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Foreword

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 buildhg codes around the country as
well as in the specifications of several federal agencies, its provisions thus becoming law. WhetherACI318 is
enforced as part of buildhrg regulations or is otherwise utilized as a voluntary consensus standard, design
professionals use thk standard almost exclusively as the basis for the proper design and construction of buildings
of reinforced cnncrete.

The ACI 318 standard appfies to all types of buildkrg 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; buildings 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 tradltionaf 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 simpliiy design procedures.

New to this second edition is a section in Chapter 1on 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 subjected to torsional loading: all required torsion
reinforcement cameasily be obtained via four charts. Also included in Chapter 3 are new design 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 ACI 318 provisions. Newtothis chap@xare two equations that can produce a simplified interaction
diagram for a section subjected to uniaxial load and beudlng moment.

m



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 workkrg with the material presented in thk book are encouraged to send in their
comments to PCA, together with any suggestions for fmtber design simplifications. PCA would also be gratefil
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 bnildhrg, a large domed arena, or any other prominent
megastructure attracts the interest of a great number of Wnctnruf 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 strrrctaral innovations as well as improvements in constriction techniques.

Many structural engineers have the desire to become professionally involved in the design of such distinctive
buildings during their careers. However, very few projtzts of this prestigious cahber are built in any given year.
Truly, the buildhg universe consists largely of low-rise and small-areabuildings. Figure 1-1 shows the percentage
of building floor area constructed in 1992 in terms of different buildlng height categories. From thk it can be
readily seen that the vast majority of the physical volume of constmction is in the 1- to 3-story height range.

All Buildings Nonresidential Buildings

4t015

““a”4’0’
Figure 1-1 Floor Area of Construction, 1992*

*.Source: E W. Dodge Division, McGraw-Hill Information System Company, Dodge Construction Potentials (1992).
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In the same way, F@re 1-2 shows the percentage of nonresidential buildkrg projects constructed in various size
categories. Building projects less than 15,000 sq ft dominate the building market.

15,000 to 50,000 Sq ft(4%)
>50,000 Sq ft(2%)

mw
Figure I-2 Nonresidential Building Project Size, 1992’

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

1.2 COST EFFICIENCIES

The benefit of efficient materials use is not sought nor rerdized in a low-rise buildlng to the same degree as in a
high-rise facifity. For instance, reducing a floor system thkirrress by aminch may save three feet of buildhrg height
irr a 36-story buildkg and only 3 in. irra three-story building. The added design costs needed to make thorough
stndies in order to save the inch of floor depth maybe justified by constmction savings in the case of the 36-story
building, but is not likely to be warranted in the design of the smaller buildhrg. 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
aad thereby effectively reduce the overall cost of the building.

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

In low-rise construction, designs that seek to simplify concrete formwork will probably result in more econornicaf
construction tharr those that seek to optimize the use of reinforcing steel aad concrete, since fornring represents
asignificarrt part of thetotaf frame costs. ~ereisless oppo~ity to benefit fiomfomrepetition inalow-rise
building than in a high-tise building.

Considering the responsibly of the engineer to provide a safe aad cost-effective solution to the needs of tbe
building occuparrt arrdowner, it becomes clear that, for the vast majority of buildings designed each year, there
should bean extra effort made to provide for expediency of construction rather than efficiency of structural design.
Often, the extra time needed to prepare the most efficient designs with respect to stmctural materiafs is rmtjustified
by buildlng cost or performance improvements for low-rise buildhrgs.

*Source: F. W. Dodge Division, McGraw-Hill Infomation Sysiem Company, Dodge Comtwction Potentials (l992)
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1.3 THE COMPLEX CODE

In 1956 theACI318 Code was printed on 73 smafl-size pages; by 1992, ACI318arrd318R contained more tharr
330 large-size pages of Cpde and Cornrrrentq-a very substantial increase in the amomrt of printed material with
which an engineer has to become farnifiar 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 rrsetid to
examine the extensive changes in the makeup of some of the buildlrrgs that required and prompted more complex
code provisions.

1.3.1 Complex Structures Require Complex Designs

Advances in the technology of strncturaf materiafs arrdnew engineering procedures have resulted in the use of
concrete in a new generation of more flexible structures, dramatically different from those for wh]ch the old codes
were developed.

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

Gradual switchhg 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 smaflerarrdutifized less reinforcement, resulting in a20 to 25%
reduction in structural frame costs.

While we have seen dramatic increases in the strength of materials arrd greater cost efficiencies and design
innovations made possible by the use of the strength design method, we have, as a consequence, afso created new
and more complex problems. The downsizing of structural components has reduced overall buildlng stiffness.
A further reduction has resulted from the replacement of heavy exterior claddhg rmd interior partitions with
lightweight substitutes which generally do not contribute significantly to buildkrg stiffness. In particular, the
drastic increase of stresses in the reinforcement at service loads from less than 20 ksi to more tharr30ksi has caused
a significantly wider spread of flexural cracking at serv ice loads in slabs rmdbeams, with consequent increases
irr their deflections.

When structures were designed by the classical workkrg stress approach, both strength and serviceability of the
structure were ensured by limiting the stresses in the concrete arrdthe reirrforcement, in addkion to imposing firnits
on slenderness ratios of the members. The introduction of strength design with the resulting slenderer members
significantly lengthened the design process; in additio]a to designing for strength, a separate consideration of
serviceablfity (deflections arrdcracking) became necessary.

We are now frequently dealing with bolder, lager, taller structures whkh are not only more complex, but afsomore
flexible. Their structural behavior is characterized by larger deformations relative to member dimensions tharr
we had experienced before. As a consequence, a number of effects which heretofore were considered secondary
aad could be neglected, now become primary considerations during the design process. In W category ime
chaages in geometry of stnrctures due to gravity rmd lateral loadings. The effects of shrinkage, creep, arrd
temperature are afso becoming significant arrdcan no longer be neglected in tafl or in long structures, because of
their cumulative effects.



1-4 SlmpfificdDesign

1.4 A SIMPLE CODE

The more complex buildlngs undoubtedly require more complex design procedures to produce safe mrd
economical structures. However, when we look at the reality of the construction industry as dkcussed at the
beginning of tbk chapter, it makes little sense to impose on structures of moderate size and height intricate design

apprO=hes that were develOped tOassure safety in highly cOmplex s~cmres. While the advarrces of the past
decades have made it possible to build economical concrete structures reaching 1000 ft in height, the nrnkeup of
low-rise buildings has not chauged all that signiticmrtly over the years,

It is possible to write a simplified code to be applicable to both moderately sized structures arrd large complex
structures, However, tfrk would require a technical conservatism in proportioning of members. While the cost
of moderate structures would not be substarrtially affected by such au approach, the competitiveness of large
complex structures could be severely impaired. To avoid such unnecessmy penalties, arrdat the sarue time to stay
withn required safety limits, it is possible to extract from the complex code a simplified design approach that cuu
be applied to specifically defined moderately sized structures. Such structures are characterized as having
configurations and rigidky 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 tlds 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 theACIStarrdard318-89 (Revised 1992),
Building Code Requirements for Reinforced Concrete,”1 The simplification of design with its attendarrt savings
in design time result from avoiding buildlrrg member proportioning details arrdmaterial property selections which
make it necessary to consider certain complicated provisions of the ACI Staodard. These situations cau often be
avoided by making rrdnor changes in the design approach. In the various chapters of this book, specific
recommendations are made to accomplish tfrk goal.

The simplified desigrr procedures presented in this manual are an attempt to satisfy the various design
considerations that need to be addressed in the structural design and detaifing of primmy framing members of a
reinforced concrete buildlng—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 ofACI318. As noted above, thk mauual has been written solely
as adesign timesaver; that is, to simplify design procedures using the provisionsofACI318 for reinforced concrete
buildings of moderate size arrdheight.

1.6 SCOPE OF SIMPLIFIED DESIGN

The simplified desigrr approach presented in thk mauual should be used within the general grridefines aud
limitations given in thk section. In addition, appropriate guidelines aud fimitations are given within the Chapters
for proper application of specific simplifying design procedures.

. Type of Constmction: Conventionally reirrforced 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. 1”2Maximum buildhrg height should be in tbe rarrgeof 4 to 6 stories to justify the economics
of simplified design.



● Materiafs: Normal weight concrete* f; = 4000 pi
Deformed reinforcing bars fy = 60,000 psi

Both material strengths are reacklyavailable in the marketplace and will result in members that are durable** and
perform strncturafly well.t One set of material parameters greatly simplifies the presentation of design aids, The
4000/60,000 stiength 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.

Inmost cases, tbe designer can easily modify the simplified design expressions for other material strengths, Also,
welded wire fabric and lightweight concrete may be used with the simplified design procedures, with appropriate
modification as requiredbyACI318.

. Loadings: Design dead load, live load, and wind forces are in accordance with American Society of Civil
Engineers MirrirrrurrrDesign Loads forllrddings and Other Structures (ASCE 7-88)1’4,with reductions in live
loads as permitted in ASCE 7-88. The building code having jurisdiction in the locality of constnrction should
be consulted for any possible differences in design Ic!adsfrom those given in ASCE 7-88,

If resistance to earthquake-induced forces, ewth 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 addhion 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 loads (pending), 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 thk manual. Addhionally, the
durability requirements given in ACI Chapter 4 must be considered in all cases (see Section 1.7 of this manual).

● Design Method: All simplified design procedures comply with provisions of Building Code Requirements

for Reinforced Concrete (ACI 318-89), (Revised 1992) using appropriate load factors and strength
reduction factors as specified in ACI 9.2 and 9.3. References to specific ACI Code provisions are noted
(e.g., ACI 9.2 referstoACI318-89 (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 framing 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 f: = 4000 psi can be used for all members. ACI Chapter 4 should

be consulted if one or more of these aspects must be cc,nsidered. In some cases, f: must be larger than 4000 psi

to achieve adequate durability.

*Carbcmate aggregate has been assumed for purposes ofjire restrtance.
**Tbi~ ~PPliex to members which ~j-e not exposed to 1) freezing and ttuoving in a moist condizion, 2) deicing chemicals and

3) severe levels of mdfaces (set?ACI Chaprer 4),

?A cost analysis has shown thru for gravig loads, .oncrete floor systems with f; = 4000psi are more emnmticai tkn oneswith
higfwr concrete strengths. ”
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To illustrate simplified design, typical structural members of the two brrildirrgs(beams, slabs, coluorrrs, walls, and
footings) are designed by the simplified procedures presented in the various chapters of this manual. Guidelines
for determining prefirnirrary member sizes and required fire resistance are given in Section 1.8.

1.7.1

(1)

(2)

(3)

(4)

(5)

BUILDING NO. 1-3-STORY PAN JOIST CONSTRUCTION

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

Wind-force resisting system: beam and column framiag

Load data roof LL = 12psf
DL = 105 psf (assume 95 psf joists and beams + 10 psf roofiig and misc.)

floors LL = 60 psf
DL = 130 psf (assume 100 psf joists and beams+ Xl psf partitions + 10 psf

ceiling and misc.)

Prelirnimuy sizing
Columns interior = 18 X 18 in.

exterior = 16 X 16 in.

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

Fke resistarrce requirements:
floors: Alternate (1)—1 hour

Alternate (2)—2 hours*
roof 1 hour
cohmms: 1 hour **

Figure 1-3 shows the plan arrd elevation of Bnildhrg #1.

*[nsomecases,floorsmaybe sewing as an “occupancy separation”andmayreguirea higherratingbased on building type of
conmruxtion. For example, there may be a mercantile or parking garage on rhe Jowesrjloor.
* .COIWHU suPPowing two hour ratedjkor, as in Alternate (2), are required to tkzve a MO hour rating.
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1.7.2 BUILDING NO. 2– 5-STORY FLAT PLATE CONSTRUCTION

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

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

(3) Loaddatz roof LL =20psf
DL =122psf

floors LL = 50psf
DL*= 142psf(9in. slab)

136 psf (8.5 in. slab)

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

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

Spandrels = 12 X 20 in,

(5) Fire resistance requirements:
floors: 2 hours
roof: 1 hour
columns : 2 hours
shenrwalls:** 2 hours

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

*Assume 20psfparh’tions + 10psfceiling andmisc,
**A~~Me i~tej-i~r p*~ti~n~ of ~*lls en.lose exit stairs,
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1.8 PRELIMINARY DESIGN

Preliminary member sizes are usually required to perform the initial frame analysis andlor to obtain inhial
quarrtities of concrete and reinforcing steel for cost estimating. Practical initial member sizes are necessary even
when acomputer anafysis is used to determine the load effects on a stmcture. Tbe guidelines for preliminary design
given in the following sections are applicable to buildings of moderate sire and height. These guidelines were used
to obtain the preliminary sizes listed in Sections 1.7.1 arrd 1.7.2 for the two example buildlngs. Chapters 8 and
9 list additional guidelines to achieve 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. Fke
resistance is afso 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 miuimumfire resistarrcerating prescribed in the govemiugbuildhrg code.

In general, different floor systems have different economical span length ranges for a given total factored load.
Also, each system has inherent advantages and dhdvantages 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 judkiously chosen in every sitnation.

F]gures 1-5 and 1-6 carrbe used as a guide in selecting a preliminary floor system with f: = 4000 psi. 1’3A relative
cost index and an economical square bay size rarrgeare presented for each of the floor systems listed. It is evident
that the oue-way joist system for Building #1 and the flat plate system for Building #2 are reasonable choices for
the respective spans and loads. In generaf, an exact cost comparison should be performed to determine the most
econoruical system for a given building.

Once a particular floor system has been chosen, preliminary sizes must be determined for the members in the
system. Forone-wayjoists and beams, deflection willusmdly govern. Therefore, ACI Table 9.5(a) should be used
to obtain the preliminary depth of members that are not supporting or attached to pmtitions and other constmction
fikely to be damaged by deflection, The width of the membercarr then be determined by the appropriate simplified
equation given in Chapter 3. Whenever possible, available standard sizes should be specified; thk 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 colunm and f;
=4000 psi. For a total factored load w“ (psf) and the ratio of the tributary area of the cohrmn A to the column area
cI*,a value Of~CI, CaIKbe obtained frOmthe figure. Note that d is the distance from the compression face of the
slab to the centroid of the reinforcing steel. The preliminary thickrress of the slab h can be determined by adding
1,25 in. to the value of d (see Chapter 4).

It is importarrt to note that the magnitude of the unbalanced moment at an interior column is usuafly small.
However, at an edge column, the shear stress produced by the unbahmced moment carrbe as large as or larger than
the shear stress produced by the direct shear forces. Consequently, in most cases, the prelirnirmy slab thlcfmess
determined fromFlg. 1-7 will have to be increased in order to accommodate the addkional 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 = 100 psf
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f’c= 4000 psi
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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 pznrelscm be provided at the column
locations 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, FQnre
4-3 may be used to deterrnirre 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 deterrniued for the load effects in the lowest story of
the structure and should remain coustarrt for the entire height of the building; only the amounts of reinforcement
should vary with respect to height.* The most economical colmnns usually have reinforcement ratios in the mrrge
of 1-2’70.Irrgeneral, it is more efficient to increase the column size tharrto increase the amount of reinforcement.

Colmmrs 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 1-2%, a square colmmr size cambe determined for the totaJ factored axial load PUin the lowest story. Once
arrirrkial size is obtained, it should be deterrnirred if the effects of slenderrress need to be considered. If feasible,
the size of the colmnrr should be increased so as to be able to 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 thk case, a preliminary size can be obtained for a colnnrrr in the lowest level from Fig.
5-1 assuming that the colmmr carries gravity loads only, The size can be chosen based on 1% reinforcement in
the colnrnn; in this way, when wind loads are considered, the area of steel cm usually be increased witbout having
to change the column size. The design charts given in Figs. 5-16 through 5-23 may afso be used to determine the
required colmmr size arrdreinforcement for a given combination of factored axial loads and moments. Note that
slenderness effects carrhave a significant influence on the amount of reirrforcement that is required for a colrrnm
in an unbraced frame; for this reason, the overall column size should be increased (if possible) to minimize the
effects of slenderness.

1.8.3 Shssrwslls

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

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

1.8.4 Footings

The required footing sires can usually be obtained in a straightforward manner, In general, the base area ifi
determined by dividing the total service (unfactored) loads from the colmnn by the allowable (safe) soil pressure.
In buildlngs withont shearwalls, the maximum pressnre due to the combination of gravity and wind loads mnst
afso be checked. The required thickness maybe obtained for either a reinforced or a plain footing by using the
appropriate simplified eqnation given in Chapter 7.

‘[n tall bm’ldings, 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 thickrress and cover requirements are specified in buildhg codes
as a function of the required tire resistance rating. Two lhours is a typical rating for most members; however, the
local building code should be consulted for the ratings which apply to a specific project,

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

It is important to check the tire resistance of a member immediately after a prefirnimwy size has been obtained
based on structural requirements. Checkhg 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
Chapter 10 are checked for aOmembers immediately after the preliminary sizes are obtained. The required fire
resistance ratings for both example buildlngs are listed in Section 1.7.

1.1 Building Code Requirements for Reinforced Concrete (ACI 318-89) (Revised 1992) and Commenta~—ACI

318R-89 (Revised 1992), American Concrete Institnte, Detroit, Mlchigarr, 1992,

1.2 Building Movements and Joints, EB086, Portland Cement Association, Skokie, Ilfinois, 1982,64 pp.

1.3 Concrete Floor Systems–Guide to Estimating and Economizing, SP041, Portland Cement Association,
Skokie, Illinois, 1990,33 pp.

1.4 American SocieQ of Civil Engineers Minimum Design Loads for Buildings and Other Structures, ASCE 7-
88, Americarr Society of Civil Engineers, New York, N,Y., 1990,94 pp.





Chapter 2

Simplified Frame Analysis

2.1 INTRODUCTION

The final design of the stractnral components in a building frame is based on maximum moment, shear, axial load,
torsion arrd/or other load effects, as genemfly determined by amelastic frame analysis (ACI 8.3). For building
frmnes of moderate size and height, prefimirrary 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.

Arrafysisof 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 {[beamsand slabs), the approximate moments and shears
given by ACI 8.3.3 are satisfactory withkr the span and loading limitations stated. For cases when ACI 8,3,3 is
not applicable, 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 by AC] 8.8.3,

For lateraJ load analysis of an unbraced frame, the Portal Method may be used. It offers a dkect solution for the
moments and shears in the beams (or slabs) and columns, without having to know tbe 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 fo]r 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 structural analysis program for two- arrdthree-dimensional structures subject to static loads which
will output shears, moments, and axial forces for any combination of gravity arrd/or lateral loads.z”1
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2,2 LOADING

2.2.1 Service Loada

The first step in the frame anafysis is the determination of design (service) loads arrdwind forces as cafled for in
the generaf buildlng code under which the project is to be designed arrd constmcted. For the purposes of this
mamraf,design live loads (and permissible reductions in live loads) and wind loads are based on Minimum Design

Loads for Buildings and Other Structures, ASCE 7-882’2. References to specific ASCE Starrdard requirements
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 arryvarirmcesfrom ASCE 7-88. Desigrrforearthquake-induced load effects
is not considered irr thk manual.

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

Design five loads will depend on the intended use arrdoccuparrcy of the portion or portions of the building being
designed. Live loads include loads due to movable objects rmdmovable partitions temporarily supported by the
building during mairrterrarrce.In ASCE Table 2, uaiformly dkribrrted live loads rarrgefrom 40 psf for residential
use to 250 psf for heavy mamrfacturing arrdwarehouse storage. Portions of buildings, such as library floors aad
file rooms, require substantially heavier live loads. Live loads on a roof include maintenarrce equipment, workers,
and rnateriafs. Also, snow loads, pending of water, and special features, such as landscaping, must be included
where applicable.

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

Design wind loads are usually given in the generaf brrildlng code having jrrrisdlction. 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 Loada - Building #2

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

Whrd-force resisting system:

Altcmate (1) - Slab and colrrrnrrframing with spaadrel beams
Alternate (2) - Structural walls

(1) Whrd load data

Assume buildlng 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 ~ = 1.20 (h = 63 ft) ASCE Table 8
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Wall pressure coefficients CP: ASCE Fig. 2

Windward-both dkections CP =0.8
Leeward-E-W direction CP =0.3 (L/B= 120/60=2)

N-S direction CP = 0.5 (fJB= 60/120 =0.5)

Maximum velocity pressure
eXpOSLIECoefficient Kh = 1.24 ASCE Table 6

(2) Design windpressures inthe N-Sdirection

Height above
ground level (ft)

60-70

50-60

40-50
30-40
25-30
20-25
15-20
0-15

Kz

1.24

1.19

1,13

1.06

0.98

0.93

0.87

0.80

—.

(::f)—.
20.3

19.5

18.5

17.4

16,1

15.2

14.3

13.1—.

Sample calculations for 0-15 ft height range:

Design wind messure t). = (windwmd) + (leeward)

where

and

Nindward
qzGhCp

19.5

16.7

17.8

16.7

15.5

14.6

13.7

12.6

Leeward

q~h~

12.2

12,2

12.2

12.2

12.2

12.2

12.2

12.2

Total pz
(psf)

31.7

30.9

30.0

28.9

27.7

26.8

25.9

24.8

ASCE Table 4

ii = ilzfwp) + (qb’fwp)”‘
pz = 12.6+ 12.2 = 24.8 Psf

Q,. = 0.00256 K,(IV)* = 0.00256 X 0.80(1 X 80)2= 13.1 usf ASCE Ea. (3).- -.
qzG&P = 13.1 X 1.20 X 0,8= 12.6 psf ‘(windward press~re)

ah = 0.00256 Kh(IV)2= 0.00256 X 1.24 (1 X 80)2 = 20.3 usf
“.

qhGtCP = 20.3 X 1.20 X 0.5= 12.2 Psf ~:leew~dPressure unifO~ fOrfull height Ofbuil~lng)

(3) Whrd loads in the N-S direction

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

Alternate (l)-Slab arrdcolunur framing
Iuterior 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 klpS

3rd = [(30.0 X 6)+ (28.9 X 6)](24/1000) = 8.44 klps
2nd = [(28;9 X 3)+ (27.7 X 5)+ (26.8 X 4)](24/1000) = 7.96 klps
1st = [(26.8 X 1)+ (25,9 X 5)+ (24.8 X 7,5)](24/1000) = 8.20 klpS

Alternate [2)-Stmcturaf walls
Total for entire building (120 ft width)

roof = 4.51(120/24) = 22.6!+
4tb = 8.78(120/24)= 43.9 klpS

*Internal pressures acting on windward and leeward walls cancel.
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3rd = 8.44(120/24)= 42.2 klps
2nd = 7.96(120/24)= 39.8 klps
1st = 8.20(120/24)= 41.0 klpS

(4) Windloads inthe E-Wdirection

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

~
Interior frame (20 ft bay width)

roof= 3.17 kips
4th = 6.13kips
3rd = 5.89 Klps
2nd = 5.47 klps
1st = 5.52 klpS

Alternate (2)-Stmctnral walls
Total for entire bnilding (60 ft width)

roof = 9.51 kips
4th = 18,4 kips
3rd = 17.7 kips
2nd = 16,4 klps
1st = 16.6 klps

(5) The above wind load calculations assume a uniform design wind pressure pz over the incremental heights
above ground level as tabulated in ASCE Table 6, i.e., O-15, 15-20, 20-25, etc. Alternatively, wind load
calculations carIbe considerably simplified, with results equally valid (especially for low-to-moderate height
buildings), by computing design wind pressnres at each floor level arrdassuming uniform pressure between
midstory heights above amdbelow the floor level under consideration. For one- aud two-story buildlngs, a
design wind pressure computed at the roof level arrd assumed uniform over full buildhg height would afso
seem accurate enough.

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

m
where qh = 0.00256 Kh(~)2 = 0.00256 X 1.21 (1 X 80)2 = 19.8 psf

qkGhCP = 19.8 X 1,20 X 0,5= 11.9 psf

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

roof = 30.9 X 6 X 24= 4.45 klps
4th = 29.9 X 12 X 24= 8.61 klpS
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3rd =28.4 X 12 X 24= 8.18 kips
2nd = 26.9 X 12 X 24= 7.75 kips
1st = 24.5 X 13.5 X 24= 7.94 kips

2.2.1.2 Example: Calculation of Wind Loada. Building #1

Wind lend calculations for the main wind-force resisting system of Bnildhg #1 (3-story pm joist framing) ure
summarized below.

Wind-force resisting system Beam and colnnm framing

(1) Wind load data

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

Basic wind speed V = 110 mph ASCE Fig. 1
Buil~ing exposure= C, open terrain ASCE 6,5,3
Importance factor I = 1.05 ASCE, Tables 1 & 5
Gust response factor Gh = 1.23 (h= 39 ft) ASCE Table 8
Wall pressure coefficients CP: ASCE,Fig. 2

Whdward—both dkections CP = 0.8
Leew~d— E-W direction CP = 0.37 (L/B= 150/90= 1.67)

N-S direction CP = 0,5 (L/B= 90/150= 0.6)

Muximum velocity pressure exposure coefficient Kh = 1.05 ASCE Table 6

(2) Summary of wind loads

N-S & E-W dkections (conservatively use N-S wi:udloads in both dkections):
Interior frune (30 ft bay width)

Roof = 11.2 klpS

2nd = 20.9 klps
1st = 19.1 kips

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

2.2.2 Live Load Reduction for Columns, Beams, and Slaba

Most generul buildkrg codes permit a reduction in five load for design of columns, beams and slabs to account for
the probability that the total floor area “influencing” the Icladon 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 tributnry
floor area supported by that member. According to ASCE 7-88, the magnitude of live load reduction is based on
an influence mea rather than a tributary urea (see Commentary Section 4.8,1 ). For example, for an interior column,
the influence urea is the total floor area of the four srrrrouudhg bays (four times the traditional tribukuy sea). For
au edge column, the two adjacent bays “influence” the load effects on the column, arrda comer 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 eqrrufto the punel urea.



The reduced five 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:

L = Lo (0.25 + —
R)

ASCE Eq, (1)

where Lois the unreduced design live load per square foot, and AI is the influence area as described above. The
reduced live load cannot be taken less than 5070for members supporting one floor, nor less than 4070 of the unit
five load Lo otherwise. For limitations on five load reduction, see ASCE 4.8,2,

Using the above expression for reduced live load, vafues 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/~)

Influence Area
A, (ffz)

4ooa

800

1200
1600

2000

2400

2800

3200

3600

4000

4400

4800

5200

10 live load redt

RM

1.000

0.760

0,683

0.625

0.565

0.556

0.533

0.515

o.5oob

0.487

0.476

0.467

0,458

on is permit

Influence Area
AI (ft2)

5600

6000

6400

6600

7200

7600

6000

8400

8800

9200

9600

10000

RM

0.450

0.444

0,438

0.432

0.427

0.422

0,416

0.414

0.410

0.406

0.403

0.400C

for inffuence area less than 400 sq ft.

flaximum 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
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 buildkrgs ranges from 1.0 to 0.4 for cumulative
influence areas between 400 and 10,000 sq ft. For influence areas on columns exceeding 10,000 sq ft, the reduction
mukipfier of 0.4 remains constant.

The above discussion on permissible reduction of live loads is based on ASCE 4.8. The governing genereJbuilding
code should be consufted for any difference in amount of reduction and type of members that maybe designed for a
reduced live load.

2.2.2.1 Example: Live Load Reductions for Building #2

For illustration, typical inffnence areas for the cohmms 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

Table 2-2 Reduction Multiplier (RM) for Live Loads, Building #2

‘?i ‘“’”iiii?“’”:m
‘No reduction permitted for roof hve load (ASCE 4. S.2!); the roof should not be included in the influence areas of
the floors below.

For the interior colmnns, the reduced five load is L = 0.412Lo at the first story (AI = 4 bay areas X 4 stories = 20
X 24 X 4 X 4 = 7680 sq ft). The two-way slab maybe designed with amRM = 0,94 (AI= 480 sq ft for one bay
area). Shem strength around the interior columns is designed for an RM = 0.59 (AI = 1920 sq ft for 4 bay areas),
and around an edge colnmn for an RM = 0.73 (A1= 960 &qft for 2 bay areas). Spandrel beams could be designed
for an RM =0.94 (orrebay area). If the floor system were nhvo-way slab with beams between columns, the interior
beams would quahfy for an RM = 0.73 (2 bay areas).

2.2.3 Factored Loads

The strength method of design, using fsctored loads to proportion members, is used exclusively in thk manual.
The design (service) loads must be increased by specified load factors (ACI 9.2), and factored loads must be
comb]ned in load combinations dependkrg on the types of loads being considered.

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

U= 1.4D+ 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 worrfd be computed separately using the appropriate load factor for each lend.
However, for approximate methods of analysis (such as the approximate moment and shear expressions of ACI
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8.3.3), where five loadcaabe assumed to be applied overtheerrtire structure, it rnaybeexpedlentto use a composite
load factor, C, where U = C(D + L). An exact value of C can be computed for any combhation of dead load arrd
live load as:

~ = 1,4D +1.7L _ 1.4 +1.7(L/D)

D+L – 1 + LID

Table 2-3 gives composite load factors for various types of floor systems arrdbuildhrg occupancies. A composite
load factor may be taken directly from the table and interpolated, if necessary, foraay usual L/D ratio. Alternately,
a single value of C = 1.6 could be used without much error, Aa overdesign of about 9’%for low L/f) ratios aad
arrunderdesign of 1.6% for L/D = 3 would result. Since the majority of buildkrg designs will not involve L/D ratios
in the very low rarrgeor approaching the value of 3.0, use of the single value of C = 1.6 for all designs carrprovide
an effective simplification.

Floor System

9 Flat plate

3 Waftie (25, span)

5 Waffle (50 span)

5 Flat plata

5 Flat plate

S Waffle (25 span)

S Waffle (30 span)

3 Waffle (20 span)

Joists (15 x 25$

3 Wattle (25 span)

Table 2-3 Composite Load Factors, C

%RF

L
120 resid.

175 office

70 roof

60 resid,

100 office

173 indust.

125 indust,

100 indust.

133 hbra

.u?2L
30
40
70
35
40

100
250
250
250
400 1

0.33 1.47

0.40 1.49

0.50 1.50

0.67 1.52
1,00 1.55
1.45 1.58
2,00 1.60
2.50 1.61
3.00 1,83

Approx. C

1.6

1.6

1.6

1.6

1.6

1.6

1,6

1.6

1.6

1.6

“A tiff.

9.6

8.S

7.4

6.7

5.3

3.2

1,3

-0.6

-1.6

There is one final consideration when using factored loads to mouortion members. The desimer has the choice.
of multiplying tire service loads by the load factors before compu~ng the factored load effects (moments, shears,
etc.), or computing the effects from the service loads and then multiplyirrg the effects by the load factors. For
exaruple, 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 w“= 1.4 wd+ 1.7 wearrdthen compute the factored moments using w.; or (2) compute
the dead and live load moments using service loads and then deterruine the factored moments as Mu = 1.4Md +
1.7Ml, Both arralysisprocedures yield the same answer. It is important to note that the second nftemative is much
more general than the firs~ thus, it is more suitable to computer analysis, especially when more tharr one load
combination must be investigated.

2.3 FRAME ANALYSIS BY COEFFICIENTS

The ACI Code provides a sirnpfif-ledmethod of aaalysis for both one-way construction (ACI 8.3.3) aad two-way
construction (ACI 13.6). Both sirnpliiled methods yield moments rardshearsbased on coefficients. Each method will
give satisfactory results witlrh the span and loading limitations stated. The diract design methrd for two-way slabs
is dkcussed in Chapter 4,

2.3.1 Continuous Besms and One-Wsv Slabs

When bearrrsarrdone-way slabs are part of a frame or continuous construction, ACI 8,3,3 provides approximate
moment aad shear coefficients for gravity load analysis. The approximate coefficients maybe used as long as aO
of the conditions illustrated in Fig. 2-2 are satisfied: (1) There must be two or more spans, approxirnntcly equal
in length, with the longer of two adjacent spans not exceedirg the shorter by more tharr20 percent; (2) loads must
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T-’-T Uniformly Distributed Load (UDs 3) -

II
t 1

,,.
1’”’““l

b‘“””L-JL
+

Prismatic
<1.20” Members

4 Two or More Spans

Figure 2-2 Conditions for Anal,ysis by Coefficients (ACI 8.3.3)

be uniformly distributed, with the service live load not more than 3 times the dead load (LIDS 3); and(3) members
mnst have uniform cross section throughout the span. Allso, no redktribution of moments is permitted (ACI 8.4).
The moment coefficients defined in ACI 8.3.3 ae shown in Figs. 2-3 through 2-6. In all cases, the shear in end
sparrmembers at the interior support is taken equal to 1.15wu&/2. The shear at all other supports is wu&/2(see
Fig. 2-7). w. is the combined factored load for dead and live loads, w. = 1.4wd + 1.7wI. For beams, w. is the
uniformly dktributed load per unit length of beam (plo, and the coefficients yield total moments and shears on
the beam. For one-way slabs, w. is the uniformly distributed load per unit area of slab (psfl, amdthe moments
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 s,pans,&is the average of the adjacent clear spans. Supporl
moments and shears are at the faces of supports.

2.3.2 Example: Frame Analysia by Coefficients

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

(1) Dati Width of spandrel beam = 20 in.
Width of interior beams = 36 in.

Ffoors: LL = 60 psf
DL = 130 psf
wu = 1.4 (130)+ 1.7 (60)= 284 psf X 3 ft = 852plf

(2) Factored moments md sham using the ccetlcients from Figs. 2-3,2-4, and 2-7 me srrnunarized in Fig. 2-8

2.4 FRAME ANALYSIS BY ANALYTICAL METHOIDS

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
“usual” types of buildlngs. Simplifying assumptions on member stiffnesses, span lengths, and arrangement of live
load are given in ACI 8.6 through 8.9.

2.4.1 Stiffness

The relative stiffnesses of frame members must be eso~blished regardless of the analytical method used. Any
reasonable consistent procedure for determining stiffnesses of columns, walls, beams, md slabs is permitted by
ACI 8.6.



2-1o SimplifiedDesign

n
II II

) I 1 1 1

Simple
,.,:,

IZl

,.,:,.

support
~2
A ~

11

~

16 14 4

Integral
with
support

End Spen Interior Span End Span

Figure 2-3 Positive Moments—All Cases
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Figure 2-5 Negative Moments-Slabs with spans S 10ft
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Figure 2-6 Negative Moments—Beams with Stiff Colms (~~~b > 8)
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Figure 2-7 End Shears—All Cases
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F
30-0 1. 30’-0 1. 15’-0”

i

Total Load Wu!n = 0.85 X 27.5
= 23.4 kipS I

Coefficient I I
from

Iv~Fig.2-7
1.15/2

Shear Vu 11.7 kips 13.5 Idps I
W“Q”2 643,5 ft-kipS

Coefficient
from 1/14
Fig, 2-3

POS. Mu 46.0 ft-kipS
I I

0“ 27.5 f! 27,25 ft.

W“@nz 643.5 ftPkipS 631,2 ft-kips

Coefficient
from 1/24 1/10
Fig. 2-4

Neg. Mu 26.6 ft-kipS 63.1 ft-ldps

I I

‘Average of adjacent clear spans

0“ = 27.r3 3’-0”.
1“

—

,..., .:.,:i,:.,—

I

0.65 X 27.0= 23.0 kipS

V* V2

11,!5 Idps 11.5 kips

621.0 ft-kips
I

-+

1/16

38,6 ft-kipS

=5 ft’ 27,0 ft

j31.2 ff-kips 621,0 fi-kipS

1/11 1/11 I
j7.4. ft-ldps 56,5 ft-kips

.

+

dn= 27.0’

3ym. about Q

).65 X 27.0= 23.0 kipS

Vz

t 1.5 kips

621,0 ff-kipS

1/16

36.8 ft-kips

27.0 f!

621.0 ff-kipa

1/11

56.5 ft-kipS

Figure 2-8 Factored Moments and Shears for the Joist Floor System of Building #1 (Alternate (l))

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 buildlngs within the size and height range addressed in thk manual. In most cases where an amdyticaf
procedure is required, stiffness of T-beam sections will be needed. The relative stiffness vafues K given iu Table
2-4 aflow for the effect of the flange by doubling the moment of inertia of the web section (b~h). For values of
h#frbetweeu 0.2 aad 0.4, the mnltipfier of 2 corresponds closely to a flange width eqnal to six times the web width.
This is considered a reasonable allowance for most T..beams.23 For rectmg”la beam sections, the ~bnla~d

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 charrges in colunur size. The initial judicious selection of column size
and uniformity from floor to floor is, therefore, critici[ in minimizing the need for successive analyses.

As is customary for ordlnimy buildlng frames, torsional stiffness of transverse beams is not considered in the
analysis. For those unusuaf cases where equilibrium torsion is involved, amore exact procedure maybe necess~.

