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 Over the previous three decades, researchers have dedicated significant efforts towards the 

advancing of glass fiber-reinforced polymer (GFRP) bars, aiming to address the challenges 

arising from corrosion in traditional steel reinforcement bars. This study intended to find 

the most efficient relation to compute compression load capacity for concrete columns of 

circular sections reinforced with GFRP through surveying equations from previous research 

and comparing the relations of the most popular GFRP codes (JSCE, AS, CSA, and ACI). 

The statistical analysis of the equations depends on a comparison of practical and theoretical 

load capacities, Young's modulus, compressive concrete strength, ratios of longitudinal and 

both types of transverse reinforcement, spirals, and hoops. The results of CSA and AS were 

close to each other, and they were better than those of JSCE and ACI regarding being 

efficient, safe, and consistent. In addition, JSCE demonstrated a high level of conservative 

in all the studied parameters, followed by the ACI, while the CSA and AS showed very low 

conservative rates. Furthermore, the AS showed superiority in all the studied parameters. In 

terms of statistical metrics, the AS exhibited a very low error rate. It was concluded that the 

AS relation is the most efficient and superior relation for computing the axial load carrying 

capacity (ALCC) of all the studied parameters, followed closely by the CSA code equation, 

and with a slightly larger margin, the ACI code equation then JSCE code equation with a 

slightly very large margin. 
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1. Introduction  

To enhance the tensile strength of concrete members, steel bars 

are commonly incorporated as reinforcement, as concrete itself 

exhibits weakness in tension despite its strength in compression 

[1]-[3]. The utilization of fiber-reinforced polymer (FRP) bars 

as reinforcement for concrete members has witnessed a 

significant increase in recent decades, primarily driven by 

concerns regarding the corrosion problem associated with steel 

bars [4]. FRP bars have gained popularity due to their inherent 

corrosion resistance, effectively addressing the corrosion 

problem associated with steel bars. Additionally, FRP bars offer 

the advantage of higher tensile strength per unit weight 

compared to steel bars [5]. However, it is widely acknowledged 

that the compressive strength of FRP bars ranges between 36% 

and 77% of their tensile strength. Furthermore, the modulus of 

elasticity (stiffness) of FRP bars in compression ranges from 

65% to 97% of their stiffness in tension [6]-[13]. The reduced 

compressive strength and stiffness in FRP bars can be attributed 

to the micro-buckling phenomenon exhibited by individual 

fibers. This micro-buckling leads to premature failure of FRP 

bars when subjected to compressive loads [14]. Consequently, 

previous design standards imposed restrictions on the 

utilization of FRP bars in compression members or the 

compression zone of flexural members [15], [16].  Previous 

American standards, such as ACI: 440.1R-06 [17] and ACI 

440.15 [18], did not permit the utilization of FRP in 

compression members. In contrast, the Japanese standard 

(JSCE 1997 [19]) took a bolder approach by allowing the use 

of FRP in compression members more than 25 years ago. 

However, it overlooked the contribution of longitudinal bars to 

the ALCC of the compression member and instead focused on 

the type of transverse reinforcement as a determinant for 

predicting the ALCC. Ongoing research focuses on the 
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utilization of FRP bars for reinforcing compression members in 

