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Abstract: The most frequent cause of reinforced concrete deterioration is corrosion of the steel reinforcement, especially in harsh 

weather. One of the promising materials for structural applications is fiber-reinforced polymer (FRP) material because of its non-

corrosive nature. One of the most productions of FRP material is FRP bars which are used in reinforced concrete structures. FRP bars 

have many advantages such as high strength to weight ratio. This research aims to evaluate the ultimate capacity of reinforced 

concrete beams with FRP bars by using available specimens in the literature against Eurocode 2  (EC2) specifications and compared 

with ACI-440.1R-06 code. The results showed that EC2 code overestimates the ultimate moment capacity for 5 samples only (4% of 

the examined specimens) for normal strength concrete, while EC2 code overestimates the ultimate moment capacity for 16 samples 

(14% of the examined specimens) for high strength concrete. Therefore, EC2 is more conservative for predicting moment capacity of 

reinforced concrete beams with FRP bars for normal strength concrete than high strength concrete. On the other hands, ACI 440.1R-

06 underestimated the ultimate moment of all concrete beams reinforced with FRP bars. Accordingly, ACI 440.1R-06 is more 

conservative for predicting moment capacity than EC2. 
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1. Introduction 

The design standards for steel reinforced concrete 

elements are no longer valid for FRP materials because it is 

a linear elastic brittle material. Multiple standards for the 

RC structures with FRP were published as a consequence of 

international research in this area through professional 

organizations. Utilizing of (GFRP, CFRP, and AFRP) is 

permitted by the design and construction guidelines (JSCE 

design recommendations of 1997[1]; CAN/CSA S806 

2012[2]; ACI-440.1R-06[3]). In addition, the design codes 

(CAN/CSA S6 2014[4] and ACI 440.1R 2015[5]) and 

material specifications (CAN/CSA S807 2010[6]; ACI 

440.6M 2008[7]) that are now in use enable engineers to 

design structural concrete elements reinforced with GFRP, 

CFRP, and AFRP. Therefore, multiple investigations have 

been conducted to study the accuracy of international codes 

to calculate the shear capacity and ultimate moment of FRP 

reinforced concrete beams. For instance, the literature found 

that ACI-440.1R-06 [3] predicts the shear capacity of FRP 

reinforced concrete beams with underestimation of the 

experimental results [8,9,10]. Also, ACI-440.1R-06 [3] 

underestimates the ultimate moment of reinforced concrete 

beams with FRP bars. [11,12]. Additionally, more 

investigations were carried out to study the accuracy of 

CAN/CSA S806-12 [2] to calculate the shear capacity and 

ultimate moment of reinforced concrete beams with FRP 

bars. The results showed that CAN/CSA S806-12[2] 

underestimates both shear and moment capacities of 

reinforced concrete beams with FRP bars [13,14].  

   However, the assessment of ultimate capacity for FRP 

reinforced concrete beams by using European standard is 

not available. Fib Bulletin No. 40[57] is the appropriate 

reference which is used instead of Eurocode 2 (EC2) [15] to 

design FRP reinforced concrete beams. Limited research 

investigate the accuracy of EC2 [15] for assessment the 

structural behaviour of flexural concrete members 

reinforced with FRP bars in terms of load capacity and 

deflection [16,17]. For instance, Barris et al. [17] collected 

the data obtained from twelve tests to assess the accuracy of 

EC2[15] for predicting the behaviour of reinforced concrete 

beams with FRP bars in terms of ultimate moment. The 

authors proved that EC2 forecast the flexural performance 

till the service load level accurately, while the prediction of 

ultimate moment was conservative. Cashell et al. [16] 

revealed that although, EC2[15]  overestimates the flexural 

strength of concrete beams reinforced with BFRP bars, it 

provides an accurate forecast for deflection. In a more 

recent study, Borzovic et al [18] evaluated the reliability 

and precision of the second generation of EC2[15]  for 

estimating the ultimate shear of reinforced concrete slabs 

with FRP bars by using statistical analyses. The authors 

came to the conclusion that by adjusting the ratio of  

reinforcement with the ratio of elastic modulus  (GFRP to 

Steel), the design procedures that was  initially designed for 

calculating the ultimate shear of steel reinforced concrete 

members could be  successfully implemented to reinforced 

concrete members with FRP bars.  

