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ACI Manual of Concrete Practice

Most ACI Standards and committee reports
are gathered together in the annually revised
ACI Manual of Concrete Practice. The several
volumes are arranged to group related material
together and may be purchased individually or
in sets.

ACIl Committees prepare standards and

reports in the general areas of materials and
properites of concrete, construction practices
and inspection, pavements and slabs, struc-
tural design and analysis, structural specifica-
tions, and special products and processes.

A complete catalog of all ACI publications is
available without charge.

American Concrete Institute
Box 19150, Redford Station
Detroit, Mich. 48219-0150

ACI Certification Programs

The final quality of a concrete structure depends on
qualified people to construct it. ACI certification pro-
grams identify craftsmen, technicians and inspectors
who have demonstrated their qualifications. The follow-
ing programs are administered by ACI to fulfill the grow-
ing demand in the industry for certified workers:

Concrete Flatwork Finisher
Concrete Field Testing Technician—Grade |
Concrete Laboratory Testing Technician—Grade |
Concrete Laboratory Testing Technician—Grade Il
Concrete Construction Inspector-In-Training
Concrete Consiruction Inspector—Level Il

This document may already contain reference to these
ACI certification programs, which can be incorporated
into project specifications or quality control procedures.
If not, suggested guide specifications are available on
request from the ACI Certification Department.

Enhancement of ACl Documents

The technical committees responsible for ACl commit-
tee reports and standards strive to avoid ambiguities,
omissions, and errors in these documents. In spite of
these efforts, the users of ACI documents occasionally
find information or requirements that may be subject to
more than one interpretation or may be incomplete or
incorrect.

To assist in the effort for accuracy and clarity, the
Technical Activities Committee solicits the help of indi-
viduals using ACI reports and standards in identifying
and eliminating problems that may be associated with
their use.

Users who have suggestions for the improvement
of ACI documents are requested to contact the ACI
Engineering Department in writing, with the following
information:

1. Title and number of the document containing the
problem and specific section in the document;

2. Concise description of the problem:;

3. If possible, suggested revisions for mitigating the
problem.

The Institute’s Engineering Staff will review and take
appropriate action on all comments and suggestions re-
ceived. Members as well as nonmembers of the Institute
are encouraged to assist in enhancing the accuracy and
usefulness of ACI documents.
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The current state of the art for controlling deflections of reinforced Chapter 9—References

concrete two-way slabs is reviewed. Computation procedures, loads 9.1—Recommended references
to be considered, use of minimum thickness relationships, and the 9,2—Cited references
variability that can be expected in deflections of actual slab systems
are covered. . .
Appendix—Crack control in two-way slabs and
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crete plates; formwork (construction); loads (forces); multistory buildings;
shoring; structural analysis; two-way slabs. CHAPTER 1—INTRODUCTION

Excessive deflections, when they occur, present seri-
ous serviceability problems in reinforced concrete
building structures. Visual sagging of floors, damage to
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sideration of a number of factors if realistic estimates
of deflections are to be obtained.

The objective of this report is to review the current
state-of-the-art for control of two-way slab deflections.
Methods of calculating slab deflections are presented.
Effects of two-way action, cracking, creep, shrinkage,
and construction loads are considered. The current ACI
Building Code minimum-thickness equations are ex-
amined, and recent proposals for alternative methods
of specifying minimum thickness are reviewed.

CHAPTER 2—DEFLECTION CALCULATION
METHODS FOR TWO-WAY SLABS
2.1—Immediate deflection of uncracked siabs

In this section, calculation procedures are given for
immediate deflections based on classical solutions, sim-
plified crossing-beam analogies, and finite element
analysis.

2.1.1 Classical solutions—Immediate deflection of
uncracked two-way slab systems can be determined us-
ing plate-bending theory for elastic thin plates. Load-
deflection response is governed by the plate equation:
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The relationship between moments and curvatures is
given by
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For rectangular plates with uniformly distributed
loads, the solution of Eq. (2-1) leads to an expression
for maximum deflection in the form
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where

longer span length

uniform transverse load

coefficient depending on the bound-
ary conditions and aspect ratio
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Note from Eq. (2-3) that the influence of Poisson’s
ratio » on deflections is quite small. Typical values of »
for concrete fall in the range between 0.15 and 0.25.
The term (1 — »% in the flexural rigidity D falls in the
range 0.94 to 0.98. Therefore, the error involved in ne-
glecting Poisson’s ratio is approximately 2 to 6 percent.

