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ABSTRACT. This paper investigates numerically the behavior of Reinforced 
Concrete (RC) beams, strengthened using Carbon Fiber Reinforced Polymers 
(CFRP) sheets, subjected to impact loading. Three-dimensional finite element 
analysis was performed and its results were verified against experimental ones 
available in the literature showing good agreement. Then, a comprehensive 
parametric study was performed to investigate the effect of studied parameters 
on the strengthened RC beams. The main studied parameters were the type 
and size of reinforcing bars, geometric characteristics of externally bonded 
CFRP sheets (width, length, and thickness), impact velocity, and the position 
of the impactor with respect to the beam. Results showed that the use of 
externally bonded CFRP sheets enhanced the beam capacity and failure mode, 
and reduced the mid-span deflection. On the other hand, increasing the 
impact velocity increased the mid-span displacement, however, the use of  
CFRP bars as internal reinforcement could reduce the increase in the 
deflection. Moreover, changing the position of the impact load application 
showed a significant effect on the mid-span displacement as well as the failure 
mode of tested beams. 
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INTRODUCTION  
 

mpact loading research has significant civil engineering applications, such as crash barrier design, structural impact 
resistance design toward military and terrorist attack, rock fall, vehicle collision, inadvertently dropping heavy objects 
on buildings, marine buildings impact resistance design, and blonde fence design. Nowadays, Fiber Reinforced 