structural concrete [20]-[22]. Previous studies have indicated 

that GFRP bars contribute approximately 3% to 14% of the total 

axial load sustained by GFRP bar-reinforced concrete columns, 

while steel bars contribute around 12% to 30% of the total axial 

load in steel bar-reinforced concrete columns [11]-[17], [20]-

[30]. Several scholarly investigations have examined the 

performance of slender concrete columns reinforced with FRP 

bars. These studies have observed that, when subjected to axial 

compression, FRP bar-reinforced columns exhibited 

comparable load-bearing capacities to those reinforced with 

steel bars [11]-[17], [20]-[31]. However, in the case of 

eccentrically loaded columns reinforced with FRP bars, some 

studies have suggested disregarding the contribution of the FRP 

bars [32], [33]. Several studies have shown that neglecting the 

role of FRP bars in the compression zone can lead to an 

underestimation of the ALCC of eccentrically loaded FRP bar-

reinforced concrete columns, with potential underestimations of 

up to 27% [34]-[39]. Additionally, recent research has 

investigated the performance of FRP bar-reinforced seawater 

sea sand concrete in various harsh environments, demonstrating 

no notable deterioration in the structures even after prolonged 

exposure [40], [41]. Previous research has made notable 

contributions to enhancing our understanding of the 

performance of concrete columns reinforced with FRP bars. 

However, there remains a lack of consensus regarding the 

specific contribution of FRP bars, when used as longitudinal 

reinforcement, to the axial load capacity of concrete columns 

[42]. Consequently, extensive research has prompted revisions 

to the design and implementation standards for FRP in 

compression members. These revisions have been implemented 

through the Australian standard (AS-3600 [43]), followed by 

the Canadian standard (CSA S807-19 [44]), and the American 

standard (ACI 440.11-22 [45]). Notably, the primary 

discrepancy among these modern standards lies in whether the 

contribution of longitudinal bars is disregarded or taken into 

account when estimating the ALCC of the compression 

member. 

2. Research Significance 

Due to the numerous advantages of FRP, guidelines often tend 

to be conservative, thereby increasing the cost of structure 

construction and hindering the widespread use of FRP. This 

research focuses on GFRP due to its unique advantages over 

other types, making it a fertile ground for research in terms of 

its implementation in compression members. Furthermore, 

modern code equations have not been thoroughly studied, 

compared, and evaluated for their safety, consistency, and cost. 

This study aims to evaluate the ALCC of columns reinforced 

with GFRP bars and spirals or hoops by using code equations. 

Experimental data from previous studies were collected, and the 

validated equations were those of ACI, CSA, AS, and JSCE 

codes. The code equations were assessed by comparing 

experimental and theoretical loads based on GFRP stiffness, 

compressive strength, types of reinforcement (hoops and 

spirals), and longitudinal and transverse reinforcement ratios. 

Several statistical measures were used to evaluate these 

equations and determine the amount of error and deviation from 

the ideal behavior for each equation. 

3. Experimental Database 

A collection of 165 GFRP-reinforced concrete (GFRP-RC) 

columns (100 specimens were circular and the rest were square) 

subjected to concentric compression load were adopted to 

investigate the performance of them under compression load 

and examine several codes of design [21], [23], [37], [46]-[69]. 

Specimens had long and short columns. Table 1 lists axial 

compression design parameters. The ratio of longitudinal 

reinforcement for both column shapes (𝜌𝑓𝑙 = 𝑛 × 𝐴𝑏 𝐴𝑔⁄ ), 

where n is the longitudinal reinforcements bars’ number, 𝐴𝑏 is 

the GFRP bar’s area, and 𝐴𝑔 represents the gross sectional area, 

it was ranged between (0.37- 4.1) %. The transverse 

reinforcement ratio for both column shapes (𝜌𝑓𝑡 = 4 ×

𝐴𝑓𝑡 𝐷𝑐⁄ × 𝑠), where 𝐴𝑓𝑡 means the GFRP transverse 

reinforcement bar’s area, 𝐷𝑐  represents the diameter of the core, 

and s means the spacing among the spirals or hoops, between 

0.38% and 5.94%. 𝐸𝑓𝑙  is the modulus of elasticity for 

longitudinal reinforcement, ranging from 42 GPa to 66 GPa. 

𝐸𝑓𝑡is modulus of elasticity for the transverse reinforcement, 

between 42 and 76 GPa. 𝑓𝑓𝑢𝑙 represents the tensile strength of 

the longitudinal reinforcement, from 574 to 1,600 MPa. In 

addition, 𝑓𝑓𝑢𝑡 is the tensile strength of the transverse 

reinforcement, it was between 650 MPa and 1,700 MPa. 