   This research evaluates the load- carrying capacity of 

FRP reinforced concrete beams with massive available test 
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data. The findings are compared with the provisions of EC2 

[15]  and ACI-440.1R-06[3].  

2. RESEARCH SIGNIFICANCE 

   Most of previous research studied the accuracy of 

using American code (ACI-440.1R-06) [3]  to evaluate the 

flexural performance of reinforced concrete beams with 

FRP bars in terms of moment capacity. However, there is a 

lack of knowledge for using Eurocode 2 (EC2) [15] to 

investigate the flexural performance of reinforced concrete 

beams with FRP bars. This research overcomes this 

problem by using the available data in the literature and 

making a comparison with EC2[15]  and ACI-440.1R-

06[3]. Based on the results, the code equations for 

predicting shear capacity, ultimate moment, and cracking 

moment were statistically evaluated. 

3. EXAMINED DATA 

   The previous research of reinforced concrete beams 

with FRP bars was investigated carefully to obtain the 

results which served the current research. Forty nine 

references with 292 specimens were examined for load-

deflection behaviour. The collected data involves beams 

with normal and high strength concrete with and without 

stirrups. FRP or steel stirrups were used as transverse 

reinforcement; while the main reinforcement was FRP bars. 

Additionally, the differences between the examined 

specimens were the beam geometry, ratio and mechanical 

properties of tensile and shear reinforcement. The type of 

loading is four - point bending for all the tested beams. 

Moreover, all concrete beams have rectangular cross 

section. Table 1 presents the examined FRP reinforced 

concrete beams from the literature relevant to the current 

study. 
 

TABLE 1. The examined FRP reinforced concrete beams from the literature 
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TABLE 1. The examined FRP reinforced concrete beams from the literature (continued) 

 

 

 
*NA stands for no stirrups were used as shear reinforcement. 
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4. EUROCODE 2 (EC2) DESIGN 

4.1 CRACKING MOMENT 

   The cracking moment (𝑀𝑐𝑟) of reinforced concrete 

beams with FRP bars can be estimated using the following  

equation (1)  [15]: 

Mcr = 
     

  
                                                                       (1) 

Where (𝑓𝑟) stands for the   modulus of rupture of 

concrete and could be estimated using equation (2), (𝑦𝑡) is 

the distance between the extreme tension fibers of concrete 

and the neutral axis of the cross section, and (𝐼𝑔) indicates 

the gross moment of inertia.  

fr, EC2 = 0.3 (fc)
2/3

                                                         (2) 

Where (𝑓𝑐) is the compressive strength of the cylindrical 

concrete. 

4.2 ULTIMATE CAPACITY 

4.2.1 FLEXURAL CAPACITY 

   The term of ultimate capacity of reinforced concrete 

beams with FRP bars refers to shear and bending capacities. 

The flexural failure takes place due to rupture of FRP bars or 

crushing of concrete at the extreme compressive fibers, 

depending on the ratio of reinforcement. If the ratio of FRP 

reinforcement (𝜌𝑓=𝐴𝑓/𝑏𝑑) is less than the balanced ratio (𝜌𝑏), 

the flexural failure is rupture of FRP bars (FRP bars reaches 

the ultimate strain), otherwise, the flexural failure takes place 

due to crushing of concrete (the compressive concrete fibers 

reaches the  ultimate compressive strain=0.003). Depending 

on EC2[15], the balanced ratio of reinforcement (𝜌𝑏) can be 

calculated using equation (3): 
 

𝜌b,EC2= 
       

             
                                                              (3) 

 

Where (𝜂) and (𝜆) are factors of the rectangular stress 

block and can be calculated from equation (4) and equation 

(5): 

𝜂= 1- 
     

   
                                                                      (4) 

 

𝜆= 0.8- 
     

   
                                                                   (5) 

(𝜀𝑐𝑢) is the compressive strain of concrete at ultimate (i.e., 

crushing strain) and it equals 0.003 according to EC2, (𝜀𝑓𝑢) 

is the ultimate tensile strain of FRP bars and it equals ( 
   

  
  . 

