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Models for Laterally Loaded Slab-Column Frames

by Shyh-Jiann Hwang and Jack P. Moehle

Effective beam width and equivalent frame models are com-
monly used in design to model the lateral load response of
slab-column frames. An analytical evaluation of these two
models is made, considering effects of connection and panel
geometry, as well as effects of cracking on frame stiffness.
Models suitable for design office implementation are recom-
mended. Results of the recommended models are compared
with experimental data obtained from tests of a 0.4-scale, mul-
tipanel, slab-column frame.

Keywords: buildings; deflection; design; frames; loads; models; moments;
reinforced concrete; slabs; stiffness; tests.

INTRODUCTION

A range of analytical procedures exists for modeling slab-col-
umn frames subjected to |ateral loads.* Such models are impor-
tant to designers of multistory buildings in that they enable
lateral drifts to be calculated. In high-rise construction where
the slab-column frame is braced by structural walls, analytical
models gain additional importance in that they determine design
interactions between the frame and wall, and hence, the required
strengths of the two subsystems. As described by Vanderbilt
and Corley,1 available analytical models do not produce the
same result; rather, the stiffness obtained from one type of ana-
Iytical model can vary widely from that of another, and both
may be far from actual behavior.

The present study is concerned with two analytical models
that are commonly used in design-office practice. These are the
effective beam width model, in which the slab action is repre-
sented by a flexural slab-beam framing directly between col-
umns (Fig. 1), and the equivalent frame model, in which the slab
action is represented by a combination of flexural and torsional
beams (Fig. 2). Characteristics of both models are discussed, and
recommendations on proper application are made. The recom-
mendations are based on a detailed experimental and analytical
evaluation presented elsewhere.?3 The recommended analytical
models are tested by comparison with results obtained on lateral
load experiments of a multipanel test dah.23

FRAME MODELS FOR MULTISTORY BUILDINGS

An analytical model for interpretation of structural response
should be constructed in sufficient detail that actions of interest
are reasonably reproduced; analytical detail beyond this level
may be counterproductive, asit can decrease efficiency in model
preparation, numerical computation, and, most importantly, in-
terpretation. With these guidelines in mind, a model of athree-
dimensional building is usually assembled using line elements
for columns and floor members. Vanderbilt and Corleyldiscuss
techniques for representing a symmetric building using planar
frames and planar analysis. Analyses of complete three-dimen-
sional space frames consisting of line elements for beams and
floor members are readily accomplished using available com-
puter codes.

A simple three-dimensional building and a space frame ana-
Iytical model of the building are depicted in Fig. 3. Itiscommon
practice to represent the relatively stiff volume of concrete com-
mon to the beams and columns (the joint) by rigid zones. The
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Fig. 2—Equivalent frame model.
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line elements representing the columns may be assigned the
flexural, shear, and axial properties of the columns. Though con-
sideration of possible stiffnessreduction dueto cracking isappro-
priate, the column is often assigned properties based on gross
concrete sections. In any building construction involving mono-
lithic floor slabs, determination of the mechanical properties of
the floor members is less direct. It is the determination of these
propertiesin slab-column construction that is the main object of
this paper.
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EFFECTIVE BEAM WIDTH MODEL

Description of model

In slab-column construction, the slab is not fully effective
across its full width as a flexural element framing into the col-
umn. The behavior of atypical connectionisillustrated in Fig.
4(a). As shown in that figure, when the connection is subjected
to rotation, the slab near the column rotates with the column.
More distant portions of the slab (along the transverse centerline
of the connection) do not experience the same rotation. Because
of computational difficultiesin precisely modeling the three-di-
mensional behavior of the slab in a complete building analysis,
it is commonplace in design to model the slab in a simplified
manner.

In one simple model, the effective beam width model, the actual
slab is replaced with a slab-beam element that rotates uniformly
acrossits transverse width (Fig. 4(b)). The slab-beam element has
a thickness equal to that of the slab, and an effective beam width
equal to somefraction of the actual slab transverse width. Numer-
ous analytical and experimental techniques for obtaining the ef-
fective beam width have been Eroposed, producing almost an
equally large number of results. 12 A summary of several solu-
tionsis presented by Vanderbilt and Corley.l' 3 A common as-
sumption in calculating effective beam widths is that lines of
inflection are located along slab midspans perpendicular to the
bending direction, as shown in Fig. 4. The solutions also com-
monly assume elastic plate behavior. The solutions vary in their
treatment of the joint region; some consider the slab to be flexur-
ally rigid within the plan of the column, while others assign ajoint
flexibility equal to that of the surrounding slab. Solutions ob-
tained assuming the joint to be either rigid or flexible are plotted
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in Fig. 5. Test results have demonstrated that the rigid joint as-
sumption better represents an elastic slab-column joi nt.>1

