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1. Introduction

Steel and concrete are the two widely used building materials in the construction industry [1], [2].
Each of these materials imparts certain strengths and weaknesses. For example, concrete exhibits low
tensile strength and fracture toughness resulting in cracking [3], [4]. Structural steel elements, on the
other side, are susceptible to buckling and exhibits poor fire resistance performance. The undesirable
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properties of these materials can be neutralized when they are combined to form a composite structure.
The composite connection may be perceived as the addition of a reinforced concrete slab to the bare
steel connection by providing an appropriate mechanism of shear transfer in between the concrete slab
and the steel beams [5]. This mechanism is provided using shear studs that are welded to the top flange
of the steel beam and embedded in concrete in order to act as a single unit. The key characteristics of
composite connections (i.e., moment capacity, rotation capacity and rotational stiffness) are considerably
affected by many factors such as joint type, slab depth, reinforcement bar ratio, the degree of shear
interaction and load application procedure [6]-[14].

In addition, to maintain the favorable performance of composite connections during their service life,
the flawless performance of the steel and concrete components should be continuously provided. In this
regard, steel and concrete need special modification and rehabilitation schemes to withstand their primary
properties for a long period of time when exposed to service environments. As for instance, it is estimated
that developed countries assign approximately 40% of their total construction industry budget for repair
and maintenance purposes of the existing infrastructures [15]. In case of a reinforced concrete (RC)
structures, the main detrimental factors are the increase in applied loads, corrosion of steel reinforcing
bars and unexpected events such as earthquakes. The retrofit of RC elements can be achieved by
adding steel or Fiber Reinforced Polymer (FRP) materials including rods [16], [17], plates [18] and
innovative systems [19] to the damaged RC element. In the case of retrofitting plates, steel or FRP plates
are attached to the surface of the concrete element in such a way that the slip between the connected
materials is prevented and they act compositely in carrying the load. The FRP materials are more
attractive than steel, primarily due to higher strength-to-weight ratio, resistance to many chemicals and
metal-corrosive agents as well as easier handling and installation. Thus, external bonding of FRP plates
has become a widely popular method for the strengthening of different RC structural members such as
beams, columns and slabs [20], [21].

An abundance of tests over the last two decades have shown that the bending capacity of flexural
members such as RC beams and slabs to be enhanced by applying FRP overlays to their tension face
[22], [23]. Parvin and Granata [24], Mosallam [25] and Gergely et al. [26] carried out experimental and
numerical studies on the behavior of RC joints strengthened with FRP laminates. The authors reported
the increase in the flexural capacity and decrease in the ultimate rotation of joints as a result of FRP
strengthening of RC connections. Esfahani et al. [27] and Almusallam et al. [28] examined the effect of
reinforcement bar ratio on the behavior of beams strengthened with FRP laminates. They pointed out the
enhancement in bending capacity and stiffness of the retrofitted beams. On the other hand, a significant
absence of literature exists on the behavior of endplate composite connections strengthened with FRP
laminates.

The main objective of this study is to evaluate the moment-rotational response of endplate composite
connections including strengthening of the slab using different sizes and thickness of Carbon Fiber
Reinforced Polymer (CFRP) laminates attached to the tension face of the slab. To this end, a three
dimensional (3D) non-linear finite element model is developed in ANSYS software to perform a
parametric study. In addition, various values of reinforcement bar ratio in the slab is considered to
investigate the possibility of decreasing the rebar in the presence of the CFRP laminate. This will reduce
rebar congestion in the composite joint resulting in cost and time savings in rehabilitation projects.

2. Methods

The Finite Element Method (FEM) is a numerical technique that can be used to solve complicated
problems in engineering by breaking down a complex problem into a large number of simple problems. In
this section, a short description of the experimental program that was used as the calibration basis for the
numerical studies is initially presented. The finite element models are then used in parametric analyses of
partial depth endplate composite connections.

The specimen SCJ10 tested by Xiao [13], [14] at The University of Nottingham serves as the base
model (un-strengthened model) to compare with those finite element models strengthened with CFRP
laminates. The specimen SCJ10 is depicted in Figure 1. Two 305x165xUB40 (beam element) of 1.6 m in
length and one 203x203xUC52 (column element) of 1.2 m in height are connected to form the cruciform
configuration. The beams are connected to the column flanges at a height of 500 mm by means of partial-
depth endplates (19015010 mm) welded to the steel beam and bolted to the column flange with two
rows of M20 Grade 8.8 bolts. A 120 mm deep slab with RMF CF46 profiled metal decking is used. The



slab rebar ratio is 0.8%. Two point loads of the same magnitude are applied symmetrically to each
cantilever at 1.5 m from the column flange.
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Figure 1. Cruciform arrangement of partial depth endplate composite connection (SCJ10).

