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Abstract

The effective beam width method is used extensively for two- and
three-dimensional analysis of flat plate structures subjected to
combined gravity and lateral loading. Typically, the member
stiffnesses are assumed constant throughout each span. This
approach is shown to produce unreliable estimates of lateral drift
and slab bending moments when compared with the results of
previously reported experimental programs performed by other
researchers.

This paper presents a two-beam effective width model in which
different section properties are used in negative and positive
bending regions of the slab. Proposed slab stiffnesses for use in
this model are based on a correlation between the experimental
data and analytical analysis results. The application of the two-
beam model using the proposed slab stiffness factors to a typical
flat-plate structure is demonstrated in a worked example.
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INTRODUCTION



INTRODUCTION
1.1 GENERAL

For several decades, the reinforced concrete flat-plate structure has been one of the
most economical structural systems. It utilizes simple formwork for construction and
requires the least story height for a specified headroom. Because of its simplicity, it
remains one of the most widely used slab systems for multistory construction of apartments
and hotels ® ',

The behavior of flat-plate structures under gravity loads has been studied
extensively. Empirical design methods such as the ACI Direct Design method and
Equivalent Frame method have been developedv to facilitate member design 3

Under combined gravity and lateral loading, the behavior of flat-plate structures
becomes more complex. Two common analytical models used to represent flat-plate
structures under combined gravity and lateral loads are the effective beam width model and
the equivalent frame model recommended by the ACI code *.

The ability of these models to produce reasonable estimates of member actions and
lateral drift when subjected to combined gravity and lateral loading depends on the assumed
member stiffnesses. Due to a lack of comparisons between experimental data and analytical
results on member actions and drift, current assumptions regarding member stiffnesses are
only rougﬁ estimates. The engineer is in need of a rational approach to determine each
member's stiffness. The purpose of this study will be to address the issue of estimating each
member's stiffness under gravity and lateral loads based on a correlation between

experimental data and analytical an;dlysis methods.



1.2 STATEMENT OF PROBLEM
Previous research has shown that the effective beam width and equivalent frame
models tend to underestimate values of lateral drift under combined gravity and lateral

>151826  In both methods, a single value for the effective beam width factor, alpha

loading
(o), and the stiffness reduction factor to account for cracking, beta (B), are applied
throughout the entire length of the slab-beam element. However, a constant o may not
adequately represent the differences between interior and exterior connection behavior. In
addition, applying a constant 8 value does not account for the fact that portions of the slab-
beam may be more severely cracked than others. This may result in unreliable estimates of
drift, and incorrect moment distribution along the span. Adjustment of the a and B values
along the design span may result in a better estimate of actual member stiffness under
combined gravity and lateral loading.
1.3 RESEARCH OBJECTIVES

Alpha (o) and B values suggested by past researchers > 7 ' 18 23, 28 rough
estimates based on analytical studies and limited experimental observations > % 1> 1%2
this study, the effective beam width and equivalent frame methods are applied to two
identical experimental concrete ﬂat-plalte specimens previously tested by Kirk and
Scavuzzo *’. The effective beam width method is also applied to an experimental concrete
flat-plate specimen previously tested by Hwang and Moehle '*, Analysis of the three-
dimensional Moehle specimen is performed using the effective beam width method only,

since the equivalent frame method is limited to two-dimensional frame analysis. The



models are analyzed using the ETABS ' analysis program. The analytical and
experimental results are then compared.

A two-beam model is introduced and applied to the Kirk specimens using both the
effective beam width and equivalent frame methods. The two-beam model is applied to the
Mocehle specimen using only the effective beam width method. The analytical and
experimental results are then compared. Recommended o and B values for effective beam
width two-beam model analysis are developed. Due to the fact that the three-dimensional
Moehle specimen is a more realistic approximation of an actual flat-plate structure, the
recommended o and B values are based on the results of the two-beam model analysis of
the Moehle specimen only. The results of the two-beam model analysis of the Kirk

specimens are used to verify the recommended o and B values.



CHAPTER 2

ANALYTICAL METHODS



ANALYTICAL METHODS
2.1 EFFECTIVE BEAM WIDTH METHOD

The effective beam width method may be applied to two- and three-dimensional
flat-plate frames (Figure 1). The columns are represented directly using actual dimensions.
The slab is modeled as individual beams spanning between the columns. Each beam has
an effective width equal to the centerline-to-centerline slab width, 1,, multiplied by an
effective width factor, a.. The beam depth is equal to the actual slab depth.

According to Vanderbilt and Corley 2 "the effective width factor o is obtained
from the requirement that the stiffness of a prismatic beam of width al, must equal the
stiffness of the plate of width 1,." Several analytical procedures for evaluating effective
beam width coefficients have been developed and are summarized in their paper 2.

The effective beam width method does have a drawback. Cano and Kingner : report
that the effective beam width method does not incorporate the effects of moment leakage.
The assumption of the effective beam width method is that all moments pass through the
slab column connection. However, loaded spans may transfer moment to adjacent spans
through the torsional flexibility of the slab on either side of the column.

. Much research has focused on the evaluation of the effective beam width factor, a.
Unfortunately, the approach taken by researchers has been based on elastic theory,

neglecting the effects of cracking. A summary of past research on effective width follows.
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2.1.1 AALAMI

In 1972, Aalami’ attempted to represent slab stiffness through the use of a moment-
rotation coefficient. To further understand the column-slab stiffness relation, Aalami
attempted to evaluate upper and lower limits to the rotational stiffness of a floor plate at the
column-slab junction. The rotational stiffness coefficient is used to determine the portion of
@bdmced moment transferred to the slab at the column-slab junction. For his study,
Aalami assumed elastic behavior of concrete.

In the lower limit, the floor plate is assumed to be uniform and continuous at the
column-slab interface; the column adding no additional bending stiffness in this region.
The applied bending moment which is used for analysis at the center of the column-slab
interface is represented by a linearly varying triangular distribution.

The upper limit is obtained by assuming that the column makes the floor plate
infuﬁtely stiff in bending within the column-slab interface, while the region of plateA outside
this interface is subjected to elastic deformation. Aalami stated that the rotational stiffness
of the floor plate at the column-slab interface lies between the upper and lower limits.
Aalami ,then gvaluated moment—rotation coefficients for a square plate on a centralized
square column using a finite difference method for various relative column sizes, c,/1;.

In his study, Aalami does not obtain effective width coefficients essential for flat-
plate frame analysis. However, his attempt to evaluate slab moments by the use of

moment-rotation coefficients provided useful insight for further effective width research.



2.1.2 PECKNOLD

In 1975, Pecknold * attempted to derive a simple expression for the effective width
of a typical interior panel of a flat plate structure. Pecknold used elastic plate theory and a
standard Levy type solution. Using a rigid column approximation, and equating the slab
rotation at the center of the column-slab interface to the rotation of a beam subjected to a
concentrated moment, Pecknold was able to obtain effective widths as a function of column
size for different slab aspect ratios. A finite element analysis was then used to check the
accuracy of the rigid column approximation, resulting in good agreement.
2.1.3 ALLEN AND DARVALL

In 1977, Allen and Darvall * derived upper bound effective width coefficients using
a rigid column approximation and an analysis similar to that of Pecknold. The effective
width coefficients were derived for plates of different aspect ratios, 1}/1,, column cross
section aspect ratios, c,/c,, and relative column sizes, ¢,/l;. Experimental values of effective
width coefficients were obtained from work carried out on steel and microconcrete plates.
Allen and Darvall found the experimental and theoretical values to correlate well. Despite
their efforts to determine effective width coefficients for effective beam width analysis,
Allen and Darvall failed to account for the effects of cracking on slab stiffness.
2.1.4 MULCAHY AND ROTTER

In 1983, Mulcahy and Rotter 2° discussed the results from their experimental study -
of slab-column joints in a flat plate structure subjected to lateral loads. Mulcahy and Rotter
concluded that the behavior of these joints is complex and nonlinear. Mulcahy and Rotter

suggest that the flexible column theory gives a better representation of the slab stiffness



when elastic slab theory is used without regard for cracking. The authors also concluded
that the application of elastic isotropic theoretical models to the slab-column joints leads to
underestimation of drift in design calculations.

To account for a reduction in lateral load stiffness due to cracking, a stiffness
reduction factor, B, is applied to the slab-beam. Beta (B) is defined as the effective moment
of inertia of the cracked slab-beam divided by the gross moment of inertia of the slab-beam.

Vanderbilt and Corley *® recommend a B value of 1/3 for the slab-beam, while Moehle and
Diebold '8 suggest a value between 1/3 and 1/2.
2.2 EQUIVALENT FRAME METHOD

Developed by Corley and Jirsa ® for gravity loads, the equivalent frame method
adopted by the ACI Code * analyzes a three dimensional flat-plate structure as a series of
equivalent planar frames (Figure 2). The equivalent planar frames are composed of
columns, slab-beams, and transverse torsional members. The transverse torsional members
transfer moments from slab-beams to columns.

To further simplify analysis, the transverse torsional members are combined with
the columns to create an equivalent column, The three dimensional frame is thus reduced to
a series of two dimensional planar frames. The resulting planar frame is composed of slab-
beam elements supported by equivalent columns. The stiffness of each equivalent column
is a function of both the flexural stiffness of the column, and the torsional stiffness of the
slab framing into the column transverse to the direction being analyzed. The torsional
stiffness of the transverse slab elements is obtained empirically, while slab-beam and

column stiffnesses are calculated using gross section properties.

10



[ ] U

TORSIONAL MEMBERS
SHOWN CROSS—-HATCHED
) a O

C

T _

—_—

f LSLAB-BEAM

SHOWN HATCHED

- SECTION "A” = "A"

/“EQUIVALENT COLUMN (TYP.)
SLAB~BEAM R AR
(TYP)ﬁ Kec = IKc + Kt

™
(TYP-)_/

2 — DIMENSIONAL FRAME

Figure 2 Equivalent Frome Model

11



The advantage of the equivalent frame method is that it accounts for moment
leakage. However, time consuming calculations are required for the computation of the
equivalent column stiffness. Problems with the application of the method may occur when
analyzing multistory frames. Each column can have only one equivalent stiffness.
However, torsional member properties at joints above and below a particular column may
differ, resulting in two equivalent column stiffness values for the same column.

For lateral load analysis, the ACI 318-89 Code recommends that to assure lateral
drift is not underestimated, cracking of slabs must be considered in stiffness assumptions *.
To account for cracking, Vanderbilt and Corley 2 recommend a stiffness reduction factor,

B, of 1/3 unless a more detailed analysis of cracking is made.
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DESCRIPTION OF TEST SPECIMENS
3.1 KIRK SPECIMEN
3.1.1 GENERAL

The Kirk specimen is taken from research performed by Kirk and Scavuzzo . The
1/3 scale specimén models a single floor of a multi-story flat-plate concrete stmcttﬁe. The
specimen has one and a half bays in the principal direction of loading, and one bay
transverse to the direction of loading. In total, four specimens were tested, each having
identical dimensions but differing slab shear reinforcement.

The specimens were used to investigate the effect of shear reinforcement on the
strength and ductility of exterior and interior slab-column connections in a flat-plate
structure subjected to gravity and lateral loads. Of the four specimens tested, only
specimens S-2 and S-4 are used in this study becéuse they produced more complete
experimental results.

3.1.2 MODEL DIMENSIONS

Development of the Kirk specimen is shown in Figure 3. The complete model is
shown in Figure 4. The slab has a thickness of 2.5 in. (63.5 mm), and is 79 m (2007 mm)
wide by 118.5 in. (3010 mm) long. The length of the exterior bay, spanning from the
centerline of the exterior column to the centerline of the interior column, is 76 in. (1930
mm). The length of the interior half bay measures 39.5 in. (1003 mm) from the centerline
of the interior column to the edge of slab. The exterior column is 4x6 in. (102x152 mm)

with the 6 in. (152 mm) dimension parallel to the direction of loading. The interior column
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2. A service gravity load of 47 psf (2.25 kPa) was applied to the interior span,
while the exterior span was subjected to a service gravity load of 140 psf
(6.70 kPa).

3. A service gravity load of 140 psf (6.70 kPa) was again applied on both
spans. The specimens were then subjected to four cycles of increasing
lateral loading reaching a maximum of 2600 pounds (11.6 kN).

Further gravity load tests were carried out to observe ultimate strength capacity, but

did not include any application of lateral loading.

In their paper summarizing the test program, Pillai, Kirk, and Scavuzzo 2* report that
 the actual slab load measured by the reactions on the load cells was less than the applied
140 psf (6.72 kPa). The discrepancy was believed to be caused by the coarse graduation of
the load cells and friction in the system.