2.4.2 Arrangement of Live Load

According to ACI 8.9.1, it is permissible to assume that for gravity load analysis, the live load is applied only to
the floor or roof nnderconsideration, with tfrefar ends of the columns assumed fixed. In the usual case where the
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Table 2-4 Beam Stiffness Factors

‘&v

Moment of inertia, excluding
overhanging flange%

~=~
w 12 K’=$

Moment of inedia of T-section g 21

Values of K: for 1“-beams

SW. Ofbeam @ (W
8 10 12 ,4 ,8 20 *4 30
230 ,85 ,55 ,30 ,Is
290

60
,65 145 ,?5 z

3s0 %? % ,90 165 ,30 ,,0 :
375 ml 250 2,5 ,85 , so ,25 , ~~
430 345 290 245 2,5 ,75 ,45 ,,~
490 S90 325 280 245 ,95 , G5 , ~,y
546 440 %5 8,5 275 220 ,80 ,45
eo5 485 405 ,345 WI *M Zoo , ~~
295 235 ,95 ,85 ,45 ,,5 ,~

295 245 2,0 145 *20 1%
% 335 280 240 E ,,0 , do ,Io
475 380 3,5 270 240 , go j m , *S
550 440 365 3,5 275 220 , *5 ,*
620 500 4,5 355 3,0 250 206 ,~
695 555 de5 400 am **O *~~ , ~~
770 8,5 5,5 440 S8G 2,0 ~~~ ~~~
365 295 24s 210 ,85 ,45 , *O ,00
455 385 305 2.s0 230 , *5 , so ,20
525 420 350 200 2.35 2,0 f ,5 ,40
595 475 3W 840 295 240 2W , e~
685 550 455 Wm 345 275 230 , *S
775 620 520 445 3$30 310 280 ~~~
870 695 580 495 435 36,3 29,) 2S0
960 770 640 550 480 385 so 255
450 360 255 225 150 120
565 450 % 3Z0 *W E ,’30 j m
645 520 dw 370 325 *6O z, 5 j ,5
73a 585 4s0 420 385 *Q5 *45 , OS
845 675 480 420 340 280 225
955 785 ;: 545 480 385 320 235

1070 855 716 8,0 535 430 353 ~~~
1180 945 ,m 6,5 Wo .$% 39* zjs
780 620 520 445 Wo 8,,3 *6O *O5
970 780 650 655 485 390 3’25 *W

1120 8% 745 840 560 445 S,s 300
1Zen 1010 840 720 em 505 42,3 335
1460 1i70 9,0 8% 730 585 as 3Q0
1650 13’20 lICO W5 825 !36’3 550 440
1850 1480 1230 1Oeo 740 6,5
2049 16$0 t3W 1170 ,:0 815 080 G’
1230 705 615 495 410 330
1540 1R Iwo 880 770 6,5 515 d,o
i 780 1420 ,,80 10,0 8s0 ,,. mo 4,,
2070 1610 1340 1150 Iwo 805 670 535
2320 1850 1540 ,320 ,,s0 xx 7,0 8,5
2620 21W 1750 1502 13,0 1OK 8,5 ,,)0
2930 2350 1950 1680 1470 1170~~20 , ~m , ~. 780
3240 2590 2160 1850 865
1840 1470 ,230 ,050 S*O ,s5 6,5 AQO
23W 1840 1540 i 320 1150 ml 770 8,5
2650 2120 1770 1510 1320 1Oeo 885 705
30!33 2403 2Cm 1710 15CQ 1203 1OCQ 800
3460 2760 2WU 1970 17s0 13s0 1150 920
3920 3130 2B1O 2240 1Wo 1570 13,0 ,040
4380 35W 2920 25C0 2160 ,750 ,480 ,,70
4840 3870 3230 2760 2420 i 940 1610 12$4
2620 ewo 37,0 1we 7370 ,0,0 873 7’30
328o 2820 21s9 1880 1640 ,310 ,090 875
3770 3020 2570 2,60 ,890 ,510 ,280 ,0,0
426a 34io 2840 2440 2t30 1710 ,420 ,,40
4920 3@3 3280 2810 24S0 1970 1640 1310
5580 4460 3720 3,$+ 2,90 Zzx ,860 , 4W
6290 49s0 4160 3560 3120 24’W 2080 ,660
ss90 5510 45s0 3940 34’40 27m 23C’I 1840

‘Coefficient 10 introduced to reduce magnitude of relative stiffness VaIUeS
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Table 2-5 Column Stiffness Factors

—

J_

0

—

10

—

12

—

14

—

16

—

18

—

20

—

22

—

bf)3

1=7-5 K*. &
c

Values of K for columns

Heigh, ofccl”mn,&(ftr
8 9 70 11 12 ld 16 20

1A24 175 155 140 125 115 100 S5 70
,s12s 200 180 1.50 145 135 115 100
20738 260 230 205 190 175 150 130 1:
25344 315 280 265 230 210 180 160 125
29952 375 335 300 270 250 215 1S5 150
345s0 430 385 345 315 290 245 215 175
41472 520 460 415 375 345 295 260 205
48394 605 540 485 440 405 345 300 240

17376 220 195 175 leo 145 125 110
20505 255 230 205 185 170 145 130 175
26364 330 295 265 240 220 130
32223 405 360 320 295 270 E 22 160
3SC31 475 425 3s0 345 315 270 240
43940 550 490 440 400 3s5 315 275 E

52728 6W 585 525 480 ‘WI 375 330 265
61516 770 6S5 615 580 515 440 3s5 310

21952 275 245 220 200 1S5 i 55 135 110
25611 320 285 255 235 215 1S5 130

S2928 410 365 330 SOO 275 235 E
40245 505 445 400 365 335 285 250 E

47563 5’?5 530 475 430 395 340 295 240
54880 6s5 610 550 500 455 390 345 275
%5856 325 730 860 600 550 470 410 330
76832 960 S55 770 700 840 550 480 385
27CO0 340 300 270 245 226 i 95 170 135
31500 395 350 315 2s5 265 225 195 i 60
40500 505 450 405 370 340 290 255 205
49500 620 550 495 450 415 355 310 250
58500 7?0 850 585 530 4s+ 420 365 295
67500 750 675 615 585 480 420 340
81CQ0 % 9C0 810 735 675 5s0 505 405
94500 Ilea 1050 945 860 790 675 590 475

3276S 410 365 330 300 275 235 205 I 65
3s229 480 425 3s0 350 320 275 240
49152 615 545 490 445 410 350 305 E

80075 750 670 Soo 545 500 430 375 600
70597 885 790 710 645 590 505 445 355
8,920 ,020 910 820 745 6S5 5s5 510 410
98234 1230 1093 985 895 S20 7C0 615 490

114688 1430 1270 1150 1040 955 820 715 575
39?04 4s+ 435 395 355 330 2so 245 i 95
45@55 575 510 460 415 380 330 2S5 230
58956 735 855 590 535 490 420 370 295
72057 900 800 720 S55 600 515 450 WI
S5159 1060 945 S50 775 710 810 530 425
98260 1230 1090 985 Ss5 820 700 %15 490

117912 1470 1310 11s0 1070 980 MC 735 590
137564 1720 1530 1380 1250 1150 985 S60 690

46656 585 520 465 425 390 335 290 235
54432 680 605 545 495 455 390 340 270
699s4 875 780 700 635 585 5m 435 350
85536 1070 950 S55 7s0 715 610 535 430

1010s0 1260 1120 1010,W ,,7 ~ ,9&O 840 720 630 505
11=4 o Idea 970 835 730 585
139968 1750 Is&l 14C”I 1270 7170 low 875 700
1632’36 2040 1810 1630 14SO 1360 1170 1020 815

54s72 685 610 550 5C0 460 390 345 275
64017 800 710 640 580 535 455 400 320
82308 1030 915 750 590 515 410

i CJ3599 1260 1120 1: : 915 :: ; 720 630 505
118889 14S0 1320 1160 1080 990 850 745 595
137180 1710 1520 1370 1250 1140 9sO 8556 35
164616 2060 1830 1650 15CO 1370 71Pa 1030 825
192052 24W 2130 1920 1750 16CO 1370 1200s+ o

‘Coefficient 10 introduced to reduce magnitude of relative stirfnesa values

‘“Center-to-center distance between supports
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exact loading pattern is not known, the most demanding sets of design forces must be investigated. F@n’e 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 loadlng pattern(1) with full live load on afl spans for maximum positive and negative
moments.

(b) When the service live-to-dead load ratio exceeds three-quarters, loading patterns (2) through (4)
need to be considered to determine all maximum moments.

Columns
assumed fixed

w~ + WQ

A ‘ B c D

(1) Loading peftern for moments in all spans (l_/Ds 3/4)

(2) Losding pattern for negative moment at supportA
and positive moment in span AB

W,j+ w~ Y

I wd
I

A B c D

(3) Loading pattern for negetive moment at suppotl B

(4) Loading pattern for positive moment in span BC

Figure 2-9 Partial Frame Analysis for Gravity Loading
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2.4.3 Design Moments

When determining moments in frames or continuous comtmction, the span length shafl be taken as the dktance
center-to-center of supports (ACI 8.7,2). Moments at faces of supports maybe 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, whkh 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 moments from the frame anafysis can be reduced by w“ ti6. A companion?
reduction in the positive moment of w“~zafl2 can also b,emade.

Changf

Modified
\

Computed fro~
analysis

Ii

t

(A) = Theoretical ~ moment including stiffening effect of column support
(B = Computed ~ moment ignoringl stiffening effect of column suppoti

)(C = Modified moment at face of column

~ = UnifOmly distributed factored load (pIf)
= span length center-to-center nf supports

c ~ yjdth of column support
a

Figure 2-10 Correction Factors for Span Moments2’3

2.4.4 Two-Cycle Moment Distribution Anslysis for Grsvity Loading

Reference 2.3 presents a simpfiiled two-cycle method o,fmoment distribution for ordkrmy building frames. The
method meets the requirements for an elastic anafysis cailed for in ACI 8.3 with the simplifying assumptions of
ACI 8.6 through 8.9.

The speed andaccumcy of thetwo-cycle method will be uf great assistance to designers. Forarr in-depth dkcussion
of the principles involved, the reader is directed to Reference 2.3.

2.5 COLUMNS

hr general,columns must be designed to resist the axial loads and maximum moments fromtbe combination of gravity
and lateral loading.
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For interior columns supporting two-way construction, the mazimum column moments due to gravity loadiig can be
obtained by usingACIEq.(13-4) (unless a general analysis is made to evahrategravity load moments from alternate
span loading). Whfr the same dead load on adjacent spans, tfds equation cm be written in the following form

Mu= 0.07[wd(f; - I?;)+ 0,5wg/:]/2

where:

wd = uniformfy distributed factored dead load, psf
WI = unifor’mfycfktr’ibutedf~tOred live 10ad (includlng any live load reduction; see Section 2.2,2), psf
0. = clear span length of longer adjacent span, ft
t“’ = clear sparr length of shorter adjacent span, ft
02 = length of sparr transverse to 0“and In’,measured center-to-center of supports, ft

For equaf adjacent spans, this equation further reduces to:

Mu= 0,07(0,5w& )12= 0.035w&2

The factored moment M. can then be distributed to the colmnns above and below the floor in proportion to their
stiffnesses. Since the columns will usually have the same cross-sectional area above and below the floor rmder
consideration, the moment will be distributed according to the colrmm lengths.

2.6 LATERAL (WIND) LOAD ANALYSIS

For fmmes without shear walls, the lateral load effects of wind must be resisted by the “unbraced” frame, For low-
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 arralysisrequirements of the code (ACI 8.3). The two methods differ in ovemfl approach. The Portal Method
considers a vertical slice through the entire buildbrg along each row of colmmr lines, The method is well suited
to the range of building size arrd height considered in this mamraf, particularly to buildkrgs with a regular
rectangular floor plan. The Joint Coefficient Method considers a horizontal slice through the entire buildhrg, one
floor at a time, The method can accommodate irregukw floor pkms, arrdprovision is made to adjust for a wind
loadlng that is eccentric to the centroid of all joint coefficients (centroid of resistarrce). The Joint Coefficient
Method considers member stiffrresses, whereas the Portal Method does not.

The Portal Method is presented in this manual because of its simplicity and its intended application to .buildlngs
of regular shape, If a building of irregular floor pkrrris 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-dlmensiorral frame consisting of a line of columns arrd their connecting
horizontal members (slab-beams), with each frame extending the full height of the building. The fmme is
considered to be a series of portal units. Each portal unit consists of two story-high columns with connecting slab-
beams, Points of corrtraflexure are assumed at mid-length of beams arrd mid-height of colrumrs. F@e 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 betwcerrthe three portal units. Consequently, the shear irrthe interior columrrsis
twice that in the exterior colmnrrs. In general, the magnitude of shear in the exterior column is W/2n, and in an irrterior
column it is W/n, where n is the number of bays. For the case shown with CC@ sparrs,axial load occurs only in the
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exterior columns since the combmed tension and compression due to the portal effect results in zero axial loud in the
interiorcolumns. Under the assumptions of this method, however, a frameconfiguration with unequal spans willhave
axial load in those columns between the unequal spans, as well as in the exterior columns. The general terms for axial
load in the extmior columns in a frame of n bays with unequal spans is:

Wh
~ uod ~,& = length of bay n
2rr!l “

The axial load in the first interior column is:

Wh Wh—.—
2n/~ 2n42

and, in the second interior column:

—-—

~S~

Y6 X.o
+

Z.o Y&l
!,=!~=!~=l

● Assumed inflection point at mid-length of members

lj7’T’’T’y
J :1 :1

6#

Figure 2-11 Portal Method



Column moments are determined by multiplying the column shea with one-half the colurnrrheight. Thus, forjoint
Bin Fig, 2-11, the column moment is (W/3) (b/2)= Wh/6. The column moment Wb/6 must be brrkmcedby equrd
moments in beams BA and BC, as shown in Fig. 2-12.

L! ~

Figure 2-12 Joint Derail

Note that the balancing moment is divided eqwdly between the horizontal members witbout considering their
relative stiffuesses, The shear in beam AB or BC is determined by dhidlrrg the beam end moment by one-haff
the beam length, (Wb/12)/(U2) = Wfr/6!.

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

2.6.2 Examplea: Wind Load Analyaes for Buildings #1 and #2

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

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

(1) Determine the shear forces in the columns

For the exterior columns:

3rd story: V = 11.2 klps/6 = 1.87 klps

2nd story: V = (11,2 kips + 20.9 kips)/6 = 5,35 kips

1st story: V = (11,2 klpS + 20,9 kipS + 19.1 kips)/6 = 8.53 !@

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:

X&f= O 11.2 (13+ 6.5) +20.9 (6.5) -P (90)= O

P = 3.94 klps

For thk frame, the axial forces in the interior columns are zero,
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.& P = 0.81

-P--

:
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0 M = 34.8
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.& y ;%:

Sheer forces and axial forces afi
in Idps, bending moments are in
ft-kips

M= 12.2
V = 0,81

v = 3,74
;:M,::

M = 47.0
V=3,13

V=1O,7
M = 69.6
P = 0.00

M = 90.3
v = 6.02

v= 17.1
pl:;:;o

30-0”

M=12.2
V = 0.81

v = 3.74
~:d:f

M = 47.0
V=3.13

V=1O.7
M = 69.6
P = 0,00

M = 90,3
V = 6.02

V=17.I
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P = 0.00

M=12.2
V = 0.81

V= I.87
!lGl:f

M = 47,o
V=3.13

v = 5.35
M = 34.6
P = 3.94

M = 90.3
V = 6.02

V = 8.53
M = 55.5
P = 9.96

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

(3) Determine themoments inthecolumns:

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 = 5.35(13/2) =34.8 ft-Iips

(4) Determine theshears andtbemoments inthebemls:

~esequatities can reobtained bysatisfying equilibrium ateachjoint. Free-body dlagramsfortbe 2nd
story are shown in Fig. 2-14.

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

XM=O: ll.2(39) +20.9(26) +19.1(13) -9.96(90) -2(55 .5+lll.O)=O (checks)

IrIa similar marmer, the wind load anrdyses for m interior frame of Building #2 (5-story flat plate), in both the N-
S mdE-Wdlrections areshown in Figs.2-15md 2-it;, respectively. Thewind loads predetermined infection
2,2.1.1.



I

F
ig

ur
e

2-
14

Sh
ea

r
F

or
ce

s,
hi

al
F

or
ce

s,
at

i
B

en
di

ng
M

om
en

ts
at

2&
St

oV
of

B
ui

ld
in

g#
l



Simplified Frame Analysis 2-21
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Figure 2-15 Shears, Moments, andkial Forces Resulting from Wind badsforan Interior Frame of
Building #2 in the N-S Direction, using the Portal Method
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Figure 2-16 Shears, Moments, and Axial Forces Resultingfiom Wind Loads for an Interior Frame of
Building #2 in the E-W Direction, using the Portal Method

For co~fJw purposes, the three frames shown in Figs. 2-13, 2-15, and 2-16 were analyzed using PCA-
Frame. Fgure 2-17 shows the results for an interior frame of Buildkrg #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 in.

Beams =36 X 19.5 in

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

*Mzxinrum valuss are shown for c?achmember.
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Figure 2-17 Shears, Moments, andAxial Forces Kesultingfrom Wind Loads foran Interior Frameof
Building #1 in the N-S Direction, using PCA-Frame.

* Similarly, Figs. 2-18 arrd2-19 show the results for aminterior frame of Buildhrg #2 with wind loads in the N-S
and E-Wdirections, respectively. In bothcases, tfrefc,llowing member sizes wereused

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

Slab width= 120in. (width ofcolmmrs trip)
thkkness = 9 in,

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

Throughout the remuining chapters, the results obtained from the Portal Method will be used when designing the
members.
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Figure 2-18 Shears. Moments, andAxial Forces Resulting from Wind badsforan Int.rio. Frameof
Building #2infhe N-S Direction, using PCA-Frame,
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Figure 2-19 Shears, Moments, and Axial Forces Resulting from Wind badsforan Interior Frameof
Building #2 in the E- W Direction, using PCA-Frame
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Simplified

Chapter 3

Desian for Beams and Slabs

3.1 INTRODUCTION

The simplified desi n a proiich for proportioning beams and slabs (floor and roof members) is based in part on
publidredarticles?q-3$ and m part on simplified design aid material pnblished by CRSI.3”4’3’7 AddhionaJ data
for design simplification are added where necessary to pruvide the designer with atotal simplified design approach
for beam 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 AC1 318-89 (Revised 1992) code requirements for both
member strength and member serviceability. The simplified methods will produce sfightly more conservative
designs withhr the finritations noted. All coefficients are based on the Strength Design Method, using appropriate
load factors and strength reduction factors specified inACI318. 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 ~d fy = 60,000 Psi:

modulus of elasticity for concrete E, = 3,600,000 psi (ACI 8.5.1)
modulus of elasticity for rebars E, = 29,000,000 psi (ACI 8.5.2)
bafanced reinforcement ratio pb = 0.0285 (ACI 10.3.2)
minimum reinforcement ratio (beams, joists) Ptin =0.0033 (ACI 10.5.1)
minimum reinforcement ratio (slabs) Pmin ‘0.0018 (ACI 7.12.2)
maximum reinforcement ratio pmax ‘o.75pb=o.0214 (ACI 10.3.3)
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3.2 DEPTH SELECTION FOR CONTROL OF DEFLECTIONS

Deflection of beams and one-way slabs need not be computed if the overall member thickness meets the minimum
specified in ACI Table 9,5(a). Table 9.5(a) maybe simplified to four values as showa in Table 3-1. The quantity
t“ 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-wav Slabs Minimum h

Slmpla Span Beams or Joists’ & /16

Continuous Beams or Joists &II S.5

Simpla Span Slabs” & /20

Continuous SIaba n[ 124

●Minimum thickness for cantilevers can be considered equal to Wrce that for a simple span.

Deflections are not fikely to cause problems when overall member thickaess meets or exceeds these values for
uniform loads cormnonly used in the design of buildings. The vafues are based prirrrarily on experience and are
not intended to apply in special cases where beam or slab spans may be snbject to heavily dktributed loads or
concentrated loads. Also, they are not intended to apply to members supporting or attached to nonstructural
elements likely to be darnaged by deflections (ACI 9.5.2.1). For roof beams and slabs, the values are intended
for roofs subjected to normal snow or constnrction live loads only, and with nrinimal water pending or drifting
(snow) problems.

30
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or joist 3

~

z 20
/

: co ltinuousI beams
~
.2 15

or joists

E
E

3ir lple spa n slabs
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o
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Figure 3-I Minimum Thicknesses for Bearrrs and One-Way Slabs

prudent choice of steel percentage caa 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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moment regions does not exceed approximately one-half of the maximum vahre permitted (p ~ 0.5prom). For f;
= 4000 psi and fy = 60,000 psi, one-half of pmm 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 -(~ 2.5 in,)
For joists and slabs d=h-(=1.25 in,)

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 arrdfY= 60,000 psi), the balanced reinforcement ratio pb = 0.0285.
As noted above, deflection problems are rmely encountered with beams having a reinforcement ratio p equal to
about one-half of the maximum permitted.

Set p = 0,5pmu = 0.5(().75Pb) = f).375pb = 0.375(0.0285) = 0.0107

M. =OA,fy(d – a/2) = ~pbdfy(d – a/2)
a = A~fy/0.85f;b = pdfy / 0.85f~

Mu /~bd2 = pfy (1–
o.5pfy ~
~)= n

c

o,5pfy
R“=pfy(l– —

0.85f: )

=0.0107 X 60,000 [(1– 0“5x 0“0107x 60’000)]
0.85 X 4000

=581 psi

. MUX12X1000
bd2,@ =&=—— = 22.9MU

0.9 X 581
For simplicity, set bdzqd = 20MW

For f; = 4000 psi aud fy = 60,000 psi:

bd2(p a 0.5Pmm) = 20MU*

.

A similar sizing equation carrbe derived for other material strengths.

Wkfr factored moments M. and effective depth d kuowrl, the required beam width b is easily determined using
the sizing equation bd2 = 20MW When frame moments vary, b is usuafly determined for the member which has
the largest Mu; for economy, this width may be used for afl similar members in the frame. Since slabs are designed
by using a l-ft strip (b= 12 in.), the sizing equation can be used to check the initial depth selected for slabs; it

simplifies to d = 1.3 &.

*Note: The above sizing equation is in mixed units: Mu is in ft-kips and b and d are in inches.
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If the depth determined for control of deflections is shallower than desired, a larger depth maybe selected with
a corresponding width b determined from the above sizing equation. Actually, any combination of b and d could
bedeterrninedfrom the sizing equation with theonlyrestriction being thatthefinal depth selected must be greater
than that required for deflection control (Table 3-1).

It is important to note ~hatforminimumbearn size with rnaximumreinforcement (p = 0.75pb, = 0.0214), the sizing
equation becomesbd tin= 13M..

3.3.1 Noteeon Member Sizing for Economy

● Usewhole inches foroverall beam dimensions; slabs maybe specifiedirr 1%-irr.increments.

● Use beam widths in multiples of 2or3 inches, srrchas 10, 12, 14, 16, 18, etc.

. Useconstarrt beam size from span to span andvary reinforcement as required,

● Usewideflatbearns (same depth asjoist system) rather than rramowdeepbearns

● Use beam width equal toorgreater than thecolrrnur width.

● Useuniform width anddepth of beams throughout the buckling.

See afso Chapter 9 for design considerations for economical forrnwork.

3.4 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 10of Reference 3.5. Arrapproximate linearrelationshlp between Rnand p can be described by an equation
in the form MJhd2 = p (constant), which readily converts to As = M./$d(constant). This linear equation for As
is reasonably accurate up to about two-thirds of the maximum p. For f; = 4000 psi and p = % pm, the constant
for the linear approximation is:

-F-l’*F0”5(2’3:’:4
Therefore,

A,= MU Mu M M“— .—
$d(constarrt) = 0.9 x 4.37x d = 3.9~d - 4d

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

MU**

A,=—
4d

For afl values of p c Y3pmax,the simplified A, equation is slightly conservative. The maximum deviation in A,
is less than A 10% at the minimum and maximum permitted tension steel ratios.3”6 For members with
reinforcement ratios in the range of approximately 170to 1.5qo,the error is less thrm 3%.

~~ToconvertM. j+omft-kips to in.-kips.
Note: Thisequationis in mixedunits: M. is inj%kips,d is in in. and A, is in sq in.
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The simplified A, equation is applicable forrectangtdarcross 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 0.75pb (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 A, be computed for a T-shaped compression zone.

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

~ – AsfY
0.85f;be

where be= effective width of slab as a T-beam flange (ACI 8.10).

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

3.5 REINFORCING BAR DETAILS

The minimum and maximum number of reinforcing bars pemritted in a given cross section is a function of cover
and spacing requirements given in ACI 7.6.1 arrd 3.3.2 (tilmum spacing for concrete placement), ACI 7.7.1
(minimum cover for protection of reinforcement), ad ACI 10.6 (maximum spacing for coutrol of flexrmd
cracking). Tables 3-2 and 3-3 give the minimum arrd 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 kipshn.)
Sar
Size Beam width, bw (in.)

10 12 14 16 16 20 22 24 26 26 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
#lo 2 2 2 2 3 3 3 3 4 4 4
#11 2 2 2 3 3 3 3 4 4 4 4

1 (
EXTERIOR EXPOSURE (z= 145 kipsfin.)

Bar
Size Seam width, bw (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 4 5 5 6 6
#8 2 3 3 4 4 4 5 5 5 6 6
#9 ‘“ 3 3 4 4 5 5 5 6 6 7
#lo “ 3 3 4 4 5 5 6 6 6 7
#11 “ 3 “’ 4 5 5 5 6 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 control is greater than maximum permitted based cmclear spacing.
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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:

b~(c, +d, + 0.5db)2n=
57.4

● for exterior exposure:

~ = b~(c, +d, + 1).5db)2

32.7

Table 3-3 Maximum Number of Bars in a Single Layer

I Maximum size coarse aqqreqate-?J4 in,
Rsr--,
Bize Beam width, bw (in.)

10 12 14 16 18 20 22 24 26 26 30
#5 3 5 6 7 8 10 11 12 13 15 16
#6 3 4 6 7 8 9 10 11 12 14 15
#7 3 4 5 6 7 6 9 10 11 12 13-

#8 3 4 5 6 7 8 9 10 11 12 13
#9 2 3 4 5 6 7 8 8 9 10 11
#lo 2 3 4 4 5 6 7 8 8 9 10
#11 2 3 3 4 5 5 8 7 8 8 9

Maximum size coaree aagregata--l in.
Bar
Size Beam width, bw (in.)

10 12 14 16 18 20 22 24 26 28 30

#5 3 4 5 6 7 8 9 10 11 12 13
#6 3 4 5 6 7 6 9 10 10 11 12
#7 2 3 4 5 6 7 8 9 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
#lo 2 3 4 4 5 6 7 7 6 9 10
#11 2 3 3 4 5 5 6 7 8 6 9

w1l/z” min.
clear to

Cs ds
#3 stirrup with #5 &

stirrups #6 bars

(ACI 7,7,1)
[

~s 314”for #3 stirrups

#4 stirrup with 1” for #4 stirrups
db #7-#11 bars

r

,~

[

, ,(
Minimum = largest of d
clear epace ($.33) (max. aggregate size)

Figure 3-2 Cover and Spacing Requirements for Tables 3.2 and 3-3
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where bw = beam width, in.
c, = clew cover to stirrup, in.
d, = dhmeter of stirrap, in.
db = dlarneter 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(c, + d, + r)n=l+
(IIIhIkIUMII clear space)+ db

where

{

r= ~in. for#3stimaps ~AC1 ~,2,2)

1in. for # 4 stirrrrps

The minimum clenr 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 vafues should be rounded down to the next whole
number.

For one-way slabs, maximum reinforcement spacings (measrrredcenter-to-center of parallel bars) to satisfy crack
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 5h or 18 in. (where h = tilckness 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). As noted in Chapter4, this same tilmum area of’steelapplies for flexurnf reinforcement in each dkection
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.)

Bar
(z = 156 kipdin,)

I
! Size I Cover (in.) I Cover (in.) I

314 1 ,.1, 2 3/4 1 ,.1, 2
#4 -- 14.7 7.5 4.5 -- -- 13.3 so
#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.s 6.S
#6 14,7 10.2 5.s 3.’7 . . .. 10.2 6.5
#9 13,3 9.4 5.4 3.5 -- 16,6 9.6 6.2
#lo 12,0 S.6 5.0 3.3 -- 15,2 S.9 5.9
#l 1 10,9 7.9 4.7 3.1 -- 14.0 B.4 5.6

‘Valid for f~ = 0,6fY = 36 ksi, and single layer of reinforcement. Spacing should not exceed 3 times slab

thickness nor 18 i“. (ACI 7.6.5). No value indicates spacing greater than 18 in.
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Table 3-5 Temperature Reinforcement for One-Way Slabs

rSlab TThickness AS (r~q’d)’ Suggested
h (in.) (in, ft) Reinforcement”

3-lk 0.08 #3@16

4 0.09 #3@15
4-l@ 0.10 #3@13
5 0.11 #3@12
5.1/2 0.12 #4@ls
6 0.13 #4@ls
6.1/2 0.14 #4@17

m
‘A. = 0.001 Sbh = 0.022h fACl 7.1 2.2).
“’for minimum moment r~nforcemeit, bar spacing must not exceed 3h or 1S in
7.6.5). For 3 1A in. slab, use #3@ 10 in.; for 4 in. slab, use #3@ 12 in.; for 5>2 in

use #3@ll in. or #4@16 in.

Table 3-6 Total Areas of Bars—A~(in.2)

I I I N,,mhernf hnrs I

Bar Bar diameter
size (in.) 1 2 3 4 5 6 7 s

#3 0.375 0.11 0.22 0.33 0.44 0.55 0.66 0,77 0.68
#4 0.500 0.20 0.40 0.60 0.s0 1.00 1.20 1,40 1,60
#5 0.625 0.31 0.62 0.93 1.24 1.55 1.S6 2.17 2.4S

1.32 1.76 2.20 2.64 3.06 3.52#6 I 0.750 I 0,44 I 0,66 I
a7 nn7K I nm I im,,, “.-r “ , “,”” ,-” 1.60 2.40 3,00 3.60 4.20 4.60
#6 1.000 I 0.79 1.5s 2.37 3.16 3.95 4.74 5,53 6.32
#9 1.12s 1.00 2.00 3.00 4.00 5.00 6.00 7.00 S.oo
#1 o 1.270 I 1.27 2.54 3.s1 5.08 6.35 7.62 8.89 10.16

4.6S 6.24 7.60 9.36 10.92 12,46I #11 I 1.410 I 1.56 I 3.12 I

(ACI
slab,

Table 3-7 Areas of Bars per Foot Width of Slab-A~ (in.%)

Bar Bar spacinq (in.)
size 6 7 8 9 10 11 12 13 14 15 16 17 1s

#3 0.22 0.19 0.17 0.15 0.13 0.12 0.11 0,10 0.09 0.09 0.0s 0.0s
#4

0.07
0.40 0.34 0.30 0.27 0.24 0.22 0.20 0.1s 0.17 0.16 0.15 0.14

#5
0.13

0.62 0.53 0.46 0.41 0.37 0.34 0.31 0.29 0.27 0.25 0.23 0.22 0,21
#6 0.ss 0.75 0.66 0.59 0.53 0.48 0.44 0.41 0.38 0.35 0.33 0.31
#7

0.29
1.20 1.03 0.90 0.s0 0.72 0.65 0.60 0.55 0.51 0.4s 0.45 0.42 0.40

#s 1.5s 1.35 1,18 1.05 0.95 0.S6 0.79 0.73 0.68 0.63 0,59 0.56 0.53
#9 2.00 1.71 i .50 i .23 i .20 1.09 t .00 0.92 0.8C 0.80 0.75 0.71 0.67
#1 o 2.54 2.1s 1.81 1.69 1.52 1.39 1.27 1.17 1.08 1.02 0.95 0.90 0.65
#11 3.12 2.67 2.34 2.08 1.87 1.70 1.56 1.44 1.34 1,25 1.17 1,10 1.04

3.6 DESIGN FOR SHEAR REINFORCEMENT

In accordance withACIEq.(11-2), the total shear strength is the sum of two components: shear strength provided
by concrete ($VJ and shear strength provided by shear reinforcement (~V,). Thus, at any section of the member,
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Vu< QVC+ QV,, Using the simplest of the code equations for shear strength, specific vnfues can be assigned to

the two resisting components for a given set of material parameters nrrd a specific cross section, Table 3-8
summarizes ACI 318 provisions for shear design.

Table 3-8 ACI Provisions for Shear Design’

Required area of stirrups, Av”’

Stirrup spacing, s

Required

Recommended

Minimumt

Maximumtt
(ACI 11.5.4)

—

—

—

‘Members subiected to shear and flexure onlw tIV, = ti,-
“’A. = 2 X A~ ior U stirrup+ fy <60 ksi (ACI l’1’,5,2)
tA DraCfiCalKmitfor minimum sDacing is d14

&
50bW

—

d
~0r24in,

v“ > Iplc

4 in.

~or 24 in.for (Vu – $VO)s $~ bwd I
~or12in, for(Vu -$Vc)>$4~bWd

I&qd, $= 0.65 (ACI 11,3.1.1)

itMaximum spacing based on minim-urnshear reinforcement (= A.fY150bW)must also be considered

(ACI 11 .5.5.3).

The selection and spacing of stirmps cm be simplified if the spncing is expressed as a function of the effective
depth d (see Reference 3.3), According to ACI 11.5.4,1 nnd ACI 11.5,4,3, the practical limits of stirrop spacing
vaq froms = d/2 tos = d/4, since spacing closer than d14is not economical. With one intermediate spacing at
d/3, the calculation arrdselection of stirrup spacing is greatly simplified. Using the three standard stirrup spacings
noted above (d/2, d/3, and d/4), a specific vafue of I$V,can be derived for each stirTupsize and spacing as follows:

For vertical stirrups:

~v, = @A,fYd
ACIEq.(11.17)

s

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

I$JV,= @A,fYn

Thus, for #3 U-stirrups @ s = d/2 with fy = 60,000 psi rmd ~ = 0.85:

~V, = 0.85(0.22)60 X 2 = 22,44 kips, say 22 kips

The values of $V, given in Table 3-9 maybe used to select shear reinforcement with Grade 60 rebars.
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Table 3-9 Values of $rV, (fY= 60 ksi~

s #3 U-stirrups #4 U-stirrups #5 U-stirrups

d12 22 kips

rf/3

40 Irips

33 Irips
63 kipS

61 kipS

d14 45 kips
94 kips

S1 Idps 126 kipS

‘Valid for stirrups with 2 legs (double the tabulated values for 4 legs, etc.)

It should be noted that these values of ~V, are not dependent on the member size nor on the concrete strength. The

following design valnes are valid for f: = 4000 psi:

Maximum(QVc + QV,) = $dO~ b~d = 0.54 b~d (ACI 11,5.6,8)

$V, = r)2& b~d = 0.11 bwd (ACI 11.3.1.1)

QVC/2 = @& bwd = 0.055 bwd (ACI 11.5.5.1)

Joists defined by ACI 8.11:

($VC= r)2.2& bwd = 0.12 bwd (AC18.11.8)

In the above equations, bw aud d are in inches and the resulting shears am in klps.

The design charts in Figs. 3-3 through 3-5 offer arrothersimpfifred method for shear design. By entering the charts
with values of d and (rV,= V. - $Vc for the member at the section under consideration, the required stirrup spacings
cm be obtained by locating the first line above the point of intersection of d amd$IV,.Values for spacings not shown
can be interpolated from the chats if desired. Also given in the charts are values for the minimum practical beanr

widths b~ that correspond to the maximum allowable ~V~= (r8& bwd for each given spacing s; any member

which has at least this rrrinimum bwwill be adequate to carry the maximum appfied Vu. Fig. 3-6 can also be used
to quickly determine if the dimensions of a given section are adequate any member with arr applied Vn which
is less tlrarrthe applicable V.f~UJ can carry thk shear without having to increase the values of bwamf/or d. Once
the adequacy of the cross-section has been verified, the stirrup spacirrg can be established by using Figs. 3-3
through 3-5. This spacing must then be checked for compliance witfr 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 stirmps using design vafues for V,
aud Vs.

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

(2) Calculations: Vu @ column centerline: wu!/2=8x 24/2= 96.0kips

Vu @ face of support 96- 1.17(8)= 86.6 kipS
V. @ d from snpport face (criticaf section): 86.6- 2(8) = 70.6 kipS
($lvc + @v,)mu: 0.54 b~d = 0.54(12) (24)= 155.5 kipS
l$lvc: 0,11 bWd=0.11(12) (24)= 31.7 klpS
+VG12 0.055 b~d = 0.055(12) (24)= 15.8 klpS
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Figure 3-3 Design Chart for Stirrup Spacing, #3 U-Stirrups (2 legs, fp = 60 ksi)” ““
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Figure 3-4 Design Chart for Stirrup Spacing, #4 U-Stirrups (2 legs, & = 60 ksi)”’‘“

*Horizontal line indicates @V,fors = &Z.
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Figure 3-5 Design Chart for Stirrup Spacing, #5-U Stirrups (2 legs, fy = 60 ksi)”’”*
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Figure 3-6 Design Chart for Maximum Allowable Shear Force (G = 4000 psi)

(3) Beam size is adequate for shear strength, sirrce 155.5 kips >70.6 kips (afso 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 $V, = 40 klps >38.9 kips. Length over which stirrups are required is (86.6 - 15.8)/8 = 8,85 ft from support
face.

Check maximum stirrup spacing:

Q4fi bwd = 0,22bWd= 63.4 !+I,

Sirme +V, = 38.9 klps <63.4 klps, the maximum spacing is the least of the foffowirrg:

I

d/2 = 12 in. (governs)

s~~ = 24 in.

AvfYIsobw ’40 in.

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. (rV,for#3 stirrups at d/2, d13,and d/4 nre scaled
vertically from $Vc. The horizontal intersection of the ~V, values (22 klps, 33 klps, amd45 klps) with the shea
diagram automatically sets the dktances where the #3 stirrups should be spaced at d/2, d/3, and d/4. The exact
numerical vafues for these horizontal distances are calculated as follows (although scaling from the sketch is close
enough for practical design):

F
12-0

4

~ Column
~u = 8 kipS/ft

I 1
Q Span

f-’+

I
1.17 2.0

k
Face of
column

96 kipS

66.6 Idps

Slopl

I

I

!
I

~=’~

1 L

4

- d from suppoii face

BkipS/ff

k S=d14 d, ;,;89/3 .,. S.CU2 I
2.74 4.74 4

Figure 3-7 Sirrplified Method for Stirrup Spacing (Example 3.6.1)
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#3 @ d14 = 6 in.: (86.6 - 64.7)/8= 2.74 ft (32.9 in.) use6 @6 in.