   The mode of failure will be crushing of concrete in the 

extreme compressive fibers when 𝜌𝑓≥𝜌𝑏,2 ,and the ultimate 

moment (𝑀𝑢𝑙𝑡,𝐸𝐶2) can be determined depending on EC2 by 

using equation (6): 

𝑀𝑢𝑙𝑡,EC2 = (𝜆𝜉) 𝜂 fc b d
2 
 (1- 

  

 
                                       (6) 

 Where: 

 𝜉= 
   

      
                                                                        (7) 

𝜀  

     √   
  

        
    

 
                                                  (8) 

Where 𝜀𝑓 is the actual FRP strain during crushing of 

concrete. 

   The mode of failure will be rupture of FRP bars when 

𝜌𝑓<𝜌𝑏,2 ,and the ultimate moment (𝑀𝑢𝑙𝑡,𝐸𝐶2) can be 

determined depending on EC2 by using equation (9): 
 

𝑀𝑢𝑙𝑡,EC2 = 𝐴𝑓 𝑓𝑓𝑢 (1- 
 

 
                                                     (9) 

Where (𝐴𝑓) stands for area of FRP bars. 

   To calculate the compressive strain of concrete (ε𝑐) at 

the moment of rupture of FRP bars, the following equations 

could be used (10-13). 

𝜉= 
  

      
                                                                       (10) 

Fc = FT  >>   bd𝜉 
∫        
  
 

  
 𝐴  𝑓                               (11) 

σc = fc [ 1- (1- 
  

   
                            𝜀  𝜀            (12)   

σc = fc                                            𝜀   𝜀  𝜀          (13)    

 

 (𝜀𝑐2) and (𝜀𝑐𝑢2) can be determined by using EC2 [15]. 

4.2.2 ULTIMATE SHEAR CAPACITY 

   The ultimate shear capacity (𝑉) can be estimated by the 

contribution of the stirrups (𝑉𝑓) and the concrete (𝑉𝑐𝑓) for 

resisting shear stresses and can be calculated using equation 

(14). 

𝑉 = 𝑉 𝑓,EC2 + 𝑉𝑐𝑓,𝐸𝐶2                                                       (14) 

The concrete shear capacity (𝑉𝑐𝑓,EC2) can be determined 

by equation (15) which depends on the axial stiffness (EA)  

of the main reinforcement of FRP bars 

𝑉𝑐𝑓,EC2= 0.12bd (1+√
   

 
) (100 

  

  

  

  
  𝑓  

                (15)  

Where (𝜙𝜀) is the permitted strain ratio in the FRP bars 

(𝜀𝑓), and could be taken as 0.004, and the yield strain of the 

steel bars (𝜀𝑦) is 0.2% according to EC2.  

The stirrups shear capacity (𝑉 𝑓,EC2) can be determined by 

equation (16)  

𝑉𝑓,EC2= 
           

 
                                                           (16) 

ff v =0.0045 Ef v                                                              (17)   

Where ff v is developed stress in the stirrups and can be 

calculated using equation (17), Af v is area of FRP stirrups, S 

is spacing between FRP stirrups and Ef v is the elastic 

modulus of FRP stirrups. 

5. ACI-440.1R-06 CODE 

5.1 CRACKING MOMENT 

The cracking moment (𝑀𝑐𝑟) of reinforced concrete beams 

with FRP bars can be estimated using equation (1) , where 

(𝑓𝑟) is can be determined according to ACI 440.1 R-06 [3] 

by using equation (18): 

fr = 0.62 (fc)
1/2

                                                                (18)  

5.2 ULTIMATE CAPACITY 

5.2.1 FLEXURAL CAPACITY 

The balanced reinforcement ratio can be determined 

according to ACI 440.1 R-06 [3] by using equation (19): 

ρ b,ACI = 0.85 β1  
      

(       )   
                                        (19) 
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where (𝜀𝑐𝑢) can be defined as the ultimate compressive 

strain of concrete and equals to 0.003  as determined by 

ACI-440-1R-06, and the factor (𝛽1) can be determined by 

using equation (20): 
 

