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1. Introduction 
 

The flat plate slab system has been commonly used in 

building constructions, including offices, residential, and 

parking structures, as a gravity force resisting system 

(GFRS). In the flat plate system, slabs are directly 

supported on column members without beams, which leads 

to  a reduction in story heights.  Also,  superior 

constructability can also be achieved due to its simple 

formwork compared to a typical reinforced concrete (RC) 

beam-column system (Hwang and Moehle 1993, 2000, Kim 

and Lee 2005, Park et al. 2012, Gӧrkem and Hϋsem 2013, 

Kang et al. 2013, Mirzaei and Sasani 2013, Kim et al. 2014, 

Kim et al. 2014, Kotsoviu et al. 2016, Kurtoğlu et al. 2016, 

Kim and Kang 2017, Hegger et al. 2017). The current  
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design codes (ACI 318-14, BS 8110, Eurocode 2, and KCI-

M-12) permit the equivalent frame method (EFM) to be 

used for design or analysis of the flat plate structures 

subjected to gravity and lateral loads. In the EFM, a 3D 

slab-column frame system is equivalently converted to a 

series of 2D planar frames for a simple analysis. However, 

the EFM presented in the design codes was initially 

developed for the analysis of the RC flat plate frame system 

subjected to gravity loads only, which implies that this 

method is not in fact suitable for the analysis of the flat 

plate structure subjected to lateral loads or combined 

gravity and lateral loads. This is because the load transfer 

mechanism of the flat plate system subjected to lateral loads 

is quite different from that subjected to gravity loads only 

(Hwang and Moehle 2000, Park et al. 2009, Kim et al. 

2014). To overcome such a limitation of the EFM, Kim et 

al. (2014) and Choi et al. (2014) proposed a torsional 

stiffness evaluation model that can consider the combined 

effects of gravity and lateral loads for the RC flat plate slab 

system, and the nonlinear lateral analysis method suitable 

for the RC flat plate slab structure subjected to combined 

gravity and lateral loads was named as the unified 

equivalent frame method (UEFM).  

By utilizing prestressing forces, the PT flat plate slab 

system has an excellent deflection control performance at 

service loads as well as high flexural and shear capacities at 

ultimate (Lee et al. 2014, Hwang et al. 2015, Mohammed 

and Taysi 2017), and thus this system is more suitable for 

long span structures than the RC flat plate slab system. In 

addition, due to the increasing demand for long-span slab 
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Abstract.  The post-tensioned (PT) flat plate slab system is commonly used in practice, and this simple and fast construction 

method is also considered to be a very efficient method because it can provide excellent deflection and crack control 

performance under a service load condition and consequently can be advantageous when applying to long-span structures. 

However, a detailed design guideline for evaluating the lateral behavior of the PT flat plate slab system is not available in current 

design codes. Thus, typical design methods used for conventional reinforced concrete (RC) flat plate slab structures have 

inevitably been adopted in practice for the lateral load design of PT flat plate structures. In the authors’ previous studies, the 

unified equivalent frame method (UEFM) was proposed, which considers the combined effect of gravity and lateral loads for the 

lateral behavior analysis of RC flat plate slab structures. The aim of this study is to extend the concept of the UEFM to the lateral 

analysis of PT flat plate slab structures. In addition, the stiffness reduction factors of torsional members on interior and exterior 

equivalent frames were newly introduced considering the effect of post-tensioning. Test results of various PT flat plate slab-

column connection specimens were collected from literature, and compared to the analysis results estimated by the extended 

UEFM.  
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systems in construction market, researchers have conducted 

many studies on the lateral behavior of the flat plate slab 

system (Kang 2004, Ritchie and Ghali 2005, Gayed and 

Ghali 2006, Han et al. 2006, Karimiyan et al. 2014). Since 

no proper analysis method or detailed design guideline is 

available for the PT flat plate slab system, the EFM, 

developed for the conventional RC flat plate slab system, 

has been inevitably adopted in practice for the gravity and 

lateral load design of the PT flat plate slab system. In 

addition, the stiffness reduction of the PT flat plate slab 

system when subjected to lateral loads is a very important 

issue that needs to be investigated in detail. The aim of this 

study is to extend the main formula and concept of the 

UEFM to the lateral behavioral analysis of the PT flat plate 

slab system. In particular, the stiffness reduction factors of 

the torsional members of exterior and interior equivalent 

frames were newly introduced to consider the effect of the 

post-tensioning, and the proposed method were also 

examined by comparing the analysis results to the test 

results of the PT flat plate slab specimens.  