Polymers (FRP) materials are being widely used in strengthening and retrofitting Reinforced Concrete (RC) structures due 
I 
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to several advantages they provide over the traditional steel plates, such as high tensile strength, high corrosion resistance, 
ease of use and low cost [1-3]. The utility of using FRP for strength beams subjected to static loads has been extensively 
studied, although minimal studies have been identified to strengthen Carbon FRP (CFRP) for beams subjected to impact 
loads [4-6]. Many studies had investigated experimentally and analytically the dynamic response of RC beams under impact 
load. The dynamic response to the impact load of RC beams was tested experimentally and analytically by Fujikake et al. [7]. 
Twelve RC beams had been tested under the drop weight induced impact load. The influence of the weight drop height and 
the amount of longitudinal reinforcing steel in the beam on the dynamic response of RC beams were the main parameters 
of the study. The results showed that the local failure was minimized by raising the longitudinal steel reinforcement. 
Moreover, the amount of bottom longitudinal steel reinforcement influenced the local damage close to the impact point. 
For RC beams failing in flexure, a strong agreement between experimental and analytical results was observed. The impact 
behavior of FRP-strengthened RC beams without stirrups was studied by Pham and Hao [8]. The author performed drop-
weight testing on thirteen beams that had been wrapped in different ways to strengthen them in shear. Experimental results 
showed the possibility of estimating the FRP contribution to shear strength with fair precision by the method recommended 
by ACI 440.2R-08 [9]. However, under impact loads, the FRP debonding strain is significantly lower than that under quasi-
static loads. Therefore, to achieve better estimations, actual debonding strains of FRP were recommended for impact loads. 
Kantar et al. [10] performed an experimental and theoretical analysis investigating the influence of concrete compressive 
strength on the impact behavior of RC beams. Testing of two sets of five beams manufactured with normal and high 
concrete compressive strength was part of the experimental program. Under impact loading, all beams were tested, using a 
drop hammer from five various heights. The results indicated that the compressive strength of concrete influenced the 
mode of failure of RC beams. A greater number of drops were also expected for beams with high compressive strength 
than those with normal compressive strength. More energy was also consumed by normal compressive strength concrete 
beams compared to high-strength beams. Numerical analysis was performed to simulate the tested beams under impact 
loading. The verification contrasted the results of the finite element model with those of experimental tests. The 
observations indicated a good agreement between both the finite elements and the experimental results. In order to improve 
the flexural capacity of RC beams, Erki and Meier [11] conducted experimental tests on four externally reinforced RC beams 
under impact loading. Two beams were strengthened using CFRP laminates, while the other two beams were strengthened 
using steel plates. The impact load was created by lifting and dropping a weight on simply supported beams from the height 
provided. Results have shown that the energy absorption of CFRP laminate beams is lower than that of external steel plate 
reinforced beams. Tang and Saadatmanesh[12] conducted an experimental study to investigate the impact behavior of RC 
beams externally reinforced using FRP sheets. The results indicated that the bending strength and stiffness of retrofitted 
RC beams can be greatly improved by the composite sheets. Esfahani et al. [13] studied the flexural strength of RC beams 
strengthened with CFRP sheets. Steel reinforcement ratio, length, width and number of CFRP layers were the experimental 
variables. Twelve RC beams and three different steel reinforcement ratios were used. Three beams were regarded as control 
beams, while nine RC beams were externally strengthened using CFRP laminates. The results showed an improvement in 
flexural strength of RC beams strengthened with CFRP laminates over that of control beams. Compared with the maximum 
longitudinal reinforcement steel ratio, the improvement in flexural strength is overestimated when using small steel 
reinforcement ratios. The proportion of the increase in flexural strength of the strengthened beams was influenced by the 
steel bar size. Increasing the bar size decreased the carrying capacity of the load, which increased even as the number of 
CFRP layers increased due to the debonding of CFRP laminate in strengthened beams. In beams with large steel bars, the 
CFRP debonding occurs faster than in beams with small steel bar sizes. High bending load resisted the wide bar size steel 
bars beams and this caused high tensile stresses in the steel bars. The behavior of RC beams under quasi-static and impact 
loading conditions has been investigated by Banthia and Mindess [14]. Twelve specimens of reinforced concrete beams had 
been tested, two of them under quasi-static loading and the others under impact loading. One RC beam was strengthened 
with GFRP sheets for quasi-static and impact loading. The results indicated that the capacity of the beam under quasi-static 
load is greater than that of beams under dynamic loading. Watstein [15] carried out dynamic experiments on RC beams, the 
results showed that under dynamic loads the compressive strength of concrete increased 85 to 100 percent compared to 
that of static conditions. Experimental research on concrete beams strengthened with GFRP bars under static and impact 
loading was conducted by GoldSton et al.[16]. They conducted experimental experiments on twelve RC beams with the aim 
of investigating the effect of GFRP reinforcement on the strength of the concrete beam subjected to static and dynamic 
loading. They showed that under static loading conditions, the higher GFRP reinforcement ratio resulted in a higher cracking 
rate and less ductility. On the other hand, the strength of the beams was 15-20% percent higher than the strength obtained 
by the static loading conditions under dynamic loads. The bond between FRP and concrete under quasi-static and impact 
loadings was studied by Khalighi[17]. They carried out experimental studies on FRP reinforced concrete beams and showed 
an improvement in the beams' bearing capacity. A new heavy-drop weight impact test machine was designed and produced 
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by Al-Farttoosi, Mahdi [18] to perform the experimental work to study the impact behavior of the CFRP strengthened 
concrete beams. To strengthen the RC beams, externally bonded reinforcement (EBR) was used. The width and height of 
the beams measured were 150  mm and 200  mm respectively and 3150mm long with a clear span of 3000  mm. The results 
indicated that the force of impact encountered by the strengthened beams was lower than that of the control beam. CFRP 
increased the beam stiffness in strengthened beams, decreased the width of the cracks and their propagation, and decreased 
both the deformation of the beam and the number of cracks. Under impact loading, the CFRP significantly reduced the 
residual deflection and maximum deflection of the reinforced beams. The use of CFRP to strengthen the beams diminished 
the beams' ductility and increased the risk of their sudden failure. Pham and Hao [19] investigated the behavior of reinforced 
concrete beams strengthened with fiber-reinforced polymers under impact loads. The experimental program included a 
control beam (RB) and strengthened one (NL1B) tested under impact loads. Longitudinal fiber-reinforced polymer strips 
were used to strengthen the beam. The experimental results showed that the strengthened beam with CFRP layer is better 
than the control beam against impact loads. From the analysis of the available literature, it can be concluded that the Finite 
Element Analysis (FEA) can be considered as a reliable alternative to the expensive and time-consuming experimental 
approach. Moreover, more research still required to investigate the behavior of RC beams strengthened with FRP materials. 
For this, this paper investigates numerically the flexural response of RC beams strengthened using CFRP sheets under 
impact loading. A three-dimensional Finite Element Model (FEM) was developed, and the obtained results were validated 
against experimental results available in the literature. Then a parametric study was performed considering the flexural 
reinforcement type, the diameter of reinforcing steel rebars, CFRP sheet width, and the bonded length of the CFRP.  
 

