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Abstract

This work leverages Finite Element (FE) modelling to optimise the deck geometry in continuous composite slab systems,
focusing on trapezoidal profile decks. Subsequently, it examines the effectiveness of reinforcing the hogging moment
area with Carbon Fiber Reinforced Polymer (CFRP). The main objective is to improve the structural performance when
subjected to static loads by optimising geometric factors such as deck height and thickness. The deck profile that yielded
the best results had a height of 60 mm, a thickness of 1 mm, and a shear span of 850 mm and resulted in a 7.6% increase
in the ultimate load compared to a deck with a thickness of 0.75 mm. The study also assesses the impacts of CFRP
reinforcement configurations. The optimal outcome was attained by utilising carbon fiber reinforced polymer (CFRP)
sheets that spanned the whole width of the slab for a length of 1.7 m, resulted in a significant 43.17% enhancement in
ultimate load. The CFRP enhanced slab, which spans the whole width, demonstrated a maximum load-carrying
capability of 176.78 kN. Theoretical analysis indicated a high level of concurrence with FEM.
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1 INTRODUCTION

The advent of composite construction has heralded significant advancements in the efficiency and performance of
modern structural systems. Due to its inherent strength, durability, and ease of installation profiled steel deck composite
slab systems have become a fundamental component in the field of construction (Abas et al., 2013; Gholamhoseini,
2018; Gholamhoseini et al., 2016, 2018; Hossain et al., 2019). By integrating the concrete’s compressive strength with
tensile strength of steel these systems lead to an optimized structural component that is both lightweight and robust. As
seen in Figure 1 (a) and (b), profiled steel sheeting typically comes in two basic forms: re-entrant and trapezoidal. In a re-
entrant profile, frictional interlock is used to provide composite action, whereas embossment or mechanical interlock is
used in a trapezoidal deck sheet (John et al., 2022; Karimipanah et al., 2024). The composite action of steel decking and
hardened concrete depends on the transfer of horizontal shear stresses at the interface between the slab and the steel
decking (Johnson & Lee, 1977; Oehlers & Bradford, 1995; Stark, 1978). Enhancing composite motion between
components may be achieved effectively by using embossment (Karimipanah etal., 2024). According to several
researches (de Andrade et al., 2004; Faust, 1997; Ferrer et al., 2006; Marimuthu et al., 2007; Mohammed et al., 2011),
embossment in the profiled sheets increased the composite action of the slabs by preventing slippage between the
concrete and the profiled sheets. In further studies, the variations in steel sheets thicknesses and the sizes, forms, and
positions of embossments were examined (Crisinel & Marimon, 2004; Makelainen & Sun, 1998; Mohan Ganesh et al.,
2005; Vainitnas et al., 2006). Nevertheless, despite their extensive implementation, there persists an ongoing pursuit for
enhancement, specifically about the optimisation of the geometric configuration of the steel deck and the augmentation
of its structural robustness by inventive reinforcing methodologies

In most cases, the steel decking is delivered in lengths that are two spans long, and during the construction process,
negative reinforcement is placed at the top of the slabs above the mid-support. Because of this, the composite slab is
generally continuous (Gholamhoseini, 2018). As the corrugated profiles of the decks used are only in one direction the
load impact is transferred along the ribs' direction (Hofmeyer et al., 2002; Wright et al., 1987). Regardless, real engineers
often benefit from using linear-elastic analysis and assuming the slab is simply supported in ultimate limit states.
Incorporating mesh reinforcement into composite concrete slabs results in higher construction costs and complexity, as
well as slower erection. Therefore, it is more cost-effective to replace conventional reinforcing, such as rebar or mesh,
partially or completely with alternative types of crack control. Steel fibre reinforced concrete (SFRC) is a promising
solution that can enhance structural performance (Abas et al., 2013; Gholamhoseini et al., 2016). The implementation of
this technology has several advantages, such as enhanced load-bearing capacity of slabs, enhanced fracture
management, controlled interface slide under plastic loading, and heightened fire resistance. These advantages can lead
to cost savings (Abas et al., 2013; Congro et al., 2021; Gholamhoseini et al., 2016; Lin et al., 2014; Rahimi Mansour et al.,
2015). Aside from steel fibres, fibre reinforced polymer (FRP) is used in concrete through external bond (EB) is an
alternate method to enhance the moment capacity and control crack. For decades, reinforced concrete beams and slabs
have been strengthened with externally bonded (EB) fibre reinforced polymer laminates. Research has shown that FRP
may effectively slow the spread of cracks and enhance the flexural performance of reinforced concrete elements
(Anil et al., 2013; Li-Xiang et al., 2021; Smith et al., 2011; Zhang et al., 2021). Numerous researchers have investigated
the use of FRP in reinforcing reinforced concrete and composite beams via external bonding for decades. Their findings
indicate that FRP effectively retards fracture propagation and tends to improve the flexural performance of members
(Anil et al., 2013; Li-Xiang et al., 2021; Smith et al., 2011). The increased inclination towards the utilisation of Carbon
Fibre Reinforced Polymer (CFRP) in reinforcing applications may be ascribed to its remarkable strength-to-weight ratio
and the long-lasting nature of CFRP materials. This characteristic renders it a more advantageous alternative in
comparison to traditional techniques of reinforcement (Bank & Arora, 2007; Houssam et al., 2012; Lietal., 2019;
Razaqpur et al., 2020; Wang et al., 2018). Many studies have demonstrated that one-way reinforced concrete (RC) slabs
reinforced with carbon fiber reinforced polymer (CFRP) have better fracture width management and higher load bearing
capability (Zhou et al., 2023). In research done by Dalfré (Dalfré & Barros, 2013) about the performance of continuous
reinforced concrete (RC) slabs reinforced with carbon fibre reinforced polymer (CFRP) using near-surface mounting, it
was seen that the slabs' load capacity saw a notable improvement. However, it was also reported that there was a
decrease in the redistribution of bending moments. The study conducted by Liu (Liu et al., 2022) investigated the
influence of carbon fibre reinforced polymer (CFRP) on the negative bending moment regions of continuous composite
beams. The investigation involved manipulating the number of CFRP layers and introducing a novel bonding technique.
An analytical investigation of the flexural strength of composite columns reinforced with prestressed CFRP plates was
performed by Jun Deng (Deng et al., 2011). In addition, Ayman El-Zohairy (El-Zohairy et al., 2017) conducted both
experimental and analytical studies which showed that adding different layers of CFRP laminates to the negative bending
moment areas of continuous composite beams led to a 22% enhancement in load capacity.
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The use of numerical simulation has emerged as an important methodology within the realm of structural
engineering research, particularly in addressing the complexities associated with intricate systems, costly testing
methodologies, and limited experimental data. Ensuring the dependability of simulation outputs necessitates the
meticulous selection of the material constitutive model for the composite slab and the correct input of model
parameters. Finite element modelling was employed by many researchers to analyse composite slabs containing
standard concrete. Rios et al., 2017 used finite element (FE) modelling to investigate the shear-bond behaviour of
composite slabs bending under various loading configurations. Floride and Cashell (Florides & Cashell, 2017) conducted
numerical simulations of composite floor slabs experiencing significant deflections to replicate their behaviour when
exposed to fire loads. Daniels and Crisinel, 1993 developed a finite element (FE) model employing plane beam
components to evaluate the performance of composite slabs with a single or continuous span. They also conducted
pullout tests to explain the shear interaction between concrete and steel. Veljkovic (Veljkovic, 1996) employed three-
dimensional finite element (FE) analysis to examine the interface between the concrete and steel sheets in the composite
slab. Abdullah and Easterling (Abdullah & Samuel Easterling, 2009) employed shear-bond slip curves inside FE models to
forecast the horizontal shear bond characteristics in composite slabs. It was achieved by using radial-thrust connection
elements between the concrete and steel deck. The bending test response of the composite slab was simulated in the
finite element model developed by Widjaja (Widjaja, 1997), utilising two parallel Euler-Bernoulli beam components. The
key issue in the finite element (FE) method was the interface contact between the specified profiled sheet and concrete.
In their study, Ferrer et al.(Ferrer et al., 2006) used finite element (FE) methodology to simulate composite slab to
perform pullout tests. They considered various friction coefficients for the steel-concrete interface contact components.