β1 = 0.85 – 0.05 
        

   
                                                (20) 

 

Accordingly, if ρ f ≥ ρ b then the mode of failure is 

concrete crushing, and the  ultimate moment (Mult) can be 

determined according to ACI 440.1 R-06 [3] by using 

equation (21): 

 

Mult,ACI = ρf  ff  ( 1- 0.59 
      

  
)bd

2
                                  (21) 

Where 𝑓𝑓 is the stress in the FRP bars at the point of 

concrete crushing, and can be determined by using equation 

(22): 

𝑓𝑓 = √
        

 
 

          

  
𝐸 𝜀       𝐸 𝜀      𝑓        (22) 

 

if ρ f <ρ b then the mode of failure is rupture of FRP bars, 

and the  ultimate moment (Mult) can be determined according 

to ACI 440.1 R-06 [3] by using equation (23): 

Mult,ACI = Af ffu ( d- 
       

 
)                                              (23) 

The neutral axis depth (cb) can be determined from 

equation (24): 

cb = (
   

        
  𝑑                                                            (24) 

5.2.2 SHEAR CAPACITY 

The ultimate shear capacity (𝑉) can be estimated by the 

contribution of the stirrups (𝑉𝑓) and the concrete (𝑉𝑐𝑓) for 

resisting shear stresses and can be calculated using equation 

(14). The contribution of concrete to shear capacity can be 

determined according to ACI 440.1 R-06 [3] by using 

equation (25): 

Vcf,ACI = 
 

 
 √𝑓 𝑏 𝑐                                                         (25) 

The contribution of shear reinforcement to shear capacity 

can be determined according to ACI 440.1 R-06 [3] by using 

equation (16) and the stress in the stirrups can be determined 

by using equation (26): 
 

ff v =0.004 Ef v                                                                (26) 

6. RESULTS AND DISCUSSION  

6.1 EC2 CODE 

6.1.1 ULTIMATE SHEAR  

   Figure 1 demonstrates the comparison of the 

experimental results of the literature with predicted results 

using EC2 for 95 reinforced concrete beams with FRP bars 

and without stirrups. The average values of the standard 

deviation, variance and relative error were 14.5%, 2.1%, and 

-16.3%, respectively for normal strength concrete, while the 

average values of the standard deviation, variance and 

relative error were 20.1%, 4.0%, and -25.3%, respectively 

for high strength concrete  . It should be mentioned that the 

comparison was conducted by using the relative error 

between the predicted results and the experimental results. 

Therefore, the positive and negative values of relative error 

indicate that EC2 code overestimates or underestimates the 

shear capacity, respectively compared to experimental 

results. For normal strength concrete, the minimum relative 

error was -53.6%, while the maximum was 21.2%. For high 

strength concrete, the minimum relative error was -72.8%, 

while the maximum was 31.2%. EC2 code overestimates the 

ultimate shear capacity for fourteen samples only (9% of the 

examined specimens without stirrups) for normal strength 

concrete, while EC2 code overestimates the ultimate shear 

capacity for 25 samples (17% of the examined specimens 

without stirrups) for high strength concrete  . The Root Mean 

Squared Error (RMSE) values for the prediction of EC2 

code were 23.2 and 25.2 kN for normal and high strength 

concrete, respectively. Table 2 presents the statistical 

parameters obtained from the current study. 

 

 
 

FIGURE 1. Experimental vs. predicted ultimate shear strength of the 

examined specimens without stirrups (EC2 code). 

 

Figure 2 demonstrates the comparison of the 

experimental results of shear capacity vs. predicted results 

using EC2 for reinforced concrete beams with FRP bars and 

with stirrups. The average values of the standard deviation, 

variance and relative error were 16.1%, 2.6%, and -24.8%, 

respectively for normal strength concrete, while the average 

values of the standard deviation, variance and relative error 

were 19.8%, 3.9%, and -31.9%, respectively for high 

strength concrete.  For normal strength concrete, the 

minimum relative error was -69.3%, while the maximum 

was 14.8%. For high strength concrete, the minimum relative 

error was --79.3%, while the maximum was 16.8%. EC2 

code overestimates the ultimate shear capacity for four 

samples only (3% of the examined specimens with stirrups) 

for normal strength concrete, while EC2 code overestimates 

the ultimate shear capacity for 18 samples only (12% of the 

examined specimens with stirrups) for high strength 

concrete. Therefore, the most of samples reinforced with 

FRP bars and with stirrups were underestimated by EC2. 

