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APPENDIX A—EXCERPT BUILDING CODE

CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction: history of two-way slab system
Two-way flat slab construction in the United States
evolved, and was invented and patented, in the early 1900s
(Cohen and Heun 1979). Early two-way flat slab construc-
tion was built and subjected to load tests in place and scaled
models were later tested in laboratories. While the amount
of reinforcement in slab construction varied dramatically,
flat slab systems were found to be economical for heavy
live load occupancy. As the number of flat slab projects
increased steadily worldwide, design rules were established

While two-way slab systems have more than 100 years of
service history, various practical refinements and research
programs continue to develop new materials and technolo-
gies that support sustainable construction of two-way slabs.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

AL_'/" =

larger gross cross-sectional area of the slab-column
strips in the two orthogonal equivalent frames
intersecting at a column in a two-way slab, ft* (m?)

and formalized (Sozen and Seiss 1963). Agp area of reinforcement through the column core used
Prior to the 1950s, two-way waffle slabs and two-way flat as integrity reinforcement
slabs were designed and constructed with column capitals by dimension of the critical section b, measured in the

and some with drop panels. The hollow tile and concrete
slab is a type of waffle slab that dates back to at least 1918

direction of the span for which moments are deter-
mined, in. (mm)

(Gamble et al. 1964). Column capitals were used to increase b, dimension of the critical section b, measured in the
slab shear strength and drop panels to reduce the flexural direction perpendicular to by, in. (mm)
reinforcement over columns, which allowed for thinner b, effective slab width, in. (mm)

slabs. In the post-1970s era, field labor to construct form- b, perimeter of critical section at d/2 from face of
work for column capitals and drop panels became costly; support, in. (mm)

the introduction of reusable forms led to construction of flat C cross-sectional constant to define torsional proper-
plates, which are two-way flat slabs without column capitals ties of slab and beam

or drop panels. ¢l dimension of rectangular or equivalent rectangular

The lift-slab system for multistory construction was
popular in the 1960s and 70s, but is no longer commonly

(acis
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GUIDE TO DESIGN OF REINFORCED TWO-WAY SLAB SYSTEMS (ACI 421.3R-15) 3

tion of the span for which moments are being deter-
mined, in. (mm)

dimension of rectangular or equivalent rectangular
column, capital, or bracket measured in the direc-
tion perpendicular to ¢y, in. (mm)

distance from the interior face of the column to slab
edge measured parallel to ¢;, but not exceeding c;,
in. (mm)

distance from extreme compression fiber to the
centroid of tension reinforcement, in. (mm)
modulus of elasticity of beam concrete, psi (MPa)
modulus of elasticity of slab concrete, psi (MPa)
specified compressive strength of concrete, psi (MPa)
average compressive stress in the two directions at
centroid of concrete cross section after allowing for
all prestress losses, psi (MPa)

specified yield stress of reinforcement, psi (MPa)
distance between adjacent stirrup legs or studs,
measured in a parallel direction to a column face
slab thickness, in. (mm)

moment of inertia of gross section of beam about
centroidal axis, in.* (mm?)

moment of inertia of gross section of slab about
centroidal axis defined for calculating a,and B,, in.*
(mm*)

stiffness of columns based on moment of inertia at
any cross section outside the joint

stiffness of equivalent column

modification factor accounting for reduction in
joint confinement at exterior connections

torsional stiffness

length of span in direction that moments are being
determined, measured center-to-center of supports,
in. (mm)

length of span in direction perpendicular to £y,
measured center-to-center of supports, in. (mm)
distance measured from the column centerline to
the edge of the slab, in. (mm)

length of clear span measured face-to-face of
supports, in. (mm)

span of member under load test, taken as the shorter
span for two-way slab systems, in. (mm); span is
the smaller of: a) distance between centers of
supports; and b) clear distance between supports
plus thickness / of member.

total factored static moment, in.-1b (kNm)

portion of slab factored moment balanced by
support moment, in.-Ib (kNm)

resultant tensile force acting on the portion of the
concrete cross section that is subjected to tensile
stresses due to the combined effects of service
loads and effective prestress, 1b (N)

factored dead load per unit area, 1b/ft*> (kPa)
factored live load per unit area, 1b/ft> (kPa)
factored load per unit area, 1b/ft*> (kPa)

shorter overall dimension of rectangular part of
cross section, in. (mm)