\ !
» -y WE A A

(a) (b)

Figure 1 Shape of profile deck (a) Trapezoidal deck (b) Re-entrant profile

Regarding all the above research works, the FE model was developed for the present study and the hogging moment
region of the composite slab was strengthened by using CFRP adopting an external bonding technique. An investigation
into the behaviour of continuous composite slabs was the primary subject of this work. The effect of parameters like
deck height, deck thickness and shear span on the performance continuous composite is studied. After optimization of
the profile deck, the CFRP strengthening on the hogging region of the slab is studied. The length, width, and number of
layers of CFRP was taken as parameters. The study used FE models developed using ABAQUS. In the present study all the
specimens were provided with the minimum code recommended reinforcement (EN, 1994) over the internal support of
the continuous slab in addition to which the slabs were externally strengthened by carbon fiber reinforced polymer.

2 FINITE ELEMENT ANALYSIS

To achieve the stated objective of the study, a comprehensive analysis was conducted on a three-dimensional model
using the commercial programme ABAQUS/CAE version 6.14 (Hibbitt & Sorensen, 2019). The present investigation
involved the development of finite element models utilising "displacement control analysis" to effectively replicate the
non-linear characteristics of the profile deck and CFRP strengthening. The parametric investigation utilises the various
models developed in ABAQUS to study the behaviour of the specimen. The subsequent section provides an explanation
of the modelling of different aspects within the model and material model.

2.1 Geometrical Modelling

In an analytical model, the composite slab is assembled from four parts: steel deck, concrete topping, shrinkage
reinforcement, and shear stud. The Figures 2 (a) to 2 (d) depict the various slab components. The concrete component of the
composite deck is simulated using the solid element C3D8R, a linear eight-node brick element with decreased integration that is
suited for bending concerns and possible stiffness considerations. The profile steel deck is modelled using the S4R four-node
quadrilateral shell element. The top reinforcement, which is mainly for shrinkage and temperature impact, is simulated as a beam
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element embedded in the solid element of concrete to imitate perfect bonding in the concrete element. It is important to highlight
that the reinforcements against temperature and shrinkage have no impact on the structural performance of composite slabs and
are negligible. Additive to the components of the composite slab, the reinforcement achieved by CFRP was represented by a linear
element B31. The axisymmetric revolution was employed to simulate the reinforcement at the top. The objective of this work
was to develop a finite element (FE) method based on displacement. To enhance computational efficiency, a limited integration
technique was employed. The results demonstrated that this approach yielded superior modelling of the composite slab
behaviour compared to full integration. The analytical model simulates the experimental setup of the four-point bending and
support conditions by assigning appropriate boundary conditions and subjecting it to a transverse displacement for the purpose
of displacement control simulation. The displacements of all three degrees of freedom (DOF) were limited, with the vertical DOF
displacements being assigned a value of -70 mm for the finite element (FE) models to simulate flexural loads. To represent the
supports, the displacements in all three degrees of freedom (DOFs) were limited at the bottom two side ends of the slabs in a
vertical manner. The displacement for all three degrees of freedom (DOFs) was released in the X and Z axes.

2.2 Material modelling

2.2.1 Concrete

Three approaches are available to represent the damage attributes of concrete in ABAQUS (Hibbitt & Sorensen,
2001) Furthermore, because the CDP was created based on crushing and cracking under tension and compression,
respectively, it can forecast how concrete would behave in both situations as well as the features of damage. 1. Smeared
crack model 2. Model of brittle cracks 3. The plasticity of concrete damage (CDP).

(a) (b)

(c) (d)

Figure 2 Finite Element model of continuous composite slab (a) Assembled model (b) Support condition (c) Meshing (d) Stress
variation in profiled deck

For concrete models exposed to both static and dynamic load combinations, the concrete damage plasticity model is the
recommended choice among the three models (Hibbitt & Sorensen, 2001). Furthermore, the CDP is capable of predicting the
behaviour of concrete in both tension and compression, as well as damage characteristics, because it was designed based on
crushing and cracking in tension and compression, respectively (Hibbitt & Sorensen, 2001)(Jeeho & Gregory L., 1998). The
Figure 3 illustrates the compressive stress-strain behaviour of concrete. The current investigation's model described the
concrete's inelastic properties by combining isotropic damaged elasticity with isotropic compressive and tensile plasticity.
When pressure is applied uniaxially, the majority of concrete exhibits linear elastic behaviour until the failure stress (f't), which
occurs after a softening branch as in Figure 4 [46]. The parameters d; and d. in ABAQUS represent the degradation of stiffness
in compression and tension behaviour, respectively. They range from zero, indicating the undamaged state, to one, indicating
complete loss of strength in the material. The above parameters for the model is defined for M30 grade of concrete. The tensile
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properties of CFRP and compressive properties of concrete used in the study are shown in Table 1 and Table 2 (Diab et al.,
2020). The model takes damage and plasticity effects into account in addition to the compressive and tensile behaviour of
concrete. The damage and plasticity parameters are as mentioned below,

e  Dilation Angle(y) -35°

e  Flow potential Eccentricity (g) - 0.1

) Ratio of Initial Biaxial Compressive Yield Stress to Initial Uniaxial Compressive Yield Stress (foo/fco)- 1.16

e  Ratio of the Second Stress Invariant on the Tensile Meridian to that on the Compressive Meridian, (K)- 0.667
e  Viscosity Parameter (u)-0.007985

e  Compressive yield stress — 30 N/mm?

