustrates the procedure to
determine whether P-delta effects need to be considered or not in accordance with
IBC 1617.4.6.2. Similar calculations for this example show that P-delta effects need not

be considered.

3.6.3 Wind Load Analysis

In this example, the wind velocity is 85 mph, which produces wind forces that are
significantly smaller than the seismic forces computed above. Thus, wind forces are not

considered in this example.
3.6.4 Design for Combined Load Effects
3.6.4.1 Load Combinations

The following load combinations are applicable to structural members that are part of the
SFRS:

1. 1.4D+1.7L (Eq. 9-1)
2. 0.7514D+ 1.7L + 1.7W) (Eq.9-2)
3. 09D +13W (Eq. 9-3)
4. 12D+ 1L+ 1.0FE (Formula 16-5)
5. 0.9D+1.0FE (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and /] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.
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The seismic load effect £ for use in Formula 16-5, which 1s the combined effect of
horizontal and vertical earthquake-induced forces, 1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E=p0Or +02S8psD

where O = effect of horizontal seismic forces
p = redundancy coefficient determined in accordance with IBC 1617.2.2 for

SDC D, E, or F

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= pQE —0.2SD5D

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, 1s the largest of the values of p; calculated at each story i

from Equation 16-32:
20
p; =2-——F=
Tmax, Y 4i
For shear walls:

Tmax; = (maximum wall shear x 10/7 , )/total story shear

¢, =length of the wall in feet

For the building in Figure 3-20, the shear wall on line 3 or 5 will have the largest shear
force at its base, depending on which direction the center of mass is displaced. Therefore,

530x£
rmaxl :W 2015
_5 20 —0.67<1.0

Pmax = S 146.33% 63,33

Use p =1.0.

Substituting Spg = 1.00g and p = 1.0 into the equations for £, and then substituting £

along with f] = 0.5 into load combinations 4 and 5 above results in the following:
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4a. 12D +05L + 1.00g +(02x1.00)D = 1.4D + 0.5L + O
4b. 12D +0.5L+ 1.00z —(0.2x1.00)D =D+ 0.5L + O
5a. 09D+ 1.00x +(02x1.00)D = 1.1D+ O

S5b. 0.9D + 1.00; —(0.2x1.00)D =0.7D + Of

Values of O are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the building.

The exception in IBC 1617.6.4.3 requires that reinforced concrete members that are not
part of the SFRS comply with ACI 21.9. Therefore, the load combinations for these
members are:

e 105D+1.28L+FE
e 09D+E

where the values of E are the forces in the frame members due to the lateral
displacements &, being applied to the frames. When the approximate method outlined in

Section 3.4.2.3 is utilized, = Fj, .

Also, the special seismic load combinations in IBC 1605.4 are not applicable in this
example.

3.6.4.2 Slab Design
Preliminary Slab Thickness.

As noted above, the flat plate is not part of the SFRS. Thus, the requirements of ACI 21.9
for frame members not proportioned to resist forces induced by earthquake motions must
be satisfied (IBC 1617.6.4.3). Since factored gravity axial forces on the slab are less than
Agfc' /10, either ACI 21.9.2 or 21.9.3 apply, depending on whether or not the

earthquake-induced bending moments and shear forces due to the design displacements
exceed the design moment and shear strength of the slab. In the supplement to the 2000
IBC [3.9], ACI 21.9.2.1 and 21.9.3.2 were modified to include specific requirements for
two-way slabs. In particular, stirrups need not be provided in two-way slabs with column-
line beams that are the same thickness as the slab. Shear reinforcement in the slab is to be
provided in accordance with ACI 11.12 where required.

Calculations given in Section 3.2.4.2 of this publication show that a 9-in. thick slab and
22-in. square columns are adequate for serviceability and shear strength requirements for
gravity loads. A more refined check for shear strength is made at a later stage in this
example for a 9-in. thick slab and 28-in. square columns for effects from gravity loads
and combined effects from gravity loads and earthquake-induced displacements.
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Design for Flexure.

In this example, gravity load moments computed from the Direct Design Method are the
same as those given 1n Table 3-32.

The reactions in the slab due to seismic displacements o, are determined using the

approximate method outlined previously. Table 3-39 contains the bending moments M g

in the slab at the fourth floor level obtained from a 3-D analysis of the shear walls and
frames acting together subjected to the seismic forces in Table 3-37. The table also
contains the approximate compatibility bending moments M = C; (8, /87, )M, where

the ratio (6/87,) at the fourth floor level is equal to 1.11 (see Table 3-38).

Table 3-39 Compatibility Bending Moments (ft-kips) in N-S Interior Design Strip (SDC D)

Location M Mg
Exterior Negative +24.4 + 1354
Interior Negative +242 +134.3
Interior Span | Interior Negative +24.0 +133.2

End Span

A summary of the governing design bending moments at the fourth floor level is
contained in Table 3-40.

The required flexural reinforcement is contained in Table 3-41. The provided areas of
steel are greater than the minimum required (ACI 13.3.1). Also, the provided spacing is
less than the maximum allowed according to ACI 13.3.2.

The amount of slab reinforcement needs to be checked at the end support and the first
interior support to ensure that the moment transfer requirements in ACI 13.5.3 are
satisfied. It can be shown that 1 additional No. 5 top bar is required in the column strip at
the end support to satisfy moment transfer requirements. Also, 2 additional No. 5 bottom
bars are required in the column strip in the end span to resist the 96.6 ft-kip positive
moment at the end support (see Table 3-40).

Design for Shear.

Shear strength needs to be checked at the slab-column connections at the end support and
the first interior support for the effects from gravity loads and combined effects from
gravity loads and earthquake-induced displacements. Once again, calculations for this
example are very similar to those in Section 3.5.4.2 and are not repeated here. It can be
shown that the shear strength requirements for effects from gravity loads and combined
effects from gravity loads and earthquake-induced displacements are satisfied at the end
and interior columns. The largest shear stress is due to the combined effects from gravity
loads and earthquake-induced displacements and occurs at the interior support. This shear
stress 1s equal to 208.2 psi, which 1s less than the allowable shear stress of 215 psi.
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Table 3-40 Summary of Slab Design Bending Moments (ft-kips) at Floor Level 4 (SDC D)

End Span Interior Span
Load Case Location | Column Middle | Column | Middle
Strip Strip Strip Strip
Ext. neg. -43.2 0
Dead (D) Positive 51.5 34.9 34.9 23.2
Int. neg. -88.0 -28.2 -81.3 -26.6
Ext. neg. -10.6 0
Live (L) Positive 12.6 8.5 8.5 57
Int. neg. -21.5 -6.9 -19.9 -6.5
Ext. neg. | +135.4
Seismic (E) Positive
Int. neg. | +134.3 +133.2
Load Combinations
Ext. neg. -78.5 0
14D +1.7L Positive 93.5 63.3 63.3 42.2
Int. neg. -159.8 -51.2 -147.7 -48.3
Ext. neg. -194.2 0
1.050 +128L + E Positive 70.2 47.5 47.5 31.7
Int. neg. -254.0 -38.4 -244.0 -36.3
Ext. neg. 96.6 0
09D +E Positive 46.4 31.4 31.4 20.9
Int. neg. 55.0 -25.4 60.0 -23.9

Table 3-41 Required Slab Reinforcement at Floor Level 4 (SDC D)

b -
Location M_” . A, Reinforcement*
(ft-kips) (in.) (in.z)
| Ext. neg. -194.2 132 5.87 19-No. 5
gﬁ’i:m” Positive 935 | 132 | 2.74 9-No. 5
End Int. neg. -254.0 132 7.81 26-No. 5
Span _ Ext. neg. 0 156 2.53 9-No. 5
Middle —
strip Positive 63.3 156 2.53 9-No. 5
Int. neg. -51.2 156 2.53 9-No. 5
Column | Positive 63.3 132 2.14 8-No. 5
Interior strip Negative -244.0 132 7.48 25-No. 5
Span Middle | Positive 42.2 156 2.53 9-No. 5
strip Negative -48.2 156 2.53 9-No. 5
* Minimum A; = 0.0018b6h = 0.0018 x 132 x 8 =2.14 in.? (AC1 13.3.1)
=0.0018 x 156 x 9 =253 in.”
Maximum spacing = 2h = 18 in. For b =132 in., 132/18 = 7.3 spaces, say 8 bars
For b = 156 in., 156/18 = 8.6 spaces, say 9 bars
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Reinforcement Details.

Slab reinforcement must conform to the requirements given in ACI 13.3. The provisions
in ACI 13.3.8 must also be satistied for slabs without beams; included are requirements

for structural integrity (ACI 13.3.8.5).

Reinforcement details for this example are very similar to those shown 1n Figure 3-16.

3.6.4.3 Design of Column B2

As noted previously, column B2 is not part of the SFRS. The design of this member
supporting the first floor level in this example building is very similar to the design for
SDC C presented in Section 3.4.4.3 of the publication. It can be shown that a 28 X 28 in.
column with 8-No. 9 bars (p, =1.02%) is adequate for the load combinations.

Reinforcement details for the transverse reinforcement are similar to those depicted in
Figure 3-14.
3.6.4.4 Design of Shear Wall on Line 4

Table 3-42 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the wall. As noted above, this special reinforced concrete shear wall,
as well as all of the other shear walls in the building, is part of the SFRS.

Table 3-42 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 4 (SDC D)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) {kips)
Dead (D) 918 0 0
Live (L) 111 0 0
Seismic (Qfg) 0 + 23,325 + 530

Load Combinations

14D +17L 1,474 0 0
14D+ 05L + Q¢ 1,341 23,325 530
0.7D+ Q¢ 643 -23,325 -530

Design for shear.

Reinforcement requirements. Special reinforced structural walls are to be provided
with reinforcement in two orthogonal directions in the plane of the wall in accordance
with ACI 21.6.2. The minimum reinforcement ratio in both directions is 0.0025, unless

the design shear force is less than or equal to A,/ f, , where A, is the gross area of
concrete bounded by the web thickness and the length of wall in the direction of analysis.
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In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls
must be provided. For the wall in this example, 4., =12 x276 =3,312 in.?, so that

A fL =3,312%/4,000 /1,000 = 210 kips < ¥, = 530 kips

Therefore, the minimum reinforcement ratio 1s 0.0025 and the maximum spacing 1s 18 in.
(ACI21.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 24.,+/f. =2 x 210 = 420 kips. In this case, two curtains are required,

since V,, = 530 kips > 420 kips. Note that ¥V, is less than the upper limit on shear
strength, which is ¢$84,,+/ /.- =0.85x8x210=1,428 kips (ACI 21.6.4.4).

The minimum required reinforcement in each direction per foot of wall is equal to
0.0025 x 12 x 12 = 0.36 in.> Assuming No. 4 bars in two curtains, required spacing s is

<= 2x%0.20
0.36

x12=13.3 in. < 18 in.

Try 2 curtains of No. 4 bars spaced at 12 in.

Shear strength requirements. ACI Eq. 21-7 is used to determine nominal shear strength
V, of structural walls:

Vn =Acv(acm+pnfy)

where o, =2 for ratio of wall height to length h,/f¢,= 54/23 = 24 > 2
(ACI21.64.1).

For 2 curtains of No. 4 horizontal bars spaced at 12 in. (p,, =0.40/(12x12) = 0.0028) :
0V, = 0.85x3,312x[24/4,000 + (0.0028 x 60,000)]/1,000
=829 kips > ¥, =530 kips OK.

where ¢ =0.85 for walls with 4, /¢,, >2 (ACI 9.3.4(a)). Therefore, use 2 curtains of

No. 4 bars @ 12 in. on center in horizontal direction.

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
h,/f, < 20(ACI21.6.4.3). Since h,, /¢, = 2.4 > 2, use minimum reinforcement ratio
of 0.0025.
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Use 2 curtains of No. 4 bars spaced at 12 in. on center in the vertical direction (p, =
0.0028 > 0.0025).

Design for axial force and bending.

Figure 3-21 contains the interaction diagram of the wall reinforced with 2-No. 4 vertical
bars @ 12 in. and 8-No. 11 bars at each end of the wall. As seen from the figure, the wall
is adequate for the load combinations in Table 3-42.

14,000.0

12,000.0 =
s \u

10,000.0 F

8,000.0 | \\

6,000.0 ; <

Axial Force (kips)
/
\\/

4,000.0 F

2,000.0 F

0.0-l"‘ Rl Pl Y PR R Y A 4
0 10,000 20,000 30,000 40,000 50,000 860,000

Bending Moment (ft-kips)

Figure 3-21 Design and Nominal Strength Interaction Diagrams for the Shear Wall Along Line 4
(SDC D)

Special boundary elements.

The need for special boundary elements at the edges of structural walls is evaluated in
accordance with ACI 21.6.6.2 or 21.6.6.3. The displacement-based approach in
ACI 21.6.6.2 is utilized in this example. In this method, the wall is displaced at the top an
amount equal to the expected design displacement; special boundary elements are
required to confine the concrete when the strain in the extreme compression fiber of the
wall exceeds a critical value. This method is applicable to walls or wall piers that are
essentially continuous in cross-section over the entire height and designed to have one
critical section for flexure and axial loads.

Compression zones are to be reinforced with special boundary elements where (Eq. 21-
8):

ez tw 5 h, 20007
600(5,, /)
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where ¢ = distance from extreme compression fiber to the neutral axis per
ACI10.2.7 calculated for the factored axial force and nominal moment
strength, consistent with the design displacement 9§, , resulting in the

largest neutral axis depth

¢, = length of entire wall or segment of wall considered in the direction of the

shear force
8, = design displacement

= total lateral displacement expected for the design-basis carthquake as
specified by the governing code

h,, = height of entire wall or of a segment of wall considered

The lower limit on the quantity &, /4, is specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢, =23 ft = 276 in.,, A, = 54 ft = 648 in., §, is equal to &, from
Table 3-38, which is 1.95 in. at the top of the wall, and 8, /4, = 0.0030 < 0.007 (use

0.007). Therefore, special boundary elements are required if ¢ 1s greater than or equal to
276/(600 x 0.007) = 65.7 1n.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 50.1 in.
corresponding to a factored axial load of 1,341 kips and nominal moment strength of
34,123 ft-kips, which is less than 65.7 in. Therefore, special boundary elements are not
required.

Where special boundary elements are not required according to ACI 21.6.6.2, the
provisions of ACI 21.6.5.5 must be satisfied. These provisions require boundary
transverse reinforcement for walls with moderate amounts of boundary longitudinal
reinforcement to help prevent buckling of the longitudinal bars.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement

ratio at the wall boundary is greater than 400/ f - In this example, the reinforcement
layout is similar to that shown in the upper portion of ACI Figure R21.6.6.5, i.e., larger
longitudinal bars concentrated at the ends of the wall. The longitudinal reinforcement
ratio p at the wall boundary 1s (see Figure 3-22):

8x1.56 0.0697 400

p= X100 _0.0697 > =0.0067
12[11+ (2%1.96)] 60,000
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0.75 + 0.5 + (1.41/2) = 1.96" 8-No. 11

L |
— —®

b St e o

11" 1-0
3 o

o
L.
b E
1.96” —No. 4 (typ.)

Figure 3-22 Longitudinal Reinforcement Ratio at Wall Boundary

Therefore, provide transverse reinforcement in accordance with ACI 21.4.4.1(c),
21443, and 21.6.6.4(a) at ends of wall. The maximum spacing of the transverse
reinforcement is 8 in. (ACI 21.6.6.5(a)).

The boundary elements must extend horizontally from the extreme compression fiber a
distance not less than the larger of the following (ACI 21.6.6.4):

e ¢-0.14,=501-(0.1x276)= 22.5in.
e (/2=50.1/2=25.11n. (governs)

Based on the 12 in. spacing of the No. 4 vertical bars in the web, provide confinement
over a length of 30 in. at each end of the wall.

Since V,, = 530 kips > A,/ f, = 210 kips, horizontal reinforcement terminating at the
edges of the wall must have a standard hook engaging the edge reinforcement or the edge
reinforcement must be enclosed in U-stirrups that are spliced to the horizontal
reinforcement; the U-stirrups must have the same size and spacing as the horizontal
reinforcement (ACI 21.6.6.5(b)).

Splice lengths of reinforcement are computed similar to that shown in Section 3.5.4.4,

Reinforcement details for the shear wall along line 4 are shown in Figure 3-23.
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Figure 3-23 Reinforcement Details for Shear Wall Along Line 4 (SDC D)

3.7 DESIGN FOR SDCE

The 5-story residential building in Figure 3-20 is assumed to be located in Berkeley, CA.
3.7.1 Design Data

e Building Location: Berkeley, CA (zip code 94705)

e Material Properties

Concrete: f/ = 4,000 psi, w, =150 pcf
Reinforcement: f), = 60,000 psi
e Service Loads

Live loads: roof = 20 psf
floor = 50 pst

Superimposed dead loads: roof= 10 psf + 200 kips for penthouse

floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)
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e Seismic Design Data

For zip code 94705: S¢ =2.08¢,5,=0.92¢g [3.1]
Site Class D (stiff so1l profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) [ occupancy, [ =1.0 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, I =1.0 (IBC Table 1604.5)

e Member Dimensions

Slab: 9 in.
Columns: 28 x 28 1n.
Wall thickness: 12 1n. in both directions

3.7.2 Seismic Load Analysis
3.7.21 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sy and at 1-second period S, are determined from IBC Egs. 16-16 and 16-17,

respectively. According to IBC 1616.6.3, for regular structures 5 stories or less having a
period determined in accordance with IBC 1617.4.2 of 0.5 sec or less, Spg and Spy

need not exceed the values calculated using values of Sg¢ = 1.50g and §; = 0.60g,

respectively. The 5-story example building is regular according to IBC 1616.6.3, and it
was shown in Section 3.6.2.2 that its period is less than 0.5 sec. Therefore,

Suys = FySs =1.0x1.50 =1.50g
Sa =F,8 =1.5%0.60=0.90g

where F, and F, are contained in IBC Table 1615.1.2(1) and Table 1615.1.2(2),

respectively.

Once Syss and Sy have been determined, Spg and Sp; are computed from Eqgs. 16-
18 and 16-19:

2 2
SDS ZESA/IS ZSX]SOZIOOg
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2 2
Spy =7 Ssn =5%090=0.60g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From the footnote to
Table 1616.3(1), Seismic Use Group I structures located on sites with mapped
S} =2 0.75¢ shall be assigned to SDC E when Spg = 0.50g . Similarly, from the footnote
to Table 1616.3(2), the SDC i1s E when S, 20.20g. Thus, the SDC is E for this

building.
3.7.2.2 Seismic Forces

Due to the provisions in IBC 1616.6.3, the seismic forces for this example are the same
as those shown in Table 3-37 for SDC D.

Design of the slab, columns, and shear walls are exactly the same as those presented in
the previous section of this publication. Thus, calculations are not repeated here.
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CHAPTER 4

SCHOOL BUILDING WITH MOMENT-RESISTING FRAME
SYSTEM

4.1 INTRODUCTION

In a moment-resisting frame system (MRFS), an essentially complete space frame
provides support for gravity loads, and moment-resisting frames provide resistance to
lateral loads primarily by flexural action of the frame members. It is vital that a MRFS
have a substantially complete vertical load-carrying space frame. Either the entire frame
or portions of the frame can be designated as the moment-resisting frame that resists the
lateral loads. Any members that are not included in the moment-resisting frame must
satisfy the deformational compatibility requirements in IBC 1617.6.4.3 when applicable.

According to IBC Table 1617.6, moment-resisting frames can be ordinary moment-
resisting frames (OMRF) in SDC A or B (IBC 1910.3). In such cases, the members can
be designed according to ACI 318, exclusive of Chapter 21, with no special seismic
detailing required. An intermediate moment-resisting frame (IMRF) is required in SDC C
(IBC 1910.4). Design and detailing of frame members in an IMRF must conform to the
requirements in ACI 21.2.1.3 and 21.10. In SDC D, E, and F, special moment-resisting
frames must be utilized (IBC 1910.5), and they are to be designed and detailed in
accordance with ACI 21.2 through 21.5.

This chapter illustrates the design and detailing of typical members in a structure with a
MREFS assigned to SDC B, C, and D.

4.2 DESIGN FOR SDCB

4.2.1 Design Data

A typical plan and elevation of a 3-story school building is shown in Figure 4-1. The
computation of wind and seismic forces according to the 2000 IBC is illustrated below.

Typical structural members are designed and detailed for combined effects of gravity,
wind, and seismic forces.

As noted above, ordinary reinforced concrete moment frames may be used for structures
assigned to SDC B without any limitations according to IBC Table 1617.6. This type of
system is utilized in this example.

For a building of this size, it is economical to have constant cross-sections for the
members in the floor system and the columns throughout the height of the building. It is
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assumed for simplicity that the bases of the lowest story segments are fixed. Although the
member dimensions in the following sections are within the practical range, the structure

itself 1s a hypothetical one, and has been chosen mainly for illustrative purposes.

borsd

b

fece

=)
R

»
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L0-66=.0£L D¢

P

Figure 4-1 Typical Plan and Elevation of Example Building

Building Location: Atlanta, GA (zip code 30350)

Material Properties

= 4,000 psi, w, =150 pcf

(4
Reinforcement: f° 3 =60,000 psi

Concrete: f,
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Service Loads

Live loads: roof =20 psf
floor = 60 psf (average between 40 psf for floors and 80 psf for corridors
above first floor level; IBC Table 1607.1). In addition,
floor is to be checked for 1,000 Ib concentrated live load
uniformly distributed over an area of 2.5 sq ft
(IBC 1607.4).

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse
floor = 45 psf (20 pst permanent partitions + 25 psf
ceiling, etc.)
Seismic Design Data

For zip code 30350: Sg =0.276g,5; =0.117g [4.1]
Site Class C (very dense soil and soft rock; IBC Table 1615.1.1)
For Category (Seismic Use Group) Il occupancy, /g =1.25 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 90 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category Il occupancy, Iy =1.15 (IBC Table 1604.5)

Member Dimensions

Joists: 14 + 4.5 x 6 + 66 (74 psf)
Interior beams: 28 x 18.5 in,
Spandrel beams: 16 x 18.5 in.
Interior columns: 20 x 20 in.
Exterior columns: 16 X 16 in.

4.2.2 Seismic Load Analysis
4.2.2.1 Seismic Design Category (SDC)

Analys .= procedures for seismic design are given in IBC 1616.6. The appropriate
procedure to use depends on the Seismic Design Category (SDC), which is determined in
accordance with IBC 1616.3. Structures are assigned to a SDC based on their Seismic
Use Group and the design spectral response acceleration parameters Spg and Spy.
These parameters can be computed from Eqs. 16-18 and 16-19 in IBC 1615.1.3 or can be
obtained from the provisions of IBC 1615.2.5 where site-specific procedures are used as
required or permitted by IBC 1615.
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The maximum considered earthquake spectral response accelerations for short periods
Suys and at 1-second period Sy, are determined from IBC Egs. 16-16 and 16-17,

respectively:

S/WS :FaSS = 12X0276:O33g
Sy =F,S; =1.68x0.117 = 0.20g

where F, and £, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods Sg and at 1-second period S,

respectively. The values of these coefficients for Site Class C in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F, . Straight-line

interpolation was used to determine F, .

Once Sjss and Sy, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

SDS = %SMS = %X 033= 022g

SDI :g'SMI =§X020=013g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and S ¢ = 0.22g, the SDC is B. Similarly, the SDC is B for

Sp1 =0.13g from Table 1616.3(2). Thus, the SDC is B for this building.

4.2.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC B. In a given
direction, ¥ is determined from Eq. 16-34:

V=CW

where C; is the seismic response coefficient determined in accordance with

IBC1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 5,547 kips (see
Table 4-1 below).

As noted above, a moment-resisting frame system 1is utilized as the seismic-force-
resisting system. As a minimum, this must be an ordinary reinforced concrete moment
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frame to satisfy the provisions of IBC 1910.3.1 for structures assigned to SDC B. For this
system, the response modification coefficient R = 3 and the deflection amplification
factor C; = 2.5, which are found in IBC Table 1617.6.

Approximate period (7, ). The fundamental period of the building is determined in
accordance with Eq. 16-39 in IBC 1617.4.2:

Building period coefficient Cy = 0.03
Building height £, =39 ft

Period 7, = Cr(h,)*’* =0.030x(39)>'* =047 sec

Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:

C.o= 5Dl _ 0.13 =0.115

Ry
R 3 o047
Iy 1.25

The value of C need not exceed that from Eq. 16-35:

Sps _ 0.22 ~0.092

() 6

Also, C, must not be less than the following value from Eq. 16-37:

C

C, =0.0445 pglp =0.044x0.22x1.25=0.012

Thus, Eq. 16-35 governs, and the base shear V' is:
V=CW =0.092x5,547 = 510 kips

Vertical distribution of seismic forces. The lateral forces £, and the story shears V.
are contained in Table 4-1. For 7= 0.47 sec, k= 1.0.

4.2.2.3 Method of Analysis
A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Table 4-1 using SAP2000 [4.2]. In the

model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were
defined at the ends of the horizontal members so that results were automatically obtained
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at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section

properties were used:

e Beams: /4 =057,
e Columns: /5 =0.71,

where 7, is the gross moment of inertia of the section. P-delta effects were also
S

considered in the analysis.

Table 4-1 Seismic Forces and Story Shears (SDC B)

St_ory Height, Easatal Story Shear,
Level weight, h. (f) W, h: force, F, V., (kips)
w, (kips) X (kips) X
3 1,627 39 63,453 231 231
2 1,960 26 50,960 186 417
1 1,960 13 25,480 93 510
)2 5,547 139,893 510

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

4.2.2.4 Story Drift and P-delta Effects

Story drift determination. Table 4-2 contains the displacements &,, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S direction, including
accidental torsional effects. The table also contains the design earthquake displacement

o, computed by IBC Eq. 16-46:

8\‘ _ Cdsxe
2 IE

where C is the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C, is equal to 2.5 for an ordinary

reinforced concrete moment frame.

The interstory drifts A computed from the &, are also contained in the table. For this
structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
story level x 1s determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):
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A= 8,\' - 8,\'—1

Table 4-2 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S Direction

(SDC B)
Story 5‘ 6‘ A
(in.) (in.) (in.)
3 1.74 3.48 0.94
2 1.27 2.54 1.42
1 0.56 1.12 1.12

The design story dnfts A must not exceed the allowable story drift A, from

Table 1617.3 (IBC 1617.3). For Seismic Use Group II, A, =0.0204,, for buildings 4
stories or less that have been designed to accommodate the story drifts. Thus, for the 13-
ft story heights, A, =0.020 x 13 x 12 = 3.12 in. It is evident from Table 4-2 that for all
stories, the lateral drifts obtained are less than the limiting value.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. The provisions of IBC 1617.4.6.2 are illustrated in
Section 4.4.2.4 of this publication for SDC D.

4.2.3 Wind Load Analysis
4.2.31 Wind Forces

Wind forces are determined in accordance with the analytical procedure (Method 2)
given in ASCE 6.5 [4.3].

The example building is regular shaped by the definition in ASCE 6.2, i.e., it has no
unusual geometrical irregularity in spatial form. Also, the building does not have
response characteristics making it subject to across wind loading, vortex shedding, or
instability due to galloping or flutter. It is assumed that the site location is such that
channeling effects or buffeting in the wake of upwind obstructions need not be
considered. Thus, the analytical procedure (Method 2) of ASCE 6.5 may be used to
determine the wind forces.

Design Procedure.

The design procedure outlined in Section 6.5.3 of ASCE 7 is used to determine the wind
forces on the building in the N-S direction.

1. Basic wind speed, V, and wind directionality factor, K ;. Both quantities are

determined in accordance with ASCE 6.5.4. As noted above, V is equal to 90 mph for
Atlanta according to IBC Figure 1609 or ASCE Figure 6-1.
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The wind directionality factor K, 1s equal to 0.85 for main wind-force-resisting systems
per ASCE Table 6-6 when load combinations specified in Sections 2.3 and 2.4 are used.
Note that these load combinations are essentially the same as those in Sections 1605.2
and 1605.3 of the 2000 IBC. It is important to note exception 1 to IBC 1605.2.1, Basic
load combinations: load combinations of ACI 9.2 shall be used for concrete structures
where combinations do not include seismic forces. The load factors in the ACI 318
combinations are different than those in ASCE 7 and the IBC. The exception goes on to
state that for concrete structures designed for wind in accordance with ASCE 7, wind
forces are to be divided by the directionality factor. Thus, in the following computations,
instead of multiplying and then subsequently dividing the external wind pressures/forces

by 0.85, K, 1s taken equal to 1.0.

2. Importance factor, {y . As noted above, Iy 1s equal to 1.15 for Category II

occupancy according to IBC Table 1604.5 and Category IIl occupancy according to
ASCE Table 1-1 (note that IBC Category II and ASCE 7 Category III are the same).

3. Velocity pressure exposure coefficient, K,. According to ASCE 6.5.6.4, values of

K, are to be determined from ASCE Table 6-5. In lieu of linear interpolation, K, may
be calculated at any height z above ground level from the equations given at the bottom
of Table 6-5:

2/
2.01{£J forz <151t

z
K, =1 ¢

2/
2.011 = for15fi<z<z,
Zg

where o = 3-second gust speed power law exponent from ASCE Table 6-4
= 7.0 for Exposure B

zZg = nominal height of the atmospheric boundary layer from ASCE Table 6-4

= 1,200 ft for Exposure B

Values of K, are summarized in Table 4-3 at the various story heights for the example

building.

Table 4-3 Velocity Pressure Exposure Coefficient K,

Height round
Level 9 Ie:gf‘;e(g) K,
3 39 0.755
2 26 0.673
1 13 0575
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4. Topographic factor, K, . The topographic factor is to be determined in accordance
with ASCE 6.5.7, Eq. 6-1. Assuming the example building 1s situated on level ground
and not on a hill, ridge, or escarpment, K, 1s equal to 1.

5. Gust effect factors, G and G . Effects due to wind gust depend on whether a

building 1s rigid or flexible (ASCE 6.5.8). A rigid building has a fundamental natural
frequency n; greater than or equal to 1 Hz, while a flexible building has a fundamental

natural frequency less than 1 Hz (ASCE 6.2).

In lieu of a more exact method, the approximate fundamental period 7, = 0.47 sec
determined in Section 4.2.2.2 is used. The natural frequency is computed by taking the
inverse of the pertod: n; =1/047=2.1Hz.

Since r; > 1.0 Hz, the building is considered rigid, and G may be taken equal to 0.85 or
may be calculated by Eq. 6-2 (ASCE 6.5.8.1). For simplicity, G is taken as 0.85.

6. Enclosure classification. It 1s assumed in this example that the building is enclosed
per ASCE 6.5.9 or IBC 1609.2.

7. Internal pressure coefficient, GC p,; . According to ASCE 6.5.11.1, internal pressure

coefficients are to be determined from Table 6-7 based on building enclosure
classification. For an enclosed building, GC,; =+0.18.

8. External pressure coefficients, C,. External pressure coefficients for main wind-

force-resisting systems are given in Figure 6-3 for this example building. For wind in the
N-S direction:

Windward wall: C, =0.8
Leeward wall (L/B = 91.33/151.33 = 0.60): C, =-0.5
Side wall: €, =-0.7

Roof (h/L =39/91.33 = 0.43):
C, =-0.9 from 0 to &= 39 ft from windward edge.

C,=-05 from 39 ft from windward edge to 2k = 78 ft

C,=-03 from78 ft from windward edge to 91.33 ft

p

9. Velocity pressure, q,. The velocity pressure at height z 1s determined from Eq. 6-13
in ASCE 6.5.10:

g, =0.00256K K K VI

4-9



where all terms have been defined previously. Table 4-4 contains a summary of the
velocity pressures for the example building.

Table 4-4 Velocity Pressure q, (V =90 mph)

Level Helgl}te‘;::f\;e(fgt)round K, (:Szﬂ
3 39 0.755 18.0
2 26 0.673 16.1
1 13 0.575 13.7

10. Design wind pressure, p. Design wind pressures on the main wind-force-resisting
systems of enclosed and partially enclosed buildings are determined in accordance with
ASCE 6.5.12. For rigid buildings of all heights, design wind pressures are calculated

from Eq. 6-15:
p=9GC, —q;(GCp;)

Tables 4-5 and 4-6 contain summaries of design pressures and forces, respectively, for
wind in the N-S direction. It has been assumed that the design wind pressure is constant
over the tributary height of the floor level.

Since the mean roof height of the building is less than 60 ft and does not exceed the least
horizontal dimension (91.33 ft), this building is considered a low-rise building according
to ASCE 6.2. Therefore, in lieu of using ASCE Eq. 6-15, the design wind pressure may
be calculated from ASCE Eq. 6-16 (ASCE 6.5.12.2.2).

Table 4-5 Design Wind Pressures in N-S Direction (V = 90 mph)

Height External Pressure Internal Pressure
above
Location | Level Igf:':;llflg q G c, qGCp q, ch,‘ inCpi

(ft) (psf) (psf) (psf) (psf)
3 39 18.0 | 0.85 | 0.80 12.2 18.0 | +0.18 +3.2
Windward 2 26 16.1 | 0.85 | 0.80 11.0 18.0 | +0.18 £3.2
1 13 13.7 | 0.85 ] 0.80 9.3 18.0 | +0.18 +3.2
Leeward --- All 18.0 | 0.85 | -0.50 -7.7 180 | +0.18 +32
Side - All 18.0 | 0.85 | -0.70 | -10.7 18.0 | +£0.18 3.2
- 39* 18.0 | 0.85 | -0.90 | -13.8 18.0 | +0.18 +3.2
Roof - 39" 18.0 | 0.85 | -0.50 -7.7 18.0 | +0.18 +3.2
--- 39 18.0 | 0.85 | -0.30 -4.6 18.0 | +0.18 +3.2

* from windward edge to 39 ft
' from 39 ft to 78 ft

tHrom 78 ft to 91.33 ft
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Table 4-6 Design Wind Forces in N-S Direction (V = 90 mph)

Windward Leeward 1
Height External Design External Design Total
above | Tributary | Design Wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, P* Pressure, p* Force
quCp q,GC P
(ft) (ft) (psf) (Kips) (psf) (kips) | (kips)
3 39 6.5 12.2 12.0 -7.7 7.6 19.6
2 26 13.0 11.0 21.6 -7.7 15.2 36.8
1 13 13.0 9.3 18.3 -7.7 15.2 33.5
P = qGC, x Tributary height x151.33 ¥ 89.9

4.2.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed for the wind forces contained in Table 4-6 using SAP2000. The modeling
assumptions utilized for the seismic analysis were also used for the wind analysis.

Comparing the seismic forces in Table 4-1 to the wind forces in Table 4-6, it is clear that
seismic forces will govern the design of the members.

4.2.4 Design for Combined Load Effects

4.2.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of

ACI9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+ 1.7L+ 1.7W) (Eq.9-2)
3. 09D+ 13W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
5. 09D+ 1.0E (Formula 16-6)

where D, L, W, and £ are the effects due to dead, live, wind, and seismic loads,
respectively, and f; is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.




The seismic load effect £ for use in Formula 16-5, which 1s the combined effect of
horizontal and vertical earthquake-induced forces, 1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E = pQE + OstSD

where  Qf = effect of horizontal seismic forces

p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B,or C (IBC 1617.2.1)

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= PQE _O'ZSDSD

Substituting Spg = 0.22g and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D +0.5L + 1.00g +(0.2x0.22)D = 1.24D + 0.5L + Qf
4b. 12D +0.5L + 1.00f —(0.2x0.22)D = 1.16D +0.5L + QO
5a. 0.9D+ 1.0Qg +(0.2x0.22)D =0.94D + Qf
5b. 0.9D + 1.0Qg —(0.2x0.22)D =0.86D + QF

Values of Qf are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
4.2.4.2 Design of Beam B3-C3
Deflection control.

ACI 9.5 contains provisions for control of deflections for reinforced concrete members
subjected to flexure. Deflection requirements can be satisfied for nonprestressed beams
by providing the minimum thickness contained in ACI Table 9.5(a). It is important to
note that the provisions of ACI 9.5.2.1 apply only to one-way construction not supporting
or attached to partitions or other construction likely to be damaged by large deflections.

From Table 9.5(a), the minimum thickness of beams made of normal weight concrete and
Grade 60 reinforcement with one end continuous is:

¢/18.5=[(30 x 12)-20/2 - 16/2}/18.5=185in.=h=185in. O.K.
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Flexural design.

Table 4-7 contains a summary of the goveming design bending moments and shear forces
for beam B3-C3 at the first floor level due to gravity and seismic forces. The live load on
the beam is reduced in accordance with IBC 1607.9.2:

R =r(4 - 150) <40% for horizontal members

where r = rate of reduction = 0.08 for floors

A = area of floor supported by member = 30 x 30 = 900 ft* > 150 ft*
Therefore,
R=0.08(900 — 150) = 60% > 40% Use 40%
Reduced live load = (1 — 0.40) x 60 = 36 psf

The uniformly distributed gravity loads on the beam are computed as follows:

wp = [(74+45)x30/1,000]+(2—81x£'—5x0.15J=4.1 kips/ft

wy = 36 % 30/1,000 = 1.1 kips/ft

Table 4-7 Summary of Design Bending Moments and Shear Forces for Beam B3-C3 at Floor
Level 1 (SDC B)

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Support -289 58
Dead (D
ead (D) Midspan 198
. Support -53 16
L L
ive (L) Midspan 36
Seismic (Qg) Support +138 +10
Load Combinations
14D +17L Sl'Jpport -495 108
Midspan 338
124D+ 05L+ Qg  |pport | -923 0
Midspan 264
Support -111 40

0.86D + Qg

Midspan 170

The required flexural reinforcement is contained in Table 4-8. The provided areas of steel
are within the limits prescribed in ACI 10.3.3 for maximum reinforcement and ACI 10.5
for minimum reinforcement. The selected reinforcement satisfies ACI 7.6.1 and 3.3.2
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(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).

Table 4-8 Required Flexural Reinforcement for Beam B83-C3 at Floor Level 1 (SDC B)

Location M_“ As Reinforcement* ¢M"
(ft-kips) (in.%) (ft-kips)
Support -523 8.78 7-No. 10 528
Midspan 338 5.23 5-No. 10 400
. 3\/wad 3y4,000 x 28 x 16 2
Asmin = = =142 in.
’ £, 60,000
ACI 10.5
200b,,d 200 x 28 x 16 2
= = =149 in.” (governs)
f 60,000
y
Agmax =P P, @ = 00214 x 28 %16 = 9.59 in.? AC110.3.3

IBC 1910.3.1 requires that at least 2 of the top and bottom flexural bars be continuous
over the length of the beam.

Shear design.

