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Abstract: This study aims to investigate the flexural behavior of high-strength thin slabs externally
strengthened with fiber-reinforced polymer (FRP) laminates through a numerical simulation. A three-
dimensional (3D) finite element (FE) model is created to simulate the response of strengthened
reinforced concrete (RC) slabs under a four-point bending test. The numerical model results in terms
of load-deflection behavior, and ultimate loads are verified using previously published experimental
data in the literature. The numerical results show a good agreement with the experimental results.
The FE model is then employed in a parametric study to inspect the effect of concrete compressive
strength on the performance of RC thin slabs strengthened with different FRP types, namely carbon
fiber-reinforced polymers (CFRP), polyethylene terephthalate fiber-reinforced polymers (PET-FRP),
basalt fiber-reinforced polymers (BFRP) and glass fiber-reinforced polymers (GFRP). The results
showed that the highest strength enhancement was obtained by the slab that was strengthened
by CFRP sheets. Slabs that were strengthened with other types of FRP sheets showed an almost
similar flexural capacity. The effect of concrete compressive strength on the flexural behavior of the
strengthened slabs was moderate, with the highest effect being a 15% increase in the ultimate load
between two consecutive values of compressive strength, occurring in the CFRP-strengthened slabs.
It can thus be concluded that the developed FE model could be used as a platform to predict the
behavior of reinforced concrete slabs when strengthened with different types of FRP composites. It
can also be concluded that the modulus of elasticity of the composite plays a major role in determining
the flexural capacity of the strengthened slabs.

Keywords: FRP; slabs; flexural; RC; FE

1. Introduction

Reinforced concrete (RC) buildings are susceptible to deterioration. This is not only
due to potential hazards such as earthquakes and fire loads, but also due to a lack of
maintenance, design errors, dynamic changes including overload and changes in the
structure’s functions. The repairing and retrofitting of RC structures using fiber-reinforced
polymers (FRP) has been known as an outstanding retrofitting technology [1-4], thanks to
its superior properties of high strength, resistance to corrosion and ease of use. One of the
important components of the reinforced concrete structure is the slab. The strengthening
of RC members using FRP composites has been extensively studied and implemented in
the last few decades [5-8]. This technology allowed for significant strength and durability
enhancement in addition to the advantage of a quick installation with minimum service
disruption. The use of high-strength concrete members has emerged from the need to
construct high-rise buildings and has allowed for the design of smaller sections, resulting
in a reduction of the overall structure’s weight. Using thin slabs also provides an aesthetic
appearance in terms of a taller floor-to-ceiling height. Therefore, high-strength flat solid
slabs can be found in almost all modern medium- and high-rise RC structures. Although
a minimum thickness is specified for RC slabs in the ACI-318 code provisions to prevent
deflections [9], it is permitted for the designer to use thinner slabs when short- and long-
term deflection calculations are performed and shown to have no adverse effect on the
behavior of the slab.
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Few studies have been conducted on the performance of FRP-strengthened slabs in the
literature [10-14]. A recent study by Mahmoud et al. [10] reported the results of a two-point
loading test on 18 CFRP-strengthened RC slabs with a thickness of 100 mm and a concrete
compressive strength of 70 MPa. The reinforcement ratio and the number of CFRP layers
varied among the specimens. The increase in flexural capacity ranged from 65% to 350%.
The highest percentage was obtained for the specimens having a high reinforcement ratio
and two CFRP layers. However, these specimens exhibited the least ductility.

Numerical simulation is a powerful tool that helps in deepening the understanding
of engineering problems and the optimization of the design processes. Studying the
behavior of RC structures and structural members through finite element methods saves
considerable time and resources and allows for testing many variables and materials.
Many numerical investigations have been carried out to study the flexural behavior of
FRP-strengthened RC beams and slabs [7,15-20]. However, to the best of the author’s
knowledge, no numerical studies have been conducted to investigate the flexural behavior
of strengthened thin and high-strength RC slabs with FRP laminates. Moreover, most
previous studies focused on CFRP as the strengthening material, while others studied
other conventional FRP composites such as glass fiber-reinforced polymers (GFRP) and
aramid fiber-reinforced polymers (AFRP). However, it is important to investigate other
types of available and less-used FRP composites to compare their behavior, efficiency
and feasibility. For example, polyethylene terephthalate (PET-FRP) is a newly developed
bilinear sustainable material, manufactured using recycled plastics. Another eco-friendly
material is the inorganic basalt fiber-reinforced polymer (BFRP). These two materials
demonstrated good mechanical properties and promising flexural behavior results in terms
of ductility. Therefore, studying the behavior of thin slabs strengthened with different types
of FRP composites in combination with varied concrete compressive strengths through
a finite element investigation will provide useful information that will bridge the gap in
the literature regarding the feasibility of using various FRP types with a higher concrete
compressive strength.