Even if the rigid joint assumption is selected as the preferred
solution for an elastic slab, it is apparent (Fig. 5) that a range of
solutions has been obtained by various researchers. This range
arises from differences in modeling techniques relative to the
slab, therigid joint, and the boundary around the rigid joi nt.214

In the interest of establishing effective widths that accurately
represent the elastic behavior of a slab-column connection having
arigid joint, an independent solution has been pursued.2 The so-
lution employstheinfinite plate theory of We'stergaard15 to model
an infinite plate having columns with circular cross sections on a
regular layout. Rigid joint behavior is strictly enforced. Results of
the solution were checked using the finite*el ement method. (De-
tails of both solutions are in the Appendix. )

Two important conclusions result from the solutions present-
ed in the Appendix. First, the new solutions indicate effective
widths that are somewhat less than values presented else-
where.>10 Darvall and Allen obtained asimilar findingin anin-
dependent study.14 The second conclusion is that the finite
element technique employed in the analysis produced solutions
nearly equal to those of the theoretical solution. This latter con-
clusion is important because the finite element method can be
used to determine effective widths for connection and panel ge-
ometries for which the theoretical solution does not apply. Re-
sults of the finite element analyses of typical slab-column floor
connections are described in the following section.

Elastic effective widths

Banchik presents effective width solutions devel oped using the
finite element technique as described pre'viously.le’ The solutions
apply to interior, edge, and corner connections, for columns

*The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanently on file, at a charge equal to the cost of reproduction
plus handling at time of request.
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with square cross sections, and for combinations of c4/¢; and &,/
¢4, defined as follows

c, %, = 0.06,0.09, 0.12

¢,%, = 067, 1.00, 1.50

Results of Banchik’s study are presented in the Appendix.*
For the exterior connections, two series of analyses were per-
formed. In one series, the plate edge was flush with the outside
face of the column. Results of this series and of interior connec-
tion analyses will be addressed in next paragraph. The other se-
ries of exterlor connections considered flat plates with
overhangs 6 these are not considered further herein.

Banchik presented his results using c4/¢, as the main geomet-
ric variables. His results are plotted in terms of c4/¢; in Fig. 6.
The results apparently fall into two distinct groups: one for the
interior frame and one for the exterior frame. The variation of
the effective beam width b for an interior frame, which includes
interior connections and edge connections with bending perpen-
dicular to the edge, can be represented as

¢
b = 2<:1+§l (1)

Asdemonstrated in theAppendlx Eq. gl) canbejustified us-
ing Westergaard's infinite plate theory The effective beam
widthsfor an exterior frame, which includes corner connections
and edge connections with bending parallel to the edge, can be
approximated as

b

b=rc+ (2

According to these expressions, the theoretical effective beam
width of a connection in the exterior frame (Eq. (2)) is half the
value for the same connection in the interior frame (Eqg. (1)).
Both Eg. (1) and (2) are derlved with zero Poisson’s ratio
(n=0). A multiplier of 1/% n ) can be applied to account for
effectsof Poisson’sratio, ~ though the effect is small and can be
ignored. Further, the values from Eq. (1) and (2) are applicable
to frame modelsin which the joint is modeled as being rigid, as
inFig. 1. If rigid joints are not included in the frame model, the

*The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanently on file, at a charge equal to the cost of reproduction
plus handling at time of request.
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Fig. 7—Layout of UCB test slab.

widths given by Eg. (1) and (2) should be modified by the factor
1U(1- cqle ).

InEg. (1) and (2), only the geometric parametersc, and¢, are
involved. The |mportance of the ratlo clle1 has been |dent|f|ed
by Mehrarn and Aalami,? Pecknold,? and Allen and Darvall.®
Pecknold1® examined the effect of column rectangularity by
varying the ratio c,/c; from 1/2 to 2, and found it negligible
within this range. Allen and Darvall® studied the influence of c,
for arange of values of c,/¢; from 0.03 to 0.12 and found its ef-
fect to be negligible. Pecknold indicated in his discussion with
Glover 10 that the aspect ratio (¢,/¢4) is of little importance rela-
tiveto the connection stiffnessif £,/ ; is 8reater than 3/4. A sim-
ilar finding has been reported elsewhere”1” These observations
are consistent with Eq. (1) and (2).