Shear requirements for beams are contained in ACI 11.1, 11.3, and 11.5. For members
subjected to shear and flexure, the nominal shear strength provided by concrete V, is

determined from Eq. 11-3:
V., =2f:b,d=24,000x28x16/1,000 = 56.7 kips

The design shear strength of the concrete ¢V is equal to 0.85 x 56.7 = 48.2 kips. This is
less than the maximum factored shear force ¥, = 108 — [7.6 x (16/12)] = 98 kips at a

distance d = 16 in. from the face of the support, where the total factored gravity load on
the beam is equal to w, =14wp +1.7w; =(1.4x4.1)+(1.7x1.1)=7.6 kips/ft (see

Table 4-7 and ACI 11.1.3.1).
Therefore, provide shear reinforcement in accordance with ACI 11.5.6.

The required spacing of No. 3 stirrups with 4 legs is determined from Eq. 11-15
(ACI11.5.6.2):
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A Syd (4x0.11)x60x16

—Vi—VC B _s67

o 0.85
d2=16/2=8 in. O.K. (ACI 11.54.1)

< N
4,
vy =189 in. O.K. (ACI11.5.5.3)
500,
Note that
A, f,d  (4x0.11)x60x16
Vo= _ (8x0 )7X 0216 _ 60.3 kips < 4y 77b,,d = 113.3 kips

so that the maximum spacing given above need not be reduced by one-half
(ACI'11.54.3). The shear strength V. 1is also less than the maximum value of

8/ f/b,,d =226.7 kips (ACI 11.5.6.9).

According to ACI 11.5.5.1, shear reinforcement may be terminated where V,, < ¢V, /2 =
24.1 kips. Length over which stirrups are required = (108 — 24.1)/7.6 =11.0 ft.

Use 20-No. 3 stirrups (4 legs) spaced at 7 in. at each end of the beam with the first stirrup
located at 2 in. from the face of the support.

Reinforcing bar cutoff points.

The negative reinforcement at the supports is 7-No. 10 bars. The location where 5 of the
10 bars can be terminated will be determined. The design flexural strength &M,

provided by 2-No. 10 bars is 174 ft-kips.

The load combinations used to determine the cutoff points are shown in Table 4-9. The
distance x from the face of the support to the section where the bending moment is equal
to 174 ft-kips is obtained by summing moments about section a-a in the figure. For
example, for the second load combination:

2
30X g0r 45232174

Solving for x gives a distance of 4.5 ft from the face of the support. The cutoff locations
for other load combinations are determined in a similar fashion. It is evident from the
table that the second load combination governs.



Table 4-9 Cutoff Location of Negative Bars (SDC B)

Load Combination Load Diagram x (ft)
7.6 kips/ft a
495 fkips QI—t—t—¥ ¥ ¥ ¥ ¥ ¥9.495kips
14D +1.7L P cl x A ’ 3.4
28"4” a
108 kips 108 kips
5.6 kips/ft a
247 ft-kips € f—t—Y—¥__¥ ¥ ¥ ¥ 3 523 fi-kips
124D + 0.5L + Qg Ps 5 b PS | 45
28"-4" a
69 kips 90 kips
3.5 kips/ft a
111 frkips € X% ¥ ¥ % 383 fikips
0.86D + Qg . X 4.0
| 28’-4 a
40 kips 60 kips
The 5-No. 10 bars must extend a distance ¢ = 16 in. (govemns) or

12dp, =12x1.27 =15.2 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 4.5 + (16/12) =58 ft.

Also, the bars must extend a full development length ¢ ; beyond the face of the support
(ACI 12.10.4), which is determined from ACI Eq. (12-1):

tg _3 Jy opnr

dy 40 J7! (c-kK,r]

dp

where o = reinforcement location factor = 1.3 for top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 10 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension
1.54+0375+ 1—;—7— =25 1.

28-2(1.5+0.375)-1.27

=1.9 1n. (govemns
P (g )
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K, = transverse reinforcement index

An Sy _ 4x0.11x60,000 _

15005 1,500 7x 7

c+K, :1'9+0'4:1.8<2.5

dp 1.27

Therefore,

£4 3 60,000 1.3x1.0x1.0x1.0
X X

“d - =51.4
dy, 40 /4,000 1.8

£ =514x127=653 1n.=54 ft <58 ft

Thus, the total required length of the 5-No. 10 bars must be at least 5.8 ft beyond the face
of the support.

Note that 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 7.6 ft from the face of the support, which is greater than 5.8 ft. Thus, the
No. 10 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 ¥, at the cutoff point does not
exceed 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 7 in. on center that are provided
in this region of the beam, ¢V, is determined by ACI Eqs. 11-1 and 11-2:

oV, =0V, + V) =0.85%(56.7+60.3) =99.5 kips
2 :
§¢V,, = 66.3 kips

At 5.8 ft from the face of the support, V,, =90 —(5.6x5.8) =57.5 kips, which is less than
66.3 kips. Therefore, the 5-No. 10 bars can be terminated at 5.8 ft from the face of the
support.

It is assumed in this example that all positive reinforcement is continuous with splices
over the columns. Note that the structural integrity provisions of ACI 7.13.2.3 require
that at least one-quarter of the positive reinforcement be continuous or spliced over the
support with a Class A tension splice for other than perimeter beams that do not have

closed stirrups.

Figure 4-2 shows the reinforcement details for beam B3-C3.

4-17



1/_8// 1/_8,,
5-107 5-No. 10 /Z—No. 10  5-No. 10

= I 1

$ % 167"

-

/
5-No. 10
2”_h. ” \
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Figure 4-2 Reinforcement Details for Beam B3-C3 at Floor Level 1 (SDC B)

4.2.4.3 Design of Column C3

This section outlines the design of column C3 supporting the first floor level. Table 4-10
contains a summary of the design axial forces, bending moments, and shear forces on this

column.

Table 4-10 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C3 between Ground and 1* Floor Level (SDC B)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 355 0 0
Live (L)* 64 0 0
Seismic (Qg) 0 + 335 + 39

Load Combinations

14D+ 1.7L 606 0 0
1.24D + 0.5L + Qg 472 335 39
0.86D + Qg 305 -335 -39

* Live load reduced per IBC 1607.9
Design for axial force and bending.

Based on the governing load combinations in Table 4-10, a 20 x 20 in. column with 8-
No. 9 bars (p, =2.0%) is adequate for column C3 supporting the first floor level.
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Figure 4-3 contains the interaction diagram for this column. As noted above, slenderness
effects need not be considered since P-delta effects were included in the analysis. Also,
the provided reinforcement ratio is within the allowable range of 1% and 8%

(ACI 10.9.1).

2,000.0 ¢ | :
1,800.0 F !
E |
1,600.0 :\H |
o 1
—— - \ . L
A 1,400.0 5 ~ |
= 12000 E \ |
it E '
a 1,0000 . —'—*'_':‘*i- -—-m-i»—r_—_~_
L C !
5 8000 E <
< 6000 § \\\ L S
400.0 F / ! /
200.0 § s s
OOE//J

0.0 100.0 200.0 300.0 400.0 500.0 600.0
Bending Moment (ft-kips)

Figure 4-3 Design and Nominal Strength Interaction Diagrams for Column C3 Supporting Floor
Level 1 (SDC B)

ACI 7.6.3 requires that the clear distance between longitudinal bars shall not be less than
1.5d, =1.5 x 1.128 = 1.7 in. nor 1.5 in. In this case, assuming No. 3 ties, the clear

distance is equal to the following:

1.128

20—2(1.54—0.3754— ]
—1.128=64 in.>1.7 in. O.K.

2

A No. 3 crosstie is required; otherwise, the clear spacing between laterally supported bars
would be greater than 6 in., which is not allowed (ACI 7.10.5.3).

Design for shear.

Since the clear height to maximum plan dimension of the column = [(13 X 12)-—
18.5]/20=6.9 > 5, design for shear need not be in accordance with ACI 21.10.3

(IBC 1910.3.1).
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The shear capacity of the column 1s checked using ACI Eq. 11-4 for members subjected
to axial compression:

N
=2 K b d
¢ 2,0004, Jeb,

=2/ 1+ 3—05% 4,000 x20x14.5/1,000 = 50.7 kips
2,000x20

where N, = 305 kips is the smallest axial force on the section (see Table 4-10) and d =

14.5 in. was obtained from a strain compatibility analysis.

Since 0V,./2=0.85x50.7/2= 21.6 kips < V, = 39 kips, provide minimum shear

reinforcement in accordance with ACI 11.5.5.3. Required spacing s of No. 3 ties and
crossties is determined from Eq. 11-13:

. A, [y (3%0.11)x 60,000
50b,, 50x 20

=19.8 in.

The transverse reinforcement requirements in ACI 7.10.5 must also be satisfied. The
vertical spacing of the No. 3 ties must not exceed the least of the following:

e l6(smallest longitudinal bar diameter) = 16 x 1.128 = 18.0 in.

e 48(tie bar diameter) =48 x 0.375 = 18.0 in.

e Ieast column dimension = 20 in.
Use No. 3 ties @ 18 in. with the first tie located vertically not more than 18/2 = 9 in.

above the top of the slab and not more than 3 in. below the lowest horizontal
reinforcement in the beams (ACI 7.10.5.4 and 7.10.5.5).

Splice length of longitudinal reinforcement.

ACI 12.17 contains special provisions for splices in columns. From the interaction
diagram in Figure 4-3, it can be seen that the bar stress due to factored load combinations

2 and 3 is greater than 0.5 f,,. Thus, Class B tension lap splices must be provided
(ACI'12.17.2.3).
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From ACI Eq. (12-1):

Ly 3 fy  ofyr
dy 40 Jf7 [0+K,,.]

db

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement

v = reinforcement size factor = 1.0 for No. 7 and larger bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

LB =24 1in. (govemns)

1.5+0375+

20-2(1.5+0.375)-1.128 ~38in
2x2

K, = transverse reinforcement index

_ ApSy 3%0.11%x60,000 02
1,500sn 1,500x18x%3 '

c+K, 24+02 —23<25

dy 1.128

Therefore,

€4 _ 3 60000 10x1.0x10X1.0_,o ¢
dy 40" \[4,000 2.3

{45 =309%x1.128=349 mn.=29 ft

Class B splice length =137, = 3.8 ft
Use a 3 ft-10 1n. splice length with the splice located just above the floor level.

Reinforcement details for column C3 are shown in Figure 4-4.
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17-8”
r '1 8-No. 9
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No.3 @ 1'-6” 1.8”
132" (typ.)

Other reinforcement not shown

I —
for clarity r
| 3-10"
<g”
) — Ground
i ; ; 1-614"
.l i

<3 H{\ Additional ties at offset bent

Figure 4-4 Reinforcement Details for Column C3 Supporting the 1% Floor Level (SDC B)
4.3 DESIGN FORSDCC
To illustrate the design requirements for Seismic Design Category (SDC) C, the school
building in Figure 4-1 is assumed to be located in New York, NY. Typical beams and

columns are designed and detailed for combined effects of gravity, wind, and seismic
forces.

4.3.1 Design Data
e Building Location: New York, NY (zip code 10013)
e Material Properties

Concrete: f. =4,000 psi, w, =150 pef
Reinforcement: fy = 60,000 psi
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Service Loads

Live loads: roof =20 psf
floor = 60 psf (average between 40 psf for floors and 80 pst for corridors
above first floor level, IBC Table 1607.1). In addition,
floor is to be checked for 1,000 Ib concentrated live load
uniformly distributed over an area of 2.5 sq ft
(IBC 1607.4).

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse
floor = 45 psf (20 psf permanent partitions + 25 psf
ceiling, etc.)

Seismic Design Data

For zip code 10013: S¢ =0.424g,5, =0.094g [4.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) II occupancy, /g =1.25 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 110 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category II occupancy, Iy =1.15 (IBC Table 1604.5)

Member Dimensions

Joists: 14 +4.5 x 6 + 66 (74 psf)
Interior beams: 28 x 18.5 in.
Spandrel beams: 20 x 18.5 in.
Intertor columns: 24 x 24 in.
Exterior columns: 20 x 20 in.

4.3.2 Seismic Load Analysis

4.3.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Suys and at 1-second period S, are determined from IBC Egs. 16-16 and 16-17,

respectively:

SA/[S = FaSS =1.46%x0.424 = 062g

S/WI = FVSI = 240>< 0094 = 023g
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where F, and £, are the values of site coefficients as a function of site class and of
mapped spectral response acceleration at short periods S¢ and at 1-second period Sy,
respectively. The values of these coefficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F, . Straight-line

interpolation was used to determine £, .

Once S)ys and S, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

SDS zgSMS =§X062 = 041g

SDI :§SM1 :§-X023=015g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group II and Spg = 0.4lg, the SDC 1s C. Similarly, from

Table 1616.3(2), the SDC 1s C for Sp; =0.15g. Thus, the SDC is C for this building.

4.3.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC C. In a given
direction, V is determined from Eq. 16-34:

V=CW

where C; 1s the seismic response coefficient determined in accordance with IBC
1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For the
member sizes and superimposed dead loads given above, W= 5,776 kips (see Table 4-11
below).

As noted above, a moment-resisting frame system is utilized as the seismic-force-
resisting system. As a minimum, this must be an intermediate reinforced concrete
moment frame to satisfy the provisions of IBC 1910.4.1 for structures assigned to
SDC C. For this system, the response modification coefficient R = 5 and the deflection

amplification factor C; =4.5 (IBC Table 1617.6).

Approximate period (7,). The fundamental period of the building is determined in
accordance with Eq. 16-39 n IBC 1617.4.2:

Building period coefficient C7 = 0.03

4-24

~p



Building height £, =39 ft
. _ 374 _ 3/4 _
Period 7, = Cp(h,)”" 7 =0.030%(39)"" " =047 sec

Seismic base shear (V). The seismic response coefficient C 1s determined from Eq. 16-
36:

S 0.15
C. =Pl _

S
R 3 o047
Iy 1.25

The value of C; need not exceed that from Eq. 16-35:

=0.080

S .
ps _ 94 103

) )

Also, C; must not be less than the following value from Eq. 16-37:

Cy =

C, =0.0445ps 1 =0.044x0.41x1.25=0.023
Thus, Eq. 16-36 governs, and the base shear Vis:
V=CW =0.080x5,776 = 462 kips

Vertical distribution of seismic forces. The lateral forces F, and the story shears V,
are contained in Table 4-11. For T=0.47 sec, k= 1.0.

Table 4-11 Seismic Forces and Story Shears (SDC C)

St_ory Height, Lateral Story Shear,
Level | Wweight, o (f) th: force, F, V. (kips)
w, (kips) X (kips) x \MIp
3 1,684 39 65,676 209 209
2 2,046 26 53,196 169 378
1 2,046 13 26,598 84 462
z 5,776 145,470 462

4.3.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Table 4-11 using SAP2000 [4.2]. In the
model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were
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defined at the ends of the horizontal members so that results were automatically obtamed
at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section

properties were used:

e Beams: leff :O.Slg
e (Columns: [0/]' :0.7[g

where [/, 1s the gross moment of inertia of the section. P-delta effects were also

considered in the analysis.

In accordance with IBC 1617.4.4 4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

4.3.2.4 Story Drift and P-delta Effects

Story drift determination. Table 4-12 contains the displacements §,, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S direction, including
accidental torsional effects. The table also contains the design earthquake displacement

&, computed by IBC Eq. 16-46:

& = Cd 8xe
X IE
where Cy is the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C; is equal to 4.5 for an intermediate

reinforced concrete moment frame.

Table 4-12 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S Direction

(SDC C)
Story 8’ 8" A
(in.) (in.) (in.)
3 1.12 4.03 1.19
2 0.79 2.84 1.69
1 0.32 1.15 1.15

The interstory drifts A computed from the &, are also contained in the table. For this
structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):
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A= 6_\‘ B 6.\'~1

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group II, A, =0.0204,, for buildings 4

stories or less that have been designed to accommodate the story drifts. Thus, for the 13-
ft story heights, A, =0.020 x 13 x 12 =3.12 in. It is evident from Table 4-12 that for all

stories, the lateral drifts obtained from the prescribed lateral forces in the N-S direction
are less than the limiting value.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. The provisions of IBC 1617.4.6.2 are illustrated in
Section 4.4.2.4 of this publication for SDC D.

4.3.3 Wind Load Analysis
4.3.3.1 Wind Forces

Wind forces are determined in accordance with the analytical procedure (Method 2)
given in ASCE 6.5 [4.3].

Details on how to compute the wind forces are given in Section 4.2.3 of this publication.
In this example, the wind velocity is 110 mph. A summary of the design wind forces in
the N-S direction at all floor levels is contained in Table 4-13. Once again it is important
to note that the wind directionality factor K; has been taken equal to 1.0 (see Exception

1 in IBC 1605.2.1).

Table 4-13 Design Wind Forces in N-S Direction (V = 110 mph)

Level Height above ground level, | Total Desigp Wind Force
z (ft) (kips)
3 39 294
2 26 55.1
1 13 50.2
) 134.7

4.3.3.2 Method of Analysis
Similar to the seismic analysis, a three-dimensional analysis of the building was
performed for the wind forces contained in Table 4-13 using SAP2000. The modeling

assumptions utilized for the seismic analysis were also used for the wind analysis.

Comparing the seismic forces in Table 4-11 to the wind forces in Table 4-13, it 1s clear
that seismic forces will govern the design of the members.
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4.3.4 Design for Combined Load Effects

4.3.4.1 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 1.4D+1.7L (Eq. 9-1)
2. 0.75(1.4D+ 1.7L + 1.7W) (Eq. 9-2)
3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ fiL+1.0F (Formula 16-5)
5. 09D+ 1.0F (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= pQE + 02SDSD

where  Qp = effect of horizontal seismic forces

p =redundancy coefficient
= 1.0 for structures assigned to SDC A, B, or C (IBC 1617.2.1)

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= pQE _02SDSD

Substituting Spg = 0.41g and p = 1.0 into the equations for E, and then substituting £
along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 1.2D+0.5L + 1.0Qf +(0.2x0.41)D =1.28D+ 0.5L + Qf

4b. 12D +0.5L+ 1.005 —(02x0.41)D =1.12D+ 0.5L + Qp

S5a. 09D+ 1.00g +(0.2x0.41)D =0.98D + QOf

5b. 09D+ 1.00f —(0.2x041)D =0.82D+ Qf
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Values of O are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations i IBC 1605.4 are not applicable in this
example.

4.3.4.2 Design of Beam B3-C3
Deflection control.

As was shown in Section 4.2.4.2 of this publication, the 18.5-in. depth is adequate for
deflection control (see ACI Table 9.5(a)).

Flexural design.

Table 4-14 contains a summary of the governing design bending moments and shear
forces for beam B3-C3 at the first floor level due to gravity and seismic forces. The live
load on the beam has been reduced in accordance with IBC 1607.9.2.

Table 4-14 Summary of Design Bending Moments and Shear Forces for Beam B3-C3 at Floor
Level 1 (SDC C)

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Support -289 57
d (D
Dead (D) Midspan 198
Live (L) SL.Jppon -53 16
Midspan 36
Seismic (Qg) Support +113 +8
Load Combinations
14D+ 1.7L SL'JppOFt -495 106
Midspan 338
128D +05L+ Qp  |oupport | -509 &
Midspan 271
0.82D + Qg SL_Jpport -124 39
Midspan 162

Requirements for intermediate moment frames are given in ACI 21.10. The factored axial
force on the member, which is negligible, is less than A, [ /10; thus, the provisions of

ACI 21.10.4 for beams must be satisfied. All other applicable provisions in Chapters 1
through 18 of ACI 318-99 are to be satisfied as well.

The required flexural reinforcement 1s contained in Table 4-15. The provided areas of
steel are within the limits prescribed in ACI 10.3.3 for maximum reinforcement and
ACI 10.5 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
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protection of reinforcement), and ACI 10.6 (maximum spacing for control of flexural
cracking).

Table 4-15 Required Flexural Reinforcement for Beam B3-C3 at Floor Level 1 (SDC C)

-
Location M_” Ay Reinforcement* q)M”
(ft-kips) (in%) (ft-Kips)
Support -509 8.49 7-No. 10 528
Midspan 338 5.23 5-No. 10 400
. 3yf;b,d 34000 %28 x16
Ag min = Vit ~ T a2
’ f, 60,000
ACI 10.5
200b,,d 200 x 28 x 16 2
= = =149 in. (governs)
f 60,000
y
Agmax =0, b, d = 002142816 = 9.59 in.” ACI 10.3.3

ACI 21.10.4.1 requires that the positive moment strength at the face of the joint be
greater than or equal to 33% of the negative moment strength at that location. This is
satisfied, since 400 ft-kips > 528/3 = 176 fit-kips. Also, the negative or positive moment
strength at any section along the length of the member must be greater than or equal to
20% of the maximum moment strength provided at the face of either joint. In this case,
20% of the maximum moment strength is equal to 528/5 = 106 ft-kips. Providing 2-
No. 10 bars (¢M ,, = 174 ft-kips) satisfies this provision.

Shear design.

Shear requirements for beams, columns, and two-way slabs in intermediate moment
frames are contained in ACI 21.10.3. Design shear strength shall not be less than either
(a) the sum of the shear associated with development of nominal moment strength at each
end of the clear span and shear due to factored gravity loads or (b) the maximum shear
obtained from load combinations that include E, where E is taken to be twice that
prescribed by the governing code. In this example, the first of the two options is utilized.

The largest shear force associated with seismic effects is obtained from the second of the
three load combinations in Table 4-14. Figure 4-5 shows the beam and shear forces due
to gravity loads plus nominal moment strengths for sidesway to the right. Due to the
symmetric distribution of longitudinal reinforcement in the beam, sidesway to the left
gives the same maximum shear force. The factored uniform load on the beam is
determined as follows:

28x18.5
wp = [(74+45)x30/1,000]+(%48—~x 0.15}: 4.1 kips/ft
w, =36 % 30/1,000 = 1.1 kips/ft
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w, =1.28wp +0.5u, = 5.8 kips/ft

w, =5.8%
M;(5-No.1o>:444'*<(’}[ l J’ . l284[0,,l 'y ‘;_;)M;(7—No.10):587'k
44.4% 118.0"

Figure 4-5 Design Shear Forces for Beam B3-C3 (SDC C)

The maximum combined shear force as shown in Figure 4-5 (118.0 kips) is larger than
the maximum shear force obtained from the structural analysis (89 kips; see Table 4-14).

The nominal shear strength provided by concrete V. 1s computed from ACI Eq. [1-3:

V. =2 f.b,,d=24,000x28x16/1,000 = 56.7 kips
Since V,, = 118.0 kips is greater than ¢V, =0.85x56.7 =48.2 kips, provide shear
reinforcement in accordance with ACI 11.5.6. Assuming No. 3 stirrups with 4 legs, the

required spacing s 1s determined from Eq. (11-15):

4,/yd  (4x0.11)x60x16

s = = 5.1 in
Vu o 180 564
s 0.85

According to ACI 21.10.4.2, the maximum spacing of stirrups over the length 24 =
2% 18.5 =37 in. from the face of the support at each end of the member is the smaller of
the following:

e d/4=16/4=40in. (governs)

e §8(diameter of smallest longitudinal bar) =8 x 1.27 =10.2 in.

e 24(diameter of stirrup bar) =24 X 0.375=9.0 in.

e 12i1n.
Use 10-No. 3 stirrups (4 legs) at each end of the beam spaced at 4 in. on center with the
first stirrup located 2 in. from the face of the support. For the remainder of the beam, the

maximum stirrup spacing is ¢/2 = 8 in. (ACI 21.10.4.3). Use No. 3 stirrups @ 8 in. for
the remainder of the beam.
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Reinforcing bar cutoff points.

The negative reinforcement at the supports is 7-No. 10 bars. The location where 5 of the
10 bars can be terminated will be determined.

The second load combination is used to determine the cutoff point of the 5-No. 10 bars,
since this combination produces the longest bar lengths. The design flexural strength
¢M, provided by 2-No. 10 bars 1s 174 ft-kips. Therefore, the 5-No. 10 bars can be

terminated after the required moment strength M, has been reduced to 174 ft-kips.

The distance x from the support to the location where the moment is equal to 174 ft-kips
can readily be determined by summing moments about section a-a in Figure 4-6:

2
>B8XT 0 +509=174

Solving for x gives a distance of 4.4 ft from the face of the support.

58
265 C ¥ L g L4l lxl £ 2 sos'
280" 8 1
73 89Kk

Figure 4-6 Cutoff Location of Negative Bars (SDC C)

The 5-No. 10 Dbars must extend a distance d = 16 1in. (governs) or
12dy, =12x1.27 =15.2 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 4.4 + (16/12) = 5.7 ft.

Also, the bars must extend a full development length ¢ ; beyond the face of the support
(ACI 12.10.4), which is determined from ACI Eq. (12-1):

Ed _i fy (XB’Y?\.

917—_40 fe e+ Ky,
dp

where o = reinforcement location factor = 1.3 for top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 10 bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

4-32



¢ = spacing or cover dimension
27 .
1.5+0.375 +IT =2.5 1.

28-2(1.54+0.375)-1.27
2x6

=1.9 . (governs)

K, = transverse reinforcement index

Ay Sy 4x0.11x60,000

= 0.3
1,500sn 1,500x8x7

c+Ky 19403 _ o

dp 1.27

Therefore,

L4 3 60,000 13x1.0x1.0x1.0
X X

“d = =54.4
dy 40" /4,000 1.7

4 =544%x127=69.1 in.=58 ft

Thus, the total required length of the 5-No. 10 bars must be at least 5.8 ft beyond the face
of the support.

Note that 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 7.6 ft from the face of the support, which is greater than 5.8 ft. Thus, the
No. 10 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 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 8 in. on center that are provided
in this region of the beam, ¢V, 1s determined by ACI Egs. 11-1 and 11-2:

oV, =0V, +V,)=0.85%(56.7+52.8) = 93.1 kips
2 :
§¢V,, =62.1 kips

At 5.8 ft from the face of the support, ¥, =88 —(5.8x5.8) =54.4 kips, which 1s less than
62.1 kips. Therefore, the 5-No. 10 bars can be terminated at 5.8 ft from the face of the
support.
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It 1s assumed in this example that all positive reinforcement 1s continuous with splices
over the columns. Note that the structural integrity provisions of ACI 7.13.2.3 require
that at least one-quarter of the positive reinforcement be continuous or spliced over the
support with a Class A tension splice for other than perimeter beams that do not have

closed stirrups.

Figure 4-7 shows the reinforcement details for beam B3-C3.

21_0” 2,-0”

P o

57-10” 5-No. 10 2-No. 10 5-No. 10

1/

17-6"4"

-

va
5-No. 10
No. 3 stirrups @ 8”

 — ol

z \ 10-No. 3 stirrups @ 4~
28’_0”

Figure 4-7 Reinforcement Details for Beam B3-C3 at Floor Level 1 (SDC C)
4.3.4.3 Design of Column C3

This section outlines the design of column C3 supporting the first floor level. Table 4-16
contains a summary of the design axial forces, bending moments, and shear forces on this
column for gravity and seismic loads. Since the factored compressive axial loads exceed

1<1gf,:'/10=242 x4/10= 230 kips, the provisions of ACI 21.10.5 must be satisfied,

unless spiral reinforcement conforming to Eq. 10-6 1s used. In this example, transverse
reinforcement consists of ties and crossties.

Design for axial force and bending.

Based on the governing load combinations in Table 4-16, a 24 x 24 in. column with 8-
No. 9 bars (p, =1.39%) 1s adequate for column C3 supporting the first floor level.

Figure 4-8 contains the interaction diagram for this column. As noted above, slendemess
effects need not be considered since P-delta effects were included in the analysis. Also,
the provided reinforcement ratio is within the allowable range of 1% and 8%
(ACI10.9.1).
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Table 4-16 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C3 between Ground and 1° Floor Leve/l (SDC C)

[ Axial Bending Shear
Load Case Force Moment Force
(kips) (ft-kips) (kips)
Dead (D) 362 0 0
Live (L)* 64 0 0
Seismic (Qg) 0 * 264 +28
Load Combinations
14D +17L 616 0 0
1.28D + 0.5L + Q¢ 495 264 28
0.82D + Qg 297 -264 -28

* Live load reduced per IBC 1607.9

3,000.0 7

2,500.0

2,000.0

ips

)

1,600.0

1,000.0

Axial Force (k

500.0 |

' I ] 1/1‘4 L L A i 1 L i '

0.0 200.0 400.0 600.0 800.0 1,000.0
Bending Moment (ft-kips)

0.0

Figure 4-8 Design and Nominal Strength Interaction Diagrams for Colurmn C3 Supporting Floor
Level 1 (SDC C)

ACI 7.6.3 requires that the clear distance between longitudinal bars shall not be less than
1.5d, =1.5 x 1.128 = 1.7 in. nor 1.5 in. In this case, assuming No. 3 ties, the clear

distance is equal to the following:

4-35



24~2(1.5+O.375+ L128

5 ]—1.12828.4 m.>1.7 m. OK.

A No. 3 crosstie 1s required; otherwise, the clear spacing between laterally supported bars
would be greater than 6 in., which 1s not allowed (ACI 7.10.5.3).

Design for shear.

Similar to beams, columns in Intermediate moment frames must satisfy the shear
requirements in ACI 21.10.3. The second of the two options in that section 1s utilized
here to determine the design shear strength.

From Table 4-16, the maximum shear force V,, obtained from design load combinations

that include E is 28 kips. According to ACI 21.10.3(b), the design shear force must be
two times this value, which is 56 kips.

The shear capacity of the column will be checked using ACI Eq. 11-4 for members
subjected to axial compression:

.

V=2 1+7“,,/ 'by,d

‘ 2,0004, Jebw

=2 1+297;0002 4,000 x24x17.7/1,000 = 67.6 kips
2,000 24

where N, = 297 kips is the smallest axial force on the section (see Table 4-16) and d =

17.7 in. was obtained from a strain compatibility analysis.

Since ¢V, /2=0.85%67.6/2 = 28.7 kips < V,, = 56 kips, minimum shear reinforcement

would generally have to satisfy ACI 11.5.5.3. However, for intermediate moment frames,
the requirements in ACI 21.10.5.1 take precedence. These requirements are intended
primarily to confine the concrete within the core and provide lateral support for the
longitudinal reinforcement. For No. 3 ties, the vertical spacing s, must not exceed the

least of the following over a length ¢, measured from the joint face:

e §(smallest longitudinal bar diameter) = 8 X 1.128 =9.0 in. (governs)
e 24(tie bar diameter) =24 X 0.375=9.0 in. (governs)
e [east column dimension/2 =24/2 =12 in.

e 12i1n.
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where (, 1s the largest of the following:

e C(Clear span/6 =[(13x 12) - 18.51/6 =22.9 in.
e Maximum cross-sectional dimension of member = 24 in. (governs)

e 181n.

Use 5-No. 3 ties and crossties @ 9 in. with the first tie located at 4 in. (< s,/2 =4.5 in;
ACI 21.10.5.2) from the joint face above the ground. The 9 in. spacing is used over the
lap splice length of 42 in. ( > ¢, = 24 in.), which 1s determined below. Below the first
floor level, 4-No. 3 ties and crossties are used. For the remainder of the column, tie
spacing shall not exceed 2s, = 18 in. (ACI 21.10.5.4).

ACI 21.10.5.3 requires that joint reinforcement 1n intermediate moment frames conform
to ACI 11.11.2. Since this beam-column joint is part of the primary seismic load-resisting
system, lateral reinforcement in the joint must not be less than that computed by Eq. (11-
13). For No. 3 ties with one crosstie, the required spacing is:

o 4,1y (3%0.11)x 60,000
506 5024

w

=16.5 1n.

For detailing simplicity, continue the 9 in. spacing at the column ends through the joint.
Splice length of longitudinal reinforcement.

ACI 12.17 contains special provisions for splices in columns. From the interaction
diagram in Figure 4-8, it can be seen that the bar stress due to factored load combinations

2 and 3 is greater than 0.5 f,,. Thus, Class B tension lap splices must be provided
(ACI12.17.2.3).

From ACI Eq. (12-1):

(}d—i fy (XB"{?\.

d, 40 fcf(c+Kt,)

dp

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
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¢ = spacing or cover dimension

1.128

1.5+0375+ =24 1. (governs)

24-2(1.5+0.375)-1.128
2x2

4.8 1n

K, = transverse reinforcement index

Ay [y 3%0.11x60,000
1,500sn 1,500 % 9% 3

0.5

+ 2440,
cHRy _24%05 56 05 use 2.5

d 1.128

Therefore,

£ 3 60,000 1.0x1.0x1.0x1.0

fd o2 o x =285
d, 40" 4,000 2.5

2, =285x1.128=322 in.=2.7 ft

Class B splice length = 1.3¢ ; = 3.5 ft

Use a 3 ft-6 in. splice length with the splice located just above the floor level. Note that in
Section 3.4.4.3 of this publication, the lap splices for the column in SDC C were located
within the center half of the member length, which is outside of potential plastic hinge
regions. Although it may be prudent to locate the lap splices at this location, it is not
required. Reinforcement details for column C3 with the lap splices located just above the
floor level are shown in Figure 4-9.

4.4 DESIGN FOR SDC D - SOUTHEASTERN U.S.
To illustrate the design requirements for Seismic Design Category (SDC) D, the school
building in Figure 4-1 1s assumed to be located in Atlanta, GA, on a site with a soft soil

profile. Typical beams and columns are designed and detailed for combined effects of
gravity, wind, and seismic forces.

4.41 Design Data

e Building Location: Atlanta, GA (zip code 30350)
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1% Floor

i - | 2.0
A A » 8-No. 9
J No.3 @ 1-6”
l 20
1" (typ.)
Other reinforcement not shown A —— Section A-A
for clarity
No.3 @ 9~
| g
47
. J{ Ground
T s f
]S % R T 17-614"

Figure 4-9 Reinforcement Details for Column C3 Supporting the 1% Floor Level (SDC C)
Material Properties

Concrete: f, = 4,000 psi, w, =150 pef
Reinforcement: f,, = 60,000 psi

Service Loads

Live loads: roof =20 psf
floor = 60 psf (average between 40 psf for floors and 80 psf for corridors

above first floor level; IBC Table 1607.1). In addition,
floor is to be checked for 1,000 Ib concentrated live load
uniformly distributed over an area of 2.5 sq ft
(IBC 1607.4).

Superimposed dead loads: roof = 10 psf+ 200 kips for penthouse

tloor = 45 psf (20 psf permanent partitions + 25 psf
ceiling, etc.)
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e Seismic Design Data

For zip code 30350: Sg¢ =0.276g, §; =0.117g [4.1]
Site Class E  (soft soi1l profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) II occupancy, /g =1.25 (IBC Table 1604.5)

¢  Wind Design Data

Basic wind speed = 90 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category Il occupancy, Iy =1.15 (IBC Table 1604.5)

e Member Dimensions

Joists: 14 + 4.5 x 6 + 66 (74 psf)
Interior beams: 28 x 18.5 in.
Spandrel beams: 24 X 18.5 in.
Interior columns: 34 X 34 in.
Exterior columns: 30 x 30 1n.

4.4.2 Seismic Load Analysis
4.4.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sys and at 1-second period Sy are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sy = FoSg =2.42x0276=0.67g
Sy = F,S) =3.45%0.117 = 0.40g

where F, and F, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods Sg and at 1-second period S,
respectively. The values of these coefficients for Site Class E in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F,. Straight-line

interpolation was used to determine F, and F, .

Once Syss and Sy, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:
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2 2
SDS = S‘SA/[S = ‘?)—X 0.67 = O44g

2 2
SDI ZESA/“ = B*X 0.40 = 027g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group II and Spg = 0.44g, the SDC is C. Similarly, from

Table 1616.3(2), the SDC is D for Sp; = 0.27g. The most severe SDC is assigned to the
structure in accordance with IBC 1616.3. Thus, the SDC is D for this building.

4.4.2.2 Seismic Forces

Since the building does not have plan irregularity Type la, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type 1a, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). For this regular building that is less than 240 ft in height, Table 1616.6.3
allows the equivalent lateral force procedure in IBC 1617.4 to be used to compute the
seismic base shear V (see Eq. 16-34):

V=CW

where C, is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 6,293 kips (see
Table 4-17 below).

As noted above, a moment-resisting frame system is utilized as the seismic-force-
resisting system. To satisfy the provisions of IBC 1910.5.1 for structures assigned to
SDC D, a special reinforced concrete moment frame must be used. For this system, the
response modification coefficient R = 8 and the deflection amplification factor C; = 5.5,

which are found in IBC Table 1617.6.

Approximate period (7,). The fundamental period of the building is determined in
accordance with Eq. 16-39 in IBC 1617.4.2:

Building period coefficient Cy =0.03
Building height 4, =39 ft

Period T, = Cy(h,)>'* =0.030%x(39)>'* = 0.47 sec

Seismic base shear (V). The seismic response coefficient C, is determined from Eq. 16-
36:
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C - Spi _ 0.27 - 0.090

R 8 047
I 1.25

The value of C need not exceed that from Eq. 16-35:

c.o=5ps _ 044 060

a) ()

Also, C, must not be less than the following value from Eq. 16-37:

C, =0.0445 ps/p = 0.044x0.44x1.25=0.024
Thus, Eq. 16-35 governs, and the base shear V is:
V=CW =0.060%6,293 =434 kips

Vertical distribution of seismic forces. The lateral forces F, and the story shears V,
are contained in Table 4-17. For 7= 0.47 sec, k= 1.0.

Table 4-17 Seismic Forces and Story Shears (SDC D)

St_ory Height, Lateral Story Shear,
Level weight, h (f) W,h: force, F, V, (kips)
W (kips) ol (kips) x
3 1,795 39 70,005 193 193
2 2,249 26 58,474 161 354
1 2,249 13 29,237 80 434
z 6,293 157,716 434

4.4.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Table 4-17 using SAP2000 [4.2]. In the
model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were
defined at the ends of the horizontal members so that results were automatically obtained
at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section

properties were used:

* Beams: [, =0.5/,
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e Columns: /4 =07/,

where 7/, 1s the gross moment of inertia of the section. P-delta effects were also

considered in the analysis.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

For all structures assigned to SDC D and higher, IBC 1620.3.5 requires that orthogonal
effects of the seismic forces be considered for design and detailing of the components of
the seismic-force-resisting system. The orthogonal combination procedure in
IBC 1620.2.2 is permitted to be used to satisty the requirements of IBC 1620.3.5. In the
2002 supplement to the 2000 IBC [4.4], the orthogonal combination procedure is required
only for columns or walls that form part of two or more intersecting seismic-force-
resisting systems and are subjected to axial loads due to seismic forces greater than or
equal to 20% of the axial load design strength.

4.4.2.4 Story Drift and P-delta Effects

Story drift determination. Table 4-18 contains the displacements &,, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S direction, including
accidental torsional effects. The table also contains the design earthquake displacement

&, computed by IBC Eq. 16-46:
6x _ Cdsxe
Ig

where Cy is the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C,; is equal to 5.5 for a special
reinforced concrete moment frame.