In this study, the advantage of the symmetry is used to model the composite connections in order to
reduce the problem size. Therefore, it is essential to address the problem with proper boundary
conditions. To define the support condition or to establish symmetry, appropriate restraints on nodes or
node sets are required. Regarding symmetry about two axes of the cross-section, the concrete-steel
composite connections are modeled with half-length (see Figure 2). All nodes on the line of symmetry are
restrained against both translation and rotation in the z-axis direction.

The metal deck and beams are modeled with eight-node thin shell elements (SHELL281) and the
concrete slab is modeled using a solid element (SOLID185). The SOLID185 element has eight nodes
with three degrees of freedom at each node. The element has plasticity, hyper-elasticity, stress stiffening,
creep, large deflection and large strain capabilities. The reinforcement bars are modeled using the link
element (LINK8) and shear studs are idealized by twenty-node solid elements (SOLID95). The eight-node
solid elements (SOLID45) is used to model the column, endplate and bolts.

Line of symmetry

=y

Figure 2. Typical finite element model with Boundary conditions.

The interaction between the metal deck and steel beams is not fully bonded. Thus, surface-to-surface
contact elements are used as the interface element between the metal deck and the steel beam to
prevent any penetration of steel decking into the steel beam. To model this behavior, the surface-to-
surface contact elements, CONTA174 and TARGE170 are superimposed on the surface of the solid or
shell elements which form the interface. Each of these “contact pairs” is also capable of representing the
slide between the two surfaces activated by defining a friction coefficient. The surface-to-surface contact
model also defines the complex interfaces between the endplate and the column flange, the shear studs
and concrete as well as the column flange and concrete. The coefficient of friction is assumed equal to
0.45 in this research.

For the material properties, ANSYS requires input of the modulus of elasticity, yield stress and
Poisson's ratio. In this study, Poisson’s ratio values of 0.3 and 0.2 are used for steel and concrete,
respectively. The relationship between the compressive strength of concrete and its tensile strength and
modulus of elasticity is expressed as shown in Equations (1) and (2), respectively [29]:

f.=0632)/f (1)
E, = 47001 (2)
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where f, fC and E_ are the tensile strength, compressive strength and modulus of elasticity of

concrete, respectively. The compressive uniaxial stress-strain relationship for concrete in the ascending
branch to compute the multi-linear isotropic stress-strain curve is calculated using Equations (3) to (5)
[30]:

Ee
f=—2Es
()
&y
& =2 ,j; (4)
E=7 (5)
&

where ¢ is the strain, f is the stress at any strain and &, is the strain at the ultimate compressive
strength. The stress-strain behavior adopted for concrete is shown in Figure 3.
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Figure 3. Uniaxial stress-strain curve adopted for concrete.

The shear studs and metal deck are modeled using a bilinear stress-strain curve with the bilinear
isotropic hardening option (BISO). The bilinear stress-strain curve is capable of representing elastic-
perfectly plastic material behavior with equal yield stresses in tension and compression as well as with
the hardening option.

The steel reinforcement is modeled for nonlinear analysis as an elastic-plastic material using a three
linear stress-strain law symmetrical is tension and compression (see Figure 4 (a)). An increase of
deformation over the elastic limit leads to the exhibition of a yielding plateau phase. After the perfectly
plastic branch, strain-hardening behavior initiates. The plastic strain deformation at the end of the yielding
plateau (&) and the modulus of elasticity in the hardening phase ( £, ) for steel reinforcement bars are

obtained using Equations (6) and (7), respectively [31], [32]:

&, =3¢, (6)
E,=0.02E, (7)
where &, and Ey are the yield strain and the modulus of elasticity, respectively.
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Figure 4. Stress-strain curve for (a) steel reinforcement bars (b) beam, column, bolts and steel
deck.



In line with Gattesco [33], other structural steel parts are modeled using a stress-strain relationship
that incorporates multi-linear isotropic hardening (see Figure 4 (b)). Amadio and Fragiacomo [32] have

proposed Equations (8) and (9) for the plastic strain deformation at the end of &, and E,, respectively.
&, =15¢, (8)
E, = 0.015Ey 9)

In this research, a 3-D layered structural element (SOLID46) with three degrees of freedom at each
node is used to model the CFRP laminates. The element allows up to 250 layers and translation in the x,
y, and z directions. The element is defined by eight nodes, layer thickness, layer material direction angles
and orthotropic material properties. This study assumes that the strength of the epoxy used to attach the
CFRP laminates to the surface of concrete was sufficiently high to support the full bonded assumption. In
line with similar studies [34], [35], the CFRP laminate "MBRACE® laminate 460/1500" with a 71%
volume fraction of carbon fiber is adopted for this research. The material properties of the CFRP material
are given in Table 1.

