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This publication was prepared by the Portland Cement Association for the purpose of
suggesting possible ways of reducing design time in applying the provisions contained in the
ACI 318-89 (Revised 1992) Building Code Requirements for Reinforced Concrete.

Simplified design procedures stated and illustrated throughout this publication are subject to
limitations of applicability. While such limitations of applicability are, to a significant extent,
setforthin the textof this publication, no attempt has been made to state each and every possible
limitation of applicability. Therefore, this publication is intended for use by professional
personnel who are competent to evaluate the information presented herein and who are willing
to accept responsibility for its proper application,

This publication is intended SOLELY for use by PROFESSIONAL PERSONNEL who are
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who will accept total responsibility for the application of this information. The Portland
Cement Association DISCLAIMS any and all RESPONSIBILITY and LIABILITY for the
accuracy of the application of the information contained in this publication to the full extent
permitied by law,

About the editors: David A, Fanella is Coordinating Structural Engineer and S. K. Ghosh is
Director, Engineered Structures and Codes, Portland Cement Association, Skokie, Illinois.
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The Building Code Requirements for Reinforced Concrete (ACI 318) is an authoritative document often adopted
and referenced as a design and construction standard in state and municipal building codes around the country as
well as in the specifications of several federal agencies, its provisions thus becoming law. Whether ACI 318 is
enforced as part of building regulations or is otherwise utilized as a voluntary consensus standard, design
professionals use this standard almost exclusively as the basis for the proper design and construction of buildings
of reinforced concrete.

The ACI 318 standard applies to all types of building uses; structures of all heights ranging from the very tall high-
rises down to single-story buildings; facilities with large areas as well as those of nominal size; buiidings having
complex shapes and those primarily designed as uncomplicated boxes; and buildings requiring structurally
intricate or innovative framing systems in contrast to those of more conventional or traditional systems of
construction. The general provisions developed to encompass all these extremes of building design and
construction tend to make the application of ACI 318 complex and time consuming. However, this need not
necessarily be the case, particularly in the design of reinforced concrete buildings of moderate size and height, as
is demonstrated in this publication.

This book has been written as a timesaving aid for use by experienced professionals who consistently seek ways
to simplify design procedures.

New to this second edition is a section in Chapter 1 on preliminary design. Guidelines and design aids are provided
to help in choosing an economical floor system, and to obtain preliminary sizes for the beams, joists, columns,
shearwalls, and footings.

Throughout the chapters, new design aids have been included that should save significant amounts of time. One
such set of design aids is given in Chapter 3 for beams sub]ected to torsional loading: all required torsion
reinforcement can easuy be obiained via four charis. Also included in Chapier 3 are new uESign aids that can be
used to obtain the required shear reinforcement for beams.

Chapter 5, which covers the simplified design of columns, has been significantly revised to better reflect the

current ACT 318 provisions. New to this chapter are two equations that can produce a simplified interaction
diagram for a section subjected to uniaxial load and bending moment.
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In some of the example problems, the results obtained from the simplified design methods are compared to those
obtained from PCA computer programs. These comparisons readily show that the simplified methods yield
satisfactory results within the stated limitations.

Design professionals reading and working with the material presented in this book are encouraged to send in their
comments to PCA, together with any suggestions for further design simplifications. PCA wouid also be grateful
to any reader who would bring any errors or inconsistencies to our attention. Any suggestion for improvement
is always genuinely welcome.

Skokie, Illinois S. K. Ghosh
July, 1993
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Chapter 1
A Simplified Design Approach

1.1 THE BUILDING UNIVERSE

There is a little doubt that the construction of a very tall building, a large domed arena, or any other prominent
megastructure attracts the interest of a great number of structural engineers around the country. The construction
of such facilities usually represents the highest level of sophistication in structural design and often introduces
daring new concepts and structural innovations as well as improvements in construction techniques.

Many structural engineers have the desire to become professionally involved in the design of such distinctive
buildings during their careers. Howevet, very few projects of this prestigious caliber are built in any given year.

Truly, the building universe consists largely of low-rise and small-area buildings. Figure 1-1 shows the percentage

~F sl ds tt]
of building floor area constructed in 1992 in terms of different building height categories. From this it can be

readily seen that the vast majority of the physical volume of construction is in the 1- to 3-story height range.

All Buildings Nonresidential Buildings

41015 floors(se) >0 floors(i%) > 15 fioors(2%)

/Y“\ 41015 floors(14m‘\

1 to 3 floors(94%) @

Figure 1-1 Floor Area of Construction, 1992%

*Source: F. W. Dodge Division, McGraw-Hill Information System Company, Dodge Construction Potentials (1992).
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1-2 Simplified Design

In the same way, Figure 1-2 shows the percentage of nonresidential building projects constructed in various size
categories. Building projects less than 15,000 sq ft dominate the building market.

> 50,000 sq ft(2%)

\

< 15,000 sq ft(94%)

15,000 to 50,000 sq ft(4%)

\-_.-_—/
Figure 1-2 Nonresidential Building Project Size, 1 992"

When all these statistics are considered, it becomes apparent that while most engineers would like to work on
prestigions and challenging high-rise buildings or other distinctive structures, it is more likely that they will be
called upon to design smaller and shorter buildings.

12 COST EFFICIENCIES

The benefit of efficient materials use is not sought nor realized in a low-rise building to the same degree as in a
high-rise facility. Forinstance, reducing a floor systemn thickness by an inch may save three feet of building height
in a 36-story building and only 3 in. in a three-story building. The added design costs needed to make thorough
studies in order to save the inch of floor depth may be justified by construction savings in the case of the 36-story
building, but is not likely to be warranted in the design of the smaller building. As a matter of fact, the use of more
material in the case of the low-rise building may sometimes enable the engineer to simplify construction features
and thereby effectively reduce the overall cost of the building.

In reviewing cost studies of several nonresidential buildings, it was also noted that the cost of a building’s frame
and envelope represent a smaller percentage of the total building cost in low-rise buildings than in high-rise
structures.

In low-rise construction, designs that seek to simplify concrete formwork will probably result in more economical
construction than those that seek to optimize the ufsc of reinforcing steel and concrete, since forming represents
a significant part of the total frame costs. There is:less opportunity to benefit from form repetition in a low-rise
building than in a high-tise building.

Considering the responsibility of the engineer to provide a safe and cost-effective solution to the needs of the
building occupant and owner, it becomes clear that, for the vast majority of buildings designed each year, there
should be an extra effort made to provide for expediency of construction rather than efficiency of structural design.
Often, the extratime needed to prepare the most efficient designs with respect to structural materials is not justified
by building cost or performance improvements for low-rise buildings.

*Source: F. W. Dodge Division, McGraw-Hill Information System Company, Dodge Construction Potentials (1992).
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1.3  THE COMPLEX CODE

In 1956 the ACI 318 Code was printed on 73 small-size pages; by 1992, ACI 318 and 318R contained more than
330 large-size pages of Cpde and Commentary-—a very substantial increase in the amount of printed material with
which an engineer has to become familiar in order to design a concrete building,

To find the reasons for the proliferation in code design requirements of the last thirty-five years, it is useful to
examine the extensive changes in the makeup of some of the buildings that required and prompted more complex
code provisions.

1.3.1 Complex Structures Require Complex Designs

nnnnnnnnn thn tnnhnalacy AF ctimratizenl matariale and nagr anainaaring fnracadiiras hava raciittad im tha 1oa ~F

Auvalived 111 ule LDbuuulus_y UL OLIULLULAGL unuu;j.ima LIV LIG YY Lausl.u\.«\.dlus l_uuuouul.vo uav'u iv S‘ ILDU j.u uu.« um; VL
concrete in a new generation of more flexible structures, dramatically different from those for which the old codes
were developed.

Thirty-five years ago, 3000 psi concrete was the standard in the construction industry. Today, concrete with
14,000 psi or higher strength is used for lower story columns and walls of very tall high-rise buildings. Grade 40
reinforcing steel has almost entirely been replaced by Grade 60 reinforcement.

Gradual switching in the 1963 and 1971 Codes from the Working Stress Design Method to the Strength Design
Method permitted more efficient designs of the structural components of buildings. The size of structural sections
(columns, beams, and slabs) became substantially smaller and utilized less reinforcement, resulting ina 20t0 25%
reduction in structural frame costs.

While we have seen dramatic increases in the strength of materials and greater cost efficiencies and design
innovations made possible by the use of the strength design method, we have, as aconsequence, also created new
and more complex problems. The downsizing of structural components has reduced overall building stiffness.
A further reduction has resulted from the replacement of heavy exterior cladding and interior partitions with

lightweight substitutes which generally do not contribute significantly to building stiffness. In particular, the

drastic increase of stresses in the reinforcement at service loads from less than 20 ksi to more than 30 ksi has caused
a significantly wider spread of flexural cracking at service loads in slabs and beams, with consequent increases
in their deflections.

When structures were designed by the classical working stress approach, both strength and serviceability of the
structure were ensured by limiting the stresses in the concrete and the reinforcement, in addition to imposing limits
on slenderness ratios of the members. The introduction of strength design with the resulting slenderer members
significantly lengthened the design process; in addition to designing for strength, a scparate consideration of
serviceability (deflections and cracking) became necessary.

We are now frequently dealing with bolder, larger, taller structures which are not only more complex, but also more
flexible. Their structural behavior is characterized by larger deformations relative to member dimensions than
we had experienced before. As a consequence, a number of effects which heretofore were considered secondary
and could be neglected, now become primary considerations during the design process. In this category are
changes in geometry of structures due to gravity and lateral loadings. The effects of shrinkage, creep, and
temperature are also becoming significant and can no longer be neglected in tall or in long structures, because of

thair euumulative affacte
thelir cumuative errects,
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1-4 Simplified Design

1.4 A SIMPLE CODE

The more complex buildings undoubtedly require more complex design procedures to produce safe and
economical structures. However, when we look at the reality of the construction industry as discussed at the
beginning of this chapter, it makes little sense to impose on structures of moderate size and height intricate design
approaches that were developed to assure safety in highly complex structures. While the advances of the past
decades have made it possible to build economical concrete structures reaching 1000 ft in height, the makeup of
low-rise buildings has not changed all that significantly over the years.

It is possible to write a simplified code to be applicable to both moderately sized structures and large complex
structures. However, this would require a technical conservatism in proportioning of members. While the cost
of moderate structures would not be substantially affected by such an approach, the competitiveness of large
complex structures could be severely impaired. To avoid such unnecessary penalties, and at the same time to stay
within required safety limits, it is possible to extract from the complex code a simplified design approach that can
be applied to specificaily defined moderately sized structures. Such structures are characterized as having
configurations and rigidity that eliminate sensitivity to secondary stresses and as having members proportioned

with sufficient conservatism to be able to simplify complex code provisions.

1.5  PURPOSE OF SIMPLIFIED DESIGN

The purpose of this manual is to give practicing engineers some way of reducing the design time required for
smaller projects, while still complying with the letter and the intent of the ACI Standard 318-89 (Revised 1992),

Building Code Requirements for Reinforced Concrete."! The simplification of design with its attendant savings
in design time result from avoiding building member proportioning details and material property sciections which
make it necessary to consider certain complicated provisions of the ACI Standard. These situations can often be

avoided by making minor changes in the design approach. In the various chapters of this book, specific
recommendations are made to accomplish this goal.

The simplified design procedures presented in this manual are an attempt to satisfy the various design
considerations that need to be addressed in the structural design and detailing of primary framing members of a
reinforced concrete building—by the simplest and quickest procedures possible. The simplified design material
is intended for use by experienced engineers well-versed in the design principles of reinforced concrete and
completely familiar with the design provisions of ACI318. As noted above, this manual has been written solely
as adesign timesaver; thatis, to simplify design procedures using the provisions of ACI 318 forreinforced concrete
buildings of moderate size and height.

1.6  SCOPE OF SIMPLIFIED DESIGN

The simplified design approach presented in this manual should be used within the general guidelines and
limitations given in this section. In addition, appropriate guidelines and limitations are given within the Chapters
for proper application of specific simplifying design proeedures.

» Type of Construction: Conventionally reinforced cast-in-place construction. Prestressed and precast con-
struction are not addressed.

* Building Size: Buildings of moderate size and height with usual spans and story heights. Maximum building
plan dimension should be in the range of 200 ft to 250 ft to reduce effects of shrinkage and temperature to
manageable levels.!Z Maximum building height should be in the range of 4 to 6 stories to justify the economics
of simplified design.
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A Simplified Design Approach i-5

» Materials: Normal weight concrete*  f¢ = 4000 psi
Deformed reinforcing bars fy = 60,000 psi

Both material strengths are readily available in the market place and will result in members that are durable** and
perform strcturally well." One set of material parameters greatly simplifies the presentation of design aids. The
4000/60,000 strength combination is used in all simplified design expressions and design aids presented in this
manual with the following exceptions: the simplified thickness design for footings and the tables for development

lengths consider both f¢ = 3000 psi and f¢ = 4000 psi.

In most cases, the designer can easily modify the simplified design expressions for other material strengths. Also,
welded wire fabric and lightweight concrete may he used with the simplified design procedures, with appropriate

modification as required by ACI 318.

* Loadings: Design dead load, live load, and wind forces are in accordance with Amer;can Society of Civil
Engineers Minimum Design Loads for Buildings and Other Structures (ASCE 7- 88) , 4 with reductions in live
loads as permitted in ASCE 7-88. The building code having jurisdiction in the locality of construction should
be consulted for any possible differences in design loads from those given in ASCE 7-88.

If resistance to earthquake-induced forces, earth or liquid pressure, impact effects, or structural effects of
differential settlement, shrinkage, or temperature change need to be included in design, such effects are to be
included separately, in addition to the effects of dead load, live load, and wind forces (see ACI 9.2.3 through 9.2.7).
Also, effects of forces due to snow loads, rain ioads (ponding), and fixed service equipment (concentrated loads)
are to be considered separately where applicable (ACI 8.2). Exposed exterior columns or open structures may
require consideration of temperature change effects which are beyond the scope of this manuval. Additionally, the
durability requirements given in ACI Chapter 4 must be considered in all cases (see Section 1.7 of this manual).

. Design Method: Allsimplified design procedures compIy with provisions ofBuilding Code Requirements
for Reinforced Concrete (ACI 318-89), (Revised 1992) using appropriate load factors and strength
reduction factors as specified in ACI9.2 and 9.3. References to specific ACI Code provisions are noted

(e.g., ACI 9.2 refers to ACI 318-89 (Revised 1992), Section 9.2).

1.7  BUILDING EXAMPLES

To illustrate application of the simplified design approach presented in this manual, two building examples are
included. Example No. 1 is a 3-story building with one-way joist slab and column framing. Two alternate joist
floor systems are considered: (1) standard pan joist and (2) wide-module joist. The building of Example No. 2
is a 5-story building with two-way flat plate and column framing. Two alternate wind-force resisting systems are
considered: (1) slab and column framihg with spandrel beams and (2) structural walls. In all cases, it is assumed
that the members will not be exposed to freezing and thawing, deicing chemicals, and severe levels of sulfates,
Therefore, a concrete compressive strength of £ = 4000 psi can be used for all members. ACI Chapter 4 should
be consulted if one or more of these aspects must be considered. In some cases, fo must be larger than 4000 psi

to achieve adequate durability.

*Carbonate aggregate has been assumed for purposes of fire resistance.

**This applies to members which are not exposed to 1) freezing and thawing in a moist condition, 2} deicing chemicals and

3) severe levels of sulfates (see ACI Chaprer 4),

fA cost analysis has shown that for gravity loads, concrete floor systems with f{ = 4000 psi are more economical than ones with
higher concrete strengths.”’
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Toillustrate simplified design, typical structural members of the two buildings (beams, slabs, columns, walls, and
footings) are designed by the simplified procedures presented in the various chapters of this manual. Guidelines
for determining preliminary member sizes and required fire resistance are given in Section 1.8.

1,741
(D

2
3)

)

()

1.2 ehawe th
A Tl DRIV

BUILDING NO. 1—3-STORY PAN JOIST CONSTRUCTION

Floor system: one-way joist slab
Altemate (1)—standard pan joists
Alternate (2)—wide-module joists

Wind-force resisting system: beam and column framing

Load data: roof LL =12 psf

DL = 105 psf (assume 93 psf joists and beams + 10 psf roofing and misc.)

floors LL = &0 psf

Preliminary sizing:

Columns interior =18 X 18 in.
exterior = 16 X 16in,

Width of spandrel beams = 20 in.
Width of interior beams = 36 in.

Fire resistance requircments:
floors: Alternate (1)—1 hour
Alternate (2)-—2 hours*
roof: 1 hour
columns: 1 hour **

]
i)

VY3

-

AL

*In some cases, floors may be serving as an "occupancy separation” and may require a higher rating based on building type of

DL =130 psf (assume 100 psf joists and beams + 20 psf partitions + 10 psf
ceiling and misc.)

construction, For example, there may be a mercantile or parking garage on the lowest floor.

**Colwnmns supporting two hour rated floor, as in Alternate (2), are required to have a two hour rating.
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Figure 1-3 Plan and Elevation of Building #1
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1.7.2
(1)

2

(3)

(4)

(5)

BUILDING NO. 2— 5-STORY FLAT PLATE CONSTRUCTION

Floor system: two-way flat plate - with spandrel beams for Alternate (1)

Wind-force resisting system:
Alternate (1)-—slab and column framing
Alternate (2)—structural walls

Load data: roof LL =20 psf
DL =122 pst
floors LL. = 50 psf
DL* = 142 psf (9 in. slab)
136 psf (8.5 in. slab)

Preliminary sizing:
Slab {(with spandrels) = 8.5 in.
Slab (without spandrels) = 9 in.

Columns interior=16 X 16in.
exterior = 12 X 12 in.

Spandrels = 12 X 20 in.

- Fire resistance requirements:

floors: 2 hours
roof: 1 hour
columns: 2 hours

shearwalls:*¥* 2 hours

Figure 1-4 shows the plan and elevation of Building #2.

*Assume 20 psf partitions + 10 psf ceiling and misc.
¥*Assume interior portions of walls enclose exit stairs.
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Figure 1-4 Plan and Elevation of Building #2
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1-10 Simplified Design

1.8 PRELIMINARY DESIGN

Preliminary member sizes are usually required to perform the initial frame analysis and/or to obtain initial
quantities of concrete and reinforcing steel for cost estimating. Practical initial member sizes are necessary even
when a computer analysis is used to determine the load effects on astructure. The guidelines for preliminary design
given in the following sections are applicable to buildings of moderate size and height. These guidelines were used
to obtain the preliminary sizes listed in Sections 1.7.1 and 1.7.2 for the two example buildings. Chapters 8 and
9 list additional guidelines to achi¢ve overall economy.

1.8.1 Floor Systems

Various factors must be considered when choosing a floor system. The magnitude of the superimposed loads and
the bay size (largest span length) are usually the most important variables to consider in the selection process. Fire
resistance is also very important (see Section 1.8.5). Before specifying the final choice for the floor system, it is
important to ensure that it has at least the minimum fire resistance rating prescribed in the governing building code,

In general, different floor systems have different economical span length ranges for a given iotal factored load.
Also, each system has inherent advantages and disadvantages which must be considered for a particular project.
Since the floor system (including its forming) accounts for a major portion of the overall cost of a structure, the
type of system to be utilized must be judiciously chosen in every situation.

Figures 1-5 and 1-6 can be used as a guide in selecting a preliminary floor system with fz = 4000 psi.m A relative
cost index and an economical square bay size range are presented for each of the floor systems listed. It is evident
that the one-way joist system for Building #1 and the flat plate system for Building #2 are reasonable choices for
the respective spans and loads. In general, an exact cost comparison should be performed to determine the most

economical system for a given building.

Once a particular floor systemn has been chosen, preliminary sizes must be determined for the members in the
system. For one-way joists and beams, deflection will usually govern, Therefore, ACI Table 9.5(a) should be used
to obtain the preliminary depth of members that are not supporting or attached to partitions and other construction
likely to be damaged by deflection. The width of the member can then be determined by the appropriate simplified
equation given in Chapter 3. Whenever possible, available standard sizes should be specified; this size should be
repeated throughout the entire structure as often as possible. For overall economy in a standard joist system, the
joists and the supporting beams must have the same depth.

For flat plates, the thickness of the slab will almost always be governed by two-way (punching) shear, Figure 1-
7 can be used to obtain a preliminary slab thickness based on two-way shear at an interior square column and f;
=4000 psi. For atotal factored load w, (psf) and the ratio of the tributary area of the column A to the column area
012, a value of d/c{, can be obtained from the figure. Note that d is the distance from the compression face of the
slab to the centroid of the reinforcing steel. The preliminary thickness of the slab h can be determined by adding
1.25 in. to the value of d (see Chapter 4).

It is important to note that the magnitude of the unbalanced moment at an interior column is usually small.
However, at an edge column, the shear stress produced by the unbalanced moment can be as large as or larger than
the shear stress produced by the direct shear forces. Consequently, in most cases, the preliminary slab thickness
determined from Fig. 1-7 will have to be increased in order to accommodate the additional shear stress at the edge
columns, Exactly how much of an increase is required depends on numerous factors. In general, the slab thickness
needs to be increased by about 15-20%; the shear stress can be checked at the edge columns after the nominal
moment resistance of the column strip is determined (ACI 13.6.3.6).
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Live Load = 50 psf
Superimposed Dead Load = 20 psf
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Figure 1-5 Cost Comparison of Various Floor Systems, Live Load = 50 psf'z 3
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Live Load = 100 psf
Superimposed Dead Load = 20 psf
f'e = 4000 psi
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Figure 1-6 Cost Comparison for Various Floor Systems, Live Load = 100 psf 3
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Figure 1-7 Preliminary Design Chart for Slab Thickness Based on Two-Way Shear at an Interior Square
Column ( f; = 4000 psi)
When increasing the overall slab thickness is not possible or feasible, drop panels can be provided at the column

tocations where two-way shear is critical, Chapter 4 gives ACI 318 provisions for minimum drop panel
dimensions.
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In all cases, the slab thickness must be larger than the applicable minimum thickness given in ACI 9.5.3. Figure
4-3 may be used to determine the minimum thickness as a function of the clear span &, for the various two-way
systems shown.

1.8.2 Columns

For overall economy, the dimensions of a column should be determined for the load effects in the lowest story of
the structure and should remain constant for the entire height of the building; only the amounts of reinforcement
should vary with respect to height.* The most economical columns usuvally have reinforcement ratios in the range
of 1-2%. In general, it is more efficient to increase the column size than to increase the amount of reinforcement.

Columns in a frame that is braced by shearwalls (no sidesway) are subjected to gravity loads only. Initial column
sizes may be obtained from design aids such as the one given in Fig. 5-1: assuming a reinforcement ratio in the
range of 1-29%, a square column size can be determined for the total factored axial load P, in the lowest story. Once
an initial size is obtained, it should be determined if the effects of slenderness need to be considered. If feasible,
the size of the column should be increased so as io be able io neglect slenderness effects.

When a frame is not braced by shearwalls (sidesway), the columns must be designed for the combined effects of
gravity and wind loads. In this case, a preliminary size can be obtained for a column in the lowest level from Fig.
5-1 assuming that the column carries gravity loads only. The size can be chosen based on 1% reinforcement in
the column; in this way, when wind loads are considered, the area of steel can usually be increased without having
to change the column size. The design charts given in Figs. 5-16 through 5-23 may also be used to determine the
required column size and reinforcement for a given combination of factored axial loads and moments. Note that
slenderness effects can have a significant influence on the amount of reinforcement that is required for a column
in an unbraced frame; for this reason, the overall column size should be increased (if possible) to minimize the
effects of slendemess.

4O Ol minarn MNa
1.0.9 2Iediwdils

For buildings of moderate size and height, a practical range for the thickness of shearwalls is 8 to 10 in. The
required thickness will depend on the length of the wall, the height of the building, and the tributary wind area of
the wall. In most cases, minimum amounts of vertical and horizontal reinforcement are sufficient for both shear
and moment resistance.

In the preliminary design stage, the shearwalls should be symmetrically located in the plan (if possible) so that
torsional effects on the structure due to wind loads are minimized.

1.8.4 Footings

The required footing sizes can usually be obtained in a straightforward manner, In general, the base area is
determined by dividing the totai service (unfactored} loads from the column by the allowable {safe) soil pressure.
In buildings without shearwalls, the maximum pressure due to the combination of gravity and wind loads must
also be checked. The required thickness may be obtained for either a reinforced or a plain footing by using the

appropriate simplified equation given in Chapter 7.

*In tall buildings, the concrete compressive strength usually varies along the height as well.
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1.8.5 Fire Resistance

To insure adequate resistance to fire, minimum thickness and cover requirements are specified in building codes
as a function of the required fire resistance rating. Two hours is a typical rating for most members; however, the

AR5 addanan s

local building code shouId be consulted for the ratings which apply toa Spe01fic project.

Member sizes that are necessary for structural requirements will usually satisfy the minimum requirements for fire
resistance as well (see Tables 10-1 and 10-2). Also, the minimum cover requirements specified in ACI 7.7 will
provide at least a three hour fire resistance rating for restrained floor members and columns (see Tables 10-3, 10-
4, and 10-6).

It is important to check the fire resistance of a member immediately after a preliminary size has been obtained
based on structural requirements. Checking the fire resistance during the preliminary design stage eliminates the
possibility of having to completely redesign the member (or members) later on.

In the examples that appear in the subsequent chapters, the applicable fire resistance requirements tabulated in

Th trad £
Chapter 10 are checked for all members immediately after the preliminary sizes are obtained. The required fire

resistance ratings for both example buildings are listed in Section 1.7.
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Chapter 2
Simplified Frame Analysis

2.1 INTRODUCTION

The final design of the structural components in a building frame is based on maximum moment, shear, axial load,
torsion and/or other load effects, as generally determined by an elastic frame analysis (ACI 8.3). For building
frames of moderate size and height, preliminary and final designs will often be combined. Preliminary sizing of
members, prior to analysis, may be based on designer experience, design aids, or simplified sizing expressions
suggested in this manual.

Analysis of a structural frame or other continuous construction is usually the most difficult part of the total design.
For gravity load analysis of continuous one-way systems (beams and slabs), the approximate moments and shears
given by ACI 8.3.3 are satisfactory within the span and loading limitations stated. For cases when ACI8.3.3 is
notapplicable, atwo-cycle moment distribution method is accurate enough. The speed and accuracy of the method
can greatly simplify the gravity load analysis of building frames with usual types of construction, spans, and story
heights. The method isolates one floor at a time and assumes that the far ends of the upper and lower columns are
fixed. This simplifying assumption is permitted hy ACI 883,

For lateral load analysis of an unbraced frame, the Portal Method may be used. It offers a direct solution for the
moments and shears in the beams (or slabs) and columns, without having to know the member sizes or stiffnesses.

The simplified methods presented in this chapter for gravity load analysis and lateral wind load analysis are
considered to provide sufficiently accurate results for buildings of moderate size and height. However,
determination of load effects by computer analysis or other design aids are equally applicable for use with the
simplified design procedures presented in subsequent chapters of this manual. For example, PCA-Frame is a
general purpose structurai anaiysis program for two- and three-dimensional structures subject to stauc loads which
will output shears, moments, and axial forces for any combination of gravity and/or lateral loads.*
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22  LOADING

2.21 Service Loads

The first step in the frame analysis 1s the determination of design (service) loads and wind forces as called for in
the general building code under which the project is to be designed and constructed. For the purposes of this
manual, design live loads (and permissible reductions in live loads) and wind loads are based on Minimum Design
Loads for Buildings and Other Structures, ASCE 7-88%2. References to specific ASCE Standard requirernents
are noted (ASCE 4.2 refers to ASCE 7-88, Section 4.2). For a specific project, however, the governing general
building code should be consulted for any variances from ASCE 7-88. Design for earthquake-induced load effects
is not considered in this manual.

Design dead loads include member self-weight, weight of fixed service equipment (plumbing, electrical, etc.) and,
where applicable, weight of built-in partitions. The latter may be accounted for by an equivalent uniform load of
not less than 20 psf, although this is not specifically defined in the ASCE Standard (see ASCE Commentary
Section 3.4 for special considerations).

Design live loads will depend on the intended use and occupancy of the portion or portions of the building being
designed. Live loads include loads due to movable objects and movable partitions temporarily supported by the
butlding during maintenance. In ASCE Table 2, uniformly distributed live loads range from 40 psf for residential
use to 250 psf for heavy manufacturing and warehouse storage. Portions of buildings, such as library floors and
file rooms, require substantially heavier live loads. Live loads on a roof include maintenance equipment, workers,
and materials. Also, snow loads, ponding of water, and special features, such as landscaping, must be included
where applicable.

Occasionally, concentrated live loads must be included; however, they are more likely to affect individual
supporting members and usually will not be included in the frame analysis (see ASCE 4.3).

Design wind loads are usually given in the general building code having jurisdiction. For both example buildings

here, the calculation of wind loads is based on the procedure presented in ASCE 6.4.2.

2.2.1.1 Example: Calculation of Wind Loads - Building #2

For illustration of the ASCE procedure, wind load calculations for the main wind-force resisting system of
Building #2 (5-story flat plate) are summarized below.

Wind-force resisting system:

Alternate (1) - Slab and column framing with spandrel beams
Alternate (2) - Structural walls

(1) Wind load data

Assume building located in Midwest in flat open terrain

Basic wind speed V = 80 mph ASCE Fig. 1
Building exposure = C, open terrain ASCE 6.5.3
Importance factor I = 1.0 ASCE Tables 1 & 5

Gust response factor G, = 1.20 (h = 63 ft) ASCE Table 8
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Wall pressure coefficients Cp: ASCE Fig. 2
Windward—both directions Cp =08
Leeward—E-W direction Cp = 0.3 (L/B =120/60=2)
N-S direction Cp = 0.5 (L/B=60/120= 0.5)

Maximum velocity pressure
exposure coefficient Ky = 1.24 ASCE Table 6

(2) Design wind pressures in the N-S direction

Height above qz Windward | Leeward | Total p;
ground level {ft) Kz {pst) zCGnhCp | aBnGp {psf)
60-70 1.24 20.3 195 12.2 31.7
50-60 1.19 18.5 18.7 12.2 30.9
40-50 1.13 185 17.8 12.2 30.0
30-40 1.06 17.4 16.7 12.2 28.9
25-30 0.98 16.1 15.5 12.2 27.7
20-25 0.93 15.2 14.6 12.2 26.8
15-20 0.87 14.3 13.7 12.2 25.9
0-15 0.80 13.1 12.6 12.2 24.8

Sample calculations for 0-15 ft height range:

Design wind pressure p, = (windward) + (leeward) ASCE Table 4

Pz = (@2GnCp) + (qnGrCp)*
pz = 12,6 +122 =248 psf

where g; = 0.00256 K,(IV)” = 0.00256 X 0.80 (1 X 80) = 13.1 psf ASCE Egq. (3)
QGrCp = 13.1 X 1.20 X 0.8 = 12.6 psf (windward pressure)

and g = 0.00256 Kn(IV)? = 0.00256 X 1.24 (1 X 80)* = 20.3 psf
anGrCp = 20.3 X 1.20 X 0.5=12.2 psf (leeward pressure uniform for full height of building)

(3) Wind loads in the N-S direction

Using the design wind pressures p,, assumed uniform over the incremental heights above ground level, the
following equivalent wind loads are calculated at each floor level:

Alternate (1)-Slab and column framing
Interior frame (24 ft bay width)

roof = [(31.7 X 3) + (30.9 X 3)](24/1000) = 4.51 kips

4th = [(30.9 X 6) + (30.0 X 6)](24/1000) = 8.78 kips

3rd = [(30.0 X 6) + (28.9 X 6)](24/1000) = 8.44 kips

2nd = [(28.9 X 3) +(27.7 X 5) + (26.8 X 4)](24/1000) = 7.96 kips
Ist = [(26.8 X 1)+ (259 X 5)+ (24.8 X 7.5)](24/1000) = 8.20 kips

Altemnate (2)-Structural wall
Total for entire building (120 ft width)

roof = 4.51(120/24) = 22.6 kips
4th = 8.78(120/24) = 43.9 kips

*Internal pressures acting on windward and leeward walls cancel.

I
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3rd 8.44(120/24) = 42.2 kips
2nd = 7.96(120/24) = 39.8 kips
Ist = 820(120/24) =41.0 kips

(4) Wind loads in the E-W direction

Using the same procedure as for the N-S direction, the following wind loads are obtained for the E-W direction: -

Alternate (1)-Slab and column framing
Interior frame (20 ft bay width)

roof = 3.17 kips

4th = 6.13 kips
3rd = 5.89kips
2nd = 5.47 kips

1st = 5.52 kips

Alternate (2)-Structural walls
Total for entire building (60 ft width)

roof = 9.51 kips

4th = 18.4 kips
3rd = 17.7 kips
2nd = 16.4 kips
1st = 16.6 kips

(5) The above wind Ioad calculations assume a uniform design wind pressure p, over the incremental heights
above ground level as tabulated in ASCE Table 6, i.e., 0-15, 15-20, 20-25, etc. Alternatively, wind load
calculations can be considerably simplified, with results equally valid (especially for low-to-moderate height
buildings), by computing design wind pressures at each floor level and assuming uniform pressure between
midstory heights above and below the floor level under consideration. For one- and two-story buildings, a

design wind pressure computed at the roof level and assumed uniform over full building height would also
seem accurate enough.

Recalculate the wind loads in the N-8 direction using design wind pressures computed at each floor level:

Story height above Az Windward | Leeward | Total p,
ground level (ft) Kz (psf) 4zGnCp | aCnGp (psf)
roof—63 1.21 19.8 19.0 1.9 30.9
4th—51 1.14 18.7 18.0 11.9 29.9
3rd—39 1.05 17.2 16.5 11.9 28.4
2nd—27 0.95 15.6 15.0 11.9 26.9
1st—15 0.80 13.1 12.6 11.9 24.5

where gy = 0.00256 Kn(IV)? = 0.00256 X 1.21 (1 X 80)* = 19.8 psf
anGrCp = 19.8 X 1.20 X 0.5=11.9 psf

Alternate (1)-Slab and column framing
Interior frame (24 ft bay width)
roof =30.9 X 6 X 24 = 4.45 kips
4th =29.9 X 12 X 24 = 8.61 kips
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3rd =28.4 X 12 X 24 =8.18 kips
2nd =26.9 X 12 X 24 =775 kips
Ist =24.5 X 13.5 X 24 =794 kips

22.1.2 Example: Calculation of Wind Loads - Building #1

Wind load calculations for the main wind-force resisting system of Building #1 (3-story pan joist framing) are
summarized below.

Wind-force resisting systern: Beam and column framing
(1) Wind load data

Assume the building is located along the hurricane oceanline in flat open terrain.

Basic wind speed V = 110 mph ASCE Fig. 1
Builqing exposure = C, open terrain ASCE 653
Importance factor I = 1.05 ASCE Tables 1 & 5
Gust response factor Gy, = 1.23 (h =39 ft) ASCE Table 8
Wall pressure coefficients Cp: ASCE Fig. 2

Windward-—both directions Cp; = (0.8
Leeward— E-W direction C; = 0.37 (L/B = 150/90 = 1.67)
N-S direction Cp = 0.5 (L/B = 90/150 = 0.6)

Maximum velocity pressure exposure coefficient Ky, = 1.05 ASCE Table 6
(2) Summary of wind loads

N-S & E-W directions (conservatively use N-S wind loads in both directions):
Interior frame (30 ft bay width)

Roof= 11.2 kips
2nd = 20.9 kips
Ist = 19.1 kips

il

Note: The above loads were determined using design wind pressures computed at each floor level.

2.2.2 Live Load Reduction for Columns, Beams, and Slabs

Most general building codes permit a reduction in live load for design of columns, beams and slabs to account for
the probability that the total floor area “influencing” the load on a member may not be fully loaded simultaneously.
Traditionally, the reduced amount of live load for which a member must be designed has been based on a tributary
floor area supported by that member. According to ASCE 7-88, the magnitude of live load reduction is based on
an influence arearather than atributary area (see Commentary Section4.8.1). Forexample, for an interior column,
the influence area is the total floor area of the four surrounding bays (four times the traditional tributary area). For
an edge column, the two adjacent bays “influence” the load effects on the column, and a corner column has an
influence area of one bay. For interior beams, the influence area consists of the two adjacent panels, while for the
peripheral beam it is only one panel. For two-way slabs, the influence area is equal to the panel area.
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'The reduced live load L per square foot of floor area supported by columns, beams, and two-way slabs having an
influence area of more than 400 sq ft is:

15
L=L, (0.25 + — ASCE Eq. (1
where L, is the unreduced design live load per square foot, and A; is the influence area as described above. The
reduced live load cannot be taken less than 50% for members supporting one floor, nor less than 40% of the unit
live load L, otherwise. For limitations on live load reduction, see ASCE 4.8.2.

Using the above expression for reduced live load, values of the reduction multiplier as a function of influence area
are given in Table 2-1,

Table 2-1 Reduction Multiplier (RM) for Live Load = (0.25 + 15/./A|)

Influence Area Influence Area
Aj (ft2) RM AD | RM
4004 1.000 5600 0.450
800 0.760 6000 0.444
1200 0.683 6400 0.438
1600 0.625 6800 0.432
2000 0.585 7200 0.427
2400 0.556 7600 0.422
2800 0.533 8000 0.418
3200 0.515 8400 0.414
3600 0.500P 8800 0.410
4000 0.487 9200 0.406
4400 0.476 9600 0.403
4800 0.467 10000 0.400°¢
5200 0.458

2o live load reduction is permitted for influence area less than 400 sq ft.

PMaximum reduction permitted for members supporting one floor only.
“Maximum absolute reduction.
The live load reduction multiplier for beams and two-way slabs having an influence area of more than 400 sq ft

i i &NN fi tha radii~ts Tei0- 14 £
ranges from 1.0 to 0.5. For influence areas on these members exceeding 3600 sq ft, the reduction multiplier of

0.5 remains constant.

The live load reduction multiplier for columns in multistory buildings ranges from 1.0 to 0.4 for cumulative
influence areas between 400 and 10,000 sq ft. Forinfluence areas on columns exceeding 10,000 sq ft, the reduction
multiplier of 0.4 remains constant.

The above discussion on permissible reduction of live loads is based on ASCE 4.8. The governing general building
code should be consulted for any difference in amount of reduction and type of members that may be designed fora
reduced live load.

2.2.2.1 Example: Live Load Reductions for Building #2

For illustration, typical influence areas for the columns and the end shear walls of Building #2 (5-story flat plate)
are shown in Fig. 2-1. Corresponding live load reduction multipliers are listed in Table 2-2.
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Figure 2-1 Typical Influence Areas, Building #2
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Table 2-2 Reduction Multiplier (RM) for Live Loads, Building #2

Interior Columns Edge Columns Corner Columns End Shear Wall Units
Story A (ft2) RM A (ft2) RM A (ft2) RM A (ft2) RM
5 (roof) * * * *
4 1920 0.59 960 0.73 480 0.94 1440 0.65
3 3840 0.49 1920 0.59 960 0.73 2880 0.53
2 5760 0.45 2880 0.53 1440 0.65 4320 0.48
1 7680 0.42 3840 0.49 1920 0.59 5760 0.45

*No reduction permitted for roof live load (ASCE 4.8.2); the roof should not be included in the influence areas of
the floors below.

For the interior columns, the reduced live load is L = 0.42 L, at the first story (A = 4 bay areas X 4 stories = 20
X 24 X 4 X 4 ="7680 sq ft). The two-way slab may be designed with an RM = 0.94 (A= 480 sq ft for one bay
arca). Shear strength around the interior columns is designed for an RM = 0.59 (A1 = 1920 sq ft for 4 bay areas),
and around an edge column for an RM = (.73 (A1 = 960 sq ft for 2 bay areas). Spandrel beams could be designed
for an RM =0.94 (one bay area). If the floor system were a two-way slab with beams between columns, the interior
beams would qualify for an RM = (.73 (2 bay areas).

2.2.3 Factored Loads

The strength method of design, using factored loads to proportion members, is used exclusively in this manual.
The design (service) loads must be increased by specified load factors (ACI 9.2), and factored loads must be
combined in load combinations depending on the types of loads being considered. ‘

For design of beams and slabs, the factored load combination used most often is:

U=14D+1.7L ACI Eq. (9-1)

For a frame analysis with live load applied only to a portion of the structure, i.e., alternate spans (ACI 8.9), the
factored loads to be applied would be computed separately using the appropriate load factor for each load.
However, for approximate methods of analysis (such as the approximate moment and shear expressions of ACI
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8.3.3), where live load can be assumed to be applied over the entire structure, it may be e xpedient to use a composite
load factor, C, where U= C(D +L). An exact value of C can be computed for any combination of dead load and
live load as:

_ 14D + 1.7L _ 1.4 +1.77(L/D)
D+L 1+L/D

Table 2-3 gives composite load factors for various types of floor systems and building occupancies. A composite
load factor may be taken directly from the table and interpolated, if necessary, for any usual L/D ratio. Alternately,

a single value of C = 1.6 could be used without much error. An overdesign of about 9% for low L/D ratios and
an underdesign of 1.6% for L/D =3 would result. Since the majority of building designs will not involve L/D ratios
in the very low range or approaching the value of 3.0, use of the single value of C = 1.6 for all designs can provide

an effective simplification.

Table 2-3 Composite Load Factors, C

Floor System D {psf) Use L {psf) L/D C Approx. C| % diff.
9" Flat plate 120 roof 30 0.25 1.46 1.6 9.6
3' Waffle (25' span) 120 resid. 10 0.33 1.47 1.6 8.8
5' Waffle (50" span) 175 office 70 0.40 1.49 1.6 7.4
5" Flat plate 70 roof 35 0.50 1.50 1.6 6.7
5" Flat plate 60 resid. 40 0.67 1.52 1.6 5.3
5' Waffle (25' span) 100 office 100 1.00 1.65 1.6 3.2
5' Waffle (30' span) 173 indust. 250 1.45 1.58 1.6 1.3
3' Waffle (20" span) 125 indust. 250 2.00 1.60 1.6 -
Joists (15' X 25') 100 indust. 250 2.50 1.61 1.6 -0.6
5' Waffle (25' span) 133 library 400 3.00 1.63 1.6 -1.6

There is one final consideration when using factored loads to proportion members. The designer has the choice
of multiplying the service loads by the load factors before computing the factored load effects (moments, shears,
etc.), or computing the effects from the service loads and then multiplying the effects by the load factors. For
example, in the computation of bending moment for dead and live loads [U = 1.4D + 1.7L or U = 1.6 (D+L)], the
designer may (1) determine wy = 1.4 wq + 1.7 wyand then compute the factored moments using wy; or (2) compute
the dead and live load moments using service loads and then determine the factored moments as My = 1.4My4 +
1.7 M, Both analysis procedures yield the same answer. It is important to note that the second alternative is much

t +. PR T r—— PR
more general than the first; thus, it is more suitable to computer analysis, especially when more than one load

combination must be investigated.

23  FRAME ANALYSIS BY COEFFICIENTS

The ACI Code provides a simplified method of analysis for both one-way construction (ACI 8.3.3) and two-way
construction (ACI 13.6). Both simplified methods yield moments and shears based on coefficients. Each method will
give satisfactory results within the span and loading limitations stated. The direct design method for two-way slabs
1s discussed in (‘hantpr 4,

23.1 Continuous Beams and One-Way Slabs

' i inm ACTR 2 A nrnavidec annravimats
When beams and one-way slabs are part of a frame or continuous construction, ACI 8.3.3 provides approximate

moment and shear coefficients for gravity load analysis. The approximate coefficients may be used as long as all
of the conditions illustrated in Fig. 2-2 are satisfied: (1) There must be two or more spans, approximately equal
in length, with the longer of two adjacent spans not exceeding the shorter by more than 20 percent; (2) loads must
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Simplified Frame Analysis 2-9

Uniformly Distributed Load (L/D < 3) ﬁ

1
T_Prismatic
<121 In Members

Two or More Spans
Figure 2-2 Conditions for Analysis by Coefficients (ACI 8.3.3)
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must have uniform cross section throughout the span. Also, no redistribution of moments is permltted (ACI8.4).
The moment coefficients defined in ACI 8.3.3 are shown in Figs. 2-3 through 2-6. In all cases, the shear in end
span members at the interior support is taken equal to 1.15w,4,/2. The shear at all other supports is wyly/2 (see
Fig. 2-7). wy, is the combined factored load for dead and live loads, wy, = 1.4wy + 1.7w;. For beams, wy, is the
uniformiy distributed load per unit length of beam (plf), and the coefficients yield total moments and shears on
the beam. For one-way slabs, wy is the uniformly distributed load per unit area of slab (psf), and the motments
and shears are for slab strips one foot in width. The span length {, is defined as the clear span of the beam or slab.
For negative moment at a support with unequal adjacent spans, , is the average of the adjacent clear spans. Support
moments and shears are at the faces of supports.

2.3.2 Example: Frame Analysis by Coefficients

Determine factored moments and shears for the joists of the standard pan joist floor system of Building #1
(Alternate (1)) using the approximate moment and shear coefficients of ACI 8.3.3. Joists are spaced at 3 ft on
centers.

(1) Data; Width of spandrel beam = 20in.
Width of interior beams = 36 in.
Floors: LL = 60 psf
DL = 130 psf

A A A ~

wy = 1.4 (130)+ 1.7

~e A o 10

(60) = 284 psf X 3 ft = 852 plf

(2) Factored moments and shears using the coefficients from Figs. 2-3, 2-4, and 2-7 are summarized in Fig. 2-8.

24  FRAME ANALYSIS BY ANALYTICAL METHODS

For continuous beams and one-way slabs not meeting the limitations of ACI 8,3.3 for analysis by coefficients, an
elastic frame analysis must be used. Approximate methods of frame analysis are permitted by ACI 8.3.2 for

S L ALl A Cy
"ustial" types of buildings. Simplifying assumptions on member stiffnesses, span lengths, and arrangement of live

load are given in ACI 8.6 through 8.9.

24.1 Stiffness

The relative stiffnesses of frame members must be established regardless of the analytical method used. Any

reasonable consistent procedure for determining stiffnesses of columns, walls, beams, and slabs is permitted by
ACI8.6.
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. L] e ] with
Simple 2 2 2
Support Wuly wulh wulh Support
11 16 14 a
End Span Interior Span End Span
Figure 2-3 Positive Moments—All Cases
Le i fn N n
| Tt T --|-
— | Integral
- | | 3 with
Simple i | i | 151 Support
Support . +
PP wof2  wuid wuld  wld wu2  Spandrel
10 11 ih] 10 24 Support
Wy £2 wu /3 Column
5 (2spans) _1 5 Support
Figure 2-4 Negative Moments—Beams and Slabs
e
— (s M —
- 1 1 =4 Integral
Simple 2 L A with
Support
Support wuf2 wyl2 wuf2 wuld wul
12 12 12 12 12 T
Figure 2-5 Negative Moments—Slabs with spans < 10 ft
In . in e In .
wy £2 wul2 Wull wufs Wyl wuld
12 12 12 12 12 12
Figure 2-6 Negative Moments—Beams with Stiff Columns (XK /3Ky, > 8)
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I 1 N
I u u =] Integral
Simple Wuln 1.15Wufn Wufn wuln 1.15wuén wWutn | ‘gggpon
Support 2 2 2 2 2 2
J_.‘,..
End Span Interior Span End Span

Figure 2-7 End Shears—All Cases
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3OI_0II ‘;‘ aol_oll JF 1 5._0"
8"1'-0" fh=27.5 30" Ih=27.0 L 30" 4y=27.0
1 ! T
Sym. about G&-;}
]
Total Load ' wyln = 0.85 X 27.5 0.85 X 27.0 = 23.0 kips 0.85 x 27.0 = 23.0 kips
= 23.4 kips
fCoefﬁcient ‘
Fig. 2-7 Iz 1.18/2 /2 /2 Iz
Shear Vv, | 11.7 kips 13.5 kips 11.5 kips 11.5 kips 11.5 kips
wyln? 643.5 ft-kips 621.0 ft-kips 621.0 ft-kips
Coefficient
from 114 116 116
Fig. 2-3
Pos. My 46.0 fi-kips 38.8 ft-kips 38.8 ft-kips
I 2751 27.25ft 27.25 1" 27.01t 27.01t
Wyln2 643.5 fi-kips 631.2 fi-kips 631.2 fi-kips 621.0 fi-kips 621.0 fi-kips
Coefficient
from 1/24 110 1/11 1711 1711
Fig. 2-4
Neg. My 26.8 fi-kips 63.1 ft-kips 57.4 #t-kips 56.5 ft-kips 58.5 ft-kips

*Average of adjacent clear spans
Figure 2-8 Factored Moments and Shears for the Joist Floor System of Building #1 (Alternate (1))

The selection of stiffness factors will be considerably simplified by the use of Tables 2-4 and 2-5. The stiffness
factors are based on gross section properties (neglecting any reinforcement) and should yield satisfactory results
for buildings within the size and height range addressed in this manual. In most cases where an analytical
procedure is required, stiffness of T-beam sections will be needed. The relative stiffness values K given in Table
2-4 allow for the effect of the flange by doubling the moment of inertia of the web section (byh). For values of
h¢/h between 0.2 and 0.4, the multiplier of 2 corresponds closely to a flange width equal to six times the web width.
This is considered a reasonable allowance for most T-beams. 3 Bor rectangular beam sections, the tabulated

values should be divided by 2. Table 2-5 gives relative stiffness values K for column sections. It should be noted
that column stiffness is quite sensitive to changes in column size. The initial judicious selection of column size
and uniformity from floor to floor is, therefore, critical in minimizing the need for successive analyses.

As is customary for ordinary building frames, torsional stiffness of transverse beams is not considered in the
analysis. Forthose unusual cases where equilibrium torsion is involved, a more exact procedure may be necessary.