4. Maximum Axial Loads Carrying Capacity of GFRP-

RC Columns 

It is important to remember that the contribution of concrete to 

the analytically determined axial load capacity of GFRP bar-

reinforced concrete columns is not the same across all code 

equations. Therefore, the differences in the values of 𝑃𝑜 for 

GFRP reinforced concrete columns result from the calculation 

or ignoring of the effect of the longitudinal bar in the different 

equations to know the contribution of the longitudinal bar 

(𝑃𝑏𝑎𝑟,𝐹𝑅𝑃) in addition to the difference in the factors used in 

other equations when calculating the effect of the longitudinal 

bar. As known, the compressive strength of the FRP bar is much 

smaller than its tensile strength, so its performance under 

compressive loads is different. So, previously ACI 440.1R-06 

and ACI 440.1R-15 [17],[18] suggested that FRP should not be 

employed as a longitudinal reinforcement in columns. while 

CAN/CSA S806-12 [15] and JSCE 1997 [19] permit using FRP 

in reinforcing columns longitudinally. they saw that the effect 

of the FRP bars should not taken into consideration in the 

evaluation of the ultimate ALCC of FRP bar-reinforced 

concrete columns. Furthermore, the JSCE 1997 [19] 

recommendation relies on transverse reinforcement in the 

ALCC estimation equations and considers whether this 

reinforcement is spiral or tie types, ignoring the effect of 

longitudinal bars. Using the recommendation in JSCE 1997 

[19], (1. a and/or 1. b) can be used to predict the maximum 

ALCC of FRP bar-reinforced concrete columns. 

𝑃𝑜 = 0.85𝑓′𝑐𝐴𝑔 𝛾𝑏⁄            (1. a) 

𝑃𝑜 = (0.85𝑓′𝑐𝐴𝑒 + 2.5𝐸𝑠𝑝𝜀𝑓𝑠𝑝𝑑𝐴𝑠𝑝𝑒 ) 𝛾𝑏⁄            (1. b) 
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Table 1.  Design parameters of the database columns tested under axial compression. 

Number of 

columns 

Total database 

165 

Shape Min Max SD Μ COV (%) 

𝐷 (𝑚𝑚) 
Circular 125 305 55 260.4 21.1 

Square 125 350 67 179.2 37.4 

𝐷𝑐  (𝑚𝑚) 
Circular 112 240 45.8 197.9 23.1 

Square 98 284 58.5 128.1 45.7 

𝐴𝑔 (𝑚𝑚2) 
Circular 12271.8 73061.7 20296.5 55591.1 36.5 

Square 15625 122500 32916.91 36750 89.6 

R (𝑚𝑚) 
Circular 62.5 152.5 27.5 130.2 21.1 

Square 88.4 247.5 47.3 126.7 37.4 

L (𝑚𝑚) 
Circular 500 2500 396.9 1220.1 32.5 

Square 500 1200 256.3 733.8 34.9 

L/R 
Circular 5.6 16.4 2.2 9.3 23.3 

Square 4.2 11.3 1.9 6.0 31.6 

𝜌𝑓𝑙 (%) Both shape 0.37 4.10 0.67 1.92 34.68 

𝑓𝑓𝑢𝑙 (MPa) Both shape 574 1600 241.3 1045.5 23.08 

𝐸𝑓𝑙  (MPa) Both shape 42000 66000 7373.17 51322.73 14.37 

𝜌𝑓𝑡 (%) Both shape 0.38 5.94 1.05 1.83 57.28 

𝑓𝑓𝑢𝑡 (MPa) Both shape 650 1700 222.16 1044.84 21.26 

𝐸𝑓𝑡 (MPa) Both shape 42000 76000 6914.92 51315.15 13.48 

𝑓’𝑐 (MPa) Both shape 15.10 85 14.49 37.87 38.26 

* Min., Max., SD, μ, and COV represent minimum value, maximum value, standard deviation, mean value, and coefficient of 

variation, respectively. 