In order to obtain the "actual" slab load applied, the summation of vertical reactions
was divided by an effective slab area of 114 in. x 71 in (2896x1803 mm). These "actual"
slab loads are used in this study.

3.2 MOEHLE SPECIMEN
3.2.1 GENERAL

The Moehle specimen is taken from research performed by Hwang and Moehle 4,
The four tenths scale specimen models a portion of a typical flat-plate floor of an
intermediate story of a multi-story office building.

The specimen was used to investigate the lateral load stiffness of reinforced concrete

slab-column framing, to study various analytical techniques for modeling the elastic
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stiffness and strength of flat-plates, and to study the effectiveness of slab-edge reinforcing
details. Other studies were carried out which are outlined in their report.
3.2.2 MODEL DIMENSIONS

The prototype of the Moehle specimen is shown in Figure 5. The complete
specimen is shown in Figure 6. The specimen has three bays in each direction. Center to
center spans in the North-South and East-West directions measured 72 in. (1829 mm) and
108 in. (2743 mm) respectively. The panel aspect ratio of 1.5:1 was selected based on
practical dimensions for flat-plate construction. The slab thickness is 3.2 in. (81 mm). The
columns extend four feet (1219 mm) below the slab soffit. The specimen has both square
and rectangular columns with sizes shown in Figure 6 (1 in. = 25.4 mm). The variety of
column sizes were chosen to study the effects of column rectangularity.
3.2.3 INSTRUMENTATION AND BOUNDARY CONDITIONS

Each column was pinned at its basé and connected to a tripod reaction transducer
which measured column shear and axial load. Lateral drift at slab mid-depth was measured
using four horizontal displacement transducers in each direction. Two of the transducers
were dial gages used to measure the imposed lateral drift. The remaining two transducers
were ilsed to monitor lateral load-drift behaviors. Slab vertical deflections and slab-column
rotations were measured using dial gages attached to an overslab grid.
3.2.4 CONCRETE STRENGTH

The mean compressive strength of the precast columns was 4980 psi (34.3 MPa).

The mean compressive strength of the slab was 3160 psi (21.8 MPa).
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3.2.5 LOADING

Gravity loading of the specimen was accomplished using lead weights placed

uniformly over the slab in two layers resulting in a uniform load of 78 psf (3.73 kPa). The

load of the lead weights plus the self weight of the slab totalled 118 psf (5.65 kPa).

The lateral load was applied at slab mid-depth in both directions using four

reversible hydraulic actuators supported on reaction frames. The specimen was subjected to

the following loading sequence:

1.

Lateral loads were applied in turn in the North-South and East-West
directions. The gravity load consisted of slab self-weight only (40 psf) (1.91
kPa). Maximum interstory drift was 1/800.

Lead weights were added to the slab producing a uniform gravity load of 78
psf (3.73 kPa). Total gravity load including slab self-weight was 118 psf
(5.65 kPa). No lateral load was applied.

With the lead weights in place, lateral loads were again applied in each of
the North-South and East-West directions with a maximum interstory drift
of 1/800.

To approximate the effects of construction loads, an additional gravity load
of 55 psf (2.63 kPa) was applied to each panel, one panel at a time.

After the application and removal of the construction load, lateral load tests

described under (3) were repeated.
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6. With the lead weights still in place, a series of lateral load tests were applied
with increasing lateral drifts. At four percent drift, failure of some of the

connections occurred.
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DESCRIPTION OF ANALYSIS

25



DESCRIPTION OF ANALYSIS
4.1 ETABS ANALYSIS PROGRAM

As part of this thesis research, analysis of the Kirk and Moehle specimens was
performed using the ETABS analysis program ''. ETABS is a three dimensional finite-
element computer analysis program which simplifies three dimensional analysis of building
systems by assuming that the floor slab is a rigid diaphragm. The ETABS input files were
created using the graphical input file generator, ETABSIN. The specimens were modelled
as closely as possible to actual test conditions.

For the Kirk model, the columns at the exterior and interior connections above and
below' the slab were "pinned”. The support at the free edge of the interior span was
modelled using a 2 inch (50 mm) square steel column "pinned" at the top and bottom,
shown as thé rigid link in Figure 7, which is a representation of the Kirk model.

For the_Moehle model, all of the columns were "pinned" at the base. The column
stubs above the slab were not included in the model. Figure 8 is a representation of the
Moehle model.

4.2 BASIS FOR ANALYTICAL AND EXPERIMENTAL COMPARISON
The comparison between experimental and analytical results was made using the
following two quantities:
1) Lateral drift
2) The column moment at the center of the slab-column connection
Both of these quantities were readily available from the experimental data reported for the

two test programs. In addition, the centerline column moments due to lateral loads are an
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important input requirement for computer programs such as PCACOL 2 and ADOSS 2
which design the column and slab elements of the structural frame.
4.3 APPLICATION OF ANALYTICAL METHODS TO KIRK SPECIMENS

Experimental specimen column reactions and specimen drift were readily obtained
from the Masters thesis by Scavuzzo %'. By multiplying the top and bottom column
horizontal reactions by 20 inches (508 mm) (distance from center of slab to column pin) and
summing the two values, the experimental moment at the centerline of the interior and
exterior slab-column connections were obtained.

Due to experimental error, the summation of the experimental column reactions did
not equal the applied lateral load. To obtain equilibrium, the experimental moments at the
exterior and interior connections were increased by the ratio of the sum of the analytical
moments over the sum of the experimental moments at the interior and exterior
connections.

The lateral drift of the test specimen was based on the horizontal displacement of
the exterior column. Two dial gages were located 14.5 inches (368 mm) above and below
the slab on the exterior column, with a total distance of 31.5 inches (800 mm) between
them. The experimental specimen drift was calculated by taking the difference of these two
dial gage readings and dividing by the distance between them.

4.3.1 EFFECTIVE BEAM WIDTH METHOD APPLIED TO KIRK SPECIMENS

The effective beam width method was applied to specimens S-2 and S-4 following
the procedure described in section 2.1. Each specimen was analyzed under three lateral

loads, corresponding to the lateral loads applied during the experimental tests.
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Specimen S-2 was analyzed under lateral loads of 1.260 kips, 2.205 kips, and 2.600 kips
(5.60 kN, 9.81 kN, and 11.56 kN resp.). Specimen S-4 was analyzed under lateral loads of
1.313 kips, 1.970 kips, and 2.600 Kips (5.84 kN, 8.76 kN, and 11.56 kN resp.). The gravity
loads used for each analysis varied, as described in section 3.1.5.

For the initial model analysis (labeled Run 1), a lower bound effective width factor
of 0.4, obtained from the report by Pecknold *, was used. No allowance was made for
cracking (B = 1.0). This resulted in a slab effective width of 28.4 inches.

A second analysis (labeled Run 2) was performed using an effective width of 0.4
and a B factor of 0.33, as suggested by Vanderbilt and Corley % to account for slab
cracking. This B value was applied to the entire length of each span and resulted in a
reduced slab effective width of 9.4 inches (239 mm). The results of these analyses are
compared with the experimental results in section 4.4.2.

4.3.2 EQUIVALENT FRAME METHOD APPLIED TO KIRK SPECIMENS

The equivalent frame method was applied to specimens S-2 and S-4 following the
procedures described in section 2.2. To model the equivalent columns, the actual column
dhnémions were used but the concrete modulus was reduced by a factor of K. /K, to
produce a resultant column stiffness equal to the required equivalent column. Kec is the
stiffness of the equivalent column while K, is the stiffness of the actual column.

Both specimens were analyzed under the gravity and lateral loading conditions

described previously. The initial model analysis (labeled Run 1) was performed using
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a = 1.0 and ignoring slab cracking (B = 1.0). A second analysis (labeled Run 2) waé
performed including cracking of the slab by using p = 0.33 throughout each beam element.
The analytical results are compared with the experimental results in section 4.4.3.

4.4 ANALYTICAL VS. EXPERIMENTAL RESULTS FOR KIRK SPECIMENS
4.4.1 PRESENTATION OF RESULTS

The analytical results obtained from the analysis of the Kirk specimens are
compared with the experimental results in tables 1 through 24. Each table lists the results of
two analyses, labeled Run 1 and Run 2. Run 3 represents a two-beam model analysis
described later in CHAPTER 5. At the top of each table is a heading describing the
analysis.

| When the Kirk specimens are analyzed using the effective beam width method, Run
1 is the analysis of the analytical model using o = 0.4 and B = 1.0 throughout each span.
Run 2 is the analysis of the analytical model using o = 0.4 and B = 0.33 throughout each
span.

When the Kirk specimens are analyzed using the equivalent frame method, Run 1 is
the analysis of the model using & = 1.0 and B = 1.0. Run 2 is the analysis of th¢ analytical
model using . = 1.0 and = 0.33.

- For each "Run", the first column in the table titled CONNECTION lists the
connection at which the moment is located. The location of the exterior and interior
connections are shown in Figure 4. The second column titled ACTUAL MOMENT lists
the experimental moment values, while the third column titled ETABS MOMENT lists the

moments obtained from the analytical model.
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The fourth column titled ETABS M/ACTUAL M lists the ratio of the analytical
rﬁoment over the experimental moment for the exferior and interior connections. The
average ratio of both connections is listed at the bottom of the column.

The fifth column titled % ERROR lists the percent error of the analytical moment as
compared to the experimental moment. The percent error iS defined as the absolute value of
the quantity (ETABS M/ACTUAL M - 1.0) x 100). The average percent error of moments
at both connections is listed at the bottom of the column. This average error is used for
comparison of the results of the various computer Runs. It should be noted that some
connections may experience greater or smaller moment errors as listed in the table.

Below the results table is a listing of the alpha and beta values used in each span.
See Figure 4 and Figure 7 for span locations.

At the bottom of each table is a listing of the ACTUAL DRIFT obtained from the
experimental test, and the ETABS DRIFT obtained from the analytical model. Both values
are listed as percent drift defined as ((lateral column displacement/column height)x100). A
4.4.2 EFFECTIVE BEAM WIDTH MODEL

Tébles 1, 3 and 5 list the analytical vs. experimental results for specimen S-2 for the
three vertical and lateral loading conditions.

Undef all three vertical and lateral loading conditions, the analytical results obtained
from Run 1 showed that the effective béam width model underestimated the experimental
momenfs at the exterior connection, and overestimated the experimental moments at the

interior connection. The average error between analytical and experimental results varied
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from 32% to 175%. The results also showed a significant underestimation of experimental
drift.

The analytical results obtained from Run 2 showed the same trends observed in Run
1 under all three vertical and lateral loading conditions. The average error varied from 37%
to over 200%. However, the results showed a slight overestimation of experimental drift.

Tables 7, 9 and 11 list the analytical vs. experimental results for specimen S-4 for
the three vertical and lateral loading conditions. The same trends identified in specimen S-2
were observed for specimen S-4.

4.4.3 EQUIVALENT FRAME METHOD

Tables 13, 15 and 17 list the analytical vs. experimental results for specimen S-2 for
the three vertical and lateral loading conditions.

Under all three vertical and lateral loading conditions, the analytical results obtained
from Run 1 (with = 1.0) showed an underestimation of lateral drift. However, moments
at the connections compared well with the experimental results. The average error between
analytical and experimental results varied from 5% to 15%.

The analytical results obtained from Run 2 (with f = 0.33 for cracking) under all
three vertical and lateral loading conditions showed an improved estimation of lateral drift,
with respect to Run 1. However, analytical moments at the exterior and interior
connections deviated further from experimental results, with the exterior connection
experiencing a smaller moment and the interior connection experiencing a larger moment
than observed in the experimental specimens. The average error between analytical and

experimental results varied from 16% to 108%.
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Tableé 19, 21 and 23 list the analytical vs. experimental results for specimen S-4 for
the three vertical and lateral loading conditions. The same trends identified in specimen S-2
were observed for specimen S-4.

4.5 APPLICATION OF ANALYTICAL METHODS TO MOEHLE SPECIMEN

The Moehle specimen was analyzed using a three- dimensional analytical model.
The equivalent frame method is limited to two-dimensional analysis only as described in
section 2.2. For this reason, only the effective beam width method was applied to the
Moehle specimen.

Experimental specimen column moments and specimen drift were readily obtained
from the report by Hwang and Moehle . The experimental moment at each connection
was the product of the measured base shear and the distance from slab mid-depth to column
pin of 49.6 inches (1260 mm).