° Compressive plastic strain —0.00359

e Tensile yield stress — 4.2 N/mm?

e  Tensile plastic strain - 0.0021

Table 1 CFRP and Epoxy Resin- Physical Properties

Material Thickness, mm Tensile strength, MPa Ultimate strain Modulus of Elasticity, E GPa
CFRP- unidirectional 0.13 3450 14,460 200
Epoxy - - - 3.5
fe 30
| .. )
3
faa = S 20+
E, £ g | o
, _j; : & 10+
’ § r :
g,
E . : 0 ; ‘ "
b i} £ 0.000 0.001 0.002 0.003 0004
e 1 ol i Inelastic Strain

Figure 3 Compression stress-strain response of concrete (Hibbitt & Sorensen, 2019)

Yield Stress (N/mm’)

T T
0.000 0.001 0.002
Cracking strain

Figure 4 Tensile stress-strain response of concrete (Hibbitt & Sorensen, 2019)
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2.2.2 Steel

The properties of the profile deck (stainless steel) used in the present study are as shown in Table 2 obtained from
previous literature (Marimuthu et al., 2007). The profile deck shape, dimensions and three-dimensional view of the
profile deck used in the study is as shown in Figure 5 and Figure 6. The values of true stress and logarithmic plastic strain
can be derived by conducting a tensile coupon test on the samples cut from the profile deck steel. The same was

calculated using the below Equations (1) and (2) by (Lubliner, 2008) to define the steel properties in ABAQUS for the
current study.

Otrue = Onom (1 + Enom) (1)

l Ot
gp1=In (1+ €nom) = =)

(2)

Where, Oiree is the true stress, s,l,’} is logarithmic plastic strain, onom represents the nominal stress, €nom is the nominal
strain and Es represents the modulus of elasticity of steel. The uniaxial tensile response of the profile sheet and
reinforcing bars was simulated using the same approach. The behaviour of the material exhibited linearity until reaching

the yield stress, at which point it transitioned into an inelastic state as it underwent hardening till reaching the ultimate
stress.

Table 2 Properties of Profile steel deck and Concrete (Diab et al., 2020)

Material Compressive strength, MPa  Tensile strength, MPa Ultimate strain Modulus of Elasticity, E GPa
Profile steel Deck - 310 14,460 230
Concrete 36 = 0.0035 30

w

e - -
L -« 4 - " 4
- a - - ol
- & L ~f - F " - e . a.
: : S e ‘ 150 mm
- v -
a - a 4, " - " -
e e . S e a ¥ a - * 2"
44 aa o, - 2 - 4 a 4
e - - 4 4 -
" 2 P - - kb
:

Figure 5 Profile deck shape and dimensions (Marimuthu et al., 2007)
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Figure 6 Profile deck in three-dimensional view

2.2.3 CFRP

A unidirectional CFRP fabric was used in the study and the properties of the carbon fibre used in the study is shown
in Table 1. The different pattern of CFRP strips used for the present study is shown in Figure 7.

625

3600

Figure 7 Patterns of CFRP reinforcement (a) Full width (b) Single strip at centre (c) Three strips at equal distance along width

2.3 Contact modelling, Boundary condition and Load

The model incorporates many types of interactions, including embedded region, tie constraint, and surface-to-surface
contact as shown in Figure 8. The reinforcement bars are embedded in the concrete region. There exists a surface-to-surface
interaction characterized by relatively small slippage between the steel deck and the concrete surface. The model exhibited
tangential behaviour with a friction coefficient of 0.3 and resulted in strong contact. The CFRP and concrete are interconnected
by a tie constraint. Adhesive is employed to connect two layers of CFRP when many layers are utilised. Nevertheless, the
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delamination failure occurred due to the adhesive layers being subjected to both tension and shear loads simultaneously. In
this work, the cohesive laws are applied to the adhesive layer, which is positioned underneath a mixed-mode zone known as
mixed-mode delamination. There are two types of delamination that can occur on a cohesive surface (Kazem et al., 2018)
mode |, which is produced by pure tension, and mode Il, which is generated by pure shear. By employing finite element
modelling and utilising mixed mode delamination for the adhesive material, the researchers were able to obtain accurate
outcomes that closely aligned with their experimental investigations (Abdulrazzaq et al., 2022)(Cifuentes & Medina, 2013) .
The boundary conditions used in the present study to model a continuous composite slab is pinned and roller support
conditions. The end supports are given as side rollers with u1=u,=0 uz #0 and the central support is provided as pinned with
u1=uU,=u3=0. Two-point load is given based on shear span using displacement-based approach.

(c)

Figure 8 Contact modelling used in the model (a) Surface to surface interaction (b) Tie Constraint (c) Embedded region

2.4 Meshing

The mesh size utilised in the study significantly influences the correct depiction of outcomes. There is a positive
correlation between the finer mesh size and the ability to bear load and displacement at mid span. As the mesh size
increased, the accuracy of FEM further decreased. Overall, the utilisation of a revised mesh led to studies that exhibited
higher accuracy, but at the expense of increased computing costs. Therefore, the optimal approach was to select a mesh
size that yielded satisfactory outcomes. A hexahedral element with sweep technique was used to mesh the assembly of
all components in the model. The finite element model of the composite slab was developed for the present study,
employing a global seed size of 50 mm for each individual component. A total of 25409 elements were utilised to
construct the finite element composite slab model. Among them, 23422 elements were utilised for concrete (C3D8R),
1687 elements were used for steel linear quadrilaterals of type S4R, and 300 elements were used for CFRP linear line
elements in model C5. The remaining models were similarly meshed using a comparable approach. The components of
the model with their respective mesh are shown in Figure 9.
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(c) (d)
Figure 9 Meshing of the model components (a) Concrete portion (b) Profile deck (c) Rebar (d) CFRP.
2.5 Validation

To evaluate the accuracy of the finite element model used in the present study, the model was validated with two
previous experimental work performed by Saravanan et al. (Saravanan et al., 2012) and Abas et al. (Abas et al., 2013).
The validation of the model was done using two different study. The work conducted (Saravanan et al., 2012) focused on
a composite slab system including a cold form deck with a trapezoidal shape, which was subjected to static stress. A total
of 6 specimens of size 3100 mm x 900 mm were studied under static and cyclic load for different shear spans. The model
is verified using a specimen with a short shear span of 350 mm under static load. The findings are displayed in Figure 10
(a). The model accurately predicted the findings from the load displacement graphs, with a slight deviation of 4%
compared to the actual study. A comprehensive investigation was conducted by Abas et al on continuous composite
slabs, whereby they tested a total of eight two-span continuous composite slabs. Every specimen is positioned on a
profile deck with dimensions of 7000 mm in length and 700 mm in breadth. The load versus displacement characteristics
of the two-span continuous slab with each span of 3400 mm are employed to validate the finite element (FE) model, as
seen in Figure 10 (b). The model's predictions exhibited a high level of concurrence with the experimental findings, with
a margin of error of 4%. Table 3 presents the load and displacement values obtained from the finite element (FE) model
and experimental studies employed for validation purposes.