The Root Mean Squared Error (RMSE) values of the 

samples reinforced with FRP bars and with stirrups for the 

prediction of EC2 code were 61.15 and 81.2 kN for normal 

and high strength concrete, respectively as presented in 

Table2. 
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FIGURE 2. Experimental vs. predicted ultimate shear strength of the 

examined specimens with stirrups (EC2 code). 

6.1.2 ULTIMATE MOMENT CAPACITY 

    One hundred and fifteen tested specimens were used to 

calculate their moment capacities by EC2 code [15].  Figure 

3 demonstrates the comparison of the experimental results of 

ultimate moment capacity vs. predicted results using EC2 for 

reinforced concrete beams with FRP bars. The average 

values of the standard deviation, variance and relative error 

were 55%, 2.2%, and -51.7%, respectively for normal 

strength concrete, while the average values of the standard 

deviation, variance and relative error were 16.5%, 2.7%, and 

-51.7%, respectively for high strength concrete.  For normal 

strength concrete, the minimum relative error was   –51.8%, 

while the maximum was 39.6%. For high strength concrete, 

the minimum relative error was --61.7%, while the 

maximum was 49.5%. EC2 code overestimates the ultimate 

moment capacity for 5 samples only (4% of the examined 

specimens) for normal strength concrete, while EC2 code 

overestimates the ultimate moment capacity for 16 samples 

(14% of the examined specimens) for high strength concrete. 

The Root Mean Squared Error (RMSE) value of the 

ultimate moment for the prediction of EC2 code were 7.3 

and 9.28 kN for normal and high strength concrete, 

respectively as presented in Table2. 
 

 
FIGURE 3. Experimental vs. predicted ultimate moment capacity of the 

examined beams reinforced with FRP bars (EC2 code). 

6.1.3 CRACKING MOMENT 

   Figure 4 shows the relationship between experimental 

and theoretical cracking moment of 195 reinforced concrete 

beams with FRP bars. The average values of the standard 

deviation, variance and relative error were 55.7%, 31.1%, 

and 11.5%, respectively for normal strength concrete, while 

the average values of the standard deviation, variance and 

relative error were 64.4%, 41.5%, and 13.4%, respectively 

for high strength concrete.  For normal strength concrete, the 

minimum relative error was   –74.9%, while the maximum 

was 27.9%. For high strength concrete, the minimum relative 

error was –85.3%, while the maximum was 38.1%. EC2 

code overestimates the cracking moment capacity for 6 

samples only (3% of the examined specimens) for normal 

strength concrete, while EC2 code overestimates the 

cracking moment capacity for 12 samples (6% of the 

examined specimens) for high strength concrete. The Root 

Mean Squared Error (RMSE) value of the cracking moment 

for the prediction of EC2 code were 3.54 and 4.83 kN for 

normal and high strength concrete, respectively as presented 

in Table2. 

 
FIGURE 4. Experimental vs. predicted cracking moment of the examined 

beams reinforced with FRP bars (EC2 code). 

6.2 ACI-440.1R-06 CODE 

6.2.1 ULTIMATE SHEAR  

Figure 5 demonstrates the comparison of the 

experimental results of the literature with predicted results 

by using ACI-440.1R-06 for 95 reinforced concrete beams 

with FRP bars and without stirrups. The average values of 

the standard deviation, variance and relative error were 

13.8%, 1.9%, and -15.2%, respectively for normal strength 

concrete, while the average values of the standard deviation, 

variance and relative error were 14.1%, 2.0%, and -17.3%, 

respectively for high strength concrete  . All theoretical 

results predicted by ACI-440.1R-06 are in safe side because 

the relative errors are negative values (range between -51.0% 

and -8.3% for normal strength concrete and -62.0% and -

14.3% for high strength concrete). Therefore, ACI 440.1R-

06 [3] underestimated the ultimate shear of all concrete 

beams reinforced with FRP bars and without stirrups. Table 

3 presents the statistical parameters obtained from the 

current study. 

