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ABSTRACT 

This paper deals with an analytical approach to the static behavior of Steel Concrete Composite (SCC) 

slabs. The Classical Plate Theory (CPT) and Refined Plate Theory (RPT) are considered when 

constructing governing equations describing the behavior of steel concrete plates. The displacement fields 

are represented by trigonometric series to find the exact solution by applying Navier's approach. Various 

numerical examples have been compared with the considered ones showing their high accuracy. The 

influence of plate parameters such as the thickness of steel and concrete layers on displacement was 

investigated in detail. 

Keywords-Steel Concrete Composite (SCC) plates; analytical solution; refined plate  

I. INTRODUCTION  

Plate structures have been widely used in civil and 
mechanical engineering [1-10]. The plate can be manufactured 
from steel, wood, composite materials, or reinforced concrete. 
Composite structures, such as bridge decks or floor slabs, 
combine steel and concrete to leverage the strengths of both 
materials. Authors in [11] proposed a model of shear 
connection in the form of discrete points at the actual positions 
of studs to study the behavior of concrete-steel composite 
beams. Recently, Ultra-High-Performance Concrete (UHPC) 
has been deployed to improve the load-carrying capacity of 
deck slabs, such as the Thang Long (Vietnam) bridge 
improvement bridge deck project [12]. Authors in [13] 
implemented Abaqus software to investigate the bond between 
normal concrete and Ultra-High-Performance Fiber-Reinforced 
Concrete. Authors in [14] studied the test results of the flexural 
behavior of prestressed textile-reinforced concrete plates. In 
[15], the influence of size on the fracture characteristics of 
Ultra-High-Performance Fiber-Reinforced Concrete was 
examined. 

There is a lack of theoretical studies on the calculation of 
beams or plates related to steel, concrete, or composite 

materials. However, analytical and numerical methods have 
been proposed and applied for plate structures. Authors in [16] 
approximated the displacement fields following the Navier 
approach to determine the vibrational response of functionally 
graded plates. Authors in [17] developed a finite element 
method utilizing the phase field and third-order shear 
deformation theory to study the free vibration of cracked plates 
with varying thickness. They adopted an approach similar to 
[18], but with the latter combining the edge-based smoothed 
finite element method and tensorial components triangular 
element method for the dynamics of sandwich plates. Authors 
in [19] developed a finite element analysis for continuous 
sandwich beams subjected to vehicles. Authors in [20] 
employed the finite element software LS-DYNA to study the 
penetration of Steel Plate-Reinforced Concrete (SC) walls by 
projectiles. Authors in [21] carried out experiments on steel 
plate-strengthened reinforced concrete slabs under dynamic 
loading to investigate their dynamic behavior. Authors in [22] 
used a quasi-static loading test to examine the failure of steel-
concrete-steel sandwich slabs with bi-directional corrugated-
strip connectors. Authors in [23] employed an experimental 
study on the tensile behavior of SCC plates considering 
flexural and shear with six full-scale specimens. Despite the 
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extensive research that has been carried out on panels, there is a 
deficiency in the number of studies that have deployed 
analytical methods to investigate SCC panels. This study uses 
the CPT and the RPT approaches to derive the governing 
equations for SCC plates and to identify analytical methods for 
solving them. 

II. GOVERNING EQUATION OF HIGH-ORDER SCC 

PLATES 

The SCC plate considered along with its coordinate system 
are illustrated in Figure 1. 

 

 

Fig. 1.  The Geometry of  plate. 

The displacement fields at an arbitrary point (x, y, z) in the 
plate are performed using the classical plate theory: ���, �, �, �� = 
��, �, �, �� − � �������, �, �, �� = ���, �, �, �� − � �������, �, �, �� = ����, �, ��   �1� 
where u, v, wb, ws, are the displacement components on 
the mid-plane. The steel and concrete are tightly bonded 
and calculated as a two-layer composite plate. The CPT 
does not consider shear deformation, which presents a 
limitation when analysing thick plates. In this study, 
shear deformation of SCC plates is addressed using an 
RPT [24]: 

���, �, �, �� = 
��, �, �, �� − � ���� + � ��� − ���� �! �" �����, �, �, �� = ���, �, �, �� − � ���� + � ��� − ���� �! �" �����, �, �, �� = ����, �, �� + �#��, �, ��  (2) 

The deformations obtained from the displacements in (1) are: 