Table 4-18 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S Direction

(SDC D)
Story Sy 8 A
(in.) (in.) (in.)
3 0.58 2.55 0.97
2 0.36 158 1.01
1 0.13 0.57 0.57

The interstory drifts A computed from the 6, are also contained in the table. For this
structure that does not have plan irregularity Type la or 1b of Table 1616.5.1, the drift at
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story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A= Sx - 6_\'—1

The design story drifts A must not exceed the allowable story dnft A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group II, A, =0.020A,, for buildings 4

stories or less that have been designed to accommodate the story drifts. Thus, for the 13-
ft story heights, A, =0.020 x 13 x 12 =3.12 in. It is evident from Table 4-18 that for all

stories, the lateral drifts obtained from the prescribed lateral forces in the N-S direction
are less than the limiting value.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. However, for illustration purposes, the following procedure can
be used to determine whether P-delta effects need to be considered or not in accordance

with IBC 1617.4.6.2.

P-delta effects need not be considered when the stability coefficient 8 determined by
Eq. 16-47 1s less than or equal to 0.10:

P.A

0= —-"—
Vxhsx Cd

where P, = total unfactored vertical design load at and above level x
A = design story drift occurring simultaneously with ¥,
V. = seismic shear force acting between level x and x — 1
hg, = story height below level x

C, = deflection amplification factor
The stability coefficient 8 must not exceed 6,,,, determined from Eq. 16-48:

=22 <005
BC

d

emax
where B is the ratio of shear demand to shear capacity between level x and x — 1, which
may be taken equal to 1.0 when it 1s not calculated.

Table 4-19 contains the calculations for the N-S direction. It is clear that P-delta effects
need not be considered at any of the floor levels. Note that 6,,,,, 1s equal to 0.091 using

B =1.0.
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4.4.3 Wind Load Analysis
4,4.3.1 Wind Forces

Wind forces are determined in accordance with the analytical procedure (Method 2)
gwven in ASCE 6.5 [4.3].

Table 4-19 P-delta Effects (SDC D)

Level hsx Px Vx A 0
(ft) (kips) | (kips) (in.)
3 13 2,077 193 0.97 | 0.0122
2 13 4,665 354 1.01 | 0.0155
1 13 7,252 434 057 | 0.0111

In this example, the wind velocity is 90 mph. A summary of the design wind forces in the
N-S direction at all floor levels is contained in Table 4-20. Once again it is important to

note that the wind directionality factor K; has been taken equal to 1.0 (see Exception 1
in IBC 1605.2.1).

Table 4-20 Design Wind Forces in N-S Direction (V = 90 mph)

Height above ground level, | Total Design Wind Force
Level ;
z (ft) (kips)
3 39 19.8
2 26 37.1
1 13 33.8
z 90.7

4.4.3.2 Method of Analysis
Similar to the seismic analysis, a three-dimensional analysis of the building was
performed for the wind forces contained in Table 4-20 using SAP2000. The modeling

assumptions utilized for the seismic analysis were also used for the wind analysis.

Comparing the seismic forces in Table 4-17 to the wind forces in Table 4-20, it is clear
that seismic forces will govern the design of the members.

4.4.4 Design for Combined Load Effects
4441 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
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ACI 9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D +17L (Eq. 9-1)
2. 0.75(1.4D +1.7L +1.7W) (Eq. 9-2)
3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
5. 0.9D+ 1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or 1s equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, 1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= PQE +0-2‘SDSD

where  Qp = effect of horizontal seismic forces
p = redundancy coefficient determined in accordance with IBC 1617.2.2 for
SDCD,E, or F

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= PQE —0'2SDSD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i

from Equation 16-32:

20

p;=2-— 20—
Fmax; 4;

For moment frames:

r, = maximum sum of shears in any 2 adjacent columns/total story shear

max;

In the column shear summation, use 70% of shear in columns common to 2
adjacent bays, with moment-resisting connections on opposite sides.
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Computations for the redundancy coefficient in the N-S direction for the moment-
resisting frame along column line 3 (most heavily loaded frame when center of mass is
displaced west of actual location) are summarized in Table 4-21. Subscripts on column

shear forces refer to column lines. To illustrate the computations, 7., Is calculated for
!

the tirst story as follows:

maximum sum of shears in 2 adjacent columns 36
Fmax; = = =0.083

total story shear 434
From Table 4-21, maximum r,,, - = 0.088; thus, p is:

20

=-2—
b 0.088+/152.5%x92.5

Therefore, p = 1.0. For SDC D, IBC 1617.2.2 requires that p be less than or equal to
1.25 for special moment frames, which is satisfied in this case.

=0.09<1.0

Table 4-21 Redundancy Coefficient Calculations in N-S Direction* (SDC D)

Story Column Shear Forces V G 0.7(V vy | 07v ¥
Story a +0. 5 + ! + A
Shear V, Vg Ve v, B B c c D J
3 193 6 12 12 6 14 17 14 0.088
2 354 12 21 21 12 27 29 27 0.082
1 434 15 26 | 26 15 33 36 33 0.083

*Shear forces are in kips.

Once p has been computed, load combinations 4 and 5 can be rewritten as follows.
Substituting Spg = 0.45g and p = 1.0 into the equations for E, and then substituting £
along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D+ 0.5L + 1.00f +(0.2x0.45)D = 1.29D + 0.5L + QF
4b. 12D+ 0.5L+ 1.005 —(0.2x0.45)D = 1.11D + 0.5L + Qf
S5a. 0.9D+ 1.00z +(0.2x0.45)D =0.99D + Of
5b. 0.9D + 1.00z —(0.2x0.45)D =0.81D + Qf

Values of Qf are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
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4.4.4.2 Design of Beam B3-C3
Deflection control.

As was shown in Section 4.2.4.2 of this publication, the 18.5-in. depth is adequate for
deflection control (see ACI Table 9.5(a)).

Flexural design.

Table 4-22 contains a summary of the govemning design bending moments and shear
forces for beam B3-C3 at the first floor level due to gravity and seismic forces. The live
load on the beam has been reduced in accordance with IBC 1607.9.2. Also, according to
the 2002 supplement to the IBC [4.4], orthogonal effects need not be considered for

beams.
Requirements for special moment frames are given in ACI 21.2 through 21.5. The
factored axial load on the member, which is negligible, is less than Agfc' /10; thus, the

provisions of ACI 21.3 for flexural members of special moment frames must be satisfied.
All other applicable provisions in Chapters 1 through 18 are to be satisfied as well.

Table 4-22 Summary of Design Bending Moments and Shear Forces for Beam B3-C3 at Floor
Level 1 (SDC D)

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Dead (D) SL.Jpport -275 56
Midspan 189
Live (L) SLIJpport -51 156
Midspan 34
Seismic (Qg) Support + 58 +4
Load Combinations
14D +1.7L Support | -472 104
Midspan 322 _
120D+ 05L+ Qp  [oupport | 438 o
Midspan 261
Support -165 41

0.81D+ Q
£ Midspan 153

Check limitations on section dimensions per ACI 21.3.1:

e Factored axial compressive force on member is negligible.  O.K.

£, (30x12)-34
d 16

=204>4 O0OK
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width 28

= =15>03 OK
depth 185

e width=28m. >10m. OK.
< width of supporting column + (1.5 X depth of beam)
<3+ (15x185)=618m. OXK.

_ The required flexural reinforcement is contained in Table 4-23. The provided arcas of
steel are within the Iimits prescribed in ACI 21.3.2.1 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 (mimmum cover for protection of
reinforcement), and ACI 10.6 (maximum spacing for control of flexural cracking).

ACI 21.3.2.2 requires that the positive moment strength at the face of the joint be greater
than or equal to 50% of the negative moment strength at that location. This is satisfied,
since 325 ft-kips > 485/2 = 243 fi-kips. Also, the negative or positive moment strength at
any section along the length of the member must be greater than or equal to 25% of the
maximum moment strength provided at the face of either joint. In this case, 25% of the
maximum moment strength is equal to 485/4 = 121 ft-kips. Providing 2-No. 9 bars
(oM, = 138 ft-kips) satisfies this provision. This also automatically satisfies the

requirement that at least 2 bars be continuous at both the top and bottom of the section
(ACI21.3.2.1).

Table 4-23 Required Flexural Reinforcement for Beam B3-C3 at Floor Level 1 (SDC D)

Location M_” A, Reinforcement* ¢'N_’"
(ft-kips) (in.z) (ft-kips)

Support -472 7.73 8-No. 9 485
Midspan 322 4.96 5-No. 9 325
. 3\/Ebwd 34,000 x 28 x 16 2

Ag min = = =142 in.

' f, 60,000
ACI21.321
200b,d 200 x 28 x 16 P
= = =149 in. (governs)
f, 60,000
Agmax =P oy, d =0.025x28x16 =11.20 in.? ACI 21321

When reinforcing bars extend through a 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 21.5.1.4). In this case, the minimum required column
dimension = 20 x 1.128 = 22.6 1n., which is less than the 34-in. column width that i1s
provided.
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Shear design.

Shear requirements for beams in special moment frames are contained in ACI 21.3.4. The
method of determining design shear forces in beams in special moment frames takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) at regions near the
supports. In general, the shear forces are determined assuming simultaneous hinging at
the beam supports under lateral loading. To properly confine the concrete and to maintain
lateral support of the longitudinal bars in regions where yielding is expected, the
transverse reinforcement requirements of ACI 21.3.3 must also be satisfied.

According to ACI 21.3.4.1, shear forces are computed from statics assuming that
moments of opposite sign corresponding to the probable flexural strength M pr act at the

joint faces and that the member is loaded with tributary factored gravity load along its
span. Sidesway to the right and to the left must be considered when calculating the

maximum design shear forces.
The probable flexural strength M, for a section is determined using the stress in the
tensile reinforcement equal to 1.25 f , and a strength reduction factor ¢ equal to 1.0

(ACI 21.0). The following equation can be used to compute M ,,, :

M, = 4 (1.25fy)[d —%]

A,(1.251,)

where a = -
0.857.b

For example, for sidesway to the right, the joint on column line C is subjected to the
negative moment M, that is determined as follows:

For 8-No. 9 top bars, A; = 8 x 1.00 =8.00 in.

. 25 .
a:800x12 ><60: 63 in.

0.85x4x28

M, =8.00x1.25x 60x[16——6ﬁj: 7,709 in.-kips = 642 ft-kips
2

Similarly, for the joint on column line B, the positive moment M p, based on 5-No. 9

bars 1s equal to 439 ft-kips.

The largest shear force associated with seismic effects is obtained from the second of the
three load combinations in Table 4-22. Figure 4-10 shows the beam and shear forces due
to gravity loads plus probable flexural strengths for sidesway to the right. Due to the
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symmetric distribution of longitudinal reinforcement in the beam, sidesway to the left
gives the same maximum shear force. The factored uniform load on the beam is
determined as follows:

wp =[(74 +45)x30/1,000] +[§1§1f—'5x O.ISJ: 4.1 kips/ft

wy =36 x30/1,000 = 1.1 kips/ft
w, =1.29wp +0.5w; =5.8 kips/ft

The maximum combined shear force as shown in Figure 4-10 (118.6 kips) 1s larger than
the maximum shear force obtained from the structural analysis (84 kips; see Table 4-22).

wy =5.8¢
My (5-No.9) = 439 CI.‘l ! ‘|'27%‘L Yed ]T*) Mg (8-No.9) =642
39.0% 118.6"

Figure 4-10 Design Shear Forces for Beam B3-C3 (SDC D)

In general, shear strength is provided by both concrete (¥, ) and reinforcing steel (V).
However, according to ACI 21.3.4.2, V. is to be taken as zero when the earthquake-

induced shear force calculated in accordance with ACI 21.3.4.1 is greater than or equal to
50% of the total shear force and the factored axial compressive force including
earthquake effects is less than Agfc' /20. In this example, the beam carries negligible

axial forces and the maximum earthquake-induced shear force = (642 + 439)/27.17 =
39.8 kips < 118.6/2 = 59.3 kips. Thus, the nominal shear strength provided by concrete

V. may be computed from ACI Eq. 11-3:
V. =2, fb,d=24000x28x16/1,000 = 56.7 kips
The maximum shear force ¥ 1s (ACI 11.1):

V,=—%-V, :%2—56.7282.8 kips

where the strength reduction factor was taken as 0.85 in accordance with ACI 9.3 4.

Shear strength contributed by shear reinforcement shall not exceed (V;)gax
(ACI 11.5.6.9):
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(F ) imax = 8+ /7 byd =84/4,000 x 28x16/1,000 = 226.7 kips > 82.8 kips ~ O.K.

Also, V. is less than 4./ //b,d = 113.3 kips.

Required spacing s of No. 3 closed stirrups (hoops) for a factored shear force of 82.8 kips
1s determined from Eq. (11-15):

A, fyd  (5x0.11)x60x16
S: - =
1% 82.8

N

6.4 1in.

Note that 5 legs are required for support of the longitudinal bars (ACI 21.3.3.3).

Maximum allowable hoop spacing within a distance of 24 = 2 x 18.5 = 37 in. from the
face of the support at each end of the member is the smaller of the following
(ACI21.3.3.2):

o Jd/4=16/4=4.0in. (governs)

o 8(diameter of smallest longitudinal bar) = 8 X 1.128 =9.0 in.

e 24(diameter of hoop bar) =24 x 0.375 = 9.0 in.

e [2in.

Use 10-No. 3 hoops at each end of the beam spaced at 4 in. on center with the first hoop
located 2 in. from the face of the support (ACI 21.3.3.2).

Where hoops are no longer required, stirrups with seismic hooks at both ends may be
used (ACI 21.3.3.4). At a distance of 38 in. from the face of the support:

V, =118.6-[5.8 x(38/12)] = 100.2 kips
Therefore, the required stirrup spacing for No. 3 stirrups (4 legs) is:

. A, fyd  (4%0.11)x60x16
oy (100.2/0.85)—56.7

N

6.9 in. (govemns)

Ay (4x0.11)x60,000
50 50%28

=18.9 1n.

w

Confinement of the longitudinal bars in accordance with ACI 21.3.3.3 must be provided
only where hoops are required; that 1s why only 4 legs are used mn this portion of the
beam where stirrups with seismic hooks are required.
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The maximum allowable spacing of the stirrups is ¢/2 = 8 in. (ACI 21.3.3.4), which Is
greater than 6.9 in. A 6 1n. spacing, starting at 38 in. from the face of the support is
sufficient for the remaining portion of the beam.

Reinforcing bar cutoff points.

The negative reinforcement at the supports is 8-No. 9 bars. The location where 6 of the 8
bars can be terminated will be determined.

The third load combination is used to determine the cutoff point of the 6-No. 9 bars (0.81

times the dead load in combination with the probable flexural strengths A, at the ends

of the member), since this combination produces the longest bar lengths. The design
flexural strength M, provided by 2-No. 9 bars i1s 138 ft-kips. Therefore, the 6-No. 9

bars can be terminated after the required moment strength M, has been reduced to
138 fi-kips.

The distance x from the support to the location where the moment 1s equal to 138 ft-kips
can readily be determined by summing moments about section a-a in Figure 4-11:

3.3x2

—84.6x+642 =138
Solving for x gives a distance of 6.9 ft from the face of the support.
W, = 3.3 a

eI T T T 5o

3

27/_2” a
5.1 84.6"

Figure 4-11 Cutoff Location of Negative Bars (SDC D)

The 6-No. 9 bars must extend a distance 4 = 16 in. (govemns) or
12d, =12x1.128 =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 6.9 +(16/12) = 8.2 ft.

Also, the bars must extend a full development length ¢; beyond the face of the support
(ACI 12.10.4), which is determined from ACI Eq. (12-1):
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/Jd 3 fy (IB T

dp, 0./, {chK,, ]

db

where « = reinforcement location factor = 1.3 for top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 9 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

1.128

1.5+0375+ =24 1n

28-2(1.5+0.375)-1.128
2x7

K, = transverse reinforcement index = 0 (conservative)

=1.7 in. (governs)

ctK, 17+0

= =15<25
dy, 1.128

Therefore,

> 3x60,000 1.3x1.0x1.0x1.0

L= x =61.7
dy, 40 4,000 1.5

£, =61.7x1.128=69.6 in.=5.8 ft<8.2 ft

Thus, the total required length of the 6-No. 9 bars must be at least 8.2 ft beyond the face

of the support.

Note that 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 9.2 ft from the face of the support, which is greater than 8.2 ft. 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 ¥}, at the cutoff point does not
exceed 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 6 in. on center that are provided

in this region of the beam, ¢V, 1s determined by ACI Egs. 11-1 and 11-2:

oV, =0V, +V,)=0.85x(56.7+70.4)=108.0 kips
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2 .
§¢)Vn =72.0 kips

At 8.2 ft from the face of the support, ¥, =84.6 —(3.3x8.2) =57.5 kips, which is less
than 72.0 kips. Therefore, the 6-No. 9 bars can be terminated at 8.2 ft from the face of the
support.

Flexural reinforcement splices.

According to ACI 21.3.2.3, lap splices of flexural reinforcement must not be placed
within a joint, within a distance 2/ from the face of the joint (plastic hinge region), or at
locations where analysis indicates flexural yielding due to inelastic lateral displacements
of the frame. Lap splices must be confined by hoops or spiral reinforcement along the
entire lap length, and the maximum spacing of the transverse reinforcement is d/4 or 4 in.
In lieu of lap splices, mechanical and welded splices conforming to ACI 21.2.6 and
21.2.7, respectively, may be used (ACI 21.3.2.4).

Lap splices are determined for the No. 9 bottom bars. Since all of the bars are to be
spliced within the required length, a Class B splice must be used (ACI 12.15.1, 12.15.2):

Class B splice length=1.3¢ ;4

The development length £ ; 1s determined from ACI Eq. (12-1):

tg 3 Jy  aprr

dy 40 [/ (c-i—K,,]

dp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 9 bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

1.128

1.5+0375+ =24 mn. (governs)

28-2(1.5+0.375)-1.128 _
2x4

29 m
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K, = transverse reinforcement index

Ay 4x0.11x60,000

= = 0.9
1,500sn 1,500 x4 x5

ctRy 24409 55205 use2s

dy, 1.128

fg 3 60,000 1.0x1.0x1.0x1.0
X

fd _ =285
d, 40" /2000 2.5

£, =285%x1.128=322 in.=2.7 ft
Class B splice length= 130, =13x2.7=35ft

Use a 3 ft-6 in. splice length.

Figure 4-12 shows the reinforcement details for beam B3-C3.

210" 2:.10”
T\ —r A _
8-3" 6-No. 9 2-No. 9 6-No. 9

- ]
f« —1:11 6

7 .
5-No. 9 ~_.J3 -6

| 11-No. 3 hoops @ 4” N
27l | No. 3 stirrupil‘ J‘No, 3 stirrups | N
e Y Tt
10-No. 3 hoops @ 4”
270" .

Figure 4-12 Reinforcement Details for Beam B3-C3 at Floor Level 1 (SDC D)

4.4.4.3 Design of Column C3

This section outhines the design of column C3 supporting the first floor level. Table 4-24
contains a summary of the design axial forces, bending moments, and shear forces on this

column for gravity and seismic loads.
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Table 4-24 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C3 between Ground and 1% Floor Level (SDC D)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 385 0 0
Live (L)* 64 0 0
Seismic (Qg) 0 + 366 + 26

Load Combinations

14D+ 17L 648 0 0
1.29D + 0.5L + Qg 529 366 26
0.81D + Qg 312 -366 -26

* Live load reduced per IBC 1607.9

According to the supplement to the IBC [4.4], orthogonal effects on this member need
not be considered, since the axial forces due to seismic forces in both directions (which
are about equal to zero) are less than 20% of the axial load design strength.

Since the factored axial compressive force exceeds Agfc'. /10 =34%x4/10 = 462 kips,

the provisions of ACI 21.4 are applicable. Thus, the following two criteria must be
satisfied (ACI 21.4.1):

e Shortest cross-sectional dimension=34in.>12in. 0O.K.

e Ratio of shortest cross-sectional dimension to perpendicular dimension = 1.0 >
04 OK.

Design for axial force and bending.

Based on the governing load combinations in Table 4-24, a 34 x 34 in. column with 12-
No. 9 bars (p, =1.04%) is adequate for column C3 supporting the first floor level.

Figure 4-13 contains the interaction diagram for this column. As noted above, slenderness
effects need not be considered since P-delta effects were included in the analysis. Also,
the provided reinforcement ratio is within the allowable range of 1% and 6%

(ACI21.4.3.1).
Relative Flexural Strength of Columns and Girders.

ACI 21.4.2 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 girders framing into that
joint. The intent is to provide columns with sufficient strength so that they will not yield
prior to the beams. Yielding at both ends of a column prior to the beams could result in
total collapse of the structure. Only seismic load combinations need to be considered
when checking the relative strengths of columns and girders.
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Figure 4-13 Design and Nominal Strength Interaction Diagrams for Column C3 Supporting Floor
Level 1 (SDC D)

Based on the reinforcement in beam B3-C3 (see Table 4-23), the negative nominal
moment strength M, = 485/0.9 = 539 fit-kips and the positive nominal moment strength
M,’,L = 325/0.9 =361 ft-kips. Therefore, ZMg =539 + 361 = 900 ft-kips (see Figure 4-

14 for sidesway to the left; due to symmetric distribution of flexural reinforcement,
sidesway to the right yields the same results for the negative and positive moment
strengths).

M =1,125 ft-kips

o

M =361 ft-kips c{ ’ M =539 ftkips
l

.~ 4

M, = 1,245 ft-kips

Figure 4-14 Relative Flexural Strength of Columns and Girders (SDC D)
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Column flexural strength 1s 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, = 1,245 ft-kips, which corresponds to P, =312 kips (see Figure 4-13).
Similarly, for the lower end of the upper column framing into the joint (i.e., the column
supporting floor level 2), M, = 1,125 ft-kips, which corresponds to £, = 199 kips.

Therefore, » M, =2,370 ft-kips.
Check Eq. 21-1:

> M, =2,370 ft-kips > §ZMg = —x 900 = 1,080 ft-kips O.K.

w | o

Design for shear.

Shear requirements for columns in special moment frames are contained in ACI 21.4.5.
Similar to beams, the method of determining design shear forces in columns takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) in regions near the
ends of the column. To properly confine the concrete and to maintain lateral support of
the longitudinal bars in regions where yielding is expected, the transverse reinforcement
requirements of ACI 21.4.4 must also be satisfied.

Confinement reinforcement. Special transverse reinforcement for confinement is
required over a distance ¢, from each joint face at both column ends where £, is equal

to the largest of (ACI 21.4.4.4):

e Depth of member =34 in. (governs)
e Clear span/6 = [(13 x 12) — 18.5]/6 =22.9 in.
e 18in.

Transverse reinforcement within the distance ¢, shall not be spaced greater than the
smallest of (ACI 21.4.4.2):

e Minimum member dimension/4 = 34/4 = 8.5 in.

e 6(diameter of longitudinal reinforcement) = 6 x 1.128 = 6.8 in.

14-h —-11. :
o sx:4+( 3 "J=4+(i31~1—?1): 4.9 in. (governs)




where £, = maximum horizontal spacing of hoop or crosstie legs on all faces of the

34 x 34 in. column (ACI 21.4.4.3)

_34-2(1.5+0.5)-1.128
3

+1.12840.5=113in.<14in. O.K.

assuming No. 4 rectangular hoops with crossties around every longitudinal bar.
Therefore, try 4 in. spacing.

Minimum required cross-sectional area of rectangular hoop reinforcement A, is the

larger value obtained from Eqs. 21-3 and 21-4:

A, _03sh fl| [ Ag ) | _0.3x4x30.5x4 342 100 in2
o Soh Aen 60 961

_0.09sh. f;  0.09x4x30.5x4
Lok 60

=0.73 in.? (governs)

where h, = cross-sectional dimension of column core measured center-to-center of
confinement reinforcement
= 34 —2[1.5+(0.5/2)] = 30.5 in.
A, = cross-sectional area of member measured out-to-out of transverse

reinforcement

[34 — (2 x 1.5)]* =961 in.?

]

Using No. 4 hoops with 2 crossties provides 4;, =4 x 02 =0.8 in.%, which is greater

than the minimum required area from Eq. 21-4. Use 4 in. spacing for the transverse
reinforcement at the column ends.

Transverse reinforcement for shear. According to ACI 21.4.5.1, shear forces are
computed from statics assuming that moments of opposite sign act at the joint faces
corresponding to the probable flexural strengths M or associated with the range of

factored axial loads on the column. For columns in the first story, which is applicable in
this case, it 1s 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.
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Figure 4-15 contains the design strength interaction diagram for column C3 with /|, =

75 ksi and ¢ = 1.0. At the base of the column, the largest M, 1s equal to 1,599 ft-kips,
which corresponds to an axial load equal to 529 kips (see Table 4-24).

At the top of the column, the positive probable flexural strength of the beam framing into
the joint at the face of the column 1s 439 ft-kips (see Figure 4-10). The negative probable
flexural strength of the beam on the other side of the column 1s 642 ft-kips. Thus, the
moment transferred to the top of the column is (439 + 642)/2 = 541 ft-kips, which is less
than 1,599 ft-kips.

6,000

5000 fF— | — | — | —- 4

B
o
(=]
o

3,000

LELELELE I

Axial Force (kips)
»
[ =]
8

0 13 1) A Al LA a2l s Ad 4 & Al Al s a b i 3 3 3

0 250 500 750 1,000 1,250 1,500 1,750 2,000 2,250
Bending Moment (ft-kips)

Figure 4-15 Design Strength Interaction Diagram for Column C3 with f, =75 ksi and ¢ = 1.0
(SDC D)

The maximum shear force V,, is equal to:

- LS99+ S4L oo
13— (18.5/12)

This design shear force is larger than the maximum shear force obtained from analysis,
which is 26 kips (see Table 4-24).

Since the factored axial forces including earthquake effects are greater than 4, f, 2120 =

231 kips, the shear strength of the concrete may be used (ACI 21.4.5.2). The shear
capacity of the column is checked using ACI Eq. 11-4 for members subjected to axial
COMpIession:
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N ;
I/(,‘ = 2(1 T W}‘I{wad

=2 1+L0002 4,000 x34%x24.2/1,000 =118.1 kips
2,000x 34

oV, =0.85x118.1= 100.4 kips < ¥, = 187 kips

where N, = 312 kips is the smallest axial force on the section (see Table 4-24) and d =

24.2 in. was obtained from a strain compatibility analysis.

Determine required spacing of transverse reinforcement from Eq. 11-15:

A fyd (4x0.2)x60%24.2

S =11.4 1n.
Q—VC ﬂ—ll&l
o 0.85

Thus, the No. 4 hoops at 4 in. on center required for confinement over the distance £, at

the column ends 1s also adequate for shear.

According to ACI 21.4.4.6, the remainder of the column must contain hoop
reinforcement with center-to center spacing not to exceed 6 times the diameter of the
longitudinal column bars = 6 X 1.128 = 6.8 in. or 6 in. (governs). For detailing simplicity,
use a 4 in. spacing over the entire length of the column.

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 21.4.3.2). Also, they
must be confined over the entire lap length with transverse reinforcement conforming to
ACI 21442 and 21.4.43. In lieu of lap splices, mechanical splices conforming to
ACI 21.2.6 and welded splices conforming to ACI 21.2.7.1 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).

From ACI Eq. (12-1):

dp %«/Z[C+Ktr]

dy

tqg 3 /v apyr
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where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars
A = lLightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

1.128

1.5405+ =2.6 in. (govemns)

34-2(1.5+05)-1.128
3x2

4.8 In

K, = transverse reinforcement index

_ AuSy _ 4x0.20%60,000 _ 0
1,500sn  1,500x4x4

cr Ry 26+20 41505 use 2.5

dy 1.128

Therefore,

24 3 60,000 1.0x1.0x1.0x1.0
X X

fd _ 3 =285
dy, 40" /4,000 2.5

£, =285%x1.128=322 in.=2.7 ft
Class B splice length=13¢, =35 ft

Use a 3 ft-6 in. splice length.
Reinforcement details for column C3 are shown in Figure 4-16.

4.4.4.4 Design of Beam-Column Joint

This section outlines the design of interior and exterior beam-column connections along
column line 3. Similar calculations can be performed for joints along other column lines.

The overall integrity of special moment frames is dependent on the behavior of beam-
column joints. Degradation of joints can result in large lateral deformations that can cause

excessive damage or even failure.
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Figure 4-16 Reinforcement Details for Column C3 Supporting the 1* Floor Level (SDC D)

Interior Joint.

Transverse reinforcement for confinement. 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 load-carrying capacity even after possible spalling of the
outer shell. ACI 21.5.2 requires that transverse hoop reinforcement in accordance with
ACI 21.4.4 be provided within the joint, unless the joint is confined on all four sides by
beams that have widths equal to at least 75% the column width. When joints are
adequately confined on four sides, transverse reinforcement within the joint may be
reduced to one-half of that required by ACI 21.4.4 and the hoop spacing is permitted to
be a maximum of 6 in.

At an interior joint in the example building, beams frame into two sides of the column
(joists do not provide confinement in perpendicular direction). According to ACI 21.5.3,
these beams provide confinement to the joint, since the beam width (28 in.) is greater
than 75 percent of the column face (25.5 in.). Therefore, transverse reinforcement must
be provided in accordance with ACI 21.4.4 as noted above. Use the transverse
reinforcement required at the column ends (No. 4 @ 4 in.) through the joint.

Shear strength of joint. Figure 4-17 shows the interior beam-column joint at the first
floor level. The shear strength is checked in the N-S direction in accordance with
ACI21.5.3. The shear force at section x-x is obtained by subtracting the column shear
force from the sum of the tensile force in the top beam reinforcement and the
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compressive force at the top of the beam on the opposite face of the column. Since
development of inelastic rotations at the joint face 1s associated with strains in the beam
flexural reinforcement significantly greater than the yield strain, joint shear forces
generated by beam reinforcement are calculated based on a stress in the reinforcement

equal to 1.25fy (ACI21.5.1.1):

Ty (8-No.9) = 4,(1.25 ) = (8x1.00)x (1.25x 60) = 600 kips
T, (5-No.9) = (5x1.00)x (1.25%x60) =375 kips
My = (Mp, +Mp, /2 = 541"

— Vy, =2M, /€, = (2 x 541)/11.46 = 94%

8-No. 9
c, =T, > T,=1.25Af, = 600"
—_— Ik - — Ik
My, =439% 7 x< X ) My, =642
«1Ci=T

T, =1.25A%f, = 375" < b
J_JV_’JRS-NO. 9

—— V= (1,599 + 541)/11.46 = 187"

M, = 541%
Figure 4-17 Shear Analysis of Interior Beam-Column Joint in N-S Direction (SDC D)

Column horizontal shear force ¥} can be obtained by assuming that adjoining floors are
deformed so that plastic hinges form at the ends of the beams. For the beams in this

example, M ,, =642 ft-kips and M ;r =439 ft-kips (see Figure 4-10).

Since the lengths of the columns above and below the joint are equal, moments M, in
the columns above and below the joint are (642 + 439)/2 = 541 ft-kips. Shear force ¥}, in
the column at the top of the joint is:

oM, 2% 541

= =94 kips
7, 13— (18.5/12)

Vy =

Shear force V), in the column at the bottom of the joint 1s (see Section 4.4.4.3 of this
publication for calculation of moments in column):
M, 1,599 + 541

vy =4 =277 7% 187 Kips
¢, 13-(18.5/12)
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The maximum net shear force at section x-x 1s 77 + Cy =V} = 600+375-94 = 881 kips

For a joint confined on two opposite faces, nominal shear strength ¢V, 1is determined
from ACI 21.5.3.1:

0¥, =915\ f74; = 0.85x15,/4,000 x1,156/1,000 = 932 kips > 881 kips O.K.

where A4, = effective cross-sectional arca within a joint in a plane parallel to the plane of

reinforcement generating shear in the joint (see ACI Figure R21.5.3). The jomnt depth is
the overall depth of the column in the direction of analysis, which is 34 in. The effective
width of the joint is the smaller of (1) beam width + joint depth = 28 + 34 = 62 In. or
(2) beam width plus twice the smaller perpendicular distance from the edge of the beam

to the edge of the column = 28 + (2 x 3) = 34 in. (govemns). Thus, A; =34 %34 =
1,156 in.

Joint shear strength is a function of concrete strength and effective cross-sectional area
Aj only. Tests results show that shear strength of a joint is not altered significantly with

changes in transverse reinforcement, provided a minimum amount of such reinforcement
is present. Therefore, it is essential that at least minimum transverse reinforcement as
specified in ACI 21.5.2 be provided through the joint regardless of the magnitude of
calculated shear force in the joint. In cases when the net shear force exceeds the design
strength prescribed in ACI 21.5.3.1, only the concrete strength or the effective cross-
sectional area can be increased to increase shear capacity.

Reinforcement details for an interior joint are shown in Figure 4-18.

2-10” 12-No. 9
] No. 4 hoops and
=1} | crossties @ 47
—
- 8-No. 9
. r T v 1 ]
: ’ "
24 < ’2 1 -61/2
3 = —=
Transverse joists not — = 5-No. 9
shown for clarity = =1 = Y
- No. 3 hoops @ 4
Ll—
o

Figure 4-18 Reinforcement Details at Interior Beam-Column Joint (SDC D)
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Exterior Joint.

It 1s assumed for purposes of this example that the beam framing into the edge column
along column line 3 has the same flexural reinforcement as the interior beams along this

column line.

Transverse reinforcement for confinement. Since an exterior joint is confined on less
than four sides, transverse hoop reinforcement in accordance with ACI 21 .4 4 must be
provided within the joint (ACI 21.5.2.1). For detailing simplicity, use the transverse
reinforcement required at the column ends through the joint.

Shear strength of joint. Figure 4-19 shows the exterior joint at the first floor level. In
this case, the shear force at section x-x is determined by subtracting the column shear
force from the tensile force in the top beam reinforcement.

Since the lengths of the columns above and below the joint are equal, moments M, in
the columns above and below the joint are 642/2 = 321 ft-kips. Shear force ¥} in the
column at the top of the joint is:

2M, _ 2x321
; 13-(18.5/12)

Vy = kips

n

The net shear force at section x-x is T} —V;, = 600 —56 = 544 kips.

My =M /2= 321"
12:—Vh=2MUMn=(2x32ﬂH1AG=5§
8-No. 9

—> T, =1.25A3f, = 600"

x >X)Mbr=642'k
ci=T

5-No. 9

2l

e
M= 3217%

Figure 4-19 Shear Analysis of Exterior Beam-Column Joint in N-S Direction (SDC D)
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For a joint confined on one face, the nominal shear strength ¢V, 1s determined from
ACI21.5.3.1:

OV, =012,/ f 4, =0.85x12,/4,000x30% /1,000 = 581 kips > 544 kips ~ O.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 according to
ACI 21.5.4 and Chapter 12, respectively (ACI 21.5.1.3). The development length ¢ 4 for

a bar with a standard 90-degree hook in normal weight concrete is the largest of
(AC121.54.1):

e 8(diameter of longitudinal bar) =8 x 1.128 =9.0 in.
e 6in.

fyds _ 60,000x1.128

651/ 65,/4,000

= 16.51in. (governs)

Required development lengths for both the flexural reinforcement can be accommodated
within the 30-in. deep column.

Reinforcement details for the exterior joint are shown in Figure 4-20.

20 6"
Ash per AC121.4.4,21.4.5
] /
- 8-No. 9
Standard hook ~ = =
(typ.) .
4 = 1-6%4”
mm
X
| S| I |
] 5-No. 9
]

Figure 4-20 Reinforcement Details at Exterior Beam-Column Joint (SDC D)

4.5 DESIGN FOR SDC D - CALIFORNIA

The 3-story school building in Figure 4-1 is assumed to be located in San Francisco.
Typical structural members are designed and detailed for combined effects of gravity,
wind, and seismic forces.
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4.5.1 Design Data
e Building Location: San Francisco, CA (zip code 94105)
e Matenal Properties

Concrete: f, =4,000 psi, w, =150 pcf
Reinforcement: f, = 60,000 psi

e Service Loads

Live loads: roof'= 20 psf
floor = 60 psf (average between 40 psf for floors and 80 psf for corridors
above first floor level, IBC Table 1607.1). In addition,
floor 1s to be checked for 1,000 Ib concentrated live load
vniformly distributed over an area of 2.5 sq ft
(IBC 1607.4).

Superimposed dead loads: roof =10 psf+ 200 kips for penthouse
floor = 45 psf (20 psf permanent partitions + 25 psf
ceiling, etc.)

e Seismic Design Data

For zip code 94105: S¢ =1.50g,8; =0.61g [4.1]
Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) Il occupancy, /g =1.25 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category IT occupancy, 7 =1.15 (IBC Table 1604.5)

e Member Dimensions

Joists: 14 +4.5x 6+ 66 (74 psf)
Interior beams: 30 x 18.5 in.
Spandrel beams: 26 X 18.5 1n.
Interior columns: 36 X 36 1n.
Extertor columns: 32 x 32 in.
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4.5.2 Seismic Load Analysis
4.5.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sy and at l-second period S, are determined from IBC Egs. 16-16 and 16-17,

respectively. According to IBC 1616.6.3, for regular structures 5 stories or less having a
period determined in accordance with IBC 1617.4.2 of 0.5 sec or less, Spg and Spy

need not exceed the values calculated using values of S¢ = 1.50g and S} = 0.60g,

respectively. The 3-story example building is regular according to IBC 1616.6.3, and it is
shown below that its period is less than 0.5 sec. Therefore,

Sy = F,Sg =1.00x1.50=150g
Sy = F,8; =1.50x0.60 = 0.90g

The values of F, and F, for Site Class D in the equations above are contained in IBC
Table 1615.1.2(1) and Table 1615.1.2(2), respectively.

Once Sy and Sy, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:
Sps = %SMS = —i—xl.SO =1.00g

2
SDI = gSM] = %X 0.90 = 060g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group II and Spg = 1.00g, the SDC is D. Similarly, from

Table 1616.3(2), the SDC is D for Sp; = 0.60g. Thus, the SDC is D for this building.

4.5.2.2 Seismic Forces

Since the building does not have plan irregularity Type 1a, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type 1a, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). For this regular building that is less than 240 ft in height, Table 1616.6.3
allows the equivalent lateral force procedure in IBC 1617.4 to be used to compute the
seismic base shear J (see Eq. 16-34):

V=CW
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where C; 1s the seismic response coefficient determined in accordance witt

IBC 1617.4.1.1 and W 1s the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 6,484 kips (see
Table 4-25 below).

To satisfy the provisions of IBC 1910.5.1 for structures assigned to SDC D, a special
reinforced concrete moment frame must be used. For this system, the response
modification coefficient R = 8 and the deflection amplification factor C; = 5.5 (IBC

Table 1617.6).