American Concrete Institute — Copyrighted © Material — www.concrete.org
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vy = longer overall dimension of rectangular part of
cross section, in. (mm)

V. = nominal shear strength provided by concrete, Ib (N)

V, = vertical component of all effective prestress forces
crossing the critical section, Ib (N)

Ve = unfactored shear force, but not less than twice the
unfactored dead load shear, Ib (N)

Ve = factored shear force on the slab critical section for

two-way action due to gravity loads, 1b (N)

a, = ratio of flexural stiffness of beam section to flex-
ural stiffness of a width of slab bounded laterally by
centerlines of adjacent panels (if any) on each side

of the beam

a5 = average value of a, for all beams on edges of a
panel

ay = oyin direction of £;

a, = oyin direction of £,

a; = constant used to compute V. in slabs

B = ratio of long side-to-short side of the column,
concentrated load, or reaction area

B, = factor used to compute V, in prestressed slabs

B, = ratio of torsional stiffness of edge beam section to
flexural stiffness of a width of slab equal to span
length of beam, center-to-center of supports

vy, = factor used to determine the unbalanced moment
transferred by flexure at slab-column connections

v, = factor used to determine the unbalanced moment
transferred by eccentricity of shear at slab-column
connections

p, = ratioof 4 to b, at balanced condition when concrete
and reinforcement both reach their respective yield
strain

YAy = total area of reinforcing steel passing through
the column core, summed on all four sides of the
column of an interior column

X = fz/fl

2.2—Definitions

ACI provides a comprehensive list of definitions through
an online resource, “ACI Concrete Terminology,” https://
www.concrete.org/store/productdetail.aspx?ItemID=CT13.
Definitions provided herein complement that source.

design story drift—design displacement of one level, or
floor, relative to the level above or below.

design story drift ratio—design story drift divided by the
story height.

headed shear stud reinforcement—individual headed
studs or groups of studs with anchorage provided by a head
at each end or a common base rail consisting of a steel plate
or shape.

lateral-force-resisting system—portion of the structure
composed of members designed to resist forces related to
wind or earthquake effects.

podium—a thick slab that supports a light frame building
above parking or commercial levels.

shear cap—a projection below the slab used to increase

the slab shear strength. DOC uments
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slab-on-girder system—a grid of girders in both plan
directions with a solid slab spanning between girders; may
include beams between girders in both directions.

slab panel—a slab bounded by column, beam, or wall
centerlines on all sides.

two-way slab—slab with or without beams that meets a
particular aspect ratio.

two-way wide-band system—slab with paneled ceiling
with shallow and wide beams spanning between columns in
each direction.

waffle slab—two-way concrete joist construction using
prefabricated pan (dome) forms.

CHAPTER 3—ANALYSIS METHODS

3.1—General

3.1.1 Fundamental principles of structural mechanics—
Analysis of two-way slab can be based directly on funda-
mental principles of structural mechanics, provided it can
be demonstrated explicitly that all strength and service-
ability criteria in Chapters 4 and 6 of this guide are satis-
fied. Based on theory of elasticity, slab design should satisfy
force equilibrium and strain compatibility. Slab analysis
can be achieved through the use of classic solutions based
on linearly elastic continuum theories; numerical solutions
based on discrete elements; yield-line analyses; or strip
method analyses, including in all cases evaluation of the
stress conditions around the supports in relation to shear and
torsion, as well as flexure. Regardless of analysis method,
deviations in physical dimensions of the slab from common
practice should be justified on the basis of knowledge of
the expected loads, reliability of the calculated stresses, and
deformations of the structure.

Analysis of a two-way slab system should consider the
aspect ratio of each slab panel and the relative stiffness of
the slab panels, supporting beams (if any), and supporting
columns or walls. Analysis and design of two-way slab
systems using the Direct Design Method (DDM) and Equiv-
alent Frame Method (EFM) are discussed in 3.2.

3.1.2 Slab stiffness—During the life of a structure,
construction loads, ordinary occupancy loads, anticipated
overloads, and volume changes can cause cracking of slabs.
Excessive cracking exposes concrete to moisture infiltration,
which can cause corrosion of reinforcement and deteriora-
tion of structural elements. Under sustained gravity loads,
cracking can lead to large vertical deflection resulting in
damage to nonstructural elements.