⎩⎪⎨
⎪⎧(��(��)��)��)�� ⎭⎪⎬

⎪⎫ =
⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧ �-���.���-�� + �.���-�� + ����.�� + ��� ⎭⎪⎪

⎪⎬
⎪⎪⎪
⎫

    (3) 

or: 

/ (�(�)��0 = 1 (�2(�2)��2 3 + 1 4��4��4��� 3 + 56 1 4�#4�#4��# 3,  

 7)��)��8 = 9: ;)��#)��# <    (4) 

where: 

1 (�2(�2)��2 3 =
⎩⎪⎨
⎪⎧ �-���.���-�� + �.��⎭⎪⎬

⎪⎫
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3,  
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⎪⎧ − ������− ������−2 �������⎭⎪⎬

⎪⎫
, 1 4�#4�#4��# 3 =

⎩⎪⎨
⎪⎧ − ��"���− ��"���−2 ��#����⎭⎪⎬

⎪⎫
, 

5 > ��� = −� ��� − ���� �!, and 9:��� = �� − ���� �. 

The linear constitutive relations of plates for steel can be 
written as: 

⎩⎪⎨
⎪⎧ ?�?�?��?��?��⎭⎪⎬

⎪⎫ =
⎣⎢⎢
⎢⎡C��#C�D#000
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00C��#00
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⎪⎫
  (5) 

and for concrete: 

⎩⎪⎨
⎪⎧ ?�?�?��?��?��⎭⎪⎬
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Regarding the classical plate, its strain energy can be 

rewritten following the force and moment resultants of the 
plates: 

L = �D M NO��4�� + O��4�� + O��� 4��� +P�(�2 + P�(�2 Q R� R� S  (7) 

and for the refined plate: 

L = �D M
⎣⎢⎢
⎢⎡O��4�� + O��4�� + O��� 4��� +O�#4�# + O�#4�# + O��# 4��# +P�(�2 + P�(�2 + P��)��2 +C�)��# + C�)��# ⎦⎥⎥

⎥⎤ R� R� S  �8� 
where: 

ZP[ = 1 P�P�P��3 = \  / ?�?�?��0   D⁄
^ /D R�, 
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ZO�[ = 1 O��O��O��� 3 = \ � / ?�?�?��0 D⁄
^ /D R�, 

ZO#[ = 1 O�#O�#O��# 3 = \ 56 / ?�?�?��0 D⁄
^ /D R�, 

and ;C�C�< = ` 9: 7?��?��8 D⁄
^ /D R�. 

The governing equation for the refined plate is obtained by 
employing the principle of virtual work: 

�ab�� + �abc�� = 0�abc�� + �ac�� = 0
��db���� + 2 ��dbc����� + ��dc���� + e = 0

��db"��� + 2 ��dbc"���� + ��dc"��� + �fbg�� + �fcg�� + e = 0
 (9) 

III. ANALYTICAL SOLUTION 

This study only considers simply supported rectangular 
plates. The boundary conditions for different types of plates 
are: 

Classical plate: � = �� = ���� = P� = O�� = 0 at � = 0, j
 = �� = ���� = P� = O�� = 0 at � = 0, k �10� 
Refined plate: 

� = �� = �# = ���� = �"�� = P� =O�� = O�# = 0 at � = 0, j
 = �� = �# = ���� = �"�� = P� =O�� = O�# = 0 at � = 0, k
  �11� 

The displacement fields are therefore presented as 
sinusoidal functions: 
��, �, �� = ∑  mno� ∑  mpo� �pn���qrst� suvw����, �, �� = ∑  mno� ∑  mpo� �pn���suvt� qrsw�����, �, �� = ∑  mno� ∑  mpo� ��pn���suvt� suvw��#��, �, �� = ∑  mno� ∑  mpo� �#pn���suvt� suvw�  �12� 
where: t = pxy  and w = nx� . 

The solution can be found by applying the Navier approach 
[25]. 

For the classical plate: 

zs�� s�D s��s�D sDD sD�s�� sD� s��{ / �pn�pn��pn0 = / 00|pn0  (13) 

 

For the refined plate: 

[}s�� s�D s�� s��s�D sDD sD� sD�s�� sD� s�� s��s�� sD� s�� s��
~ � �pn�pn��pn�#pn

� = � 00|pn|pn
� (14) 

where: |pn = �y� M M e suv t� suv w� R�R�y2�2 . 

