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Abstract. The equivalent frame method (EFM) is widely used for the design of two-way reinforced
concrete slab structures, and current design codes of practice permit the application of the EFM in analyzing
the flat plate slab structures under gravity and lateral loads. The EFM was, however, originally developed for
the flat plate structures subjected to gravity load, which is not suitable for lateral loading case. Therefore, this
study, the first part of series research paper, proposed the structural analysis method for the flat plate slab
structures under the combined gravity and lateral loads, which is named as the unified equivalent frame
method (UEFM). In the proposed method, some portion of rotation induced in the torsional member is
distributed to the flexibility of the equivalent columns, and the remaining portion is contributed to that of the
equivalent slabs. In the consecutive companion paper, the proposed UEFM is verified by comparing with
test results of multi-span flat plate structures. Also, a simplified nonlinear push-over analysis method is
proposed, and verified by comparing to test results.
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1. Introduction

A flat plate system is a gravity force resisting system (GFRS), in which slabs are directly
supported on columns without beams. Thus, compared to conventional moment resisting frame
structures, it allows considerable reduction in story heights and great flexibility in plan design, and
its casting work is simple, offering superior constructability. (Hwang and Moehle 1993, 2000, Kim
and Lee 2005, Lee et al. 2009, Park et al. 2012, Lee et al. 2013) The current design standards

*Corresponding author, Ph.D. Candidate, E-mail: dklee@uos.ac.kr
3Professor, E-mail: kangkim@uos.ac.

bPh.D. Student, E-mail: ssarmilmil@hanmail.net

°Ph.D. Candidate, E-mail: fis00z@naver.com

Yprofessor, E-mail: jylee@mokwon.ac.kr

*Associate Professor, E-mail: msshin@unist.ac.kr

Copyright © 2014 Techno-Press, Ltd.
http://www.techno-press.org/?journal=eas&subpage=7 ISSN: 2092-7614 (Print), 2092-7622 (Online)



720 Kang Su Kim, Seung-Ho Choi, Hyunjin Ju, Deuck Hang Lee, Jae-Yeon Lee and Myoungsu Shin

(ACI Committee 318 2011, ASCE 2010, KCI-M-12) permit the flat plate system to be used as a
lateral force resisting system (LFRS) in low to moderate seismic risk regions, and in the design
practices, the flat slab system have been generally used with other primary LFRSs, such as the
shear walls or conventional moment resisting frames. (Robertson 1997, Park et al. 2012) Therefore,
the flat plate system subjected to lateral forces, such as wind or seismic loads, should be capable of
accommodating the lateral deformation induced in the primary LFRS, and adequate considerations
on brittle punching shear failure caused by gravity shear and unbalanced moment should also be
made during the design process. (Schwaighofer and Collins 1977, Robertson 1990, Luo and
Durrani 1995a,b, Hwang and Moehle 2000, Han et al. 2009, Park et al. 2009, Park et al. 2012,
Peiris and Ghlai 2012, Xing et al. 2013)

The analysis methods presented in ACI318-11 (2011) and KCI-M-12 (2012), however, cannot
adequately estimate the lateral response and deformational capacity of the flat plate slab system.
Thus, many existing studies (Vanderbilt and Corely 1983, Cano and Klingner 1987, Hwang and
Moehle 2000, Murray et al. 2003, Park 2009) pointed it out, and they have made efforts to resolve
such issues. The analysis methods for the flat plate system introduced in ACI318-11 (2011) and
KCI-M-12 (2012) are the direct design method (DDM), equivalent frame method (EFM). Since
these models originally aimed to determine the design flexural moment under gravity loads, they
can provide sufficient analysis accuracy using relative stiffness between slabs and columns at
connections, rather than the absolute stiffness of slabs and columns. Under lateral loads, however,
the absolute stiffness of the slab-column frame is even more important, because both the design
moment and the lateral drift of the structure should be examined. (Vanderbilt and Corely 1983,
Hwang and Moehle 2000, Ghali and Gayed 2012) On the other hand, ACI318-11 (2011) and KCI-
M-12 (2012) recommend that the stiffness degradation of the flat plate structure should be
appropriately considered when the EFM or the effective beam width method (EBWM, Pecknold
1975) is used for its lateral analysis. For instance, ACI 318, however, suggests the stiffness
reduction factors of 1/4 to 1/2, which is constant even when the flat plate structure experiences
large lateral deformation over its elastic range, i.e., nonlinear behavior. The constant stiffness
reduction factor makes it difficult to evaluate the lateral drift and design moment accurately, and it
also cannot reflect the initial stiffness degradation of the flat slab caused by gravity shear. (Choi
and Park 2003)

