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ABSTRACT: An equivalent frame approach is presented for nonlinear seismic anal- 
ysis of reinforced-concrete flat plate buildings. The approach employs a parametric 
hysteretic model and is based on the effective slab-width concept. Unlike in the 
previous equivalent frame approaches, the proposed method targets both the mo- 
ment-transfer capacity as well as stiffness of the interior and exterior slab-column 
connections. The hysteretic parameters and the effective slab width factors are 
determined from results of laboratory tests on slab-column connections for the class 
of flat plate buildings constructed prior to the 1960s with reinforcing detail typical 
of gravity load design. The validity of the approach is justified by comparing the 
calculated and the measured responses of two-bay flat plate subassemblies tested 
under earthquake-type loading. With the proposed equivalent frame approach, the 
response of flat plate buildings for seismic loading could be predicted more real- 
istically over a wide range of lateral drift levels. 

INTRODUCTION 

The eastern region of the United States has a large number of older flat 
plate buildings which were designed and built to resist gravity loads only. 
The slab-column connections in these buildings have reinforcing detail ap- 
propriate for gravity load design and thus may not have the capacity to 
sustain deformation reversals during an earthquake of moderate intensity. 
The study presented here is focused on evaluating the seismic response of 
flat plate buildings constructed prior to nineteen sixties (ACI:  Building 194l; 
ACI: Building 1956). The modern seismic codes (UBC: Uniform 1991; ACI:  
Building 1989) ensure the safety of flat plate buildings by stipulating three 
main requirements: (1) Provide adequate moment  and shear capacity at 
connections; (2) limit the demand on connections by requiring lateral load 
resisting elements such as shearwalls; and (3) have the slab bottom rein- 
forcement continuous through the column as a protection against progressive 
collapse. Most of the older flat slab and flat plate buildings are deficient in 
all three counts, especially in the last category. Recent  concern over the 
probability of a moderate intensity earthquake in the eastern United States 
has spawned interest in studying the seismic resistance and the need for 
retrofit of these types of buildings. 

Being a topic of recent interest, the research data on seismic resistance 
of slab-column connections and on analytical modeling for seismic response 
analysis of pre-1960s flat plate buildings is rather limited. Even though 
several analytical methods, including finite element and equivalent frame 
approaches, have been used for flat plate systems subjected to static gravity 
and lateral loads, none of  them is appropriate for analyzing older flat plate 
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systems under seismic loading. The effective beam-width model (Pecknold 
1975; Allen and Darvall 1977) and the equivalent column model (Corley 
et al. 1961; Corley and Jirsa 1970) were developed to predict the stiffness 
of fiat plates under static loads. The hysteretic response and moment-trans- 
fer capacity of the slab-column connections under combined gravity and 
seismic loading is not considered in these models. Other models, such as 
the eccentric shear stress model (Di Stasio and Van Buren 1960) and the 
beam analogy model (Park and Islam 1976), have been developed to predict 
the shear and flexural strength of connections. The separate treatment of 
strength and stiffness is not appropriate for predicting the seismic response 
of flat plate buildings. Seismic analysis requires that the strength, stiffness, 
nonlinearity of the response, and the hysteretic behavior should all be in- 
cluded in the analytical model. This paper presents an analysis approach 
for predicting the seismic response of pre-1960s flat plate buildings. This 
approach considers both strength and stiffness equivalence and also includes 
the hysteretic characteristics of slab-column connections. Test data on slab- 
column connections is used to identify the hysteretic model parameters and 
to verify the analytical results based on the equivalent frame approach. 

EXPERIMENTAL RESULTS 

Results from two series of tests on flat plate connections, designed and 
detailed according to ACI Building Code (Building 1956), are briefly de- 
scribed before presenting the analytical procedure. In the first series of tests, 
four half-scale slab-column connection subassemblies each consisting of two 
exterior connections and one interior connection, were tested under quasi- 
static cyclic loading to study the seismic behavior of slab-column connections 
designed to resist gravity loads only. Since the study focussed on the response 
of the slab in the connection region, the columns were designed to remain 
elastic during lateral loading. Gravity load was applied to the slab to simulate 
service loads. Further details of this study can be found elsewhere (Durrani 
and Du 1992). The second series consisted of tests on individual interior 
and exterior slab-column connections. These connections were tested to 
establish the hysteretic model, therefore, no gravity load was applied to the 
slab. Details of the specimens for both test series are given in Table 1. The 
test setup and reinforcing detail of the individual connections are shown in 
Figs. 1 and 2, respectively. The discontinuity of the slab bottom reinforce- 
ment at the interior connection is to be noted. 