 

 

2. Review of previous studies 
 

2.1 Equivalent frame method (EFM) and modified 

equivalent frame method (MEFM) 
 

In order to equivalently convert a 3D slab-column frame 

to a 2D planar frame, the stiffness of an equivalent column 

in the EFM is determined by summing up the flexibilities of 

columns and torsional member. The stiffness of an 

equivalent column (Kec) can be expressed, as follows 

1 1 1

ec tgc
K KK

 


 (1) 

where Kc and Ktg are the flexural stiffness of the column and 

the torsional stiffness of the torsional member in the RC flat 

plate slab system under gravity loads, respectively. The ACI 

318-14 (2014) and KCI-M-12 (2012) present the torsional 

stiffness (Ktg), as follows 

3

2
2

2

9

1

c
tg

CE
K

c
L

L


 
 

 

 
(2) 

where C is the torsional constant, Ec is the elastic modulus 

of concrete, and L2 and c2 are the span length and the 

column width perpendicular to the design direction, 

respectively. 

Park et al. (2009) proposed a modified equivalent frame 

method (MEFM) to evaluate the lateral stiffness of the flat 

plate slab system subjected to lateral loads. When lateral 

loads are dominant, the column member is deformed first 

by the lateral loads, and the flexural moments are then 

transferred to the slab member through the torsional 

member. Thus, the MEFM adopted the concept of the 

equivalent slab (Vanderbilt 1979, 1981, Vanderbilt and 

Corley 1983). The rotational angle of the equivalent slab 

can be estimated by summing the rotational angle of the  

 
(a) Distribution of torsional moment per unit length 

 
(b) Torsional moment diagram 

Fig. 1 Concept of load ratio factor (UEFM) (Kim et al. 

2014) 

 

 

Fig. 2 Determination of torsional stiffness using load ratio 

factor (Kim et al. 2014) 

 

 

slab and the average rotational angle of the torsional 

member. Thus, the stiffness of the equivalent slab (Kes) can 

be expressed, as follows 

1 1 1

es tls
K KK

 


 (3) 

where Ks is the flexural stiffness of the slab and Ktl is the 

torsional stiffness of the torsional member in the flat system 

under lateral loads. In the MEFM (Park et al. 2009), the 

torsional stiffness (Ktl) was presented, as follows  
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2.2 Unified equivalent frame method (UEFM) 
 

According to the EFM, if the unit torsional moment 

induced by gravity loads is applied to the equivalent 

column, the torsional moment is distributed in a triangular 

shape. This is because the stiffness of the column member 

is larger than that of the slab member, and the effect of the 

column stiffness on the moment distribution is reduced as 

the distance from the column increases (Corely and Jirsa 

1970). In contrast, according to Park et al. (2009), when the 

unit torsional moment induced by lateral loads is applied to 
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the equivalent slab, the torsional moment is uniformly 

distributed on the torsional member. However, in a real 

situation, both gravity and lateral loads act simultaneously, 

and thus the moment distribution is affected by the 

combination of the gravity and lateral loads. To reflect this 

combined effect, as shown in Fig. 1, Kim et al. (2014) 

introduced the load ratio factor (λc), which can be defined as 

the relative ratio of the torsional moment induced by lateral 

loads (Tl) to that induced by gravity loads (Tg), as follows 

l
c

g

T

T
   (5) 