@?d/3=8 in.: (64.7 -53.7)/8 =1.38 ft(16.6 in.) use 2@ 8 iu.

@ d/2=12 in,: (53.7 - 15.8)/8= 4.74 ft (56.9 in.) use 5 @ 12 in.

A more practical solution maybe to eliminate the 2 @ 8 in. and use 9 @ 6 in. and 5 @ 12 in.

As an aftemative, 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 klps. The point representing this combination is shown in the design chart.
The line immediately above thk point corresponds to a spacing ofs = 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 dlagrarn is not a cost-effective solution. Design time is more cost-effective when a quick, more
conservative analysis is utilized. Small stirrup sizes atclose 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 nrinimum clearance), an intermediate spacing,
and finally, a maximum spacing at the code limit of d12, Larger size stirrups at wider spacings are mom 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) shafl be provided around
longitudinal reinforcement, and (3) each bend in the continuous portion of the stirrup must enclose a longitudinal
bar. To allow for bend radi at comers of U stirrups, the minimum beam widths given in Table 3-10 should be
provided.

Table 3-10 Minimum Beam Widths for Stirrups

Note that either the #3 or the #&lstirrup 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 beams, where the torsional loading is from an integral slab, two options
me 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 maximnm torsional moment (ACI 11.6.3).

All ACI provisions for torsion design are summarized in Table 3-11. ~k table shonld be nsed 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

Tu<+0.5& ~X2y $0.5~ ZX2y < T. s $T; Tu > $Tc

25b@***
Required area of stfrrups, At”

(T. - $TO)S
None

fY I@z,xlylfy

Atfy t $Atce~x,ylfY
Required —

25bw (T. -$To)

Closed stirrup Mzximumtt
spacing, s ~0r12in.

x, + y,
(ACI 11.6.S.1) —0r12in.

4
Recommended

Minimum — — 4 in.

Required area of longitudinal Larger of eqn. (11 -24) Larger ofeqn.(11 -24)
steel, Al (ACI 11.6.9.3) None or eqn. (11 -25) or eqn. (11 -25)

Maximum spacing of longitudinal
steel (ACI 11.6.6.2) — 12 in. 12 in.

‘Tc=0.8fiXx?y/~1 +(0.4V. /CtTu)2 (ACI1l.6.6.1)

‘“A~=area ofoneleg ofaclosed stirrup fYS60ksi (ACI1l.6.7.4)

“’Thisi aapplicablew henV.S$VJ2. When V,>$VJ2, minimum reinforcement is A.+2A~=5ObWs/fY (ACII1.5.5.5)

‘This inapplicable when V.<$V,J2. When V.=-$V.J2, required spacing is(Av+2At)fY/50bW (ACI1l.5.5.5).

ttMa~imum ~Paci”g based IX minimum torsion reinforcement must alSObe considered.

3,7.1 Beam Sizing to Neglect Toraion

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

moment Tu = @(0.5fiZx2 y). For a spzndrel beam integral with a slab, torsiorraf loadlng may be taken as

uniformly distributed along the spaudrel (ACI 11.6.3.2), with the torsionnl loadhg approximated as t. = 2TU/!per
unit length ofspandrel beam (see Fig. 3-8). Setthemaximum torque T.eqnal tothelititing torque:

Figure 3-8 Torsional Loading orta Spandrel Beam
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Foratwo-way flat plate orffat slab with sparrdrelbeams, the total exterior negative slab moment is equaf to 0.30w
(AC113.6.3.3), where I!&=w&!n2/8 (ACIF.q.13-3); afsosee Chapter 4, Table4-3. Foratwo-way system, the
torsiondmoment@msfemed totiespmdrelperunit length of bemcmbeapproximated astu=O.3OMJ4, Thus,
by equating this t. with the fimiting value above, the required torsional section properties to neglect torsion can
be expressed as:

Wy =
0.30M0

2@(0.5&)

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

b2horh2b= 0“30M~ – 3h$, -,
2$l(o.5jtc )

izizj%!2h+3hs3orb,

ZX2Y= h2b + 3h~3 (h< b)

k b A

Figure 3-9 Torsional Section Properties

Forourselected concrete strength f~=4000psi, this equation simplifies to:

b2h or h2b = 67M0 –3h$

For a one-way slab or one-way joists with spandrel beam support, the exterior negative slab moment is equal to
w,,&2/24(AC18 .3.3). ~isne~ative moment cmalsobe expressed as 0.33M. where W=totil static soanmnment. ..-. L

–r–—––––_–.–....

=w&z/8. ~us, foraone-way system with spm&elbems, sizing toneglect torsion redncesto:

b2h or h2b = 74M0 – 3h$

Tbeabove sizing equations areinmixedunits: Moisinfoot-fcips arrdbaudhare ininches.

Architectural or economic considerations may dictate a smaller sparrdrel size than that required to neglect torsion
effects. Foras~cific floor frating system, botiarchitectird mdeconotic aspects ofalmgerbem size to
neglect torsion versus a smaller beanr size with torsion reinforcement (additional closed stirrups at close spacing
combhedwith longitudinal bars) needs to reevaluated. Ifasrnallerspandrel withtorsionreinforcement isamore
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 Exampla: Beam Sizing to Neglect Torsion

Determine a spandrel beam size to neglect torsion effects for Bnilding#2, Alternate (l)—slab and column framing
with sprmdrel benms.

For N-S spandrels: & =20 ft
QI=24ft
[.=24 - (12+ 16)/(2 X 12)= 22.83 ft
% = 1.4(136) + 1,7(50) = 275 psf

M.= Wu!2L2/8 = 0.275 X 20 X 22.832/8= 358.8 ft-kips

b2h or h2b(required) = 67M0 - 3h,3 = 67(358.8) - 3(8.5)3 = 22,197 in!

Some possible combinations of b rmdh that will satisfy this equation nre tabulated below.

b h(required) possible selection
(in.) (in.) b x h (in. x in,)
12 154.1
14 113.3
16 86.7
18 68.5
20 55,5 20X 56
22 45,9 22X 46
24 38.5 24X 38
26 32.8 26X 34
28 28.3 26X 26
30 27.2 30X 28
32 26.3 32X 26
34 25.6
36 24.8

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

3.7.2 Simplified Dasign 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 integmfly with a floor slab system (where reduction of torsional loading can emu due

to redktibution of internal forces), a maximum torsional moment equal to $(4 &Xx2y/3) may be assumed (ACI

11.6.3).

Using this assumption, simplified design charts for torsion reinforcement can be developed. F&rre 3-10 gives
the required area of closed stirrups per inch, A,/s, as a function of b~ and h. The figure is based on ACI Eqs. (11-
22) and (11-23), assuming #3 closed stirrups with 1 kin. clear cover W around and a5 in. slab thlckrress (tilmum

F’permitted per ACI 9.5.3).* The shenr stress V./hWd in Eq. (11-22) was set eqnal to 8 fc, I.e., the maximum
allowed valne,”” Maximizing VJlrWd results in minimizing Tc, and thus, maximizing AJs. Consequently, this
figure will yield conserwtiva values nf AA when the actual V./b-d is less thsrr the msximnm. The vslnes of At/
s in Fig. 3-10 cm be easily adjusted for any V./bWdratio by using Fig. 3-11 and the following equation:

*Using larger siirrup sizes will have a negligible influence on the required At/s. Larger slab thicknesses would require som.wha~
larger values of A,/s; however, this &crease becomes small for larger beams.

— —
*SIn .Pder ~. ,artifi ACI 11.6.9.4 (i.e., T.< 4TC), the section must be large enough so that V./b&S 8 ~f~ when T. = @’~f~ ~2Y/3

(s.. ACIEqs. (11-20) through (11.22)),



3-20 SimplifiedDesign

Areaof Closed Stirrups, A@, in.21in.lleg

h or bw (smaller dimension), in.

Figure 3-10 Torsion Reinforcement (At/s) for Spandrel Beams

At (coefficient in Fig, 3 – 11) At—. x (Y from Fig, 3 – 10)
s 0.9

Figure 3-12 gives the required longitudinal reinforcement &, based on ACI @s. (11-24) and (11-25), again
assuming #3 stirrups, 1 !/zin. cover, and a 5 in. slab thickness. To obtain the maximum Al, the shear stress Vu/

bWdwas set equal to the tilmum value of $& in Eqs. (11-24) and (11-25). Although this figure yields
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Figure 3-11 Coefficients for Determining A,/s for any V#b~

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

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

Fspandrel will be approximately linear from a maximum at the critical section (T” = ~4 fc Xx2y/3) to zero at
midspan. Accordingly, the required area of closed stirrups obtained from the above equation arrdFigs. 3-10 aud
3-11 maybe reduced linearly toward rnidspan, but not to less tharrthe 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
thatrequiredforall other forces (ACI 11.6.7). In particular, thetotafrequired areaperleg and spacing for the closed
stirrups is:

XAv,t = A, ; At

s 2s s
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Area of Longitudinal Bars, Aj, in.2

Y8.

~

~~’4
f’c = 4 ksi
fy = 60 ksi

b

I5“

h or ~ (smaller dimension), in,

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

Note that At refers to one leg of a closed stirrup while A, refers to two legs. Assuming as before that T. =

$4 &Xx2y/3, the quantity AJs can be determined using Figs.3-10and3-11, and Av/2s can b. obtained from Fig,

3-13. The cnrves in Fig. 3-13 are based on ACI Eq, (11-5) which is vahd whenever T. >1$0.5&Xx2y. All

muximum spacing criteria shonld be checked. Additionally, the longitudinal torsional reinforcement is to be
combined with that required for flexure,
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Figure 3-13 Required Shear Reinforcement (A, L2s), 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 - 2.5= 17.5 in. = 1.46ft
!.= 24- (12/12)= 23.Oft
beam weight = 1.4 (12 X 20 X 0.150/144)= 0.35 kips/ft
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w. from slab= 1.4(136)+ 1.7(50)= 275 psf

Tributary load to spandrel (!Aparrel width) = 275(20/2) = 2.75 kips/ft
beam =~
Total WU =3.10 kips/ft

Check for fire resistance

From Table 10-4, for a restrained beam with a width greater tbarr 10 in., Y4 in. cover is required for two hour fiie
resistrurcerating. That is less thau the minimum required cover in ACI 7.7; therefore, section is adequate for fire
resistance.

(1) Determine V@Wd and check if section is adequate to carry the torsion

Vu at face of suppmt = wu&/2= (3.10 X 23)/2 = 35.7 klps
Vu at dktance d from support = 35.7- 3.10(1.46) = 31.2 klps
VU/bWd= 31,200/(12 X 17.5) = 148.6 psi

Since 148.6 psi <8 4000 = 506 psi, the beam is large enough to carry the torsion.

(2) Determine At/s from Figs. 3-10 and 3-11

From Fig. 3-10 with bW= 12 in. arrd h = 20 in., At/ss 0.020 in.2/in,/feg.
From Ilg. 3-11 with Vu/bMI= 148.6 psi, the coefficient ~ 0,61.

Therefore,

At 0.61
required — = ~ (0.020)= 0.014 in.z / in./ leg

s

(3) Detersnine Av/2s from Fig. 3-13

Wkh V./bWd= 148.6 psi and b~ = 12 in., required Av/2s ~ 0.009 in.2/in./leg.

(4) Determine total stirrup area required for shear and torsion

A~/s+ A,/2s = 0.014 + 0.009 = 0.023 in.2/in./feg

Check minimum stirmp area (ACI 11.5.5.5):

Av/2s + At/s = 25bW/fY= 25 X 12/60,000= 0.005 in.2/in./leg <0.023 in.2/in./leg O.K.

Required spacing of closed stirrups:

For a #3 stirnrp(Ab=0.11 in.z), required spacings= ~=4,8 in.

For a #4 stirrup (Ab = 0.20 irr,z),required spacings=
0.20

—= 8.7 in.
0.023
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(5) Check maximum spacing (ACI 11.6.8.1 and 11.5.4.1)

For#3stirmps: xl=12-3.375 =8.625 in,
yl = 20-3.375 = 16.625 irr.
(XI+ yI)/4 = (8.625 + 16.625)/4 = 6.31 in. <12 in.

For #4 stirrups: xl = 12 -3.5 = 8.5 in.
yl =20 - 3,375= 16.625 in.
(XI+ yI)/4 = (8.5 + 16,5)/4 = 6.25 in. <12 in.

d/2 = 17,5/2= 8.75 in

Use #4 closed stirrups @ 6 in. on center.

(6) Determine the required area of longitudinal bars, A!, from Fig. 3-12

Forh = 20 in. arrdbw= 12in.: Als 1.10 irr.z

Place the longitudhl bars around perimeter of the closed stirrups, spaced not more than 12 in. apart, rmdlocate
one longitudinal bar in each comer of the closed stirrups (ACI 11.6.8.2). For the 20 in. deep beam, one bar is
required at mid-depth on each side face, witfr1%of the total & reqnired at top, mid-depth, and bottom of the closed
stirrups. Ag/3= 1.1/3 = 0.37 in.z. Use 2-#4 bars at mid-depth (one on each face). Longitudinal bars required at
top and bottom may be combined with the flexnral reinforcement.

Details for the shear arrdtorsion reinforcement (at the support) are showrr in Fig. 3-14. The closed stirrups may
be reduced toward rnidspan, but not less than the tilmum amount required by ACI 11.5.5.5. The two-piece
closed stirrup detail shown in the figure is recommended for sparrdrel beams (see Section 3.7.3).

v!“:~0.37 in.2 + A8(required for flexure)

<

$
2-#4

#4 closed stirrups @ 6 in. O.C.

0,37 in.2 + As(required for flexure)

‘a
Figure 3-14 Required Shear and Torsion Reinforcement (Example 3.7.2. 1)

3.7.3 Closed Stirrup Detaile

The requirements for closed stirrups are given in ACI 7.11.3 arrd are depicted in Fig. 3-15
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‘F’’:”ndeg”h”ok n,
~j ~j r..,,..

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 irrthe field. Also,
neither of these closed stirmps is considered effective for members subject to high torsional loading. Even though
spandrel beams are usnally subjected to low torsional Ioadbr from an integral slab, it is recommended that the

3%two-piece closed stirmp detail shown in Fig. 3-16 be nsed.

Confinement

1

J]

. --------- -------------- _

Inl

--------

;~;
I

Confinement one side
(spandrel beam with slab)

Figure 3-16 Recorrurrerrded Two-Piece Closed Stirrap Detai13’8

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 aud slabs. Typical floor members for the one-way joist floor system of Buildlrrg #1 are designed.

3.8.1 Exsmple: Design of Stsndsrd Psn Joists for Alternste (1) Floor System (Building #1)

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

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

Required fire resistarrce rating= 1 hour

Floor system - Alternate (1): 30-in. wide starrdardparrjoists
width of spandrel beams =20 in.
width of interior beams = 36 in.
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Note The special provisions for starrdardjoist construction irr ACI 8.11 apply to the part joist floor system of
Altemrdc (1)

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

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

w“ = [1.4(130) + 1.7(60) = 284 pSfl X 3 ft = 852 plf

Note: Allsheaand negative moment values areatface ofsnppofiingbeas.

Vu @ spandrel beams = 11.7 kips
Vu @ first interior beams = 13.5 kips

-M. @ spandrel beams = 26.8 ft-kips
+MU@ end spans = 46.0 ft-klps
-Mu @ first interior beams = 63.1 ft-klps
+Mu @ interior spaus = 38.8 ft-lcips
-MU@ interior beams = 56.5 ft-kiPS

(3) Prelirninrny size of joist rib and slab thickness

From Table 3-1: depth of joist h = &/18.5 = (27.5 X 12)/18.5= 17.8 in

where to (end span) = 30- 1.0-1.5 = 27.5 ft (governs)
0. (interior span)= 30-3 = 27.0 ft

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

Minimum slab thickuess 2 30/12 = 2.5 in. > 2.0 in.

Try 16 in. parr forms”+ 3!4 in. slab

h = 19.5 in. > 17.8 in. O.K.
slab thk4crress= 3.5 in. >3,2 in. O.K.

(4) Determine width of joist rib

(a) Code minimum (ACI 8.11,2):

bw > 16/3,5 = 4.6 in. > 4,0 in.

(b) For moment strength:

b = 20MU 20(63.1)_ 3,8 in
w —= ——

dz 18,252

where d = 19.5-1.25 = 18.25 in. = 1.52 ft

*See Table 9-3 for staruiu-d form dimemions 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 = 74 in, for joists,

(c) For shear strength:

VU@ distanced from support face= 13.5- 0.85(1.52)= 12.2 klps
I$IVC= 1.1(0.1 lbwd) = 0.12bWd*
... b~ = 12.2/(0.12 X 18.25)= 5.6 in.

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

36’
P *

I Joist top bars Slab bara !

@E:’’’9g:: f

:,}.,.’:::.},
,..

B

~: ‘:

,.,.:.’: ‘,’.:,:...;..,:’.
,2 .::::::::: :::.;::;:

,..,,, ,,.,,,,; .,.:,,,...:.

, ‘;;:::::::’:;;;;.

; $’4’;

‘Q

;,.‘::; Bottom bars,,.., ,.,,.,, . . ,.;.
;:*, ; .:,,:

30(’ clear !! 30” clear

Figure 3-17 Joist Section (Example 3,8. 1)

(5) Determine Moment Reinforcement

(a) Top bars at spandrel beams:

~, – M. – 26.8= 0.37 in.z
4d 4(18.25)

Distribute bars uniformly in top slab:

A,= 0.37/3 = 0.122 in.2/ft

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

S- = 3h = 3(3.5) = 10.5 in. <18 in.

From Table 3-7: Use #3 @ 10 in. (As= 0.13 in.2/ft)

(b) Bottom bam in end spans:

A,= 46.0i4(18.25) = 0.63 in?

Check rectangular section behavioc

‘For standard joist ribs conforming to ACI 8.11, a 10% greater shear strength $Vc is allowed Also, minimum shear reinforcement is
not required (see ACI 11.5.5),
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a = A$fY/0.85f~be = (0,63 X 60)/(0.85 X 4 X 36) = 0.31 ia. <3.5 in. O.K.

From Table 3-6: Use 2-#5 (A, = 0,62 in?)

Check p = A,/bWd= 0.62/(6 X 18.25)= 0.0057> ptin = 0.0033 O.K,

(c) Top bars at first interior beams:

A,= [63.1/4(18.25) = 0.86 irr.2]/3= 0.29 in.2/ft

From Table 3-7, with s-= 10.5 in.:

Use #5 @ 10 in. (A, = 0.37 irr?/ft)

(d) Bottom bars in interior spnrrs:

A,= 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?]/3 = 0.26 in?/ft

From Table 3-7, with s~~ = 10.5 in.:

Use #5 @ 10 in, (A, = 0.37 in.2/ft)

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

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

Use MU= w.tn2/12 (see Fig. 2-5)

= 0.21(2.5)2/12= 0.11 ft-kips

where w.= 1.4(44 + 30)+ 1,7(60) = 206 psf = 0.21 kips/ft
[n= 30 in.= 2.5 ft (ignore rib taper)

With bars on slab centerfiie, d = 3.5/2= 1.75 in.

A,= O.11/4(1.75)= 0.02 in.2/ft (but not less than required temperature reinforcement,)

From Table 3-5, for a 3 Y2 in, slab: Use #3 @ 16 in.

Note: For slab reinforcement normal to ribs, space bars per ACI 7.12.2.2 at 5h or 18 in.

Check for fire resistance From Table 10-3, required cover for fire resistance rating of 1 hour =)4 in.
O.K.

(6) Reinforcement details shown in Fig. 3-18 are determined directly from Fig. 8-5.” Note that one of the #5 bars
at the bottom must be continuous or be spliced over the support with a Class A tension splice, and be terminated
with a standard hook at the non-continuous supports for structural integrity (ACI 7.13,2, 1).

‘The bar cut.offpoints shown in Fig. 8-5 are reconwnen&d for one-way joist construction. The reader may consider determining
actual bar lengths using tti provisionsinACI 12. IO.
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Figure 3-18 Reinforcement Details for 30 in. Standard Joist Floor System [Building #l—Alternate (l)]

(7) Distribution Ribs

The ACI Code does not require lateral supports or load distribution ribs in joist construction. Reference 3.7
snggests that 4 in, wide dktribution ribs with at least one #4 biwcontinuous 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 tbau 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 spaa as shown in Fig. 3-19.

3.8.2 Example Design of Wide-Module Joists for Alternate(2) Floor System (Building #l)

(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 honrs.

Floor system - Alternate (2): Assnme 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 stamdardjoist constructioninACI8.11 do not apply for the wide-module joist system
(clear spacing between joists > 30in.). Wide-modulejoists aredesignedasbeams andone-way slabs (AC18.1 1.4).

(2) Determine factored shears and moments using the approximate coefficients of ACI 8.3.3 (see Figs, 2-3,2-4,
and 2-7).

w.= 1.4(130) + 1.7(60)””= 284 psf X 6.25 = 1775 plf, say 1800 plf

Note: All sbea aud negative moment values are at face of suppmting beams.

Vu @ spandrel beams

V. @ first interior beams

Vu @ interior beams

-Mu @ spandrel beams

+M. @ end spans

-M” @ first interior beams

+M. @ interior sprms

-Mu @ interior beams

= 1,8(27.5)/2= 24,8 klpS

= 1.15(24.8)= 28.5 kipS

= 1.8 (27)/2= 24.3 kips

= 1.8(27.5)2/24= 56,7 ft-kips

= 1,8 (27.5)2/14= 97.2 ft-kips

= 1.8 (27.25)2/10= 133.7 ft-kips

= 1,8(27)2/16= 82.0 ft-klps

= 1.8(27)2/11 = 119.3 ft-kips

(3) Preliminary size of joists (beams) 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 (governs)
1“(interior span)= 30-3 = 27.0 ft

Check for fire resistnuce: from Table 10-1, required slab tlrickuess = 4.6 in. for 2-hour rating

Try 16 in. pan forms+ 4-% in. slab

h = 20.5 in. > 17.8 in. O.K.

(4) Determine width of joist rib

(a) For moment strength:

20MU _ 20(133.7) = 8,25 in,
bw=— —dz – ~~,oz

where d = 20.5 -2.5 = 18.0 in. = 1.50 ft

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 = V4in. <1.5 in.
O.K.

*S.. Table 9-3 for standard form dimensions.
**,vo live ~oad ~eductjon ~ermittgd: Al = 12,5 x 30 = 375 $qfr <400 xrft (see Table 2-1).
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(b) For shear strength:

Vu @ distanced from support face= 28.5- 1.8(1.50)= 25,8 kips

@VJ2 = 0.055 bwd’

bw = 25.8/(0.055 X 18.0)= 26.1 in.

Use 9 in.-wide joist (starrdard width) aud provide stirmps where required,
joist is shown in Fig. 3-20.

t

75

A typicaf cross-section of the

7

lid~,,..
1W“ ., ,,

.,.:

L 9 -d T1112,,

Figure 3-20 Joist Section

(5) Determine Moment Reinforcement

(a) Top bars at spandrel beams:

56.7
A,=~=— =0.79 in.z

4d 4(18.0)

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

6,25 X 12=75 in.
9 +2(8 X 4.5)=81 in.

A,= 0.79/3 = 0.26 in.2/ft

From Table 3-4, maximum bar spacing (interior exposure aud 1-!4 in, cover) for #4 bars is 13.3 in.
Also,

SIIW = 3h = 3(4.5) = 13.5 in. <18 in.

From Table 3-7: Use #4 @ 9 in. (A, = 0.27 in?/ft)

(b) Bottom bars in end spans:

A,= 97.2/4(18.0) = 1.35 in.z
a = A,fY/0.85f~be =(1.35 X 60)/(0.85 X 4 X 36)= 0.66 in. < 4.5 in. O.K

*Forjoi.wsdesignedas beams,the 10%increasein +V.is not permitted. Aho, minimumshear reinforcementis requiredwhen V. >
$V42.
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From Table 3-6: Use2-#8(A, =l,58irr?)

Check p = AJtrWd= 1.58/(9 X 18.0)= 0.0098> ptin = 0.0033 O.K.

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,2/ft

From Table 3-7, assuming #7 bum (sm = 10.g in. from Table 3-4),

Use #7 @ 10 in. (A, = 0.72 in?/ft)

(d) Bottom bars in interior sparrs:

A,= 82.0/4(18.0) = 1.14 in,z

From Table 3-6, use 2-#7 (A, = 1.20 in?)

(e) Top brirsatinterior beams:

A,= [119.3/4(18) = 1.66 in.z] /3 ft = 0.55 in.2/ft

From Table 3-7, with s~ax= 11.6 in.

Use #6 @ 9 in, (A, = 0.59 in.2/ft)

(f) Slab reinforcement normal to joists:

Use M.=w.!”2/12 (see Flg.2-5)

= 0.22(6.25)2/12= 0.72 ft-klps

where w.= 1.4(56 + 30)+ 1.7(60) = 222 psf = 0.22 klps/ft

Place bars onslabcenterline: d=4.5/2=2.25 in.

A,= 0.72/4(2.25) = 0.08 in.2/ft

(but not less thaa required temperature reinforcement).

From Table 3-5, for4-!Ain. slab: Use#3@13in. (A, =O.10iu~/ft)

Check for fire resistance: from Table 10-3 for restrained members, required cover for fire resistance
rating of2hours=% in, O.K.

(6) Reinforcement dettils shown in Fig.3-21 medetetined dtiectiy from Fig.8-3(a).* Forstructural integrity
(ACI 7.13.2.3), one of the #7 aud #8 bars at the bottom must be spficed over the support with a Class A tension
splice; the#8bw must betetinated witiastmdwd hook attie non-continuous supports.

(7) Design of Shear Reinforcement

*The barcut-offpoints shown in Fig, 8-3(a) czrerecommended for bemwitkout closed stirrups. Thereader mayccmsider determim
ing actual bar lengths using the provisions in ACI 12.10.
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(a) End spans:

Vu at face of interior beam= 28.5 klps
Vu at distance d from support face= 28.5- 1.8(1.50)= 25.8 klps

Use average web width for shear strength calculations

bw = 9 + (20.5/12) = 10.7 in.
Sym about Q

r

10-8” 1, 1v-a

‘1

!

#3 @ 9 single leg stirrups

End Span Interior Span (typ)

Figure 3-21 Reinforcement Details for 6fl-3 in. Wide-Module Joist Floor System
[Building #I–Alternate (2)]

(I$VC+ QVJmm = 0.54 bwd = 0.54(10.7)(18.0) = 104.0 kipS

$Vc = 0.11 bWd=O,ll (10.7)(18,0)= 21.2 kips
~VJ2 = 0.055 bWd= 10.6 kipS

Beam size is adequate for shear strength since 104.0 klps >25.8 kips.

Since Vu> $Vc, 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 usuaf two. The type commonly used is a continuous bar located near the joist centerline
aad bent into the configuration shown in Fig. 3-22, The stirrups are attached to the joist bottom bars.

0,, 0’,

Single leg #3 @ d/2 is adequate fc

Jmrm
9“

Figure 3-22 Stirrup Detail

falllengtfr where stirrups arerequired. Length overwhichstirmps
arerequired: (28.5 -10.6)/l .8=10 .Oft. Stirmpspacing s=cV2=18.0/2 =9. Oirr.

Check A,[tin) =50 bWs/fY=50X 10.7 x9.0/60,000 =0,08 irr.2

Single leg#3stirmp O.K.

Use14-#3single legstirmpst@9iu. Usethesame stirmpdetail ateacheud ofalljoists.
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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 f; = 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 1$3in.

exterior = 16 X 16 in.

width of interior beams = 36 in. ~ 2 X depth = 2 X 19.5 = 39.0 in.

The most economical solution for a pan joist floor is making the depth of the supporting beams equaf 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 materiafs that may be accomplished
by using a deeper beam. See Chapter 9 for a dkcqssion 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 = 19.5 in. > Q./l8.5 = (28.58 X 12)/18.5= 18.5 in. O.K.

whecc & (end span) = 30-0.67-0.75 = 28.58 ft (governs)
& (interior span)= 30- 1.50= 28.50 ft

(2) Determine the factored sheam and moments from the gravity loads using approximate coefficients (see Figs.
2-3,2-4, and 2-7),

Check five load reduction. For interior beams:

AI= 2(30 X 30)= 1800 sq ft >400 sq ft

L = 60(0.25+ 15/6)= 60(0.604)’= 36.2 psf

w.= [1.4(130) + 1.7(36.2) = 244 @j X 30 ft = 7.3 klf

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

Vu @ exterior columns = 7.3(28.58)/2= 104.3!+

V. @ first interior colunrns = 1.15(104.3)= 120.0 kips

Vu @ interior columns = 7.3 (28.5)/2= 104.0 kiflS

-Mu @ exterior colnmns = 7.3(28,58)2/16= 372.7 ft-kips

+Mu @ end spans = 7.3(28.58)2/14= 425.9 ft-kips

-M. @ first interior columns = 7.3(28.54)2/10= 594.6 ft-kips

+MU@ intetior span = 7.3(28.50)2/16= 370.6 ft-kips

‘For members supporting onejroor only, maximum reduction= 0.5 (see Table 2-1).
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(3) Design of the column fine beams also includes consideration of moments and shears due to wind. The wind
load anafysis for Building #1 is summarized in Fig. 2-13.

Note The 0.75 factor permitted for the load combination irrchrdlngwind 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 bean size for moment strength

Preliminary beam size = 19.5 in. X 36 in.

For negative moment section:

~W= 20MU _ 20(594.6)= ~1 ~in >36 in

dz – 172’””

where d = 19.5 -2.5 = 17.Oin. = 1.42ft

For positive moment section:

b~ = 20(425.9)/172 = 29.5 in. < 36 in.

Check minimum size permitted with p = 0.75 pb = 0.0214:

bw = 13(594.6)/172 = 26.7 in. < 36 in. O.K.

Use 36 in. wide beam and provide slightly higher percentage of reirrforcement (p >0.5 p~m) at interior
columas.

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 govemiag load combination:

● gravity load only

M,= 372.7 ft-klps ACI Eq. (9-1)

* gravity+ wind loads:

Mu= 0.75 (372,7) + 0.75( 1.7 X 90.3)= 394.7 ft-klpS ACI Eq. (9-2)

● afso check for possible moment reversal due to wind moments:

M.= 0.9(199.1) + 1.3(90.3)= 296.6 ft-klpS, 61.8 ft-klps ACI Eq. (9-3)

where wd = 130 X 30= 3.9 klpS/ft
Md = 3.9(28.58)2/16= 19941ft-kips
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* =%= 394.7 =5,80in2

s 4d 4(17)

From Table 3-6: Use 8-#8 bars (A, = 6,32 in?)

For intsrior exposure, minimum n = 36[1.5 + 0.5 + (1.0/2)]2/57.4 = 4 bnrs <8 O.K.

Check p = AJbd = 6.32/(36 X 17)= 0.0103> ptin = 0.0033 O.K

(b) Bottom bars in end spans:

A,= 425.9/4(17) = 6.26 in?

Use 8-#8 bars (A, = 6.32 in.z)

(c) Top bars at interior columns:

Check governing load combination:

● gravity load only:

Mu= 594.6 ft-klpS ACI Eq. (9-1)

● gravity+ wind loads:

M.= 0.75(594.6) + 0,75( 1.7 X 90.3)= 561.1 ft-klpS ACI Eq. (9-2)

A,= 594.6/4(17) = 8.74 in.z

Use 1l-#8 bars (A, = 8.70 in.z)

(d) Bottom bnrs in interior span:

A,= 370.6/4(17) = 5.45 in.z

Use 7-#8 bars (A, = 5.53 in.z)

(6) Reinforcement details shown in F,g. 3-23 nre 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 nrepnrt of the primary wind-force resisting system, ACI 12.11.2 requires at least one-
fourtb the positive moment reinforcement to be extended into the supporting colurrursand be anchored to develop
full fyat face of support. For the end spans: AJ4 = 8/4 = 2 bars. Extend 2-#8 center brrrsarrchoragedktarrce into
the supports:

● At the exterior cohrrmrs,provide a 90° stsrrdsrd end-hook (general use). From Table 8-5, for #8 bac

!dh=14in. =16-2 =14in. O.K.

● At the interior columns, provide a Class A tension splice (ACI 7.13 .2.3), Clenr space between #8 bnrs
= 3.4 in, = 3.4d~, From Table 8-2, length of $plice = 1.0 X 30=30 in. (ACI 12.15),

(7) Design of Shenr Reinforcement

*The bar cut-offpoints shown in Fig. 8-3(a) are recommended for beams without closed stirrups. The reader may comider determin.
ing actual bar lengths u.!ing the provisions in ACI 12,10.
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Design shear reinforcement for the end span at the interior colmmr and use the same stirrup requirements for all
three sparrs,

~L,
clear

1 /36 \
#4 U-stirrups’

J

8-#8 in end spans
7-#8 in interior spans

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

Check goveruing load combination:

● gravity load only:

Vu at interior cohrnur = 120.0 kips (governs)

● gravity+ wind loads:

Vu= 0.75(120.0) + 0.75( 1.7 X 6,02)= 97.7 klpS

. wind only at sparrcentec

Vu= 1.3(6,02) = 7,8 kips



SimplifiedDesignfor Beamsand Slabs 3-39

Vu @ face of column = 120,0 klps

Vu at dktnnce d from column face = 120,0- 7.3(1 ,42) = 109,6 kips

(~Vc + $V,)m = 0.54 b~d = 0.54(36)17 = 330,5 kips >109.6 kips O.K.

I$Vc= 0.1 1bWd=0,11(36)17 = 67.3 kiPS

l$lvc/2 = 33.7 kips

Length over which stirrups are required: (120.0 - 33.7)/7,3 = 11.8 ft

$V, (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 arc required (see Fig. 3-24),

#4 U-stirrups

\

<

L , I2’ 18 @8“= 12’-0”
J

_Face of
column

Figure 3-24 Stirrup Spacing Layout-Use same layout at each end of all beams
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Chapter 4

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-l(a)] was the origimd slab system in reinforced concrete,
Wkh 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 sfiort direction and the prmelessentially acts as a one-way slab. As the ratio of
the sides of a slab panel approaches nnity (square panel), significant load is transfemed by bending in both
orthogonal directions, and the prmel should be treated as a two-way rather than a one-way slab.

As time progressed and technology evolved, the column-line beams gradrraflybegan to disappear. The resnlting
slab system, consisting of solid slabs snpported directly on columns, is called the flat plate [Fig. 4-1(b)], The flat
plate is very efficient and economical aad is currently the most widely used slab system for multistory residential
and institutional constnmtion, such as motels, hotels, dormitories, apartment buildings, and hospitals. In
comparison to other concrete floor/roof systems, flat plates can be constructed in less time and with minimum labor
costs because the system ntilizes 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 plumbhrg, sprinkler and duct risers, and a multitnde
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 constriction 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, smafl openings, etc. Where job
conditions aflow direct application of the ceiling finish to the flat plate soft%, (thus eliminating the need for
suspended ceilings), addkional cost and construction time savings are possible as compared to other structural
systems.
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(a) Two- Way Beam-Supported Slab

n-l

(b) Flat Plate

(c) Flat Slab

(d) W.@. 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 coustrrrction is imposed by shear around the columns (Section 4.4).
For heavy loads or long spans, the flat plate is often tilckened locally arouud the columns creating what are kaown
as drop panels. When a flat plate is equipped with drop panels, it is called a flat slab [Fig. 4-1(c)]. Also, for reasons
of shear around the colnnms, the column tops are sometimes flared, creating colmnn capitafs, For purposes of
design, a colnnnr capital is part of the column, whereas a drop parrel is part of the slab.

Waffle slab construction [Fig. 4-l(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 connnonly formed by using standard square dome forms.
The domes are omitted around the colmnns to form the solid heads acting as drop panels. Waffle slab construction
allows a considerable reduction in dead load as compared to conventional flat slab constmction. Thus, it is
particularly advantageous where the use of long span amd/orheavy loads are desired without the use of deepened
drop pauels or support beams. The geometric shape fomted by the joist ribs is often architecturally desirable.

Dkcussion in thk chapter is firnited largely to flat plates aad flat slabs subjected only to gravity loads.

4.2 DEFLECTION CONTROL–MINIMUM SLAB THICKNESS

Minimum thicknesslspaa ratios enable the designer to avoid extremely complex deflection cakxdations 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
dabs), and two-way slabs, based on the provisions in ACI 9.5,3, are sununarized in Table 4-1, where &is the clear
span length in the long direction of a two-way slab panel. The tabulated values ~e the controlling minimum
thlckrresses governed by interior or exterior panels asstig a constant slab thickness for all panels mtilng up
a slab system.4’1 Practical spandrel beam sizes will usually provide bearmto-slab stiffness ratios IXgreater than
the minimum specified value of 0.8; if this is not the case, the spandrel beams must be ignored in computing
minimum slab thickaess. A standard size drop panel that would allow a 10% reduction in the miaimum required
thickaess 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 comespondmg lesser slab thickness is not permitted nnless deflections
ae computed.

w’
1,

u-l
Figure 4-2 Drop Panel Details (ACI 13.4.7)

Table 4-1 gives the rniuimum slab thickness h based on the requirements given in ACI 9.5.3; ~ is the average
value of a (ratio of flexural stiffuess of beam to flexural stiffness of slab) for all beams on the edges of a pauel,
and ~ is the ratio of clear spans in long to short dkection.

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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4.3 TWO-WAY SLAB ANALYSIS BY COEFFICIENTS

For gravity loads, ACI Chapter 13provides two arralysismethods for two-way slab systems: 1) the Direct Design
Method (ACI 13,6) aud the Equivalent Frame Method (ACI 13.7). The Equivalent Friune Method, using member
stiffnesses arrd comdex analytical urocedrrres, is not suitable for hand calculations. Onlv the Dwect Desirer

“. .
Method, using moment coefficients, will be presented in thk Chapter.