The observed moment-curvature response for the two individual interior 
and exterior connections is shown in Fig. 3. The moment-transfer capacity 
of the exterior connection decreased rapidly after reaching the peak moment 
in both loading directions. In addition, the moment-transfer was observed 
to occur over a relatively small slab width centered on the column. The 
torsional capacity of the slab edge adjacent to the column controlled the 
final moment-transfer capacity of the exterior connection. The moment- 
transfer capacity of the interior connection was significantly different in the 
two loading directions and did not change much beyond the peak value as 
indicated by the envelope of the hysteresis loops. The hysteresis loops for 
both interior and exterior connections are severely pinched. The slab re- 
inforcement yielded first near the column line and, as the lateral drift in- 
creased, more slab reinforcement yielded. The sustained moment-transfer 
capacity, particularly in the negative moment direction, is attributed to 
increased participation of the slab with the increasing drift levels. Since the 
slab bottom reinforcement was not continuous through the column, the 
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FIG. 1. Test Setup for Individual Connections: (a) Specimen II; (b) Specimen IE 

moment-transfer capacity in positive bending was limited to the cracking 
moment capacity of the slab. The failure of connections is typically char- 
acterized by flexural yielding of the slab at the interior connection, and 
flexurai yielding and torsional cracking of the slab edge at the exterior 
connection. Since no gravity load was applied to the slab in individual 
connections, the low flexural yielding strength of the slab protected the 
connection against the possibility of a punching failure. 

The slab-column connection subassemblies with two exterior and one 
interior connection each were subjected to gravity loads as indicated in 
Table 1. The gravity load on the slab was adjusted to result in the same 
level of shear stress in the connection region as in the prototype building. 
The observed moment-curvature response of the interior and exterior con- 
nections of the subassembly specimens is shown in Figs. 4 and 5. The 
moment-curvature behavior of connections in subassemblies is observed to 
be very similar to that of the individual connections. In positive bending, 
the moment-transfer capacity of the interior connection was limited to the 
flexural cracking strength of the slab. The anchorage of the slab bottom 
reinforcement at the exterior connections was lost quickly under cyclic load- 
ing, resulting in rapid degradation of the moment-transfer capacity in pos- 
itive bending [see Figs. 4(a) and 5(a)]. As in individual connections, the 

2 1 4 0  



4 

[:] 
a 

a 

i 
h ,@ 

145 ~ ~ 145 
~ 1  ~ 

! 
157 

Bottom reinforcing detail (all slab bars 9.5 mm alia.) 

�9 , , , , ,  l,,,,, il 
I I  I I  I l I 
I I I I I I I I  
I I  i l  I I I 
I I  I I I  I I I [ 
I~-U I J I I 

IIII 
r [111 

III 
III  
I I I  
I I I  

l l l [ [  
I~1111 
I i l l ] l  

= SO :! 
120 ~ ,  

Top reinforcing detail (all slab bars 9.5 mm dia.) 

(a) Specimen II (b) Specimen IE 

cm 

FIG. 2. Reinforcing Detail of Individual Connect ions:  (a) Specimen II; (b) Speci- 
men IE 

hysteresis loops are severely pinched. The measured moment-transfer ca- 
pacities of all connections in both positive and negative loading directions 
are summarized in Table 2. 

I D E N T I F I C A T I O N  OF  H Y S T E R E T I C  P A R A M E T E R S  

The parametric model developed by Kunnath et al. (1990) was used in 
the present study to simulate the hysteretic response of slab-column con- 
nections. The rules for inelastic loading reversals in this model are described 
by three parameters and a nonsymmetric trilinear primary curve. The three 
hysteretic parameters define stiffness degradation, loss of strength, and 
pinching of the hysteresis loops. This model has been improved recently 
by combining the trilinear envelope with four parameters: stiffness degrad- 

2141 



16.5 
[ Exterior connection 
i 

11.0 

0 5.5 . . . .  . . . . . . . . . .  

-5.5 .......... '; ........ /......~..: ......... =~ 

~ ]  i....~.L.i ................ -.- Simulated -.i .......... 
-11.0 ~ i - -  Measured i 

-16.5 i i ' i  i i [ 
-0.006-0.004-0.002 0 0.002 0.004 0.006 

CURVATURE 

(a) Specimen IE 

5.5 

0 

~, -5.5 

-11.0 

-16.5 

-22.0 

-27.5 

-33.0 
-0.006 

Interior c o ~  

.......................... ~.-...-.' !.r ....................... ~ ........................... ~ .......................... 