According to Kim et al. (2014), the effective stiffness of 

a torsional member in the flat plate slab system subjected to 

gravity and lateral loads (Kt, λc) can be also derived, as 

follows 
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where Ttot is the total moment in the torsional member due 

to gravity and lateral loads, θtot is the rotation angle of the 

torsional member in the flat plate system subjected to 

gravity and lateral loads, and α is taken to be 1−c2/L2. As 

shown in Fig. 2, the torsional stiffness obtained from the 

Eq. (6) is identical to that of the EFM for the case governed 

by gravity loads (i.e., λc=0). On the other hand, when the 

effect of lateral loads is very significant compared to that of 

gravity loads (i.e., λc=∞), the torsional stiffness converges 

to that of the MEFM. It is worthy of emphasizing that the 

UEFM can rationally reflect the combined effect of lateral 

and gravity loads including the two extreme load cases, i.e., 

gravity loads only and lateral loads only. In this study, it is 

assumed that some portion of the total rotational angle 

developed in the torsional member (θt,gravity) contributes to 

the rotation of the equivalent column, and the remaining 

portion of the rotation angle of the torsional member 

(θt,lateral) can be considered as contributing to the rotation of 

the equivalent slab. On this basis, the flexibility of the 

equivalent column and the equivalent slab can be then 

expressed, respectively, as follows 

,
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3. Unified equivalent frame method for PT flat plate 

considering stiffness reduction 
 

Ritchie and Ghali (2005) and Gayed and Ghali (2006) 

conducted cyclic loading tests on post-tensioned exterior 

and interior slab-column connections, respectively. In their 

test programs, the key test variables were the relative 

reinforcement ratios between the prestressed steel (Ap) to  

 
(a) Exterior slab-column joints (Ritchie and Ghali 2005) 

 
(b) Interior slab-column joints (Gayed and Ghali 2006) 

Fig. 3 Envelopes of unbalanced moment-drift ratio 

hysteresis loops 

 

 

nonprestressed steel (As) and the magnitudes of the 

prestressing forces, while the flexural strengths of all the 

test specimens were set to be identical. As shown in Fig. 3, 

their test results showed that there was no significant 

difference in the lateral responses within the elastic range 

between the RC and PT slab-column connections, while the 

prestressed specimens showed greater energy dissipation 

capacity with delayed stiffness reduction compared to the 

nonprestessed specimens. This suggests that the UEFM can 

be extended to PT flat plate slabs as well as RC flat plate 

slabs within the elastic range. In concrete structures, cracks 

are inevitably induced by gravity and lateral loads. Thus, as 

the lateral load increases, the flexural stiffness of flat plate 

structures is reduced by the cracking and inelastic behavior 

of materials as well. Since the UEFM was developed for the 

elastic analysis of the flat plate systems, it is not suitable to 

analyze their nonlinear behavior after cracking, where the 

stiffness reduction is significant. While the nonlinear 

behavior of the flat plate slab systems can be captured well 

by finite element methods, they typically require 

considerable amounts of computational efforts, and the 

reliability of the analysis results largely depends on the 

expertise of the user (Cano and Klingner 1988, Ghobarah 

2001, Park et al. 2009) Thus, many studies (Qaisrani 1993, 

Park et al. 2012) proposed simple analysis methods to 

consider the nonlinear lateral behavior of the post-tension 

flat plate system.  

In the previous studies, the slab stiffness was reduced by 

a function of external loads only based on the effective 

-60

-40

-20

0

20

40

60

80

-8 -6 -4 -2 0 2 4 6 8

U
n

b
a

la
n

ce
d

 M
o
m

en
t,

 M
o

( 
k

N
·m

)

Lateral Drift Ratio( %)

ECOC (RC) EC3C (PT)

EC5C (PT) EC7C (PT)

EC9C (PT)

-110

-90

-70

-50

-30

-10

10

30

50

70

90

110

-6 -4 -2 0 2 4 6

U
n

b
a

la
n

ce
d

 M
o
m

en
t,

 M
o

( 
k

N
·m

)

Lateral Drift Ratio( %)

IPS-0 (RC) IPS-3 (PT)

IPS-5 (PT) IPS-5R (PT)

IPS-7 (PT) IPS-9 (PT)

IPS-9R (PT)

665



 

Seung-Ho Choi, Deuck Hang Lee, Jae-Yuel Oh, Kang Su Kim, Jae-Yeon Lee and Kang Seok Lee 

beam width model, and thus these approaches cannot be 

adopted in the UEFM due to the conceptual differences. 