Approximate period (7,). The fundamental period of the building is determined in
accordance with Eq. 16-39 in IBC 1617.4.2:

Building period coefficient Cy = 0.03
Building height 4, =39 ft

Period T, = Cr(h,)>'* =0.030x(39)*'% = 0.47 sec

Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:

Sp1 _ 0.60 = 0.200

S =
R 8 047
Ig 1.25

The value of C; need not exceed that from Eq. 16-35:

C

c.o=3ps__ 100 _ .56

(1) ()

Also, C; must not be less than the following value from Eq. 16-37:

C, =0.044S pg I g =0.044x1.00x1.25 = 0.055

For buildings assigned to SDC E or F and for those buildings for which §; >20.6g, C,

shall not be taken less than that computed from Eq. 16-38. Since §; = 0.60g, Eq. 16-38 1s
applicable, even though the SDC is D:

058 0.5%0.60
ST R/IIg  8/125

=0.047
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In this case, the lower limit 1s 0.055 from Eq. 16-37.
Thus, Eq. 16-35 governs, and the base shear V' 1s:

V=CW =0.156%x6,484 =1,012 kips

Vertical distribution of seismic forces. The lateral forces F, and the story shears ¥,
are contained in Table 4-25. For T=0.47 sec, k= 1.0.

Table 4-25 Seismic Forces and Story Shears (SDC D)

Level WS;%r}{t, Height, & f;_.-it:rj:l Story Shear,
v w, (kips) | x (V) "o (kips) | U {ps)
3 1,844 39 71,916 448 448
2 2,320 26 60,320 376 824
1 2,320 13 30,160 188 1,012
z 6,484 162,396 1,012

4.5.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the seismic forces contained in Table 4-25 using SAP2000 [4.2]. In the
model, rigid diaphragms were assigned at each floor level, and rigid-end offsets were
defined at the ends of the horizontal members so that results were automatically obtained
at the faces of the supports. The stiffness properties of the members were input assuming
cracked sections. In lieu of a more accurate analysis, the following cracked section
properties were used:

® Beams: /4 =0.5],
e Columns: Iz =071,

where 1, is the gross moment of inertia of the section. P-delta effects were also

considered in the analysis.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

For all structures assigned to SDC D and higher, IBC 1620.3.5 requires that orthogonal
effects of the seismic forces be considered for design and detailing of the components of
the seismic-force-resisting system. The orthogonal combination procedure in
IBC 1620.2.2 1s permitted to be used to satisfy the requirements of IBC 1620.3.5. In the
2002 supplement to the 2000 IBC [4.4], the orthogonal combination procedure is required
only for columns or walls that form part of two or more intersecting seismic-force-
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resisting systems and are subjected to axial loads due to seismic forces greater than or
equal to 20% of the axial load design strength.

4.5.2.4 Story Drift and P-delta Effects

Story drift determination. Table 4-26 contains the displacements 0, obtained from the

3-D static, elastic analyses using the design seismic forces in the N-S direction, including
accidental torsional effects. The table also contains the design earthquake displacement
0, computed by IBC Eq. 16-46:

Cdsxe

5, = —d%xe

Ig

where Cy 1s the deflection amplification factor in Table 1617.6, which depends on the
seismic-force-resisting system. As noted above, C,; is equal to 5.5 for a special

reinforced concrete moment frame.

Table 4-26 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S Direction

(SDC D)
Story [ B, A
(in.) (in.) (in.)
3 1.15 5.06 1.94
2 0.71 3.12 2.02
1 0.25 1.10 1.10

The interstory drifts A computed from the 8, are also contained in the table. For this

structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A :81 _81—1

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group II, A, =0.0204,, for buildings 4

stories or less that have been designed to accommodate the story drifts. Thus, for the 13-
ft story heights, A, =0.020 X 13 X 12 =3.12 in. It is evident from Table 4-26 that for all

stories, the lateral drifts obtained from the prescribed lateral forces in the N-S direction
are less than the limiting value.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000. Section 4.4.2.4 of this publication illustrates the procedure to
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determine whether P-delta effects need to be considered or not in accordance with
IBC 1617.4.6.2. Similar calculations for this example show that P-delta effects need not

be considered.
4.5.3 Wind Load Analysis

4.5.3.1 Wind Forces

Wind forces are determined in accordance with the analytical procedure (Method 2)
given in ASCE 6.5 [4.3].

In this example, the wind velocity 1s 85 mph. A summary of the design wind forces in the
N-S direction at all floor levels is contained in Table 4-27. Once again it is important to
note that the wind directionality factor K; has been taken equal to 1.0 (see Exception |

in IBC 1605.2.1).

Table 4-27 Design Wind Forces in N-S Direction (V = 85 mph)

Lsviai Height above ground level, | Total Desigp Wind Force
z (ft) (kips)
3 39 17.7
2 26 33.1
1 13 30.2
p) 81.0

4.5.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed for the wind forces contained in Table 4-27 using SAP2000. The modeling
assumptions utilized for the seismic analysis were also used for the wind analysis.

Comparing the seismic forces in Table 4-25 to the wind forces in Table 4-27, it is clear
that seismic forces will govern the design of the members.

4.5.4 Design for Combined Load Effects
4541 Load Combinations

The following load combinations are applicable:

. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+ 1.7L+1.7W) (Eq.9-2)
3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
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5 09D+ 1.0F (Formula 16-6)

where D, L, W, and £ are the effects due to dead, live, wind, and seismic loads,
respectively, and /) is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which 1s the combined effect of
horizontal and vertical earthquake-induced forces, i1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= pQE +O.2SD5D

where  Qp = effect of horizontal seismic forces
p = redundancy coefficient determined in accordance with IBC 1617.2.2 for

SDCD,E,orF

Similarly, F for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E=pQg —025psD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i

from Equation 16-32:

20

py =2-——
Ymax, v 4i

For moment frames:

Ymax, — Maximum sum of shears in any 2 adjacent columns/total story shear
In the column shear summation, use 70% of shear in columns common to 2
adjacent bays, with moment-resisting connections on opposite sides.

Computations for the redundancy coefficient in the N-S direction for the moment-
resisting frame along column line 3 (most heavily loaded frame when center of mass is
displaced west of actual location) are summarized in Table 4-28. Subscripts on column
shear forces refer to column lines. To illustrate the computations, ry,y. 1s calculated for

the first story as follows:

maximum sum of shears in 2 adjacent columns 83
r = =
max

=0.082

total story shear 1,012
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Table 4-28 Redundancy Coefficient Calculations in N-S Direction™ (SDC D)

Story Column Shear Forces y A 07(V vy | ozv y .
Story ATUIVg | BWliVg+Ve Ve TVp | Tmax
Shear Va Vs Ve Vp /
3 448 13 28 28 13 33 39 33 0.087
2 824 | 27 43 | 49 27 61 69 61 0.084
1 1,012 | 35 58 | 59 35 76 83 76 0.082

*Shear forces are in kips.

From Table 4-28, maximum ryp,y, = 0.087; thus, p is:

20

p=2-
0.087/152.67x92.67

Therefore, p = 1.0. For SDC D, IBC 1617.2.2 requires that p be less than or equal to
1.25 for special moment frames, which is satisfied in this case.

=0.07<1.0

Once p has been computed, load combinations 4 and 5 can be rewritten as follows.
Substituting Sp¢ = 1.00g and p = 1.0 into the equations for E, and then substituting £
along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 1.2D+0.5L + 1.0Q0g +(0.2x1.00)D =14D+0.5L + Of

4b. 1.2D+0.5L+ 1.0Q0r —(0.2x1.00)D =1.0D+ 0.5L + Qf

S5a. 0.9D+ 1.0Qg +(0.2%x1.00)D =1.1D + Qf

5b. 0.9D + 1.00g —(0.2x1.00)D =0.7D + QOf

Values of QO are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
4.5.4.2 Design of Beam B3-C3
Deflection control.

As was shown in Section 4.2.4.2 of this publication, the 18.5-in. depth is adequate for
deflection control (see ACI Table 9.5(a)).

Flexural design.

Table 4-29 contains a summary of the governing design bending moments and shear
forces for beam B3-C3 at the first floor level due to gravity and seismic forces. The live
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load on the beam has been reduced in accordance with IBC 1607.9.2. Also, according to
the 2002 supplement to the IBC {4.4], orthogonal effects need not be considered for

beams.

Requirements for special moment frames are given in ACI 21.2 through 21.5. The
factored axial load on the member, which is negligible, is less than Agfc'/IO; thus, the

provisions of ACI 21.3 for flexural members of special moment frames must be satisfied.
All other applicable provisions in Chapters 1 through 18 are to be satisfied as well.

Check limitations on section dimensions per ACI 21.3.1:

Factored axial compressive force on member is negligible.  O.K.

£, (30x12)-36

)70 _ 2034 OK.
d 16
width _ 30 16203 Ok
depth 185

width=301in. > 10in. OK.
< width of supporting column + (1.5 x depth of beam)
<36+ (1.5x 18.5)=63.8in. O.K.

Table 4-29 Summary of Design Bending Moments and Shear Forces for Beam B3-C3 at Floor

Level 1 (SDC D)

Bending Shear

Load Case Location | Moment Force
(ft-kips) (kips)
Support -278 57
Dead (D
ead (D) Midspan 191
. Support -50 16
L L
ive (L) Midspan 33
Seismic (Qg) Support +123 +9
Load Combinations
Support -474 105
14D +1.7L
! Midspan 324
Support -537 96
4D+ 0.5L +
1.4D Qe Midspan 284
Support -72 31
0.7D +
Qe Midspan 134

The required flexural reinforcement is contained in Table 4-30. The provided areas of
steel are within the limits prescribed in ACI 21.3.2.1 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).
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Table 4-30 Required Flexural Reinforcement for Beam B3-C3 at Floor Level 1 (SDC D)

Location M_” Ag Reinforcement* qw_’”
(ft-kips) (in.z) (ft-kips)
Support -637 8.93 9-No. 9 541
Midspan 324 4.94 5-No. 9 327
. 3yfib,d 344,000 x 30 x 16
Ag i = —— = T s
' f, 60,000
ACI 21.3.2.1
200b,d 200 %30x16 2
= = =160 in.” {governs)
f 60,000
y
Agmax =P g Py @ = 0.025 x30x16 = 12.00 in.” ACI21.3.2.1

ACI 21.3.2.2 requires that the positive moment strength at the face of the joint be greater
than or equal to 50% of the negative moment strength at that location. This is satisfied,
since 327 ft-kips > 541/2 = 271 ft-kips. Also, the negative or positive moment strength at
any section along the length of the member must be greater than or equal to 25% of the
maximum moment strength provided at the face of either joint. In this case, 25% of the
maximum moment strength is equal to 541/4 = 135 fit-kips. Providing 2-No. 9 bars
(oM, = 138 ft-kips) satisfies this provision. This also automatically satisfies the

requirement that at least 2 bars be continuous at both the top and bottom of the section
(ACI21.3.2.1).

When reinforcing bars extend through a 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 21.5.1.4). In this case, the minimum required column
dimension = 20 x 1.128 = 22.6 in., which is less than the 36-in. column width that is
provided.

Shear design.

Shear requirements for beams in special moment frames are contained in ACI 21.3.4. The
largest shear force associated with seismic effects is obtained from the second of the three
load combinations in Table 4-29. Figure 4-21 shows the beam and shear forces due to
gravity loads plus probable flexural strengths for sidesway to the right. Due to the
symmetric distribution of longitudinal reinforcement in the beam, sidesway to the left
gives the same maximum shear force. The factored uniform load on the beam is
determined as follows:

wp = [(74+45)x30/1,0001+(&§§3x0.15]:4.2 Kips/fi
wy =36 x30/1,000 = 1.1 kips/ft
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w, =1L4wp +0.5nw; =64 kips/ft

wu:6.4k/'
Mz, (5-No.9) = 443 Cl vt 127{0,,"' 'ew X Q) Mpr (9-No.9)=714"
43.6" 129 2K

Figure 4-21 Design Shear Forces for Beam B3-C3 (SDC D)

The maximum combined shear force as shown in Figure 4-21 (129.2 kips) 1s larger than
the maximum shear force obtained from the structural analysis (96 kips; see Table 4-29).

In general, shear strength is provided by both concrete (¥, ) and reinforcing steel (V).
However, according to ACI 21.3.4.2, V. is to be taken as zero when the earthquake-

induced shear force calculated in accordance with ACI 21.3.4.1 is greater than or equal to
50% of the total shear force and the factored axial compressive force including

earthquake effects is less than Agfc'/20. In this example, the beam carries negligible

axial forces and the maximum earthquake-induced shear force = (714 + 443)/27 =
42.9 kips < 129.2/2 = 64.6 kips. Thus, the nominal shear strength provided by concrete

V. may be computed from ACI Eq. 11-3:
V. =2yf:b,d=24,000x30x16/1,000 = 60.7 kips
The maximum shear force V; 1s (ACI 11.1):

v, | :
v, =tu_y 1292 609913 kips

¢ 0.85

where the strength reduction factor was taken as 0.85 in accordance with ACI 9.3 4.

Shear strength contributed by shear reinforcement shall not exceed (V,)npax
(ACI 11.5.6.9):

V) mae = 8 f7b,,d = 84,000 x30%16/1,000 = 242.9 kips > 91.3 kips ~ O.K.

Also, V; is less than 4,/ f.b,d = 121.4 kips.

Required spacing s of No. 3 closed stirrups (hoops) for a factored shear force of 91.3 kips
is determined from Eq. (11-15):
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A, fpd  (5x0.11)x60x16
S - — =
V 91.3

S

5.8 1n

Note that 5 legs are required for support of the longitudinal bars (ACI 21.3.3.3).

Maximum allowable hoop spacing within a distance of 2/ = 2 x 18.5 = 37 in. from the
face of the support at each end of the member is the smaller of the following
(ACI21.3.3.2)

e J/4=16/4=4.01n. (governs)

e 8(diameter of smallest longitudinal bar) =8 x 1.128 =9.0 in.

e 24(diameter of hoop bar) =24 x 0.375=9.0 1n.

e 12iIn.

Use 10-No. 3 hoops at each end of the beam spaced at 4 in. on center with the first hoop
located 2 in. from the face of the support (ACI 21.3.3.2).

Where hoops are no longer required, stirrups with seismic hooks at both ends may be
used (ACI 21.3.3.4). At a distance of 38 in. from the face of the support:

V, =129.2 -16.4 % (38/12)] = 108.9 kips
Therefore, the required stirrup spacing for No. 3 stirrups (4 legs) is:

L ASd (@x0.11)x60x16
Vv,  (108.9/0.85)~60.7

s

=63 in. (governs)

_Ayfy  (4%0.11)x60,000
50b,, 50%30

=17.6 in.

The maximum allowable spacing of the stirrups i1s d/2 = 8 in. (ACI 21.3.3.4), which is
greater than 6.3 in. A 6 in. spacing, starting at 38 in. from the face of the support is
sufficient for the remaining portion of the beam.

Reinforcing bar cutoff points.

The negative reinforcement at the supports is 9-No. 9 bars. The location where 7 of the 9
bars can be terminated will be determined.

The third load combination is used to determine the cutoff point of the 7-No. 9 bars (0.7
times the dead load in combination with the probable flexural strengths M pr at the ends

of the member), since this combination produces the longest bar lengths. The design
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flexural strength ¢A7, provided by 2-No. 9 bars 1s 138 ft-kips. Therefore, the 7-No. 9
bars can be termunated after the required moment strength A, has been reduced to
138 ft-kips.

The distance x from the support to the location where the moment is equal to 138 ft-kips
can readily be determined by summing moments about section ¢-a in Figure 4-22:

2.9%2

-82x+714 =138

Solving for x gives a distance of 8.2 ft from the face of the support.

s T T 5

‘ 271_0” a
37K 82.0

Figure 4-22 Cutoff Location of Negative Bars (SDC D)

The 7-No. 9 bars must extend a distance 4 = 16 in. (governs) or
12dp =12%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 8.2 + (16/12) = 9.5 ft.

Also, the bars must extend a full development length ¢ ; beyond the face of the support
(ACI 12.10.4), which is determined from ACI Eq. (12-1):

a3 Sy  oPyr
dy 40 [f7 [c+K,,)

dp

where o = reinforcement location factor = 1.3 for top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 9 bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
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ne or cover dimension

1.128

(/)

=24 1n.

1.5+0375+

30-2(1.5+0.375)-1.128

=1.6 in. (governs)
28

K, = transverse reinforcement index = 0 (conservative)

c+K, 16+0
dy 1.128

=14<25

£g 3 y 60,000 13x1.0x1.0x1.0

Za _ 7 X =66.1
dy, 40 4,000 1.4

0,4 =661x1.128=74.6 n.=62 ft <95 fi

Thus, the total required length of the 7-No. 9 bars must be at least 9.5 ft beyond the face
of the support.

Note that 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 10.8 ft from the face of the support, which is greater than 9.5 ft. 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 20V, /3 (ACI 12.10.5.1). With No. 3 stirrups at 6 in. on center that are provided
in this region of the beam, ¢V, is determined by ACI Eqgs. 11-1 and 11-2:

oV, =0V, +V,)=0.85%x(60.7+70.4)=111.4 kips
%qwn =743 kips
At 9.5 ft from the face of the support, V,, =82 —(2.9x9.5) =54.5 kips, which is less than

74.3 kips. Therefore, the 7-No. 9 bars can be terminated at 9.5 ft from the face of the
support.

Flexural reinforcement splices.
According to ACI 21.3.2.3, lap splices of flexural reinforcement must not be placed

within a joint, within a distance 2/ from the face of the joint (plastic hinge region), or at
locations where analysis indicates flexural yielding due to inelastic lateral displacements

4-82



of the frame. Lap splices must be confined by hoops or spiral reinforcement along the
entire lap length, and the maximum spacing of the transverse reinforcement is @/4 or 4 in.
In lieu of lap splices, mechanical and welded splices conforming to ACI 21.2.6 and
21.2.7, respectively, may be used (ACI21.3.2.4).

Lap splices are determined for the No. 9 bottom bars in the same way that is illustrated in
Section 4.4.4.2 of this publication. Use a 3 ft-6 in. lap splice length.

Figure 4-23 shows the reinforcement details for beam B3-C3.

3 r_on

]
.

9-6” 7-No.9 2-No. 9 7-No. 9

‘ [ L L

it i

1-614"

/\/J.I

11-No. 3 hoops @ 4”

_|No. 3 stirrups ;. l | No. 3 stirrups | .
Ll Lt Il

27 e e Tt a6 7
\—————— 10-No. 3 hoops @ 4”
27-0”

Figure 4-23 Reinforcement Details for Beam B3-C3 at Floor Level 1 (SDC D)
4.5.4.3 Design of Column C3

This section outlines the design of column C3 supporting the first floor level. Table 4-31
contains a summary of the design axial forces, bending moments, and shear forces on this
column for gravity and seismic loads.

According to the supplement to the IBC [4.4], orthogonal effects on this member need

not be considered, since the axial forces due to seismic forces in both directions (which
are about equal to zero) are less than 20% of the axial load design strength.
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Table 4-31 Summary of Design Axial Forces, Bending Moments, and Shear Forces on Column
C3 between Ground and 1% Floor Level (SDC D)

Axial Bending Shear

Load Case Force Moment Force

{(kips) (ft-kips) (kips)
Dead (D) 392 0 0
Live (L)* 64 0 0
Seismic (Qg) 0 + 876 + 59

Load Combinations

14D +1.7L 658 0 0
14D+ 0.5L + Qp 581 876 59
0.7D+ Q¢ 274 -876 -59

* Live load reduced per IBC 1607.9

Since the factored axial compressive force exceeds Agfc' /10 =36%x4/10= 518 kips,

the provisions of ACI 21.4 are applicable. Thus, the following two criteria must be
satisfied (ACI 21.4.1):

e Shortest cross-sectional dimension =36 in. > 12 in. O.K.

e Ratio of shortest cross-sectional dimension to perpendicular dimension = 1.0 >
04 OK.

Design for axial force and bending.

Based on the governing load combinations in Table 4-31, a 36 x 36 in. column with 12-
No. 10 bars (p, =1.18%) is adequate for column C3 supporting the first floor level.

Figure 4-24 contains the interaction diagram for this column. As noted above, slenderness
effects need not be considered since P-delta effects were included in the analysis. Also,
the provided reinforcement ratio is within the allowable range of 1% and 6%

(ACI21.4.3.1).

Relative Flexural Strength of Columns and Girders.

ACI 21.4.2 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 girders framing into that
joint. The intent 1s to provide columns with sufficient strength so that they will not yield
prior to the beams. Yielding at both ends of a column prior to the beams could result in
total collapse of the structure. Only seismic load combinations need to be considered
when checking the relative strengths of columns and girders.
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Figure 4-24 Design and Nominal Strength Interaction Diagrams for Column C3 Supporting Floor
Level 1 (SDC D)

Based on the reinforcement in beam B3-C3 (see Table 4-30), M, = 541/0.9 = 601 ft-
kips and M, =327/0.9 = 363 ft-kips. Therefore, » M, =601 + 363 = 964 fi-kips (see

Figure 4-25 for sidesway to the left; due to symmetric distribution of flexural
reinforcement, sidesway to the right yields the same results for the negative and positive
moment strengths).

My =1,417 ft-kips
0
—N——

M/ =363 ft-kips c{ ’ M;, =601 ft-kips

LA L
\ ¥ 4

M, = 1,529 ft-kips

Figure 4-25 Relative Flexural Strength of Columns and Girders (SDC D)

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
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end of the lower column framing into the joint (1.e., the column supporting tloor level 1),
the minimum M, = 1,529 ft-kips, which corresponds to £, = 274 kips (see Figure 4-24).
Similarly, for the lower end of the upper column framing into the joint (1.e., the column
supporting floor level 2), M, = 1,417 ft-kips, which corresponds to £, = 176 kips.

Therefore, ZMC =2.946 ft-kips.
Check Eq. 21-1:

D M, =2,946 ft-kips > §ZMg = —x 964 =1,157 ft-kips  O.K.

W | oy

Design for shear.

Shear requirements for columns in special moment frames are contained in ACI 21.4.5.
Similar to beams, the method of determining design shear forces in columns takes into
consideration the likelihood of yielding (i.e., plastic hinges forming) in regions near the
ends of the column. To properly confine the concrete and to maintain lateral support of
the longitudinal bars in regions where yielding is expected, the transverse reinforcement
requirements of ACI 21.4.4 must also be satisfied.

Confinement reinforcement. Special transverse reinforcement for confinement is
required over a distance £, from each joint face at both column ends where ¢, is equal

to the largest of (ACI 21.4.4.4):

e Depth of member =36 in.  (governs)

e Clear span/6 =[(13 x 12) — 18.5)/6 =22.9 in.

e [8iIn.

Transverse reinforcement within the distance £, shall not be spaced greater than the
smallest of (ACI 21.4.4.2):

e Minimum member dimension/4 = 36/4 = 9.0 in.

e 6(diameter of longitudinal reinforcement) = 6 X 1.27 = 7.6 in.

14—h 14-12
° sx:4+( 3"j=4+[ 3 )=4.7in. (governs)

where #, = maximum hornizontal spacing of hoop or crosstie legs on all faces of the
36 x 36 in. column (ACI 21.4.4.3)

_36-2(1.5+0.5)-1.27
3

+127+05=120m. <14m. OK.
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assuming No. 4 rectangular hoops with crossties around every longitudinal bar.
Therefore, try 4 in. spacing.

Minimum required cross-sectional area of rectangular hoop reinforcement A, is the

larger value obtained from Eqs. 21-3 and 21-4:

A.h:0.35h(‘.f£ Ag ) ||_03x4x32.5%4 362 1l — 040 2
’ iy A 60 1,089 ' '

0.09sh, [ 0.09%4x32.5x4
foh 60

=0.78 in.” (governs)

where h,. = cross-sectional dimension of column core measured center-to-center of

confinement reinforcement
= 36-2[1.5+(0.5/2)] =32.5in.
A,y = cross-sectional area of member measured out-to-out of transverse
reinforcement

[36 — (2 x 1.5)]" = 1,089 in.?

Il

Using No. 4 hoops with 2 crossties provides 4y, =4 x 0.2 = 0.8 in., which is greater
than the minimum required area from Eq. 21-4. Use 4 in. spacing for the transverse
reinforcement at the column ends.

Transverse reinforcement for shear. According to ACI 21.4.5.1, shear forces are
computed from statics assuming that moments of opposite sign act at the joint faces
corresponding to the probable flexural strengths M pr associated with the range of

factored axial loads on the column. 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.

Figure 4-26 contains the design strength interaction diagram for column C3 with f, =
75 ksiand ¢ =1.0. At the base of the column, the largest M ,,,. is equal to 2,036 ft-kips,
which corresponds to an axial load equal to 581 kips (see Table 4-31).
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Figure 4-26 Design Strength Interaction Diagram for Column C3 with f, =75 ksiand ¢ = 1.0
{(SDC D)

At the top of the column, the positive probable flexural strength of the beam framing into
the joint at the face of the column is 443 fi-kips (see Figure 4-21). The negative probable
flexural strength of the beam on the other side of the column i1s 714 ft-kips. Thus, the
moment transferred to the top of the column is (443 + 714)/2 = 579 ft-kips, which is less
than 2,036 ft-kips.

The maximum shear force V, is equal to:

2,036+579

= HBOHITI g
¢ 13-(18.5/12) B

This design shear force is larger than the maximum shear force obtained from analysis,
which is 59 kips (see Table 4-31).

Since the factored axial forces including earthquake effects are greater than Ag fL/20 =

259 kips, the shear strength of the concrete may be used (ACI 21.4.5.2). The shear
capacity of the column is checked using ACI Eq. 11-4 for members subjected to axial
compression:

N ]r——
V. =211+—%—\/f'b d
¢ 2,0004, Seby

4,000 ,
=21+ ﬂ—z 4,000 X36x25.7/1,000 =129.4 kips
2,000% 36
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o, =0.85x129.4 = 110.0 kips < ¥, =228 kips

where N, = 274 kips 1s the smallest axial force on the section (see Table 4-31) and d =

25.7 in. was obtained from a strain compatibility analysis.

Determine required spacing of transverse reinforcement from Eq. 11-15:

o Ay fyd  (4x0.2)x60x25.7

=89 1n.
K"——VC g2§—129.4
) 0.85

Thus, the No. 4 hoops at 4 in. on center required for confinement over the distance ¢, at

the column ends is also adequate for shear.

According to ACI 21.4.4.6, the remainder of the column must contain hoop
reinforcement with center-to center spacing not to exceed 6 times the diameter of the

longitudinal column bars = 6 x 1.27 = 7.6 in. or 6 in. (governs). For detailing simplicity,
use a 4 in. spacing over the entire length of the column.

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 21.4.3.2). Also, they
must be confined over the entire lap length with transverse reinforcement conforming to
ACI 21.44.2 and 21.4.4.3. In lieu of lap splices, mechanical splices conforming to
ACI 21.2.6 and welded splices conforming to ACI 21.2.7.1 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).

From ACI Eq. (12-1):

Ly 3 Jy  afyr
dy 40 fc'[c+1<,,J

dp

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 1.0 for No. 7 and larger bars

A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
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¢ = spacing or cover dimension
1.27 :
1.5+0.5+ 5 =2.6 in. (governs)

36-2(1.5+0.5)-1.27
Ix2

=51 1n.

K, = transverse reinforcement index

Ay Sy 4x0.20%60,000
1,500sn 1,500x4 x4

2.0

K. 2642,
ctRy 26720 5605 use 2.5

dy, 1.27

Therefore,

£y 3 60,000x1.0x1.0><1.0><1.0

Sd o2y =285
d, 40" /4,000 2.5

2,45 =285%x127=362 in.=3.0 fi
Class B splice length=1.3¢,; = 3.9 ft

Use a 4 ft-0 in. splice length.

Reinforcement details for column C3 are shown in Figure 4-27.
4.54.4 Design of Beam-Column Joint

Interior Joint.

Transverse reinforcement for confinement. ACI 21.5.2 requires that transverse hoop
reinforcement in accordance with ACI 21.4.4 be provided within the joint, unless the
joint 1s confined on all four sides by beams that have widths equal to at least 75% the
column width. When joints are adequately confined on four sides, transverse
reinforcement within the joint may be reduced to one-half of that required by ACI 21.4.4
and the hoop spacing is permitted to be a maximum of 6 in.
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Figure 4-27 Reinforcement Details for Column C3 Supporting the 1% Floor Level (SDC D)

At an interior joint in the example building, beams frame into two sides of the column
(joists do not provide confinement in perpendicular direction). According to ACI 21.5.3,
these beams provide confinement to the joint, since the beam width (30 in.) is greater
than 75 percent of the column face (27 in.). Therefore, transverse reinforcement must be
provided in accordance with ACI 21.4.4 as noted above. Use the transverse reinforcement
required at the column ends (No. 4 @ 4 in.) through the joint.

Shear strength of joint. Figure 4-28 shows the interior beam-column joint at the first
floor level. The shear strength is checked in the N-S direction in accordance with
ACI21.5.3. The shear force at section x-x is obtained by subtracting the column shear
force from the sum of the tensile force in the top beam reinforcement and the
compressive force at the top of the beam on the opposite face of the column. Since
development of inelastic rotations at the joint face is associated with strains in the beam
flexural reinforcement significantly greater than the yield strain, joint shear forces
generated by beam reinforcement are calculated based on a stress in the reinforcement

equalto 1.25 f, (ACI 21.5.1.1):

Ty (9-No.9) = 4, (1.25f,) = (9x1.00) (1.25x60) = 675 kips

T, (5-No.9) = (5x1.00)x (1.25% 60) = 375 kips
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M, = (M, +MF,)/2 = 579
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M, = 579

Figure 4-28 Shear Analysis of Interior Beam-Column Joint in N-S Direction (S§DC D)

Column horizontal shear force V, can be obtained by assuming that adjoining floors are
deformed so that plastic hinges form at the ends of the beams. For the beams in this

example, M, =714 fi-kips and M, =443 fi-kips (see Figure 4-21).

Since the lengths of the columns above and below the joint are equal, moments M, in
the columns above and below the joint are (714 + 443)/2 = 579 ft-kips. Shear force ¥}, in
the column at the top of the joint is:

oM, 2%579

V_—. =
Ty, 13-(18.5/12)

=101 kips

Shear force ¥, in the column at the bottom of the joint is (see Section 4.5.4.3 of this
publication for calculation of moments in column):

M, 2,036+579
by 13-(18.5/12)

=228 kips

The maximum net shear force at section x-x is 7] +Cy —V;, =675+375-101 = 949 kips

For a joint confined on two opposite faces, nominal shear strength ¢V, is determined
from ACI 21.5.3.1:
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OV, =015\ /A4, =0.85x15/4,000 x1,296 /1,000 = 1,045 kips > 949 kips  O.K.
where A, =36 x36=1,296in’

Reinforcement details at an interior joint in this example are very similar to those shown
in Figure 4-18.

Exterior Joint.

It 1s assumed for purposes of this example that the beam framing into the edge column
along column line 3 has the same flexural reinforcement as the interior beams along this

column line,

Transverse reinforcement for confinement. Since an exterior joint is confined on less
than four sides, transverse hoop reinforcement in accordance with ACI 21.4.4 must be
provided within the joint (ACI 21.5.2.1). For detailing simplicity, use the transverse
reinforcement required at the column ends through the joint.

Shear strength of joint. Figure 4-29 shows the exterior joint at the 1* floor level. In this
case, the shear force at section x-x is determined by subtracting the column shear force
from the tensile force in the top beam reinforcement.

- — Ik
My =Mp /2= 357

('\

«——Vj, =2M,, /¢, = (2 x 357)/11.46 = 62

"’\/‘IﬁZQ«No.Q
—> T, =1.25A;f, = 675"

X I X )My, = 714
I —Ci=Ty
_‘/\,ﬁS-No. 9
—_— Vh

S

M, = 357"

Figure 4-29 Shear Analysis of Exterior Beam-Column Joint in N-S Direction (SDC D)
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Since the lengths of the columns above and below the joint are equal, moments 3/, in
the columns above and below the joint are 714/2 = 357 ft-kips. Shear force ¥}, in the

column at the op of the joint is:

v, - 2M, _ 2357 P
o 13—(18.5/12)

n

kips

The net shear force at sectionx-x1s 7} —V, =675-62 = 613 kips

For a joint confined on one face, the nominal shear strength ¢/, 1s determined from
ACI21.53.1:

OV, =012,[f 4, = 0.85x12,/4,000 x327 /1,000 = 661 kips > 613 kips  O.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 according to

ACI 21.5.4 and Chapter 12, respectively (ACI 21.5.1.3). The development length ¢ 4, for
a bar with a standard 90-degree hook in normal weight concrete is the largest of
(ACI21.54.1):

e 8(diameter of longitudinal bar) = 8 x 1.128 = 9.0 in.

e 6in.

fydp  _ 60,000x1.128

65.f; 65+/4,000

= 16.51in. (govemns)

Required development lengths for both the flexural reinforcement can be accommodated
within the 32-in. deep column.

Reinforcement details at the exterior joint in this example are similar to those shown in
Figure 4-20.
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CHAPTER 5

RESIDENTIAL BUILDING WITH BEARING WALL SYSTEM

5.1 INTRODUCTION

A bearing wall system is a structural system without an essentially complete space frame
providing support for gravity loads. Bearing walls provide support for all or most of the
gravity loads. Resistance to lateral loads is provided by the same bearing walls acting as
shear walls.

According to IBC Table 1617.6, ordinary reinforced concrete shear walls can be used in
buildings with bearing walls systems assigned to SDC A, B, or C (IBC 1910.3, 1910.4).
In such cases, the walls can be designed according to ACI 318, exclusive of Chapter 21,
with no special seismic detailing required. Special reinforced concrete shear walls are
required for buildings assigned to SDC D and higher, subject to the limitations in
Table 1617.6 (IBC 1910.5). Design and detailing of the shear walls must conform to
ACI 21.6 as well as all of the other applicable sections in ACI 318.

This chapter illustrates the design and detailing of a bearing wall system in a structure
assigned to SDC A, B, C, D, and E.

5.2 DESIGN FORSDC A

5.2.1 Design Data

A typical plan and elevation of a 7-story school building is shown in Figure 5-1. The
computation of wind and seismic forces according to the 2000 IBC is illustrated below.
Typical walls are designed and detailed for combined effects of gravity, wind, and
seismic forces.

As noted above, ordinary reinforced concrete shear walls may be used for structures
assigned to SDC A without any limitations according to IBC Table 1617.6. This type of
system is utilized in this example.

It 1s assumed mainly for simplicity that walls have constant cross-sections throughout the
height of the building, and that the bases of the lowest story segments are fixed. Although
the wall dimensions in the following sections are within the practical range, the structure
itself is a hypothetical one, and has been chosen mainly for illustrative purposes.
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Figure 5-1 Typical Plan and Elevation of Example Building
Building Location: Miami, FL. (zip code 33122)
Material Properties

Concrete: f,, =4,000 psi, w, =150 pcf
Reinforcement: f, = 60,000 psi

Service Loads

Live loads: roof =20 psf
floor = 100 psf for corridors, 40 psf elsewhere



Superimposed dead loads: roof =10 psf
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Sersmic Design Data

For zip code 33122: Sy =0.065g,5, =0.024g [5.1]
Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, Iz =1.0 (IBC Table 1604.5)

e  Wind Design Data

Basic wind speed = 145 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Joists: 12 + 4.5 x5 + 30 (82 psf)
Wall thickness: 6 1n.

5.2.2 Seismic Load Analysis

Exception 4 of IBC 1614.1 states that structures located where Sg <0.15g and
S} £0.04g need only comply with IBC 1616.4, which are design requirements for
SDC A. Thus, the minimum lateral force F, applied simultaneously at each floor level is
computed according to IBC Eq. 16-27:

F, =0.01w,

where w, is the portion of the total gravity load # located or assigned to level x and W is

defined in IBC 1616.4.1. The seismic forces F, are summarized in Table 5-1.

Note that the seismic forces are the same in both the N-S and E-W directions, and may be
applied separately in each of the two orthogonal directions of the building, i.e.,
orthogonal effects may be neglected (IBC 1616.4.1).

5.2.3 Wind Load Analysis

According to IBC 1609.1.1, wind loads shall be determined in accordance with Section 6
of ASCE 7 [5.2]. Since the building has a mean roof height greater than 30 ft, the
simplified procedure (Method 1) given in ASCE 6.4 cannot be used to determine the
wind forces. Similarly, the simplified procedure of IBC 1609.6 must not be used, since
the building is taller than 60 ft.



Table 5-1 Seismic Forces for SODC A

. Lateral force,
Level | Storyweight w, F, =0.01w,
(kips) (kips)

7 978 9.8
6 1,360 13.6
5 1,360 13.6
4 1,360 13.6
3 1,360 13.6
2 1,360 13.6
1 1,360 13.6
pX 91.4

The example building is regular shaped by the definition in ASCE 6.2, i.e., it has no
unusual geometrical irregularity in spatial form. Also, the building does not have
response characteristics making it subject to across wind loading, vortex shedding, or
instability due to galloping or flutter. It is assumed that the site location is such that
channeling effects or buffeting in the wake of upwind obstructions need not be
considered. Thus, the analytical procedure (Method 2) of ASCE 6.5 may be used to
determine the wind forces.

Design Procedure.

The design procedure outlined in Section 6.5.3 of ASCE 7 is used to determine the wind
forces on the building in the N-S and E-W directions.

1. Basic wind speed, V, and wind directionality factor, K ;. Both quantities are

determined in accordance with ASCE 6.5.4. As noted above, V is equal to 145 mph for
Miami according to IBC Figure 1609 or ASCE Figure 6-1.

The wind directionality factor K ; 1s equal to 0.85 for main wind-force-resisting systems

per ASCE Table 6-6 when load combinations specified in Sections 2.3 and 2.4 are used.
Note that these load combinations are essentially the same as those in Sections 1605.2
and 1605.3 of the 2000 IBC. It is important to note exception I to IBC 1605.2.1, Basic
load combinations: load combinations of ACI 9.2 shall be used for concrete structures
where combinations do not include seismic forces. The load factors in the ACI 318
combinations are different than those in ASCE 7 and the IBC. The exception goes on to
state that for concrete structures designed for wind in accordance with ASCE 7, wind
forces are to be divided by the directionality factor. Thus, in the following computations,
instead of multiplying and then subsequently dividing the external wind pressures/forces

by 0.85, K, 1s taken equal to 1.0.
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2. Importance factor, Iy . As noted above, 7}y 1s equal to 1.0 for Category I occupancy

according to IBC Table 1604.5 and Category II occupancy according to ASCE Table 1-1
(note that IBC Category I and ASCE 7 Category II are the same).