Unfortunately, the experimental column moments excluded gravity load effects and
therefore needed adjustment. Gravity loading causes a reduction in stiffness at the slab-
column connections. The reduction in stiffness causes a portion of the column moment to
be redistributed to the slab-beam, re‘sulting in a reduced column base shear.

The only gravity load column base shear results available from the report by Hwang
and Moehle Were measured after test EW400. Test EW400 was a test performed in the
final loading sequence as described in section 3.2.5. In test EW400, the specimen was
subjected to an average lateral load of 10.9 kips (48.5 kN) corresponding to a lateral drift of

0.25% in the East-West direction.
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In order to approximate the reduction in base shear due to gravity loading, it was
assumed that the gravity load column base shears from test EW400 be reduced by 15% for
application to the 0.5% drift case, and by 25% for application to the 1.0% case.

To further simplify application of the gravity load effects, reducéd gravity load
column base shear values from column groups were averaged, and the average value
applied to each column in the group. The four column groups were as follows (see Figure 6
for column locations):

1) Al, A4,D1,D4
2) B1,Cl1,B4,C4
3) A2, A3,D2,D3
4) B2, B3, C2,C3

The resulting gravity load column base shear at each column was then multiplied by
49.6 inches (1260 mm) and added to the lateral load moment at each column.

Adjustment was also made to the experimental column moments along gridlines 1
and 2 for analysis in the North-South direction at 0.5% and 1.0% drift.

In the design of the experimental specimen, the connections along gridlines 3 and 4
were designed for the shears and moments conforming to the ACI 318-83 Code. Along
gridlines 1 and 2, a redistribution of moments between the connections was assumed. This
assumption reduced the negative moments at the connections and transferred them to the
positive moment regions of the slab-beams.

An estimate of the moments which might have occurred at the connections along

gridlines 1 and 2 had the specimen been designed without redistribution of negative
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moments was made. The experimental column moments adjusted for gravity load effects at
the connections along gridlines 3 and 4 were obtained from the application of lateral load in
the North direction. These moments were applied to the columns along gridlines 2 and 1
respectively. Since the lateral load applied in the South direction was larger than that
applied in the North direction, the moments were factored up by the ratio of the lateral load
applied in the South direction divided by the lateral load applied in the North direction. The
adjustment was done for the 0.5% and 1.0% drift cases.

The experimental specimen drift was defined as the lateral deflection of the slab
divided by the column clear height of 48 inches (1219 mm). |
45.1 EFFECTIVE BEAM WIDTH METHOD APPLIED TO MOEHLE
SPECIMEN

The effective beam width method was applied to the Moehle specimen in the North-
South and East-West directions, following the procedures described in section 2.1. The
specimen was analyzed under lateral loads corresponding to the lateral loads applied during
the experimental tests.

In the North-South direction, the specimen was analyzed under lateral loads of
15.15 kips (67.39 kN) and 23.74 kips (105.6 kN) applied in a Southerly direction. These
loads corresponded to 0.5% drift and 1.0% drift respectively. In the East-West direction,
the specimen was analyzed under lateral loads of 17.93 kips (79.75 kN) and 24.93 kips
(110.9 kN) applied in a Westerly direction. These loads corresponded to 0.5% and 1.0%

drift respectively. The gravity load for each analysis was described in section 3.2.5.
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For the initial ﬁlodel analysis (labeled Run 1) in both the North-South and East-
West directions, a lower bound effective width factor a of 0.4 obtained from the report by
Pecknold > was applied to the entire length of each span in the direction of analysis. No
allowance was made for cracking (B = 1.0). An o value of 0.4 was applied to the entire
length of each span transverse to the direction of analysis, with no allowance made for
cracking (B = 1.0).

A second analysis (labeled Run 2) was performed in the North-South and East-West
directions using o = 0.4 and B = 0.33 as suggested by Vanderbilt and Corley % to account
for slab cracking. This B value was applied to the entire length of each span in the direction
of analysis. Again, an a value of 0.4 was applied to the entire length of each span
transverse to the direction of analysis, with no allowance made for cracking.

4.6 ANALYTICAL VS. EXPERIMENTAL RESULTS FOR MOEHLE SPECIMEN
4.6.1 PRESENTATION OF RESULTS

The results obtained from the analysis of the Moehle specimen are listed along with
the experimental results in tables 25 through 36. At the top of each table is a heading
describing the analysis. Run 1 is the analysis of the Moehle specimen using o = 0.4 and
B = 1.0 throughout each spén, in the direction of analysis. Run 2 is the analysis of the
specimen using o = 0.4 and = 0.33 throughout each span in the direction of analysis.

For each Run, the first column in the table titted CONNECTION lists the
connection at which the moment is taken. The location of each connection is referenced

from the gridline layout in Figure 6.
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The second column titled ACTUAL MOMENT lists the experimental moments,
while the third column titled ETABS MOMENT lists the moments obtained from the
analytical model.

The fourth column titled ETABS M/ACTUAL M lists the ratio of the analytical
moment over the experimental moment for each connection. The average ratio of the
ETABS M/ACTUAL M for the four connections along each gridline are listed at the
bottom of éach gridline subsection. The total average ratio of the ETABS M/ACTUAL M
for all connections is listed at the bottom of the column.

The fifth column lists the percent error of the column group along each gridline.
The percent error of each column is defined as (ETABS M/ACTUAL M) - 1.0) x 100. The
percent error of the column group is the sum of the percent error of each column in the
group, divided by 4. The total average percent error for the four column groups is listed at
the bottom of column five. |

Near the bottom of each table is a listing of the alpha and beta values used for each
of the three spans (Figure 6).

Finally, at the bottom of each table is a listing of the ACTUAL DRIFT obtained from the
experimental test, and the ETABS DRIFT obtained form the analytical model. Both values
are listed as percent drift.

4.6.2 COMPARISON OF RESULTS IN THE N ORTH-SOUT H DIRECTION

Tables 25 and 26 list the results from Runs 1 and 2 respectively in the North-South
direction under a lateral load of 15.15 kips (67.39 kN)(corresponding to 0.5% drift of the

experimental specimen).
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The results from Run 1 show that the analytical model overestimated the moments
at the exterior connections along gridlines 1 and 4. The analytical moments along gridlines
2 and 3 compared well with the experimental results, but were slightly lower on average.
The analytical drift of 0.24% significantly underestimated the lateral drift of 0.5%.

The results from Run 2 showed an improved correlation between analytical and
experimental moments at the exterior connections along gridline 1 with respect to Run 1.
However, the analytical model further overestimated the moments at the exterior
connections along gridline 4. As in Run 1, the analytical moments along gridlines 2 and 3
compared well with the experimental results, but were slightly lower on average. The
analytical drift improved, matching the experimental drift of 0.5%.

Tables 28 and 29 list the results from Runs 1 and 2 respectively in the North-South
direction under a lateral load of 23.74 kips (105.6 kN)(corresponding to 1.0% drift of the
experimental specimen).

The results from Run 1 show that the analytical model overestimated the moments
at the exterior connections along gridlines 1 and 4. The analytical model slightly
underestimated the moments along gridlines 2 and 3, while analytical drift of 0.37%
Severely underestimated the lateral drift of 1.0%. i
The same trends observed in Run 1 were observed in Run 2. However, the

analytical drift improved to 0.79%, but was still significantly less than the experimental

drift of 1.0%.
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4.6.3 COMPARISON OF RESULTS IN THE EAST-WEST DIRECTION

Tables 31 and 32 list the results from Runs 1 and 2 respectively in the East-West
direction under a lateral load of 17.93 kips (79.75 kN)(corresponding to 0.5% drift of the
experimental specimen).

In Run 1, analytical moments were well below the experimental moments along
gridline D; the first exterior connections in the direction of analysis. Analytical moments
showed an improved correlation with experimental moments along gridlines C and B, while
the analytical moments were much greater than the experimental moments along gridline A.
The analytical drift of 0.43% compared well with the experimental, but remained below the
actual drift of 0.5%.

The same trends observed in Run 1 were observed in Run 2. However, the
analytical drift of 1.14% overestimated the experimental drift by over 100%.

Tables 34 and 35 list the results from Runs 1 and 2 respectively in the East-West
direction under a lateral load of 24.93 kips (110.9 kN)(corresponding to 1.0% drift of the
experimental specimen).

As in the 0.5% drift case, analytical moments from Run 1 along gridline D were
well below the experimental moments. Analytical moments showed good correlation with
experimental moments along gridlines B and C, while the analytical moments were greater
than the experimental moments along gridline A. The analytical drift of 0.70%

underestimated the experimental drift by 30%.
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The same trends observed in Run 1 were observed in Run 2. However, the

analytical drift of 1.57% overestimated the experimental drift by over 50%.
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TWO-BEAM MODEL
5.1 GENERAL

Chapter 4 summarized the results of the effective beam width and equivalent frame
method applied to the Kirk specimens. It also summarized the results of the effective beam
width method applied to the Moehle specimen.

In general, the effective beam width method applied without cracking effects (B =
1.0) was observed to underestimate lateral drift. It also did not accurately predict the slab-
column moments at the connections. When the effective beam width method was applied
with cracking effects (B = 0.33), it slightly overestimated lateral drift. The effective beam
width method's prediction of slab-column moments at the connections was again inaccurate.

The equivalent frame method (applied to Kirk specimens only) gave a good
prediction of slab-column moments at the connections. However, it underestimated lateral
drift. When the equivalent frame method was applied with cracking effects (B = 0.33),
prediction of slab-column moments at the connections worsened, while prediction of lateral
drift improved.

In order to improve the accuracy of predicted slab-column moments at the
connections, and lateral drift, the behavior of flat-plate specimens under vertical and lateral
loads must be examined. Under vertical loads only, the moment diagram for the slab-beam
elements of a typical three-bay frame is shown in Figure 9. In the same figure, the moment
diagram for the slab-beam elements under lateral load only is also shown. Under actual
loading conditions, the effects of vertical and lateral loading are combined resulting in the

final moment diagram shown in Figure 9. The combined loading moment diagram displays
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increased negative moments at one end of a typical span and reduced moments at the other
end. Hence, portions of the slab-beam will be more severely cracked than others.
Therefore, applying a constant 3 value throughout the span will not accurately model the
slab-beam behavior.

In order to better represent the cracking behavior under combined vertical and
lateral loading, a two-beam model is proposed. The proposed two-beam model separates
the slab-beam in each span into regions of positive and negative bending. The split is made
at the inflection point along each span. The proposed two-beam model enables the engineer
to apply reduced beta values in the regions of negative bending where more severe cracking
is likely to occur.

5.2 DETERMINATION OF INFLECTION POINTS FOR TWO-BEAM MODELS
5.2.1 KIRK SPECIMEN

The inflection points obtained for Kirk specimens S-2 and S-4 were derived using
the column base reactions and "actual” slab loads from Scavuzzo's thesis 2’. The "actual"
slab loads were described previously in section 3.1.5. The inflection points obtained for
specimens S-2 and S-4 under all experimental loading conditions were then averaged.
This average value of the inflection point was utilized for both the effective beam width and
equivalent frame two-beam models.

5.2.2 MOEHLE SPECIMEN

Due to the three dimensional nature of the Moehle specimen, certain assumptions

were made in the calculation of the inflection points. First, the moments at the slab-column

connections were calculated using the experimental column-base shears (excluding gravity
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load effects). The moments at the interior connections were distributed equally to the slab-
beam on each side of the connections.

Next, the vertical load moments were superimposed on the lateral load moments
ﬁsing a fixed-fixed beam analogy in each span. Finally, simultaneous equations were
written in each span to solve for the inflection point locations. The inflection points in each
span obtained for the 0.5% and 1.0% drift cases in the North-South direction were averaged
together. The average value was then applied to each span in the two-beam model for both
the 0.5% and 1.0% drift cases. This same procedure was then applied in the East-West
direction.

The decision to use an average value of the inflection points for all models was
based on the fact that engineers do not know the location of inflection points prior to their
analysis. Therefore an assumption has to be made on the location of the inflection point
based upon féctors such as span to depth ratio, drift level, etc.

5.3 APPLICATION OF TWO-BEAM MODEL TO KIRK SPECIMENS
5.3.1 EFFECTIVE BEAM WIDTH TWO-BEAM MODEL

The application of the effective beam width two-beam model to the Kirk specimens
S-2 and S-4 required a minor change to the original analytical model. Span 1-2 was
separated at the inflection point located 50.7 inches (1288 mm) from gridline 1. No
modification was made to span 2-3. Both specimens were analyzed under the loadings
described in section 4.3.1. The effective beam width two-beam model of the Kirk

specimens is shown in Figure 10.
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For the two-beam model analysis, an alpha value of 0.4 was used throughout. The
beta values were then adjusted by trial and error until the moments at the slab-column
connections and lateral drift matched the experimental values.