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

Two-Way Slab System am
Flat Plate

Flat Plate with Spandrel Beams 1
[Min. h = 5 in,] —

Flat Slab 2

Flat Slab 2 with Spandrel Beamsi
[Min. h = 4 in.] –

50.2
1.0

Two-Way Beam-Supported Slab3

22,0

<0.2

1.0
Two-Way Beam-Supported Slabl,3

I ,>’20

I I

I ‘Spandrel beam-to-slab stiffness ratio a 20.S (ACI 9,5.3.3)

‘Drop panel length 213, depth 2 1,25h (ACI 13.4.7)

3Min, h = 5 in. for am <2.0 min. h = 3.5 in. for rem> 2.o (ACI 9.5.3.3)

i=

<2 on/33

<2 on133

<2 In 136

52 Q./30

L
1 u. 133
2 0“ 136
1 0“ 137
2 4 /44

52 Q. 133

J-
1 I; /36

2 4“ /40
1 Q“141
2 4“ 149

The Dkect 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.

● Slabpmels must berectm~lw witharatio oflongerto shofler spm(c/c ofsuppofis) notgreaterthm
2,

. Successive spau lengths (c/c of supports) in each direction must not differ by more tharr one-third
of the longer span.

● Columsmust not beoffset morethan 10700fthe spm(indirection ofoffset) fiomeither misbetween
centerlines of successivecoluruus.
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Flat plate,

I‘Iat plate with sp mdrel /

t]eams’ & flat sla 1

/

Flat slat with
sr3andreI beams’

Two-way be %m-supported

/

Two-way beam-supporte d

slab (I3= ,W,”

10 15 20 25 30 35 40

Longer Clear Span In (ft)

‘Spandrel beam-to-slab stiffness ratio a 20.8

“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 (UDs 3)

Three or More Spans

A A A

! I I I

,
- 3--------4----4---------+------ -

~ I ! !

I Recta” “la, slab ~ > I
iPanels?20rles~l) ~ Column offset

!

----+----- ~

++ “’”s !~/1o
.?:. -.7.–.–.

---+------ -

! A A
v

Figure 4-4 Conditions for Analysis by Coefficients

1@2

. Loads must be due to gravity ouly aad must be uniformly distributed over the entire panel. The live
load must not be more than 3 times the dead load (L/D S 3). Note that if the live 10ZUJexceeds one-
haff the dead load (L/D > 0.5), cohmur-to-slab stiffness ratios must exceed the applicable vnlues
given in ACI Table 13.6.10, so that the effects of pattern loading can be neglected. The positive
factored moments irrpmrelssupported by columns not meeting such miuimum stiffness requirements
must be magnified by a coefficient computed by ACI Eq. (13-5).

● For two-way slabs, relative stiffnesses of beams iu two perpendicular directions must satisfy the
minimum nud maximum requirements given in ACI 13,6,1,6,

● Redistribution of moments by ACI 8,4 shafl not be permitted.

In essence, the Direct Design Method is a three-step analysis procedure. The first step is the calculation of the
total design moment MOfor 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 aud positive
moments to the colurmr strips aud middle strips,

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

Mo = w&&2/8

where Wnis the factored combination of dead and live loads (psf), WU= 1.4 Wd+ 1.7 w!. The clear sparr&is defined
in a straightforward mamrerfor cohurnrs or other supporting elements of rectmgular cross section (ACI 12.6.2.5).
Note that circular or regulnr polygon shaped supports shall be treated as square supports with the same mea (see
ACI Fig. 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 spau center-to-center of supports (ACI 13.6.2.5). The span 12is simply the span
transverse to In;however, when the span adjacent arrdpamflel to an edge is being considered, the dkurce from
edge of slab to panel centerline is used for !Zin calculation of MO(ACI 13.6.2,4).
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Division of the total panel moment MOinto negative aud positive moments, and then into colmmr and middle strip
moments, involves dkect application of moment coefficients to the total moment MO. The moment coefficients
are a function of spau (interior or exterior) and slab support conditions (type of two-way slab system). For design
convenience, moment coefficients for typical two-way slab systems we given in Tables 4-2 through 4-6. Tables
4-2 through 4-5 apply to flat plates or flat slabs with varions end support condhions. Table 4-6 applies to two-
way slabs supported on beams on all four sides. Final moments for the column strip aud middle strip are computed
directly using the tabulated vafrres. All coefficients were deterrrdned using the appropriate distribution factors in
ACI 13.6.3 throngh 13.6.6.

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

End Span Interior Span

1 2 3 4 5
Slab Moments Exterior First Interior Interior

Negative Positive Negative Positive Negative

Total Moment 0.26 M. 0.52 M ~ 0.70 M. 0.35 M ~ 0.65 M.

Column Strip 0.26 MO 0.31 M ~ 0.53 M. 0.21 M. 0.49 M.

fvfiddleStrip o 0.21 M. 0,17 MO 0.14M0 0.16 M.

Note All negative moments are at face of support.

Table 4-3 Flat Plate or Flat Slab with Spandrel Beams

-

,.. ,.. +
End Span Interior Span

-
a Q a @ a

End Span Interior Span

1 2 3 4 5
Slab Moments Exterior First Interior Interior

Negative Positive Negative Positive Negative

Total Moment 0.30 M. 0.50 M ~ 0.70 M. 0.35 MO 0.65 M.

Column Strip 0,23 M. 0.30 M ~ 0.53 M. 0.21 M. 0.49 M.

Middle Strip 0.07 MO 0,20 Me 0.17M0 0.14 M. 0.16M0

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

(2) Torsional stiffness of spandrel beams 13~>2.5. For values of 13~less than 2,5, exterior negative

column strip moment increases to (0.30 - 0.0313J MO,
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Table 4-4 Flat Plate or Flat Slab with End Span Integral with Wall

Note All negative moments are at face of suppott

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

~ Interior Span

1 2 3 4 5

Slab Moments Exterior First Interior Interior
Negative Positive Negative Positive Negative

Total Moment o 0.63 M. 0.75 M ~ 0.35 M. 0.65 M ~

Column Strip o 0,38 M. 0.56 M. 0.21 M. 0.49 M ~

Middle Strip o 0.25 M ~ 0.19 M. 0.14 M. 0.16 M.

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

-

,.. ,. ,. ,. 4
End Span Interior Span

a @ Q @ o

End Span Interior Span

1 2 3 4 5
Span Slab Moments Exterior First Interior Interior
ratio Negative Positive Negative Positive Negative

odb Total Moment 0.16 MO 0.57 M. 0.70 MO 0.35 M ~ 0,65 MO

Column Strip Beam 0.12M0 0.43 MO 0.54 M ~ 0.27 MO
0.5

0.50 MO
Slab 0.02 F& 0.08 !& 0.09 MO 0.05 MO 0.09 MO

Middle Strip 0.02 MO 0.06 MO 0.07 MO 0.03 MO 0.06 MO

Column Strip Beam O.l OMO 0.37 M ~ 0.45 MO 0.22 MO
1.0

0.42 M ~
Slab 0.02 MO 0,06 MO 0.08 M. 0.04 M. 0.07 M.

Middle Strip 0.04 MO 0.14 M. 0.17M0 0.09 MO o.16M~

Column Strip Beam 0.06 M ~ 0.22 MO 0.27 MO 0,14M0 0.25 M.
2.0 Slab 0.01 M. 0.04 MO 0.05 M. 0.02 M. 0.04 MO

Middle Strip 0.09 M. 0,31 MO 0.36 M. 0.19 M. 0.36 M ~

Notes (1) Beama and slab satisfy stifhreas criteria ctI!z/4 21.0 and 13122.5.

(2) Interpolate between values shown for different MI ratios.

(3) All negative moments are at face of suppoti.

(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~~22.5. The coefficients of
Table 4-6 are applicable when al@,/!I>1.0 and~~22.5. Mtmy practical beam sizes will provide beam-to-slab
stiffness ratios such that Cel&/!Innd & would be greater than these fimits, aflowing moment coefficients to be taken
&ectiy from the tables, However, if beams are present, the two stiffness pammeters rxI and ~t will need to be
evaiuated. For two-way slabs, the stiffness parameter al is simply the ratio of the moments of inertia of the
effective beam and slab sections in the dkection of anafysis, cel= IJI,, as illustrated in Fig. 4-5. Figures 4-6 and
4-7 can be used to determine a.

Relative stiffness provided by a spandrel beam is reflected by the parameter ~~= C/21,, where 1, is the moment
of inertia of the effective slab section spanning in the direction of II and having a width equal to Q2,i.e., Is = tzh3/
12. The constant C pertains to the torsional stiffness of the effective spandrel beam cross section. It is found by
dkiding the beam section into its component rectangles, each having smaller dimension x and lnrger dimension
Y,~d summing the contribution of all the parts by means of the equation

C= Z(l-O.63@ ACI Eq. (13-7)

The subdivision car be done in such away as to maximize C. Figure 4-8 can be used to determine the torsional
constant C,
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I Slab, Is

M/
/

‘Beam, Ib

=

Figure 4-5 Effective Beam and Slab Sections for .$tffn.ss Ratio a (ACI 13.2,4)
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Figure 4-7 Beam to Slab Stijj%ess Ratio a (Spandrel Beams)
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Spandrel beam (ACI 13.2.4) Use larger value of C computed from (1) or (2)

Values of torsion constant, C =(1 -0.63 .v’y)(x3y/3)

Y
12 202 369 592 866 1,188 1,538 1,900 2,557 -- --

14 245 452 736 1,096 1,529 2,024 2,587 3,709 4,738 --

16 268 535 880 1,325 1,671 2,510 3,233 4,861 6,567 8,063

18 330 619 1,024 1,554 2,212 2,996 3,900 6,013 6,397 10,813

20 373 702 1,168 1,762 2,553 3,482 4,567 7,165 10,226 13,544

22 416 785 1,312 2,011 2,895 3,968 5,233 8,317 12,055 16,275

24 458 869 1,156 2,240 3,236 4,454 5,900 9,469 13,685 19,005

27 522 994 1,672 2,563 3,746 5,183 6,900 11,197 16,629 23,101

30 566 1,119 1,888 2,926 4,260 5,912 7,900 12,925 19,373 27,197

33 650 1,244 2,104 3,269 4,772 6,641 6,900 14,653 22,117 31,293

36 714 1,369 2,320 3,612 5,264 7,370 9,900 16,381 24,861 35,369

42 842 1,619 2,752 4,298 6,306 6,628 11,900 19,837 30,349 43,561

46 970 1,669 3,164 4,964 7,332 10,266 13,900 23,293 35,837 51,773

54 1,096 2,119 3,816 5,670 6,356 11,744 15!900 26,749 41,325 59,965

60 1,226 2,369 4,048 6,256 9,380 13,202 17,900 30,205 46,813 68,157

‘Small side of a rectangular cmas section with dimensions x and y.

Figure 4-8 Design Aid for Computing Torsional Section Constant C
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The cohmnr 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 cohunn strips.

k
J2 1: ~z

+

% ,,, ,,,

(b) Column strip for $> q

Figure 4-9 Definition of Design Strips

Once the slab and beam (if anY) moments are determined, design of the slab and beam sections 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. (ACI 13.4).

4.4 SHEAR IN TWO-WAY SLAB SYSTEMS

When two-way slab systems are supported by beams or walls, the shear capacity of tbe slab is seldom a critical
factor in design, as the shear force dne 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-colurmr connection (without spandrel beams)
is especially criticaf because the total exterior negative slab moment must be transferred directly to the colnnrrr.
This aspect of two-way slab desigrr should not be taken lightly by the designer. Two-way slab systems will
normafly be found to be quite “forgiving” if an error in the dktribution or even in the amount of flexural
reinforcement is made, but there will be no forgiveness if a critical lapse occurs in providhg the required shear
strength,

For slab systems supported directfy by colurmrs, it is advisable at rmenrly stage in the design to check the shear
strength of the slab-in the vicinity “ofcolumns as illustrated in Fig. 4-10.

4.4.1

Figure 4-10 Critical Locations for Slab Shear Strength

Shear in Flat Plate and Flat Slab Floor Syatema

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 orbeam-type shear, which may be critical in long narrow slabs, Analysis for beam
shear considers the slab to act as a wide beam spanning between the columns. The critical section is taken a
distrmce d from the face of the column. Design against beam shear consists of checking the requirement indicated
in Fig. 4-1 l(a). Beam shear in slabs is seldom a critical factor in design, as the shear force is usually well below
the shem capacity of the concrete.

Two-way or “punching” shear is generally the more critical of the two types of shear in slab systems supported
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duectly on cohrrmrs. Punching she= considers failure along the surface of a truncated cone or pyramid around
a column. The critical section is taken perpendicular to the slab at a distance d/2 from the perimeter of a column,
The shear force Vu to be resisted can be easily calculated as the total factored load on the area bounded by panel
centerlines around the colmuu, less the load applied witilrr 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 punch]ng
shear consists of ensuring that the requirement in Fig. 4-11(b) is satisfied. Flgrrres4-12 through 4-14 can be used
to determine QV, for interior, edge and comer columns, respectively,

panels v“ s $Vc

s $2 & !~d
s 0.11 t~d (f’c = 4000 psi)

where Vuis factored shear force (total factored

load on shaded area). Vuis in kips and !Z and
d are in inches.

(a) Beam shear

panels

(b) Two-way shear

where

$(2 + -&& bOd = 0.054 (2 + & bOd

t$Vc = least of. $(R + 2) fc b~d = 0,054 (- + 2) b~d
b~

$~ bOd = 0,215bOd

VU=factored shear force (total factored load on shaded area), Irips
b. = perimeter of critical section, in,
13.= long sidelshorf side of reaction area
as= constant (ACI11.12.2.1 (b))

Figure 4-11 Direct Shear at an Interior Slab-Column Supper-t (see Fig, 4-10; f; = 4000 psi)

For practical design, only dkect shear (uniformly dktributed around the perimeterb,J occurs around interior slab-
colrrnrrrsupports where no (or insignificant) moment is to be transferred from the slab to the colmnn. Significant
moments may have to be carried when unbalarrced gravity loads on either side of an interior column or horimntaf
loadhrg due to wind must be transferred from the slab to the colmmr. At exterior slab-columu supports, the total
exterior slab moment from gravity loads (plus any wind moments) must be transferred dkectly to the column.

Transfer of moment between a slab and a colurnrr takes place by a combination of flexure (ACI 13.3.3) and
eccentricity of shear (ACI 11.12.6). Shear due to momeut transfer is assumed to act on a critical sectiou at a
dkwrce d/2 from the face of the column, the same critical section around the colmmr as that used for dkect shear
transfer [Fig. 4-1 l(b)]. The portion of the moment transferred by flexure is assumed to be transferred over a width
of slab W@ to the transverse column width CZ,plus 1.5 times the slab or drop panel thlckrress (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 combkred shear stress due to dkect shear and moment transfer often governs the design, especially at the
exterior slab-colmmrs supports.
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Figure 4-12 Two- WayShear Strength of Slabs, Interior Column (et, = 40)

The portions of the total moment to be transferred by eccentricity of shear and by flexure are given by ACI Eqs.
(11-42) and (13-l), respectively. For square interior or comer cohmrrrs, 40% of the moment is considered
transferred by eccentricity of the shea (y”M. = 0.40 MJ, and 60% by flexure (yfM. = 0.60 MJ, where Mu is the
transfer moment at the centroid of the critical section. The moment Mu at an exterior slab-column suppnrt 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 snpport. 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 (a. = 30)
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Figure 4-14 Two- Way Shear Strength of Slabs, Corner Column (a, = 20)

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

vu = Vu/AC+ yvMUcIJ

or
vu= Vu/At - yvMuc’IJ
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Computation of the combined shear stress involves the following properties of the critical transfer section:

A. = area of critical section, in,2

c or c’ = distance from centroid of critical section to the face of section where
stress is being computed, in.

J. = property of critical section amalogous to polar moment of inertia, in.4

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 tbe edge (Table 4-9), and
comer colmmr (Table 4-10). Numerical values of the above parameters for various combinations of squiwecolumn
sizes and slab thicknesses are afso given in these tables. Properties of the critical shear tmusfer section for circular
interior columns can be found in Reference 4,2 Note that in the case of flat slabs, two different critical sections
need to be considered in pmrchlng 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 y, and ‘yfgiven bl and b2.

Critical
section

P

.~.~=~ ~==———— ——==-——.——
d, 73

t

dJ2 d,l

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

Unbalanced moment transfer between slab and an edge column (without spaudrel beams) requires special
consideration when slabs are analyzed by the Direct Design Method for gravity load. To assure adequate shear
strength when using the approximate end-span moment coefficient, the full nominal moment strength Mnprovided
by the colmmr strip must be used to calculate the portion of moment transferred by eccentricity of shear (yvMU=

‘AM of COIUrrmstriP) accOrding tOACI 13.6.3.6. FOr end SparISwithOut spandrel beams, the colmmr strip is
proportioned to resistthetotalexterior 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 yfMu =
y~0.26MO),where the moment coefficient (0.26) is from Table 4-2. Application of this special design requirement
is illustrated in Section 4.7.

4.5 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) maybe used for unbalanced moment transfer due to gravity Ioadlng,
unless an analysis is made considering the effects of pattern loadlng and unequal adjacent spans. The tmmsfer
moment is computed directly as a function of the span length and gravity loading. For the more usual case with
equal trrarsverse and longitudkd spans, ACI Eq. (13-4) simplifies to:

Mu= 0,07(0.05 w&0.2) = 0.035w##D2

where WI= factored five lnad, psf

!Z= span length transverse to &

& = clear span length in dkection Mu is being determined
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Figure 4-17 Nominal Moment Strength of Column Strip for Evaluation of K,MU= ~n
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At an exteriorcolmmr, 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 centerfirre of SUPPOW,use of the exterior negative slab
moment dk’ectly would usually be accnrate enough.

Columns above and below the slab must resist portions of the snpport moment based on the relative colmmr
stiffnesses (generally, in proportion to colrrrnnlengths above and below the slab). Again, due to the approximate
natore of the moment coefficients, the refinement of considering the change in moment from centerline of slab
to top or bottom of slab seems unwarranted,

4.6 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 nnt more than 18 in. (ACI 13.4.2).

(3) Maximum top bar spacing at all interior locations subject to constmction traffic should he limited.
Not less tham#4 @ 12 in. is recommended to provide adequate rigidity and to avoid dkplacement
of top bars with standard bar support layouts under ordkiry foot traffic.

(4) Maximump =A,/bd is limited to 0.75 pb(pb=brdarrcedreinforcement ratio); however, pm S0.50
pbis recommended to provide deformablfity, to avoid overly flexible systems subject to objection-
able vibration or deflection, and for a practicaf bafrmceto 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 thcfrness of slab available for hooks
and the dktances from the critical design sections to edges of slab.

4.7 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 Brrildhrg #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 loads only; the structural walls will carry the total wind
forces.
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(1) Data

Floors:

‘‘ “NY‘-l--T

f: = 4000 psi (carbonate aggregate)
fy = 60,000 psi

LL = 50 usf
DL = 14~ psf (9 in. slab + 20 psf partitions + 10 psf ceiling & misc.)

Required fire resistance rating = 2 hours

Prelirnirrmy slab thickness:

Deterrnirrepreliminary h based on two-way shear at an interior colmmr (see Fig. 1-7).

Wu = 1,4(142)+ 1.7(29.5*)= 249 psf
A =24 X20=480f?
Cl* = 16 X 16= 256in,2 = 1.8 ft2
‘41C12= 480/1.8= 267

From Fig. 1-7, required d/cI ~ 0.39

Required d = 0.39 X 16= 6.24 in:

h = 6.24+ 1.25 = 7.49 in,

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 contrnl:

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-colrrnm support for h = 9 in.

“Liveloadreduction: A,(4panels) =24 x 20 x 4 = 1920Sqfi

L . 50(0.25+ 15/ &)= 29,5psf



From Table 4-7: .L&= 736.3 irr.zfor 9 in. slab with 16 X 16 in. column.
bl = b2=2(11.88) = 23.76 in. = 1.98 ft

vu= 0.249(24 x 20- 1.982)= 118.5 klps

From Fig. 4-12, with ~c = 1 and b,Jd = 4(23.76)/(9 - 1.25) = 12,3:

@Vc= 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
= 4.6 in. < 9.0 in. O.K.

Use 9 in. slab.

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

● 3 continuous spans in one direction, 5 in the other
● rectangoku panels with long-to-short span ratio = 24/20 = 1.2 e 2
● successive span lengths in each dmction are equal
● no offset columns
● LL/DL = 50/142 = 0,35<3
● slab system is without beams

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. = wuQ2@n2/8

= 0.278 X 24 X 18.832/8= 295.7 ft-kips

where w.= 1.4(142) + 1.7(46.5*)= 278 psf

QZ= 24 ft

& (interior span)= 20- 1.33= 18.67 ft

& (end span)= 20-0.67- 0.50= 18.83 ft

Use larger value of Infor 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 76.9 153,6 207.0 103.5

Column Strip 76.9 91.7 156.7

Middle Strip

62.1

0 62,1 50.3 41.4

Note All negative moments are at face of column,

*tive load reduction: A, (1 panel) = 24 X 20 = 480 sqji

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

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

Span location

““a

As= No. of No. of

y Af:(Tp) J:4 J:4
(ft-kips) (%’.) (:.)

END SPAN

&

76.9 120 7.75 2.48 1.94 13
91.7 120 7.75 2,96 1,94 15 1:

156.7 120 7.75 5.05 1.94 26 17

0 168 7.75 -- 2.72 14 11
62.1 168 7.75 2.00 2.72 14 11
50.3 168 7.75 1.62 2,72 14 11

INTERIOR SPAN

Column Positive
strip
Middle Positive
Strifl ‘; ; ~-

Notes: lColumn strip =0.5(20X 12)= 120in. (see F~g.4-9b)

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

‘Use average d = 9- 1.25= 7.75 in.

3Aq~I”) = 0.0016 bh = 0.0162b

smm=2h< 16in. =2(9) =16in.

4Calculati0ns

For s~a,: 120/1 8 = 6,7 spaces, say 8 bars

168/18 =9.3 spaces, sayll bars

For #4 bac 2.46/0.20 = 12.4 bars

2.96/0.20 = 14.6 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

5.05/0.31 = 16.3 bars

2.72/0.31 =8.8 barscll

2.00/0.31 =6.5 bars<8

(6) Check slabreinforcement atextefiorcolum (12X12in.) formomenttrmsfer between slabadcolm.
For a slab without spandrel beams, the total exterior negative slab moment is resisted by the column strip (i.e.,
Mu= 76.9 ft-klps).

Fraction transferred by flexure using ACI Eq. (1:3-1):

bl = 12+ (7.75/2)= 15.88 in.
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bz = 12+ 7.75= 19.75 in.

From Fig. 4-16, yf+ 0.625 with b@2 = 0.8

M.= 0.625 (76.9) = 48.1 ft-klps

A,= Mu/4d = 48.1/(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 witiln an effective slab width (ACI 13.3.3.2) = 3h + C2= 3(9) + 12 = 39 in.

Provide the required 8-#4 bars by concentrating 8 of the column strip bars (13-M) within the 3 ft-3 in.
slab width over the column. For symmetry, add one colurnrr 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= 13.5 in. < 18 in. O.K.
No arfdkiorral bars are required for moment trarrsfer.

(7) Reinforcement details are shown in Figs. 4-18,4-19, and 4-21. Bar lengths are determined directfy from Fig,
8-6. Note that for structural integrity, at least two of the column strip bottom bars must be continuous or spliced
at the support with Class A spfices or anchored within the support (ACI 13.4.8.5).

! 5-6

1

~6.#4

w w

h
20’-0 1: Zly.(y

Column Strip

J.

~ 4-.!?

r -,

4-1o” 4’.10”

,14-#4 11-#5 I 11 /7-#4 & J7-#4 4

\7-#4 \7-#4
iou

L
~! ,, ! ~r !1

1’
L’

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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— —
12 x 12
column —— — —

Column stti 10,.0,’
(14-#45

Figure 4-19 Bar Layout Detail for 14-#4 Top Bars at Exterior Colwnns

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:

AI(2 panels)= 24 X 20 X 2 = 960 sq ft

L = 50(0.25+ 1<=)= 35.6 psf

w.= 1.4(142) + 1.7(36.5)= 261 psf

V.= 0,261 [(24)(10.5) -(1 .32)(1.65)]= 65.2 kipS

+%

~]

.3Z

I

,... 1 *,
1 u?

: , --
~:_ :

Criticalsection

Slab
edge

9 in. slab ( d = 7.75 in.)

Figure 4-20 Critical ,%ction for Edge Column
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‘d=--

! Column strip
v

1 1 1

1 1 1

1 Middle strip 1 Column strip ‘
v

“See special bar layout 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 nrrdan edge column. The fraction of unbal-
anced moment transferred by eccentricity of shenr (ACI 11.12.6.1) must be based on the full colmmr
strip norainnf moment strength M. provided.

For 14-#4 colmmr strip bars, A, = 14(0.20)= 2.80 in.z

Using the approximate expression for A,= MJ4d:

I$Mn= M. = A,(4d)

M“ = 2.80 (4x 7.75) = 96,4 ft _kip~
0.9



Simplified Designfor Two-WaySlabs 4-29

(c) Combmed shenr stress at inside face of critical transfer section:

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

& = 399.1 in?
J/c = 2523 in.3

From Fig. 4-16, with bl/b2 = 15.88/19.75 = 0.8, “f,,s 0.375

VU = VJAC + y,Mn cIJ

= (65,200/399.1)+ (0.375 X 96.4 X 12,000/2523)

= 163,4+ 171.9= 335.3 psi>> @4fi = 215 psi*

The 9 in. slab is not adequate for shear nnd nnbahmced moment tmmsferat the edge colmnns. 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 /f2, Alternate (1)

The slab and colnmn framing will be designed for both gravity and wind lends. Design an interior strip for the
lst-floor level (greatest wind load effects).

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

Floors: LL = 50 psf

DL = 136 psf (8!Ain. slab+ 20 psf partitions + 10 psf ceifing & nrisc.)

Preliminary sizing: Slab = 8Y2in. thick
Columns interior = 16 X 16 in.

exterior = 12 X 12 in.
Spandrel beams = 12 X 20 in.

Required fire resistance rating = 2 hours

*b,/d = [(2 X 15.88) + 19, 75J7. 75 = 6.7; from Fig. 4-13 with & = I, qW/bdi = 215 psi
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(2) Determine the slab thickrress for deflection control and shear strength

(a) Deflection control:

From Table 4-1 (flat plate with spandrel beams, a 2 0.8):

h = Qn/33= (22.67 X 12)/33 = 82.4 in.

where 4,= 24- (16/12)= 22,67 ft

(b) Shear strength. Check shear strength for an 854in. slab:

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

Dk-ect shear from gravity loads:

W.= 1.4(136) + 1.7(29.5*)= 241 psf

Vu= 0.241(24 X 20- 1.942)= 114.8 kips

where d = 8.50-1.25 = 7.25 in.

[ *

---
5.,

bl=b2=(16 +7.25)/12= 1.94ft z F:3

t
Gravity + wind load combination [ACI J3q.(9-2)]: critical

section
V.= 0.75(1 14.8) = 86.1 kipS

Mu= 0.75(1 .7 X 154.1)= 196.5 ft-klps
24~.o

From Table 4-7, for 8Y2in. slab with 16 X 16 in. columns:

Ac = 674.3 in.z

J/c = 5352 in. 3

Shear stress at critical transfer section:

vu = VUIAC+ y,MUc/J

= (86,100/674.3)+ (0.4X 196.5 X 12,000/5352)

——127.7 + 176.2= 303.9 psi> $14~ = 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 colmnas. Minimum slab thickness at drop
paael = 1.25(8.5) = 10.63 in. (see 13g.4-2). Dimension drop to actual lumber dimensions for economy
of formwork. Try 2 Y,in. drop (see Table 9-1).

h = 8.5+ 2.25= 10.75 in. > 10.63 in.

d = 7.25+ 2.25= 9.5 iu.

Refer to Table 4-7:

bl =bz = 16+ 9.5= 25.5 in. = 2.13 ft

*Live load reduction: AI (4 panels) = 24 X 20 X 4 = 1920 sq ft

L = 50(0.25+ 15/ &) = 29.5psf
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A,= 4(25.5) X 9.5= 969 in.z

J/c = [25.5 X 9,5(25.5 X 4)+ 9,53]/3 = 8522 in,3

vu = (86, 100/969)+ (0.4 X 196.5 X 12,000/8522)

= 88,9+ 110.7= 199.6 psi< 215 psi O.K.

Note that the shenr stress around the drop panel is much less thnn the nflowable 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
8Y2to 8 in.; however, shenr strength may not be adequate with the lesser slab thickness. For thk ex-
nrnple hold the slab thickness at 8Y2in. 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 !/i in. drop panels at interior colmnns of 1st story floor slab, Drop pameldimen-
sions = (/3 = 24/3 = 8 ft. Use same dimension in bnth directions for economy of formwork.

Check for fire resistance: From Table 10-1 for tle resistance rating of 2 hours, required slab thickness =
4.6 in. <8.5 in. O.K.

(3) Factored moments in slab due to gravity load (N-S direction),

(a) Evnluate spandrel berrrmto-slab stiffness ratio (Xnnd P,:

Referring to Fig. 4-7:

!Z= (20 X 12)/2= 120 in.

a=20irr.

b = 12 in.

h = 8.5 in.

Mr = 20/8.5 = 2,4

b/h = 12/8,5= 1.4

f E 1.37 W
rx=~(a/ h)3f=~(2,4)3 (l.37)=1.89> 0,8

Note that the originsl s,ssumption that the minimum h = !./33 is O.K. since rx>0,8 (see Table 4-l).

~t = c = 8425 = 0.29< 2,5
21, 2(14,740)

where 1, = (24 X 12)(8.5)3/12= 14,740 in.4
C = larger value computed for the spandrel.beam section (see Fig. 4-8)
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X, = 8.5 X2= 11,5 xl = 12 x.2 = 8.5
y, = 23.5 yz = 12 y, = 20 yz = 11.5

~c, = 3714 Q = 2410 = 7165 C = 1260

xC=3714+ 2410=6124 XC= 7165 + 1260= 8425 (governs)

(b) Total panel moment M&

h&= WUQ20.218

where w.= 1.4(136) + 1.7(46.5*)= 269 psf

42.24ft

& (interior span)= 20- 1.33= 18.67 ft

& (end sparr)= 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 totaf panel moment MOinto negative and positive moments, and then, column strip arrd
middle strip moments involves direct application of the moment coefficients of Table 4-3. Note that the
moment coefficients for the exterior negative cohmrrrarrd middle strip moments need to be modified for
Btless than 2.5. For P, = 0,29:

Colmmr strip moment= (0.30 -0.03 X 0.29)M0 = 0.29M0

Middle strip moment = 0.30M0 - 0.29M0 = O.OIMO

I End Spans I Interior Span

Slab Moments Exterior I I Interior I
(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. Colrrrmrstrip width=
0.5(20 X 12)= 120 in.

gravity loads only:

Mu= 83.0 ft-klpS ACI Eq. (9-1)

gravity + wind loads:

Mu= 0.75(83.0) + 0.75( 1.7 X 77,05)= 160.5 ft-kips (goverrrs) ACI Eq. (9-2)

Also check for possible moment reversaJ dne to wind moments:

M“ = 0.9(42) f 1.3(77.05)= 137.9 fi-kips, -62.4 t%kips (reversal) ACI Eq. (9-3)

where wd = 136 psf

Md = 0.29(0. 136 X 24 X 18.832/8) =42 ft-klps

*tiveloadreduction: A, (one panel) =24 X20= 480 q ft

L = 50(0.25+ 15/G)= 46.5 psf
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(b) Interior Negative

gravity loads only:

Mu= 151.6 ft-kifM

gravity + wind loads:

Mu= 0.75(151,6) + 0.75( 1.7 X 77.05)= 211.9 ft-klps (governs)

and Mu= 0.9(76,8) + 1.3(77.05)= 169.2 ft-kips, -:31.1 ft-kips (reversal)

where Md = 42(0.53/0.29) = 76,8 ft-ktps

(5) Check slab section for moment strength

(a) At exterior negative snpport section :

b =20 Mu/d*= 20 X 160.5/7,252= 61.1 in, < 120 in. O.K.

where d = 8.5-1.25 = 7.25 in,

(b) At interior negative support sectiorx

b =20 X 211,9/9.502=47 in. < 120 in. O.K.

where d = 7.25 + 2.25 = 9.50 in,

(6) Slab Reinforcement

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

No, of No. of
Span location Mu A:s = MIj4d AS3( in)

(:.) $)
#4

(ff-kiDS) (in.~ (inP) bara4 b~~4

INTERIOR SPAN

Column Positive
strip
Middle Positive
strip ‘; : : =

Notes 1Column strip width= 0.5(20 x 12)= 120 in

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

‘Use average d = 8.5-1.25 = 7.25 in.

At drop panel, d = 7.25+ 2,25= 9.50 in. (negative only)

3&[rnin)= 0.0018 bh

SCTW= 2h <18 in. = 2(8.5) = 17 in.
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(7)

4Calculati0ns.

For s~ax 120/1 7 = 7.1 spaces, say 9 bars

168/1 7 = 9.9 spaces, say 11 bars

For #4 bars 5.53/0.20 = 27.7 bars

2.96/0.20 = 14.6 bars

5.58/0.20 = 27.9 bars

2.57/0.20 = 12.9 bars

2.07/0.20 = 10.4 bars

2.1 5/0.20 = 10.6 bars

1.07/0.20 = 5.4 bara <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 = 6.3 bara <11

2.07/0.31 = 6.7 bars c 9

2.15/0.31 = 6.9 bars c 9

1,07/0,31 = 3.5 bars< 9

Check slab reinforcement at interior colmrms for moment transfer between slab and colurmr. Shear strength
of slab already checked for direct shear and moment transfer in Step (2)(b). Transfer moment (mrfactored)
at 1st-story due to wind, MW= 154.1 ft-klps.

Fraction transferred by flexnre using ACI Eqs. (13-1) and (9-3):

Mu= 0.60(1 .3 X 154.1)= 120.2 t%klpS

A,= M./4d = 120.2/(4 X 9.50)= 3.16 in.z

For #5 bar, 3.16/0.31 = 10.2 bars, say 10-#5 bars

Must provide 10-#5 bars with an effective slab width= 3h + C2= 3(10.75) + 16= 48.3 in.

Provide tbe required 10-#5 bars by concentrating 10 of the column strip bars(18-#5) witiln the 4-ft slab
width over the colunm. Distribute the other 8 column strip bars (4 on each side) in the remaining
column strip width. Check bar spacing

48/9 spaces = + 5.3 in.

(120 48)/7 spaces = t 10.3 in. < 17 in. O.K.

Reinforcement details for the interior slab are shown in 13gs. 4-22 and 4-23. Bar lengths for the middle
strip are taken dkectly from Fig. 8-6. For the colmmr strip, the bar lengths given in Fig. 8-6 (with drop
panels) need to be modified to account for wind moment effects. In fieu of a rigorous anulysis to
determine bar cutoffs based on a comblrration 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 neur 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, !dh= 9 in. <12-2 = 10 in. O.K. (For
easier bw placement, alternate equal bar lengths at interior column supports.)

,,
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For the bottom bars, cut off 6#4 in the end spans at O.125!1tlom the centerline of the interior cohumr,
and develop 7-#4 beyond the face of the column. From Table 8-3, for #4 bars, development length (d=
15.0 in. For the interior span, extend 9-#4 the full span length with td = 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 stmctural integrity,

,- iv:],,,n 9-<4-6]f“[“-:!,.,,

1~-“i:‘“ ;~; :’“-~“w I‘mm
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; ~
-#

7-#4 2-#4 [)rop *,.6 w
~.25’ o“ \g.#4
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~,.o,r ~,.a

*
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21T-O z~.(y
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●See bar layout detail in Fig. 4-23 Column Strip
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Figure 4-22 Reinforcement Details for Flat Slab of Building #2
Alternate (1)—lst Floor Interior Slab Panel (N-S Direction)
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Table 4-7 Properties of Critical Transfer Section–Interior Column

Concrete area of critical section:

~ = 2(bl + b2)d

Modulus of critical section

J -J - [bld(bl + 3b2) + d3]/3E –c’-

whera

C=c’=b312
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Table 4-7 continued

h = 9 in., h = 9-1/2 in.,

d = 7-3/4 in.
h=l Oin.,

d = 8-1/. in. d = 8-31hin.

J/c = J/c = J/c =
COL. Ac Jlc’ C=c’ Ac Jlc’ C=c$ h J/c’ C=c’
SIZE in,2 in. 3 in. in.2 in,3 in. in.z in.3 in.

1Oxl o 550.3 3411 8,88 602.3 3651 9.13 656.3 4325 9.38
12X12 612.3 4186 9,88 668.3 4696 10,13 726.3 5247 10.38
14X14 674.3 5043 10,S6 7s4.3 5633 11.13 796.3 6262 11.38
16X16 736.3 5964 11.66 600.3 6656 12.13 866.3 7370 12.38
18X18 798.3 7007 12.66 866.3 7767 13.13 936.3 6572 13.38
20X20 860.3 8112 13.66 932.3 6966 14.13 1006,3 9867 14.38
22x22 922.3 9301 14.88 998.3 10253 15.13 1076,3 11255 15.38
7A,9A !z3d 3 10579 15.RR 10642 1i 627 ?6 1?. 11469 197!37 16!IR

Table 4-8 Properties of Critical Transfer Section-Edge Column—Bending Parallel to Edge

Concrete area of critical section:

& = (b, + 2b2)d

Modulus of critical section:

~ =J = [bld(bl + 6b2) + d3]/6c c’

where

c = C’ = bl/2

h = 5 in., h = 5-1/2 in., h=6in,, h = 6-1/2 in,,
d = 3-3/4 in. d = 4-1/4 in. d = 4-%4 in. d = 5-1/4 in.

