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Abstract. Elevated temperatures (beyond 500°C) severely deteriorate concrete structures due to vapor 
pressure, decomposition of cement hydration products, inhomogeneous volume changes of concrete’s 
ingredients. Carbon fiber-reinforced polymer (CFRP) composite materials provide the most significant 
retrieval of the structural performance to severely heat-damaged structural concrete members. Therefore, 
an experimental study investigated the influence of elevated temperatures on the flexural behavior of 
reinforced concrete (RC) beams strengthened externally with CFRP. For this purpose, thirty-two reinforced 
concrete beams were cast. Twenty-four beams were externally strengthened with CFRP, and eight beams 
were unanchored and left as a control. The beams then were tested under four-point bending to assess 
their structural performance in terms of failure modes and load-displacement relations. The experimental 
results have clearly shown that the control beams suffered from ductile failure. The CFRP strengthened 
beams failed by debonding the CFRP sheets after yielding the flexural steel reinforcement. The 
strengthened beams showed an increase in the ultimate load-carrying capacity accompanied by an 
enhancement in mid-span deflection in different percentages concerning the control beam. The CFRP 
sheets’ ability in the bridging of the crack increased with the increase of CFRP length by providing more 
development length in catching the two sides of the major flexural crack. The load-deflection curve can be 
divided into two stages; the first portion is nearly a straight line, and the second stage with slope 
experienced a slight increase in the load with a large increase in deflection. The second stage formed after 
the yielding of steel reinforcement and formation of the main flexural crack where the applied load was 
carried by the CFRP sheet. Finally, the influence of the exposure temperature on the ductility, energy 
absorption, and ultimate load reduction percentage increases with the increase of temperature. 

1. Introduction 
Nowadays, the primary rehabilitation and strengthening composite materials of flexure or shear 

deficient reinforced concrete (RC) structures are carbon-fiber-reinforced polymer materials (CFRP). The 
CFRP external strengthening of the concrete structure increased the shear or flexural capacity. This 
composite material's integrity depends on the bond condition and how it can transfer stress from the 
concrete debonding surface to CFRP composite materials. The reliability of the bond between the concrete 
surface to CFRP composite materials determines the accomplishment of externally strengthening of 
deficient RC members. The significant considerations consist of CFRP composite material type, the number 
of CFRP composite, surface preparation, bonded length, laminate, and epoxy quality application. 

CFRP materials are frequently used in structural engineering applications for the repair and 
strengthening of existing concrete structures. Externally bonded FRP composite is used to strengthen 
concrete beams in flexure and shear. Many experimental observations indicated that the debonding at the 
interface between concrete and FRP is a typical failure mode of reinforced concrete beams strengthened 
with externally bonded CFRP [1, 2]. CFRP composite materials have come to the forefront as promising 
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materials and systems for structural retrofit. Glass fiber reinforced polymer (GFRP) and carbon fiber 
reinforced polymer (CFRP) have higher tensile strength but its strength is not fully utilized due to debonding 
problem and brittle tensile behavior. The general influence is clearly an increase in the peak loads of the 
specimens [3, 4]. 

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 [5]. 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 [5, 6]. Currently, the most commonly used technique to 
repair the heat-damaged RC beams is using CFRP composites. These sheets are advanced materials that 
can be easily applied to 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 CFRP sheets and laminates enhance the 
beams' flexural behavior and recover, to a specific limit, the flexural strength of heat-damaged beams. 
Strengthening level of recovery depends on several factors such as fire resistance [7], elevated temperature 
[8, 9], fiber type [10–13], analysis type [14–18], energy integrity resistance [19], anchored system [20], 
heating condition [21, 22], degree of beam's damage and geometry and type of fiber sheet [23], and safety 
factors for CFRP strengthening of bridges [24]. 