24.2 Arrangement of Live Load

According to ACI 8.9.1, it 1s permissible to assume that for gravity load analysis, the live load is applied only to
the floor or roof under consideration, with the far ends of the columns assumed fixed. In the usual case where the

Publication List Book Contents




2-12 Simplified Design

Table 2-4 Beam Stiffness Factors

hy Moment of inertia, excluding
k v e overhanging flanges:
h F _ bwh 3 . 2
12 K" = Joz
Moment of inertia of T-section = 21
Values of K for T-beams
Span of beam, ¢ (fty** Span of beam, 1§ {if)**
h By 1 8 10 12 14 18 20 24 320 h by, 1 8 10 12 14 18 20 24 30
6 258 6 5 4 4 3 3 2 2 8 9216 230 185 155 130 115 20 75 60
8 3H k] 7 ] 5 4 3 3 2 10 11520 290 230 190 165 145 115 a5 75
10 427 11 9 7 -] 5 4 4 3 112 13248 330 265 220 190 185 130 110 g0
8 11142 491 12 10 8 7 -] S 4 3| 241 13 14976 3rs 300 250 218 185 150 125 100
13 585 14 il 9 8 7 & L3 4 15 17280 430 345 290 245 215 175 145 115
15 640 16 13 11 ] 8 a8 5 4 17 19584 490 380 325 280 245 195 165 130
17 725 18 15 12 10 g 7 8 5 19 21888 545 440 385 315 275 220 180 145
19 811 20 16 14 12 10 8 7 5 21 24192 805 485 408 345 300 240 200 160
5] 500 13 10 8 7 [ 5 4 3 8 11717 295 235 195 165 145 115 100 80
) 867 17 13 11 10 8 7 [} 4 10 14647 3565 285 245 210 185 145 120 100
10 833 21 17 14 12 10 8 7 6 11172 16844 420 335 280 240 210 170 140 110
10 | 112 9581 24 19 18 14 12 10 2] 8] 28 | 13 19041 475 380 315 270 240 190 160 125
13 1083 27 22 18 15 14 11 g 7 15 21970 550 440 365 315 275 220 185 145
15 1250 3 25 4] 18 16 13 10 a8 17 24899 620 500 415 355 310 250 205 165
17 1417 a5 28 24 20 18 14 12 9 19 27892 695 555 465 400 350 280 230 185
19 1583 40 32 26 23 20 16 13 11 21 30758 770 615 515 4410 385 310 285 205
6 gsa| 22 17 14 12 11 9 7 4] 8 14835 365 295 245 219 185 145 120 100
8 1152 29 23 19 16 14 12 10 8 10 18203 458 365 305 280 230 185 150 120
10 1440 38 29 24 21 1B 14 12 10 11172 21037 525 420 350 lils] 265 210 175 140
12 11112 1658 41 a3 28 24 21 17 14 11| 28 13 23781 595 475 385 340 295 240 200 160
13 1872 47 37 3 27 23 19 16 12 15 27440 685 650 455 390 345 275 230 185
15 2180 54 43 36 3 27 22 18 14 17 31099 775 620 520 445 390 310 260 205
17 2448 81 49 4i a5 3 25 20 16 19 34757 870 895 580 495 435 350 290 230
19 2736] 68 55 46| 39 34 27 23 18 21 38416 960 770 640 550 480 385 320 255
3 1372F 34| 27| 23| 2o 7 [ 14 14 [} 8 18000 450] 360 300 255 225] 180 150 120
B 1829 46 37 30 26 23 18 15 12 10 22500 565 450 375 320 280 225 190 180
10 2287 s7 46 38 a3 20 23 19 15 1112 25875 645 520 430 370 325 280 215 175
14| 1112 2830| 66 53 44| 38 a3 26| a2 18] 30| 13 29280 730 585 480 420 365 285 245 165
13 2073 74 59 50 42 37 30 25| 20 15 33750 845 675 585 480 420 340 280 225
16 3430 B8 69 57 49 43 34 29 23 17 38250 955 785 640 545 480 385 320 255
17 3887 a7 78 85 56 49 39 3z 26 19 427580 1070 855 715 610 535 430 358 285
19 4345] 109 | 87 72 62] 54 431 36 29 21 47250 1180 245 790 675 590 475 395 315
6 2048 3] 4 34 29 26 20 17 14 8 31104 780 a20 520 445 380 310 260 205
B 2731 &8 55 45 39 34 27 23 18 10 38680 g70 780 B850 555 4BS 390 325 280
10 3413} 85 68 57 49 43 34 28 23 1112 44712 1120 895 745 640 560 445 375 300
16 | 1112 3925 =1: 79 65 56 49 g 33 28| 36 13 50544 1280 1010 B4Q 720 830 508 420 335
13 4437 | 111 B9 74 83 55 a4 37 30 15 58220 1480 1170 970 B35 730 585 485 390
15 5120 1281 102 85 73 64 51 43 34 17 66096 1850 1320 13100 945 825 660 550 440
17 5803| 145) 1i6 a7 a3 73 58 48 39 19 T3BT2 1850 1480 1230 1060 925 T40 615 490
19 6485 | 162 _‘IiO 108 93 81 85| 54 43 21 81648 | 2040 1630 1360 1170] 1020 815 680 545
G 2916| 73| 58 49 421 36 29 24 19 8 49392 123G 930 825 705 615 485 410 330
2] 3B8s a7 78 65 56 49 ag a2 28 10 B174Q 1540 1230 1030 BBO 770 615 515 410
10 48601 122 97 81 50 81 49 41 a2 112 71001 1780 1420 1180 1010 B90 710 590 475
18 | 11t2 55891 140] 112 93 80| 70 56 47 arj a2 ] 13 80262 2010} 1610 1340 1150 1000 805 B70 535
13 8318 | 188 126 | 105 80 79 83 53 a2 15 g2810 | 2320 1850 15401 1320 1160 925 770 615
15 72000 182 | 146 | 122| 104 a1 73 61 49 17 104958 2620 2100 1750 1500 1310 1080 B75 700
17 B2z 207 | i85 | 138 118 103 83 69 55 19 117306 2930 2350 1950 1680 1470 1170 975 7RO
19 9234 | 231 ] 185 ] 154 132] 115 92 77 62 21 129_@4 3240 2590 2160§ 1850 1620 1300} 1080 BB5
[ 4000 100 80 67 57 50 40 33 27 8 73728 1840 1470 1230 1050 820 735 615 490
B 5333 | 133 107 89 76 B7 53 a4 !:) 10 92180 2300 1840 1540 1320 1150 920 770 615
10 €867 | 167) 133| 111 <15 B3 87 58 44 11172 | 105984 | 2850 2120 1770 1510 1320 1060 BAS 705
20 | t112 7667| 1e2| 153 | 128 110 96 77 64 5t 48 13 119808 3000 2400 2000 1710 1500 1200 1000 800
13 8867 | 217 173 | 144| 124| 108 B7 72 58 15 138240 3460 2760] 2300 1970 1730 1380 1150 920
15 10000 | 250 200 | 187 | 143] 125] 100 83 67 15 156672 3020 3130 2810 2240 1880 1570 1310 1040
17 11333 | 28af 227 ] t89| 162| 142| 113 94 76 19 175104 4380 3500 2920 2500 2180 1750 1460 1170
19 12667 | 317 2531 211] 81| 158 127 | 106] 84 21 193536 4840 3870f 3230| 2760 2420 1840 1610 1290
I3 sa24| 183 | 108 89 e 67 53 44 56 8 Wé?é“ 2620 2100 17e0 1500 1310 1030 B7G 700
B 7099 ] 177 | 142 1181 101 89 71 59 47 10 131220 3280 28201 2190 1880 1640 1310 1080 875
10 88731 222 | 177 | 148 ] 127] 111 B9 74 59 111/2 | 150803 arro 3020 | 2510 2160 1880 1510 1260 1010
22 | 11172 10204 ] 255 | 204 170] 146] 128 ] 102 B5 6] 54 | 13 170588 4260 3410 2840 2440 2130 1710 1420 1140
13 11535 | 2868 | 231 192 | 185] 144 ] 115 96 77 15 196830 4920 3490 3280 2810 2460 1970 1640 1310
15 133101 333 | 266| 222§ 190] 166{ 133{ 111 89 17 223074 5580 4480 3720 3190 2790 2230 1860 1490
17 150B5 | 377 | 02| 251 215] 189] 151 ] 1286 101 19 246318 6230 4930 4160 3560 3120 2490 2080 1660
19 16953 | 421 | 337 | 281 ) 241) 211] 169 141} 112 21 275562 8880 5510 4590 3940 3440 2760 2300 1840

*Coefficient 10 introduced to reduce magnitude of relative stiffness values

**Center-to-center distance between supports
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Simplified Frame Analysis 2-13
Table 2-5 Column Stiffness Factors
h pobhs L
12 102,
Values of K for columns
Height of column, ¢ (ft)*™ Height of column, §, (ft}*"
h b 1 8 g 10 11 12 14 16 20 h ] 1 8 2] 10 11 12 14 16 20
10 427 5 5 a 4l 4 3 3| 2 12 13824 78| 155] 140 126| 115 100 85 70
12 512 & s 5 5 4 a 3 3 14 168128 200 180| 180 145 185 15| 100 80
14 597 71 7 6 5 5| 4] 4| 3 18 20738 | 260} 230] =205 190 175 150 130 105
;) 18 766 10 9 8 7 8 5 5 4| 24 | 22 25344 315 280 255 230 210 180 160 125
o2 93¢ 12 10 9 9 8 7 3] 5 25 29952 375 335 300 270 250 215 185 150
28 1109 14 12 11 10 ko] ) 7 8 an 34580 430 385 345 315 280 245 215 175
30 1280 16 14 13 12 11 9 8 6 36 41472 820 460 415 375 345 205 260 205
38 1536 19 17 15 14 13 11 10 B8 42 48&1 605 540 485 440 405 345 300 240
10 833 10 9 8 8 7 6 5 4 2 17578 220 185 175 160 145 125 110 21e)
12 1000 13 1 10 9 8 7 6 5 14 20505 255 230 205 185 170 145 130 105
14 1167 15 13 12 11 10 8 7 5 18 26364 330 295 265 240 220 130 165 330
10 ] 18 1500 19 17 15 14 12 11 9 8| 26 1 22 32223 405 360 320 285 270 230 200 160
22 1833 23 20 i8 17 15 13 11 9 215 38081 475 425 380 345 3t5 270 240 130
26 2167 27 24 22 20 18 16 14 1t 30 43940 550 400 440 400 365 315 275 220
a0 2500 3 28 25 23 21 18 16 13 36 52728 660 585 525 480 440 ars 330 265
36 3000 38 33 30 27 25 21 19 15 42 61516 ilﬁ 665 6515 5680 515 440 335 310
10 1430| 18| 18| 14] 13| 12} 10 o 7 12 21952 | 275 | 245) =220| 200| 185| 155| 1as| 110
12 1728] 22| 19| 17| 18] 1af 12] n 9 14 26611 az0| 285) 255) 235 =215 88| 1e0| 130
14 2016 25 22 20 1B 17 14 13 10 18 32928 410 365 330 300 275 235 205 185
12 | 16 2592 a2 29 26 24 22 18 16 13| 28 | 22 40245 505 445 400 385 3as 285 250 200
22 atés] 40 as| az| 28| 26| 23] =0 16 28 a7563 | ses| s530| 47s| 430| =39s| a3d0] 285] 240
28 ara4] arq 42| 37| 24| 31| 27| 23] 19 30 sapeo| ees]| eio| s550| s00| 4551 a0 345) 275
30 as20| s4| 481 431 39| as| 31| 27| 2 35 eses6| B25| 730} eso| eon| ss50| 470| 410] Q30
36 5184]| 65 58 52 47 43 a7 32 26 42 76832 060 855 770 700 840 550 480 385
10 2287 29 25 23 21 19 18 14 11 12 27000 340 300 270 245 225 195 170 135
12 2744 34 30 27 25 23 20 17 14 14 31500 395 as0 315 285 265 225 185 160
14 3201 40 38 32 29 27 23 20 16 18 40500 505 450 4085 aro 340 290 285 205
14 | 18 4116 51 46 4% 37 34 29 26 21 ac | 22 48500 620 550 495 450 415 355 310 250
22 5031 83 58 S0 46 42 35 A 25 26 58500 T30 B850 58S 530 430 420 365 295
26 5945 74 66 59 54 50 42 a7 R 0 67500 B45 750 675 615 585 480 420 340
30 BB60 86 76 B0 62 57 49 43 4 a6 81000 1010 900 810 735 675 580 505 405
36 ngQ 103 21 B2 75 B9 59 51 41 42 94@90 1180 1050 945 860 790 675 590 475
10 3418 43| 38| a4| 31| 28] 24| 21| 7 12 32766 | 410 | 365§ 330| a00| 275| 235| 205]| 165
12 acae| s1| 48| 41| 37| =4 20| 26| 20 14 aszee) aso| 45| aso) a350| az20| =27s| 240 180
14 a779| 60| 53| 48| 43| 40| 3af 30| 24 18 40152 | 615| 5a5| 400 a4as| a10] 30| aw0s| 245
16 | 18 8144 77 88 &1 £6 51 44 38 at| az | 22 80075 750 670 600 545 500 430 375 600
22 7509 84 B3 75 58 53 54 47 38 26 70997 ass 790 710 645 590 505 445 355
28 ge75 ] 111 =12 89 81 74 63 55 a4 a0 81820 1020 810 B20 745 685 585 510 410
30 10240 | 128 | 1141 102 93 85 73 64 a1 26 86304 1230 1080 985 B95 B20 700 B15 430
36 12288 | 154 | 137 | 123 ] 112 ] 102 88 77 61 42 114688 143C¢ 1270 1150 1040 955 820 715 575
10 4860 61 54 49 44 4% as 30 24 12 39304 480 435 395 355 330 280 245 195
12 5832 73 865 58 53 49 42 a6 208 14 45855 575 510 480 415 380 330 285 230
14 6604 85 76 €8 82 57 49 43 3 18 58956 735 855 590 535 490 420 370 295
16 | 18 8748] 109 97 B7 B8O 73 62 55 44| 34 | 22 72057 900 800 720 655 600 518 450 380
22 10892 | 134] 119} 107 a7 B89 76 67 53 26 B5158 1060 945 850 775 710 é10 530 425
26 12838 | 158 | 140{ 126§ 115} 105 g0 79 B3 30 98260 1230 1080 985 B985 820 700 815 490
30 14580 | 12| 162 | 146 | 133 ] 122 | 104 41 73 36 117912 1470 1310 1180 1070 980 840 735 590
36 17406 | 219]| 194 | 175 | 159 ] 146§ 125 | 109 87 42 137564 17&(} 1530 1380 1250 1150 985 860 690
10 6667 83 T4 67 61 56 48 42 33 12 46856 585 520 465 425 380 336 290 238
12 sooo| ioo| es| so| 73| e7| s7| s0| 40 14 54432 680| 605 s45] 4o5| 4s5| as0 340| 270
14 9333{ 117} 10a| o3l &s| 78| 67| s8} 47 18 easg4 | 875y 70| 7o0| se3s| sesy soo]| 4as) aso
20| 18 12000 | 150 133§ 1201 108§ 100 B6 75 60 36 | 22 85536 1070 950 855 780 715 610 535 430
22 14667 | 183| 163 | 147 | 133 122} 105 92 73 28 101028 1260 1120 1010 920 B840 720 630 505
26 17333 | 217| 193 | 173 | 158 | 144] 124 | 108 :¥ 30 116840 1460 1300 1170 1060 970 835 730 585
a0 20000 250} 222 | 200| 182 | 67 | 1431 125| 100 36 139968 1750 1560 1400 1270 1170 1000 875 700
36 24000 | 3001 267§ 240F 218| 200] 171} 350] 120 42 163296 2040 1810 1630 1480 1360 1170 102_9_ 815
10 8873 111 o9 89 81 74 &3 55 44 12 54872 685 610 550 8060 450 380 345 275
12 10648 | 133| 118 106 a7 B9 76 &7 53 14 64017 800 710 640 580 535 455 400 320
14 12422 | 156| 138] 124 | 113]| 104 B9 Fi:) 62 18 82308 1030 9415 825 750 685 580 515 410
22 | 18 15072 | 200) 177| 160| t45]| 133 | 114 | 100 80| 38| 22 100599 1260 1120 1010 915 B840 720 630 505
22 19521 | 244 | 217 195 177} 163 | 139 | 122 aB 26 118869 1490 1320 1490 1080 930 B850 745 595
26 23071 | 288 | 2581 2311 2101 192 | 165 | 144 | 115 30 137180 1710 1520 1370 1250 1140 980 855 685
30 26620 | 333| 296 | 268 | 242| 222} 190 | 186 | 133 36 164618 2060 1830 1650 500 1370 1180 1030 825
36 ai944 | 398)] 355] 319 290 266 ] 228 % 200 ] 160 42 192052 2400 2130 1920 1750 1600 1370 1200 960

*Coefficient 10 introduced to reduce magnitude of relative stiffness values

**Center-to-center distance between supports
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2-14 Simplified Design

exact loading pattern is not known, the most demanding sets of design forces must be investigated. Figure 2-9
illustrates the loading patterns that should be considered for a three-span frame. In general,

(a} When the service live load does not exceed three-quarters of the service dead load (L/D £ 3/4),
consider only loading pattern (1) with full live load on all spans for maximum positive and negative
moments,

(b) When the service live-to-dead load ratio exceeds three-quarters, loading pattems (2) throu gh{4)
need to be considered to determine all maximum moments.
Columns
assumed fixed

"I" W + W) T
|

—_—
1

mn Ll

(1) Loading pattern for moments in all spans (L/D < 3/4)

t Wy + Wy I T
| —— TT
' Al B CJ D l
(2) Loading pattern for negative moment at support A
and positive moment in span AB

.Wd + Wy T u[u

Wd

B C

_oll

§——>—“_——§

—

el an

(3) Loading pattern for negative moment at support B

Ur/ Hrl
W + W
| Wd [ d : ] Wd :[
Al B T D

(4) Loading pattern for positive moment in span BC
Figure 2-9 Partial Frame Analysis for Gravity Loading
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Simplified Frame Analysis 2-15

2.4.3 Design Moments

When determining moments in frames or continuous construction, the span length shail be taken as the distance
center-to-center of supports (ACI 8.7.2). Moments at faces of supports may be used for member design purposes
(ACI 8.7.3). Reference 2.3 provides a simple procedure for reducing the centerline moments to face of support
moments, which includes a correction for the increased end moments in the beam due to the restraining effect of
the column between face and centerline of support. Figure 2-10 illustrates this correction. For beams and slabs
subjected to uniform loads, negative morznents from the frame analysis can be reduced by wuﬂzalé. A companion
reduction in the positive moment of wy{ a/i2 can also be made.

|
|
|
|

— ]
Via __!"uﬂz a
]
. _Via Wufa—
Changq! in moment = _%w i

%
4
‘, /" Face of col.—» r—QCoiumn

Modified 4/ '
\ ! P - LY W .Qea ‘_—I

1

c d from F e =12 5=%
omputed from 3
analysis m-r
(A) = Theoretical ¢ moment including stiffening effect of column support
(B{ = Computed ¢ moment ignoring stiffening effect of column support
{C) = Modified moment at face of column
wy = uniformly distributed factored load (plf)
¢ = span length center-to-center of supports
¢ = width of column support
a =cft

— ;

. ~ o s - o, 2.3
Figure 2-10 Correction Factors for Span Momenis

2.4.4 Two-Cycle Moment Distribution Analysis for Gravity Loading

Reference 2.3 presents a simplified two-cycle method of moment distribution for ordinary buiiding frames. The
method meets the requirements for an elastic analysis called for in ACI 8.3 with the simplifying assumptions of
ACI 8.6 through 8.9.

The speed and accuracy © o-cycle method will be of great assistance to designers. Foranin-depthdiscussion
r

of the principles involved, the reader is directed to Reference 2.3.

25  COLUMNS

In general, columns must be designed to resist the axial loads and maximum moments from the combination of gravity
and lateral loading.
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2-16 Simplified Design

For interior columns supporting two-way construction, the maximum column motnents due to gravity loading can be
obtained by using ACI Eq. (13-4) (unless a general analysis is made to evaluate gravity load moments from alterate
span loading). With the same dead load on adjacent spans, this equation can be written in the following form:

My =0.07[wy(£2 - £2)+0.5w,£21¢,

where:
wWq = uniformly distributed factored dead load, psf
w; = uniformly distributed factored live load (including any live load reduction; see Section 2.2.2), psf
&y = clear span length of longer adjacent span, ft
¢’ = clear span length of shorter adjacent span, ft
& = length of span transverse to {, and &, measured center-to-center of supports, ft

For equal adjacent spans, this equation further reduces to:

My =0.07(0.5w ,£2)£, =0.035w ,£2¢,

e min Lo iy [P IR oy Y P —— e o oal S
1115 J.d.L—I.UlCU oM Tit lVJ.u can thien e ulbl...l.lUUlLCU 1o UJU L«Ulull.lllb dUU Ve d.lll.-.l. UUIUW tne 1l 111 pr PO[I.IOI] [XeRitivily
elow th

00T 1
stiffnesses. Since the columns will usually have the same cross-sectional area above and bel e floor under
consideration, the moment will be distributed according to the column lengths.

26  LATERAL (WIND) LOAD ANALYSIS

For frames without shear walls, the lateral load effects of wind must be resisted by the “unbraced” frame. Forlow-
to-moderate height buildings, wind analysis of an unbraced frame can be performed by either of two simplified
methods: the Portal Method or the Joint Coefficient Method. Both methods can be considered to satisfy the elastic
frame analysis requirements of the code (ACI 8.3). The two methods differ in overall approach. The Portal Method
considers a vertical slice through the entire building along each row of column lines. The method is well suited
to the range of building size and height considered in this manual, particularly to buildings with a regular
rectangular floor plan. The Joint Coefficient Method considers a horizontal slice through the entire building, one
floor at a time. The method can accommodate irregular floor plans, and provision is made to adjust for a wind
loading that is eccentric to the centroid of all joint coefficients (centroid of resistance). The Joint Coefficient
Method considers member stiffnesses, whereas the Portal Method does not.

The Portal Method is presented in this manual because of its simplicity and its intended application to buildings
of regular shape. If a buiiding of irregular floor plan is encountered, the designer is directed to Reference 2,3 for
details of the Joint Coefficient Method.

2.6.1 Portal Method

The Portal Method considers a two-dimensional frame consisting of a line of columns and their connecting
horizontal members (slab-beams), with each frame extending the full height of the building. The frame is
considered to be a series of portal units. Each portal unit consists of two story-high columns with connecting slab-
beams. Points of contraflexure are assumed at mid-length of bearmns and mid-height of columns. Figure 2-11
illustrates the portal unit concept applied to the top story of a building frame, with each portal unit shown separated
(but acting together).

The wind load W is divided equally between the three portal units. Consequently, the shear in the interior columns is
twice that in the exterior columns. In general, the magnitude of shear in the exterior columin is W/2n, and in an interior
column it is W/n, where n is the number of bays. For the case shown with equal spans, axial load occurs only in the
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Simplified Frame Analysis

exterior columns since the combined tension and compression due to the portal effect results in zero axial load in the
interior columns. Under the assumptions of this method, however, a frame configuration with unequal spans will have
axial load in those columns between the unequal spans, as well as in the exterior columns. The general terms for axial

load in the exterior columns in a frame of n bays with unequal spans is:

Wh Wh

d ——, I = length of bay n

an
2né,  2né,

The axial load in the first interior column is:

Wh  Wh
2nf 2nf>
and, in the second interior column:
Wh Wh
2nfy 2nis
e al e . t3
’; w2 w2 ]
w » ;
h/2
th
h/2
\r \wz = =0 m
Wh wn
W Q.‘ = 02 =fa = et
® Assumed inflection point at mid-length of members
Wh Wh
W I B |6 C
“[A 1wh
6t
Whi W W 0 w
e‘n_ 6 3 3 B0
L
W 1 W W W
w, L4 w. Lwn W, Lwh w
6 w% E) 6 3 3 B

Figure 2-11 Portal Method
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2-18 Simpiified Design

Column moments are determined by multiplying the column shear with one-half the column height. Thus, forjoint

B in Fig. 2-11, the column moment is (W/3) (h/2) = Wh/6. The column moment Wh/6 must be balanced by equal
moments in beams BA and BC, as shown in Fig. 2-12.

o2 2

_11'

i

o

Figure 2-12 Joint Detail

Note that the balancing moment is divided equally between the horizontal members without considering their
relative stiffnesses. The shear in beam AB or BC is determined by dividing the beam end moment by one-half
the beam length, (Wh/12)/(/2) = Wh/6L.

The process is continued throughout the frame taking into account the story shear at each floor level.

For Building #1, determine the moments, shears, and axial forces using the Portal Method for an interior frame
resulting from wind loads acting in the N-8 direction. The wind loads are determined in Section 2.2.1.2.

Moments, shears, and axial forces are shown directly on the frame diagram in Fig. 2-13. The values can be easily
determined by using the following procedure:

(1) Determine the shear forces in the columns:

For the exterior columns:

3rd story: V =11.2 kips/6 = 1.87 kips
2nd story: V = (11.2 kips + 20.9 kips)/6 = 5.35 kips
1st story: V =(11.2 kips + 20.9 kips + 19.1 kips)/6 = 8.53 kips

The shear forces in the interior columns are twice those in the exterior columns.
(2) Determine the axial loads in the columns:

For the exterior columns, the axial loads can be obtained by summing moments about the column
inflection points at each level. For example, for the 2nd story columns:

SM=0: 11.2(13 +6.5) +20.9 (6.5) - P (90) = 0
P =3.94 kips

For this frame, the axial forces in the interior columns are zero.
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11.2kps M=122 M=122 M=122
] V =0.81 VvV =0.81 V=0.81
V=1.87 V=374 V=374 V=1.87
o M=12.2 M=244 M=24.4 M=122
#n P=0.81 P =0.00 P =0.00 P =0.81
20.9 kips N M =47.0 M = 47.0 M=47.0
V=313 V=313 V=313
V=535 V=107 V=107 V=535
) M=348 M =69.6 M =69.6 M=2348
n P=394 P =0.00 P=0.00 P =394
19.1 kips . M =90.3 M =90.3 M =90.3
V=602 V=86.02 V =6.02
5 V=853 V=171 V=171 V =8.53
) M=55.5 M=111.0 M=111.0 M=555
2 P=9.96 P =0.00 P =0.00 P=996
el iiis nn rJJ‘.’
Shear forces and axial forces are
in kips, bending moments are in ,
ft-kips 9 30-0" e 30'-0" o 30'-0" .

Figure 2-13 Shears, Moments, and Axial Forces Resulting from Wind Loads for an Interior Frame of
Building #1 in the N-S Direction, using the Portal Method

(3) Determine the moments in the columns:
The moments can be obtained by multiplying the column shear force by one-half of the column length.

For example, for an exterior column in the 2nd story:

M= 535(13/2) 34.8 ft-kips

AN T a1l s

(4) Determine the shears and the moments m the beams:

These quantities can be obtained by satisfying equilibrium at each joint, Free-body diagrams for the 2nd
story are shown in Fig. 2-14.

As a final check, sum moments about the base of the frame:

IM =0: 11.2(39) + 20.9(26) + 19.1(13) - 9.96(90) - 2(55.5 + 111.0)=0  (checks)

In a similar manner, the wind load analyses for an interior frame of Building #2 (5-story flat plate), in both the N-
S and B-W directions are shown in Figs. 2-15 and 2-16, respectively. The wind loads are determmed in Section
22141
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Simplified Frame Analysis 221
4.51 kips N M= M=451 M=4.51
V= V=045 V=045
o V=075 V=150 V=075
& M =451 M=9.02 M =4.51
\ P=0.45 P=0.00 P =0.45
\ 8.78 kips M=17.80 M=17.80 M=17.80
' V=178 V=178 V=178
o V=222 V=443 V=222
& M=13.29 M =26.58 M=13.29
- P=223 P =0.00 P=2.23
+ B.44kips M = 35.02 M =35.02 M =35.02
i V= V=350 V =3.50
2 V=362 V=724 V362
o M=2173 M = 43.46 M=21.73
P=573 P=0.00 P=573
7.96 kips M= M=51.42 M =51.42
V= V=514 V=514
= V=495 V=990 V=495
&~ M = 29.69 M = 59.38 M = 29.69
- P=10.87 P =0.00 P=10.87
y+ B.20kips . M=77.05 M=77.05 M=77.05
i V=771 V=771 V=771
=) V=632 V=12.63 V=632
o M = 47.36 M=94.73 M = 47.36
- P=18.58 P=0.00 P=18.58
rrL nL? An
Shear forces and axial forces are
in kips, bending moments are in
ft-kips
M 20'-0" m 20'-Q" 200"
[ [

Figure 2-15 Shears, Moments, and Axial Forces Resulting from Wind Loads for an Interior Frame of

Building #2 in the N-S Direction, using the Portal Method
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2.22 Simplified Design

3.17kips M=1.90 M=1.90 M=1.90 M=1.80 M =1.90
V=0.16 V=016 V=0.16 V=016 V=016
N V=032 V=0.64 V =0.64 V=0.64 V=0.64 V=032
g{, M=1.90 M=3.80 M=23.80 M =3.80 M =3.80 M=1.90
- P=0.16 P =0.00 P=0.00 P =0.00 P=0.00 P=0.16
. 6.13 kips M=7.48 M=7.48 M=7.48 M =7.48 M=7.48
1 V=0.62 V=0.62 V=0.62 V=062 V =0.62
X V=093 V=1.286 V=186 V=186 V=1.86 V=093
& M =558 M=11.2 M=11.2 M=11.2 M=112 M =5.58
- P=0.78 P=0.00 P =0.00 P =0.00 P =0.00 P=078
5.89kips M=14.7 M=147 M=147 M=14.7 M=14.7
1 V=1.22 V=122 V=122 V=122 V=122
= V=152 V =3.04 V=3.04 V=304 V =3.04 V=1.52
] M=9.11 M=182 M=182 M=18.2 M=182 M=9.11
P=200 P =0.00 P =000 P =0.00 F=0.00 P=2.00
{  5.47 kips . M=21.5 M=21.5 M=215 M=21.5 M=21.5
I V=179 V=179 V=179 V=179 V=179
(=) V=207 V=414 V=414 V=414 V=414 V=207
&~ M=12.4 M=248 M=248 M=24.8 M=248 M=124
- P=379 P=0.00 P =0.00 P =0.00 P =0.00 P=379
+ 5.52Kips . M = 32.0 M =32.0 M=320 M =320 M =32.0
! V=267 V=267 V=267 V=287 V=267
o V=262 V=524 V=524 V=524 V=524 V=262
i M=196 M=2392 M=239.2 M=392 M =392 M=19.6
- P =6.46 P = 0.00 P=0.00 P=0.00 P=0.00 P=646
nn nn an IJ'J nn b
Shear forces and axial forces are
in kips, bending moments are in
fi-kips ~
24I_0II L 24l.oll 24r_0ll 241_0“ B 24I_0Il
N - M T e " N

Figure 2-16 Shears, Moments, and Axial Forces Resulting from Wind Loads for an Interior Frame of
Building #2 in the E-W Direction, using the Portal Method

For comParison purposes, the three frames shown in Figs. 2-13, 2-15, and 2-16 were analyzed using PCA-
Frame.> Figure 2-17 shows the results for an interior frame of Building #1 in the N-S direction*. The following
member sizes were used in the analysis:

Columns interior = 18 X 18 in.
exterior= 16 X 16 1in.

Beams =36 X 195in.

To account for cracking, the moment of inertia of the beams was taken at 50% of the gross value.

*Maximum values are shown for each member.

Publication List Book Contents




2-23

ft-kips

Simplified Frame Analysis
11.2 kips M=17.6 M=165 M=17.6
V=115 V=110 V=115
V=182 V=378 V=378 V=182
= M=17.6 M=333 M=2333 M=17.6
o) P=1.15 P =0.05 P=0.05 P=1.15
20.9 kips M=477 M=455 M=47.7
1 V=314 V=3.04 V=314
V =552 V=105 V=10. V=552
o M=416 M=76.2 M=76. M=41.6
™ P=4.28 P=0.15 P=0.1 P =4.28
19.1 kips M=76.3 M=71.0 M=76.3
V=500 V=474 V=500
% V=9.39 V=16.2 V=162 V=939
h M =76.0 M=126.8 M=126.8 M=76.0
e P=9.28 P =0.41 P=0.4 P=9.28
ﬂl'l i IJL’I
Shear forces and axial forces are
in kips, bending moments are in
30'-0" . 30'-0" e 30-Q"

Figure 2-17 Shears, Moments, and Axial Forces Resulting from Wind Loads for an Interior Frame of
Building #1 in the N-S Direction, using PCA-Frame.

Columns interior = 16 X 16 in.
exterior= 12 X 12 in.

Slab

width = 120 in. (width of column strip)
thickness = 9 in,
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Similarly, Figs, 2-18 and 2-19 show the results for an interior frame of Building #2 with wind loads in the N-S
and E-W directions, respectively. In both cases, the following member sizes were used:

As was the case for the beams in Building #1, 50% of the gross moment of inertia of the slab was used to account
for flexural cracking.

Throughout the remaining chapters, the results obtained from the Portal Method will be used when designing the
members.
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451 kips M =5.95 M=7.80 M =5.95
V=0.62 V=078 V=062
=) V=075 V=150 V=150 V=075
& M=5.95 M=14.2 M=14.2 M =5.95
- P=0.62 P=0.16 P=0.16 P =0,62
1 8.78 kips M=18.3 M =203 M=18.3
V=178 V =2.03 V=178
. V=206 V=455 V=458 V=2.06
N M=142 M=34.8 M =348 M=14.2
- P=2.40 P=041 P=0.41 P=2.40
8.44 kips M=346 M=37.7 M =346
V=336 V=377 V = 3.36
e V=335 V=751 V=751 V=335
N M=220 M =520 M=520 M =220
P=576 P=0.82 P =0.82 P =576
7.56 Kips . M =508 ivi = 54.4 i = 50.8
V=494 \V =544 V=494
= V=476 Vv =10.08 V=10.08 V=476
| M=297 M =67.1 M=67.1 M =297
- P=10.69 P=132 P=1.32 P =10.69
8.20 kips M=64.6 M =70.2 M =64.6
V =6.20 V=702 V=620
= V=508 V=13290 vV =13,90 V=508
i M=436 " M=127.7 M=127.7 M =436
A P=16.89 P=2.14 P=2.14 P=16.89
" I‘Jﬂ' o n
Shear forces and axial forces are
in kips, bending moments are in
\‘ 20!_0" 20[_0" 20l_0l| |
| - T il

Figure 2-18 Shears, Moments, and Axial Forces Resulting from Wind Loads for an Interior Frame of
Building #2 in the N-S Direction, using PCA-Frame.

Publication List

Book Contents




Simplified Frame Analysis 2-25
3.17 kips N M =2.84 M=23.27 M=3.21 M=327 M=284
V=0.23 V=027 V=027 V=027 V=023
= V=032 V = 0.61 V = 0.66 V =0,66 V=061 V=032
o M =2.65 M=6.11 M=6.43 M=6.43 M=6.11 M =265
- P=0.23 P=0.04 P=0.00 P=0.00 P=0.04 P=0.23
6.13 kips M=7.64 M=8.24 M =8.21 M=28.24 M = 7.64
1 V=062 V=068 V=068 V =0.69 VvV =0.62
= V=0.86 V=187 V=193 V=183 V=187 V=086
E{] M =6.05 M= 147 M=15.0 M= 15.0 M=147 M =6.05
- P=0.85 P=0.11 P=0.01 P=0.01 P=0.11 P =0.85
+ b5.89kips M=14.2 M=152 M=15.1 M=152 M=14.2
I V=1.16 V=126 V=126 V=1.26 V=116
?? V=139 V=307 V=314 V=314 V=3.07 V=139
o™ M=9.26 M=217 M=222 M=222 M=21.7 M =9.26
P=2.01 P=0.22 P=0.01 P =0.01 P=0.22 P=2.01
5.47 kips M=207 M=21.8 M=218 M=21.8 M=207
V=1.68 V=1.82 V=181 V=182 V=168
=) V=198 V=412 V=425 V=425 V=412 V=196
P M=123 M=274 M =28.0 M=28.0 M=274 M=12.3
- P=3.69 P=0.35 P=0.01 P=0.01 P=0235 P=23.69
+ 5.52Kips -~ M=254 M =27.1 M= 26.9 M=27.1 M=254
V=204 V=226 V=224 V=226 V=204
5 V=201 V =551 V=557 V=557 V =5.51 V=201
i M=179 M=522 M =525 M=525 M=522 M=17.9
- P=573 P=0.57 P =0.03 P=0.03 P =057 P=573
n an .'TL an
Shear forces and axial forces are
in kips, bending moments are in
ft-kips
24'-0" 24'-0" 24-0" 24'-0" | 24'-0"
| i

Figure 2-19 Shears, Moments, and Axial Forces Resulting from Wind Loads for an Interior Frame of
Building #2 in the E-W Direction, using PCA-Frame
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Chapter 3
Simplified Design for Beams and Slabs

3.1 INTRODUCTION

The simplified des1%n %pproach for proportioning beams and slabs (floor and roof members) is based in part on
published articles, and in part on simplified design aid material published by CRSL***7 Additional data
for design simplification are added where necessary to provide the designer with atotal simplified design approach
for beamn and slab members. The design conditions that need to be considered for proportioning the beams and
slabs are presented in the order generally used in the design process.

The simplified design procedures comply with the ACI 318-89 (Revised 1992) code requirements for both
member strength and member serviceability. The simplified methods will produce slightly more conservative
designs within the limitations noted. All coefficients are based on the Strength Design Method, using appropriate
load factors and strength reduction factors specified in ACI 318. Where simplified design requires consideration
of material strengths, 4000 psi concrete and Grade 60 reinforcement are used. The designer can easily modify the
data for other material strengths.

The following data are valid for reinforced concrete flexural members with f¢ = 4000 psi and fy = 60,000 psi:

modulus of elasticity for concrete E. = 3,600,000 psi (ACI8.5.1)
modulus of elasticity for rebars Es =129,000,000 psi (ACI85.2)
balanced reinforcement ratio pr =0.0285 (ACI10.3.2)
minimum reinforcement ratio (beams, joists) Pmin = 0.0033 (ACI10.5.1)
minimum reinforcement ratio (slabs) Pmin = 0.0018 (ACI7.12.2)
maximum reinforcement ratio Pmax =0.75pp = 0.0214 (ACI1033)
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3-2 Simplified Design

3.2  DEPTH SELECTION FOR CONTROL OF DEFLECTIONS

Deflection of beams and one-way slabs need not be computed if the overall inember thickness meets the minimum
specified in ACI Table 9.5(a). Table 9.5(a) may be simplified to four values as shown in Table 3-1. The quantity
{y is the clear span length for cast-in-place beam and slab construction. For design convenience, minimum
thicknesses for the four conditions are plotted in Fig. 3-1.

Table 3-1 Minimum Thickness for Beams and One-Way Slabs

Beams and One-way Slabs Minimum h
Simple Span Beams or Joists® hi16
P L Y . PRSI [ B f rHes
AOTHLITIUDUS DEdITD U JOISLS £n {190
Simple Span Slabs* 8, /20
Continucus Siabs {, /24

*Minimuwm thickness for cantilevers can be considered equal to twice that for a simple span.

Deflections are not likely to cause problems when overall member thickness meets or exceeds these values for
uniform loads commonly used in the design of buildings. The values are based primarily on experience and are
not intended to apply in special cases where beam or slab spans may be subject to heavily distributed loads or
concentrated loads. Also, they are not intended to apply to members supporting or attached to nonstructural
elements likely to be damaged by deflections (ACI 9.5.2.1). For roof beams and slabs, the values are intended
for roofs subjected to normal snow or construction live loads only, and with minimal water ponding or drifting
(snow) problems.

30
o5 | Simple span b Pams, /] e
- or joists / /

< 20 f VR
§ i Cohtinuous beamsr
g - A orjoists
% 15
'g I /%: nple span slabs
2 n
£ 10 ///// ]
S 0t A
= - / %ﬂir uous slabs

5 | //

0 Lt 11 ] I ] L3 | I ] Ll Lot 1 L

5 10 15 20 25 30 35 40
Clear Span, {_ (ft}

Figure 3-1 Minimum Thicknesses for Beams and One-Way Slabs

Prudent choice of steel percentage can also minimize deflection problems. Members will usually be of sufficient
size, so that deflections will be within acceptable limits, when the tension reinforcement ratio p used in the positive
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Simplified Design for Beams and Slabs 33

moment regions does not exceed approximately one-half of the maximum value permitted (p = 0.5pmax). For f¢
= 4000 psi and fy = 60,000 psi, one-half of ppyx is approximately one percent (p = 0.01).

Depth selection for control of deflections of two-way slabs is given in Chapter 4.

As a guide, the effective depth d can be calculated as follows:

For beams with one layer of bars d=h-{=25in)
For joists and slabs d=h-(=1.251n.)

3.3  MEMBER SIZING FOR MOMENT STRENGTH

A simplified sizing equation can be derived using the strength design data developed in Chapter 10 of Reference
3.5. For our selected materials { f¢ = 4000 psi and f, = 60,000 psi), the balanced reinforcement ratio py, = 0.0285.

As noted above, deflection problems are rarely encountered with beams having a reinforcement ratio p equal to
about one-half of the maximum permitted.

Set p = 0.5pmax = 0.5(0.75pp) = 0.375pp = 0.375(0.0285) = 0.0107

a=Asfy /0.85fb= pdfy /0.85f;

0.5pf
My /9bd” = pf, (1- 222y R,
C
0.5pfy
Ry= -
" pfy { 0 ess’ )
U-U-JJ.C
=0.0107 x 60,000 [(1— 0.5x0.0107 x 60, 000)]
0.85 x 4000
=581pst

¢Rp 0.9x 581
For simplicity, set bdzqu = 20M,.

For f¢ = 4000 psi and f, = 60,000 psi:
bd(p = 0.5Pmax) = 20M,

A similar sizing equation can be derived for other material strengths.

With factored moments M, and effective depth d known, the required beam width b is easily determined using

the sizing equation bd” = 20M,,. When frame moments vary, b is usually determined for the member which has

the largest My; for economy, this width may be used for all similar members in the frame. Since slabs are designed
by using a 1-ft strip (b = 12 in.), the sizing equation can be used to check the initial depth selected for slabs; it

simplifies tod = 1.3 /My .

*Note: The above sizing equation is in mixed units: M, is in fi-kips and b and d are in inches.

Publication List Book Contents




34 Simplified Design

If the depth determined for control of deflections is shallower than desired, a larger depth may be selected with
a corresponding width b determined from the above sizing equation. Actually, any combination of b and d could
be determined from the sizing equation with the only restriction being that the final depth selected must be greater
than that required for deflection control (Table 3-1).

It is important to note that for minimum beam size with maximumreinforcement (p =0.75pp, =0.0214), the sizing
equation becomes bdzmjn = 13M,.

3.3.1 Notes on Member Sizing for Economy

» Use whole inches for overall beam dimensions; slabs may be specified in %2-in. increments.
* Use beam widths in multiples of 2 or 3 inches, such as 10, 12, 14, 16, 18, etc.
* Use constant beam size from span to span and vary reinforcement as required.

* Use wide flat beamns (same depth as joist system) rather than narrow deep beams.

Use beam width equal to or greater than the column width.
* Use uniform width and depth of beams throughout the building.

See also Chapter 9 for design considerations for economical formwork.

34  DESIGN FOR MOMENT REINFORCEMENT

A simplified equation for the area of tension steel A can be derived using the strength design data developed in
Chapter 10 of Reference 3.5. Anapproximate linear relationship between R, and p can be described by an equation
in the form Mnjbd2 = p (constant), which readily converts to A; = My/¢d(constant). This linear equation for A
is reasonably accurate up to about two-thirds of the maximum p. For f¢ = 4000 psi and p =% Pmax, the constant
for the linear approximation is:

=437

fy 1- 0.5pfy | _ 60,000 | 0.5(24 x0.0214)(60)
12,000* 0.85f, | 12,000 0.85x 4
Therefore,

A= M, _ My _ My =Mu
7 dd(constant) 0.9x4.37xd 3.93d 4d

For f¢ = 4000 psi and fy = 60,000 psi:

M]_l * %
4d
For all values of p <% pmax. the simplified A, equation is slightly conservative. The maximum deviation in A

is less than £ 10% at the minimum and maximum permitted tension steel ratios.*® For members with
reinforcement ratios in the range of approximately 1% to 1.5%, the error is less than 3%.

1

As

*To convert My, from fi-kips to in.-kips.
hd N kY v . . . F) . - » .
Note: This equation is in mixed units: M, is in fi-kips, d is in in. and A, is in sq in.
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Simplified Design for Beams and Slabs 3-5

The simplified Ay equation is applicable forrectangular cross sections with tension reinforcement only, Members
proportioned with reinforcement in the range of 1% to 1.5% will be well within the code maximum of 0.75p}, (ACI
10.3,3) for singly reinforced members. For positive moment reinforcement in flanged floor beams, A; is usually
computed for a rectangular compression zone; rarely will Ag be computed for a T-shaped compression zone.

The depth of the rectangular compression zone, a, is given by:

— ASfY
0.85f:be
where b, = effective width of slab as a T-beam flange (ACI 8.10).

The flexural member is designed as a rectangular section whenever hs 2 a where hyis the thickness of the slab (i.e.,
flange thickness).

35  REINFORCING BAR DETAILS

The minimum and maximum number of reinforcing bars permitted in a given cross section is a function of cover
and spacing requirements given in 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). Tables 3-2 and 3-3 give the minimum and maximum number of bars in a single layer for beams of
various widths; selection of bars within these limits will provide automatic code conformance with the cover and
spacing requirements.

Table 3-2 Minimum Number of Bars in a Single Layer (ACI 10.6)"

INTERIOR EXPOSURE (z = 175 kips/in.)

S Beam width, by (in.)

10 | 12 | 14 | 16 | 18 | 20 | 22 | 24 | 26 | 28 [ 30
#5 1 2 2 2 | 2 | 2 3 3 3 3 3
#6 1 2 2 2 | 2 2 3 3 3 3 3
#7 2 2 2 2 2 3 | 3 3 3 3 4
#8 2 2 2 2 2 | 3] 3 3 3 4 4
#9 2 2 2 2 3 3 | 3 3 3 4 4
#10 | 2 2 2 2 3 3 1 31 3 4 4 4
#11 2 2 2 3 3 3 | 3]l al a 4 4

EXTERIOR EXPOSURE (z = 145 kipsfin.)
Bar . .

Size Bearn width, by {in.}

10 [ 12 [ 14 | 16 | 18 | 20 [ 22 | 24 | 26 | 28 [ 30
#5 2 2 | 3| 3 3 4 | 4 | 4 5 5 5
#6 2 3 3 3 4 4 4 5 5 5 6
#7 2 3 3 3 | 4| 4] a 5 5 6 6
#8 2 3 3 4 | 4] 415 5 5 6 6
#9 ~ | 3 3 4 4 5 5 5 6 6 7
70 | = | 3 3 4 | 3 5 5 6 6 6 7
#11 | ~ [ 3 [ =1 a1 s 5 5 | & 6 7 7

*Values based on a cover of 2 in. to the main flexural reinforcement (see Fig. 3-2).
**Minimum number required for crack contro! is greater than maximum permitted based on clear spacing.
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3-6 Simplified Design

The values in Table 3-2 are based on a cover of 2 in. to the main flexural reinforcement (i.e., 1.5 in. clear cover
to the stirrups plus the diameter of a #4 stirrup). In general, the following equations can be used to determine the
minimum number of bars n in a single layer for any situation (see Fig. 3-2):

* for interior exposure:

o bwles +ds +0.5dp)?

574
+ for exterior exposure:

L bw(es +ds +0.5dp )?

327
Table 3-3 Maximum Number of Bars in a Single Layer
Maximum size coarse aggregate—3/4 in.
Bar
Size Beam width, by, {in.}
10 12 14 16 18 20 22 24 26 28 30
#5 3 5 6 7 8 10 11 12 13 15 16
6 3 4 & 7 8 g 10 11 12 14 15
#7 3 4 5 6 7 8 9 10 11 12 13
#8 3 4 5 o] 7 8 9 10 11 12 13
#9 2 3 4 5 6 7 8 8 9 10 11
#10 2 3 4 4 5 6 7 8 8 g 10
#11 2 3 3 4 5 5 6 7 8 8 9
Maximum size coarse aggregate—1 in.
Bar
Size Beam width, by, (in.)
10 [ 12 [ 14 [ 16 | 18 | 20 | 22 [ 24 6 | 28 | 30
#5 3 4 5 <] 7 8 9 10 11 12 13
#6 3 4 5 6 7 8 9 10 10 11 12
#7 2 3 4 5 6 7 8 g 10 10 11
#8 2 3 4 5 6 7 7 8 9 10 11
#9 2 3 4 5 5 6 7 8 9 9 10
#10 2 3 4 4 5 6 7 7 8 g 10
#11 2 3 3 4 5 5 6 7 8 8 9
- —a)

11/2" min. #3 stirrup with #5 &

clear to I el

stirrups | = ds— #6 bars r =) /4" for #3 stirrups

{AC1 7.7.1) #4 stirrup with 1" for #4 stirrups

dp el #7—#11 bars

ool f—

B 1ll
- wlvlhmmum = |argest of{f’b

anr emaca

Ci%ar space (a .33) (max. aggregaie size]

Figure 3-2 Cover and Spacing Requirements for Tables 3-2 and 3-3
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Simplified Design for Beams and Slabs 3-7

where b, = beam width, in.
cg = clear cover to stirrup, in.
d; = diameter of stirrup, in.
dy = diameter of main flexural bar, in.

The values obtained from the above equations should be rounded up to the next whole number.

The values in Table 3-3 can be determined from the following equation:

bw "—2(Cs +d5 + l')
(minimum clear space)+dp

n=1+

where

'3 . # .
r={A in. for #3 stirrups (ACI 7.2.2)

1in. for #4 stirrups

The minimum clear space between bars is defined in Fig. 3-2. The above equation can be used to determine the
maximum number of bars in any general case; computed values should be rounded down to the next whole
number.

For one-way slabs, maximum reinforcement spacings (measured center-to-center of parallel bars) to satisfy crack

A ¢t 1+ 1, ¢ £ oy Flame ne A wmn
control requirements are given in Table 3-4. Suggested temperature reinforcement for one-way floor and roof

slabs is given in Table 3-5. The provided area of reinforcement (per foot width of slab) satisfies ACI 7.12.2. Bar
spacing must not exceed Sh or 18 in. (where h = thickness of slab). The same area of reinforcement also applies
for minimum moment reinforcement in one-way slabs (ACI 10.5.3) at a maximum spacing of 3h or 18 in. (ACI
7.6.5). Asnotedin Chapter 4, this same minimum area of steel applies for flexural reinforcement in each direction
for two-way floor and roof slabs; in this case, the maximum spacing is 2h or 18 in. (ACI 13.4).

As an aid to designers, reinforcing bar data are presented in Tables 3-6 and 3-7.
See Chapter 8, Section 8.2, for notes on reinforcement selection and placement for economy.

Table 3-4 Maximum Bar Spacing in One-Way Slabs for Crack Control (in.)*

Exterior Exposure Interior Exposure
{z = 129 kips/in.) (z = 156 kipsfin.)
Bar
Size Cover (in.) Cover (in.)
3 1 1-15 2 3y 1 1-145 2
#4 - 14.7 7.5 4.5 - == 13.3 8.0
#5 = 13.4 7.0 4.3 - - 12.4 7.6
#6 -- 12.2 6.5 4.1 - -- 11.6 7.2 |
#7 16.3 11.1 6.1 3.9 -- -- 10.8 6.8
#8 14.7 10.2 5.8 3.7 -- -- 10.2 8.5
#9 13.3 9.4 5.4 3.5 - 16.6 9.6 6.2
#10 12.0 8.6 5.0 3.3 -- 15.2 8.9 5.9
#11 10.9 7.9 4.7 3.1 - 14.0 8.4 5.6

*Valid for fs = 0.6fy = 36 ksi, and single layer of reinforcement. Spacing should not exceed 3 times slab
thickness nor 18 in. (ACI 7.6.5). No value indicates spacing greater than 18 in.
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3-8 Simplified Design

Table 3-5 Temperature Reinforcement for One-Way Slabs

Stab Thickness | A (reqd)” Suggested
h (in.) (in. 2t Reinforcement**
3-p 0.08 #3@16
4 0.09 #3@15
4-1j 0.10 #3@13
5 0.11 #3@12
5-1j 0.12 #4@18
& 0.13 #4@18
615 0.14 #4@17
7 0.18 #4@16
7-1h 0.16 #4@15
8 0.17 #4@14
8-1% 0.18 #4@13
9 0.19 #4@12
9-1p 0.21 #5818
10 0.22 #5@17

*As = 0.0018bh = 0.022h (ACI 7.12.2),

**For minimum moment reinforcement, bar spacing must not exceed 3h or 18 in. (ACI
7.6.5). For3 1/2 in. slab, use #3@10 in.; for 4 in. slab, use #3@12 in.; for5 1/2 in. slab,
use #3@11 in. or #4@16 in.