 
(a) 
 

 
(b) 

 

Figure 1: Details of CFRP strengthened RC beam specimens [19]: (a) Longitudinal section, and (b) Cross-sections. 
 
 
EXPERIMENTAL WORK  
 

n experimental study available in the literature [19] was used to verify and validate the numerical model. In this 
study, a series of CFRP strengthened RC beams were tested under impact load. The rectangular beam had 
dimensions of 150 mm, 250 mm and 2200 mm for the width, height and total length, respectively, with a clear span 

of 1900 mm between supports as shown in Fig. 1. At 28 days of age, the concrete compressive strength was 46 MPa. Two 
steel bars with a diameter of 12 mm were used at the top of the beam, while two steel bars with a diameter of 10 mm were 
used to reinforce the bottom of the beam. For shear reinforcement, 10 mm steel bars were used. For the total beam length, 

A 
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the distance between the stirrups was 125 mm. Steel reinforcement yield strengths (D12, D10) were 500 and 250 MPa, 
respectively. The beam was strengthened in flexure by an externally bonded CFRP sheet, with a nominal thickness of 0.45 
mm, the width of the CFRP layer used in the experiments was 75 mm. The tensile strength and elastic modulus of the CFRP 
sheets were 1548 MPa and 89 GPa, respectively. In this analysis, two samples were selected to be simulated and verified. 
The two samples were an un-strengthened sample (control beam (RB)), and a strengthened sample (NL1B) with CFRP 
sheet in the longitudinal direction. The impact experiments were conducted out by dropping a mass from a particular height 
onto the mid-span of the beams. A solid cylinder, of 203.5 kg weight, was lowered from a vertical height of 2 m at mid-span 
to achieve a velocity of 6.3 m/sec. 
 
 
NUMERICAL MODELING 
 
Materials constitutive models 

nown geometry and mechanical properties of materials are needed for ABAQUS inputs, particularly for concrete 
materials. Typically, concrete parameters are based on empirical equations linking stress to their corresponding 
strains. In this research, the principles of the Concrete Damage Plasticity model (CDP) [20-23] were used to link 

stresses to strains. Due to their versatile utility, the CDP model has been used in various types of loading conditions for 
instance: static, dynamic or monotonic and cyclic loadings. Compressive and tensile stress-strain under its damage states is 
considered by the model. For the CDP model available in ABAQUS, Fig. 2 is used to identify the post-failure stress-strain 
interaction of concrete. Young's modulus (Εo), stress (σt), cracking strain (εck) and the damage parameter values (dt and dc) 
for the specific concrete grade were the input parameters. The cracking strain (εck) can be determined by Eqn. (1). 
 

 ck t elε ε ε                                                                                                                            (1) 
 
where the elastic-strain referring to the undamaged material is εel= σt/ Εo, and εt is the total tensile strain. Furthermore, the 
plastic strain (εpl) for concrete tensile behavior can be defined as shown in Eqn. (2): 
 

 

t t

pl ck
t

d σ
ε ε

d E01
                                                                                                                      (2) 

 
A generic diagram of the relationship between compressive stress-strain with damage properties is shown in Fig. 2 (a). The 
inputs are stresses (σc) that lead to stress values and damage properties (dc) with inelastic in tabular format, inelastic strains 
(εin). It should be noted that using Eqn. (3), the total strain values should be translated into inelastic strains. 
 

 in c elε ε ε                                                                                                                               (3) 
 
where εel refers to the strain of undamaged material, and εc is the total compressive strain. Moreover, using Eqn. (4), the 
plastic strain values in compression (εpl)  can be calculated as follows: 
 