5.3.2 EQUIVALENT FRAME TWO-BEAM MODEL

The equivalent frame two-beam model was prepared by splitting span 1-2 of the
original equivalent frame model at the inflection point located 50.7 inches (1288 mm) from
gridline 1. No modification was made to span 2-3. Again, both specimens were analyzed
under the loadings described in section 4.3.1. The equivalent frame two beam model of the
Kirk specimens is shown in Figure 10.

In the original equivalent frame model, the full width of slab was assumed as being
effective. In the equivalent frame two-beam model, the analysis was done using an alpha
value of 0.4 throughout.  Beta values were then adjusted by trial and error until the
moments at the slab column connections and lateral drift matched experimental results.

54 OBSERVATIONS OF TWO-BEAM MODEL APPLIED TO KIRK
SPECIMENS
5.4.1 PRESENTATION OF RESULTS

The results obtained from the analysis along with the experimental results are listed
in tabular form as previously described in section 4.4.1. The heading on each table titled
"Run 3" denotes the results of the two-beam model analysis.

However, the table listing the o and B values used in each span was modified. The

first column lists the region of positive or negative bending in which the o and B values are
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being applied along the beam span. The second and third columns list the span in which the
factors are being applied (see Figure 4), along with the o and B values used.
5.4.2 EFFECTIVE BEAM WIDTH TWO-BEAM MODEL

Tables 2 and 8 list the analytical vs. experimental results at approximately 0.5%
drift for specimens S-2 and S-4 respectively. At the 0.5% drift level, most cracking is
expected to occur at the interior connection where negative bending is predominant, while
the region of positive bending is expected to be uncracked. The adjusted f values of 1.0 in
the region of positive bending and 0.3 in the region of negative bending are consistent with
the expected cracking behavior.

Figures 11 and 13 show the effective beam widths of specimens S-2 and S-4
respectively at approximately 0.5% drift for Runs 1 through 3. Figures 12 and 14 show a
graphical comparison of the TOTAL AVERAGE PERCENT ERROR OF MOMENTS and
PERCENT ERROR OF DRIFT of specimens S-2 and S-4 respectively at approximately
0.5% drift for Runs 1 through 3. The TOTAL AVERAGE % ERROR OF MOMENTS is
used for comparing the results of the various computer Runs. It should be noted that some
connections may experience greater or smaller moment errors. The PERCENT ERROR OF
DRIFT is defined as ((ETABS DRIFT (%) - ACTUAL DRIFT (%))/ACTUAL DRIFT)
(“6)) x 100. A positive (+) value of PERCENT ERROR OF DRIFT represents the ETABS
DRIFT (%) greater than the ACTUAL DRIFT (%). A negative (-) value of PERCENT
ERROR OF DRIFT represents the ETABS DRIFT (%) less than the ACTUAL DRIFT (%).

Tables 4 and 10 list the analytical vs. experimental results at approximately 0.75%

drift for specimens S-2 and S-4 respectively. At the 0.75% drift level, increased cracking is
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expected in the region of negative bending, while cracking in the region of positive bending
should start to occur. The adjusted B values of 0.75 in the region of positive bending and
0.25 in the region of negative bending are consistent with the expected cracking behavior.

Tables 6 and 12 list the analytical vs. experimental results at approximately 1.0%
drift for specimens S-2 and S-4 respectively. At the 1.0% drift level, a redistribution of
negative moment is expected to occur resulting in increased cracking in the region of
positive bending. The adjusted B values of 0.6 in the region of positive bending and 0.25
in the region of negative bending are consistent with the expected cracking behavior.

Figures 15 and 17 show the effective beam widths of specimens S-2 and S-4
respectively at approximately 1.0% drift for Runs 1 through 3. Figures 16 and 18 show a
graphical comparison of the TOTAL AVERAGE PERCENT ERROR OF MOMENTS and
PERCENT ERROR OF DRIFT of specimens S-2 and S-4 respectively at approximately
1.0% drift for Runs 1 through 3.

For specimens S-2 and S-4 analyzed under their respective loading cases, the two-
beam model with adjusted B values brought the total average ratio of ETABS/ACTUAL
moment closer to unity. This significantly reduced the % ERROR of ETABS to ACTUAL
moment as compared to the % ERROR observed in Runs 1 and 2. Not only did the
correlation between analytical and experimental moments improve, but so did the
comparison between analytical and experimental drift.

5.4.3 EQUIVALENT FRAME TWO-BEAM MODEL
Tables 14 and 20 list the analytical vs. experimental results at approximately 0.5%

drift for specimens S-2 and S-4 respectively. At the 0.5% drift level, the adjusted B values
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are consistent with the expected cracking behavior as discussed in the results for the
effective beam width two-beam model.

Both specimens required an adjusted B value of 1.0 in the region of positive
bending. However, specimen S-2 required an adjusted B value of 0.5 in the negative region

of bending, while specimen S-4 required an adjusted B value of 0.33. This difference can
be attributed to the lower lateral force applied to specimen S-2 in the experimental test.

Tables 16 and 22 list the analytical vs. experimental results at approximately 0.75%
drift for specimens S-2 and S-4 respectively. At the 0.75% drift level, the adjusted 3 values
of 0.75 in the region of positive bending and 0.3 in the region of negative bending are
consistent with the expected cracking behavior as discussed in the results for the effective
beam width two-beam model. The adjusted B values at the 0.75% drift level produced
accurate drift results. However, the percent error of ETABS moment to ACTUAL moment
increased slightly as compared to the results obtained from the equivalent frame model
applied without cracking (Run 1).

Tables 18 and 24 list the analytical vs. experimental results at approximately 1.0%
drift for specimens S-2 and S-4 respectively. At the 1.0% drift level, the adjusted B values
of 0.65 in the region of positive bending and 0.3 in the region of negative bending are
consistent with the expected cracking behavior as discussed in the results for the effective
beam width two-beam model.

Overall, the equivalent frame two-beam model was able to accurately predict lateral

drift. ~Although the correlation between analytical and experimental moments became
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slightly worse at the 0.75% drift level, the model's conibined prediction of moments and
drift at all drift levels improved significantly as compared with Runs 1 and 2.

5.5 APPLICATION OF TWO-BEAM MODEL TO MOEHLE SPECIMEN

5.5.1 NORTH-SOUTH DIRECTION |

As mentioned in section 4.5, only the effective beam width model was applied to
the Moehle specimen. The application of the effective beam width two-beam model to the
Mochle specimen in the North-South direction required splitting each span at the inflection
point located 39.6 inches (1006 mm) from the centerline of the first column of each span in
the direction of analysis. The effective beam width two-beam model in the North-South
direction is shown in Figure 19.

An o of 0.4 was applied to the positive and negative regions of bending for all slab-
beam elements connected to the columns along gridlines 2 and 3. However, a modification
was made to the a values in the region of positive bending of end span 1-2 and in the region
of negative bending of end span 3-4.

In Hwang's report (14), a summary of effective width factors obtained by Banchik
using a finite element approach is presented. From Banchik's results, a lower effective
width factor should be applied at the corner connections. In order to simplify the analytical
two-beam model, a reduced a of 0.3 was applied to the region of pbsitive bending in span
1-2 for all first exterior connections at the 0.5% drift level. An o of 0.2 was applied in the
region of negative bending in span 3-4 for all exterior connections. At the 1.0% drift level,
an a of 0.2 was applied to the region of positive bending in span 1-2 and in the region of

negative bending in span 3-4.
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The beta values were then adjusted by trial and error until the moments at the slab
column connections and lateral drift matched the experimental values.
5.5.2 EAST-WEST DIRECTION

The application of the effective beam width two-beam model to the Moehle
specimen in the East-West direction again required splitting each span at the inflection point
located 70.2 inches (1783 mm) from the centerline of the first column of each span in the
direction of analysis. The effective beam width two-beam model in the East-West direction
is shown in Figure 20.

At the 0.5% drift level, an o of 0.4 was applied to the positive and negative regions
of bending for all slab-beam elements connected to the columns along gridlines A, B, and
C. However, an o of 0.5 was used in the region of positive bending in end span D-C. This
increased a value was required due to the severe underestimation of stiffness in this region
in Runs 1 and 2.

At the 1.0% drift level, an a of 0.4 was used throughout each span. The beta values
were then adjusted by trial and error until the moments at the slab-column connections and
lateral drift matched the experimental values.

5.6 OBSERVATIONS OF TWO-BEAM MODEL APPLIED TO MOEHLE
SPECIMEN
5.6.1 PRESENTATION OF RESULTS

The results obtained from the analysis along with the experimental results are listed

in tabular form as previously described in section 4.6.1. The heading on each table titled

"Run 3" denotes the results of the two-beam model analysis.
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However, the table listing the o and B values used in each span was modified. The
first column lists the region of positive or negative bending in which the o and B values are
being applied along the beam span. The second through fourth columns list the span in
which the o and B factors are applied (see Figure 6), along with the o and f values used.
Due to the symmetry of the specimen in the East-West direction, only the moments along
gridlines 3 and 4 are reported.

5.6.2 EFFECTIVE BEAM WIDTH TWO-BEAM MODEL APPLIED IN NORTH-
SOUTH DIRECTION AT 0.5% DRIFT

Table 27 lists the analytical vs. experimental results for the two-beam model
analysis in the North-South direction at 0.5% drift.

At the 0.5% drift level, an adjusted B of 0.5 was used in all regions of positive
bending. The reduced stiffness in the regions of positive bending can be attributed to the
prior construction and lateral loading applied to the specimen. An adjusted 3 of 0.15 in the
region of negative bending at the first interior connection is consistent with the expected
. cracking behavior under combined vertical and lateral loading. An adjusted B of 0.3 at the
regions of negative bending in spans 2-3 and 3-4 is consistent with the expected
deterioration in stiffness at these connections.

Lateral drift obtained with the two-beam model improved to within 8% of the
experimental drift. Although the two-beam model's correlation between analytical and
experimental moments became slightly worse as compared to Run 1, the model's combined

prediction of moments and drift improved.
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Figures 21 and 22 show the effective beam widths of the Moehle specimen at 0.5%
drift for Runs 1 through 3 in the North-South direction. Figure 23 shows a graphical
comparison of the TOTAL AVERAGE PERCENT ERROR OF MOMENTS and
PERCENT ERROR OF DRIFT of the Moehle specimen at 0.5% drift for Runs 1 through 3
in the North-South direction.

5.6.3 EFFECTIVE BEAM WIDTH TWO-BEAM MODEL APPLIED IN NORTH-
SOUTH DIRECTION AT 1.0% DRIFT

Table 30 lists the analytical vs. experimental results for the two-beam model
analysis in the North-South direction at 1.0% drift.

At the 1.0% drift level, an adjusted B of 0.35 was used in all regions of positive
bending. The reduced B value in the regions of positive bending is consistent with the
increased cracking expected to occur at the 1.0% drift level. In the regions of negative
bending, increased deterioration in stiffness is expected. The adjusted B values in the
regions of negative bending represent this behavior. The adjusted P values in the regions
of positive and negative bending were two-thirds of the values used in the 0.5% drift
analysis.

Lateral drift obtained with the adjusted B values was accurate. Correlation between
analytical and experimental moments improved significantly. Overall, the two-beam model
in the North-South direction was successful in improving the combined correlation of
analytical moments and drift with experimental results.

Figures 24 and 25 show the effective beam widths of the Moehle specimen at 1.0%

drift for Runs 1 through 3 in the North-South direction. Figure 26 shows a graphical
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comparison of the TOTAL AVERAGE PERCENT ERROR OF MOMENTS and

PERCENT ERROR OF DRIFT of the Moehle specimen at 1.0% drift for Runs 1 through 3

in the North-South direction.

5.6.4 EFFECTIVE BEAM WIDTH TWO-BEAM MODEL APPLIED IN EAST-
WEST DIRECTION AT 0.5% DRIFT

Table 33 lists the analyﬁcal vs. experimental results for the two-beam model
analysis in the East-West direction at 0.5% drift.

Due to the flexibility of the specimen in the East-Wést direction, not much cracking
is expected to occur at the 0.5% drift level. However, the region of negative bending in
span B-A is expected to undergo cracking due to the increased negative moments in this
region under combined vertical and lateral loading. The adjusted B of 0.3 in the negative
region of span B-A is consistent with the expected cracking behavior. The B value at all
other regions of positive and negative bending remained at 1.0.