Therefore, this study proposed the torsional stiffness estimation model that can appropriately
evaluate the lateral behavior of the flat plate system subjected to the combined gravity and lateral
loads, based on which the unified equivalent frame method (UEFM) was also developed. The
UEFM proposed in this study is a modified version of the existing equivalent frame approaches to
be suitable for the analysis of the flat plate system under the combined loads. The verification of
the proposed model will be performed in a consecutive paper.

2. Review of previous researches
2.1 A Equivalent frame method (EFM) and effective beam width method (EBWM)
The EFM was originally developed as an analysis method for the two-way slab structures under

gravity loads, (Corely et al. 1961) and various researchers (Corely and Jirsa 1970, Vanderbilt 1981,
Vanderbilt and Corely 1983, Murray et al. 2003, Hwang and Moehle 2000) have examined its
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htheoretical rationality and analytical accuracy in detail. Although there are some differences
among researchers and design standards, the stiffness of the equivalent column in the EFM is
generally determined by summing up the flexibility of the column and the torsional member, so as
to convert a 3D slab-column frame system to a 2D planar frame. Thus, the stiffness of an

equivalent column ( K,.) can be expressed, as follows:

1 1 1

S N 6y
Kee z K. th

where K, is the flexural stiffness of the column, and th is the rotational stiffness of the torsional

member. The current ACI 318-11 (2011) and KCI-M-12 (2012) present the stiffness of a torsional
member (K, ), as follows:

_ 9CE, 2
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where C is the torsional constant, E, is the modulus of elasticity of concrete, L, is the slab width
perpendicular to the design strip, and ¢, is the column width in the L, direction. The stiffness of
the torsional member (K, ) presented in Eq. (2) was adjusted by test results so that it can be

suitable for determining the design moment of the slab under gravity loads. (Corely et al. 1961,
Jirsa et al. 1969, Corely and Jirsa 1970) Figs. 1(a) and (b) show the finite element analysis results
of the flat plate slab-column connections under gravity and lateral loads, respectively. (Park et al.
2009) As shown in Fig. 1(a), in the case of the flat slab under the gravity load, the torsional
rotation angle decreases as approaching to the column face due to large flexural stiffness of the
column. On the contrary, under lateral load, the torsional rotation angle increases as approaching
to the column face as shown in Fig. 1(b), because the column is deformed by the direct lateral
force before the occurrence of slab rotation. Given this different load-transfer mechanisms
between the gravity load and the lateral load, it is unreasonable to adopt the EFM, which was
developed as an analysis method for the slabs under gravity loads only, to estimate the lateral
behavior of the flat plate slab. (Hwang and Moehle 2000, Park et al. 2009)

In the slab-column connection under lateral forces, the rotation of the slab is distributed along
the slab width direction as shown in Fig. 2. On this basis, the effective beam width model (EBWM)
was developed by simplifying the flat plate structure to a slab-beam member that has a uniform
rotation within a specified effective width. (Pecknold 1975, Banchik 1987, Grossman 1997) The
EBWM basically simplifies a 3D frame into an equivalent 2D planar frame by introducing the
effective beam width factor (« ). Pecknold (1975) determined the patterns of load distribution
transferred from the column to the slab mathematically by using the Fourier Series, and derived
the effective beam width (b, ) of the slab accordingly. Durrani and Luo (1995a,b) proposed the

effective beam width factor (« ) for exterior and interior connections by modifying the basic
equation proposed by Pecknold (1975) based on their collected test results, and they also proposed
the slab stiffness reduction factor ( x) as the function of the gravity-shear ratio (V,/V,). The
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effective beam width factor presented in ACSE/SEI 41-06 (ASCE 2007) was determined based on
the finite element analysis results performed by Hwang and Moehle (2000), which is similar to the
effective beam width model proposed by Banchik (1987). In addition, many other effective beam
width models have been proposed, and these can be found elsewhere in existing literatures. (Khan
and Sharounis 1964, Capenter 1965, Alami 1972, Allen and Darvall 1977, Moehle and Diebold
1985, Choi and Song 2005)

