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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. This paper presents a nonlinear finite element analysis (NLFEA) results of 
reinforced concrete columns confined externally with carbon fiber reinforced polymers (CFRP) subjected to 
thermal shock impact. After reasonable validation of NLFEA with the experimental test results of companion 
columns, NLFEA was expanded to provide a parametric study of eighteen columns that correlates the ultimate 
axial stress of CFRP-confined RC columns to number of CFRP layers and damaged thermal shock. Thermal 
shock has a significant impact on the behavior of CFRP-confined circular RC columns. The increase in ductility 
is directly related to a decrease of compressive strength due to thermal shock. Also, the confinement 
effectiveness in terms of ultimate load was decreased with the increase in concrete compressive strength (un-
damaged). The influence of the number of CFRP layers on the ductility, energy absorption, and ultimate load 
improvement percentage is significant. There will be no further significant increase in the ductility and ultimate 
load of the column after a certain volumetric ratio, while significant increase in its stiffness continues to occur. 

1. Introduction 
It is inevitable to strengthen and/or retrofit concrete structural elements in order to prevent their potential 

vulnerability. One common procedure is confining such elements with CFRP wraps, which completely limit the 
lateral expansion of concrete and delay concrete cover peeling and longitudinal bars buckling. The general 
influence is clearly an increase in the peak loads of the specimens. Most studies in this area have been focused 
on column behavior under concentric and eccentric loads [1, 2]. It is necessary to strengthen the deteriorated 
and damaged reinforced concrete columns due to the overloads from earthquake and environmental 
conditions. Steel plate jackets and reinforced concrete jackets have been widely used to strengthen the RC 
columns. However, they have several problems because of their material characteristics, longer construction 
period due to curing requirement and the enlargement of column size. To solve the above problems, CFRP 
composites have been used for confinement of concrete since the early 1980's. External confining of concrete 
with CFRP composites is an efficient repair technique to enhance their strength and ductility due to the extreme 
high strength to weight ratio, the ease and speed of installation and application, and good corrosion behavior. 
Issa and Tobaa studied the strength and ductility enhancement in high-strength confined concrete columns. 
They concluded that the increase in the effective lateral pressure and post-peak ductility of the transverse 
steel decreases the slope of the descending branch of the stress-strain curve of the confined concrete [3]. 

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 [4]. 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 [4, 5]. 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 
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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 fire resistance [6], elevated temperature [7, 8], fiber type [9−12], analysis analysis type [13−17], energy 
integrity resistance [18], 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 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 
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 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 [27]. 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 [28, 29]. 

Many reinforced concrete bridges are deteriorating due to problems related to environment and increase 
in load of trucks. In the last twenty years, considerable attention has been focused on the use of CFRP for 
structural rehabilitation and strengthening. Therefore, essential issues to produce effective, economical, and 
successful CFRP strengthening were needed. Also, the impact of CFRP external strengthening on the 
behavior of deficient reinforced concrete columns damaged by thermal shock must receive miniature 
consideration. The scientific problem considered in the study is indeed one of the problems in the modern 
theory of deficient reinforced concrete columns. A lack of literature regarding behavior of deficient columns 
damaged by thermal shock necessitated conducting the present investigation. In this study, experimental and 
NLFEA program were carried out to find the improvements in the strength and ductility behavior of reinforced 
concrete (RC) columns confined externally with CFRP composites. The main parameters studied were number 
of CFRP layers (Volumetric ratio) and thermal shock impact. 