Furthermore, the stiffness reduction in a structural system is 

largely affected not only by the stiffness reduction of the 

slabs, but also by the stiffness reduction of the columns and 

connections. Therefore, a new stiffness reduction model for 

the UEFM is required to properly consider the stiffness 

degradation mechanisms of PT flat plate systems. Choi et 

al. (2014) proposed a method that could simply reflect the 

stiffness reductions of the slab-column connections, the 

equivalent columns, and the equivalent slabs by reducing 

the stiffness of the torsional members. In this study, the 

stiffness degradation in the structural system is considered 

by reducing the stiffness of the torsional member as 

proposed by Choi et al. (2014), and the effect of the 

compressive stress introduced in the slab is also considered.  
 

3.1 Stiffness reduction due to gravity shear 
 

The actual flexural stiffness of the flat plate slab (KI) is 

generally smaller than the elastic flexural stiffness (Ko) 

calculated using the gross section of the slab without a 

consideration of gravity loads (Schwaighofer and Collins, 

1977, Hwang and Moehle 2000, Choi and Park 2003). 

Choi and Park (2003) thus proposed the stiffness 

reduction factor of the slab (ηg) as a function of the gravity-

shear ratio (Vg/Vc) based on their numerical analysis results, 

as follows 

0

1

1.7( / ) 1

I
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g c

K

K V V
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
 (9) 

where Vc is the punching shear strength of the flat plate 

slab, which can be estimated, as follows 

( 0.3 )c p ck pc o pV f f b d V     (10) 

where βp is adopted as the smaller of 0.29 and 

(asd/bo+1.5)/12. In addition, as is taken to be 40 for interior 

columns, 30 for exterior columns, and 20 for corner 

columns, while Vp is the vertical component of effective 

prestressing forces. In this study, the effective flexural 

stiffness of the slab-beam member (Ks,eff) is used as the slab 

stiffness (Ks) with a consideration of the initial slab stiffness 

degradation due to the gravity shear (Vg), as follows 

,s eff g sK K  (11) 

 

3.2 Stiffness reduction due to unbalanced moment 
induced by gravity and lateral loads 
 

Choi et al. (2014) proposed the stiffness reduction factor 

for the torsional member (ηl) as a function of the 

unbalanced moment (Mub) and the cracking strength of the 

torsional member (Tcr) based on the collected test results. 

They collected 16 interior slab-column connection 

specimens and 9 exterior slab-column connection 

specimens to determine the stiffness reduction factors of the 

torsional members, and significant relations were found 

between the unbalanced moment (Mub) and the stiffness 

degradation behaviors of the flat plate systems. Choi et al.  

 
(a) Interior slab-column joints 

 
(b) Exterior slab-column joints 

Fig. 4 Stiffness degradation of torsional members with 

respect to unbalanced moment ratio 

 

 

(2014) then presented the stiffness reduction factors of the 

torsional members for the interior and exterior connections 

(ηl,int and ηl,ext), respectively, as follows 
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where, the cracking strength of the torsional member (Tcr) is 

taken as 21/ 3 /c cp cpf ' A p  based on the ACI 318-14 

(2014). Here, cf '  is the compressive strength of concrete, 

Acp is the sectional area of the shear flow zone, i.e., c1t, 

where c1 is the column width in the loading direction, and t 

is the slab thickness. Also, pcp is the perimeter of the shear 

flow zone, i.e., 2(c1+t). 

For the extension of the stiffness reduction factor model, 

which was proposed for the RC flat plate by Choi et al. 