Cracking reduces stiffness of the slabs, and increases
lateral displacement when lateral forces act on the structure.
Cracking of slabs should be considered in stiffness assump-
tions so drift caused by wind or earthquake is not grossly
underestimated. Conservatively, analysis of slab-column
connections can use a stiffness reduction factor that provides
higher reduction in stiffness to ensure lateral displacement
and that the design forces are not underestimated. Refer to
7.2.2 for further discussions.

3.1.3 Total factored static moment—Total factored static
moment M, for a span of a rectilinear interior panel may be

(acis
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Fig. 3.1.3—Example of equivalent square section for
supporting members.

determined in a strip bounded laterally by the centerline of a
panel on each side of the centerline of supports. The absolute
sum of positive and average negative factored moments in
each direction should not be less than

v = Gl (3.1.3)
’ 8

In the case of an edge panel, use 0.5¢,, where ¢, is the
transverse span.

Equation (3.1.3) follows directly from Nichols (1914)
with the simplifying assumption that the reactions are
concentrated along the faces of the support perpendicular
to the span considered. In general, the designer will find
it expedient to calculate the static moment for two adja-
cent half panels, which includes a column strip with a half
middle strip along each side. The clear span ¢, is taken as
the distance between columns, capitals, brackets, or walls.
The value of £, used in Eq. (3.1.3) should not be less than
0.65¢;. Circular or regular polygon-shaped supports should
be treated as square supports with the same area (Fig. 3.1.3).

3.2—Analysis methods

Both the DDM and EFM are based on analysis of the
results of an extensive series of tests (Jirsa et al. 1963) and
the well-established performance record of various slab
systems. This guide covers these two methods in depth.

3.2.1 Direct Design Method (DDM)—The DDM consists
of a set of rules for distributing moments to slab and beam
sections to satisfy strength requirements. The DDM can be
used for slab systems with regular column layouts subjected
to gravity loads only. Three fundamental steps are involved:

1) Determination of M,

2) Distribution of M, along each span to supports and
midspan for negative factored moments and positive factored
moment, respectively

3) Distribution of the negative and positive factored
moments transversely to the column and middle strips and
to the beams, if any. (The same distribution of moments
to column and middle strips is also used in EFM, which is
discussed in 3.2.2.6.)

3.2.1.1 Limitations—The DDM was developed from
considerations of theoretical procedures forﬁe determina-
tion of moments in slabs with and without

American Concrete Institute — Copyrighted © Material — www.concrete.org
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precedents supplied by performance of slab systems. Conse-
quently, based on ACI 318-14, Section 8.10.1.1, the anal-
ysis of slab systems using the DDM should conform to the
following limitations:

a) Slab system has a minimum of three continuous spans
in each direction;

b) Panels are rectangular, with a ratio of longer-to-shorter
panel span taken from center-to-center of each panel not
greater than 2;

¢) Successive span lengths center-to-center of supports
in each direction do not differ by more than one-third the
longer span;

d) Offset of columns by a maximum of 10 percent of the
span (in direction of offset) from either axis between center-
lines of successive columns is permitted,;

e) All loads are due to gravity only and uniformly distrib-
uted over an entire panel and unfactored live load does not
exceed two times unfactored dead load;

f) For a panel with beams between supports on all sides,
Eq. (3.2.1.1a) should be considered for beams in the two
perpendicular directions:

2
e

02<—L2<50 (3.2.1.1a)
a/z 1

where a, and ap are calculated in accordance with Eq.
(3.2.1.1b)

_ Ecblb

o, =
! E cs [ s

(3.2.1.1b)

g) Moment redistribution as permitted by ACI 318-14,
Section 6.6.5, is not applicable for slab systems analyzed
by the DDM;

h) Variations from these limitations are permitted if
demonstrated by analysis from 3.1.1 of this guide.

Rules given for the DDM assume that the slab system at
the first interior support is neither fixed against rotation nor
discontinuous. The primary reason for limitation a), which
requires a minimum of three spans, is that the magnitude
of the negative moments at the interior support in a struc-
ture with only two continuous spans is higher by approxi-
mately 10 percent. Under limitation b), when the ratio of the
two spans (long span/short span) of a panel exceeds 2, the
slab resists the moment in the shorter span essentially as a
one-way slab.