Table 3 Comparison of ultimate Load and Displacement values of predicted model and previous experiments

Description Load, kN Displacement, mm Percentage error
FE model 55.76 64 +4.03%
Saravanan et al.(Saravanan et al., 2012) 54.00 64 -
FE model 67.19 53 +4.04%
Abas et al.(Abas et al., 2013) 70.00 51 -
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Figure 10 Load vs Displacement of predicted and experimental work (a) Saravanan et al.(Saravanan et al., 2012) b)

3. PARAMETRIC ANALYSIS

Abas et al.(Abas et al., 2013)

The parametric analysis aims to optimize the profiled deck sheet by the influencing parameters such as deck height
and thickness. The shear span is also considered to study the overall effect of the continuous composite slab under
flexure. The effective length of continuous slab is 3400 mm. The shear span is considered as L/4, L/6, and L/8. Initial
consideration of deck height, thickness, and shear span of 45, 0.75 and 850 mm respectively. The deck height is varied
between 45 mm to 70 mm with incrementation of 5 mm each. Similarly, the deck thickness is varied as 0.75,0.8 ,0.9,1,1.1
and 1.2 mm. From the optimized set of profiled deck configuration, the slab is externally strengthened in the hogging
region of continuous slab using CFRP wrapping. The external bond technique helps to improve the negative moment
capacity and limit the crack width over the internal support of the slab. The CFRP strengthening is also critically analysed
based on the positioning of CFRP by varying the length (1.4 m and 1.7 m), Width (strip and full width) and number of
layers (single and two layers). A total of 24 models were analysed as shown in Table 4 and 5 and the results of the same
are given in Table 6.

Table 4 Parameters considered for analysis of continuous composite slab

Parameters Analyzed

Model CFRP Parameters
D Height of deck Thickness of the deck  Shear span Length of Width of Layers of —
(mm) (mm) (mm) CERP CERP CFRP Description

M1 45 = - -

M2 50 = = =

mj 2(5) i 200 : : : Effect of l)tizﬁehdelght was
M5 65 = = =

M6 70 = = =

M7 60 560 = = =

. . 0.75 e i i i Effect of She:fnr Span was

studied

M9 60 0.80 = = =
M10 60 0.90 = = =
M11 60 1.00 850 - - - Effect of thickness of deck was
M12 60 1.10 - - - studied
M13 60 1.20 = = =
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Table 5 Parameters considered for analysis of continuous composite slab reinforced with CFRP

Parameters Analyzed

Model CFRP Parameters
D Height of deck  Thickness of the deck  Shear span Lenzth of Width of L p
ength o idth o ayers o .
mm mm mm
(mm) (mm) (mm) CERP CERP CERP Description
*
CF1 17 Full 1 Compared for effect of
length
CF2 1.4 Full 1 CF1 and CF2
CF3 1.7 3 strips 1 CF3 and CF4
) CF6 and CF8
CF4 1.4 3 strips 1
CF7 and CF9
*
CFS 1.7+1.4 1 strip ) Compared for effect of
layers
CF6 and CF7
CF6 =0 1 e 1.7 1 strip 1
CF8 and CF9
CF7 1.7 1 strip 2 *Compared for effect of
width
CF8 1.4 1 strip 1 CF1, CF3 and CF6
CF2, CF4 and CF8
CF9 1.4 1 strip
CF10 1.7+1.4 3 strips 2 CF5, CF10 and CF11
CF11 1.7+1.4 Full 2

Table 6 Results of parametric analysis of composite continuous slab

Specimen Ultimate peak load, kN Mid span Deflection at peak load, mm  Energy based ductility J End slip, mm
M1 105.34 15.73 1386 7.41
M2 107.17 17.25 2285 5.98
M3 106.28 17.68 2223 6.13
M4 108.38 19.02 2284 7.41
M5 104.88 17.55 2200 5.98
M6 103.11 18.05 2164 6.13
M7 96.32 19.83 2090 5.8
M8 105.32 17.35 2160 5.75
M9 108.76 17.79 2290 5.59
M10 112.77 17.51 2365 7.00
M11 116.67 17.21 2429 7.67
M12 120.33 16.67 2529 5.93
M13 123.89 16.75 2602 6.03
CF1 167.04 20.04 2063 4.90
CF2 137.94 43.30 2375 7.45
CF3 141.85 19.74 1005 1.92
CF4 104.08 36.98 1471 7.14
CF5 117.51 18.91 1517 5.21
CF6 109.88 18.43 1536 5.4
CF7 117.62 18.93 1512 5.18
CF8 80.13 15.61 1316 7.89
CF9 86.06 14.97 485 3.25

CF10 140.07 14.28 1288 1.27
CF11 176.78 20.88 1681 4.50

Latin American Journal of Solids and Structures, 2024, 21(6), 551 11/25



Optimization of Profiled Steel Deck Composite Slab Strengthened with CFRP: A Finite Element Analysis Approach Karthiga.S. et al

3.1 Optimization of profile deck

The profiled deck has been meticulously optimized to enhance the structural efficiency and performance, leveraging its
geometric parameters. Finite element (FE) analysis has been employed to scrutinize the impact of deck height, thickness, and
shear span. Table 6 delineates the findings, with Models M1 to M6 elucidating the influence of deck height, Models M7 to M10
examining shear span effects, and Models M10 to M13 scrutinizing deck thickness. Optimization was achieved through a
comprehensive analysis encompassing load versus deflection behaviour, end slip, energy-based ductility of the slab and strain
characteristics of the profile deck sheet. By systematically varying these parameters across the different models, a nuanced
understanding of their impact on structural behaviour and performance has been attained. These insights are pivotal for
refining the design and enhancing the overall effectiveness of the profiled deck in structural applications.