Table 3-6 Total Areas of Bars—As(in.z)

Number of bars
Bar | Bar diameter
size (in.) 1 2 3 4 5 6 7 8
#3 0.375 0.11 0.22 0.33 0.44 0.55 0.66 0.77 0.88
#4 0.500 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
#5 0.625 0.31 0.62 0.93 1.24 1.55 1.86 2.17 2.48
#6 0.750 0.44 0.88 1.32 1.76 2.20 2.64 3.08 3.52
#7 0.875 0.60 1.20 1.80 2.40 3.00 3.60 4.20 4.80
#3 1.000 0.79 1.58 2.37 3.16 3.95 4.74 5.53 6.32
#9 1.128 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
#10 1.270 1.27 2.54 3.81 5.08 6.35 7.62 8.89 10.16
#11 1.410 1.56 3.12 4.68 6.24 7.80 9.36 | 10.82] 1248
Table 3-7 Areas of Bars per Foot Width of Slab—As (in.szt)
Bar Bar spacing ({in.)
size 6 7 8 9 10 11 12 13 14 15 16 17 18

#3 022 { 019 | 017 ] 015 | 013 | 012 | 014t | 010 | 0.09 | 0.09 | 008 | 008 { 0.07
#4 040 | 034 1 030 1 027 | 024 ] 022 | 020 | 018 | 017 | 016 | 0.16 | 014 | 0.13
#5 062 | 053 | 046 | 0.41 037 | 034 | 031 ] 029 | 027 | 025 | 0.23 | 022 | 0.21
#6 088 | 075 | 066 | 059 | 053 | 048 | 0.44 | 0.41 038 | 035 | 0.33 | 0.31 0.29
#7 1.20 | 1.03 [ 090 | 080 | 072 | 065 | 060 | 0556 | 051 | 0.48 | 045 | 0.42 | 0.40
#8 158 | 135 | 118 | 105 | 095 | 086 | 079 | 073 | 068 | 063 | 0.59 | 056 | 0.53
#9 2.00 | 1.71 160 | 1.83 | 1.20 | 1.09 1.00 | 092 | 0868 | 0.80 | 0.75 | 0.1 0.67
#10 254 | 248 | 1.91 1.69 | 1.52 | 1.39 127 | 117 1.09 | 102 | 095 | 090 | 0.85
#11 3.12 | 267 | 234 | 2.08 | 1.87 [ 1.70 1.56 | 1.44 1.34 | 125 1 117 | 1.10 | 1.04

3.6  DESIGN FOR SHEAR REINFORCEMENT

In accordance with ACI Eq. (11-2), the total shear strength is the sum of two components: shear strength provided
by concrete (¢V.) and shear strength provided by shear reinforcement (¢Vs). Thus, at any section of the member,
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Simplified Design for Beams and Slabs 3-9

Vu < ¢V + ¢V;. Using the simplest of the code equations for shear strength, specific values can be assigned to
the two resisting components for a given set of material parameters and a specific cross section. Table 3-8
summarizes ACI 318 provisions for shear design.

Table 3-8 ACI Provisions for Shear Design*

1 V,
Vu S%’ ¢Vc 2Vu>¢2c VU >¢VC
) ' o none 50bys (VMu—0Ve)s
Required area of stirrups, Ay _fy -—¢fy d
Hequired —_— ﬁ'fL M
50by, Vi — Vs
Recommended
Minimum? — — 4in.
Stirrup spacing, s
— -gor 24in, gor 24in. for {Vu - ¢Vc] < ¢4-\/E bwd
2 2 Ve T
MaximumtT
(ACI 11.5.4)
%or12in.for (Vu = V6 )> 044/t bud

*Members subjected to shear and flexure only; ¢V, = ¢2\_/1:é- bwd, ¢ = 0.85 {ACI 11.3.1.1)

*Ay =2 X Ay for U stirrups; fy < 60 ksi (ACI 11.5.2)

1A practical limit for minimum spacing is d/4

T1Maximum spacing based on minimum shear reinforcement (= Ayf/50bw) must also be considered
(ACI 11.5.5.3).

The selection and spacing of stirrups can be simplified if the spacing is expressed as a function of the effective
depth d (see Reference 3.3). According to ACI 11.5.4.1 and ACI 11.5.4.3, the practical limits of stirrup spacing
vary from s = d/2 to s = d/4, since spacing closer than d/4 is not economical. With one intermediate spacing at
d/3, the calculation and selection of stirrup spacing is greatly simplified. Using the three standard stirrup spacings
noted above (df2, d/3, and d/4), a specific value of $V can be derived for each stirrup size and spacing as follows:

For vertical stirrups:

_QAVfyd

Vs ACI Eq. (11.17)

By substituting d/n for s (where n = 2, 3, or 4), the above equation can be rewritten as:

OV = 0A,fyn
Thus, for #3 U-stirraps @ s = d/2 with f, = 60,000 psi and ¢ = 0.85:

oV, =0.85(0.22)60 X 2 =22.44 kips, say 22 Kips

The values of ¢V, given in Table 3-9 may be used to select shear reinforcement with Grade 60 rebars.
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3-10 Simplified Design

Table 3-9 Values of $V; (fy = 60 ksi)*

#3 U-stirrups #4 U-stirrups #5 U-stirrups
d2 22 kips 40 Kips 63 kips
d/3 33 kips 61 kips 94 kips
d/4 45 kips 81 kips 126 kips

*Valid for stirrups with 2 legs (double the tabulated values for 4 legs, etc.}

Tt should be noted that these values of ¢V are not dependent on the member size nor on the concrete strength. The
following design values are valid for f¢ = 4000 psi:

,_
Maximum (§Ve +¢Vs) =104, byd =0.54 byd (ACI 11.5.6.8)
OVe = 0247, byd =0.11byd (ACI113.1.1)
OVe /2 = 0x/fe byd=0.055byd (ACI11.5.5.1)

Joists defined by ACI 8.11:

P VS

— A NF R
‘ch —'\PL-L u

Yig d:

=l

17k A
W L Uyl

In the above equations, by, and d are in inches and the resulting shears are in Kips.

The design charts in Figs. 3-3 through 3-5 offer another simplified method for shear design. By entering the charts
with values of dand ¢V =V - ¢V for the member at the section under consideration, the required stirrup spacings
can be obtained by locating the first line above the point of intersection of d and $ V. Values for spacings not shown
can be interpolated from the charts if desired. Also given in the charts are values for the minimurm practical beam

widths b,, that correspond to the maximum allowable ¢V = ¢8 \/E by,d for each given spacing s; any member

which has at least this minimum by, will be adequate to carry the maximum applied V. Fig. 3-6 can also be used
to quickly determine if the dimensions of a given section are adequate: any member with an applied V, which
is less than the applicable Vymax) can carry this shear without having to increase the values of by, and/ord. Once
the adequacy of the cross-section has been verified, the stirrup spacing can be established by using Figs. 3-3
through 3-5. This spacing must then be checked for compliance with all maximum spacing criteria.

3.6.1 Example: Design for Shear Reinforcement

The example shown in Fig. 3-7 illustrates the simple procedure for selecting stirrups using design values for V,
and V,.

(1) Design data: f¢ = 4000 psi, fy = 60,000 psi, wy =8 kips/ft.

(2) Calculations: V, @ column centerline: wul/2=8x24/2=96.0Kkips
V. @ face of support: 96 - 1.17(8) = 86.6 kips
Vu @ d from support face (critical section): 86.6- 2(8) =70.6 kips
OV + OVomax: 0.54 byd = 0.54(12) (24) = 155.5 kips
oV 0.11 byd = 0.11(12) (24) = 31.7 kips
oV /2 0.055 byd = 0.055(12) (24) = 15.8 kips
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Figure 3-3 Design Chart for Stirrup Spacing, #3 U—Stirrups (2 legs, fy = 60 ksi )*‘ ™

*Horizontal line indicates ¢V, for s = d/2.
**Minimum b,, corresponding 1o §Vy = @8+ f£ bud is less than 8 in, forall s
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100

Ay lyd
Vy— v, = Jobd /
S
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-
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= i 12,
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=
[ 14"
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50 / /) P 7 P 16"
I 18"
28.3‘ pd / / /d
30 i ] 1 1 Il 1 1 1 L L L L L L L I I tH L L L 1 1 I 1
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d, in.

Figure 3-4 Design Chart for Stirrup Spacing, #4 U-Stirrups (2 legs, f, = 60 ksi )*‘ "

*Horizontal line indicates ¢V for s = d/2.
**Values in ( ) indicate minimum practical by, corresponding to ¢V, = ¢8 -\, f¢ bud for given s.
(-} Indicates minimum b, corresponding to ¢V, = ¢8-\f fZ byd is less than 8 in. for given s.
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Figure 3-5 Design Chart for Stirrup Spacing, #5-U Stirrups (2 legs, f, = 60 ksi)*’ "

*Horizontal line indicates ¢V for s = df2.

**Values in { ) indicate mirimum practical b, corresponding to ¢V = ¢8| f2 b.d for given s.

(-} Indicates minimwm by, corresponding to ¢V; = ¢8-\} Fo bud ix less than 8 in. for given 5.
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Figure 3-6 Design Chart for Maximum Allowable Shear Force ( f; = 4000 psi)

o

(3) Beam size is adequate for shear strength, since 155.5 kips > 70.6 kips (also see Fig. 3-6). ¢V, (required) =70.6
- 31.7=38.9 kips. From Table 3-9, #4 @ d/2 = 12 in. is adequate for full length where stirrups are required
since Vs =40kips>38.9kips. Length over which stirrups are required is (86.6 - 15.8)/8 = 8.85 ft from support
face.

Check maximum stirrup spacing:
044]£5 byyd =0.22byd = 63.4 kips

Since ¢V = 38.9 kips < 63.4 kips, the maximum spacing is the least of the following:

d/2 = 12in. (governs)
Smax = 24 in.
Avfy /50bw = 40 iIl.

Use 10-#4 U-stirrups at 12 in. at each end of beam.
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The problem may also be solved graphically as shown in Fig. 3-7. ¢V for #3 stirrups atd/2, d/3, and d/4 are scaled
vertically from ¢ V.. The horizontal intersection of the ¢V, values (22 kips, 33 kips, and 45 kips) with the shear
diagram automatically sets the distances where the #3 stirrups should be spaced at d/2, d/3, and d/4 Thc exact
numerical values for these horizontal distances are calculated as follows (although scaling from the sketchis close

enough for practical design):

12I_0I| J
{ w. . = & Kips/ft !
¢ Column % Y | ¢ Span
| ' i !
f !
! !
1 1 P4
a1 ! [
| |
o i 14" . |9n 6 @ 6:- ! 2 @ 8" ! 5 @ 12" | 1
Li_,\,_. i
| h=27" _.1 r_d = 24"
L 117 2.0' . L L_._LLA_L_
' Face of b = 12
! *column — W
I
|
'I — d from support face I
96 kips |
i |
! ~4.86.6 Kips i
! slope|= B kips/t !
70.6 kips PVe + §Vg = 31.7 + 45 = 76.7 Kips > 70.6 kips ‘
QR 64 7 kips (31.7 + 33}
. 53.7 kips (31.7 + 22) 45 kips
L 33 kips
22 kips
A 7 Lol s Ry |
PO LRTR S e 8t A= = PV g ¥ 1 3
. #3@d2 A3 4
| | v
l PVe/2 158Kps | Ve
! ! ! No ™
L 117" Stirrups Required Stirrups
" g Required |
s =d/4 g s=d/3 . s=dfi2 N |
2.74 1380 T 4.74'

Figure 3-7 Simplified Method for Stirrup Spacing (Example 3.6.1)
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#3 @d/M4=6in: (86.6-64.7)/8=274ft(329in) use 6 @ 6in.
@d/3=8in.: (64.7-53.7)/8=1.38ft (16.61n.) use 2@ 8 in.
@d/2=12in.: (53.7-15.8)/8 =4.74 ft (56.9 in.) use 5 @ 121in.

A more practical solution may be to eliminate the 2 @ 8 in. anduse 9 @ 6in.and 5 @ 12 in.

As an alternative, determine the required spacing of the #3 U-stirrups at the critical section using Fig. 3-3. Enter
the chart with d =24 in. and ¢V ;=38.9 kips. The point representing this combination is shown in the design chart.
The line immediately above this point cotresponds to a spacing of s = 6 in. which is exactly what was obtained
using the previous simplified method.

3.6.2 Selection of Stirrups for Economy

Selection of stirrup size and spacing for overall cost savings requires consideration of both design time and
fabrication and placing costs. An exact solution with an intricate stirrup layout closely following the variation in
the shear diagram is not a cost-cffective solution. Design time is more cost-effective when a quick, more
conservative analysis is utilized. Small stirrup sizes at close spacings require disproportionately high costs in labor
for fabrication and placement. Minimum cost solutions for simple placing should be limited to three spacings:
the first stirrup located at 2 in. from the face of the support (as a minimum clearance), an intermediate spacing,
and finally, 2 maximum spacing at the code limit of d/2. Larger size stirrups at wider spacings are more cost-
effective (e.g., using #4 for #3 at double spacing, and #5 and #4 at 1.5 spacing) if it is possible to use them within
the spacing limitations of d/2 and d/4. For the example shown in Fig. 3-7, the 10-#4@12 in. is the more cost
effective solution.

In order to adequately develop the stirrups, the following requirements must all be satisfied (ACI 12.13). (1)
stirrups shall be carried as close to the compression and tension surfaces of the member as cover requirements
permit, (2) for #5 stirrups and smaller, a standard stirrup hook (as defined in ACI 7.1.3) shall be provided around
longitudinal reinforcement, and (3) each bend in the continuous portion of the stirnip must enclose a longitudinal
bar. To allow for bend radii at corners of U stirrups, the minimum bearm widths given in Table 3-10 should be
provided.

Table 3-10 Minimum Beam Widths for Stirrups

Minimum beam width
Stirrup size {bw)
#3 10in.
#4 12in.
#5 14 in.

Note that either the #3 or the #4 stirmup in the example of Fig. 3-7 can be placed in the 12 in. wide beam.

3.7 DESIGN FOR TORSION

For simplified torsion design of spandrel beamns, where the torsional loading is from an integral slab, two options
are possible:

(1) Size the spandrel beams so that torsion effects can be neglected (ACI 11.6.1) or,
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(2) Provide torsion reinforcement for an assumed maximum torsional moment (ACI 11.6.3).

All ACI provisions for torsion design are summarized in Table 3-11. This table should be used with Table 3-8
for the usual cases of members subjected to shear and torsion (see Section 3.7.2).

Table 3-11 ACI Provisions for Torsion Design

To <0058 =Xy | 90.5¢% =Py < Ty <oTo Tu> 0T¢
_ ] - 28b s (Tu—0¢Tc)s
Required area of stirrups, At None _fy —*———WMW i,
Af A f
Required - Ady 1 PAaX1yly
25bw (TLI "" ¢Tc)
Closed stirrup Maximum 1 X1+ _ X1 4+ _
spacing, s (ACI 11.6.8.1) — 1—4y-1-or12|n. XY or12in,
Recommended ) .
Minimum — — 4in.
Required area of Ionmtudmal Larger of eqn. (11-24) { Larger of eqn. (11-24)
steel A; (AC] 11.8.9. 3) None or eqn. (11-25) or eqn. (11-25)
Maximum spacing of longitudinal . .
steel (ACI 11.6.8.2) — 12in. 12in,

*To = 0.8t 2P/ 1+ (0.4Vy /CiTy)2  (ACI 11.6.6.1)

**A; = area of one leg of a closed stirrup; fy < 60 ksi (ACI 11.6.7.4)
***This is applicable when Vy, < ¢Vo/2. When Vy > ¢V/2, minimum reinforcement is Ay + 2A; = 50bysfiy (ACI 11.5.5.5).
“This is applicable when V, < ¢V¢/2. When V> ¢V/2, required spacing is (Ay + 2A)f/50by (ACI 11.56.5.5).

"Maximum spacing based on minimum torsion reinforcement must alse be considered.

3.7.1 Beam Sizing to Neglect Torsion

A simplified sizing equation to neglect torsion effects can be derived based on the limiting factored torsional

moment T, = §{0.5 \/E szy). For a spandrel beam integral with a slab, torsional loading may be taken as

uniformly distributed along the spandrel (ACI 11.6.3.2), with the torsional loading approximated as t, = 2T,/ per
unit length of spandrel beam (see Fig. 3-8). Set the maximum torque T, equal to the limiting torque:

=%(0.5«]¥ $x2y)

¢ TU/

9(’1);".5:)6 \ /
_

G

Figure 3-8 Torsional Loading on a Spandrel Beam
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3-18 Simplified Design

For atwo-way flat plate or flat slab w1th spandrel beams, the total exterior negative slab moment is equal to 0.30M,
(ACI 13.6.3.3), where M, = wybf, Y8 (ACI Eq. 13-3); also see Chapter 4, Table 4-3. For a two-way system, the
torsional moment transferred to the spandrel per unit length of beam can be approximated as t, = 0.30M,/2. Thus,
by equating this t, with the limiting value above, the required torsional section properties to neglect torsion can
be expressed as:

0.30M,
20(0.5¢f%)

For a spandrel beam section of width b and overall depth h, as shown in Fig. 3-9, the minimum size of the spandrel
beam to neglect torsion reduces to:

[

Zxcy=

0.30M,
20(0.5v)

MO

Ix2y = b2h + 3hg8 {h>Db)
Ix2y = h2b + 3hg? (h<b)

b2h or h2b= —3h3

Figure 3-9 Torsional Section Properties
For our selected concrete strength fc = 4000 psi, this equation simplifies to:

b2h or h2b = 67M,, — 3h>

For a one—way slab or one-way joists with spandrel beam support, the exterior negative slab moment is equal to
wuﬂn /24 {ACI 8.3.3). This negative moment can also be expressed as 0.33M,, where M, =total static span moment
= wyly Y8, Thus, for a one-way system with spandrel beams, sizing to neglect torsion reduces to:

b2h or h2b=74M, —3h>

The above sizing equations are in mixed units: M, is in foot-kips and b and h are in inches.

Architectural or economic considerations may dictate a smaller spandrel size than that required to neglect torsion
effects. For a specific floor framing system, both architectural and economic aspects of a larger beam size to
neglect torsion versus a smaller beam size with torsion reinforcement (additional closed stirrups at close spacing
combined with longitudinal bars) needs to be evaluated. If a smaller spandrel with torsion reinforcement is a more
appropriate choice, Section 3.7.2 provides a simple method for the design of the torsion reinforcement.
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3.7.1.1 Example: Beam Sizing to Neglect Torsion

Determine a spandrel beam size to neglect torsion effects for Building #2, Alternate (1)}—slab and column framing
with spandrel beams.

For N-S spandrels: =20 ft

=241t
h=24-(12+16)/(2 X 12)=2283 ft
wy = 1.4(130) + 1.7(50) = 275 psf

M, = wyloy /8 = 0.275 X 20 X 22.83%/8 = 358.8 ft-kips
bh or h¥b(required) = 67M, - 3hs> = 67(358.8) - 3(8.5)> = 22,197 in.>

Some possible combinations of b and h that will satisfy this equation are tabulated below.

b h{required) | possible selection
(in.) (in.) b xh (in. x in.)
12 154.1
14 113.3
18 86.7
18 68.5
20 55.5 20 x 56
22 45.9 22 x 48
24 38.5 24 x 38
| 26 32.8 26 x34
28 28.3 28 x 28
30 27.2 30x28
a2 26.3 2 x26
34 25.6
36 24.8

Clearly, large beam sizes are required to neglect torsion effects. It would probably be advantageous to select a

L i 2

srnauer Dﬂdﬂl d.Il(.l pI'U\"lUC tor: blUll lcllllUl CEMETIL.

3.7.2 Simplified Design for Torsion Reinforcement

When required, torsion reinforcement must consist of a combination of closed stirrups and longitudinal bars (ACI
11.6.7).

For spandrel beams built integrally with a floor slab system (where reduction of orsional loading can occur due
r'_ ¥x2v/3) mav be assime

y/3) may be assumed (ACI

RN

to redistribution of internai forces), a maximum torsional moment equal io ¢
11.6.3).

.Fk

Using this assumption, simplified design charts for torsion reinforcement can be developed. Figure 3-10 gives

the required area of closed stirrups per inch, A¢s, as a function of by, and h. The figure is based on ACI Egs. (11~

22) and (11-23), assuming #3 closed stirrups with 1 %2 in. clear cover all aroundanda 5 1n. slabthickness (rmmmum
permitted per ACI 9.5.3).* The shear stress V/byd in Eq. (11-22) was set equal to 8 f{ , i.e., the maximum
allowed value.”" Maximizing Vy/bwd results in minimizing T, and thus, maximizing Ay/s. Consequently, this
figure will yield conservative values of A/s when the actual V../b..d is less than the maximum. The values of A/
s in Fig. 3-10 can be easily adjusted for any V,/bwd ratio by using Fig. 3-11 and the following equation:

*Using larger stirrup sizes will have a negligible influence on the required A,/s. Larger slab thicknesses would require somewhat

{aa"ger values ofAl“,. h{’uuouar rhro merease honnmac cmn” fnr Inrgar beams.

**In order to satisfy ACI 11.6.9.4 (i.e., Ty < 4T,), the section must be large enough so that V. /b, d <8 1/}'5’ when T, = ¢4+ fE szy/.?
(see ACI Eqgs. (11-20) through (11-22)).
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Area of Closed Stirrups, Ayfs, in.2/in_fleg

L IV TTT
AR
NI
RN
N4
P
Vs

s VN

N

’ LT
==

10 12 14 16 18 20 22 24 26 28 30 32 34 36
h or by, {smaller dimension), in.
Figure 3-10 Torsion Reinforcement (A, /s) for Spandrel Beams
At - {coefficient in Fig. 3-11) v
8 0.9

Figure 3-12 gives the required longitudinal reinforcement Ay, based on ACI Eqs. (11-24) and (11-25), again
assuming #3 stirrups, 1 4 in. cover, and a 5 in. slab thickness. To obtain the maximum A,, the shear stress V/

byd was set equal to the minimum value of q:JE in Egs. (11-24) and (11-25). Although this figure yields

A% from Fig. 3-10)
]
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coefficient
Figure 3-11 Coefficients for Determining A, /s for any V,/byd

conservative values for Ay, the required reinforcement may not be excessive, since floor systems with slabs thicker
than 5 in. would require larger vaiues of Ag.

For torsional loading from a uniformly loaded slab to a spandrel beam, the torsional moment variation along the

spandrel will be approximately linear from a maximum at the critical section (Ty = ¢4 \/E }:x2y/3) to zero at

P |

midspan. Accordingly, the required area of closed stirrups obtained from the above equation and Figs. 3-10 and
3-11 may be reduced linearly toward midspan, but not to less than the minimum amount required by ACI 11 5.5.5.

For members subjected to flexure, shear, and torsion, the reinforcement required for torsion is to be combined with

that required for all other forces (ACI 11.6.7). In particular, the total required area per leg and spacing for the closed
stirrups 1s:

ZAvi _Av At
s 2s 8
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Area of Longitudinal Bars, Ay, in.2

:: T TR
T e

PR
TV g

IHNAW NN
Tk
o e | N7

h or by, (larger dimension), in.

s ]%‘
16 :
Ay
fo = 4 ksi

< - fy = 60 ksi
14 4
12 i

-¥

le by o

10 | ! ! ! t ! 1 ;

10 12 14 16 168 20 22 24 26 28 30 32 34 36

h or by, {smaller dimension), in.

Figure 3-12 Torsion Reinforcement (Ay) for Spandrel Beams

Note that A, refers to one leg of a closed stirrup while A, refers to two legs. Assuming as before that T, =
od JE Exzy/l the quantity AJ/s can be determined using Figs. 3-10and 3-11, and A,/2s can be obtained from Fig.

3-13. The curves in Fig. 3-13 are based on ACI Eq. (11-5) which is valid whenever T, > 40.54/f¢ Zx%y. All

maximum spacing criteria should be checked. Additionally, the longitudinal torsional reinforcement is to be
combined with that required for flexure.
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550
BUiE =506 _ _ | L mde b oadoooL
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Figure 3-13 Required Shear Reinforcement (Ay/2s), Including Torsional Effects

3.7.2.1 Example: Design for Torsion Reinforcement

Determine the required combined shear and torsion reinforcement for the E-W spandrel beams of Building #2,
Alternate (1) - slab and column framing with spandrel beams.

For E-W spandrels:

spandrel size = 12 X 20 in.
d=20-25=175in.=1461t
h=24-(12112)=23.01ft

beam weight = 1.4 (12 X 20 X 0.150/144) = 0.35 kips/ft
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wy from slab = 1.4(136) + 1.7(50) = 275 psf

Tributary load to spandrel (% panel width) = 275(20/2) = 2.75 kips/ft
beam = 0.35 kips/ft
Total w, = 3.10 kips/ft

Check for fire resistance:

From Table 10-4, for a restrained beam with a width greater than 10 in., % in. cover is required for two hour fire
resistance rating. That is less than the minimum required cover in ACI 7.7; therefore, section is adequate for fire
resistance.

(1) Determine V/byd and check if section is adequate to carry the torsion

V, at face of support = wyly/2 = (3.10 X 23)/2 =357 kips
Vy at distance d from support = 35.7 - 3.10(1.46) = 31.2 kips
Vulbwd =31,200/(12 X 17.5) = 148.6 psi

Since 148.6 psi < 8 V4000 = 506 psi, the beam is large enough to carry the torsion.
(2) Determine A4/s from Figs. 3-10 and 3-11

From Fig. 3-10 with by = 12 in. and h = 20 in., A¢/s = 0.020 in.zlin.lleg.
From Fig. 3-11 with V,/byd = 148.6 psi, the coefficient = 0.61.

Therefore,

required At _ %Z—l (0.020)=0.014in.2 /in./leg
s .

{3) Determine A.f2s from Fig. 3-13

With Vy/byd = 148.6 psi and by, = 12 in., required A,/2s = 0.009 in.zlin.lleg.
(4) Determine total stirrup area required for shear and torsion

Ads + Ay/2s = 0.014 + 0.009 = 0,023 in. ¥/in /leg
Check minimum stirrup area (ACI 11.5.5.5):

CAV/25 + Afs = 25byffy = 25 X 12/60,000 = 0.005 in./in.fleg < 0.023 in.*in/leg O.K.

Required spacing of closed stirrups:

For a #3 sticrup (A, = 0.11 in?), required spacing s = 1213 =48 in.

(LA,

a 0
For a #4 stirrap (Ap = 0.20 in.“), required spacing s = 5,003 =R.7 in.
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(5) Check maximum spacing (ACI 11.6.8.1 and 11.5.4.1)

For #3 stirrups;  x1=12-3.375 = 8.625 in.
=20-3.375=16.625in.
(X1 + y1 /4 = (8.625 + 16.625)/4 = 6.31 in. < 12 in.

For #4 stirrups:  x;=12-3.5=8.51in.
=20-3.375=16.6251n.
(X1 +y1)/[4=(85+16.5/4=6.25in. <12 in.

d/2=17.5/2=8.751n.

Use #4 closed stirrups @ 6 in. on center.
(6) Determine the required area of longitudinal bars, Ay, from Fig. 3-12

For h =20 in. and by, = 12 in.: Ag= 1.10 in.?

Place the longitudinal bars around perimeter of the closed stirrups, spaced not more than 12 in. apart, and locate
one longitudinal bar in each corner of the closed stirrups (ACI 11.6.8.2). For the 20 in. deep beam, one bar is
required at mid-depth on each 51de face, with ¥ of the total Ayrequired at top, mid-depth, and bottom of the closed
stirrups. Ay3=1.1/3=0.371 in2. Use 2-#4 bars at mid- depth (one on each face). Longitudinal bars required at
top and bottom may be combmed w1th the flexural reinforcement.

Details for the shear and torsion reinforcement (at the support) are shown in Fm 3-14. The closed 5_1__# S may

be reduced toward midspan, but not less than the minimum amount required by ACI 11.5.5.5. The two-piece
closed stirrup detail shown in the figure is recommended for spandrel beams (see Section 3.7.3).

m— 0.37 in.2 + Ag(required for flexure)

N #4 closed stirrups @ 6 in. o.c.

81/2"

fe—

[~ 2-#4

20"
LA

@ = @ 1  0.37in2+Ag(required for flexure)

)

12“

Figure 3-14 Required Shear and Torsion Reinforcement (Example 3.7.2.1)

3.7.3 Closed Stirrup Details

The requirements for closed stirrups are given in ACI 7.11.3 and are depicted in Fig. 3-15.
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Alternate 135 deg. hook

Overlappi ] [ ]
Stndart hook " ®
| I

Class B splice

—

Figure 3-15 Code Definition of Closed Tie or Stirrup

The one-piece closed stirrup with overlapping end hooks is generally not practical for placement in the field. Also,
neither of these closed stirrups is considered effective for members subject to high torsional loading. Even though
spandrel beams are usually subjected to low torsional loading from an integral slab, it is recommended that the
two-piece closed stirrup detail shown in Fig. 3-16 be used >

Confinement

Confinement one side
(spandrel beam with slab)

Figure 3-16 Recommended Two-Piece Closed Stirrup Detair’$

3.8  EXAMPLES: SIMPLIFIED DESIGN FOR BEAMS AND SLABS

The following three examples illustrate use of the simplified design data presented in Chapter 3 for proportioning
beams and slabs. Typical floor members for the one-way joist floor system of Building #1 are designed.

3.8.1 Exampie: Design of Standard Pan Joists for Aiternate (1) Fioor System (Building #1)

(1) Data:  f¢ = 4000 psi (normal weight concrete, carbonate aggregate)
£, = 60,000 psi

Floors: LL
DL

60 psf
130 psf (assumed total for joists and beams + partitions + ceiling & misc.)

Required fire resistance rating = 1 hour
Floor system - Alternate (1): 30-in. wide standard pan joists

width of spandrel beams = 20 in.
width of interior beams = 36 in.
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Note: The special provistons for standard joist construction in ACI 8.11 apply to the pan joist floor system of
Alternate (1) .

(2) Determine the factored shears and moments using the approximate coefficients of ACI 8.3.3.

Factored shears and moments for the joists of Alternate (1) are determined in Chapter 2, Section 2.3.2.
Results are summarized as follows:

wy = [1.4(130) + 1.7(60) = 284 psf] X 3 ft = 852 pif

Note: All shear and negative moment values are at face of supporting beams.

V, @ spandrel beams =11.7 kips
V., @ first interior beams = 13.5 kips
-M, @ spandrel beams = 26.8 ft-kips
+M, @ end spans = 46.0 ft-kips
-M, @ first interior beams = 63.1 ft-kips
+M, @ interior spans = 38.8 ft-kips
-M, @ interior beams = 56.5 ft-kips

(3) Preliminary size of joist rib and slab thickness
From Table 3-1: depth of joist h = 0,/18.5 = (27.5 X 12)/18.5 =17.8 in.

where ¢, (end span) =30 - 1.0 - 1.5 = 27.5 ft (govems)
t, (interior span) =30 -3 =27.0 ft

From Table 10-1, required slab thickness = 3.2 in. for 1-hour fire resistance rating. Also, from ACI
8.11.6.1:

slab thickness > 30/12

¥ARLLLERILERRY Adakoanid = ¢

]
[
L
et
=]
v
o
[l
=

Try 16 in. pan forms + 3% in. slab

h=195in.>17.8in. O.X.
slab thickness =3.5in.>3.2in. 0O.K.

(4) Determine width of joist rib

{a) Code minimum (ACT 8.11.2}:
by 2 16/35=4.61in. > 40 in.

(b) For moment strength:

_20M, _ 20(63.1)

b = =3.8in
T4z T 18252

whered =19.5-1.25=18.25in. = 1.52 ft

*See Table 9-3 for standard form dimensions for one-way joists.
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Check for fire resistance: from Table 10-4 for restrained members, the required cover for a fire resis-
tance rating of 1 hr = % in. for joists.

(c} For shear strength:

V, @ distance d from support face = 13.5 - 0.85(1.52) = 12.2 kips
OV, =1.1(0.11byd) = 0.12b,d*

o by =12.2/0.12 X 18.25)=5.6in.

Use 6 in. wide joists (see Table 9-3 and Fig. 3-17).

36"

i 3
—_— X

. /Joist top bars Slab bars

last)

16"

Bottom bars

L

30" clear e L. 30" clear

L4

Figure 3-17 Joist Section (Example 3.8.1)
(5) Determine Moment Reinforcement

(a) Top bars at spandrel beams:

Mo __268 _637in2

T ad 41825

Distribute bars uniformly in top slab:

A, =0.37/3 = 0.122 in. %t

Maximum bar spacing for an interior exposure and ¥ in. cover will be controlled by provisions of ACI
7.6.5 (see Table 3-4):

Smax = 3h =3(3.5)=10.51in. < 18 in.
From Table 3-7: Use #3 @ 10 in. (A= 0.13 in.%/ft)
(b) Bottom bars in end spans:

A, =46.0/4(18.25) = 0.63 in.2

Check rectangular section behavior:

*For standard Joist ribs conforming 10 ACI 8.11, a 10% greater shear strength ¢V, is allowed. Also, minimum shear reinforcem.em is
not required (see ACI [1.5.5),
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a = Af,/0.85 fbe = (0.63 X 60)/(0.85 X 4 X 36)=031in.<35in. OK.
From Table 3-6: Use 2-#5 (A;=0.62 in. )

Check p = Agbyd = 0.62/(6 X 18.25) = 0.0057 > pmin = 0.0033 Ok

(c} Top bars at first interior beams:

A =163.1/4(18.25) = 0.86 in.2]/3 = 0.29 in.2/ft
From Table 3-7, with spax = 10.5 in.:

Use #5 @ 10 in. (A, = 0.37 in.2fft)
(d) Bottom bars in interior spans:

Aq = 38.8/4(18.25) = 0.53 in.
From Table 3-6: Use 2-#5 (A = 0.62 in.)

(e) Top bars at interior beams:

A = [56.5/4(18.25) = 0.77 in.21/3 = 0.26 in. X/ft
From Table 3-7, with sy = 10.5 in.:

Use #5 @ 10in. (A;=0.37 in.zlft)

(f) Slab reinforcement normal to ribs (ACI 8.11.6.2):

Slab reinforcement is often located at mid-depth of slab to resist both positive and negative moments.

where wy = 1.4(44 + 30) + 1.7(60) = 206 psf = 0.21 kips/ft
fy = 30 in. = 2.5 ft (ignore rib taper)

With bars on slab centerline, d = 3.5/2 = 1.75 in.
Ay =011/4(1.75) = 0.

From Table 3-5, fora 3 Y2 1n, slab: Use #3 @ 16 in.

Note: For slab reinforcement normal to ribs, space bars per ACI 7.12.2.2 at Sh or 18 in.

Check for fire resistance: From Table 10-3, required cover for fire resistance rating of 1 hour = Yy in.

O.K.

»
RN D ainfinsnnrmant Aatailo chn i 12 avn datarminad dieastly fram Rig &  NWanta that ana
Uy .I.\C.[IL[UILJCEIICIII. UGLdtiy SNown 1 l'. ls J 10 glvUubiviiuivu il wuy 41V 108, U s LYAURG LLLAL VLD O

at the bottomn must be continuous or be spliced over the support with a Class A tension splice, and be terminate

with a standard hook at the non-continuous supports for structural integrity (ACI 7.13.2.1).

"The bar cut-off points shown in Fig. 85 are recommended for one-way joist construction. The reader may consider determining
actual bar lengths using the provisions in ACI 12.10.
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Sym about ¢
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End Span

Interior Span (Typ)
Figure 3-18 Reinforcement Details for 30 in. Standard Joist Floor System [Building #1—Alternate (1)]

(7) Distribution Ribs

The ACI Code does not require lateral supports or load distribution ribs in joist construction. Reference 3.7

RO

PRI at Tamad o

suggests that 4 in. wide distribution ribs with at least one #4 bar continuous top and bottom be used to equalize

deflections and to ensure that the effect of concentrated or unequal loads is resisted by a number of joist ribs. The
following spacing for distribution ribs is also recommended:

+* None in spans less than 20 ft
* One near the center of spans 20 to 30 ft

* Two near the third points of spans greater than 30 ft

Provide one distribution rib at center of each span as shown in Fig. 3-19.

Sym about each span ¢
| #4 cont.
Z

Figure 3-19 Distribution Rib

38.2 Example: Design of Wide-Module Joists for Alternate {2) Floor System {Building #1)

(1) Data: f¢ = 4000 psi (normal weight concrete, carbonate aggregate)
fy = 60,000 psi

Floor: LL = 60 psf

DL = 130 psf (assumed total for beams and slab + partitions + ceiling & misc.)
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Fire resistance rating: assume 2 hours.

Floor system - Alternate (2): Assume joists on 6 ft -3 in. centers (standard forms*)
width of spandrel beams = 20 in.
width of interior beams = 36 in.

Note: The provisions for standard joist construction in ACI 8.11 do not apply for the wide-module joist system
(clear spacing between joists > 30in.). Wide-module joists are designed as beams and one-way slabs (ACI 8.11.4).

(2) Determine factored shears and moments using the approximate coefficients of ACI 8.3.3 (see Figs. 2-3, 2-4,
and 2-7). ”
wy = 1.4(130) + 1.7(60) = 284 psf X 6.25 = 1775 plf, say 1800 plf

Note: All shear and negative moment values are at face of supporting beams.

Vu @ spandrel beams = 1.8(27.5)/2 = 24.8 kips

Vy @ first interior beams =1.15(24.8) = 28.5 kips

V. @ interior beams = 1.8 (27)/2 =243 kips

M, @ spandrel beams = 1.8(27.5)%/24 = 56.7 ft-kips
+M, @ end spans =18 (27.5)2! 14 =97.2 ft-kips
M, @ first interior beams = 1.8 (27.25)%/10 = 133.7 ft-kips
+M, @ interior spans = 1.8(27)%/16 = 82.0 ft-kip

a3 Ao
L

-M, @ interior bear
(3) Preliminary size of joists (beams) and slab thickness
From Table 3-1: depth of joist h = (,/18.5 = (27.5 X 12)/18.5=17.8 in.

where {, (end span) =30 - 1.0 - 1.5 = 27.5 ft (governs)
¢, (interior span) =30-3=27.01ft

1 -1 pAg, [ z

Check for fire resistance: from Table 10-1, required slab thickness = 4.6 in. for 2-hour rating.
Try 16 in. pan forms + 4-%4 in. slab

h=20.5in.>17.8in. OK.
(4) Determine width of joist rib

(a) For moment strength:

_20My _20(133.7) o oe.
d? 18.02

whered=205-25=180in. =150 ft

bw

Check for fire resistance: for joists designed as beams, minimum cover per ACI 7.7 = 1.5 in. From
Table 10-4, the required cover for restrained beams for a fire resistance rating of 2 hr =% in. < 1.5 in.
oK.

*See Table 9-3 for standard form dimensions.
**Np live load reduction permitted: Ap= 12.5 X 30 = 375 sq ft < 400 sq ft (see Table 2-1).
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(b) For shear strength:
V, @ distance d from support face = 28.5 - 1.8(1.50) = 25.8 kips

OVo/2 = 0.055 byd
by = 25.8/(0.055 X 18.0) = 26.1 in.
Use 9 in.-wide joist (standard width) and provide stirrups where required. A typical cross-section of the

joist is shown in Fig. 3-20.

75"

Joisttopbar __

1 112“

16"

Lot Tty

Figure 3-20 Joist Section

(5) Determine Moment Reinforcement

(a) Top bars at spandrel beams:

Ag=Mu _ 367 79in.2

4d ~ 4(18.0)

Distribute bars uniformly in top slab according to ACI 10.6.6.
Effective flange width: (30 X 12)/10 = 36 in. (governs)

6.25 X 12=751in.

9+2(8 X 4.5)=811n.

A, =0.79/3 = 0.26 in fft

From Table 3-4, maximum bar spacing (interior exposure and 1-'4 in. cover) for #4 bars is 13.3 in.
Also,
Smax = 30 = 3(4.5) = 13.5 in. < 18 in.

From Table 3-7: Use #4 @ 9 in, (A = 0.27 in.2/ft)
{(b) Bottom bars in end spans:

A=97.2/4(18.0) = 1.35 in.>
a = A{fy/0.85fcb. =(1.35 X 60)/(0.85 X 4 X 36) = 0.66 in. <4.5 in. O.K.

o IOW, inpvoace in AV ic natn imum choar reinfarcemaent is reauived when V. >
Ine IU% tncredse in @Y IS notl permiited. ALS0, nunimim snear remjorcement is reqiarea wnen vy »
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From Table 3-6: Use 2-#8 (Ag = 1.58 in.?)

Check p = Agbyd = 1.58/(9 X 18.0) = 0.0098 > ppin = 0.0033 O.X.

The 2-#8 bars satisfy all requirements for minimum and maximum number of bars in a single layer.
(c) Top bars at first interior beams:

A;=[133.7/4(18.0)=1.86 in.z]/3 ft = 0.62 in. 2t
From Table 3-7, assuming #7 bars (smax = 10.8 in. from Table 3-4),

Use #7 @ 10 in. (A = 0.72 in 2/ft)
(d) Bottpm bars in interior spans:

Ag = 82.0/4(18.0) = 1.14 in.2
From Table 3-6, use 2-#7 (A =1.20 in.z)

(e) Top bars at interior beams:
- = [119.3/4(18) = 1.66 in.”] /3 ft = 0.55 in.X/ft
From Table 3-7, with $pax = 11.6 in.
Use #6 @ 9 in, (As = 0.59 in.”/ft)
(f) Slab reinforcement normal to joists:
Use My=wyl, /12 (see Fig. 2-5)
= 0.22(6.25)2/ 12 =0.72 ft-kips
where wy = 1.4(56 + 30) + 1.7(60) = 222 psf = 0.22 kips/ft
Place bars on slab centerline: d =4.5/2=2.25 in.

A, =0.72/4(2.25) = 0.08 in. >fft

(but not less than required temperature reinforcement).

From Table 3-5, for 4-% in. slab: Use #3 @ 13 in. (A, = 0.10 in /ft)

Nhanlr far fiva »

agio
i AWM Ll 1010

rating of 2 hours =% in. O.K.

(6) Reinforcement details shown in Fig. 3-21 are determined directly from Fig. 8-3(a).* For structural integrity
(ACI7.13.2.3), one of the #7 and #8 bars at the bottom must be spliced over the support with a Class A tension
splice; the #8 bar must be terminated with a standard hook at the non-continuocus supports.

(7) Design of Shear Reinforcement

*The bar cut-off points shown in Fig. 8-3{a) are recommended for beams without ciosed stirrups. The reader may consider determin-
ing actual bar lengths using the provisions in ACI 12.10.
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(a} End spans:

V, at face of interior beam = 28.5 kips
V, at distance d from support face = 28.5 - 1.8(1.50) = 25.8 kips

Use average web width for shear strength calculations

by =9+ (2

a1

5/12) = 10.7 in.

[

Sym about ¢

5 -f 01_8“ 1 0"8” 9

#7 @ 10" (1st interior)
=i #6 @ 9" (interior)

|
|
L 71 |
409 '

e E R e KR L TR e S AR I @ e e 1] 346"
M f—6" "Single leg 18 ] | 3-5" [3Mp*| 3-5 M-#7
1-81 | #3 stirrups o f il '
Il 1 H |L- 1 OI-SI' 1 II ot 1 OI-GII n.ll ‘
‘ = . #3 @9"single leg |/ | #3 @9" single leg I
8" #3 @ 9" single leg stirmups 300" stirrups | | stirrups 30-0" P
| Ciass A splico —! | |
End Span Interior Span (typ)

Figure 3-21 Reinforcement Details for 6 ft-3 in. Wide-Module Joist Floor System
[Building #1—Alternate (2)]

@V + dVmax = 0.54 byd = 0.54(10.7)(18.0) = 104.0 kips
OV, = 0.11 byd = 0.11 (10.7)(18.0) = 21.2 kips
dVo/2 = 0.055 byd = 10.6 kips

Beam size is adequate for shear strength since 104.0 kips > 25.8 kips.
Since V, > 0V, more than minimum shear reinforcement is required. Due to the sloping face of the
joist rib and the narrow widths commonly used, shear reinforcement is generally a one-legged stirrup

rather than the usual two. The type commonly used is a continuous bar located near the joist centerline
and bent into the configuration shown in Fig. 3-22. The stirrups are attached to the joist bottom bars.

9" 9" .

g"
Figure 3-22 Stirrup Detail

Single leg #3 @ d/2 is adequate for full length where stirrups are required. Length over which stirrups
are required: (28.5 - 10.6)/1.8 = 10.0 ft. Stirrup spacing s =d/2 = 18.0/2=9.0 in.

Check Ay(min) = 50 bys/fy = 50 X 10.7 X 9.0/60,000 = 0.08 in.>
Single leg #3 stirrup O.K.
Use 14-#3 single leg stirrups @ 9 in. Use the same stirrup detail at each end of all joists.

Publication List Book Contents




Simplified Design for Beams and Slabs 3-35

3.8.3 Example: Design of the Support Beams for the Standard Pan Joist Floor along a Typical N-S
Interior Column Line (Building #1)

(1) Data fg = 4000 psi (carbonate aggregate)
fy = 60,000 psi

Floors: LL =60 psf
DL = 130 psf (assumed total for joists & beams + partitions + ceiling & misc.)

Required fire resistance rating = 1 hour (2 hours for Alternate (2}).

Preliminary member sizes
Columns interior = 18 X 18 in.
exterior = 16 X 16 in.

width of interior beams =36 in. =2 X depth=2 X 19.5=39.01n.

The most economical solution for a pan joist floor is making the depth of the supporting beams equal to
the depth of the joists. In other words, the soffits of the beams and joists should be on a common plane.
This reduces formwork costs sufficiently to override the savings in materials that may be accomplished
by using a deeper beam. See Chapter 9 for a discussion on design considerations for economical
formwork. The beams are often made about twice as wide as they are deep. Overall joist floor depth =
16 in. + 3.5 in. = 19.5 in, Check deflection control for the 19.5 in. beam depth. From Table 3-1:

h=19.5in.>,/18.5 =(28.58 X 12)/18.5=185in. O.X.
where ¢, (end span) =30 - 0.67 - 0.75 = 28.58 ft (governs)
4, (interior span) = 30 - 1.50 = 28.50 ft

(2) Determine the factored shears and moments from the gravity loads using approximate coefficients (see Figs.
2-3, 2-4, and 2-7).
Check live load reduction. For interior beams:
Ap = 2(30 X 30) = 1800 sq ft > 400 sq ft
L = 60(0.25 + 15/+/1800) = 60(0.604) " = 36.2 psf
wy = [1.4(130) + 1.7(36.2) = 244 psf] X 30ft =73 kif

Note: All shear and negative moment values are at the faces of the supporting columns.

Vu @ exterior columns =7.3(28.58)/2 = 104.3 kips
Vyu @ first interior columns = 1.15(104.3) = 120.0 kips
Vu @ interior columns = 7.3 (28.5)/2 = 104.0 kips
-M, @ extenior columns = 7.3(28.58)2/16 = 372.7 ft-kips
+M, @ end spans =7.3(28.58)%/14 = 425.9 ft-kips
M, @ first interior columns = 7.3(28.54)%/10 = 594.6 ft-kips
+M, @ interior span =7.3(28.50)2/16 = 370.6 ft-kips

*For members supporting one floor only, maximum reduction = 0.5 (see Table 2-1).
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(3) Design of the column line beams also includes consideration of moments and shears due to wind. The wind

load analysis for Building #1 is summarized in Fig. 2-13.

Note: The 0.75 factor permitted for the load combination including wind effects (ACI Eq, (9-2) is, in most cases,
sufficient to accommodate the wind forces and moments, without an increase in the required beam size or
reinforcement (i.e., the load combination for gravity load only will usually govern for proportioning the beams).

(4) Check beam size for moment strength
Preliminary beam size = 19.5 in. X 36 in.

For negative moment section:

bw

_20My _ 20(594.6)

d? 172

=4].1in.>361n.

whered=195-25=17.01n. =142 ft

For positive moment section:

by = 20(425.9)/17° = 29.5 in. < 36 in.
Check minimum size permitted with p = 0.75 p, = 0.0214:

by = 13(594.6)/17% = 26.7 in. < 36 in. O.K.

Use 36 in. wide beam and provide slightly higher percentage of reinforcement (p > 0.5 pryay) at interior

columns.

Check for fire resistance: from Table 10-4, required cover for fire resistance rating of 4 hours or less = %

in. < provided cover. O.K.

(5 Determine flexural reinforcement for the beams at the 1st floor level

(a) Top bars at exterior columns
Check governing load combination:
= gravity load only

M, = 372.7 ft-kips

* gravity + wind loads:

M, = 0.75 (372.7) + 0.75(1.7 X 90.3) = 394.7 ft-kips

» also check for possible moment reversal due to wind moments:

M, = 0.9(199.1) + 1.3(90.3) = 296.6 ft-kips, 61 8 ft-kips

where wg = 130 X 30 =3.9 kips/ft
My = 3.9(28.58)2/16 =199.1 ft-kips

Publication List

Book Contents

ACI Eg. (9-1)

ACI Eq. (9-2)

ACI Eq. (9-3)



Simplified Design for Beams and Slabs 3-37

M, 3947

=5.801in.2
ad  4(17)

From Table 3-6: Use 8-#8 bars (A, = 6.32 in.2)

For interior exposure, minimum n = 36{1.5 + 0.5 + (1.0/2)]%/57.4 = 4 bars < 8 OK.

(b) Bottom bars in end spans:

As =425.9/4(17) = 6.26 in.?
Use 8-#8 bars (Ag = 6.32 in.2)

(c) Top bars at interior columns:
Check governing load combination:
» gravity load only:
M, = 594.6 ft-kips ACI Eq. (9-1)
* gravity + wind loads:

M, = 0.75(594.6) + 0.75(1.7 X 90.3) = 561.1 ft-kips ACI Eq. (9-2)
Ag = 594.6/4(17) = 8.74 in.2

Use 11-#8 bars (As = 8.70 in.%)
{d) Bottom bars in interior span:

Ay =370.6/4(17) = 5.45 in.2
Use 7-#8 bars (A = 5.53 in.%)

(6) Reinforcement details shown in Fig. 3-23 are determined directly from Fig. 8-3(a).* Provide 2-#5 top bars
within the center portion of all spans to account for any variations in required bar lengths due to wind effects.

Since the column line beams are part of the primary wind-force resisting system, ACI 12.11.2 requires at least one-
fourth the positive moment reinforcement to be extended into the supporting colurns and be anchored to develop
full fy at face of support. For the end spans: Ay/4 =8/4 =2 bars. Extend 2-#8 center bars anchorage distance into
the supports:

» At the exterior columns, provide a 90° standard end-hook (general use). From Table 8-5, for #8 bar:
fh=141in.=16-2=141in. O.K.