(2014), to the PT flat plate structure, the effect of the 

prestress (fpc) shall be considered in the cracking strength of 

the torsional member in PT flat plate structures (Tcr,psc). The 

principal tensile stress (f1) developed in the torsional 

member can be estimated from the Mohr’s stress circle, as 

follows 

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25

E
ff

ec
ti

v
e 

to
rs

io
n

a
l 

st
if

fn
es

s 
fa

ct
o
r 

(η
l)

Unbalanced moment ratio (Mub/Tcr)

Kwon-PTcontrol Kwon-PTBR3 Kwon-PTBR3s Kwon-PTBR5

Kwon-PTBR5s IPS9 IPS9R IPS7

IPS3 PI-B30 PI-B50 PI-D30

PI-D50

. 0.22 0.004 ub
l int

cr

M

T


 
   

 

Proposed Eq. (12)

2

, 1
3 / 3

cp pcck

cr psc

cp ck

A ff
T

P f

 
  

 
 

0.0

0.2

0.4

0.6

0 5 10 15

E
ff

ec
ti

v
e 

to
r
si

o
n

a
l 

st
if

fn
e
ss

 f
a
c
to

r 
(η

l)

Unbalanced moment ratio (Mub/Tcr)

EC9C EC7C EC5C EC3C PE-B50 PE-D50

. 0.18 0.0073 ub
l ext

cr

M

T


 
   

 
2

, 1
3 / 3

cp pcck

cr psc

cp ck

A ff
T

P f

 
  

 
 

Proposed Eq. (13)

666



 

Unified equivalent frame method for post-tensioned flat plate slab structures 

Table 1 Dimensions, material properties, and gravity loads 

of Post-tensioned slab-column connection specimens 

Researchers Label 
Joint 

type* 

Dimensions (mm) Gravity load 
fc
’ 

(MPa) 

fpc 

(MPa) 
L1 L2 t c1 c2 H dave 

Vg 

(kN) 
Vg/Vc 

Kwon et al. 

(2007) 

PT-

BR3 
Int 4000 3600 110 300 300 1800 92.4 203.8 0.46 29.85 1.68 

PT-

BR3s 
Int 4000 3600 110 300 300 1800 92.4 184.6 0.46 30.09 1.15 

PT-

BR5 
Int 4000 3600 110 300 300 1800 92.4 206.8 0.46 30.17 1.68 

PT-

BR5s 
Int 4000 3600 110 300 300 1800 92.4 185.5 0.46 29.95 1.15 

Kee et al. 

(2006) 

PI-

B30 
Int 4800 3600 132 300 300 2100 104.2 81.0 0.24 32.3 1.21 

PI-

B50 
Int 4800 3600 132 300 300 2100 104.2 132.2 0.39 32.3 1.21 

PI-

D30 
Int 4800 3600 132 300 300 2100 104.2 81.0 0.24 32.3 1.21 

PI-

D50 
Int 4800 3600 132 300 300 2100 104.2 132.2 0.39 32.3 1.21 

Gayed 

and Ghali 

(2006) 

IPS-3 Int 1900 1900 150 250 250 1400 114 240 0.84 27 0.40 

IPS-7 Int 1900 1900 150 250 250 1400 114 240 0.74 31 0.90 

IPS-9 Int 1900 1900 150 250 250 1400 114 240 0.79 23 1.10 

IPS-

9R 
Int 1900 1900 150 250 250 1400 114 240 0.76 26 1.10 

Han et al. 

(2006) 

PE-

B50 
Ext 2400 3600 130 300 300 2100 110 84.2 0.34 32.3 1.21 

PE-

D50 
Ext 2400 3600 130 300 300 2100 110 80.2 0.32 32.3 1.21 

Ritchie and 

Ghlai 

(2005) 

EC3C Ext 1350 1900 150 250 250 1400 114 110 0.67 25.8 0.40 

EC5C Ext 1350 1900 150 250 250 1400 114 110 0.64 25.6 0.66 

EC7C Ext 1350 1900 150 250 250 1400 114 110 0.60 29.4 0.85 

EC9C Ext 1350 1900 150 250 250 1400 114 110 0.57 28.2 1.10 

*Int: internal; Ext: external 

Notation: L1: span length width the design direction, L2: span length width perpendicular to the 

design direction, t: slab thickness, c1: column width in the loading direction, c2: column width 

perpendicular to the design direction, H: height of column, dave: average effective depth of slab, Vg: 

gravity shear force, Vg/Vc: gravity shear ratio, fc
’: compressive strength of concrete, fpc: compressive 

stress due to the prestress 
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where, v is the shear stress on the web. When the principal 

tensile stress (f1) reaches the cracking strength of concrete 

(fcr), it is assumed that diagonal cracking occurs, at which 

the shear stress (v) can be defined as the shear cracking 

strength (vcr), as follows 

1
pc

cr cr
cr

f
v f

f
   (15) 