Reinforcing concrete structures are often subjected to heating cycles–cooling such as in chimneys, 
concrete foundations for launching rockets carrying spaceships, concrete near to the furnace, clinker silos, 
and nuclear power plants, or those subjected to fire then extinguished using water. Temperature cycles are 
critical to the stability of concrete structures and require considerations upon design [25, 26]. As well 
stipulated, the mechanical properties of concrete are preserved for exposure temperatures below 300 °C, 
yet are decreased considerably as the temperature exceeds 500 °C [27]. 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 is 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 [28]. 
Different types of materials and techniques were used in strengthening and retrofitting existing concrete 
structures, such as steel plate bolting, reinforced concrete jackets, prestressed external tendons, and most 
recently, CFRP composite which has been used on a large scale in different countries. CFRP 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 as well as the 
CFRP composites have disadvantages such as the low ductility of CFRP compared to steel, low fire 
resistance, problematic bonding to the structure [29–31]. 

This research will be useful for retrofitting the existing buildings, mainly for buildings exposed to 
elevated temperatures. Furthermore, the ACI 440 guideline [30] concluded that the behavior and endurance 
of FRP-reinforced concrete structures under exposure to high heat is still not well understood. Therefore, 
essential issues to produce effective, economical, and successful CFRP strengthening were needed. Also, 
the impact of CFRP external strengthening on the behavior of flexural deficient reinforced concrete beams 
exposed to elevated temperature must receive miniature consideration. The scientific problem considered 
in the study is indeed one of the problems in the modern theory of flexural deficient reinforced concrete 
beams. A lack of literature regarding flexural behavior of deficient beams exposed to elevated temperature 
necessitated conducting the present investigation. In this study, experimental program was carried out to 
find the improvements in the strength and ductility behavior of RC beams confined externally with CFRP. 
The main parameters studied were the length of CFRP sheets (400, 600, and 800 mm) and elevated 
temperature (23 °C, 150 °C, 250 °C, and 500 °C). 

2. Methods 
2.1. Experimental Work  

Thirty-two (two beams were made from each type) beams were casted and tested as simply 
supported under four points' loading, as shown in Fig. 1. The tested beams were 1100 mm long with cross-
sectional dimensions of 150×250 mm. The investigated parameters in this study are the length of CFRP 
sheets (400, 600, and 800 mm) and elevated temperature (23 °C, 150 °C, 250 °C, and 500 °C) as shown 
in Table 1. The designation and steel reinforcement (yielding stress of 420 MPa) of the tested beams are 
summarized in Table 1 and Fig. 1, respectively. 
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Figure 1. Setup and reinforcement details of the beams. 

Table 1. The details of failure of tested shear beams. 

Group Specimen T, 
oC 

CFRP Configuration uP , kN u∆ , 
mm 

fε , 

µε 
fuf εε / ,% 

1 

FBT23-0 

23 

None 101.1 10.8 --- --- 

FBT23-400 CFRP sheet (length of 400 mm and width of 
50 mm) 113.8 12.5 4685 0.28 

FBT23-600 CFRP sheet (length of 600 mm and width of 
50 mm) 121.7 14.0 5750 0.34 

FBT23-800 CFRP sheet (length of 800 mm and width of 
50 mm) 132.2 15.8 6858 0.41 

2 

FBT150-0 

150 

None 95.3 10.5 --- --- 

FBT150-400 CFRP sheet (length of 400 mm and width of 
50 mm) 108.7 11.6 4279 0.26 

FBT150-600 CFRP sheet (length of 600 mm and width of 
50 mm) 117.4 12.1 5285 0.32 

FBT150-800 CFRP sheet (length of 800 mm and width of 
50 mm) 128.8 13.2 6326 0.38 

3 

FBT250-0 

250 

None 82.7 9.9 --- --- 

FBT250-400 CFRP sheet (length of 400 mm and width of 
50 mm) 95.5 10.7 3817 0.23 

FBT250-600 CFRP sheet (length of 600 mm and width of 
50 mm) 103.1 11.2 4323 0.26 