where 𝐴𝑔 represents the concrete cross-sectional area (𝑚𝑚2), 

𝐴𝑒 means the concrete cross-sectional area confined by spirals, 

𝐴𝑠𝑝𝑒 is the equivalent spiral’s cross-sectional area 

(= 𝜋𝑑𝑠𝑝𝐴𝑠𝑝 𝑠⁄ ), 𝑑𝑠𝑝 is the diameter of the concrete section 

surrounded by spiral reinforcement, 𝐴𝑠𝑝 is the cross-sectional 

area of spiral reinforcement, 𝐸𝑠𝑝 is the young's modulus of 

spiral reinforcement (𝐸𝑓𝑡), 𝜀𝑓𝑠𝑝𝑑 represent the design spiral 

strain at the ultimate limit condition, 2000 × 10−6, 𝛾𝑏 means 

the member factor, it is 1.3, s represent the spacing of spiral. 

JSCE 1997 [19] declared that for members subjected to 

compression load, the ultimate limit of compression load 

capacity 𝑃𝑜 can be computed by (1. a) when ties are adopted and 

either (1. a) or (1. b) whatever gives the largest value when 

spiral reinforcement is adopted. However, many studies found 

that omitting the effect of FRP longitudinal bars in compression 

may cause a large difference between the evaluated ALCC of 

FRP-reinforced columns and the experimental value 

[21],[28],[30]. Therefore, due to the advancement of knowledge 

in the use of fiber in compression members, the code 

recommendations have been updated in several countries 

gradually. This occurred for the first time in the Australian code 

recommendation AS-3600 [43], which stipulated not neglecting 

the effect of longitudinal bars when calculating the maximum 

ALCC of the concrete columns. It also took into account the 

influence of the stiffness of this bar in the ALCC of the concrete 

column, considering an axial strain value of the longitudinal bar 

at the beginning of the microcracks in the plastic stage of the 

concrete equal to 0.0025. So, (2) can be used to predict the 

maximum ALCC of FRP bar-reinforced concrete columns 

according to AS-3600 [43]: 

𝑃𝑜 = 0.85𝑓′𝑐(𝐴𝑔 − 𝐴𝑓) + 𝑓𝑓𝑟𝑝 × 𝐴𝑓            (2) 

where 𝐴𝑓 is the overall GFRP longitudinal bars’ cross-sectional 

area of, 𝑓𝑓𝑟𝑝 = 𝜀𝑓 × 𝐸𝑓 where 𝜀𝑓 = 0.0025 and represents an 

axial strain of the longitudinal FRP bar, and 𝐸𝑓 is the modulus 

of elasticity of the longitudinal bar. In addition, the 

recommendation of the Canadian code (CSA S807-19 [44]) was 

similar to that of the Australian code (AS-3600 [43]) according 

to the same principle, which is not to neglect the effect of the 

longitudinal bar when calculating the maximum ALCC of the 

concrete columns with a difference in the axial strain value of 

the longitudinal bar, 𝜀𝑓, which is equal to 0.002, as shown in 

(3): 

𝑃𝑜 = 0.85𝑓′𝑐(𝐴𝑔 − 𝐴𝑓) + 𝑓𝑓𝑟𝑝 × 𝐴𝑓            (3) 

Finally, last year a new American code (ACI 440.11-22 [45]) 

was issued specialized in the use of GFRP in compression 

members, but although it allowed the use of GFRP in these 

compression members, it neglected its effect when calculating 

the maximum ALCC of the concrete columns, as shown in (4): 

𝑃𝑜 = 0.85𝑓′𝑐𝐴𝑔          (4) 