Therefore, the cracking strength of the torsional member 

considering the prestress effect (Tcr,psc) can be estimated, as 

follows (ACI 318-14) 
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In Eqs. (12) and (13), the stiffness reduction fators of 

the torsional members in the PT interior and exterior 

connections (ηl,int and ηl,exit) are greater than those in the RC 

connections due to increase of crack strength of the 

torsional members by considering the prestress effect 

(Tcr,psc). This approach can rationally reflect the improved 

stiffness of the PT flat plate slab system compared to that of 

the RC flat plate slab system. Fig. 4 shows the comparisons 

of the stiffness reduction factors of the torsional members 

for the interior and exterior PT connections (ηl,int and ηl,exit) 

considering the prestress effect in the cracking moment 

(Tcr,psc) and those estimated from the test results. The 

stiffness reduction factors calculated using Eqs. (12), (13) 

and (16) closely evaluated the stiffness degradation trend 

for the PT connection specimens as the unbalanced moment 

ratio increases. 

The flexibility of the equivalent slab and the equivalent 

column (1/Kes and1/Kec) considering the stiffness reduction 

factors due to gravity loads and lateral loads can be 

estimated, respectively, as follows 
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where θt,gravity and θt,lateral are the rotation angle of the 

torsional member in the PT flat plate slab system subjected 

to gravity and lateral loads, respectively, and θc is the 

rotation angle of the column.  

 
 

4. Validation of the unified equivalent frame method 

 
As shown in Table 1, a total of 18 interior and exterior 

PT flat plate slab-column connection specimens were 

collected from previous studies to verify the accuracy of the 

UEFM proposed in this study. Kwon et al. (2007) 

conducted lateral cyclic tests on the interior PT connections 

with a gravity shear ratio (Vg/Vc) of 0.46, where the key test 

variables were the magnitude of the prestress (fpc) and the 

effect of bonded reinforcement. Kee et al. (2006) also 

conducted tests on the interior PT slab-column connection 

specimens with fpc of 1.21 MPa, and the effects of the 

gravity shear forces (Vg/Vc) and the tendon layout were also 

investigated.  

The interior PT slab-column connection specimens with 

high gravity shear ratios ranging from 0.76 to 0.81 were 

tested by Gayed and Ghali (2006). Han et al. (2006) also 

conducted cyclic tests on the PT flat plate connections with 

a moderate level of gravity shear ratios (Vg/Vc) between 

0.32 and 0.34, in which the concentrated and uniformly-

distributed tendon layout was considered. Ritchie and Ghali 

(2005) tested the exterior PT flat plate slab-column 

connections with relatively high gravity shear ratios (Vg/Vc) 

ranging from 0.57 to 0.67, whereby the level of prestress 

(fpc) was the key test variable. 
Figs. 5 and 6 show the comparisons between the lateral 

responses of the PT interior and exterior connections 
collected from literatures (Kwon et al. 2007, Kee et al. 
2006, Gayed and Ghali 2006, Han et al. 2006, Ritchie and 
Ghali 2005) and those estimated from the UEFM with the 
stiffness reduction factors, where the analysis results were 
represented by red round markers. The lateral analysis was 
terminated at the maximum allowable drift ratio (DRmax), 
expressed as follows (ACI 318-14) 
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 max 0.035 0.05 /g cDR V V   (19) 

where ϕ is the strength reduction factor, Vc is the punching 

shear strength of the reinforced concrete flat plate slab. Eq. 