IV. NUMERICAL EXAMPLES 

1) Example 1: Validation 

A rectangular SCC plate is positioned on single supported 
axial bars. The dimensions of the plate are a=2 m, b=2 m, the 
thickness ranges from 8 cm to 15 cm. The SCC plate is 
subjected to the uniform load of e2 = 50 kN/mD . The 
normalized stresses ?̱�, ?̱� are defined as:  

?_ � = ?� �yD , �D , ±  D� /e2?_ � = ?� �yD , �D , ±  D� /e2   (15) 

The plate is placed on two simple supports and the two 
edges of the plate rest on tension bars, which are 8 cm thick. 
The example results exhibited in Tables I-IV indicate the 
displacements and normalized stresses calculated by the CPT 
and the RPT. Tables II-IV clearly show the effect of plate 
thickness on displacement and stress, with a significant 
reduction in displacement as the plate thickness is increased. In 
addition, as the plate thickness is augmented, the effect of shear 
deformation becomes more pronounced, resulting in an 
increase in the plate displacement. 

TABLE I.  MATERIAL PROPERTIES 

Materials Elastic modulus (GPa) Poisson’s ratio 

Concrete 30 0.25 

Steel 200 0.3 

TABLE II.  DEFLECTION IN THE CENTER OF PLATE 

Thickness of 

plate h (cm) 

Displacement (mm) 
Error (%) 

RPT CPT 

8 1.2028 1.17 2.80 

10 0.6475 0.6186 4.67 

12 0.3958 0.3703 6.89 

15 0.2205 0.199 10.80 

TABLE III.  THE NORMALIZED STRESS AT TOP IN THE 
CENTER OF PLATE 

Thickness of 

plate h (cm) 

Normalized stress �̱� ��� , �� , ��� Error (%) 

RPT CPT 

8 119.75 118.84 0.77 

10 77.61 76.62 1.29 

12 54.85 53.79 1.97 

15 36.2 35.09 3.16 
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TABLE IV.  THE NORMALIZED STRESS AT BOTTOM IN THE 
CENTER OF PLATE 

Thickness of 

plate h (cm) 

Normalized stress �̱� ��� , �� , − ��� Error (%) 

RPT CPT 

8 372.24 365.6 1.82 

10 262.79 255.4 2.89 

12 200.22 192.35 4.09 

15 145.07 136.77 6.07 

 

2) Example 2 

In this example, a rectangular steel UHPC composite plate 
is considered, which has the following dimensions and material 
properties: a = 2 m, b = 3 m, modulus of elasticity and 
Poisson's ratio UHPC equal to 40 GPa, and 0.25, respectively, 
while for steel these values are 200 GPa, and 0.3, with a 
uniformly distributed load of 5.104 N/m². The results of the 
steel UHPC composite plate displacements are illustrated in 
Figure 2. The findings of the calculations of the displacements 
and stresses for three different steel plate thicknesses are 
presented in Figures 3-5.  

 

 

Fig. 2.  Displacement of plates with h=10 cm, hs=16 mm. 

 
Fig. 3.  Displacement of plate with various thicknesses. 

(a) 

 

(b) 

 

Fig. 4.  Normalized srtress ?̱� at central plate with various thicknesses: (a) 

at the top, (b) at the bottom. 

(a) 

 

(b) 

 

Fig. 5.  Normalized srtress ?̱� at central plate with various thicknesses: (a) 

at the top, (b) at the bottom. 

It is evident that the plate thickness exerts a notable 
influence on both displacement and stress. However, when the 
plate thickness is held constant, the steel plate thickness has a 
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less significant impact on displacement. Upon increasing the 
plate thickness to 15 cm, a discrepancy of over 10% between 
the CPT displacement predictions and the higher-order plate 
theory is observed. 

V. CONCLUSIONS 

This research presents the governing equation of the static 
bending of Steel Concrete Composite (SCC), employing the 
Classical Plate Theory (CPT) and the Refined Plate Theory 
(RPT). Analytical solutions were derived for simply supported 
rectangular plates using the Navier method. The computational 
results indicate a notable reduction in plate displacement as the 
plate thickness is increased. Nevertheless, the thickness of the 
steel plate exerts a relatively limited influence on the plate 
displacement. The numerical examples demonstrate that when 
the ratio of the plate thickness to its height exceeds 10, the 
warping deformation has a considerable impact on the plate 
displacement. The plate displacement, when shear deformation 
is taken into account, is in an excess of 10% greater than in the 
case where shear deformation is not considered. 
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