The purpose of this study is to model high-strength thin reinforced concrete slabs
externally bonded with CFRP laminates through a non-linear finite element model devel-
oped using the commercial software ANSYS [21]. After validating the model’s accuracy
by comparing the numerical results with experimentally reported load-deflection curves
for the specimens in a previous experimental test published in the literature, the model
is utilized to inspect different types of FRP materials, namely, CFRP, GFRP, PET-FRP
and BFRP. The concrete compressive strength was varied for each FRP type to assess the
extent of the concrete strength’s effect on the behavior of FRP-strengthened thin slabs.
In this regard, non-linear material properties of concrete and steel reinforcement were
incorporated into the FE model. Moreover, the interfacial behavior between the concrete
surface and the FRP laminate was simulated to capture the possible mode of failure of
the strengthened specimens, which was the separation of the laminate from the concrete
surface (debonding).

2. Materials and Methods
2.1. Summary of Experimental Program

The numerical model was developed to simulate the behavior of three high-strength
reinforced concrete (RC) slabs strengthened with unidirectional CFRP laminates and previ-
ously tested by Mahmoud et al. [10] under a four-point bending test (see Figure 1). The
tested slabs were 100 x 300 x 2000 mm. CFRP sheets with a 100 mm width were externally
bonded to the slab’s soffit (the CFRP sheet partially covered the slab’s bottom width). The
slabs were divided into three groups. The steel reinforcement ratio was varied among the
groups as follows: low, moderate and high. The dimensions, test setup and detailing of a
typical slab are shown in Figure 1. A control slab and two slabs strengthened with 1 and
2 layers of CFRP laminates were chosen for validation from the low reinforcement ratio
group. The flexural reinforcement consisted of 2(J8 mm.
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Figure 1. Geometrical configuration and test setup of the tested slab: (a) Elevation and location of
loading; (b) Cross section of the slab.

2.2. Numerical Model Description

A three-dimensional FE numerical model is developed using ANSYS [21]. Figure 2
shows the FE model’s components of the slab in the software. In nonlinear analyses, it
is important to utilize all possible simplifications in order to improve convergence and
reduce the computational cost. For instance, different mesh densities were examined for
the control specimen to obtain the optimum mesh size that provided accurate results
with a reasonable computational time. Moreover, a quarter of the slab was modeled
since symmetry exists in the X- and Z-directions (Half of the length and width of the slab
specimen was created).

Roller supports were assigned to the nodes in these directions, as can be observed
in Figure 2b. This approach was followed since it saves considerable computational
time during the non-linear analysis. For this type of analysis, ANSYS uses the Newton-
Raphson method, which involves an iterative procedure with three distinct levels: load
steps, substeps and equilibrium iterations. Displacement-controlled loading is adapted
in this problem where the number of load steps, the displacement at each step and
the number of substeps for each load increment are specified and entered using an
ANSYS subroutine.
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Figure 2. Developed FE model components in ANSYS: (a) 3D view; (b) boundary conditions;

(c) bottom view.
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2.3. Element Types

The finite element methods subdivide large systems into smaller and simpler parts
(finite elements). For each component of the structural member, a different element type is
assigned according to the ANSYS library [21]. Concrete was modeled using the SOLID65
element to capture concrete cracking and crushing [22]. Rigid plates and FRP sheets were
assigned a SOLID185 element type. These two elements are 8-noded linear brick elements.
Steel reinforcement is simulated using the LINK180 element, which is a 2-noded linear
truss element. More information on the theory and mechanics of the mentioned elements
can be found in the ANSYS theory reference [22]. To model the interfacial behavior between
concrete and the FRP sheet, epoxy was represented using INTER205 elements that transfer
stresses between two different components. The mechanism follows the cohesive zone
material model where maximum shear stress, its corresponding slip and the maximum
slip are specified in the model. These three values are usually calculated using existing
bond-slip models in the literature. A typical bond-slip model is characterized by an
ascending curve up to the maximum bond stress. After that, the curve descends until the
maximum slip occurs between the two adhered materials, as shown in Figure 3. In this
study, Nakaba et al.’s [23] bond-slip model presented in Equations (1) and (2) was adapted
to simulate the debonding phenomena of the FRP sheet from the concrete substrate.