The commentary of the code in clause (R22.4.2.2) was to state 

“GFRP compression reinforcement, while permitted, will not 

contribute significantly to the axial capacity of the cross-

section. The calculation of nominal axial strength may be 

simplified by assuming that GFRP reinforcement in 

compression has the same stiffness and strength as the 

surrounding concrete and that 𝑃𝑜 may be calculated using the 

gross area of concrete and 𝑓′𝑐". Several studies have shown that 

effectively neglecting the contribution of GFRP reinforcement 

in compression in this manner is conservative 

[27],[29],[47],[70-72]. It is worth noting that the targeted 

American code (ACI 440.11-22 [45]) in this statistical study is 
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specifically focused on GFRP, while the other targeted codes in 

this study (AS-3600 [43], CSA S807-19 [44], and JSCE 1997 

[19]) specialize in all types of fibers. To reinforce the research 

idea, specimens were selected that were fully reinforced 

longitudinally and transversally with GFRP to align with the 

code recommendation, while other types of fiber 

reinforcements, such as basalt-FRP (BFRP), aramid-FRP 

(AFRP), and carbon-FRP (CFRP), were neglected. The ACI 

440.11-22 [45] initially dedicated its recommendation to the use 

of GFRP only due to the extensive research available for this 

type in the field, while other types require further future studies 

to provide individual recommendations for each. In addition to 

the unique advantages of GFRP over other fiber reinforcement 

types that make it the first type recommended by the code for 

compression members, the remaining types are still subject to 

study. 

5. Evaluation of the Codes Equations 

5.1. General Performance 

In this research, the relations of codes were tested in this 

investigation by analyzing a large body of available 

experimental data. The specimens of reinforced concrete 

columns with GFRP bars, totaling 165 specimens, were 

collected from 27 previous studies. The description of the 

specimens includes the specimen's name, specimen shape 

(circular or square), specimen dimensions, longitudinal and 

transverse reinforcement ratio, and the shape of the transverse 

reinforcement (spiral or hoop). It also includes the tensile 

strength of the longitudinal bars, the modulus of elasticity of the 

longitudinal bars, and the compressive strength of the concrete, 

as referred to in [21, 23, 37, 46-69]. It should be noted that the 

type of longitudinal and transverse reinforcement material is 

GFRP. The experimental load, which was used to calculate the 

experimental load-to-theoretical load ratio according to the four 

codes for all specimens, was compiled from the 27 references 

mentioned earlier. 