« Atthe interior columns, provide a Class A tension splice (ACI7.13.2.3), Clear space between #8 bars
=34 in, = 3.4dy, From Table 8-2, length of splice = 1.0 < 30 = 30 in. (ACI 12,15),

(7) Design of Shear Reinforcement

*The bar cut-off points shown in Fig. 8-3(a) are recommended for beams without closed stirrups. The reader may consider determin-
ing actual bar lengths using the provisions in ACI 12.10.
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Design shear reinforcement for the end span at the interior column and use the same stirrup requirements for all

three spans.
! |
7100, 10-4* - 10-4" "
™ +
i | 8-#8 2-#5 | 11-#8 I | F 2-#5
I ! F 4 / F_4 - i ’f
2" Class A
clear | L_L /5'#3 0" ie/tension splice Vi 5-#8 b
| =
[ x A [
& No-#8 ' 18 248
e 13-'\!'—1“3
4I_3II 'r 4|-.3| N
L 30I-0II :": 30!_0!! o
e , -
1.5" clear 11-#8 at interior columns
Jto stirrups ;B-#8 at exterior columns
] oy

#4 U-stirrups

el emomes
1 opfal s

7-#8 in interior spans

Figure 3-23 Reinforcement Details for Support Beams along N-S Interior Column Line

Check governing load combination;

» gravity load only:

V. at interior column = 120.0 kips (governs)

* gravity + wind loads:

Vo =0.75(120.0) + 0.75(1.7 X 6.02) = 97.7 kips

* wind only at span center:

Yy =1.3(6.02) = 7.8 kips
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Vy @ face of column = 120.0 kips
Vy at distance d from columnn face = 120.0 - 7.3(1.42) = 109.6 Kips
OV + dVImax = 0.54 byd = 0.54(36)1
OV, =0.11 bypd =0.11(36)17 = 67.3 kips
V2 =33.7 kips
Length over which stirrups are required: (120.0-33.7)/7.3=11.81t
OV, (required) = 109.6 - 67.3 = 42.3 kips
Try #4 U-stirrups:

From Fig. 3-4, use #4 @ 8 in. over the entire length where stirrups are required (see Fig. 3-24),

| #4 U-stirrups

g’ 18 @ 8" =12"-0"
Face of
column
__/\/__

Figure 3-24 Stirrup Spacing Layour—Use same layour at each end of all beams
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Simplified Design for Two-Way Slabs

4,1 INTRODUCTION

Figure 4-1 shows the various types of two-way reinforced concrete slab systems in use at the present time.

A solid slab supported on beams on all four sides [Fig. 4-1(a)] was the original slab system in reinforced concrete.
With this system, if the ratio of the long to the short side of a slab panel is two or more, load transfer is
predominantly by bending in the short direction and the panel essentially acts as a one-way slab. As the ratio of
the sides of a slab panel approaches unity (square panel), significant load is transferred by bending in both
orthogonal directions, and the panel should be treated as a two-way rather than a one-way slab.

As time progressed and technology evolved, the column-line beams gradually began to disappear. The resulting
slab system, consisting of solid slabs supported directly on columns, is called the flat plate [Fig. 4-1(b)]. The flat
plate is very efficient and economical and is currently the most widely used slab system for multistory residential

il A T
nnd 1nthnhnns|] r-nnefrllr'hnn “"'h as motels, hotulo, d\.u.uutuj.xun, u.l,lu.rtlubul. buuuiﬁgs, and uUbPltalb in

comparison to other concrete ﬂoorlroof systems, flat plates can be constructed in less time and with minimum labor
costs because the system utilizes the simplest possible formwork and reinforcing steel layout. The use of flat plate
construction also has other significant economic advantages. For instance, because of the shallow thickness of
the floor system, story heights are automatically reduced resulting in smaller overall heights of exterior walls and
utility shafts, shorter floor to ceiling partitions, reductions in plumbing, sprinkler and duct risers, and a multitude
of other items of construction. In cities like Washington, D.C., where the maximum height of buildings is
restricted, the thin flat plate permits the construction of the maximum number of stories on a given plan area. Flat
plates also provide for the most flexibility in the layout of columns, partitions, small openings, etc. Where job
conditions allow direct application of the ceiling finish to the flat plate soffit, (thus eliminating the need for
suspended ceilings), additional cost and construction time savings are possible as compared to other structural
Systems.
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B

T —

=N

{a) Two-Way Beam-Supported Slab

s

{(b) Flat Plate

T T

{c) Flat Slab

{d) Waffle Slab {Two-Way Joist Slab)

Figure 4-1 Types of Two-Way Slab Systems
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The principal limitation on the use of flat plate construction is imposed by shear around the columns (Section 4.4).
For heavy loads or long spans, the flat plate is often thickened locally around the columns creating what are known
asdrop panels. When a flat plate is equipped with drop panels, it is called a flat slab [Fig. 4-1(c)]. Also, forreasons
of shear around the columns, the column tops are sometimes flared, creating column capitals. For purposes of
design, a column capital is part of the column, whereas a drop panel is part of the slab.

Waffle slab construction [Fig. 4-1(d)] consists of rows of concrete joists at right angles to each other with solid
heads at the columns (for reasons of shear). The joists are commonly formed by using standard square dome forms.
The domes are omitted around the columns to form the solid heads acting as drop pancls. Waffle slab construction
allows a considerable reduction in dead load as compared to conventional flat slab construction. Thus, it is
particularly advantageous where the use of long span and/or heavy loads are desired without the use of deepened
drop panels or support beams. The geometric shape formed by the joist ribs is often architecturally desirable.

Discussion in this chapter is limited largely to flat plates and flat slabs subjected only to gravity loads.

42  DEFLECTION CONTROL—MINIMUM SLAB THICKNESS

Minimum thickness/span ratios enable the designer to avoid extremely complex deflection calculations in routine
designs. Deflections of two-way slab systems need not be computed if the overall slab thickness meets the
minimum requirements specified in ACI 9.5.3. Minimum slab thicknesses for flat plates, flat slabs (and waffle
slabs}, and two-way slabs, based on the provisions in ACI9.5.3, are summarized in Table 4-1, where ¢, is the clear
span length in the long direction of a two-way slab panel. The tabulated values are the controlling minimum
thicknesses governed by interior or exterior panels assuming a constant slab thickness for all panels making up
a slab system.‘l'1 Practical spandrel beam sizes will usually provide bearn-to-slab stiffness ratios o greater than
the minimum specified value of 0.8; if this is not the case, the spandrel beams must be ignored in computing
minimum slab thickness, A standard size drop panel that would allow a 10% reduction in the minimum required
thickness of a flat slab floor system is illustrated in Fig. 4-2. Note that a larger size and depth drop may be used
if required for shear strength; however, a corresponding lesser slab thickness is not permitted unless deflections
are computed.

L V6 6 | {in each direction)
| i X 1l
k4 =Ty
iaY}

|
I
|
| 1 ]
|
|

A
Figure 4-2 Drop Panel Details (ACI 13.4.7)

Table 4-1 gives the minimum slab thickness h based on the requirements given in ACI 9.5.3; o, is the average
value of o (ratio of flexural stiffness of beam to flexural stiffness of slab) for all beams on the edges of a panel,
and B is the ratto of clear spans in long to short direction.

For design convenience, minimum thicknesses for the six types of two-way slab systems listed in Table 4-1 are
plotted in Fig. 4-3.
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43  TWO-WAY SLAB ANALYSIS BY COEFFICIENTS

For gravity loads, ACI Chapter 13 provides two analysis methods for two-way slab systems: 1) the Direct Design
Method (ACT 13.6) and the Ecmivalent Frame Method (ACT 13 7). The Equivalent Frame Method, using mem

ALALEEVAE (A ERd B J, 0 GARARE LR Al VARELAIE 4 S ABIN IV L4l X AAJ UL VIR AL GULIC LY LUV, UOLLLE Llll.ou.lbl.rl

stiffnesses and complex analytical procedures, is not suitable for hand calculations. Only the Direct Design
Method, using moment coefficients, will be presented in this Chapter,

Table 4-1 Minimum Thickness for Two-Way Slab Systems

Two-Way Slab System om B Minimum h
Flat Plate — <2 /30
Flat Plate with Spandrel Beams ! [Min. h=5in] § — | <2 00/33
Flat Slab 2 — 2 0, /33
Flat Slab 2 with Spandrel Beams' Min.h=4in] | — <2 1y /36
<02 | <2 in /30
e " . . na 1.0 1 i 133
Two-Way Beam-Supporied Siab* o 0, /36
22.0 1 in /37
2 I, /44
<02 | <2 I, /33
13 1.0 1 £,/36
Two-Way Beam-Supported Slab 5 8 /40
=20 1 & /41
2 o, /49

2Drop panel length = /3, depth 2 1.25h (ACI 13.4.7)
3Min. h = 5 in. for am < 2.0; min. h = 3.5 in. for am > 2.0 (AC19.5.3.3}

1Sc;andrr:af beam-to-slab stiffness ratio a > 0.8 (ACI 9.5.3.3)

The Direct Design Method applies when all of the conditions illustrated in Fig. 4-4 are satisfied (ACI 13.6.1):
» There must be three or more continuous spans in each direction.

+ Slab panels must be rectangular with a ratio of longer to shorter span (c/c of supports) not greater than

Lo

* Columns must not be offset more than 10% of the span (in direction of offset) from either axis between
centerlines of successive columns,
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Minimum Thickness h (in.)

14

13

12

11

10

Eiat plate with spandrel /
i eams* & flat slab /
i Flat slab with / /
spandre] beams? y '
/
/ /
5 Flat plate /
] / / Away beam-supported
// / ) smb@=trr
/ y

/A

i / Two-way beam-supported
/ slab (8 = §)*,**
/ !
10 15 20 25 ao as

Longer Clear Span { (ft}

*Spandrel beam-to-slab stiffness ratio o > 0.8

"am > 2.0

Figure 4-3 Minimum slab thickness for two-way slab systems (see Table 4-1)
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Uniformly Distributed Loading (L/D < 3)
e

F{ectan?ular slab _‘__, i

paneis or less:1)

Figure 4-4 Conditions for Analysis by Coefficients

* Loads must be due to gravity only and must be uniformly distributed over the entire panel. The live

load must not be more than 3 times the dead load (L/D < 3). Note that if the live load exceeds one-

half the dead load (L/D > 0.5), column-to-slab stiffness ratios must exceed the applicable values
given in ACI Table 13.6.10, so that the effects of pattern loading can be neglected. The positive
factored moments in panels supported by columns not meeting such minirmum stiffness requirements
must be magnified by a coefficient computed by ACI Eq. (13-5).

* For two-way slabs, relative stiffnesses of beams in two perpendicular directions must satisfy the
minimum and maximum requirements given in ACI 13.6.1.6.

* Redistribution

In essence, the Direct Design Method is a three-step analysis procedure. The first step is the calculation of the
total design moment M, for a given panel. The second step involves the distribution of the total moment to the
negative and positive moment sections. The third step involves the assignment of the negative and positive
moments to the column strips and middle strips.

For uniform loading, the total design moment M, for a panel is calculated by the simple static moment expression,
ACI Eq. {13-3):

where wy is the factored combination of dead and live loads (psf), wy = 1.4 wq+ 1.7 wy. The clear span &, is defined
in a straightforward manner for columns or other supporting elements of rectangular cross section (ACI112.6.2.5).
Note that circular or regular polygon shaped supports shall be treated as square supports with the same area (see
ACTFig. R13.6.2.5). The clear span starts at the face of support. One limitation requires that the clear span never
be taken less than 65% of the span center-to-center of supports (ACI 13.6.2.5). The span & is simply the span
transverse to {; however, when the span adjacent and parallel to an edge is being considered, the distance from
edge of slab to panel centerline is used for I in calculation of M, (ACI 13.6.2.4).
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Division of the total panel moment M, into negative and positive moments, and then into column and middle strip
moments, involves direct application of moment coefficients to the total moment M,. The moment coefficients
are a function of span (interior or exterior) and slab support conditions (type of two-way slab system). For design
convenience, moment coefficients for typical two-way slab systems are given in Tables 4-2 through 4-6. Tables
4-2 through 4-5 apply to flat plates or flat slabs with various end support conditions. Table 4-6 applies to two-
way slabs supported on beams on all four sides. Final moments for the column strip and middle strip are computed
directly using the tabulated values. All coefficients were determined using the appropriate distribution factors in

ACT 13.6.3 through 13.6.6.

Table 4-2 Flat Plate or Flat Slab Supported Directly on Columns

1l End Span Ll Interior Span L1
@ @ @ ®
End Span Interior Span
1 2 3 4 5
Slab Moments Exterior First Interior Interior
Negative Positive Negative Positive Negative
Total Moment 0.26 My 0.52 Mo 0.70 Mg 0.35 Mg 0.65 Mg
Column Strlp 0.26 MQ 0.31 Mo 0.53 MO 0.21 Mo 0.49 Mo
Middle Strip 0 0.21 Mg 0.17 Mg 0.14 Mg 0.16 Mg
Note: All negative moments are at face of support.
Table 4-3 Flat Plate or Flat Slab with Spandrel Beams

j End Span
@

L]

Interior Span

@ @ @ ®
End Span Interior Span
1 2 3 4 5]
Slab Moments Exterior First Interior Interior
Negative Positive Negative Positive Negative
Total Moment 0.30 My 050 Mg 0.70 Mg 0.35 Mg 0.65 Mg
Colurnn Strip 0.23 Mg 0.30 Mg 0.53 Mg 0.21 Mo 0.49 Mo
Middie Strip 0.07 Mo 0.20 Mg 0.17 Mg 0.14 Mg 0.16 Mg

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

(2) Torsional stiffness of spandre! beams Bt > 2.5. For values of i less than 2.5, exterior negative

column strip moment increases to (0.30 - 0.03fy) M.
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Table 4-4 Flat Plate or Flat Slab with End Span Integral with Walil

e
R R R R TS R R R L A S A R R S L AT 4
End Span J-s-l- Interior Span J—»-I-
b ® ® @ ®
End Span Interior Span
1 2 3 4 5
Slab Moments |  Exterior ' First Interior Interior
Negative Positive Negative Positive Negative
Total Moment 0.65 Mg 0.35 Mo 0.65 My 0.35 Mg 0.65 Mg
Column Strip 0.49 Mg 0.21 Mg 0.49 Mg 021 Mg 0.49 Mg
Middle Strip 0.16 Mg 0.14 Mo 0.16 Mg 0.14 Mg 0.16 Mg

Note: All negative moments are at face of support.

Table 4-5 Flat Plate or Flat Slab with End Span Simply Supported on Wall

R R N T R A N T “'_+
End Span J—+-l Interior Span .I_,_l
@® @ @ @ ®
End Span Interior Span

1 2 3 4 5
Slab Moments Exterior First Interior Interior
Negative Positive Negative Positive Negative
Total Moment 0 0.63 My 0.75 Mg 0.35 Mg 0.65 Mo
Column Strip 0 0.38 Mg 0.56 Mg 0.21 Mg 049 Mo
Middle Strip 0 0.25 M, 0.19 Mg 0.14 Mg 0.16 Mg

Note: All negative moments are at face of suppon.
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Table 4-6 Two-Way Beam-Supported Slab

End Span Ij Interior Span I:l
®

—

@ @ @

End Span Interior Span

1 2 3 4 5
Span | Slab Moments Exterior First Interior Interior
ratio Negative | Positive Negative Positive | Negative
1y | Total Moment 016 Mg | 0.57 Mo 0.70 Mo 035Mg | 0.85Mg
Column Strip Beam 0.12Mg | 043 Mg 0.54 Mg 0.27 Mg | 0.50 Mg
0.5 Slab 0.02 My | 0.08 My 0.09 Mg 0.05 Mg | 0.09 Mg
Middle Strip 0.02My | 0.06Mg | 0.07Mg | 0.03Mgy | 0.06 Mg
Column Strip Beam 0.10Mg | 0.37 Mg 0.45 Mg 022Mgy | 0.42Mg
1.0 Slab 0.02Mg | 0.0BMg | 0.08My | 0.04Mg | 0.07 Mo
Middle Strip 0.04Mg | 0.14 Mg 0.17 Mg 009 Mg | 0.16 Mg
Column Strip Beam 0.06 Mg | 0.22 Mg 0.27 Mo 0.14 Mg | 025 Mg
2.0 Slab 0.01 My | 0.04 M, 0.05 Mg 0.02 Mg | 0.04 Mg
Middle Strip 0.03Mo | 031 Mg 0.38 Mg 019 M | 0.36 Mg

Notes: (1) Beams and slab satisfy stiffness critefia: cile/ty 2 1.0 and B = 2.5.
(2) Interpolate betwsen values shown for different &/ ratios.
{(3) All negative moments are at face of support.

{4} Concentrated loads applied directly to beams must be accounted for separately.

The moment coefficients of Table 4-3 (flat plate with spandrel beams) are valid for §; 2 2.5. The coefficients of
Table 4-6 are applicable when cyé/8; = 1.0 and B¢ 2 2.5. Many practical beam sizes will provide beam-to-slab
stiffness ratios such that 014/ and B¢ would be greater than these limits, allowing moment coefficients to be taken
directiy from the tables. However, if beams are present, the two stiffness parameters oy and ¢ will need to be
evainaied. For two-way slabs, the stiffness parameter ¢; is simply the ratio of the moments of inertia of the
effective beam and slab sections in the direction of analysis, o) = I/I;, as illustrated in Fig. 4-5. Figures 4-6 and
4-7 can be used to determine Q.

Relative stiffness provided by a spandrel beam is reflected by the parameter $3; = C/2I;, where L is the moment
of inertia of the effective slab section spanning in the direction of ¢; and having a width equal to &, i.e., I; = &h 3
12. The constant C pertains to the torsional stiffness of the effective spandrel beam cross section. It is found by
dividing the beam section into its component rectangles, each having smaller dimension x and larger dimension
y, and summing the contribution of all the parts by means of the equation

v 3‘1’

C=%Z(1-0.63 X ABJ ACIEq.(13-7)
y

The subdivision can be done in such a way as to maximize C. Figure 4-8 can be used to determine the torsional
constant C.
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Figure 4-5 Effective Beam and Slab Sections for Stiffness Ratio a (ACI 13.2.4)
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Figure 4-7 Beam to Slab Stiffness Ratio o (Spandrel Beams)
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a-h<4h Yo o L y2 R
» I+

VL -ﬂl. -ﬂ.k

\\Q\ NNEE! f x‘\ NN %\x\\\ =17
7/

NN ‘ \ (1) N @

b X1 X4

.+—. o +- - +— L
Spandrel beam (ACI 13.2.4) Use larger value of C computed from (1) or (2)
Values of torsion constant, C = (1 - 0.63 x/y)(. xjy/j‘ )
xi‘

Vi 4 5 6 7 8 9 10 12 14 16
12 202 368 592 868| 1,188| 1,538 1,900| 2,557 - -
14 245 452 7361 1,096| 1,529 2,024{ 2,567 3,709| 4,738 --
16 288 535 880| 1,325| 1,871] 2,510] 3,233] 4,861| 6,567 | 8,083
18 330 619 1,024| 1,554 2,212} 2,896 3,900] 6,013 8397]| 10,813
20 373 702 1,168] 1,782| 2,553| 3,482| 4,567| 7,165| 10,226 13,544
22 416 785 1,312] 2,011 2,805] 3,968 5,233| 8,317 | 12,055]| 16,275
24 458 869f 1,456] 2,240| 3,236| 4,454} 5,900| 9,469| 13,885] 19,005
27 522 994| 1,672| 2,583| 3,748 5,183| 6,900} 11,197 | 16,629] 23,101
30 586| 1,119] 1,888 2926] 4,260| 5212| 7,900| 12,925 19,373 ] 27,197
33 650 1,244| 2,104} 3,269| 4,772| 6,641| 8,900| 14,653 | 22,117 | 31,293
36 714} 1,369 2,320] 3,612 5284{ 7,370| 9,900]| 16,381 | 24,861 | 35,389
42 842| 1619] 2,752| 4,2908| 6,308 | 8,828] 11,900 | 19,837 | 30,349 | 43,581
48 970] 1,869| 3,184| 4,984| 7,332| 10,2861 13,900 ] 23,293 ] 35,837 | 51,773
54 1,098| 2,119] 3,616| 5,670| 8,356 | 11,744 ] 15,900 | 26,749 41,325 | 59,965
60 1,226| 2,369 4,048| 6,356| 9,380 13,202 17,900 30,205 | 46,813 | 68,157

*Small side of a rectangular cross section with dimensions x and y.

Figure 4-8 Design Aid for Computing Torsional Section Constant C
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4-14 Simplified Design

The column strip and middle strip moments are distributed over an effective slab width as illustrated in Fig. 4-9.
The column strip is defined as having a width equal to one-half the transverse or longitudinal span, whichever is
smaller (ACI 13.2.1). The middle strip is bounded by two column strips.

e f2 f2 s
‘ b2 | B2 | b2
Alea, | 4
| | P
Hr ) % ry
N N
oy NE )
- 7]
< g :‘.2\ IR N
B NE = W E \.\
L K5 \ o AN T
2 b8 SR AN
< SN
2 RE g
" N
NN
47 ‘v‘_ | ‘r

{a) Column strip for iz < 1

] 1)

F
A

N
™

1a/2

b
A
3

=
=
B
-
5
b e
-
.
S,
N

N

lurmn st
l

-Middle strip

"’

1> middle strip

nterior co

7

e

Exterior column strip,”

A
»

1»...

<
<

(b} Column strip for io > #4
Figure 4-9 Definition of Design Strips
Once the slab and beam (if any) moments are determined, design of the slab and beam sactions follows the

simplified design approach presented in Chapter 3. Slab reinforcement must not be less than that given in Table
3-5, with a maximum spacing of 2h or 18 in. (ACIL 13.4).

44  SHEARIN TWO-WAY SLAB SYSTEMS

When two-way slab systems are supported by beams or walls, the shear capacity of the slab is seldom a critical
factor in design, as the shear force due to the factored loads is generally well below the capacity of the concrete.
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In contrast, when two-way slabs are supported directly by columns (as in flat plates and flat slabs), shear near the
columns is of critical importance. Shear strength at an exterior slab-column connection (without spandrel beams)
is especially critical because the total exterior negative slab moment must be transferred directly to the column.
This aspect of two-way slab design should not be taken lightly by the designer. Two-way slab systems will
normally be found to be quite “forgiving” if an error in the distribution or even in the amount of flexural
reinforcement is made, but there will be no forgiveness if a critical lapse occurs in providing the required shear
strength.

For slab systems supported directly by columns, it is advisable at an early stage in the design to check the shear
strength of the slab in the vicinity of columns as illustrated in Fig. 4-10.

| i
1 Ll 1
interior | |
column l |

]
Critical shear

|

|

. FEd
9° - perimeter

-—"—;ﬂ#-——-—'——-

| Effective aliea for direct

shear forcsj e
|

P, s 5y ——— e — -
t 1

W . W, . . %

\

Figure 4-10 Critical Locations for Slab Shear Strength

4.4.1 Shear in Flat Plate and Flat Slab Floor Systems

Two types of shear need to be considered in the design of flat plates or flat slabs supported directly on columns.

The first is the familiar one-way or beam-ty pe shear, which may be critical in long narrow slabs. Analysisforbeam
shear considers the slab to act as a wide beam spanning between the columns. The critical section is taken a
distance d from the face of the column. Design against beam shear consists of checking the requirement indicated

in Fig. 4-11(a). Beam shear in slabs is seldom a critical factor in design, as the shear force is usually well below
the shear capacity of the concrete,

G VOpPGWALY Vi v Woliva i

Two-way or “punching” shear is generally the more critical of the two types of shear in slab systems supported
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4-16 Simplified Design

directly on columns. Punching shear considers failure along the surface of a truncated cone or pyramid around
acolumn. The critical section is taken perpendicular to the slab at a distance d/2 from the perimeter of a columnn.
The shear force Vy to be resisted can be easily calculated as the total factored load on the area bounded by panel
centerlines around the column, less the load applied within the area defined by the critical shear perimeter (see
Fig. 4-10). In the absence of a significant moment transfer from the slab to the column, design against punching
shear consists of ensuring that the requirement in Fig. 4-11(b) is satisfied. Figures 4-12 through 4-14 can be used
to determine ¢V for interior, edge and comer columns, respectively.

8 i Gpanels  Vy<oVe
___________ ’ﬂ < 02 ofi¢ bod

/// | Critical <0.116d (fe = 4000 psi)
section
! where V), is factored shear force {total factored
. load on shaded area}. V\ is in kips and {» and
Z

|
|

led | d are in inches.
|

Io

7 |
72/77/ L

(a) Beam shear

¢ panels Vy s oVe

»“" where: .
7////4;&:’;;/% 6@ + B_t) f, bed = 0.054 (2 + Bi) bed

) oVs =least of ¢(%§9 +2) & bod = 0.054 (i‘id- + 2) bod
- > Q
I-m;z

<

dd4yt; bod = 0215b,d

|
// V\, = factored shear force (total factored load on shaded area), kips

. bo = perimeter of critical section, in.
' Be = long side/short side of reaction area
(b) Two-way shear ag = constant (ACI 11.12.2.1 (b))

For practical design, only direct shear (uniformly distributed around the perimeter b,) occurs around interior slab-
column supports where no (or insignificant) moment is to be transferred from the slab to the column. Significant
moments may have to be carried when unbalanced gravity loads on either side of an interior column or horizontal
loading due to wind must be transferred from the slab to the column. At exterior slab-column supports, the total
exterior slab moment from gravity loads (plus any wind moments) must be transferred directly to the columnn.

Transfer of moment between a slab and a column takes place by a combination of flexure (ACI 13.3.3) and
eccentricity of shear (ACI 11.12.6). Shear due to moment transfer is assumed to act on a critical section ai a
distance d/2 from the face of the column, the same critical section around the column as that used for direct shear
transfer [Fig. 4-11(b)]. The portion of the moment transferred by flexure is assumed to be transferred over a width
of slab equal to the transverse column width ¢, plus 1.5 times the slab or drop panel thickness (1.5h) on either side
of the column. Concentration of negative reinforcement is to be used to resist moment on this effective slab width.
The combined shear stress due to direct shear and moment transfer often governs the design, especially at the
exterior slab-columns supports.
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Figure 4-12 Two-Way Shear Strength of Slabs, Interior Column (o = 40)

The portions of the total moment to be transferred by eccentricity of shear and by flexure are given by ACI Egs.
{11-42) and (13-1), respectively. For square interior or corner columns, 40% of the moment is considered
transferred by ecceniricity of the shear (y,M, = 0.40 M,), and 60% by flexure (yM, = 0.60 M,,), where M,, is the
transfer moment at the centroid of the critical section. The moment M, at an exterior slab-column support will
generally not be computed at the centroid of the critical transfer section in the frame analysis. In the Direct Design
Method, moments are computed at the face of the support. Considering the approximate nature of the procedure
used to evaluate the stress distribution due to moment transfer, it seems unwarranted to consider a change in
moment to the transfer centroid, use of the moment values at the faces of the supports would usually be accurate
enough.
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Figure 4-13 Two-Way Shear Strength of Slabs, Edge Column (¢, = 30)
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Figure 4-14 Two-Way Shear Strength of Slabs, Corner Column (0 = 20)

The factored shear stress on the critical transfer section is the sum of the direct shear and the shear caused by

moment transfer,

or

Vy = VU/AC + YvMu C/J

Vg = Vi/Ac - WMy /T
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4-20) Simplified Design

Computation of the combined shear stress involves the following properties of the critical transfer section:

. s . .2
A = area of critical section, in.
corc’ =distance from centroid of critical section to the face of section where

Lo IR LRI A & L AN S S L e L g L¥

stress is being computed, in. _
Je = property of critical section analogous to polar moment of inertia, in.*

The above properties are given in terms of formulas in Tables 4-7 through 4-10 (located at the end of this chapter)
for the four cases that can arise with a rectangular column section: interior column (Table 4-7), edge column with
bending parallel to the edge (Table 4-8), edge column with bending perpendicular to the edge (Table 4-9), and
comer column (Table 4-10). Numerical values of the above parameters for various combinations of square column
sizes and slab thicknesses are also given in these tables. Properties of the critical shear transfer section for circular
interior columas can be found in Reference 4.2 Note that in the case of flat slabs, two different critical sections
need to be considered in punching shear calculations as shown in Fig. 4-15. Tables 4-7 through 4-10 can be used
in both cases. Also, Fig. 4-16 can be used to determine Yy and ¢ given by and bs.

Critical
section
(F | - | 7d1 'é;I
N i H X
i 1 E [+
N les
dof/2 dy/ A

Figure 4-15 Critical Shear-Transfer Sections for Flat Slabs

Unbalanced moment transfer between slab and an edge column (without spandrel beams) requires special
consideration when slabs are analyzed by the Direct Design Method for gravity load. To assure adequate shear
strength when using ihe approximate end-span moment coefficient, the full nominal moment strength M, provided
by the column strip must be used to calculate the portion of moment transferred by eccentricity of shear (Y,My =
VM), of column strip) according to ACI 13.6.3.6. For end spans without spandrel beams, the column strip is
proportioned toresist the total exterior negative factored moment (Table 4-2). The above requirement is illustrated
in Fig. 4-17. The total reinforcement provided in the column strip includes the additional reinforcement
concentrated over the column to resist the fraction of unbalanced moment transferred by flexure yM, =
¥:(0.26M,), where the moment coefficient (0.26) is from Table 4-2. Application of this special design requirement
is illustrated in Section 4.7,

45  COLUMN MOMENTS DUE TO GRAVITY LOADS

Supporting columns (and walls) must resist any negative moments transferred from the slab system. For interior
columns, the approximate ACI Eq. (13-4) may be used for unbalanced moment transfer due to gravity loading,
unless an analysis is made considering the effects of pattern loading and unequal adjacent spans. The transfer
moment is computed directly as a function of the span length and gravity loading. For the more usual case with
equal transverse and longitudinal spans, ACI Eq. (13-4) simplifies to:

My = 0.07{0.05wdatn ) = 0.035wikhi,
where w; = factored live load, psf

f = span length transverse to &

{p = clear span length in direction M, is being determined
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Figure 4-16 Solution to ACI Equations (11-42) and (13-1)
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Figure 4-17 Nominal Moment Strength of Column Strip for Evaluation of ¥,M, = KMy
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422 Simplified Design

Atanexterior column, the total exterior negative moment from the slab system is transferred directly to the column.
Due to the approximate nature of the moment coefficients of the Direct Design Method, it seems unwarranted to

consider the change in moment from face of support to centerline of support; use of the exterior negative slab
moment directlv would usually be accurate ennngh,

noment directly would usually be accurate enou
Columns above and below the slab must resist portions of the support moment based on the relative column
stiffnesses (generally, in proportion to column lengths above and below the slab). Again, due to the approximate
nature of the moment coefficients, the refinement of considering the change in moment from centerline of slab
to top ot bottom of slab seems unwarranted.

46  REINFORCEMENT DETAILING

In computing required steel areas and selecting bar sizes, the following will ensure conformance to the Code and
a practical design.

(1) Minimum reinforcement area = 0.0018 bh (b = slab width, h = total thickness) for Grade 60 bars
for either top or bottom steel. These minima apply separately in each direction (ACI 13.4.1).

(2) Maximum bar spacing is 2h, but not more than 18 in. (ACI 13.4.2),

(3) Maximum top bar spacing at all interior locations subject to construction traffic should be limited.
Not less than #4 @ 12 in. is recommended to provide adequate rigidity and to avoid displacement
of top bars with standard bar support layouts under ordinary foot traffic.

(4) Maximum p = Ag/bd is limited to 0.75 py, (pp =balanced reinforcement ratio); however, pyax <0.50
P is recommended to provide deformability, to avoid overly flexible systems subject to objection-
able vibration or deflection, and for a practical balance to achieve overall economy of materials,
construction and design time.

(5) Generally, the largest size of bars that will satisfy the maximum limits on spacing will provide
overall economy. Critical dimensions that limit size are the thickness of slab available for hooks
and the distances from the critical design sections to edges of slab.

47  EXAMPLES: SIMPLIFIED DESIGN FOR TWO-WAY SLABS

The following two examples illustrate use of the simplified design data presented in this chapter for the analysis
and design of two-way slab systems. The two-way slab system for Building #2 is used to illustrate simplified
design.

4.7.1 Example: Interior Strip (N-S Direction} of Building #2, Alternate (2}

The slab and column framing will be designed for gravity 1oads only; the structural walls will carry the total wind
forces.
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(1) Data: fc = 4000 psi (carbonate aggregate)
£, = 60,000 psi

Floors: LL = 50 psf

DL = 142 psf (9 in. slab + 20 psf partitions + 10 psf ceiling & misc.)

Required fire resistance rating = 2 hours

Preliminary slab thickness:

Determine preliminary h based on two-way shear at an interior column (see Fig. 1-7).

% = — %
12" % 12*

T16"5('16" \N 7 ::‘é
&
< @ o <°
m & o) —

A

| 240" | 240" |

wy = 1,4(142) + 1.7(29.5%) = 249 psf

A =24 X 20 =480 ft2

¢’ =16 X 16=256in2=1.8 fi*

Alci? = 480/1.8 = 267
From Fig. 1-7, required dfc; = 0.39

Required d =0.39 X 16 = 6.24 in.
h=6.24+125=7.49in.

To account for moment transfer at the edge columns, increase h by 20%.

Try preliminary h =9 in.

(2) Check the preliminary slab thickness for deflection control and shear strength.

(a) Deflection control:

From Table 4-1 (flat plate): h = §,/30 = (22.67 X 12)/30=9.07 in.

where , =24 - (16/12) = 22.67 ft

(b) Shear Strength:

From Fig. 4-11: Check two-way shear strength at interior slab-column support for h = 9 in.

*Live load reduction: Aj(4 panels) = 24 X% 20 X 4 = 1920 sq ft
L =50(0.25 + 15/ /1920 ) = 29.5 psf

Publication List

Book Contents




4-24

Simplified Design

From Table 4-7: A =736.3 in.2 for 9 in. slab with 16 X 16 in. column.
by =by=2(11.88) =23.76 in. = 1.98 ft

2 1 1.2

1
Yu

A N 1 AY 1 o
0.245(24 X 20 - 1.98%) = 118.5 kips

From Fig. 4-12, with B = 1 and by/d = 4(23.76)/(9 - 1.25) = 12.3:
OVo=0.215 A = 0.215(736.3) = 158.3 kips > 118.5 kips O.K.

Check for fire resistance: From Table 10-1, for fire resistance rating of 2 hours, required slab thickness
=46in.<90in. O.K.

Use 9 in. siab.

(3) Check limitations for slab analysis by coefficients (ACI 13.6.1)

* 3 continuous spans in one direction, 5 in the other

¢ rectangular panels with long-to-shori span ratio = 24/20 = 1.2 < 2
* successive span lengths in each direction are equal

* no offset columns

* LL/DL =50/142=0.35<3

evctam 18 ‘_Viﬂ'lnnt haame

. Slau u_‘)' Pelowl Aoy L LRlivUL UvaLLs

Since all requirements are satisfied, the Direct Design Method can be used to determine the moments.

(4) Factored moments in slab (N-S direction)

(a) Total panel moment M:
MO = WHQ2Qn2f8
=0.278 X 24 X 18.83%/8 = 295.7 ft-kips

where wy = 1.4(142) + 1.7(46.5" ) = 278 psf
=24 ft

{y, (interior span) = 20 - 1,33 = 18.67 ft
t (end span) = 20 - 0.67 - 0.50 = 18.83 it
Use larger value of &, for both spans.

(b) Negative and positive factored moments:

Division of the total panel moment M, into negative and positive moments, and then, column and
middle strip moments, involves direct application of the moment coefficients in Table 4-2.

End Spans Interior Span
Slab Moments Exterior Interior
{ft-kips) Negative Positive Negative Positive
Total Moment 76.9 153.8 207.0 103.5
Column Strip 76.9 91.7 156.7 62.1
Middle Strip Q 62.1 50.3 41.4

Note: All negative moments are at face of column,

L=50(0.25 + 15/ 480 ) = 46.5 psf
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(5) Slab Reinforcement

Required slab reinforcement is easily determined using a tabular form as follows:

Ag = No. of | No. of
Span location My b? d2 My/4d Asa(rénin) #4 #5
(ft-kips) | (n) | Gn) | (n2) (in2) | Bars* | bars?
END SPAN
Column | Ext. Negative 76.9 120 7.75 2.48 1.94 13 8
Strip Positive 91.7 120 775 | 2.96 1.94 15 10
Int. Negative 1566.7 120 7.75 5.05 1.94 26 17
Middle Ext. Negative 0 168 7.75 - 2.72 14 11
Strip Positive 62.1 ies 7.75 2.00 2.72 i4 11
Int. Negative 50.3 168 7.75 1.62 2.72 14 11

INTERIOR SPAN

Column | Positive 82.1 120 7.75 2.00 104 10 ]
Strip
Middle | Positive 41.4 168 7.75 1.34 2.72 14 11
Strip

Notes: 'Column strip = 0.5(20 X 12) = 120 in. (see Fig. 4-9b)

Middle strip = (24 X 12) - 120 = 168 in.

2Use average d = 8- 1.25 = 7.75 in.

3As(min = 0.0018 bh = 0.0162b
Smax=2h < 18in. =2{9)=18in.

4Calculations:

For smax: 120/18 = 6.7 spaces, say 8 bars
168/18 = 9.3 spaces, say 11 bars

For #4 bar: 2.48/0.20 = 12.4 bars
2.96/0.20 = 14.8 bars
5.05/0.20 = 25.3 bars
2.72/0.20 = 13.6 bars
2.00/0.20 = 10 bars

For #5 bars: 2.48/0.31 = 8 bars
2.96/0.31 = 9.5 bars

2.72/0.31 = 8.8 bars < 11
2.00/0.31 =6.5bars < 8

(6) Check slab reinforcement at exterior column (12 X 12 in.) for moment transfer between slab and column.
Foraslab without spandrel beams, the total exterior negative slab moment s resisted by the column strip (i.e.,
M, = 76.9 fi-kips).

Fraction transferred by flexure using ACI Eq. (13-1):

by =12+ (7.75/2) = 15.88 in.
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(7) Reinforcement details are shown in Figs. 4-18, 4-19, and 4-21. Bar lengths are determined directly from Fig.
8-6. Note that for structural integrity, at least two of the column strip bottom bars must be continuous or spliced

by=12+7.75=19.751n.
From Fig. 4-16, vr= 0.625 with by/b, = 0.8

M =05 (76
iy —

Vaos | U

0y — AR 1 £ lrine
=

0. E IUTLUPS

As=M/A4d =481/(4 X 7.75) = 1.55 in.2
No. of #4 bars = 1.55/0.20 = 7.75 bars, say 8 bars
Must provide 8-#4 bars within an effective slab width (ACI1133.3.2) =3h + ¢, =3(9) + 12=39in.

Provide the required 8-#4 bars by concentrating 8 of the column strip bars (13-#4) within the 3 ft-3 in.
slab width over the column. For symmetry, add one column strip bar to the remaining 5 bars so that 3
bars will be on each side of the 3 ft-3 in. strip. Check bar spacing;

For 8-#4 within 39 in. width: 39/8 =4.9 in.
For 6-#4 within (120 - 39) = 81 in. width: 81/6=13.5in.<18in. O.K.
No additional bars are required for moment transfer.

at the support with Class A splices or anchored within the support (ACI 13.4.8.5).

A 4
! 5'-8" y 3 6"4“ =L 6"4" .
14-#4 I- AA7-#5 ‘ I
—

T TR /2#4 Paiiind L
T 1 No#a Z<i Na#a o'
|.6_. L.2]6" ., 246"

11 14 1
—A - L
. 20-0" L 20-0" »
Column Strip
i 4}_2" 4'-1_ 0" ‘_l‘ 4"1 0" -
14-#4 11-#5 | | I
y 3 _l %
r /7_#4 IE:! : /7-#4 . +
—— ' S
!|‘6_"’ 7-#4 '|'=_ 3" .Jl‘l.. SI'OII_J
——4‘,——-—- _—..4',_.-
Middle Strip

Figure 4-18 Reinforcement Details for Flat Plate of Building #2—Alternate (2) Interior Slab Panel

{N-S Direction)
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8) Check slab shear strength at edge column for gravity load shear and moment transfer (see Fig. 4-20).

{a) Direct shear from gravity loads:
live load reduction:

(14-#4T)
Figure 4-19 Bar Layout Detail for 14-#4 Top Bars at Exterior Columns

Aj(2 panels) = 24 X 20 X 2 =960 sq ft
L = 50(0.25 + 15+/960 ) = 35.6 psf

wy = 1.4(142) + 1.7(36.5) = 261 psf
Vi = 0.261{(24)(10.5) - (1.32)(1.65)] = 65.2 kips

10.5'

le
[

Slab

edge

.32’
32)

1! i
S @
| -

-

!

Critical section

24.0'

—x

9in. slab (d = 7.75 in.)
Figure 4-20 Critical Section for Edge Column
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Column Column
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I I I I
1 I l I
*I Column strip : Midd!e strip __:_ Column strip !
] 1 t 1

*See special bar laycut detail in Fig. 4-19
Figure 4-21 Bar Layout—Space Bars Uniformly within Each Column Strip and Middle Strip

(b) Moment transfer from gravity loads:

When slab moments are determined using the approximate moment coefficients, the special provisions
of ACI 13.6.3.6 apply for moment transfer between slab and an edge column. The fraction of unbal-
anced moment transferred by eccentricity of shear (ACT 11.12.6.1) must be based on the full column
strip nominal moment strength M, provided.

For 14-#4 column strip bars, As= 14(0.20) = 2.80 in.
Using the approximate expression for A, = M, /4d:
oMy = My = As(4d)

2.80 (4 X 7.75)

Mn =
0.9

=964 ft —kips
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(c) Combined shear stress at inside face of critical transfer section:

From Table 4-9, for 9 in. slab with 12 X 12 in. column:

A, =399.1in>
e =2523 in.2

From Fig. 4-16, with bj/bz = 15.88/19.75 = 0.8, 1, = 0.375

vy = VolAc + vM; /]
= (65,200/399.1) + (0.375 X 96.4 X 12,000/2523)

= 163.4 + 171.9 = 335.3 psi >> 04f% = 215 psi*

The 9 in. slab is not adequate for shear and unbalanced moment transfer at the edge columns. Increase

shear strength by providing drop panels at edge columns. Calculations not shown here.

4.7.2 Example: Interior Strip (N-S Direction) of Building #2, Alternate (1)

The slab and column framing will be designed for both gravity and wind loads. Design an interior strip for the

1st-floor level (greatest wind load effects).

/12" X 20" spandrel beam
[ TR R = R

2 12 N§ J

O

=

16" x 16||

_

J
7
[ //4//”
N4

3@ 20-0"

-

¥_
|
|
e
e

I :
{ 240" 240" |

by

vl
i
@h
lre
3
@
= 1
o

!

(1) Data: fe = 4000 psi (carbonate aggregate)
fy = 60,000 psi

Floors: LL =50 psf
DL = 136 psf (8/% in. slab + 20 psf partitions + 10 psf ceiling & misc.)

Preliminary sizing: Slab = 8% in. thick
Columns interior = 16 X 16 in.
exterior = 12 X 12 in,
Spandrel beams = 12 X 20 in.

Required fire resistance rating = 2 hours
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(2) Determine the slab thickness for deflection control and shear strength
{a) Deflection control:

From Table 4-1 (flat plate with spandrel beams, o, = 0.8):
h =0,/33 =(22.67 X 12)/33 =8.24 in.

where §, = 24 - (16/12) = 22.67 fit
(b) Shear strength. Check shear strength for an 8'4 in. slab:

With the slab and column framing designed for both gravity and wind loads, slab shear strength needs to
be checked for the combination of direct shear from gravity loads plus moment transfer from wind
loads. Wind load analysis for Building #2 is summarized in Fig. 2-15. Moment transfer between slab
and column is greatest at the 1st-floor level where wind moment is the largest. Transfer moment
(unfactored) at 1st-floor level due to wind, My, = 77.05 + 77.05 = 154.1 ft-kips.

Direct shear from gravity loads: -5
wy = 1.4(136) + 1.7(29.5%) = 241 psf

Vyu =0.241(24 X 20 - 1.94%) = 114.8 kips lsf
where d =8.50- 1.25=7.25 in. Fay , 15
3 ]
bi=ba=(16 +7.25//12 = 1.94 ft & ._T_ i
i I inati -2)]: Critical
Gravity + wind load combination [ACI Eq. (9-2}]: Critcal

V= 0.75(114.8) = 86.1 kips
¥

M, =0.75(1.7 X 154.1) = 196.5 ft-kips
! 241_0“ J'

From Table 4-7, for 84 in. slab with 16 X 16 in. columns:
Ac=6743 in?
Jfc =5352in.
Shear stress at critical transfer section:
vu = VoA + YoM, cf]
= (86,100/674.3) + (0.4 X 196.5 X 12,000/5352)
=127.7 + 176.2 = 303.9 psi > ¢4‘Jf_' =215 psi
The 8% in. slab is not adequate for gravity plus wind load transfer at the interior columns.
Increase shear strength by providing drop panels at interior columns. Minimum slab thickness at drop

panel = 1.25(8.5) = 10.63 in. (see Fig. 4-2). Dimension drop to actual lumber dimensions for economy
of formwork. Try 2 % in. drop (see Table 9-1).

h=85+2.25=10.75in. > 10.63 in.
d=725+225=95in.

Refer to Table 4-7:
bi=by=16+9.5=255in.=2.13 ft

*Live load reduction: Aj(4 panels) =24 X 20 X 4=1920sq ft
L=50(0.25 + 15/ 1920 ) = 29.5 psf
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Ac=4(25.5) X 9.5 =969 in.2
Jic =[25.5 X 9.5(25.5 X 4) +9.5°)/3 = 8522 in.>

6,100/969) +

A

8 Ut A

1046 & 17 Ny
( © 196.5 X 12,000/8

= 88.9 + 110.7 = 199.6 psi < 215 psi

1
Yu

O.K.

Note that the shear stress around the drop panel is much less than the allowable stress (calculations not

shown here).

With drop panels, a lesser slab thickness for deflection control is permitted. From Table 4-1 (flat slab

with spandrel beams): h = /36 = (22.67 X 12)/36 =

7.56 in. Could possibly reduce slab thickness from

8% to 8 in.; however, shear strength may not be adequate with the lesser slab thickness. For this ex-

ample hold the slab thickness at 8% in. Note that the drop panels may not

be required in the upper

stories where the transfer moment due to wind becomes substantially less (see Fig. 2-15).

Use 8% in. slab with 2 ¥4 in

= A1 i
S L4900 = L

=~

T

Qi o

SIULLS

—_— Q Py
=3 3 s&

C

. drop panels at interior columns of 1st story floor slab. Drop panel dimen-
same dimension in both directions for economy of formwork.

Check for fire resistance: From Table 10-1 for fire resistance rating of 2 hours, required slab thickness =

46in. <85in. OK.
(3) Factored moments in slab due to gravity load (N-S direction).

(a) Evaluate spandre] beam-to-slab stiffness ratio «t and [y

"
23.5'

Referring to Fig. 4-7: J-

12+115<12+4(85)

ﬁ

;;;;;;;;

%

L 8.5"

h=(20 X 122 =120in. |
a =20 in.
b=12in. .
|
h=28.5in.
alh =20/8.5 = 2.4 //
bh=12/85=1.4 i -~
f =137 4o

oo 120 .
0L=—b"(fl/ hy’t=—-1(24)"(1.37)=1.89> 0.8
) 120

Note that the original assumption that the minimum h = &/33 is O.X. since ¢ > 0.8 (see Table 4-1).

C 8425

Br=—— = -029<25
2l 2(14,740)
where 1= (24 X 12)8. 512 = 14,740 in.*
C= }“‘g““ value computed for the sp“‘ld‘ 1 beam section (see Fig.

4-8).
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X1 = 85 Xp =115 x| =12 Xz = 85
¥4 = 235 yo = 12 yq = 20 y2 = 116
Cy = 3714 Co = 2410 Cy = 7165 Co = 1260
IC=3714 +2410=6124 IC =7165 + 1260 = 8425 (governs)
(b) Total panel moment M,:

M, = wolol, /8
where wy = 1.4(136) + 1.7(46.5*) = 269 psf
=241t
fn (interior span) =20 - 1.33=18.67 ft
ty (end span) = 20 - 0.67 - 0.50 = 18.83 ft

Use larger value for both spans.
(c) Negative and positive factored gravity load moments:

Division of the total panel moment M, into negative and positive moments, and then, column strip and
middle strip moments involves direct application of the moment coefficients of Table 4-3. Note that the

moment coefficients for the exterior negative column and middle strip moments need to be modified for
Bt less than 2.5. For i, =0.29:

Column strip moment = (0.30 - 0.03 X 0.29)M,, = 0.29M,
Middle strip moment = $.30M, - 0.29M, = 0.01M,

End Spans Interior Span
Slab Moments Exterior Interior
(ft-kips) Negative Positive Negative Positive
Total Moment 85.8 143.0 200.3 100.1
Column Strip 83.0 85.8 151.6 60.1
Middle Strip 2.8 57.2 48.7 40.0

Note: All negative moments are at faces of columns.
{(4) Check negative moment sections for combined gravity plus wind load moments

(a) Exterior Negative:

Consider wind load moments resisted by column strip as defined in Fig. 4-9. Column strip width =
0.5(20 X 12) =120 in.

gravity loads only:
M, = 83.0 ft-kips ACI Egq. (9-1)
gravity + wind loads:

M, =0.75(83.0) + 0.75(1.7 X 77.05) = 160.5 ft-kips (governs) ACI Eq. (9-2)

Also check for possible moment reversal due to wind moments:

o= 0.9(42) £1.3(77.05) = 137.9 ft-kips, - 62.4 ft-kips (reversal) ACI Eqg. (9-3)
where wgq = 136 psf
My = 0.29(0.136 X 24 X 18.83%/8) = 42 fi-kips
*Live load reduction: Aj(one panel) = 24 X 20 = 480 sq ft
L= 50(0.25 + 15/ 480 ) = 46.5 psf
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(b) Interior Negative:
gravity loads only:
M, = 151.6 ft-kips
gravity + wind loads:

=0.75(151, 6) + 0. 75(1 JX 7. 5) 211.9 ft-kips (governs)
fi-

where My = 42(0.53/0.29) = 76.8 ft-kips
(5) Check slab section for moment strength

(a) At exterior negative support section :

b =20 My/d* = 20 X 160.5/7.25% = 61.1 in. < 120 in. O.K.

...... N+ B 4 1 "L Ly BEs ¥~
= 0.0 - 1.0 = 7.0 1l

£
[=n
[
L
a
=

(b) At interior negative support section;
b=20 X 211.9/9.50° =47 in. < 120 in. O.K.

where d = 7.25 + 2.25 = 9.50 in.

(6) Slab Reinforcement
Required slab reinforcement is easily determined using a tabular form as follows
] ) 3 No. of No. of
Span location My b d Ag =My4d|  Ag¥(min) #4 #5
{ft-kips) [ (in.) (in.) (in.2) (in.g') bars4 bars4
END SPAN
Column | Ext. Negative 160.5 120 7.25 5.53 1.84 28 18
Strip -62.4 120 7.25 2.15 - 11 9
Positive 85.8 120 7.25 2.96 1.84 15 10
Int. Negative 211.9 120 9.50 5.58 2.32 28 18
-31.1 120 7.25 1.07 - 9 9
Middle | Ext. Negative 28 168 7.25 0.10 2.57 13 11
Strip Positive 57.2 168 7.25 1.97 2.57 13 11
Int. Negative 48.7 | 168 7.25 1.68 2.57 13 11
INTERIOR SPAN
Column | Positive 60.1 120 7.25 2.07 1.84 11 9
Strip
Middle Positive 40.0 168 7.25 1.38 2.57 13 11
Strip

Notes: 'Column strip width = 0.5(20 % 12) = 120in.
Middle strip width = (24 x 12) - 120 = 168 in.

p— = 4 e _ 7N H Y
Use aveiago d=85-1.25=7.251in.

At drop panel, d = 7.25 + 2.25 = 9.50 in. (negative only)
%As(min) = 0.0018 bh
Smax = 2h<18in. = 2(85) =17in.
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“Calculations:
For Smax: 120/17 = 7.1 spaces, say 9 bars
168/17 = 9.9 spaces, say 11 bars

For #4 bars: 5.53/0.20 = 27.7 bars
2.96/0.20 = 14.8 bars
5.58/0.20 = 27.9 bars
2.57/0.20 = 12.9 bars
2.07/0.20 = 10.4 bars
2.15/0.20 = 10.8 bars
1.07/0.20=54bars < 9

For #5 bars: 5.53/0.31 = 17.8 bars
2.96/0.31 = 9.5 bars
5.58/0.31 = 18 bars
2.57/0.31 = 8.3 bars < 11
2.07/0.31 =6.7bars < 9
2.16/0.31 =69 bars <9

1.07/0.31 =3.5bars <9

(7) Check slab reinforcement at interior columns for moment transfer between slab and column. Shear strength
of slab already checked for direct shear and moment transfer in Step (2)(b). Transfer moment (unfactored)

at 1st-story due to wind, My, = 154.1 ft-kips.

