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Abstract. In the last two decades, using of Carbon Fiber Reinforced Polymers (CFRP) in strengthening of
deficient reinforced concrete structural elements has been increased due to their ease of installation, low
invasiveness, high corrosion resistance, and high strength to weight ratio. Strengthening damage structures
is a relatively new technique. The aims of this study is to investigate the effectiveness of using CFRP to regain
shear capacity of shear-deficient reinforced concrete (RC) beams after being damaged by thermal shock.
Firstly, a novel Nonlinear Finite Element Analysis (NLFEA) model is created and validated. Then, Ten RC
beams (100x150x1400 mm) have been constructed and divided into two groups to scrutinize the effect of
CFRP strip number and thermal shock impact. The performance of each beam was evaluated in terms of
failure mode, CFRP strain, load-deflection behavior, ultimate deflection, ultimate load capacity, elastic
stiffness, toughness, performance factor, and profitability Index of the CFRP Strips. Load carrying capacity
and stiffness of RC beams decreased about 68 % and 71 %, respectively, as compared with reference un-
damaged beam. Strengthening the thermal damaged RC beams allowed recovering the original load carrying
without achieving the original stiffness. Strengthened beams with fully CFRP plates regained the original load
capacity with a corresponding stiffness from 79 % to 105 %, respectively. Finally, the enhancement
percentage increased with the increase of bonded area or number of CFRP strips and these percentages
sharply dropped for damaged beams.

1. Introduction

Flexural and shear are the main failure modes of RC beams. Shear failure of RC beams is classified as
brittle and occurs unexpectedly without any warning while the flexural failure is ductile. Therefore, it is a
necessity to make sure that the shear design of RC beams must be safe in order to develop their full flexural
capacity. Unfortunately, many of existing RC beams suffering shear deficiencies due to construction faults,
poor construction practices, mistakes in design calculations, changing in structure function, improper detailing
of shear reinforcement and steel corrosion. Elevated temperatures cause severe damage for reinforced
concrete (RC) structures, such as RC beams. RC beams have been reported to loss strength and stiffness
with relatively large permanent deformations because of exposure to high temperatures [1]. These harmful
effects could be attributed to the deterioration of mechanical characteristics of concrete and steel rebars and
the redistribution of stresses within the beam due to the elevated temperatures [2—17]. Currently, the most
commonly used technique to repair the heat-damaged RC beams is using carbon fiber reinforced polymer
(CFRP) composites. These sheets are advanced materials that can be easily applied on the structures and
characterized by outstanding mechanical and corrosion resistance characteristics. Various studies were
performed to investigate the flexural behavior of RC beams wrapped with CFRP. The results showed that
externally bonded carbon FRP (CFRP) sheets and laminates has the ability to enhance the flexural behavior
of the beams and recover, to certain limit, the flexural strength of heat-damaged beams. Strengthening level
or recovery depends on several factors such as degree of beam’s damage, geometry and type of fiber sheet,
CFRP layers number, and the resin’s type and properties [18—33].

Reinforcing concrete structures are often subjected to cycles of heating—cooling such as in chimneys,
concrete foundations for launching rockets carrying spaceships, concrete near to furnace, clinker silos and
nuclear power plants, or those subjected to fire then extinguished using water. Temperature cycles are critical
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to the stability of concrete structures and require considerations upon design [34, 35]. As well stipulated, the
mechanical properties of concrete are preserved for exposure temperatures below 300 °C, yet are decreased
considerably as temperature exceeds 500 °C. Additional damage results from rabid cooling such as in the
case of distinguishing of fire with cool water due to creation of temperature gradient between concrete core
and its surface. This results in tensile stresses on the concrete surface that are high enough to crack concrete
and this considered as another source of damage results from incompatible expansion and contraction of
aggregate and surrounding cement paste. The magnitude of damage is influenced by many factors such as
the size of concrete members, the type of cement and aggregate, the concrete moisture content and the
predominant environmental factors, Those are represented in heating exposure time and rate, type of cooling,
and maximum temperature attained [36].