FBT250-800 CFRP sheet (length of 800 mm and width of 
50 mm) 113.1 12.1 5163 0.31 

4 

FBT500-0 

500 

None 62.7 9.3 --- --- 

FBT500-400 CFRP sheet (length of 400 mm and width of 
50 mm) 72.6 9.9 3334 0.20 

FBT500-600 CFRP sheet (length of 600 mm and width of 
50 mm) 79.6 10.4 3890 0.23 

FBT500-800 CFRP sheet (length of 800 mm and width of 
50 mm) 87.3 10.6 4343 0.26 

Note: The values between parentheses are normalized with respect to the control, T: Temperature, Pu : Ultimate Load, u∆
: Ultimate deflection, 

fε = CFRP strain, εCFRP is the strain in CFRP strips and 
fuε  is the ultimate strain in CFRP strips of 16700 µε. 

2.2. Mix design 
Table 2 shows the design of concrete mixture with the proportions by weight of water to cement ratio 

(w/c) of 0.59:1.00(cement (Ordinary Type I Portland cement)):2.98(Crushed limestone coarse aggregates 
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with the absorption of 2.3 %, a maximum aggregate size of 12.5 mm, and a specific gravity of 2.62)):2.62 
(fine aggregates with the absorption of 1.9 %, fineness modulus of 2.69, and specific gravity of 2.65). The 
superplasticizer as a percent of the cement weight was used to improve the concrete mixture's workability 
and result in a slump of about 50 mm. 

Table 2. Mix design proportions. 
Ingredient Quantity (kg/m³) 
Cement  269 
Water  158 

w/c 0.59 
Super- plasticizer 8 
Coarse aggregate  891 

Fine aggregate  834 
 

The beams are casted using a tilting drum mixer with a capacity of 0.15 m³ (Fig. 2). Firstly, the tilting 
drum mixer inner surface was wetted. During the tilting drum mixer running, all the crushed limestone 
coarse aggregates with portion of the used water were added (Fig. 2). After that, the fine aggregates, 
cement, and water were added gradually. Finally, the superplasticizer with the last amount of used water 
was added to the concrete mixture. Lastly, all the concrete mixture ingredients were mixed for five minutes 
before pouring into wooden molds with inner dimensions of (100×150×1100 mm) and compacted with an 
electrical vibrator (Fig. 2). After twenty-four hours from the beams casting, all beams were de-molded and 
then cured in lime-saturated water tank for 28 days (Fig. 2). 

   

Preparing the ingredients  
of mixture 

Mixing concrete  
by tilting drum mixer 

Wooden mold  
for casting beams 

   

Casting concrete  
into molds 

Casting concrete  
into cylinders 

Water-cured tank  
for 28 days 

Figure 2. The mixing, casting, and curing of reinforced concrete beams. 
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Figure 3. The time-temperature schedule. 

2.3. Heat treatment Method 
The average 28-day splitting compressive and tensile strengths of the tested cylinders were 

25.0 MPa and 3.0 MPa, respectively. Cylindrical specimens and blocks were subjected to heat treatment 
for two hours at temperatures from 150-500 °C before allowing them to cool inside the special electrical 
furnace. The furnace is equipped with an electronic panel to automatically control the time of exposure and 
the temperature (maximum of 1200 °C). Fig. 3 shows the time-temperature schedule for the furnace. The 
expected temperature inside the beam during the heat treatment method is 28 % of the applied temperature 
on the exposed surface [30]. 