Fraction transferred by flexure using ACI Eqgs. (13-1) and (9-3):
M, = 0.60(1.3 X 154.1) = 120.2 ft-kips
As = My/ad = 120.2/(4 X 9.50) = 3.16 in.2
For #5 bar, 3.16/0.31 = 10.2 bars, say 10-#5 bars

Must provide 10-#5 bars within an effective slab width = 3h + ¢3 =3(10.75) + 16 = 48.3 in.

Provide the required 10-#5 bars by concentrating 10 of the column strip bars (18-#5) within the 4-ft slab
width over the column. Distribute the other 8 column strip bars (4 on each side) in the remaining
column strip width. Check bar spacing:

48/9 spaces =1 5.3 in.
(120 - 48)/7 spaces =+ 103 in. <17in. OXK.

Reinforcement details for the interior slab are shown in Figs. 4-22 and 4-23. Bar lengths for the middle
strip are taken directly from Fig. 8-6. For the column strip, the bar lengths given in Fig. 8-6 (with drop
panels) need to be modified to account for wind moment effects. In licu of a rigorous analysis to
determine bar cutoffs based on a combination of gravity plus wind moment variations, provide bar
length details as follows:

For bars near the top face of the slab, cut off one-half of the bars at 0.2¢, from supports and extend the
remaining half the full span length, with a Class B splice near the center of span. Referring to Table 8-3,
splice length = 1.3 X 18 =23.4 in. =2 ft. At the exterior columns, provide a 90° standard hook with 2
in. minimum cover to edge of slab. From Table 8-5, for #5 bars, gy =9in. < 12-2=10in. O.K. (For
easier bar placement, altemnate equal bar lengths at interior column supports.)
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For the bottom bars, cut off 6-#4 in the end spans at 0.125¢; from the centerline of the interior column,
and develop 7-#4 beyond the face of the column. From Table 8-3, for #4 bars, development length 4 =
15.0 in. For the interior span, extend 9-#4 the full span length with ¢ = 15 in. beyond the face of the
support. At the exterior columns, provide a 90° end-hook with 2 in. minimum cover to edge of slab for
all bottom bars. At least 2 of the bottom bars in the column strip must be made continuous or be spliced
at the support with Class A splices for structural integrity.

3-10" 2.
Ar, L 4"6“ -_.__b_l- 4I_6ll __|
2" min. | | o-45* |
n *
I'_! 9-45. 0" 9-#5 _ ; 0 /9-#5
! A ¢ 1 v -
[ ——— | g[
g::‘ i e 7-#4 2-%#4 Drop/ AT i 7" I‘?2-25“ o" \9_#4
P~ panel 2'-6 L—-.-—-|
! Spandrel beam | 40" _l Y ,J
B —
9|~ 18"
ll_ 20"0" i 20I_OII o
™ " g
*See bar layout detail in Fig. 4-23 Column Strip
i | 4-10" 7 _j}’_ 410" |
0 13-#4 | }
/7-#4 0" lf}".l 744 J§
- i =
\6-#4 | 6-#4 0"
I‘ 31_0n —!—' 3|_0|| =||
1 41
Middle Strip

Figure 4-22 Reinforcement Details for Flat Slab of Building #2
Alternate (1)—I1st Floor Interior Slab Panel (N-S Direction)
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Figure 4-23 Bar Layout Detail for 18-#5 Top Bars at Interior Columns
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Table 4-7 Properties of Critical Transfer Section—Interior Column

LL

c."./ | Concrete area of critical section:
A l A =2(bs + bald
'/_|_ [ o e Al | I+
Al nhaiy R o Modulus of critical section:
s _ N
M 4 or Jod_ 3
i C‘_ s/ o':/ 5 =o= [b1d(by + 3b) + d3)/3
p < where:
s L / s
T B 4 0=0'=by/2
=Co+ 2d&
I 7
A
¥
h=5in., h = 6-Yyin., h=6in., h =6-15in.,
d =33 in. d=4-Y4in. d =49 in. d =5-l4in.
Jie = Jic = Jie = Jic =
COL. Ag Jie' | e=¢' Jied | e=c¢ Ac Jie' | e=¢' A Jic! c=¢'
SIZE in2 | in in. i:_% in.3 in. in2 | in in in.2 in3 in.
10x10 | 206.3 963 688 | 242.3 1176 713 | 280.3 1414 7.38 | 320.3 1676 7.63
12x12 | 236.3 1258 7.88 | 276.3 1522 8.13 | 318.3 1813 8.38 | 362.3 2131 8.63
14x14 | 266.3 | 1583 8.88 | 310.3 | 1813 8.13 | 356.3 | 2282 9.38 | 404.3 | 2642 9.63
16x16 | 296.3 1968 088 | 344.3 | 2349 | 1013 | 3943 | 2763 | 10.38 | 446.3 3209 | 10.63
18x18 | 326.3 | 2383 | 10.88 | 3783 | 2831 | 11.13 | 4323 | 3314 | 11.38 | 488.3 3832 | 1163
20x20 | 3563 | 2838 | 11.88 | 4123 | 3358 | 12.13 | 4703 | 3915 | 12.38 | 530.3 | 4511 | 1263
22x22 | 386.3 | 3333 | 1288 | 4463 | 3030 | 1313 1 5083 | 4568 | 1338 | 5723 | 5248 | 1382
24x24 | 416.3 3868 | 13.88 | 480.3 4548 | 1413 | 546.3 5271 1438 | 614.3 6037 | 14.63
h=7in., h=7-Y%in., h=8in., h = 8-1/5in.,
d= 5-3/4 in. d= 6-114 in. d= 6'3/4 in. d = 7-114 in.
Jic= Je= Jic = Jic =
COL. A% Je' 1 e=¢ Ag Jie' | e=¢ Jieg' | c=¢ Ag Jic c=c
SIZE in. ind | in. in2| in3 | in in2| in3 | in in2 | in3 | in.
10x10 | 362.3 | 1965 7.88 | 406.3 | 2282 8.13 | 452.3 | 2628 8.38 | 500.3 | 3003 B.63
12x12 | 408.3 2479 8.88 | 456.3 2857 9.13 | 506.3 3267 9.38 | 558.3 3709 9.63
14x14 | 454.3 3054 9.88 | 506.3 3499 | 10.13 | 560.3 3978 | 10.38 | 616.3 4492 | 10.63
16x16 | 500.3 3690 | 10.88 | 556.3 4207 | 1113 | 614.3 | 4761 11,38 | 674.3 5352 | 11.63
18x18 | 546.3 | 4388 [ 11.88 | 606.3 | 4982 | 1213 | 6683 | 5616 | 12.38 | 7323 | s200 | 12563
20x20 | 592.3 5147 | 12.88 | 656.3 5824 | 1313 | 722.3 | 6543 | 13.38 | 790.3 7305 | 13.63
22x22 | 638.3 | 5967 | 1388 | 706.3 | 6732 | 1413 | 776.3 | 7542 | 1438 | 8483 | 8397 | 14.63
24x24 | 684.3 | 6849 | 1488 | 756.3 | 7707 | 1513 | 830.3 | 8613 | 15.38 | 906.3 | 9567 | 15.63
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Table 4-7 continued
h=8in., h=9-%in, h=10in.,
d=7-4in d=8-4in d=8%in.
Jic = Jie = Jie =
COL. Ac Jie' | e=¢ Ac Jigt | e=c¢ A Jic! c=c'
SIZE in2| 3| in in2| in3 | in. in2 | in3 | in
10x10 | 550.3 | 3411 8.88 | 602.3| 3851 913 | 6663 | 4325| 9.38
12x12 | 612.3 4186 9.88 | 668.3 4698 | 1013 | 726.3 5247 | 10.38
14x14 | 674.3 5043 | 10.88 | 734.3 5633 | 11.13 | 796.3 6262 | 11.38
16x16 | 736.3 5984 | 11.88 | 800.3 | 6656 12.13 | 866.3 | 7370 | 12.38
18x18 | 798.3 7007 | 12.88 | 866.3 7767 1 13.13 | 936.3 8572 | 13.38
2020 | 860.3 8112 | 13.88 | 932.3| 8566 14.13 | 1006.3| 9867 | 14.38
22x22 | 922.3 9301 | 14.88 | 998.3 | 10253 | 15.13 | 1076.3| 11255 | 15.38
24x24 | 984.3 | 10572 | 15.88 | 1064.3| 11628 | 16.13 | 1146.3| 12737 | 16.38

Table 4-8 Properties of Critical Transfer Section—Edge Column—Bending Parallel to Edge

Concrete area of critical section:

Ac=(by +

2bs)d

Modulus of critical section:

4
/,'[_ — 7 M__ S dod= b1a(by + 6b) + Y
- / < / iy whére:
WM 2 where:
:" 0% c=c'=by/2
giininnitha
/ Do=Co49 /
A
h=5in, h=5-1in., h=6in., h=6"/in.,
d =33 in. d=4-1in. d=4-4in. d=5-14in.
Jic = . Jio = . Jic = . Jie = .
gg‘é i:.% :Jr{ca © in.c |:pé ‘ljr‘:ca © in'c iﬁ_% #{03 © in.c i:,c2 ;Jrica © in.c
10x10 | 140.6 739 6.88 | 163.6 891 713 1 187.6 | 1067 7.38 | 2126 | 1238 7.63
12x12 | 163.1 983 7.88 | 189.1 1175 8.13 | 216.1 1384 8.38 | 2441 1609 8.63
14x14 | 185.6 1262 8.88 { 2146 1499 9.13 | 2446 1755 9.38 | 275.6 | 2029 9.63
16x16 | 20841 1676 9.88 | 240.1 1863 | 1013 | 273.1 2170 | 10,38 | 307.1 2497 | 10.63
18x18 | 230.6 | 1926 { 10.88 | 265.6 | 2267 | 11.13 | 301.6 | 2629 | 11.38 | 338.6 | 3015 | 11.63
20x20 | 253.1 2310 | 11.88 | 291.1 2710 | 1213 | 330.1 3133 | 12.38 | 3701 3581 12.63
22x22 | 275.6 2729 | 1288 | 316.6 | 3192 | 13.13 { 3586 | 3681 | 13.38 | 401.6 | 4197 | 13.63
24x24 | 298.1 3183 | 13.88 | 342.1 3715 | 1413 | 387.1 4274 | 14.38 | 4331 4861 14.63
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Table 4-8 continued
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h=7in., h = 7-Y%in., h=8in., h =8-1/yin.,
d=5-34n. d=6-Y4in. d=6-3in. d=7-4in.
Jc= Jle= Jic= Jc=
CoL Ag Jc' | c=¢ Ag Jc' | c=¢ Ag Jiek | c=c Ag Jie! c=c
SIZE in.2 | in. in. in2| in3 in, in2| in3 in. in. 2 in.3 in.
10x10 | 238.6 1435 7.88 | 265.6 1649 8.13 | 3226 | 2127 8.63 | 293.6 1879 8.38
12x12 | 273.1 1852 8.88 | 3031 2113 9.13 | 366.1 2692 9.63 | 3341 2393 9.38
14x14 | 307.6 2322 9.88 | 340.6 2635 | 10.13 | 409.6 | 3325 | 10.63 | 374.6 2069 | 10.38
16x16 | 3421 { 2846 | 10.88 | 378.1 | 3216 | 11.13 | 4531 | 4025 | 11.63 | 4151 | 3609 | 11.38
18x18 | 376.6 | 3423 | 11.88 | 415.6 | 3855 | 12.13 | 496.6 | 4783 | 1263 | 455.6 | 4311 | 12.38
20x20 | 411.1 | 4054 | 12.88 ] 453.1 | 4552 | 13.13 | 5401 | 5628 | 13.63 | 496.1 | 5077 | 13.38
22x22 | 4456 | 4739 | 13.88 | 490.6 | 5308 | 14.13 | 583.6 | 6531 | 14.63 | 536.6 | 5905 | 14.38
24x24 | 480.1 | 5477 | 1488 | 528.1 | 6122 | 1513 | 6271 j 7502 | 156.63 | 577.1 | 6797 | 15.38
h=9in., h=9-Yin., h=10in.,
d=73in. d=8-14in. d=83,in.
Jic = Jic= Jic =
COL. -Acz ‘-chzla c= c A% ‘_ché c=c' A% lch:; c= ¢
SIZE in. in. in. in. in. in. in. in. in.
10x10 | 352.6 | 2393 8.88 | 383.6 | 2678 913 | 415.6 | 2983 9.38
12x12 | 399.1 | 3011 9.88 | 433.1 | 3351 | 10.13 | 468.1 | 3713 | 10.38
14x14 | 445.6 3702 | 10.88 | 482.6 4101 11.13 | 520.6 4524 | 11.38
16x16 | 4921 | 4464 | 11.88 | 5321 | 4928 | 12,13 | 573.1 | 5417 | 12.38
18x18 | 538.6 | 5299 | 12.88 | 581.6 | 5832 { 13.13 | 625.6 | 6392 | 13.38
20x20 | 685.1 | 6207 | 13.88 | 613.1 | 6814 | 1413 | 678.1 | 7449 | 14.38
22x22 | 6316 | 7187 | 14.88 | 6806 | 7872 | 1513 | 730.6 | 8587 | 15.38
24x24 | 678.1 | 8239 | 15.88 | 730.1 | 9007 | 16.13 | 783.1 | 9807 | 16.38
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Table 4-9 Properties of Critical Transfer Section—Edge Column—Bending Perpendicular to Edge

Concrete area of critical section:

Ag = (2by + bp)d

Modulus of critical section:

4
U R = [2b4d(by + 2bp) + dB(2by + by
V4
e N 3= [2b12d(by + 2b2) + d32by + bp)l6(by + bo)
,YLE— where:
4 % ¢ =b12(2by + by)
4 4 ,
LT DAL ¢' = by(by +ba)(2by + bg)
b2=C2+ 2d/2
/
V
h=5in., h=5-112in., h=8&in.,
d = 3-34in. d=4Yin. d=434in.
cOL. Jic Jic' c c' Je Jie! c ¢ Jie Jic' ¢ c'
SIZE i:% in3 | in3 | in | in i:,% in in. in in. i:& ind | in3 | in. | in
10x10 | 1406] 612 | 284 | 3.76 | 8.11] 1636| 738| 339 3.82 | 8.31| 187.6| 878 400| 3.88 | 8.50
12x12 | 163.1] 815| 381 | 4.43 | 9.45] 189.1| 973| 453 | 4.48 | 064| 216.1| 1146 | 529 | 4.54 | 9.83
14x14 | 185.6| 1047 | 494 | 5.09 | 10.78| 214.6| 1242 | 583 | 5.15 | 10.98] 244.6| 1453 | 677 | 5.21 | 11.17
16x16 | 208.1| 1309 | 622 | 5.76 | 12.12| 240.1} 1545 | 730 | 5.81 | 12.31| 273.1| 1798 | 844} 5.87 | 12.50
18x18 | 2306 | 1602 | 765 | 6.42 | 13.45| 265.6| 1882 | 894 | 6.48 | 13.64]| 301.6| 2181 | 1030 | 6.54 | 13.84
20x20 | 253.1] 1924 | 923 | 7.00 | 14.79| 291.1| 2253 | 1075 | 7.15 | 14.98| 3301| 2602 | 1235 | 7.20 | 15.17
22x22 | 275.6| 2277 | 1095 | 7.76 | 16.12| 316.6] 2658 | 1273 | 7.81 | 16.31| 358.6| 3061 | 1450 | 7.87 | 16.51
24x24 | 298.1| 2659 | 1283 | 8.42 | 17.45] 342.1) 3097 | 1488 | 8.48 | 17.65| 387.1] 3558 | 1702 | 8.54 | 17.84
h = 6-1/ain., h= 73"1-. h=7-Yain.,
d=5-Y4in. d =5-Y4in. d=6-1in.
CcOL. Jdfe Jic' © c Jic Ji¢! [ ¢ Jic Jic! ¢ c
SIZE ir?_cz in3 | in3 n. in. i:,g in in. in n. ir’:".cé in in in in
10x10 [ 212.6[ 1030 | 467 | 3.94 | 8.69] 238.6| 1197 | 538 | 3.99 | 8.88] 265.6| 1379 | 616 4.05 | 9.07
12x12 | 244.1] 1334 | 612 | 4.60 | 10.03| 273.1| 1537 | 701 | 4.66 | 10.22| 3031 | 1757 | 796 ) 4.72 | 10.41
14x14 | 275.6] 1680 | 779 | 5.26 | 11.36] 307.6| 1924 | 886 | 5.32 | 11.655| 340.6]| 2185 | 1007 | 5.38 | 11.74
16x16 | 307.1] 2068 | 966 | 5.93 | 12.70| 342.1| 2356 | 1095 | 5.99 | 12.89| 378.1| 2664 | 1231 | 6.05 | 13.08
18x18 | 338.6 [ 2498 | 1174 | 6.60 | 14.03] 376.6| 2835 | 1326 | 6.65 | 14.22| 415.6| 3192 | 1486 | 6.71 | 14.41
20x20 | 370.1] 2970 | 1404 | 7.26 | 15.36] 411.1] 3360 | 1581 | 7.32 | 15.56] 453.1] 3771 | 1766 | 7.38 | 15.75
22x22 | '401.6} 3485 | 1654 | 7.93 | 16.70| 245.6| 3931 | 1858 | 7.98 | 16.89| 490.6] 4400 | 2071 | 8.04 | 17.08
24x24 | 433.1] 4041 | 1926 | 8.59 | 18.03| 480.1] 4548 | 2158 | 8.65 | 18.23| 528.11 5078 | 2401 | 8.71 | 18.49
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Table 4-9 continued
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h=8in., h= 8-1/2 in., h=9in.,
d=63/4in. d=7-lgin. d=7%in.
COL. Jig Jic! c c' Jic Jic c c' Jic Jic! c ¢
SIZE i:f‘? in3 | in3 | in | in i:§ in3 | in3 | in. [ in i:_CZ in3 | w3 | I | in
10x10 | 293.6| 1577 | 700 | 4.11 | 9.26] 322.6] 1792 | 791 | 4.17 | 9.45] 352.6] 2024 | 888 | 4.23 | 9.64
12x12 | 334.1| 1994 | 898 | 4.78 | 10.60] 366.1| 2249 | 1008 | 4.83 | 10.79] 380.1] 2523 [ 1124 | 4.89 | 10.98
1dx14 | 374.6 | 2465 | 1124 | 5.44 | 11.94] 400.6] 2765 | 1253 | 5.50 | 12.13] 445.6] 3084 | 1391 | 556 | 12.32
16x16 | 415.1| 2991 | 1376 | 6.10 | 13.27 | 453.1| 3338 | 1528 | 6.16 | 13.46] 492.1| 3707 | 1689 | 6.22 | 13.65
18x18 | 455.6 | @571 | 1655 | 6.77 | 14.61| 496.6] 3970 | 1632 | 6.83 | 14.80| 538.6| 4393 | 2018 | 6.89 | 14.99
20x20 | 496.1| 4204 | 1961 | 7.43 | 15.94| 540.1) 4661 | 2164 | 7.49 | 16.13| 585.1] 5141 | 2378 | 7.55 | 16.33
22x22 | 536.6 | 4892 | 2294 | 8.10 | 17.28] 583.6| 5400 | 2526 | 8.16 | 17.47| 631.6] 5951 | 2768 | 8.21 | 17.66
24%24 | 577.1| 5634 | 2654 | 8.76 | 18.61| 627.1| 6216 | 2516 | 8.82 | 18.80] 678.1] 6623 | 3190 | 8.88 | 18.99
h=9-5in., h=101n.,
d=8-Vgin. d=8Y4in.
COL. Jig Jig! c ¢ Jie Ji¢' c c
SIZE i:% in3 | in3 in. in. i:.% in in. in in.
10x10 | 3836 | 2275 | 992 | 4.29 | 9.83 | 4156 | 2544 | 1104 | 4.35 | 10.02
12x12 | 4331 | 2816 | 1248 | 4.95 | 11.17 | 468.1 | 3120 | 1380 | 5.01 | 11.36
14x14 | 482.6 | a424 | 1537 | 662 | 12.51 | 5206 | 3785 | 1691 | 567 | 12.70
16x16 | 532.1 | 4098 | 1858 | 6.28 | 13.85 | 573.1 | 4511 | 2037 | 6.34 | 14.04
18x18 | 581.6 | 4839 | 2213 | 6.94 | 15.18 | 625.6 | 5308 | 2418 | 7.00 | 15.37
20x20 | 631.1 | 5646 | 2601 | 7.61 | 16.52 | 678.1 | 6176 | 2834 | 7.67 | 16.71
22x22 | 6B0.6 | 6519 | 3021 | 8.27 | 17.85 | 730.6 | 7113 | 3284 | 833 | 18.04
24x24 | 730.1 | 7458 | 3474 | 8.94 | 1919 | 783.1 | 8121 | 3770 | 9.00 | 19.38
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Table 4-10 Properties of Critical Transfer Section—Corner Column
| C2 Concrete area of critical section:
Ac = (b1 + ba)d
o> : Modulus of critical section:
| d= [b1d(by + 4bo) + dB(by + ba)bY6
(N W ;
e 9 J.= [b120(b1 + 4b2) + dB(by + ba)}/B(by + 2bp)
s .
M E—— y where:
¢ =b12/2(bq + bo)
c' = by{by + 2bo)/2(bq + bs)
T
b2= [o] 2 +d'n§ N
Vi
1 4
h=5in., h=5-Ysin., h=6in.,
d=33/4in. d=a-14in. d=4%in.
COL. Jie Jie! c < Jic Jie! c ¢' Jie Jic! c ¢
SIZE .:% in3 | in® | in | in i):_ﬁ in3 | in. n, | in i:% in in in. | in
10x10 | 89.1| 458 153 | 297 | 891]1031| 8546 ] 182 | 3.03 9.09] 117.6] 642| 214 | 3.09| 9.28
12x12 | 104.1| 619 | 206 | 3.47 | 10.41] 12011 732 ] 244 | 3.53 | 10.59] 136.6] 854 285 | 359 | 10.78
14x14 | 119.1| 805 | 268 | 3.97 [ 11.91]1371] 946 ] 315 | 4.03 | 12.09| 155.6} 1097 | 366 | 409 | 1228
16x16 | 134.1] 1016 | 339 | 4.47 | 13.41)154.1| 1189 | 396 | 4.53 | 13.59| 174.6] 1372 | 457 | 450 | 13.78
18x18 | 149.1] 1252 | 417 | 4.97 | 14.91}171.1| 1460 | 487 | 5.03 | 15.08] 193.6] 1679 560 | 5.00 | 15.28
20x20 | 164.1| 1513 ] 504 | 547 | 1641} 188.1]| 1759 | 586 | 5.53 | 16.59] 21267 2017 ] 672 | 5.59 | 16.78
22x22 1 179.1] 1789 | 600 | 5.97 | 17.91]205.1| 2087 | 696 | 6.03 | 18.08} 2316] 2388 796 | 6.00 | 1828
24x24 1 194.1| 2110 | 703 | 647 | 19.41{2221| 2443 | 814 | 653 | 19.59| 2506] 2783 930 | 659 | 19.78
h=6-1/in., h= 7;!1., h=7- 1_/2 in.,
d=5-Tyin, (d=5-"4in. d=6-Tjin,
COL. | A Jig | Jie c c' Jic | Jie! c c Jig | Ji c c'
SIZE | in2 | in. in. in. n. i:l:_5 in3 | in: n. n. irl:_‘é in3 | in3 in m
10x10] 1326} 746 249 | 3.16 | 9.47|1481| 858 286 | 3.22 9.66| 164.1| 979| 326 | 3.28| 9.84
12x12 1 153.6| 984 | 328 | 366 | 10.97 | 171.1| 1124 | 375 | 3.72 | 11.16| 1891 1273| 424 | 3.78 | 11.34
14x14 | 174.6 | 1257 | 419 | 4.16 | 1247 194.1] 1428 | 476 | 4.22 | 12.66] 214.1] 1609 538 | 4.28 | 12.84
16x16 | 195.6 | 1566 | 522 | 4.66 ) 13.97| 2171} 1770 | 590 | 4.72 | 14.16]| 239.1] 1986 | 662 | 4.78° [ 14.34
18x18 | 216.6| 1909 | 636 | 5.16 | 15.47| 240.1| 2151 | 717 | 522 | 15.66] 264.1| 24068 | 802 | 5.28 | 15.84
20x20 | 237.6| 2288 | 763 | 5.66 {16.97]| 263.1| 2571 | 857 | 5.72 | 17.16] 289.1| 2867 | 956 | 5.78 | 17.34
22x22 1 258.6| 2701 | 900 | 6.16 | 18.47] 286.1| 3028 | 1009 | 6.22 | 18.66| 314.1| 3369 | 1123 | 6.28 | 16.84
24x24 | 279.6 [ 3150 | 1050 | 6.66 | 19.97| 309.1| 3524 | 1175] 6.72 [ 20.16] 330.1| 39137 1304 | 6.78 | 20.34
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Table 4-10 continued

h=8in., h=8Ypin., h=9in.,
d=63/in. d=7-1gin. d=79yin.
COL. Jie Jic! c c' Jig Jie! ¢ ¢ Ac Jie Jic! c ¢
SIZE i:_% in3 [ in3 | in | in i:% in in in in. | in? | in in in in

10x10 | 180.6| 1109 ] 370 | 3.34 | 10.03]| 197.6] 1249 | 416 | 3.41 | 10.22] 215.1| 1398 | 466 | 3.47 | 10.41

12x12 | 207.6| 1432 | 477 | 3.84 | 11.53| 226.6] 1602 | 534 | 3.91 | 11.72]| 246.1| 1783 | 594 | 3.97 | 11.91
14x14 12346} 1801 1 600 | 4.34 1 13.031255.6] 2004 | 668 | 4.41 | 13.221 27711 22191 740 { 4,47 | 1341
16x16 | 261.6] 2214 | 738 | 4.84 | 14.53(284.6| 2454 | 818 | 4.91 | 14.72]| 308.1] 2706 | 902 | 4.97 | 14.91
18x18 | 288.6| 2673 | 891 | 5.34 | 16.03{ 313.6] 2052 | 984 | 5.41 | 16.22] 339.1| 3246 | 1082 ] 547 | 16.41
20x20 | 315.6| 3176 | 1059 | 5.84 | 17.53] 342.6| 3499 | 1166 ] 5.81 [ 17.72] 370.1| 3837 | 1279 | 597 | 17.M
22x22 | 342.6| 3724 | 1241 | 6.34 | 19.03] 371.6| 4084 | 1365 | 6.41 | 19.22] 401.1| 4479 (| 1493 6.47 | 19.41
24x24 | 369.6] 4318 | 1439 | 6.84 | 20.537 400.6] 4738 | 15791 6.81 | 20.72] 432,11 51731 1724{ 6.97 | 20.1

h=9-15in., h=10in.,

d=8'1/4 in. d=8-314|n.
COoL. Ao Jic Jie! c ¢ Aa Jic Jig! c c'
SIZE in2 in3 | in3 in. in. in2 in3 in3 in. in.

10x10 | 233.1 1559 520 3.53 1059 [ 251.6 1730 577 3.59 10.78
12x12 | 266.1 1975 658 4.03 12.09 | 2B6.6 2178 726 4.09 12.28

14x14 | 299.1 2446 815 4.53 13.59 | 321.6 2685 895 4.58 13.78
16x18 | 3321 2972 g 5.0a 1500 | 38588 3080 1083 500 1528

VORED . Tous 5. U GIO.O fe eV TUDS T Lpe -2

18x18 | 365.1 3553 1184 5.53 16.59 | 391.6 3874 1291 5.59 16.78
20x20 | 398.1 4189 1396 6.03 18.09 [ 426.6 4556 1519 6.09 18.28
22x22 | 4311 4879 1626 6.53 19.59 | 461.6 5296 1765 6.59 19.78
24x24 | 464.1 5625 1875 703 | 21.09 | 496.6 6094 2031 7.09 21.28
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4.2 "Aspects of Design of Reinforced Concrete Flat Plate Slab Systems”, by S. K. Ghosh, Aralysis and Design
of High-Rise Concrete Buildings, SP-97, American Concrete Institute, Detroit, Michigan, 1985, pp. 139-157.
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Chapter 5
Simplified Design for Columns

51  INTRODUCTION

Use of high-strength materials has had a significant effect on the design of concrete columns. Increased use of
high-strength concretes has resulted in columns that are smaller in size and, therefore, are more slender.
Consequently, in certain situations, slenderness effects must be considered, resulting in designs that are more
complicated than when these effects may be neglected.

For buildings with adequate shearwalls, columns may be designed for gravity loads only. However, in some
structures—especially low-rise buildings—it may not be desirable or economical to include shearwalls. In these
situations, the columns must be designed to resist both gravity and lateral loads. In either case, it is important to
be able to distinguish between a column that is slender and one thatis not. A simplified design procedure is outlined
in this chapter, which should be applicable to most columns. Design aids are given to assist the engineer in
designing columns within the limitations stated.

5.2  DESIGN CONSIDERATIONS

5.2.1 Column Size

The total loads on columns are directly proportional to the bay sizes (i.e., tributary areas). Larger bay sizes mean
more load to each column and, thus, larger column sizes. Bay size is often dictated by the architectural and
functional requirements of the building. Large bay sizes may be required to achieve maximum unobstracted floor
space. The floor system used may alsodictate the column spacing. For example, the economical use of a flat plate
floor system usually requires columns that are spaced closer than those supporting a pan joist floor system.
Architecturally, larger column sizes can give the impression of solidity and strength, whereas smaller columns can
express slender grace. Aside from architectural considerations, it is important that the columns satisfy all
applicable strength requirements of the ACI Code, and at the same time, be economical. Minimum column size
and concrete cover to reinforcement may be governed by fire-resistance criteria (see Chapter 10, Tables 10-2 and
10-6).
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5.22 Column Constructability

Columns must be sized not only for adequate strength, but also for constructability. For proper concrete placement
and consolidation, the engineer must select column size and reinforcement to ensure that the reinforcement is not
congested. Bar lap splices and locations of bars in beams and slabs framing into the column must be considered.
Columns designed with a smaller number of larger bars usually improves constructability.

5.2.3 Column Economics

Concrete is more cost effective than reinforcement for carrying compressive axial load; thus, it is more economical
to use larger column sizes with lesser amounts of reinforcement. Also, columns with a smaller number of larger
bars are usually more economical than columns with a larger number of smaller bars.

Reuse of column forms from story level to story level results in significant savings. It is economically unsound
to vary column size to suit the load on each story level. It is much more economical to use the same column size
for the entire building height, and to vary only the longitudinal reinforcement as required. In taller buildings, the
concrete strength is usually varied along the building height as well.

5.3  PRELIMINARY COLUMN SIZING

Itis necessary to select a preliminary column size for cost estimating and/or frame analysis. The initial selection
can be very important when considering overall design time. In general, a preliminary column size should be
determined using a low percentage of reinforcement; it is then possible to provide any additional reinforcement
required for the final design (including applicable slenderness effects) without having to change the column size.
Columns which have reinforcement ratios in the range of 1% to 2% will usually be the most economical,

The design chart presented in Fig. 5-1, based on ACI Eq. (10-2), can be used for nonslender tied columns loaded
at an eccentricity of no more than 0.1h, where h is the size of the column. Design axial load strengths ¢Pp(max)
for square column sizes from 10 in. to 24 in. with reinforcement ratios between 1 and 8% are presented. For other
column sizes and shapes, and material strengths, similar design charts based on ACI Eq. (10-1) or (10-2) can be
easily developed.

This design chart will provide quick estimates for a column size required to support a factored load P, within the
allowable limits of the reinforcement ratio (ACI 10.9). Using the total tributary factored load P, for the lowest
story of a multistory column stack, a column size should be selected with a low percentage of reinforcement. This
will allow some leeway to increase the amount of steel for the final design, if required.

54  SIMPLIFIED DESIGN FOR COLUMNS

54.1 Simplified Design Charts

Numerous design aids and computer programs are available for determining the size and reinforcement of columns
subjected to axial forces and/or moments. Tables, charts, and graphs provide design data for a wide variety of
column sizes and shapes, reinforcement layouts, load eccentricities and other variables. These design aids
eliminate the necessity for making complex and repetitious calculations to determine the strengths of columns,
as preliminarily sized. The design aids presented in References 5.1 and 5.2 are widely used. In addition, extensive
column load tables are available in the CRSI Handbook.>® Each publication presents the design data in a
somewhat different format; however, the accompanying text in each reference readily explains the method of use.

Publication List Book Contents




Simplified Design for Columns

5-3

2500
2400
2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100

¢Pn(max) = Pu' kips

1000
900
800
700
600
500
400
300
200
100

| OPn(max) = 0.80¢Ag[0.85f; +pq (fy —0.85f;
$=0.70

— 1 =4000 psi

| 1,-60,000 psi

/

24" x 24" ?

20|1 % 20!' /
18" x 18"

18" x 16" .
14" > 14"
12" x 12"
/ 10" < 10"
P TN W S ST S N S ST T NS VNS N S NN TS AN S N SR RO AN SR VUUNS TV EON AT SR T S
1 2 3 4 5 6 7 8

Py = Ay %

Figure 5-1 Design Chart for Nonslender, Square Tied Columns

PCA’s computer program PCACOL may also be used to design or investigate rectangular or circular column
sections with any reinforcement layout or pattern.”” The column section may be subjected to axial compressive
loads acting alone or in combination with uniaxial or biaxial bending. Slenderness effects may also be considered,
if desired, PCACOL will output all critical load values and the interaction diagram (or, moment contour) for any
column section.
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5-4 Simplified Design

In general, colurnns must be designed for the combined effects of axial load and bending moment. Asnoted earlier,
appreciable bending moments due to wind loads may occur in the columns of buildings without shearwatls. To
allow rapid selection of column size and reinforcement for a factored axial load P, and bending moment M,, Figs.
5-16 through 5-23 are included at the end of this chapter. All design charts are based on fc = 4000 psi and fy =
60,000 psi, and are valid for square, tied, nonslender columns with symmetrical bar arrangements as shown in Fig.
5-2. The number in parentheses next to the number of reinforcing bars is the reinforcement ratio pgy = Ag/Ag where
A is the total area of the longitudinal bars and A, is the gross area of the column section. A clear cover of 1.5
in. to the ties was used (ACI 7.7.1}; also used was #3 ties with [ongitudinal bars #10 and smaller and #4 ties with
#11 bars (ACI 7.10.5).

4 bars 8 bars

L N T vy ’ L ¥ - N Sy
1£ Dars 10 Ddar:

Figure 5-2 Bar Arrangements for Column Design Charts

For simplicity, each design curve is plotted with straight lines connecting a number of points corresponding to
certain transition stages. In general, the transition stages are defined as follows (see Fig. 5-3):

Stage 1: Pure compression (no bending moment)

ge 2: Stress in reinforcement closest to tension face =0 (f; =0

S’

Stage 3: Stress in reinforcement closest to tension face =0.5fy (f;=0.51,)
Stage 4: Balanced point; stress in reinforcement closest to tension face =f, (fs = fy)
Stage 5: Pure bending (no axial load)

Note that Stages 2 and 3 are used to determine which type of lap splice is required for a given load combination
(AC112.17). In particular, for load combinations falling within Zone 1, compression lap splices are allowed, since
all of the bars are in compression. In Zone 2, either Class A (half or fewer of the bars spliced at one location) or
Class B (more than one-half of the bars spliced at one location) tension lap splices must be used. Class B tension

lap splices are required for load combinations falling within Zone 3.

Simplified equations can be derived to obtain the critical point on the design interaction diagram corresponding
to each transition stage. The following equations are valid within the limitations stated above:
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~ All bars in compression

0 < fg < 0.5f
on tension face

Axial Load

Ll

Figure 5-3 Transition Stages on Interaction Diagram

L fs 2 0.5
on tension face

®

Bending Moment

(1) Point 1 (see Fig. 5-1):
OPomaxy = 0.800[0.85 fE(Ag - Ag) + fyAql _ ACI Eq. (10-2)
= 0.800A4[0.85 + pylfy - 0.85£)]

where Ay = gross area of column, in2
Ag = total area of longitudinal reinforcing bars, in. 2
Pg = AsfAg
¢ = strength reduction factor = 0.70

AN Dt _a M A s T AN,
{2} Poinis 2-4 {see Fig. 5-4):

n ;
4Pa = 0[Cihd; +87 T Agi(1- G, by (5-1)
i=1 dy
n di h
OM;, = ¢[0.5C hdy(h - C3dy) + 87 ¥ Aqi(1 - Cz-d-l—)(a- -dpli2 (5-2)
i=1
where h = column dimension in the direction of bending (width or depth), in.
di = distance from compression face to centroid of reinforcing steel in layer 1
(layer closest to tension face), in.
di = distance from compression face to centroid of reinforcing steel in layer i, in.
Agi = total steel area in layer i, in2
n = total number of layers of reinforcement
o = strength reduction factor = (.7

C1,Cy,Cy = constants given in Table 5-1
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e h "
I-i Compression Face
~ Idn ‘ N
Layer n, Agn 2S5 @ ) [ )
° A
- % h
Layer i, Agj ®
Layer 1, Ags _ 3
Tension Face T1 5" (typ.)
Figure 5-4 Notation for Egs. (5-1) and (5-2)
Table 5-1 Constants for Points 2—4
Point No. Cq Co C3
2 2.89 1.00 0.85
3 2.14 1.35 0.63
4 1.70 1.69 0.50

Values of ¢P, obtained from the above equations are in kips and ¢Mj, are in ft-kips. To ensure that the stress in
the reinforcing bars is less than or equal to fy, the quantity (1-C,di/d1) must always be taken less than or equal to
60/87 = 0.69.

(3) Point 5:
For columns with 2 or 3 layers of reinforcement:
oM, =4Aad
For columns with 4 or 5 layers of reinforcement:
OM, = 4(As1 + A)(s ~ )
where s = center to center spacing of the bars
In both equations, ¢ = 0.90; also, Ag; and Ay are in.z, d; and s are in in., and OMj, is in ft-kips.

The simplified equations for Points 2—4 will produce values of ¢P, and M, approximately 3% larger than the
exact values (at most). The equations for Point 5 will produce conservative values of M, for the majority of cases.
For columns subjected to small axial loads and large bending moments, a more precise mvestigation into the
adequacy of the section should be made because of the approximate shape of the simplified interaction diagram
in the tension-controlled region. However, for typical building columns, load combinations of this type are rarely
encountered.

For a column with a larger cross-section than required for loads, a reduced effective area not less than one-half
of the total area may be used to determine the minimum reinforcement and the design capacity (ACI 10.8.4).
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Essentially this means that a column of sufficient size can be designed to carry the design loads, and concrete added
around the designed section without having to increase the amount of longitudinal reinforcement to satisfy the
minimum requirement in ACI 10.9.1. Thus, in these situations, the minimum steel percentage, based on actual
gross cross-sectional area of column, may be taken less than 0.010, with a lower limit of 0.005 (the exact
percentage will depend on the factored loads and the dimensions of the column). It is important to note that the
additional concrete must not be considered as carrying any portion of the load, but must be considered when
computing member stiffness (ACI R10.8.4).

Additional design charts for other column sizes and material strengths can obviously be developed. For
rectangular or round columns, the graphs presented in Reference 5.2 may be used; these graphs are presented in
a nondlmenswnahzed format and cover an extensive range of column shapes and material strengths. Also, the
CRSI Handbook™” gives extensive design data for square, rectangular, and round column sections.

5.4.1.1 Example: Construction of Simplified Design Chart

To illustrate the simplified procedure for constructing column interaction diagrams, determine the points
corresponding to the various transition stages for an 18 X 18 in. column reinforced with 8-#9 bars, as shown in
Fig. 5-5.

18" 3
&)
= S
#3 tie, " & 2
\ 1 h Y [ F Y
3-#9 (‘PQ ® @ .
Agz=3.0in.2 =
‘ o3
o
S
m =
249 | lg pu @
Aga=2.01n. 5
s 4
Ag1 =3.0in.2 ’

Figure 5-5 Column Cross-Section for Example Problem

(1) Point 1 (pure compression):
8.0
18x18

OPa(max) = (0.80 X 0.70 X 324)[(0.85 X 4) + 0.0247(60-(0.85 X 4))]
= 870 kips

=0.0247

Pg=

(2) Point 2 (f;1 = O):

Using Fig. 5-5 and Table 5-1:

Layer1: 1- Cz‘—jl-l 1=0

dj
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5-8 Simplified Design

Layer 2: 1—C2~d£=1-—1>< 200 =0.42
d 15.56

Layer 3: 1——C2d—3z1—1x 244 =0.84>0.69
di 15.56

1-Cad3/d; being greater than 0.69 in layer 3 means that the steel in layer 3 has yielded; therefore, use 1-
Cadafd) = 0.69.

3 .
Py = 0.7[Cihd; + 87 3 Ag (1 —czgi)]
i=l 1

=0.7{(2.89 X 18 X 15.56) + 87 [(3 X 0) + (2 X 0.42) + (3 X 0.69)]}
=0.7 (809.4 + 253.2)
= 744 kips

3 \
oM, =0.7[0.5Cihdi(h - Cady) + 87 X A (1 - ngl)(% -dp)12
i=1 1

=0.7{¢0.5 X 2.89 X 18 X 15.56)[18 - (0.85 X 15.56)]
+87[(3.0 X 09 - 15.56)) + (2.0 X 0.42(9 - 9)) + (3.0 X 0.69(9 - 2.44))]}/12

“

A109% 1, 1101 A1S
L1724.1 + 1i01.4)/14%

0.
1

82 fi-kips

(3) Point 3 (f; = 0.5 fy):

In this case, C1 =2.14,C> =135, and C3=0.63  (Table 5-1)
d;

Layer1: 1-Cy—=1-1.35=-0.35
di
Layer2: 1-Co32=1-125 2% |_02
d 15.56
Layer3: 1-C3 83 —1-135 224120795069 Use0.69
d 15.56
$Pn = 0Q7{(2.14 X 18 X 15.36) + 87I{3(-033)) + (2 X 0.22) + (3 X 0.69)]}

=0.7(599.4 + 127.0) = 508 kips
0My = 0.7{(0.5 X 2.14 X 18 X 15.56)[18 - (0.63 X 15.56)]
+ 87 [(3.0¢-0.35) X (9 - 15.56)) + 0 + (3.0 X 0.69(9 - 2.44))]}/12
= 0.7 (2456.6 + 1780.7)/12 = 247 ft-kips
(4) Point 4 (fy = f,):
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In this case, C1 = 1.70, C2 = 1.69, C3 = (.50
Similar calculations yield the following:

&Py = 336 kips
dM = 280 ft-kips
(5) Point 5 (pure bending):

For columns with 3 layers of reinforcement:

OM,, = 4Aqd1 =4 X 3.0 X 15.56 = 187 ft-kips

Each of these points, connected by straight dotted lines, is shown in Fig. 5-6. The solid line represents the exact
interaction diagram determined from PCACOL. Ascan be seen, the simplified interaction diagram compares well
with the one from PCACOL except in the region where the axial load is small and the bending moments is large;
there, the simplified diagram is conservative. However, as noted earlier, typical building columns will rarely have
aload combination in this region. Note that PCACOL also gives the portion of the interaction diagram for tensile
axial loads (negative values of ¢Pp) and bending moments.

Simplified interaction diagrams for all of the other columns in Figs. 5-16 through 5-23 will compare just as well
with the exact interaction diagrams; the largest discrepancies will occur in the region near pure bending only.

54.2 Column Ties

The column tie spacing requirements of ACI 7.10.5 are summarized in Table 5-2. For #10 column bars and
smaller, #3 ties are required; for bars larger then #10, #4 ties must be used. Maximum tie spacing shall not exceed
the lesser of 1) 16 longitudinal bar diameters, 2) 48 tie bar diameters, and 3) the least column dimension.

Table 5-2 Column Tie Spacing

Maximum
Tie | Column Spacing* & | T B
Size Bars (in.) pa— — 'si2 Js2
#3 #5 10 O~ Rt
#6 12 — ® =
#7 14 & r
¥8 16 — G 3in.
#9 18 a {max.
#10 18 o
#4 #11 _22 _ = T
Interior column-beam joint™*

Interior column-slab joint**

*Maximum spacing not to exceed least column dimension (ACI 7.10.5.2)
**Also valid for joints with beams on less than 4 sides of the column (ACI 7.10.5.4)
***Beams on all 4 sides of the column (ACI 7.10.5.5)
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pcacorL™ Interaction Diagram
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Licensed To: Portland Cement Association, Skokie, IL
Project: SIMPLIFIED DESIGN E_‘ile name: D:\PCACOL\DATA\SDEX5411l.COL
Column ¥d: EX. 5.4.1.1 Material Properties:
Engineer: E, = 3834 ksi Eu = 0.003 in/in
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Code: ACI 318-89 (sl = 0.B5
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Reduction: @c = 0.70 @b = 0.90
Slenderness not considered x-axis

Figure 5-6 Comparison of Simplified and PCACOL Interaction Diagrams
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Simplified Design for Columns 5-11

Suggested tie details to satisfy ACI 7.10.5.3 are shown in Fig. 5-7 for the 8, 12, and 16 column bar arrangements.
In any square (or rectangular) bar arrangement, the four corner bars are enclosed by a single one-piece tie (ACI
7.10.5.3). The ends of the ties are anchored by a standard 90° or 135° hook (ACI 7.1.3). Itis important to alternate
the position of hooks in placing successive sets of ties. For easy field erection, the intermediate bars in the 8 and
16 bararrangements can be supported by the separate cross ties shownin Fig. 5-7. Again, itis important to alternate
the position of the 90° hooked end at each successive tie location. The two-piece tie shown for the 12 bar
arrangement should be lap spliced at least 1.3 times the tensile development length of the tie bar, I3, but not less
than 12 in. To eliminate the supplementary ties for the 8, 12, and 16 bar arrangements, 2, 3, and 4 bar bundles at
each corner may also be used; at least #4 ties are required in these cases (ACI 7.10.5.1).

Alt. hook
90° (typ.) Alt. hooks (typ.)
8 bars
Column < 18in. Preassembled Field Erection
Cages
20 in., 22in., and 24 in. columns
@] [@
[&
f—- Lap splice 2 greater of <; 230"
12 bars o g
Q @) o,
Field Erection All 12 bar arrangements
OTA
16 bars .
Preassembled Field Erection
Cages
All 18 bar arrangements

Figure 5-7 Column Tie Details

Column ties must be located not more than one-half a tie spacing above top of footing or slab in any story, and
not more than one-half a tie spacing below the lowest reinforcement in the slab (or drop panel) above (see ACI
7.10.5.4 and Table 5-2). Where beams frame into a column from four sides, ties may be terminated 3 in. below
the lowest beam reinforcement (ACI 7.10.5.5). Note that extra ties are required within 6 in. from points of offset
bends at column splices (see ACI 7.8.1 and Chapter 8).

5.4.3 Biaxial Bending of Columns

Biaxial bending of a column occurs when the loading causes bending simultaneously about both principal axes.
This problem is often encountered in the design of corner columns. .
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5-12 Simplified Design

A general biaxial interaction surface is depicted in Fig. 5-8. To avoid the numerous mathematical complexities
associated with the exact surface, several approximate techniques have been developed that relate the Tesponse
of a column in biaxial bending to its uniaxial resistance about each principal axis (Reference 5.5 summarizes a

number of thege annrnxrmatp methods). A conservativeestimate of the nominal axiallo

ad g
nag or e nomina: axias 10aa Dl,l UllBLll Can

from the foIlowmg (see ACIR10.3.5 and Fig. 5-9):
1 1 1 1
= <+ —_
¢Pni  ¢Pnx ¢Pny 1) 2)

Reinforcing bars not shown
Figure 5-9 Notation for Biaxial Loading

where P;; = nominal axial load strength for a column subjected to an axial load P, at eccentricities ex and ey
Pyx = nominal axial load strength for a column subjected to an axial load P, at an eccentricity of e, only
Ppy = nominal axial load strength for a column subjected to an axial load Py, at an eccentricity of ey only

P, = nominal axial load strength for a column subjected to an axial load Py, at an eccentricity of zero

- - . 2%
{lc,ex=¢ey=0)

= 0.85f; (Ag-Ag) + fyAy

The above equation can be rearranged into the following form:
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1

Py =
PPoi = 1 1
+

4P 4P &P,
Pinx Py Pro

In design, Py € ¢Pp; where Py, is the factored axial load acting at eccentricities e, and ey. This method is most
suitable when ¢Ppx and ¢Pyy are greater than the corresponding balanced axial loads; this is usually the case for
typical building columns.

Aniterative design process will be required when using this approximate equation for columns subjected to biaxial
loading. A trial section can be obtained from Figs. 5-16 through 5-23 with the factored axial load P, and the total
factored moment taken as My = Myx + My where M,y = Pyex and Myy = Pyey. The expression for ¢pPy; can then
be used to check if the section is adequate or not. Usually, only an adjustment in the amount of reinforcement will
be required to obtain an adequate or more economical section.

= 25 ft-kips.

From Fig. 5-18 with P, = 400 kips and M,, = 50 + 25 = 75 ft-kips, select a 14 X 14 in. column with 4-#8
bars.

(2) Check the column using the approximate equation
For bending about the x-axis:
0Py = 473 kips for My, = 50 fi-kips (see Fig. 5-18)
For bending about the y-axis:
¢Ppny = 473 kips for Myy = 25 ft-kips (see Fig. 5-18)

®P, = 0.7[0.85 X 4(147 - 3.16) + (60 X 3.16)] = 592 kips

OPp; = ! —= 394 kips = 400 kips

1 1

1 1 L

+ —
473 473 592

Since this approximate method of analysis is known to be conservative, use a 14 X 14 in. column with 4-#8 bars.

For comparison purposes, PCACOL was used to check the adequacy of the 14 X 14 in. column with 4-#7 bars, Fig.
5-101is the output from the program which is a plot of $Mpy versus ¢My, for ¢P, = P, =400 kips (i.e., a horizontal slice
through the interaction surface at $Py, = 400 kips). Point 1 represents the position of the applied factored moments for
this example. As can be seen from the figure, the section reinforced with 4-#7 bars is adequate to carry the applied load
and moments. Fig. 5-11 is also output from the PCACOL program; this vertical slice through the interaction surface
alsoreveals the adequacy of the section. As expected, the approxirnate equationresulted in a more conservative amount
of reinforcement (about 32% greater than the amount from PCACOL).
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PCACQLtm Interaction Diagram
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400 kips

Licensed To: Portland Cement Association, Skokie, IL

Project: SIMPLIFIED DESIGN
Column Id: EX. 5.4.3.1
Engineer:

Date: Time:
Code: ACI 318-89

Version: 2.20

5lenderness not considered x-axis

Slenderness not considered y-axis

File name: D:\PCACOL\DATA\SDEX5431.COL

Material Properties:

E_ = 3834 ksi Eu = 0,003 in/in
fc = 3.40 ksi ES = 29000 ksi
ﬁl = 0.85

Stress Profile : Block

Reduction: @c = 0.70 @b = 0.90

Figure 5-10 Moment Contour for 14 X 14 in. Column at ¢P, = 400 kips
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Column Id: EX. 5.4.3.1
Engineer:
Date Time:

Code: ACI 318-89

Version: 2.20

Slenderness not considered x~axis

Slenderness not considered y-axis
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600 PCACOL™" Interaction Diagram
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© 1992 Pca
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e u ’
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Reduction: ®c = 0.70 @b = 0.90

Figure 5-11 Interaction Diagram for 14 X I4 in. Column
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55  COLUMN SLENDERNESS CONSIDERATIONS

5.5.1 Braced versus Unbraced Columns

When designing columns, it is important to establish whether or not the building frame is braced. There is rarely
a completely braced or a completely unbraced frame. Realistically, a column within a story can be considered
braced when horizontal displacements of the story do not significantly affect the moments in the column. ACI
R10.11.2 gives maximum drift criteria that can be used to determine if the structure is braced or not, What
constitutes adequate bracing must be left to the judgment of the engineer; in many cases, it is possible to ascertain
by inspection whether or not a structure has adequate bracing.