Solutions of the plate equation for various geome-
tries and support conditions have been given by Timo-
shenko and Woinowsky-Krieger (1959) and by Jensen
(1938). Since closed-form solutions of the plate equa-
tion are available for only a limited number of cases,
alternative solution procedures are required for most
practical situations.

2.1.2 Crossing beam methods—Several approaches
have been developed in which the two-way slab system
is considered as a system of orthogonal one-way sys-
tems allowing methods for calculating beam deflections
to be applied. Some of the earlier approaches were
summarized in ACI 435.6R.

More recently, Rangan (1976) and Scanlon and Mur-
ray (1982) described calculation procedures in which the
column and middle strips are treated as continuous
beams, with the middle strip considered to be sup-
ported by adjacent column strips running perpendicu-
lar to the middle strip.

For two-way systems supported on a rectangular lay-
out of columns, the ACI 318 method of design for
strength involves dividing the slab into column strips
and middle strips in each of the two orthogonal direc-
tions. The total static moment for each span, M, =
W.0.tn*/8, is divided between positive and negative
moment regions and then between column and middle
strips, using either the direct-design method or the
equivalent-frame method. The distribution of moments
approximates the elastic distribution for the given
loading and therefore can be used to obtain an estimate
of immediate deflections. However, the applied mo-
ments for strength design use factored loads, while the
moments for calculating immediate deflections use
service loads (unfactored).

Fig. 1 shows a rectangular panel in a column-sup-
ported two-way slab system. The shaded areas repre-
sent a set of crossing beams from which column strip
deflection @, and middle strip deflection a,, can be ob-
tained. Each beam can be treated as a strip of unit
width for which end moments, midspan moment, and
flexural rigidity properties can be obtained. Note that
end moments are defined at the faces of supports (col-
umn or column capital faces) and the beam span is the
clear span between such supports.

Once the end moments and midspan moment have
been obtained for a column or middle strip, the deflec-
tion for the strip can be calculated using the elastic
beam deflection equation

5 %
a=—

e M= 010 + M) (29
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Fig. 1—Crossing beam approach

M,, M, = end moments per unit width (positive
directions, as shown in Fig. 1)
M,, = midspan moment per unit width

Using this procedure, the deflection of each column
strip ¢, and of each middle strip a,, can be calculated.
The midpanel deflection q,, is obtained by adding the
column and middle strip deflections

Qup = . + Ay (2-5)

The rotation at the support must be included for
cantilever slabs.

An earlier version of the equivalent-frame method
for calculating deflections proposed by Vanderbilt,
Sozen, and Siess (1965) considers the midpanel deflec-
tion as the sum of a column strip deflection, cantilever
deflection of a portion of the middle strip extending
from the column strip, and the midpanel deflection of
a simply supported rectangular plate. The procedure
developed by Nilson and Walters (1975) based on the
equivalent-frame method is similar to the method just
outlined except that a reference deflection is calculated

Full document details: ACI 435.9R-91

for the total panel width. Deflections for column and
middle strips are then obtained from this reference de-
flection using lateral distribution factors based on rela-
tive M/ET values.

Ghali* calculates the deflection at midspan of a col-
umn or middle strip from values of curvature calcu-
lated at the midspan and supports using the relation-
ship

32
@ = 5z (@ + 106, + ) 2-6)

where ¢,, ¢., ¢ = curvatures calculated from analysis
of sections at the left support, center, and right sup-
port, respectively, and { = span length. This relation-
ship is exact if the true curvature distribution is para-
bolic in shape. Effects of cracking, creep, and shrink-
age are accounted for in the analysis of each section.
2.1.3 Finite element method—The finite element
method can be used to analyze plates with irregular
support and loading conditions. Effects of beams and
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columns can be included, and a number of general pur-
pose computer programs are available for elastic anal-
ysis of plate systems.