3. Velocity pressure exposure coefficient, K . According to ASCE 6.5.6.4, values of

K, are to be determined from ASCE Table 6-5. In lieu of linear interpolation, K, may

be calculated at any height z above ground level from the equations given at the bottom
of Table 6-5:

2/
201 Ji] for s <1511

‘g

2/
2.01 i} for15ftsz<z,
| “g

where « = 3-second gust speed power law exponent from ASCE Table 6-4
= 7.0 for Exposure B
= nominal height of the atmospheric boundary layer from ASCE Table 6-4

= 1,200 ft for Exposure B

‘g

Values of K, are summarized in Table 5-2 at the various story heights for the example
building.

Table 5-2 Velocity Pressure Exposure Coefficient K,

Level He'gh|z, 323;9( fgz)n:.-und K,
7 70 0.893
6 60 0.854
5 50 0.811
4 40 0.761
3 30 0.701
2 20 0.624
1 10 0.575

4. Topographic factor, K, . The topographic factor is to be determined in accordance
with ASCE 6.5.7, Eq. 6-1. Assuming the example building is situated on level ground
and not on a hill, ridge, or escarpment, K ,, is equal to 1.

5. Gust effect factors, G and G . Effects due to wind gust depend on whether a
building is rigid or flexible (ASCE 6.5.8). A rigid building has a fundamental natural



frequency ) greater than or equal to | Hz, while a flexible building has a fundamental
natural frequency less than 1 Hz (ASCE 6.2).

In lieu of a more exact method, an approximate fundamental period 7, 1s determined
using Eq. 16-39 in IBC 1617.4.2.1. The natural frequency is computed by taking the
inverse of the period.

T,=Cr(h,)"*

where Cp = building period coefficient
= 0.030 for moment-resisting frame systems of concrete
= 0.020 for other types of building systems

Thus,
T, =0.020x(70)>'* = 0.48 sec or n; =1/0.48=2.1 Hz

Since n; > 1.0 Hz, the building is considered rigid, and G may be taken equal to 0.85 or
may be calculated by Eq. 6-2 (ASCE 6.5.8.1). For simplicity, G is taken as 0.85.

6. Enclosure classification. It is assumed in this example that the building is enclosed
per ASCE 6.5.9 or IBC 1609.2.

7. Internal pressure coefficient, GC p; . According to ASCE 6.5.11.1, internal pressure

coefficients are to be determined from ASCE Table 6-7 based on building enclosure
classification. The building is in a hurricane-prone region. Glazing in the bottom 60 ft of
the building is assumed to be debris resistant (ASCE 6.5.9.3). Therefore, for an enclosed

building, GC,; =+0.18.

8. External pressure coefficients, C,. External pressure coefficients for main wind-

force-resisting systems are given in Figure 6-3 for this example building. For wind in the
N-S direction:

Windward wall: Cp =0.8
Leeward wall (L/B = 62/140.5 = 0.44): C,=-05
Side wall: Cp =-0.7

Roof (h/L = 70/62 = 1.13);

C,=-13 from 0 to #/2 = 35 ft from windward edge (may be reduced to 0.8

x (-1.3) = -1.04 over applicable area)

C, =-0.7 from 35 fi from windward edge to 62 ft
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For wind in the E-W direction:

Windward wall; Cp =0.8
Leeward wall (/B = 140.5/62 = 2.27): Cp =-0.29
Side wall: C'p =-0.7

Roof (A/L =70/140.5 = 0.50):
C, ==0.9 from 0 to £ =70 ft from windward edge

C,=-05 from 70 ft from windward edge to 140.5 f

9. Velocity pressure, ¢,. The velocity pressure at height z 1s determined from Eq. 6-13
in ASCE 6.5.10:

q, =0.00256K K _,K V21

where all terms have been defined previously. Table 5-3 contains a summary of the
velocity pressures for the example building.

Table 5-3 Velocity Pressure q, (V = 145 mph)

Height above ground
Level ¢ level, z (fstl) Kz (:;f)
7 70 0.893 48.1
6 60 0.854 46.0
5 50 0.811 437
4 40 0.761 41.0
3 30 0.701 37.7
2 20 0.624 33.6
1 10 0.575 31.0

10. Design wind pressure, p. Design wind pressures on the main wind-force-resisting
systems of enclosed and partially enclosed buildings are determined in accordance with
ASCE 6.5.12. For rigid buildings of all heights, design wind pressures are calculated
from Eq. 6-15:

p= ([ch 4 (GCpi)
Tables 5-4 and 5-5 contain summaries of design pressures and forces, respectively, for
wind in the N-S direction. It has been assumed that the design wind pressure is constant

over the tributary height of the floor level. Tables 5-6 and 5-7 contain the pressures and
forces for wind in the E-W direction, respectively.
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Table 5-4 Design Wind Pressures in N-S Direction (V = 145 mph)

Height External Pressure Internal Pressure
above
Location | Level ?;3;1,1;1 q G c, qGCp g, GCpi inCpi
(ft) (psf) (psf) (psf) (psf)
7 70 48.1 1 0.85| 0.80 327 481 +0.18 +8.7
6 60 46.0 | 0.85 | 0.80 31.3 481 +0.18 +87
) 5 50 437 | 0.85 | 0.80 29.7 48.1 +0.18 +8.7
Windward 4 40 41.0 | 0.85 | 0.80 27.9 48.1 +0.18 +87
3 30 37.7 | 0.85| 0.80 25.6 48.1 +0.18 +8.7
2 20 33.6 1085 0.80 22.9 48.1 +0.18 +87
1 10 31.0 1085 0.80 21.1 48.1 +0.18 +8.7
Leeward - All 48.1 | 0.85 | -0.50 | -20.4 48.1 +0.18 +87
Side - All 48.1 |1 0.85 | -0.70 | -28.6 48.1 +0.18 +8.7
Roof - 70" 48.1 | 0.85 | -1.30 -63.2 48.1 +0.18 + 8.7
-—- 70" 48.1 | 0.85 -0.70 | -28.6 48.1 +0.18 +87
* from windward edge to 35 ft
t from 35 ft to 62 ft
Table 5-5 Design Wind Forces in N-S Direction (V = 145 mph)
Windward Leeward
Height External Design External Design Total
above Tributary Design Wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, P* Pressure, P* Force
quCP thCP
(ft (ft) (psf) (kips) (psf) (kips) | (kips)
7 70 5.0 327 23.0 -20.4 14.3 37.3
6 60 10.0 31.3 44.0 -20.4 28.7 72.7
5 50 10.0 297 417 -20.4 28.7 70.4
4 40 10.0 27.9 39.2 -20.4 28.7 67.9
3 30 10.0 25.6 36.0 -20.4 28.7 64.7
2 20 10.0 22,9 32.2 -20.4 28.7 60.9
1 10 10.0 21.1 29.7 -20.4 28.7 58.4
*P= qGC, x Tributary height x140.5 by 432.3

5.2.4 Design for Combined Load Effects

It is evident from Tables 5-1, 5-5, and 5-7 that wind forces will govern the design of the
shear walls for SDC A. It is important to note, however, that IBC 1609.1.5 requires that
seismic detailing requirements of the code be satisfied, even when wind load effects are

greater than seismic load effects.
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Table 5-6 Design Wind Pressures in E-W Direction (V = 145 mph)

Height External Pressure Internal Pressure
above
Location | Level iq;:):l?g q G Cp chp g, chi inCpi
(ft) (psf) (psf) (psf) (psf)
7 70 48.1 | 0.85 | 0.80 32.7 48.1 +0.18 + 8.7
6 60 46.0 | 0.85| 0.80 31.3 481 +0.18 +8.7
5 50 43.7 1 0.85] 0.80 29.7 481 +0.18 +8.7
Windward 4 40 41.0 | 0.85| 0.80 27.9 48.1 +0.18 +8.7
3 30 37.7 | 0.85| 0.80 25.6 481 +0.18 +87
2 20 336 1085 ! 0.80 22.9 481 +0.18 +8.7
1 10 3101085 0.80 21.1 481 +0.18 +8.7
Leeward - All 48.1 | 0.85 | -0.29 | -11.9 48 .1 +0.18 +8.7
Side - All 48.1 ( 0.85 | -0.70 | -28.6 48.1 +0.18 +8.7
Roof - 70* 48.1 | 0.85 | -0.90 | -36.8 48.1 +0.18 + 87
70" 48.1 | 0.85|-0.50 | -20.4 48.1 | +0.18 +87
* from windward edge to 70 ft
" from 70 ftto 140.5 ft
Table 5-7 Design Wind Forces in E-W Direction (V = 145 mph)
Windward Leeward
Height External Design External Design Total
above | Tributary | Design Wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, P* Pressure, P* Force
quCp thCp
(f) (ft) (psf) (kips) (psf) (kips) | (kips)
7 70 5.0 32.7 10.1 -11.9 3.7 13.8
6 60 10.0 313 19.4 -11.9 7.4 26.8
5 50 10.0 29.7 18.4 -11.9 7.4 25.8
4 40 10.0 27.9 17.3 -11.9 7.4 247
3 30 10.0 25.6 15.9 -11.9 7.4 233
2 20 10.0 22.9 14.2 -11.9 7.4 21.6
1 10 10.0 21.1 13.1 -11.9 7.4 20.5
pX 156.5

P= qGCp x Tributary height x 62

A three-dimensional analysis of the building was performed in the N-S and E-W
directions for the wind loads contained in Tables 5-5 and 5-7 using SAP2000 {5.3]. In the
model, rigid diaphragms were assigned at each floor level. The stiffness properties of the
walls were input assuming cracked sections. In lieu of a more accurate analysis, the
cracked section property of the shear walls was taken as [,z = 0.5, where I, is the

gross moment of inertia of the section.
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According to ASCE 6.5.12.3, the main wind-force-resisting systems of buildings with
mean roof height £ greater than 60 ft must be designed for the full and partial wind load
cases of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-

dimensional analysis.
5.2.4.1 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are

applicable:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+ 1.7L+ 1.7W) (Eq.9-2)
3. 0.9D+13W (Eq. 9-3)

where D, L, and W are the effects due to dead, live, and wind loads, respectively. It is
important to reiterate that the wind loads were computed utilizing a directionality factor
equal to one (IBC 1605.2.1, exception 1).

5.2.4.2 Design of Shear Wall on Line 5

Table 5-8 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the stem segment of the wall. Note that for wind load cases 1 and 2,
wind in-the N-S direction will causes appreciable reactions in the stem. Similarly,

Table 5-9 contains a summary of the reactions at the base of the flange segment of the
wall. In this case, wind in the E-W direction causes appreciable reactions in the flange.

Wall Stem Segment.

Design for shear. The shear strength of the concrete is determined in accordance with
ACI 11.10.5 for walls subjected to axial compression:

V. =2 f/hd =24,000x 6x271.2/1,000 =205.8 kips
where d 1s permitted to be taken equal to 0.8¢,, = 0.8 x339=271.2 in. (ACI 11.10.4).
The maximum factored shear force is 40 kips from wind load case I in the second and

third load combinations (see Table 5-8). Since V,, =40 kips < ¢V,./2 =0.85 x205.8/2 =

87.5 kips, reinforcement shall be provided in accordance with ACI 11.10.9 or Chapter 14
(ACI 11.10.8).
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Table 5-8 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Stem
Segment at Base of Shear Wall on Line 5 (SDC A)

Full and
Partial Axial Bending Shear
Load Case Wind Force Moment Force
Load (kips) (ft-kips) (kips)
Cases™
Dead (D) 739 0
Live (L) 95 0
1 +42 + 652 + 31
2 + + +
Wind (W) +41 + 626 + 30
3 + 33 + 490 + 24
4 +32 + 476 +23
L.oad Combinations
14D +1.7L 1,196 0 0
1 951 831 40
0.75(1.4D +1.7L + 1.7W) 2 949 798 38
3 939 625 31
4 938 607 29
1 611 -848 -40
0.9D + 1.3W 2 612 614 -39
3 622 -637 -31
4 624 -619 -30

*Cases defined in ASCE 7 Figure 6-9

Minimum vertical reinforcement area = 0.0012 x 12 X 6 = 0.09 in./ft (ACI 14.3.2). The
maximum bar spacing =32 =3 x 6 = 18 in. or 18 in. (ACI 14.3.5). Use 1 layer of No. 4
bars spaced at 18 in. (4, = 0.13 in.*/ft).

Minimum horizontal reinforcement area = 0.0020 x 12 x 6 = 0.14 in.”/ft (ACI 14.3.2).
Use 1 layer of No. 4 bars spaced at 16 in. (A4, =0.15 in./ft).

The shear strength V,, at any horizontal section must be less than or equal to 104/ f, hd =
1,029 kips (ACI 11.10.3). In this case,

V, =V, +V, = 2058+ 02)‘6?;271'2 = 409 kips < 1,029 kips  O.K.

Design for axial force and bending. ACI 14.4 requires that walls subjected to axial load
or combined flexure and axial load shall be designed as compression members in
accordance with ACI 10.2, 10.3, 10.10 through 10.14, 10.17, 14.2, and 14.3 unless the
empirical design method of ACI 14.5 or the alternative design method of ACI 14.8 can be
used. Clearly, the empirical and alternative methods cannot be used in this case, and the
wall 1s designed in accordance with ACI 14.4.



Table 5-9 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Flange
Segment at Base of Shear Wall on Line 5§ (SDC A)

Full and
Partial Axial Bending Shear
Load Case Wind Force Moment Force
Load (kips) (ft-kips) (kips)
Cases”
Dead (D) 176 0 0
Live (L) 39 0 0
1 +1 + 235 + 14
2 0 + 202 +1
Wind (W) 2
3 +33 +172 + 11
4 +32 + 151 +9
Load Combinations
14D+ 1.7L 313 0 Q
1 236 300 18
2 235 258 15
0.75(1.4D+17L+ 1.7
( W) 3 277 219 14
4 275 193 12
1 157 -306 -18
2 158 -263 -16
0.9D +1.3
S0+ 134 3 116 -224 -14
4 117 -196 -12

*Cases defined in ASCE 7 Figure 6-9

Figure 5-2 contains the interaction diagram of the stem segment of the wall. The stem is
reinforced with 19-No. 4 vertical bars. As seen from the figure, the stem segment is
adequate for the load combinations in Table 5-8.

8,000 1 ‘

7.000 f

6,000 F

5,000 F

4,000 k

3,000 f-

Axial Force (kips)

2,000 F

1,000 F

0 L i e 3 L
Q 5,000 10,000 15,000 20,000 25,000
Bending Moment (ft-kips)

Figure 5-2 Design and Nominal Strength Interaction Diagrams for Stem Segment of Shear Wall
Along Line 5 (SDC A)
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Splice length of reinforcement. Class A lap splices are utilized for the vertical bars in
the stem. No splices are required for the No. 4 horizontal bars in the stem, since full

length bars weigh approximately 0.668 x 28 = 19 1bs. and are easily installed.

For the No. 4 vertical bars in the stem, ¢, is determined from ACI Eq. (12-1):

fg 3 Jy  afyr

dy 40 (77 (c+K,
dp

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension
%x 6=3.0 in. (governs)
1 .
—x18=9.0 in.
2
K, = transverse reinforcement index = 0
Ky 3970 60525 use2s
dyp 0.5
Therefore,

Lg _ 3, 60000 08x1.0x1.0x1.0 _ . ¢
dy 40" /4,000 2.5

£,;=228%x05=114 in.<12 in, use 12 in.

Class A splice length=1.0¢; = 1.0 ft

Use a | ft-0 1n. splice length for the No. 4 bars.
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Wall Flange Segment.

Design for shear. The shear strength of the concrete 1s determined in accordance with
ACI 11.10.5 for walls subjected to axial compression:

V,.=2yfohd =2/4,000 x6x211.2/1,000 =160.3 kips

where d = 0.8¢,, = 0.8 x 264 =211.2 in. (ACI 11.10.4).

The maximum factored shear force is 18 kips from wind load case 1 in the second and
third load combinations (see Table 5-9). Since V,, = 18 kips < ¢V,./2 =0.85%x160.3/2 =
68.1 kips, reinforcement shall be provided in accordance with ACI 11.10.9 or Chapter 14
(AC111.10.8).

The minimum reinforcement requirements are the same as those for the stem segment
determined above. Therefore, use 1 layer of No. 4 vertical bars spaced at 18 in. (4, =

0.13 in./ft) and 1 layer of No. 4 horizontal bars spaced at 16 in. (A4; =0.15 in.%/ft) in the
flange segment.
Design for axial force and bending. Figure 5-3 contains the interaction diagram of the

flange segment of the wall. The flange is reinforced with 15-No. 4 vertical bars. As seen
from the figure, the flange segment is adequate for the load combinations in Table 5-9.

6,000 F
5,000 | ‘

£ 4000 S

x [

a 1 : .

g 3000 fF———F——— Sl .\

'S - ‘

3 2,000 ;

22000 e s — - ——]
1,000 'E——- ]

0 b 4 i S 1 i = & 1 A1 1 .

0 3,000 6,000 9,000 12,000 15,000 18,000
Bending Moment (ft-kips)

Figure 5-3 Design and Nominal Strength Interaction Diagrams for Flange Segment of Shear Wall
Along Line 5 (SDC A)

Splice length of reinforcement. The splice length of the vertical bars in the flange
segment is calculated the same as shown above for the stem segment. In this case, a Class
B splice is required. Therefore, use a 1 ft-4 in. splice length for the No. 4 vertical bars in

the flange.
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Reinforcement details for the wall are shown in Figure 5-4.

22'-0"
e
iy Tl e e

“ L
Lr No.4 @ 18"
No. 4 @ 16" -

3

27/_9/1

!
F)
’ 6,,'
Figure 5-4 Reinforcement Details for Shear Wall Along Line 5 (SDC A)

5.3 DESIGN FOR SDCB
To illustrate the design requirements for Seismic Design Category (SDC) B, the
residential building in Figure 5-1 is assumed to be located in Atlanta, GA. Walls are
designed and detailed for combined effects of gravity, wind, and seismic forces.
5.3.1 Design Data
e Building Location: Atlanta, GA (zip code 30350)

e Material Properties

Concrete: f, = 4,000 psi, w, =150 pcf
Reinforcement: f,, = 60,000 psi

e Service Loads

Live loads: roof = 20 psf
floor = 100 psf for corridors, 40 psf elsewhere
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Superimposed dead loads: roof = 10 psf
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 30350: S¢ =0.276g,8, =0.117g [5.1]
Site Class C (very dense soil / soft rock soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /x =1.0 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 90 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Joists: 12+ 4.5 x 5 4+ 30 (82 psf)
Wall thickness: 6 in.

5.3.2 Seismic Load Analysis
5.3.21 Seismic Design Category (SDC)

Analysis procedures for seismic design are given in IBC 1616.6. The appropriate
procedure to use depends on the Seismic Design Category (SDC), which is determined in
accordance with IBC 1616.3. Structures are assigned to a SDC based on their Seismic
Use Group and the design spectral response acceleration parameters Spg and Spy.

These parameters can be computed from Eqs. 16-18 and 16-19 in IBC 1615.1.3 or can be
obtained from the provisions of IBC 1615.2.5 where site-specific procedures are used as
required or permitted by IBC 1615.

The maximum considered earthquake spectral response accelerations for short periods
Suys and at I-second period Sy are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sys = F,8s =1.2x0.276=0.33g
Sy = F,8 =1.68x0.117=0.20g

where I, and F, are the values of site coefficients as a function of site class and of
mapped spectral response acceleration at short periods Sg and at 1-second period Sy,
respectively. The values of these coefficients for Site Class C in the equations above are
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contained in IBC Table 1615.1.2(1) for £, and Table 1615.1.2(2) for F, . Straight-line

¢

interpolation was used to determine £, .

Once Sys and S,y have been determined, Spg and Sp) are computed from Eqs. 16-
18 and 16-19:

2 2
SDS ZESA//S :§X033 = 022g

2 2
SDI ZESA/“ ZEXOZOZOI:;g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Sp¢ = 0.22g, the SDC is B. Similarly, from

Table 1616.3(2), the SDC is B for S;;; = 0.13g. Thus, the SDC is B for this building.

5.3.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC B. In a given
direction, ¥V is determined from Eq. 16-34:

V=CWw

where C, is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 9,138 kips (see
Table 5-10 below).

In both directions, a bearing wall system with ordinary reinforced concrete shear walls is
utilized, which is permitted for structures assigned to SDC B without any limitations (see
IBC Table 1617.6 and IBC 1910.3). The response modification coefficient R = 4.5 and

the deflection amplification factor C; =4 (IBC Table 1617.6).

Approximate period (T, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, is computed from Eq. 16-39:

Building height £, = 70 ft
Building period coefficient Cy = 0.02

Period T, = Cr (k)" =0.020%(70)*'% = 0.48 sec
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Seismic base shear (V). The seismic response coefficient C, 1s determined from Eq. 16-

36:

) 13
C, = ol __ 0l = 0.060

e

The value of C, need not exceed that from Eq. 16-35:

C, :iﬁzﬁzo_(mg

R [45
Iz ] (1.0
Also, C; must not be less than the following value from Eq. 16-37:
C, =0.044S sl =0.044%x0.22x1.0=0.010

Thus, the value of C; from Eq. 16-35 governs so that the base shear ¥ in the N-S and E-

W directions is:
V=CW =0.049x9,138 = 448 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Egs. 16-41 and 16-42:

Fo=CyV

Wy

n
sz’hik
i=1

Cyx =

where F, is the lateral force induced at level x, w, and w; are the portions of W
assigned to levels x or i, and £ is the distribution exponent defined in IBC 1617.4.3. For
T= 048 sec, k = 1.0. The lateral forces F, and the story shears ¥, are contained in

Table 5-10.
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Table 5-10 Seismic Forces and Story Shears (SDC B)

St_ory Height, Lateral force, | Story Shear,
Level | weight, B (f) w, h¥ F. (ki V. (ki
w, (kips) x x (Kips) x (kips)

7 978 70 68,460 87 87

6 1,360 60 81,600 103 190

5 1,360 50 68,000 86 276 |

4 1,360 40 54,440 69 345

3 1,360 30 40,800 52 397

2 1,360 20 27,200 34 431

1 1,360 10 13,600 17 448

p) 9,138 354,060 448

5.3.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in both the N-S and E-W
directions for the seismic forces contained in Table 5-10 using SAP2000 [5.3]. In the
model, rigid diaphragms were assigned at each floor level. The stiffness properties of the
walls were input assuming cracked sections. In lieu of a more accurate analysis, the
cracked section property of the shear walls was taken as [,5 =0.5/, where I, is the
gross moment of inertia of the section. P-delta effects were also considered in the
analysis.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the building is assigned to SDC B (IBC 1617.4.4.5).

5.3.2.4 Story Drift and P-delta Effects

Story drift determination. Table 5-11 contains the displacements 8,, in the N-S and E-

W directions obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects. The table also contains the design

earthquake displacement &, computed by IBC Eq. 16-46:

Cd 8xe

5, =—d%xe

X IE

where Cy; is the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, C, is equal to 4 for this system.
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Directions (SDC B)

Table 5-11 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W

N-S Direction E-W Direction
Story

Oye 3 A Oy 9, A
(in.) (in.) (in.) (in.) (in.) (in.)
7 0.076 0.304 0.048 0.088 0.352 0.040
6 0.064 0.256 0.052 0.078 0.312 0.044
5 0.051 0.204 0.052 0.067 0.268 0.056
4 0.038 0.152 0.052 0.053 0.212 0.064
3 0.025 0.100 0.044 0.037 0.148 0.060
2 0.014 0.056 0.036 0.022 0.088 0.056
1 0.005 0.020 0.020 0.008 0.032 0.032

The interstory drifts A computed from the &, are also contained in the table. For this

structure that does not have plan irregularity Type la or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A= 6x —Sx—l

The design story drifts A must not exceed the allowable story drift A, from

Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, = 0.020h,, where A, is the

story height below level x. Thus, for the 10-ft story heights, A, = 0.020 x 10 x 12 =

2.40 in. It is evident from Table 5-11 that for all stories, the lateral drifts obtained from
the prescribed lateral forces in the N-S and E-W directions are less than the limiting
values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000.

5.3.3 Wind Load Analysis

5.3.3.1 Wind Forces

The analytical procedure (Method 2) of ASCE 6.5 is used to determine the wind forces.
Details on how to compute the wind forces in both the N-S and E-W directions are given

in Section 5.2.3 of this publication. A summary of the design wind forces in both
directions 1s contained in Table 5-12. Once again it is important to note that the wind

directionality factor K; has been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).
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Table 5-12 Design Wind Forces in N-S and E-W Directions (V = 90 mph)

Level Height above ground level, | Total Design Wind Force | Total Design Wind Force
z (ft) N-S (kips) E-W (kips)
7 70 14.4 5.3
6 60 28.0 10.3 ]
5 50 271 9.9
4 40 26.2 9.5
3 30 24.9 9.0
2 20 235 8.3
1 10 225 7.9
by 166.6 60.2

5.3.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in the N-S and E-W directions for the wind forces contained in Table 5-12
using SAP2000. The modeling assumptions utilized for the seismic analysis were also
used for the wind analysis.

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height A greater than 60 ft must be designed for the full and partial wind load cases
of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-

dimensional analysis.
5.3.4 Design for Combined Load Effects

5.3.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI 9.2 be used for concrete structures. Thus, the following load combinations are
utilized in the design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+ 1.7L+ 1.7W) (Eq. 9-2)
3. 09D+ 13W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
5. 09D+ 1.0F (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or 1s equal to 0.5 for other live loads.




The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= pQE + OZSDéD

where  Qp = eftect of horizontal seismic forces

p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B,orC (IBC 1617.2.1)

Similarly, £ for use in Formula 16-6 1s computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E=pQp —02S5psD

Substituting Spg = 0.22g and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D+ 0.5L + 1.00z +(0.2x0.22)D = 1.24D + 0.5L + O
4b. 12D +0.5L+ 1.00g —(02x0.22)D =1.16D + 0.5L + Qf
5a. 0.9D+ 1.0Qg +(0.2x022)D = 0.94D + O
5b. 0.9D + 1.00g —(0.2x0.22)D = 0.86D + O

Values of Qg are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
5.3.4.2 Design of Shear Wall on Line 5

Comparing the seismic forces in Table 5-10 to the wind forces in Table 5-12, it is clear
that the seismic forces will govern the design of the shear walls. Table 5-13 contains a
summary of the design axial forces, bending moments, and shear forces at the base of the
stem segment of the wall. Similarly, Table 5-14 contains a summary of the reactions at
the base of the flange segment of the wall.

Wall Stem Segment.

Design for shear. The shear strength of the concrete i1s determined in accordance with
ACI 11.10.5 for walls subjected to axial compression:

V. =2f hd =2,4,000x6x271.2/1,000 = 205.8 kips
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where d is permitted to be taken equal to 0.8¢,, = 0.8 x339=271.2 in. (ACI 11.10.4).

Table 5-13 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Stem
Segment at Base of Shear Wall on Line 5 (SDC B)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 739 0 0
Live (L) 95 0 0
Seismic (Qg) + 81 +1,172 + 46

Load Combinations
14D +1.7L 1,196 0 0
124D +05L + Q¢ 1,045 1,172 46
0.86D *+ Q¢ 555 -1,172 -46 |

Table 5-14 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Flange
Segment at Base of Shear Wall on Line 5 (SDC B)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 176 0 0
Live (L) 39 0 0
Seismic (Qg) +1 + 940 + 49

Load Combinations

14D+ 1.7L 313 0 0
124D + 0.5L + Q¢ 239 940 49
0.86D + Q¢ 150 -940 -49

The maximum factored shear force is 46 kips from the second and third load
combinations (see Table 5-13). Since V, = 46 kips < ¢V./2 = 0.85 x 205.8/2 =

87.5 kips, reinforcement shall be provided in accordance with ACI 11.10.9 or Chapter 14
(ACI11.10.8).

Minimum vertical reinforcement area = 0.0012 x 12 x 6 = 0.09 in.*/ft (ACI 14.3.2). The
maximum bar spacing = 32 =3 X 6 =18 in. or 18 in. (ACI 14.3.5). Use 1 layer of No. 4
bars spaced at 18 in. (4, = 0.13 in.?/ft).

Minimum horizontal reinforcement area = 0.0020 x 12 x 6 = 0.14 in.”/ft (ACI 14.3.2).
Use 1 layer of No. 4 bars spaced at 16 in. ( 4, =0.15 in./ft).

The shear strength ¥, at any horizontal section must be less than or equal to 10,/ f/Ad =
1,029 kips (ACI 11.10.3). In this case,
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0.2x60x271.2 _ ,
Vy=V +V,=2058+ =409 kips < 1,029 kips  OK.

16

Design for axial force and bending. ACI 14.4 requires that walls subjected to axial load
or combined flexure and axial load shall be designed as compression members in
accordance with ACI 10.2, 10.3, 10.10 through 10.14, 10.17, 14.2) and 14.3 uniess the
empirical design method of ACI 14.5 or the alternative design method of ACI 14.8 can be
used. Clearly, the empirical and alternative methods cannot be used in this case, and the
wall will be designed in accordance with ACI 14.4.

Figure 5-2 contains the interaction diagram of the stem segment of the wall. The stem is
reinforced with 19-No. 4 vertical bars. As seen from the figure, the stem segment is
adequate for the load combinations in Table 5-13.

IBC 1620.1.7 requires that bearing walls and shear walls and their anchorage in buildings
assigned to SDC B and above be designed for an out-of-plane force £, that is the greater

of 10 percent of the weight of the wall w,, or the value obtained from Eq. 16-63:
Fp = 0'401ESDSWW

Out-of-plane seismic forces are usually computed for a 1-ft width of the wall length,
assuming a uniformly distributed out-of-plane loading.

For the stem segment of the wall:

w,, = £x10x0.15 =0.75 kips/ft width of stem
Y12

0.10w,, =0.10x0.75=0.075 kips/ft (governs)
0.407 S psw,, =0.40x1.0x0.22x0.75= 0.066 kips/ft

Distributed load = 0.075/10 = 0.0075 klf/ft

Assuming that the wall is simply supported at the floor levels, the maximum bending
moment due to the out-of-plane seismic force is:

2
My = SO 0.1 fekips/

u

The design strength of a 1-ft wide segment of the stem reinforced with No. 4 vertical bars
spaced at 18 in. 1s equal to M, = 1.7 ft-kips/ft > 0.1 ft-kips/ft O.K.
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Splice length of reinforcement. The splice length of the No. 4 vertical bars in the stem
segment was computed in Section 5.2.4.2 of this publication. Use a 1 ft-0 in. splice
length.

Wall Flange Segment.

Design for shear. The shear strength of the concrete 1s determined in accordance with
ACI 11.10.5 for walls subjected to axial compression:

V. =2/ hd =2,/4,000 x6x211.2/1,000 =160.3 kips
where d = 0.8, = 0.8 x264=211.21n. (ACI 11.10.4).

The maximum factored shear force i1s 49 kips from the second and third load
combinations (see Table 5-14). Since V, = 49 kips < ¢V,./2 = 0.85 x 160.3/2 =

68.1 kips, reinforcement shall be provided in accordance with ACI 11.10.9 or Chapter 14
(ACI 11.10.8).

The minimum reinforcement requirements are the same as those for the stem segment
determined above. Therefore, use 1 layer of No. 4 vertical bars spaced at 18 in. (4, =

0.13 in.*/ft) and 1 layer of No. 4 horizontal bars spaced at 16 in. (A; =0.15 in.%/ft).

Design for axial force and bending. Figure 5-3 contains the interaction diagram of the
flange segment of the wall. The flange is reinforced with 15-No. 4 vertical bars. As seen
from the figure, the flange segment is adequate for the load combinations in Table 5-14.

The vertical reinforcement is also adequate to resist the required out-of-plane seismic
force prescribed in IBC 1620.1.7.

Splice length of reinforcement. The splice length of the No. 4 vertical bars in the flange
segment was computed in Section 5.2.4.2 of this publication. Use a 1 ft-4 in. splice
length.

Reinforcement details are the same as shown in Figure 5-4 for SDC A.

5.4 DESIGN FORSDCC

To illustrate the design requirements for Seismic Design Category (SDC) C, the
residential building in Figure 5-1 is assumed to be located in New York, NY.

5.4.1 Design Data

e Building Location: New York, NY (zip code 10013)
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o Material Properties
Concrete: f. =4,000 psi, w, =150 pcf
Reinforcement: /v = 60,000 ps1

e Service Loads

Live loads: roof =20 psf
floor = 100 psf for corridors, 40 psf elsewhere

Superimposed dead loads: roof =10 psf

floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 10013: §¢ =0.424g,5; =0.094¢g [5.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /g =1.0 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 110 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Joists: 12 +4.5x 5+ 30 (82 psf)
Wall thickness: 6 in.

5.4.2 Seismic Load Analysis
5.4.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sys and at 1-second pertod Sy are determined from IBC Egs. 16-16 and 16-17,

respectively:
Sys =F,Ss =1.46x0.424 =0.62¢

Sy = F, S =2.4%0.094 =0.23g
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where [, and [ are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods S¢ and at I-second period 5,
respectively. The values of these coetficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for £, and Table 1615.1.2(2) for F,. Straight-line

interpolation was used to determine F, .

Once Sy;¢ and Sy, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

2
SDS ZESA/IS :§X062 = 041g

SDI :—i;SMl :§X023:015g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Sp¢ = 04lg, the SDC is C. Similarly, from

Table 1616.3(2), the SDC is C for Sp; = 0.15g. Thus, the SDC 1s C for this building.

5.4.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC C. In a given
direction, V' is determined from Eq. 16-34:

V=CW

where C, 1is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 9,138 kips (see
Table 5-15 below).

In both directions, a bearing wall system with ordinary reinforced concrete shear walls 1s
utilized, which is permitted for structures assigned to SDC C without any limitations (see
IBC Table 1617.6 and IBC 1910.3). The response modification coefficient R = 4.5 and
the deflection amplification factor C; =4 are found in IBC Table 1617.6.

Approximate period (7, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate

fundamental period 7, is computed from Eq. 16-39:

Building height 4, = 70 ft
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Building period coefficient Cy = 0.02
Period T, = Cp(h,)>'* =0.020x(70)>'% = 0.48 sec

Seismic base shear (V). The seismic response coefficient €, 1s determined from Eq. 16-
36:

co- Spi _ 0.15 — 0.069

; ,
R 43048
I 1.0

The value of C; need not exceed that from Eq. 16-35:

C :Eﬁ:ﬂ:o_ogl

Ky R 4_§
g | (10
Also, C; must not be less than the following value from Eq. 16-37:
C, =0.044S pslp =0.044%x0.41x1.0=0.018

Thus, the value of C from Eq. 16-36 governs so that the base shear ¥ in the N-S and E-

W directions is:
V=CW=0.069%x9,138=0631 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqs. 16-41 and 16-42:

Fo=Cy 4

W, hi‘

ok
Zwihi
i=l

Cvx =

where F| is the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or i, and & is the distribution exponent defined in IBC 1617.4.3. For
T= 048 sec, k = 1.0. The lateral forces F, and the story shears ¥, are contained in

Table 5-15.
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Table 5-15 Seismic Forces and Story Shears (SDC C)

Story | Height, Lateral force, | Story Shear,
Level weight, B (f) th: F ki .
w, (kips) | Mx x (Kips) Vy (kips)
7 978 70 68,460 122 122
6 1,360 60 81,600 145 267
5 1,360 50 68,000 121 388
4 1,360 40 54,440 97 485
3 1,360 30 40,800 73 558
2 1,360 20 27,200 49 607
1 1,360 10 13,600 24 631
T 9.138 354,060 631

5.4.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in both the N-S and E-W
directions for the seismic forces contained in Table 5-15 using SAP2000 [5.3]. In the
model, rigid diaphragms were assigned at each floor level. The stiffness properties of the
walls were input assuming cracked sections. In lieu of a more accurate analysis, the

cracked section property of the shear walls was taken as / eff =0.51, where I, is the

gross moment of inertia of the section. P-delta effects were also considered in the
analysis.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

5.4.2.4 Story Drift and P-delta Effects

Story drift determination. Table 5-16 contains the displacements d,, in the N-S and E-

W directions obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects. The table also contains the design

earthquake displacement 8, computed by IBC Eq. 16-46:

6x - Cdsxe
Ig

where C, is the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, C; 1s equal to 4 for this system.

The interstory drifts A computed from the 6, are also contained in the table. For this

structure that does not have plan irregularity Types la or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
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center of mass at the bottom of the story from the design earthquake displacement at the

center of mass at the top of the story (IBC 1617.4.6.1):

A=6. 8,.

Table 5-16 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W

Directions (SDC C)

N-S Direction E-W Direction
Story

Oe 3, A Sve 3, A

(in.) (in.) (in.) (in.) (in.) (in.)
7 0.095 0.380 0.064 0.110 0.440 0.048
6 0.079 0.316 0.064 0.098 0.392 0.060
5 0.063 0.252 0.064 0.083 0.332 0.068
4 0.047 0.188 0.064 0.066 0.264 0.080
3 0.031 0.124 0.056 0.046 0.184 0.076
2 0.017 0.068 0.044 0.027 0.108 0.068
1 0.006 0.024 0.024 0.010 0.040 0.040

A

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, = 0.020A,, where kg, is the

story height below level x. Thus, for the 10-ft story heights, A, = 0.020 x 10 x 12 =

2.40 in. It 1s evident from Table 5-16 that for all stories, the lateral drifts obtained from
the prescribed lateral forces in the N-S and E-W directions are less than the limiting
values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000.

5.4.3 Wind Load Analysis

5.4.3.1 Wind Forces

The analytical procedure (Method 2) of ASCE 6.5 is used to determine the wind forces.
Details on how to compute the wind forces in both the N-S and E-W directions are given
in Section 5.2.3 of this publication. A summary of the design wind forces in both

directions 1s contained in Table 5-17. Once again it is important to note that the wind
directionality factor K ; has been taken equal to 1.0 (see Exception 1 in IBC 1605.2.1).
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5.4.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in the N-S and E-W directions for the wind forces contamed in Table 5-17
using SAP2000. The modeling assumptions utilized for the seismic analysis were also
used for the wind analysis.