2. Methods 
ANSYS V16 software is an effective numerical method 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. Eighteen 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 Issa 

et al. [30]. CFRP-confined circular RC columns of 750 mm in length and 150 mm in diameter were fabricated 
and tested to failure. All columns were longitudinally reinforced with 4#3 steel bars (ρ = 1.56 %) and laterally 
reinforced with spiral steel reinforcement, 4.75 mm in diameter, spaced at 75 mm center to center along the 
entire height of the columns. The spacing of the spirals of 75 mm on center was based on the volumetric spiral 
reinforcement ratio. The ends of the columns were strengthened with additional two layers of CFRP-sheets 
for a distance of 125 mm from each end to prevent premature failure at the ends due to stress concentration. 
The reinforcement details, cross section, and the CFRP confinement configurations of the un-damaged 
columns are shown in Fig. 1. The CFRP-strengthened columns included columns strengthened with 1  
(CS1-UD), 2 (CS2-UD), 3 (CS3-UD), 4 (CS4-UD), and 5 (CS5-UD) layers of CFRP in the transverse direction 
(Fig. 1). The 28-day cylindrical concrete compressive strength is 55 MPa. The yield stress of the longitudinal 
and spiral steel reinforcements was 410 MPa. The carbon fiber used was unidirectional in the form of tow 
sheet, manufactured in wide strips with a tensile strength of 3800 MPa and an elastic modulus of 230 GPa. 
The specimens were tested in the vertical position under axial compression loading in a special fabricated 
rigid steel frame. The test setup was designed to simulate pinned-pinned conditions (spherical shape) at both 
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ends of the columns. The specimens were centered and aligned with the help of lead shims that were laid 
between the column end and the steel plates to take up possible discrepancies and to ensure an even load 
distribution. 

 
Figure 1. Setup and reinforcement details of the Columns [30]. 

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 55 and 10 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 [31]. Poisson's ratio of 0.2 and shear transfer coefficient (βt) of 0.2 for βt 
was used in this study. Fig. 2(a) shows the stress-strain relationship for unconfined concrete which describes 
the post-peak stress-strain behavior. 

LINK180 element was used to model the steel reinforcement. The 3-D spar element is a uniaxial 
tension-compression element with three degrees of freedom at each node with translations in the nodal x, y, 
and z directions. The element is also capable of plastic deformation. 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 columns were 410 MPa and 0.78 fy [32], respectively, 
as well as the elastic modulus were 200 GPa and 0.6 Es [32], respectively, were used for the steel 
reinforcement. Fig. 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 3800 MPa, elastic modulus 
of 230 GPa, and ultimate tensile strain of 0.0169 as shown in Fig. 2 (c). 

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 [33] was used as shown in Fig. 3. Full column was simulated to study 
the behavior of the control reinforced concrete column. By taking advantage of symmetry of the column and 
loadings, a quarter of the full column was used in the analysis with proper boundary conditions, which reduced 
the computing time and computer disk space requirements. To simulate the pinned-pinned condition at both 
ends, one end was modeled as pin support, while only translation in the loading direction and rotation were 
allowed at the other end (point of load application). A convergence study was carried out to determine the 
appropriate mesh density. Perfect bonding was assumed between the composite column elements. Fig. 4 
shows a typical finite element meshing of all columns. 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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Figure 2. Stress-strain curves for: (a) unconfined concrete [30],  

(b) steel reinforcement [32], and CFRP composite. 
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Figure 3. CFRP to concrete bond slip model [33]. 

 
Figure 4. Typical finite element meshing of the Column. 
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2.3. Investigated Parameters 
Table 1 shows configuration of different strengthening techniques, where unlike one un-damaged 