The effect of exposing specimens to elevated temperatures is demonstrated in Fig. 4, which depicts 
the residuals for compressive and slitting strength versus temperature. The curves followed almost similar 
trend behavior represented in a slight decrease at a temperature of 150 °C followed by a significant 
reduction at higher temperatures. The detrimental effect of high temperatures greater than 250 °C on both 
strengths can be referred to as thermally induced cracks and/or decomposition of cement binding materials 
(beyond 250 °C) [27]. The damage by heating caused map type cracking, which increased with elevated 
temperature without being accompanied by an apparent surface alteration. The reduction in residual 
strengths (compressive, splitting) which is (98 %, 97 %) at 150 °C to (61 %, 60 %) at 500 °C, are similar to 
reported values by Haddad et al. [27] as can be deduced from Fig. 4. 
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Figure 4. Residuals for compressive and splitting strengths versus exposure temperature. 

2.4. Bonding of CFRP sheets to the concrete beams 
The concrete beams were demolded after 24 hours of casting and cured in a lime-saturated water 

tank for 28 days. Firstly, the concrete bonded area was roughened and brushed with steel wire cup brush 
to provide leveled contact between CFRP sheets and concrete (Fig. 5). Secondly, any dust and loose 
particles were removed from the bonded area by using the air vacuum cleaner, and then the bonded area 
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was marked while the un-bonded area was covered with plastering tape to be free of epoxy (Fig. 5). Based 
on investigated parameters, the CFRP composite sheets are cut into sheets with a width of 50 mm and 
different lengths. Thirdly, the epoxy compounds (parts A and B) were prepared using a low-speed electric 
drill for at least 3 minutes to get a homogenous epoxy mixture. Fourthly, the epoxy first layer was applied 
uniformly over the bonded area and then the CFRP composite sheet (the tensile strength of 4900 MPa, 
thickness of 0.166 mm, elongation at break of 2.1 %, elastic modulus of 230 GPa) was placed onto the 
epoxy. Plastic roller was used along the fiber direction in order to remove any entrapped air bubbles. Finally, 
the epoxy second layer was applied over the CFRP sheet bonded area to make sure epoxy homogeneous 
distribution (Fig. 5). 

  
Marking the area of CFRP sheets bonded 

using plastering tape 
Concrete bonded area were roughened  
and brushed with steel wire cup brush 

  
Applying the first layer of epoxy  
onto CFRP sheets surface 

Applying the two layers of epoxy  
onto CFRP sheets surface 

Figure 5. Bonding of CFRP sheets to reinforced concrete beams. 

2.5. Testing Setup 
All beams were tested under four-point loading with a simply supported span of 1000 mm (Fig. 1). 

The two supports are one roller, and the other one is a hinge, as well as the loading points were made from 
steel to make sure zero deformation. A hydraulic testing machine is used to apply the load with a 
displacement loading rate of 0.1 mm/sec. The vertical linear variable displacement transducer (LVDT) is 
used to record the mid-span deflection which is placed at the bottom of the beam (Fig. 1). Also, one strain 
gauge was placed in a position such that to record the CFRP tensile strain. The tested results (load-
deflection curves and the CFRP strain) were collected using the data acquisition system, while the failure 
modes and cracks pattern were obtained visually. 

3. Results and Discussion 
3.1. Failure Mode 

The crack patterns and mode of failure developed during testing of all RC beams are shown in Fig. 6. 
In control beam, the first crack appeared in the middle of the constant moment region followed by formation 
of additional nearby flexural cracks (Fig. 6(a)). In all beams, the first flexural crack developed in the middle 
of the beam and at the tension side (within the constant moment region) (Fig. 6(b)).  
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23 °C 150 °C 

  
250 °C 500 °C 

(a) Effect of elevated temperature 

  
0 mm (Control) 400 mm 

  
600 mm 800 mm 

(b) Effect of CFRP bonded length 
Figure 6. The typical failure mode of tested beams. 