J/c = J/c = J/c = J/c =
COL. Ac Jlc’
SIZE in. 2 in,3 c .;,c i$% :$ c;: ~, p3 C.;.c’ i:, :;; C;.c’

1Oxl o 140.6 739 6.88 163.6 891 7.13 187.6 1057 7.36 212.6 1236 7.63
12X12 163.1 983 7.86 169.1 1175 6.13 216.1 1364 6.38 244,1 1609 8.63

14X14 185.6 1262 6.88 214.6 1499 9,13 244,6 1755 9.36 275.6 2029 9.63

16X16 206.1 1576 9.66 240.1 1663 10.13 273.1 2170 10.38 307.1 2497 10.63
16X16 230.6 1926 10.66 265.6 2267 11.13 301.6 2629 11.36 336.6 3015 11.63

20X20 253.1 2310 11 .8S 291,1 2710 12.13 330.1 3133 12.3S 370.1 3561 12.63
22x22 275,6 2729 12.68 316.6 3192 13.13 358.6 3661 13,3s 401.6 4197 13.63

24x24 298.1 3163 13.66 342.1 3715 14.13 387.1 4274 14.3s 433.1 4861 14.63
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Table 4-8 continued

I h = 9 in., I h = 9-lIP in., I h= 10 in.,



4-40 Simplified Design

Table 4-9 Properties of Critical Transfer Section-Edge Column—Bending Perpendicular to Edge

Concrete area of critical section

~= (2b, + b~)d

Modulus of critical saction:

~= [2bid(bt +2bz)+@(2bt +b2)ib1]/6

~,= [2b12d(b1 + 2b2) + d3(2b1 + b2)]/6(b1 + b2)

where

C = b,2/(2b1 + b2)

C’= b, (b, + b2)/(2b1 + b2)

II h = 5 in., I h = S-tl+ i... I h = 6 in., i

h = 6-i/~in., h = 7 in., h = ?.ilz in.,
d =5- ‘lb in. d = 5-3/4 in, d = S-1/4 in.

ZE i$ 3 :3 “~. $. ,> $ $ :. ;, i$ $ $ :. :,

Ioxlo 212.6 t 030 467 3,94 8.69 238,6 lt97 536 3,99 8.66 265.6 1379 6t6 4.05 9.07
t2x12 244,1 1334 612 4.60 10.03 273,1 1537 701 4,66 10.22 303.1 1757 796 4.72 t o.4t
t 4X14 275.6 1680 779 5.26 11.36 307,6 1924 886 5,32 1t .55 340.6 2165 1001 5.38 11.74
16X16 307.1 206e 966 5,93 t 2.70 342.1 2356 1095 5.99 12.89 378.t 2664 1231 6,05 13.08
lex18 338.6 2498 1174 6.60 14.03 376.6 2835 1326 6,65 t 4.22 4t 5.6 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 16.70 445.6 3931 1856 7.98 16,69 490.6 4400 2071 6,04 17.08
24x24 433.1 4041 1926 8.59 16.03 460.1 4548 2t 58 6.65 18.23 526.1 5078 2401 8.71 18.42
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Table 4-9 continued

h = $il~l n.,

.-

h= 10 in.,

d = 8-1/4 in.

Fi ,3 # Jlc’ .
d = 8-~4 in.

m.3 in. $, ,% ;$ $ ;, :,

10XIO 383.6 2275 992 4,29 9,83 415,6 2544 1104 4.35 10.02
12X12 433.1 2818 1248 4,95 11.17 468,1 3129 1360 5.01 11.36
14X14 482,6 3424 1537 5.62 12.51 520.6 3785 1691 5,67 12,70
16X16 532.1 4098 1858 6.28 13.85 573,1 4511 2037 6.34 14.04
16x18 561.6 4839 2213 6,94 15.16 625.6 5306 2416 7.00 15,37
20X20 631.1 5646 2601 7,61 16.52 676.1 6176 2634 7.67 16,71
22X22 660.6 6518 3021 6.27 17,65 730.6 7113 3264 8.33 18.04
24x24 730,1 7458 3474 8.94 19,19 783.1 8121 3770 9.00 18.38
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Table 4-10 Properties of Critical Transfer Section-Corner Column

Concrete area of critical section

& = (bl + b~)d

Modulus of critical section

;= [b,d(bl + 4b2) + d3(b, + b~)/bl~6

$= [b,2d(bl + 4b~) + d3(b, + b~)]/6(b, + 2b~)

wherex

C = b12/2(bl + b2)
C’= b, (b, + 2b2)/2(b1 + b2)

h = 6-1/2 in., h = 7 in., h =7-1/2 in,,
d = 5-1/4 in, d = 5-3/4 in. d = 6-1/4 in,

COL. 4 J/c J/c’ c
SIZE in.z in.3 in.3 in. :. i$ :: $ i~. :. i~ $ ~ :. ;,

Ioxlo 132.6 746 249 3.16 9.47 148.1 658 286 3.22 9,66 164.1 979 326 3,26 9.64
12X12 153.6 9s4 328 3.66 10.97 171.1 1124 375 3.72 11.16 169.1 1273 424 3.78 11.34
14X14 174,6 1257 419 4.16 12.47 194.1 1428 476 4.22 12.66 214.1 1609 536 4,2S 12.64
16X16 195.6 1566 522 4.66 13.87 217.1 1770 590 4.72 14.16 239.1 1986 662 4.76 14.34
16xIS 216.Q 1909 636 5.16 15.47 240.1 2151 717 5.22 15.66 264.1 2406 602 5.28 15.s4
20X20 237,6 22ss 763 5.66 16.97 263.1 2571 S57 5.72 17.16 2S9.1 2667 956 5.76 17.34
22x22 256.6 2701 900 6.16 16.47 2S6.1 302S 1009 6.22 1s.66 314.1 33s9 1123 6,2S 18.64
24x24 279.6 3150 1050 6.66 19.97 309.1 3524 1175 6.72 20.16 339.1 3913 1304 6,78 20.34
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Table 4-10 continued

h = 8 in., h = 8-”k2in,,
d = 8-3/4 in.

h=9in.,

d = 7-1/~in. d = 7-314 in.

gE 1$ # $ ;. i. ,$ # $3 ‘ c’ 4 “c “c’ ;, :,
~;~ s;, ,:22 ;., :3.;8 :6:

loxlo 180.6 1109 370 3.34 10.03 197.6 1248 3.47 10,41
12X12 207.6 1432 477 3.64 11.53 226.6 1602 534 3,91 11.72 246.1 1783 594

14X14 234.6 1801 600
3.97 11,91

4.34 13.03 255.6 2004 668 4,41 13.22 277,1 2219 740 4,47 13,41

16X16 261.6 2214 738 4.84 14.53 284,6 2454 8116 4.91 14.72 308.1 2706 902 4.97 14.91

18x16 288.6 2673 891 5.34 16.03 313.6 2952 984 5.41 16.22 339.1 3246 1082 5.47 16.41

20XZ0 315.6 3176 1059 5.84 17.53 342.6 3468 1166 5.81 17,72 370,1 3637 1279 5.87 17,91

22x22 342.6 3724 1241 6.34 19.03 371.6 4094 1365 6.41 19.22 401.1 4479 1493 6.47 18.41

24x24 369.6 4318 1439 6.64 20.53 400.6 4738 1579 6.91 20.72 432.1 5173 1724 6.97 20.91

h = 9-1/2 in.,

d = 6-114 in.

c I J/c’ t C I c’ 1A. laQE $ ;3 i“3 in in. i“,2 I

1Oxl o 223.1 1559 520 3.53 10.59 251.6

12X12 266.1 1975 658 4.03 12.08 286.6

14X14 299.1 2446 815 4.53 13.59 321.6

16x1 6 332.1 2872 991 5.03 15.09 356.6

16X16 365.1 3553 1184 5,53 16.59 391,6

20X20 396.1 4169 1396 6,03 18.09 426,6

22x22 431.1 4879 1626 6.53 19.59 461.6

24x24 464.1 5625 1875 7.03 21.09 496.6

in 3 I in 3 I in. I in. I

.,--
-5izf

2685

3250

3874

4556

5296

6094

.-.
695

1083

1291

1518

1765

2031

----
4.59

5.09

5.59

6.08

6.59

7.09 =

----
.2.28

13.76

15.26

16,76

16.26

19,78

21,28
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Simplified

Chapter 5

Design for Columns

5.1 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 buildlngs with adequate shearwalls, columns may be designed for gravity loads only. However, in some
stmcture~specially low-rise buildlngs-it may not be desirable or economical to include shearwatls. 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 distirrguishbetweerr acolmmr that is slender andone that isnot. A simpfifieddesign procedure is orrthmed
in this chapter, which should be applicable to most columns. Design aids are given to assist the engineer in
designing columns witim the fimitations stnted.

5.2 DESIGN CONSIDERATIONS

5.2.1 Column Size

~etotdloads oncolumsme dkectiypropotional totihebay sizes (i.e., tribut~ meas). Largerbay sizes mean
more load toeachcohrmrra nd,thus,l argercolmrrrrsizes. Baysize isoften dictated bythearchitectaral and
functional requirements of the buildhrg. Large bay sizes maybe required to achieve maximum unobstructed floor
space. The floor systemusedmay atsodlctatethe column spacing. Forexample, theeconomicatuse ofaflatplate
floor system usually requires columns that are spacedlcloser than those supporting a pan joist floor system,
Archkecturally, larger column sizes can give the impression of solidity and strength, whereas smaller colmmrs can
express slender grace. Aside from archhectural considerations, it is important that the columns satisfy all

applicable strength requirements of the ACICode, mdatties metime,b eeconoticd. Mlnimumcolurnn size
and concrete cover to reinforcement maybe governed by fire-resistance criteria (see Chapter 10, Tables 10-2 and
10-6).
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5.2.2 Column Constructsbility

Columns must be sized not only for adequate strength, but also forconstmctab@. For proper concrete placement
and consolidation, the engineer must select colmmr size aad reirrforcement to ensure that the reinforcement is not
congested. Bar lap splices aad locations of bars in beams aad slabs framirrg into the column must bc considered,
Columns designed with a smaller number of larger bars usually improves constructabllity.

5.2.3 Column Economics

Concrete is more cost effective tbmrreinforcement for carrying compressive axial load; thus, it is more economical
to use lager columrr sizes with lesser amounts of reinforcement. Also, columns with a smaller number of larger
bars are usually more economical tharr columas with a larger number of smaller bars,

Reuse of column forms from story level to story level results in sigrrificmrtsavings. 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, aad to vary only tbe longitudinal reinforcement as required. In tafler buildings, the
concrete strength is usually varied along the buildlng height as well.

5.3 PRELIMINARY COLUMN SIZING

It is necessary to select a preliminary coluam size for cost estimating and/or frame analysis. The initial selection
cmr be very importaat when considering overall design time. In general, a preliminary columa size should be
determined using a low percentage of rcinforcemen~ it is tberr possible to provide mryaddltiorral reinforcement
required for the final design (including applicable slenderness effects) without having to charrge the colmnrr size.
Columns which have reinforcement ratios in the mrrge 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 cokmras loaded
at an eccentricity of no more than 0.1h, where h is the size of the column. Design azial load strengths $Pn[m)
for square column sizes from 10 in. to 24 in. with reinforcement ratios between 1aad 8% are presented. For other
cokmur sizes aad shapes, and material strengths, similar design charts based on ACI Eq. (10-1) or (10-2) can be
easily developed.

Tfrh design chart will provide quick estimates for a column size required to support a factored load P. witbin the
allowable limits of the reirrforcement 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,

5.4 SIMPLIFIED DESIGN FOR COLUMNS

5.4,1 Simplified Deeign Charts

Numerous design aids and computer programs are available for determining the size mrdreinforcement of colmnrrs
subjected to axial forces arrd/or moments. Tables, charts, aud graphs provide design data for a wide variety of
columrr sizes and shapes, reinforcement layouts, load eccentricities aad other variables, These design aids
efirrrinate the necessity for mahrg complex and repetitious calculations to determine the strengths of cohmms,
aspreliminarily 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.5’3 Each publication presents the design data in a
somewhat different formaq bowever, the accompanying text in each reference readily explains the method of use.
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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 nuy reinforcement layout or pattern.5.4The column section may be subjected to axial compressive
loads acting alorieor in combination with urihxiul orbiuxial bending. Slenderness effects may also be considered,
if desired. PCACOL will output ull critical load values and the interaction diagram (or, moment contour) for amy

column section.
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In general, columns must be designed fortfre combined effects of axial Ioadaadbendlng moment. As noted earlier,

appreciable bending mOments due tOwind 10adsmsY occur in tie columns of buildings without sliearwalls. TO
allow rapid selection of column size and reinforcement for a factored axial load P“ and bending moment Mu, Figs.

5-16 through 5-23 are inclnded at the end of this chapter. All design charts am based on f; =4000 psi and fy =
60,000psi, and are valid for square, tied, nonslender columns with symmetrical bar arrangements as shown in Fig.
5-2. Thenumberinparentheses nexttotbenumber of reinforcingbars isthereinforcement ratio pg=A,t/Agwhere
A,t is the totrd area of the longitudinal bars and Agis the gross area of the column ssetion. A clear cover of 1.5
in. to the ties was used (ACI 7.7. 1); also used was #3 ties with longitudinal bars #10 and smafler and ?Mties with
#11 bars (ACI 7.10.5),

El
4 bars

❑
8 bars

12 bars 16 bars

Figure 5-2 Bar Arrangements for Column Design Charts

For simplicity, each design cnrve is plotted with straight fines connecting a number of points corresponding to
certain transition stages. In generaf, the transition stages are defined as follows (see Fig. 5-3):

Stage 1: Pure compression (no bending moment)

Stage 2 Stress in reinforcement closest to tension face= O (f, = O)

Stage 3: Stress in reinforcement closest to tension face= 0.5 fy (fs = 0.5 fy)

Stage 4: Bafarrced point; stress in reinforcement closest to tension faCe= fy (f, = fy)

Stage 5: Pure bending (no axial load)

Note that Stages 2 and 3 are used to determine which type of lap spfice is required for a given load combination
(ACI 12.17). Inparticulzr, for load combkmtions falling witlrh Zone 1, compression lap spfices are aflowed, since
all of the bars are in compression. In Zone 2, either Class A (haff or fewer of the bars spficed at one Iecation) 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 requirsd 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 vrdid within the limitations stated above:
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h

., All bars in compression
. .

. .

@

Axial Load

ace

Figure 5-3 Transition Stages on Interaction Diagram

(1) Point 1 (see Fig. 5-l):

+Pn[-) = 0.80$ [0.85 f; (Ag - As,) + fYAstl ACI Eq. (10-2)

= 0.80$IAg[0.85f; + pg(fy -0.85 f; )]

where Ag = gross area of cohmrn, in.2
A,~ = total area of longitudinal reinforcing bars, in. 2
Pg =A,~/Ag
@ =strength reduction factor =O.70

(2) Points 2-4 (see Fig. 5-4):

QPn =$[Clhdl+ 87 SAsi(l-C2$)l
i=l

(5-1)

I$Mn= @[0.5Clhd1(h- C~dl) + 87 $A~i (1 - C2~)(~ - dJ]/12 (5-2)
i=l

where h = colrrum dimension in the direction of berrdlng (width or depth), in.
dl = distance from compression face to centroid of reinforcing steel in layer 1

(layer closest to tension face), in.
di = distarrce from compression face to centroid of reinforcing steel in layer i, in.
A~i = total steel area in layer i, in.2
n = total number of layers of reinforcement
$ = strength reduction factor= 0.7
CI,C2,C3 =constarrts giverrin Table 5-1
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I f *

Tension Face II .5 (typ.)

Figure 5-4 Notation for Eqs. (5-1) amd (5-2)

Table 5-1 Constants for Points 2-4

Point No. c1 C2 Q
2 2.S9 1.00 0.85
3 2.14 1,35 0,63
4 1.70 1,69 0.50

Values of I$Pnobtained from the above equations are in klps and I$M”are in ft-klps. To ensnre that the stress in
the reinforcing bars is less than or equul to fy, the quantity (1-C2dJdl) must always be taken less tti or equaf tO
60/87 = 0.69,

(3) Point 5:

For cohrnrns with 2 or 3 layers of reinforcement:

I$M.= 4A,ld]

For columns with 4 or 5 layers of rcinforcemen~

$IM. = 4(A,] + A,2)(dl - ~)

where s = center to center spacing of the bars

In both equations, $ = 0.911 rdso, A, I and A,z ae in.2, dl ands are in in., aqd I$Mnis in ft-kips.

The simpfitied equations for Points 2-4 will produce values of OPnand r)M”approximately 3% larger than the
exact values (at most). Tfreequations for Point 5 will produce conservative vnfues of r$Mnfor the majority of cases.
For columns subjected to small axial loads and large bending moments, a more precise investigation into the
adequacy of the section should be made because of the approximate shape of the simplified interaction diagrrmr
in the tension-controlled region. However, for typicnf building columns, load combinations of this type are rarely
encornrtered.

For a colmmr with a larger cross-section thurrrequired for loads, a reduced effective area not less than one-haff
of the totsf area may be nsed to determine the minimum reinforcement and the design capacity (ACI 10.8.4).



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 tham 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 R1O,8.4).

Additional design charts for other colunrn sizes and materiaf strengths can obviously be developed. For
rectangular or round columns, the graphs presented in F~eference5.2 may be used; these graphs are presented in
a nondlmensionalized format and cover arrextensive range of column shapes and material strengths. Also, the
CRSI Harrdbook5”3 gives extensive design data for sqaare, 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
correspondhrg to the various transition stages for an 18 X 18 in. column reinforced with 8-#9 bars, as shown in
Fig. 5-5.

t----i%y~g i

E’:‘‘:
u

3-#9
As; = 3.o in.2 $

m

;A *
~

2-#9 k

As~ = 2.o in.2
11 -

u’

3-#9
A~I = 3.0 in.2

~~
Figure 5-5 Column Cross-, fection for Example Problem

(1) Point 1 (pure compression):

8.0
pg = —= 0.0247

18X18

~Pn(m) = (0.80 X 0.70X 324)[(0.85 X4)+ 0.0247(60-(0.85 k 4))]
= 870 kips

(2) Point 2 (f,]= O):

Using Fig. 5-5 and Table 5-1:

Layerl: l–C2~=l–1=0
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[)9.00Layer2 l–C2~=l–l X — = 0,42
15.56

[)

2.44
Layer3: l–C2~=l–lx — = 0,84>0,69

15.56

l-C2d3/dl being greater tharr 0.69 in layer 3 meamsthat the steel irr layer 3 has yielded; therefore, use 1-
C2d3/dl = 0.69.

$Pn = 0.7[C1hd1 + 87 2Asi(l - C2~
i=l

= 0.7{(2.89 X 18X 15.56)+87 [(3X O)+ (2 X 0.42) + (3 X 0.69)])

= 0.7 (809.4+ 253.2)

= 744 klps

I)M. = 0.7[0.5Clhdl(h - C3dl) + 87 ~Asi (1 - C2~)(~ - di)]/12
i=l

= 0.7{(0.5 X 2.89 X 18 X 15.56)[18 - (0.85 X 15.56)]

+ 87[(3.0 X 0(9 - 15.56))+ (2.0 X 0.42(9 - 9))+ (3.0 X 0.69(9 2.44))] }/12

=0.7 (1932.1 + 1181.4)/12

= 182 ft-kips

(3) Point 3 (f,~ = 0.5 fy):

In this case, Cl = 2.14, C2 = 1.35, arrdC3 = 0.63 (Table 5-1)

Layer 1: l–C2~=l–1.35=– O.35

()9.00
Layer2 l–C2~=l–l.35 — = 0.22

15,56

[1

2,44
Layer3: l–C3~=l–l.35 — = 0.79>0.69 Use 0.69

15.56

OF” = 0.7{(2..14 x 18 X 15.56)+ 87[(3(-0.35)) + (2 X 0.22)+(3 X 0.69)]}

= 0.7(599.4+ 127.0)= 508 kips

$Mn = 0.7{(0.5 X 2.14 X 18X 15.56)[18 - (0.63X 15.56)]

+87 [(3.0(-0.35) X (9 - 15.56)) + O+ (3.0 X 0.69(9 - 2.44))] }/12

= 0.7 (2456.6+ 1780.7)/12= 247 ft-ktps

(4) Point 4 (f,l = fy):
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In thk case, CI = 1.70, CZ= 1.69, C3 = 0.50

Simila calculations yield the following

$Pn = 336 kipS

@Mn= 280 ft-kips

(5) Point 5 (pure bending):

For columns with 3 layers of reinforcemenfi

c$Mn= 4A,ldl = 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 fine represents the exact
interaction dlagrarn determined from PCACOL. As can be seen, the simplified interaction dlagramcompares 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 rfiagramis conservative. However, as noted earlier, typical building columns will rarely have
a load combination in this region. Note that PCACOL also gives the portion of the interaction diagram for tensile
axial loads (negative values of I$Pn)and bendlrrg moments.

Simplified interaction diagrams for afl of the other columns in Figs. 5-16 through 5-23 will compare just aa well
with the exact interaction diagrams; the largest dkcrepancies will occur in the region near pure bending only.

5.4,2 Column Ties

The column tie spacing requirements of ACI 7.10.5 are summarized in Table 5-2. For #10 column bars aad
smaller, #3 ties are required, for bars lwger then #10, #4 ties must be used. Maximum tie spacing shall not exceed
the lesser of 1) 16 Iongitudkral bar dkuneters, 2) 48 tie bar dkuneters, arrd 3) the least colurmr dimension.

Table 5-2 Column Tie Spacing

mMaximum
Tie Column Spacing”
Size Bara in.
#3 #5 10

#6 12
#7 14
#8 16
#9 Ie
#lo 1s

#4 #11 22 ITJ
E’:*:’’=”’”’’”;: ~,2

—

—0

F— .6

m
— $

.-:
—

—
S12

c“’”’:’””’”’

Interior column-slab joint””

J I

Interior column-beam joint’”’

‘Maximum spacing not to exceed least column dimension (ACl 7.1 0.5.2)
“AIso 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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Figure 5-6 Comparison of Simplified and PCACOL Interaction Diagrams



Suggested tie details to satisfy ACI 7.10.5.3 are shown in Fig. 5-7 for the 8,12, and 16 colmnrr bar arrangements.
In my square (or rectangular) bar armrrgement, the four comer bars are enclosed by a siugle 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). It is important to alternate
the position of hooks in placing successive sets of ties. For easy field erection, the intermediate bars in the 8 and
16bar arrangements carrbe supported by the separate cross ties shown in Fig. 5-7. Again, it is important to rdtemate
the position of the 90° hooked end at each successive tie location. The two-piece tie shown for the 12 ba
arrangement should be lap spliced at least 1.3 times the tensile development length of the tie bar, & but not less
tharr 12 in. To eliminate the supplementary ties for the 8, 12, and 16 b~ arrarrgements, 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

8bam 0’ nT

Columns 18 in. Preassembled Field Erection
Cages

20 in., 22 in., and 24 in. columns

B

(
Lap splice 2 greater of j jIQ

12 bars

Field Erection All 12 bar arrangements

16 bars n [3

Preassembled Field Erection
Cages

All 16 bar arrangements

-. =-,- ,m. n. .,

rlgure 3-/ Louimn i w ueraus

Column ties must be located not more tharr one-half a tie spacing above top of footing or slab in arry 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 maybe 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 columrr splices (see ACI 7.8.1 aud Chapter 8).

5.4.3 Biaxial Bending of Columns

Biaxial bending of a columrr occurs when the loading causes bend]ng simultarreously about both principal axes.
This problem is often encountered in the design of corner columns.
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A general biaxial interaction surface is depicted in Fig. 5-8. To avoid the nnmerous mathematical complexities
associated with the exact surface, several approximate techniques have been developed that relate the response
of a colrrnm in biaxiaf bending to its uniaxial resistance about each principal axis (Reference 5.5 snmmarir,es a
number of these approximate methods). A conservative estimate of the nominal axial load strength can be obtained

I from the following (see ACI R1O.3.5 and Fig. 5-9):

where Pni =

P“x =

P.y =

P. =

Figure 5-8 Biaxial Interaction Surface

Reinforcing bars not show”

Figure 5-9 Notation for Biaxial LooAing

nominal axial load strength for a column subjected to an axial load Pu at eccentricities ex and ey

nominal axial load strength for a colrrrmrsubjected to an axial load P. at an eccentricity of exonly

nominal axial load strength for a colmrrn subjected to arraxial load P“ at an eccentricity of eyonly

nominal axial load strength for a column subjected to an axial load Pu at arreccentricity of zero
(i.e., ex = ~ = O)

0.85 f; (As-A,J + fYA,t

The above equation can be rearranged into the following form
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In design, P. S ~Pni where P. is the factored axiaf load acting at eccentricities e. and ey. This method is most
suitable when I$pnx~d I$P,Yare greater tharr the corresponding balanced axial loads; this is usually the case for

typical buildhrg columns.

Arriterative design process will be required when using this approximate equation for colunrns subjected to biaxial
loading, A trial section carrbe obtained from Figs. 5-16 through 5-23 with the factored axiaf load P. arrdthe total
factored moment taken as M. = Mu, + M.y where M.. =:P.e, aud M.y = P.eY. The expression for @’ni = then

be used to check if the section is adequate or not. Usuafly, only arradjustment in the amount of reinforcement will
be required to obtain an adequate or more econonrical section.

5.4.3.1 Exampla: Simplified Design of e Column Subjacted to Biaxial Loading

Determine the size arrdreinforcement for a comer column subjected to P. = 400 klps, Mux= 50 ft-kips, and M“Y
=25 ft-kipS.

(1) Trial section

From Fig. 5-18 with P.= 400 kips arrdMu = 50 + 25 = 75 ft-kips, select a 14 X 14 in. colnmn with 4-#8
bars.

(2) Check the column using the approximate equation

For bending about the x-axis:

c$P”,= 473 kips for M., = 50 ft-kips (see Fig. 5-18)

For bending about the y-axis:

(rPny= 473 kips for M.y = 25 ft-ldps (see Fig. 5-18)

I$Po= 0.7[0.85 X 4(142 - 3.16)+ (60 X 3.16)]= 592 kips

$Pfi= ~ : ~ = :394kips = 400 klps

—+—–—
473 473 592

Since this approximate method of amdysis 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.
5-10 is the output from the program wfricbis a plot of $MnyversusOM~ forOP~= p“ = 400 kips (i.e., a horizontal slice

through the interaction surface at I$P”= 400 kips). Poirrt 1represents the position of the applied factored moments for
tlds example. As cm be seenfrom the figure, the sectionreinforcedwith 4-#7 bars is adequate to carry the applied load
and moments. Fig. 5-11 is also output from the PCACOL,program, tlis vertical dice through the interaction surface
afsoreveals the adequacyofthe section, Asexpected,the approximateequationresultedin amoreconservative arnomrt
of rcirrforcement(about 32% greater than the arnorrntfrom PCACOL).
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Figure 5-10 Moment Contour for 14 X 14 in. Column at @Pn = 400 kips
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Figure 5-11 Interaction Diagram for 14 X 14 in. Column
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5.5 COLUMNSLENDERNESS CONSIDERATIONS

5.5.1 Braced versus Unbraced Columns

When designing columns, it is important to estabfish whether or not the building frame is braced. There is rarely
a completely braced or a completely unbraced fmrrre. Realistically, a colrrrnrrwitbin a story can be considered
braced when horizontal displacements of the story do not sigrrificturtlyaffect the moments in the column. ACI
R1O.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 engirree~ in many cases, it is possible to ascertairr
by inspection whether or not a structure has adequate bracing.

A more approximate criterion is also given in ACIR1O.11.2 to determine if columns located witim a story can
be considered braced

“A compression member maybe 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 cohrrmrs within the story.”

In framing systems where it is desirable and economical to include shearwafls, 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 colmmrs is whether slenderness effects must be included
in the design (ACI 10.10). In general, design time can be greatly reduced if 1) the bnildhg frame is adequately
braced by shearwafls (perACIR1O.11.2) and 2) the columns me sized so that effects of slenderness may be
neglected, The criteria for the consideration of colrrrmrslenderness, as prescribed in ACI 10.11.4, are srrmrnarized
in Fig. 5-12. M2bis the larger factored end moment aad Mlb is the smaller end moment both moments, determined
fromarrelastic frame analysis, are due to loads that result in no appreciable sidesway. The ratio M]@f2b 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 maybe neglected when braced colmnns are sized to
satisfy the following:

where !. is the clear height between floor members and h is the colunnr size. The above equation is valid for
colrrnrnsthat are bent in double curvature with approximately eqnaf end moments. It can be used for the first story
cokurrrrsprovided the degree of fixity at the foundation is large enough.* Table 5-3 gives the maximum clear
height & for a colunnr size rhat would permit slenderness to be neglected.

For aa unbraced colmmr with a column-to-beam stiffness ratio v =1 at both ends, the effects of slenderness may
be neglected when &ilr is less than 5. In this case, k = 1,3 (see the alignment chart, Fig. R1O.11.2 in ACI
R1O.11.2).**

*For a discussion ofji+v of column bases, see PC1 Design Handbook-Precast and Prestressed Concrete, 4th Ed., Precaso7%?-
stressed Concrefe Institute, Chicago, IL, 1992.
+q~ ~ffec~ivelength f=~t~r k may be dete~ined for a braced or unbracedframe U@ ACI Fig. RIO,11,2 or asirtg the simplified

equations which are ako given in ACI R1O.11.2.
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Figure 5-12 Consideration of Column Slenderness

Table 5-3 Maximum Story Heights to Neglect Slenderness-Braced Columns

m

Column size Maximum clear height
h (in.) Qft

10 11.67
12 14.00
14 16.33
16 16.67
16 21.00
20 23.33
22 25.67
24 2s.00

If the beam stiffness is reduced to one-ftith of the column stiffness at each end, then k = 2.2; consequently,
slenderness effects need not be considered as long as &ih is less than 3. As can be seen from these two examples,
beam stiffnesses at the top and the bottom of a coluum irra structure where sidesway is not prevented will have
a significant influence on the degree of slenderness of the colmrm.

Due to the complexities involved, the design of slender colrmms 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. ~,
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5.6 PROCEDURE FOR SIMPLIFIED COLUMN DESIGN

The following procedure is suggested for design of amukistory colmnn stack using the simplifications andcolnnm
design charts presented in this chapter. Fornnbraced frames with nonslendercolumrrs, both gravity and wind loads
must be considered in the design. Figs. 5-16 through 5:23 carrbe used to determine the required reinforcement.
For braced frames with shemwalls resisting the lateral loads and the columns sized so that slenderness maybe
neglected, only gravity loads need to be considered, the reinforcement cambe selected from Figs, 5-16 through
5-23 as well,

STEP(1) LOAD DATA

1 (a) Gravity Loads:

Detetine factord loads Puforeach floor oftiecolum stick betigconsiderd. Irrclude a service dead
loadof4fcips per floor forcohmmweight. Determine column moments dueto gravity loads. For
interior columns supporting a two-way floor system, maximum colrrrnn moments may be computed by
ACIEq. (13-4) (see Chapter 4, Section 4.5). Otherwise, ageneral analysis isrequired.

! (b) Lateral Loads:

Determine axiaJ loads and moments from the wind loads for the colurmr stack being considered.

STEP(2) LOAD COMBINATIONS

I For gravity (dead + live) pins wind loading, ACI 9.2 specifies three load combinations that need to be
I considered:

I
gravity loids:

I
U= 1.4D+ 1.7L ACI Eq. (9-1)

gravity plus wind loads:

I U = 0.75(1.4D + 1.7L + 1,7W) ACI Eq. (9-2)

or

U = 0.9D f 1,3W ACI F/q, (9-3)

I
In Eq. (9-2), both fall vafue and zero vahre of L must be considered (ACI 9.2.2).

I Generally, for unbraced colunms subjected to wind moments, Eq. (9-2) will be the controlling load
combination,

STEP (3) COLUMN SIZE AND RHNFORCEMEN’T

Deterrnirre an initial colmmr size based on tbe factored axial load P“ in the first story using Fig. 5-1, and
use this size for the full height of building. Note that the dimensions of the colmnrr may be preset by
archhcctrmd (or other) requirements. Once a colurmr size has been established, it should be detemrined
if slenderness effects need to be considered (see Section 5.5). For colunms with slenderness ratios larger
thaa the fimits given in ACI 10.11.4, it maybe advarrtageous to increase the colrrrmrsize (if possible) so
that slenderness effects may be neglected.
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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 Pu arrdM“. Ideally, a colrmrn with a reinforcement ratio in the rarrgeof 1Yoto 2% will
result in maximum economy. Depending on the totat number of stories, differences in story heights, and
magnitudes of wind loads, 4~oto 6% reinforcement may be required in the first story columns, If the column bam
are to be lap spliced, the percentage of reinforcement should usually not exceed 4% (ACI R10.9. 1). For ovemfl
economy, the amount of reinforcement carrhe decreased at the upper levels of the building. In tafler buildhrgs,

the concrete strength is usually varied along the building height as well, with the largest f; used in the lower
level(s).

5,7 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 Alternata (l)-Slab and Column
Framing Without Structural Walls (Unbraced Frame)

f: = 4000 psi (cmbonate aggregate)

fy= 60,000 psi

Reqnired tire resistance rating= 2 hours

(1) LOAD DATA

ROOE LL = 20 psf Floors: LL=50psf

DL = 122 psf DL=136psf (8.5 in. slab)

Calculations for the first story interior colrrrmrareas follows:

(a) Total factored load*:

Factored axial loads due to gravity are smnmarized in Table 5-4.

Table 5-4 interior Column GraviWLoad Summa~for Building #2-Alternate(l)

Dead Tributary Influence Reduced Factored Cumulative
load Live load area live load load factored load

Floor (psf) (psf) (rtq ;fa Rfvf’ (psf) (kipsy (tips)

5th (roof) 122 20 480 — 1.Oot 20.0 104 104

4th 136 50 480 1920 0.59 29.5 121 225

3rd 136 50 480 3840 0.49 24.5 117 342

2nd 136 50 480 5780 0.45 22.5 115 457

1St 136 50 480 7680 0.42 21.0 114 571

‘RM = reduction multiplier for We load see Table 2-2.

'' Factored load= [l,4(Dead load) +l.7(Reduced five load)] xTtibuta~area. Factored loadincludes a factored column
weight =l.4x 4fdps=5.61dpa per floor,

‘No reduction permitted for roof five load (ASCE 4.8.2).

%xial loadjlom wind loads is zero (WWFig. 2-15)
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(b) Factored moments:

gravity loads:* Mu= 0.035w4z[,2 = 0.035( 1.7 X 0.05)(24)(18.832)=25 ft-kips

[112
portion of M.tolst story colmnn=25 — = 11 ft-kips

12+15

wind loads:** M. = 1.7(94.7) = 161 ft-kips

(2) LOAD COMBINATIONS

For the 1st story colrrrnn:

gravity loads P.= 571 kipS

M.= 11 ft-kips

gravity + wind loads: P. = 0.75(571) = 428 klps

M.= 0,75(11 + 161)= 129 ft-kips***

amd

ACI Eq. (9-1)

ACI Eq. (9-2)

P“ = 0.9(59 + 261 + 20)= 306 kipS ACI Eq. (9-3)

Mu= 1.3(94.7) = 123 ft-kips

Factored loads and moments, and load combkations, for the 2nd through 5th story columns are calcu-
lated iu a similar manner, and are summarized in Table 5-5.

Table 5-5 Interior Column Load Summary for Building #2, Alternate (1)

Gravitv Loada Gravitv + Wind Loads
Floor Eq. (9-1 ) Eq. (9-2) Eq. (9-3)

P“ Mu P“ w P“ Mu

s)
~

\ ., s} JU!JSJ (rt-idq&
5th 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

tM. = 0.035(1 .7X 0,02)(24)(18.672)=10 ft-kipS.

(3) COLUMN SIZE AND REINFORCEMENT

With P.= 571 kips, try a 16 X 16 in. colurmr with slightfy more than 1% reinforcement (see Fig. 5-l).
Check for fire resistance: From Table 10-2, for a fwe resistance rating of 2 hours, minimum colrmm
dimension = 10 in. <16 in. O.K.

Determine if the colmmrs are slender.

As noted above, a colmrm in an unbraced frame is slender if k!Jr 222. In lieu of determining an
“exact” vafue, estimate k to be 1.2 (a value of k less than 1.2 is usualfy not realktic for colurmrs in an
unbraced frame see ACI R1O.11.2)

Woment due to dead load is small,
**Moments due to wind loads in the N-S direction govern (see Figs. 2-15 and 2-16).
***Mczxinunnnumwnt will be obtained when live load moment k inckded,



SimplifiedDesire for Columns 5-21

For the 1st story column:

klu 1.2[(15x12)-8.5] =43>22—.
r 0.3(16)

For the 2nd through 5tb story colrmms:

k!m L2[(12x 12)- 8.5] =34,22—.
r 0.3(16)

Therefore, slenderness must be considered for the entire colrrrmrstack. To neglect slenderness effects, the size
of the colmmr h would have to be:

1.2[(15X12) – 8.5]
<22+h>31.2in.

0.3h

Obviously, this colnrnn 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 column, includlng 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 cau 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 ACI 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 ban 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, kt.h is greater than 100, and a second-order fmme analysis would be required.

Check for tire resistance: From Table 10-6, for afire resistance rating of 4 hours or less, the required cover to the
main longitdnaf reinforcement= 1.5 in. < provided cover= 1.875 in. O.K.