3.1.1 Effect of deck height

Finite element analysis revealed a characteristic load versus deflection behaviour of the continuous composite slab
exhibiting distinct elastic, yield, and ultimate load regions. In Figure 11 the pronounced deformation profile between the
yield point and slab failure is seen. Increasing the deck height from 45 to 70 mm resulted in an initial increase in the load-
bearing capacity of the slab as the height increases, peaking at 60 mm height before a subsequent decline in ultimate
load. The deeper profile deck facilitated a larger bonding area between the concrete slab and the steel deck, thereby
augmenting composite action and load distribution. Consequently, an improved load-bearing capacity was observed up
to a certain threshold of height increment. However, beyond 60 mm height, the increased distance between the top and
bottom fibers of the slab led to diminished composite action, consequently reducing the ultimate load capacity.

Moreover, the deflection recorded was higher for the model with a 60 mm deck height model M4, indicating
superior ductility compared to other models. Figure 12 illustrates higher strain concentrations at the loading points.
While the strain in the steel deck may not be exclusively influenced by the profile deck height, a deeper profile deck can
enhance anchorage and interaction between the steel and concrete, facilitating more efficient load transfer and
potentially reducing strains in the steel components. Hence, model M4, with its higher load capacity of 108.38 kN and
lower strain 0.024, will be selected for further investigations.
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Figure 11 Load Vs. Deflection based on the variation in deck height
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Figure 12 Strain in profile deck sheet based on the variation in deck height
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3.1.2 Effect of shear span

The effect of variation of shear span on the performance of the slab is studied and the following results were observed. The
Figure 13 represent the load versus deflection characteristics of M4, M7, and M8. Beyond the peak load all curves exhibit a
descending trend with M4 displaying the most gradual decline and M8 the sharpest. This post-peak behaviour indicated the
response of the slab to loads beyond their maximum capacity potentially suggesting a decrease in stiffness or structural integrity.
A steeper decline implies a reduced ability of the slab to support additional load after reaching its peak capacity. Furthermore, it
is noteworthy that the ultimate load of M4 surpasses that of M7 by 12.5% and that of M8 by 2.9%. In Figure 14, the peak strain
attained distinctly due to change in shear span is shown. The model M4 reaches the highest strain at 0.024, followed by M7 at
0.025, finally M8 at 0.035. Maximum strain is absorbed as load increases and shear span drops from 850 mm to 425 mm. The
results indicate that the profile deck with a shear span of 850 mm exhibits a greater load bearing capability and a reduced strain.
These findings will be utilised for further research purposes.
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Figure 13 Load Vs. Deflection based on the variation in shear span
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Figure 14 Strain in profile deck sheet based on the variation in shear span

3.1.3 Effect of thickness

The load deflection behaviour of the slab with varying thickness of deck is presented in Figure 15. The structures are unable
to carry additional load as deflection increases. The ultimate load-carrying capacity showed an increasing trend with increase in
thickness of the deck sheet. The same trend was observed in (Raebel et al., 2020). The model M13 has a load of 123.89 kN which
has the thickest deck of 1.2 mm, followed by M12 with an ultimate load of 120.33 kN and down to M4 with a load of 108.38 kN
having the thinnest deck. All thicknesses from 0.75 mm to 1.2 mm result in similar strain values at the peaks as in Figure 16,
suggesting that within this range the thickness of the deck sheet does not significantly affect the maximum strain experienced by
the slab at mid support. Since there is no significant divergence in the strain peaks with increasing thickness it imply that the deck
sheet thickness in the range tested has a minimal influence on the elastic behaviour of the slab. Thicker profile deck sheets are
more material-intensive, which directly increases the cost and self-weight. To manage the implications effectively setting the
thickness of deck sheets to a maximum of 1 mm is proposed for further investigation.
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3.1.4 End slip

In a continuous composite slab, end slip refers to the slip between the concrete slab and the steel deck
profile caused by differential movement of the two components. This slip can have an impact on the composite
slab's structural performance and integrity, particularly in load distribution, stiffness, and overall strength. The
end slip in steel-concrete composite continuous slabs is influenced by multiple factors, including deck height,
shear span, and deck thickness as shown in Figure 17. As deck height increases from 45 mm in model M1 to 70
mm in model M6, the model M1 and M4 both had same value of end slip of 7.41 mm the bond between the steel
and concrete significantly impact end slip. For the models with deck height between 50 mm, 55 mm, and 65 mm
display lower end slip values. The end slip decreases as the shear span reduces from 850 mm in M4, 560 mm in
M7 and 425 mm in M8 indicating that shorter shear spans could potentially contribute to lower end slip values.
This might be attributed to the reduced leverage effect in shorter spans, leading to less slippage at the ends.
There is a noticeable trend where increasing deck thickness ranges from 0.8 mm (M9) to 1.2 mm (M13) results in
a fluctuation of end slip values and reaching the highest at 1 mm for M11 (7.67 mm). This shows that there might
be a complex relationship between deck thickness and end slip, where beyond certain thickness other factors
such as the composite action or material properties may dominate the behaviour. The increase in thickness could
enhance the stiffness of the slab, potentially affecting the bond and slip characteristics. However, the highest
slip at an intermediate thickness (1 mm for M11) indicates that blindly increasing thickness does not linearly
decrease end slip highlighting the importance of optimizing thickness for both structural performance and
material efficiency. All the specimens passed the definition of ductility as per EC4 (EN, 1994) i.e. load at the peak
is more than 10% of the load causing 0.1mm slip. Altogether, the end slip of composite slabs is influenced by a
complex interplay of deck height, shear span, and deck thickness. Optimal performance in terms of minimizing
end slip likely depends on achieving a balanced design that considers the interactions between these parameters.
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Figure 17 End slip with respect to ultimate load

3.1.5 Energy based ductility

Energy-based ductility in composite slabs refers to the capacity of a composite slab system to deform under loading
beyond its elastic limit without a significant loss of strength. The energy-based ductility variation dependent on deck height,
shear span, and deck thickness is depicted in Figure 18. The energy absorption values of models M1 through M6, with deck
heights ranging from 45 mm to 70 mm, exhibit a consistent upward trend as the deck height increases. This suggests that
slabs with higher deck heights may have a better capacity to absorb energy, as the additional depth allows for a larger
amount of material to distribute and absorb energy under loading. When comparing M4 to M7 and M8, the larger shear
span of M4 might allow for more flexibility and energy absorption before failure. However, this impact also depends on the
additional factors, such as deck height and thickness. The models M9 to M13 exhibit a definite pattern of escalating energy
absorption as the deck thickness increases. This pattern indicates that increasing the thickness of decks improves the energy
absorption capacity of composite slabs by increasing the volume and stiffness of the material. This in turn enhances the
overall structural resilience against applied forces. The structural capacity to absorb energy is a crucial factor in the design
and performance of composite slabs when subjected to dynamic and static loads. Each of these elements has a significant
role in determining this capacity. This observation has the potential to inform the enhancement of composite slab design
for applications. Hence assuring the attainment of sufficient energy absorption capabilities to fulfil performance criteria.
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Figure 18 Energy based ductility variation