The shear deficient Reinforced concrete (RC) beams may be externally strengthened with bonded fiber
reinforced polymer (FRP) composites through bonding on their sides only, U jacketing, or complete wrapping.
Debonding and FRP rupture are the main shear failure modes of strengthened beams with FRP [37—46].
Different types of materials and techniques were used in strengthening and retrofitting of existing concrete
structures such as steel plates bolting, reinforced concrete jackets, pre-stressed external tendons, and most
recently FRP composite which has been used on a large scale in different countries. FRP composites have
many advantages over conventional methods represented in ease of application, high strength-to-weight ratio,
excellent mechanical strength, and good resistance to corrosion, especially that most structures are damaged
due to dynamic loads, corrosion of steel, and freeze-thaw cycles [46, 47].

In the construction industry, there is growing attention of using effective external strengthening
techniques such as bonding of CFRP composites onto the external deficient faces of the structural members
due to their ease of installation, low invasiveness, high corrosion resistance, and high strength to weight ratio.
As a result, the center of consideration of the majority of previously published studies was either only on the
impact of fibers on the structural behavior of reinforced concrete elements or using CFRP composite as
external strengthening for flexural or shear. The intent was to arrive at the vital CFRP strengthening technique
that provides an effective increase in the shear strength while maintaining ductile failure mode. Therefore,
essential issues to produce effective, economical, and successful CFRP strengthening were needed. Also,
exposure of such beams to thermal shock due to any of the reasons described earlier would aggravate the
weakness of the high shear zone that unless otherwise strengthened would cause imminent shear failure.
External strengthening with CFRP composites have established itself as an efficient method for strengthening
of deficient beams in regaining shear strength, especially when concrete is thermally damaged, has not been
well established. The scientific problem considered in the study is indeed one of the problems in the modern
theory of deficient reinforced concrete shear beams. A lack of literature regarding behavior of shear deficient
beams damaged by thermal shock necessitated conducting the present investigation.

2. Methods

Nonlinear finite element analysis (NLFEA) is an effective and important tool in the analysis of complex
structures. The main benefits that NLFEA include: 1) substantial savings in the cost, time, and effort compared
with the fabrication and experimental testing of structure elements; 2) allows to change any parameter of
interest to evaluate its influence on the structure, such as the concrete compressive strength; 3) allows to see
the stress, strain, and displacement values at any location and at any load level. Twenty-six full-scale models
strengthened using CFRP are developed to carry out different investigated parameters.

2.1. Experimental Work Review

The validation process of the finite element model is based on the experimental work performed by
Haddad and Al-Rousan [48]. Four high strength reinforced concrete (RC) beams (100x150%x1400 mm) were
designed without shear reinforcement in the shear region. Stirrups were placed only within the constant
moment region to allow easier positioning of flexural reinforcement and to provide improved confinement of
concrete within the constant moment region, as shown in Figure 1. Steel reinforcement: Grade 60 deformed
steel bars of 16 mm diameter were used in the tension zone of the reinforced concrete (RC) beams, a steel
bars of 12 mm diameter used as top steel reinforcement, and 8 mm diameter bars were used for stirrups.
Unidirectional plates and sheets at a thickness of 1.4 and 0.17 mm and a width of 50 and 500 mm,
respectively, were used in repairing of thermally damage RC beams. The tensile strength, modulus of
elasticity, and strain at failure for CFRP plate and sheet are (3900 MPa, 2700 MPa), (230000 MPa,
165000 MPa), and (1.5 % and 1.4 %), respectively. RC beam specimens were subjected to heat at 500 °C
for about two hours using the electrical furnace before immersion inside the water. Figure 1 shows the
configuration of different repair techniques. The RC beams were tested under four-point loading, as shown
in Figure 1. The span between the supports was 1300 mm and the distance between two point loads was
300 mm. Table 1 shows the Failure load, maximum CFRP strain, and modes of failure from the tested [48]
and NLFEA.
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Figure 1. Setup and reinforcement details of the beams [48].

Table 1. Failure load, maximum CFRP strain, and modes of failure.