5.7.2 Example: Design of an Interior Column Stack for Building #2 Alternate (2)- Slab and Column
Framing with Structural Walla (Braced Frame)

f; = 4000 psi (carbonate aggregate)

fy = 60,000 psi

Required tire 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

*Tke moments of inertia of thejrexural and compression members are required in order to compute the effective length factor k of the
eokunm ACI RI 0.11.2 re.ommettds using a value of 0.5 Igforjrexural members (to accou.tfo. the effect of cracking ad reinforce-
ment on relative stiffness) and Igfor compression members when computing the reladu. .tiffness at each end of 1~ cOmpre$$iOn
member, where Ig is tke gross moment of inertia Ofth section.
** U = 0,9D-1.3W
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Figure 5-13 Interaction Diagram for First Story Interior Column, Building #2, Alternate (l),

Including Slenderness
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Root LL = 20 psf

DL = 122 psf

Floors: LL = 50 psf

DL = 142 psf (9 in. slab)

Calculations for the first story interior column are as follows:

(a) Totaf factored load (see Table 5-6):

Table 5-6 Interior Column Gravity Load Summary for Building #2, Alternate (2)

I I Dead 1 I Tributary I Influence I I Reduced “~~
load

Cumulative
Live load area five load load factored load

Floor (psf) (psf) (fiz) G:q RM’ (psf) (kips)” (kips)

5th (roof) I 122 20 480 — 1,Oot 20.0 104 104

4th 142 50 480 1920 0.59 29,5 125 229

3rd 142 50 480 3&to 0,49 24.5 121 350

2nd 142 50 480 5760 0.45 22.5 119 469

1St 142 50 ,480 7680 0.42 21.0 118 587

‘RM = reduction multiplier for five Ioart 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 Idps = 5.6 fdps per floor.

‘No reduction permitted for roof five load (ASCE 4.8.2).

(b) Factored gravity load moment

Mu= 0.1)35w&l,2= 0.035( 1.7 X 0.05)(24)(18.832)=25 ft-kips

portion of M. to 1st story colurmr = 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 ia Table 5-7. Note that only ACI Eq. (9-
1) needs to be considered for cohrnrns in a braced frame,

Table 5-7 Interior Column Load Summary for Building #2, Alternate (2)
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(3) COLUMN SIZE AND REINFORCEMENT

With P.= 587 kips, try a 16 X 16 in. column with approximately 1.3% reinforcement (see Fig. 5-l).

Check for fire resistance From Table 10-2, for a fire resistance rating of 2 hours, minimum cohrnur
dimension = 10 in. < 16 in, O.K.

Deterrrrine if the columns are slender.

Using Table 5-3, for a 16 in. colmnn, the nraximum clear story height to neglect slenderness is 18.67 tl. Since the
actual clear story heights are less than tlrk vafrre,slenderness need not be considered for the entire colrmrn stack.

● 1St story Cohrnms:

P,= 587 kipS, Mu = 11 ft-kipS

From Fig. 5-19, use 4-#8 bars (pg = 1,23%)

. 2nd through 5th story colmmrs:

Using 4-#8 bars for the entire colmnn stack would not be economical. ACI 10.8.4 maybe used so that the amount
of reinforcement at the upper levels maybe decreased, The required area of steel at each floor can be obtained
from the following:

Required A,t = (area of 4-#8 bars)
[

Pu at floor level

588 kipS )

where 588 kips is $Pn for the 16 X 16 in. colrrnrnreinforced with 4-#8 bars. It is important to note that ps should
never be taken less than 0.5% (ACI 10.8.4). The required reinforcement for the colrmrn stack is summarized in
Table 5-8,

Table 5-8 Reinforcement for Interior Column of Building #2, Alternate

Required &t Required Pg Reinforcement
Floor fi”2) (“la) (Pa )“/0
5th 0.56 0.50’ 4-#6 (0.69)
4th 1.23 0.50” 4-#6 (0.69)
3rd 1.66 0.73 4-#7 (0.94)
2nd 2.52 0.98 4-#6 (1 .23)
1St 3.15 1.23 4-#6 (1 .23)

‘Minimum PO= 0.5% (ACI 10.6,4)

(2)

Minimum i~t = 0,005 x 162 = 128 in.z

Check for tire resistance: From Table 10-6, for afire resistance rating of 4 hours or less, the required cover to the
main longitudkral reinforcement = 1.5 in. < provided cover. O.K.

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 #l-3-story Pan
Joiet Construction (Unbraced Frame)

f: = 4000 psi (cwbonate 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

Floors: LL = 60 psf

DL = 130 psf

Calculations for the first story colmmr areas follows:

(a) Total factored load (see.Table 5-9):

Table 5-9 Edge Column Gravity Load Summary for Building #1

Dead Tributary Influence Reduced Factnred Cumulative
load Live load area five load load

Floor (psf)
factored Inad

(psf) (Hz) ;$) RM’ (psf) (kipa~ (kips)

3rd (roof) 105 12 450 — 1.Oot 12.0 81 81
2nd 130 60 450 1800 0,60 36.0 115 196

1at 130 60 450 3600 0.50 30,0 110 306

“RM = reduction multiplier for five lea@ aee Table 2-2.

'"Favored load= [l.4(Dead load) +l.7(Reduced liveload)] xTtibuta~area. Factored kadincludes a factored column
weight = 1,4 x 4 Idps = 5.6 kips per floor.

‘No reduction permitted for roof five Inad (ASCE 4.6.2)

(b) Factored moments in Ist story edge cohnmrs:

gravity loads: Mu=372,7fi-tips (see Section 3.8.3 -Step (2), MU@extefiorcolums)

portion of M. to 1st story column= 372.7/2= 186 ft-kips

wind loads (see Fig. 2-13):
P“ = 1.7(10.0) = 17 kips

Mu= 1.7(55.5) =94 ft-kipS

(2) LOAD COMBINATIONS

For the 1st story column:

gravity loads:

P.= 306 kipS

Mu= 1!36ft-kips

gravity + wind 10MIs:

ACI Eq. (9-1)
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P.= 0.75(306 + 17)= 242 klpS ACI Eq. (9-2)

Mu= 0.75(186 + 94)= 210 ft-klps

and

P“ = 0.9(47+ 17+12) +

Mu= 0.9[fi(0.130 X 30,

,3(10.0) = 171 kips ACI Eq. (9-3)

(28.58)2
---] + 1.3(55.5)= 162 ft-kips

Factored loads aud moments, aad load combhrations, for the 2nd and 3rd story colurrms are calculated irr
a sirrrilar manner, and are surrunarized in Table 5-10.

Table 5-10 Edge Column Load Summary for Building #1

Gravity Loads Gravity + Wind Loads

Floor Eq. (9-1) Eq. (9-2) Eq. (9-3)

P“ Mu P“ b P“ Mu
(@Qe) (rt Irk@_ ~DS) flDs~ (ft k@_. .

3rd 81 256”- 62 208- 47 161
2nd 196 186 152 184 108 135
1St 306 166 243 210 171 162

“wu = [(1.4 x o.105) + (1 .7X 0.012)]30 = 5.02 klf
Mu = 5.02 X 28.582/16= 256 ft-kipS

(3) COLUMN SIZE AND REINFORCEMENT

For edge columns, inkial selection of column sire caa be detcrrnirred by referring directly to the colmnrr
design chwts and selecting an initial sim based on required moment strength. For largest Mu = 256 ft-
kips, try a 16 X 16 in, colurrur (see Fig, 5-19).

Check for fii resistarrce: From Table 10-2, for fire resistance ratings of 1 hour and 2 hours, minimum
colurrur dimensions of 8 in. aud 10 in., respectively, are both less than 16 iu. O.K.

Determine if the colurrrrrsare slender.

Using k = 1.2, slenderness ratios for all columns:

keu 1.2[(13x12)–19.5] =34>22—.
r 0.3(16)

Thus, all of the columns are slender, To neglect slenderness effects, the sire of the cohurur would have to be:

1.2[(13x12)-19.5] <22+h>M sin
. .

0.3h

Thk colurrur 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 colurrrrr,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 crackirrg.*
The column was assumed fixed at the foundation. As cm be seen from the figure, 8-#10 bars are required in this
case.

*The moments of inertia of the fkxural and compression members are required in order to compute the effective length factor k of the
cokunm A Cl RI 0,11,2 recommends using a value of0,518 forjlexural members (to account for tht effect of cracking and reinforce-
ment on relative srifiess) and [gfor compression members when computing the relative +j?wm aJ each end of the compression
member, where [g is the gross moment of inertia of the section.



Figure 5-14 Interaction Diagram for First Stoiy Edge Column, Building #1, Including Slenderness
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Check for firs resistarwe: From Table 10-6, for fire resistarrce ratings of 4 hours or less, required cover to mairr
longitndirral reinforcement is 1.5 in. < provided cover = 1,875 in. O.K.

5.8 COLUMN SHEAR STRENGTH

Columns in unbraced frames are required to resist the shear forces from wind loads. For members subjected to
axiaf compression, the concrete shear strength QVcis given in ACI Eq. (11-4). Fig. 5-15 carrbe used to obtain thk
quarrtity for the square colurmr sizes shown. The largest bar size from the corresponding column design chats
of Figs. 5-16 through 5-23 were used to compute $Vc (for example, for a 16 X 16 in. column, the largest bar size
in Fig, 5-19 is #l I).

ACI Eq. (9-3) should be used to check column shear strength:

U = 0.9D + 1.3W

N.= P.= 0.9D

vu= 1.3W

If Vu is greater tharr $Vc, spacing of cohumr ties cau be reduced to provide addkional shear strength I$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 colnnm shear strength.

Table 5-11 Shear Strength Provided by Column Ties

=
‘2 legs, Grade 60 bara

For low-rise buildlngs, cohrrnrr shear strength r$Vcwill usually be more than adequate to resist the shear forces
from wind loads.

5.8.1 Example Deeignfor Column Shear Strength

Check shear strength for the I st floor interior colmnns of Buildkrg #2, Alternate (1) - slab and column framing
without stracturafwafls. Forwind inthe N-Sdlrection, V=12.63klps (see Flg.2-l5).

Nu=Pu=0.9(59 +261 +20)= 306kips (see Example 5.7,1)

Vu= 1.3(12.63) = 16.42 kipS

From Fig, 5-15, fora 16X 16in. cohumrwithNu=306kips:

@VcS36kips >16.42kips O.K.

Colrrnm shear strength inadequate, W1th#lOcolum bm, use#3colum ties at16in. oncenter(least colum
dimension governs; see Table 5-2).
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Chapter 6

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 combmedeffects of gravity and wind loads to be reduced by afactorof 0.75. Only amounts
ofretiforcement mayhave to beincremed duetothe forces mdmoments causdbywfid. Whether dkectly
considered or not, nonstructural walls and partitions can also add to the total rigidity of a buildkrg and provide
reserve capacity against lateral loads.

Stmcturrd walls or shearwalls are extremely important members in high-rise buildhgs. If unaided by walls, high-
rise frames often could not be efficiently designed to satisfy strength requirements or to be within acceptable lateral
drift fimits. Since frame buildirgs depend primarily on the rigidhy of member connections (slab-column or beam-
column) for their resist~ce to lateral loads, they tend to be uneconomical beyond a certain height range (11-14
stories in regions ofhigh to moderate seismicity, 15-20 stories elsewhere). To improve overall economy, structural
walls are usually required in taller buildkrgs.

If structural walls are to be incorporated into the framing system, a tentative decision needs to be made at the
concepb.mldesign strigecorrceming their location in plan. Most multi-story buildings are constructed with a
central core area. The core usually contains, among other things, elevator hoistways, plumbing and HVAC shafts,
nndpossibly exit stairs. had&tion, there may beotherexit stairs atone ormorelocations remote fromtiecore
area. Allofthese involve opnings in floors whlch~e generally required by building codes to beenclosedwith
walls having afire resistance rating ofonehour ortwohours, depending ontienumber ofstories connected. In
general, it is possible to use such walls for structural purposes.

If at all possible, the structural walls should be located witbin the plan of the building so that the center of rigidity
of thewalls coincides wititie lineofwtiou of theresultmt windloads. This willprevent torsional effects onthe
structure. Sticeconcre@ floor systems actasfigid hofizonti diaphagms, tiey&stibute tiela@rdloads to the
vertical framing elements inproportion totheirrigid1ties. Tfrestmctnral walls sigrriflcarrtlystiffen thestmcture
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 FRAME-WALL INTERACTION

The analysis and design of the structural system for a building frame of moderate height can be simplified if the
structural walls are sized to carry the entire wind load. Members of the frame (colmrms and beams or slabs) 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 resistance 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 tharr 100I7oof the story shears caused by the wind loads. Thus, neglecting frarne-
wrdfinteraction 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 bracirrg, the frame can be considered braced for column design(ACIR1O.11.2). Slenderness
effects can usually be neglected, except for very slender columns. Consideration of slenderness 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. WWle fire resistarrce requirements will seldom govern wall thickness,
these buildhrg 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 criterion is given in ACI R1O,11,2 to establish whether stmctural walls provide sufficient lateral bracing
to qufllfy the frame as braced. The shearwalls must have a total stiffness at least six times the sum of the stiffnesses
of all the columns in a given dkection within a story:

I(w~l,)26 I(CO,U~,)

The above 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 inACIR1O.11,2, size the structural walls for Alternate (2) of Building #2
(5 story flat plate)*. In generaf, both the N-S and E-W directions must be considered. The E-W direction will be
considered in thk example since the moment of inertia of the walls will be less in this dkection. The plan of
Buildkrg #2 is shown in Fig. 6-1.

Required fire resistance rating of exit stair enclosure wafls = 2 hours

For interior colunrrrs: I = k’12(164)= 5461 in.4

For edge columns: I = Y12(124)= 1728 in!

I(cOIUm,~= 8(5461) + 12(1728)= 64,424 in.4

61CcoIUm,l= 386,544 in.4

The 5 story flat plate frame of Building #2 is certainly within the lower height range for structural wall consideration. Both
architectural and economic consideratioiu need to be evaluated to effectively conclude ~struznzral walls need ZObe included in low-
to-mockrate height buildings.
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Try an 8 in. wail thickness. To accommodate openings required for stairwells, provide 8 ft flanges as shown in
F,g, 6-2.

From Table 10-1, for a fire resistance rating of 2 hours, required wall thickness = 4.6 in. <8 in. O.K.

E-W dkection

Qg = (248 X 8)+ (88 X 8 X 2)= 1984+ 1408= 3392 in.z

x = [(1984 X 4) + (1408 X 52)]/3392 = 23.9 in.

IY= [(248 X 83/12)+ (1984 X 19.92)]+ [2(8 X 883/12)+ (1408 X 28.12)] = 2,816,665 in.4

For two walls: I(wan,)= 2(2,816,665) = 5,663,330 in.4 >>386,544 in.4

? ‘

■ ■ ■ ■ m

N

■ ■ ■ ■
—Exit stair

Enclosure

■ d

16x 16WP.
walla

Enclosure

■ ■
walla

12” x 12” WP.

9 ■ ■ ■ m

Figure 6-1

—

Pfan of Building #2, Alternate (2)

8“ tyP.

7 ry

Figure 6-2 Plan View of Shearwall
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Therefore, the frame can be considered braced for colurnu design. Since the wall segments in the E-W direction
provide most of the stiffuess in thk 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 wafl) cm be critical for structural walls with smafl height-
to-length ratios (i.e., wafls in low-rise buildings). Special provisions for walls are given in ACI 11.10. In addition
to shear, the flexumf strength of the wafl must also be considered (see Section 6.5),

Walls with minimum amounts of vertical arrdhorizontal reinforcement are usually the most economical. If much
more tharr the minimum amount of reinforcement is required to resist the factored shear forces, a chaage iu wafl
size (length or thickness) should be considered. The amounts of verticaf and horizontal reinforcement required
for shear depends on the magnitude of the factored shear force, Vu:

(1) When the factored shezwforce is less thau or equal to one-half the shear strength provided by concrete (Vu<
I$V~2),minimum wall reinforcement according to ACI 14.3 must be provided. For walls subjected to axiaf

Pcompressive forces, I$VCmay be taken as c$2 fc hd where his the thickness of the wall, d =0,8tW(ACI 11.10.4),

and QWis the length of the wall (ACI 11.10.5)*. Suggested verticaf arrd horizontal reirrforcement for this
situation is given in Table 6-1.

Table 6-1 Minimum Wall Reinforcement (Vus $VJ2)

~

afvfbrimum AJft of wall = 0,0012(12)h = 0.0144h for #5 bars and Iesa (ACI 14,3.2)
b~”imum AJff of wall = 0.0020(1 2)h = 0.0240h for #5 bars and less (ACI 14.3.3)

~wo Iayera of reinforcement are required (ACI 14.3.4)

(2) When the design shear force is more thau one-half the shear strength provided by concrete (Vu> I$VJ2),
minimum shear reinforcement according to ACI 11.10,9 must be provided. Suggested reinforcement (both
vertical aud horizontal) for this sitnation is given in Table 6-2.

(3) When the design shear force exceeds the concrete shear strength (Vu > ~VC),horizontal shear reinforcement
must be provided according to ACI Eq, (11-34). Note that the vertical aud horizontal reinforcement must not
be less thurr that given in Table 6-2,

Using the same approach as in Section 3.6 for beams, design for required horizontal shear reinforcement in wufls
when VU> @Vccarrbe simplified by obtaining specific values for the design shear strength C$IV$provided by the
horizontal reinforcement. As noted above, ACI Eq. (11-34) must be used to obtain I$V,:

*@Vcmy afso be computed by ACI Eqs. (11-32) and (1I-33).
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Table 6-2 Minimum Wall Reinforcement (4NJ2 c Vu < (A/c)

8 I 0.24
10 0.30
12 0.36

#4@ 10

#5 @ 12
+tAia iab

afdinimum A~ff of wall = 0,0025 (12)h = 0,03h (ACI 11.10,9)
bTwO laYera of reinforcement are required (ACI 14.3.4)

@vs=@y

where A, is the total area of the horizontal shear reinforcement within a dktturce SZ,$ = 0,85, fY= 60,000 psi, and
d = 0.8& (ACI 11.10.4). For a wall which is reinforced with #4 bars at 12 in. in a single layer, ~V, becomes:

@V,= 0.85 X 0,20 X 60X (0.8 X 12&)/12 = 8,2(Wkips

where IWis the horizontal length of wall in feet.

Table 6-3 gives valnes of (rV, per foot length of wall based on various horizontal bar sizes and spacings.

Table 6-3 Shear Strength $V. Provided by Horizontal Shear Reinforcement*

(kips/ft len@-hof wall)
Bar Spacings~

(in.) #3 #4 #5 #6

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

13 4.1 7,5 11.7 1!3.6

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 6.9 12.7

16 3.0 5.4 8.4 12.0

E
P. —

Ph\

‘Values of $VS are for walls with a single layer of reinforcement, C

Tabulated values can be doubled for walls with two layers.

hw
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Table 6-4 gives values of (rVc= $2@h(0.8& ) and limiting values of $Vn=$rVc+ $V, = @O@h(O.8& ), both

expressed in kips per foot length of wall.

Table 6-4 Design Values of I$VCand Maximum Allowable $rVn

EEliaaTh~~ (kips/ft length of waII) (kips/fi~g$hv~f wall)

The required amount of verticnl shear reinforcement is given byACIEq.(11-35):

p,= 0.0025 + 0.5(2.5 - hW/&,)(ph- 0,0025)

hw = total height of wall

p.= A,Jslh

ph = A.@2h

where

When the wall height-to-length ratio hJ!~ is less than 0.5, the amount of verticaf reinforcement is eoual to the
amount of horizontal reinforcement (ACI 11.10.9.4). When hJ& is greater than 2.5, only the minimum amount
of vertical reinforcement given irrTable 6-2 is required.

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 loadkrg is 200 kips. Assume total height of wall from
base to top is 20 ft.

—

Figure 6-3 P&zn View of Shearwall
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(l) Deterruirre factored shear force. Use ACIEq. (9-3) forwindloadsonly

V,= 1,3(200) = 260 kipS

(2) Determine i$Vcand maximum allowable I$Vn

From Table 6-4: $Vc = 8.3 X 10=83 kipS

$Vn =41,3x 10 =413 kips

Wall cross section is adequate (VU< $Vn); however, shear reinforcement as determined from ACI ~.
(11-34) must be provided (Vu> $Vc).

(3) Determine required horizontal shear reinforcement

$V, = VU-$VC= 260-83 = 177 kipS

~V, = 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.

smm=18in. >8in, O.K.

Use #5 628 in. horizontal reinforcement

Note: Useofminimum shemreinforcement form 8in. wdltiichess isnotadequate:

#462 10 in, (Table 6-2) provides $V, = 9.8 kips/ft only (Table 6-3),

(4) Determine required vertical shear reinforcement

pm = 0.0025+ 0.5(2.5 - h@W)(ph - 0.0025)
= 0,0025+ 0,5(2.5 - 2)(0.0048 - 0.0025)

= 0,0031

where hW/tW= 20/1O= 2

Ph=&tiszh=0.31/(8 X 8)= 0.0048

Required Avn/sl=pnb =0.0031 X8=0.0248 in.2/in,

For#5bam: sl=0,31/0,0248 =12.5 in. c18 in. O.K.

Use#5 @ 12in. verticaf reinforcement.

6.4.2 Example: Design for Shear

For Alternate (2)of Building #2(5-sto~flat plate), select shewreinforcement fortietwo shemwalls, 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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Total shear force at base of building (see Chapter 2, Section 2.2.1.1):

V= 9.5+ 18.4+ 17.7+ 16.4+ 16.6= 78.6 kips

For each shearwafl, V = 78.6/2 = 39.3 kips

vu =51.1 kips

Factored shear force (use ACI RI. (9-3) for wind load only):

vu= 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

I$Vc= 8.3 X 8 = 66.4 kipS (see Table 6-4)

Since V“ for each 8 ft segment = 51.1/2 = 25.6 klps which is less than 41VJ2= 66.4/2 = 33.2 kips,
provide minimum wall reinforcement from Table 6-1, For 8 in. wafl, 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 = 22.6+ 43.9+ 42.2+ 39.8+ 41.0= 189.5 kipS

For each shearwall, V = 189.5/2= 94.8 kips

l]

8“typ.
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x

I
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Factored shear force:
V.= 1.3(94.8) = 123,2 klpS

Fortie N-Sdwe~ion, assume thattie shear force isresisted bythe20ft-8 in. websegmentonly. From
Table 6-4:

$V, = 8,3 X 20,67= 171,6 kips

Since $VJ2 = 85.8 klps < Vu = 123.2 kips < @Vc= 171.6 kips, provide minimum shear reinforcement
from Table 6-2. For8in. wall, use#4@ 10in. horizontal aswellas vertical reinforcement.

(3) Check shear strength in 2nd story in the N-S direction

Vu= 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 I$VJ2 = 85,8
kips<Vu=96.5 klps<~Vc =171,6 klps. Forthe3rd story arrdabove, therninimum wallreinforcement
given irrTable 6-1 can be used for all wall segments (Vu @ 3rd story= 70,7 kips < I$VJ2 = 85,8 kips).
Forhorizontal reinforcement, use#4@ 12in., audforvertical reinforcement, use#3@ 11 in.

(4) Summary of Reinforcement

Vertical bars: Use#4@ 10in, forlstand 2ndstories*

#3 @ 10 in, for 3rd through 5th stories**

Horizontal bars: Use #4 @ 10 in. for 1st and 2nd stories

#4 @ 12 in. for 3rd through 5th stories

6.5 DESIGN FOR FLEXURE

For buildings of moderate height, walls with uniform cross-sections and uniformly distributed vertical rind
horizontrd reinforcement are nsuafly the most economical. Concentration of reinforcement at the extreme ends
of a wall (or wall segment) is usually not required. Uniform distribution of the vertical wall reinforcement required
for shear will usually provide adequate moment strength as well. Minimum nmounts of reinforcement will usually
be sufficient for both shem and moment requirements.

In genemf, walls that are subjected to axinl 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
rectnugnkn’ shearwalls containing uniformly distributed vertical reinforcement and subjected to au nxial load
smaller thah that prurfucing bafrmced failure, the following approximate equatien cm be used to determine the
norninul moment capacity of the Waflc”l(see Fig. 6-4):

I$Mn=$[0.5A,tfy&(l + pA)(l.:)]
A,tfY w

where A,t = total urea of vertical reinforcement, in.z

!W = horizontal length of wnfl, in.

P. = factored nxial compressive load, klps

fY = yield strength of reinforcement =60 ksi

*FcJrmoment strength, #6 @ 10 in, are required in the 8ft. wall segments witkin the first stmy (see Example 6,5. 1).
. *sPacing ~fvertic=l bars ,educed from I I in. m 10 in. so that the bars in the 3rd story can be spliced with the bar. in the 2nd stOV.
%.% particular, ACI IO.2, 10,3, 10.10, 10,11, 10.12, and 10.15 are applicable for Walk.
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Ast—

P-
Figure 6-4 Plan View of Shearwall for Approximate Nominal Moment Capacity

c ro+a
where PI = 0,85 for f: =4000 psi

z= 2rIr+0.85~1 ‘

(1A~t*=—%
ewh f:

P.~ .—
ewhf:

h = thkhess 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 Dasign for Flexura

For Aftemate (2) of Building #2 (5-story flat plate), determine the required amount of moment reinforcement for
the two shearwalls. Assume that the 8 ft wafl segments resist the wind moments irrthe E-W direction arrdthe 20
ft-8 in. wall segments resist the wind moments in the N-S direction.

Root7 DL = 122 psf

Floors: DL = 142 psf
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(1) Factored loads and load combinations

When evacuating moment strength, the load combination given in ACI Eq. (9-3) will govern.

U = 0.9D + 1.3W

(a) Dead load at first floor level:

Tributary floor area = 12 X 40= 480 sq ftktory

Wall dead load = (0,150 X 3392)/144= 3.53 kips/ft of wall height (see Sect. 6.3.1)

P.= 0.9[(0.122 X 480)+ (0.142 X 480 X 4)+ (3.53 X 63)]= 498 kipS

Proportion total P. between wafl segments: I

2–8 ft segments: 2 X 96= 192in. 192/440 = 0.44

1–20 ft-8 in, segmenti 248 in. 248/440 = 0.56

For 2–8 ft segments: P.= 0.44(498) = 219 klpS

1–20 ft-8 in. segment: Pu = 0.56(498) = 279 kips

(b) Wind moments at first floor level: I
-

From wind load anafysis (see Chapter 2, Section 2.2.1.1):

E-W directioru

M“ = 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 dkection:

Mu= 1.3[(22.6 X 63)+ (43.9 X 51)+ (42.2X 39)+ (39.8 X 27)+ (41 X 15)]/2
= 4549 ft-fcips/shearwall

(c) Values of P. and M. for tfre 2nd and 3rd floor levels are obtained in a similar mannec

For 2nd floor level: 2–8 ft segments: P.= 171 klps

1–20 ft-8 iu. segmerm P.= 218 klps

E-W direction: M.= 1131 ft-klpa/shearwall

N-S direction: M.= 2701 ft-klps/shearwall

For 3rd floor level: 2–8 ft segment P.= 128 klps

1–20 ft-8 in. segment P.= 162 kips

E-W direction: M,= 648 ft-kipa/shearwall

N-S direction: M.= 1543 ft-kipalshearwall
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(2) Design for ffexure in E-W direction

Irritirdly check moment strength based on the required vetiicnl shear reinforcement #4 @ 10 in. (see
Example 6.4.2).

(a) For 2-8 ft wall segments at first floor level:

P. = 219 kiPS
,ASt = 3.84 in,2

M. = 1898 ft-kips
f

& =96 in.
tw= 96

combined h = 2(8) = 16 in.

For #4 @ 10 irr. (2 wafl segments):

A,t = 2 X 0.2.h X 8 =3.84 irr.2

‘=(ti):=(-):=oo”
~= Pu 219

—= — = 0.036
!Whf: 96 x16X 4

c co+a
– 0’038 + 0“036 = 0.093

z= 202+ (0.85X 0.85) – 2(0.038)+ 0.72

Mn = 0.5A~tfy&(l + ~)(1 -;)
A,tfy

= 0.5X 3.84X60X 96(1+ -)(1 - 0.093)/12 = 1630 ft - kips

I)M. = 0.9(1630) = 1467 ft-kips < Mu = 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 #5 @ 10 in. is $Mn = 1835 ft-klps which is also less than M. (calculations not
shown here).

Try#6 @ 10 in.:
A,t= 2 X 0.53 X 8 = 8.48 in.z

[–)~ = 8.48 ~=oo83

96x16 4

c
0“083+ 0’036 =0.134

G– – 2(0.083)+ 0,72
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Mn =0.5x8.48x60 x96(1+ - –0.134)/12 =2521 ft –klPS

$Mm= 0.9(2521) =2269 ft-kips > M, = 1898 ft-kips O.K.

(b) For 2-8 ft wall segments at 2nd floor level:

P“= 171 kips

Mu= 1131 ft-kips

Check W @ 10 in.:

A,~= 3.84 in.z

0 = 0.038

171~. —= 0.028
96x16x4

c _ 0.038+0.028 =0,083

z– 2(0.038) + 0.72

M.=0.5x3.84 x60x96(1+ -)(1 – 0.083)/12= 1472 ft –kipS

$Mn = 0.9(1472) = 1325 ft-kips > M. = 1131 ft-kiPS O.K.

#4@ 10in. (required shemreinforcement) isadeqnate formoment stren~above the first floor.

(c) For 2-8 ft wall segments at 3rd floor level:

P.= 128 klPS

Mu= 648 ft-klps

Check #3@ 10in. (required shear reinforcement above 2nd floor):

A,t= 2 X 0.13 X 8 = 2.08 in.z

[–)~= 2.08
Q= 0.020

96x16 4

128~. —= 0.021
96x16x4

c _ 0.020+0.021 =0,054

z – 2(0.020) + 0.72

M. =0.5 x2.08X 60x96(1+ -)(1 – 0.054)/12= 957 ft -klpS

$rMn= 0.9(957) = 861 ft-kipS > M. = 640 ft-kipS O.K.
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#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
6.4.2) -

(a) For 1-20 ft-8 in. wall segment at first floor level:

P. = 279 kipS

MU= 4549 ft-klpS

& = 248 in.

h =8in.

For#4 @ 10in.:

A,t = 0.24 X 20.67= 4.96 in.z ASt = 4.96 in.2 -

(14.96
m. — ~= 0.038

248x8 4

279a. = 0.035
248x8x4

c _ 0.038+ 0.035 = 0,092

z– 2(0.038) + 0.72

M, =0.5X 4.96x60X 248(1+ ~ - 0.092)/12= 5410 ft -kipS

~Mn = 0.9(5410) = 4869 ft-kips > M. = 4549 ft-kipS O.K.

(b) For 1-20 ft-8 in. wall segment at 3rd floor level

P“ = 162 kipS

MU= 1543 ft-kipS

Check #3 @ 10 in. (required shear reinforcement above 2nd floor):

A,t = 0.13 X 20.67= 2.69 in.2

[)2.69~= — ~= 0.020
248x8 4

162a. —= 0.020
248x8x4

c.
0’020 + 0’020 = 0.053

z= 2(0.020)+ 0.72
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M.= 0.5 X2.69X60X 248(1+ -- 0.053)/12=3165 ft -kips

r$Mn= 0.9(3165) = 2848 ft-kips > M“ = 1543 ft-kips O.K.

The required shear reinforcement for the 20 ft-8 in, waR segments is adequate for moment strength for
full height of building,

Required shear reinforcement determined in Example 6,4.2 cnn be used for the flexural reinforcement
except fortie8ft wdlsegments with~nthe lstfloorwhere#6@ 10in. arereqrrired (see Fig. 6-5).

I 7

#4@10 in, lstand2rrd story)
I#4@ 12 in. 3rdthru5 stories)

●

,

Figure 6-5 Required Reinforcement for Shearwall in Building #2

For comparison purposes, the shearvmll was input into PCACOL, using the add-on module IRRCOL which
6.2 For the reinforcement shOwnenables the user to investigate my irregulwly shaped reinforced concrete colmnn.

in Fig. 6-5 at the 1st story level, the she-all was analyzed for the combined factored axial load (due m rimdead
loads) mdmoments(due totiewindloads) about eachprincipalaxis. Theresults areshownforthe xmdyaxes
in Figs.6-6and 6-7, respectively. Asexpectd, tieloadcombination point (represented bypoint lin&efigures)
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I

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 compnting 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 wifl be
conservative. It can be shown that the flexural strength of the wafl would be adequate if the #6 @ 10 in. were
replaced with #5 @ 10 in. in both 8 ft segments.
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Figure 6-6 Interaction Diagram for Shearwall Bending About the X-axis
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Figure 6-7 Interaction Diagram for ShearwaU Bending About the Y-axis
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Simplified

Chapter 7

Design for Footings

7.1 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 dkcussion will be finrited to the use of individual
square footings suppofiing 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 overturning 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 nf 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 smafler buildings without considering plain footings. Many factors need
to be considered when comparing the two aftematives, the most important being economic considerations, Among
the other factors are soil type, job-site conditions, and buildhg 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-mahg parameters. If plain footings can save
considerable cmrstmction time, then the cost of the extra concrete may be justified. Also, local building codes
should be consulted to determine if plain footings ~e allowed in certain situations.
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For a given project, both plain and reirrforced footings carrbe quickfy proportioned by the simplified methods in
tfrk chapters and arroverall cost comparison made (includlng both material and construction costa), For the same
loading conditions, the tilcfmess of a plain footing will be about twice that of a reinforced footirrg with minimum
reinforcement (see Section 7.8).

7.3 SOIL PRESSURE

Soil pressnres are usrrafly obtained from a geotechnical engineer or set by locaf building codes. In cities where
experience arrdtests have established the allowable (safe) bearing pressures of various soils, local building codes
may be consulted to determine the bearirrg capacities to be used in design. In the absence of snch information or
for conditions where the nature of the soils is unkaown, borings or load tests should be made. For larger buildings,
borings or load tests should always be made. Table 7-1 fists approximate bearing capacities for some typical
foundation materials, The values are averaged from a number of buildkrg codes.*

Table 7-1 Average Bearing Capacities of Various Foundation Beds

Bearing Capacity, qa
Soil (ksf)

Alluvial soil <l
Soft clay 2

Firm clay 4
Wat sand 4
Sand and clay mixed 4

Fine dry sand (compact) 6
Hard clay s
Coarse dry sand (compact) 6
Sand and gravel mixed (compact) 10
Gravel (compact) 12

Soft rock 16
Hard pan or hard shale 20
Medium rock 30

Hard rock so

In general, the base area of the footing is deterrrrirredusing rmfactorcd loads and rdfowable soil messures (ACI
153.2), while the footing thlckrress aid reinforcement ar~ obtained usirrg factored loads (ACI 15.2.1). Mace

1

column design is based on factored loads, it is usually convenient to increase the aflowable soil pressure qaby the
compnsite load factor nf 1.6 (see Chapter 2) urrduse factored loads for the total footing design. As was shown
irrChapter 2, use of the composite load factor is accurate enough for ordinary buildings.

7.4 SURCHARGE

In cases where the top of the footing is appreciably below grade (for example, below the frost line) allowances
need to be made for the weight of soil on top of the footing. In generaf, an allowance of 100 pcf is adequate for
soil surcharge, unless wet packed conditions exist that warrarrt a higher value (say 130 pcf). Total surcharge (or
overburden) above base of footing cm include the loads from a slab on grade, the soil surcharge, and the footing
weight.

*The values in Table 7-1 should be used m a guide only, ,!.OCII1soil conditions can result in bearing capacities that are differerttfmm
the ones listed.
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7.5 ONE-STEPTHICKNESSDESIGNFORREINFORCEDFOOTINGS

A simplified footing thickness equation can be derived for individual footings with minimum reinforcement using

the strength design datadevelopedin Reference 7.1. The following derivation is valid for f: = 3000psi, fy= 60,000
psi, and a minimum reinforcement ratio of 0.0018 (ACI 10.5.3).

Set p = 0.0018 X 1.11 =0.002’

o,5pfy
Rn=pfy(l– —

0.85f; )

=0.002x60,000 (1

=117.2 psi

For a 1 ft wide design strip:

0.5 X0.002X 60,000

0.85 X3000
)

d~eqd=~= ‘u x *000 = 9.48MU
I$IR. 0.9x117.2

where Mu is in ft-kips.

Referring to Fig. 7-1, the factored moment MUat the face of the column (or wall) is (ACI 15.4.2):

Mu= q. ($)=; ($)

where cisthelargest footing projection from face ofcolum(orwdl). Substituting M.intothe equation ford2,eqd
results in the following:

d;eqd
puc 2

= 4,74quc2 = 4.74—
Af

r

P
d,@ = 2.2~ = 2.2c L

Af

The above equation is in mixed units: P. is in klps, c is in feet, Af is in square feet, rmd d is in inches.

P“

1

Figure 7-1 Reinforced Footing

*The minimum value ofp is multiplied by I. 11 to account for the ratio of effective depth d to overall thickness h, assumed

as d/h E 0.9.
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The one-step thickness equation derived above is applicable forbotb square andrectaagularfootings (using largest

value of c) aad wall footings. Since fyhas a larger influence on d then does f;, the simplified equation ma be used
for other concrete strengths witbout 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 axiaf load plus moment, an equivalent
uniform soil pressure caa be used.

Accordirrg to ACI 11.12, the shear strength of footings in the vicinity of the column must be checked for both oue-
way (wide-ream) action and two-way actiurr. Fig. 7-2 illustrates the tributary areas arrd criticaf sections for a
square column supported by a square footing.