3.2 Optimization of CFRP

3.2.1 Effect of length

Two lengths of CFRP wrapping i.e. 1.7 m and 1.4 m are employed and the variation is shown in Figure 19(a). The
model CF1 with a CFRP wrapping length of 1.7 meters, exhibits a 53.73% lower deflection compared to CF2 slab with
shorter length CFRP. The CF2's shorter length demonstrates a lesser load capacity of 21.09% compared to CF1's. The
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reduced deflection and increased load capacity of CF1 suggest that a longer CFRP strip length contributes positively to
the slab's stiffness and structural integrity. The additional length provides more effective distribution of forces and
enhances the slab's ability to resist bending deformation under load. When the CFRP is placed in limited width three
strips spaced equally along the width the model CF3 with longer strips shows 46.67% less deflection and a 26.62%
increase in load capacity compared to CF4. Alike the first comparison, the performance of CF3 reinforces the idea that
increased length and strategic placement of CFRP strips can significantly enhance the load-bearing capacity and reduce
the deflection of the slab. The equal spacing between the CFRP strips ensures a balanced distribution of the load across
the slab improving its overall stiffness and resistance to deformation. Both the model CF6 and CF8 have a single CFRP
strip placed at the centre shows a deflection of 18.43 mm and a higher load capacity of 109.87 kN compared to CF8 with
deflection of 15.60 mm, load capacity of 80.13 kN. This indicates an opposite trend to the previous comparisons. Although
the length of the CFRP strip does affect the load-bearing capacity, the observed trend indicates that the location and
probably the quality of the concrete slab itself are more important factors in determining the deflection of the slab under
load. The potential efficacy of centrally positioning the strip in mitigating deflection may be comparatively lower than
that of an equally spaced technique, suggesting a multifaceted interplay between strip length, location, and slab reaction.
CF7 and CF9, which have two layers of CFRP strips positioned at the center, exhibit enhanced load capacity as their length
increases. However, they also have a subtle deflection reaction, comparable to CF6 and CF8. This configuration implies
that the incorporation of extra layers of CFRP might augment the load-bearing capability is because of the augmented
thickness and rigidity offered by the supplementary layer. Nevertheless, the analysis of deflection response reveals that
the mere addition of additional layers or extension of the CFRP does not provide a direct reduction in deflection. As in
Figure 19 (b), a longer CFRP strip (1.7 m) results in a lower strain implying better distribution of stress or more effective
reinforcement over a larger area.

The structural performance of composite slabs is substantially influenced by the length and strategic positioning of
CFRP strips. Extended CFRP strips, particularly when strategically positioned or layered, tend to improve the ability to
bear loads while also affecting the patterns of deflection in intricate manners. This highlights the need of using a
comprehensive methodology when developing CFRP reinforcements, considering several parameters such strip length,
positioning, and stacking, to get the most efficient structural performance.
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Figure 19 Effect of length of CFRP (a) Load vs. Deflection (b) Strain in deck slab

3.2.2 Effect of layers

Figure 20 (a) illustrates the impact of CFRP layers inside the hogging area of the composite continuous slab on load-
deflection. The CF6 model uses a single layer of CFRP and demonstrates a displacement of 18.43 mm when subjected to
a load of 109.87 kN. The provided data illustrates the initial performance of a single-layer reinforcement with a length of
1.7 m. The CF7 model incorporates two layers of CFRP, resulting in a marginal displacement increase of 2.72% compared
to the CF6 model. This observation indicates a little reduction in stiffness. Nevertheless, the load capacity experiences a
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substantial enhancement with a 7.04% rise, signifying an improvement in strength attributed to the inclusion of an extra
layer. The CF8 type, including a single layer of CFRP, exhibits a displacement of 15.60 mm when subjected to a force of
80.13 kN. The shorter 1.4 m strips are based on a single-layer baseline. The CF9 model has a twofold increase in layers
and a displacement reduction of 4.09% compared to the CF8 model, indicating an enhancement in stiffness resulting
from the inclusion of the additional layer. The load capacity is raised by 7.40% due to the double layering, which provides
greater strength equivalent to the 1.7 m strips, while also offering the advantage of higher stiffness.

The load capacity at both lengths (1.7 m and 1.4 m) is consistently enhanced by an increase in CFRP layers,
highlighting the strengthening impact of additional CFRP layer. Adding additional layers to 1.7 m CFRP strips results in
minimal displacement, indicating a slightly flexible system. Adding extra layers to 1.4 m CFRP strips reduces displacement,
indicating a more rigid slab. The load capacity increases proportionally with the addition of a second CFRP layer, resulting
in an approximate improvement of 7%. Figure 20 (b) demonstrates that the use of two layers of CFRP exhibits superior
strain reduction and distribution capabilities compared to a single layer. In models with shorter length of CFRP, the
efficacy of the two-layer system is more evident in comparison to the 1.7 m models. Utilising two layers of shorter CFRP
strips might be advantageous when prioritising stiffness, particularly in seismic zones. On the other hand, if the objective
is to optimise load capacity while minimising displacement, it may be more advantageous to utilise two layers on the
longer strips.
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Figure 20 Effect of layers of CFRP (a) Load vs. Deflection (b) Strain in deck slab

3.2.3 Effect of width

When comparing the CFRP wrapping of full width and strips of 1.7 m length as in Figure 21 (a), CF1 has the highest
load capacity of 167.04 kN with a highest displacement of 20.04 mm indicating that wrapping the entire width increases
load capacity and flexibility of the slab. The model CF3, with three strips had a reduction in load capacity of 17.7% and
model tend be stiffer than CF1. This suggests that using multiple strips along the width balances load capacity and
stiffness. The model CF6, with a single strip has the lowest load capacity of 109.88 kN and a displacement of 18.43 mm,
showing that a single strip at the centre provides a stiffer system with less load capacity. CF1 exhibits similar trend in
strain distribution with CF3 due to the continuous support across the full width. However, CF3 had higher strain as shown
in Figure 21 (b). The model CF6, with central placement had the better strain reduction.