The MEAN results for the experimental load-to-theoretical load 

ratio for ACI 440.11-22 [45], CSA S807-19 [44], AS-3600 [43], 

and JSCE 1997 [19] were 1.11, 1.07, 1.06, and 1.45, 

respectively. The SD results for the experimental load-to-

theoretical load ratio for ACI 440.11-22 [45], CSA S807-19 

[44], AS-3600 [43], and JSCE 1997 [19] were 0.20, 0.19, 0.18, 

and 0.27, respectively. The COV results for the experimental 

load-to-theoretical load ratio for ACI 440.11-22 [45], CSA 

S807-19 [44], AS-3600 [43], and JSCE 1997 [19] were 18.37%, 

17.60%, 17.49%, and 18.35%, respectively. The analytically 

expected ALCC, 𝑃𝑜, was found by either using  (1) JSCE 1997 

[19], based predominately on the transverse reinforcement type 

(spirals or hoops), or using  (2), according to AS-3600 [43] in 

which the value of axial strain of longitudinal bar 𝜀𝑓 was equal 

to 0.0025, or using  (3), according to CSA S807-19 [44] in 

which the value of axial strain of longitudinal bar 𝜀𝑓 was equal 

to 0.002, or using  (4), according to ACI 440.11-22 [45] in 

which the contribution of GFRP bar is neglected. The optimum 

line for each relation appears alongside the computed and 

measured axial load. The same number presents typical 

behavior. The relation between fewer scatters and better 

behavior is one where the most optimal line and the plotted data 

are closer to the perfect line. Four relations (𝑓′𝑐, 𝜌𝑓𝑙, 𝐸𝑓𝑙 , and 

𝜌𝑓𝑡) are shown to explain the ratio between the experimental 

and the computed axial loads by using the code relations for all 

examined columns. In addition, three mathematical 

measurements (Standard Deviation (SD), Mean (μ), and 

Coefficient of Variation (COV)) were adopted to determine the 

accuracy, safety, and consistency of the relations of the codes 

available using four codes (ACI 440.11-22 [45], CSA S807-19 

[44], AS-3600 [43], and JSCE 1997 [19]). Mean (μ) is the 

midpoint between the wide continuum of 𝑃𝑜. More accurate 

outcomes can be obtained when the mean is close to one unit. 

The dispersion in 𝑃𝑜 values was determined by SD. For concrete 

specimens with GFRP, a large SD means the expected ALCCs 

are within a wider value range of (smaller accuracy) and a lower 

SD means the adverse. The COV was then adopted to determine 

the dispersion (variation) of 𝑃𝑜 values relative to the mean value 

as a percentage. when COV decreases, behavior tends to be 

more stable and less variable from the mean. 

Performance criteria contain different types of performance 

matrices that are used to evaluate the reliability and accuracy of 

the code equations, such as:  

Pearson’s correlation coefficient (R), Nash–Sutcliffe efficiency 

index (NSEI), root-mean-square error (RMSE), a20index, mean 

absolute error (MAE), and mean absolute percentage error 

(MAPE).  Furthermore, the following new engineering index, 

the a20-index, is proposed for the reliability assessment of the 

code equations. RMSE is a useful value to know because it 

gives us an idea of the average difference between the 

experimental data values and the predicted data values. The 

lower the RMSE, the more accurate the evaluation. Pearson’s 

correlation coefficient R measures the variance that is 

interpreted by the equation, which is the reduction of variance 

when using the equation. R values range from -1 and values 

close to 1 indicate a strong positive correlation between the 

studied variables, while values close to -1 indicate a strong 

negative correlation. Meanwhile, a value closer to zero suggests 

a weak correlation or no correlation at all. These performance 

metrics are a good measure of the overall predictive accuracy. 

The NSEI and a20-index values, as well as Pearson’s 

correlation coefficient, are close to one, indicating the high 

accuracy of the code equation. However, the errors such as 

MAE, MAPE, and RMSE must approach zero to satisfy the 

precision of the equation. The errors are used to compare the 

accuracy of several relations used to evaluate the ultimate 

ALCCs of GFRP-reinforced columns. If the errors are very 

slight, then the code relation should give precise outcomes. The 

most optimal slope of the line shows to which extent the 

behavior is consistent and meets the prediction or exceeds it for 

a specific parameter. The formulations used to calculate these 

performance indices are expressed in Equations (5) – (10) [73]-

[75]. 

𝑅 =
∑ (𝑃𝑒𝑥𝑝.−𝑃𝑒𝑥𝑝.̅̅ ̅̅ ̅̅ ̅)(𝑃𝑜−𝑃𝑜̅̅̅̅ )𝑁

𝑖=1

√∑ (𝑃𝑒𝑥𝑝.−𝑃𝑒𝑥𝑝.̅̅ ̅̅ ̅̅ ̅)2((𝑃𝑜−𝑃𝑜̅̅̅̅ )2𝑁
𝑖=1

         (5) 

𝑀𝐴𝐸 =
1

𝑁
∑ |𝑃𝑒𝑥𝑝. − 𝑃𝑜|𝑁

𝑖=1        (6) 

𝑀𝐴𝑃𝐸 =
1

𝑁
∑ |

𝑃𝑒𝑥𝑝.−𝑃𝑜

𝑃𝑒𝑥𝑝.
| × 100𝑁

𝑖=1      (7) 
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𝑅𝑀𝑆𝐸 = √
∑ (𝑃𝑒𝑥𝑝.−𝑃𝑜)2𝑁

𝑖=1

𝑁
 (8) 