The EBWM is one of the easy and simple analysis models to estimate the lateral behavior of
flat-plate structures. However, in the case of flat plate system where the slab width is considerably
larger than the column width, the application of effective beam width factor (« ) is questionable.
In addition, because the EBWM was developed on the basis of the flat plate system where the
columns were arranged in a regular pattern, it is not proper to be applied to the building structures
with irregular column arrangement. (Khan and Sbarounis 1964, Lee and Kim 2003, Kim and Lee
2005) Furthermore, the EBWM assumes that the stiffness degradation of the flat plate system is
entirely contributed by the stiffness degradation of slab members, without any stiffness change of
columns, which makes it difficult to evaluate its realistic lateral behavior. Additionally, Cano and
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Klingner (1987), and Hwang and Moehle (2000) pointed out that the EBWM cannot appropriately
evaluate the moment leakage phenomena of multi-span flat plate structures under the combined
gravity and lateral loads.

2.2 Modified equivalent frame method (MEFM)

In order to overcome the aforementioned limitations in the application of the EFM, Park et al.
(2009) proposed the modified equivalent frame method (MEFM). As shown in Fig. 3(a), in the
load-transfer mechanism of the flat plate structure under gravity load, the slab member is firstly
deformed by gravity load, and the bending moment developed along the end of slab is transferred
to the torsional member. Since the torsional member transfers the bending moment from the slab
to the column, the column stiffness can be approximated by an equivalent column, as shown in Fig.
3(a). On the contrary, as shown in Fig. 3(b), when lateral loads are dominant, the column is
directly deformed by the lateral loads, and the flexural moment is delivered to the slab through the
torsional member. In the MEFM, therefore, stiffness of actual slab member was approximated by
an equivalent slab, as shown in Fig. 3(b). (Vanderbilt and Corely 1983, Cano and Kligner 1987)

The rotational angle of the equivalent slab is, therefore, the sum of the slab rotational angle and
the average rotational angle of the torsional member. Thus, the stiffness of the equivalent slab
(K, ) can be expressed, as follows: (Vanderbilt 1981)

1t .3
Kes ZKS K’[I
where K is the flexural stiffness of the slab, and K, is the stiffness of the torsional member

under lateral loads. Fig. 4 shows the derivation process of the torsional stiffness in the flat plate
structure under gravity loads or lateral loads. Under lateral loads, the torsional moment is assumed
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Fig. 3 Load transfer mechanisms in flat plate system subjected gravity and lateral load

(Park et al. 2009)
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to be equally distributed along the torsional member, as shown in Fig. 4(b), and thereby the
stiffness of the torsional member (K, ) can be derived, as follows: (Park et al. 2009)

6CE
Ky =g *

c 2
L. 11-=2
2[ LZJ

Under the combined gravity and lateral loads, however, the MEFM cannot reflect the initial
stiffness degradation of the slab due to the gravity-shear ratio (V, /V,). It also cannot properly

consider the stiffhess change of the column according to the gravity load levels, as in the existing
EFM, since it adopted the equivalent slab concept. Furthermore, the limitations of the equivalent
slab method, which was adopted in MEFM, have been discussed in detail by Cano and Klingner
(1987), and Lee and Lee (1994), and Choi and Park (2003) have reported the critical effects of
gravity load on the lateral behavior of flat plate structures. There has also been no clear
guantitative analysis on the effect of the combined gravity and lateral loads on the lateral stiffness,
which should be considered in the lateral analysis of not only flat plate system but also other types
of structures.