 
FIGURE 5. Experimental vs. predicted ultimate shear strength of the 

examined specimens without stirrups (ACI-440.1R-06 code).
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TABLE 2. Statistical analysis of the experimental and theoretical results (EC2 code). 

 

Concrete type Parameter Ultimate shear of 

the beams 

without stirrups 

Ultimate shear of 

the beams with 

stirrups 

Ultimate moment  Cracking 

moment 

Normal Strength 

Concrete (NSC) 

Correlation 

Coefficient (R2) 

0.88 0.82 0.93 0.74 

Average Error % -16.3 -24.8 -10.7 11.5 

Mean Absolut 

Error MAE 

13.2 62.5 8.3 1.5 

S.D. % 14.5 16.1 15 55.7 

Var. % 2.1 2.6 2.2 31.1 

Max Error % 21.2 14.8 39.6 27.9 

Min Error % -53.6 -69.3 -51.8 -74.9 

RMSE 23.21 61.15 7.3 3.54 

High Strength 

Concrete (HSC) 

Correlation 

Coefficient (R2) 

0.76 0.68 0.82 0.61 

Average Error % -25.3 -31.9 -11.7 13.4 

Mean Absolut 

Error MAE 

16.7 71.3 9.7 2.9 

S.D. % 20.1 19.8 16.5 64.4 

Var. % 4 3.9 2.7 41.5 

Max Error % 31.2 16.8 49.5 38.1 

Min Error % -72.8 -79.3 -61.7 -85.3 

RMSE 25.21 81.2 9.28 4.83 

 

Figure 6 reveals the relationship between the 

experimental results of the literature and the predicted results 

by using ACI-440.1R-06  for  reinforced concrete beams 

with FRP bars and with stirrups. The average values of the 

standard deviation, variance and relative error were 15.8%, 

2.5%, and -11.8%, respectively for normal strength concrete, 

while the average values of the standard deviation, variance 

and relative error were 16.7%, 2.8%, and -13.5%, 

respectively for high strength concrete  . All theoretical 

results predicted by ACI-440.1R-06 are safe because the 

relative errors range between -42.5% and -15.3% for normal 

strength concrete and -51.7% and -17.8% for high strength 

concrete. Therefore, ACI 440.1R-06 [3] underestimated the 

ultimate shear of all concrete beams reinforced with FRP 

bars and with stirrups. Table 3 presents the statistical 

parameters obtained from the current study. 

 

 
FIGURE 6. Experimental vs. predicted ultimate shear strength of the 

examined specimens with stirrups (ACI-440.1R-06 code). 

6.2.2 ULTIMATE MOMENT  

One hundred and fifteen tested specimens were used to 

calculate their moment capacities by ACI-440.1R-06 code 

[3].  Figure 7 demonstrates the comparison of the 

experimental results of the literature and the predicted results 

for reinforced concrete beams with FRP bars. The average 

values of the standard deviation, variance and relative error 

were 58.4%, 3.4%, and -55.3%, respectively for normal 

strength concrete, while the average values of the standard 

deviation, variance and relative error were 20.5%, 4.2%, and 

-59.5%, respectively for high strength concrete.  All 

theoretical results predicted by ACI-440.1R-06 are safe 

because the relative errors range between -38.5% and -8.3% 

for normal strength concrete and    -63.5% and -12.7% for 

high strength concrete. Therefore, ACI 440.1R-06 [3] 

underestimated the ultimate moment of all concrete beams 

reinforced with FRP bars. Table 3 presents the statistical 

parameters obtained from the current study. 

 
FIGURE 7. Experimental vs. predicted ultimate moment of the examined 

beams reinforced with FRP bars (ACI-440.1R-06 code). 
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6.2.3 CRACKING MOMENT  

Figure 8 shows the relationship between experimental 

and theoretical cracking moment of 195 reinforced concrete 

beams with FRP bars. The average values of the standard 

deviation, variance and relative error were 17.6%, 3.1%, and 

-14.5%, respectively for normal strength concrete, while the 

average values of the standard deviation, variance and 

relative error were 22.1%, 4.9%, and -18.7%, respectively 

for high strength concrete.  For normal strength concrete, the 

minimum relative error was   –72.5%, while the maximum 

was -28.6%. For high strength concrete, the minimum 

relative error was –81.3%, while the maximum was -32.5%. 