Thevalidity of Eq. (1) and (2) can be further checked by com-
parison with stiffnesses calculated for multipanel floor slabs us-
ing the finite element method. One of the floor slabs analyzed is
aslab that Was tested experimentally at the University of Califor-
nia, Berkeley (Flg 7). The structure has square and rectangular
cross section columns, and slab panels with an aspect ratio of 1.5
to 1. The model isfirst analyzed for translation (and, effectively,
load) in the NS direction (¢5/1 = 1.5). Three additional slab mod-
els are analyzed; these are identical to the model shownin Fig. 7
in every respect except the transverse span is varied resulting in
slab panel aspect ratios of ¢,/¢1 = 0.75, 1.0, and 2.0.

In the finite-element model, the slab coI umn frames (Fig. 8)
were modeled bg 989 QUAD €l ements!® usi ng the SAP8O com-
puter package Shear and axial deformations were neglected.
Poisson’sratio n was taken equal to 0.15. Platesin joint regions
were made effectively rigid, having a stiffness six orders of mag-
nitude greater than plates outside the joints. The slab-column
frames were also modeled using the effective beam width model
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Fig. 8—Finite element model of UCB test slab.
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Fig. 9—Evaluation of lateral load models (NS-Dir.).

(Fig. 1). The effective beam widths are those recommended by
Eqg. (1) and (2), modified as described previously to account for
Poisson’s ratio. For both analytical models, columns are mod-
eled by beam-column elements having cracked section proper-
ties (Table 1). Rigid slab-column joints are specified.

Figure 9 summarizes the computed lateral-load stiffnesses of
the four slab-column frames that differ only in transverse span
length, as described previously. The finite element results (con-
tinuous curve in Fig. 9) indicate that the transverse span length
(¢,) haslittle effect on the lateral-load stiffness of an elastic plate.
With increasing ¢,, lateral-load stiffness increases only slightly
within the range considered. This observation is consistent with
the slab deformation pattern sketched in Fig. 4. Results computed
using the effective beam width model (Fig. 9) follow closely the
finite element results, indicating that the proposed expressionsfor
effective width (Eq. (1) and (2)) adequately represent the elastic
lateral stiffness of the flat-plate structure.

An assumption common in the derivation of effective beam
widthsisthat lines of inflection occur along panel midspans un-
der lateral loads (Fig. 4). This assumption is nearly correct for
NS loads applied to the slab-column frame of Fig. 7 because
connections along a given frame line have nearly equal stiff-
ness. If loads are applied in the EW direction of that frame, the
inflection lines will not be located near midpanels because the
different column geometries along frame lines result in unequal
connection stiffnesses. Effective widths derived for the inflec-
tion line at the midspan add a constraint to the solution, and thus
will artificially stiffen the frame.

To illustrate this phenomenon, the slab described in Fig. 7
was analyzed for |oads in the EW direction (¢,/¢, = 0.67). Three
additional framesidentical to the previously mentioned slab, but
with ¢,/¢4 = 1.0, 1.5, and 2.0, were also analyzed. In the analy-
ses, the effective width for each connection was calculated in-
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Fig. 10—Evaluation of lateral load models (EW-Dir.).

Table 1—Cracked moment of inertia of columns

Column size, in. 6.4x6.4 48x 9.6 9.6x9.6 6.4 x 12.8
NS dir., in* 120 75 420 240
EW dir., in. 120 320 420 1000

Note: 1in. =25.4 mm

dependently, and then the widths for the two columns of agiven
span were averaged to obtain the effective width for the span.
Results of the analyses (Fig. 10) illustrate that the effective
beam width solution isindeed artificially stiff. A similar stiffen-
ing effect is likely to occur whenever the effective beam width
solution is applied to irregular framing. In this context, irregular
framing includes variation in span and variation in column cross
section along the frame line.

Based on findings of the preceding analysis, Eq. (1) and (2)
are recommended to represent the el astic effective beam widths
of flat-plate connections having column aspect ratio cy/c; be-
tween 1/2 to 2,10 and slab aspect ratio ¢,/¢1 greater than 2/316
(Fig. 6). The previously-mentioned range of geometries is not
exhaustive, but includes most of the slab configurationsin prac-
tice. The recommended solution will produce an accurate esti-
mate of the elastic stiffness for regular frames. The solution will
be artificially stiff for irregular frames.