Lateral drift obtained with the adjusted B values was accurate. Correlation between
analytical and experimental moments at the exterior connections improved. However, the
experimental moments were still slightly underestimated at the first exterior connections
along gridline D.

Figures 27 and 28 show the effective beam widths of the Moehle specimen at 0.5%
drift for Runs 1 through 3 in the East-West direction. Figure 29 shows a graphical
comparison of the TOTAL AVERAGE PERCENT ERROR OF MOMENTS and
PERCENT ERROR OF DRIFT of the Moehle specimen at 0.5% drift for R;II;S 1 ﬂﬁoﬁéh 3

in the East-West direction.
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5.6.5 EFFECTIVE BEAM WIDTH TWO-BEAM MODEL APPLIED IN EAST-
WEST DIRECTION AT 1.0% DRIFT

Table 36 lists the analytical vs. experimental results for the two-beam model
analysis in the East-West direction at 1.0% drift.

At the 1.0% drift level, an increased reduction in stiffness in the regions of negative
bending is expected. This reduction in stiffness leads to a redistribution of negative
moments to the regions of positive bending. An adjusted B of 0.25 was applied in the
region of negative bending in span B-A. An adjusted B of 0.7 was used throughout the

remaining spans. These adjusted B values are consistent with the expected cracking

behavior at the 1.0% drift level. Lateral drift obtained with the adjusted B values improved
significantly, but remained 8% below the experimental drift. Correlation between analytical
and experimental moments at the exterior connections improved significantly.

. Figures 30 and 31 show the effective beam widths of the Moehle specimen at 1.0%
drift for Runs 1 through 3 in the East-West direction. Figure 32 shows a graphical
comparison of the TOTAL AVERAGE PERCENT ERROR OF MOMENTS and
PERCENT ERROR OF DRIFT of the Moehle specimen at 1.0% drift for Runs 1 through 3
in the East-West direction.

Overall, the adjusted 3 values required in the East-West direction two-beam models
were higher than those required in the North-South direction. This is due to the longer slab-
beam lengths in the East-West direction, giving the specimen greater flexibility in this

direction. The two-beam model was successful in improving the combined correlation of
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analytical moments and drift with the experimental results, and reduced the total average

percent error of analytical to experimental moments.
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CHAPTER 6

SUMMARY RECOMMENDATIONS AND CONCLUSIONS
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SUMMARY, RECOMMENDATIONS AND CONCLUSIONS
6.1 SUMMARY

An analytical study using the effective beam width and equivalent frame methods
was performed on two flat plate specimens previously built and tested by Scavuzzo 27, and
Hwang and Moehle ',

The study was carried out to examine the ability of the analytical models to produce
reasonable estimates of member actions and lateral drift under combined gravity and lateral
loading,.

The results of the study showed that the effective beam width method gave a poor
prediction of bending moments and lateral drift. This was true when it was applied with,
and without, cracking effects. The equivalent frame method, when applied without
cracking effects, gave a good prediction of bending moments, but underestimated lateral
drift. When applied with cracking effects, the equivalent frame method's prediction of
bending moments worsened, while its prediction of lateral drift improved.

In order to improve prediction of moments and drift, and to better represent cracking
behavior under combined vertical and lateral loading, a two-beam model ig proposed. The
two-beam model separates the slab-beam in each span into regions of positive and negative
bending. The separation is made at the inflection point along each span. The proposed
two-beam model can accommodate differences in the extent of cracking in positive and
negative bending regions of the slab.

Alpha (o) values representing the effective slab width, and B values representing the

extent of cracking, were applied to each slab-beam element of the Kirk and Moehle two-
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beam models. These values were adjusted until reasonable correlation was obtained
between experimental and analytical moment distribution and lateral drift.

Application of the proposed two-beam model to the Kirk specimens showed
significant improvement in analytical estimation of moments and drift. However, due to the
discontinuity of the Kirk specimen, it is less representative of a real structure than the
Mochle specimen. The results of the Kirk study were therefore used only to confirm the
recommendations drawn from the Moehle study. Notably, the modified beta values in the
exterior positive region of bending compared well with the values obtained from the
Moehle specimen.

Based on o and B values obtained from the two-beam model applied to the Mochle
experimental specimen, the following recommendations are suggested for use in flat-plate
analysis for combined vertical and lateral loads.

6.2 RECOMMENDATIONS

The recommended o and B values which follow are based upon the results of the
Moehle specimen only. This specimen represents a realistic model of an actual flat-plate
structure. The recommendations are based on the results of the two-beam model analysis
applied to the Moehle specimen in the North-South and East-West directions. The various
assumptions made in the analysis are listed in Chapters 4 and 5. The o and B values are
related to the average clear span-to-depth ratio 1./h of the Moehle specimen in the North-
South and East-West directions.

It is recommended that for a clear span-to-depth ratio of 1./h = 20, the inflection

point be located at 0.55 1; measured from the first column in each span in the direction of
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analysis. For I,/h = 30, it is recommended that the inflection point be located at 0.65 L
measured from the first column in each span in the direction of analysis. These values are
based on the test specimens considered in this study. The actual point of contraflexure will
vary depending on a number of factors, particularly the gravity load to lateral load ratio.
Appropriate adjustments to these recommended locations can be made if desired, but slight
changes in the point of contraflexure location are unlikely to have a substantial effect on the
analysis results.

For a clear span-to-depth ratio I,/h = 20 (short span in the Moehle specimen), the

following recommendations are made at the 0.5% and 1.0% drift levels. (See Table 37 for a

listing of the recommended o and B values.)

At the 0.5% drift level, corresponding to service loading, an o of 0.4 is
recommended for all interior slab-beam elements of the two-beam model. Exterior
connections are significantly less stiff than equivalent interior connections. Consequently,
less of the slab is effective at these connections, and reduced o values are suggested. At the
exterior connection subjected to negative slab bending, an o of 0.2 is recommended. At the
exterior connection subjected to positive slab bending, an o of 0.3 was required to achieve
good correlation between analytical and experimental results (Table 27). However, for
consistency with the negative exterior connections, it is recommended that an o of 0.2 be

applied.
For the low span-to-depth ratio of 1,/h = 20, significant slab cracking has occurred at

the 0.5% drift level. To represent the extent of cracking, the following B values are

recommended.
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At the interior positive bending regions, a beta value of 0.5 is recommended. At the
interior negative bending regions, a beta value of 0.3 is recommended. This lower beta
value represents the increased cracking resulting from combined negative moments under
vertical and lateral loads. Because of the weak exterior connections, larger bending
moments are present at the first interior negative region. A beta value of 0.15 is
recommended.

At the exterior positive region, a beta value of 0.5 is recommended. The gravity and
lateral load moments counteract each other, resulting in the same cracking reduction as the
interior positive connections. At the exterior negative region, as at interior negative regions,
a beta value of 0.3 is recommended.

At the 1.0% drift level, which corresponds to ultimate load conditions, the
recommended alpha values are the same as at the 0.5% drift level. The beta values at the
1.0% drift level are consistently 0.7 times the values at the 0.5% drift level.

For a span-to-depth ratio 1/h = 30 (long span in the Moehle specimen), the
following recommendations are made at the 0.5% and 1.0% drift levels. At 0.5% drift, an
alpha value of 0.4 is recommended for both positive and negative bending regions of the
two-beam model in all spans, except for the exterior negative bending region where an
alpha value of 0.2 is suggested. Although an alpha value of 0.5 was initially used in the
exterior positive region of bending (Table 33), the recommended alpha value of 0.4 in this
region simplifies the modeling process without substantial change in the results.

At all regions of bending, except the exterior negative region, a beta value of 1.0 is

recommended. This beta value reflects the observation that little or no cracking had
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occurred at the 0.5% drift level when loading in the long span direction. The limited
cracking is attributed to the flexibility of the long span slab-beam elements.

At the exterior negative bending region, a beta value of 0.6 is required at the 0.5%
drift level. Due to the weakness of the exterior connection and the increased negative
moment in this region, cracking occurs resulting in this reduced beta value.

At the 1.0% drift level, the recommended alpha values are the same as at the 0.5%
drift level. The recommended beta values are again approximately 0.7 times the values at
the 0.5% drift level.

The recommended alpha and beta values for 1,/h = 20 and 1,/h = 30 at the 0.5% and
1.0% drift levels are summarized in Table 37 and Figure 33. An example of the
recommended alpha and beta values applied to a realistic flat-plate structure is provided in
the appendix.

6.3 CONCLUSIONS

The following conclusions are made based on the findings of this study:

1) Under combined vertical and lateral loading, the effective beam width
method gives a poor prediction of bending moments and lateral drift when
applied with and without cracking effects.

2) Under combined vertical and lateral loading, the equivalent frame method
gives a good prediction of bending moments but underestimates drift when

applied without cracking effects (B = 1.0).
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3)

4

5)

6)

7

Under combined vertical and lateral loading, the equivalent frame method
gives a poor prediction of bending moments and a better approximation
of lateral drift when applied with cracking effects (B = 0.33).

A two-beam model is proposed which more accurately represents the
cracking behavior of a flat-plate structure under combined vertical and
lateral loading. The two-beam model separates each span of the original
effective beam width and equivalent frame model into positive and negative
bending regions. The separation is make at the inflection point in each span.
Alpha (o) and beta () values can then be adjusted in each region of bending
to more accurately model the slab stiffness and cracking behavior under
combined vertical and lateral loading.

The inflection points should be located at 0.55 1, for a clear span-to-depth
ratio 1/h = 20, and 0.65 1, for a clear span-to-depth ratio 1./h = 30. The
location of the inflection points is measured from the first column in each
span in the direction of lateral loading. Linear interpolation is recommended
for clear span-to-depth ratios between 20 and 30.

By applying the two-beam model to the Kirk and Moehle specimens, alpha
and beta values were obtained which produced improved correlation
between experimental and analytical bending moments and lateral drift.
Based on the alpha and beta values obtained from the two-beam model
analysis, a table of recommended alpha and beta values for flat-plate

analysis using the effective beam width two-beam model was prepared. The
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recommended alpha and beta values are listed for analysis at 0.5% drift
(service load analysis) and 1.0% drift (ultimate load analysis). The
recommended values are also listed for clear span-to-depth ratios of 20 and
30. Linear interpolation is recommended for clear span-to-depth ratios

between 20 and 30.
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Table 1 Kirk Specimen S-2 Effective Beam Width Runs 1 & 2
Lateral Load = 1.26 Kips

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!

91

RUN 1 SPECIMEN S-2 EFF. BM. WIDTH LATERAL LOAD = 1.26 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 3.1 71 -2.29 329.03
INTERIOR 413 58 1.23 262
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.76
[TOTAL AVERAGE PERCENT ERROR 175.83
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3
ALPHA 0.4 0.4
BETA 1 1
ACTUAL DRIFT (%) 0.39
ETABS DRIFT (%) 0.18
RUN 2 SPECIMEN S-2 EFF. BM. WIDTH LATERAL LOAD = 1.26 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 3.1 -9.6 -3.10 409.68
INTERIOR 47 60 1.27 _26.85|
A G 0 OF / OMENT 218
TOTAL AVERAGE PERCENT ERROR 218,26 |
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3
ALPHA 0.4 0.4
BETA 0.33 0.33
ACTUAL DRIFT 0.39
ETABS DRIFT (% 0.49




Table 2 Kirk Specimen S

Lateral Load = 1.26 Kips

-2 Effective Beam Width Run 3

3 SPECIMEN §-2 EFF.BM. WIDTH ___ LATERAL LOAD = 1.26 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 3.4 4 129 29.03
INTERIOR 471.3 46.4 0.98 1.90
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.14
TOTAL AVERAGE PERCENT ERROR 15.47

AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 04 04
ALPHA (NEGATIVE) 04 0.4
BETA (POSITIVE) 1 0.33
BETA (NEGATIVE) 0.33 0.33
ACTUAL DRIFT (%) 0.39
ETABS DRIFT (%) 0.38

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 3 Kirk Specimen S-2 Effective Beam Width Runs 1 & 2

Lateral Load = 2.205 Kips

RUN 1 SPECIMEN S-2 EFF. BM. WIDTH LATERAL LOAD = 2 205 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS M/ACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.6 4.8 0.29 71.08
INTERIOR 71.8 83.6 1.16 16.43
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.73
[TOTAL AVERAGE PERCENT ERROR 43.76