Specimens Test/NLFEA Ultimate Load (kN) Oy (mm)  Maximum CFRP strain (€max) Failure Mode
BC Experimental 35.2 5.94 N.A DS
NLFEA 35.6 4.72 N.A DS
Experimental 11.3 4.13 N.A DS
BC-TD
NLFEA 11.3 4.48 N.A DS
BS.VP Experimental 31.7 6.09 13270 DS
NLFEA 321 6.23 13274 DS+LDP
BS-SS Experimental 35.9 5.81 11700 DS
NLFEA 37.3 6.84 14540 DS+LDP

Note: DS: diagonal shear; LDP Local debonding.
2.2. Description of Non-linear Finite Element Analysis (NLFEA)

Concrete is non-homogenous and brittle material and has different behavior in tension and
compression. SOLID 65 element is capable to predict the nonlinear behavior of concrete materials by using a
smeared crack approach by ultimate uniaxial tensile and compressive strengths. The average compressive
strength of the cylinders before and after being damaged by thermal shock were 53.5 and 9.8 MPa,
respectively, and the average splitting tensile strength of the cylinders before and after being damaged by
thermal shock were 2.9 and 0.7 MPa, respectively. Poisson's ratio of 0.2 and shear transfer coefficient (5;) of

0.2 for f5; was used in this study. Figure 14(a) shows the stress-strain relationship for unconfined concrete
which describes the post-peak stress-strain behavior.

The steel in simulated models was assumed to be an elastic-perfectly plastic material and the same in
compression and tension. Poisson's ratio of 0.3 and the yield stress of undamaged and damaged beams were
420 MPa and 0.78f, [49], respectively, as well as the elastic modulus were 200 GPa and 0.6Es [49],
respectively, were used for the steel reinforcement. Figure 2(b) shows the idealized stress-strain relationship.
The steel plates were assumed to be linear elastic materials with a Poisson ratio and elastic modulus of 0.3
and 200 GPa, respectively. The CFRP sheet is assumed to be an orthotropic material 0.17 mm thick, tensile
strength of 3900 MPa, elastic modulus of 230 GPa, and ultimate tensile strain of 0.0169 as shown in
Figure 2(c).
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CFRP composite.

The contact area between the concrete and CFRP composite was modeled by a CONTA174 element.
In this study, the bond stress-slip model between CFRP plates and damaged concrete by thermal shock
proposed by Haddad and Al-Rousan [50] was used as shown in Figure 3. Figure 4 shows a typical finite
element meshing of all beams. The total load applied was divided into a series of load increments or load
steps. Newton-Raphson equilibrium iterations provide convergence at the end of each load increment within
tolerance limits equal to 0.001 with load increment of 0.35 kN.
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2.3. Investigated Parameters

Figure 4 shows the configuration of different strengthening techniques, where unlike one un-damaged
control beam (BC-UD) and one control damaged beam (BC-D), and the other eight beams were strengthened
in shear using CFRP sheets as follows: BS1-UD and BS1-D (undamaged and damaged, respectively) were
strengthened using one vertical strip (50 mm wide x 0.17 mm thick) on both sides within the constant shear
zone of 500 mm. BS3-UD and BS3-D (undamaged and damaged, respectively) were strengthened using three
vertical strip (50 mm wide x 0.17 mm thick), spaced at 100 mm center to center on both sides within the
constant shear zone of 500 mm. BS5-UD and BS5-D (undamaged and damaged, respectively) were
strengthened using five vertical strip (50 mm wide x 0.17 mm thick) on both sides within the constant shear
zone of 500 mm. BSS-UD and BSS-D (undamaged and damaged, respectively) were strengthened using
sheet to the web sides only (500 mm wide x 0.17 thick) on both sides within the constant shear zone of
500 mm. A full description of the finite element modeling groups is shown in Table 2.

Table 2. Investigated parameters.

Group Beam Un-damaged/
Number number  Damaged

CFRP strengthening configuration

BC-UD Control beam without strengthening
BS1-UD One vertical strip (50 mm wide x 0.17 mm thick) on both sides within the constant
shear zone of 500 mm.
BS3-UD Three vertical strip (50 mm wide x 0.17 mm thick), spaced at 100 mm center to center
1 Un-damaged on both sides within the constant shear zone of 500 mm
BS5-UD Five vertical strip (50 mm wide x 0.17 mm thick), spaced at 100 mm center to center on
both sides within the constant shear zone of 500 mm
BSS-UD Fully sheet to the web sides only (500 mm wide x 0.17 thick) on both sides within the
constant shear zone of 500 mm
BC-D Control beam without strengthening
BS1-D One vertical strip (50 mm wide x 0.17 mm thick) on both sides within the constant
shear zone of 500 mm.
BS3-D Three vertical strip (50 mm wide x 0.17 mm thick), spaced at 100 mm center to center
2 Damaged on both sides within the constant shear zone of 500 mm
BS5-D Five vertical strip (50 mm wide % 0.17 mm thick), spaced at 100 mm center to center on
both sides within the constant shear zone of 500 mm
BSS-D Fully sheet to the web sides only (500 mm wide x 0.17 thick) on both sides within the

constant shear zone of 500 mm

Note: B: Beam, UD: un-damaged, D: Damaged, S1: one vertical sheet, S3: three vertical sheets, S5: five vertical
sheets, SS: fully sheet.
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2.4. Validation Process