Effects of cracking on connection stiffness

Experimental data obtained from lateral load tests on isolated
slab-column connections and compl ete slab-column frames have
consistently indicated stifinesses well below the theoretical elas-
tic stiffnesses.1"320-23 The stiffness reduction is illustrated for
one casein Fig. 11. The measured stiffness corresponds to read-
ings from a vertical and lateral load test of a flat-plate frame, as
reported by Moehle and Diebold. 2 The stiffness calculated us-
ing the effective beam width solution is shown by the continuous
line in that figure. For the present example, the measured stiff-
ness at drift of 0.0025H, where H isthe column height, isapprox-
imately half the calculated stiffness. This result is in the range
typically observed.

The stiffness reduction illustrated in Fig. 11 has generaly
been attributed to cracking (visible or otherwise) of slab con-
crete. The cracking may arise from restrained volume changes
and externally applied loads. That the reductionsin stiffness are
as large as they are in laboratory tests where construction load
and volume change effects are minimized is particularly note-
worthy; larger effects may berealized in field construction.

In their discussion of frame models, Vanderbilt and Corleyl
recognize the need to consider stiffness reductions due to slab
cracking. Lacking laboratory data on large-scal e structural mod-
els, they recommended use of a lower bound estimate of slab
stiffness equal to 1/3 of the gross-section value. The stiffnessre-

ACIStriictiiral 1Innirnal/March-Anril2000



duction was specified to be applied to the slab-beam of the ACI
equivalent frame model.

The reduction factor of 1/3 recommended by Vanderbilt and
Corley is reasonable given the perspective that: a) slab-column
connection stiffness is governed by slab flexural behavior; and
b) the reduction in flexural stiffness due to externally applied
|oads seldom exceeds 1/3. Although it has never been clear that
the moment-rotation behavior of a slab-column connection is
governed by flexural action, or that the flexural stiffness of a
cracked, lightly-reinforced slab is bounded on the lower end by
1/3 of the gross-section stiffness, the solution proposed by
Vanderbilt and Corley has produced conservative and reason-
able results. 12023 As an example, the reduction factor of 1/3 is
applied to the slab-beam of the effective beam width model for
the slab reported by Moehle and Diebold, %% and the resulting
stiffness, plotted for comparisonin Fig. 11.

In one study,2 analytical and experimental data were used to
evaluate more critically the lower bound solution of Vanderbilt
and Corley. In the evaluation, the extent of flexural cracking ad-
jacent to a slab-column connection under the action of gravity
and lateral loads was estimated analytically. The effects of this
load-induced cracking on connection stiffness were modeled
using a finite element representation of the connection in which
cracked regions of the slab (plate bending elements) were as-
signed a stiffness reduction equal to the ratio between the fully-
cracked and gross-section flexural stiffnesses. The model was
able to reproduce, with reasonable accuracy, the measured ef-
fects of increased loads on stiffness reduction for a variety of
laboratory experiments. Details of the analytical model and cor-
relations are presented elsewhere.?

Using the cracking model described in2a parameter study
was conducted in which an extensive series of slab-column con-
nections was designed according to ACI 318-83, 24 and the max-
imum stiffnessreduction dueto cracking expected under service
loads was calculated. It was found that the maximum stiffness
reduction can be expressed as afunction of the serviceliveload,
slab geometry, and material properties. Specifically, for a slab
having f¢ = 4000 psi, f, = 60 ksi, the slab stiffness reduction
factor is given by

_ =C &Ll 651
b =5"-01%=-1"3 = 3
[ €40 9 3 &

inwhich LL isthe service live load in unit of Ib/ft? (40 Ib/ft? =
1915 Pa), and b isthe ratio of the cracked to gross-section stiff-
nesses of the slab-beam in the effective beam width model. Fur-
ther approximation aimed toward simplicity and conservatism
results in the expression

c, 1
b=4%32 4
¢ 3 “

The lower bound value given by Eq. (3) and (4) (that is, b = 1/3)
matches that recommended by Vanderbilt and Corley.l

EQUIVALENT FRAME MODEL

ACI Code model

ACI 318-95%° describesthe equivalent framemodel for gravity
load analysis of two-way slab systems. As presented in the Code,
the equivalent frame is an effectively planar frame, with proper-
tiesdefined to represent therel ative framing stiffnesses under ver-
tical loads. The equivalent frame model for atypical frame line of
the slab shownin Fig. 7 isdepicted in Fig. 2. As shown, the equiv-
alent frame contains columns and slab-beams (directly represent-
ing the flexural stiffnesses of the columns and the slab). To
simulate the framing that occurs near the slab-to-column connec-
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Fig. 11—Comparison between computed and measured lateral-
load stiffnesses.

tion (asillustrated in Fig. 4(a)), the column and slab-beam mem-
bers of the equivalent frame are interconnected by torsion
members. As described by ACI 318-95,%° the torsion members
may be interpreted to extend with a definite length equal to ¢, in
the transverse direction.