(@)

Tyax = 35110 )

where T,y and fc’ are the maximum bond stress and the concrete compressive strength
in MPa, respectively. According to Nakaba et al. [23], the corresponding slip (sg) has a
constant value of 0.065 mm. The maximum value of the slip is four times so, which equals
0.26 mm. Using Equation (2), the value of the maximum bond stress equals 7.85 MPa, as
presented in Figure 3.

A

Tmax = 7.85 MPa

\ 4 *_’

5g = 0.065 mm 5, = 0.26 mm

Figure 3. Bond-slip model used to simulate interfacial behavior between FRP and concrete.

2.4. Material Models

Constitutive laws of each material comprising the slab were incorporated into the
model. Following the experimental test data in [10], the concrete compressive strength
(f!) was 70 MPa. The modulus of elasticity is taken as 4700/f!, where f! is the concrete
compressive strength in MPa. Substituting 70 MPa for f/ gives an elastic modulus of 39 GPa.
Poisson’s ratio for concrete is taken as 0.2. The non-linear compressive stress-strain curve
was calculated using Hognestad et al.’s formula [24] and is shown in Figure 4a. The tensile
stress-strain behavior of concrete was simulated using a trilinear curve, as suggested by
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William and Warnke’s model [24], and is illustrated in Figure 4b where the maximum
value of tensile stress is taken as 0.62,/f/. Additionally, the open and close shear crack
coefficients were assigned as 0.3 and 0.5, respectively. The tensile yield strength of the
steel reinforcement was 550 MPa, and the non-linear behavior of steel was modeled as
elastic-perfectly plastic. Young’s modulus of elasticity was input as 200 GPa and Poisson’s
ratio as 0.3.
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Figure 4. Constitutive models for concrete with f{ of 70 MPa: (a) Compressive stress-strain curve;
(b) tensile stress-strain curve.

In general, FRP composites possess a linear elastic behavior until rupture under
ultimate loads. In this case, only the modulus of elasticity and Poisson’s ratio are assigned in
the model. FRP materials have different properties in each direction. Therefore, orthotropic
material properties were assigned in the model. For the CFRP-strengthened slab (the model
to be validated), the orthotropic material properties of the CFRP laminate are taken from
reference paper [10] as: Ex = 73 GPa, E, = E; = 4.6 GPa, where Ey, E, and E; are the moduli
of elasticity of CFRP in the X, y and z directions, respectively. Poisson’s ratio in the xy plane
(vxy) is taken as 0.3, while Poisson’s ratio in the xz and yz planes (vxz, vy;) are 0.4. Finally,
the shear moduli (G) in the Xy, xz, planes are assigned as 1.7 GPa, while the shear modulus
in the yz plane is taken as 1.6 GPa. The properties for the other investigated FRPs are taken
from previous studies [5,25,26] and explained in more depth in the following sections.

3. Results and Discussion
3.1. FE Model Validation

The validity of the generated FE model was checked by comparing the load-deflection
curves obtained from the model with the experimental load-deflection curves presented
in [10]. Figure 5 shows the load-versus-midspan deflection curves for the control slab and
the CFRP-strengthened slab with one (C1) and two layers (C2) from the numerical model
and the experimental test [10]. It is observed that there is a good agreement between the FE
model results and the experimental results. Table 1 shows the maximum numerical and
experimental ultimate loads and deflections for the considered specimens along with the
quantified percentage errors. Slight differences can be observed between the numerical and
experimental curves after steel reinforcement yielding, which can be attributed to the slight
variations in the materials’ behavior, especially the steel reinforcement, assumed to have a
bilinear stress-strain curve (elastic-fully plastic). The maximum percentage difference in
the ultimate load was reported for the control slab, equaling 3.5%. In terms of deflection,
the maximum percentage difference in the ultimate deflection was 12%, corresponding to
the control slab. This verifies the accuracy of the developed FE models, and it can therefore
be further utilized to carry out a parametric study to investigate other parameters, namely
the FRP type and concrete compressive strength.
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Table 1. Comparison between experimental and FE model’s results.