 

pl cε ε
01

c c

c

d

d E
                                                                                                              (4) 

 
Tab. 1 presents the parameters used to define the CDP model. Steel was modeled as elastic-perfectly plastic material with 
similar behaviors in tension and compression as shown in Fig. 3. The material properties for the steel reinforcement are as 
follows: Elastic modulus (Es=200,000) MPa, Poisson’s ratio (0.3).   
CFRP material was defined using a lamina model in which the elastic moduli, shear moduli in two directions and Poisson's 
ratio, and CFRP's linear elastic response were defined. ABAQUS/Explicit offers Hashin 's failure criteria[24], widely used 
to describe the damage in composite materials, in order to implement the damage in the CFRP in this model. In addition to 
longitudinal and transverse shear strengths, this damage model is identified by supplying CFRP's longitudinal and transverse 
tensile and compression strengths as presented in Tab. 2.  
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(a)                                                                                   (b) 

 

Figure 2: Concrete damage plasticity model: (a) Compression, and (b) Tension  
 

 
Figure 3: Stress-strain relationship for steel reinforcement   

 
Parameter Value Description 

Ψ 30 Dilation angle 

   0.1 Eccentricity 

 fb fc0 0/  1.16 The ratio of initial equibiaxial compressive yield stress to initial uniaxial 
compressive yield stress. 

 μ  0.0001 Viscosity Parameter 

 k  0.667 Kc, the ratio of the second stress invariant on the tensile meridian 
 

Table 1: Material parameters of concrete, based on ABAQUS recommendations. 
 

Property Description Unit Value 
 ρ  Density kg/ 3m  1600 

 1E  Elastic modulus in longitudinal (fiber) direction GPa 89 

 2E  Elastic modulus in transverse (matrix) direction GPa 17 

 12G  In-plane shear modulus GPa 6 

 1tσ  Longitudinal tensile strength MPa 1548 

 1cσ  Longitudinal compressive strength MPa 1200 

 2tσ  Transverse tensile strength MPa 50 

 2cσ  Transverse compressive strength MPa 250 

 12τ  In-plane shear strength MPa 70 
 

Table 2: CFRP material properties. 

- σ
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Model built-up, boundary conditions, and interaction properties. 
Solid elements (C3D8R) Available in the ABAQUS / Explicit element library with three degrees of freedom (8-nodes) were 
used to model the reinforced concrete beams studied in this paper.  The concrete parameters in Tab. 1 are needed to 
completely describe the CDP model, and their numerical parameters were chosen based on SIMULIA [25] 
recommendations. A two-node linear displacement beam element (B31) was chosen to reflect the internal reinforcement 
(main reinforcement and stirrups). Using a discrete rigid body as a reference point, the impactor was modelled to provide 
the hammer's mass. The discrete rigid body was selected as no deformation occurred in the experimental investigation [18]. 
In order to simulate the CFRP, Shell elements (S4R) were employed. CFRP mechanical properties used in the current study 
are shown in Tab. 2 [19, 26]. To represent the bond between longitudinal and transverse reinforcements with concrete, 
embedded region coupling was used. This coupling allows one region to be identified by the user as the host and another 
as embedded. Reinforcements reflected the embedded region in this model, and the host region was the concrete beam [27]. 
Cohesive elements, six degrees of freedom per node (COH3D8), have been used to model the contact region between 
CFRP and the concrete beam. This type of element has been commonly used to identify this type of contact zone [28]. By 
using the contact pair possible choice in ABAQUS/Explicit, the interaction between the impactor and the tested beams was 
established. To implement the ABAQUS/Explicit contact pair algorithm, it is important to define the master and slave 
surfaces. In order to describe these surfaces, a few rules should be followed. Among these guidelines, the softer underlying 
material should be the slave surface. The impactor was therefore viewed as a master surface, while the impacted member 
(RC beam) was selected to be a slave surface [28, 29]. Coupling restriction was made to prevent the scattering of results. A 
reference point (RP) placed at the center of the support on the bottom of the projectile creates this coupling restriction. 
The loading is exercised at the mid-span of the beam via a hammer for impact, and a surface-to-surface constraint was used. 
Consequently, at one point, one might obtain force-displacement results with minimal errors. As the beams were simply 
supported, the degrees of freedom of U1, U2, and U3 were set to zero. Several mesh sizes were used to calibrate the FE 
model, and finally, a mesh size equal to 20 mm was selected for providing acceptable results while keeping lower 
computational time. Fig. 4 demonstrates the arrangement of reinforcing bars, RC beams, supports, and hammer in the 
ABAQUS program [27]. 
 