Model for lateral load analysis

The ACI Code equivalent frame model was calibrated using
datafrom gravity load tests and anal yse'5,26'28 and contains el as-
tic propertiesthat are suited to determining design slab moments
under gravity loads. In amodel having the previously mentioned
purpose, relative member stiffnesses are important, and absolute
member stiffnesses are not. To properly determine lateral drift
and internal forces under lateral load, it isimportant that absolute
stiffnesses be properly represented. Therefore, modifications to
the ACI equivalent frame may be necessary if it isto be used for
lateral load analysis. Some of the desired modifications are
summarized as follows.

One desired modification lies in the definition of the trans-
verse torsion member (Fig. 2). Asdefined by the ACI Code, the
torsion member flexibility is directly proportional to the trans-
verse span length ¢,. Because lateral load stiffnessis dominated
by stiffness of the torsion member, theframelateral stiffnessde-
creases with increasing transverse span £,.

Toillustrate the effect on lateral stiffness of increasing £y, the
equivalent frame model was used to represent the lateral load
stiffness of the frames analyzed previously using the finite ele-
ment and effective beam width models. As described previous-
ly, the frames had the configuration shown in Fig. 7, except the
transverse span was varied to obtain a range of span aspect ra-
tioséy/t. Theresultsare plotted in Fig. 9 and 10. The equivalent
frame model stiffness decreases as the aspect ratio ¢,/¢ 1, increas-
es. Thisfinding is contrary to the elastic behavior, as represent-
ed by the finite element solution. The finite element model
indicatesaslight increasein the lateral load stiffnesswith an in-
crease in ¢/, asis expected intuitively.

The effect on stiffness of increasing the transverse span has
been noted previously. Vanderbilt and Corley recommended
that the length of the torsion member be taken equal to the lesser
of the quantities ¢, or ¢1. The finite element solution of Fig. 9
and 10 suggests that the effect of ¢, on lateral load stiffness is
negligible throughout the practical range of span aspect ratios
¢olt,. Based on this observation, it is recommended that the
length of the transverse torsion member be taken equal to ¢4, re-
gardless of the length &,.

It is apparent in Fig. 9 and 10 that, regardless of the span as-
pect ratio, the equivalent frame lateral load stiffness is lower
than the elastic stiffness, as represented by the finite element so-
lution. Thisfinding is consistent with that of Mehrain and Aal-
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ami,® who proposed atorsion member wider than defined by the
ACI Codeto match the elastic lateral load solution. Thisfinding
isnot intended to suggest that the equival ent frame stiffness will
be less than actual lateral load stiffness of areinforced concrete
frame. Actual stiffness can be reduced significantly due to ef-
fects of slab cracking.

Effects of cracking can be introduced in the equivalent frame
model by reducing the torsion member stiffness, by reducing the
slab-beam stiffness,® or by reducing both stiffnesses in some
combination.?® Under the action of gravity and lateral loads, flex-
ural cracking tends to concentrate near the connection, where-
as the slab away from the column tends to remain uncracked.
This pattern of cracking suggests it would be most appropriate
to apply the stiffness reduction to the torsion member only. Fur-
thermore, in laboratory tests,z'3 it was observed that connection
moments due to gravity loads decreased as damage accumulated
due to gravity and lateral loads. The redistributed moment accu-
mulated in the positive moment region because of the reduced
stiffness of the connections. This behavior can be represented
only by decreasing the torsion member stiffness, not by decreas-
ing the slab-beam stiffness.

Based on the preceding arguments, it is proposed to account
for stiffness reduction due to slab cracking under service loads
by applying a stiffness reduction to the torsion member of the
equivalent frame model.