3. Proposed model — Unified equivalent frame method
3.1 Effect of gravity and lateral loads on torsional stiffness of equivalent frame

As previously mentioned, according to the EFM presented in ACI 318-11 (2011), when the unit
torsional moment induced by gravity load is applied to the torsional member, the torsional moment
is distributed as a triangular shape, as shown in Fig. 4(a). This is because the stiffness of column is
larger than that of slab, and the effect of column stiffness on the moment distribution is decreased
as being away from the column. (Corely and Jirsa 1970) On the contrary, in the MEFM, (Park et
al. 2009) the torsional moment induced by lateral load is uniformly distributed due to its different
load transfer path. As described in Fig. 4(e), and Egs. (2) and (4), therefore, the EFM and MEFM
provide quite different values of torsional stiffness, whose load transfer mechanisms are
compatible with the gravity force resisting system (GFRS) and the lateral force resisting system
(LFRS), respectively. In other words, while both the EFM and the MEFM are applied to
approximate three-dimensional frame to the two-dimensional equivalent frame, the EFM utilizes
the concept of the equivalent column for the analysis of GFRS, and the MEFM utilizes the concept
of the equivalent slab for the analysis of LFRS. In reality, however, the flat plate structure is
generally subjected to both gravity and lateral loads simultaneously. To reflect this combined
effect of gravity and lateral forces on the stiffness of the torsional member in the equivalent frame,
this study introduced the load ratio factor (4, ), which indicates the relative ratio of torsional

moment caused by lateral loads (T, ) to that caused by gravity loads (T ), as follows

jo=L

© 7T, ©)

As shown in Fig. 5, therefore, if the torsional moment induced by gravity loads is assumed to
be the unit value of 1.0, the torsional moment induced by lateral loads can be expressed by the
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load ratio factor (4.). The maximum torsional angle induced by gravity loads (6, ) can be
estimated by ACI-EFM (ACI Committee 318-11), as shown in Fig. 4(e), as follows
_ L-c, /L)’

6
g.mex 12CG (©)

where G is the shear modulus of concrete. Similarly, the maximum torsional angle induced by
lateral loads (4 ,,) can be expressed, as shown in Fig. 4(e) and Fig. 5(d), by multiplying the
maximum torsional angle from the MEFM and the load ratio factor ( 4, ), as follows
2
O =22 )
Assuming that the average rotational angle of the torsional member is one-third of the
maximum torsional angle and the shear modulus is E /2 by neglecting Poisson’s effect, the
average torsional angle by gravity and lateral loads ( 6,,, and 6 ,, ) can be expressed,
respectively, as follows
_ L-c,/L,)°
g,ave W
2
|, ave :%ﬂt (9)
The total torsional moment in the equivalent frame is 1+ 4., and the average torsional angle of
the equivalent frame (6, ) can be calculated by the sum of the average torsional angle induced by
gravity loads (6, .. ) and lateral loads (4 ,. ). Considering the left half of the frame shown in Fig.

(8)

,ave
5(b) and (d), the average torsional angle (4, ) and the torsional moment (T,,) of the equivalent

frame can be expressed, respectively, as follows

ot

La?(2a +32
6 = 20 (20+5%) (10)
36CE,
1+ 1
Ttot= 2c (11)

where « is 1—c,/L,. As shown in Fig. 5(e) and (f), the values of 6, and T, under combined
loads increase as the load ratio factor (4, ) increases. Then, the effective stiffness of the torsional

member (K , ), considering the effect of both gravity and lateral loads, can be derived, as follows
To  18CE; (1+4,)

— ot TP lm T )
Yo Oy La?(2a+34)
Therefore, once the load ratio factor (4, ) is determined, the stiffness of the torsional member

under the combined gravity and lateral loads (K , ) can be estimated. For the calculation of the

(12)

load ratio factor (4), the torsional moment by gravity and lateral loads (T, and T,) should be
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determined as well. As shown in Figs. 6(a) and (b), based on the aforementioned load-transfer
mechanisms, the torsional moment by gravity loads (T, ) and lateral loads (T, ) can be
approximated, utilizing the concept of equivalent column and the equivalent slab, respectively, as
follows:

K
T =M, —9 (13)

g S n
Kig + > Kg
i=1

Ktl

b n
Ky + Z Ksi
i-1

where, M, is the flexural moment at the end of slab by gravity loads (i.e., the fixed-end moment
of slab member), and M, is the unbalanced moment at the slab-column connection by lateral

loads, which is identical to the sum of bending moments in the upper and the lower columns
developed at joint (Mg, +M,). Here, it is again noted that, since the load ratio factor (4.) is

merely the ratio between the torsional moments due to gravity and lateral loads, the relative ratio is
more important than their absolute values. For this reason, the approximated methods presented in
Egs. (13) and (14) would be applicable for the estimation of the torsional moment ratio.