Table 5-17 Design Wind Forces in N-S and E-W Directions (V = 110 mph)

Level Height above ground level, | Total Design \:Nind Force | Total Design \{Vind Force
z (ft) N-S (kips) E-W (kips)

7 70 215 7.9
6 60 41.8 15.4
5 50 40.5 14.8
4 40 39.1 14.2
3 30 37.2 134
2 20 35.1 12.4
1 10 33.6 11.8

b 248.8 89.9

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height A greater than 60 ft must be designed for the full and partial wind load cases
of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-

dimensional analysis.
5.4.4 Design for Combined Load Effects

54.41 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. As noted above,
the first exception in this section requires that the non-seismic load combinations of
ACI9.2 be used for concrete structures. Thus, the following load combinations are

applicable:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(14D+ 1.7L+ 1.7W) (Eq. 9-2)
3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ f{L+1.0E (Formula 16-5)
5. 0.9D+ 1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] 1s equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.
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The seismic load effect £ for use in Formula 16-5, which 1s the combined effect of
horizontal and vertical earthquake-induced forces, 1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= pQE +O'2SDSD

where  Qf = effect of horizontal seismic forces

p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B,or C (IBC 1617.2.1)

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E=pQg —025psD

Substituting Spg = 0.41g and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 12D+ 0.5L + 1.0Qg +(0.2x0.41)D =1.28D + 0.5L + Qf
4b. 12D+ 0.5L+ 1.00z —(02x0.41)D = 1.12D + 0.5L + O
5a. 0.9D+ 1.0Qg +(0.2x0.41)D = 0.98D + Qg
5b. 0.9D+ 1.00g —(0.2x0.41)D =0.82D + Qf

Values of O are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the building.

5.4.4.2 Design of Shear Wall on Line 5

Comparing the seismic forces in Table 5-15 to the wind forces in Table 5-17, it is clear
that the seismic forces will govern the design of the shear walls. Table 5-18 contains a
summary of the design axial forces, bending moments, and shear forces at the base of the

stem segment of the wall. Similarly, Table 5-19 contains a summary of the reactions at
the base of the flange segment of the wall.

Wall Stem Segment.

Design for shear. The shear strength of the concrete is determined in accordance with
ACI 11.10.5 for walls subjected to axial compression:

V. =21 hd =2,/4,000x6x271.21,000 = 205.8 kips

where d 1s equal to 0.87,, = 0.8 x339=271.2 mn, (ACI 11.10.4).
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Table 5-18 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Stem
Segment at Base of Shear Wall on Line 5 (SDC C)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 739 0 0
Live (L) 95 0 0
Seismic (Qg) + 100 + 1,456 + 57

Load Combinations

14D +1.7L 1,196 0 0
1.28D + 0.5L + Q¢ 1,093 1,456 57
0.82D + Q¢ 506 | -1,456 -57

Table 5-19 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Flange
Segment at Base of Shear Wall on Line 6 (SDC C)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 176 0 0
Live (L) 39 0 0
Seismic (Qg) +1 + 1,167 + 61

Load Combinations

14D +1.7L 313 0 0
1.28D + 0.5L + Q¢ 246 1,167 61
0.82D + Q¢ 143 -1,167 -61

The maximum factored shear force is 57 kips from the second and third load
combinations (see Table 5-18). Since V,, = 57 kips < ¢V,_./2 = 0.85 x 205.8/2 =
87.5 kips, reinforcement shall be provided in accordance with ACI 11.10.9 or Chapter 14
(ACI 11.10.8).

Minimum vertical reinforcement area = 0.0012 x 12 x 6 = 0.09 in.’/ft (ACI 14.3.2). The
maximum bar spacing = 32 =3 x 6 = 18 in. or 18 in. (ACI 14.3.5). Use 1 layer of No. 4

bars spaced at 18 in. (4, =0.13 in./ft).

Minimum horizontal reinforcement area = 0.0020 x 12 x 6 = 0.14 in./ft (ACI 14.3.2).
Use 1 layer of No. 4 bars spaced at 16 in. (A4, =0.15 in.z/ft).

The shear strength ¥, at any horizontal section must be less than or equal to 10,/ hd =
1,029 kips (ACI 11.10.3). In this case,

02x60X271.2 _ 409 Yips < 1,029 kips OK.

V,=V.+V, =2058+
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Design for axial force and bending. Figure 5-2 contains the interaction diagram of the
stem segment of the wall. The stem is reinforced with 19-No. 4 vertical bars. As seen
from the figure, the stem segment 1s adequate for the load combinations in Table 5-18,

IBC 1620.1.7 requires that bearing walls and shear walls and their anchorage in buildings
assigned to SDC B and above be designed for an out-of-plane force F/, that 1s the greater

of 10 percent of the weight of the wall w,, or the value obtained from Eq. 16-63:
Fp = 0'401ESDS Wy

Calculations given in Section 5.3.4.2 of this publication show that the design strength of
the stem segment is greater than the required strength when the stem is subjected to F E

Splice length of reinforcement. The splice length of the No. 4 vertical bars in the stem
segment was computed in Section 5.2.4.2 of this publication. In this example, a Class B
splice is required. Use a 1 ft-4 in. splice length.

Wall Flange Segment.

Design for shear. The shear strength of the concrete is determined in accordance with
ACI 11.10.5 for walls subjected to axial compression:

V. =2, f hd =24,000x6x211.2/1,000 =160.3 kips
where d = 0.8/, =0.8 x264=211.2 1. (ACI 11.10.4).

The maximum factored shear force is 61 kips from the second and third load
combinations (see Table 5-19). Since ¥V, = 61 kips < ¢oV./2 = 0.85 x 160.3/2 =
68.1 kips, reinforcement shall be provided in accordance with ACI 11.10.9 or Chapter 14
(ACI 11.10.8).

The minimum reinforcement requirements are the same as those for the stem segment
determined above. Therefore, use 1 layer of No. 4 vertical bars spaced at 18 in. (4, =

0.13 in.*/ft) and 1 layer of No. 4 horizontal bars spaced at 16 in. (A4, = 0.15 in.%/ft).

Design for axial force and bending. Figure 5-3 contains the interaction diagram of the
flange segment of the wall. The flange is reinforced with 15-No. 4 vertical bars. As seen
from the figure, the flange segment 1s adequate for the load combinations in Table 5-19.

The vertical reinforcement is also adequate to resist the required out-of-plane seismic
force prescribed in IBC 1620.1.7.
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Splice Iength of reinforcement. The splice length of the No. 4 vertical bars in the flange
segment was computed in Section 5.2.4.2 of this publication. Use a 1 ft-4 in. splice
length.

Reinforcement details are the same as shown in Figure 5-4 for SDC A.
5.5 DESIGN FOR SDCD

To illustrate the design requirements for Seismic Design Category (SDC) D, the
residential building in Figure 5-1 is assumed to be located in San Francisco.

5.5.1 Design Data
e Building Location: San Francisco, CA (zip code 94105)

e Material Properties

Concrete: f/ =4,000 psi, w, =150 pcf
Reinforcement: f, = 60,000 psi

e Service Loads

Live loads: roof =20 psf
floor = 100 psf for corridors, 40 psf elsewhere

Superimposed dead loads: roof= 10 psf
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 94105: S¢ =1.50g,§; =0.61g [5.1]
Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) [ occupancy, I =1.0 (IBC Table 1604.5)

e Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Joists: 12 +4.5x 5+ 30 (82 psi)
Wall thickness: 8 in.
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5.5.2 Seismic Load Analysis
5.5.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sus and at 1-second period Sy, are determined from IBC Egs. 16-16 and 16-17,

respectively:

Sys = F,Ss =1.0x1.50=1.50g
Sﬂ/[l = FvSl =1.5x0.6]= O92g

where F, and F, are contained in IBC Table 1615.1.2(1) and Table 1615.1.2(2),

respectively.

Once Sz and Sy have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

SDS :§SMS :§X150=100g

SDI :'%SMI =—§—X092 = O61g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg = 1.00g, the SDC is D. Similarly, from

Table 1616.3(2), the SDC is D for Sp; = 0.61g. Thus, the SDC is D for this building.

5.5.2.2 Seismic Forces

Since the building does not have plan irregularity Type la, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type la, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). For this regular building that is less than 240 ft in height, Table 1616.6.3
allows the equivalent lateral force procedure in IBC 1617.4 to be used to compute the
seismic base shear V (see Eq. 16-34):

V=CW

where C; 1is the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 10,035 kips (see
Table 5-20 below).
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In both directions, a bearing wall system with special reinforced concrete shear walls is
utilized, which 1s permitted for structures assigned to SDC D with a height less than or
equal to 160 ft (see IBC Table 1617.6 and IBC 1910.5). The response modification
coefficient R = 5.5 and the deflection amplification factor C; =5 (IBC Table 1617.6).

Approximate period (7,). The fundamental period of the building T is determined in

accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, 1s computed from Eq. 16-39:

Building height 4, =70 ft
Building period coefficient Cp =0.02
Period T, = Cr (h,)>* =0.020x(70)*'* = 0.48 sec

Seismic base shear (). The seismic response coefficient C; is determined from Eq. 16-
36:

C. = Spi_ 0.61 =0.230

S
R 33 10.48
I 1.0

The value of C, need not exceed that from Eq. 16-35:

c. =5ps _ 100 _ e

(R (35
Ip | (1.0
Also, C, must not be less than the following value from Eq. 16-37:
C, =0.044Spglp =0.044x1.00x1.0=0.044

For buildings assigned to SDC E or F and for those buildings for which S; 20.6g, C;

shall not be taken less than that computed from Eq. 16-38. Since §; = 0.61g, Eq. 16-38 1s
applicable, even though the SDC is D:

_ 058 _0.5%x061_ o

S RIIg 55/1.0

In this case, the lower limit is 0.056 from Eq. 16-38.
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Thus, the value of € from Eq. 16-35 governs so that the base shear ¥ in the N-S and E-

W directions 1s;
V=CW =0.182x10,035=1,826 kips

Vertical distribution of seismic forces. The total base shear is distnibuted over the
height of the building in conformance with Egs. 16-41 and 16-42:

=C,V

X 129

k
wyhy

-k
Zwi/zl-
i=l

Cox =

where F_ is the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or i, and £ 1s the distribution exponent defined in IBC 1617.4.3. For
T= 0.48 sec, k = 1.0. The lateral forces F) and the story shears V', are contained in

Table 5-20.

Table 5-20 Seismic Forces and Story Shears (SDC D)

Stlory Height, Lateral force, | Story Shear,
Level weight, h. (f) th: F. (ki V. (ki
w, (kips) | Px x (Kips) x (kips)
7 1,047 70 73,290 345 345
6 1,498 60 89,880 423 768
5 1,498 50 74,900 353 1,121
4 1,498 40 59,920 282 1,403
3 1,498 30 44,940 212 1,615
2 1,498 20 29,960 141 1,756
1 1,498 10 14,980 70 1,826
X 10,035 387,870 1,826

5.5.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in both the N-S and E-W
directions for the seismic forces contained in Table 5-20 using SAP2000 [5.3]. In the
model, rigid diaphragms were assigned at each floor level. The stiffness properties of the
walls were mnput assuming cracked sections. In lieu of a more accurate analysis, the
cracked section property of the shear walls was taken as Iop =0.51, where 14 is the

gross moment of inertia of the section. P-delta effects were also considered in the
analysis.
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In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

5.5.2.4 Story Drift and P-delta Effects

Story drift determination. Table 5-21 contains the displacements 6, in the N-S and E-

W directions obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects. The table also contains the design

earthquake displacement 0, computed by IBC Eq. 16-46:

Cdsxe

5, =—2¢
X [E
where C,; is the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, C, is equal to 5 for this system.

The interstory drifts A computed from the &, are also contained in the table. For this

structure that does not have plan irregularity Types la or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A= 5x _Sx—l

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, =0.020%,, where hg, is the

story height below level x. Thus, for the 10-ft story heights, A, = 0.020 x 10 x 12 =

2.40 in. It is evident from Table 5-21 that for all stories, the lateral drifts obtained from
the prescribed lateral forces in the N-S and E-W directions are less than the limiting
values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000.

5.5.3 Wind Load Analysis
5.5.3.1 Wind Forces
The analytical procedure (Method 2) of ASCE 6.5 is used to determine the wind forces.

Details on how to compute the wind forces in both the N-S and E-W directions are given
in Section 5.2.3 of this publication. A summary of the design wind forces in both
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directions is contained in Table 5-22. Once again it 1s important to note that the wind
directionality factor K, has been taken equal to 1.0 (see Exception | in IBC 1605.2.1).

Table 5-21 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W
Directions (SDC D)

N-S Direction E-W Direction
Story
S 3, A Ove 3, A
(in.) (in.) (in.) (in.) (in.) (in.)
7 0.214 1.070 0.175 0.247 1.235 0.130
Lf&‘) 0.179 0.895 0.185 0.221 1.105 0.165
5 0.142 0.710 0.185 0.188 0.940 0.200
4 0.105 0.525 0.175 0.148 0.740 0.215 ]
3 0.070 0.350 0.155 0.105 0.525 0.220
2 0.039 0.195 0.125 0.061 0.305 0.190
1 0.014 0.070 0.070 0.023 0.115 0.115

Table 5-22 Design Wind Forces in N-S and E-W Directions (V = 85 mph)

LEc Height above ground level, | Total Design \fdind Force | Total Design \f\find Force
z (ft) N-S (kips) E-W (kips)

7 70 12.9 4.7
6 60 25.0 9.2
5 50 242 8.8
4 40 23.4 8.5
3 30 223 8.0
2 20 21.0 7.4
1 10 20.1 7.0

b2 148.9 53.6

5.5.3.2 Method of Analysis

Similar to the seismic analysis, a three-dimensional analysis of the building was
performed in the N-S and E-W directions for the wind forces contained in Table 5-22
using SAP2000. The modeling assumptions utilized for the seismic analysis were also

used for the wind analysis.

According to ASCE 6.5.12.3, main wind-force-resisting systems of buildings with mean
roof height / greater than 60 ft must be designed for the full and partial wind load cases
of Figure 6-9 (Cases 1 through 4). These four cases were considered in the three-

dimensional analysis.
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5.5.4 Design for Combined Load Effects
5.5.41 Load Combinations

The following load combinations are applicable:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+1.7L+1.7W) (Eq.9-2)
3. 09D+ 13W (Eq. 9-3)
4. 12D+ fiL+1.0F (Formula 16-5)
5. 09D +1.0F (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] 1s equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect E for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E = pQE + OstsD

where  (Qp = effect of horizontal seismic forces
p = redundancy coefficient determined in accordance with IBC 1617.2.2 for

SDCD,E, or F

Similarly, E for. use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E = pQE —0.2SD5D

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i

from Equation 16-32:

20

rmax,-VAi

Py =2-

For shear walls:

Fmax, = (maximum wall shear x 10/, )/total story shear
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7, = length of the wall in feet
In the N-S direction, the most heavily loaded shear wall has the largest shear force at its
base. Therefore, for a maximum wall shear force of 172 kips and total story shear of
1,991 kips (see Table 5-20):

172 % 2;033
I'maxI = "—1"826— =0.03
p =2- 20 <0
e 0.03+/140.67 % 62
Use p =1.0.

Similar calculations in the E-W direction also result in p = 1.0.

Substituting Sps = 1.00g and p = 1.0 into the equations for £, and then substituting £

along with f; = 0.5 into load combinations 4 and 5 above results in the following:

4a. 1.2D+0.5L + 1.00x +(0.2x1.00)D = 1.4D + 0.5L + Qf
4b. 12D+ 0.5L+ 1.005 —(0.2%1.00)D =D +0.5L + O
5a. 0.9D+ 1.00g +(0.2x1.00)D =1.1D + Qf

5b. 0.9D + 1.00f —(0.2x1.00)D =0.7D + QF

Values of Qf are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this

example.
5.5.4.2 Design of Shear Wall on Line 5

Comparing the seismic forces in Table 5-20 to the wind forces in Table 5-22, it is clear
that the seismic forces will govern the design of the shear walls. Table 5-23 contains a
summary of the design axial forces, bending moments, and shear forces in the stem
segment of the wall at the base. Similarly, Table 5-24 contains a summary of the
reactions in the flange segment of the wall at the base.
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Table 5-23 Summary of Design Axial Forces, Bending Moments. and Shear Forces in Stem
Segment at Base of Shear Wall on Line 5 (SDC D)

F Axial Bending Shear ]

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 787 0 0
Live (L) 95 0 0
Seismic (Qg) + 302 + 4,388 +172

Load Combinations

14D +1.7L 1,263 0 0
14D + 0.5L + Q¢ 1,451 4,388 172
07D + Q¢ 249 -4,388 -172

Table 5-24 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Flange
Segment at Base of Shear Wall on Line 5 (SDC D)

F Axial Bending Shear
Load Case Force Moment Force
(kips) (ft-kips) (kips)
Dead (D) 214 0 0
Live (L) 39 0 0
Seismic (Qg) +5 + 3,508 + 185
Load Combinations
14D +1.7L 366 0 0
14D+ 0.5L + Q¢ 324 3,508 185
0.7D + Q¢ 145 -3,508 -185

Wall Stem Segment.

Design for shear — reinforcement requirements. Special reinforced structural walls are
to be provided with reinforcement in two orthogonal directions in the plane of the wall in
accordance with ACI 21.6.2. The minimum reinforcement ratio in both directions is

0.0025, unless the design shear force is less than or equal to 4.,/ f, , where A4, is the

gross area of concrete bounded by the web thickness and the length of wall in the
direction of analysis. In such cases, minimum reinforcement in accordance with ACI 14.3
for ordinary walls must be provided. For the wall in this example, 4., = 8 x 340 =

2,720 in.%, so that
A\l L =2,720% /4,000 /1,000 =172 kips = V,, = 172 kips

Therefore, minimum reinforcement per ACI 14.3 may be provided.
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Two curtains of reinforcement arc required in a wall when the n-plane factored shear

’

force exceeds 2/1(.\,\/fc =2 x 172 = 344 kips. In this case, two curtains need not be

provided, since 172 kips < 344 kips.

The minimum required reinforcement per foot of wall is:
Minimum vertical reinforcement area = 0.0012 X 12 x 8 = 0.12 in.*/ft
Minimum horizontal reinforcement area = 0.0020 x 12 x 8 = 0.19 in.”/ft

Try 1 layer of No. 6 bars spaced at 18 in. (4, = 0.29 in.%/ft) in the vertical and horizontal

directions.

Design for shear — shear strength requirements. ACI Eq. 21-7 is used to determine
nominal shear strength V,, of structural walls:

Vy :Ac'v(acﬁ+pnfy)

where o, =2 for ratio of wall height to length 4,/¢, = 70/2833 = 25 > 2
(ACI21.6.4.1).

For 1 curtain of No. 6 horizontal bars spaced at 18 in. (p, = 0.44/(8x18) = 0.0031):

oV, = 0.85%2,720x[24/4,000 + (0.0031x 60,000)]/1,000
=723 kips >V, =172 kips  O.K.

where ¢ = 0.85 for walls with 4,,/7,, >2 (ACI 9.3.4(a)). Note that V,, = 851 kips is less

than the upper limit on shear strength, which is 84, f; =8x172=1376 kips

(ACI21.6.4.4). Therefore, use 1 curtain of No. 6 bars @ 18 in. on center in horizontal
direction.

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
hy,, /¢, < 2.0(ACI21.6.4.3). Since A,,//¢,, = 2.5> 2, use minimum reinforcement ratio
of 0.0012.

Use 1 curtain of No. 6 bars spaced at 18 in. on center in the vertical direction (p, =
0.0031 > 0.0012).

Design for axial force and bending. Figure 5-5 contains the interaction diagram of the

stem segment of the wall. The stem 1s reinforced with 19-No. 6 vertical bars. As seen
from the figure, the stem segment 1s adequate for the load combinations in Table 5-23.
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Figure 5-5 Design and Nominal Strength Interaction Diagrams for Stem Segment of Shear Wall
Along Line 5 (SDC D)

Special boundary elements. The need for special boundary elements at the edges of
structural walls is evaluated in accordance with ACI 21.6.6.2 or 21.6.6.3. The
displacement-based approach in ACI 21.6.6.2 is utilized in this example. In this method,
the wall is displaced at the top an amount equal to the expected design displacement;
special boundary elements are required to confine the concrete when the strain in the
extreme compression fiber of the wall exceeds a critical value. This method is applicable
to walls or wall piers that are essentially continuous in cross-section over the entire height
and designed to have one critical section for flexure and axial loads.

Compression zones are to be reinforced with special boundary elements where (Eq. 21-
8):

Ew 5, /h

PR >0.007
600(8,, / h,,)

w -

where ¢ = distance from extreme compression fiber to the neutral axis per
ACI 10.2.7 calculated for the factored axial force and nominal moment
strength, consistent with the design displacement o, , resulting in the
largest neutral axis depth
¢, = length of entire wall or segment of wall considered in the direction of the

shear force
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o, = design displacement

total lateral displacement expected for the design-basis earthquake as
specified by the governing code

il

= height of entire wall or of a segment of wall considered

=~
f

The lower limit on the quantity &, /4, is specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢,, = 28.33 ft = 340 in., A, = 70 ft = 840 in., §, is equal to &, from
Table 5-21, which is 1.07 in. at the top of the wall, and &, /#,, = 0.0013 < 0.007 (use
0.007). Therefore, special boundary elements are required if ¢ is greater than or equal to
340/(600 x 0.007) = 81.0 in.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 75.0 in.
corresponding to a factored axial load of 1,451 kips and nominal moment strength of
22,263 ft-kips, which is less than 81.0 in. Therefore, special boundary elements are not
required.

Where special boundary elements are not required according to ACI 21.6.6.2, the
provisions of ACI 21.6.5.5 must be satisfied. These provisions require boundary
transverse reinforcement for walls with moderate amounts of boundary longitudinal
reinforcement to help prevent buckling of the longitudinal bars.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement
ratio at the wall boundary is greater than 400/ f,,. In this example, the reinforcement

layout is similar to that shown in the lower portion of ACI Figure R21.6.6.5, i.e.,
uniformly distributed vertical bars of the same size. The longitudinal reinforcement ratio

p at the wall boundary is:

_0.44 —0.0031 < 400

P=ex1s 60,000

=0.0067

Thus, no special transverse reinforcement is required in the stem segment of the wall.
However, according to ACI 21.6.6.5(b), the horizontal reinforcement in the stem
terminating at the edges of the wall must have a standard hook engaging the edge

reinforcement since V,, = 172 kips = 4.,/ f/ -
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IBC 1620.1.7 requires that bearing walls and shear walls and their anchorage in buildings
assigned to SDC B and above be designed for an out-of-plane force £, that is the greater

of 10 percent of the weight of the wall w,, or the value obtained from Eq. 16-63:
}:‘,D = O'4O[ESDS Wiy

Out-of-plane seismic forces are usually computed for a 1-ft width of the wall length,
assuming a uniformly distributed out-of-plane loading.

For the stem segment of the wall:

Wy, = ﬁ><10><0.15 =1.0 kips/ft width of stem
12

0.10w,, =0.10x1.0 = 0.10 kips/ft

w

040/ Spsw,, =0.40x1.0x1.0x1.0=0.4 kips/ft (governs)

Distributed load = 0.4/10 = 0.04 klf/ft

Assuming that the wall is simply supported at the floor levels, the maximum bending
moment due to the out-of-plane seismic force is:

2
. 1
Mu:004>< 0

=0.5 ft-kips/ft
The design strength of a 1-ft wide segment of the stem reinforced with No. 6 vertical bars
spaced at 18 in. is equal to ¢M, = 4.9 ft-kips/ft > 0.5 ft-kips/ft O.K.

Splice length of reinforcement. Class B lap splices are utilized for the vertical bars in
the stem. No splices are required for the No. 6 horizontal bars in the stem, since full

length bars weigh approximately 1.502 x 28 =42 lbs. and are easily installed.

For the No. 6 vertical bars in the stem, 7 ; 1s determined from ACI Eq. (12-1):

’fd_3 fy ()‘.BYX

4 40f (_L]

dy,

where o = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
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v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete

¢ = spacing or cover dimension

J%x 8=4.0 in. (governs)
1 .

I-XIS =9.0 1.

2

K, = transverse reinforcement index = 0

c+K, 40+0
db 0.75

=53>25 use2.5

Therefore,

£y 3 60,000 ><0.8><1.0><1.0><1.0

= x =228
d, 40" [4,000 25

L4 =228%x0.75=17.1 in.= 1.4 ft

Class B splice length= 1.3/, = 1.8 ft

Use a 1 ft-10 in. splice length for the No. 6 bars.

Wall Flange Segment.

Design for shear — reinforcement requirements. The minimum reinforcement ratio in
both directions is 0.0025, unless the design shear force is less than or equal to A,/ /2 .

In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls
must be provided. For the wall in this example, 4., =8 x 264 = 2,112 in.%, so that

Ay S =2,112x4/4,000 /1,000 =134 kips < ¥,, = 185 kips

Therefore, the minimum reinforcement ratio is 0.0025 and the maximum spacing is 18 in.
(ACI21.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 2A4,.,+/f. = 2 x 134 = 268 kips. In this case, two curtains need not be
provided, since 185 kips <268 kips.
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The minimum required reinforcement in each direction per foot of wall 1s 0.0025 x 8 x
12 =0.24 1n.” Assuming No. 6 bars in one curtain, required spacing s Is:

s :%XIZ =22 m.> 18 .
0.24

Try 1 curtain of No. 6 bars spaced at 18 in.

Design for shear — shear strength requirements. ACI Eq. 21-7 is used to determine
nominal shear strength V), of structural walls:

Vn = Acv(ac\/f»c{"'pnfy)

where o, =2 for ratio of wall height to length h,/¢ , = 70722 = 32 > 2
(ACI21.6.4.1).

For 1 curtain of No. 6 horizontal bars spaced at 18 in. (p,, = 0.44/(8x18) =0.0031):

oV, =0.85x2,112x[2,/4,000 +(0.0031x 60,000)]/1,000
=561 kips >V, =185 kips  O.K.

where ¢ = 0.85 for walls with 4, /¢, >2 (ACI 9.3.4(a)). Note that V,, =660 kips is less

than the upper limit on shear strength, which is 84.,./f, =8x134=1,072 kips

(ACI 21.6.4.4). Therefore, use 1 curtain of No. 6 bars @ 18 in. on center in horizontal
direction.

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
h,/f, < 20(ACI21.6.43).Since Ah,, /¢, = 3.2 > 2, use minimum reinforcement ratio
of 0.0025.

Use 1 curtain of No. 6 bars spaced at 18 in. on center in the vertical direction (p, =
0.0031 > 0.0025).

Design for axial force and bending. Figure 5-6 contains the interaction diagram of the

flange segment of the wall. The flange is reinforced with 15-No. 6 vertical bars. As seen
from the figure, the flange segment is adequate for the load combinations in Table 5-24.
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Figure 5-6 Design and Nominal Strength Interaction Diagrams for Flange Segment of Shear Wall
Along Line 5 (SDC D)

Special boundary elements. Compression zones are to be reinforced with special
boundary elements where (Eq. 21-8):

€W

cx2—¥ __ §,/h, >0.007
600(8,, / k)

In this example, ¢, = 22 ft = 264 in., k, = 70 ft = 840 in., 8, is equal to J, from
Table 5-21, which is 1.235 in. at the top of the wall, and §,/#,, = 0.0015 < 0.007 (use

0.007). Therefore, special boundary elements are required if ¢ is greater than or equal to
264/(600 x 0.007) = 62.9 in.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 27.4 in.
corresponding to a factored axial load of 324 kips and nominal moment strength of
7,200 ft-kips, which is less than 62.9 in. Therefore, special boundary elements are not
required.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(¢c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement
ratio at the wall boundary 1s greater than 400/ £, . The longitudinal remnforcement ratio p

at the wall boundary 1s:
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044 L 0.0031 < 400

b= 0. = 0.0067
818 60,000

Thus, no special transverse reinforcement is required in the flange segment of the wall.
However, according to ACI 21.6.6.5(b), the horizontal reinforcement in the flange
terminating at the edges of the wall must have a standard hook engaging the edge

reinforcement since ¥, = 185 kips > A,/ f/ =134 kips.

The vertical reinforcement is also adequate to resist the required out-of-plane seismic
force prescribed in IBC 1620.1.7.

Splice length of reinforcement. Class B lap splices are utilized for the vertical bars in
the flange. No splices would be required for the No. 6 horizontal bars in the flange, since

full length bars weigh approximately 1.502 x 22 = 33 Ibs. and are easily installed.

Class B splice length was determined above for the No. 6 bars in the stem and is equal to
1 {t-10 in.

Reinforcement details for the wall are shown in Figure 5-7.

) -
aG ==

3

LNO.G@‘IB"

i
No. 6 @ 18”%

27-8" [

Figure 5-7 Reinforcement Details for Shear Wall Along Line 5 (SDC D)

5.6 DESIGN FOR SDCE

To illustrate the design requirements for Seismic Design Category (SDC) E, the
residential building in Figure 5-1 1s assumed to be located in Berkeley, CA.
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5.6.1 Design Data
e Building Location: Berkeley, CA (zip code 94705)
e Maternal Properties
Concrete: f. = 4,000 psi, w, =150 pcf
Reinforcement: fy = 60,000 psi
e Service Loads

Live loads: roof =20 psf
floor = 100 psf for corridors, 40 psf elsewhere

Superimposed dead loads: roof = 10 psf
floor = 30 psf (20 psf permanent partitions + 10 psf
ceiling, etc.)

e Seismic Design Data

For zip code 94705: Sy =2.08g,85; =0.92g [5.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /g =1.0 (IBC Table 1604.5)

e  Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions

Joists: 12 +4.5x 5+ 30 (82 psf)
Wall thickness: 10 in.

5.6.2 Seismic Load Analysis
5.6.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sy and at 1-second period Sy are determined from IBC Egs. 16-16 and 16-17,

respectively:

Suys = F,S, =1.0x2.08=2.08g
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Sy = F,5) =1.5x0.92=138g

where 7, and £ are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods S and at I-second period Sy,
respectively. The values of these coetficients for Site Class D in the equations above are
contained 1n IBC Table 1615.1.2(1) for £, and Table 1615.1.2(2) for F,,.

Once Sy and S, have been determined, Spg and Sp; are computed from Egs. 16-
18 and 16-19:

2
Sps :§SMS =§X2.08= 1.39¢

2
SD] :§51w1 =~3*X1.38: 0.92g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From the footnote to
Table 1616.3(1), Seismic Use Group I structures located on sites with Sy 2 0.75¢ shall

be assigned to SDC E when Spg =0.50g. Similarly, from the footnote to
Table 1616.3(2), the SDC is E when S p; 2 0.20g. Thus, the SDC is E for this building.

5.6.2.2 Seismic Forces

Since the building does not have plan irregularity Type la, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type 1a, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). Note that structures assigned to SDC E or F are not permitted to have
plan irregularity Type 1b and vertical irregularity Type 1b or 5 (IBC 1620.4.1). For this
regular building that is less than 240 ft in height, Table 1616.6.3 allows the equivalent
lateral force procedure in IBC 1617.4 to be used to compute the seismic base shear V (see

Eq. 16-34):
V=CW

where C; is the seismic response coefficient determined in accordance with
IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
the member sizes and superimposed dead loads given above, W = 10,919 kips (see
Table 5-25 below).

In both directions, a bearing wall system with special reinforced concrete shear walls 1s
utilized, which is permitted for structures assigned to SDC E with a height less than or
equal to 160 ft (see IBC Table 1617.6 and IBC 1910.5). The response modification

coefticient R = 5.5 and the deflection amplification factor C; =5 (IBC Table 1617.6).
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Approximate period (7,). The fundamental period of the building 7" 1s determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, 1s computed from Eq. 16-39:

Building height £, =70 ft
Building period coefficient Cy = 0.02
Period 7, = Cp(h,)>'* =0.020%(70)3'* = 0.48 sec

Seismic base shear (V). The seismic response coefficient C, is determined from Eq. 16-
36:

S .
Cc,=—2 - 092 4340

e

The value of C; need not exceed that from Eq. 16-35:

_Sps =ﬁ=0.253

C, =<
RY (55
Ip | (10
Also, C; must not be less than the following value from Eq. 16-37:
C; =0.0448 ps /g = 0.044x1.39%1.0 =0.061

For buildings assigned to SDC E or F and for those buildings for which §; 20.6g, C;
shall not be taken less than that computed from Eq. 16-38:

_ 058 _0.5%092 o,

>R/ 55/1.0

In this case, the lower limit is 0.084 from Eq. 16-38.

Thus, the value of C from Eq. 16-35 governs so that the base shear ¥ in the N-S and E-

W directions is:
V=CW =0.253%x10,919 =2,763 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Egs. 16-41 and 16-42:
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F,=CV

W /z‘f

=t
Z Wi /z,-k

=1

C

(2%

where F 1s the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or /, and £ 1s the distribution exponent defined in IBC 1617.4.3. For
T'= 048 sec, £ = 1.0. The lateral forces F, and the story shears V, are contained in

Table 5-25.

Table 5-25 Seismic Forces and Story Shears {(SDC E)

Story | Height, Lateral force, | Story Shear,
Level | weight, h w._hk . 3
w, (kips) « (ft) x"x F, (kips) V, (kips)
7 1,115 70 78,050 512 512
6 1,634 60 98,040 643 1,155
5 1,634 50 81,700 536 1,691
4 1,634 40 65,360 429 2,120
3 1,634 30 49,020 322 2,442
2 1,634 20 32,680 214 2,656
1 1,634 10 16,340 107 2,763
z 10,919 421,190 2,763

5.6.2.3 Method of Analysis

A three-dimensional analysis of the building was performed in both the N-S and E-W
directions for the seismic forces contained in Table 5-20 using SAP2000 [5.3]. In the
model, rigid diaphragms were assigned at each floor level. The stiffness properties of the
walls were mmput assuming cracked sections. In lieu of a more accurate analysis, the

cracked section property of the shear walls was taken as [, = 0.5/, where [, is the

gross moment of inertia of the section. P-delta effects were also considered in the
analysis.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the building dimension perpendicular to
the applied forces to account for accidental torsion in seismic design.

5.6.2.4 Story Drift and P-delta Effects

Story drift determination. Table 5-26 contains the displacements &, in the N-S and E-
W directions obtained from the 3-D static, elastic analysis using the design seismic



forces, including accidental torsional effects. The table also contains the design
earthquake displacement 8, computed by IBC Eq. 16-46:

where C, i1s the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, C; is equal to 5 for this system.

Table 5-26 Lateral Displacements and Interstory Drifts due to Seismic Forces in N-S and E-W
Directions (SDC E)

N-S Direction E-W Direction
Story

3o d, A Sve 3. A

(in.) (in.) (in.) (in. (in.) (in.)
7 0.255 1.275 0.210 0.344 1.720 0.180
6 0.213 1.065 0.220 0.308 1.540 0.230
5 0.169 0.845 0.220 0.262 1.310 0.280
4 0.125 0.625 0.210 0.206 1.030 0.300
3 0.083 0.415 0.185 0.146 0.730 0.305
2 0.046 0.230 0.145 0.085 0.425 0.265
1 0.017 0.085 0.085 0.032 0.160 0.160

The interstory drifts A computed from the 8, are also contained in the table. For this

structure that does not have plan irregularity Type 1a or 1b of Table 1616.5.1, the drift at
story level x is determined by subtracting the design earthquake displacement at the
center of mass at the bottom of the story from the design earthquake displacement at the
center of mass at the top of the story (IBC 1617.4.6.1):

A= 8x *Sx—l

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, =0.020A,, where A, is the

story height below level x. Thus, for the 10-ft story heights, A, = 0.020 x 10 x 12 =

2.40 in. It is evident from Table 5-26 that for all stories, the lateral drifts obtained from
the prescribed lateral forces in the N-S and E-W directions are less than the limiting
values.

P-delta effects. As noted above, P-delta effects were automatically considered in the
analysis using SAP2000.
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5.6.3 Wind Load Analysis

Wind forces in this example are the same as those computed in Section 5.5.3.1 of this
publication, since the wind velocity and exposure are the same in the two examples.
Thus, wind forces in the N-S and E-W directions are contained in Table 5-22.

5.6.4 Design for Combined Load Effects

5.6.4.1 Load Combinations

The following load combinations are applicable:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+1.7L + 1.7W) (Eq.9-2)
3. 0.9D+ 13W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
5. 0.9D+1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f7 is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

FE= pQE +0'2SDSD

where  Qp = effect of horizontal seismic forces
p = redundancy coefficient determined in accordance with IBC 1617.2.2 for

SDCD,E, orF

Similarly, E for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

FE= pQE - OZSDsD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i

from Equation 16-32:
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20

p;=2——F=
"max,-\/Ai

For shear walls:

¥, = (maximum wall shear x 10/ ¢, )/total story shear

max;
7., = length of the wall in feet

In the N-S direction, the most heavily loaded shear wall has the largest shear force at its
base. Therefore, for a maximum wall shear force of 243 kips and total story shear of
2,763 kips (see Table 5-25):

243% 281(312
rmaxl = _—2’7—63— =0.03
p =2- 20 <0
ax 0.03+/140.83 % 62

Use p =1.0.
Similar calculations in the E-W direction also result in p = 1.0.

Substituting Spg = 1.39g and p = 1.0 into the equations for E, and then substituting £

along with f; = 0.5 into load combinations 4 and S above results in the following:
4a. 1.2D+0.5L + 1.00f +(0.2x1.39)D =1.48D +0.5L + Qg
4b. 1.2D+0.5L+ 1.00z —(0.2x1.39)D =0.92D +0.5L + QO
S5a. 0.9D + 1.0Qg +(0.2x1.39)D =1.18D + Qf
5b. 0.9D+ 1.0Qr —(0.2x1.39)D =0.62D + Qf

Values of Qf are obtained from the structural analysis for both sidesway to the left and

to the right based on the code-prescribed horizontal seismic forces acting on the building.
Also, the special seismic load combinations in IBC 1605.4 are not applicable in this
example.
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5.6.4.2 Design of Shear Wall on Line 5

Table 5-27 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the stem segment of the wall. Similarly, Table 5-28 contains a
summary of the reactions at the base of the flange segment of the wall.

Table 5-27 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Stem
Segment at Base of Shear Wall on Line 5 (SDC E)

Axial Bending Shear
Load Case Force Moment Force
(kips) (ft-kips) (kips) |
Dead (D) 835 0 0
Live (L) 95 0 0
Seismic (Qg) + 398 + 6,539 + 243
Load Combinations

1.4D+1.7L 1,331 0 0
148D + 0.5L + Q¢ 1,681 6,539 243
0.62D + Q¢ 120 -6,539 -243

Table 6-28 Summary of Design Axial Forces, Bending Moments, and Shear Forces in Flange
Segment at Base of Shear Wall on Line 5 (SDC E)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 253 0 0
Live (L) 39 0 0
Seismic (Qg) +7 | +4,901 + 256

Load Combinations

1.4D +1.7L 421 0 0
1.48D + 0.5L + Q¢ 401 4,901 256
0.62D + Q¢ 150 -4,901 -256

Wall Stem Segment.

Design for shear — reinforcement requirements. Special reinforced structural walls are
to be provided with reinforcement in two orthogonal directions in the plane of the wall in
accordance with ACI 21.6.2. The minimum reinforcement ratio in both directions 1s
0.0025, unless the design shear force is less than or equal to A,/ f. , where A, is the

gross area of concrete bounded by the web thickness and the length of wall in the
direction of analysis. In such cases, minimum reinforcement in accordance with ACI 14.3

for ordinary walls must be provided. For the wall in this example, 4., = 10 x 34] =
3,410 in.%, so that

Apy+ [ =3,410% /4,000 /1,000 = 216 kips < V,, =243 kips
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Therefore, the minimum reinforcement ratio 1s 0.0025 and the maximum spacing 1s 18 in.
(AC121.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 24,., V/f—(f =2 x 216 = 432 kips. In this case, two curtains need not be
provided, since 243 kips <432 kips.