When comparing the CFRP wrapping of full width and strips of 1.4 m length, CF2 has the highest load capacity of
137.94 kN and the highest displacement of 43.30 mm from which it is evident that CFRP strengthening of full-width
wrapping provides high load capacity at the expense of higher ductility. The model CF4 with three strips provides better
load capacity than a single strip at centre and had a higher displacement of 36.98 mm. While CF8 has the least
displacement of 15.61 mm indicating the higher stiffness similar to the trend noted in 1.7 m length CFRP. When studying
the strain behaviour, it is seen that CF2 has a higher peak strain than CF4 and CF8 which suggests that for shorter length
of CFRP strengthening distributing CFRP in limited width either as multiple strips or a single central strip is more beneficial
than a full-width application.
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When comparing CFRP wrapping of mixed length in two layers CF5 has two layers of mixed-length strips placed at
centre providing a load capacity and displacement suggesting a balance between stiffness and load capacity. CF10 with
three strips spread across the width and two layers shows higher stiffness (lowest displacement) and a good load capacity
(140.06 kN), possibly the best balance among the three. CF11, like the previous full-width models, shows the highest load
capacity (176.77 kN) and the highest displacement (20.88 mm), meaning that despite being the most flexible, it can carry
the highest load. CF10 as having the lowest peak, indicating the most effective strain reduction due to the combination
of multiple strips and two layers. CF11 and CF5 would show higher strain values, with CF11 potentially showing a more
evenly distributed strain across the width than CF5 due to the full-width wrap. The distribution of CFRP (whether by
multiple strips or full-width) and the number of layers plays a significant role in the strain characteristics of the slabs.
Multiple strips and additional layers tend to reduce and more evenly distribute strain.

Overall, CFRP wrapping width and layering markedly influence load capacity and structural flexibility. Full-width
wraps consistently achieve higher load capacities with increased flexibility. In contrast, single-strip placements maximize
stiffness but at the expense of load capacity. Multiple-strip configurations and layering strategies offer balanced
solutions, adapting load support to displacement characteristics for optimal structural reinforcement.
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Figure 21 Effect of width of CFRP (a) Load vs. Deflection (b) Strain in deck slab

3.2.4 End slip of slabs with CFRP reinforcement

In Figure 22, the load increases with end slip up to a specific level for each CFRP configuration before either reaching plateau
or exhibiting a downward trend, which indicates the maximum load that the configuration can sustain before failure. In terms of
load transfer and CFRP efficiency, models that have smaller end slips at higher loads perform superior. The full width CFRP CF2
demonstrates a 52.04% increase in end slip compared to CF1, indicating that slabs with shorter CFRP lengths may encounter
greater slip prior to reaching their performance threshold, owing to enhanced flexibility. CF3 has a lower end slip in evenly spaced
strips compared to CF4, measuring 1.92 mm and 7.14 mm respectively. This suggests that the slab with a longer CFRP strip
effectively limits slip by enhancing load distribution. CF5 and CF7 have comparable end slip values of 5.21 mm and 5.18 mm,
respectively, in their two layered configurations. The model CF9 has a significantly reduced slip of 3.25 mm, indicating that the
benefits of a two-layer system are contingent upon the specific design. CF6 and CF8 exhibit different end slips of 5.4 mm and 7.89
mm respectively for single layered strips. The latter has a larger value, suggesting that the shorter length of CFRP has an impact
on end slip. When two strips of various lengths are used together, CF10 demonstrates exceptional performance with a minimal
end slip of 1.27 mm. This demonstrates an optimal equilibrium between slip resistance and load-bearing capacity, achieved via
the use of both length variations and layering techniques.

The findings indicate that the slip characteristics are considerably influenced by the interplay of CFRP length,
breadth, and layering complexity. There is a propensity for increased slip in both full-width and strip applications
observed in models with shorter CFRP lengths. In contrast, designs using spaced strips present a compromise between
load capacity and slip. However, it is important to note that this equilibrium is significantly impacted by the design and
application of the CFRP layers.
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Figure 22 End slip of slabs with CFRP reinforcement

3.2.5 Energy based ductility of slabs with CFRP reinforcement

The energy-based ductility is displayed in Figure 23, and the length, breadth, and number of CFRP layers are compared.
CFRP strips with shorter lengths often exhibit more energy absorption. This is apparent when comparing CF2, which has an
energy that is 16.43% higher than CF1, and similarly, CF4, which has an energy that is 46.36% more than CF3. The potential
reason for the heightened energy absorption seen in shorter strips might be attributed to the elevated stress concentration
over the decreased length. The energy absorption of models with two layers, namely CF5, CF7, and CF10, is seen to be greater
compared to those with only one layer. The energy absorption of full-width CFRP wraps CF1 and CF2 exhibits a notable
disparity, which can be attributed to the length of the strip. Models including evenly dispersed strips CF3 and CF4 exhibit lower
energy absorption compared to the full-width wraps. This suggests that a concentrated application of CFRP over the entire
width is more efficient in terms of energy absorption than using distributed strips. For example, the CF11 model has a 30.5%
higher energy absorption capacity in comparison to the CF10 model, hence enhancing the efficacy of full-width wraps.

The length of CFRP significantly impacts its energy absorption capability, with shorter strips exhibiting superior
performance. The introduction of additional layers is known to improve energy absorption. However, it is crucial to
consider the potential interaction with other elements, such as the location of strips. Full-width carbon fibre reinforced
polymer (CFRP) wraps, particularly when including many layers, exhibit greater efficacy in terms of energy absorption as
compared to arrangements where strips are dispersed throughout the width of the slab.
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Figure 23 Energy based ductility variation of slabs with CFRP reinforcement
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4. THEORETICAL METHOD

To ascertain the ultimate load of the composite slabs, utilise the strain correlation and force equilibrium
criteria(Hosen et al., 2015), as shown in Figures 24(a) and (b). In order to obtain the ultimate moment of composite slab
strengthened with CFRP, the forces in tension as well as compression is calculated separated using the stress variation
diagram as in Figure 24. In addition, to conventional composite slab, additionally the force resistance of CFRP is
calculated. Using the equilibrium of forces between tension and compression, the depth of neutral axis (a) is calculated.
The ultimate moment is calculated by the product of force of each component and corresponding lever arm distance
from both tension and compression region. The expected failure of the reinforced beam is due to the compression
concrete crushing after the tension reinforcement yields. In the constant moment zone, the computation is performed.
In the event of failure, the forces P, P: and P, are represented by the following Equation (3) — (6).
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Figure 24 Flexural stress variation across composite slab
Pc= O.67fcu (3)
Ps=AsF, (4)
Pcfrp=ActrpEcfro€ctrp (5)
Ecfrp IS calculated by ecfp=€c dcf;—p_x (6)
The equilibrium of forces results in the subsequent relationship:
0. 67bfcuxz + (ecfrp chrpAcfrp - AsFy)X —€c chrpAcfrpdcfrp =0 (7)

The determination of the depth of the neutral axis (x) is achieved by utilising Equation (7)
Calculation of ultimate bending moment is determined by the following Equation (8)

defrp—X
Mu = AsFy (ds - g) + chrAcfrp €c % (dcfrp - g) (8)