.......................... ~ 4  ....... ~/..i ........................... ~- .......................... ~ .......................... 

................. ~ ' " " - ' " '  ,'~ . . . . . . . . . . . . . . . . . . . . . . . . . . .  i ........................... - .......................... - .......................... 

Y i i i -.- Simulated 

-0.004 -0.002 0 0.002 0.004 0.006 

CURVATURE 

(b) Specimen II 

FIG. 3. Simulated and Measured Response of Individual Connections: (a) Spec- 
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ing coefficient (cr energy-based strength deteriorating coefficient ([31), 
ductility-based strength deteriorating coefficient ([32), and target slip or 
crack-closing parameter (',/), and has been implemented in version 3.0 of 
IDARC-2D (Kunnath et al. 1992) computer program for nonlinear dynamic 
analysis of reinforced concrete frame buildings. This program was used in 
this study to simulate the test results. 
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FIG. 4. Simulated and Measured Moment-Curvature Response of DNY_I: (a) 
Specimen DNY_I's Exterior Connection; (b) Specimen DNY_I's Interior Connection 

The hysteretic parameters  were identif ied from the observed moment-  
curvature loops of the test specimens. These parameters  were then verified 
by comparing the simulated load-drif t  response with the measured  response 
of the test specimens. Since the s imulated load-drif t  response of the spec- 
imens was quite sensitive to the hysteret ic parameters ,  the measured  mo- 
ment-curvature response of the slab-column connections was used to esti- 
mate the hysteretic parameters.  By simulating the measured moment-curvature 
loops of all test specimens,  the average values of  hysteret ic parameters  were 
identified as oL -- 2.0, 131 = 0.02, 132 = 0.0, ~/ = 0.12 for slab at inter ior  
connections, and a = 2.0, 132 = 0.02, 132 = 0.02, ~, = 0.12 for slab at 
exterior connections. Al l  parameters  for both inter ior  and exterior  connec- 
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tions were the same except for the ductility-based strength deterioration 
coefficient [~2. A zero value of this parameter for the interior connections 
refects the flat top of the moment-curvature envelope and a value of 0.02 
for the exterior connections represents the negative slope of the moment- 
curvature envelope. A comparison of the simulated moment-curvature loops 
based on the identified parameters and the measured hysteresis loops is 
shown in Figs. 3-5.  Good agreement between the simulated and the ob- 
served hysteresis loops shows reliability of the identified parameters. 

EQUIVALENT FRAME APPROACH 

Flat plate structures subjected to combined gravity and lateral loads are 
typically analyzed by linear elastic finite element and equivalent frame ap- 
proaches. The three dimensional finite element approach is computationally 
intensive even for flat plate buildings of moderate heights. Since the flat 
plate buildings behave inelastically even in earthquakes of moderate inten- 
sity, a three-dimensional nonlinear analysis for seismic loading is not prac- 
tical at present. For these reasons the equivalent frame approach, which is 
based on an effective slab width or an equivalent column concept, is more 
widely used and is chosen as the basis for seismic analysis of flat plate 
buildings in this study. The equivalent frame concepts for two dimensional 
analysis are briefly reviewed in the following. 

Effective Slab-Width Method 
The effective slab-width procedure was originally developed for analyzing 

two-way slab-column systems for static lateral loads (Pecknold 1975). In 
this procedure, an effective width factor c~i is obtained such that a slab of 
width cxil2 with a uniform rotation at the column support would allow the 
column located at the center of the panel to rotate the same amount as the 
original column. The columns are modeled in a conventional manner and 
the slab is modeled as a beam of effective width cql2 with depth equal to 
the original slab thickness. The effective width factor ~i is calculated based 
on the equivalent elastic stiffness of the interior slab-column connections. 
The flexural strength of the slab, which is an important factor in seismic 
response calculations, is not considered in this approach and the use of the 
same effective slab-width for both interior and exterior connections is not 
appropriate. 