 
Figure 4: Details of FE model. 

 
 
RESULTS AND VERIFICATIONS 
 

igs. 5-7 and Tabs. 3 and 4 verify the comparison between ABAQUS modeling and the experimental tests of Pham 
and Hao [19]. Fig. 5 shows the impact force-time history (F-t) curves for the two specimens chosen from Pham and 
Hao [19], comparing FE predictions and experimental data. The comparison demonstrates the capability of the 

developed FE model to predict the (F-t) curves of RC beams strengthened in flexure under impact load, with reasonable 
F 
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accuracy. In addition to the general response, the model must be able to accurately predict the key points within the curve, 
which are: (1) the maximum impact force (Fmax), (2) maximum displacement (Δmax); (3) residual displacement (ΔR); (4) and 
impact duration (D)[30]. The FE predictions for Fmax, Δmax, and ΔR agreed very well with the experimental data, with a 
percentage difference of 2.35-7.99% for Fmax, 1.74-7.62% for Δmax, and 6.6-16% for ΔR. Tab. 3 shows that the percentage of 
difference between FE and test for impact period predictions (D) varied between 16 to 18 %. This may be due to a variety 
of fixity conditions in the actual test that can't be numerically captured, the damping force generated by the testing rig, 
model limitations in terms of material idealization and mesh, or a combination of these factors. However, the observed 
difference in D is within the acceptable maximum range found in the literature [31] and doesn’t affect the overall accuracy 
of the model's results. Fig. 6 shows the displacement-time histories (D-t) for the modelled beams. It can be shown in this 
figure that the overall displacement of strengthened beams is usually less than that of un-strengthened beams, with different 
values depending on the CFRP configuration. In addition, the comparison between the experimental and FE (Δ-t) history 
confirmed the capability of developed models in capturing these curves very well, for both, the un-strengthened samples, 
and this strengthened by longitudinal CFRP sheet. Furthermore, CFRP strengthening can be considered an effective method 
to reduce impact and blast loads. Fig. 7 shows that the reaction forces began as negatives due to the Rayleigh wave as 
described above, then increased to maximum values in the positive region due to the global equilibrium of the beam against 
impact loadings, before returning to negatives due to free vibrations of the beam. The first maximum negative reaction 
forces associated with beam-free vibrations were greater than their second counterparts. Another way to validate the 
accuracy of a developed model is the concrete crack pattern. In most cases, the cracking patterns in ABAQUS are visualized 
by plotting the concrete principal strains[32]; but in this analysis, a more precise methodology is used by enabling and 
plotting the tensile damage parameter (dt) in the CDP model. Tab. 4 shows the experimental and FE predicted cracks 
patterns for two beams from the experiment set [19]. The crack patterns from the model were almost identical to those 
occurring in the experimental tests. 
 

Sample 

Peak Impact force 

 maxF  

(KN) 

Maximum 

Displacement   max  

(mm) 

Residual Displacement 
(R )  
(mm) 

Duration (D) 
(ms) 

EXP FEM Diff% EXP FEM Diff% EXP FEM Diff% EXP FEM 
Diff
% 

RB 453 442.4 2.4 % 52.3 51.4 1.7 % 41.6 49.5 16% 39 32 18% 

NL1B 470 510.9 8 % 41.1 38 7.6 % 31.2 33.4 6.6% 38 32 16% 

 

Table 3: Comparison between experimental and FE results. 
 