(19) is actually the maximum allowable drift ratio of 

reinforced concrete flat plate system without shear 

reinforcement specified in ACI 318. In this study, it was 

applied to the post-tensioned flat plate system without shear 

reinforcement by replacing Vc to the punching shear 

strength of the post-tensioned flat plate system without 

shear reinforcement expressed in Eq. (10), and the strength 

reduction factor ϕ was set to 1.0 for the analysis purpose. 
The proposed model provides good estimations on the 

lateral behavior of the test specimens, including not only the 
test results by Gayed and Ghali (2006), whose gravity shear 
ratios were relatively high up to 0.7, but also the interior 
and exterior slab-column connection specimens with a low 
level of gravity-shear ratios. It is thus considered that the 
proposed model can properly reflect the influence of the 
gravity shear ratios (Vg/Vc) and the magnitudes of the 
prestress (fpc).  

 

 

 

5. Conclusions 
 

This study briefly introduced the main formulations of 
the UEFM proposed in the authors’ previous study, and the 
concept of the UEFM was extended to the PT flat plate slab 
systems. The stiffness reduction factors of the torsional 
members that can easily consider the stiffness reduction 
behavior of PT flat plate systems were also presented. From 
this study, the following conclusions can be drawn: 

1. This study proposed a lateral behavior analysis 

method for PT flat plate slab systems subjected to combined 

gravity and lateral loads. It appeared that the UEFM can be 

properly extended to the PT flat plate slab systems. 
2. This study proposed the stiffness reduction factors of 

the torsional members in the PT flat plate slab system. The 
proposed stiffness reduction factors successfully captured 
the stiffness degradation behaviors of the PT flat plate slab 
structures considering the improved cracking strength of the 
torsional members due to post-tensioning. 

3. The proposed UEFM accurately evaluated the lateral 
behaviors of the interior and exterior PT connection 
specimens with various levels of the gravity shear ratios 

 

Fig. 5 Evaluation of the proposed model (Interior slab-column connections) 

 

Fig. 6 Evaluation of the proposed model (Exterior slab-column connections) 
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Notations 
 

cpA  Sectional area of the shear flow zone 

pA  Prestressed steel 

sA  Nonprestressed steel
 

C  Torsional constant 

1c  Column width in the loading direction 

2c  
Column width perpendicular to the design 

direction 

cE  Elastic modulus of concrete 

1f  Principal tensile stress 

'

cf  Compressive strength of concrete 

crf  Cracking strength of concrete 

pcf  Compressive stress due to the prestress 

cK  Flexural stiffness of the column 

ecK  Stiffness of an equivalent column 

esK  Stiffness of the equivalent slab 

IK  Actual flexural stiffness of the flat plate slab 

oK  
Elastic flexural stiffness calculated using the 

gross section of the slab without a consideration 

of gravity loads 

sK  Flexural stiffness of the slab 

,s effK  Effective flexural stiffness of the slab-beam 

member 

tgK  Torsional stiffness of the torsional member in the 

RC flat plate slab system under gravity loads 

tlK  Torsional stiffness of the torsional member in the 

flat plate system under lateral loads 

, ctK   
Effective stiffness of a torsional member in the 

flat plate slab system subjected to gravity and 

lateral loads 

1L  Span length width the design direction 

2L  
Span length width perpendicular to the design 

direction 

ubM  Function of the unbalanced moment 

cpp  Perimeter of the shear flow zone 

t  Slab thickness 

crT  Cracking strength of the torsional member 

,cr pscT  
Cracking strength of the torsional member in PT 

flat plate structures 

gT  Torsional moment induced by gravity loads 

lT  Torsional moment induced by lateral loads 

totT  
Total moment in the torsional member due to 

gravity and lateral loads 

cV  Punching shear strength of the flat plate slab 

gV  Gravity shear force 

pV  
Vertical component of effective prestressing 

forces 

c  Load ratio factor 

v  Shear stress on the web 

crv  Shear cracking strength 

c  Rotation angle of the column 

,t gravity  
Rotational angle developed in the torsional 

member contributes to the rotation of the 

equivalent column 

,t lateral  
Rotation angle of the torsional member can be 

considered as contributing to the rotation of the 

equivalent slab 

total  
Rotation angle of the torsional member in the 

flat plate system subjected to gravity and lateral 

loads 

g  Stiffness reduction factor of the slab 

,l ext  
Stiffness reduction factors of the torsional 

members for the exterior connections 

.l int  Stiffness reduction factors of the torsional 

members for the interior connections 
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