The plate is divided into a number of subregions, or
clements. Within each element, the transverse displace-
ment is expressed in terms of a finite number of de-
grees of freedom (displacements, slopes, etc.) specified
at element nodal points. In other words, the continu-
ous displacement function a(x,y) is approximated by a
function with a finite number of degrees of freedom.
Based on the assumed displacement function and given
stress-strain or moment-curvature relationships [such as
Eq. (2-2) for elastic plates], the element-stiffness ma-
trix can be derived. The stiffness matrix of the entire
slab is then assembled.

The solution for displacements and internal moments
proceeds using standard matrix-analysis techniques for
solving the equilibrium equations as outlined in a num-
ber of textbooks (e.g., Cook 1974; Gallagher 1975; and
Zienkiewicz 1977). Although the method is becoming
increasingly popular in engineering practice, some skill
is required to select an appropriate finite element
model, develop an appropriate mesh, prepare com-
puter input data, and interprete the results.

2.2—Effect of cracking

The procedures outlined in the preceding section are
applicable to linear elastic isotropic plate systems and
must be modified for concrete slabs to include the ef-
fect of cracking on flexural stiffness. An early applica-
tion of classical anisotropic theory to analysis of two-
way reinforced concrete slabs is given in the text by Ti-
moshenko and Woinowsky-Krieger (1959). More re-
cently, procedures have been proposed for including
cracking in finite element analysis and in the crossing
beam analogies for two-way slabs.

The I, concept developed originally for beams by
Branson (1963) can be applied directly to the column
and middle strips in the crossing beam analogies de-
scribed earlier for elastic uncracked plates. In Eq. (2-4),
the cross-sectional stiffness EI, becomes E.I, using the
usual averaging procedures given in ACI 318 for Z, cal-
culated at positive and negative moment locations. Kri-
panarayanan and Branson (1976) presented an exten-
sion of the Nilson and Walters equivalent-frame pro-
cedure to include cracking using the I, procedure.

A review of the more sophisticated cracking models
proposed for finite element analysis of slabs is given in
the report of an ASCE Task Committee (1982). A sim-
ple generalization of Branson’s effective moment of in-
ertia concept to two-way systems has been suggested by
Scanlon and Murray (1982) and implemented in a
modified version of a linear elastic plate bending ele-
ment by Graham and Scanlon (1985). The following is
a brief outline of the procedure.

Input for material properties is given in the form of
the plane-stress constitutive relation for anisotropic
material. Specialized for orthotropy with respect to the
X,y directions, the stress-strain relations are given by
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For linear elastic isotropic material
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moment-curvature relationships are obtained by inte-
grating over the slab depth to obtain

.~ _El WEL . -
1-», (A-»w)
M, - b,
M, ) = vEl El ®,
ny a- Viby ) 1- Vx"y) \ ¢xy
. . Gl
L 12 — .
(2-9)
where
I = 1/12

moment of inertia per unit
width of gross concrete section
about centroidal axis

Based on an analysis of the uncracked slab, moments in .
the x and y direction M, and M, are calculated for each
element. Reduction in flexural stiffness in each direc-
tion can be accounted for using the effective moment-
of-inertia equation

M.\? 'M.\* >
= cr 1 e I
I (M) , + [1 <M)] 2
(2-10)
MC" s Mcr !
Iey = (E) Ig _+ ]:1 - (My>JIcry

where I, and I, = moments of inertia of cracked sec-
tion transformed to concrete in x and y directions, re-
spectively.

The effective moment of inertia is calculated for in-
dividual cracked elements; hence, the 7, equation should
use terms raised to the fourth power, as suggested by
Branson (1963, 1977) for one-way beams. However,
since the third-power equation is familiar to most en-
gineers and there is little numerical difference between
the two results compared to effects of other highly var-
iable parameters, the third-power equation is consid-
ered to be adequate.

The moment-curvature relationshins cdd R &L NtS

as
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