The failure in the control beams (conventionally reinforced) occurred by yielding steel reinforcement 
followed by the crushing of the concrete in the beams' compression zone in the constant moment region. 
As load approached failure, local concrete crushing under the loading points was observed, as shown in 
Fig. 6(a). The strengthened beams failed by debonding the CFRP sheets after yielding the flexural steel 
reinforcement except the ductile flexure failure shown in Fig. 6(b). Upon yielding the steel reinforcement, 
the CFRP sheet picked up more strains and contributed to the beams' further load carrying capacity. After 
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failure, the CFRP sheet partially delaminated and it was observed that the sheet had adhered well to the 
concrete. The additional strength provided by the CFRP sheet delayed cracking and increased the load 
carrying capacity of the beams after yielding of steel occurred. It was noticed that the cracks numbers, 
distribution and length visibly depends on the CFRP sheet length (Fig. 6(b)). Inspection Fig. 6 reveals that 
crack distribution and numbers increased with the increase of elevated temperature (Fig. 6(a)) and length 
CFRP sheet length (Fig. 6(b)). As a matter of fact, Ahmed et al. [32] reported all the beams failed by flexural 
failure mode and the tested beams reveal a dramatic effect and spalling in the concrete cover, especially 
at temperature of 500 °C and more as well as at the end of the testing some crushing cracks caused by 
compression failure appeared at the top surface. But the crack from the tension side up to top of the cracking 
section neutral axis decreased with the increase of the elevated temperature (Fig. 6(a)) and length CFRP 
sheet length (Fig. 6(b)). The increase in crack width and the reduction in beam capacity after the elevated 
temperature is due to the residual concrete strength after elevated temperature exposure, which is much 
lower than that at room temperature [32]. This is due to the CFRP sheets ability in the bridging of the flexural 
cracks by providing adequate development length in catching the two sides of the major flexural crack. 

3.2. CFRP strain 
Fig. 7 shows the typical load-CFRP strain curve for all tested beams. Fig. 7 reveals that the tensile 

stresses develop in the CFRP composites after the yielding of the steel reinforcement. Furthermore, the 
maximum tensile stresses occurred close to the middle of the CFRP composite that intersects the first 
flexural crack to the beam's mid-span, as shown in Fig. 7. Also, it is noticed that all tested beams had CFRP 
strain below the maximum value of 16700 µε as shown in Table 1 as the percentage of CFRP ultimate 
strain. Inspection of Table 1 reveals that the length of CFRP sheets had a substantial immct on the 
efficiency of CFRP sheets for beams exposed to 23oC with a percentage concerning ultimate strain of 
CFRP sheet of 28 %, 34 %, and 41 % for 400 mm, 600 mm, and 800 mm, respectively. While, the 
percentage of beams exposed to 150oC with a percentage concerning the ultimate strain of CFRP sheet of 
26 %, 32 %, and 38 % for 400 mm, 600 mm, and 800 mm, respectively, and this equivalent to 0.93 of the 
beams strains exposed to 23 °C. The percentage of beams exposed to 250 °C with a percentage for the 
ultimate strain of CFRP sheet of 23 %, 26 %, and 31 % for 400 mm, 600 mm, and 800 mm, respectively, 
and this equivalent to 0.76 of the beams strains exposed to 23 °C. Finally, the percentage of beams 
exposed to 500 °C with a percentage for the ultimate strain of the CFRP sheet of 20 %, 32 %, 26 % for 
400 mm, 600 mm, and 800 mm, respectively, and this equivalent to 0.63 of the beams strains exposed to 
23 °C. 
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Figure 7. Typical load-CFRP strain curve. 
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CFRP strain development was less than 2000 µε (12 % of the ultimate strain of CFRP sheet) before 
the steel reinforcement yielding. After the steel reinforcement yield, the CFRP strain increased rapidly and 
continued to increase until the beam failure, as shown in Fig. 7. It can be observed that the strain in the 
CFRP developed at a high rate as the applied load increases. 