Table 1. Material properties of CFRP laminate.

. Tensile modulus Poisson's Tensile strength Elongation at .
CFRP laminate (GPa) ratio (MPa) break (%) Thickness (mm)
MBRACE ®
LAMINATE 478.730 0.36 1607 0.36 1.45
460/1500

3. Results and Discussion

In this section, the moment-rotation curves are plotted using the obtained numerical results. From this
curve, the ultimate moment and rotation capacities are determined and compared with the existing
experimental test data [13], [14] in order to validate the finite element results. Then, a direct comparison
between the strengthened and un-strengthened composite connections are made and the effect of
implementing CFRP external reinforcing laminates is studied.

3.1. Model validation

The experimental and numerical moment-rotation curves for the un-strengthened specimen (SCJ10)
are compared in Figure 5. The experimental values of ultimate moment and rotation capacities were
147.8 kN.m and 16.5 mRad, respectively [13], [14]. The ultimate moment and rotation capacities obtained
from FEM model for SCJ10 are 146.5 kN.m and 16.1 mRad, respectively, which are very close to the
experimental test data. Note that both the experimental and FEM curves follow a similar trend. In the
initial phase, the connection behaves linearly which is then followed by nonlinear behavior where the
connection gradually loses its rotational stiffness as rotation increases.
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Figure 5. Comparisons between experimental and FEM results.

Also, The failure mode for SCJ10 using FEM shows good correlation with the experimental test
results [13]; both experimental and FEM models failed due to the column web buckling (see Figure 6 (a)
and 6 (b)). The deformation of the partial depth endplate due to the applied load can also be seen in
Figure 6 (c). These confirm the accuracy of the developed finite element model.
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3.2. Parametric study
3.2.1. Effect of CFRP length and width

To investigate the effect of the CFRP laminate dimensions, five models with different widths and
lengths are developed. Table 2 shows the configurations of these models. A composite connection
without a CFRP laminate is analyzed to serve as a reference model to comparison with those models
reinforced with CFRP laminates. In this research, the CFRP laminate have width values between 30%
and 60% of the slab width. The length of the CFRP laminate is varied from 20% to 40% of the length of
the composite slab. The thickness of the laminates is 1.45 mm.

Table 2. CFRP laminate dimensions.

Test ID CFRP laminate configuration
Width (%slab width) Length (%slab length) Thickness (mm)
CFRP W30xL30 30 ”
CFRP W45xL30 45
CFRP W50xL20 50 %0 145
CFRP W60xL30 60 30
CFRP W60xL40 40

Figure 7 shows a typical FE model of a CFRP laminate applied to the tension face of the partial depth
endplate composite connection. A finer mesh is used around the shear studs due to the stress
concentration in their vicinities.



Figure 7. Typical FE model of a compbsite connection strengthened with CFRP laminate.

The ultimate moments and rotation capacities for un-strengthened and strengthened models with
different CFRP laminate configurations is shown in Table 3. Also, the moment-rotation curves for the FE
models are presented in Figure 8. The results show that applying CFRP laminate to the tension face of
the composite connection will increase the ultimate moment and rotational stiffness of the connection
compared with the un-strengthened model. The rotation capacity of the CFRP strengthened connection is
considerably lower than the un-strengthened specimen (SCJ10). Moreover, it is clear that the length of
the CFRP laminate has greater influence on the moment capacity than its width. For example, the
ultimate moment and rotation capacity for test ID CFRP W60xL40 is increased by 8.2% and 9.5%
compared with CFRP W60xL30, respectively. In addition, test ID CFRP W50xL20 with the smallest
length exhibits the smallest moment capacity amongst all the FE models.

Table 3. FEM results of partial depth composite connections with and without CFRP laminate.

Test ID Ultimate Moment (kN.m) Rotation capacity (mRad)
Un-strengthened model (SCJ10) 146.47 16.05
CFRP W30xL30 150.34 6.910
CFRP W45xL30 158.10 6.747
CFRP W50xL20 149.08 7.573
CFRP W60xL30 162.63 6.631
CFRP W60xL40 175.92 7.264
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Figure 8. Moment-rotation curves for un-strengthened and strengthened models.