The minimum required reinforcement in each direction per foot of wall is 0.0025 x 10 x
12=0.301in.? Assuming No. 6 bars in one curtain, required spacing s 1s

s:%xl2:17.6 In. <18 1n.

Try 1 curtain of No. 6 bars spaced at 16 in.

Design for shear — shear strength requirements. ACI Eq. 21-7 is used to determine
nominal shear strength ¥V, of structural walls:

Vo = Acv(acw/}?'*'pnfy)

where o, =2 for ratio of wall height to length 4, /¢, = 70/2842 =25 > 2
(ACI21.6.4.1).

For 1 curtain of No. 6 horizontal bars spaced at 16 in. (p,, =0.44/(10x16) = 0.0028) :

oV, = 0.85%3,410%[2,/4,000 +(0.0028x 60,000)]/1,000
=854 kips >V, =243 kips OK.

where ¢ =0.85 for walls with 4,,/¢,, >2 (ACI 9.3.4(a)). Note that V,, = 1,005 kips is

less than the upper limit on shear strength, which is 84,,./f! =8x216=1,728 kips

(ACI 21.6.4.4).Therefore, use 1 curtain of No. 6 bars @ 16 in. on center in horizontal
direction.

Reinforcement ratio p,, for the vertical reinforcement must not be less than p, when
hy!€, <20(ACI21.6.4.3). Since h,, /¢, = 2.5 > 2, use minimum reinforcement ratio
of 0.0025.

Use 1 curtain of No. 6 bars spaced at 16 in. on center in the vertical direction (p, =
0.0028 > 0.0025).
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Design for axial force and bending. Figure 5-8 contains the interaction diagram of the
stem segment of the wall. The stem 1s reinforced with 21-No. 6 vertical bars. As seen
from the figure, the stem segment is adequate for the load combinations in Table 5-27.

14,000 ; T

12,000 LL:\ _ j N -7T7*——‘—
L | |

|

g g | |
= r | | i
> 8000 fb—— 1 -
2 i | _
=] = :
£ o0 b
s r |
" .
< 4,000 | | ) |

g | |

2,000 —F —
0 [ »,.gf—rll./. P S l " L " "
0 10,000 20,000 30,000 40,000 50,000

Bending Moment (ft-kips)

Figure 5-8 Design and Nominal Strength Interaction Diagrams for Stem Segment of Shear \Wall
Along Line 5 (SDC E)

Special boundary elements. The need for special boundary elements at the edges of
structural walls is evaluated in accordance with ACI 21.6.62 or 21.6.6.3. The
displacement-based approach in ACI 21.6.6.2 1s utilized in this example. In this method,
the wall is displaced at the top an amount equal to the expected design displacement;
special boundary elements are required to confine the concrete when the strain in the
extreme compression fiber of the wall exceeds a critical value. This method is applicable
to walls or wall piers that are essentially continuous in cross-section over the entire height
and designed to have one critical section for flexure and axial loads.

Compression zones are to be reinforced with special boundary elements where (Eq. 21-

8):

Cy

c2—¥ _§ /h, 20007
600(8,, / h,,)

where ¢ = distance from extreme compression fiber to the neutral axis per
ACI 10.2.7 calculated for the factored axial force and nominal moment

strength, consistent with the design displacement §,,, resulting in the

largest neutral axis depth



It

¢

£\ length of entire wall or segment of wall considered in the direction of the

shear force
o, = design displacement

total lateral displacement expected for the design-basis earthquake as
specified by the governing code

I

h

Il

w height of entire wall or of a segment of wall considered

The lower limit on the quantity d,, /A4, 1s specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢, = 28.42 ft =341 in,, #, = 70 ft = 840 in., o, is equal to 6, from
Table 5-26, which is 1.275 in. at the top of the wall, and &, /A, = 0.0015 < 0.007 (use

0.007). Therefore, special boundary elements are required if ¢ is greater than or equal to
341/(600 x 0.007) = 81.2 1n.

The distance ¢ to be used in Eq. 21-8 is the largest neutral axis depth calculated for the
factored axial force and nominal moment strength consistent with the design

displacement 8, . From a strain compatibility analysis, the largest ¢ is equal to 69.9 in.
corresponding to a factored axial load of 1,681 kips and nominal moment strength of
26,002 ft-kips, which is less than 81.2 in. Therefore, special boundary elements are not
required.

Where special boundary elements are not required according to ACI 21.6.6.2, the
provisions of ACI 21.6.5.5 must be satisfied. These provisions require boundary
transverse reinforcement for walls with moderate amounts of boundary longitudinal
reinforcement to help prevent buckling of the longitudinal bars.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement

ratio at the wall boundary is greater than 400/ /. In this example, the reinforcement

layout is similar to that shown in the lower portion of ACI Figure R21.6.6.5, i.e.,
uniformly distributed vertical bars of the same size. The longitudinal reinforcement ratio

p at the wall boundary is:

044 — 0.0028 < 400

p= = 0. 0.0067
10x16 60,000

Thus, no special transverse reinforcement is required in the stem segment of the wall.
However, according to ACI 21.6.6.5(b), the horizontal reinforcement in the stem
terminating at the edges of the wall must have a standard hook engaging the edge

reinforcement since ¥, =243 kips > A,/ f, =216 kips.
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IBC 1620.1.7 requires that bearing walls and shear walls and their anchorage 1n buildings
assigned to SDC B and above be designed for an out-of-plane force I, that is the greater

of 10 percent of the weight of the wall w,, or the value obtained from Eq. 16-63:
F, =040 gSpgw,

Out-of-plane seismic forces are usually computed for a 1-ft width of the wall length,
assuming a uniformly distributed out-of-plane loading.

For the stem segment of the wall:

w,, = %xleO.lS =1.25 kips/ft width of stem

0.10w,, =0.10x1.25 =0.125 kips/ft
0.407 S pgw,, =0.40x1.0x1.39x1.25 = 0.695 kips/ft (governs)

Distributed load = 0.695/10 = 0.07 kif/ft

Assuming that the wall 1s simply supported at the floor levels, the maximum bending
moment due to the out-of-plane seismic force is:

_0.07x10?

M, =0.9 ft-kips/ft

The design strength of a 1-ft wide segment of the stem reinforced with No. 6 vertical bars
spaced at 16 in. is equal to ¢M,, = 7.1 ft-kips/ft > 0.9 fi-kips/ft O.K.

Splice length of reinforcement. Class B lap splices are utilized for the vertical bars in
the stem. No splices are required for the No. 6 horizontal bars in the stem, since full

length bars weigh approximately 1.502 x 28 = 42 1bs. and are easily installed.

For the No. 6 vertical bars in the stem, ¢ ; is determined from ACI Eq. (12-1):

Ly 3 Jy  opyr
dy 40 fc'[c+1<,,J

dp

where « = reinforcement location factor = 1.0 for other than top bars

B = coating factor = 1.0 for uncoated reinforcement
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v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

%XIO =50 1n. (govems)

l><16:8.O In.
2

K, = transverse reinforcement index = 0

c+ K, — 50+0 =6.7>2.5, use2.5

dy 0.75

Therefore,

£y 3 60,000 0.8x1.0x1.0x1.0

dy 40" /4,000 2.5

€y =228x075=17.11in.= 14 ft
Class B splice length= 1.3/, = 1.8 ft

Use a 1 ft-10 in. splice length for the No. 6 bars.

Wall Flange Segment.

Design for shear — reinforcement requirements. The minimum reinforcement ratio in
both directions is 0.0025, unless the design shear force is less than or equal to A,/ f; .

In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls
must be provided. For the wall in this example, 4., =10 x 264 = 2,640 in.%, so that

A Jf7 =2,640%,/4,000/1,000 =167 kips < ¥,, = 256 kips

Therefore, the minimum reinforcement ratio is 0.0025 and the maximum spacing is 18 in.
(ACI21.6.2.1).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 24, \/f_z = 2 x 167 = 334 kips. In this case, two curtains need not be

provided, since 256 kips < 334 kips.
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The minimum required reinforcement in each durection per foot of wall is 0.0025 x 10 x
12 =0.30 in.” Assuming No. 6 bars in one curtain, required spacing s is

s:g4—4><12:17.6 . < 18 1n.

0.30
Try 1 curtain of No. 6 bars spaced at 16 in.

Design for shear — shear strength requirements. ACI Eq. 21-7 1s used to determine
nominal shear strength ¥, of structural walls:

Vi = A, (0o 7 +00f))

where o, =2 for ratio of wall height to length #4,/¢,= 7022 = 32 > 2
(ACI21.6.4.1).

For I curtain of No. 6 horizontal bars spaced at 16 in. (p,, =0.44/(10x16) =0.0028) :

oV, =0.85x2,640x[2+/4,000 +(0.0028 x 60,000)]/1,000
=661 kips > V,, =256 kips  O.K.

where ¢ = 0.85 for walls with £,/ ¢, >2 (ACI 9.3.4(a)). Note that V/,, = 778 kips is less

than the upper limit on shear strength, which is 84,,./f/ =8x167=1336 kips

(ACI21.6.4.4). Therefore, use 1 curtain of No. 6 bars @ 16 in. on center in horizontal
direction.

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
h, /€, < 2.0(ACI 21.6.4.3). Since h,,/¢,, = 3.2 > 2, use minimum reinforcement ratio
of 0.0025.

Use 1 curtain of No. 6 bars spaced at 16 in. on center in the vertical direction (p, =
0.0028 > 0.0025).

Design for axial force and bending. Figure 5-9 contains the interaction diagram of the
flange segment of the wall. The flange is reinforced with 17-No. 6 vertical bars. As seen
from the figure, the flange segment is adequate for the load combinations in Table 5-28.
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Figure 5-9 Design and Nominal Strength Interaction Diagrams for Flange Segment of Shear Wall
Along Line 5 (SDC E)

Special boundary elements. Compression zones are to be reinforced with special
boundary elements where (Eq. 21-8):

EW

cz—>® 8, /h, 0007
600(8,, / k)

In this example, ¢, =22 ft = 264 in., h, = 70 ft = 840 in., 3, is equal to &, from
Table 5-26, which i1s 1.72 in. at the top of the wall, and 6, /A, = 0.002 < 0.007 (use

0.007). Therefore, special boundary elements are required if ¢ is greater than or equal to
264/(600 x 0.007) = 62.9 in.

The distance ¢ to be used in Eq. 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, the largest ¢ is equal to 26.1 in.
corresponding to a factored axial load of 401 kips and nominal moment strength of
8,544 ft-kips, which 1s less than 62.9 in. Therefore, special boundary elements are not
required.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement

ratio at the wall boundary is greater than 400/ f- y- The longitudinal reinforcement ratio p

at the wall boundary 1is:
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400
p= 0.44 =0.0028 < =0.0067
10x16 60,000

Thus, no special transverse reinforcement 1s required in the flange segment of the wall.
However, according to ACI 21.6.6.5(b), the horizontal reinforcement in the flange
terminating at the edges of the wall must have a standard hook engaging the edge

reinforcement since ¥, = 256 kips > A,/ f/ = 167 kips.

The vertical reinforcement is also adequate to resist the required out-of-plane seismic
force prescribed in IBC 1620.1.7.

Splice length of reinforcement. Class B lap splices are utilized for the vertical bars in
the flange. No splices are required for the No. 6 horizontal bars in the flange, since full

length bars weigh approximately 1.502 x 22 = 33 Ibs. and are easily installed.

Class B splice length was determined above for the No. 6 bars in the stem and is equal to
1 ft-10 in.

Reinforcement details for the wall are shown in Figure 5-10.
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CHAPTER 6

PARKING STRUCTURE WITH BUILDING FRAME SYSTEM

6.1 INTRODUCTION

Building frame systems have an essentially complete space frame that resists the gravity
loads and shear walls that resist the lateral forces. It i1s essential that the deformation
compatibility requirements of IBC 1617.6.4.3 be satisfied for building frame systems
assigned to SDC D and above. These provisions recognize that members that are not
designated to be part of the seismic-force-resisting system deform with the members of
the seismic-force-resisting system when subjected to the code-specified earthquake
design forces, since all of the components are connected at every floor level through the
floor systems. Thus, members that are not part of the seismic-force-resisting system must
be able to continue to carry gravity loads when subjected to earthquake-induced lateral
displacements.

This chapter illustrates the design and detailing of structural walls that are part of a
building frame system in a parking structure assigned to SDC B, C, and D.

6.2 DESIGN FOR SDC B

6.2.1 Design Data
A typical plan and elevation of a 4-story precast parking structure is shown in Figure 6-1.
The computation of wind and seismic forces according to the 2000 IBC is illustrated

below. Typical precast walls are designed and detailed for combined effects of gravity,
wind, and seismic forces.

A building frame system with ordinary reinforced concrete shear walls may be used for
structures assigned to SDC B without any limitations according to IBC Table 1617.6.
This type of system is utilized in this example.

e Building Location: Atlanta, GA (zip code 30350)

e Material Properties

Concrete: [, = 5,000 psi, w,. =150 pef
Reinforcement: f,, = 60,000 psi
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Figure 6-1 Typical Plan and Elevation of Precast Parking Structure (SDC B)

Service Loads

Live loads: 50 psf (IBC Table 1607.1)
Dead loads: 90 psf (weight of structural members + superimposed dead loads)

Seismic Design Data

For zip code 30350: S¢ =0.276g,5, =0.117g [6.1}]
Site Class C (very dense soil / soft rock soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /p =1.0 (IBC Table 1604.5)

Wind Design Data

Basic wind speed = 90 mph (IBC Figure 1609)



Exposure B (IBC 1609.4)
For Category I occupancy, 7y =1.0 (IBC Table 1604.5)

e Member Dimensions
Wall thickness: 10 in.
6.2.2 Seismic Load Analysis
6.2.2.1 Seismic Design Category (SDC)

Analysis procedures for seismic design are given in IBC 1616.6. The appropriate
procedure to use depends on the Seismic Design Category (SDC), which is determined in
accordance with IBC 1616.3. Structures are assigned to a SDC based on their Seismic

Use Group and the design spectral response acceleration parameters Spg and Spy.

These parameters can be computed from Eqs. 16-18 and 16-19 in IBC 1615.1.3 or can be
obtained from the provisions of IBC 1615.2.5 where site-specific procedures are used as
required or permitted by IBC 1615.

The maximum considered earthquake spectral response accelerations for short periods
Suys and at I-second period S,,; are determined from IBC Egs. 16-16 and 16-17,

respectively:
SMS :FaSS =12X0276=033g
Sy =F, 8 =1.68x0.117=0.20g

where F, and F), are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods Sg and at 1-second period S,

respectively. The values of these coefficients for Site Class C in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F, . Straight-line

interpolation was used to determine F, .

Once Sz and Sy, have been determined, S5 and Sp; are computed from Eqs. 16-
18 and 16-19:

SDS = %S/WS = %X 0.33= 022g

SDI :§SM1 =§X020:013g
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Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group [ and Spg = 0.22¢, the SDC 1s B. Similarly, from

Table 1616.3(2), the SDC is B for Sp; =0.13g. Thus, the SDC is B for this structure.

6.2.2.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure mn IBC 1617.4 may be
used to compute the seismic base shear V' for structures assigned to SDC B. In a given
direction, ¥ 1s determined from Eq. 16-34:

V=CW

where C; 1s the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective seismic weight of the structure defined in
IBC 1617.4. For this example, W= 22,968 kips (see Table 6-1 below).

In both directions, a building frame system with ordinary reinforced concrete shear walls
is utilized, which is permitted for structures assigned to SDC B without any limitations
(see IBC Table 1617.6 and IBC 1910.3). The response modification coefficient R = 5 and

the deflection amplification factor C; = 4.5 (IBC Table 1617.6).

Approximate period (7, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, is computed from Eq. 16-39:

Structure height 2, =42 ft
Period coefficient Cy = 0.02

Period T, = Cr(h,)>'* =0.020x(42)>/% =0.33 sec

Seismic base shear (V). The seismic response coefficient C is determined from Eq. 16-
36:

c - Sp_ 013 =0.079

e

The value of C; need not exceed that from Eq. 16-35:

S 2
¢, =205 2022 04y

SJ

N
—
OJO
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Also, C, must not be less than the following value from Eq. 16-37:
Cy =0.0445 51 =0.044x0.22x1.0=0.010

Thus, the value of C from Eq. 16-35 governs so that the base shear ¥ in the N-S and E-

W directions 1s:
V=CW =0.044x22,968 =1,011 kips

Vertical distribution of seismic forces. The total base shear i1s distributed over the
height of the structure in conformance with Egs. 16-41 and 16-42:

F,=C,V

B wth

Cvx n
2 Wi hik
i=1

where F, is the lateral force induced at level x, w, and w; are the portions of W

assigned to levels x or /, and k is the distribution exponent defined in IBC 1617.4.3. For
T= 0.33 sec, k = 1.0. The lateral forces F, and the story shears V, are contained in

Table 6-1.

Table 6-1 Seismic Forces and Story Shears (SDC B)

St_ory Height, Lateral force, | Story Shear,
Level | weight, | (ft) whi F, (ki Vv, (ki
w, (kips) x x (Kips) x (kips)
4 5,722 42 240,324 389 389
3 5,910 32 189,120 306 695
2 5,912 22 130,064 211 906
1 5,424 12 65,088 105 1,011
b 22,968 624,596 1,011

6.2.2.3 Method of Analysis
A three-dimensional analysis of the structure was performed in the E-W direction for the
seismic forces contained in Table 6-1 using the computer program BRDLAT [6.2]. The

stiffness properties of the members were input assuming cracked sections. In lieu of a
more accurate analysis, the following cracked section properties were used:

* Beams: /5 =07/,
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e Columns: /o7 =0.57,
o Shearwalls: [0 =04/,

where 7, 1s the gross moment of inertia of the section.

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the structure dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the structure is assigned to SDC B (IBC 1617.4.4.5).

6.2.2.4 Story Drift and P-delta Effects

Story drift determination. Table 6-2 contains the displacements &, in the E-W

direction obtained from the 3-D static, elastic analysis using the design seismic forces,
including accidental torsional effects. The table also contains the design earthquake

displacement 8, computed by IBC Eq. 16-46:

b
8x _ Cd xe

Ig

where C, i1s the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, C, is equal to 4.5 for this system.

Table 6-2 Lateral Displacements and Interstory Drifts due to Seismic Forces in E-W Direction

(SDC B)
Story '&“’ 8" A
(in.) (in.) (in.)
4 0.60 2.70 0.90
3 0.40 1.80 0.81
2 0.22 0.99 0.63
1 0.08 0.36 036 |

The interstory drifts A computed from the &, are also contained in the table, where the
drift at story level x is determined by subtracting the design earthquake displacement at

the center of mass at the bottom of the story from the design earthquake displacement at
the center of mass at the top of the story (IBC 1617.4.6.1):
A=8, -8,

The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For Seismic Use Group I, A, =0.025A,, for structures 4
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stories or less in height where kg, 1s the story height below level x. Thus, for the 10-ft
story heights, A, = 0.025x 10 x 12 = 3.0 in,, and for the 12-ft story height at the first
level, A, = 3.6 in. It 15 evident from Table 6-2 that for all stories, the lateral drifts

obtained from the prescribed lateral forces in the E-W direction are less than the limiting
values.

Similar calculations for seismic forces in the N-S direction also show that the lateral
drifts are less than the allowable values.

P-delta effects. P-delta effects need not be considered when the stability coefficient 6
determined by Equation 16-47 1s less than or equal to 0.10 (IBC 1617.4.6.2):

0 P.A
ViksxCy
where P, = total unfactored vertical design load at and above level x

A = design story drift occurring simultaneously with ¥,
V, = seismic shear force acting between level x and x — 1
= story height below level x

C,; = deflection amplification factor

The stability coefficient 8 must not exceed 6,,,, determined from Eq. 16-48:

0.5

Bmax = —B—C'd— < 025

where [ is the ratio of shear demand to shear capacity between level x and x — 1, which
may be taken equal to 1.0 when it is not calculated.

Table 6-3 contains the calculations for the E-W direction. It is clear that P-delta effects
need not be considered at any of the floor levels. Note that 0,,, 1s equal to 0.111 in the

E-W direction using B = 1.0. Similar calculations for the N-S direction show that P-delta
effects may also be neglected.

Table 6-3 P-delta Effects (SDC B}

Level hsx Ey Vit A 0
(ft) (kips) | (kips) (in.)
4 10 8,543 389 0.90 0.0366
3 10 16,710 695 0.81 0.0361
2 10 24,879 906 0.63 0.0320
1 12 32,559 | 1,011 0.36 0.0179 |
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6.2.2.5 Overturning

According to IBC 1617.4.5, the structure must be designed to resist overturning effects
caused by the seismic forces distributed over the height of the structure. The increment of
overturning moment in any story is to be distributed to the various vertical-force-resisting
elements in the same proportion as the distribution of the horizontal shears to those
elements.

The overturning moment M . at level x is determined from Equation 16-45:

I
M, = IZ Fi(hy —hy)

[=x

where F; = portion of the seismic base shear V induced at level i
h;,h, = height from the base to level i or x

T = overturning moment reduction factor
= 1.0 for top 10 stories
= 0.8 for the 20" story from the top and below
= value between 1.0 and 0.8 determined by straight line interpolation for
stories between the 20" and 10" stories below the top

Tables 6-4 and 6-5 contain summaries of the overturning and resisting moments at the
base of the shear walls in both the N-S and E-W directions, respectively. When
computing the resisting moments, the dead load was multiplied by the factor (0.9 —
0.28ps) =0.9 — (0.2 x 0.22) = 0.86 in accordance with Equation 16-29, which applies
when the effects of gravity and seismic ground motion counteract (IBC 1617.1.1). For all
walls, the ratio of resisting moment to overturning moment is greater than 1.

Table 6-4 Resisting and Overturning Moments at Base of Shear Walls for Seismic Forces in the
N-S Direction (SDC B)

Dead Resisting Overturning
‘ﬁg" Le(r;tg);lh Load* | Moment M, | Moment M, | M, /M,
’ (kips) (ft-kips) " (ft-kips)
1 24 437 4,510 2,789 1.6
R 2 24 437 4,510 2,789 1.6
3 24 437 4,510 2,822 1.6
4 24 437 4,510 2,822 1.6
5 28 645 7,766 4,276 1.8
6 28 577 6,947 5,346 1.3
7 28 645 7,766 4,276 1.8
8 28 577 6,947 5,346 1.3

“Dead load = weight of wall + dead load tributary to wall
M, = 0.86 x dead load x (length/2)
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Table 6-5 Resisting and Overturning Moments at Base of Shear Walls for Seismic Forces in the
E-W Direction (SDC B)

Wall | Length Dead Resisting T Overturning I
No. () Lc?ad* Moment Mr)r Moment M, M, IM,
(kips) (ft-kips) (ft-kips)

5 20 645 5547 3186 | 17
6 20 577 4,962 4,053 1.2
7 20 645 5,547 3,191 1.7
8 20 577 4,962 4,060 1.2
9 32 861 11,847 8145 | 15
10 32 861 11,847 8,176 1.5

*Dead load = weight of wall + dead load tributary to wall
M, = 0.86 x dead load x (length/2)

6.2.3 Wind Load Analysis

Wind forces are determined in accordance with the analytical procedure (Method 2)
given in ASCE 6.5 [6.3].

Design Procedure.

The design procedure outlined in Section 6.5.3 of ASCE 7 is used to determine the wind
forces on the structure in the E-W direction.

1. Basic wind speed, V, and wind directionality factor, K;. Both quantities are

determined in accordance with ASCE 6.5.4. As noted above, V is equal to 90 mph for
Atlanta according to IBC Figure 1609 or ASCE Figure 6-1.

The wind directionality factor K ; is equal to 0.85 for main wind-force-resisting systems
per ASCE Table 6-6 when load combinations specified in Sections 2.3 and 2.4 are used.
Note that these load combinations are essentially the same as those in Sections 1605.2
and 1605.3 of the 2000 IBC. It is important to note exception 1 to IBC 1605.2.1, Basic
load combinations: load combinations of ACI 9.2 shall be used for concrete structures
where combinations do not include seismic forces. The load factors in the ACI 318
combinations are different than those in ASCE 7 and the IBC. The exception goes on to
state that for concrete structures designed for wind in accordance with ASCE 7, wind
forces are to be divided by the directionality factor. Thus, in the following computations,
instead of multiplying and then subsequently dividing the external wind pressures/forces

by 0.85, K; 1s taken equal to 1.0.
2. Importance factor, Iy . As noted above, 7y is equal to 1.0 for Category I occupancy

according to IBC Table 1604.5 and Category II occupancy according to ASCE Table 1-1
(note that IBC Category I and ASCE 7 Category II are the same).
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3. Velocity pressure exposure coefficient, K,. According to ASCE 6.5.6.4, values of

K, are to be determined from ASCE Table 6-5. In lieu of linear interpolation, K, may

be calculated at any height z above ground level from the equations given at the bottom
of ASCE Table 6-5:

Zo

(=3

2/
2.01{2] forz<15ft
K —

2/
2.01[i] forl5fi<z<z,

Zg
[=]

where o = 3-second gust speed power law exponent from ASCE Table 6-4
= 7.0 for Exposure B
= nominal height of the atmospheric boundary layer from ASCE Table 6-4

= 1,200 ft for Exposure B

‘g

Values of K, are summarized in Table 6-6 at the various heights for the example

structure.

Table 6-6 Velocity Pressure Exposure Coefficient K,

Level Helgl}L‘af:f\;e(fgt)round K,
4 42 0.771
3 32 0.714
2 22 0.641
1 12 0.575

4. Topographic factor, K, . The topographic factor is to be determined in accordance
with ASCE 6.5.7, Equation 6-1. Assuming the example structure is situated on level
ground and not on a hill, ridge, or escarpment, K ,, 1s equal to 1.

5. Gust effect factors, G and G . Effects due to wind gust depend on whether a

structure is rigid or flexible (ASCE 6.5.8). A rigid structure has a fundamental natural
frequency n; greater than or equal to 1 Hz, while a flexible structure has a fundamental

natural frequency less than 1 Hz (ASCE 6.2).

In lieu of a more exact method, the approximate fundamental period 7, = 0.33 sec

determined in Section 6.2.2.2 of this publication i1s used. The natural frequency is
computed by taking the inverse of the period: »n; =1/0.33 =3.0Hz.
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Since ny > 1.0 Hz, the building 1s considered rigid, and G may be taken equal to 0.85 or
may be calculated by Equation 6-2 (ASCE 6.5.8.1). For simplicity, G is taken as 0.85.

6. Enclosure classification. For wind design, the definition of an open building requires
that 80% of the area of each external wall be open (ASCE 6.2). The example structure
does not have that degree of openness. It also does not comply with the conditions of a
partially enclosed building, even though the structure is approximately 30% open on all
sides. Thus, the structure 1s enclosed per ASCE 6.5.9.4 or IBC 1609.2.

7. Internal pressure coefficient, GC ;. According to ASCE 6.5.11.1, internal pressure

coefficients are to be determined from ASCE Table 6-7 based on enclosure classification.
For an enclosed building, GC,; = £0.18.

8. External pressure coefficients, C,. External pressure coefficients for main wind-

force-resisting systems are given in ASCE Figure 6-3 for this example structure. For
wind in the E-W direction:

Windward wall: C}7 =0.8
Leeward wall (L/B =303.33/186 = 1.6): C}7 =-0.38

9. Velocity pressure, g,. The velocity pressure at height z is determined from Equation
6-13 in ASCE 6.5.10:

q, =0.00256K K, K VI

where all terms have been defined previously. Table 6-7 contains a summary of the
velocity pressures for the example building.

Table 6-7 Velocity Pressure q, (V =90 mph)

Height above ground
o | Mo | k|
4 42 0.771 16.0
3 32 0.714 14.8
2 22 0.641 13.3
1 12 0.575 11.9

10. Design wind pressure, p. Design wind pressures on the main wind-force-resisting
systems of enclosed and partially enclosed buildings are determined in accordance with
ASCE 6.5.12. For rigid buildings of all heights, design wind pressures are calculated
from Equation 6-15:



p=qGC, =g (GC )

In addition to parapets, it is common for spandrel beams and interior ramp walls to
project above the roof level in parking structures. The design wind force in such cases Is
computed from ASCE Equation 6-20:

F=q,GCrds

where g, = velocity pressure evaluated at height z of the centroid of area 4 using the

exposure defined in ASCE 6.5.6.3.2
G = gust effect factor from ASCE 6.5.8
C s = net force coefficients from ASCE Tables 6-9 through 6-12

Ay = projected area normal to wind except where C is specified for the actual

surface area

In this case, force coefficients €, in ASCE Table 6-11 for solid freestanding walls and
solid signs are applicable. For a ratio of height to width v less than 3, Cr =12

Assuming a 4-ft tall parapet, g, at 42 + 2 = 44 ft (location of centroid of parapet above
ground) is equal to 0.00256 x 0.782 x 90* = 16.2 psf. Design wind force F at the centroid
of the parapet is:

F=162x0.85x%x1.2x4x186/1,000=12.3 kips

Thus, at the roof level, F'=12.3 kips is added to the design wind force computed from the
design wind pressure for enclosed buildings from ASCE Equation 6-19. Tables 6-8 and
6-9 contain summaries of design pressures and forces, respectively, for wind in the E-W
direction. Wind pressures are applied to the gross projected wall area without discounting
the wall openings.

Table 6-8 Design Wind External Pressures in E-W Direction (V = 90 mph)

Height
above
Location | Level | ground q G C, qGC,
level, z
1 s s
() (psf) (psf)
4 42 16.0 { 0.85 | 0.80 10.9
Windward 3 32 14.8 | 0.85 | 0.80 10.1
2 22 13.3 | 0.85 ] 0.80 9.0
1 12 11.9 | 0.85| 0.80 8.1
Leeward All 16.0 | 0.85 | -0.38 -5.2
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Table 6-9 Design Wind Forces in E-W Direction (V = 90 mph)

T Windward Leeward
Height External r Design External Design Total
above | Tributary | Design wind Design Wind Design
Level | ground Height Wind Force, Wind Force, Wind
level, z Pressure, P* Pressure, pP* Force
q,G6C, q9,GC,,
() (ft) (psf) (kips) (psf) (kips) | (kips)
4 42 5.0 10.9 10.1 5.2 4.8 27.21
3 32 10.0 10.1 18.8 -5.2 9.7 28.5
2 22 10.0 9.0 16.7 5.2 9.7 26.4
1 12 11.0 8.1 16.6 5.2 10.6 27.2
z 109.3

*P= qGCp x Tributary height x186

1 Total wind force at roof = force from external design wind pressures + force at parapet = (10.1 + 4.8) + 12.3 = 27.2 kips

6.2.4 Design for Combined Load Effects

6.2.4.1 Load Combinations

Basic load combinations for strength design are given in IBC 1605.2.1. The first
exception in this section requires that the non-seismic load combinations of ACI 9.2 be
used for concrete structures. Thus, the following load combinations are applicable in the
design of the structural members:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+1.7L+ 1.7W) (Eq.9-2)
3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ fiL+ 1.0F (Formula 16-5)
5 09D+ 1.0FE (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect F for use in Formula 16-5, which is the combined effect of

horizontal and vertical earthquake-induced forces, i1s computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E :pQE +0'2SDSD

where  Qp = effect of horizontal seismic forces

6-13




p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B,or C (IBC 1617.2.1)

Similarly, £ for use in Formula 16-6 1s computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

L=p0p —025psD

Substituting Spg = 0.22¢ and p = 1.0 into the equations for £, and then substituting £

along with f; = 1.0 into load combinations 4 and 5 above results in the following:

da. 12D +1.0L + 1.00; +(0.2x022)D =1.24D+ L + Qp
4b. 12D+ 1.0L+ 1.005 —(0.2x022)D = 1.16D+ L+ QO
5a. 0.9D+ 1.0Qg +(0.2x0.22)D =0.94D + O
5b. 0.9D + 1.00 —(0.2x0.22)D = 0.86D + Qf

Values of Qf are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the structure.

Comparing the seismic forces in Table 6-1 to the wind forces in Table 6-9, it is clear that
the seismic forces will govern the design of the members.

6.2.4.2 Design of Shear Wall No. 5

Table 6-10 contains a summary of the design axial forces, bending moments, and shear
forces at the base of shear wall number 5 for seismic forces in the E-W direction. The
quantities in the table are for a 9 ft-6% in. long segment in the E-W direction. Connection
details for the cruciform wall at this location are given below.

Table 6-10 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall No. 5 (SDC B)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 323 0 0
Live (L) 91 0 0
Seismic (Qg) 0 +1,737 + 54

Load Combinations

1.4D+1.7L 607 0 0
124D+ L+ Qg 492 1,737 54
L 0.86D + Qg 278 -1,737 -54
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Design for shear.

The shear strength of the concrete i1s determined in accordance with ACI 11.10.5 for
walls subjected to axial compression:

V. =2 f hd
=2,/5,000 x10x91.4/1,000 =129.3 kips

where d is permitted to be taken equal to 0.87,, =0.8 x 114.25=91.4 . (ACI 11.104).

The maximum factored shear force is 54 kips from the second or third load combinations
(see Table 6-10). Since ¢V, /2 =0.85x129.3/2 =55 kips > V,, =54 kips, reinforcement

shall be provided in accordance with ACI 11.10.9 or Chapter 14 (ACI 11.10.8). In lieu of
the minimum reinforcement and maximum spacing requirements given in ACI 14.3, the
area of horizontal and vertical reinforcement shall not be less than 0.001 times the gross
cross-sectional area of the wall and the maximum bar spacing shall not be greater than
18 in. for exterior precast, nonprestressed walls (ACI 16.4.2).

Minimum horizontal and vertical reinforcement area = 0.001 x 10 x 12 = 0.12 in.%/ft. Try
2 layers of No. 3 bars spaced at 18 in. (4, =0.15 in.?/ft).

The shear strength ¥, at any horizontal section must be less than or equal to 10,/ f/ hd =
646.3 kips (ACI 11.10.3). In this case,

(2x0.11)x60x91.4

18 =196.3 kips < 646.3 kips O.K.

Vpy =V, +V; =1293+

Try 2-No. 3 horizontal and vertical bars @ 18 in.
Design for axial force and bending.

It can be shown that the wall is not adequate to resist the load combinations in Table 6-10
when it is reinforced with 2 layers of No. 3 bars @ 18 in. Figure 6-2 contains the
interaction diagram of the wall reinforced with 2 layers of No. 4 vertical bars @ 18 in. As
seen from the figure, the wall with that amount of reinforcement is adequate for the load
combinations in Table 6-10.

IBC 1620.1.7 requires that bearing walls and shear walls and their anchorage in buildings
assigned to SDC B and above be designed for an out-of-plane force # » that is the greater

of 10 percent of the weight of the wall w,, or the value obtained from Eq. 16-63:

Fp = 0401ESDSWW
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Figure 6-2 Design and Nominal Strength Interaction Diagrams for Shear Wall No. 5 (SDC B)

Out-of-plane seismic forces are usually computed for a 1-ft width of the wall length,
assuming a uniformly distributed out-of-plane loading.

For the 10-1n. thick wall in the first level:

w =%><12x0.15 =1.5 kips/ft width

w

0.10w,, =0.10x1.5=0.15 kips/ft (governs)
0.4071 S pswy, =0.40x1.0x0.22x1.5 = 0.13 kips/ft

Distributed load = 0.15/12 = 0.013 klf/ft

Assuming that the wall is simply supported at the floor levels, the maximum bending
moment due to the out-of-plane seismic force is:

~0.013x122

u

M =0.23 fi-kips/ft

The design strength of a 1-ft wide segment of the wall reinforced with 2-No. 4 vertical
bars spaced at 18 in. is equal to oM, = 6 ft-kips/ft > 0.23 ft-kips/ft O.K.

6-16



Splice length of reinforcement.

Class B lap splices are required for the vertical bars in the wall. No splices are needed for
the No. 4 horizontal bars, since full length bars weigh approximately 0.668 x 10 =
6.7 lbs. and are easily installed.

For the No. 4 vertical bars:

tg 3 1y ofyr

d, 40 [f! (c+1<,,)

db

where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

0.75+0.5+ 92—5 =1.5 in. (governs)

l><18 =9.0 in.
2

K,, = transverse reinforcement index = 0

ctKy =1'5+O =3.0>25, use.5

dy, 0.5

Therefore,

=204

£g 3 60,000 1.0x1.0x0.8x1.0
dy, 40" /5,000 2.5

¢, =204%x0.5=10.2 in.<12 1in., use 12 in.

Class B splice length= 1.3/ ;, = 1.3 ft

Use a 1 ft-4 in. splice length for the No. 4 bars.
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The No. 4 horizontal bars are developed by providing standard 90-degree hooks at the
ends of the bars.

Reinforcement details are shown in Figure 6-3.

! . , ,_
10" T e T

No.4 @ 18”

Figure 6-3 Reinforcement Details for Shear Wall No. 5 (SDC B)
Connection details.

The cruciform walls labeled 5 through 8 in Figure 6-1 are comprised of two 9 ft-6% in.
long load-bearing segments in the E-W direction and one 28 ft long non-load-bearing
segment in the N-S direction. A detail of the connection between these segments is
contained in Figure 6-4. Information on how to design the components of this connection
can be found in Chapter 5 of Reference 6.4. The structural integrity provisions in
ACI 16.5 must be satisfied for all precast concrete structures.

6.3 DESIGN FOR SDC C

Design for SDC C is illustrated by assuming that the 4-story precast parking structure
depicted in Figure 6-1 is located in Atlanta, GA, on a site designated as Site Class D
instead of C, which was assumed previously. All other design data given in Section 6.2.1
are the same.

6.3.1 Seismic Load Analysis

6.3.1.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Suys and at 1-second period Sy are determined from IBC Eqs. 16-16 and 16-17,

respectively:

Suts = FaSs =1.58%0.276 = 0.44¢

Sy =F,S =233x0.117=027g
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Figure 6-4 Connection Details for Cruciform Wall

where F, and F, are the values of site coefficients as a function of site class and of

mapped spectral response acceleration at short periods S¢ and at 1-second period S,
respectively. The values of these coefficients for Site Class D in the equations above are
contained in IBC Table 1615.1.2(1) for F, and Table 1615.1.2(2) for F, . Straight-line

interpolation was used to determine F, and F,.