A more approximate criterion is also given in ACI R10.11.2 to determine if columns located within 4 story can
be considered braced:

“A compression member may be assumed braced if located in a story in which the bracing elements (shearwalls,
shear trusses, or other types of lateral bracing) have a total stiffness, resisting lateral movement of a story, at least
equal to six times the sum of the stiffnesses of all the columns within the story.”

In framing systems where it is desirable and economical to include shearwalls, the above criteria can be used to
size the walls so that the frame can be considered braced for column design (see Chapter 6, Section 6.3).

5.5.2 Minimum Sizing for Design Simplicity

Another important aspect to consider when designing columns is whether slenderness effects must be included
in the design (ACI 10.10). In general, design time can be greatly reduced if 1) the building frame is adequately
braced by shearwalls (per ACI R10.11.2) and 2) the columns are sized so that effects of slenderness may be
neglected. The criteria for the consideration of column slenderness, as prescribed in ACI10.11.4, are summarized
inFig. 5-12. My is the larger factored end moment and My is the smaller end moment; both moments, determined
from an elastic frame analysis, are due to loads that result in no appreciable sidesway. The ratio M,/Mzy is positive
if the column is bent in single curvature, negative if it is bent in double curvature. For braced columns, the effective
length factor k = 1.0 (ACI 10.11.2.1).

In accordance with ACI 10.11.4.1, effects of slenderness may be neglected when braced columns are sized to
satisfy the following:

£l-1-S14
h

where #, is the clear height between floor members and h is the column size. The above equation is valid for
columns that are bent in double curvature with approximately equal end moments. It can be used for the first story
columns provided the degree of fixity at the foundation is large enough.* Table 5-3 gives the maximum clear
height &, for a column size that would permit siendemness to be neglected.

For an unbraced column with a column-to-beam stiffness ratio y =1 at both ends, the effects of slenderness may
be neglected when #/h is less than 5. In this case, k = 1.3 (see the alignment chart, Fig. R10.11.2 in ACI
R10.11.2).%*

*For a discussion of fixity of column bases, see PCI Design Handbook-Precast and Prestressed Concrete, 4th Ed., Precast/Pre-
stressed Concrete Institute, Chicago, IL, 1992,

**The effective length factor k may be determined for a braced or unbraced frame using ACI Fig. R10.11.2 or using the simplified
equations which are also given in ACIRI10.11.2.
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1.0

Single
curvature

T

1
l Zone 1 22 34 46 1

Double
curvature

\ Zone 3 Zone 4

M1p/Mab

~E

—

-1.0

Zone 1. Neglect skendemess, braced and unbraced columns

Zone 2; Neglect slendemess, braced columns

Zone 3. Consider slenderness, moment magnifier method {ACI 10.11.5)
Zone 4. Consider slenderness, PA analysis (AC! 10,11.4.3)

Figure 5-12 Consideration of Column Slenderness

Table 5-3 Maximum Story Heights to Neglect Slenderness—Braced Columns

Column size { Maximum clear height
h (in.) £y (1Y)
10 11.67
12 14.00
14 16.33
16 18.67
18 21.00
20 23.33
22 25.67
24 28.00

If the beam stiffness is reduced to one-fifth of the column stiffness at each end, then k = 2.2; consequently,
slenderness effects need not be considered as long as §,/h is less than 3. As can be seen from these two examples,
beam stiffnesses at the top and the bottom of a column in a structure where sidesway is not prevented will have
a significant influence on the degree of slendemess of the column.

Due to the complexities involved, the design of slender columns is not considered in this manual. For a
comprehensive discussion of this to?ic, the reader is referred to Chapter 13 of Reference 5.5. Also, PCACOL can
be used to design slender columns, 4
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5-18 Simplified Design

5.6 PROCEDURE FOR SIMPLIFIED COLUMN DESIGN

The following procedure is suggested fordesign of a multistory column stack using the simplifications and column

decion charte nracanted in thicchanter Forunhraced framecwith nonclendarealnmne hoath oravity and wind lanAde
MOILELE WLLGL W3 PPERAOWLILCAS BEL RIRLO WAL o 5 WL WLLULOAARS B GULIGAT ¥F LR IIVILS IR INEUL AT B, UASRLL ELuVJI.J CLLEND YV LLILD IO

must be considered in the design. Figs. 5-16 through 5-23 can be used to determine the required reinforcement.
For braced frames with shearwalls resisting the lateral loads and the columns sized so that slenderness may be
neglected, only gravity loads need to be considered; the reinforcement can be selected from Figs. 5-16 through
5-23 as well.

STEP (1) LOAD DATA
(a) Gravity Loads:

Determine factored loads Py, for each floor of the column stack being considered. Include a service dead
load of 4 kips per floor for column weight. Determine column moments due to gravity loads. For

interior columns supporting a two-way floor system, maximum column moments may be computed by

ACTEA {11 _AY fean Chantar A Qarntinn A 8Y Nthamyica n ganaral analugic o ramiisad
P W l_d\i VLT o \rllul:)i.\-*l. Ty PWRLVLL TGS . WLLLL VY LOW, O E\ollblm (I.llﬂ.l: oLy 1D l.\.f\iu].].\.du

{(b) Lateral Loads:
Determine axial loads and moments from the wind loads for the column stack being considered.
STEP (2) LOAD COMBINATIONS

For gravity (dead + live) plus wind loading, ACI 9.2 specifies three load combinations that need to be
considered:

gravity loads:

U=14D+1.7L ACI Eq. (9-1)
gravity plus wind loads:

U=0.75(14D + 1.7L + 1.7W) ACI Eq. (9-2)

or

U=09D +1.3W ACI Eq. (9-3)
In Eq. (9-2), both full value and zero value of L. must be considered (ACI 9.2.2).

Generally, for unbraced columns subjected to wind moments, Eq. (9-2) will be the controlling load

combination.
STLED /2y N ITAAN QTZ7E AN DETNCADRDAOAMEAT
W 1ll.L \J} AASLULYLIN DL AAVNLY NI LIYIT I

Determine an initial column size based on the factored axial load Py, in the first story using Fig. 5-1, and
use this size for the full height of building. Note that the dimensions of the colurnn may be preset by
architectural {or other) requirements. Once a column size has been established, it should be determined
if slenderness effects need to be considered (see Section 5.5). For columns with slenderness ratios larger
than the limits given in ACT 10.11.4, it may be advantageous to increase the column size (if possible) so
that slenderness effects may be neglected.
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Simplified Design for Columns

As noted earlier, for nonslender columns, Figs. 5-16 through 5-23 may be used to select the required amount of
reinforcement for a given Py and M,,. Ideally, a column with a reinforcement ratio in the range of 1% to 2% will
result in maximum economy. Depending on the total number of stories, differences in story heights, and
magnitudes of wind loads, 4% to 6% reinforcement may be required in the first story columns. If the column bars
are to be lap spliced, the percentage of reinforcement should usually not exceed 4% (ACI R10.9.1). For overall
economy, the amount of reinforcement can be decreased at the upper levels of the building. In taller buildings,

the concrete strength is usually varied along the building height as well, with the largest f. used in the lower

level(s).

57  EXAMPLES: SIMPLIFIED DESIGN FOR COLUMNS

The following examples illustrate the simplified methods presented in this chapter.

5.7.1 Example: Design of an Interior Column Stack for Building #2 Alternate (1)}—Slab and Column

-
Framing Wi

Bl Fh N

thout Structural Walis (U

f; = 4000 psi (carbonate aggregate)
fy = 60,000 psi

Required fire resistance rating = 2 hours

(1) LOAD DATA

Roof: LL =20 psf

DL = 122 psf

is

Lonen &
101

(a) Total factored load*:

nbraced Frame)

Floors: LL = 50 psf
DL =136 psf (8.5 in. slab)

Factored axial loads due to gravity are summarized in Table 5-4.

Table 5-4 Interior Column Gravity Load Summary for Building #2—Alternate (1)
Dead Tributary Influence Reduced | Factored | Cumulative
load Live load area area, live load load factored load
Flcor (psf) (pst) (ft2) Aq (ﬂg) RM* (psf) (kips)** (kips)
5th (roof) 122 20 480 — 1.00t 20.0 104 104
4th 136 50 480 1920 0.59 295 121 225
3rd 136 50 480 3840 0.49 245 117 342
2nd 136 50 480 5760 0.45 225 115 457
1st 136 50 480 7680 0.42 21.0 114 571

*RM = reduction multiplier for live load; see Table 2-2,

**Factored load = [1.4{Dead load) + 1.7(Reduced live load)} X Tributary area. Factored load includes a factored column

wainht = 1.4 % 4 king = 5.8 king ner floor,
walght = 1.4 X 4 Kips = 5.6 kips per tloor,

TNo reduction permitied for roof live load (ASCE 4.8.2).

*Axial load from wind loads is zero (see Fig. 2-15)

Publication List

Book Contents




5-20 Simplified Design

(b) Factored moments;

gravity loads:* M, = 0.035wial,” = 0.035(1.7 X 0.05)24)(18.83%) = 25 ft-kips

12
12+15

portion of M, to 1st story column = 25( ] =11 ft-kips

wind loads:** M, = 1.7(94.7) = 161 ft-kips
(2) LOAD COMBINATIONS
For the 1st story column:

gravity loads: Py =571 kips ACI Eq. (9-1)
M, =11 ft-kips

gravity + wind loads: P, = 0.75(571) = 428 kips ACI Eq. (9-2)
M, =0.75(11 + 161) = 129 ft-kips***

and
Py = 0.9(59 + 261 + 20) = 306 kips ACI Eq. (9-3)
My = 1.3(94.7) = 123 ft-kips

Factored loads and moments, and load combinations, for the 2nd through 5th story columns are calcu-
lated in a similar manner, and are summarized in Table 5-5.

Table 5-5 Interior Column Load Summary for Building #2, Alternate (1)

Gravity Loads Gravity + Wind Loads

Floor Eg. {9-1) Eq. (9-2) Eq. (9-3)
Py My Py My Py My

(kips) {f-kips) | (kips) ki (kips) -
5th 104 101 78 19 57 12
4th 225 13 169 44 119 35
3rd 342 13 257 65 182 57
2nd 457 14 343 86 244 77
1st 571 11 428 129 306 123

1My = 0.035(1.7 X 0.02)(24)(18.67%) = 10 ft-kips.
(3) COLUMN SIZE AND REINFORCEMENT
With P, = 571 kips, try a 16 X 16 in. column with slightly more than 1% reinforcement (see Fig. 5-1).
Check for fire resistance: From Table 10-2, for a fire resistance rating of 2 hours, minimum column
dimension=10in. < 16in. O.K.
Determine if the columns are slender.
As noted above, a column in an unbraced frame is slender if ké,/r 2 22. In lieu of determining an

“exact” value, estimate k to be 1.2 (a value of k less than 1.2 is usually not realistic for columns in an
unbraced frame; see ACIR10.11.2)

*Moment due to dead load is small.
**Moments due to wind loads in the N-S direction govern (see Figs. 2-15 and 2-16).
*&*Maximum moment will be oblained when live load moment is included.
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For the 1st story column:

kfy _1.2(15x12)—-8.5] _

43>22
r 0.3(16)
For the 2nd through 5th story columns:
kfy 1.2[(12x12)—8.5] _ 34520

r 0.3(16)

Therefore, slendemess must be considered for the entire column stack. To neglect slenderness effects, the size
of the column h would have to be:

21
1«22 >5h>312in.

Obviously, this column would not be practical for a building of the size considered. References 5.1, 5.2, 5.4 or
5.5 can be used to determine the required reinforcement for the 16 X 16 in. column, including slenderness effects.

Figure 5-13 shows the results from PCACOL for an interior 1st story columnn, including slenderness effects. Fifty
percent of the gross moment of inertia of the slab column strip was used to account for cracking.* It was assumed
that the column was fixed at the foundation; appropriate modifications can be made if this assumption is not true,
based on the actual footing size and soil conditions. Point 1 corresponds to the load combination given in ACI
Eq. (9-1). Points 2 and 3 are from AC1 Eq. (9-2), with point 2 corresponding to the load combination that includes
the full live load and point 3 corresponding to the case when no live load is considered. ACI Eq. (9-3)** is
represented by point 4. As can be seen from the figure, 8-#10 bars are required at the 1st floor. The amount of
reinforcement can decrease at higher elevations in the column stack. Note that if the column is assumed to be
hinged at the base, kéy/r is greater than 100, and a second-order frame analysis would be required.

Check for fire resistance: From Table 10-6, for a fire resistance rating of 4 hours or less, the required coverto the

main longitudinal reinforcement = 1.5 in. < provided cover =1.875in. =~ O.K.

5.7.2 Example: Design of an Interior Column Stack for Building #2 Alternate (2) - Slab and Column
Framing with Structural Walls (Braced Frame)

f¢ = 4000 psi (carbonate aggregate)
fy = 60,000 psi
Required fire resistance rating = 2 hours

For the Alternate (2) framing, columns are designed for gravity loading only; the structural walls are designed to
resist total wind loading.

{1) LOAD DATA

*The moments of inertia of the flexural and compression members are required in order to compute the effective length factor k of the
column. ACI R10.11.2 recommends using a value of 0.5 I, for flexural members (to account for the effect of cracking and reinforce-
ment on relative stiffness) and I, for compression members when computing the relative stiffness at each end of the compression
member, where I, is the gross moment of inertia of the section.

™ [=09D-13W

Publication List Book Contents




Simplified Design

PCACOLtIn Interaction Diagram
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y = 0.00 in -600
© 1992 PCA

Licensed To: Portland Cement Association, Skokie, IL

'Projeét: SIMPLIFIED DESIGN File name: D:\PCACOL\DATA\SDEXS?l.COL
Column Id: EXAMPLE 5.7.1 Material Properties:

Engineer: E, = 3834 ksi Eu = 0.003 in/in
Date: Time: £, = 3.40 ksi E; = 29000 ksi
Code: ACI 318-89 8, = 0.85

Version: 2.20 Stress Profile : Block

Reduction: qbc = 0.70 @b = 0,90

Slenderness considered X-axis kb = 0.88 ks = 1.53

Figure 5-13 Interaction Diagram for First Story Interior Column, Building #2, Alternate (1),
Including Slenderness
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Simplified Design for Columns 5-23

Roof: LL =20psf
DL =122 psf
Floors: LL = 50 psf
DL = 142 psf (9 in. slab)
Calculations for the first story interior column are as follows:
(a) Total factored load (see Table 5-6):

= ¢ =

Table 5-6 Interior Column Gravity Load Summary for Building #2, Alternate (2)

Dead Tributary Influence Reduced | Factored | Cumulative

load Live load area area live load load factored load
Floor {psf) (psh) (f12) Ap (fté) RM* (psf) (kips)** {kips)
5th (roof) 122 20 480 — 1.00T 20.0 104 104
4th 14_2 50 480 1920 0.59 29.5 125 229
ard 142 50 480 3840 0.49 24.5 121 350
2nd 142 50 - 480 5760 0.45 225 119 469
1st 142 .50 480 7680 0.42 21.0 118 587

*RM = reduction muitipiier for live iodd; see Table 2-2.
**Factored load = [1.4(Dead load) + 1.7(Reduced live load)] x Tributary area. Factored load includes a factored column
weight = 1.4 X 4 kips = 5.6 kips per floor.

"No reduction pemnitted for roof live load (ASCE 4.8.2).
(b) Factored gravity load moment:

M, = 0.035w@020n2= 0.035(1.7 X 0.05)(24)(18.832) = 25 ft-kips
portion of M, to 1st story column = 25 (12/27) = 11 ft-kips

Similar calculations can be performed for the other floors.
(2) LOAD COMBINATIONS

The applicable load combination for each floor is summarized in Table 5-7. Note that only ACI Eq. (9-
1) needs to be considered for columns in a braced frame.

Table 5-7 Interior Column Load Summary for Building #2, Alternate (2)

Eq. (9-1)
Floor Py My
(kips) (ft-kips)
5th 104 10
4th 229 13
3rd 350 13
2nd 469 14
1st 587 11
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5-24 Simplified Design

(3) COLUMN SIZE AND REINFORCEMENT
With Py = 587 kips, try a 16 X 16 in. column with approximately 1.3% reinforcement (see Fig. 5-1).

Check for fire resistance: From Table 10-2, for a fire resistance rating of 2 hours, minimum column
dimension = 10in. < 16in. O.K.

Determine if the columns are slender.

Using Table 5-3, for a 16 in. column, the maximum clear story height to neglect sienderness is 18.67 ft. Since the
actual clear story heights are less than this value, slenderness need not be considered for the entire column stack.

* 1st story columns:
P, =587 kips, M, = 11 fi-kips
From Fig. 5-19, use 4-#8 bars (pgy = 1.23%)

Using 4-#8 bars for the entire column stack would not be economical. ACI 10.8.4 may be used so that the amount
of reinforcement at the upper levels may be decreased. The required area of steel at each floor can be obtained
from the following:

Required Ay = (area of 4-#8 bars) [Pu at floor levelj

388 kips
in. column reinforced with 4-#8 bars. It is important to note that p, should

1.2 M P £ +L i
0.8.4). The required reinforcement for the column stack is summarized in

where 588 kips is ¢ 1
never be taken less than 0,.5% (ACI
Table 5-8.

Table 5-8 Reinforcement for Interior Column of Building #2, Alternate (2)

Required Agt Requiredpg Reinforcement
Floor (in2) (%) !.Pq%)
5th 0.56 0.50* 4-#6 (0.69)
dth 123 0.50* 4-#6 (0.69)
3rd 1.88 0.73 4-#7 (0.94)
2nd 2.52 0.98 4-#8 (1.23)
1st 3.15 1.23 4-#8 (1.23)

*Minimum pg = 0.5% (ACI 10.8.4)
Minimum Agt = 0.005 X 16% = 1.28 in.2

Check for fire resistance: From Table 10-6, for a fire resistance rating of 4 hours or less, the required cover to the
main longitudinal reinforcement = 1.5 in. < provided cover. 0.K.

A g PR S - - < Ce o M1

Column ties and spacing can be selected from Table 5-2.
5.7.3 Example: Design of an Edge Column Stack (E-W Column Line) for Building #1—3-story Pan
Joist Construction (Unbraced Frame)

f¢ = 4000 psi (carbonate aggregate)
fy = 60,000 psi
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Required fire resistance rating = 1 hour (2 hours for columns supporting Alternate (2) floors).

(1) LOAD DATA
Roof: LL =12 psf
DL = 105 psf
ors: LL =60 psf
DL = 130 psf
Calculations for the first story column are as follows:

(a) Total factored load (see Table 5-9):

Table 5-9 Edge Column Gravity Load Summary for Building #1

Dead Tributary | influence Reduced | Factored | Cumulative
load Live load area area live load load factored load
Floor {psf) (psf) (t2) Aj (ﬂé) RM* (psf) (kips)™* (kips)
3rd (roof) 105 12 450 —_ 1.00t 12.0 81 81
2nd 130 60 450 1800 0.60 36.0 115 196
1st 130 60 450 3600 0.50 30.0 110 306

*AM = reduction multiplier for live load; see Table 2-2,

**Factored load = [1.4(Dead load) + 1.7(Reduced live lcad)] x Tributary area. Factored load includes a factored column
weight = 1.4 X 4 kibs = 5.6 kips per floor.

"No reduction pemitted for roof live load (ASCE 4.8.2).

(b} Factored moments in 1st story edge columns:
gravity loads: My, =372.7 fi-kips (see Section 3.8.3 - Step (2), My @ exterior columns)
portion of My, to 1st story column = 372.7/2 = 186 fi-kips

wind loads (see Fig. 2-13):
P, =1.7(10.0) = 17 kips

u = 1.7(55.5) = 94 ft-kips
(2) LOAD COMBINATIONS
For the 1st story column:
gravity loads:

P, = 306 kips
ACI Eq. (5-1)

M, = 186 fi-kips
gravity + wind loads;
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Py =0.75(306 + 17) = 242 kips ACI Eq. (9-2)
M, = 0.75(186 + 94) = 210 ft-kips

£
=

= 0.9(47+117+12) + 1.3(10.0) = 171 kips ACI Eq. (9-3)
xs o omrisem 4mn (2858)2_ 1.3(55.5) o
My = 0.9[14(0.130 X 30)-——— " 1+ 1.3(55.5) = 162 ft-kips

Factored loads and moments, and load combinations, for the 2nd and 3rd story columns are calculated in
a similar manner, and are summarized in Table 5-10.

Table 5-10 Edge Column Load Summary for Building #1

Gravity Loads Gravity + Wind Loads
Floor Eq. (9-1) Eqg. (9-2) Eq. (9-3)
Pu My Pu iy Py My
(kips) | (fi-kips) | (kips) | (ftkips) | (K K
3rd 81 256* 62 208 47 161
2nd 196 186 152 184 108 135
1st 306 186 243 210 171 162

*wy = [(1.4 X 0.105) + (1.7X 0.012)]30 = 5.02 kif
My = 5.02 X 28.58%/16 = 256 ft-kips

(3) COLUMN SIZE AND REINFORCEMENT

For edge columns, initial selection of column size can be determined by referring directly to the column
design charts and selecting an initial size based on required moment strength. For largest M, = 256 ft-
kips, try a 16 X 16 in. column (see Fig. 5-19).

Check for fire resistance: From Table 10-2, for fire resistance ratings of 1 hour and 2 hours, minimum
column dimensions of 8 in. and 10 in., respectively, are both Iess than 16 in. O.K.

Determine if the columns are slender.

Using k = 1.2, slenderness ratios for all columns:

kfy _1.2[(13x12)—-19.5]
r 0.3(16)

=34>22

Thus, ail of the columns are slender. To neglect slenderness effects, the size of the columm would have to be:

1.2[(13x12)-19.5]

01k

AFedLL

<22—->h>248in,

This column would probably not be practical for a building of the size considered.

Fig. 5-14 shows the results from PCACOL for a first story edge column, including slenderness effects. Fifty
percent of the gross moment of inertia was used for the 36 X 19.5 in. column-line beam to account for cracking.*
The column was assumed fixed at the foundation. As can be seen from the figure, 8-#10 bars are required in this

case.

*The moments of inertia of the flexural and compression members are required in order to campute the eﬁecuve length factor k of the
column, ACI R10.11.2 recommends using a value of 0.5 ], g for flexural members (io account Jur the éyéC; U_,r Lr'uuc'mg and reilnforce-
ment on relative stiffness) and I, for compression members when computing the relative stiffness at each end of the compression

member, where I is the gross moment of inertia of the section.
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Slenderness considered X-axis k’b = 0.81 ks = 1.37

Figure 5-14 Interaction Diagram for First Story Edge Column, Building #1, Including Slenderness
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Check for fire resistance: From Table 10-6, for fire resistance ratings of 4 hours or less, required cover to main
longitudinal reinforcerent is 1.5 in. < provided cover=1.875in. 0.K.

58  COLUMN SHEAR STRENGTH

Columns in unbraced frames are required to resist the shear forces from wind loads. For members subjected to
axial compression, the concrete shear strength ¢V is given in ACIEq. (11-4). Fig. 5-15 can be used to obtain this
quantity for the square column sizes shown. The largest bar size from the corresponding column design charts
of Figs. 5-16 through 5-23 were used to compute ¢V (for example, for a 16 X 16 in. column, the largest bar size
in Fig. 5-19 is #11).

ACI Eq. (9-3) should be used to check colurnn shear strength:

U=09D + 1.3W
Nu = Pu = 0-9D
Vu=13W

If Vy is greater than ¢V, spacing of column ties can be reduced to provide additional shear strength ¢V,. Using
the three standard spacings given in Chapter 3, Section 3.6, the values of ¢V, given in Table 5-11 may be used
to increase column shear strength.

Table 5-11 Shear Strength Provided by Column Ties

Tie OVg - #3ties* | ¢Vs- #4 ties*
Spacing

d/2 22 kips 40 kips

d/3 33 kips 61 kips

d/i4 45 kips 81 kips

*2 legs, Grade 60 bars

For low-rise buildings, column shear strength ¢V will usually be more than adequate to resist the shear forces
from wind loads.

5.8.1 Example: Design for Column Shear Strength
Check shear strength for the 1st floor interior columns of Building #2, Alternate (1) - slab and column framing
without structural walls. For wind in the N-S direction, V = 12.63 kips (see Fig. 2-15).
Ny =Py =0.9(59 + 261 + 20) = 306 kips (see Example 5.7.1)
Vi, =1.3(12.63) = 16.42 kips
From Fig. 5-15, for a 16 X 16 in. column with Ny = 306 kips:

OV.=36 kips > 16.42 kips O.K.

Colurmn shear strength is adequate. With #10 column bars, use #3 column ties at 16 in. on center (least column
dimension governs; see Table 5-2).
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Figure 5-17 12 X 12 in. Column Design Chart
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Figure 5-18 14 X 14 in. Column Design Chart
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Pu = 0P, kips
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Figure 5-19 16 X 16 in. Column Design Chart
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M, = oM, ft-kips

Figure 5-21 20 X 20 in. Column Design Chart
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Simplified Design for Structural Walls

6.1  INTRODUCTION

For buildings in the low to moderate height range, frame action alone is usually sufficient to provide adequate
resistance to lateral loads. In most cases, the members can be sized for gravity loads only; this is due to ACI Eq.
(9-2) which permits the combined effects of gravity and wind loads to be reduced by a factor of 0.75. Only amounts
of reinforcement may have to be increased due to the forces and moments caused by wind. Whether directly
considered or not, nonstructural walls and partitions can also add to the total rigidity of a building and provide

reserve capacity against lateral loads.

Structural walls or shearwalls are extremely important members in high-rise buildings. If unaided by walls, high-
rise frames often could not be efficiently designed to satisfy strength requirements orto be within acceptable lateral
driftlimits. Since frame buildings depend primarily on the rigidity of member connections (slab-column or beam-
column) for their resistance to lateral loads, they tend to be uneconomical beyond a certain height range (11-14
stories in regions of high to moderate seismicity, 15-20 storieselsewhere}, To improve overall economy, structural
walls are usually required in taller buildings.

If structural walls are to be incorporated into the framing system, a tentative decision needs to be made at the
conceptual design stage concerning their location in plan. Most muiti-story buiidings are constructed with a
central core area. The core usually contains, among other things, elevator hoistways, plumbing and HVAC shafts,
and possibly exit stairs, In addition, there may be other exit stairs at one or more locations remote from the core
area. All of these involve openings in floors which are generally required by building codes to be enclosed with

Ne b £ + +3 h +
walls having a fire resistance rating of one hour or two hours, depending on the number of stories connected. In

general, it is possible to use such walls for structural purposes.

If at all possible, the structural walls should be located within the plan of the building so that the center of rigidity
of the walls coincides with the line of action of the resultant wind loads. This will prevent torsional effects on the
structure. Since concrete floor systems act as rigid horizontal diaphragms, they distribute the lateral loads to the
vertical framing elements in proportion to their rigidities. The structural walls significantly stiffen the structure
and reduce the amount of lateral drift. This is especially true when shearwalls are used with a flat plate floor system.
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6-2 Simplified Design

6.2 FRAME-WALL INTERACTION

The analysis and design of the structural systcm fora building frame of moderate height can be simplified if the

structural walls are sized to carr b the entire wind load. Members of the frame (columns and beams or siabs ) can

- then be proportioned to resist the gravity loads only. Neglecting frame-wall interaction for buildings of moderate

size and height will result in reasonable member sizes and overall costs. When the walls are at least six times as
stiff as the columns in a given direction within a story, the frame takes only a small portion of the lateral loads.

Thus, for low-rise buildings, neglecting the contribution of frame action in resisting lateral loads and assigning

the total lateral load re51stance to walls is an entirely reasonable assumption. In contrast, frame-wall interaction
must be considered for high-rise structures where the walls have a significant effect on the frame: in the upper
stories, the frame must resist more than 100% of the story shears caused by the wind loads. Thus, neglecting frame-
wall interaction would not be conservative at these levels. Clearly, a more economical high-rise structure will be
obtained when frame-wall interaction is considered.

With adequate wall bracing, the frame can be considered braced for column design (ACIR10.11.2). Slenderness
effects can usually be neglected, except for very slender columns. Consideration of slendemess effects for braced
and unbraced columns is discussed in Chapter 5, Section 5.5.

6.3  WALL SIZING FOR LATERAL BRACING

The size of openings required for stairwells and elevators will usually dictate minimum wall plan layouts. From
a practical standpoint, a minimum thickness of 6 in. will be required for a wall with a single layer of reinforcement,
and 10 in. for a wall with a double layer. While fire resistance requirements will seldom govern wall thickness,
these building code requirements should not be overlooked. See Chapter 10 for design considerations for fire
resistance. The above requirements will, in most cases, provide stiff enough walls so that the frame can be
considered braced.

A simple criten'on is givenin ACI R10.11.2 to establish whether structural walls provide sufficient lateral bracing

to aialifo tha fen ehen~ad Thacha alla thnen ntnbnl ctdflnane nt loo cd oS £2ame o o

O {quianily uu: irare as oraceq. 1nc shncarwaiis must nave atotal stitinessat lt:dbl. buL Luubb LIlU sum Ul I.ﬂ(: bllIIHebbﬂb
of all the columns in a given direction within a story:

I(walis) 26 I(c:olumns)

L4 o
11 400

N —a

criterion can be used to size the structural walls so that the frame can be considered braced.

6.3.1 Example: Wall Sizing for Braced Condition

Using the approximate criteria given in ACIR10.11.2, size the structural walls for Alternate (2) of Building #2
(5 story flat plate)*. In general, both the N-S and E-W directions must be considered. The E-W direction will be
considered in this example since the moment of inertia of the walls will be less in this direction. The plan of
Building #2 is shown in Fig. 6-1.

Required fire resistance rating of exit stair enclosure walls = 2 hours

For interior columns: I = Y3(16%) = 5461 in.*
For edge columns: I=Y2(12% =1728 in.*
Icotumns) = 8(5461) + 12(1728) = 64,424 in.*
6L icolumns) = 386,544 in.*

*The 5 story flat plate frame of Building #2 is certainly within the lower height range for structural wall consideration. Both
architectural and economic considerations need to be evaluated to effectively conclude if structural walls need to be included in low-
to-moderate height butldings.
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Try an 8 in. wall thickness. To accommodate openings required for stairwells, provide 8 ft flanges as shown in

Fig. 6-2.
raom Tahla 10-1 for a fire regictanca ratinog of 2 honre rennired wall thicknece =4 A in < R in N
From Table 10-1, for a fire registance rating of 2 hours, required wall thicknesgs =4 6in. <8in. QK
E-W direction
Ag = (248 X 8) + (88 X 8 X 2) = 1984 + 1408 = 3392 in.2
X = [(1984 X 4) + (1408 X 52)}/3392 =239 in,
Iy = [(248 X 87/12) + (1984 X 19.9%)] + [2(8 X 88%/12) + (1408 X 28.1%)] = 2,816,665 in.*
For two walls: Iewans) = 2(2,816,665) = 5,663,330 i1'1.4 >> 386,544 il'l.4
I [ | | | || ||
:
— [} |} | ] | —
| | | |
Exit stair —» L Exit stair
Enclosure 16" X 16" typ. ,__Enclosure
walls - .{ - — walls
[ [ | | | |
12" x 12" typ.
m | f || = -

Figure 6-1 Plan of Building #2, Alternate (2)

@g - ..,_Fci-g_ -X
NS}], i
|
| x=23.9"
— Pkl

Figure 6-2 Plan View of Shearwall
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6-4 Simplified Design

Therefore, the frame can be considered braced for column design. Since the wall segments in the E-W direction
provide most of the stiffness in this direction, the 8 ft length provided for the stairwell enclosure is more than
adequate.

6.4  DESIGN FOR SHEAR

Design for horizontal shear forces (in the plane of the wall) can be critical for structural walls with small height-
to-length ratios (i.e., walls in low-rise buildings). Special provisions for walls are given in ACI 11.10. In addition
to shear, the flexural strength of the wall must also be considered (see Section 6.5).

Walls with minimum amounts of vertical and horizontal reinforcement are usually the most economical. If much

. . . . . : "
more than the minimum amount of reinforcement is required to resist the factored shear forces, a change in wall

size (length or thickness) should be considered. The amounts of vertical and horizontal reinforcement required
for shear depends on the magnitude of the factored shear force, V:

(1) When the factored shear force is less than or equal to one-half the shear strength provided by concrete (V, <

¢V/2), minimum wall reinforcement according to ACI 14.3 must be provided. For walls subjected to axial

compressive forces, )V, may be taken as 2+ £ hd where histhe thickness of the wall, d = 0.8t (ACI 11.10.4),

and &, is the length of the wall (ACI 11.10.5)*. Suggested vertical and horizontal reinforcement for this
situation is given in Table 6-1.

Table 6-1 Minimum Wall Reinforcement (V, < ¢V/2)

Vertical Horizontal
Wall Thickness | Minimum Ag@ Suggested Minimum Asb Suggested
h (in.) (in. 2/ Reinforcement (in 2/ft) Reinforcement
6 0.09 #3@15 0.14 #41 @ 16
8 0.12 #3@ 11 0.19 #4 @ 12
10 0.14 #4 @ 18 0.24 #5 @ 15
12 0.17 #3 @ 18° 0.29 #4 @ 16°

aMinimum Ag/ft of wall = 0.0012(12)h = 0.0144h for #5 bars and less (ACI 14.3.2)
BMinimum Ag/ft of wall = 0.0020(12}h = 0.0240h for #5 bars and less (ACI 14.3.3)
STwo layers of reinforcement are required (ACI 14.3.4)

(2) When the design shear force is more than one-half the shear strength provided by concrete (V, > ¢V/2),
minimum shear reinforcement according to ACI 11.10.9 must be provided. Suggested reinforcement (both
vertical and horizontal) for this situation is given in Table 6-2.

(3) When the design shear force exceeds the concrete shear strength (Vy, > ¢V.), horizontal shear reinforcement
must be provided according to ACI Eq. (11-34). Note that the vertical and horizontal reinforcement must not
be less than that given in Table 6-2,

Using the same approach as in Section 3.6 for beams, design for required horizontal shear reinforcement in walls
when V), > ¢V can be simplified by obtaining specific values for the design shear strength ¢V provided by the
horizontal reinforcement. As noted above, ACI Eq. (11-34) must be used to obtain ¢V;:

*$V, may also be computed by ACI Egs. (11-32) and (11-33).
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Table 6-2 Minimum Wall Reinforcement (9V¢/2 < Vy < 0Ve)

Vertical and Horizontal
Wall Thickness |  Minimum Ag® Suggested
h (in.) (in.2/t8) Reinforcement
6 0.18 #4 @ 13
B 0.24 #4 @ 10
10 0.30 #5 @ 12
12 0.36 #4 @ 130

AMinimum Ag/ft of wall = 0.0025(12)h = 0.03h (ACI 11.10.9)
Two layers of reinforcement are required (ACI 14.3.4)

¢Vs =

Avfyd

¢

82

where A, is the total area of the horizontal shear reinforcement within a distance s3, ¢ =0,85, fy = 60,000 psi, and
d = 0.8ty (ACI 11.10.4). For a wall which is reinforced with #4 bars at 12 in. in a single layer, ¢V becomes:

OV=0.85 X 0.20 X 60 X (0.8 X 124,)/12 = 8.21, kips

where &, is the horizontal length of wall in feet.
Table 6-3 gives values of ¢V per foot length of wall based on various horizontal bar sizes and spacings.

Table 6-3 Shear Strength ¢V Provided by Horizontal Shear Reinforcement*

54
¢VS M /L
(kips/ft length of wall}
Bar Spacing sp
(in.) #3 #4 #5 #6 — —_—
6 90 | 163 | 253 | 3509 Lot S
7 7.7 14.0 21.7 30.8 Pn :[5 o
8 6.7 12.2 19.0 26.9
9 6.0 10.9 16.9 23.9 Ph~y
10 5.4 9.8 15.2 21.5
11 4.9 8.9 13.8 19.6
12 4.5 8.2 12.7 18.0 hw
13 4.1 7.5 11.7 16.6
14 3.9 7.0 10.8 15.4
15 3.6 6.5 10.1 14.4
16 3.4 6.1 9.5 13.5
17 3.2 5.8 8.9 12.7
18 3.0 5.4 8.4 12.0 — 1L 1 1 |
*Values of ¢V are for walls with a single layer of reinforcement. ———F~T—T1—t-~++% 3
Tabulated values can be doubled for walls with two layers.
-1

by
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Table 6-4 gives values of §V = $2+/£,h(0.8¢,, ) and limiting values of Vo =V, + OV, = $10E-h(0.8¢,, ), both

expressed in kips per foot length of wall.

Table 6-4 Design Values of V¢ and Maximum Allowable ¢V,

Wall Vg Max. ¢Vn
Thﬁmss (kips/it length of wall) | (kips/ft length of wall)
6 6.2 31.0
8 8.3 41.3
10 10.3 51.6
12 12.4 61.9

The required amount of vertical shear reinforcement is given by ACI Eq. (11-35):

pn = 0.0025 + 0.5(2.5 - hy/ty)(py - 0.0025)

where h,, = total height of wall
Pn = Ayn/sih
Ph = Ayn/s2h

amount of horizontal reinforcement (ACI 11.10.9.4). When hy/l, is greater than 2.5, only the minimum amount
of vertical reinforcement given in Table 6-2 is required.

11x 4l 1d et 14 1 ELEL-dE 1%

When the wall height-to-length ratio hy./8, is less than 0.5, the amount of vertical reinforcement is equal to the

6.4.1 Example: Design for Shear

To illustrate the simplified methods described above, determine the required shear reinforcement for the wall
shown in Fig. 6-3. The service shear force from the wind loading is 200 kips. Assume total height of wall from
base to top is 20 ft.

Vy = 260 kips
10‘I_0II
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Simplified Design for Structural Walls 6-7

(1) Determine factored shear force. Use ACI Eq. (9-3) for wind loads only

Vy = 1.3(200) = 260 kips

(2) Determine ¢V, and maximum allowable ¢V,

From Table 6-4: OV, =83 X 10 =83 kips
®Va=41.3 X 10 =413 kips

Wall cross section is adequate (V, < $Vy,); however, shear reinforcement as determined from ACI Eq.
(11-34) must be provided (Vy > V).

(3) Determine required horizontal shear reinforcement

q)Vs = Vu' q)Vc = 260 - 83 = 177 kipS
OV = 177/10 = 17.7 kips/ft length of wall

Select horizontal bars from Table 6-3:

For#5 @ 8 in,, ¢V, = 19.0 kips/ft > 17.7 kips/ft O.K.
Smax = 18 in. > 8 in. Q.K,

Use #5 @ 8 in. horizontal reinforcement
Note: Use of minimum shear reinforcement for an 8 in. wall thickness is not adequate:
#4 @ 10 in. (Table 6-2) provides ¢V = 9.8 kips/ft only (Table 6-3).
(4) Determine required vertical shear reinforcement
Pn = 0.0025 + 0.5(2.5 - hy/ty)(py, - 0.0025)

= 0.0025 + 0.5(2.5 - 2)(0.0048 - 0.0025)
=0.0031

where hyfly = 20/10=2
Ph = Avifszh =0.31/(8 X 8) = 0.0048

Required Ayy/s; = pph =0.0031 X 8 = (0.0248 in.%/in.
For #5 bars: s1=0.31/0.0248=125in.<18in. OK,

Use #5 @ 12 in. vertical reinforcement.

64.2 Example: Design for Shear

For Alternate (2) of Building #2 (5-story flat plate), select shear reinforcement for the two shearwalls. Assume
that the total wind forces are resisted by the walls, with slab-column framing resisting gravity loads only.

(1) E-W direction
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6-8 Simplified Design

Total shear force at base of building (see Chapter 2, Section 2.2.1.1):

V=95+184+17.7+164 +16.6 = 78.6 kips
For each shearwall, V = 78.6/2 = 39.3 kips

/¢
gu ty .

D
—

V,=51.1 kips
e

2'0"8“

———— |
80"
- Factored shear force (use ACI Eq. (9-3) for wind load only):
Vo= 1.3(39.3) = 51.1 kips

For the E-W direction, assume that the shear force is resisted by the two 8 ft flange segments only. For

each segment:
OV, = 8.3 X 8 =66.4 kips (see Table 6-4)

Since V, for each 8 ft segment = 51.1/2 = 25.6 kips which is less than ¢V /2 = 66.4/2 = 33.2 kips,
provide minimum wall reinforcement from Table 6-1. For 8 in. wall, use #4 @ 12 in. horizontal rein-
forcement and #3 @ 11 in. vertical reinforcement.
(2) N-S direction
Total shear force at base of building (see Chapter 2, Section 2.2.1.1):
V=226+439+422+39.8 +41.0=189.5 kips
For each shearwall, V = 189.5/2 = 94.8 kips

| E——
Bl! typ_.. -

—

123.2 kips
20I 8llk

Vy=

— |
8-0"
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Factored shear force:
V, = 1.3(94.8) = 123.2 kips

For the N-S direction, assume that the shear force is resisted by the 20 ft-8 in. web segment only. From
Table 6-4:

¢V =8.3 X 20.67 = 171.6 kips

Since ¢V/2 = 85.8 kips < Vy = 123.2 kips < ¢V = 171.6 kips, provide minimum shear reinforcement
from Table 6-2. For 8 in. wall, use #4 @ 10 in. horizontal as well as vertical reinforcement.

(3) Check shear strength in 2nd story in the N-S direction

Vyu=1.3(22.6 + 43.9 +42.2+ 39.8)/2 = 96.5 kips

The minimum shear reinforcement given in Table 6-2 is still required in the 2nd story since ¢Vo/2 = 85.8
kips < V= 96.5 kips < ¢V = 171.6 kips. For the 3rd story and above, the minimum wall reinforcement
given in Table 6-1 can be used for all wall segments (V, @ 3rd story = 70.7 Kips < ¢V/2 = 85.8 kips).
For horizontal reinforcement, use #4 @ 12 in., and for vertical reinforcement, use #3 @ 11 in.

(4) Summary of Reinforcement

Vertical bars: Use #4 @ 10 in. for 1st and 2nd stories*
#3 @ 10 in. for 3rd through 5th stories**

Horizontal bars: Use #4 @ 10 in. for 1st and 2nd siories
#4 @ 12 in. for 3rd through 5th stories

65  DESIGN FOR FLEXURE

Fur bu 11]ﬂlnnc of moderate height walle unfh urnf'nrm ~rac ot

c_oa and nmniformly dictribhitad artiral an
i AIVEILED Wi LAUVUCIGN UVAS LI, YYOELD VY AMIE WIHITULIIL LIUSS~o0

i rel
AS QaLig ullllulllll] UIDUAUUL\JU V\Jll—l\vul [ZRNLNY

horizontal reinforcement are usually the most economical. Concentration of reinforcement at the extreme ends
of awall (or wall segment) is usually not required. Uniformdistribution of the vertical wall reinforcement required
for shear will usually provide adequate moment strength as well. Minimum amounts of reinforcement will usually
be sufficient for both shear and moment requirements.

In general, walls that are subjected to axial load or combined flexure and axial load need to be designed as
compression members according to the provisions given in ACI Chapter 10 (also see Chapter 5).*** For
rectangular shearwalls containing uniformly distributed vertical reinforcement and subjected to an axial load
smaller than that producing balanced faﬂure the following approximate equation can be used to determine the
nominal moment capacity of the wall® (see Fig. 6-4):

oMy =¢[0-5Astfygw(1+ ya —“—)]

stfy fw
where Ag = total area of vertical reinforcement, in.2
Iy = horizontal length of wall, in.
P, = factored axial compressive load, kips
fy = yield strength of reinforcement = 60 ksi

*For moment strength, #6 @ 10 in. are required in the 8 ft. wall segments within the first story {see Example 6.5.1).
**Spacing of vertical bars reduced from 11 in. to 10 in. 50 that the bars in the 3rd story can be spliced with the bars in the 2nd story.
¥**in particular, ACI 10.2, 10,3, 10.10, 10.11, 10.12, and 10.15 are applicable for walls.
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1

Ast |

T

Figure 6-4 Plan View of Shearwall for Approximate Nominal Moment Capacity

= —mi—, where P =0.85 for f; =4000 psi

lw  20+0.85B

o =] At f_):
fwh ) fo
o = Py

" oywhf)
h = thickness of wall, in.

¢ =0.90 (strength primarily controlled by flexure with low axial load)

Note that this equation should apply in a majority of cases since the wall axial loads are usually small.

6.5.1

Example: Design for Flexure

For Alternate (2) of Building #2 (5-story flat plate), determine the required amount of moment reinforcement for
the two shearwalls. Assume that the 8 ft wall segments resist the wind moments in the E-W direction and the 20
ft-8 in. wall segments resist the wind moments in the N-S direction.

Roof: DL = 122 psf
Floors: DL = 142 psf

Publication List Book Contents




Simplified Design for Structural Walls

6-11

(1) Factored loads and load combinations

When evaluating moment strength, the load combination given in ACI Eq. (9-3) will govern.

U=059D+1.3W
(a) Dead load at first floor level:

Tributary floor area = 12 X 40 = 480} sq ft/story

Wall dead load = (0.150 X 3392)/144 = 3.53 kips/ft of wall height (see Sect. 6.3.1)

Py =0.9[(0.122 X 480) + (0.142 X 480 X 4) + (3.53 X 63)] =498 kips

Proportion total P, between wall segments:

2-8 ft segments: 2 X9 = 192in, 192/440 = 0.44
1-20 ft-8 in. segment: 248 in. 248/440 = 0.56
For 2-8 ft segments: P, =0.44(498) = 219 kips

1-20 ft-8 in. segment: Py = 0.56(498) = 279 kips

(b) Wind moments at first floor level;

From wind load analysis (see Chapter 2, Section 2.2.1.1):

E-W direction:

96"

248"

My =1.3[(9.5 X 63) + (18.4 X 51)+ (17.7 X 39) + (16.4 X 27) + (16.6 X 15)]/2

= 1898 ft-kips/shearwall

N-S direction:

My = 1.3[(22.6 X 63) + (43.9 X 51) +(42.2 X 39) + (39.8 X 27) + (41 X 15)}12

= 4549 fi-kips/shearwall

(c) Values of Py and M, for the 2nd and 3rd floor levels are obtained in a similar manner:

For 2nd floor level: 2-8 ft segments: Py =171 kips

1-20 ft-8 in. segment: P, =218 kips

E-W direction: My, = 1131 ft-kips/shearwall
N-S direction: My = 2701 ft-kips/shearwall

For 3rd floor level: 2-8 ft segment: P, = 128 kips
1-20 ft-8 in. segment: P, = 162 kips

E-W direction: M,, = 648 ft-kips/shearwall
N-S direction: M, = 1543 ft-kips/shearwall
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6-12 Simplified Design

(2) Design for flexure in E-W direction

Initially check moment strength based on the required vertical shear reinforcement #4 @ 10 in. (see
Example 6.4.2).

(a) For 2-8 ft wall segments at first floor level:

Py =219 kips Ast=384in2

M, = 1898 ft-kipS %
{w =961in.

| by = 96" ]

16"

combined h = 2(8) = 16 in.
For #4 @ 10 in. (2 wall segments):

Aq=2 X024 X 8=384in>
® = _.Ai flz _3.§i_.. .6£=0.033
twh) £, | 96x16) 4

Py 219

g = = =0036
Iwhfl 96x16x4
i

£ _ w+a - 0.038+0.036 —0.093
fw 20+ (0.85x0.85) 2(0.038)+0.72
s ~ = o oa g U oy C .

stfy fw

219 .
=0.5%x3.84 x60x96{1 + ————)(1-0.093)/12 =1630ft — kips
3.84 x 60

oM, = 0.9(1630) = 1467 ft-kips < M, = 1898 ft-kips N.G.
#4 @ 10 in. is not adequate for moment strength in the E-W direction at the first story level.

Moment strength for #35 @ 10 in. is ¢M, = 1835 fi-kips which is aiso less than M, (caiculations not
shown here).

Try #6 @ 10 in.:
Ag=2 X 0.53 X 8 =8.48 in.?

W = 8.48 @=0.083
9%6x16) 4

_c _ 0083+0036 _, .,

4w 2(0.083)+0.72
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Mp=0.5x8.48x60x96(1 + —219——)(1 ~0.134)/12 =2521 ft — kips
8.48x60

dM,, = 0.9(2521) = 2269 ft-kips > M, = 1898 ft-kips O.K.
(b) For 2-8 ft wall segments at 2nd floor level:

Py =171 kips
M, = 1131 fi-kips
Check #4 @ 10 in.: ’

Ay =3.84in2

o=0.038

o= ——”—1—-—=0.028
96 x16x 4

c __0038+0028 _

= 083
tw  2(0.038)+0.72

Mp =0.5x3.84 x 60 x96(1 +—17-1-—-)(1 —0.083)/12=1472 ft —kips
3.84x 60

oMy, = 0.9(1472) = 1325 fi-kips > My = 1131 ft-kips O.K.

#4 @ 10 in. (required shear reinforcement) is adequate for moment strength above the first floor.

(c) For 2-8 ft wall segments at 3rd floor level:
P, =128 kips
M, = 648 ft-kips

Check.#S @ 10 in. (required shear reinforcement above 2nd floor):

Ag=2 % 0.13 X 8=2.08 in.2

[ 2% ) 9060

fa TRV I 4 A
KVUALU} -+

o= —&——=0.021
96 x16x%x4

_¢ _ 0.020+0.021 ~0.054

fw  2(0.020)+0.72

Mp =0.5x2.08 x60X96(1+ -—128——)(1 —-0.054)/12 =957 ft —kips
2.08x60

oM, = 0.9(957) = 861 ft-kips > M, = 640 ft-kips OK.
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6-14 Simplified Design

#3 @ 10 in. (required shear reinforcement) is adequate for moment strength above the 2nd floor.

(3) Design for flexure in N-S direction

Initially check moment strength for required vertical shear reinforcement #4 @ 10 in. (see Example

64.2)
(a) For 1-20 ft-8 in. wall segment at first floor level:

Py =279 kips
M, = 4549 ft-kips
by =248in.
h =8in.

For#4 @ 10in.:

¢ _ 0038+0.035 _

fw  2(0038)+072

Mj =0.5x4.96x60x248(1+':-:2,7——
4.96

OMp = 0.9(5410) = 4869 ft-kips > My = 4549 ft-kips
(b) For 1-20 ft-8 in. wall segment at 3rd floor level:

P, =162 kips
M, = 1543 ft-kips
Check #3 @ 10 in. (required shear reinforcement above 2nd floor):

Ag= 0.13 X 20.67 =2.69 in.

o=] 292 199=0.020
\248x8) 4

o=—22 om0
248 % 8 x 4

c _ 0.020+0020 _

—_ 0.053
fw  2(0.020)+0.72

2 )(1-0.092)/12= 5410 ft ~ kips
XU

OK.
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Mn =0.5x2.69 x 60 x 248(1 + —16—%—)(1 —0.053)/12=3165 ft — kips
2.69x 60
oMy = 0.9(3165) = 2848 ft-kips > M, = 1543 ft-kips 0.X.
The required shear reinforcement for the 20 ft-8 in. wall segments is adequate for moment strength for
full height of building.