      
            (a)                                                                                           (b) 

 

Figure 5: FE versus experimental impact force-time histories: (a) Beam RB, and (b) Beam NL1B. 
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            (a)                                                                                                   (b) 

Figure 6: FE versus experimental displacement-time histories: (a) Beam RB, and (b) Beam NL1B. 
 
 

        
            (a)                                                                                                 (b) 

Figure 7: FE versus experimental reactions-time histories: (a) Beam RB, and (b) Beam NL1B. 
 
 
PARAMETRIC STUDY 
 

ue to the scarcity of studies on RC beams strengthened in flexure and subjected to impact loading, the optimized 
FE model presents a great opportunity to investigate the behavior of these members in depth and to perform a 
detailed parametric study on the effects of several variables that are designed to affect the member's capacity. The 

following sections discuss the parametric analysis carried out concerning the type and diameter of reinforcement bars, 
geometric parameters of CFRP layer of externally bond reinforcement EBR (width, length and thickness), impact velocity 
and position of the impactor in relation to the length of the beam. As shown in Tab. 5, fourteen specimens were 
strengthened using CFRP sheets. The length and width of CFRP sheet varied in different specimens. Two specimens were 
kept without change in CFRP length or width, but reinforcement changed only. Specimens are named as follows; Ba-bD-
cLd. The letters a, b, c, and d refer to beam number, tensile bar diameter, the width of layer and length of CFRP sheet, 
respectively. 
 

D 
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Beam EXP/FEM Comparison 

RB 

EXP 

 

FEM 

 

NL1B 

EXP 

 

FEM 

 
 

Table 4: FE versus experimental failure modes. 
 

Samples 
Parameters 

reinforcement Width of CFRP sheet 
(mm) 

Length of CFRP sheet 
(mm) 

B1-8D Ph 8 75 Full length 

B2-10D Ph 10 75 Full length 

B3-12D-75L600 

Ph 12 

75 

600 

B4-12D-75L1200 1200 

B5-12D-75L full Full length 

B6-12D-150L600 
150 

600 
B7-12D-150L1200 1200 
B8-12D-150L full Full length 

B9-cbD-75L600 

CFRP bars 

75 

600 

B10-cbD75L1200 1200 

B11-cbD-75L full Full length 

B12-cbD-150L600 
150 

600 
B13-cbD-150L1200 1200 
B14-cbD-150L full Full length 

 

Table 5: Parametric study specimens. 
 
In order to reduce the displacement of beams showed in the experimental study of Pham and Hao and the proposed FE 
model, some adjustments were made to the model. Figs. 8 and Tab. 6 show the effect of reinforcement changes on 
displacement-time (D-t), impact force-time (F-t) curves, and failure modes. Three different diameters were used to reinforce 
RC beams (8,10 and 12mm), moreover reinforcing steel bars were replaced by CFRP bars. These beams are represented as 
(B1-8D, B2-10D, B5-12D-75L full and B11-cbD-75L full). From these changes, it is noted that the deflection had reduced 
by (6.6, 14.8, 29.1 %) when using gradually change in diameters from D8 to CFRP bars. 
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            (a)                                                                                          (b) 

 

Figure 8: Effect of reinforcement type and diameter: (a) Displacement-time histories, and (b) Impact force-time histories. 
 
 

Sample Comparison 

B1-8D 

 

B2-10D 

 

B5-12D-75L full 

 

B11-cbD-75L full 

 
 

Table 6: various reinforcement types and diameters (failure modes). 
 