Four beams were simulated to validate the NLFEA of the reinforced concrete beams. The results from
the experimental and NLFEA were compared in terms of ultimate load, ultimate deflection, and the maximum
strain induced in CFRP composites. The results obtained from the experimental tests are compared with the
finite element analysis as shown in Figure 5. Inspection of Figure 5 reveals that the load-deflection curves
from NLFEA had a good agreement with the experimental ones. Inspection of Figure 6 reflects that the NLFEA
load-CFRP strain showed a little difference as compared with the experimental curves. Additionally, Table 1
reflected that the NLFEA can be considered as a mirror of experimental ones in terms of ultimate strength and
corresponding deflection as well as mode of failure and crack patterns.
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Figure 5. Experimental [48] and NLFEA load-deflection curves.
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3. Results and Discussion
3.1. Failure Mode

The trajectories of the stress obtained from the finite element analysis and modes of failure for control,
damaged, and different strengthened RC beams are shown in Figure 7. A typical brittle shear failure was observed
for control and damaged RC beams. The first flexural crack started within the constant moment region. As the load
increased, cracks extended and additional flexural cracks developed throughout the beam length. An inclined shear
crack was initiated close to the middle of the shear span. As the load increased, the shear crack propagated towards
the loading and supporting points leading to a sudden brittle shear failure. Figure 7 shows the typical shear failure
for control and damaged beams. Table 1 illustrated the cracking characteristics and modes of failure of different RC
beams. The cracking patterns at failure for beams strengthened with vertical CFRP strips are shown in Figure 7. The
strengthened beams showed less number cracks and large spacing as compared with control specimen. The flexural
cracking load for beams strengthened with vertical and inclined CFRP plates were increased significantly to about
2 times that of control beams. The strengthened beams with fully sheet exhibited an initial flexural crack at the
constant moment region. With further load increasing, the CFRP sheets rupture in the longitudinal direction of the
fiber, after that the beam failed suddenly, no crack were visible on the shear span region due to the fully CFRP sheet.
Also it can be noted that the use of fully CFRP plate was effective to delay the formation of the diagonal cracks and
to arrest the propagation of the diagonal cracks than vertical CFRP ones.
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Table 3. Results for all simulated models.

Group Beam Ultimate Ultimate  Elastic stiffness  Toughness  CFRP strain SE DE PE
Number  number  deflection (mm) load (kN) (KN/mm) (kN.mm2) (LE)

BC-UD 4.7 35.6 9.2 95 - 1.00 1.00 1.00

BS1-UD 5.8 46.3 9.7 153 12870 1.23 1.30 1.60

1 BS3-UD 6.5 52.4 9.8 193 13580 1.38 1.47 2.03

BS5-UD 71 57.0 9.7 230 14360 1.51 1.60 2.42

BSS-UD 7.9 62.3 9.6 277 15010 1.66 1.75 2.91

BC-D 4.5 11.3 2.6 27 - 0.95 0.32 0.30

BS1-D 54 23.1 4.9 69 12270 1.15 0.65 0.74

2 BS3-D 5.8 27.3 54 87 13050 1.23 0.77 0.94

BS5-D 6.2 32.1 5.9 110 13630 1.32 0.90 1.19

BSS-D 6.8 37.3 7.2 152 14540 1.45 1.05 1.52

Note: SF: strength factor, DF: Ductility factor, PF: Performance Factor = SFxDF, STF: Stiffness Factor, E&CFrp is
the strain in CFRP strips and &, is the ultimate strain in CFRP strips of 16400 L/&.