control column (CC-UD) and one control damaged column (CC-D), and the other sixteen columns were 
strengthened in shear using CFRP sheets as follows: CS1-UD and CS1-D (undamaged and damaged, 
respectively) were strengthened with one layer of CFRP (750 mm wide×0.17 mm thick). CS2-UD and CS2-D 
(undamaged and damaged, respectively) were strengthened with two layer of CFRP (750 mm wide×0.34 mm 
thick). CS3-UD and CS3-D (undamaged and damaged, respectively) were strengthened with three layer of 
CFRP (750 mm wide×0.51 mm thick). CS4-UD and CS4-D (undamaged and damaged, respectively) were 
strengthened with four layer of CFRP (750 mm wide×0.68 mm thick). CS5-UD and CS5-D (undamaged and 
damaged, respectively) were strengthened with five layer of CFRP (750 mm wide×0.85 mm thick). CS6-UD 
and CS6-D (undamaged and damaged, respectively) were strengthened with six layer of CFRP (750 mm 
wide×1.02 mm thick). CS7-UD and CS7-D (undamaged and damaged, respectively) were strengthened with 
seven layer of CFRP (750 mm wide×1.19 mm thick). Finally, CS8-UD and CS8-D (undamaged and damaged, 
respectively) were strengthened with eight layer of CFRP (750 mm wide×1.36 mm thick). A full description of 
the finite element modeling groups is shown in Table 1. 

Table 1. NLFEA results of confined columns with CFRP composites. 

Group 
Number 

Number 
of 

CFRP 
layers 

Volumetric 
ratio 

Column 
number 

Un-damaged/ 
Damaged 

CFRP strengthening 
configuration 

Ultimate load, 
kN 

1 

0 0 CC-UD 

Un-damaged 

Control column without 
strengthening 1161 

1 0.00433 CS1-UD Column strengthened 
with one layer of CFRP 1628 

2 0.00867 CS2-UD Column strengthened 
with two layer of CFRP 2077 

3 0.01300 CS3-UD Column strengthened 
with three layer of CFRP 2420 

4 0.01733 CS4-UD Column strengthened 
with four layer of CFRP 2700 

5 0.02167 CS5-UD Column strengthened 
with five layer of CFRP 2891 

6 0.02600 CS6-UD Column strengthened 
with six layer of CFRP 3060 

7 0.03033 CS7-UD Column strengthened 
with seven layer of CFRP 3211 

8 0.03467 CS8-UD Column strengthened 
with eight layer of CFRP 3336 

2 

0 0 CC-D 

Damaged 

Control column without 
strengthening 422 

1 0.00433 CS1-D Column strengthened 
with one layer of CFRP 711 

2 0.00867 CS2-D Column strengthened 
with two layer of CFRP 946 

3 0.01300 CS3-D Column strengthened 
with three layer of CFRP 1116 

4 0.01733 CS4-D Column strengthened 
with four layer of CFRP 1248 

5 0.02167 CS5-D Column strengthened 
with five layer of CFRP 1331 

6 0.02600 CS6-D Column strengthened 
with six layer of CFRP 1393 

7 0.03033 CS7-D Column strengthened 
with seven layer of CFRP 1435 

8 0.03467 CS8-D Column strengthened 
with eight layer of CFRP 1461 

Note: C: Column, UD: un-damaged, D: Damaged  
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2.4. Validation Process 
The experimental work included the fabrication of fifty-five circular reinforced concrete columns confined 

externally with various number and configurations of CFRP sheets. The columns were instrumented and tested 
to failure under pure axial loading. In addition, NLFEA was used to model the structural behavior of these 
columns. Fig. 5 shows the axial loads versus axial displacement behaviors for the simulated and tested 
columns. The axial load displacement curves shown in Fig. 5 (a), reveals that there is a significant increase in 
the ultimate axial load as well as in the ultimate axial displacement when confining the circular columns with 
CFRP sheets. Fig. 5 (a) also shows that the increase in the ultimate loads and displacements is directly related 
to an increase in the number of CFRP sheet layers. Also, Fig. 5 (b) shows the axial load versus axial and 
circumferential strains for the simulated columns.  
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(a)                                                               (b) 

Figure 5. Axial load vs. (a) axial displacement and (b) circumferential strain curves. 

 
(a)                                                               (b) 

Figure 6. Typical NLFEA contours for (a) control column and  
(b) column confined with 1 layer of CFRP composites. 