Limitation c) relates to the possibility of developing nega-
tive moments beyond the point where negative moment
reinforcement is terminated, as discussed in a subsequent
section. Limitation d) permits columns to be offset within
specified limits from a regular rectangular array. A cumula-
tive total offset of 20 percent of the span is established as the
upper limit when using the DDM.

Limitation e) is included because the DDM is based on
tests (Jirsa et al. 1969) for uniform gravity loads and resulting
column reactions determined by statics. Lateral loads such

American Concrete Institute — Copyrighted © Material — www.concrete.org
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Table 3.2.1.2—Distribution coefficient of end span
total factored static moment, M,

0 &) G [ @ )
Slab with
beams
Exterior between Slab without beams Exterior
edge unre- all between interior edge fully
strained | supports supports restrained
Interior
negative | 75 0.70 0.70 0.70 0.65
factored
moment
Positive
factored 0.63 0.57 0.52 0.50 0.35
moment
Exterior
negative 0 0.16 0.26 0.30 0.65
factored
moment

as wind or seismic require a frame analysis. Inverted founda-
tion mats analyzed as two-way slabs involve application of
known column loads. Therefore, even where the soil reac-
tion is assumed to be uniform, a frame analysis should be
performed. The limit of applicability of the DDM for ratios
of live-to-dead load was reduced in ACI 318-95 from 3 to 2.
Because in most slab systems the live-to-dead load ratio is
less than 2, it is unnecessary to check the effects of pattern
loading. For a slab system supporting a nonmovable load
(such as a water reservoir in which the load on all panels is
expected to be the same), the designer need not consider the
live load imitation e) because there is no need to consider
pattern loading.

The elastic distribution of moments will deviate signifi-
cantly from those assumed in the DDM unless the stiffness
under limitation f) is met. Limitation g) forbids the use of
moment redistribution as permitted by ACI 318-14, Section
6.6.5, which is not intended for use where approximate
values for bending moments are used. For the DDM, 10
percent modification is allowed as described in 3.2.2.5 of
this guide.

Limitation h) permits a designer to use the DDM even
when the structure does not fit the limitations in this section,
provided it can be shown by analysis that the particular limi-
tation does not apply to that structure.

3.2.1.2 Distribution of total factored moments—As stated
in 3.1.3, the clear span is based on distance between faces
of supports. If a supporting member does not have a rect-
angular cross section or if the sides of the rectangle are not
parallel to the spans, it should be treated as a square support
having the same area, as illustrated in Fig. 3.1.3.

In an interior span, for M,, calculated based on Eq. (3.1.3)
should be distributed as follows:

a) Negative factored moment: 0.65

b) Positive factored moment: 0.35

The M,, in an end span, should be distributed to slab
midspan and supports as shown in Table 3.2.1.2.

The moment coefficients for an end span are based on the
equivalent column stiffness expressio Oﬂumems
Jirsa et al. 1963; Corley and Jiica-! 970bgélﬁr?]()eerf;];1¢§ﬁ%t§for
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Table 3.2.1.3a—Distribution in percent of interior
negative factored moment to column strips
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Table 3.2.1.3b—Distribution in percent of exterior

negative factored moment to column strips

6/t 0.5 1.0 2.0 6/t 0.5 1.0 2.0
(anla/l) =0 75 75 75 (ontall) =0 B,=0 100 100 100
(ants/t) > 1.0 90 75 45 B,>2.5 75 75 75
Note: Linear interpolations can be made between values shown. (optr/ty) > B,=0 100 100 100
1.0 B,>2.5 90 75 45

an unrestrained edge would be used, for example, if the slab
is simply supported on a masonry or concrete wall. Those for
a fully restrained edge would apply if the slab is constructed
integrally with a concrete wall having a flexural stiffness so
large compared to that of the slab that little rotation occurs
at the slab-to-wall connection. Note that Table 3.2.1.2 is a
major simplification of values that is computed on the basis
of relative stiffnesses (ACI 318-77) and that, in some cases,
these moments could deviate substantially larger from theo-
retic values. This is especially true for the exterior negative
moment case because there are no limits on column stiffness
other than pinned or fixed.

For other than unrestrained or fully restrained edges,
coefficients in Table 3.2.1.2 were selected to be near the
upper bound of the range for positive moments and interior
negative moments. As a result, exterior negative moments
were usually closer to a lower bound. The exterior nega-
tive moment strength for most slab systems is governed by
spacing of minimum reinforcement to control cracking. The
final coefficients in the table have been adjusted so that the
absolute sum of the positive and average negative moments
equal M,,.