Predicting the ultimate load of test specimens was based on equilibrium conditions. The ultimate load P is calculated
from Equation (9)
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2My
P=T (9)
Where,

b - Width of composite slab
h - Overall depth of the composite slab
ds - Distance between the centre of gravity of the tension steel bars and the bottom fiber of the concrete
dcirp - Distance between the bottom fiber of concrete and the centre of gravity of the CFRP reinforcement
x - Depth of neutral axis
€. - Strain of the bottom fiber of concrete
Ecfrp - Strain CFRP
Acfrp- Area of CFRP used for strengthening of the slab
Ecfrp - Young's modulus of the CFRP
F, - Yield strength of the profile deck sheet
A - Area of the tension reinforcement
Feu - Compressive strength of concrete
M, - Ultimate moment of slab
P - Ultimate load of slab
L - Length of the slab
P. - Total compressive force in concrete
P, -Total tensile force in steel
Pcirp -Total tensile force in CFRP

(Dahham et al., 2018) studied the behavior of continuous composite slab strengthened with CFRP laminates. The study
involved experiment on four specimens of which three were strengthened in the hogging region using a single strip of CFRP of
varying length and a control specimen with no strengthening. The theoretical method was applied to the above study and ultimate
moment of the slabs was calculated. It has been observed that from experimental moment values for specimen strengthened
with CFRP of 1, 1.4 and 1.7m CFRP were 23, 25.8 and 27.9 kNm respectively. The predicted value for all slabs using the theoretical
method was found to be 21.5 kNm since the effect of length of CFRP is not included in the theoretical calculation. Hence, all the
slabs had same predicted value. The results of the proposed equations are having a good agreement with experimental results
with a minimum discrepancy of 6.9%. The comparison between FE models and predicted results from theoretical approach of
ultimate load as shown in Figure 25. The values of ultimate load predicted using the above method showed similar value obtained
from the FE analysis for models CF4 and CF6 with a difference of less than 5%. For the models CFRP strengthen across the full
width slabs the predicted value surpasses the FE model values by 29.9%. It depicted that the prediction has good aggreement
with FE analysis in the case of CFRP with single layer strips. When it comes to two layers of CFRP, there is a slight change in neutral
axis due to addition of another layer of CFRP component. Because of this, there is a change in internal force and stress distribution.
In case of full width strengthened slab, the slab width directly affect the bending stiffness. The bending stiffness increases with
increase in width of CFRP. Hence, there is a small discrepancy in CF1 and CF2. Altogether, there is a good agreement between
predicted and FE results.
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Figure 25 Ultimate load variation between FE analysis and Prediction method
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5. CONCLUSION

The conclusive insights drawn from this study underscore the pivotal role of geometric optimization in enhancing the
structural integrity and performance of profiled deck systems. By employing finite element analysis with great attention to detail,
this study has elucidated the impact of differing deck height, thickness, and shear span on the load-bearing capacity and resilience
of the composite slab. The current investigation offers a comprehensive framework for comprehending the interconnectedness
of design elements and their combined influence on structural performance. The work has been extended to provide a detailed
examination of the use of Carbon Fiber Reinforced Polymer (CFRP) as a strengthening external reinforcement. It has revealed the
complex relationship between the configuration of CFRP, the elements of the slab, and its performance. By conducting a
meticulous analysis of the load-versus-end slip characteristics in different models, crucial elements that significantly influence the
effectiveness of CFRP as a reinforcing material was discovered. The criteria encompassed in this analysis are the length of the CFRP
strips, the quantity and arrangement of layers, and the degree of application breadth. The findings provide valuable
recommendations for enhancing structural design of continuous composite slab using CFRP in the hogging region.

1. Ingeneral, the overall structural performance of the slab is improved when Carbon Fiber Reinforced Polymer (CFRP)
is applied using the surface-mounted approach to strengthen slabs in the hogging region. In the comparison of
conventional composite slab with optimized profiled deck M11 and CFRP strengthened slab CF11’s the ultimate
load and maximum displacement of are 51.5% and 21.32% higher than M11 respectively. However, the ductility
decreased of the strengthened slabs compared to the control slab.

2. Parametric evaluations of models M1 to M13 showed that deck height, thickness, and shear span significantly affect
slab load-bearing efficiency. As deck height increased, the ultimate load capacity and ductility increased peaking at
60 mm height before a subsequent decline in ultimate load.

3. The findings indicate that increasing the shear span, as shown in models M7 and M8, has several benefits. There a
more favourable distribution of stresses across the slab, resulting in enhanced stability and strength. Of the three
shear spans 850 mm is found to have nearly 12% higher load carrying capacity compare to other spans.

4.  As the thickness increased (0.75 mm to 1.2 mm), the ultimate load carrying capacity has increased. The ultimate
load of M11(1.2 mm thick) is 14.31% higher than M4(0.75 mm thick). Thicker profile deck sheets are more material-
intensive, which directly increases the cost and self-weight. To manage the implications effectively, setting the
thickness of deck sheets to a maximum of 1 mm is proposed for the present study.

5. The careful assessment of the variance in CFRP application, including factors such as length, width, and the number
of layers, was conducted. The CF1(1.7 m) and CF2(1.4) models, which differ in the length of CFRP, depicted the
importance of CFRP coverage enhances the strength and ductility of the slab.

6. In comparing the models of different length of CFRP, CFRP of 1.7 m length is 21.09%, 36.28%, 37.12% and 36.67%
higher than 1.4 m length in terms of full width, three strips, one strip and one strip two layers respectively. In terms
of the number of layers, C7 is 7.04% higher than C6, while C8 is 7.4% higher than C9. In terms of width, its obvious
that full width has the maximum load carrying capacity of 176.78 kN. The analysis of models CF3 and CF4, CF6 and
CF8, and CF7 and CF9 offered a distinct viewpoint on the optimum number of CFRP strips and their strategic
positioning. The implementation of a layered approach in models CF6, CF10, and CF11, which incorporate numerous
layers of CFRP, highlights the advantages of layering in strengthening the slabs. This is supported by the significant
improvements observed in the ultimate load capacity and energy-based ductility indices.

7. The theoretical approach was developed to predict the ultimate load of the continuous composite slab strengthened
with CFRP. The method tends to overestimate the capacity of the slab when it is strengthened fully across the width.
The prediction was accurate for models with one central strip of both longer and shorter length of CFRP.

8. In conclusion, the findings of this analytical endeavour highlight the significant advantages of customising deck
shape and using CFRP reinforcement. These enhancements not only amplify the load-bearing capacity of composite
slabs but also introduce additional resilience, indicating that such modifications can lead to significant
advancements in the design and construction of structural components. Further investigation is necessary to
authenticate these finite element model results to examine the enduring performance of CFRP-reinforced slabs
when subjected to dynamic stress and fluctuating environmental circumstances.
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