The axial load axial strain behavior followed a similar trend as the axial load axial displacement for each 
specimen. At failure, the circumferential strain readings of the confined columns were greater than 
0.017 mm/mm, which is the maximum strain capacity of the carbon fiber. The circumferential strain results 
coincide with the observed failure mode of the confined columns, the failures did not occur before fracturing 
of the CFRP sheets. This shows that the effectiveness of the CFRP confinement was good. As a result, there 
is good agreement between the NLFEA and the experimental test results. The general behaviors of the 
simulated columns show good agreement with observations and data from the experimental full-scale column 
tests with an average percentage of less than 5 %. Fig. 6 shows a typical NLFEA deformed shape and 
circumferential strain contours for column confined with 1 layer of CFRP composites. It was suggested to use 
NLFEA for further research on numerical tests and parametric analysis to provide theoretical understanding 
for establishing the stress strain curve model. 

3. Results and Discussion 
3.1. Failure Mode 

The typical failure of the NLFEA specimens was initiated by fracture of the CFRP sheets at or near the 
center of the specimen (Fig. 6). The failure at the extreme edges was not of consequence as the ends were 
strengthened at these locations. When the load approached the ultimate load, circumferential fracture of the 
carbon fiber sheets was occurred that leads to a sudden release of energy. The specimen experienced a 
significant loss in resistance as the CFRP sheets began to fail followed by the fracturing of lateral reinforcement 
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and buckling of the longitudinal reinforcement. Similarly, failure of the control columns occurred due to the 
fracturing of the lateral reinforcement followed by buckling of the longitudinal reinforcement. 

3.2. Loading behavior stages 
The loading behavior of the specimens wrapped with CFRP can be divided into three stages. The first 

stage A is from zero applied load to 0.65 Np (Np is the peak load of each wrapped column) as shown in Fig. 7. 
In this stage, all curves are almost the same. Lateral expansions were very small and the fiber stresses were 
low (10 % of their ultimate strength). The second Stage B is from 0.65 Np to 0.8 Np. At this stage, the steel 
bars and spirals have yielded. The spirals reached their ultimate strain, the concrete started to have a large 
expansion, and the fiber begins to be stressed and crushing of the concrete at the end of this stage. After 
0.8 Np, the third Stage C started with large deformation in the axial and lateral directions and a slow rise in 
load. The load was carried by the CFRP composite after crushing of the concrete until the fiber fractured. 

 
Figure 7. Typical loading behavior stages of the NLFEA columns. 

To understand the contribution of each stage, energy absorption (EA) was calculated as the area under 
the load-displacement curve up to ultimate capacity. The area under the axial load-axial displacement curve 
was divided into three parts to measure the energy absorption during each stage as shown in Fig. 7. A1, which 
represent the area from zero applied load to 0.65 Np (Stage A), A2 is the area from 0.65Np applied load to 
0.80 Np (Stage B), and A3 is the area from 0.80 Np applied load to Np (Stage C). Fig. 8 shows the normalized 
energy absorption for all stages with respect to the total energy for damaged and un-damaged columns. 
Inspection of Fig. 8 reveals that the energy absorption by CFRP composite after crushing of the concrete until 
the fiber fractures during stage C is about 65−70 % of total energy. Also, the EA only begins decreasing with 
the number of CFRP layers after seven layers. Until that point, EA increases with increasing number of layers. 
Stages A and B, which almost have equal absorption energy is about 30−35 % of total energy and increases 
with an increase in number of layers. Also, the total absorption energy of the composite system has the same 
trend as Stage C, which reflects the essential occupation of CFRP composite on the behavior of the wrapped 
column. Inspection of Fig. 8 reveals that the average EA reduction percentage due to thermal shock is 45 %. 
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(a)                                                               (b) 