Equivalent Column Method 
In this approach, those portions of the slab attached to the transverse 

faces of the column are assumed to act as torsional members which transfer 
moments from the slab to the column. The moment-transfer is assumed to 
occur directly over the column width c2 and indirectly along the transverse 
torsional members. The rotational stiffness of the equivalent column is 
determined as a function of the torsional stiffness of the transverse members 
on each side of the joint and the flexural stiffness of the columns above and 
below the joint. The effect of cracking in the slab is considered indirectly 
by calibrating the equivalent column stiffness on the basis of experimental 
data. The full slab width is modeled conventionally and the columns are 
modeled as equivalent columns. As in the previous case, this procedure is 
also limited to elastic analysis for gravity and monotonic lateral loads and 
cannot be used for seismic analysis. 
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PROPOSED EQUIVALENT FRAME APPROACH 

Since neither of the previously described approaches is suitable for non- 
linear analysis of fiat plate structures under seismic loading, a modified 
equivalent frame approach is proposed.  This approach is based on the ef- 
fective slab-width concept which is more  convenient for modeling the slab 
behavior including the strength, stiffness, and hysteretic response. 

Effective Slab-Width Factor 
The effective slab-width factor cci is a function of column and slab aspect 

ratios, and can be calculated by the elastic solution proposed by Pecknold 
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(1975). For the slab-column test specimens considered in the present study, 
the theoretical values of c~i were calculated as 0.963 for "rigid" columns, 
and 0.434 for "flexible" columns. The columns in these specimens were 
designed to remain elastic during the test and thus may be assumed as rigid 
columns. The elastic effective slab-width factor for the interior connections 
can thus be taken as 0.963. 

Moment -Trans fer  Capaci ty  of  Slab 
By assuming the equivalent slab-beam to have the same depth as the 

original slab and a width of 0.96312, the ultimate strength of the slab in 
negative bending at both interior and exterior connections can be calculated 
by 

M, = Ao~il2fy (d  Zail2fy,~ 
1.7etil2fc/ (1) 

and in positive bending by 

1 
M n = -6 ail2h2fr (2) 

where A~,~2 = steel top area in the slab-width eql2; h = slab depth; and f,  
= modulus of rupture of concrete. The calculated and measured flexural 
strengths of the slab for all specimens are compared in Table 2. Based on 
the comparison of calculated and measured flexural capacities, the effective 
slab-width method gives reasonably accurate prediction of the moment- 
transfer capacity of the slab at interior connections in both positive and 
negative bending directions. The ratio of measured and predicted moment- 
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transfer capacities in positive bending are between 0.76 and 1.19 except for 
the specimen II. The measured positive moment-transfer strength of this 
specimen was low due to cracking of the slab in positive bending prior to 
the test. For specimen DNY__2, the effective slab-width model overestimates 
the moment-transfer capacity which suggests that the presence of the heavy 
gravity load on the slab in DNY_2 reduced the effective slab-width. The 
theoretical effective slab-width factor cxi derived for the interior connections 

2148 



gave a poor prediction of the moment-transfer capacity of the slab at the 
exterior connections (see column 4 in Table2). Instead, the moment-transfer 
capacity of the slab at the exterior connections was predicted more accurately 
(see column 6 in Table 2) by combining the flexural and torsional strength 
of the slab as 

Mrt : MCI+C 2 -~ 2Tc (3) 

where Mr = slab flexural capacity over width cl + c2; and Tc = cracking 
torsional strength of the slab edge. 

Effective Stiffness of Interior Connections 
Several experimental investigations (Moehle and Diebold 1985; Pan and 

Moehle 1992; Robertson and Durrani 1992) have shown that the use of 
gross section properties overestimated the actual stiffness of the slab at 
interior connections. Vanderbilt and Corley (1983) proposed that the stiff- 
ness of the effective slab-width be reduced to one-third of the gross stiffness 
which gave a lower bound of the lateral stiffness. Based on their experi- 
mental results, Pan and Moehle (1992) proposed a similar stiffness reduction 
factor [3 = 1/3. The stiffness reduction factor [3 accounted for the total loss 
in stiffness from all causes including cracking and shrinkage. In reality, the 
stiffness reduction factor is also affected by the gravity load, slab steel ratio, 
and aspect ratios l~/12 and c2/l:. The behavior of slab-column connections 
observed during the tests indicated that the stiffness of slab continuously 
decreased as the lateral drift increased. The assumption of a constant stiff- 
ness reduction factor in elastic analysis is thus unrealistic. 