Once Sy, and Sy, have been determined, Spg and Sp; are computed from Eqs. 16-
18 and 16-19:

SDS :§SMS :§X044 2029g

2 2
SDl :gle =§X027:018g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg = 0.29g, the SDC 1s B. Similarly, from
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Table 1616.3(2), the SDC is C for Sp; = 0.18g. Since the more severe of the two
governs (IBC 1616.3), the SDC 1s C for this structure.

6.3.1.2 Seismic Forces

According to IBC 1616.6.2, the equivalent lateral force procedure in IBC 1617.4 may be
used to compute the seismic base shear V for structures assigned to SDC C. In a given
direction, ¥ 1s determined from Eq. 16-34:

V=CW

where C; 1s the seismic response coefficient determined in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. As
was determined in the previous example, W= 22,968 kips (see Table 6-11 below).

In both directions, a building frame system with ordinary reinforced concrete shear walls
1s utilized, which is permitted for structures assigned to SDC C without any limitations
(see IBC Table 1617.6 and IBC 1910.4). The response modification coefficient R = 5 and

the deflection amplification factor C; = 4.5 (IBC Table 1617.6).

Approximate period (T, ). The fundamental period of the building 7 is determined in
accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period 7, is computed from Eq. 16-39:

Structure height &, =42 ft
Period coefficient Cy = 0.02

Period T, = Cr(h,)>'* =0.020%(42)>'* = 0.33 sec

Seismic base shear (V). The seismic response coefficient C; is determined from Eq. 16-
36:

S .
co= 3o _ 918 409

ke

The value of C; need not exceed that from Eq. 16-35:
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Also, C; must not be less than the following value from Eq. 16-37:
C, =0.0445pg T =0.044x0.29x1.0=0.013

Thus, the value of C; from Eq. 16-35 governs so that the base shear ¥ in the N-S and E-
W directions is:

V=CW =0.058x22,968 =1,332 kips

Note that the base shear for Site Class D is approximately 1.32 times that determined for
Site Class C (see Section 6.2.2.2 of this publication).

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the structure in conformance with Eqs. 16-41 and 16-42:

F,=C,V

wehy

iwihik
i=l

C. .. =

1229

where F, is the lateral force induced at level x, w, and w; are the portions of W

X

assigned to levels x or i, and £ 1s the distribution exponent defined in IBC 1617.4.3. For
T'= 0.33 sec, k = 1.0. The lateral forces F, and the story shears V, are contained in

Table 6-11.

Table 6-11 Seismic Forces and Story Shears (SDC C)

St_ory Height, Lateral force, | Story Shear,
Level | welght, | Sl | wihy F, (kips) V, (ki
w, (kips) | Mx x (Kip x (kips)
4 6722 42 240,324 513 513
3 5,910 32 189,120 403 916
2 5,912 22 130,064 277 1,193
1 5,424 12 65,088 139 1,332
Y 22,968 624,596 1332

6.3.1.3 Method of Analysis

A three-dimensional analysis of the structure was performed in the E-W direction for the
seismic forces contained in Table 6-11 using the computer program BRDLAT [6.2]. The
stiffness properties of the members were input assuming cracked sections. In lieu of a
more accurate analysis, the following cracked section properties were used:
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e [Beams: [q[/' = O~7[g
e (Columns; fgﬂ = O‘ng
e Shear walls: [éff = ()4[g

where /, 1s the gross moment of inertia of the section.
o

In accordance with IBC 1617.4.4.4, the center of mass was displaced each way from its
actual location a distance equal to 5 percent of the structure dimension perpendicular to
the applied forces to account for accidental torsion in seismic design. Torsional effects
need not be amplified, since the structure does not possess Type la or 1b plan
irregularities (IBC 1617.4.4.5).

6.3.1.4 Story Drift and P-delta Effects

Story drift determination. Table 6-12 contains the displacements 6,, in the E-W

direction obtained from the 3-D static, elastic analysis using the design seismic forces,
including accidental torsional effects. The table also contains the design earthquake

displacement 8, computed by IBC Eq. 16-46:

Ca' Sxe

§, = —d%x

X IE

where C, is the deflection amplification factor in Table 1617.6, which depends on the

seismic-force-resisting system. As noted above, C; is equal to 4.5 for this system.

Table 6-12 Lateral Displacements and Interstory Dnifts due to Seismic Forces in E-W Direction

(SDC C)
Story ‘ts"‘ 6" _A
(in.) (in.) (in.)
4 0.78 3.51 1.17
3 0.52 2.34 1.03
2 0.29 1.31 0.81
1 0.11 0.50 0.50

The interstory drifts A computed from the &, are also contained in the table, where the

drift at story level x is determined by subtracting the design earthquake displacement at
the center of mass at the bottom of the story from the design earthquake displacement at
the center of mass at the top of the story (IBC 1617.4.6.1):

A= 8x _Sx—l
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The design story drifts A must not exceed the allowable story drift A from

¢
Table 1617.3 (IBC 1617.3). For Seismic Use Group L. A, =0.025/, for structures 4
stories or less where /i is the story height below level x. Thus, for the 10-t story
heights, A, =0.025 x 10 x 12 = 3.0 in., and for the 12-ft story height at the first level.
A, =3.6in. It is evident from Table 6-12 that for all stories, the lateral drifts obtained

from the prescribed lateral forces in the E-W direction are less than the limiting values.

Similar calcufations for seismic forces 1n the N-S direction also show that the lateral
drifts are less than the allowable values.

P-delta effects. Calculations for P-delta effects are simitar to those shown in
Section 6.2.2.4 of this publication. Table 6-13 contains the calculations for the E-W
direction. It is clear that P-delta effects need not be considered at any of the floor levels.
Note that 6,,,,, is equal to 0.111 in the E-W direction using B = 1.0. Similar calculations

for the N-S direction show that P-delta effects may also be neglected.

Table 6-13 P-delta Effects (SDC B)

Level | Psx Px Vs A 0
| (ft) (kips) | (kips) | (in) ]
4 10 8,543 | 513 117 | 0.0361
3 10 | 16,710 | 916 1.03 | 0.0348
2 10 | 24,879 | 1,193 0.81 | 008313
1 12 | 82559 | 1,332 0.50 | 0.0189

6.3.1.5 Overturning

Calculations for overturning are similar to those given in Section 6.2.2.5 of this
publication.

Tables 6-14 and 6-15 contain summaries of the overturning and resisting moments at the
base of the shear walls in both the N-S and E-W directions, respectively. When
computing the resisting moments, the dead load was multiplied by the factor (0.9 —
0.28ps) =09 - (0.2 x 0.29) = 0.84 in accordance with Eq. 16-29, which applies when
the effects of gravity and seismic ground motion counteract (IBC 1617.1.1).

For all walls except numbers 6 and 8, the ratio of resisting moment to overturning
moment is greater than 1. When the overturning-to-resisting moment ratio is less than 1,
the foundation must provide resistance to uplift. One viable option is to tie adjacent
footings together with a grade beam.



Table 6-14 Resisting and Overturning Moments at Base of Shear Walls for Seismic Forces in the

N-S Direction (SDC C)

Dead Resisting Overturning
‘ﬁi" Le(r;tg}th Load* | Moment M, | Moment M, M, M,
) (kips) (ft-kips) (ft-kips)
1 24 437 4,405 3,693 1.19
2 24 437 4,405 3,693 1.19
3 24 437 4,405 3,737 1.18
4 24 437 4,405 3,737 1.18
5 28 645 7,585 5,662 1.34
6 28 577 6,786 7,079 0.96
7 28 645 7,585 5,662 1.34
8 28 577 6,786 7,079 0.96

*Dead load = weight of wall + dead load tributary to walt
T M, = 0.84 x dead load x (length/2)

Table 6-15 Resisting and Overturning Moments at Base of Shear Walls for Seismic Forces in the

E-W Direction (SDC C)

Dead Resisting Overturning
‘:3" Le(r;gth Load* | Moment M,T | Moment M, M. IM,
| (kips) (ft-kips) (ft-kips)
5 20 645 5,418 4,220 1.28
6 20 577 4,847 5,367 0.90
7 20 645 5,418 4,220 1.28
8 20 577 4,847 5,367 0.90
] 32 861 11,572 10,827 1.07
10 32 861 11,572 10,827 1.07

*Dead load = weight of wall + dead load tributary to wall
T M, = 0.84 x dead load x (length/2)

6.3.2 Wind Load Analysis

Wind forces are determined in accordance with the analytical procedure (Method 2)
given in ASCE 6.5 [6.3]. Table 6-9 1n Section 6.2.3 contains the design wind forces in the

E-W direction.

6.3.3 Design for Combined Load Effects

6.3.3.1 Load Combinations

The following load combinations are applicable:

1. 14D+ 1.7L
2. 0.75(1.4D+ 1.7L+ 1.7W)

(Eq. 9-1)
(Eq. 9-2)
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3. 09D+ 1.3W (Eq. 9-3)
4. 12D+ AL+ 108 (Formula 16-5)
5. 09D+ 1.0F (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f] is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect E for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:

E= pQE + OZSDsD

where  Qp = effect of horizontal seismic forces

p = redundancy coefficient
= 1.0 for structures assigned to SDC A, B,orC (IBC 1617.2.1)

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and seismic ground motion counteract:

E= pQE - 0'2SDSD

Substituting Spg = 0.29g and p = 1.0 into the equations for £, and then substituting £
along with f; = 1.0 into load combinations 4 and 5 above results in the following:

4a. 12D +1.0L + 1.00z +(0.2x0.29)D =1.26D+ L + OF
4b. 12D +1.0L + 1.00; —(0.2x0.29)D = 1.14D+ L + Qf
5a. 0.9D+ 1.00g +(0.2x0.29)D =0.96D + QO
5b. 0.9D+ 1.005 —(0.2x0.29)D = 0.84D + QO

Values of Qf are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the structure.

Comparing the seismic forces in Table 6-11 to the wind forces in Table 6-9, it is clear
that the seismic forces will govern the design of the members.

6.3.3.2 Design of Shear Wall No. 5

Table 6-16 contains a summary of the design axial forces, bending moments, and shear
forces at the base of shear wall number 5 for seismic forces in the E-W direction. The
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reactions in the table are for a 9 ft-6% n. long segment in the E-W direction. Connection
details for the cruciform wall are given in Figure 6-4.

Table 6-16 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall No. 5 (SDC C)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 323 0 0
Live (L) 91 0 0
Seismic (Qg) 0 +2,256 =71

Load Combinations

14D +17L 607 0 0
1260+ L+ Qp 498 2,256 71
0.84D + Qg 271 -2,256 71

Design for shear.

The shear strength of the concrete is determined in accordance with ACI 11.10.5 for
walls subjected to axial compression:

v, =2/ hd
=24/5,000x10x91.4/1,000 =129.3 kips

where d 1s permitted to be taken equal to 0.8¢,, = 0.8 x 114.25 =914 in. (ACI 11.10.4).
The maximum factored shear force is 71 kips from the second or third load combinations-
(see Table 6-16). Since o¢V,./2=55 kips <V, =71 kips, reinforcement shall be

provided in accordance with ACI 11.10.9 (ACI 11.10.8).

Minimum horizontal and vertical reinforcement area = 0.0025 x 10 x 12 = 0.30 in.¥f.
Try 2 layers of No. 4 bars spaced at 16 in. (4, = 0.30 in.%/ft).

Check shear strength:
(an = (D(VC + VS)

(2x0.2)x60x91.4
16

= 0.85[129.3 + } =226.4 kips >V, =71 kips OK.
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The shear strength ¥, at any horizontal section must be less than or equal to 10,/ /. hd =

646.3 kips (ACI 11.10.3). In this case, V,, =226.4/0.85 = 266.4 kips <6463 kips O.K.

Try 2-No. 4 horizontal and vertical bars @ 16 in.
Design for axial force and bending.

It can be shown that the wall 1s not adequate to resist the load combinations in Table 6-16
when it is reinforced with 2 layers of No. 4 bars @ 16 in. Figure 6-5 contains the
interaction diagram of the wall reinforced with 2 layers of No. 5 vertical bars @ 12 in. As
seen from the figure, the wall with that amount of reinforcement is adequate for the load

combinations in Table 6-16.
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Figure 6-5 Design and Nominal Strength Interaction Diagrams for Shear Wall No. 5 (SDC C)

IBC 1620.1.7 requires that bearing walls and shear walls and their anchorage in buildings
assigned to SDC B and above be designed for an out-of-plane force F, that is the greater

of 10 percent of the weight of the wall w,, or the value obtained from Eq. 16-63:
Fp = 0401ESDSwW

Out-of-plane seismic forces are usually computed for a 1-ft width of the wall length,
assuming a uniformly distributed out-of-plane loading.

For the 10-in. thick wall in the first level:



W :%XKZX 0.15=1.5 kips/ft width

W

0.10w,, =0.10x1.5=0.15 kips/ft

0.40/gSpsw,, =0.40x1.0x0.29x1.5=0.17 kips/ft (governs)

Distributed load = 0.17/12 = 0.014 kif/ft

Assuming that the wall 1s simply supported at the floor levels, the maximum bending
moment due to the out-of-plane seismic force is:

2
M, = ﬂ)l_é‘gﬂg— =0.26 ft-kips/ft

The design strength of a 1-ft wide segment of the wall reinforced with 2-No. 5 vertical
bars spaced at 12 in. is equal to ¢M, = 13.0 fi-kips/ft > 0.26 ft-kips/ft O.K.

Splice length of reinforcement.

Class B lap splices are required for the vertical bars in the wall. No splices are needed for
the No. 4 horizontal bars, since full length bars weigh approximately 0.668 x 10 =
6.7 Ibs. and are easily installed.

For the No. § vertical bars:

L 3 Jy oy
dy, 40 fc'[c+1<t,)

dp
where o = reinforcement location factor = 1.0 for other than top bars
B = coating factor = 1.0 for uncoated reinforcement
v = reinforcement size factor = 0.8 for No. 6 and smaller bars
A = lightweight aggregate concrete factor = 1.0 for normal weight concrete
¢ = spacing or cover dimension

0.625

0.75+0.5+ =1.6 In. (governs)

l><12 =6.0 in.
2
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K, = transverse reinforcement index = 0

c+K, 1.6+0

= =26>25, use2.5
d, 0.625

Therefore,

fag 3 60,000X1.0x1.0><0.8><l,0

—X =20.4
d, 40 5,000 2.5

{4 =204x0.625=12.8 in.
Class B splice length = 1.3¢ ; = 1.4 ft

Use a 1 ft-5 in. sphce length for the No. 5 bars.

The No. 4 horizontal bars are developed by providing standard 90-degree hooks at the
ends of the bars.

Reinforcement details are shown in Figure 6-6.

107

No. 4 @ 16~ No.5@ 12"

Figure 6-6 Reinforcement Details for Shear Wall No. 5 (SDC C)
6.4 DESIGN FOR SDCD

The 4-story precast parking structure with cast-in-place shear walls depicted in Figure 6-7
1s assumed to be located in San Francisco, CA. The elevation of the structure is similar to
that shown in Figure 6-1. Typical walls are designed and detailed for combined effects of

gravity, wind, and seismic forces.

A building frame system with special reinforced concrete shear walls may be used for
structures assigned to SDC D considering the limitations contained in IBC Table 1617.6
(IBC 1910.5.1). Frame members not proportioned to resist forces induced by earthquake
motions are to conform to the provisions in ACI 21.9 (IBC 1910.5.2). This type of system

1s utilized in this example.
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Figure 6-7 Typical Plan of Precast Parking Structure with Cast-in-place Shear Walls (SDC D)

6.4.1 Design Data

Building Location: San Francisco, CA (zip code 94105)
e Material Properties

Concrete: f, = 5,000 psi, w, =150 pcf
Reinforcement: f), = 60,000 psi

e Service Loads

Live loads: 50 psf
Dead loads: 90 psf (weight of structural members + superimposed dead loads)

e Seismic Design Data

For zip code 94105: S¢ =1.50g,S5; =0.61g [6.1]

Site Class D (stiff soil profile; IBC Table 1615.1.1)
For Category (Seismic Use Group) I occupancy, /g =1.0 (IBC Table 1604.5)

e  Wind Design Data

Basic wind speed = 85 mph (IBC Figure 1609)
Exposure B (IBC 1609.4)
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For Category I occupancy, Iy =1.0 (IBC Table 1604.5)

e Member Dimensions
Wall thickness: 10 1n.
6.4.2 Seismic Load Analysis
6.4.2.1 Seismic Design Category (SDC)

The maximum considered earthquake spectral response accelerations for short periods
Sys and at I-second period Sy, are determined from IBC Egs. 16-16 and 16-17,

respectively. According to IBC 1616.6.3, for regular structures 5 stories or less having a
period determined in accordance with IBC 1617.4.2 of 0.5 sec or less, Spg and Spy

need not exceed the values calculated using values of Sg = 1.50g and §; = 0.60g,

respectively. The 4-story example structure is regular according to IBC 1616.6.3, and it is
shown below that its period is less than 0.5 sec. Therefore,

SA/[S =FaSS =1.0x1.50 :150g
Sy = F,5 =1.5%0.60 = 0.90g

where F, and F, are contained in IBC Table 1615.1.2(1) and Table 1615.1.2(2),
respectively.

Once Sysg and Sy, have been determined, Spg and Sp; are computed from Eqgs. 16-
18 and 16-19:

SDS :gSMS :—;i-XlSO:lOOg

SDI = %SA/II = %X 0.90 = 060g

Tables 1616.3(1) and 1616.3(2) are utilized to determine the SDC. From Table 1616.3(1)
for Seismic Use Group I and Spg¢ = 1.00g, the SDC is D. Similarly, from

Table 1616.3(2), the SDC is D for Sp; = 0.60g. Thus, the SDC is D for this structure.

6.4.2.2 Seismic Forces

Since the structure does not have plan irregularity Type la, 1b, or 4 of Table 1616.5.1 or
vertical irregularity Type la, 1b, 4, or 5 of Table 1616.5.2, it can be considered regular
(IBC 1616.6.3). For this regular structure that is less than 240 ft in height, Table 1616.6.3



allows the equivalent lateral force procedure in IBC 1617.4 to be used to compute the
seismic base shear ¥ (see Eq. 16-34):

V= CW

where (. 1s the seismic response coefficient determimed in accordance with

IBC 1617.4.1.1 and W is the effective weight of the structure defined in IBC 1617.4. For
this example, W= 23,890 kips (see Table 6-16 below).

In both directions, a building frame system with special reinforced concrete shear walls is
utilized, which is permitted for structures assigned to SDC D with a height less than or
equal to 160 ft (see IBC Table 1617.6 and IBC 1910.5). The response modification
coefficient R = 6 and the deflection amplification factor C; =5 (IBC Table 1617.6).

Approximate period (7, ). The fundamental period of the building T is determined in

accordance with IBC 1617.4.2. In lieu of a more exact analysis, an approximate
fundamental period T, is computed from Eq. 16-39:

Building height £, =42 ft
Building period coefficient Cp = 0.02
Period T, = Cp(h,)>'* =0.020%(42)%'% = 0.33 sec

Seismic base shear (V). The seismic response coefficient C; is determined from Eq. 16-
36:

co=_Sp _ 060 54

e

The value of C; need not exceed that from Eq. 16-35:

S .
c, = DS _ 1.00
R[S
) ()

Also, C; must not be less than the following value from Eq. 16-37:

=0.167

C, =0.044S pgl 5 = 0.044x1.00x1.0 = 0.044
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For buildings assigned to SDC E or F and for those buildings for which S, 2 0.6¢, C

R

shall not be taken less than that computed from Eq. 16-38. Since S; = 0.60g, Eq. 16-38 is
applicable, even though the SDC is D:

58, 0.5%0.
o 20581 _05x060 o,
Rilg  6/10

In this case, the lower limit is 0.050 from Eq. 16-38.

Thus, the value of C, from Eq. 16-35 governs so that the base shear /" in the N-S and E-
W directions is:

V=C,W =0.167x23,890 = 3,990 kips

Vertical distribution of seismic forces. The total base shear is distributed over the
height of the building in conformance with Eqgs. 16-41 and 16-42:

F.=C,V

x T Yyx

_ iy

T on
Zwihik
i=1

C

v

where F, is the lateral force induced at level x, w, and w; are the portions of W
assigned to levels x or i, and k is the distribution exponent defined in IBC 1617.4.3. For
T= 0.33 sec, k = 1.0. The lateral forces F, and the story shears V, are contained in

Table 6-17.

Table 6-17 Seismic Forces and Story Shears (SDC D)

St_ory Height, Lateral force, | Story Shear,
Level | weight, | ° T | wahy F, (ki Vv, (ki
w, (kips) | 'x x (Kips) ¥ (lps)
4 5,665 42 237,930 1,481 1,481
3 6,146 32 196,672 1,224 2,706
2 6,146 22 135,212 842 3,547
1 5,933 12 71,196 443 3,990
T 23,890 641,010 3,990
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6.4.2.3 Method of Analysis

Shear walls 1n a building frame system are designed to carry the total lateral forces, and
frames provide support for the gravity loads. Also, frame members, which are not
designated to be part of the seismic-force-resisting system (SFRS), must be designed and
detailed to maintain support of design dead and live loads when subjected to expected
deformations caused by seismic forces.

The internal forces in members that are part of the SFRS were determined from a three-
dimensional analysis of a structural model comprised of the shear walls subjected to the
seismic forces in Table 6-17. In accordance with IBC 1617.4.4.4, the center of mass was
displaced each way from its actual location a distance equal to 5 percent of the building
dimension perpendicular to the applied forces to account for accidental torsion. Torsional
effects need not be amplified, since the building does not possess Type la or 1b plan
torsional irregularities as defined in Table 1616.5.1 (IBC 1617.4.4.5). In lieu of a more
accurate analysis, the following cracked section properties were used:

e Beams: I, =071,
o Columns: /5 =0.57,
o Shearwalls: 1,5 =0.41,

For all structures assigned to SDC D and higher, IBC 1620.3.5 requires that orthogonal
effects of the seismic forces be considered for design and detailing of the components of
the SFRS. In the 2002 supplement to the 2000 IBC [6.5], the orthogonal combination
procedure is required only for columns or walls that form part of two or more intersecting
seismic-force-resisting systems and that are subjected to axial load due to seismic forces
greater than or equal to 20% of the axial load design strength. Orthogonal effects can be
neglected for the shear walls in this example building.

IBC 1617.6.4.3 requires that reinforced concrete members not designed as part of the
SFRS comply with ACI 21.9. According to ACI 21.9.1, such members are to be detailed
according to ACI 21.9.2 or 21.9.3 depending on the magnitude of bending moments and
shear forces in those members when subjected to the design displacements &, where
6, =Cy6,, /1 and d,, are the displacements calculated by an elastic analysis of the
SFRS subjected to the prescribed seismic forces (IBC 1617.6.4.3). The approximate
method that was first introduced in Section 3.4.2.3 of this publication can be used to
determine these internal forces. Since calculations for this method were covered in
sufficient detail in the applicable examples in Chapter 3 of this publication, similar
calculations are not repeated here.

It 1s important to note that IBC 1908.1.6 contains additional requirements for structures
with precast gravity systems. These requirements are modifications to the 1999 ACI code
and are contained in new Section 21.2.1.7. The intent of these provisions is to have
overall structural performance of a precast gravity system equivalent or at least similar to
that provided by a monolithic (cast-in-place) gravity system.
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The first item in Section 21.2.1.7 1s a limitation on the aspect ratio of horizontal
diaphragms, which is applicable to the lower two-thirds of the stories of buildings 3
stories or more in height. The span of the diaphragm or diaphragm segment between
lateral-force-resisting systems must be less than or equal to 3 times the width of the
diaphragm or diaphragm segment. This requirement seeks to provide backup frame
action, which is expected from monolithic gravity frames, by increasing the redundancy
of the lateral-force-resisting system. In this example, the longest span between shear
walls occurs in the segment between column lines 1 to 4 or 8 to 11 and is equal to
79.67 ft. The corresponding width of the segment 1s 62 ft, so that the ratio of span to
width is equal to 79.67/62 = 1.3 <3.

The second item in Section 21.2.1.7 must be satisfied when the diaphragm aspect ratio
limitations of the first alternative cannot be economically met. This requires that all
precast gravity frame beam-to-column connections be partially restrained.

In addition to the above requirements, complete calculations for the deformation
compatibility of the gravity load-carrying system must be made in accordance with
IBC 1617.6.4.3 using cracked section stiffnesses of the lateral-force-resisting elements
and the diaphragm. These calculations are not presented for this example, since similar
calculations were performed for the applicable example buildings in Chapter 3 of this
publication.

Requirements for gravity columns that are not laterally supported on all sides and for
minimum bearing lengths of horizontal members are also contained in Section 21.2.1.7.

6.4.2.4 Story Drift and P-delta Effects

Story drift determination. Table 6-18 contains the displacements &, of the SFRS in

the E-W direction obtained from the 3-D static, elastic analysis using the design seismic
forces, including accidental torsional effects, and the design earthquake displacement 8,

computed by IBC Eq. 16-46. As noted above, Cy is equal to 5 for this system. The

interstory drifts A computed from the &, are also contained in the table.

Table 6-18 Lateral Displacements and Interstory Drifts due to Seismic Forces in E-W Direction

(SDC D)
Story ,6“’ 8" _A
(in.) (in.) (in.)
4 0.19 0.95 0.35
3 0.12 0.60 0.35
2 0.07 0.35 0.25
1 0.02 0.10 0.10
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The design story drifts A must not exceed the allowable story drift A, from
Table 1617.3 (IBC 1617.3). For the 10-ft story heights, A, = 0.025 x 10 x 12 = 3.0 in.
and for the 12-ft story height at the first level, A, = 3.6 in. It is evident from Table 6-18

that for all stories, the lateral drifts obtained from the prescribed lateral forces in the E-W
direction are less than the limiting values.

Similar calculations for seismic forces in the N-S direction also show that the lateral
drifts are less than the allowable values.

P-delta effects. Calculations for P-delta effects are similar to those shown in
Section 6.3.1.4 of this publication. Similar calculations for this example in the E-W and
N-S directions show that P-delta effects may also be neglected.

6.4.2.5 Overturning

Calculations for overturning are similar to those given in Section 6.2.2.5 of this
publication.

Tables 6-19 and 6-20 contain summaries of the overturning and resisting moments at the
base of the shear walls in both the N-S and E-W directions, respectively. When
computing the resisting moments, the dead load was multiplied by the factor (0.9 —
0.25pg) =09 —(0.2 x 1.0) = 0.7 in accordance with Eq. 16-29, which applies when the

effects of gravity and seismic ground motion counteract IBC 1617.1.1).

Table 6-19 Resisting and Overturning Moments at Base of Shear Walls for Seismic Forces in the
N-S Direction (SDC D)

Dead Resisting Overturning
‘ﬁg{' Le(?lg);th Load* | Moment M." | Moment M, | M,/M,
(kips) (ft-kips) (ft-kips)
1 60 997 20,937 23,389 0.90
2 60 997 20,937 25,175 0.83
3 36 577 7,270 12,015 0.61
4 36 577 7,270 12,015 0.61
5 36 645 8,127 9,257 0.88
6 36 577 7,270 10,833 0.67
7 36 645 8,127 9,257 0.88
8 36 577 7,270 10,833 0.67

*Dead load = weight of wall + dead load tributary to wall
"M, = 0.7 x dead load x (length/2)

It is evident that for most of the walls, the ratio of resisting-to-overturning moment is less
than one. In these cases, the foundation design must include resistance to uplift. One
viable option is to tie adjacent footings together with grade beams.

6-36



Table 6-20 Resisting and Overturning Moments at Base of Shear Walls for Seismic Forces in the
E-W Direction (SDC D)

( Wall | Length Dead Resisting Overturning
No. () Lc:ad* Moment M,T | Moment M, M, IM,
(kips) (ft-kips) (ft-kips)

3 20 577 4,039 6,328 0.64
4 20 577 4,039 6,385 0.63
5 20 645 4515 4,280 1.06
6 20 577 4,039 5,186 0.78
7 20 645 4,515 4,319 1.05
8 20 577 4,039 5,233 0.77
9 62 1,271 27,581 42,579 0.65
10 62 1,271 27,581 43,551 0.63

*Dead load = weight of wall + dead load tributary to wall
T M, = 0.7 x dead load x (length/2)

6.4.3 Wind Load Analysis

In this example, the wind velocity i1s 85 mph, which produces wind forces that are
significantly smaller than the seismic forces computed above. Thus, wind forces are not
considered in this example.

6.4.4 Design for Combined Load Effects
6.4.4.1 Load Combinations

The following load combinations are applicable to structural members that are part of the
SFRS:

1. 14D+ 1.7L (Eq. 9-1)
2. 0.75(1.4D+ 1.7L+1.7W)  (Eq. 9-2)
3. 0.9D+1.3W (Eq. 9-3)
4. 12D+ fiL+1.0E (Formula 16-5)
5. 0.9D+1.0E (Formula 16-6)

where D, L, W, and E are the effects due to dead, live, wind, and seismic loads,
respectively, and f) is equal to either 1.0 for places of public assembly, for live loads in
excess of 100 psf, and for parking garage live load, or is equal to 0.5 for other live loads.

The seismic load effect £ for use in Formula 16-5, which is the combined effect of
horizontal and vertical earthquake-induced forces, is computed from Eq. 16-28 where the
effects of gravity and seismic ground motion are additive:
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E= pQE +O.2SDSD

where  Qp = effect of horizontal seismic forces
p =redundancy coefficient determined in accordance with IBC 1617.2.2 for
SDCD, E,or F

Similarly, £ for use in Formula 16-6 is computed from Eq. 16-29 where the effects of
gravity and scismic ground motion counteract:

E= pQE —O.QSDSD

According to IBC 1617.2.2, the redundancy coefficient p, which shall not be less than
1.0 and need not exceed 1.5, is the largest of the values of p; calculated at each story i
from Eq. 16-32:

0, =2 20

[T T T
Pmax; v 4;

For shear walls:

Fmax, = (maximum wall shear x 10/¢,, )/total story shear

¢, = length of the wall in feet
For the structure depicted in Figure 6-7, shear wall number 9 or 10 will have the largest

shear force at its base in the E-W direction, depending on which direction the center of
mass is displaced. Therefore,

1,316><1£-
fmax, = 3550 =0.05
20
=2 ~027<1.0
Prmax 0.05+/287.33x186
Use p =1.0.

Substituting Spg = 1.00g and p = 1.0 into the equations for £, and then substituting £

along with f; = 1.0 into load combinations 4 and 5 above results in the following:

4a. 12D+ 1.0L + 1.00z +(0.2x1.00)D = 14D + L+ O
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4b. 12D+ 1.0L + 1.005 —(02x1.00)D =D + L+ Qf
5a. 0.9D + 1.00g +(0.2x1.00)D =1.1D + QO
Sb. 0.9D + 1.00g —(02x1.00)D =0.7D + QF

Values of Of are obtained from the structural analysis for both sidesway to the left and
to the right based on the code-prescribed horizontal seismic forces acting on the building.

The exception in IBC 1617.6.4.3 requires that reinforced concrete members that are not
part of the SFRS comply with ACI 21.9. Therefore, the load combinations for these
members are:

e 105D+128L+FE
e 09D+E

where the values of E are the forces in the frame members due to the lateral
displacements &, being applied to the frames.

Also, the special seismic load combinations in IBC 1605.4 are not applicable in this
example.

6.4.4.2 Design of Shear Wall No. 5

Table 6-21 contains a summary of the design axial forces, bending moments, and shear
forces at the base of the wall for seismic forces in the E-W direction. As noted above, this
special reinforced concrete shear wall, as well as all of the other shear walls in the
building, is part of the SFRS.

Table 6-21 Summary of Design Axial Forces, Bending Moments, and Shear Forces at Base of
Shear Wall on Line 4 (SDC D)

Axial Bending Shear

Load Case Force Moment Force

(kips) (ft-kips) (kips)
Dead (D) 645 0 0
Live (L) 186 0 0
Seismic (Qg) 0 + 4,280 +143

Load Combinations

14D+ 1.7L 1,219 0 0
14D+ L+ Q¢ 1,089 4,280 143
0.7D + Qg 452 -4,280 -143
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Design for shear.

Reinforcement requirements. Special reinforced structural walls are to be provided
with reinforcement in two orthogonal directions in the plane of the wall in accordance
with ACI 21.6.2. The minimum reinforcement ratio in both directions 1s 0.0025, unless

the design shear force is less than or equal to A,/ f/ , where A_, is the gross area of

concrete bounded by the web thickness and the length of wall in the direction of analysis.
In such cases, minimum reinforcement in accordance with ACI 14.3 for ordinary walls
must be provided. For the wall 1n this example, 4., = 10 x 240 = 2,400 in.?, so that

Ao fL =2,400%4/5,000 /1,000 =170 kips > V,, = 143 kips

Therefore, assuming that No. 5 bars or less will be used in the wall, the minimum ratio of
vertical reinforcement is 0.0012 and the minimum ratio of horizontal reinforcement is
0.0020 (ACI 14.3). According to ACI 14.3.5, maximum reinforcement spacing is 34 =

3% 10=301n. or 18 in. (governs).

Two curtains of reinforcement are required in a wall when the in-plane factored shear
force exceeds 2A4,,+/ f/ =2 x 170 = 340 kips. In this case, two curtains are not required,

since 340 kips > V,, = 143 kips. However, two curtains are provided in this example.

The minimum required area of vertical reinforcement per foot of wall 1s 0.0012 x 10 x
12 = 0.14 in.* Assuming No. 4 bars in two curtains, required spacing s is

L 2x020
0.14

%12 =343 in. > 18 in.

Try 2 curtains of No. 4 vertical bars spaced at 18 in.

Similarly, the minimum area of horizontal reinforcement per foot of wall is 0.0020 x 10 x
12 = 0.24 in.” Assuming No. 4 bars in two curtains, required spacing s is

o 2x0.20
0.24

x12=20.0 in. > 18 in.

Try 2 curtains of No. 4 horizontal bars spaced at 18 1n.

Shear strength requirements. ACI Eq. 21-7 is used to determine nominal shear strength
V, of structural walls:

Vi = A (@7 +Pnf))
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where «. =2 for ratio of wall height to length A, /¢, = 42/20
(ACI 21.6.4.1).

For 2 curtains of No. 4 horizontal bars spaced at 18 in. (p,, =0.40/(10x18) =0.0022):

OF, = 0.85x2,400%[2+/5,000 +(0.0022 x 60,000)]/1,000
=558 kips >V, =143 kips  OXK.

where ¢ = 0.85 for walls with #4,,/7,, >2 (ACI 9.3.4(a)). Note that ¥,, = 657 kips 1s less

than the upper limit on shear strength, which is 84,,./ 7, =8x170=1360 kips

(ACI 21.6.4.4). Therefore, use 2 curtains of No. 4 bars @ 18 in. on center in horizontal
direction.

Reinforcement ratio p, for the vertical reinforcement must not be less than p, when
h,/¢, < 20(ACI21.6.43).Since h,, /¢, = 2.1 >2, use minimum reinforcement ratio
of 0.0012.

Try 2 curtains of No. 4 bars spaced at 18 in. on center in the vertical direction (p, =
0.0022 > 0.0012).

Design for axial force and bending.

Figure 6-8 contains the interaction diagram of the wall reinforced with 2-No. 4 vertical
bars @ 18 in. As seen from the figure, the wall is adequate for the load combinations in

Table 6-21.
Special boundary elements.

The need for special boundary elements at the edges of structural walls 1s evaluated in
accordance with ACI 21.6.6.2 or 21.6.6.3. The displacement-based approach in
ACI 21.6.6.2 is utilized in this example. In this method, the wall is displaced at the top an
amount equal to the expected design displacement; special boundary elements are
required to confine the concrete when the strain in the extreme compression fiber of the
wall exceeds a critical value. This method is applicable to walls or wall piers that are
essentially continuous in cross-section over the entire height and designed to have one
critical section for flexure and axial loads.
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Figure 6-8 Design and Nominal Strength Interaction Diagrams for Shear Wall No. 5 (SDC D)

Compression zones are to be reinforced with special boundary elements where (Eq. 21-
8):

, |
cz—2>Y 3§, /h, 0007
600(3,, / h,,)

where ¢ = distance from extreme compression fiber to the neutral axis per
ACI 10.2.7 calculated for the factored axial force and nominal moment
strength, consistent with the design displacement 9, , resulting in the
largest neutral axis depth
¢, = length of entire wall or segment of wall considered in the direction of the
shear force
§, = design displacement
= total lateral displacement expected for the design-basis earthquake as
specified by the governing code
h,, = height of entire wall or of a segment of wall considered

The lower limit on the quantity , /4, is specified to require moderate wall deformation

capacity for stiff buildings.

In this example, ¢, = 20 ft = 240 in., &, = 42 ft = 504 in., §, 1is equal to &, from
Table 6-18, which is 0.95 in. at the top of the wall, and 6, /A, = 0.002 < 0.007 (use
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0.007). Thercfore, special boundary elements are required 1if ¢ is greater than or equal to
240/(600 x 0.007) = 57.1 in.

The distance ¢ to be used in Eq. 21-8 is the largest neutral axis depth calculated for the
factored axial force and nominal moment strength consistent with the design
displacement 9, . From a strain compatibility analysis, the largest ¢ is equal to 38.5 in.
corresponding to a factored axial load of 1,089 kips and nominal moment strength of
12,379 ft-kips, which is less than 57.1 in. Therefore, special boundary elements are not
required.

Where special boundary elements are not required according to ACI 21.6.6.2, the
provisions of ACI 21.6.5.5 must be satisfied. These provisions require boundary
transverse reinforcement for walls with moderate amounts of boundary longitudinal
reinforcement to help prevent buckling of the longitudinal bars.

Boundary transverse reinforcement in accordance with ACI 21.4.4.1(c), 21.4.4.3, and
21.6.6.4(a) must be provided at the ends of walls where the longitudinal reinforcement

ratio at the wall boundary is greater than 400/ f,. In this example, the reinforcement
layout is similar to that shown in the lower portion of ACI Figure R21.6.6.5, i.e.,
uniformly distributed bars of the same size. The Jongitudinal reinforcement ratio p at the

wall boundary is:

_2%02 _ o, 400

P=lox1s 60,000

=0.0067

Thus, no special transverse reinforcement is required in the wall. Also, according to
ACI21.6.6.5(b), the horizontal reinforcement terminating at the edges of the wall need
not have a standard hock engaging the edge reinforcement since ¥V, = 143 kips <

A+ fi = 170 kips. However, a standard hook is used at the ends of the horizontal

reinforcement to develop these bars.

The vertical reinforcement is also adequate to resist the required out-of-plane seismic
force prescribed in IBC 1620.1.7.

Splice length of reinforcement.

Class B lap splices for the No. 4 vertical bars in the wall are determined in the same way
as for the No. 4 vertical bars in Section 6.2.4.2 of this publication.

Use a 1 ft-4 in. splice length for the No. 4 bars.

Reinforcement details for this wall are the same as those shown in Figure 6-3.
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