To increase the bending resistance of the reinforced concrete beams, it’s suggested to strength beams with one layer of 
CFRP with different lengths (600mm,1200mm and full beam length) as shown in beams (B3-12D-75L600, B4-12D-
75L1200, B5-12D-75L full) (B6-12D-150L600, B7-12D-150L1200, B8-12D-150L full) (B9-cbD-75L600, B10-cbD75L1200, 
B11-cbD-75L full) (B12-cbD-150L600, B13-cbD-150L1200, B14-cbD-150L full). When using steel bars (Ph 12) in 
reinforcement there was a significant change in displacement results by (2.1, 7.3 %), (8.4, 10.8 %) and impact forces results 
by (1.7, 4.3 %), (2.2, 4.2 %) as shown in Figs. 9 and 10 (a) for 75 mm width of CFRP layer and (b) for 150  mm width of 
CFRP layer, respectively. Whereas, when using CFRP bars for reinforce beams, there was a slight change in the results when 
changing the length of the strengthening layer as shown in Figs. 9 and 10 (c) and (d). 
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            (a)                                                          (b) 

 

   
            (c)                                                        (d) 

 

Figure 9: Effect of the length of CFRP layer for strengthening on the displacement-time histories. 
 

    
            (a)                                                                (b) 

 

    
            (c)                                                           (d) 

 

Figure 10: Effect of the length of CFRP layer for strengthening on impact force-time histories. 
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According to Tab. 5 and Fig. 11, for beams (B4-12D-75L1200, B7-12D-150L1200, B10-cbD75L1200, and B13-cbD-
150L1200), there was a change in the width of the CFRP strengthening layer (75 mm and 150 mm) when using Ph 12 and 
CFRP bars for reinforcement at 1200 mm length of strengthening layer. These changes leading to reduce deflection by 6.5 
and 1.7 % and impact load by 2.7 and 0.3 % for Ph 12 and CFRP bars reinforcement, respectively. 
 

    
            (a)                                                                       (b) 

Figure 11: Time-deflection curve 
 
 

Samples 
Parameters 

Reinforcement 
Impact Velocity 

(v) m/s 
Position of 

Impactor (L) mm 
Thickness of CFRP 

Layer (th) mm 
C1 Steel bars 

 5.2 1100 
0.45 

C2 0.9 
C3 1.8 
C4 

6.3 1100 
0.45 

C5 0.9 
C6 1.8 
C7 

6.3 550 

0.45 
C8 0.9 

C9 1.8 

C10 
8.5 1100 

0.45 
C11 0.9 
C12 1.8 

C13 CFRP bars 

5.2 1100 
0.45 

C14 0.9 
C15 1.8 

C16 

6.3 1100 

0.45 

C17 0.9 

C18 1.8 

C19 
6.3 550 

0.45 
C20 0.9 
C21 1.8 
C22 

8.5 1100 
0.45 

C23 0.9 
C24 1.8 

 

Table 7: Additional parametric study samples. 
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 Models (B8-12D-150L full and B14-cbD-150L full), which are shown in Tab. 5 and discussed in the previous section, were 
selected to perform the following parameters: impact velocity (v) m/s, the position of impactor from the left support at 
distance (L) mm and thickness of CFRP layer (th) mm as shown in Tab. 7. The effects of impact velocity (v) on the behavior 
of RC beam strengthened with CFRP against impact loading were investigated by using three values for v (5.2, 6.3, and 8.5 
m/s). Fig. 12 plots (D-t) histories for strengthened beams with a 0.45mm thickness of CFRP layer for reinforced beams 
with Ph 12mm in (a) and CFRP bars in (b), for the three selected velocities; while Fig. 13 shows the relation between Δmax 
and v for the same samples. Comparing the strengthened beam with 0.45 mm CFRP layer for Ph 12 and CFRP bars 
reinforcement, Δmax increased for v = 5.2, 6.3, and 8.5 m/s, respectively. This shows that CFRP reinforcement can 
significantly improve the beam’s resistance to impact, at various impact energy values.  
 