For interior connections, the gradual reduction in stiffness of the slab 
resulting from cyclic lateral loads can be continuously updated as the slab- 
beam element accumulates more inelastic deformation. The stiffness re- 
duction due to the presence of gravity loads can be accounted for by further 
reducing the effective width by a factor, X. The net effective slab-width at 
interior connections is therefore Xotil2. Based on the analysis of measured 
stiffness and moment-transfer capacities of a large number of previously 
reported slab-column connection tests, the stiffness reduction factor X for 
interior connections can be calculated by 

x = l  - 0 . 4  Vg 
4A c ~ '  (4) 

where V e = total shear at the connection due to gravity load; Ac = area 
of the slab critical section; and f"  = compressive strength of concrete 
in pounds per square inch (psi). The background to this formula and 
further details can be found elsewhere (Luo and Durrani, in press, 1994). 
For the slab-column connection subassemblies discussed here, the 
x-factor is calculated as 0.80. The stiffness reduction factor • for the indi- 
vidual specimens is 1.0 as no gravity load was applied to these specimens. 

Effective Stiffness of Exterior Connections 
As explained earlier, the effective width of slab is different at interior 

and exterior connections. The model developed by Corley and Jirsa (1970), 
whereby a part of the total unbalanced moment is transferred in bending 
from the slab portion connected with front face of the column, and the 
remainder is indirectly transferred in torsion from the slab connected with 
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lateral faces of the column, can be used for exterior connections. The tor- 
sional stiffness of the slab at the exterior connections is calculated by 

K, = ~] 9 E~ C 

Knowing the slab stiffness in bending and torsion, the equivalent width 
of the slab at exterior connections can be calculated as 

K~ 
OLel 2 = - -  l 2 (6) K,+K~ 

where Ks = (4EcsI)/ll = flexural stiffness of the slab framing into the exterior 
connection. For all subassemblies and individual exterior connections, ex- 
cept DNY_4, which had a spandrel beam, the equivalent width for the slab 
at the exterior connections was found a s  0 . 7 8 1 2 .  For specimen DNY_4, the 
equivalent slab-width factor % was 0.92. The stiffness reduction factor X 
for gravity load can be assumed to be the same for both interior and exterior 
connections. 

The load-drift response obtained from linear static analysis for B-values 
of 0.80 and 0.33, as suggested by other researchers (Vanderbilt and Corley 
1983; Pan and Moehle 1992), is shown in Fig. 6. Also shown is the response 
obtained from the proposed nonlinear equivalent frame analysis approach 
using an effective slab-width of Xo~il2 at interior connections and X%12 at 
exterior connections. The linear elastic approach does not give realistic 
representation of the actual nonlinear response of the slab-column connec- 
tions. Furthermore, it may underestimate or overestimate the drift response 
depending upon the [3 value chosen. The proposed inelastic equivalent slab- 
beam model gives a better prediction of the load-drift response over a wide 
range of drift levels. The initial actual stiffness of specimen II  is lower 
compared with the predicted stiffness due to accidental cracking of the slab 
prior to the test. 

Equivalent Slab-Beam 
The proposed definition of the equivalent slab-beam element has different 

widths at interior and exterior connections, and these widths are determined 
on the basis of stiffness considerations (Fig. 7). The equivalent slab-widths 
to match the moment-transfer capacities would be different. In analyzing a 
frame, it is not possible to define two different widths for the same element 
to satisfy both strength and stiffness criteria simultaneously. Most of the 
computer programs, including IDARC-2D,  determine element properties 
from the given dimensions and steel area of the beam element. To overcome 
this difficulty, the effective width of the slab-beam element is specified as 
• for the interior connections and X%/2 for the exterior connections to 
match the observed stiffness and the strength is matched by calculating a 
new equivalent steel area for the same effective slab-width. For the interior 
connections, the effective slab-width xcql2 is found to satisfy both strength 
and stiffness criteria simultaneously and, therefore, no recalculation of the 
steel area is required. However, for the slab at the exterior connections, 
the steel area in the equivalent slab-width needs to be recalculated to achieve 
the desired moment-transfer capacity 