3.3. Load-deflection behavior 
The load versus mid-span deflection curves for typically tested beams are shown in Fig. 8. The mid-

span deflection curves are plotted in a way that allows for comparing the effect of CFRP sheet length for 
beams in terms of elevated temperature. Inspection of Fig. 8 reveals that the load-deflection curve can be 
divided into two stages; the first stage is from zero loadings up to yielding of steel reinforcement 
(Stabilization of the behavior) with nearly a straight line with rapidly increasing in load and slightly increasing 
in deflection. Then after the yielding of steel reinforcement (indicating a reduction in the beam stiffness and 
the CFRP sheets handled the applied load), the slope of the curve experienced a slight increase in the load 
with a large increase in deflection, and this is based on investigated parameters. At ultimate load, the load 
was dropped suddenly to zero after crashing of the compression zone. The load versus mid-span deflection 
curves for control and damaged beams showed similar trend behavior, as depicted in Fig. 8: curves were 
linear up to a certain point before became nonlinear. A limited linear portion can be clearly noticed for 
damaged beams because of concrete's thermal cracking. Similar trend behavior was noticed by Haddad 
and Almomani [33] in which the curves showed linear behavior at the initial stages of loading before turned 
nonlinear behavior thereafter. The degradation in mechanical properties and softening in damaged beams 
is referred to as the reduction in (a) the yield strength of steel reinforcing bars; (b) bond strength between 
steel reinforcement and concrete; and (c) concrete compressive strength, which was reduced by about 
61 % of its intact value. Inspection of Fig. 8 reveals that the load-deflection curve was extensively affected 
by elevated temperature and CFRP bonded length in terms of ultimate load, ultimate deflection, toughness, 
and stiffness reflected either limited improvement and even degradation in the mechanical response of 
strengthened damaged, as compared to un-damaged control beams, as depicted in Fig. 8. In addition, the 
larger CFRP bonded length showed better performance than those with a small CFRP bonded length. 
Besides, the curve's performance decreased with the increase of exposed temperature, as shown in Fig. 
8. 

Deflection, mm

0 5 10 15 20

L
oa

d,
 k

N

0

20

40

60

80

100

120

140

160
23oC

FBT23-400
FBT23-600

FBT23-800

FBT23-0

 Deflection, mm

0 5 10 15 20

L
oa

d,
 k

N

0

20

40

60

80

100

120

140

160
150oC

FBT150-400
FBT150-600

FBT150-800

FBT150-0

 

Deflection, mm

0 5 10 15 20

L
oa

d,
 k

N

0

20

40

60

80

100

120

140

160
250oC

FBT250-400
FBT250-600

FBT250-800

FBT250-0

 Deflection, mm

0 5 10 15 20

L
oa

d,
 k

N

0

20

40

60

80

100

120

140

160
500oC

FBT500-400
FBT500-600
FBT500-800

FBT500-0

 
Figure 8. Load-deflection curves for the tested beam. 
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3.4. Ultimate load capacity and corresponding deflection 
Table 3 shows the characteristics of the load-deflection curves for tested beams. 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 Fig. 9. The strength ratio also predicts the increase of load that the model can sustain. 
Inspection of Fig. 9 reveals that the strength percentage increased significantly with the increase of the 
length of CFRP sheets. The average ultimate load enhancement percentage (Fig. 9) for tested beams with 
respect to the control beam is 14 %, 24 %, and 35 % for 400 mm, 600 mm, and 800 mm, respectively. 
Whereas, the average ultimate load reduction percentage (Fig. 9) for tested beams with respect to beams 
exposed to 23 °C is 4 %, 16 %, and 36 % for 150 °C, 250 °C, and 500 °C, respectively. Thus, it is possible 
to regain the 96 %, 84 %, and 64 % of the initial capacity of un-damaged beam (23 °C) 150 °C, 250 °C, and 
500 °C, respectively. Therefore, the regaining percentage of the initial capacity is decreased with the 
increase of exposed temperature. 

Table 3. Characteristics of load-deflection behavior. 