Fig. 7 shows the comparison of the stiffness of the torsional member (i.e., K\, and K )
presented in the EFM (ACI Committee 318-11) and the MEFM (Park et al. 2009) with that
proposed in this study considering the combined effect of gravity and lateral loads (K, )

according to the load ratio factor (4,). Under the gravity load only (i.e., A, is 0), the torsional

stiffness obtained by the proposed model is identical to that of ACI-EFM. Also, when the effect of
lateral load is significantly greater than gravity load, i.e., A, is infinitely large, it converged to the

torsional stiffness of the MEFM. This graph showed that proposed model can express the changes

T =M (14)

u

(a) Torsional moment in gravity resisting system (b) Torsional moment in lateral resisting system
Fig. 6 Determination of moment in torsional member
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Fig. 8 Rotational contribution of torsional member to equivalent column and slab

in the stiffness of the torsional member under the combined gravity and lateral loads by the unified
equation. On this basis, the proposed model was, therefore, named as the unified equivalent frame
method (UEFM).

As previously explained, ACI-EFM adopted the concept of equivalent column for the gravity
load-dominant flat plate system, whereas the MEFM utilized the concept of equivalent slab for the
flat plate system governed by lateral loads. As shown in Fig. 8, in the UEFM proposed in this
study, the rotation angle of the torsional member (6, i, ) Dy gravity loads is considered to

contribute to the rotation of the equivalent column, and the rotation angle of the torsional member
(& 1aerar ) DY lateral loads is considered to contribute to the rotation of the equivalent slab.

Therefore, the flexibility of the equivalent column and the equivalent slab can be expressed,
respectively, as follows:

1 DKeoo1 1 (15)

K_eczet,gravity +0, = ZKC +ZKS Kt,gc + ZKC
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K
i = Dt lateral +95 = Z - L + L (16)
Ky DK+ KK, DK,
where, K A is the stiffness of the torsional member considering the combined gravity and lateral
loads, expressed in Eq. (12).

4. Conclusion

In this study, the existing methods for the lateral behavior analysis of the two-way flat plate
structures were thoroughly reviewed, and it was found that they are not properly applicable to the
flat plate structure subjected to combined gravity and lateral loads. It is because the stiffness of the
torsional member in the equivalent frame subjected to combined gravity and lateral loads is largely
affected by the relative ratio of the gravity and lateral loads, in which quite a different load-transfer
mechanism is expected compared to the cases under only either gravity loads or lateral loads. To
overcome such shortcomings, this study proposed the lateral analysis method for the two-way flat
plate structures, introducing the concept of unified equivalent frame method (UEFM). In the
proposed UEFM model, the rotation angle of the torsional member was considered to contribute to
the rotation of both the equivalent column and the equivalent slab according to the ratio of the
gravity and lateral loads as well as the relative stiffness of the slab and the column.
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= width of column in loading direction
= width of column in perpendicular to loading direction
= average effective depth of slab

= torsional constant
= modulus of elasticity of concrete

= flexural stiffness of column

= stiffness of equivalent column

= stiffness of equivalent slab

= flexural stiffness of slab-beam

= stiffness of torsional member in flat plate system subjected to gravity load
= stiffness of torsional member in flat plate system subjected to lateral load
= effective stiffness of torsional member in flat plate system subjected to gravity and lateral load
= slab width of the design strip

= slab width perpendicular to the design strip

= flexural moment at the end of slab by gravity loads

= unbalanced moment at the slab-column connection by lateral loads

= torsional moment by gravity loads

= torsional moment by lateral loads

= total torsional moment by gravity and lateral loads

= external gravity shear force

= punching shear strength

= load ratio factor

= Poisson’s ratio
= slab stiffness reduction factor

= rotational contribution of torsional member to equivalent column
= rotational contribution of torsional member to equivalent slab

= maximum torsional angle induced by gravity loads

= maximum torsional angle induced by lateral loads

= average torsional angle induced by gravity loads

= average torsional angle induced by lateral loads

= total torsional angle induced by gravity and lateral loads