Figure 8. Energy absorption versus number of CFRP layers for (a) Un-damaged and  
(b) Damaged confined columns. 
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3.3. Effect of the number of transverse CFRP layers 
To determine an enhancement in ductility between the control and CFRP confined columns, the areas 

under the axial load-axial displacement curves shown in Fig. 5(a) were computed. The energy absorption (EA) 
is plotted versus CFRP volumetric ratio as shown in Fig. 9. A polynomial relationship was observed with high 
correlation coefficient of 0.996 and is presented in Fig. 9. Depending on the CFRP volumetric ratio of the 
circular column and compressive strength of concrete, this relationship can be utilized to calculate the required 
energy absorption. In addition, the ductility of the RC columns can be calculated as the normalized energy 
absorption with respect to the energy absorption of control RC column. From this relationship, the energy 
absorption increases with increasing number of CFRP layers. The percentage of increase in ultimate load 
(Table 1) with respect to the control column was calculated as shown in Fig. 10. Inspection of Fig. 10 reveals 
that the rate of strength gain is reduced with increase in CFRP layers. This mean, after a certain volumetric 
ratio, there would be no further significant increase in the ductility behavior (Fig. 9) and ultimate load (Fig. 10) 
of the column, while significant increasing in its stiffness continues to occur (Fig. 5(a)). In addition, the increase 
in stiffness has led to decrease in lateral expansions of fiber stresses (Fig. 5(b)), delays in the spiral and steel 
yielding, and increases in concrete crushing load. 
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Figure 9. Energy absorption (EA) versus number of CFRP layers. 
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Figure 10. Ultimate load improvement percentages versus number of CFRP layers of confined 

columns. 

3.4. Dilation properties 
Fig. 11 shows the average volumetric curves versus the axial stress for NLFEA confined columns with 

CFRP composites. Inspection of Fig. 11(a) reveals that for un-damaged columns, one to six CFRP layers do 
not provide adequate confinement pressure to resist the dilation tendency of concrete. Alternatively, for the 
same column, seven to eight reverse the dilation trend of concrete (Compaction). While, one to three CFRP 
layers for damaged columns do not provide adequate confinement pressure to resist the dilation tendency of 
concrete. On the other hand, for the same column strength, four to eight reverse the dilation trend of concrete 
(Compaction). Therefore, the minimum amount of CFRP for sufficient confinement was four and seven layers 
of CFRP for damaged and un-damaged columns, respectively. It can be concluded that the number of CFRP 
layers that provide sufficient confinement to resist the dilation of concrete increased with the decrease of 
concrete compressive strength due to thermal shock. 
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(a)                                                               (b) 

Figure 11. Volumetric strains for (a) Un-damaged and (b) Damaged confined columns. 

3.5. Column ductility  
The concept of ductility is related to the ability of a structural member to sustain inelastic deformation 

without substantial decrease in the load carrying capacity. Particularly, when it comes to reinforced concrete 
columns, ductility is an important issue due to their brittle failure mode. The ductility and energy absorption by 
CFRP composites are shown in Fig. 12. Inspection of Fig. 12 reveals that the increase in ductility is directly 
related to the increase in the number of layers of CFRP sheets. Also, Fig. 12 shows that the increase in ductility 
is directly related to decrease of compressive strength due to thermal shock. This indicated that damaged 
columns exhibited greater ductility than un-damaged columns. Whereas the ductility behavior (Stabilization of 
the ductility) of damaged and un-damaged columns decrease after seven and four layers of CFRP sheets, 
respectively, which can be classified as maximum amount for adequate ductility. 
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Figure 12. Increase in ductility versus number of CFRP layers. 