𝑁𝑆 = 1 −
∑ (𝑃𝑒𝑥𝑝.−𝑃𝑜)2𝑁

𝑖=1

∑ (𝑃𝑒𝑥𝑝.−𝑃𝑜̅̅̅̅ )2𝑁
𝑖=1

 (9) 

𝑎20 − 𝑖𝑛𝑑𝑒𝑥 =
𝑚20

𝑁
 (10) 

where N is the total number of collected specimen datasets, 

𝑃𝑒𝑥𝑝. is the experimental load carrying capacity value, 𝑃𝑒𝑥𝑝.
̅̅ ̅̅ ̅̅  is 

the mean of the experimental load-carrying capacity values, 𝑃𝑜 

is the predicted ALCC value, 𝑃�̅� is the mean of predicted ALCC 

values, and m20 is the sum of the ratios of the experimental 

values to the predicted values for all samples, divided by the 

number of samples, and the equation is considered safe and 

consistent if the values range from 0.8 to 1.2. If they fall outside 

these limits, the equation is either overly conservative and 

costly structurally, or its application leads to increased risks. 

Furthermore, an m20 value approaching 1 indicates that the 

equation is very safe and consistent, providing reasonable 

predictions. Performance matrices of code equations by the 

values of statistical indexes R, MAE, MAPE, RMSE, NSEI, 

and a20-index are presented in Table 2.  

Table 2. Performance matrices of code equations. 

Equation R MAE (KN) 
MAPE 

(%) 

RMSE 

(KN) 
NSEI a20-Index 

ACI 440.11-22 [45] 0.9724 275.08 16.85 369.53 0.9264 1.1147 

CSA S807:19 [44] 0.9756 229.44 14.72 323.48 0.9430 1.0699 

AS-3600 [43] 0.9763 214.06 14.14 310.42 0.9474 1.0556 

JSCE 1997 [19] 0.9724 595.60 31.60 738.42 0.7458 1.4489 

It was observed that (2), in which the effect of GFRP bars is 

determined depending on their stiffness and the axial strain of 

longitudinal bar 𝜀𝑓 equal to 0.0025, is a more accurate and safe 

method to expect 𝑃𝑜 than (3), in which the effect of GFRP bars 

is determined depending on the same principle but the axial 

strain of longitudinal bar 𝜀𝑓 equal to 0.002. Also, (4) is a more 

reliable and safer method to expect 𝑃𝑜 than (1. a, 1. b), which 

adopted transverse reinforcement. The probable demonstrations 

for that contain the issue that despite the difference in the 

underlying principle between the two equations, where (4) 

disregards the influence of both longitudinal and transverse 

reinforcement and considers the specimen as a complete 

concrete section, while (1) relies solely on the contribution of 

transverse reinforcement and neglect the effect of the 

contribution of the longitudinal reinforcement, the contribution 

of transverse reinforcement does not significantly affect the 

value of the maximum ALCC. This is evident from the close 

convergence between the (1) and (4) in terms of the value of R. 

Furthermore, the clear explanation for the superiority of the (2) 

and the (3) successively over both the (1) and the (4) 

successively is that they take into consideration the contribution 

of the longitudinal bars in calculating the maximum ALCC of 

the column. The COV and SD are 17.49 and 0.18 respectively, 

when 𝑃𝑜 is determined using (2), the relation of the Australian 

code (AS-3600 [43]). This permits more consistent results. By 

setting 𝜀𝑓 equal to 0.0025 when computing 𝑃𝑏𝑎𝑟,𝐺𝐹𝐸𝑃, 

predictions for 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  with = 1.06, which is very close to 