Group Specimen T, oC Elastic stiffness 
(kN/mm) 

Toughness 
(kN.mm2) SF DF PF 

1 

FBT23-0 

23 

29.0 871 2.26 1.06 2.40 
FBT23-400 34.6 1187 2.69 1.26 3.40 
FBT23-600 37.3 1438 2.99 1.50 4.48 
FBT23-800 40.3 1783 3.43 1.79 6.12 

2 

FBT150-0 

150 

27.4 799 2.21 1.04 2.30 
FBT150-

400 33.1 1033 2.49 1.23 3.08 

FBT150-
600 35.9 1172 2.59 1.47 3.80 

FBT150-
800 39.3 1413 2.87 1.75 5.02 

3 

FBT250-0 

250 

23.7 640 2.08 0.97 2.02 
FBT250-

400 29.0 818 2.29 1.16 2.65 

FBT250-
600 31.6 938 2.40 1.38 3.31 

FBT250-
800 34.5 1109 2.61 1.64 4.28 

4 

FBT500-0 

500 

18.0 451 1.96 0.92 1.80 
FBT500-

400 22.1 570 2.14 1.09 2.33 

FBT500-
600 24.4 657 2.22 1.30 2.88 

FBT500-
800 26.6 734 2.30 1.55 3.56 

Note: SF: strength factor, DF: Ductility factor, PF: Performance Factor = SFxDF 
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Figure 9. Normalized ultimate load capacity for control beam. 
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The deflection indicates how much the strengthened RC beams can sustain deformations without 
failure. The deflection percentage is defined as the ratio of the strengthened beam's ultimate deflection to 
the ultimate deflection of the control beam (undamaged beam), as shown in Fig. 10. Fig. 10 shows that the 
ductility percentage also significantly increased with the increase in the length of CFRP sheets and 
decreased with exposed temperature. The average ultimate deflection enhancement percentage (Fig. 10) 
for tested beams with respect to control beam is of 10 %, 18 %, and 27 % for 400 mm, 600 mm, and 
800 mm, respectively, and this equal to 0.71 times the enhancement percentages in ultimate load. 
Whereas, the average ultimate deflection reduction percentage (Fig. 10) for tested beams with respect to 
beams exposed to 23 °C is 10 %, 17 %, and 23 % for 150 °C, 250 °C, and 500 °C strips, respectively, and 
this equal to 0.64 times the reduction percentages in ultimate load. 
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Figure 10. Normalized ultimate deflection for control beam. 

3.5. Elastic stiffness  
The elastic stiffness determines the crystal's response to an externally applied strain (or stress) and 

provides information about the bonding characteristics, mechanical and structural stability. The elastic 
stiffness represents the first stage of the load-deflection curve's slope before initiation of the first main 
flexural crack. For comparison, each strengthened beam's elastic stiffness with CFRP sheets was 
normalized for the control beam without CFRP sheets, as shown in Fig. 11. Fig. 11 reveals that the elastic 
stiffness percentage increased significantly with the increase of length of CFRP sheets. The average elastic 
stiffness enhancement percentage (Fig. 11) for tested beams with respect to control beam is of 21 %, 32 %, 
and 44 % for 400 mm, 600 mm, and 800 mm, respectively. Whereas, the average elastic stiffness reduction 
percentage (Fig. 11) for tested beams with respect to beams exposed to 23 °C is 7 %, 15 %, and 37 % for 
150 °C, 250 °C, and 500 °C strips, respectively. 
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Figure 11. Normalized stiffness for control beam. 

3.6. Toughness 
In materials science and metallurgy, toughness is the ability 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 Fig. 12. Inspection of Fig. 12 reveals that 
the toughness percentage increased significantly with the increase of length of CFRP sheets. The average 
toughness enhancement percentage (Fig. 12) for tested beams with respect to control beam is of 30 %, 
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51 %, and 79 % for 400 mm, 600 mm, and 800 mm, respectively. Whereas, the average toughness 
reduction percentage (Fig. 12) for tested beams with respect to beams exposed to 23 °C is 15 %, 33 %, 
and 53 % for 150 °C, 250 °C, and 500 °C strips, respectively. 