ALPHA AND BETA VALUES USED FOR ANALYSIS

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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SPAN 1-2 SPAN 2.3
ALPHA 0.4 0.4
BETA 1 1
ACTUAL DRIFT (%) 0.73
ETABS DRIFT (%) 0.29
RUN 2 SPECIMEN $-2 EFF. BM. WIDTH LATERAL LOAD = 2.205 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.6 3.2 0.19 80.72
INTERIOR 71.8 85, 1.18 18,66
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 069
TOTAL AVERAGE PERCENT ERROR 49.69
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1.2 SPAN 2.3
ALPHA 0.4 0.4
BETA 0.33 0.33
ACTUAL DRIFT (%) 0.73
ETABS DRIFT (%) 0.84




Table 4 Kirk Specimen S-2 Effective Beam Width Run 3
Lateral Load = 2.205 Kips

IRUN 3 SPECIMEN S-2 EFF. BM. WIDTH LATERAL LOAD = 2.205 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.6 20.4 1.23 22.89
INTERIOR 71.8 68 0.95 5.29
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1,00 ]
{TOTAL AVERAGE PERCENT ERROR " 44.09

JALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 0.4
ALPHA (NEGATIVE) 04 0.4
BETA (POSITIVE) 0.75 0.25
BETA (NEGATIVE) 0.25 0.25
ACTUAL DRIFT (%) 0.73
ETABS DRIFT (%) 0.73

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table § Kirk Specimen S-2 Effective Beam Width Runs 1&2
Lateral Load = 2.6 Kips

}mN 1 SPECIMEN §-2 EFF. BM. MIDTH LATERAL LOAD = 2.6 KIPS
1comscnou ACTUAL MOMENT | ETABS MOMENT | ETABS WACTUAL M | % ERROR
KIP-IN KIP-IN
EXTERIOR _ 205 10 0.49 51.22
INTERIOR 83.5 94 1.13 12.57
TOTAL RATIO 0.81
[TOTAL AVERAGE PERCENT ERROR 31.90
AND BETA VALUES USED FOR ANALYSIS
SPAN 1.2 SPAN 2-3
ALPHA 0.4 0.4
BETA 1 1
ACTUAL DRIFT (%) 0.84
ETABS DRIFT (%) 0.34
l&l}N 2 SPECIMEN S-2 EFF. BM. MIDTH LATERAL LOAD = 2.6 KIPS
FNNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 20.5 8.4 0.41 §9.02
|____INTERIOR 8 95.6 1.4 14,49
F ), OM
AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 0.4 04
BETA 0.33 0.33
| ACTUAL DRIFT (%) 0.84
ETABS DRIFT (%) 0.94

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 6 Kirk Specimen S-2 Effective Beam Width Run 3
Lateral Load = 2.6 Kps

RUN 3 SPECIMEN §-2 EFF.BM. WIDTH __ LATERAL LOAD = 2.6 KIPS
CONNECTION ACTUAL MOMENT | ETABSMOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIPN
EXTERIOR 20.5 24 147 17.07
INTERIOR 83.5 80 0.96 4.19
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.06
(TOTAL AVERAGE PERCENT ERROR 10.63

AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 04
ALPHA (NEGATIVE) 04 04
BETA (POSITIVE) 0.65 0.25
BETA (NEGATIVE) 0.25 0.25
ACTUAL DRIFT (%) 0.84
ETABS DRIFT (%) 0.84

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 7 Kirk Specimen S-4 Effective Beam Width Runs 1 & 2
Lateral Load = 1.313 Kips

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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RUN 1 SPECIMEN S EFF.BM.WIDTH __ LATERAL LOAD = 1.313 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIPIN KIP-IN
EXTERIOR 7.3 6 -0.82 182.19
INTERIOR 45.5 58.8 1.29 20.23
— ey
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.06
[TOTAL AVERAGE PERCENT ERROR 105.74
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3
ALPHA 0.4 04
BETA 1 1
ACTUAL DRIFT (%) 048
ETABS DRIFT (%) 0.2
RUN 2 SPECIMEN S+4 EFF. BM.WIDTH ___LATERAL LOAD = 1.313 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 7.3 -16 -1.04 204.14
INTERIOR 455 60 1 31,87
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1,18
TOTAL AVERAGE PERCENT ERROR 117,99
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3
ALPHA 0.4 0.4
BETA 0.33 0.33
ACTUAL DRIFT (%) 0.48
ETABS DRIFT (%) 0.54



Table 8 Kirk Specimen S-4 Effective Beam Width Run 3
Lateral Load = 1.313 Kips

RUN 3 SPECIMEN S+4 EFF. BM. WIDTH LATERAL LOAD = 1.313 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS M/ACTUAL M | % ERROR
KIP-IN KIP-IN
EXTERIOR 1.3 8 1.10 9.59
INTERIOR 45.5 4.4 0.98 2.42
S
[TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.04
{TOTAL AVERAGE PERCENT ERROR 6.00

AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 04
ALPHA (NEGATIVE) 04 0.4
BETA (POSITIVE) 1 0.3
BETA (NEGATIVE) 0.3 0.3
ACTUAL DRIFT (%) 0.48
ETABS DRIFT (%) 0.5

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 9 Kirk Specimen S-4 Effective Beam Width Runs 1 & 2
Lateral Load = 1.970 Kips

RUN 1 SPECIMEN S4 EFF. BM. WIDTH LATERAL LOAD = 1.970 KIPS
ICONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | % ERROR
KaP-IN KIP-IN

EXTERIOR 16.3 5.2 0.32 68.10

INTERIOR 62.5 73.6 1.18 11.76
TOTAL AVERAGE RATIO OF ETABSIACTUAL MOMENT 015
{TOTAL AVERAGE PERCENT ERROR 42.93
ALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA 04 04
BETA 1 i
ACTUAL DRIFT (%) 07
ETABS DRIFT (%) 0.27
@N} SPECIMEN $4 EFF. BM. WIDTH LATERAL LOAD = 1.970 KIPS
ICONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN

EXTERIOR 16.3 3.6 0.22 77.91

_INTERIOR 625 75.2 1,20 2032
TOTAL AVERAGE RATIO OF £ TABS/ACTUAL MOMENT 0.71
TOTAL AVERAGE PERCENT ERROR 49.12

ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN $-2 SPAN 2.3
ALPHA 04 04
BETA 0.33 0.33
| ACTUAL DRIFT (%) 0.7
ETABS DRIFT (%) 0.75

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 10 Kirk Specimen S-4 Effective Beam Width Run 3
Lateral Load = 1.970 Kips

RUN 3 SPECIMEN $4 EFF.BM. WIDTH _ LATERAL LOAD = 1.970 KIPS
NNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS WACTUAL M | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.3 204 1.25 25.15
\ INTERIOR 625 58.4 0.93 6.56
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.09 V
TOTAL AVERAGE PERCENT ERROR 15.86

AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 04
ALPHA (NEGATIVE) 0.4 04
BETA (POSITIVE) 0.75 0.25
BETA (NEGATIVE) 0.25 0.25
ACTUAL DRIFT (%) 0.7
ETABS DRIFT (%) 0.7

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 11 Kirk Specimen S-4 Effective Beam Width Runs 1 82 -~
Lateral Load = 2.6 Kips

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Fm 1 SPECIMEN $4 EFF.BM. WIDTH___ LATERAL LOAD =26 KIPS
Pomcnw ACTUALMOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 2.9 14.8 0.62 38.08
INTERIOR 80.1 89.2 1.11 11.36
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.87
%——‘
[TOTAL AVERAGE PERCENT ERROR 24.72
AND BETA VALUES USED FOR ANALYSIS
SPAN 1.2 SPAN 2-3
ALPHA 0.4 04
BETA 1 1
ACTUAL DRIFT (%) 0.9
ETABS DRIFT (% 0.35
@N 2 SPECIMEN $-4 EFF.BM. WIDTH ___ATERAL LOAD = 2.6 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 239 13.2 0.55 “
[ INTERIOR _ %, 113 1336
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 084
TOTAL AVERAGE PERCENT ERROR_ 29.06]
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3
ALPHA 04 04
BETA 0.33 0.33
| ACTUAL DRIET (%) 0.98
ETABS DRIFT (%) 0.9



Lateral Load = 2.6 Kips

Table 12 Kirk Specimen S—4 Effective Beam Width Run3

FLN 3 SPECIMEN S4 EFF. BM. WIDTH LATERAL LOAD = 2.6 KIPS
’CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 2.9 28.8 1.21 20.50
INTERIOR 80.1 75.2 0.94 6.12
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.07 ]
[TOTAL AVERAGE PERCENT ERROR 13.34

ALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 0.4
ALPHA (NEGATIVE) 0.4 0.4
BETA (POSITIVE) 0.6 0.25
BETA (NEGATIVE) 0.25 0.25
ACTUAL DRIFT (%) 0.98
ETABS DRIFT (%) 0.98

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 13 Kirk Specimen S-2 Equlvalent Frame Runs 1 & 2
Lateral Load = 1.26 Kips

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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RUN 1 SPECIMEN S-2 EQUIVALENT FRAME LATERAL LOAD = 1.26 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS WACTUAL M | % ERROR
KIP-IN KIP-IN
EXTERIOR 3.1 4 1.29 29.03
INTERIOR 41.3 46.4 0.98 1.90
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.14
(TOTAL AVERAGE PERCENT ERROR 15.47
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 1 1
ACTUAL DRIFT (%) 0.39
ETABS DRIFT (%) 017
RUN 2 SPECIMEN $-2 EQUIVALENT FRAME LATERAL LOAD = 1.26 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 34 -3.2 -1.03 203.23
INTERIOR 47 6 113 13,32
ACTUAL MOMENT 1,08
TOTAL AVERAGE PERCENT ERROR _ 108,27 |
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA -1 1
BETA 0.33 0.33
ACTUAL DRIFT (%) 0.39
ETABS DRIFT (%) 0.3




Table 14 Kirk Specimen S-2 Equivalent Frame Run 3
Lateral Load = 1.26 Kips

RUN 3 SPECIMEN §-2 EQUIVALENT FRAME LATERAL LOAD = 1.26 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS M/ACTUAL M | % ERROR
KIP-IN KIP-IN
EXTERIOR 3.1 28 0.90 9.68
INTERIOR 47.3] 47.6 1.01 0.63
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.95
{TOTAL AVERAGE PERCENT ERROR 5.16

HA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 0.4
ALPHA (NEGATIVE) 04 0.4
BETA (POSITIVE) 1 0.5
BETA (NEGATIVE) 0.5 0.5
ACTUAL DRIFT (%) 0.39
ETABS DRIFT (%) 0.371

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 15 Kirk Specimen S-2 Equivalent Frame Runs 1 & 2
Lateral Load = 2.205 Kips

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!

1

05

IRUN 1 SPECIMEN S-2 EQUIVALENT FRAME LATERAL LOAD = 2.205 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.5 18 1.09 9.09
INTERIOR .5 70 0.8 2.40
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1,03
TOTAL AVERAGE PERCENT ERROR 5.50
AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3
ALPHA 1 1
BETA 1 1
ACTUAL DRIFT (%) 0.73
ETABS DRIFT (%) 0.27
RUN 2 SPECIMEN S-2 EQUIVALENT FRAME LATERAL LOAD = 2.205 KIPS
CONNECTION ACTUAL MOMENT | ETABSMOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.5 9.6 0.58 41.82
| INTERIOR 4| 7 1.10 10.21
[TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.84
TOTAL AVERAGE PERCENT ERROR 26,01
AND BETA VALUES USED FOR ANALYSIS
SPAN 1.2 SPAN 23
ALPHA 1 1
BETA 0.33 0.33
| -ACTUAL DRIFT (%) 0.73
ETABS DRIFT (%) 0.48




Table 16 Kirk Specimen S-2 Equivalent Frame Run 3
Lateral Load = 2.205 Kips

RUN 3 SPECIMEN S-2 EQUIVALENT FRAME_LATERAL LOAD = 2.205 KIPS
‘CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
_EXTERIOR 16.5 18.2 1.16 16.36
INTERIOR 71.5 69.2 0.97 322
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.07
{TOTAL AVERAGE PERCENT ERROR 9.79

AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 04 04
ALPHA (NEGATIVE) 0.4 04
BETA (POSITIVE) 0.75 0.33
BETA (NEGATIVE) 0.33 0.33
ACTUAL DRIFT (%) 0.73
ETABS DRIFT (%) 0.76

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 17 KIrk Specimen S-2 Equlvalent Frame Runs 1 & 2

Lateral Load = 2.6 Kips
RUN 1 SPECIMEN §-2 EQUIVALENT FRAME LATERAL LOAD = 2.6 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT ETABS M/ACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 20.5 244 1.18 198.02
IWERIOR 83.5 79.6 0.95 4.67
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.07
[TOTAL AVERAGE PERCENT ERROR 11.85
IALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 1 1
ACTUAL DRIFT (%) 0.84
ETABS DRIFT (%) 0.32
RUN 2 SPECIMEN S-2 EQUIVALENT FRAME LATERAL LOAD = 2.6 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT ETABS MJACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 20.5 15.2 0.74 25.85
INTERIOR 83.5 88.8 1,06 6,35
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 090
TOTAL AVERAGE PERCENT ERROR 16,10

ALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 0.33 0.33
ACTUAL DRIFT (%) 0.84
ETABS DRIFT (%) 0.56

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!