Mx~d2 = M~,+~ 2 + 2T~ (7) 
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where  M• = n o m i n a l  s t r e n g t h  of  t he  e q u i v a l e n t  s l a b - b e a m  at  t he  e x t e r i o r  
connec t ions ;  Tc = c rack ing  t o r s i o n a l  s t r e n g t h  of  t he  s lab of  w i d t h  ca; a n d  
Mc,+c~ = f lexura l  capac i ty  of  t h e  s lab  of  w i d t h  Cl + c2 c e n t e r e d  o n  t he  
co lumn.  T h e  e q u i v a l e n t  a r e a  of  s tee l  can  t h e n  b e  ca l cu la t ed  by  subs t i t u t i ng  
Mx~z2 o b t a i n e d  f r o m  (7) in to  t he  lef t  s ide of  (1). 
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FIG. 9. Simulated and Measured Load-Drift Response for Subassemblies: (a) 
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Model Verification 
The proposed  n o n l i n e a r  equ iva len t  f r ame  approach  is used to s imula te  

the load-drift  response  of the  indiv idual  connec t ions  and  the s l ab -co lumn 
connec t ion  subassembl ies .  As shown  in Figs. 8 and  9, the  p roposed  approach  
gives reasonably  good  a g r e e m e n t  b e t w e e n  the pred ic ted  and  the  recorded  
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hysteresis loops. The strength, stiffness, and energy dissipation of the spec- 
imens are well matched over the entire cyclic loading routine for both 
individual connections as well as slab-column connection subassemblies. 
Based on these results, the proposed approach may be used in evaluating 
the seismic response of flat plate buildings constructed prior to 1960s with 
reasonable accuracy. 

CONCLUSIONS 

Several variations of the equivalent frame method are currently available 
for analyzing flat plate buildings under combined gravity and static lateral 
loads. These methods use the effective slab-width approach in which the 
effective width factor is determined from stiffness compatibility consider- 
ations. The effect of cracking in the slab due to gravity and/or seismic load 
is generally included by assuming a certain stiffness reduction factor which 
is based mostly on judgment and experience. The building response thus 
calculated is based on the assumption that the slab stiffness remains constant 
for the duration of the loading. Laboratory tests of slab-column connection 
subassemblies have clearly shown that the stiffness continuously degrades 
as the drift level increases. The elastic response can thus deviate considerably 
from the actual response depending upon the assumed effective slab-width 
and the stiffness reduction factor. A nonlinear equivalent frame approach 
is proposed in which stiffness of the slab is continuously upgraded during 
calculations. This approach is based on the familiar equivalent slab-beam 
concept, and it targets both stiffness as well as the moment-transfer capacity 
of interior and exterior slab-column connections. The effect of cyclic loading 
is included by using a hysteresis model whose parameters are identified from 
the mcasured load-deformation response of slab-column connections, The 
proposed method is verified by comparing the predicted and measured load- 
drift response of the slab-column subassemblies. Even though the hysteresis 
parameters and the effective width factors were identified for flat plate 
buildings of 1960s vintage, the proposed approach could be equally effec- 
tively used for general seismic analysis of flat plate buildings. 
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A P P E N D I X  II. N O T A T I O N  

The following symbols are used in this paper: 

A c 

Ax~,d~ 
A,~il 2 

C 
cl 
c2 
d 

G 
f; 
f, 
f, 
h 
I 

K 
K, 
l, 
12 

M~ 
Mcl+c 2 

= area of slab critical section as defined in A C I  318-89;  
= steel area in equivalent  s lab-beam of width Xo~el2; 
= steel area  in equivalent  s lab-beam of width c~i/2; 
= cross-sectional constant  for torsional  section proper ty ;  
= column dimension in bending direction;  
-- column dimension normal  to bending  direction;  
= effective depth  of slab; 
= modulus of elasticity of slab concrete;  
= compressive strength of concrete;  
= modulus of rupture  of concrete;  
= yielding strength of steel;  
= slab thickness; 
-- moment  of inert ia  of  slab; 
= flexural stiffness of slab; 
= torsional  stiffness; 
= span length in bending  direct ion,  center- to-center  of columns; 
= span length in direct ion t ransverse to 11, center- to-center  of col- 

umns; 
= measured  flexural s trength of slab at column face; 
= flexural capacity of  slab of width c1+ c2 centered on column; 
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M. 

L 

O~ 

~ e  

lY,. i 

,,/ 

• 

= nominal  flexural strength of slab; 
= nominal  flexural s trength of  equivalent  s lab-beam at exter ior  

connection; 
= cracking torsional  strength of slab edge of width Cl; 
= total shear at connection due to gravity load; 
= stiffness degrading coefficient; 
= effective slab-width factor for slab at exter ior  connection; 
= effective slab-width factor for slab at interior  connection; 
= linear stiffness reduction factor; 
= energy-based deter iorat ing coefficient; 
= ducti l i ty-based deter iorat ing coefficient; 
= target slip or  crack-closing parameter ;  and 
-- stiffness reduction factor for gravity load. 
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