For two-way slab systems with beams between supports
on all sides (two-way slabs), moment coefficients of Column
(2) of Table 3.2.1.2 apply. For slab systems without beams
between interior supports (flat plates and flat slabs), the
moment coefficients of Columns (3) or (4) apply, without or
with an edge (spandrel) beam, respectively. Design should
be based on the larger of the two interior negative factored
moments on either side of a common column or other type
of support. If an analysis is made to distribute unbalanced
moments, flexural stiffness could be obtained on the basis of
the gross concrete section of the members involved.

The gravity load moment transferred by eccentricity
within the critical section for shear between slab and edge
column should be 0.3M,,. Proportion edge beams or edges of
slab to resist exterior negative factored moments. Torsional
stresses caused by the moment assigned to the slab should
be investigated.

3.2.1.3 Factored moments in column strips—The rules for
assigning moments to the column strips, beams, and middle
strips are based on studies (Gamble 1972) of moments in
linearly elastic slabs with different beam stiffness tempered
by the moment coefficients that have been used successfully.
Column strips should be proportioned to resist the portions
in percent tabulated in Table 3.2.1.3a for interior negative
factored moments, and in Table 3.2.1.3b for exterior nega-
tive factored moments.

In Table 3.2.1.3b, linear interpolations can be made
between values shown, where B, is calculated in Eq.
(3.2.1.3a) and C'is calculated in Eq. (3.2.1.3b).
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Table 3.2.1.3c—Distribution in percent of positive
factored moment to column strips

o/t 0.5 1.0 2.0
(0nls/0) =0 60 60 60
(0nla/6) > 1.0 90 75 45

Note: Linear interpolations can be made between values shown.

hy, = 4hs
hf | bw+ 2hbsbw+ 8hf

L bw_|

Fig. 3.2.1.3—Example of portion of slab to be included with
beam.

E,C
= 32.13
P 2E 1 ( 2)
x\x'y
c=3|1-063% |22 (3.2.1.3b)
y) 3

The constant C for T- or L-sections can be evaluated
by dividing the section into separate rectangular parts, as
defined in Fig. 3.2.1.3, and summing the values of C for each
part.

The effect of the torsional stiffness parameter B, is to
assign all of the exterior negative factored moment to the
column strip, and none to the middle strip, unless the beam
torsional stiffness is high relative to the flexural stiffness of
the supported slab. In the definition of B,, the shear modulus
has been taken as E./2. Where walls are used as supports
along column lines, they can be regarded as very stiff beams
with a aplo/f, value greater than 1. Where the exterior
support consists of a wall perpendicular to the direction in
which moments are being determined, B, may be taken as
zero if the wall is of masonry without torsional resistance,
and B, may be taken as 2.5 for a concrete wall with large
torsional resistance that is monolithic with the slab.

For the purpose of establishing moments in the half
column strip adjacent to an edge supported by a wall, £, in
Eq. (3.1.3) may be assumed equal to ¢, of the parallel adja-
cent column-to-column span, and the wall may be considered
as a beam having a moment of inertia, /, ,equal to infinity.
Where supports consist of columns or wal

ocumen
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Table 3.2.1.6—Distribution in percent of factored
moment in beams

(apbslt) > 1.0 85

(apbs/l) =0 0

Note: Linear interpolations can be made between values shown.

M,, negative moments should be considered to be uniformly
distributed across ¢5.

Column strips should be proportioned to resist the portions
in percent of positive factored moments shown in Table
3.2.1.3c.

3.2.1.4 Factored moments in middle strips—That portion
of the negative and positive factored moments not resisted
by column strips should be proportionately assigned to
corresponding half middle strips. Each middle strip should
be proportioned to resist the sum of the moments assigned
to its two half middle strips. A middle strip adjacent to and
parallel with a wall-supported edge should be proportioned
to resist twice the moment assigned to the half middle strip
corresponding to the first row of interior supports.

3.2.1.5 Modification of factored moments—A modifica-
tion of 10 percent in negative and positive factored moments,
calculated in accordance with 3.2.2.2, is permitted provided
the total static moment for a panel in the direction consid-
ered is not less than M, required by Eq. (3.1.3). For example,
a 10 percent reduction of negative factored moment should
follow with a corresponding increase of positive factored
moment. This is intended to recognize a limited amount of
inelastic behavior and moment redistribution can occur in
slabs that were analyzed with the DDM.