~ c,+d ~

w
tzzzTributayarea fortwo-wayaction

EE31
Tributa~area for wide-beam action

Figure 7-2 Tributary Areas and Critical Sections for Shear in Footings

For wide-beam action:

V“ S 2$&bWd

where bw is the width of the footing, and Vu is the factored shear on the ciitical section (at a distance d from the
face of the colunm). frr general,

VU= qubw(C- d)

The minimum depth d can be obtained from the following equatiorr

d q.—.
c q“ + 21$&

This equation is shown graphically in Fig. 7-3 for f: = 3000 psi,
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Figure 7-3 Minimum d for Wide-Beam Action

For a footing supporting a square column, thetwo-way shear strength will be the lesser of the values of V=obtained
from ACI Eqs. (11-37) and (11-38). Eq. (11.37) will rarely govern since the aspect ratio bJd will usually be

considerably less thau the limiting value to reduce the shear strength below 4&bod*. Tberefore,fortwo-way

action,

Vu < 4$~bod

*For sqwzre inten’or columns, Eq. (11-37) will govern when d/cI s 0.25.



where, for a square column, the perimeter of the criticai section is bo = 4(CI + d). The factored shear V. on the
critical section (at d/2 from the face of the coknrm) can be expressed as:

V.= q.[Af - (Cl+ d)2]

where Afis the area of the footing. The minimum d fortwo-way shear can be obtained from the following equation:

(~+@’)d2+[~+”vclcd-*’Af
P“where AC= area of the column = c? and Vc= 4 fc Fig. 7-4 crmbe used to determine d for footings with f: =

3000 psi: given qu and A#AC,the minimum value of d/cI can be read from the vertical axis.

Sqnare footings which are designed based on minimum flexural reinforcement wiU rarely encounter any one-way
or two-way shear problems when supporting square columns. For other fndrrg arrdcolumn shapes, shear strength
will more 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 (nnfactored loads) arsdallowable (safe) soil pressure q=
determined for the site soil conditions and in accordance with the lncal brrildmg code.

Af = D + L+ W +surcharge (if any)

qa

Using a composite load factor of 1.6, the above equation can be rewcitten as

F’u
Af=—

1.6q,

The following equations for P. usually govern

F’u= 1.4D+ 1.7L

P.= 0.75(1.4D + 1.7L + 1.7W)

(2) Determine required footing thickness h from one-step tbickrress equation:

h=d+4in.*

rh=2.2c ~+4in. 2 10in.

where Pu = factored column load, kips

Af = base area of footing, sq ft

c = greatest distance from face of cohmm to edge nf fnoting, ft**

h = overall thickrress of fnoting, in,

ACI Eq. (9-1)

ACI Eq. (9-2)

*3 in. cove?-(A CI 7.7. J) + 1 bar diamerer (~ 1 in.J = 4 in,
**pOr ~ircular CO1-S, c = cfistarrefrom ~heface of an imaginary sguare co[amn with the same ar??a(ACI15.3) to edgeOffOOdng.



SimplifiedDesignfor Footings 7-7

1.95

1.85

1.75

1.65

1.55

1.45

1.35

1.25

“.
1.15

3

1.05

0.95

0.85

0.75

0.65

., 0,55

0,45

0,35

0.25

1234567 891011121314 15
q,, ksf

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 obtnined in step (2), In general, the valne
of d determined in step (2) will govern. Note that it is permissible to treat circnlar colunnrs as squnre colmnrrs
with the same cross-sectional area (ACI 15.3).

(4) Determine reinforcement:

A,= 0.0018 bh
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A, per foot width of footing:

A,= 0.022h (in.2/ft)

Select bar size arrd 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 bam can become fully developed. Tbe bars
must extend at least a distance ~dfrom each face of the column, where !dis the tension development length of the
bars (ACI 15.6). In every situation, the following conditions must be satisfied (see Fig. 7-5):

L22Q+cl+6in.

where L is the width of the footing ad c1 is the width of the column.

I I

Figure 7-5 Available Development Length for Footing Reinforcement

All of the spacing arrdcover criteria depicted in Fig. 7-6 are usually satisfied in typical situations; therefore, Ucaa
be computed from the following (ACI 12.2):

I

1).8~db

/d= greater of 0.03dbfY

G

where (,jb= basic tension development length, in.

. &04Abfy t @ (ACI 12.2.2)

Ab = area of au individual bar, in.z

db = diameter of a bar, in,

Values of Q for f: = 3000 psi arrdf: = 4000 psi imegiven in Table 7-2. In cases where the spacing mrd/or cover
are less tharr those given in Fig. 7-6, a more detailed mralysis using the appropriate modification factors in ACI
12.2 must be performed to obtain !d.
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E “

#11bars snd smsller

> 2.5db d > 5db (without epoxy coating)

2 2db

Figure 7-6 Typical Spacing and Cover of Reinforcement in Footings

Table 7-2 Minimum Development Length &Jfor Flexural Reinforcement in Footings (Grade 60)*

Bsr
Size

#4

#5
#6

#7

#s
#9

#1 o
#11

Development length, Q

(——

f; = 3000 psi

17
21

25

29

33
38

45
55——

f; = 4000 psi

15

18

22
25

29

33
39

48

‘Vslues of fl~are based on the specing and cover criteris depicted in Fig. 7.6

7.6 FOOTINGDOWELS

7.6.1 Vertical Forca Tranafer at Baaeof Column

The following discussion addresses footing dowels designed to trausfer compression forces only. Dowels
required to trarrsfer 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 transferredby bearing on concrete and by reinforcement (if required), Bearing strength
must be adequate for both column concrete and footing concrete. For the usual case of a footiug with a total area

considerably larger tharr the column area, bearirrgon column concrete will always govern until f: of the colmmr

concrete exceeds twice that of the footing concrete (ACI 10.15.1). For concrete strength f: =4000 psi, the allowable
bearirrgforce$p.b cmfcips)on the colunnrconcrete is equafto @pnb = 2.38.& whwe Ag istheWss OWaOfthe COIU~
in square inches. Vahres of @pnt,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 ~p.b, the excess compression must be
transferred to the footing by reinforcement (extended colmnn bars or dowels; see ACI 15,8.2). Total area of
reinforcement across the interface cannot be less tharr 0.5% of the column cross-sectional area (see Table 7-3).
For the case when dowel bars are used, it is recormnerrded that at least 4 dowels (one in each comer of the column)
be provided,
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Table 7-3 Bearing Capacity and Minimum Area of Reinforcement Across Interfaca

Column $ Pn~ Min. area of reinforcement”

3ize (kips) (in.?

loxlo 238 0.50w
WhIimum area of reinforcement = 0.005Ag (ACI 15.8.2.1)

Figure 7-7 shows the rniaimum dowel embedment lengths into the footirrg and colmmr. The dowels must extend

into the footing a compression development length of !db= 0.02dbfY/&, but nOtless than 0.0003dbfY,where db

is the diameter of the dowel bar (ACI 12.3.2).* Table 7-4 gives the minimum vafrresof& for concrete with f;

= 3000 psi and f: = 4000 psi.** The dowel bars are usrrnflyextended down to the level of the flexuraf steel of
the footing nndhooked 90° as shown in Fig. 7-7. The hooks are tied to the flexurrd 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:

h>&+r+dbd+ 2dbf+3 in.

where r = nrinimum radius of dowel bar bend (ACI Table 7.2), in.

dbd= dlarneter of dowel, in.

dbf= diameter of flexural steel, in.

Table 7-4 Mhimum Compression Development Length for Grade 60 Barst

I Development length

(in.)

Bar

#4

#5

#6

#7

#6

#9

#lo
#11

*
17 15

20 17
22 19

25 22
26 25

“abulated values maybe reduced by applicable modification factors in AC I 12.3.3

For straight dowels, the minimum footing thickness h must be & + 3 in.

In certain cases, the thickness of the footing must be increased in order to accommodate the dowels. If thk is not
possible, a greater number of smaller dowels can be used,

‘The compression development length may be reduced by ttw applicablefactorgiveninAC[12.3.3.

* *U6,XZ”COnWVatiVelybe taken as 22 d~for all concrete with f; 23000 psi.
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#4thru#11 dowels
Y

\

-----
—

dbf

+

~ #4 thru #11 column bars

L
~:
3.=g~
E~
2%E
:2;

Minimum dowel embedment, Rdb,into
footing (see Table 7-4)

-1 dbf = diameter of flexural steel
dbd = diameter of dowel

~

r = minimum radius of dowel bar bend

3’ ciear & Ciear + 2dbf + dbd + r

Figure 7-7 Footing Dowels

For the usual case of dowel bars which me smaller in dhrneter than the colunm bnrs, the minimum dowel
embedment length into the column must be the larger of the compression development length of the column bnr
(Table 7-4) or tbe compression lap splice length of the dowel bar (ACI 12.16.2). The splice length is 0.0005 fy
db = 30 db for Grade 60 reinforcement, where db is the dhneter 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 dbwhen
the dowels ae the same size as the cohmur bars.

7.6,2 Horizontal Force Tranafer at Baaeof Column

Footing dowels may be required to transfer lateral forces fromthebase of the colmna to the footing. The shear-friction
provisions of ACI 11.7can be used to check the horizontal load-tmasfer strength of the footing dowel (ACI 15.8.1.4).
The dowels need oaly be adequate for the more severe of the horizontal or vertical transfer condkions. The required
area of footing dowels Ati to transfer a horizontal force V. is computed directly from ACI Eq. (11-26):

vu%f=z
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Table 7-5 Minimum Compression Lep Splice Length for Grade 60 Bars”

Bar
Size

#4
#5

#6
#7

#8
#9

#lo

#11

*f&>3000 psi

Lap Splice Length

(in,)

15
19

23
26

30

34
38

42

where ~ = 0.6 for concrete pfaced against hardened concrete not intentionally roughened

= 1.0 for concrete placed against hardened concrete with the surface intentionally roughened as
specified iu ACI 11.7.9.

@= 0.85

The horizontal force V. to be transferred caanot exceed I+(O.2~ AJ in pounds where & is gross area of column

(ACI 11.7.5). For a column concrete strength L = 4000 psi, this maximum force is equal to $(800 &).

Dowels required to tmusfer horizontal force must have full tensile anchorage into the footing aud into the column
(ACI 11.7.8). The values given in Table 8-1 mrd8-5 cuu be modhledby the appropriate factms given in ACI 12,2,

7.7 EXAMPLE REINFORCEDFOOTINGDESIGN

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

1

~;

ti
1+
z
0&

Figure 7-8 Interior Footing for Building #2

(1) Design Data

Service surcharge =50 psf

Assnme weight of soil mrd concrete above footing base= 130 pcf
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Interior columns: 16 in. X 16 in. (see Examples 5,7.1[and 5.7.2)

4-#8 bars (braced frame)

8-#10 bars (unbrac.ed frame)

L = 4000 psi (colmna)

C = 3000 psi (footing)

(2) Load combinations

(a) gravity loads: P“ = 587 kips (Alternate (2))

M.= 11 ft-klps

(b) gravity + wind loads: P“ = 428 kips (Alternate (l))

M.= 194 ft-klps*

(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= (0.130X 5)+ 0.05= 0.70 ksf

Net permissible soil pressure =4.5 -0.70 = 3.8 ksf

P. 587
Af=—=—= 96.6 S(Ift **

1.6qa 1.6(3.8)

Use 9 ft-10 in, X 9 ft-10 iu. square footiug (Af = 96.’7sq ft)

Check gravity plus wind loading for 9 ft-10 in. X 9 ft-10 in, footing:

Af = 96.7 S~ ft

Sf = bh2/6 = 9.83316= 158.3 f?

—= 4.43+1.23= 5.66 ksfq“=yf ~Mu=428+194
Sf 96.7 158.3

< 1.6(3.8) = 6.08 ksf O.K.

Gravity load governs since

q. (gravitY) = ~ = 6.07 ksf > q. (gravity + wind) = 5.66 ksf

(4) Footing thickness

Footing projection = c = [(9.83 - 16/12)]/2 = 4.25 ft

rh=2.2c ‘“
r

~ + 4 in. = 2.2(4.25) ~ +4 = 23.0 + 4 = 27.0 in. >10 in. O.K.

Try h =27 in. (2 ft-3 in.)

*Forthe unbracedfiame, flu total moment transferred to the footing is equal to thz magnified column moment (see Fig. 5-13 where
point 2 represents the load combination for this case).
. W=gle.t still m~ment due to gravify I.ad..
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Check if the footing thickness is adequate for sheer

d~27-4=23in.

For wide-beam shear, use Fig, 7-3. Whh q“ = 6.07 ksf, read d/cs 0.31, Therefore, the minimum d is

d =0.31 X 4.25= 1.32ft = 15.8 in. < 23 in. O.K.

Use Fig. 7-4 for two-way sheac

Af _96.7—=
Ac (162 /144) 54’4

Interpolating betwcerr Af/Ac = 45 and 60, read dkl z 1.25 for q. = 6.07 ksf. The minimum d for two-
way shear is:

d= 1.25 X 16= 20.0 in. < 23 in. O.K.

Therefore, the 27 in. footing depth (d = 23 in.) is adequate for flexure aud shear.

(5) Footing reinforcement

A,= 0.022 h = 0.022(27)= 0.59 in.2/ft

Try #7 @ 12 in. (A, = 0.60 in.2/fC see Table 3-7)

Detcrrnine the development length of the #7 bars (see Fig. 7-6):

cover = 3 in. > 2db = 2 X 0.875 = 1.8 in.

side cover = 3 in. >2.5 X 0.875 = 2.2 in.

clear spacing = 12-0.875 = 11.1 in, >5 X 0.875 = 4.4 in,

Since all of the cover and spacing criteria given in Fig. 7-6 we satisfied, Table 7-2 cmr be used to
determine the minimum development length,

For L = 3000 psi: Q =29 in.

Check available development length:

L=9,83X 12=118in. >(2X29)+16+6=80in. O.K.

Total bars required:

118–6
— = 9,33 spaces

12

Use 10-#7, 9 ft-4 in. long (each way)*

(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 tdso be fully developed for tension in the column.

*13-#6 or 8-#8 would also be adequate,
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For the braced frame, subjected to gravity loads only, dowel requirements are determined as follows:*

(a) For 16X 16 in. column (Table 7-3):

$p”b = 609 kipS

Mlnimrrm dowel area= 1,28 in.z

Since ~pnb> P. = 587 klps, bearing on concrete alone is adequate for tmnsfer of compressive force.

Use 4-#6 dowels (A, = 1.76 in.z)

(b) Embedment into footing (Table 7-4):

O.K.

For straight dowel bars,

h>&+3in.

& = 17 in. for #6 dowels with L = 31)1)(1psi

h=27in. >17+3=20in.

For hooked dowel bars,
h>ldb+r +dbd+2dbf+3 in.

r = 3dbd= 3 X 0.75 = 2.25 in. (ACI Table 7.2)

h =27 in. > 17+ 2.25+ 0.75+(2 X 0.875)+3= 24.75 in. O.K.

(c) Embedment into column:

The minimum dowel embedment length into the column must be the larger of the following:

- compressing development length nf #8 column bars ( R = 4000 psi) = 19 in. (Table 7-4)

- compression lap spfice length of #6 dowel bars = 23 in. (Table 7-5) (governs)

For #6 hooked dowels, the total length of the dowels is

23+ [27 -3 -(2 X 0.875)]= 45.25 in.

Use 4-#6 dowels X 3 ft-10 in.

Figure 7-9 shows the reinforcement details for the footing in the braced frame.

7.8 ONE-STEPTHICKNESSDESIGNFORPLAIN FOOTINGS

Dependhrg on the magnitude of the loads and the soil condkions, plain concrete footings maybe ameconomical
alternative to reinforced concrete footings. Structural plain concrete members are designed accordhg to ACI
Standard 318.1.7’2 For plain concrete, the maximum permissible flexural tension stress under factored load

Tconditions is 5~ fc (ACI 318.1, Section 6.2.1). With$=0.65(ACI318. 1,Section 6.2.2), the permissible tension
stress ft is

For L = 3000 psi: ft = 178 psi

For R = 4000 psi: f~= 206 psi

*The horizontal forces produced by rhe graviu loads in thejirst story columns are negligible; thus, dowels required for vertical load
transfer will be adequate for horizontal load transfer as well.
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~

4-#8 column bars— +

a& 4-#6 dowels x 3-10
/(90” standard end hook)

A N

1-J~.*~ ‘L
10-#7 bars x 9’-4’

%-& (each way)

Y clear
4 .=

9-1 0“ square 3 clear

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< M,= ftS

P“

1

% = hf4

Figure 7-10 Plain Concrete Footing

For a one-foot design strip:

‘“’[:)’f’[$)
h:,,,

C2 3P.C2
=3qu1. —

Afft

To aflow 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 footirrgs (ACI 318.1, Section 6.3.5); thus,
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rFor f: =3000 psti h=4,1c ~ +2 in.

r
For f: =4000 psi: h=3.8c ~ + 2 in,

The above footing thickuess equations are in mixed units:

P.= factored column load, kips

Af= base area of footing, sq ft
c = greatestdistancefrom face of column to edge of footing, ft(ACI318. 1, Section 7,2,5)

h = overall thickuess of footing, in. 28 in. (ACI 318.1, Section 7.2.4)

Thickness of plain concrete footings will be controlled by flexural strength rather thau shear strength for the usual
proportions ofplainconcrete footings. Shearrmely willcontrol. Forthosecases where shemmaycauseconcem,
the aflowable stresses are giveninACI318, 1, Section 6.2.1 and the maximum factored stresses are given in ACI
318.1, Section 7.2.6.

7.8.1 Example: Plain Concrete Footing Deaign

For the interior columns of Buildirrg #2, (Braced Frame), design a plain concrete footing.

From Example 7.7:

Af = 9 ft-10 in. X 9 ft-10 in. = 96.7 sq ft

P.= 587 klpS

c = footing projection= 4.25 ft

For f: = 3000 psi:

r rh = 4.lc ~ + 2 in. = 4.1(4.25) ~ +2=42 .9+2= 44.9 in.

Bearing on colmmr:

Allowable bearing load = 0.850 fi!Ag,$ = 0.65 ACI 318.1, Section 6.2.1

= 0,85 X 0.65 X 4 X 162= 566 kipss P. = 587 kips

Figure 7-11 illustrates the footing for this case.
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4-#8column bars–

0&

12

‘m.& IL4 -#6 dowels x 4’-0”

k 9’-1 W square

Figure 7-11 Plain Concrete Footing for Interior Columrrof Building #;

Reference

(Braced Frame)

7.1

7.2

Notes on ACZ-89, Chapter 10, Design for Flexure, 5th Edition, EB070, Portland Cement Association, Skokie,
IL, 1990.

Building Code Requirements for Structural Plain Concrete, ACI 318.1-89 (Revised 1992), American
Concrete Institute, Detroit, 1992, 14 pp.



Chapter 8

Detailing of Reinforcement
for Economy

8.1 INTRODUCTION

Stmctumfly sound details and proper bar arrangements are vital to the satisfactory performance of reinforced
concrete structures. The details and har 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 execntion of a project. WMle it may be important to strive for savings in materiafs, many engineers often
tend to focus too much on material savings rathertban on designing forconstmction efficiencies. No doubt savings
in material quantities should result from aKlghlyrefined “custom design” for each structural member in abuildlng.
However, such a savings in materials might be false economy if siguificantlyhigher constmction costs are incurred
in building the custom-designed members.

Trade-offs should be considered in order to minimize the tntal cost nf 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 DESIGNCONSIDERATIONSFORREINFORCEMENTECONOMY

The following notes on reinforcement selection and placement will usrraflyprovide for overall economy and may
minimize costly project delays and job stoppages:

(l) Firstandforemost, show clearandcomplete reinforcement details and barimmrrgements intheContract
Documents, This issue is addressed in Section 1.1 of Details and Detailing of Cmrcrete Reinforcement (ACI
315-80) (Revised 1986)8”: “...the 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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ACI318 further emphasizes that the designer is responsible for the size and location of afl reinforcement
and the types, locations, and lengths of spfices 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 afl sizes
UPto and inclndlng#11; #14 and#18 bars are not generally inventoried in regular stock. Also, bar sizes smafler
tharr #6 generally cost more per pound arrd require more placing labor per pound of reinforcement,

(3) Use straight bars only in flexural members. Straight bars are regarded as starrdardin the industry. Truss (bent)
bars are undesirable from a fabrication and placing standpoint, and structurally unsound where stress reversafs
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 tharr 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,
firnits on maximnm spacings, aud dkribution of flexrmd reinforcement.

(6) Use or specify fewest possible bar sizes for a project.

(7) Stirrups are typically the smaller bar sizes, which usually result irr the highest total in-place cots of
reinforcement per ton, For overall economy and to minimize congestion of reinforcement, specify the largest
stirmp ba size (fewest number of stirrups) aud 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 bearn-colrmrn joints,
arrangement of colrrrmrbars must provide enough space or spaces to permit passage of bearrrbars. 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
the Engineer in the Contract Documents.

Care must be exercised in specifying more restrictive tolerances for fabricating arrdplacing reinforcing
bars. More restrictive fabricating tolerances are fimited by the capabilities of shop fabrication equipment.
Fabricating and placing tolerances must be coordinated. Tolemrrces for the forrnwork must also be
considered and coordhated.
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(11) Neverpermit field welding of crossing reinforcing bars for assembly of reinforcement (“tack” welding, “spot”
welding, etc.). Tle 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 constmction equipment, or a design change. Field bendhrg of bars partially
embedded in concrete is not permitted except if such bending is shown on the design drawings or authorized
by the Engineer (ACI 7.3.2). ACI R7.3 offers guidamceon this subject. Further gaidarrce on bending aad
straightening of reinforcing bars is given in Reference 8.2.

8.3 REINFORCINGBARS

Billet-steel reirrforciag bars conforming to ASTM A 615, Grade 60, are the most widely used type and grade in
the United States. Combining the Strength Design Method with Grade 60 bars resnlts in maximum overall
economy. This design practice has made Grade 60 reinforcing bars the staadard grade, The current edkion 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, arrd#18 only. These larger bar sizes in Grade 75 are usually used
in columns made of high strength concrete in high-rise buildhrgs, The combination of high strength concrete and
Grade 75 bms may result in smaller column sizes, aad, thus, more rentable space, especially in the lower levels
of a buildkrg. It is important to note that Grade 75 bars may not be readily available in afl areas of the country;
also, as mentioned above,#14aad#18 bars are not commonly available in distributors’ stock. ACI 3.5.3.2 permits
the use of Grade 75 bars provided that they meet all the requirements listed in that section (also see ACI 9.4).

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.

8.3.1 Coated Reinforcing Bars

Zinc-coated (galwmized) and epoxy-coated reinforcing bars are used increasingly for corrosion-protection in
reinforced concrete structures. An example of a stnrctare that might use coated bars is a parklrrg garage where
vehicles track in deicing salts,

Zlrrc-coated (galvanized) reinforcing bars must conforrrr to ASTM A 767; also, the reinforcement to be coated
must confornr to one of the specifications listed in ACI 3.5.3.1. Bars are usually fabricated before galvanizing.
In these cases, the rnirrimumfinished bend diameters given irrTable 2a of ASTM A 767 must be specified. ASTM
A 767 has two classes of coating weights. Class I (3.5 oz,/sq ft of surface) is normally specified for general
construction, ASTM A 767 contains three supplementary requirements: S1, S2, and S3. S1requires 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 ASTMA615 billet-steel bars me being supplied, S3 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. S2 should be specified when fabrication after
galvanization includes only bending,

*ACI21. 2.S 1 specifically requires reinforcing bars complying with ASTM A 706 to be used in frame members and in wall boundary
elements subjected to seismic forces, Note that ASTMA 615Grade40andGrade60barsarealsoallowed if they meet all of the
requirementsin thesection.
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Uncoated reinforcing steel (or any other embedded metal dissimikw to zinc) should not be permitted in the same
concrete element with galvarrized 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, arrdthe reinforcement to be coated must conform
to one of the specifications listed in ACI 3.5.3.1. The film thlckrress of the coating after curing shall be 5 to 12
rnils (0.13 to 0.30 nun). Also, there shall not be more than an average of two holidays (pinholes not dkcemible
to the unaided eye) per linear foot of the coated bar.

Proper use of ASTM A 767 aad A 775 requires the inclusion of provisions in the project specifications for the
following items:

● Compatible tie wire, bar suppofis, support bars, and spreader bars in wafls.

. Repair of damaged coating after completion of welding (splices) or installation of mecharrical
connections.

. Repair of darnaged coating after completion of field corrections, when field bending of coated bars
partially embedded in concrete is permitted.

● Minimizing damage to coated bam during handling, shipment, and placing operations; also, limits
on permissible coating damage and, when reqnired, repair of damaged coating.

Reference 8.3 contains suggested provisions for the preceding items for epoxy-coated reinforcing bars.

8.4 DEVELOPMENTOF REINFORCINGBARS

8,4.1 Introduction

Tire 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 inthebaratthe section. ~edevelopmentlength concept in AC1318isbased ontieatttiable
average bond stress over the length of embedment of the reinforcement. Standard end hooks or mechanical devices
may also be used for anchorage of reinforcing btms,except that hooks are effective for developing bars in tension
only (ACI 12.1.1).

8.4.2 Development of Straight Barain Tansion

Tension development length ~dfor deformed bars includes consideration of a number of modification factors that
either increase or decrease the “basic” development length ~dt!(ACI 12.2.2).

Vafues for ~dbare given in Table 8-1 for Grade 60 bars embedded in normal weight concrete with f: = 3000 psi
and 4000 psi.

In general, the tension development length !dis obtained by multiplying & by the applicable modification factors
relating to 1) bar spacing, amount of cover nrrd enclosing tmrrsverse 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 AC112.2.5 are satisfied. Also, !dmustnever betaken lesstfran 12in. (ACIl2.2.l).

*IVOspecial development requirements are given for galvanized bars.
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Table 8-1 Basic Tension Development Lengths tk for Grade 60 Bars (in.)

Bar size

#3
#4

#5

#6
#7

#8

#9
#lo
#11

f;, psi

3000 4000

4.s 4.2

8.S
13.6

19.3

26.3
34,6

43.s
55,7

6S.4

7.6

11.8

16,7

22.8

30.0
38.0
48.2

59.2

Vahres of the tension development length !d are given in Table 8-2 for Grade 60 reinforcing bars in beams or
colmmrs, and for bars in the inner layer of slab or wall reinforcement. The values of U for beam or column bars
nre based on 1) minimum cover requirements specitled in ACI 7.7.1 and 2) minimum transverse reinforcement
specified in ACI 12,2,3.1(a). Table 8-3 lists !dfor Mother reinforcing bars not covered in Table 8-2. The vahres

in both tables we based on bars that are not epoxy-coated and on normaf weight concrete with f: = 4000 psi.t To
obtain !dfor top bars (horizontal bars with more thsn 12in. 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 fd for Grade 60 Bars in Beams or Columns, and Inner

Bar size

#3
#4

#5
#6

#7
#s

#9

#lo
#11

Laver of Slab or Wall Reinforcement (in.)”.”

c

Clears

s<5db

12
16

24
34

46

60
76

97
119

lb
Din,s
s > 5db.x*

12
15

19
27

37
4s

61
7s

95

Concrete cover, c

c

Clears

?db < S < 3db

12

S54

12
16

24
34

46

60
76

97
119

15
16
24

32

42
54

68
83

lb
cing, s

3db S S < 5db

12
15

18
22

25
30

38

49
60

s > 5db...

12

15

18

22

25

29

33

39

48

`Values based on barawMchare notepoxy-coated andonnormal weight concrete with f~=NOOpsi. Fortop
bars, multiply tabulated values by 1.3.

“Values for bars in beams or columns 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).

““side cover >2,5 d~

As can be seen from the tables, very long development lengths are required for the largerb~ sizes, especially when
the cover is less than or eqmd to db and the cle~ spacing is less thm”or equal to 2db~These develo~ment iengths
can be shommed if 1) the cover can be increased to more thamone bar diameter and 2) the clear spacing can be
increased to more than two bar diameters. For beams and columns with the minimum cover specified in ACI 7.7.1,
enclosing the bars along the development length with at least thetmmsverser einforcement specitiedin ACI

‘Values of@dforfootings with f~=30Wpsiare giveflin Chapter 7, Table 7-2.
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Table 8-3 Tension Development Lengths &Jfor All Other Grade 60 Bars (in.~

Bar size

#3

#4
#5
#6
#7
#8
#9

#lo
#11 J-

16 15

24 19

34 27

46 37

60 46

76 61

97 76

119 95

Concrete cover, c

db<C<2db C > 2db

Clear spacing, s Clear spacing, a

as 2db 2db < s < 5db s>5~ S526 2db < S < 3db 3db<s<5db S 25db”

12 12 12 12 12 12 12

16 15 15 16 15 15 15
24 18 16 24 18 18 18

34 24 22 34 24 22 22

46 32 26 46 32 25 25

60 42 34 60 42 30 29

76 54 43 76 54 38 33

97 66 54 97 66 49 39

119 63 67 119 63 60 46

‘Valuea based on bars which are not epoxy-coated and on normal weight concrete with G =4000 pei. For top bars, multiply
tabulated values by 1.3.

‘“aide cover 22,5db

side
cover

cover, c

, :--~-:;:: fi;------------ [

II
II
II
II , Transverse
11 reinforcement
1
II

A

Figure 8-1 Cover and Clear Spacing of the Reinforcement

12.2.3.l(b) will result in significantly shorter development lengths (the development lengths crnrbe reduced by
as much as 50%), Table 8-4 carrbe used to select the required transverse reinforcement per inch (AJs) to satisfy
ACI 12.2,3.l(b),

Table 6-4 Transverse Reinforcement Atr/s = Ndb/40

Number of bara being developed, N

N=2 N=3 N=4

Bar Stirrups
size (inAKn.

Stirrups

#5 0.031 ) ;;2 ‘w”) ?!! ‘5”) ::

#6 0.036 #4 @lo 0.056 #4@7 0.075 #4@5
#7 0.044 #4@9 0.066 #4@6 0.086 #5@7
#6 0.050 #4@6 0.075 #4@5 0.100 #5@6
#9 0.056 #4@7 0.0s5 #5@7 0.113 #5@5

#lo 0.064 #4@6 0.095 #5@8 0.127 #5@4

#11 0.071 #4 @5 0.106 #5 @5 0.141 #6 @6
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8.4.3 Development of Hooked Bara in Tension

Development length !dhfor deformed bars tertninating in a standard hook (ACI 12.5) are given in Table 8-5 for
Grade 60 bars. As in the case of straight bar development, hooked bar development length Uh includes
consideration of modltication factors that either increase or decrease the “basic” hooked bar development length
~hbgiven 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 condkions provided by increased concrete cover artd/or transverse ties or stirrups, which resist
splitting of the concrete.

Table 8-5 Minimum Development Lengths fdhfor Grade 60 Bara with Standard End Hooks (in.~

Standard 90” hook

3ar size

#3

#4

#5
#6

#7
#s
#9

#lo
#11

>eneral use

Side cover > 21/2 in.

End cover (9o” hooks)22 in,

~ = 3000 psi

6

6
10

12
14

16
1s
20
22

~ = 4000 psi

6
7

9

10
12

14
15
17
19

Standard 180” hook

Special confinement
aide cover 2 21/2 in.

End cover (90” hooks) >2 in,

Ties or stirru~

1: = 3000 psi

6

7

6
10

11
13
14
16

18

spaceds 3db

f; = 4000 psi

6

6
7

6

10
11
12
14

15

#3 through #8
#9, #lo, #11

‘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 tharr 2-!4 in. and end cover (90° hooks onfy) of not less than 2 in. For these cases, l,i~
= ().7hb,but not less than 8dbor 6 in. (ACI 12.5.1), For hooked bar ~chorage in beam-colurmr joints, the hook~d
beam bars are rrsrra31yplaced inside the vertical colrrrrrrrbars, with side cover greater tharr the 2-!4-irt, 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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The special confinement condkion given in Table 8-5 includes the additionnf 0.8 reduction factor for confining
ties or stirrups (ACI 12.5.3.3). In this case, ~h = (0.7 X 0.8) & but not less than 8db or 6 in.

Where development for frdl fy is not specifically required, the tabulated values of !& in Table 8-5 may be further
reduced for excess reinforcement (ACI 12.5.3.4). As noted above, ~h must not be less than 8db or 6 in.

ACI 12.5.4 provides additional requirements for hooked bars terminating at the dkcontinuous 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-Min., closed ties or stirrups spaced at 3db
maximum are required along the full development length &, The reduction factor in ACI 12.5.3.3 must not be
used in this case. At discontinuous cuds 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 confrning ties or stirrups do not apply.

8.4.4 Development of Bara in Compreaaion

Compression development lengths (ACI 12.3) forGmde 60bars are given in Table 8-6. The values may beredrrced
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 Id for Grade 60 Bars (in.)

Bar
size

#3

#4
#5

#6

#7

#8
#9

#lo
#11

f; = 3000 psi

9
11

14

17
20

22

25

26
31

f~ = 4000 psi

6

10
12

15

17
19

22

25
27

8.5 SPLICESOF REINFORCINGBARS

Three methods are used for splicing reinforcing bars: 1) lap splices, 2) welded splices, and 3) mechanical
connections. The lap splice is usnrdly the most economical splice. When lap splices cause congestion or field
placing problems, mechanical connections or welded splices should be considered, The location of construction
joints, provision for future construction, rmd the particular method of construction may sfso make lap splices
impractical. In colmnus, lapped offset ban may need to be located inside the bars above to reduce reinforcement
congestion; tbk carr reduce tbe 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%, mrd/or when
large factorcdmoments arepresent, use of butt splices-either mechmricafconnections 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 maybe 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 dkplace when the concrete is placed.
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Welded spfices 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 mauufaeturers. Basic information about mechanical connections and the types of
proprietary splice devices currently is available from Reference 8.4. Practical information on splicing arrd
recommendations 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.Ood,and for a Class B splice it is 1.3!,j,where Idis the tension development length of the bars, As was shown
in Section 8.4.2, (d is obtained by multiplying the basic development length Ub by the applicable modhlcation
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 spfice lncation.

The minimum lap lengths for Class A splices carrbe obtained from Table 8-2 or 8-3. For Class B spfices, 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 distauce between adjacent spliced bars less the diameters of any intermediate unspliced bam (Fig,
8-2a). The clear spacing to be used for splices in colnnurs with offset bars and for beam bar splices are shown in
Figs, 8-2b and 8-2c, respectively,

In general, tension lap spfices mnst be Class B except that Class A spfices 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 totaf reinforcement is spficed witfin the required lap length (ACI
12.15.2), Essentially, Class A splices maybe used at locations where the tensile stress is small, It is very importaut
to specify which class of tension spfice is to be used, aud to show clear and complete details of the spfice in the
Contract Documents.

8.5.2 Compression Lsp Splices

Minimum lengths for compression lap splices (ACI 12.16,1) for Grade 60bars 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 dbbut 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 huger bar, or 2) splice length of smafler bar (ACI 12.16.2). For
cohmrns, the lap splice lengths maybe 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 appfies.

8.6 DEVELOPMENTOF FLEXURALREINFORCEMENT

8,6.1 Introduction

The requirements for development of flexuml reinforcement are given in ACI 12.10, 12,11, aud 12.12, These
sections include provisions fop

o Bar extensions beyond points where reinforcement is no longer required to resist flexure
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I

(a) Walland slabrainforcemant

Spliced bars

(b) Column withoffset cornerbara

s Splil

T

(b) Beam baraplicea

ad bars,

Figure 8-2 Effective Clear Spacing of Spliced Bars

Table 8-7 Minimum Compression Lap Splice Lengths for Grade 60 Bars*

❑
Bar fvfinimum lap length
size (in.)

#3 12

#4 15
#5 19
#6 23

#7 26

#8 30

#9 34
#lo 3s
#l 1 42

“t 23000 pai
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. Termination of flexnral reinforcement in tension zones.

● Minimum amount and length of embedment of positive moment reinforcement into supports,

● Limits on bur sizes for positive moment reinforcement at simple supports arrdat points of inflection.

● Amount and length of embedment of negative moment reinforcement beyond points of inflection.

Mamyof the specific requirements are interdependent, resulting in increased design time when the provisions are
considered separately. To save design time turdcosts, recommended but details should be used. As was dkcussed
earlier in this chapter, there is potential overall savings in fabrication, placing, turd inspection costs when
recommended bar details are used.

8,6.2 Recommended Bar Detaila

Recommended bar detuils for continuous beams, one-way slabs, one-way joist constmction, and two-way slabs
(without beams) ure given in Figs. 8-3 through 8-6, Similar detuils can be found in References 8.1 and 8,6. The
figures may be used to obtain bar lengths for members subjected to unifomrfy distributed gravity loads only;
adequate buc lengths must be determined by unalysis for members subjected to lateral loads. Additionally, Figs.
8-3 through 8-5 iwevafid for beams, one-way slabs, and one-way joists that maybe designed by the approximate
method given in ACI 8.3.3.* Fig. 8-6 cuu be used to determine the brrrlengths for two-way slabs without beams.**

8.7 SPECIAL BAR DETAILSAT SLAB-TO-COLUMNCONNECTIONS

When two-way slabs are snpported directly by columns (as in flat plates arrd flat slabs), transfer of moment
between slab und column takes place by a combination of flexure and eccentricity of shear (see Chapter 4, Section
4.4. 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 c 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 comer columns it is (c+ 1.5h). An adequate amount
of negative slab reinforcement is required in tbk effective slab width to resist the portion of tbeunbaIanced moment
transferred by flexure (ACI 13.3.3.3). In some cases, additional reinforcement must be concentrated over the
colurmr to increase the norninaf moment resistarrce of the section. Note that minimum bar spacing requirements
must be satisfied at all locations in the slab (ACI 13.4.2). Based on recommendations in Reference 8.7, examples
of typicat details at edge and comer colmmrs are shown in Figs. 8-7 urrd8-8.