Wherever the stiffnessreduction isintroduced, it remainsto de-
termine its magnitude. Vanderbilt and Corley’ recommended a
stiffness reduction factor of 1/3 (to be applied to the slab-beam).
Equation (3) and (4) recommend a stiffness reduction factor that
is suitable for the effective beam width model, the factor being
bounded on the lower end by the same value of 1/3. If this factor
is applied to the torsion member of the equivalent frame only
(rather than the torsion member and the slab-beam), the net stiff-
ness reduction for the equivalent framewill be lessthan it wasfor
the effective beam width model, as only a portion of the elements
representing the slab stiffnessis effected. As noted previously and
shown in Fig. 9 and 10, however, the equivalent frame model
without stiffnessreduction tendsto be more flexible than the el as-
tic solution. Thus, with the stiffness reduction applied to the tor-
sion member only, it is likely that the resulting stiffness will be
reasonable. The result is evaluated by comparison with experi-
mental datain the following section.

EXPERIMENTAL EVALUATION OF LATERAL LOAD

KN

MODELS

Experimental program

To examine issues related to lateral load modeling of reinforced
concrete slab-column frames, an experimental program was un-
dertaken. A single-story, reinforced concrete, flat-plate framewith
nine panels was built at 4/10 of full scale and tested.>® The con-
figuration of the scaled model is presented in Fig. 7. The slab was
tested under gravity and lateral loads. Gravity load tests were de-
signed to observe structural responses at the service load level.
Lateral load testswere conducted to monitor serviceload behav-
ior as well as ultimate capacities. Lateral loads were applied in
both the NS and EW directions of the test slab, one direction at
atime. Further details can be found in References 2 and 3.

Static design limits of lateral drift ratios are often quoted in a
range from 1/700 to 1/300.13 Corresponding to these criteria,
experimental data on lateral stiffness of the test slab at drifts of
1/800, 1/400, and 1/200 will be presented. The tests correspond-
ing to these drift limits are designated (in chronological order)
N'S800, EW800, NS400, EW400, NS200, and EW200. The let-
tersNSand EW designate loading inthe NS and EW directions,
respectively. The numeral in the designation is the reciprocal of
the drift ratio for that test. Gravity load (including self weight)
was 118 |b/ft? (5650 Pa). At age of 30 days, an additional load
of 55 Ib/ft? (2630 Pa) had been applied to each panel, one panel
at atime, prior to the lateral load tests. Other than this additional
loading, construction loads and exposure are believed to have
been mild.

Measured lateral secant stiffnesses of test slab are plotted in
Fig. 12 and 13. The stiffness reduces steadily as afunction of the
lateral drift level. Additional details of the behavior are present-
ed elsewhere. %3

Comparison of calculated and measured lateral
stiffnesses

Figure 12 and 13 compare measured secant stiffnesses with
values obtained from several of the analytical models de-
scribed previously. Thefinite element solution is an elastic so-
lution using the mesh shown in Fig. 8. The effective beam width
model is assembled with elastic effective beam widths for indi-
vidual connections defined by Eq. (1) and (2). Effective widths
for agiven span are taken asthe average of effectivewidthsfor the
contiguous connections. The equivalent frame model isdefined in
all cases with the torsion member length fixed to thevalueé,. The
stiffness reduction due to cracking is represented by applying the
stiffness reduction of Eq. (3) to the slab-beam of the effective
beam width model, and to the torsion member of the equivalent
frame model. Also, the equivalent frame model as proposed by
Vanderbilt and Corle'y,l having a stiffness reduction factor of 0.33
applied to the slab-beams, isincluded.

In all cases, the elastic stiffness as represented by the finite ele-
ment solution exceeds the measured stiffness. Without consider-
ing the stiffness reduction factor for cracking, the effective beam
width solution also is stiffer than the experiment. As described
and discussed previously in relation to Fig. 9 and 10, the elastic
effective beam width solution nearly matches the finite element
solution for loading in the NS direction, and exceeds the finite
element solution for EW loading. The equivalent frame model
(without stiffness reduction) reproduces the measured stiff-
nesses fairly well.

The analytical modelsin which astiffnessreductionisapplied
to account for slab cracking meet with varied success (Fig. 12 and
13). The effective beam width model with stiffness reduction de-
fined by Eq. (3) reproduces the measured stiffnesses reason-
ably well for loading in both directions. The two equivalent
frame models, for which a stiffness reduction factor is applied,
tend to underestimate the measured stiffnesses.
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Fig. 13—Lateral stiffnesses of UCB test slab (EW-Dir.).

SUMMARY AND CONCLUSIONS

The effective beam width and equivalent frame modelsfor lateral
load andlysis of dab-column frames are described. Results of the mod-
esare evauated by comparison with finite e ement solutions and with
experimental data. Based on the evaluation, the following conclusions
arereached.