Accordingly, the most theoretical results predicted by ACI-

440.1R-06 are safe because it underestimated the cracking 

moment of the most concrete beams reinforced with FRP 

bars.  

 
FIGURE 8. Experimental vs. predicted cracking moment of the examined 

beams reinforced with FRP bars (ACI-440.1R-06 code). 

TABLE 3. Statistical analysis of the experimental and theoretical results (ACI-440.1R-06  code). 

 

Concrete type Parameter Ultimate shear of 

the beams without 

stirrups 

Ultimate shear of 

the beams with 

stirrups 

Ultimate moment  Cracking moment 

Normal Strength 

Concrete (NSC) 

Correlation 

Coefficient (R2) 

0.92 0.95 0.94 0.82 

Average Error % -15.2 -11.8 -15.3 -14.5 

Mean Absolut Error 

MAE 

15.5 42.5 12.4 5.6 

S.D. % 13.8 15.8 18.4 17.6 

Var. % 1.9 2.5 3.4 3.1 

Max Error % -8.3 -15.3 -8.3 -28.6 

Min Error % -51 -42.5 -38.5 -72.5 

High Strength 

Concrete (HSC) 

Correlation 

Coefficient (R2) 

0.91 0.88 0.91 0.81 

Average Error % -17.3 -13.5 -19.5 -18.7 

Mean Absolut Error 

MAE 

18.7 62.5 14.7 8.6 

S.D. % 14.1 16.7 20.5 22.1 

Var. % 2.0 2.8 4.2 4.9 

Max Error % -14.3 -17.8 -12.7 -32.5 

Min Error % -62.0 -51.7 -63.5 -81.3 

 

7. CONCLUSIONS 

   This research aims to assess the accuracy of EC2 and 

ACI-440.1R-06 for predicting the ultimate capacity (shear 

capacity and moment capacity) in addition to cracking 

moment for 292 concrete beams reinforced with FRP bars. 

Depending on the results, the following conclusions can be 

written: 

1- The statistical results proved that EC2 is more 

conservative for predicting moment capacity of 

reinforced concrete beams with FRP bars for normal 
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strength concrete than high strength concrete with a 

reasonable prediction. Therefore, EC2 equations can be 

used safely for predicting moment capacity of concrete 

beams reinforced with FRP bars for normal strength. 

However, a modification on EC2 equations should be 

applied for predicting moment capacity of concrete 

beams reinforced with FRP bars for high strength 

concrete. 

2- The statistical results revealed that EC2 is more 

conservative for predicting shear capacity of reinforced 

concrete beams with FRP bars for normal strength 

concrete than high strength concrete. Accordingly, EC2 

equations can be applied without modifications for 

predicting shear capacity of concrete beams reinforced 

with FRP bars for normal strength.  

3- ACI 440.1R-06 underestimated the ultimate shear of all 

concrete beams reinforced with FRP bars with a 

reasonable prediction. Therefore,          ACI-440.1R-06 

equations can be applied safely for predicting ultimate 

shear of concrete beams reinforced with FRP bars for 

normal and high strength concrete. 

4- ACI 440.1R-06 predicted the ultimate moment of all 

concrete beams reinforced with FRP bars reasonably. 

Accordingly, ACI-440.1R-06 equations can be applied 

without a modification for predicting ultimate moment 

of concrete beams reinforced with FRP bars for normal 

and high strength concrete. 

8. Recommendations for future research 

   Statistical analysis should be carried out by making a 

comparison between ACI and EC2 codes to investigate their 

accuracies for predicting deflections of concrete beams 

reinforced with FRP bars at different loading stages. 

Moreover, a modification on EC2 equations should be 

applied for predicting moment capacity of concrete beams 

reinforced with FRP bars for high strength concrete. 
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