{(4) Summary

Required shear reinforcement determined in Example 6.4.2 can be used for the flexural reinforcement
except for the 8 ft wall segments within the Ist floor where #6 @ 10 in. are required (see Fig. 6-5).

#3 @ 10 in_ (3rd thru 5th stories})
#4 @ 10 in. (2nd story)
#6 @ 10in, (1st story

i‘ |

|l_l » *® 8@ . -
£ _T

#4 @ 101in, §1St and 2nd story)/

#4 @ 12 in. (3rd thru 5 stories) .

#4 @ 10 in. (1st and 2nd slory)
20'-8"

#3 @ 10in. (3rd thru 5th stories)

8"

Figure 6-5 Required Reinforcement for Shearwall in Building #2

For comparison purposes, the shearwall was input into PCACOL, using the add-on module IRRCOL which
enables the user to investigate any irregularly shaped reinforced concrete column. 82 For the reinforcement shown
in Fig. 6-5 at the 1st story level, the shearwall was analyzed for the combined factored axial load (due to the dead
loads) and moments (due to the wind loads) about each principal axis. The results are shown for the x and y axes
in Figs. 6-6 and 6-7, respectively. Asexpected, the load combination point (represented by point 1 in the figures)
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6-16 Simplified Design

is in the lower region of the interaction diagram, with the applied axial load well below the balanced point. Since
PCACOL uses the entire cross-section when computing the moment capacity (and not only certain segments as
was done in the steps above), the results based on the reinforcement from the approximate analysis will be
conservative. It can be shown that the flexural strength of the wali would be adequate if the #6 @ 10 in. were

replaced with #5 @ 10 in. in both 8 ft segments.
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RN _tm . :
) 2000 PCACOL Interaction Diagram
7000
5000
y ]
. P
96/0 x 248.0 inch n
k
fé = 4.0 ksi i
- P 3000 =0
£, 60.0 ksi : 3 .
Confinement:Tied £75 5y //////
clr cvr = NA
spacing = 3.37 in
43 bars at 054% 1000
A_ = 13.40 in /
s 4
Ix = 30451368 in
_ .4
I, = 2816662 in ////,// 10000 20000 30000
f = 72.08 in oM i(ft-k)
Yy = 124.00 in -1000
© 1992 PCA

Licensed To: Portland Cement Association, Skokie, IL

Project: SIMPLIFIED DESIGHN
Column Id: EX. 6.5.1
Engineer:

Date: Time:
Code: ACI 318-89

Version: 2.20

Slenderness not considered x-axis

File name: D:\PCACOL\DATA\SDEX651.COL

Material Properties:

E, = 3834 ksi Eu = 0.003 in/in
fc = 3.40 ksi E5 = 29000 ksi
1’31 = (.85

Stress Profile : Block

Reduction: @c = 0.70 @b = 0.90

Figure 6-6 Interaction Diagram for Shearwall Bending About the X-axis
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Figure 6-7 Interaction Diagram for Shearwall Bending About the Y-axis
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Chapter 7
Simplified Design for Footings

71 INTRODUCTION

A simplified method for design of spread footings is presented that can be used to obtain required footing thickness
with a one-step design equation based on minimum footing reinforcement. Also included are simplified methods
for shear, footing dowels, and horizontal load transfer at the base of a column. A simplified one-step thickness
design equation for plain concrete footings is also given. The discussion will be limited to the use of individual
square footings supporting square (or circular) columns and subject to uniform soil pressure.

The design methods presented are intended to address the usual design conditions for footings of low-to-moderate
height buildings. Footings that are subjected to uplift or overtumning are beyond the scope of the simplified
method.

A concrete strength of f¢ = 3000 psi is the most common and economical choice for footings. Higher strength
concrete can be used where footing depth or weight must be minimized, but savings in concrete volume do not
usually offset the higher unit price of such concrete.

In certain situations, data are presented for both 3000 and 4000 psi concrete strengths. Also, all of the design
equations and data are based on Grade 60 bars which are the standard grade recommended for overall economy.

7.2 PLAIN VERSUS REINFORCED FOOTINGS

Reinforced footings are often used in smaller buildings without considering plain footings. Many factors need
to be considered when comparing the two alternatives, the most important being economic considerations, Among
the other factors are soil type, job-site conditions, and building size (loads to be transferred). The choice between
using reinforcement or not involves a trade-off between the amounts of concrete and steel. The current market
prices of concrete and reinforcement are important decision-making parameters. If plain footings can save
considerable construction time, then the cost of the extra concrete may be justified. Also, local building codes
should be consulted to determine if plain footings are allowed in certain situations.
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72 Simplified Design

For a given project, both plain and reinforced footings can be quickly proportioned by the simplified methods in
this chapters and an overall cost comparison made (including both material and construction costs). For the same
loading conditions, the thickness of a plain footing will be about twice that of a reinforced footing with minimum
reinforcement (see Section 7.8).

7.3  SOIL PRESSURE

Soil pressures are usually obtained from a geotechnical engineer or set by local building codes. In cities where
experience and tests have established the allowable (safe) bearing pressures of various soils, local building codes
may be consulted to determine the bearing capacities to be used in design. In the absence of such information or
for conditions where the nature of the soils is unknown, borings or load tests should be made. For larger buildings,
borings or load tests should always be made. Table 7-1 lists approximate bearing capacities for some typical
foundation materials. The values are averaged from a number of building codes.*

Table 7-1 Average Bearing Capacities of Various Foundation Beds

Bearing Capacity, qa

Seil (ksf)
Alluvial soil <1
Soft clay 2
Firm clay 4
Wet sand 4
Sand and clay mixed 4
Fine dry sand (compact) 6
Hard clay 8
Coarse dry sand {compact) 8
Sand and grave! mixed {compact) 10
Gravel (compact) 12
Soft rock 16
Hard pan or hard shale 20
Medium rock 30
Hard rock 80

In general, the base area of the footing is determined using unfactored loads and allowable soil pressures (ACI
15.2.2), while the footing thickness and reinforcement are obtained using factored loads (ACI 15.2.1). Since
column design is based on factored loads, it is usually convenient to increase the allowable soil pressure q, by the
composite load factor of 1.6 (see Chapter 2) and use factored loads for the total footing design. As was shown

v M hnembae Y vroa Y PSP PN F RN PR I . Y I, IR L o A

in Chapter 2, use of the composite load factor is accurate enough for ordinary buildings.

74  SURCHARGE

mono sl e al oo L at

In cases where the top of the footing is appreciably below grade (for exampie, beiow the frost line) aliowances
need to be made for the weight of soil on top of the footing. In general, an allowance of 100 pcf is adequate for
soil surcharge, unless wet packed conditions exist that warrant a higher value (say 130 pcf). Total surcharge (or
overburden) above base of footing can include the loads from a slab on grade, the soil surcharge, and the footing

weight.
[—4

*The values in Table 7-1 should be used as a guide only. Local soil conditions can result in bearing capacities that are different from
the ones listed.
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75  ONE-STEP THICKNESS DESIGN FOR REINFORCED FOOTINGS

A simplified footing thickness equation can be derived for individual footings with minimum reinforcement using
the strength design datadeveloped in Reference 7.1. The following derivation is valid for f; =3000psi, f, = 60,000
psi, and a minimum reinforcement ratio of 0.0018 (ACI 10.5.3).

Set p=0.0018 X 1.11 = 0.002*

0.5pfy
0.85f;

Rp=pfy 1~ )

0,002 60,000 (1~ 9:3%0:002x60,000

0.85 x 3000
=117.2 pst
For a 1 ft wide design strip:
a2 =M Mo x1000_, jepy,
4 9R, 0.9x117.2

where M, is in ft-Kips.
Referring to Fig. 7-1, the factored moment M, at the face of the column (or wall) is (ACI 15.4.2):
2 2
C Py ¢
My =qu(5)=—> ()
P A 2

where ¢ is the largest footing projection from face of column (or wall). Substituting M, into the equation for dzreqd
results in the following: -

2
req

Pc?
=4.74q,c? =4.74 L
d Qu A

dreqd =2.24/quc? =2.2¢ %—
f

The above equation is in mixed units: P, is in kips, c is in feet, A¢ is in square feet, and d is in inches.

d

Pu

J

qu = Py/As
Figure 7-1 Reinforced Footing

*The minimum value of p is multiplied by 1.11 to account for the ratio of effective depth d to overall thickness h, assumed
as d/h =0.9,
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7-4 Simplified Design

The one-step thickness equation derived above is applicable for both square and rectangular footings (using largest
value of ¢} and wall footings. Since fy has a larger influence on d then does f¢, the simplified equation can be used
for other concrete strengths without a substantial loss in accuracy. As shown in Fig. 7-1, this derivation assumes
uniform soil pressure at the bottom of the footing; for footings subject to axial load plus moment, an equivalent
uniform soil pressure can be used.

According to ACI 11.12, the shear strength of footings in the vicinity of the column must be checked for both one-
way (wide-beam) action and two-way action. Fig. 7-2 illustrates the tributary areas and critical sections for a
square column supported by a square footing.

ci+d

‘ - - ”V/A%/%mﬁ%@‘ﬁﬂﬁ?ﬁ'

RS LT bemater 0

Pl .

- Pl 77//
beam acton | /f//// //

RSB N A A A A

d C4

bw cq+d

::/ . .
% Tributary area for two-way action
i

:888: Tributary area for wide-beam action
RHHH

Figure 7-2 Tributary Areas and Critical Sections for Shear in Footings

For wide-beam action:
—
Vy €204/ byd

where by, is the width of the footing, and Vy is the factored shear on the critical section (at a distance d from the
face of the column). In general,

Vu=qubw (c-d)
The minimum depth d can be obtained from the following equation:
| ‘_a
{ C qu+ 2¢\/E

This equation is shown graphically in Fig. 7-3 for £{ = 3000 psi.
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Figure 7-3 Minimum d for Wide-Beam Action
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12 13

14 16

For afooting supporting a square column, the two-way shear strength will be the lesser of the values of Ve obtained
from ACI Egs. (11-37) and (11-38). Eq. (11.37) will rarely govern since the aspect ratio by/d will usually be

considerably less than the limiting value to reduce the shear strength below 4+/f bod*. Therefore, for two-way

action,

Vu £40/f{bod

*For square interior columns, Eq. (11-37) will govern when d/c; <0.25.
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7-6 Simplified Design

where, for a square column, the perimeter of the critical section is b, = 4(¢; + d). The factored shear V, on the
critical section (at d/2 from the face of the column) can be expressed as:

Vo = qulAs - (¢ + dY]

where A¢is the area of the footing. The minimumd for two-way shear can be obtained from the following equation:

(@—md d? + (ﬁmvﬂcid—ﬂimf —A)=0

R

where A = area of the column = 012 and v. =4+/f; . Fig. 7-4 can be used to determine d for footings with f¢ =
3000 psi: given q, and A¢A., the minimum value of d/cy can be read from the vertical axis.

Square footings which are designed based on minimum flexural reinforcement will rarely encounter any one-way
or two-way shear problems when supporting square columns. For other footing and column shapes, shear strength
willmore likely control the footing thickness. In any case, it is important to ensure that shear strength of the footing
is not exceeded.

7.5.1 Procedure for Simplified Footing Design

(1) Determine base area of footing A¢ from service loads (unfactored loads) and allowable (safe) soil pressure g,
determined for the site soil conditions and in accordance with the local building code.

D +L + W +surcharge (if any)

Af=
qa
Using a composite load factor of 1.6, the above equation can be rewritten as
Af= Py
1.6qa

The following equations for P, usually govern:

Py=14D+1.7L ACI Eq. (9-1)
Py =0.75(14D + 1.7L + 1.7W) ACI Eq. (9-2)
(2) Determine required footing thickness h from one-step thickness equation:
h=d+4in*
P, . .
h =2.2c4/_:+41n. 2z 10in.
VAf

where P, = factored column load, kips
As = base area of footing, sq ft
¢ = greatest distance from face of column to edge of footing, ft**

h = overall thickness of footing, in.

*3in. cover (ACI7.7.1) + 1 bar diameter (=] in.} = 4 in,
**For circular columns, ¢ = distance from the face of an imaginary square column with the same area (ACI 15.3) to edge of footing.
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Figure 7-4 Minimum d for Two-Way Action

(3) Determine minimum d for wide-beam action and two-way action from Figs. 7-3 and 7-4, respectively. Use
the larger d obtained from the two figures, and compare it to the one obtained in step (2). In general, the value
of d determined in step (2) will govern. Note that it is permissible to treat circular columns as square columns
with the same cross-sectional area (ACI 15.3).

(4) Determine reinforcement:

Ag=0.0018 bh
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7-8 Simplified Design

A per foot width of footing:
A = 0.022h (in.*/ft)

Select bar size and spacing from Table 3-7. Note that the maximum bar spacing is 18 in. (ACI 7.6.5). Also, the
provisions in ACI 10.6.4, which cover the maximum bar spacing for crack control, does not apply to footings.

The size and spacing of the reinforcement must be chosen so that the bars can become fully developed. The bars
must extend at least a distance {y from each face of the column, where {; is the tension development length of the
bars (ACI 15.6). In every situation, the following conditions must be satisfied (see Fig. 7-5):

L220+¢cq+6in.

where L is the width of the footing and ¢, is the width of the column.

le L I
| —

s I <

3!! L
— I__

Figure 7-5 Available Development Length for Footing Reinforcement

All of the spacing and cover criteria depicted in Fig. 7-6 are usually satisfied in typical situations; therefore, £4 can
be computed from the following (ACI 12.2):

0.844
24 = greater of { 0.03dpfy

&

where {4y = basic tension development length, in.

= 0.04Apfy /£ (ACI 12.2.2)
Ay, = area of an individual bar, in.2

dy, = diameter of a bar, in.

Values of {4 for f¢ = 3000 psi and fe = 4000 psi are given in Table 7-2. In cases where the spacing and/or cover
are less than those given in Fig. 7-6, a more detailed analysis using the appropriate modification factors in ACI

12.2 must be performed to obtain 4.
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#11 bars and smaller
(without epoxy coating)

> 2.5dy, dp' 2 5dp
|

Figure 7-6 Typical Spacing and Cover of Reinforcement in Footings

Table 7-2 Minimum Development Length ¢4 for Flexural Reinforcement in Footings (Grade 60)*

Development length, {4
(in.)

Bar

Size % =3000psi | f =4000 psi
#4 17 15
#5 21 18
#6 . 25 22
#7 29 25
#8 33 29
#9 38 33
#10 45 39
#11 55 48

*Values of {y are based on the spacing and cover criteria depicted in Fig. 7-6.

7.6 FOOTING DOWELS

7.6.1 Vertical Force Transfer at Base of Column

The following discussion addresses footing dowels designed to transfer compression forces only. Dowels
required to transfer tensile forces created by moments, uplift, or other causes must be transferred to the footings
entirely by reinforcement (ACI 15.8.1.2).

Compression forces must be transferred by bearing on concrete and by reinforcement (if required). Bearing strength
must be adequate for both columnn concrete and footing concrete. For the usunal case of a footing with a total area

considerably larger than the column area, bearing on column concrete will always govern until f¢ of the column

concrete exceeds twice that of the footing concrete (ACI 10.15.1). For concrete strength f¢ = 4000 psi, the allowable

bearing force ¢Pyy, (in kips) on the column concrete is equal to ¢Pny = 2.38 Ag, where Ay is the gross area of the column
in square inches, Values of 0Py, are listed in Table 7-3 for the column sizes given in Chapter 5.

When the factored column load P, exceeds the concrete bearing capacity ¢Pyy, the excess compression must be
transferred to the footing by reinforcement (extended column bars or dowels; see ACY 15.8.2). Total area of
reinforcement across the interface cannot be less than 0.5% of the column cross-sectional area (see Table 7-3).
For the case when dowel bars are used, it is recommended that at least 4 dowels (one in each corner of the column)
be provided.
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7-10 Simplified Design

Table 7-3 Bearing Capacity and Minimum Area of Reinforcement Across Interface

Column Pnp Min. area of reinforcement*

Size (kips) (in.z)
10x10 238 0.50
12x12 343 0.72
14x14 467 0.98
16x16 609 1.28
18x18 77 1.62
20x20 952 2.00
2222 1152 242
24x24 1371 2.88

*Minimum area of reinforcement = 0.005A4 (ACI 15.8.2.1)

Figure 7-7 shows the minimum dowel embedment lengths into the footing and column. The dowels must extend
into the footing a compression development length of fy, = 0.02dpfy/ \/E » but not less than 0.0003dpfy, where dy,
is the diameter of the dowel bar {(ACI 12.3.2).* Table 7-4 gives the minimum values of {g, for concrete with fo
= 3000 psi and f¢ = 4000 psi.** The dowel bars are usually extended down to the level of the flexural steel of
the footing and hooked 90° as shown in Fig. 7-7. The hooks are tied to the flexural steel to hold the dowels in place.
It is important to note that the bent portions of the dowels cannot be considered effective for developing the bars
in compression. In general, the following condition must be satisfied when hooked dowels are used:
h2 gy + 1+ dpg + 2dps + 3 in.
where r= minimum radius of dowel bar bend (ACI Table 7.2), in,
dpg = diameter of dowel, in.

dps = diameter of flexural steel, in.

Table 7-4 Minimum Compression Development Length tor Grade 60 Bars'

Development length
(in.)
Bar
Size | ; —3000psi | & =4000 psi
#4 11 10
#5 14 12
#6 17 15
#7 20 17
#8 22 19
#9 25 22
#10 28 25
#11 k) 27

TTabulated values may be reduced by applicable modification factors in ACI 12.3.3

For straight dowels, the minimum footing thickness h must be {4 + 3 in.

In certain cases, the thickness of the footing must be increased in order to accommodate the dowels, If this is not
possible, a greater number of smaller dowels can be used.

el L LI A PR Y M 1 R M I 4 aF R I N ~ PR R SR O o ) B K B/ B )
*The compression developmeni lengih niay be reduced by the applicable factor givern in ACI 12.3.3,

*80, can conservatively be taken as 22 dy, for all concrete with f¢ = 3000 psi.
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7 #4 thru #11 column bars

\

#4 thru #11 dowels

™

/]

Minimum dowel
embedment into

Minimum dowel embedment, {gp, into
footing (see Table 7-4)

—

dpf

\
e
\

3 dys = diameter of flexural steel
- dpqg = diameter of dowe!
r = minimum radius of dowel bar bend

3" clear 3" clear + 2dps + dpg + 1
Figure 7-7 Footing Dowels

For the usual case of dowel bars which are smaller in diameter than the column bars, the minimum dowel
embedment length into the column must be the larger of the compression development length of the column bar
(Table 7-4) or the compression lap splice length of the dowel bar (ACI 12.16.2). The splice length is 0.0005 fy
dp, = 30 dy, for Grade 60 reinforcement, where dy, is the diameter of the dowel bar (ACI 12.16.1). Table 7-5 gives
the required splice length for the bar sizes listed. Note that the embedment length into the column is 30 dp when
the dowels are the same size as the column bars.

7.6.2 Horizontal Force Transfer at Base of Column

Footing dowels may be required to transfer lateral forces from the base of the column to the footing. The shear-friction
provisions of ACI 11.7 can be used to check the horizontal load-transfer strength of the footing dowel (ACI 15.8.1.4).
The dowels need only be adequate for the more severe of the horizontal or vertical transfer conditions. The required
area of footing dowels Ayt to transfer a horizontal force Vy is computed directly from ACI Eq. (11-26):

= V'Ll
dfyl

Avf
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7-12 Simpltfied Design

Table 7-5 Minimum Compression Lap Splice Length for Grade 60 Bars*

Bar Lap Splice Length
Size {in.)

#4 15

#5 19

#6 23

#7 26

#8 30

#9 34

#10 38

#11 42

*f; > 3000 psi
0.6 for concrete placed against hardened concrete not intentionally roughened

1.0 for concrete placed against hardened concrete with the surface intentionally roughened as
specified in ACI 11.7.9.

& = 0.85

where L

The horizontal force V,, to be transferred cannot exceed ¢(0.2 fc Ao) in pounds where A, is gross area of column

P Y Ya) PeYaVa i}

(ACI 11.7.5). For a column concrete strength f; = 4000 psi, this maximum force is equal to ¢(800 A.).

Dowels required to transfer horizontal force must have full tensile anchorage into the footing and into the column
(ACI 11.7.8). The values givenin Table 8-1 and 8-5 can be modified by the appropriate factors givenin ACI 12.2.

1.7 EXAMPLE: REINFORCED FOOTING DESIGN
Design footings for the interior columns of Building #2 (5-story flat plate), Assume base of footings located 5
ft below ground level floor slab (see Fig. 7-8). Permissible soil pressure q, = 4.5 ksf.

Top of floor slab
at ground level T T

:

5-0" N.T.S.

1

Figure 7-8 Interior Footing for Building #2

(1} Design Data:

Service surcharge = 50 psf

Assume weight of soil and concrete above footing base = 130 pef
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Simplified Design for Footings 7-13

Interior columns: 16 in. X 16 in. (see Examples 5.7.1 and 5.7.2)

4-#8 bars (braced frame)
8-#10 bars (unbraced frame)

fe = 4000 psi (column)
fc = 3000 psi (footing)

(2) Load combinations

(a) gravity loads: P, =587 kips (Alternate (2))
M, = 11 ft-kips

(b) gravity + wind loads: Py =428 kips {Alternate (1))
M, = 194 ft-kips*

(3) Base area of footing

Determine footing base area for gravity loads only, then check footing size for gravity plus wind loads.

Total weight of surcharge = {(0.130 X 5) + 0.05 = 0.70 ksf
Net permissible soil pressure = 4.5 - 0.70 = 3.8 ksf
P,
Ap=—12 = o87 =96.65q ft+=

1.6ga 1.6(3.8)
Use 9 ft-10in. X 9 ft-10 in. square footing (Ar= 96.7 sq ft)

Check gravity plus wind loading for 9 ft-10 in. X 9 ft-10 in. footing:

Ap= 96.7 5q ft
S; = bh’/6 = 9.83%/6 = 158.3 ft°

qu=tu Mo _428 194 4 434123=566ks

Ar St 967 1583

<1.6(3.8)=6.08ksf OK.

Gravity load governs since
. 587 . .
qu (gravity) = m = 6.07 ksf > qy (gravity + wind) = 5.66 kst

(4) Footing thickness

Footing projection = ¢ = [(9.83 - 16/12)/2 =4.25 ft
=2.2c E +4in.=2.2(4.25 -——+‘ 23.0+4=
\j Af \! 96.7

J
=
£

[

-1

o

=

v

—

<

5

)

g

Try h =27 in. (2 ft-3 in.)

*For the unbraced frame, the total moment transferred to the footing is equal to the magnified column moment (see Fig. 5-13 where
point 2 represents the load combination for this case).
**Neglect small moment due o gravity loads.
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7-14 Simplified Design

Check if the footing thickness is adequate for shear:

d=27-4=231m.
For wide-beam shear, use Fig. 7-3. With qu = 6.07 ksf, read d/c = 0,31, Therefore, the minimum d is
d=0.31X425=1321t=1581in. <23 in. OXK.
Use Fig. 7-4 for two-way shear:
Ar 96.7

A (162/144)

C

Interpolating between A¢/A. = 435 and 60, read d/cy = 1.25 for g, = 6.07 ksf. The minimum d for two-
way shear is;
d=1.25xX16=20.0in. <23 in. OK.

Therefore, the 27 in. footing depth (d = 23 1n.) is adequate for flexure and shear.
(5) Footing reinforcement
Ag=0.022 h =0.022(27) = 0.59 in. #ft
Try #7 @ 12 in. (A = 0.60 in.2/ft; see Table 3-7)

Determine the development length of the #7 bars (see Fig. 7-6):

cover=31n.>2d, =2 X 0.875=1.8 in.
side cover=3in.>2.5 X 0.875=22in.
clear spacing =12 - 0.875=11.1in. > 5 X 0.875=4.4 in.

Since all of the cover and spacing criteria given in Fig. 7-6 are satisfied, Table 7-2 can be used to
determine the minimum development length.

For fc = 3000 psi: {3 =29 in.
Check available development length:
L=083X12=118in.>(2 X 29) + 16 + 6 =80 in. 0.K.

Total bars required:

118-6
12

Use 10-#7, 9 ft-4 in. Iong (each way)*

=9.33 spaces

(6) Footing dowels

Footing dowel requirements are different for braced and unbraced frames. For the unbraced frame, with
wind moment transferred to the base of the column, all of the tensile forces produced by the moment
must be transferred to the footing by dowels. The number and size of dowel bars will depend on the
tension development length of the hooked end of the dowel and the thickness of the footing. The dowel
bars must also be fully developed for tension in the column.

*13-#6 or 8-#8 would also be adequate.
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Simplified Design for Footings 7-15

For the braced frame, subjected to gravity loads only, dowel requirements are determined as follows:*
(a} For 16 X 16 in. column (Table 7-3):

0Py = 609 kips

Minimum dowel arca = 1.28 in.2

Since ¢Pyp, > Py, = 587 kips, bearing on concrete alone is adeqguate for transfer of compressive force.

Use 4-#6 dowels (A; = 1.76 in.2)
{(b) Embedment into footing (Table 7-4):

For straight dowel bars,
h 2 g, + 3 in.

17 in. for #6 dowels with £ = 3000

-_— juis T UV VYLLRS YWiud IC

o

i
h=27in.>17+3=20i1n. O.X.

For hooked dowel bars,

+2dps + 3 in.

r=3dyg=3 X0.75=225in. (ACI Table 7.2)
h=27in.>17+225+075+(2 X 0875)+3=2475in. O.K.

The minimum dowel embedment length into the column must be the larger of the following:
- compression development length of #8 column bars (fc = 4000 psi) = 19 in. (Table 7-4)
- compression lap splice length of #6 dowel bars = 23 in. (Table 7-3) (governs)

For #6 hooked dowels, the total length of the dowels is

LA

7 W QTR P LT
i A VOTD - dik.

[ )

34[27-3-Q2 ) =4

Use 4-#6 dowels X 3 {t-10 in.

Figure 7-9 shows the reinforcement details for the footing in the braced frame.

7.8  ONE-STEP THICKNESS DESIGN FOR PLAIN FOOTINGS

Depending on the magnitude of the loads and the soil conditions, plain concrete footings may be an economical
alternative to reinforced concrete footings. Structural plain concrete members are designed according to ACI
Standard 318.1."% For plain concrete, the maximum permissible flexural tension stress under factored load

conditions is 50/ fs (ACI318.1,Section 6.2.1). With¢=0.65 (ACI318.1, Section 6.2.2), the permissible tension
stress f; is

For fc = 3000 psi: f; =178 pst
For fo = 4000 psi: f; = 206 psi

*The horizontal forces produced by the gravity loads in the first story columns are negligible; thus, dowels required for vertical load
transfer will be adequate for horizontal load transfer as well.
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7-16 Simplified Design

4-#8 column bars

20"

4-#6 dowels x 3'-10"
/(90° standard end hook)

| 10-#7 bars X 9'-4"
{each way}

|+

2!_3u

3" clear

janre]
9'-10" square 3" clea[r_
!

Figure 7-9 Reinforcement Details for Interior Column in Building #2 (Braced Frame)

A simplified one-step thickness design equation can be derived as follows (see Fig. 7-10):

Mu S Mn = ft‘S

Py

=

N
qu = Pu/A¢
Figure 7-10 Plain Concrete Footing

For a one-foot design strip:

w2l

2 3pc?
h?' =3 al Pl
ool TR A,

To allow for unevenness of excavation and for some contamination of the concrete adjacent to the soil, an
additional 2 in. in overall thickness is required for plain concrete footings (ACI 318.1, Section 6.3.5); thus,
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Simplified Design for Footings 7-17

For . =3000psi; h=4.1c /-E‘-‘- +2 in.
f

—

For f¢ =4000 psi: h=3.80\xz—u + 2 in.
f

The above footing thickness equations are in mixed units:

P, = factored column load, kips

Ag=base area of footing, sq ft

¢ = greatest distance from face of column to edge of footing, ft (ACI 318.1, Section 7.2.5)
h = overall thickness of footing, in. 2 8 in. (ACI 318.1, Section 7.2.4)

Thickness of plain concrete footings will be controlled by flexural strength rather than shear strength for the usual
proportions of plain concrete footings. Shear rarely will control. For those cases where shear may cause concern,
the allowable stresses are given in ACI 318.1, Section 6.2.1 and the maximum factored stresses are given in ACI
318.1, Section 7.2.6.

[ =, Tme DPMlmbion e PO _ PTG
:xample. Flalll LUNLITLIE TUULINIY Uesiyn

For the interior columns of Building #2, (Braced Frame), design a plain concrete footing.

From Example 7.7:
Ar=9ft-10in. X 9ft-10in. =96.7 sq ft
Py =587 kips
¢ = footing projection = 4.25 ft

h=ade |22 + 2in. = 4.1425),[ 22 4 2=429+2=449 in.
As 96.7

1+74 [

For fe = 3000 psi:

Bearing on column:

Allowable bearing load = 0.85¢f¢ Ag, ¢ = 0.65 ACI 318.1, Section 6.2.1
=(0.85 X 0.65 X 4 X 16° = 566 kips = P, = 587 kips

Figure 7-11 illustrates the footing for this case.
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Simplified Design
4\,.__
4-#8 column bars
T
5
o
4 -#6 dowels X 4'-0"
%
™
J
| 9-10" square J
fe

.
Figure 7-11 Plain Concrete Footing for Interior Column of Building #2 (Braced Frame)
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Structural Detailing of Reinforcement
for Economy

8.1 INTRODUCTION

Structurally sound details and proper bar arrangements are vital to the satisfactory performancé of reinforced
concrete structures. The details and bar arrangements should be practical, buildable, and cost-effective.

Ideally, the economics of reinforced concrete should be viewed in the broad perspective, considering all facets
in the execution of a project. While it may be important to strive for savings in matierials, many engineers often
tend to focus too much on material savings rather than on designing for construction efficiencies. No doubt savings
in material quantities should result from a highly refined "custom design" for each structural member in a building.
However, such a savings in materials might be false economy if significantly higher construction costs are incurred

;“ h“;lﬂ;“ﬂ fha r'l'lﬂfr\m;ﬂn(‘; mnf{ mnmhﬂf“
1 SULIGHIE UIC CUSIONI-GCSIgNnCh MCINDCTS.

Trade-offs should be considered in order to minimize the total cost of construction, including the total in-place
cost of reinforcement. Savings in reinforcement weight can be traded-off for savings in fabrication, placing, and
inspection for overall economy.

8.2  DESIGN CONSIDERATIONS FOR REINFORCEMENT ECONOMY

The following notes on reinforcement selection and placement will usvally provide for overall economy and may
minimize costly project delays and job stoppages:

(1) First and foremost, show clear and complete reinforcement details and bar arrangements in the Contract
Documents. This issue is addressed in Section 1.1 of Details and Detailing of Concrete Reinforcement (ACI
315-80} (Revised 1986)™": “..ihe responsibility of the Engineer is to furnish a clear statement of design
requirements; the responsibility of the [Reinforcing Steel] Detailer is to carry out these requirements.”
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8-2 Simplified Design

ACI 318 further emphasizes that the designer is responsible for the size and location of all reinforcement
and the types, locations, and lengths of splices of reinforcement (ACI 1.2.1 and 12.14.1).

{2} Use Grade 60 reinforcing bars. Grade 60 bars are the most widely used and are readily available in all sizes

uptoandincluding #11; #14 and #18 bars are not generally inventoried in regular stock. Also, bar sizes smaller
than #6 generally cost more per pound and require more placing labor per pound of reinforcement.

(3) Use straight bars only in flexural members. Straight bars are regarded as standard in the industry. Truss (bent)
bars are undesirable from a fabrication and placing standpoint, and structurally unsound where stress reversals
occur.

{4) In beams, specify bars in single layers only. Use one bar size for reinforcement on one face at a given span
location. In slabs, space reinforcement in whole inches, but not at less than a 6-in. spacing.

(5) Use largest bar sizes possible for the longitudinal reinforcement in columns. Use of larger bar sizes and fewer
bars in other structural members will be restricted by code requirements for development of reinforcement,

limits on maximum spacings, and distribution of flexural reinforcement.
(6) Use or specify fewest possible bar sizes for a project.

(7) Stirrups are typically the smaller bar sizes, which usually result in the highest total in-place cots of
reinforcement per ton. For overall economy and to minimize congestion of reinforcement, specify the largest
stirrup bar size (fewest number of stirrups) and the fewest variations in spacing. Stirrups which are spaced at
the maximum allowable spacing are usually the most economical.

(8) When closed stirrups are required, specify two-piece closed types to facilitate placing.

(9) Fit and clearance of reinforcing bars warrant special attention by the Engineer. At beam-column joints,
arrangement of column bars must provide enough space or spaces to permit passage of beam bars. Bar details

should be properly prepared and reconciled before the bars are fabricated and delivered to the job site. Member

connections are far too important to require indiscriminate adjustments in the field to facilitate bar placing.
(10) Use or specify standard reinforcing bar details and practices:

= Standard end hooks (ACI 7.1). Note that the tension development length provisions in ACI 12.5 are
only applicable for standard hooks conforming to ACI 7.1.

* Typical bar bends (see ACI 7.2 and Fig. 6 in Ref. 8.1).

« Standard fabricating tolerances (Fig. 4 in Ref. 8.1). More restrictive tolerances must be indicated by
the Engineer in the Contract Documents.

+ Tolerances for placing reinforcing bars (ACI 7.5). More restrictive tolerances must be indicated by

R P ki 118478 Al a4 1y e 1 4 v 1l 222%% PLEE L WAL

the En_gmeer in the Contract Documents.

Care must be exercised in specifying more restrictive tolerances for fabricating and placing reinforcing
bars. More restrictive fabricating tolerances are limited by the capabilities of shop fabrication equipment.
Fabricating and placing tolerances must be coordinated. Tolerances for the formwork must also be
considered and coordinated.
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Structural Detailing of Reinforcement for Economy 8-3

(11)Never permit field welding of crossing reinforcing bars for assembly of reinforcement (“tack” welding, “spot”
welding, etc.). Tie wire will do the job without harm to the bars.

(12) Avoid manual arc-welded splices of reinforcing bars in the field wherever possible, particularly for smaller
projects.

(13) A frequently occurring construction problem is having to make field corrections to reinforcing bars partially

embedded in hardened concrete. Such “job stoppers”™ usually result from errors in placing or fabrication,
accidental bending caused by construction equipment, or a design change. Field bending of bars partially
embedded in concrete is not permitted except if such bending is shown on the design drawings or authorized
by the Engineer (AC17.3.2). ACI R7.3 offers guidance on this subject. Further guidance on bending and

straightening of reinforcing bars is given in Reference 8.2.

8.3  REINFORCING BARS

¥ th t
nﬂlpf-etﬁpl rPlnFnrr‘tnn- hm-s Conforﬂung to IA‘S ;I 1&4’ A 615’ Grade 60 are the most w

deiy usedt iype and gl.auc in

the United States. Combmmg the Strength Design Method with Grade 60 bars results in maximum overall
economy. This design practice has made Grade 60 reinforcing bars the standard grade. The current edition of
ASTM A 615 reflects this practice as only bar sizes #3 through #6 in Grade 40 are included in the specification.
Also listed are Grade 75 bars in sizes #11,#14, and #18 only. These larger bar sizes in Grade 75 are usually used
in columns made of high strength concrete in high-rise buildings. The combination of high strength concrete and
Grade 75 bars may result in smaller column sizes, and, thus, more rentable space, especially in the lower levels
of a building. It is important to note that Grade 75 bars may not be readily available in all areas of the country;
also, as mentioned above, #14 and #18 bars are not commonly available in distributors’ stock. ACI3.5.3.2 permits
the use of Grade 75 bars provided that they meet all the requirements listed in that section (also see ACI 9.4).

[§
o
i
o
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C
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=
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When important or extensive welding is required, or when more bendability and controlled ductility are required
(as in seismic construction*), use of low-alloy reinforcing bars conforming to ASTM A 706 should be considered.
Note that the specification covers only Grade 60 bars. Local availability should be investigated before specifying
A 706 bars,

Zinc-coated (galvanized) and epoxy-coated reinforcing bars are used increasingly for corrosion-protection in
reinforced concrete structures. An example of a structure that might use coated bars is a parking garage where
vehicles track in deicing salts.

Zinc-coated (galvanized) reinforcing bars must conform to ASTM A 767, also, the reinforcement to be coated
must conform to one of the specifications listed in ACI 3.5.3.1. Bars are usually fabricated before galvanizing.
In these cases, the minimum finished bend diameters given in Table 2a of ASTM A 767 must be specified. ASTM

A 767 has two classes of coating weights. Class T (3.5 oz./sq ft of surface) is normally specified for general
construction, ASTM A 767 contains three supplementary requ:rements. S1, SZ, and S3. 81 requires sheared ends
to be coated with a zinc-rich formulation. When bars are fabricated after galvanizing, S2 requires that the damaged
coating be repaired with a zinc-rich formulation. If ASTM A 615 billet-steel bars are being supplied, $3 requires
that a silicon analysis of each heat of steel be provided. It is recommended that S1 and S2 be specified when
fabrication after galvanization includes cutting and bending. 82 should be specified when fabrication after
galvanization includes only bending.

*ACI 21.2.5.1 specifically requires reinforcing bars complying with ASTM A 706 o be used in frame members and in wall boundary
elements subjected to seismic forces. Note that ASTM A 615 Grade 40 and Grade 60 bars are also allowed if they meet all of the
requirements in the section.
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Uncoated reinforcing steel (or any other embedded metal dissimilar to zinc) should not be permitted in the same
concrete element with galvanized bars, nor in close proximity to galvanized bars, except as part of a cathodic-
protection system. Galvanized bars should not be coupled to uncoated bars.

Epoxy-coated reinforcing bars must conform to ASTM A 775, and the reinforcement to be coated must conform
to one of the specifications listed in ACI 3.5.3.1. The film thickness of the coating after curing shall be 5 to 12
mils (0.13 to 0.30 mm). Also, there shall not be more than an average of two holidays (pinholes not discernible
to the unaided eye) per linear foot of the coated bar.

Proper use of ASTM A 767 and A 775 requires the inclusion of provisions in the project specifications for the
following items: )

» Compatible tie wire, bar supports, support bars, and spreader bars in walls.

» Repair of damaged coating after completion of welding (splices) or installation of mechanical
connections.

* Repair of damaged coating after completion of field corrections, when field bending of coated bars
partially embedded in concrete is permitted.

. Minimizing damage to coated bars during handling, shiprnent and placing operations; also, limits

PR
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Reference 8.3 contains suggested provisions for the preceding items for epoxy-coated reinforcing bars.

84  DEVELOPMENT OF REINFORCING BARS

84.1 Introduction

The fundamental requirement for development (or anchorage) of reinforcing bars is that a reinforcing bar must
be embedded in concrete a sufficient distance on each side of a critical section to develop the peak tension or
compression stress in the bar at the section. The development length concept in ACI 318 is based on the attainable
average bond stress over the length of embedment of the reinforcement. Standard end hooks or mechanical devices
may aiso be used for anchorage of reinforcing bars, except that hooks are effective for developing bars in tension
only (ACT 12.1.1).

8.4.2 Development of Straight Bars in Tension

Tension development length ¢, for deformed bars includes consideration of a number of modification factors that
either increase or decrease the "basic" development length &g, (ACI 12.2.2),
Values for lg, are given in Table 8-1 for Grade 60 bars embedded in normal weight concrete with fg = 3000 psi
and 4000 psi.

In general, the tension development length ¢4 is obtained by multiplying 4y, by the applicable modification factors
relating to 1) bar spacing, amount of cover and enclosing transverse reinforcement (ACI 12.2.3), 2) top
reinforcement (ACI 12.2.4.1), 3) lightweight aggregate concrete (ACI 12.2.4.2), and 4) epoxy-coated reinforce-
ment (ACI 12.2.4.3).* Note that the development length may be reduced when the provisions for excess

reinforcement given in ACI 12.2.5 are satisfied. Also, {3 must never be taken less than 12 in. (ACI 12.2.1).

*No special development requirements are given for galvanized bars.
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Table 8-1 Basic Tension Development Lengths gy, for Grade 60 Bars (in.)

f¢, psi
Bar size 3000 4000
#3 4.8 4.2
#4 a8 7.6
#5 13.6 11.8
#6 19.3 16.7
#7 26.3 228
#8 34.6 30.0
#9 43.8 38.0
#10 55.7 48.2
#11 €68.4 53.2

Values of the tension development length {; are given in Table 8-2 for Grade 60 reinforcing bars in beams or
columns, and for bars in the inner layer of slab or wall reinforcement. The values of { for beam or column bars
are based on 1) minimum cover requirements specified in ACI 7.7.1 and 2) minimum transverse reinforcement
specified in ACI 12.2.3.1(a). Table 8-3 lists {4 for all other reinforcing bars not covered in Table 8-2. The values
in both tables are based on bars that are not epoxy-coated and on normal weight concrete with o = 4000 psi.Jr To
obtain {; for top bars (horizontal bars with more than 12 in. of concrete cast in one lift below the bars), the tabulated

values must be multiplied by 1.3 (ACI 12.2.4.1). The cover and clear spacing referred to in the tables are depicted
in Fig. 8-1.

Table 8-2 Tension Development Lengths &4 for Grade 60 Bars in Beams or Columns, and Inner
Layer of Slab or Wall Reinforcement (in.)*,**

Concrete cover, ¢
c<dp c>dy
Clear spacing, s Clear spacing, 5
Bar size s < 5dp s 2 5dy"* 5% 2d, 2dp <s<3dy | 3dy <5 <5dy | 5=5d,**
#3 i2 12 i2 j2 i2 12
#4 16 15 16 15 15 15
#5 24 19 24 18 18 18
#6 34 27 34 24 22 22
#7 46 a7 46 az 25 25
#8 60 48 60 42 30 29
#9 76 61 76 54 38 33
#10 97 78 a7 68 49 3¢
#11 119 95 119 83 60 48

*Values based on bars which are not epoxy-coated and on normal weight concrete with f; = 4000 psi. For top
bars, mulliply tabulated values by 1.3.

**Values for bars in beams or columns are based on 1) minimum cover requirements specified in AC1 7.7.1,
and 2) minimum transverse reinforcement specified in ACI 12.2.3,1(a).

**Side cover>2.5dp

As can be seen from the tables, very long development lengths are required for the larger bar sizes, especially when
the cover is less than or equal to dp, and the clear spacing is less than or equal to 2dy,. These development lengths
can be shortened if 1) the cover can be increased to more than one bar diameter and 2) the clear spacing can be
increased to more than two bar diameters. For beams and columns with the minimum cover specifiedin ACI7.7.1,
enclosing the bars along the development length with at least the transverse reinforcement specified in ACI

"alues of U for footings with f = 3000 psi are given in Chapter 7, Table 7-2.
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Table 8-3 Tension Development Lengths {4 for All Other Grade 60 Bars (in.)*

Concrete cover, ¢

csdp dp < ¢ < 2dp ¢ 2dy
Clear spacing, s Clear spacing, s Clear spacing, s
Barsize | s<5dy | 8250y [8<2dp | 2dp<s5<5dp | 5250 | s<2dy | 2dp<s<3dp | 3dpss<5dp | s25dp™
#3 12 12 12 12 12 12 12 12 12
#4 16 15 16 15 15 16 15 15 15
#5 24 19 24 18 18 24 18 18 18
#6 34 27 34 24 22 34 24 22 22
#7 46 37 46 32 26 46 32 25 25
#8 60 48 60 42 34 60 42 30 29
#9 76 61 76 54 43 76 54 38 33
#10 97 78 97 68 54 97 68 49 39
#11 119 95 119 83 67 119 83 60 48

*Values based on bars which are not epoxy-coated and on normal weight concrete with f; = 4000 psi. For top bars, multiply
tabulated values by 1.3.

**8ide cover 2 2.5dp

—
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Number of bars being developed, N
N=2 N=3 N=4
Ear Anls Stirryps é Stirryps é Stirrpps
size {in.%in.) or ties (in&fin.) or ties (in.2/in.) or ties
#5 0.031 #4 @12 | 0.047 #4 @8 0.063 #4 @6
#6 0.038 #4 @ 10 0.056 #4 @7 0.075 #4@5
47 0.044 #4 @9 0.066 #4 @6 0.088 #$55@7
#8 0.050 #4 @8 0.075 #M@s5 | 0100 #5 @6
#9 0.056 #Maz 0.085 #H @7 0.113 #H @5
#10 0.064 #4 @ 6 0.095 #5@ 6 0.127 #5@ 4
#11 0.071 #4 @5 0.106 #5 @5 0.141 #6 @6
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Structural Detailing of Reinforcement for Economy 8-7

8.4.3 Development of Hooked Bars in Tension

Development length {4, for deformed bars terminating in a standard hook (ACT 12.5) are given in Table 8-5 for
Grade 60 bars. As in the case of straight bar development, hooked bar development length f includes
consideration of modification factors that either increase or decrease the "basic"” hooked bar development length
tnp given in ACI 12.5.2. When applicable, the modification factors in ACI 12.5.3.2 and 12.5.3.3 can provide
significantly shorter hooked bar development lengths. These reduction factors account for the favorable
confinement conditions provided by increased concrete cover and/or transverse ties or stirrups, which resist
splitting of the concrete.

Table 8-5 Minimum Development Lengths 4, for Grade 60 Bars with Standard End Hooks (in.)*

Qan 2" min Dan

min. Qi

Asfy4-—'

‘4dy, #3 through #8
5dp #9, #10, #11

4dy, or
2.5" min. '
Standard 90° hook Standard 180° hook
General use: Special confinement: '
* Side cover =24 in. + Side cover 2 215 in.

* End cover (90° hooks) 2 2in. | * End cover {(90° hooks) = 2 in.
* Ties or stirrups spaced < 3dp

Barsize | ¢ =3000psi | # = 4000 psi | & =3000 psi | # = 4000 psi
#3 6 6 6 6
#4 8 7 7 6
#5 10 9 8 7
46 12 10 10 °
#7 14 12 " 10
#8 16 14 13 1
#9 18 15 14 12
#10 20 17 18 14
#11 22 19 18 15

*Values based on normal weight concrete.

The general use development lengths given in Table 8-5 are applicable for end hooks with side cover normal to
plane of hook of not less than 2-% in, and end cover (90° hooks only) of not less than 2 in. For these cases, {4,
= 0.78p, but not less than 8dy or 6in. (ACI 12.5.1). For hooked bar anchorage in beam-column joints, the hooked
beam bars are usnally placed inside the vertical column bars, with side cover greater than the 2-%-in, minimum
required for application of the 0.7 reduction factor. Also, for 90° end hooks with hook extension located inside
the column ties, the 2-in, minimum end cover will usually be satisfied to permit the 0.7 reduction factor.
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B-8 Simplified Design

The special confinement condition given in Table 8-5 includes the additional 0.8 reduction factor for confining
ties or stirrups (ACI 12.5.3.3). In this case, lan = (0.7 X 0.8) &, but not less than 8dy, or 6 in.

Where development for full fy is not specifically required, the tabulated values of iy in Table 8-5 may be further
reduced for excess reinforcement (ACI 12.5.3.4). As noted above, iy, must not be less than 8dy or 6 in.

ACI 12.5.4 provides additional requirements for hooked bars terminating at the discontinuous end of members
{ends of simply supported beams, free end of cantilevers, and ends of members framing into a joint where the
member does not extend beyond the joint). If the full strength of the hooked bar must be developed, and if both
the side cover and the top (or bottom) cover over the hook is less than 2-% in., closed ties or stirrups spaced at 3dy,
maximum are required along the full development length {g,. The reduction factor in ACI 12.5.3.3 must not be
used in this case. At discontinuous ends of slabs with confinement provided by the slab continuous on both sides

normal to the plane of the hook, the requirements in ACI 12.5.4 for confining ties or stirrups do not apply.

8.44 Development of Bars in Compression

Compression developmentlengths (ACI 12.3) for Grade 60 bars are given in Table 8-6. The values may be reduced
by the applicable factors in ACI 12.3.3. Note that the minimum development length is 8 in.

Table 8-6 Minimum Compression Development Lengths {4 for Grade 60 Bars (in.)

SE:‘;; fe =3000 psi | & =4000 psi
#3 9 8
#4 11 10
5 14 12
#6 17 15
#7 20 17
#8 22 19
#9 25 22
#10 28 25
#11 31 27

8.5  SPLICES OF REINFORCING BARS

Three methods are used for splicing reinforcing bars: 1) lap splices, 2) welded splices, and 3) mechanical

connections., The lan splice is usually the most economical splice. When lap enlices cause congestion or field
RSNV TN LN N B o E LW Au.y ﬂk}lluu n3y uﬂl.l.l.l.ll LEEr BLLRSOL W riinsininwsiln leJllU‘-’ ivy luy DPIIUUO UL O \-’Ullé\-’ctlv‘l L LIwINE

placing problems, mechanical connections or welded splices should be considered. The location of construction
joints, provision for future construction, and the particular method of construction may also make lap splices
impractical. In columns, lapped offset bars may need to be located inside the bars above to reduce reinforcement
congestion; this can reduce the moment capacity of the column section at the lapped splice location because of
the reduction in the effective depth. When the amount of vertical reinforcement is greater than 4%, and/or when
large factored moments are present, use of butt splices——either mechanical connections or welded splices—-should
be considered in order to reduce congestion and to provide for greater nominal moment strength of the column
section at the splice locations.

Bars in flexural members may be spliced by noncontact lap splices (ACI 12.14.2.3); however, contact lap splices
are preferred since the bars are tied and are less likely to displace when the concrete is placed.
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Structural Detailing of Reinforcement for Economy B9

Welded splices generally require the most expensive field labor. For projects of all sizes, manual arc-welded
splices will usually be the most costly method of splicing due to the costs of inspection.

Mechanical connections are made with proprietary splice devices. Performance information and test data should
be obtained directly from the manufacturers. Basic information about mechanical connections and the types of
proprietary splice devices currently is available from Reference 8.4. Practical information on splicing and
recomrmendations for the design and detailing of splices are given in Reference 8.5.

8.5.1 Tension Lap Splices

Tension lap splices are classified as Class A or Class B (ACI 12.15.1). The minimum lap length for a Class A splice
is 1.0, and for a Class B splice it is 1.344, where {4 is the tension development length of the bars. As was shown
in Section 8.4.2, {; is obtained by multiplying the basic development length {4, by the applicable modification
factors in ACI 12.2. The factor in ACI 12.2.5 for excess reinforcement must not be used, since the splice
classifications already reflect any excess reinforcement at the splice location.

The minimum lap lengths for Class A splices can be obtained from Table 8-2 or 8-3. For Class B splices, the
minimum lap lengths are determined by multiplying the values from Tables 8-2 or 8-3 by 1.3. The effective clear
spacings between splices bars is illustrated in Fig. 8-2. For staggered splices in slabs or walls, the effective clear
spacing is the distance between adjacent spliced bars less the diameters of any intermediate unspliced bars (Fig.
8-2a). The clear spacing to be used for splices in columns with offset bars and for beam bar splices are shown in
Figs. 8-2b and 8-2c, respectively,

In general, tension lap splices must be Class B except that Class A splices are allowed when both of the following
conditions are met: 1) the area of reinforcement provided is at least twice that required by analysis over the entire
length of the splice and 2) one-half or less of the total reinforcement is spliced within the required lap length (ACI
12.15.2). Essentially, Class A splices may be used atlocations where the tensile stress is small. It is very important
to specify which class of tension splice is to be used, and to show clear and complete details of the splice in the
Contract Documents.