3.6. Amount of CFRP for sufficient confinement and ductility 
Fig. 13 shows the number of CFRP layers required for sufficient ductility and confinement versus 

concrete compressive strength. Based on the dilation properties and column ductility shown in Fig. 13, the 
maximum and minimum amount of CFRP were three and seven, respectively, of CFRP for damaged column 
and seven layers of CFRP for un-damaged columns, respectively. Also, Fig. 13 shows that number of CFRP 
layers controlled the behavior of the columns with concrete compressive strength less than 29 MPa, which 
indicated that there are maximum and minimum amount of CFRP to satisfy the ductility and confinement 
properties. On the other hand, for column with concrete compressive strength more than 29 MPa, the behavior 
was controlled by concrete compressive strength, which reflected that there is a fixed point for required number 
of CFRP layers for adequate ductility and confinement properties. 
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Figure 13. Number of CFRP layers versus unconfined strength of concrete. 

fco, MPa
0 10 20 30 40 50 60

C
on

fin
em

en
t e

ff
ec

tiv
en

es
s 

1.0

1.5

2.0

2.5

3.0

3.5

4.0
NLFEA
Toutanji [35] 
ACI 440.2R [34]
Spoelstra and Monti [37]
Samman et al. [36]

 
Figure 14. Effect of unconfined strength of concrete on confinement effectiveness. 

3.7. Confinement effectiveness 
Fig. 14 shows a plot of confinement effectiveness (ultimate load capacity of strengthened column 

divided by the ultimate load capacity of control column (un-strengthened)) versus the concrete compressive 
strength for confined column with one layer of CFRP composite. Also, Fig. 14 shows the predicted trends of 
the confinement effectiveness using ACI 440.2R [34], Toutanji [35], Samman et al. [36] and Spoelstra and 
Monti [37]. It is evident that as concrete compressive strength increases, confinement effectiveness 
decreases. The CFRP wrapped damaged columns show the maximum increases in ultimate load capacity. In 
addition, Fig. 14 shows that the confinement effectiveness of NLFEA columns is in good agreement with ACI 
440.2R [34] and Samman et al. [36] damaged and un-damaged, respectively, but Toutanji [35] overestimated 
the predicted values by NLFEA columns. Fig. 15 shows the effect of concrete compressive strength on the 
confinement effectiveness or strength enhancement ratio. Inspection of Fig. 15 reveals that confinement 
effectiveness increased with the decrease of concrete compressive strength of damaged column. Also, Fig. 
15 shows that, for relatively damaged, the increase of number of CFRP layers had a significant impact on the 
confinement effectiveness, which indicated that the ultimate behavior depends only on confinement 
effectiveness. This effect is insignificant in un-damaged columns, where only marginal increases in 
confinement effectiveness regardless of the number of layers, which indicated the confinement efficiency does 
not depend on the confinement level similar to conclusions observed by Issa and Tobaa [3]. 
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Figure 15. Confinement effectiveness versus confinement ratio. 
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4. Conclusions 
1. The failure mode of the confined RC columns was sudden in the form of CFRP sheet fracture at the 

mid-height of the specimen followed by the fracturing of the lateral reinforcement and buckling of the 
longitudinal reinforcement. In the unconfined columns, the failure mode was also sudden due to the fracture 
of the lateral reinforcement and the outer concrete shell followed by buckling of the longitudinal reinforcement. 

2. The axial load versus axial displacement curves of RC circular columns confined with CFRP 
composites are characterized by three stages. These three stages are the concrete has less expansion and 
fiber takes little constraining effect (Stage A), the concrete began to have a large expansion and the fiber 
begins to be stressed and crushing of the concrete at the end of this stage (Stage B), and the load was carried 
by the CFRP composite after crushing of the concrete until the fiber fractures (Stage C). 

3. The influence of the number of CFRP layers on the ductility, energy absorption, and ultimate load 
improvement percentage is significant. There will be no further significant increase in the ductility and ultimate 
load of the column after a certain volumetric ratio, while significant increase in its stiffness continues to occur. 

4. Thermal shock has a significant impact on the behavior of CFRP-confined circular RC columns. The 
increase in ductility is directly related to a decrease of compressive strength due to thermal shock. Also, the 
confinement effectiveness in terms of ultimate load was decreased with the increase in concrete compressive 
strength (un-damaged). 
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