3.2.2. Effect of CFRP thickness

To investigate the effect of the CFRP laminate thickness on the moment-rotation curve of the
composite connection, CFRP W60xL40 is modeled with different sheet thicknesses. Table 4 shows the
configurations and moment/rotation capacities of the considered models. From the FE results, it can be
seen that by increasing the thickness of CFRP sheets, the moment capacity of the composite connection
is slightly increased. By increasing the CFRP laminate thickness from 2 mm to 5 mm, the moment and
rotation capacities are increased by only 5.5% and 4.5%, respectively.



Table 4. FEM results of various configurations of CFRP reinforced composite connections.

CFRP laminate configuration Moment Rotation

TestD Width (%slab width)  Length (%slab length) Thzﬁm‘;s‘s C(";‘(‘,’\laf#)y ‘zf‘npsggg’
CFRP W60xL40 1.45 175.92 7.264
CFRP W60xL40xT2 60 40 2 176.16 6.378
CFRP W60xL40xT5 5 185.82 6.665

3.3. Effect of reinforcement bar ratio

To investigate the influence of the reinforcement bars on the composite connection, test IDs
SCJ10%xR0.2 and SCJ10xR0.4 with identical joint details but different areas of reinforcement bar from
SCJ10 are considered. The reinforcement bar ratios for SCJ10xR0.2 and SCJ10xR0.4 are 0.2% and
0.4%, respectively. The results obtained from these finite element models are shown in Table 5. The FEM
results indicate that by decreasing the reinforcement bar ratio, the moment capacity is decreased. The
moment capacity of SCJ10xR0.4 and SCJ10xR0.2 reduces by 13.6% and 22.2%, respectively, compared
with test ID SCJ10 (reinforcement bar ratio of 0.8%). However, the rotation capacity of SCJ10%R0.2 is
slightly higher than SCJ10xR0.4 (5.8% higher).

As stated previously, one of the main objectives of this study is to investigate the feasibility of
decreasing the reinforcing bars in the presence of CFRP laminate at the tension face of the composite
connection. Two models of CFRP W60xL40%xR0.2 and CFRP W60xL40%R0.4 are therefore considered.
The specifications and moment/rotation capacities of these models are shown in Table 5. The moment
capacity of test ID CFRP W60xL40%R0.2 is increased by 25.3% and the rotation capacity is decreased by
64.5% (rotational stiffness is increased) compared with test ID SCJ10xR0.2. Also, the moment capacity of
test ID CFRP W60%xL40%xR0.4 is 18.5% more than the moment capacity of its un-strengthened model
(SCJ10%R0.4). From the FEA results, it is obvious that CFRP laminate can reduce the amount of
reinforcement bars needed to provide the required bending strength of a composite connection.

Table 5. FEM results of various reinforcement bar ratios with and without CFRP laminate.

CFRP laminate configuration Moment Rotation

Test ID Width Length Reinforcement bar ratio capacity capacity

(%slab width) (% slab length) (%) (kN.m) (mRad)
SCJ10xR0.2 0.2 113.93 9.110
SCJ10xR0.4 - - 0.4 126.60 8.612
SCJ10 0.8 146.47 16.05
CFRP W60xL40xR0.2 60 40 0.2 142.77 3.233
CFRP W60xL40xR0.4 0.4 149.97 3.688

4. Conclusions

The full scale testing of composite connections to obtain the mechanical properties such as the
strength and stiffness requires expensive and time-consuming experiments. A straightforward alternative
method is to use finite element analysis, yet the numerical results must be verified by available
experimental data. In this paper, a three-dimensional nonlinear finite element analysis is carried out using
ANSYS software to investigate the influence of various parameters on the moment-rotational response of
partial depth endplate composite connections. The comparison between the experimental and finite
element results proves that finite element analysis could precisely predict the complex behavior of
composite connections. The following conclusions can be drawn:

e The results show that the application of CFRP laminate to the tension face of the slab leads to
significant enhancements in flexural strength and stiffness of the partial depth endplate composite
connections. Under identical loading conditions, applying external CFRP laminate exhibits 20.1%
increase in the ultimate moment and 58.7% decrease in joint rotation, compared with the un-
strengthened case.

e Increasing the CFRP laminate thickness can slightly improve the performance of composite
beam-to-column connections by reducing the joint rotation and increasing the moment capacity.
The increase in the CFRP laminate thickness from 2 to 5 mm results in a slight increase in the
flexural strength of the composite connection.



e Applying CFRP laminate to the tension face of the slab can reduce the amount of reinforcement
bars needed for flexural capacity of the composite beam-to-column connections by contributing
to the tensile force. This will alleviate rebar congestion in the joint and make the whole
structure more cost effective.
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