3.2. CFRP strain

Figure 8 shows the typical distribution of CFRP strain through the depth for all simulated beams.
Inspection of Figure 8 reveals that the tensile stresses develop in the CFRP composites once the diagonal
crack initiated in the concrete due to shear force. Furthermore, the maximum tensile stresses occurred close
to the middle of the CFRP composite that intersect diagonal cracking near to the mid height of the beam cross
section. Also, it is noticed that all simulated beams had CFRP strain below the maximum value of 16400 as
shown in Table 3 and Table 4 as percentage of CFRP ultimate strain. Inspection of Table 4 reveals that the
number of CFRP strips had a strong impact on the efficiency of CFRP strips for Group#1 (Un-Damaged) with
a percentage with respect to ultimate strain of CFRP strips of 78 %, 83 %, 88 %, and 92 % for one, three, five,
and fully strips, respectively. While, the percentage of Group#2(Damaged) with respect to ultimate strain of
CFRP strips is 75 %, 80 %, 83 %, and 89 % for one, three, five, and fully stirrups, respectively, and this
equivalent to 96 % of the Group 1 strains. In pre-cracking (diagonal shear crack) stage, CFRP strain
development was equal to zero. After the creation of diagonal shear crack (the shear strength exceeds the
concrete shear strength) within the shear span, the CFRP strain increased rapidly and continued to increase
until the beam failure as shown in Figure 9. It can be observed that the strain in the CFRP developed at a low
rate as the bond surface area decrease. Also the results indicated that the beams strengthened with fully
CFRP sheet had highest impact on the CFRP strain.
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Figure 8. Typical CFRP strain versus beam depth.
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Table 4. Percentage value of investigated parameters respect to control un-damaged beam.

NGroup Beam Ultimateo UItimaote Performaonce factor Ene'rgy . ' Elastic0 ECFRP
umber deflection (%) load (%) (%) absorption (%) stiffness (%)
BC-UD 0 0 0 0 0 -
BS1-UD 23 30 60 6 60 0.78&pv
1 BS3-UD 38 47 103 6 103 0.83&pv
BS5-UD 51 60 142 6 142 0.88&pv
BSS-UD 66 75 191 5 191 0.92&4v
BC-D -5 —68 =70 =71 -72 -
BS1-D 15 -35 -26 —47 -28 0.75&4v
2 BS3-D 23 -23 -6 —42 -8 0.80&pv
BS5-D 32 -10 19 -36 16 0.83&pv
BSS-D 45 5 52 -22 60 0.89&4v

Note: & is the ultimate strain in CFRP strips of 16400 fi&.
3.3. Load-deflection behavior

Table 3 shows the characteristics of the load-deflection curves for control, thermal shock damage, and
strengthened beams. The characteristics include the ultimate load capacity and the corresponding deflection
at the mid-span, toughness, and stiffness. The initial stiffness is defined as the slope of linear elastic portion

of beam at load-deflection curve (k = P/J). The toughness is defined as the area underneath the load-
deflection curve until ultimate load capacity. The curves of load versus mid-span deflection can be divided into
three specific regions: a linear elastic region up to first flexural crack, transition region up to the development
of diagonal shear crack, and a post cracking region up to ultimate beam capacity as shown in Figure 10.
Inspection of Figure 10 reveals that the load-deflection curve was extensively affected by thermal shock in
terms of ultimate load, ultimate deflection, toughness, and stiffness as shown before in Table 3. The average
ultimate load for control undamaged and damaged beams were 35.6 and 11.3 kN, respectively, with a
percentage of reduction of about 68 %, as well as a reduction of 5 % in the ultimate deflection. In addition, the
average stiffness for control undamaged and damaged beams were 9.2 and 2.6 kN/mm, respectively, with a
reduction of 72 %, while the percentage of reduction in toughness was about 71 %. This significant reduction
in ultimate load of damage beams is due to the reduction in compressive strength. In addition, the larger CFRP
bonded area showed better performance than those with small CFRP bonded area.
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Figure 10. Typical load-deflection curve.