P, (Exp)

P, (FE)

Umax (Exp)  Umax (FE)

Specimen (KN) % Error (mm) (mm) %o Error
Control 8.8 3.3 3.5 3.7 5.7
C1 26.5 —-04 28.2 26.3 6.7
C2 424 57 21.8 22.0 —-0.9
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Figure 5. Load-deflection curves from FE model and experimental test [10]: (a) Control slab; (b) C1;
(c) C2.

3.2. Failure Criteria

Failure of the externally bonded reinforced concrete slabs occurs when one or more of
the following conditions develop: yielding of steel reinforcement, concrete crushing, FRP
debonding or FRP rupture. The typical failure mode of strengthened flexural members
reported in most previous studies is FRP debonding after steel yielding [27,28]. This type of
failure was initiated in the two FE models of the validated slabs, which matches the failure
mode reported in the experimental study [10]. Since the concrete compressive strength
was relatively high, concrete crushing did not occur in any of the modeled specimens.
Therefore, the concrete crushing option was deactivated in the SOLID65 element for the
following models in the parametric analysis. Figure 6 shows the debonding failure of the
strengthened slab with one CFRP layer, as reported in the experimental study and obtained
in the FE analysis. It can be observed from the figure that there is a close match in the
failure mode between the experimental and numerical results. Debonding of the FRP sheet
from the concrete substrate can be clearly seen in the two pictures. Concrete cracks have
also developed in the numerical model, as shown in Figure 6b.

3.3. Parametric Study

The developed and validated model is employed to test the effect of different types of
FRP composites on the flexural behavior of the slab with different concrete compressive
strengths. The types of FRP composites inspected herein are CFRP, GFRP, BFRP and PET-
FRP. Despite the fact that the elastic properties vary among the first three types, they all
have a linear-elastic behavior up to rupture at their ultimate strain. However, the PET-FRP
laminate has a bilinear behavior in which it has two moduli of elasticity [25], and they are
both considered in the FE model. The mechanical properties of the investigated FRPs are
presented in Table 2. The concrete compressive strength (f!) was also varied for each type
of FRP as follows: 50, 70 and 100 MPa. The first part of the specimen designation in Table 3
denotes the type of FRP, followed by the magnitude of the concrete compressive strength
(f!). For instance, C50 is a slab with a compressive strength of 50 MPa that is strengthened
with one layer of CFRP laminate. PET-70 is a slab with a compressive strength of 70 MPa
and strengthened with one layer of PET-FRP laminate.
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Figure 6. Failure mode of a slab specimen strengthened with one CFRP layer: (a) Experiment [10];
(b) FE model.

Table 2. Mechanical properties of the investigated FRP laminates.

FRP Type E (GPa) Tensile Strength (MPa) Thickness (mm)
CFRP [10] 73 1240 1.02
GFRP [26] 27 525 1.3
BERP [5] 17 411 0.72
PET-FRP [25] E1=20 770 0.84
Ey=9

Table 3. Parametric study test matrix.

Model FRP Type Concrete Compressive Strength (MPa)
C-50 CFRP 50
C-70 CERP 70
C-90 CFRP 90
G-50 GFRP 50
G-70 GFRP 70
G-90 GFRP 90
B-50 BFRP 50
B-70 BFRP 70
B-90 BFRP 90

PET-50 PET-FRP 50

PET-70 PET-FRP 70

PET-90 PET-FRP 90

3.3.1. Effect of FRP Type

The effect of the FRP material on the flexural behavior of the strengthened slab was
investigated by applying the mechanical properties of each FRP type in the FE model.
Figure 7 shows the load-deflection behavior of four slab specimens, and each slab was
externally bonded with a different type of FRP laminate. It can be noted that the highest
strength enhancement among the four FRP types was obtained by CFRP, with a percentage
increase in the ultimate load (P,) of 191% compared to the control non-strengthened
specimen. An almost similar flexural behavior was observed for the other three FRP types,
with a percentage increase over the control specimen in P, of 69%, 95% and 101% for
PET-FRP, BFRP and GFRP, respectively. In terms of deflection, the CFRP-strengthened
slab underwent a 9% lower ultimate deflection compared with the other strengthened
slabs. It can also be noted from Figure 7 that the four slabs exhibited a similar stiffness
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regardless of the FRP type. Moreover, all slab specimens failed with steel yielding followed
by FRP debonding, as expected. Thus, in order to utilize the tensile strength of the different
laminates, especially with PET-FRP, such laminates need to be anchored with spike FRP
anchors in a future investigation.