Investigated Parameters

0.0

0.5

1.0

1.5

2.0

0 mm

N
or

m
al

ai
ze

d 
V

al
ue

0%

Length of CFRP Sheet

23 oC

Temperature, oC
30

% 51
%

0%

-1
5%

-3
3%

-5
3%

400 mm 600 mm 800 mm 150 oC 250 oC 500 oC

79
%

 
Figure 12. Normalized toughness with respect to control beam. 
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Figure 13. Normalized performance factor for control beam. 

3.7. Evaluation of Performance of Experimental Results 
The terms deformability factor (DF) and strength factor (SF) can then be defined as the deflection 

and the ultimate load capacity, respectively, of the strengthened beam, compared with the control beam. 
The strengthened composite beam's overall structural performance can thus be evaluated by a 
performance factor (PF), defined as DF multiplied by SF. Performance factor is a combination of the 
strength factor and the deformability factor to generate an overall structural performance as shown in Table 
3 and Fig. 13. Based on Fig. 13 the PF increased as the length of CFRP sheets (bonded area of CFRP) 
increased and decreased with elevated temperature. Inspection of Fig. 13 reveals that the performance 
factor percentage increased significantly with the increase of the length of CFRP sheets. The average 
performance factor enhancement percentage (Fig. 12) for tested beams with respect to the control beam 
is 28 %, 44 %, and 75 % for 400 mm, 600 mm, and 800 mm, respectively. The average performance factor 
reduction percentage (Fig. 12) for tested beams for beams exposed to 23 °C is 12 %, 24 %, and 33 % for 
150 °C, 250 °C, and 500 °C strips, respectively. 

3.8. Comparison of experimental results with the ACI model 
For comparison, the experimental results are compared with the ACI model [30]. The general design 

guidance is derived from the experimental data and is only applicable to external FRP reinforcement. Fig. 
14 shows a comparison of the results predicted by the ACI model (Pf, experimental /Pf,ACI [30]). Note that 
the ACI model was calibrated for CFRP should be used with caution for other types of composites, as 
shown in Fig. 14. The overall predictions by ACI model [30] appear to be overestimated for beams 
strengthened with 400 mm, 600 mm, and 800 mm with a mean Pf, experimental /Pf,ACI value of 1.02, 1.06 
and 1.09, respectively, and a coefficient of variation (COV) of 13 %. It is also important to consider that all 
the ACI model are semi-empirical, with important governing parameters derived from test data for beams 
strengthened with FRP sheets. In contrast, the ACI model cannot be applied in certain cases. Also, a careful 
inspection of Fig. 14 will show that the ACI model [30] has a much more comprehensive range of 
experimental/theoretical failure load ratios of 1.02 to 1.09. 
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Figure 14. The normalized experimental FRP flexural force with respect to ACI model [30]. 

4. Conclusions 
1. The CFRP sheet bridged the flexural cracks by providing adequate development length in 

catching the two sides of the major flexural crack. 

2. The load-deflection curve can be divided into two stages; the first portion is nearly a straight line 
and the second stage with slope experienced a slight increase in the load with a large increase in deflection. 
The second stage is formed after steel reinforcement and the primary flexural crack formation, where the 
CFRP sheet carries the applied load. 

3. The influence of the number of CFRP strips on the ductility, energy absorption, and ultimate load 
improvement percentage is significant. 

4. The influence of the exposed temperature on the ductility, energy absorption, and ultimate load 
reduction percentage is significant and increased with the increase of temperature. 

5. It is encouraging advantage of using the CFRP sheets along the bottom face of the beam to 
enhance the beam integrity before and after cracking (ductile failure mode), external arresting the flexural 
cracks, and improving the structural performance and serviceability of tested beam. 

6. The ACI model [30] appears to be overestimated with a coefficient of variation (COV) of 13 %. 
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