107




Table 18 Kirk Specimen S-2 Equlvalent Frame Run 3
Lateral Load = 2.6 Kips

,gun 3 SPECIMEN §-2 EQUIVALENT FRAME LATERAL LOAD = 2.6 KIPS
FONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 20.5 24 117 17.07
INTERIOR 83.5 80 0.96 4.19
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.06
{TOTAL AVERAGE PERCENT ERROR 10.63

ALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 04
ALPHA (NEGATIVE) 0.4 04
BETA (POSITIVE) 0.65 0.33
BETA (NEGATIVE) 0.33 0.33
ACTUAL DRIFT (%) 0.84
ETABS DRIFT (%) 0.92

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 19 Kirk Specimen S-4 Equivalent Frame Runs 1 & 2
Lateral Load = 1.313 Kips

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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. [RUNY SPECIMEN $4 EQUIVALENT FRAME LATERAL LOAD = 1.313 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABSMWACTUALM | % ERROR
KIPAN KIP-IN
EXTERIOR 7.2 5.2 0.72 27.78
INTERIOR 452 472 1.04 442
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.8
%
TOTAL AVERAGE PERCENT ERROR 16.10
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 1 1
ACTUAL DRIFT (%) 0.48
ETABS DRIFT (%) 0.18
RUN 2 SPECIMEN §-4 EQUIVALENT FRAME LATERAL LOAD = 1.313 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABSMWACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 12 -2 -0.28 127.78
INTERIOR 4 54,4 120 2035
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.74
TOTAL AVERAGE PERCENT ERROR 74,07
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 0.3 0.33
|_ACTUAL DRIFT (%) 0.48
ETABS DRIFT (%) 0.32



Table 20 Kirk Specimen S-4 Equlvalent Frame Run 3

Lateral Load = 1.313 Kips

RUN 3 SPECIMEN S+4 EQUIVALENT FRAME LATERAL LOAD = 1.313 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR . 1.2 64 0.89 11.11
INTERIOR 45.2 46 1.02 1.77
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 095
TOTAL AVERAGE PERCENT ERROR Y

ALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 0.4
ALPHA (NEGATIVE) 0.4 0.4
BETA (POSITIVE) 1 0.33
BETA (NEGATIVE) 0.33 0.33
ACTUAL DRIFT (%) 0.48
ETABS DRIFT (%) 0.49

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 21 Kirk Specimen S—4 Equivalent Frame Runs 1 & 2
Lateral Load = 1.970 Kips

N1 SPECIMEN S-4 EQUIVALENT FRAME LATERAL LOAD = 1.970 KIPS
CONNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS MACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 16.3 16.8 1.03 3.07
INTERIOR 825 62 __0.99 0,80
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.01
TOTAL AVERAGE PERCENT ERROR 93

AND BETA VALUES USED FOR ANALYSIS

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 1 1
ACTUAL DRIFT (%) 0.7
ETABS DRIFT (%) 0.25
2 SPECIMEN S4 EQUIVALENT FRAME LATERAL LOAD = 1.970 KIPS
ICONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS M/ACTUAL M % ERROR
KIP-IN KIP-IN
EXTERIOR 16.3 9.2 0.56 43.56
| INTERIOR 5 696 114 11,36
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT
TOTAL AVERAGE PERCENT ERROR _ 2746
AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 0.33 0.33
ACTUAL DRIFT (%) 0.7
ETABS DRIFT (%) 0.44



Table 22 Kirk Specimen S4 Equlvalent Frame Run 3
Lateral Load = 1.970 Kips

RUN 3 SPECIMEN S4 EQUIVALENT FRAME LATERAL LOAD = 1.870 KIPS
‘CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS M/ACTUAL M % ERROR
KIP-IN KIP-IN
EXTERIOR 16.3 19.6 1.20 20.25
___INTERIOR 59, 0.95 5.28
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.07
[TOTAL AVERAGE PERCENT ERROR 12.76

ALPHA AND BETA VALUES USED FOR ANALYSIS

SPAN {-2 SPAN 2-3
ALPHA (POSITIVE) 04 04
ALPHA (NEGATIVE) 0.4 04
BETA (POSITIVE) 0.75 0.3
BETA (NEGATIVE) 0.3 0.3
ACTUAL DRIFT (%) 0.7
ETABS DRIFT (%) 0.74

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 23 Kirk Specimen S-4 Equivalent Frame Runs 1 & 2
Lateral Load = 2.6 Kips

RUN 1 SPECIMEN $4 EQUIVALENT FRAME LATERAL LOAD = 2.6 KIPS
ICONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | % ERROR
KIP-IN KIP-IN
EXTERIOR 2.9 27.2 1.14 13.84
INTERIOR 0.1 76.8 0.96 412
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.05
[TOTAL AVERAGE PERCENT ERROR 8.96
AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 1 1
ACTUAL DRIFT (%) 0.98
ETABS DRIFT (%) 0.32
RUN 2 SPECIMEN S-4 EQUIVALENT FRAME LATERAL LOAD = 2.6 KIPS
ICONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS MACTUALM | % ERROR
‘ KIP-IN KIP-IN
EXTERIOR 23.9 19.6 0.82 17.99
INTERIOR 801 84.4 1.05 537
0 SIACTUAL MOMENT 0
TOTAL AVERAGE PERCENT ERROR 1168
AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA 1 1
BETA 0.33 0.33
ACTUAL DRIFT (%) 0.98
ETABS DRIFT (%) 0.57

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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Table 24 Kirk Specimen S<4 Equivalent Frame Run 3
Lateral Load = 2.6 Kips

»

NOTE: COLUMN MOMENTS AT JOINT ARE POSITIVE CLOCKWISE!
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RUN 3 SPECIMEN $-4 EQUIVALENT FRAME LATERAL LOAD = 2.6 KIPS
CONNECTION ACTUAL MOMENT ETABS MOMENT | ETABS WACTUALM | ERROR
KIP-IN KIP-IN
EXTERIOR 239 284 1.19 18.83
INTERIOR 80.1 75.6 0.94 5.62
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.07
% e
(TOTAL AVERAGE PERCENT ERROR 12.22
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3
ALPHA (POSITIVE) 0.4 04
ALPHA (NEGATIVE) 0.4 0.4
BETA (POSITIVE) 0.65 0.3
BETA (NEGATIVE) 0.3 0.3
ACTUAL DRIFT (%) 0.98
ETABS DRIFT (%) 0.98



Table 25 Moehle Spacimen Run 1

Lateral Load = 15.15 Kips

North-South Direction 0.5% Drift

|
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RUN 1 MOEHLE SPECIMEN __N-50.6% ORIFT _LATERAL LOAD = 15,15 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS W ACTUAL M % ERROR |
KIP4N KIP-IN OF COLUMN GROUP
Al 184 17.9 0.97
B 289 31.3 1.08
ct 207 28 1.10
D1 136 14.4 1.06
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A1-DT) 1.05 6.76
A2 412 402 0.85
B2 128.4 1121 0.88
c2 85.2 79.4 093
D2 318 322 1.01
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2.02) 0.9 8.85
A3 2 387 092
B3 118.2 105.2 0.8
c3 841 73.4 0.87
03 31.2 30.8 0.99
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3.03) 092 829
A 286 322 1.13
B4 50.2 53.1 1.06
c4 41.2 407 0.99
D4 29 273 114
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A¢-04) 1.08 8.45
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.99
(TOTAL AVERAGE PERCENT ERROR 8.07
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 12 SPAN 23 SPAN 34
ALPHA 04 0.4 0.4
BETA 1 1 1
[ACTUAL DRIFT 05
{ETABS ORIFT (%) 0.24



Table 26 Moehle Specimen Run 2 North-So

Leteral Load = 15.15 Kips

uth birectlon 0.5% Drift
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RUN 2 MOEHLE SPECIMEN __N-S0.5% DRIFT __ LATERAL LOAD = 15.15 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT |ETABS M ACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
Al 18.4 14.9 0.81
B1 28.9 218 0.96
c1 20.7 28 1.10
D1 13.6 13.4 0.99
IAVERAGE RATIO OF ETABS/ACTUAL MOMENT (A1-D1 0.96 8.61
A2 47.2 40.2 0.85
B2 ' 128.1 99.2 orr
c2 85.2 82.3 0.97
D2 318 36.2 1.14
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2-D2) 0.93 13.66
A3 42 39.7 0.95
B3 118.2 4.7 0.80
c3 84.1 77.9 093
03 31.2 35.2 1.13
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3-D3) 0.95 11.30
A4 28.6 31.7 1.11
B84 50.2 57 1.14
c4 412 48.6 1.18
D4 2.9 2.8 1.25
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A4-D4) 117 16.76
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.00
{TOTAL AVERAGE PERCENT ERROR 12.60
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3 SPAN 34
ALPHA 0.4 0.4 0.4
8ETA 0.33 0.33 0.33
JACTUAL DRIFT (%) 0.5
ETABS DRIFT (%) 0.5



Table 27 Moehle Specimen Run 3 North-South Direction 0.5% Drift
Lateral Load = 15.15 Kips
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RUN 3 MOEHLE SPECIMEN __ N-S 0.5% DRIFT _ LATERAL LOAD = 15.15 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS W ACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
At 18.4 14.9 0.81 '
B1 28.0 21.3 0.84
c1 2.7 218 1.05
D1 13.6 13.4 0.99
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A1-D1) 0.95 7.84
A2 47.2 402 0.85
B2 128.1 103.2 0.81
c2 85.2 828 0.97
D2 31.8 357 1.12
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2-D2) 0.94 12.34
A3 42 4.1 1.05
83 118.2 1126 0.85
c3 84.1 88.8 1.06
D3 31.2 38.2 1.22
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2-D3) 1,07 9.44
A4 286 238 0.83
B4 50.2 4456 0.89]
c4 412 ar.z 0.92
D4 29 23 0.93
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A4-D4) 0.89 10.78
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.96
[TOTAL AVERAGE PERCENT ERROR 10.10
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2-3 SPAN 34
ALPHA (POSITIVE) 03 0.4 04
ALPHA (NEGATIVE) 04 0.4 0.2
BETA (POSITIVE) 05 0.5 05
BETA (NEGATIVE) 0.15 0.3 0.3
ACTUAL DRIFT (%) 05
ETABS DRIFT (%) 0.45




Table 28 Moehle Specimen Run 1 North-South Direction 1% Drift
Lateral Load = 23.74 Kips
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RUN 1 MOEHLE SPECIMEN __N-S 1.0% DRIFT __LATERAL LOAD = 23.74 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS W ACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GRouP
A1 25.2 31.7 1.26
B1 Q 55.6 1.29
Ct 283 407 1.4
_Di 19.8 269 1.36
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A1-D1) 1.34 33.69
A2 741 62.5 0.84
B2 206.9 1736 0.84
c2 1425 123 086
D2 53 50.1 095
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2-D2) 0.87 12.73
A3 66.3 61 0.92
B3 187.1 166.6 0.89
c3 1393 116.6 084
D3 52.5 48.1 0.92
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3-03) 089 10.91
A4 38.2 46.1 1.21
B4 66.5 7.4 1.16
c4 56.9 58.5 1.03
D4 348 39. 1.43
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A4.D4) 1.13 13.13
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.06
(TOTAL AVERAGE PERCENT ERROR 17.61
HA AND BETA VALUES USED FOR ANALYSIS
SPAN 1-2 SPAN 2.3 SPAN 34
ALPHA 0.4 0.4 0.4
BETA 1 1 1
CTUAL DRIFT (%) 1
{ETABS DRIFT (%) 0.37




Table 29 Moehle Specimen Run 2 North-South Direction 1% Drift
Lateral Load = 23.74 Kips

N2 MOEHLE SPECIMEN __N-S 1.0% DRIFT __ LATERAL LOAD = 23.74 KIPS
NNECTION ACTUAL MOMENT | ETABS MOMENT | ETABS W ACTUAL M % ERROR