3.2.1.6 Factored moments in beams—Factored moments
in beams between supports are proportioned in percent as
shown in Table 3.2.1.6.

Loads assigned directly to beams are in addition to the
uniform dead load of the slab; uniform superimposed dead
loads, such as the ceiling, floor finish, or assumed equivalent
partition loads; and uniform live loads. All of these loads are
normally included with ¢, in Eq. (3.1.3). Linear loads applied
directly to beams include partition walls over or along beam
centerlines and additional dead load of the projecting beam
stem. Concentrated loads include posts above or hangers
below the beams or induced force from seismic overturning.
For the purpose of assigning directly applied loads, only
loads located within the width of the beam stem should
be considered as directly applied to the beams. The effec-
tive width of a beam as defined in Fig. 3.2.1.3 is solely for
strength and relative stiffness calculations. Line loads and
concentrated loads located on the slab away from the beam
stem require special consideration to determine their appor-
tionment to slab and beams. For slabs with beams between
supports, the slab portion of column strips should be propor-
tioned to resist that portion of the column strip moments not
resisted by beams.

3.2.1.7 Factored shear in slab systems with beams—
Resistance to total shear occurring on a panel based on
computation of slab shear strength on the assumption that
loads are distributed to supporting beams is permitted. Shear
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Fig. 3.2.1.7—Tributary area for shear on an interior beam.

strength for beams should satisfy ACI 318-14, Sections 9.5.3
and 22.5.

Beams with a,,{,/¢; equal to or greater than 1.0 are propor-
tioned to resist shear caused by factored loads on tributary
areas that are bounded by 45-degree lines drawn from the
corners of the panels and the centerlines of the adjacent
panels parallel to the long sides. The tributary area for
computing shear on an interior beam is shown shaded in Fig.
3.2.1.7.

If the stiffness for the beam, a,£,/¢), is less than 1.0, the
shear on the beam can be obtained by linear interpolation,
assuming beams resist no load at o, = 0. In such cases, the
beams framing into the column will not account for all of
the shear force applied on the column. The remaining shear
force will produce shear stresses in the slab around the
column, which should be checked in the same manner as
for flat slabs.

In addition to shears calculated from slab tributary areas,
beams should be proportioned to resist shear caused by
factored loads applied directly on beams. Note that the
proportional shear in slab systems with beams described in
this section do not apply to calculation of torsional moments
on the beams. Torsional moments should be based on the
calculated flexural moments acting on the sides of the beam.

3.2.1.8 Factored moments in columns and walls—
Columns and walls built integrally with a slab system should
resist moments caused by factored loads on the slab system.
At an interior support, columns or walls above and below
the slab should resist the factored moment specified by Eq.
(3.2.1.8) in direct proportion to their stiffnesses unless a
general analysis is made.

M, =0.07[(gpu + 0.5q1) 626> — q'pula'(6,7)* (3.2.1.8)
where ¢'p,, £,', and £’ refer to the shorter span.

Equation (3.2.1.8) refers to two adjoining spans, with
one span longer than the other, and with full dead load plus
one-half live load applied on the longer span with only dead
load applied on the shorter span. Design and detailing of

the reinforcement transferring the moBo@ument(s

edge column is critical to beth ncriormance and safet}; of flat
ocument S

(aci®

aring Hub


http://www.avadocuments.com/doc/aci-421-3r-15
http://www.avadocuments.com/doc/aci-421-3r-15

8 GUIDE TO DESIGN OF REINFORCED TWO-WAY SLAB SYSTEMS (ACI 421.3R-15)

Column . .
strip £,/2 Exterior equivalent frame

l.—Edge
|I™~——Centerline
T adjacent

. panel
]

One-half
middle ||
strip

.F,
+

-
[
|
T—E
[
14
l
[

m
=

Fual
o

i i
o —

R

Y

|
-

Y
e e

al

—f

B
Slab-beam 7
strip £,/2

Centerline—
of panel £,

—— Interior
/ .
' equivalent
frame

\

K>

4

Fig. 3.2.2—Definitions of equivalent frame.

slabs or flat plates without edge beams, or cantilever slabs.
Complete details are shown on construction documents,
such as concentration of reinforcement over the column by
closer spacing or additional reinforcement.