30
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=~ o —
S 15 P I
(] — -
(=] -
P -
— P ate — — —PET-70
10 =7
= == — e B-
o B-70
5 - — =G0
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0
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Displacement (mm)
Figure 7. Effect of FRP type on the load-deflection behavior of a strengthened slab specimen.

3.3.2. Effect of Concrete Compressive Strength (f/)

In this section, the effect of the concrete compressive strength (f!) on the performance
of FRP-strengthened slabs was studied. For each FRP type, three values of f/ were investi-
gated: 50, 70 and 90 MPa, respectively. Figures 8-11 show the load-deflection curves for
CFRP-, GFRP-, BFRP- and PET-FRP-strengthened slabs, respectively. It can be noted from
these figures that the stiffness is the same for all FRP types and for all values of concrete
strength. Moreover, the behavior for the three values of f{ is identical until a specific value
of the displacement occurs. A moderate increase in the attained ultimate load is noted with
the increase in f/ among slab specimens with the same FRP type, as can be seen from these
figures. In Table 4, the percentage increase in ultimate load was calculated. The largest
percentage difference in ultimate load is observed for the CFRP-strengthened slab, and it
equals 15.8%.

35
30
25 T
/ . -
g 2 -
o=’ 7~
815 P
- ez C-50
10 Ve
- — - =C-70
5 1/ .C-90
0
0 5 10 15 20 25 30

Displacement (mm)

Figure 8. Effect of concrete compressive strength on the behavior of CFRP-strengthened slabs.



J. Compos. Sci. 2022, 6, 263

110f13

25
20
.~ -
—_ .-
-
E 15 -
et -
<
— G-50
— =G0
5
— G-90
0
0 5 10 15 20 25 30

Displacement (mm)

35

Figure 9. Effect of concrete compressive strength on the behavior of GFRP-strengthened slabs.
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20
16 o)
e
_ M -
Z 12 7
Z /
o
(5]
C 8
- PET-50
- . =« PET-70
4
PET-90
0
0 5 10 15 20 25 30

Displacement (mm)

35

Figure 11. Effect of concrete compressive strength on the behavior of PET-FRP-strengthened slabs.



J. Compos. Sci. 2022, 6, 263

12 0f13

References

Table 4. Numerical predicted results.

Model Pu (kN) % Increase
C-50 23.2 -
C-70 26.5 14.2
C-90 30.7 15.8
G-50 16.5 -
G-70 18.3 10.9
G-90 20.1 9.8
B-50 15.5 -
B-70 17.5 12.9
B-90 18.8 74

PET-50 13.8 -

PET-70 15.4 11.6

PET-90 17.2 11.7

4. Conclusions

This study reports on the flexural behavior of high-strength FRP-strengthened rein-
forced concrete slabs through numerical simulations of 3-D finite element (FE) models.
CFRP strips were externally bonded to the soffit of the slab and tested under a two-point
loading. The FE model was validated by comparing the load-deflection behavior, ultimate
loads and deflections with previous results from previous experimental tests published
by the two co-authors of this paper. A parametric study was then performed using the
validated FE model to investigate the behavior and the extent of strength enhancement of
different FRP types (GFRP, BFRP and PET-FRP). In addition, the concrete strength effect
was examined for each FRP type. The following findings can be drawn from this study:

e  The FE model results agree well with the experimental data in terms of load-deflection
behavior and flexural capacity, with a maximum percentage difference of 5.7% between
the numerical and experimental ultimate loads;

e  For the same concrete compressive strength, the highest flexural capacity was obtained
by the slabs that were strengthened with CFRP, while the remaining strengthened
slabs (GFRP, BFRP and PET-FRP) showed an almost similar behavior;

e  The effect of concrete compressive strength on the behavior of the strengthened slabs
was moderate, although it was more dominant in the CFRP-strengthened slabs.
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