Elastic analytica studiesindicate that within the practical range of
dab configurations, the laterd load stiffness is effectively indepen-
dent of the slab transverse span length ¢, and the column transverse
dimension c,. Recognizing thisindependence, it is possible to express
effective beam widthsfor the effective beam width model asasimple
linear function of the dab longitudinal span ¢; and the column longi-
tudinal dimension c;. Similarly, to model this behavior using the
equivalent frame mode, the length of the transverse torsion member
should betaken equal to¢ 4, regardless of thetransverse span length £,

Both the effective beam width and the equivalent frame models can
be suitable modds for lateral load behavior of dab-column framesin
the elagtic range. Both have shortcomings, however. The effective
beam width model will produce caculated stiffnesses exceeding the
true eladtic stiffnessfor irregular frames, including frames having vari-
ations in spans and in column cross sections. The equivaent frame
model tends to produce caculated tiffnesses less than the true eagtic
stiffness.

That neither the effective beam width model nor the equivaent
frame model match the true elastic response is of little consequence
in design, because reinforced concrete 9 ab-column construction gen-
erally has stiffness less than the true dastic stiffness. Stiffnesses mea-
sured in the laboratory reduce steadily as lateral drifts increase. An
approximate lower bound to the measured stiffness can be obtained us-
ing the effective beam width model having beam gtiffnessreducedto 1/
3 of thedagtic value. Similarly, areasonable lower bound dtiffness es-
timate can be obtained using the equivalent frame method having either
the transverse torsion member or the slab-beam stiffness reduced to 1/
3 of theedastic value. Measurements of internal forcesin an experimen-
tal study indicate it was more appropriate to apply the stiffness reduc-
tion to the torsion member than to the dab-beam.
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NOTATIONS
effective beam width
dimension of square column
dimension of rectangular column parallel to loading direction
dimension of rectangular column transverse to ¢,
diameter of circular column
modulus of elasticity of concrete
concrete compressive strength
steel yield strength
column height
slab thickness
flexural moment of inertia per unit width
service live load in units of Ib/ft?
length of span of square panel
length of span parallel to loading direction
length of span transverse to ¢4
transfer moment acting at column center
distance measured from center of circular column
horizontal coordinate
horizontal coordinate
vertical deflection of slab, positive downward
factor of connection stiffness reduction
connection rotation
Poisson’sratio
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APPENDIX

Effective Beam Width by Infinite Plate Theory
Westergaard [15] presented the infinite plate theory for flat plates with an infinite

number of square bays and circular columns in 1921. Considering an interior flat-plate
panel subjected to a transfer moment, M , acting in the center of a circular column
(Figure Al), the displacement fields with zero Poisson's ratio for that moment M resisted

by a column-supported slab are defined as [2]

d? I d,,
— )= Al
iy [ n( ) Py ( ) } (Al)
where r = \fx’ +y?,and / =the moment of inertia of the slab per unit width.
The connection rotation @ due to the transfer moment M is
oz M ¢ 1.d 1
SERRC AT
O lg eyt 4nEIL d” 2707 2 (A2)
The rotational stiffness of the slab estimated by the infinite plate solution is thus
[%} T e 4’1rEld 1 (A3)
slad 1 )y —(= 2 _ '
["(d) 27 2]

The derivation applies to a circular column of diameter d. Replacing the circular

column with a square column having width c=i (so that comers of the square

V2

column coincide with the perimeter of the circular column), the rotational stiffness of the

square column can be approximated as
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A simply supported equivalent beam, with the transfer moment applied at the rigid

joint (size of ¢ ) in the midspan, has the rotational stiffness as

[M] _ 12Elb 1
heam

g ¢, (l_ei)s (AS)

where b = the effective beam width, and 4; = the longitudinal span length.
By equating Equations A4 and AS, the effective beam width of the slab-column

connection is stated as

v/ 4

L
el el

n-=p (A6)
3

¢ c 5, |
3[’"(6_'2‘)+(Z} -=

Figure A2 presents results of Equation A6. The results are checked for several
column sizes using the finite element method. Results from the various solution
compare closely (Figure A2).