3.2.2 Equivalent Frame Method (EFM)—The EFM
involves the representation of a three-dimensional slab
system by a series of two-dimensional frames that are then
analyzed for loads acting in plane of frames. The negative
and positive moments so determined at the critical design
sections of the frame are distributed to the slab sections in
accordance with 3.2.1.3 (column strips), 3.2.1.4 (middle
strips), and 3.2.1.6 (beams). The EFM is based on studies
by Corley et al. (1961), Jirsa et al. (1963), and Corley and
Jirsa (1970). Unlike the DDM, the EFM can be used for slab
systems with irregular column layouts and pattern loading
with or without lateral forces.

The EFM was developed when the primary struc-
tural analysis tool was the moment-distribution method.
Specialized computer programs have been developed for
this analysis, and give a way of using ordinary plane-frame
structural analysis programs for this task (Schaeffer 1999).

Application of the equivalent frame to a regular structure
is illustrated in Fig. 3.2.2. The three-dimensional building is
divided into a series of two-dimensional frame bents (equiv-
alent frames) oriented along column or support centerlines,
with each frame extending the full height of the building.
The width of each equivalent frame is bounded by the
centerlines of the adjacent panels. The complete analysis of
a slab system for a building consists of analyzing a series of
equivalent (interior and exterior) frames spanning longitudi-
nally and transversely through the building.

The equivalent frame comprises three parts:

1) The horizontal slab strip, including any beams spanning
in the direction of the frame

2) The columns or other vertical supporting members,
extending above and below the slab

3) The elements of the structure that provide moment
transfer between the horizontal and vertical members.

Where metal column capitals are used, it is permitted to
consider their contributions to stiffness and resistance to
moment and shear. Change in column and slab length due
to direct stress and deflections due to shear can be neglected.

3.2.2.1 Analysis and design considerations—All sections
of slabs and supporting members analyzed by EFM should
be proportioned for moments and shears obtained:

a) The structure is considered to be made up of equiva-
lent frames on column lines taken longitudinally and trans-
versely through the building

b) Each frame consists of a row of columns or supports
and slab-beam strips, bounded laterally by the centerline of
panel on each side of the centerline of columns or supports

¢) Columns or supports are assumed to be attached to slab-
beam strips by torsional members (3.2.2.4) transverse to the
direction of the span for which moments are being deter-
mined and extending to bounding lateral panel centerlines
on each side of a column

d) Frames adjacent and parallel to an edge are bounded by
that edge and the centerlines of adjacent panels

e) Analysis of each equivalent frame in its entirety is
permitted. Alternatively, for gravity loading, a separate anal-
ysis of each floor or roof with far ends of columns consid-
ered fixed is also permitted

f) Where slab-beams are analyzed separately, determina-
tion of the moment at a given support, assuming that the
slab-beam is fixed at any support two panels distant there-
from, is permitted, provided the slab continues beyond the
points of fixity.

The simplifications permitted under e) and f) were conces-
sions to manual calculation procedures such as moment
distribution.

3.2.2.2 Slab-beams—In a slab-beam system, a support
is defined as a column, capital, bracket, or wall; a beam is
not considered to be a support member for the equivalent
frame. Determining the moment of inertia of slab-beams at
any cross section outside of joints or column capitals using
the gross area of concrete is permitted. Consider variation in
moment of inertia along the axis of slab-beams. The moment
of inertia of slab-beams from the center column to the face
of the column, bracket, or capital is assumed equal to the
moment of inertia of the slab-beam at the face of the column,
bracket, or capital divided by the quantity (1 — ¢,/,)?, where
¢, and ¢, are measured transverse to the direction of the span
for which moments are being determined.

3.2.2.3 Columns—Column stiffness is based on column
length from middepth of the slab above to middepth of the
slab below. The column moment of inertia is computed on
the basis of its cross section, taking into account the increase
in stiffness provided by the capital, if any. Consider variation
in moment of inertia along the axis of columns. Moment of
inertia of columns from top to bottom of the slab-beam at a
joint can be assumed to be infinite.

When slab-beams are analyzed separately for gravity
loads, the concept of an equivalent column, combining
the stiffness of the slab-beam and torsional member into

a composite element, is used. The "olunDQGluments
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