    
            (a)                                                                       (b) 

 
Figure 12: Strengthened RC beams with various impact velocities (displacement-time histories)  

 

 
Figure 13: Comparing beams reinforcement models (maximum displacement vs. impact velocity) 

 
Additional numerical models were generated to study the effects of important geometrical parameter related to the CFRP 
strengthen; thickness (th) of CFRP sheets. Fig. 14 shows the effects of (th) on the (D-t) histories, by comparing the response 
of three models, strengthened with th =0.45, strengthened with th=0.9 mm, and strengthened with th=1.8mm, for variable 
impact velocity (5.2 in Fig. 14 (a) and (d), 6.3 in Fig. 14 (b) and (e), and 8.5 in Fig. 14 (c) and (f) m/s) when using Ph 12 in 
Fig. 14 (a), (b) and (c), and CFRP bars in Fig. 14 (d), (e) and (f) for reinforcement beams. The deflection decreased by (7.9, 
13.9) %, (3.9, 14.2) %, (8.5, 15.2) %, (1.6, 5.8) %, (4.2, 8.8) % and (7.5, 9.9) % as shown in Fig. 14 (a), (b), (c), (d), (e) and 
(f), respectively.              
 Because the effects of impact location on the behavior of CFRP-strengthened RC members under impact loads have not 
been investigated yet, they are included in the current parametric study. This factor was investigated by varying the impact 
position. The impactor's distance from the left side to half the beam's span length. values were chosen for 550 mm and 
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1100 mm. Tab. 8 shows the crack patterns for the strengthened models with 0.45 mm thickness of CFRP layer under 6.3 
m/s impact velocity for both types of beams reinforced with Ph 12 and CFRP bars, with different values of impactor 
positions. Fig. 15 plots the displacement- time (D-t) histories to compare the displacement at midspan of the beam for 
variable impactor position.   
 
 

Sample 
Position of 
impactor 
(L) (mm) 

Comparison 

C4 1100 

C7 550 

C16 1100 

C19 550 

 

Table 8: Cracking patterns for different impact location. 
 

    
            (a)                                                                      (b) 

    
            (c)                                                                       (d) 
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            (e)                                                                       (f) 

 
Figure 14: Effect of CFRP sheet thickness on displacement-time histories. 

    
            (a)                                                                       (b) 

    
            (c)                                                                       (d) 

    
            (e)                                                                       (f) 

 

Figure 15: Effect of impact location on the displacement-time histories. 
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CONCLUSIONS AND RECOMMENDATIONS 
 

his study investigates numerically the behavior of RC beams strengthened with externally bonded CFRP sheets and 
subjected to impact load. The main parameters of the study were the reinforcing bars type and size, CFRP 
width, length, and thickness, impact velocity, and the position of the impactor. Based on the results obtained, 

the following conclusions can be drawn: 
 The general behavior of the finite element models represented by time-deflection at midspan, time-load and failure 

mode curves showed good agreement with the test data from the full-scale beam tests. 
 The finite element models showed a slight difference from the test data in both the linear and nonlinear ranges. 

This is most probably due to ignorance of the effect of concrete toughening mechanisms.  
 The load-carrying capacity of the RC beams strengthened in flexural is higher than that of the control beam by 

13.4%. 
 The failure modes obtained through the finite element models correspond well with the observed failure modes of 

the experimentally tested beams. 
 Using CFRP bars as internal reinforcement reduced the mid-span deflection of RC beams by 29.1% compared to 

steel bars. Moreover, increasing the bar diameter decreased the mid-span deflection by 6.6 to 14.8 %. 
 In the case of impact loadings, the load capacity of specimens reinforced with CFRP bars was much higher than 

that of steel. 
 Increasing the length of the CFRP layer (600 mm, 1200 mm and full beam length) decreased the midpoint deflection 

by (2.1, 7.3 %), and impact forces by (1.7, 4.3 %) for beams (B3, B4 and B5). 
 Increasing the CFRP layer width from 75 mm to 150 mm decreased the midpoint deflection of RC beams subjected 

to impact loading by 6.5% for beams (B4 and B7). 
 Increasing impact velocity from 5.2 to 6.3 then 8.5 m/s increased the deflection of RC beams by 26.6, 38.1 and 

71.9 mm, respectively. 
 The displacement decreased from 7.9 to 13.9 % for beams (C1, C2 and C3) due to increasing the thickness of the 

CFRP strengthening layer (0.45, 0.9 and 1.8 mm). 
  The change of impactor position from 550 mm to 1100 mm concerning the left side to half beam length increased 

the displacement values from 31.2 mm to 71.9 mm and changed the failure modes of tested beams. 
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