8.5.2 Compression Lap Splices

Minimum lengths for compression lap splices (ACI 12.16.1) for Grade 60 bars in normal weight concrete are given
in Table 8-7. The values apply for all concrete strengths greater than or equal to 3000 psi. For Grade 60 bars, the
minimum lap length is 30 dy, but not less than 12 in. When bars of different size are lap spliced, the splice length
shall be the larger of 1) development length of larger bar, or 2) splice length of smaller bar (ACI 12.16.2). For
columns, the lap splice lengths may be reduced by a factor of 0.83 when the splice is enclosed throughout its length
by ties specified in ACI 12.17.2.4. The 12 in. minimum lap length also applies.

8.6  DEVELOPMENT OF FLEXURAL REINFORCEMENT

8.6.1 Introduction

The requirements for development of flexural reinforcement are given in ACI 12.10, 12.11, and 12.12. These
sections include provisions for;

* Bar extensions beyond points where reinforcement is no longer required to resist flexure.
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8-10 Simplified Design

lap length |

84 5 = (51 - dp)
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(a) Wall and slab reinforcement
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Spliced bars

e e ‘o

(b) Column with offset corner bars

Spliced bars

=l

.

le 5
{b) Beam bar splices

Figure 8-2 Effective Clear Spacing of Spliced Bars

Table 8-7 Minimum Compression Lap Splice Lengths for Grade 60 Bars™

Bar
size

Minimum lap length

(in.)

#3
#4
#5
#6
#7
#8
#3
#10
#11

12
15
19
23
26
30
34
38
42

*f = 3000 psi
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Structural Detailing of Reinforcement for Economy B-11

* Termination of flexural reinforcement in tension zones.

* Minimum amount and length of embedment of positive moment reinforcement into supports.

« Limits on bar sizes for positive moment reinforcement at simple supports and at points of inflection.
. Amoﬁnt and length of embedment of negative moment reinforcement beyond points of inflection.

Many of the specific requirements are interdependent, resulting in increased design time when the provisions are
considered separately. To save design time and costs, recommended bar details should be used. As was discussed
earlier in this chapter, there is potential overall savings in fabrication, placing, and inspection costs when
recommended bar details are used.

8.6.2 Recommended Bar Details

Recommended bar details for continuous beams, one-way slabs, one-way joist construction, and two-way slabs
(without beams) are given in Figs. 8-3 through 8-6, Similar details can be found in References 8.1 and 8.6. The
figures may be used to obtain bar lengths for members subjected to uniformly distributed gravity loads only;
adequate bar lengths must be determined by analysis for members subjected to lateral loads. Additionally, Figs.
8-3 through 8-5 are valid for beams, one-way slabs, and one-way joists that may be designed by the approximate
method given in ACI 8.3.3.* Fig. 8-6 can be used to determine the bar lengths for two-way slabs without beams. **

8.7 SPECIAL BAR DETAILS AT SLAB-TO-COLUMN CONNECTIONS

When two-way slabs are supported directly by columns (as in flat plates and flat slabs), transfer of moment
between slab and column takes place by a combination of flexure and eccentricity of shear (see Chapter 4, Section
44.1). The portion of the unbalanced moment transferred by flexure is assumed to be transferred over a width
of slab equal to the column width ¢ plus 1.5 times the slab thickness h on either side of the column. For edge and
interior columns, the effective slab width is {c+3h), and for corner columns it 1s (c+1.5h). An adequate amount
of negative slab reinforcement is required in this effective slab width to resist the portion of the unbalanced moment
transferred by flexure (ACI 13.3.3.3). In some cases, additional reinforcement must be concentrated over the
column to increase the nominal moment resistance of the section. Note that minimum bar spacing requirements
must be satisfied at all locations in the slab (ACT 13 .4.2). Based on recommendations in Reference 8.7, examples
of typical details at edge and corner columns are shown in Figs. 8-7 and 8-8.

8.8  SPECIAL SPLICE REQUIREMENTS FOR COLUMNS

8.8.1 Construction and Placing Considerations

For columns in multistory buildings, one-story high preassembled reinforcement cages are usually used. It is
common practice to locate the splices for the vertical column bars just above the floorlevel. In certain situations,
it may be advantageous to use two-story high cages since this will reduce the number of splices and, for lap splices,
will reduce the amount of reinforcing steel. However, it is important to note that two-story high cages are difficult
to brace; the required guy wires or projecting bars may interfere with other construction operations such as the
movement of cranes for transporting equipment and materiai. Aiso, it is more difficuit and time-consuming to

*Under normal conditions, the bar lengths given in Figs. 8-3 through 8-5 will be satisfactory. However, for special conditions, ¢
more detailed analysis will be required. In any situation, it is the responsibility of the engineer to ensure that adequate bar lengths
are provided,

**To reduce placing and inspection time, all of the top bars in the column strip of a two-way siab system can have the same length at
a particular location (either 0,304, for flat plates or 0.3 3y, for flat slabs), instead of the two different lengthy shown in Figs, 8-6(a} and
8-6(c).

Publication List Book Contents




8-12 Simplified Design -
It o 2 2 o 3
fni Larger of -3 or =% Larger of L= or
s —\ . \ 3.3
AT AT —AT
(Std. )hook |
typ.} ™.
/'L Y £y £ é [ l!'
A e o 3
1 ! 5 T | 1 t
> z(Ag'[) o A-§1 Note 1 0" A§2 o' Aga
= " 0.1250 | 7 V7 0.1250n2 0.1250p2 ":'\’_:" 0.1250p3
!': In ‘ {n2 : . fn3
(a) Beams without closed stirrups
l f !
I Larger of -l or 12 KLarger of 42 or 113 7
—_f-\ r—— ’ ‘ - ‘4 _ ‘ ‘ _— q‘ .
Std. h k A- " NOte 2 = 1t = U]
ORI W 0 A el !
;! = L ov——— l,\l i 1L L
\ = lvl !
1 [ 1 I 1
2 Z(A"s'-') o" AJE‘l Note 1 o" A§2 0" A;S
AL 0.1250y1 | ===~ | 0.12502 0.1250p | ——A—- | 01250
| I : : In2 . — Ina -

Closed stirrups required for shear (typ.) "

(b)

Perimetsr beams

Notes: (1) Larger of 1/4(A%4) or 1/4(A%2) continuous or spliced with Class A splices (AC| 7.13.2.2 and 7.13.2.3)
(2) Larger of 1/g (A1) or 1/g{Azp} continuous or spliced with Class A splices (AC| 7.13.2.2)

Figure 8-3 Recommended Bar Details for Beams
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8-13
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Figure 8-5 Recommended Bar Details for One-Way Joist Construction
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Figure 8-6 Recommended Bar Details for Two-Way Slabs (Without Beams)
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Start 1st bar @ column centerline (if uniformly spaced bar is on centetline,
start additional bars @ 3" on each side). Provide 3" min. spacing from
uniformly spaced bars {if possible).

DY) —
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1" (8+3)#4

Column strip
c+3h
i
{4
-
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/\/

17

*Start 1st bar on each side @ s/2

from edge of column strip.
Space remainder @ s.

A 4% A—

Design Drawing

Notes: (1) Maximum spacing s = 2 x slab thickness < 18 in. (ACI 13.4.2)
{2) Where additional top bars are required, show the total number of bars
on the design drawing as (8 + 3) #4 where 8 indicates the number of
uniformly spaced bars and 3 indicates the number of additonal bars.

Figure 8-7 Example of a Typical Detail for Top Bars at Edge Columns (Flat Plate)
Start 1st additional bar @ 6" from edge. Space

remainder @ 3" (if possible). Provide 3" min. spacing
from uniformly spaced bars (if possible).
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S}grt 1st bar @ 3" from edge.

=4 At P Design Drawing
opace remainaer & s. = =

Figure 8-8 Example of a Typical Detail for Top Bars at Corner Columns (Flat Plate)
place the beam or girder bars at the intermediate floor ievel since they have tobe threaded through the column steel.

These two reasons alone are usually more than sufficient to of fset any expected savings in steel that can be obtained
by using two-story high cages. Thus, one-story high cages are usually preferred.
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3-16 Simplified Design

8.8.2 Design Considerations

Special provisions for column splices are givenin ACI 12.17. In general, column splices must satisfy requirements
for all load combinations for the column. For example, column design will frequently be governed by the gravity
load combination (all bars in compression). However, the load cjmbination which includes wind loads may
produce tensile stresses in some of the bars. In this situation, a tension splice is required even though the load
combination governing the column design did not produce any tensile stresses.

When the bar stress due to factored loads is compressive, lap splices, butt welded splices, mechanical connections,
and end-bearing splices are permitted. Table 8-7 may be used to determine the minimum compression lap splice
lengths for Grade 60 bars. Note that these lap splice lengths may be multiplied by 0.83 for columns with the
minimum effective area of ties (throughout the splice length) givenin ACI112.17.2.4. Inno case shall the lap length
be less than 12 in. Welded splices and mechanical connectors must meet the requirements of ACI 12.14.3.3 and
12.14.3.4, respectively. A full welded splice which is designed to develop in tension at least 1.25 Apf, (Ap = area
of bar) will be adequate for compression as well. A full mechanical connection must develop in compression (or
tension) at least 1.25 Apfy. End-bearing splices transfer the compressive stresses by bearing of square cut ends
of the bars held in concentric contact by a suitable device (ACI 12.16.4). These types of splices may be used
provided the splices are staggered or additional bars are provided at splice locations (see ACI 12.17.4 and the
following discussion).

A mintmum tensile strength is required for all compression splices. A compression lap splice with a length greater
than orequal tothe minimum value givenin ACI 12.16.1 hasa tensile strength of atleast 0.25 Apf,. As notedabove,
full welded splices and full mechanical connectors develop at least 1.25 Apfy in tension. For end-bearing splices,
the continuing bars on each face of the column must have a tensile strength of 0.25 Afy where A, is the total area
of steel on the face of the column. This implies that not more than three-quarters of the bars can be spliced on each
face of the column at any one location. Consequently, to ensure minimum tensile strength, end-bearing splices
must be staggered or additional bars must be added if more than three-quarters of the bars are to be spliced at any
one location.

Lap splices, welded splices, and mechanical connections are permitted when the bar stress is tensile; end-bearing
splices must not be used (ACI 12.16.4.1). According to ACI 12.14.3, full welded splices and full mechanical
connections must develop in tension at least 1.25A,f,. When the bar stress on the tension face of the column is
less than or equal to 0.5 fy, lap splices must be Class B if more than one-half of the bars are spliced at any section,
or Class A if half or fewer of the bars are spliced and alternate splices are staggered by the tension development
length &4 (ACI 12.17.2). Class B splices must be used when the bar stress is greater than 0.5 f,.

Lap splice requirements for columns are illustrated in Fig. 8-9. For factored load combinations in Zone 1, all
column bars are in compression. In Zone 2, the bar stress f; on the tension face of the column varies from zero
to 0.5 fy in tension. For load combinations in Zone 3, f; is greater than 0.5 fy. The load combination that produces
the greatest tensile stress in the bars will determine which type of lap splice is to be used. Load-moment design
charts (such as the ones in Figs. 5-16 through 5-23 in Chapter 5) can greatly facilitate the design of lap splices for
columns.

Typical lap splice details for tied columns are shown in Fig. 8-10. Also given in the figure are the tie spacing
requirements of ACI 7.8 and 7.10.5 (see Chapter 5). When a column face is offset 3 in. or more, offset bent
longitudinal bars are not permitted (ACI 7.8.1.5). Instead, separate dowels, lap spliced with the longitudinal bars
adjacent to the offset column faces must be provided. Typical splice details for footing dowels are givenin Chapter
7, Fig. 7-7.

Publication List Book Contents




Structural Detailing of Reinforcement for Economy 8-17

All bars in compression

e mmm 2 i o ¥

0 < fg < 0.5,
n tension face

Load

st NI/

\
Moment fg >ty

Figure 8-9 Special Splice Requirements for Columns

8.8.3 Exampie: Lap Spiice Lengih for an inierior Coiumn of Buiiding #2, Aiternate (2)
Slab and Column Framing with Structural Walls (Braced Frame).

In this example, the required lap splice length will be determined for an interior column in the 2nd story; the splice
will be located just above the 9 in. floor slab at the 1st level.

(1) Column Size and Reinforcement

In Example 5.7.2, a 16 X 16 in. column size was established for the entire column stack. It was deter-
mined that 4-#8 bars were required in both the ist and 2nd floor columns.

(2) Lap Splice Length

Since the columns carry only gravity loads, all of the column bars will be in compression (Zone 1 in Fig.
8-9). Therefore, a compression lap splice is sufficient.

From Table 8-7, the minimum compression lap splice length required for the #8 bars is 30 in. In this
situation, #3 ties are required @ 16 in. spacing o.c.

According to ACI 12.17.2.4, the lap splice length may be multiplied by 0.83 if ties are provided with an
effective area of 0.0015hs throughout the lap splice length.
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Offset bend_+4 1 8/p (ACI 7.10.5.4)
(ACI7.8.1) Additional ties within 6 in. of offset
(ACI 7.8.1.3)

Tie spacing, s (ACI 7.10.5.2)

Y
P g ]
A = A
("]
o .
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Figure 8-10 Column Splice and Tie Details

Two legs of the #3 ties are effective in each direction; thus, the required spacing s can be determined as
follows:

2% 0.11=022in%=0.0015 X 16 X s
or,s=9.2in.
Splice length = 0.83 X 30=24.9in.

Use a 2 ft-1 in, splice length with #3 ties @ 9 in. o.c. throughout the splice length.
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8.8.4 Example: Lap Splice Length for an Interior Column of Building #2, Alternate (1)
Slab and Column Framing Without Structural Walls (Unbraced Frame).

As in Example 8.8.3, the required lap splice length will be determined for an interior column in the 2nd story,
located just above the slab at the 1st level.

(1) Load Data

In Example 5.7.1, the following load combinations were obtained for the 2nd story interior cojumns:

Gravity loads: Py =457 kips ACI Eq. (9-1)
M, = 14 ft-kips

Gravity + Wind loads: P, =343 kips ACI Eq. (9-2)
M, = 86 ft-kips
Py = 244 kips ACI Eq. (9-3)

M, = 77 ft-kips

(2) Column Size and Reinforcement
A 16 X 16 in. column size was established in Exampie 5.7.1 for the 1st story columns. This size is used
for the entire column stack; the amount of reinforcement can be decreased in the upper levels. It was
also shown that the 1st story columns were slender, and that 8-#10 bars were required for the factored
axial loads and magnified moments at this level.

The reinforcement for the 2nd story columns can be determined using the procedure outlined in Chapter 5.
As was the case for the 1st story columns, the 2nd story columns are slender (use k = 1.2; see Chapter 5):

fu _ TZI{1Z2 X 12)—8.0] — 34522

r 0.3x16

Figure 8-11 is the output from PCACOL for the section reinforced with 8-#7 bars.* The critical load
combination for the column is designated as point 2 in the figure; this corresponds to ACI Eq. (9-2).

(3) Lap Splice Length

The load combination represented by point 4 (ACI Eq. (9-3)) in Fig. 8-11 governs the type of lap splice
to be used, since it is the combination that produces the greatest tensile stress f; in the bars. Note that
the load combination represented by point 2 (ACI Eq. (9-2)) which governed the design of the column
does not govern the design of the splice. Since fs> 0.5 fy at point 4, a Class B splice must be used.

Reguired splice len

S e X

column).

where {41

Clear bar spacing =3.5in. =2.8d, (see Fig. 8-2)
Cover>d, =127 in.

From Table 8-2, §; = 68 in.

*350% of the gross moment of inertia of the column strip slab was used 1o account for cracking.
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PC}}COLtm Interaction Diagram
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£ = 60.0 ksi E
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spacing = 4.81 in 40
847 at 1.87%
_ .2 -100
A_ = 4.80 1n4 //,,/
I, = 5461 in
X . 4 I ////i
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Licensed To: Portland Cement Association, Skokie, IL

Project: SIMPLIFIED DESIGN File name: D:\PCACOL\DATA\SDEX834.COL

Column Id: EXAMPLE 8.8.4 Material Properties:
Engineer: E, = 3834 ksi Eu = 0.003 in/in
Date: Time: £, = 3.40 ksi E, = 29000 ksi
Code: ACI 318-89 ﬂl = 0.85

% Version: 2.21 Stress Profile : Block

i Reduction: @c =0.70 @b = 0.90

! Slenderness considered X-axis k, = o0.98 k, = 1.75

Figure 8-11 Interaction Diagram for an Interior Column in the 2nd Story of Building #2, Alternate (1)
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1.3(3=1.3 X 68 = 88.4 in.
Thus, a 7 ft-5 in. splice length would be required which is more than one-half of the clear story height.

In this situation, it would be impractical to decrease the splice length by providing additional transverse
reinforcement along the splice length satisfying ACI Eq. (12-1); the required transverse reinforcement
per square inch Ag/s to develop the 8-#10 bars is:
A _8x1.27
s 40

=0.25in.2/ in.

Decreasing the bar size in the 1st story columns would result in slightly smaller splice lengths; however,
the reinforcement ratio would increase from 4% (8-#1() to 4.7% (12-#9). Also, labor costs would
increase since more bars would have to be placed and spliced.

One possible alternative would be to increase the column size. For example, a 18 X 18 in. column
would require about 8-#8 bars in the 1st story. It is important to note that changing the dimensions of
the columns would change the results from the lateral load analysis, affecting all subsequent calcula-
tions; a small change, however, should not significantly alter the results.
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Chapter 9

Design Considerations for
Economical Formwork

9.1 INTRODUCTION

Depending on a number of factors, the cost of formwork can be as high as 60% of the total cost of a cast-in-place
concrete structure. For this reason, it is extremely important to devise a structural system that will minimize the
cost of formwork, Basic guidelines for aclieving economical formwork are given in Reference 9.1, and are
summarized in this chapter.

Formwork economy should initially be considered at the conceptual stage or the preliminary design phase of a
construction project. This is the time when architectural, structural, mechanical, and electrical systems are
conceived. The architect and the engineer can help reduce the cost of formwork by following certain basic
principles while laying out the plans and selecting the structural framing for the building. Additional savings can
vsually be achieved by consulting a contractor during the initial design phases of a project.

Design professionals, after having considered several alternative structural framing systems and having determined
those systems that best satisfy loading requirements as well as other design criteria, often make their final selections
on the system that would have the least amount of concrete and possibly the least amount of reinforcing steel. This
approach can sometimes result in a costly design. Complex structural frames and nonstandard member cross sections
can complicate construction to the extent that any cost savings to be realized from the economical use of in-place
(permanent) materials can be significantly offset by the higher costs of formwork. Consequently, when conducting
cost evaluations of concrete structural frames, it is essential that the costs of foormwork be included.

9.2  BASIC PRINCIPLES TO ACHIEVE ECONOMICAL FORMWORK

There 1s always the opportunity to cut costs in any structural system. The high cost of formwork relative to the
costs of the other components makes it an obvious target for close examination. Three basic design principles that
govern formwork economy for all site-cast concrete structores are given below.
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9-2 Simplified Design

9.21 Standard Forms

Since most projects do not have the budget to accommodate custom forms, basing the design on readily available
standard form sizes is essential to achieve economical formwork. Also, designing for actual dimensions of
standard nominal lumber will significantly cut costs. A simplified approach to formwork carpentry means less
sawing, less piecing together, less waste, and less time; this results in reduced labor and material costs and fewer
opportunities for error by construction workers.

9.2.2 Repetition

Whenever possible, the sizes and shapes of the concrete members should be repeated in the structure. By doing
this, the forms can be reused from bay to bay and from floor to floor, resulting in maximum overall savings. The
relationship between cost and changes in depth of horizontal construction is a major design consideration. By
standardizing the size or, if that is not possible, by varying the width and not the depth of beams, most requirements
can be met at alowered cost, since the forms can be reused for all floors. To accommodate load and span variations,
only the amount of reinforcement needs to be adjusted. Also, experience has shown that changing the depth of
the concrete joist system from floor to floor because of differences in superimposed loads actually results in higher
costs. Selecting different joist depths and beam sizes for each floor may result in minor savings in materials, but
specifying the same depth for all floors will achieve major savings in forming costs.

9.2.3 Simplicity

In general, there are countless variables that must be evaluated, then integrated into the design of a building.
Traditionally, economy has meant atime-consuming search for ways to cut back on quantity of materials. Asnoted
previously, this approach often creates additional costs—quite the opposite effect of that intended.

An important principle in formwork design is simplicity. In light of this principle, the following questions should
be considered in the preliminary design stage of any project:

1) Will customn forms be cost-effective? Usually, when standard forms are used, both labor and material costs
decrease. However, custom forms can be as cost-effective as standard forms if they are required in a quantity
that allows mass production.

2). Are deep beams cost-effective? As a rule, changing the beam depth to accommeodate a difference in load will
result in materials savings, but can add considerably to forming costs due to field crew disruptions and
increased potential for field error. Wide, flat beams are more cost-effective than deep narrow beams.

3) Should beam and joist spacing be uniform or vary with load? Once again, alarge number of different spacir _gs:
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(closer together for heavy loads, farther apart for light) can result in material savings. However, the disruption
in work and the added labor costs required to form the variations may far exceed savings in materials,

4) Should column size vary with height and loading? Consistency in column size usually results in reduced labor
costs, particularly in buildings of moderate height. Under some rare conditions, however, changing the column
size will yield savings in materials that justify the increased labor costs required for forming.

5) Are formed surface tolerances reasonable? Section 3.4 of ACI Standard 34772 provides a way of quantitatively
indicating tolerances for surface variations due to forming quality. The suggested tolerances for formed cast-
in-place surfaces are shown in Table 9-1 (Table 3.4 of ACI 347). The following simplified guidelines for
specifying the class of formed surface will usually minimize costs: a) Class A finish should be specified for
surfaces prominently exposed to public view, b) Class B finish should be specified forsurfaces less prominently
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Design Considerations for Economical Formwork 9-3

exposed to public view, c) Class C finish should be specified for all noncritical or unexposed surfaces, and d) Class
D finish should be specified for concealed surfaces or for surfaces where roughness is not objectionable. If amore
stringent class of surface is specified than is necessary for a particular formed surface, the increase in cost may
become disproportionate to the increase in quality; this is illustrated in Fig. 5-1.

Table 9-1 Permitted Irregularities in Formed Surfaces Checked with a 5-ft Templal'te":"1

Type of Class of Surface
Irregularity A B C D
Graduat! Trgin. | Vain. | Vain. | t1in.
Abrupt? Ygin, | Vain, | Vgin. | 1in.

’Warping, unplaneness, and similar uniform variations from planeness measured per 5-
ft template length (straightedge) placed anywhere on the surface in any direction.

2Offsets resulting from displaced, mismatched, or misplaced forms, sheathing, or liners
or from defects in forming material.

Class B

Cost

Class C

Quality
Figure 9-1 Class of Surface Versus Cost

9.3  ECONOMICAL ASPECTS OF HORIZONTAL FRAMING

Floors and the required forming are usually the largest cost component of a concrete building structure. The first
step towards achieving maximum economy is selecting the most economical floor system for a given plan layout
and a given set of loads. This will be discussed in more detail below. The second step is to define a regular, orderly
progression of systematic shoring and reshoring. Timing the removal of the forms and requiring a minimum

amount of reshoring are two factors that must be seriously considered since they can have a significant impact on
the final cost.

Figures 1-5 and 1-6 show the relative costs of various floor systems as a function of bay size and superimposed
load. Both figures are based on a concrete strength fz = 4000 psi. For a given set of loads, the slab system that
is optimal for short spans is not necessarily optimal for longer spans. Also, for a given span, the slab system that
is optimal for lighter superimposed loads is not necessarily optimal for heavier loads. Reference 9.3 provides
material and cost estimating data for various floor systems. Itis also very important to consider the fire resistance
of the floor system in the preliminary design stage (see Chapter 10). Required fire resistance ratings can dictate
the type of floor system to specify in a particular situation.

The relationship between span length, floor system, and cost may indicate one or more systems to be cconomical
for a given project. If the system choices are equally cost-effective, then other con31dcrat10ns (architectural,

aesthetic, etc.) may become the determining factor.
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9.4 Simplified Design

Beyond selection of the most economical system for load and span conditions, there are general techniques that
facilitate the most economical use of the chosen system.

9.3.1 Slab Systems

Whenever possible, avoid offsets and irregularities that cause a “stop and start” disruption of labor and require
additional cutting (and waste) of materials (for example, breaks in soffit elevation). Depressions for terrazzo, tile,
etc. should be accomplished by adding concrete to the top surface of the slab rather than maintaining a constant
slab thickness and forming offsets in the bottom of the slab. Cross section (a) in Fig. 9-2 is less costly to form than
cross section (b).

(b)

Figure 9-2 Depressions in Slabs
When drop panels are used in two-way systems, the total depth of the drop hy should be set equal to the actual
nominal lumber dimension plus % in. for plyform (see Fig. 9-3). Table 9-2 lists values for the depth h; based on

common nominal lumber sizes. As noted above, designs which depart from standard lumber dimensions are
expensive.

hy

*Keep drop dimensions constant

Figure 9-3 Formwork for Drop Panels

Whenever possible, a minimum 16 ft (plus 6 in. minimum clearance) spacing between drop panel edges should be used
(seeFig. 9-3). Again, this permits theuse of 16 ft long standard lumber without costly cutting of material. For maximum
economy, the plan dimensions of the drop panel should remain constant throughout the entire project.
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Table 9-2 Drop Panel Depth, hy

Nominal lumber | Actual lumber Plyform h4
size size (in.) thickness {in.) (in.)
2X 1 34 2V
4X 3l 3, 4174
6X 55 Y, 614
8x 7V, 3y 8

9.3.2 Joist Systems

Whenever possible, the joist depth and the spacing between joists should be based on standard form dimensions
(see Table 9-3).

The joist width should conform to the values given in Table 9-3 also. Variations in width mean more time for
interrupted labor, more time for accurate measurement between ribs, and more opportunities for jobsite error; all
of these add to the overall cost.

Table 9-3 Standard Form Dimensions for One-Way Joist Construction (in.)

Width Depth Flange width Width of joist
20 8,10, 12 T1g, 2% 5,6
30 8,10, 12, 14, 16, 20 7g,3 5,6,7
53 16, 20 31, 7,8,9,10
66 14, 16, 20 3 6,7,8,9, 10
2 2
i A
-+ |+ Flange width
Width of joist —-——1e Width J— L Width of joist = 2 x flange width*

*Appties to flange widths > 7/g in.

Tt is extremely cost-effective to specify a supporting beam with a depth equal to the depth of the joist. By doing
this, the bottom of the entire floor system can be formed in one horizontal plane. Additionally, installation costs
for utilities, partitions, and ceilings can all be reduced.

9.3.3 Beam-Supported Slab Systems

The most economical use of this relatively expensive system relies upon the principles of standardization and
repetition. Of primary important is consistency in depth, and of secondary importance is consistency in width.
These two concepts will mean a simplified design, less time spent interpreting plans and more time for field crews
to produce.
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9-6 Simplified Design

9.4  ECONOMICAL ASPECTS OF VERTICAL FRAMING

94.1 Walls

Walls provide an excellent opportunity to combine multiple functions in a single element; by doing this, a more
economical design is achieved. With creative layout and design, the same wall can be a fire enclosure for stair

or elevator shafts, a member for vertical support, and bracing for lateral loads. Walls with rectangular cross-
sections are less cngﬂy than nnnmctangnlar wallg

9.4.2 Core Areas

Core areas for elevators, stairs, and utility shafts are required in many projects. In extreme cases, the core may
require more labor than the rest of the floor. Standardizing the size and location of floor openings within the core
will reduce costs. Repeating the core framing pattern on as many floors as possible will also help to minimize the
overall costs.

9.43 Columns

Although the greatest costs in the structural frame are in the floor system, the cost of column formwork should
notbe overlooked. Whenever possible, use the same column dimensions for the entire height of the building. Also,
use a uniform symmetrical colurnn pattern with all of the columns having the same orientation. Planning along
these general lines can yield maximum column economy as well as greater floor framing economy because of the
resulting uniformity in bay sizes.

9.5  GUIDELINES FOR MEMBER SIZING

9.5.1 Beams

* For a line of continuous beams, keep the beam size constant and vary the reinforcement from span
to span.

+ Wide flat beams (same depth as joists) are easier to form than beams projecting below the bottom
of the joists (see Fig. 9-4).

A

hd

| Wide flat beams are |
more economical than
narrow, deep beams

Figure 9-4 One-Way Joist Floor System
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9-7

» Spandrel beams are more cost intensive than interior beams due to their location at the edge of a floor
slab or at a slab opening. Fig. 9-5 lists some of the various aspects to consider when designing these

members.
i Overhangs difficult Upturned spandrel
and costly may be more
|r economical

Narrow deep beam can cause
. difficulty in placing concrete and/or
rebars; widen to minimize

§
1
|
|
|
|
|
1
) problems
|

[

|

Spandrel projection  _ _ '
beyond face of column
difficult and costly

A

Figure 9-5 Spandrel Beams

 Beams should be as wide as, or wider than, the columns into which they frame (see Fig. 9-6). In
§ addition to formwork economy, this also alleviates some of the reinforcement congestion at the
intersection.

A
La

Greatest formwork sconomy
achieved when beam is the same
width as the column

Figure 9-6 Beam-Column Intersections

+ For heavy loading or long spans, a beam deeper than the joists may be required. In these situations,
allow for minimum tee and lugs at sides of beams as shown in Fig. 9-7. Try to keep difference in
elevation between bottom of beam and bottom of floor system in modular lumber dimensions.
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A

Beam
Vi

)

g== L Joist
Use actual lumber
dimensions (see
Table 9-2)

A—

* I
Keep beam width larger than
or equal to column

*Allow for lug on each side of deep beam

Figure 9-7 One-Way Joist Floor System with Deep Beams

952 Columns

* For maximum economy, standardize column location and orientation in a uniform pattern in both
directions (see Fig. 9-8).

Constant
dimension
1 {
._l__! I _l Vary this dimension
{only as necessary)

|
|
|
Typical bay |
|
|
]

Figure 0-8 Standard Column Locarion and Oriencation for a Typical Bay

» Columns should be kept the same size throughout the building. If size changes are necessary, they
should occur in 2 in. increments, one side at a time (for example, a22 X 22 in. column should go to
a24 X 221in., then to a 24 X 24 in., etc.) Gang forming can possibly be used when this approach
to changing column sizesis utilized. When a flying form systemis used, the distance between column
faces and the flying form must be held constant. Column size changes must be made parallel to the
flying form.
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» Use the same shape as often as possible throughout the entire building. Square or round columns are
the most economical; use other shapes only when architectural requirements so dictate,

953 Walls

* Use the same wall thickness throughout a project if possible; this facilitates the reuse of equipment,
ties, and hardware. In addition, this minimizes the possibilities of error in the field. In all cases,
maintain sufficient walli thickness to permit proper placing and vibrating of concrete.

« Wall openings should be kept to a minimum number since they can be costly and time-consuming.

A few larger openings are more cost-effective than many smaller openings. Size and location should -
be constant for maximum reuse of formwork.

* Brick ledges should be kept at a constant height with a minimum number of steps. Thickness as well
as height should be in dimensional units of lumber, approximating as closely as possible those of the
masonty to be placed. Brick ledge locations and dimensions should be detailed on the structural
drawings.

« Footing elevations should be kept constant along any given wall if possible. This facilitates the use
of wall gang forms from footing to footing. If footing steps are required, use the minimum number

possible.

» For buildings of moderate height, pilasters can be used to transfer column loads into the foundation
walls. Gang forms can be used more easily if the pilaster sides are splayed as shown in Fig. 9-9.

x+ 1"

9.6  OVERALL STRUCTURAL ECONOMY

b % 9. PO PRV O TR, DN, S Y Lio ahnweamtn Faniie mm onsidera 4 i i * i
While it has been the primary purpose of this chapter to focus on those considerations that will significantly impact

the costs of the structural system relative to formwork requirerments, the 10-step process below should be followed
during the preliminary and final design phases of the construction project as this will lead to overall structural
economy:

1. Study the structure as a whole.

2. Prepare frechand alternative sketches comparing all likely structural framing systems.

3. Hstablish column Iocations as uniformly as possibie, keeping orientation and size constant wherever possibie.

4. Determine preliminary member sizes from available design aids (see Section 1.8).

Publication List Book Contents




9-10 Simplified Design

5. Make cost comparisons based on sketches from Step 2 quickly, roughly, but with an adequate degree of
accuracy. :

en

7. Distribute prints of selected framing scheme to all design and building team members to reduce unnecessary
future changes.

8. Plan your building. Visualize how forms would be constructed. Where possible, keep beams and columns
simple without haunches, brackets, widened ends or offsets. Standardize concrete sizes for maximum reuse
of forms.

9. During final design, place most emphasis on those items having greatest financial impact on total structural
frame cost.

10. Plan your specifications to minimize construction costs and time by including items such as early stripping
time for formwork and acceptable tolerances for finish.

Reference 9.4 should be consulted for additional information concerning formwork.
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Fire Resistance

101  INTRODUCTION

State and municipal building codes throughout the country regulate the fire resistance of the various elements and
assemblies comprising a building structure. Structural frames (columns and beams), floor and roof systems, and
load bearing walls must be able to withstand the stresses and strains imposed by fully developed fires and carry
their own dead loads and superimposed loads without collapse.

Fire resistance ratings required of the various elements of construction by building codes are a measure of the
endurance needed to safeguard the structural stability of a building during the course of a fire and to prevent the
spread of fire to other parts of the building. The determination of fire rating requirements in building codes is based
on the expected fire severity (fuei loading) associated with the type of occupancy and the building height and area.

Inthe design of structures, building code provisions for fire resistance are sometimes overlooked and this may lead
to costly mistakes. It is not uncommon, for instance, to find that a concrete slab in a watfle slab floor system may
only require a 3 to 4-% in. thickness to satisfy ACI 318 strength requirements. However, if the building code

4 il MEARALRLILAGS WU OQLAol Y SARed D20 LSRN AR AR L o URlills

specifies a 2-hour fire resistance rating for that particular floor system, the slab thickness may need to be increased
to 3-Y4 to 5 in., depending on type of aggregate used in the concrete. Indeed, under such circumstances and from
the standpoint of economics, the fire-resistive requirements may indicate another system of construction to be
more appropriate, say, a pan-joist or flat slab/plate floor system. Simply stated, structural members possessing
the fire resistance prescribed in building codes may differ significantly in their dimensional requirements from
those predicated only on ACI 318 strength criteria. Building officials are required to enforce the stricter
provisions.

The purpose of this chapter is to make the reader aware of the importance of determining the fire resistance
requirements of the governing building code before proceeding with the structural design.
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10-2 Simplified Design

The field of fire technology is highly involved and complex and it is not the intent here to deal with the chemical
or physical characteristics of fire, nor with the behavior of structures in real fire situations. Rather, the goal is to
present some basic information as an aid to designers in establishing those fire protection features of construction
that may impact their structural design work.

The information given in this chapter is fundamental. Modern day designs, however, must deal with many
combinations of materials and it is not possible here to address all the intricacies of construction. Rational methods
of design for dealing with more involved fire resistance problems are available, For more comprehensive
discussions on the subject of the fire resistive qualities of concrete and for calculation methods used in solving
design problems related to fire integrity, the reader may consult Reference 10.1.

10.2  DEFINITIONS
Structural Concrete:

» Siliceous aggregate concrete: concrete made with normal weight aggregates consisting mainly of
silica or compounds other than calcium or magnesium carbonate.

» Carbonate aggregate concrete: concrete made with aggregates consisting mainly of calcium or
magnesium carbonate, €.g., limestone or dolomite.

* Sand-lightweight concrete: concrete made with a combination of expanded clay, shale, slag, or slate
or sintered fly ash and natural sand. Its unit weight is generally between 105 and 120 pcf.

*» Lightweight aggregate concrete: concrete made with aggregates of expanded clay, shale, slag, or slate
or sintered fly ash, and weighing 85 to 115 pcf.

Insulating Concrete:

* Cellular concrete: alightweightinsulating concrete made by mixing a preformed foam with portland
cement slurry and having a dry unit weight of approximately 30 pcf.

* Perlite concrete: alightweight insulating concrete having a dry unit weight of approximately 30 pcf
made with perlite concrete aggregate produced from volcanic rock that, when heated, expands to
form a glass-like material or cellular structure.

* Vermiculite concrete: a lightweight insulating concrete made with vermiculite concrete aggregate,
a laminated micaceous material produced by expanding the ore at high temperatures. When added
to a portland cement slurry the resulting concrete has a dry unit weight of approximately 30 pcf.

Miscellaneous Insulating Materials:
» Glass fiber board: fibrous glass roof insulation consisting of inorganic glass fibers formed into rigid
boards using a binder. The board has a top surface faced with asphalt and kraft reinforced with glass
fibers.

* Mineral board: a rigid felted thermal insulation board consisting of either felted mineral fiber or
cellular beads of expanded aggregate formed into flat rectangular units. '
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103  FIRE RESISTANCE RATINGS

10.3.1 Fire Test Standards

The fire-resistive properties of building components and structural assemblics are determined by standard fire test
methods. The most widely used and nationally accepted test procedure is that developed by the American Society
of Testing and Materials (ASTM). Itis designated as ASTM E 119, Standard Methods of Fire Tests of Building
Construction and Materiais. Other accepted standards, essentially alike, include the National Fire Protection
Association Standard Method No. 251; Underwriters Laboratories’ U.L. 263; American National Standards

Institute’s ANST A2-1; ULC-5101 from the Underwriters Laboratories of Canada; and Uniform Building Code
Standard No. 43-1.

10.3.2 ASTM E 119 Test Procedure

A standard fire test is conducted by placing an assembly in a test furnace. Floor and roof specimens are exposed
to controlled fire from beneath, beams from the bottom and sides, walls from one side, and columns fromi all sides.

The temperature is raised in the furnace over a given period of time in accordance with the ASTM E 119 standard
time-temperature curve shown in Fig. 10-1.

2500 :
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Furnace atmosphere temperature, °F
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Fire test time, hr.
Figure 10-1 Standard Time-Temperature Relationship of Furnace Atmosphere (ASTM E 119)

This specified time-temperature relationship provides for a furnace temperature of 1000°F at five minutes from
the beginning of the test, 1300°F at 10 minutes, 1700°F at one hour, 1850°F at two hours, and 2000°F at four hours.

The end of the test is reached and the fire endurance of the specimen is established when any one of the following
conditions first occur:
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1) For walls, floors, and roof assemblies the temperature of the unexposed surface rises an average of 250°F above
its initial temperature or 325°F at any location. In addition, walls achieving a rating classification of one hour
or greater must withstand the impact, erosion and cooling affects of a hose stream test.

2) Cotton waste placed on the unexposed side of a wall, floor, or roof system is ignited through cracks or fissures
developed in the specimen.

3) The test assembly fails to sustain the applied load.

4) For certain restrained and all unrestrained floors, roofs and beams, the reinforcing steel temperature rises to
1100°F.

Though the complete requirements of ASTM E 119 and the conditions of acceptance are much too detailed for
inclusion in this chapter, experience shows that concrete floor/roof assemblies and walls usually fail by heat

transmisston (item 1); and columns and beams by failure to sustain the applied loads (item 3), or by beam
reinforcement Fm]mcr to meet the temperature criterion (item 4),

Fire rating requirements for structural assemblies may differ from code to code; therefore, it is advisable that the
designer take into account the building regulations having jurisdiction over the construction rather than relying
on general perceptions of accepted practice.

104 DESIGN CONSIDERATIONS FOR FIRE RESISTANCE

10.4.1 Properties of Concrete

Concrete is the most highly fire-resistive structural material used in construction. Nonetheless, the properties of
concrete and reinforcing steel change significantly at high temperatures. Strength and the modulus of elasticity
are reduced, the coefficient of expansion increases, and creep and stress relaxations are considerably higher.

Concrete strength, the main concern in uncontrolled fires, remains comparatively stable at temperatures ranging
up to 900°F for some concretes and 1200°F for others. Siliceous aggregate concrete, for instance, will generally

maintain ite nariginal camnraceive cteanaoth a fAmﬂnfofnmc un fn Onnol-? ]'\nl' can lnca nnnrlv QHCV nf ite nrioinal
maintam s \.uiéslur.u CULLIPACO0LY L S il giil at WalpClalulics Up tu vy O all AUSG livaliy Juv7o Or 1S Uiigiiaal

strength when the concrete reaches a temperature of about 1200°F. On the other hand, carbonate aggregate and
sand-lightweight concretes behave more favorably in fire, their compressive strengths remaining relatively high
at temperatures up to 1400°F, and diminishing rapidly thereafter. These data reflect fire test results of specimens
loaded in compression to 40% of their original compressive strength.

The temperatures stated above are the internal temperatures of the concrete and are not to be confused with the
heat intensity of the exposing fire. As anexample, in testing a solid carbonate aggregate slab, the ASTM standard
fire exposure after 1 hour will be 1700°F, while the temperatures within the test specimen will vary throughout
the section: about 1225°F at % in. from the exposed surface, 950°F at % in., 800°F at 1 in., and 600°F at 1-%4 in.;
all within the limit of strength stability.

Itis to be realized that the strength loss in concrete subjected to intense fire is not uniform throughout the structural
member because of the time lag required for heat penetration and the resulting temperature gradients occurring
across the concrete section. The total residual strength in the member will usually provide an acceptable margin
of safety.
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Design Considerations for Fire Resistance 10-5

This characteristic is even more evident in massive concrete building components such as columns and girders.

Beams of normal weight concrete exposed to an ASTM E 119 fire test will, at two hours when the exposing fire
is at 1850°F, have internal temperatures of about 1200°F at 1 in. inside the beam faces and less than 1000°F at 2
in. Obviously, the dimensionally larger concrete sections found in main framing systems will suffer far less net
loss of strength (measured as a percentage of total cross-sectional area) than will lighter assemblies.

Because of the variable complexities and the unknowns of dealing with the structural behavior of buildings under
fire as total multidimensional systems, building codes continue to specify minimum acceptable levels of fire
endurance on a component by component basis—roof/floor assemblies, walls, columns, etc. It is known, for
instance, that in a multi-bay building, an interior bay of a cast-in-place concrete floor system subjected to fire will
be restrained in its thermal expansion by the unheated surrounding construction. Such restraint increases the

structural fire endurance of the exposed assembly by placing the heated concrete in compression. The restraining

forces developed are large and, under elastic behav1or, would cause the concrete to excecd its original compressive
strength were it not for stress relaxations that occur at high temperatures. According to information provided in
Appendix X3 of ASTME 119, cast-in-place beams and slab systems are generally considered restrained (see Table
10-5 in Section 10.4.3).

In addition to the minimum acceptable limits given in the building codes, the use of calculation methods for
determining fire endurance are also accepted, depending on local code adoptions (see Reference 10.1).

10.4.2 Thickness Requirements

Test findings show that fire resistance in concrete structures will vary in relation to the type of aggregate used.
The differences are shown in Tables 10-1 and 10-2.

Table 10-1 Minimum Thickness for Floor and Roof Slabs and Cast-in-Place Walls, in.
(Load Bearing and Nonload-Bearing)

Fire resistance rating
Concrete type 1 hr. 115 hr. 2 hr. 3hr. 4 hr.
Silicecus aggregate 35 4.3 5.0 6.2 7.0
Carbonate aggregate 3.2 4.0 4.6 57 6.6
Sand-lightweight 2.7 3.3 3.8 4.6 5.4
Lightweight 2.5 3.1 3.6 4.4 5.1

Table 10-2 Minimum Concrete Column Dimensions, in.

Fire resistance rating
Concrete type 1 hr. 145 br. 2 hr. 3 hr. 4hr.
Siliceous aggregate 8 8 10 12 14
Carbonate aggregate 8 8 10 12 12
Sand-lightweight 8 3 9 105 12

In studying the tables above it is readily apparent that there may be economic benefits to be gained from the
selection of the type of concrete to be used in construction. The designer is encouraged to evaluate the alternatives.
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10-6 Simplified Design

10.4.3 Cover Requirements

Another factor to be considered in complying with fire-resistive requirements is the minimum thickness of

T ATO Fmcr nnod Tem wabe o e e
concrete cover for the reinforcement. The concrete protection specified in ACI 318 for cast-in-place concrete will

generally equal or exceed the minimum cover requirements shown in the following tables, but there are a few
exceptions at the higher fire ratings and these should be noted.

The minimum thickness of concrete cover to the positive moment reinforcement is given in Table 10-3 for one-
way or two-way slabs with flat undersurfaces.

The minimum thickness of concrete cover to the positive moment reinforcement (bottom steel) in reinforced
concrete beams is shown in Table 10-4.

Table 10-3 Minimum Cover for Reinforced Concrete Floor or Roof Slabs, in,

Restrained Slabs” Unrestrained Slabs*
Fire resistance rating Fire resistance ratin
Concrete type 1hr. | 11zhr | 2hr 3hr. 1hr. | 1Yshr. | 2hr 3hr.
Siliceous aggregate 34 ¥, 314 ¥4 =N 3, 1 1174
Carbonate aggregate 3, Y, ¥, 3/, 34 8/, 31y 1174
Sand-lightweight
of hgmweight 31'4 3:”4 3:"4 3:"4 3:"4 3:"4 3:"4 11f4

*See Table 10-5

Table 10-4 Minimum Cover to Main Reinforcing Bars in Reinforced Concrete Beams, in.
(Applicable to All Types of Structural Concrete)

Fire resistance rating

Restr.'_zlin_ed or Beam \ﬁidth, N L B N 3
unresirained* in,** i hr. ilighr. | 2hr 3hr. 4 hr.
Restrained 5 34 & 34 1 11,
Restrained 7 EN 314 Y, 34 ¥,
Restrained 210 54 ¥ 34 3y 34
Unrestrained 5 3/4 1 194 - e
Unrestrained 7 34 %4 34 114 3
Unrestrained > 10 314 e M 1 14

*See Table 10-5

AT

*"For beam widths between the tabulated values, the minimum cover ¢an be determined by
interpolation.

The minimum cover to main longitudinal reinforcement in colummns is shown in Table 10-6.

10.5 MULTICOURSE FLOORS AND ROOFS

Symbols: Carb = carbonate aggregate concrete
Sil = siliceous aggregate concrete
SLW = sand-lightweight concrete
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Design Considerations for Fire Resistance 10-7

Table 10-5 Construction Classification, Restrained and Unrestrained
(Table X3.1 from ASTM E 119)*

I. Wall bearing
Single span and simply supported end spans of multiple bays:A
{1) Open-web steel joists or steel beams, supporting concrete slab, precast units, or metal decking | unrestrained
(2) Concrete siabs, precast units, or metal decking unrestrained

Interior spans of multiple bays:

(1) Open-web steel joists, steel beams or metal decking, supporting continuous concrete slab restrained
(2) Open-web steel joists or steel beams, supporting precast units or metal decking unrestrained
{(3) Cast-in-place concrete slab systems restrained
{4) Precast concrete where the potential thermal expansion is resisted by adjacent construction® | restrained

Il Qitaasl framina

Il. Steel framing
(1) Steel beams welded, riveted, or bolted to the framing members restrained
(2) Alltypes of cast-in-place floor and roof systems (such as beam-and-slabs, flat slabs, pan restrained

joists, and waffle slabs) where the floor or roof system is securaed to the framing members
{(3) All types of prefabricated floor or roof systems where the structural members are secured to restrained
the framing members and the potential thermal expansion of the floor or roof system is

resisted by the framing system or the adjoining floor or roof constructlonB
Concrete framing:

(1) Beams securely fastened to the framing members

restrained

(2) All types of cast-in-place floor or root systems (such as beam-and-siabs, pan joists, and restrained
watftle slabs) where the floor system is cast with the framing members

{3) Interior and exterior spans of precast systems with cast-in-place joints resulting in restraint restrained

equivaient to that which would exist in condition [l (1)

(4) All types of prefabricated floor or roof systems where the structural members are secured to restrained
such systems and the potential thermal expansion of the floor ot roof systems is resisted by
the framing system or the adjeining fleor of roof construction

V. Wood construction:
All types

unrestrained

R NPT T Lk

being designed and detailed to resist thermal thrust from the floor or “GGf sysigmi.
®For example, resistance to potential thermal expansion is considered to be achieved when:
{1) Continuous structural concrete topping is used,

(2) The space between the ends of precast units or between the ends of units and the vertical face of supports is filled

with concrete of morar, or

A T R URt=1 L

AFloor and roof systems can be considered restrained when they are tied into walls with or without tie beams, the walis
.Il .

(3) The space between the ends of precast units and the vertical faces of supports, or between the ends of solid or
hollow core siab units does not exceed 0.25% of the length for normal weight concrete members or 0.1% of the
length for structural lightweight concrete members.

*Copyright ASTM. Reprinted with permission,

Table 10-6 Minimum Cover for Reinforced Concrete Columns, in.

Fire resistance rating
Concrete type 1 hr. 113 hr. 2 hr. 3 hr. 4 hr.
Siliceous aggregate 1145 1145 115 1Y, 2
Carbonate aggregate 1% 15 15 115 15
Sand-lightweight 1Y, 1n 11/, 1175 1175
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10-8 Simplified Design

10.5.1 Two-Course Concrete Floors

Figure 10-2 gives information on the fire resistance ratings of floors that consist of a base slab of concrete with
a topping (overlay) of a different type of concrete.

Thickness of sand-lightweight
concrele overlay, in.

Carb base Sil base
Thickness of normal weight concrete base slab, in.

OQverlay thickness, in.
Carb overlay
Sil overlay

Thickness of sand-lightweight concrete base slab, in.

Figure 10-2 Fire Resistance Ratings for Two-Course Floor Slabs

10.5.2 Two-Course (_:oncrete Roofs

Figure 10-3 gives information on the fire resistance ratings of roofs that consist of a base slab of concrete with a
topping (overlay) of an insulating concrete; the topping does not include built-up roofing. For the transfer of heat,
three-ply built-up roofing contributes 10 minutes to the fire resistance rating; thus, 10 minutes may be added to
the values shown in the figure.

10.5.3 Concrete Roofs with Other Insulating Materials

Figure 10-4 gives information on the fire resistance ratings of roofs that consist of a base slab of concrete with an
insulating board overlay; the overlay includes standard 3-ply built-up roofing.
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Thickness of cellular
concrete overlay, in

Thickness of perlite
concrete overlay, in.

Thickness of vermiculite
concrete overlay, in

_.._Cellular concrete . - ..

- Conorate, -

Carb base

Thickness of concrete base slab, in.

Sil base
T I

0 2

SLW base
! | T

" Perlite concrete: ...

. Concrete’,

Carb base
[ 1 T |

- o W

Sil base

N W A

0

N WA

—

Carb base
[ | T T

Thickness of concrete base slab, in.

N W

—_

L
6 1 2 3 4

- N W A

Figure 10-3 Fire Resistance Ratings for Two-Course Roof Slabs
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10-10 Simplified Design
Standard 3-ply
buslt-up roofing
\\. AR '\\
NN ==
Carb base Sil base SLW base
c 3 I
s
a g ol 4hr |
28
$® 1+
g2 N0
£ i
01 2 3 4
Thickness of concrete base slab, in.
Standard 3-ply
built-up roofing
\\\\\\\‘é"é“a? fperboard NN
Concrete S
p Carb base 3 Sil base SLW base
k-5
.
£
58 .
=5
=8
®
e 5
Thickness of concrete base slab, in.
Figure 10-4 Fire Resistance Ratings for Roof Slabs With Insulating Overlays and Standard
3-Ply Built-Up Roofing
Reference
10.1  Reinforced Concrete Fire Resistance, Concrete Reinforcing Steel Institute, Schaumburg, llinois, 256 pp.
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