KIPAN KIPIN OF COLUMN GROUP

Af 252 278 1.10

81 43 52.1 1.21

ct 283 437 1.54

D1 198 258 1.30
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A1.D1) 1.2 2905

A2 74,4 A 63 0.85

g2 206.9 154.3 0.75

c2 1425 121.5 0.89

—D2_ 53 56.5 1.07
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2.02) 0.8 14,3

A3 66.3 62 0.94

83 187.4 149.8 0.80

c3 1393 1235 0.89]

D3 525 55.6 1.06
VERAGE RATIO OF ETABS/ACTUAL MOMENT (A3.03) 092 10.92
Ad 382 45.1 1.18 |

B4 66.5 80.9 1.22

c4 56.9 68.9 1.21

D4 us8 4.7 1.20
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A4.D4) 1.20 20.16

TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 1.08
{TOTAL AVERAGE PERCENT ERROR 18.63

ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN 1.2 SPAN 2-3 SPAN 34
ALPHA 04 04 0.4
BETA 0.33 033 033

ECTUAL DRIFT (%) 1
ABS DRIFT (%) 0.79
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Table 30 Moehle Specimen Run 3 North-South Direction 1% Drift
Lateral Load = 23.74 Kips
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UN3 MOEHLE SPECIMEN __N-S 1.0% DRIFT _ LATERAL LOAD = 23.74 KIPS
ICONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS M/ ACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
Al 25.2 19.8 0.79
81 43 357 0.83
c1 283 303 1.07
D1 198 18.8 095
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A1-D1) 091 12,63
A2 74.1 65 0.88
B2 2069 158.2 0.76
c2 1425 1319 0.93
D2 53 59 111
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A2-D2) 082 13.64
A3 663 734 111
B3 187.1 183 0.88
c3 1203 150.3 1.08
D3 525 65 126
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3-D3) 111 11.63
A 38.2 3.2 0.0
B4 66.5 64 0.06
c4 56.9 55.6 0.8
D4 3438 327 0.94
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A4-D4) 0.94 5.64
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.97
(TOTAL AVERAGE PERCENT ERROR 10.8
AND BETA VALUES USED FOR ANALYSIS
SPAN1-2 SPAN 2-3 SPAN 34
ALPHA (POSITIVE) 0.2 0.4 0.4
ALPHA (NEGATIVE) 04 0.4 0.2
BETA (POSMIVE) 0.35 0.35 0.35
BETA (NEGATIVE) 0.11 0.21 0.21
ACTUAL DRIFT (%) 1
ETABS DRIFT (%) 099



Table 31 Moehle Specimen Run 1 East-West Direction 0.5% Drift
Lateral Load = 17.93 Kips

RUN 1 MOEHLE SPECIMEN __ E-W 0.5% DRIFT__ LATERAL LOAD = 17.93 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT |ETABS M/ACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
D3 285 6.9 0.24
D4 14,4 3 021
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (D3.D4 0.23 7748
_c3 1334 1126 0.84
4 48.8 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (C3.C4) 0.94 9.64
_B3 _ 107.4 99.7 083
B4 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (B3.84) 1.00 _1.52)
A3 58.6 81.8 140
Ad 50.1 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3.A4 1.39 39.38
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.89
[TOTAL AVERAGE PERCENT ERROR 33.51
HA AND BETA VALUES USED FOR ANALYSIS
SPAN D-C SPAN C-B SPAN B-A
ALPHA 04 0.4 0.4
BETA 1 1 1
{ACTUAL DRIFT (%) 05
ETABS DRIFT (%) 0.43
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Lateral Load = 17.93 Kips

Table 32 Moehle Specimen Run 2 East-Waest Direction 0.5% Drift
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RUN 2 MOEHLE SPECIMEN __ E-W0.5% DRIFT _ LATERAL LOAD = 17.93 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS M/ACTUAL M % ERROR
KIP-IN KIPIN OF COLUMN GROUP
D3 285 2 0.07
D4 144
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (D3-04) _005 04.76
c3 1334 105.7 0.79
c4 491 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (C3-C4) 0.90 10.69
83 107.4 101.7 095
B4 _368 422 115
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (B3.84) 1.05 9.99
A3 58.6 90.3 1.54
A4 53.6 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3-A4) 1.51 51.49
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT - 0.88
[TOTAL AVERAGE PERCENT ERROR 41.73
HA AND BETA VALUES USED FOR ANALYSIS
SPAN D-C SPAN C-B SPAN B-A
ALPHA 04 0.4 04
BETA 0.33 033 0.33
ACTUAL DRIFT (%) 05
ETABS DRIFT (%) 1.14




Lateral Load = 17.93 Kips

Table 33 Moehle Specimen Run 3 East-West Direction 0.5% Orift
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RUN 3 MOEHLE SPECIMEN __ E-W 0.5% DRIFT _ LATERAL LOAD = 17,93 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS M/ACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
D3 285 08 084
D4 14.4 129
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (D3-D4 087 1345
c3 1334 125 094
c4 11
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (C3-C4) 1.06 1206
B3 107.4 98.2 0.91
B4 382 104
VERAGE RATIO OF ETABS/ACTUAL MOMENT (B3-B4) 0.8 6.19
A3 58.6 56.5 096
A4 32.7
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3-Ad) 0.94 6.38
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.96
[TOTAL AVERAGE PERCENT ERROR 9.52
HA AND BETA VALUES USED FOR ANALYSIS
SPAN D-C SPAN C-8 SPAN B-A
ALPHA (POSITIVE) 05 04 0.4
ALPHA (NEGATIVE) 04 04 04
BETA (POSIIVE) 1 1 1
BETA (NEGATIVE) 1 1 03
CTUAL DRIFT (%) 05
ETABS DRIFT (%) 0.49




Table 34 Moehle Specimen Run 1 East-West Direction 1% Drift
Lateral Load = 24.93 Kips

RUN 1 MOEHLE SPECIMEN __E-W 1.0% DRIFT _ (ATERAL LOAD = 24.93 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS WACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
D3 “ 268 061
D4 224 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (D3-04) 0.62 38.10
c3 185 1538 _0.83]
c4 66.6 ' |
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (C3-CA4) 084 10.53
B3 154.2 140.4 091
B4 105
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (B3-84) 0.98 713
A3 1.5 98.2 1.37
Al 478 60 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3-Ad) 1.31 31.43
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 096
(TOTAL AVERAGE PERCENT ERROR 21.80
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN D-C SPAN C-8 SPAN B-A
ALPHA 04 - 04 04
BETA 1 1 1
ACTUAL DRIFT (%) 1
ETABS ORIFT (%) 0.7
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Table 35 Moehle Specimen Run 2 East-Waest Direction 1% Drift
Laterai Load = 24.93 Kips

——
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RUN 2 MOEHLE SPECIMEN __ E-W 1.0% DRIFT _ LATERAL LOAD = 24.03 KIPS
CONNECTION ACTUALMOMENT | ETABS MOMENT | ETABS M/ ACTUAL M % ERROR
KIP-IN KIPIN OF COLUMN GROUP
03 “ 21.3 048
D4 2.1 109 4
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (D3-.04) 0.49 5113
) 185 1458 0.79
c4 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (C3.C4) 0.90 1127
B3 1542 142.4 0.92
B4 528 114
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (B3.84) 1.02 0.02
A3 78] 108.1 1.51 ]
A4 478 64 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (AS.A4) 143 42.54
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.96
[TOTAL AVERAGE PERCENT ERROR 254
[ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN D-C SPAN C-B SPAN BA
ALPHA 04 04 04
BETA 0.33 0.33 0.33
ACTUAL DRIFT (%) 1
ETABS DRIFT (%) 1.57



Lateral Load = 24.93 Kips

Table 36 Moehle Spacimen Run 3 East-Waest Direction 1% Drift
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UN3 MOEHLE SPECIMEN __E-W 1.0% ORIFT __ LATERAL LOAD = 24,93 KIPS
NNECTION ACTUALMOMENT | ETABSMOMENT |ETABS WACTUAL M % ERROR
KIP-IN KIP-IN OF COLUMN GROUP
D3 4“ 357 0.81
D4 21 188
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (D3-04) 083 16.60
c3 185 1704 092 I
c4 8.9 118
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (03.C4) 1,05 13.26
83 1542 1448 0.94
B4 1
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (B3.84) 1.01 7.50
A3 75 708 099 ]
Ad 48 412
AVERAGE RATIO OF ETABS/ACTUAL MOMENT (A3Ad 093 732
TOTAL AVERAGE RATIO OF ETABS/ACTUAL MOMENT 0.96
[TOTAL AVERAGE PERCENT ERROR 11.25
ALPHA AND BETA VALUES USED FOR ANALYSIS
SPAN DC SPAN C-8 SPAN B-A
ALPHA (POSITIVE) 04 04 04
ALPHA (NEGATIVE) 0.4 04 04
BETA (POSITIVE) 07 07 0.7
BETA (NEGATIVE) 07 01 0.25
ACTUAL DRIFT (%) 1
ETABS DRIFT (%) 0.92



Table 37. Recommended Alpha and Beta Values for
the Effective Beam Width Two-Beam Model

Clear Span/Depth Ratio = 20 " 0.5% DRIFT " 1.0% DRIFT

LOCATION " ALPHA BETA I ALPHA BETA

Exterior Negative 0.2 0.3 l 0.2 0.21
Exterior Positive 0.2 0.5 " 0.2 0.35

Ist Interior Negative 0.15 " 0.4 0.11
Interior Positive 0.4 0.5 " 0.4 0.35
Interior Negative " 0.4 0.3 JL 0.4 0.21
Clear Span/Depth Ratio = 30 " 0.5% DRIFT - " 1.0% DRIFT

LOCATION , __" ALPHA BETA " ALPHA BETA

Exterior Negative —" 0.2 0.6 0.2 0.46
Exterior Positive " 0.4 1 0.4 0.7
Ist Interior Negative " 0.4 1 0.4 0.7
Interior Positive 0.4 1 0.4 0.7
Interior Negative 0.4 1 04 0.7
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Span/Depth Ratio = 20 Load

0.5% Drift Dirn
a=04 a=04 a=0.2

l p=041 B=03| a=a3|
I a=0.2 I a=04 a=04 I

B=05 B=05 B=0.5
Span/Depth Ratio = 20 Load
1.0% Drift Dirn

a=04 a=04 a=0.2

I B=OJ1 B=oz1 B=az1
| a=0.2 a=04 a=04

B=0.35 B=035 B=0235
Span/Depth Ratio = 30 Load
0.5% Drift Dirn

a=04 a=04 a=02
l B=1.0 I B=1.0 B=06 I
I 04 I 0.4 a=04 l
B=10 B=1.0 B=1.0
1
Span/Depth Ratio = 30 Load
1.0% Drift Dirn
a=04 a=04 a=0.2
I B=0.7 | $=07 | » B=0.46 l
I a=04 l a=04 I a=04 l
B=07 B=07 B=0.7

Fighre 33 Recommended Alpha and Beta Values for

the Effective Beam Width Two-Beam Model.
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APPENDIX
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APPENDIX

In order to demonstrate the application of the recommended alpha and beta values
for flat-plate analysis using the two-beam model, a realistic example of a flat-plate structure
was developed (Figures 34 and 35). The structure is 5 bays by 5 bays, with two I-shaped
shear walls running vertically through the center of the building. The span lengths vary in
dimension, allowing for different 1,/h ratios. All columns are 24" x 24" (610 x 610 mm)
square, while the shearwalls are 12" (305 mm) thick throughout. The slab is 9" (229 mm)
thick.

Figure 34 shows the recommended effective beam widths for the two-beam model
analysis in the North direction. The effective beam widths along gridlines 1 through 3
represent service load analysis (0.5% drift). The effective beam widths along gridlines 4
through 6 represent ultimate load analysis (1.0% drift).

Figure 35 shows the recommended effective beam widths for the two-beam model analysis
in the East direction. The effective beam widths along gridlines A through C represent
service load analysis (0.5% drift). The effective beam widths along gridlines D through F

represent ultimate load analysis (1 0% drift).
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Figure 34  Application of Recommended Alpha and Beta Values
for Two—Beam Model Analysis in the North Direction.
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Application of Recommended Alpha aond Beta Values

for Two—Beam Model Analysis in the East Direction.
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NOTATION
dimension of rectangular column parallel to direction of loading
dimension of rectangular column transverse to direction of loading
slab thickness
actual column stiffness
equivalent column stiffness
length of span parallel to direction of loading
length of span transverse to direction of loading
clear span-to-depth ratio

effective beam width factor, alpha

stiffness reduction factor for cracking, beta
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