3.4. Ultimate load capacity and corresponding deflection

The assessment of beams for load capacity and corresponding deflection shows the excellent
performance of RC members. For strengthened RC members, deflection and ultimate load capacity can be
related to the serviceability and ultimate load limit states, respectively, as shown in Table 3. The load capacity
and deflection percentages are defined as the ultimate load capacity and deflection, respectively, of CFRP
strengthened beam divided by the ultimate deflection and load capacity of the un-strengthened beam
(undamaged beam) as shown in Table 4. The deflection indicates how much the strengthened RC beams can
sustain deformations without failure. The deflection percentage is defined as the ratio of the ultimate deflection
of the strengthened beam to the ultimate deflection of the control beam (undamaged beam) as shown in Table
4. Strength ratio also predicts the increase of load that the model can sustain.
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Figure 11 and 12 show the strength and ductility percentages with respect to un-damaged control beam,
respectively, for all simulated models. Inspection of Figure 11 reveals that the strength percentage increased
significantly with the increase of number of CFRP strips. The strength percentage (Figure 11) for Group #1
beams (Un-Damaged) is 30 %, 47 %, 60 %, and 75 % for beam strengthened with one, three, five and fully
strips, respectively, with an significant average enhancement of 53 %. Also, the strength percentage (Figure
11) for Group #2 beams (Damaged) is —35 %, —23 %, —10 %, and 5 % for beam strengthened with one, three,
five and fully strips, respectively,, with an significant average reduction of 16 % and this percentage is 0.25
times the percentage for Group#1 (Un-Damaged).
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Figure 11. Ultimate load capacity percentage with respect to control undamaged beam

Figure 12 shows that the ductility percentage also significantly increased with the increase of number
of CFRP strips. The ductility percentage (Figure 12) for Group #1 beams (Un-Damaged) is 23 %, 38 %, 51 %,
and 66 % for beam strengthened with one, three, five and fully strips, respectively, with an significant average
enhancement of 45 %. Also, the ductility percentage (Figure 12) for Group #2 beams (Damaged) is 15 %,
23 %, 32 %, and 45 % for beam strengthened with one, three, five and fully strips, respectively,, with an
significant average enhancement of 29 % and this percentage is 0.64 times the percentage for Group#1 (Un-

Damaged).
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Figure 12. Ultimate deflection percentage with respect to control undamaged beam.
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3.5. Elastic stiffness

The elastic stiffness determines the response of the crystal to an externally applied strain (or stress)
and provides information about the bonding characteristics, mechanical and structural stability. The slope of
the first stage of the load-deflection curve before initiation of the first main flexural crack is represented the
elastic stiffness. For comparison, the elastic stiffness of each strengthened beam with CFRP sheets was
normalized with respect to the control beam (Un-Damaged) without CFRP sheets as shown in Table 4.
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Figure 13. Stiffness percentage with respect to control undamaged beam.

Figure 13 shows the elastic stiffness percentages with respect to un-damaged control beam,
respectively, for all simulated models. Inspection of Figure 13 reveals that the elastic stiffness percentage for
un-damaged beams is the same for all strengthening techniques and equal to average value of 6 %. While,
the elastic stiffness percentage for damaged beams is less than percentage of un-damaged beam and this
value decreased with the increase of CFRP strips number. The elastic stiffness percentage (Figure 13) for
Group #2 beams (Damaged) is 47 %, —42 %, —36 %, and —22 % for beam strengthened with one, three, five
and fully strips, respectively, with an significant average reduction of 37 % and this percentage is eight times
the percentage for Group#1 (Un-Damaged).

3.6. Toughness

In materials science and metallurgy, toughness is the ability of a material to absorb energy and plastically
deform without fracturing. One definition of material toughness is the amount of energy per unit volume that a
material can absorb before rupturing. Toughness is calculated as the entire area under the load-deflection curve.
In addition, the toughness of each strengthened beam with CFRP sheets was normalized with respect to the
control beams without CFRP sheets as shown in Table 4. Figure 14 shows that the toughness percentage also
significantly increased with the increase of number of CFRP strips. The toughness percentage (Figure 14) for
Group #1 beams (Un-Damaged) is 60 %, 103 %, 142 %, and 191 % for beam strengthened with one, three, five
and fully strips, respectively, with an significant average enhancement of 124 %. Also, the toughness percentage
(Figure 14) for Group #2 beams (Damaged) is —28 %, —8 %, 16 %, and 60 % for beam strengthened with one,
three, five and fully strips, respectively, with an significant average enhancement of 10 % and this percentage is
0.08 times the percentage for Group#1 (Un-Damaged).