Recognizing the near linearity of the curves in Figure A2, Equation A6 can be
simplified. A best linear fit to replace the curve of Equation A6 for square columns

within the rangé of valuesof ¢/4 from 0.05100.15 is

b o8 S) 03 (A7)
el el

Without sacrificing much accuracy, Equation A7 can be further simplified to

f_=2(ei)+l

¢, ' 3 @9
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Effective Beam Width by Finite Element Method

Effective widths for edge, corner, and interior connections, have been reported by
Banchik [16]. Results of that study are summarized here.
A set of different aspect ratios 4 / £ and ¢ / 4 were selected by Banchik [16] to

encompass ratios commonly used in practice. Aspect ratios ranged from

4 /4 0.67, 1.00, 1.50

c1/bH 0.06, 0.09, 0.12

Square columns were used in all cases. For all edge and corner connections, two series
of analyses were performed. In one series, the plate edge was flush with the outside face
of the column. In a second series, overhangs were added in order to evaluate their
influence on the effective beam widths. Ratios of overhangs evaluated were,

overhang 1
£, 1

1
"7
in which the overhang dimension is measured from the outer column face.

Four node QUAD elements in the SAP 80 program [19] were used for analysis. The
elements spanned between 100 nodes arranged in a regular mesh. Sensitivity analyses
were carried out to ensure reliability of this mesh. A concentrated moment was applied at
the center of the joint. Boundaries perpendicular to loading direction were restrained
against displage_ment. Boundaries parallel to loading direction were restrained against
rotation about the axes along the boundaries. Element stiffnesses were based on the gross
section. Shear deformations were neglected. Poisson's ratio was assumed to be zero.
Joints .were made effectively rigid, having a stiffness eight orders of magnitude greater
than that of a plate element.

For each analysis, the rotation and moment at the center of the column were

obtained. The rotational stiffness of the assemblage was thus determined as M / 0 . Given
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rotational stiffness, M /0, the effective beam width coefficients, b / &, of rigid joint
were obtained. For the interior connections and the edge connections with bending
parallel to edge, the coefTicient is defined as

(1-L) (A9)

b M 1
¢, 0 ¢ EP ¢

For the corner connections and the edge connections with bending perpendicular to edge,

the coefficient is defined as

1 c
(1-=)° (A10)
ER’ ¢,

&
¢,
Computed effective beam width coefficients (b / &) for the selected connection

geometries are displayed in Tables Al through A4. The values are given for plane

frame analysis assuming rigid joint.
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Table A 1—Interior Connection

1,/
b/, 0.67 1.00 1.50
0.06 0.331 0.428 0.533
a/l 0.09 0.380 0.488 0.602
0.12 0.419 0.536 0.653




Table A2—Edge Connection with Bending Perpendicular to Edge

flush overhang (1/11) overhang ( 1/7)
b1, W/l W/l W/l
0.67 1.00 1.50 0.67 1.00 1.50 0.67 1.00 1.50
0.06 § 0.359 | 0.451 | 0.548 0.391 | 0.527 | 0.666 || 0.406 | 0.531 | 0.644
C|/|g 0.09 0414 | 0.518 | 0.622 0.423 0.560 0.694 || 0.440 | 0.573 | 0.691
0.12 0.454 | 0.568 | 0.675 0.484 0.587 0.718 |} 0.466 | 0.603 | 0.722




Table A3—Edge Connection with Bending Parallel 10 Edge

flush overhang (1/11) overhang (1/7)
b/, L/l /1, /1
0.67 1.00 1.50 0.67 1.00 1.50 0.67 1.00 1.50
0.06 0.192 | 0.237 | 0.288 || 0.224 | 0.302 | 0.398 || 0.255 | 0.344 | 0.454
cx/'z 0.09 | 0.233 | 0.284 | 0.339 [l 0.249 | 0.331 | 0.432 || 0.282 | 0.378 | 0.495
0.12 0.269 | 0.324 | 0.382 || 0.270 | 0.356 | 0.458 || 0.302 | 0.403 | 0.526




Table A&—Corner Connection

flush overhang (1/11)
b/l L/l h/1,

067 | 100 | 150 | 067 | 1.00 | 1.50
0.06 || 0.201 | 0250 | 0303 || 0.247 | 0.340
eflz | 0.09 || 0.240 | 0.296 | 0352 | 0.262

overhang (1/7)
L/l
0.67 1.00 1.50
0.448 [{ 0.288 | 0.395 | 0.517

0.359 | 0.469 | 0.304 | 0.416 | 0.542
0.12 | 0.270 | 0.333 | 0.393 || 0.271 | 0.374

0.485 || 0.314 | 0.431 | 0.559
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Circular Column
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