8.8 SPECIALSPLICEREQUIREMENTSFORCOLUMNS

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 floor level. In certain situations,
it maybe advantageous to use two-story high cages since this will reduce the number of splices and, for lap spfices,
will reduce the amount of reinforcing steel. However, it is importaut to note that two-story high cages are difficult
to brace; the required guy wires or projecting bars may interfere with other constriction operations such as the
movement of cranes for transporting equipment and material. Also, it is more difficnlt and time-consuming to

*Undernormalconditions, the bar lengths given in Figs, 8-3 through 8-5 will be satisfactory. However, for special conditions, a
more detailed arzaly$is will be required. In any situation, it is the responsibility of the engineer to ensure that adequate bar length
are provided.
**To reduceplacing and inspection time, all of the top bars in the column strip of a two- way slab system can kzve the same length at

a Particular’ location (eirher 0,3@nf0rflnt Plates Or 0.33& forY?at slabs), instead of the two different lengths shown in Figs. 8-6(a) and
8-6(c).
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l-’-i I

(a) Beams without closed stirrups

&of%* A“f%i
I

II

l-”-r
Std. hook A- I w , Note 2
(wP.)

y t

2;(A&)

,,

Closed stirrups re~uired for shear (typ.)

(b) Perimeter beams

Notes (1) Larger of l/4(A&I) or l/4(A~2) continuous or spliced with Class A splices (ACI 7.13.2.2 and 7.1 3.2.3)

(2) Larger of 1/6 (A:I) or l/6(A;2) continuous or spliced with Class A splices (ACI 7.13.2.2)

Figure 8-3 Recommended Bar Details for Beams
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Temperature

Std.
hook

\ &;”n’ x

1’
,, I

A~I
I

- 2 I14(A:I )
1 ‘“ A;z

6: 6 21 /4(A~z) 6“
~ * &

0.1250.nI O,1251n2 0.1254n2 +0.1251n~

4“1 Q“2 4n~
1 F

Figure 8-4 Recommended Bar Details for One-Way Slabs

Note At least one bar continuous or spliced with a Class A splice (ACI 7.13.2.1)

(a) Joist bar details
2“ for 2W forms
2,5’ for 3LY forms

TJJEP ~=
Joist width Face of suppoti

(b) Joist section (c) Plan of standard tapered
end where requirad

a
Slab

/T~:pth

4 min.

(d) Plan of etandard square end joists (e) Distribution rib (if required)

Figure 8-5 Recommended Bar Details for One-Way Joist Construction
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Std.
hook–
(VP.)

I

Notes (1) Larger Of0.30@.I or 0.30~.2
(2) Larger of 0.200. I or 0.20!.2
(3) At least two bars continuous or anchored per ACl 13.4.8.5

(b) Middle strip

Std.
!.--,. I

1 lj !Z &j

Notes (1) Larger of 0.33tm or 0.33!nz
(2) Larger of 0.20~nI or 0.200n2
(3) At least two bars continuous or anchored per ACl 13.4.8.5
(4) 24 bar diameters or 12 in. min. (all bars)

(c) Column strip-with drop panels

Figure 8-6 Recommended Bar Details for Two- Way Slabs (Without Beams)
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Start Iat bar @ column centerline (if uniformly spaced bar ia on centerline,
start additional bars @ 3 on each side). Provide 3 min. spacing from
uniformly spaced bars (if poaaible).

\
\ A A

%]
A A I A

Design Drawing

Notes (1) Maximum spacings = 2 x slab thicknesss 18 in. (ACI 13.4.2)

(2) Where additional top bara are required, show the total number of bara
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 ofa Typical Detailfor Top Bars at Edge Cokurms (F~at Plate)

Start 1at additional bar@ 6 from edge. Space
remainder @I3 (if possible). Provide 3 min. spacing
from uniformly epaced bars (if possible).

\

I A A I
St&t 1st bar C@Y from edge. ~ ~

Space remainder @ s.

Figure 8-8 Example of a Typical Detail for Top Bars at Corner Columns (Flat Plate)

place the beam or girderbars atthe intermediate floor ievel since they have to be threaded through the column steel.
These two reasons alone areusually morethnn sufficient to offset any expected savings in steel that cm be obtained
by using two-story high cages. Thus, one-story high cages nre usually preferred.



8-16 SimplifiedDesign

8.8.2 Design Considerations

Special provisions forcohrrmr splices are given irrACI 12.17. Irrgeneral, column splices must satisfy requirements
for all load combinations for the column. For example, colurmr desi n will frequently be governed by the gravity

4load combination (afl bars in compression). However, the load c mblnation which includes wind loads may
produce tensile stresses in some of the bars. hr this situation, a ten~ion splice is required even though the load
combination governing the column design dld not produce any tensile stresses.

Whenthebw stress due to factored loads is compressive, lap splices, butt welded splices, mechanical connections,
and end-bearing spfices are pernritted. Table 8-7 maybe used to determine the minimum compression lap splice
lengths for Grade 60 bars. Note that these lap splice lengths maybe multiplied by 0.83 for colurnus with the
ruinimum effective area of ties (throughout the spfice length) given in ACI 12.17.2.4. In no cue shall the lap length
be less than 12 in. Welded spfices aud mechanical connectors must meet the requirements of ACI 12.14.3.3 aud
12,14,3.4, respectively. A full welded spfice which is designed to develop in tension at least 1.25 AbfY(Ab= area
of bar) will be adequate for compression as well. A full mechanical connection must develop in compression (or
tension) at least 1.25 AbfY.End-bearing splices transfer the compressive stresses by bearing Ofsquwe cut ends
of the bars held in concentic contact by a suitable device (ACI 12.16.4). These types of splices may be used
provided the splices are staggered or additional bam are provided at splice locations (see ACI 12.17.4 and the
following discussion),

A minimum tensile strength is required for all compression spfices. A compression lap splice with a length greater
than orequal to the rnirrimumvahregiven in ACI 12.16.1 has a tensile strength of at least 0.25 AbfY.As noted above,
full welded splices rmdfull mecharrical connectors develop at least 1.25 AbfYin tension. For end-bearing splices,
the continuirrg bars on each face of the colurmr must have a tensile strength of 0.25 A,fYwhere A, is the tOt~ mea
of steel on the face of the column. Thk implies that not more than three-quarters of the bars carrbe spficed on each
face of the colmmr at arryone location. Consequently, to ensure tilmum tensile strength, end-bearing splices
must be staggered or addhional bars must be added if more than three-quarters of the bars are to be spliced at any
one location.

Lap splices, welded spfices, arrdmechanical 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 arrd full mecharricrd
connections must develop in tension at least 1.25AbfY When the bar stress on the tension face of the cohrrmr is

less tbau or equal to 0.5 fy, lap spfices must he Class B if more than One-h~f Ofthe b~s ~ SPliC~ at UUYsectiOn,
or Class A if half or fewer of the bars are spliced arrdalternate splices are staggered by the tension development
length u (ACI 12.17.2). Class B splices must be used when the bar stress is greater than 0.5 fy

Lap splice requirements for columns are illustrated in Fig. 8-9. For factored load combinations in Zone 1, afl
colrrrnrrbars are in compression. IrrZone 2, the bar stress fs on the tension face of the colmnn varies from zero
to 0.5 fy iu 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 wifl determine which type of lap spfice is to be used. Load-moment desigu
charts (such as the ones in Figs, 5-16 through 5-23 in Chapter 5) can greatly facilitate the design of lap spfices for
Colrrrnrrs.

Typical lap splice details for tied colurmrs are shown in Fig. 8-10. Also given in the figure are the tie spacing
requirements of ACI 7.8 arrd 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). hrstead, separate dowels, lap spliced with the longitudinal bars
adjacent to the offset colunur faces must be provided. Typical splice details for footing dowels are given in Chapter
7, Fig. 7-7.
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h All bars in compression

Load

face

Moment is> fy

Figure 8-9 Special Splice Requirements for Columns

8.8.3 Example: Lap Splica Length for an Intarior Column of Building 112,Altarnate (2)
Slab and Column Framing with Structural Wane(Braced Frame).

In this exanple, 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 arrd Reinforcement

In Example 5.7.2, a16X 16in. colunmsize wasestablisbed fortheentire colunm stack. Itwas deter-
mirredthat4-#8 bars were required in both the lstand2nd floor columns.

(2) Lap Splice Length

Since the columns carry only gravity loads, afl 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 thk
situation, #3 ties are required @ 16 in, spacing O,C.

Accordhg to ACI 12.17.2.4, the lap splice length maybe mrdtipfied by 0.83 if ties are provided with am
effective area of 0.00 15hs throughout the lap splice length.
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Slab

Offset bend 1 s/p (AC I 7.1 0.5,4)
(ACI 7.8.1) ‘ : Additional ties within 6 in. of offset

(ACI 7.8.1.3)

Tie spacing, s (ACI 7.10.5.2)

5

AT g -- 1A
.

Slab ~
s/2 (ACI 7.1 0.5.4)

t:::’:::’’:’:’ .: ....:-..,. ,.1.-” .:.,”...-.1..“”:- y “=”~~’’”:”.i.,,,, ,,.? .:.: ....+:“::.:’:........

H
slab. *kk’espacings(Ac’71052)

n,...........,...,.:,.,..
Section A-A

in. of offset
.8.1 .3)

(AC17.E.1,~ ~

Tie spacing;s (ACI 7.10,5,2)

Figure 8-10 Column Splice and Tie Details

Two legs of the #3 ties sre effective in each direction; thus, the required spacings can be determined as
follows:

2 X 0.11 =0.22 in.2 =0.0015 X 16 X s

or, s = 9.2 in.

Splice length = 0.83 X 30= 24,9 in.

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 Freming Without Structural Walla (Unbraced Frame).

As in Example 8,8,3, the required lap splice length will be determined for arr interior colunnr 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 columns:

Gravity loads: P.= 457 kips ACI Eq. (9-1)

Mu= 14 ft-kips

Gravity + Wind loads: P“ = 343 kips ACI Eq. (9-2)

M.= 86 ft-kips

P.= 244 kips ACI Eq. (9-3)

Mu= 77 ft-kips

(2) Colmmr Size and Reinforcement

A 16 X 16 in. colmnu size was established in Example 5.7.1 for the 1st story colurrms. This size is used
for the entire colnnm stack the amount of reinforcement cau be decreased in the upper levels. It was
also showrr 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 detemrined rising the procednre outliied in Chapter 5.
As was the case for the 1st story colrmrrrs,the 2nd story columns are slender (use k = 1.2; see Chapter 5):

kl” l,2[(12x 12)–8.5] = 34>22—.
r 0.3x 16

Figure 8-11 is the output from PCACOL for the section reinforced with 8-#7 bars.* The critical load
combination for the colmmr 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 combkration represented by point 2 (ACI Eq. (9-2)) which governed the design of the column
does not goveru the design of the splice. Since f, >0.5 fy at point 4, a Class B splice must be used.

Required splice length = 1.3!,jwhere [dis the tension development length of the #10 bars (of the lower
column).

Clear bar spacings 3.5 in. = 2.8db (see Fig. 8-2)

Cover > d~= 1.27 in

From Table 8-2, Id= 68 in,

*SO%of the gross moment of inertia of the column strip slab was used to account for cracking.
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o 0

“L
I o 0 0

16.0 x 16.0 inch

f; = 4.o kd

fy = 60.0 ksi

Confinement: Tied

clr cvr = 1.88 in

spacing = 4.81 in

8#7 at 1.87%

A= = 4.80 in2

Ix = 5461 in4

I = 5461 in4
.Y
K = 0.00 in

i = 0.00 in

j 1992 PCA

Licensed To: Portland Cement Association, Skokie, IL

,roject: SIMPLIFIED DESIGN

:Olum Id: EXAMPLE 8.8.4

:ngineer:

late: Time:

ode: ACI 318-89

ersion: 2.21

lenderness considered X-axis kb = 0.

File name: D: \PCAC0L\DATA\SDEX884. COL

Material Properties:

E= = 3834 ksi ~u = 0.003 in/in

f= = 3.40 ksi Es = 29000 ksi

61 = 0.85

Stress Profile : Block

Reduction: o= = 0.70 @b = 0.90

98 k= = 1.75

Figure 8-11 Interaction Diagram for an Interior Column in the 2nd Stoiy of Building #2, Alternate (1)
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1.3~ = 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 spfice length by providing addkional trarrsverse
reinforcement along the spfice length satisfying ACI Eq. (12-1); the required transverse reinforcement
per square inch Ads to develop the 8-#10 bars is:

Atr 8x 1.27
= —= 0.25 in.z / in.

s 40

Decreasing the bar size in the 1st story columns would result in slightly smaller splice lengths; however,
thereinforcement ratio would increase from4%(8-#10) to4.7%(l2-W). Also, labor costs would
increase since more bars would have to be placed and spliced.

Onepossible alternative would betoticrease thecolumsim. Forexample, a18X 18in. coluum
would require about 8-#8bars in the lst story. Itisimportant tonotethat 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 thk reason, it is extremely important to devise a structural system that will minknize the
cost of formwork. Basic guidelines for achieving economical formwork are given in Reference 9.1, and are
summarized in this chapter.

Formwork economy sboufd initially be considered at the conceptual stage or the prelimirrag design phase of a
constmction project. ‘lMs 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. Addkional savings can
usually be achieved by consulting a contractor during the irdtid design phases of a project.

Design professionals, after having considered several alternative structural framing syskms and baviug 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 tbe least amount of reinforcing steel. TMs
approachcan sometimes result in a costfydesign. Complex structural frames and nonstandard member cross sections
can complicate constmctinn to the extent that any cost savings to be reahzed from the economical use of in-place
(permanent) materiafs cm be significantly offset by the higher costs of formwork. Consequently, when conducting
cost evacuationsof concrete stractuml frames, it is essential that the costs of formwork be included.

9.2 BASIC PRINCIPLESTO ACHIEVEECONOMICALFORMWORK

There is always the opportunity to cut costs in any structural system. Tbe high cost of fnrmwork 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 structures are given below.
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9.2.1 Standard Forms

Sirrcemostprojectsdonot havethebudgetto accommodatecustom forms, basing the design on redlly available
standard form sizes is essential to achieve economical formwork. Also, designing for actnaf dimensions of
standard nominal lumber will significantly cut costs. A simplified approach to formwork carpentry means less
sawing, less piecing together, less waste, rmdless timei tbk results in reduced labor and mated costs and fewer
OppOrtrrrritiesfor 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
thk, the forms can be reused from bay to bay and from floor to floor, resulting in maximum overafl savirrgs. The
relationship between cost and changes in depth of horizontal construction is a major design consideration. By
starrdardlzing the size or, if that is not possible, by varying the width arrdnot the depth of beams, most requirements
can be met at a lowered cost, since the forms carrbe reused for aflfloors. To accommodate load and spaa 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 materisds, 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 evahrated, then integrated into the design of a building.
Tradkionally, economy has meant atime-consuming search for ways to cut back on quantity of materials. As noted
previously, thk 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 projecc

1) Will custom 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 accommodate a difference in load will
result in materials savings, but can add considerably to forming costs due to field crew disruptions arrd
increased potential for field error. Wide, flat beams are more cost-effective than deep narrow beams.

3) Should beam and joist spacing be urriform or vary with load? Once again, a large number of different spacings
(closer together for heavy loads, farther apart for light) can resnlt 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 loachg? Consistency in column size usually results in reduced labor
costs, particularly inbnildlngs 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 3479”2provides a way of quantitatively
indlcatirrg 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 forsrrrfaces less preminerrtly
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exposed to public view,c) Class C ftish should be specifiedfor aflnoncritical or unexposed surfaces, and d) Class
D finish should be specified for concealed surfacesor for surfaceswhere roughness is not objectionable. Ifa more
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; tlrk is illustmted irrFig. 9-1.

Table 9-1 Permitted Irregularities in Formed Surfaces Checked with a

-

5-ft Templateg”’

1Warping, unplaneness, and similar uniform variations from plrareness meaaured per 5-
ff template length (straightedge) placed anywhere on the surface in any direction.

‘Offsets resulting from displaced, mismatched, or misplaced forms, sheathing, or liners
or from defects < forming material.

B
Class A

S Class B

o
class c

—
Quality

Figure 9-1 Class of Surface Versus Cost

9.3 ECONOMICALASPECTSOF HORIZONTALFRAMING

Floors and the required forming are usually the largest cost component of a concrete buildhg stmcture. 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 dkcussed 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 f: = 4000 psi. For a given set of loads, the slab system that
is optimal for short spans is not necessarily optimal for longer spaas. Also, for a given spaa, 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, It is 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 economical
for a given project. If the system choices are equally cost-effective, then other considerations (architectural,
aesthetic, etc.) may become the determining factor.
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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 irregrrlaxitiesthat cause a “stop arrd start” dk’rrption 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 Sfabs

When drop panels are used in two-way systems, the total depth of the drop h] should be set equal to the actual
nominal lumber dimension plus V4in. for plyform (see Fig. 9-3). Table 9-2 lists values for the depth hl based on
common nominal lumber sizes. As noted above, designs which depart from standard lumber dimensions are
expensive

1 “Keep drop dimensions constant
I

Figure 9-3 Formwork for Drop Panels

Wheneverpossible, a minimum 16ft (plus 6 in. minimnmclearance) spacingbetween drop panel edges shonfdbe used
(seeFig. 9-3). Agairr,thkpermk.stheuseof 16ftlong starrdardlumberwithoutcostfycutdng ofmaterial. Formaximnm
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, hi

9.3.2 Joisi

m:Systems

Whenever possible, the joist depth and the spacing between joists shordd be based on standard form dimensions
(see Table 9-3).

The joist width shonld conform to the valnes given in Table 9-3 also, Variations in width mean more time for
interrupted labor, more time for accrrratemeasurement between ribs, and more opportunities for jobsite emoL all
of these add to the overall cost.

Table 9-3 Standard Form Dimensions for One-Way Joist Construction (in.)

Width I Depth Flange width I Width of joist

20 IS,1O,12 718, 2712 5,6

30 S,1O, 12,14, 16,20 718,3 5,6,7

53 16,20 31/2 7,s,9,10

66 14,16,20 3 6,7, S,9,10

~+g
Width of joist Width of joist= 2 x flange width”

“Appties to flange widtha > 7/8 in.

Itisextremely cost-effective tospecify asuppofiing bemwiti adeptiequal totiedepth oftiejoist. Bydoing
this, tie bottom of theentire floor system cm be fomedin onehorizontdplme. Additionally, irrstallationcosts
for utilities, partitions, and ceilings can all be reduced.

9.3.3 Beam-Suppofted Slab Systems

The most economical nse of this relatively expensive system refies upon the principles of standardization and
repetition, Ofpti~impoflmt isconsis@ncy indepth, mdofsecond~ impoflmce isconsis@ncy in width.
These two concepts will mean a simplified design, less time spent interpreting pkms and more time for field crews
to produce.
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9.4 ECONOMICALASPECTSOFVERTICALFRAMING

9.4.1 Walls

Wrdls provide an excellent opportunity to combhe multiple functions in a single element; by doing thk, a more
economical design is achieved. Whh creative layout and design, the same wafl can be a fire enclosure for stair
or elevator shafts, a member for vertical support, and bracing for lateraf loads. Walls with rectangular cross-
sections are less costly than nonrectrmgular walls.

9.4.2 Core Araaa

Coreareasfor elevators, stairs, and utility shafts are required in marryprojects. 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.

9.4.3 Columns

Although the greatest costs in the stmctural frame are in the floor system, the cost of column formwork should
not be overloolwd. Whenever possible, use the same column dimensions for the entire height of the buildlng. Also,
use a uniform symmetrical column pattern with all of the columns having the same orientation. Planning afong
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 GUIDELINESFORMEMBERSIZING

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).

].:.,:,[::<:,:,..,,,.,:
Beam

., . .:,.,,!..., :,..,:,;::,, . ?.,,:..
..’. : ,,.,:,,:.:,;..:,,::::.:::.,,.....4

~,:,.,.,,L...., ,,...... ..... ..
.: ,X.f: .,. .... .,.:.:;..>...

w’

Joist

Wide flat beams are
more economical than
narrow, deep beams

Figure 9-4 One- Way Joist Floor System
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● 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 tfrevarious aspects to cousider when designing these
members.

Overhangsdifficult

~––––– -r—- ~.
1 1
1 1
1 ,..
1 1
t—————-

!
1 ,:.. ,,,.
I
1 ,: :,;.
1 Narrow deep beam can cauae...:..,.,.
1 -difficulty in placing concrete anrflor
! * ‘ rebarq widen to minimize
1 problems
1
1

Spandrel projection ~ _ .-
be ond face of cokrmnb
di~cult and costly A

Figure 9-5 Sparrdrel Beams

● Beams should be as wide as, or wider thau, the columns into which they frame (see Fig. 9-6). In
additiou to forrnwork economy, this also alleviates some of the reinforcement congestion at the
intersection.

A-,

Greatekt formwork economy
achieved when beam is the same
width as the column

Figure 9-6 Beam-Column Intersections

● For heavy loading or long spaus, abeam deeper than the joists may be required. Irrthese 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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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

9.5.2 Columns

. For maximum economy, standardize column location and orientation in a uniform pattern in both
directions (see Fig. 9-8).

Constant
dimension

H

._ ._ ._. _ ._ ._.

I

! Typical bay

~

I

+?
.—._ .—._ ._. _ .-!

~
)-

Fi~u.e 9-8 Standard Column Location and Orientation for a ~pical Bay

. Columns should be kept the same size throughout the buildhrg. If size changes are necessary, they
should occnr in 2 in. increments, one side at a time (for example, a 22 X 22 in. column should go to
a 24 X 22 in., then to a 24 X 24 in., etc.) Gang forming can possibly be used when tfds approach
to changing column sizes is utilized. When a flying form system is used, the dktance between column
faces and the flying form must beheld 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. Squaze or round columns are
the most economical; use other shapes only when archhectural requirements so dictate.

9.5,3 Walls

● Use the same wall tilckness throughout a project if possible; this facilitates the reuse of equipment,
ties, aad hardware. In addition, this minimizes the possibilities of error in the field. Irr all cases,
maintain sufficient wall thickness to permit proper placing nud vibrating of concrete.

● Wall openings should be kept to a uzinimum numlxx’since they can be costly and time-consuming.
A few larger openings are more cost-effective than marrysmaller openiugs. Size and location should
be cnnstamt for maximum reuse of formwork.

. Brick ledges should be kept at a constant height wi~ a rninimnm number of steps. Thickuess as well
as height should be in dimensional units of lumber, approximating as closely as possible those of the
masonzy to be placed. Brick ledge locations aud dimensions should be detailed on the stzactural
dzawings.

. Footing elevations should be kept constant along any given wall if possible. This facilitates the use
of wall gaag 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 cohunn loads into the foundation
walls. Gang forms can be used more easily if the pilaster sides are splayed as shown in Fig. 9-9.

Figure 9-9 Pilasters

9.6 OVERALL STRUCTURALECONOMY

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 requirements, the 10-step process below should be followed
during the prefiminazy and final design phases of the constzaction project as this will lead to overall stmctaral
ecnnomy:

1.

2,

3.

4

Study the stmcture as a whole.

Prepaze freehand alternative sketches comparing all likely structural framing systems.

Establish column locations as uniformly as possible, keeping orientation and size cnnstant wherever pnssible.

Detemrine preliminary member sizes from available design aids (see Section 1.8).
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5. Make cost comparisons based on sketches from Step 2 quickfy, roughly, but with an adequate degree of
accuracy.

6. Select the best bafance between cost of structure and architecturallmechanical design considerations.

7. Distribute prints of selected framing scheme to afl design aad buildlng teanr members to reduce unnecessary
future changes.

8. Plan your building. Visrmhze how forms would be constmcted. Where possible, keep beams and columns
simple witbout haunches, brackets, widened ends or offsets. Standardize concrete sizes for mazimum reuse
of forms.

9. During fiial design, place most emphasis on those items having greatest financial impact on total structural
frame cost.

10. Plan your specifications to rnirrirnizeconstruction costs arrdtime by inchrdmg items such as early stripping
time for forrnwork and acceptable tolerances for finish.

Reference 9.4 should be consulted for additional information concerning forruwork.

9.1 Concrete Buildings, New Formwork Perspectives, Ceco Industries, Inc., 1985.

9.2 Guide to Forrnworkfor’ Concrete, ACI 347R-88, Americarr Concrete Institute, Detroit, Michigimr,1989,33

PP.

9.3 Concrete Floor Systems-Guide to Estimating and Economizing, SP041, Portlarrd Cement Association,
Skokie, Illinois, 1990,33 pp.

9.4 Formwork for Concrete, by M.K. Hurd (prepared under direction of ACI Committee 347, Formwork for
Concrete), SP-4, 5th Ed., American Concrete Institute, Detroit, Mlchlgan, 1989.



Chapter 10

Design Considerations for
Fire Resistance

10.1 INTRODUCTION

State and mrmicipaf building codes throughout the country regulate the fire resistance of the varions elements and
assemblies comprising a building structure. Stmctumf 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.

Fke resistance ratings required of the various elements of construction by buildlng codes are a measure of the
endurance needed to safeguard the structumf stability of a buildlng during the course of a tire and to prevent the
spread of tire to other parts of the building. The determination of fire rating requirements in building codes is based
on the expected fire severity (fuel loading) associated with the type of occupancy and the buildkg height and area.

In the design of structures, building code provisions for fire resistance are sometimes overlooked and thk may lead
to costly mistakes. It is not uncommon, for instance, to find that a concrete slab in a waffle slab floor system may
only require a 3 to 4-% in. thickness to satisfy ACI 318 strength requirements. However, if the buildlng code
specifies a 2-hour fire resistance rating for that particular floor system, the slab thickness may need to be increased
to 3-~zto 5 in., depending on type of aggregate used in the concrete. Indeed, under such circumstances and from
the standpoint of economics, tfre 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 bnildlng codes may differ significantly in their dimensional requirements from
those predicated only on ACI 318 strength criteria. Building officials are required to enforce tbe stricter
provisions.

The purpose of this chapter is to make the reader aware of the importance of determining tbe fire resistance
requirements of the governing buildlng code before proceeding with the structural design.
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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 free,nor with the behavior of structures in real fire situations. Rather, the goal is to
present some basic information as arraid to designers in establishing those fire protection features of construction
that may impact their stmcturaf design work,

The information given in tMs chapter is fundamental. Modem 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 tire 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 norrmd weight aggregates consisting mainly of
silica or compounds other thaa cafcium or magnesium carbonate,

. !Mbonate aggregate concrete: concrete made with aggregates consisting mainly of calcium or
magnesium carbonate, e.g., limestone or dolomite.

● Sand-fightweight concrete: concrete made with a combination of expanded clay, shale, slag, or slate
or sintered fly ash arrd 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: a lightweight insulating concrete made by mixing a preformed foam with portland
cement slurry and having a dry unit weight of approximately 30 pcf.

● Perlite concrete: a lightweight insulating concrete having a dry unit weight of approximately 30 pcf
made with perfite concrete aggregate produced from volcarric rock that, when heated, expands to
form a glass-like material or cellular structure.

● Ve~icufite concrete: a fightweight 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,

Mkcellaneous Insulating Materials:

. Glass fiberboard: 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.

. Mineraf board a rigid felted thermal insulation board consisting of either felted mineral fiber or
cellular beads of exparrded aggregate formed into flat rectangular units.
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10.3 FIRERESISTANCERATINGS

10.3.1 Fire Test Standarda

The fire-resistive properties of building components nnd stmctttral assemblies nre 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), It is designated as ASTM E 119, Standard Methods of Fke Tests of Building
Constrttction nod Materials. Other accepted standards, essentially alike, include the National Fire Protection
Association Standard Method No. 251; Underwriters Laboratories’ U.L. 263; American National Mnndards
Institute’s ANSI A2-1; ULC-S 101 from the Underwriters Laboratories of Canada und Uniform Buildkg Code
Stundard No. 43-1.

10.3.2 ASTM E119Test Procedure

Astmd~dfire testis conducted byplacingm assembly inatestfnmace. Floor attdroofspecimens preexposed
to controlled fire from beneath, beams from the bottom and sides, walls from one side, und cohttnns from nfl sides.
The temperature is raised in the furnace over a given period of time in accordatrce with the ASTM E 119 stnndard
time-temperatnre curve shown in Fig. 10-1.

2500

2000

1500

1000

500

o~
o 2 4 6 8

Firetest time,hr.

Figure IO-l Standard Time-Temperature Relationship of Furnace Atmosphere (ASTM Ell9)

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 10minutes, 1700°F at one hour, 18500Fat two hours, and 2000°F at fmu hours.
The end of the testis 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, arrdroof 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, wrdls 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 wrdl, floor, or roof system is ignited through cracks or fissnres
developed in the specimen.

3) The test assembly fails to sustain the appfied load.

4) For certain restrained arrdall 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
transmission (item 1); and colurnas and beams by failure to sustain the appfied loads (item 3), or by beam
reinforcement failing 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 buildhg regulations having jurisdiction over the construction rather than relying
on general perceptions of accepted practice.

10.4 DESIGNCONSIDERATIONSFORFIRERESISTANCE

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 significrmtly at high temperatures. Strength and the modulus of elasticity
we rednced, the coefficient of exparrsion increases, and creep arrd 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. Wiceous aggregate concrete, for instance, will generally
maintairr its original compressive strength at temperatures np to 900°F, but can lose nearly 50% of its original
strength when tbe concrete reaches a temperature of about 1200°F. On the other harrd, carbonate aggregate nrrd
sand-lightweight concretes behave more favorably in tire, their compressive strengths remaining relatively high
at temperatures up to 1400”F, aud diminishkg rapidly thereafter. These data reflect tire 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 arrdare not to be confused with the
heat intensity of the exposing fire. As an example, 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 vsry throughout
the section: about 1225~ at !4 in. from the exposed surface, 950°F at % in., 800”F at 1 in., and 600°F at l-k in.;
nfl witbin the limit of strength stability.

It is 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 resnlting temperature gradients occurrirrg
across the concrete section. The total residual strength in the member will usurdly provide rroacceptable margin
of safety.
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This characteristic is even more evident in massive concrete buildlng components such as colurmrs and girders.
Beams of normal weight concrete exposed to au ASTM E 119 fire test will, at two hours when the exposing fire
is at 1850”F, have intemrd temperatures of about 1200°F at 1 in. inside the beam faces aud less tharr 1000~ at 2
in. Obviously, the dimensionally larger concrete sections found in main fraruing systems will suffer far less net
loss of strength (meaaured as a percentage of totaf cross-sectional area) than will fighter assemblies.

Because of the variable complexities “mdthe unkrrowrrsof deafing with the stmctuml behavior of buildhrgs under
fire as total multidimensional systems, building codes continue to specify minimum acceptable levels of fire
endurauce on a component by component basis—roof/ffoor assemblies, wafls, columns, etc. It is known, for
instarrce, that in a multi-bay buildhrg, an interior bay of a cast-in-place concrete floor system subjected to tire will
be restrained in its thermal expansiou by the unheated surrounding construction. Such restraint increases the
stmcturaf fire endurasrceof the exposed assembly by placing the heated concrete in compression. The restraining
forces developed are large aud, under elastic behavior, would cause the concrete to exceed its original compressive
strength were it not for stress relaxations that occur at high temperatures. Accordhg to information provided in
Appendix X3 of ASTM E 119,cast-in-place beanrs arrdslab 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
detetilng fire endurance are also accepted, depending on local code adoptions (see Reference 10.1).

10.4.2 Thickness Requirements

Test findhgs show that fire resistance in concrete structures will vary in relation to the type of aggregate used.
The differences sue shown in Tables 10-1 and 10-2.

Table IO-1 Minimum Thickness for Floor and Roof Slabs and Cast-In-Place Walls, in.
(Load Bearing and Nonload-Bearincr)-.

Fire resistance rating

Concrete type 1 hr. 1112 hr. 2 hr. 3 hr. 4 hr.

Siliceous aggregate 3.5 4,3 5.0 6.2 I 7.0
Carbonate aggregate 3.2 4,0 4.6 5,7 6.6
Sand-lightweight 2,7 3.3 3.8 4.6
Lightweight

5.4
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. 11/2 hr. 2 hr. 3 hr. 4 hr.

Siliceous aggregate 6 s 10 12 14

Carbonate aggregate 6 6 10 12 12

Sand-lightweight 6 8 9 10:5 12

In studying the tables above it is readily appareut that there maybe economic benefits to be gained from the
selection of the type of concrete to be used irrconstruction, The designer is encouraged to evaluate the alternatives.
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10.4.3 Cover Requirement

Another factor to be considered in complying with fire-resistive requirements is the rnirrimum thicfrness of
concrete cover for the reinforcement, The concrete protection specified inACI318 for cast-in-place concrete will
generally equaf or exceed the minimum cover requirements shown irrthe 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 Fhe resistance rating

Concrete type 1 hr. 1lIz hr. 2 hr. 3 hr. 1 hr. 11/2 hr. 2 hr. 3 hr.

Siliceous aggregate 314 314 314 3/4 3/4 3/4 1 11/4
Carbonate aggregate 314 3/4 314 314 3/4 314 314 11/4
Sand-lightweight

or hghtweight 314 314 314 314 314 314 3/4 1V4

‘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

Restrained or Seam width,
unrestrained’ in.” 1 hr. 11/2 hr. 2 hr. 3 hr. 4 hr.

Restrained 5 314 ?’4 314 1 11/4

Restrained 7 314 314 314 3/4 3/4

Restrained 210 3/4 314 3/4 3/4 3/4

Unrestrained 5 3/4 1 I 1/4 — —

Unrestrained 7 314 3/4 3/4 13/4 3

Unrestrained 210 314 3/4 314 1 13/4

‘Sea Table 10-5

‘“For beam widths between the tabulated vslues, the minimum cover can be determined by

interpolation.

The minimum cover to main longitudinal reinforcement in columns is shown in Table 10-6.

10.5 MULTICOURSEFLOORSAND ROOFS

Symbols: Carb = cabonate aggregate concrete

Sil = siliceous ag8regate concrete

SLW = sarrd-fightweight concrete
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Table 10-5 Construction Classification, Restrained and Unrestrained
(Table X3.1 from ASTM E 119)’

Wall bearing

Single span and simply supported end spans of multiple baysA

(1) Open-web steel joists or steel beams, supporting concrete slab, precast units, or metal decking unrestrained

(2) Concrete slabs, precast units, or metal decking unrestrained

Interior spans of multiple bays

(1) Open-web steel joists, steel beams or metal decking, suppmting 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

1. Steel framing:

(1) Steel beams welded, riveted, or bolted to the framing members restrained

(2) All types of cast-in-place floor and roof systems (such as beam-and-slabs, flat slaba, pan restrained
joists, and waffle slabs) where the floor or roof system is secured 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 construction

Il. Concrete framing:

(1) Seams securely fastened to the framing members restrained

(2) All typea of cast-in-place floor or roof systems (such as beam-and-slabs, pan joists, and restrained
waffle slabs) where the floor systsm is cast with the framing members

(3) Interior and exterior spans of precast systems with cast-in-place joints resulting in restraint restrained
equivalent to that which would exist in condition Ill (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 or roof systems is resisted by
the framing system or the adjoining floor or roof construction

IV. Wood construction:

All types unrestrained

‘Floor and roof systems can be considered restrained when they are tied into walla with or without tie beams, the walls
being designed and detailed to resist thermal thrust from the floor or roof system.

‘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 or mortar, or

(3) The space between the ends of precast units and the vetical faces of supports, or between the ends of sotid or
hollow core slab units does not exceed 0.25% of the length for normal weight concrete members or 0. 10/. of the
length for structural hghfweight concrete members.

‘Copyright ASTM. Reprinted with permission.

Table 10-6 Minimum Cover for Reinforced Concrete Columns, in.
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10.5.1 Two-Course Concrete Floors

F@rre 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 d]fferent type of concrete.

Carhbase Silbase
Thickness of normal weight concrete baee slab, in.

5

4

3
33

K

4 hr.

5
3

e 2
W2
o 1

1

012345

5

4

:3

N

4 hr.
3

: 2
~2

1

1

012345

Thickneaa of sand-lightweight concreta base slab, in.

Figure 10-2 Fire Resistance Ratings for Two-Course Floor Slabs

10.5.2 Two-Course Concrete Roofs

F@rre 10-3 gives information on the fire resistance ratings of roofs that consist of a base slab of concrete with a
topping (overlay) of arrinsulating concrete; the topping does not include built-up roofing. For the transfer of heat,
three-ply built-up roofing contributes 10 rnirrutes to the fire resistance rating thus, 10 rnirrutes may be added to
the values shown in the figure.

10.5,3 Concrete Roofs with Other Insulating Materials

F1grrre 10-4 gives information on the fire resistarrce 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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r.
Thickness of concrete base slab, in,

~~:R :R ;R
1234;:

Thickness of concrete base slab, in.

Figure 10-3 Fire Resistance Ratings for Two-Course Roof Slabs
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Standard 3-ply
built-up roofing
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Glass fiber board

:: Concrete:;:, ~~::..:. .:::,.;.:,:: ;::,::;.

Thickneaa of concrete base slab, in

Figure 10-4 Fire Resistance Ratings for RoofSbbs With Insulating Overlays and Sta&ard

3-Ply Built-Up Roojing

Reference

10.1 Reinfor-cedCorzcreteFire Resistance, Concrete Reinforcing Steel Institute, Schaumburg, Iflinois, 256pp.

.

,,..



Stirrups Required 
T\ 

..&NPS ’ 
Required 

A. s=d/3 I s=d/2 I - 7 

4 bars 

I 
12 bars 

r-t St+ hook 

30 

22.4 - 
20 I 

10 15 20 24 25 30 
-._ \ 


	Pub_List: 
	but: 

	Contents: 
	but: 