3.7. Evaluation of Performance of NLFEA Results

The effect of CFRP composite materials is evaluated by the strength factor (SF), deformability factor
(DF), and performance factor (PF) for different strengthened RC beams normalized with respect to control
beams (undamaged). Performance factor is a combination of the strength factor and the deformability factor
to generate an overall structural performance as shown in Figure 15. Based on Figure 15 the DF, SF, and PF
increased as the number of CFRP strips (bonded area of CFRP) increase. Finally, as the bonded area increase
the beam reached the performance of control beams (undamaged) and protected the beams against brittle
shear failure. The RC beams strengthened with fully CFRP sheet were much more effective in improving the
performance of the strengthened beams than those beams strengthened with vertical strips. Thus, the beams
strengthened with fully CFRP sheet is the most efficient technique than those strengthened with CFRP strips

on the web.
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3.8. Profitability Index of the CFRP Strips Number

Table 5 shows the shear contribution of the concrete (V.), shear contribution of the CFRP composites
(V7), and the final loads from the NLFEA for various RC beams strengthened using CFRP composites with

different techniques. Table 5 indicated that the contribution of CFRP (V) to the shear capacity had increased
as the CFRP bonded area increase or number of CFRP strips. To evaluate the efficiency of various CFRP
composites strengthening techniques in terms of the amount of CFRP consumed, profitability indices were
computed. The profitability index is defined as the ratio of CFRP contribution in shearing capacity to the total
CFRP bonded area within the shear span of strengthened beams. Table 5 shows the profitability indices for
the different strengthening techniques. Inspection of Table 5 reveals that the profitability index for undamaged
beams were 3.57, 1.87, 1.43, and 0.99 MPa for 1, 2, 3, 4, and 9 CFRP strips (Fully), respectively. While, the
profitability index for damaged beams were 3.93, 1.78, 1.39, and 0.96 MPa for 1, 2, 3, 4, and 9 CFRP strips
(Fully), respectively, and these equivalent to 1.10, 0.95, 0.97, and 0.97, respectively, of the undamaged ones.
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Table 5. Profitability index of CFRP strips.

Group Number Beam number Ve, kN V7, kN V., kN Vi/Af, MPa

BC-UD 17.8 0.0 17.8 -

BS1-UD 17.8 54 23.2 3.57

1 BS3-UD 17.8 8.4 26.2 1.87

BS5-UD 17.8 10.7 28.5 1.43

BSS-UD 17.8 13.4 31.2 0.99
BC-D 5.7 0.0 5.7 -

BS1-D 5.7 5.9 11.6 3.93

2 BS3-D 5.7 8.0 13.7 1.78

BS5-D 5.7 104 16.1 1.39

BSS-D 5.7 13.0 18.7 0.96

Note: V¢ is the shear contribution of the concrete, Vj is the shear contribution of the CFRP composites, Af is the
total CFRP bonded area within the shear span of strengthened beams

3.9. Comparison of NLFEA with other results

Comparison of NLFEA with Irshidat and Al-Saleh [51], the heat-damaged specimens repaired with FRP
sheets based on neat epoxy (NE-500 and NE-600) experienced similar crack patterns of NLFEA. However,
the presence of FRP sheet delayed the initiation of the flexural cracks in the area high moment zone. Specimen
NE-500 was failed by sheet debonding followed by concrete crushing. The debonding started at the end of the
specimen and extended to reach its center. Specimen NE-600 was failed by FRP sheet delaminating initiated
at one end of the beam and extended toward the second end, followed by concrete crushing and splitting.
Heating RC beams significantly affected their flexural behavior. Using externally bonded carbon fiber sheet/
epoxy composite to repair the heat-damaged RC beams help them to partially recover their flexural capacity
is almost the same performance as the NLFEA.

4. Conclusions

1. NLFEA can be considered as a mirror of experimental ones in terms of ultimate strength and
corresponding deflection as well as mode of failure and crack patterns. Hence, its results can be extended to
generate data for cases, not studied experimentally.

2. NLFEA helped tracking propagation of cracks especially in case of beams externally strengthened
with CFRP sheets in which crack patterns cannot be seen experimentally. The cracking patterns at failure as
obtained from the NLFEA compared well with those observed experimentally for control, thermally damaged,
and strengthened beams.

3. Subjecting thermal shock has a notable and significant impact on the mechanical properties and
structural behavior represented in reduced shear capacity, stiffness, and toughness at percentages of 70 %,
72 % and 71 %, respectively, and formed extensive cracking in their concrete.

4. The beams strengthened with fully CFRP sheets achieved the highest load capacity, deflection,
elastic stiffness, and toughness followed, in sequence, by those strengthened using five CFRP strips, three
CFRP strips, one CFRP strip.
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