unity, were gained (Fig. 1). As shown in Fig. 1, the COV and 

SD are 17.6 and 0.19 respectively, when using the (3) available 

in (CSA S807-19 [44]), is adopted to determine 𝑃𝑏𝑎𝑟,𝐺𝐹𝑅𝑃 , 

resulting in smaller discrepant values of 𝑃𝑜. Furthermore, SD 

and COV in (4) are 0.2 and 1.11, respectively. Thus, the (2) that 

is available in AS presents more reliable expectations in a 

comparison of the codes (CSA, JSCE, ACI). This is a very small 

difference compared to (2) and (3), which yield very close 

results. In contrast, (1) shows SD and COV of 0.27 and 18.35, 

respectively. Moreover, (1) is very conservative with related to 

the use of GFRP in a compression member, as the experimental 

load to design load is 1.45, which is the highest among all the 

other code equations. The ALCC of GFRP reinforced columns 

were obtained from past research and put in a comparison with 

ALCC calculated using ACI 440.11-22 [45], CSA S807-19 

[44], AS-3600 [43], and JSCE 1997 [19], respectively in Fig. 1. 

The trend line slope is 1.11 for the ACI, 1.07 for the CSA, 1.06 

for the AS, and 1.45 for the JSCE. Also, the axial load was 

determined by adopting AS and CSA, and that is more in line 

with the experimental axial load. ACI, CSA, AS, and JSCE each 

found a COV for experimental axial load versus a predicted 

axial load of 18.37, 17.6, 17.49, and 18.35, respectively.  AS 

and CSA are very close and they are the most accurate 

compared to ACI and JSCE. When comparing the AS relation 

to the others that were adopted, it was seen that it is the most 

precise in predicting the ALCC. Finally, the performance tests 

on concrete compression design practices revealed that AS-

3600 [43] relation with appropriate factors of safety had better 

optimization, the second is CSA S807-19 [44] code, then ACI 

440.11-22 [45] code, and the JSCE 1997 guidelines [19]. The 

AS-3600 [43] design equation and the CSA S807-19 [44] 

guidelines did better than the ACI 440.11-22 [45] code, which 

had some extreme values because they had fewer conservative 

columns. The JSCE 1997 [19] was not safe and had more 

penalty points than the other design equations because it is more 

conservative. 

5.2. Modulus of Elasticity (Young’s Modulus) 

Young’s modulus has a large effect on the ALCC of GFRP-

reinforced concrete columns. 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  vs. the 𝐸𝑓 and the most 

optimal line trendlines of the database are plotted in Fig. 2. 

𝑃𝑒𝑥𝑝.  𝑃𝑜⁄  increases when Young's modulus increases. The best 

lines of ACI, CSA, AS, and JSCE have a slope of 1E-5, 1E-5, 

9E-6, and 1E-5, respectively. Also, the square Pearson’s 

correlation coefficient for the ACI, CSA, AS, and JSCE have 

0.1508, 0.1388, 0.1327, and 0.1512, respectively. Therefore, 

CSA gives higher consistency in terms of 𝐸𝑓 in terms of safety 

in comparison to ACI, and JSCE. Furthermore, the AS relation 

exhibits more reliability for GFRP types than any of the chosen 

equations. 
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a. ACI code equation. 

 
b. CSA code equation. 

 
c. AS code equation. 

 
d. JSCE code equation. 

Figure 1. The relationship between the experimental and predicted ALCC of concrete columns reinforced with GFRP bars.

 
a. ACI code equation. 

 
b. CSA code equation.

 
c. AS code equation. 

 
d. JSCE code equation

Figure 2.  The relationship between 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  of a concrete column reinforced with GFRP bars and the modulus of elasticity of 

the reinforcement 𝐸𝑓 .
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5.3. Compressive Strength  

The ALCC of GFRP-reinforced concrete columns is majorly 

affected by this factor.  In Fig. 3, 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  is plotted against 𝑓′𝑐 

and the most optimal line trendline by the selected code 

equations. The ALCC for the significance of the GFRP 

reinforced NSC and HSC columns as mentioned in the 

references is over-expected by assuming 𝜀𝑓= 0.0025 in (2), 

according to AS-3600 [43], as illustrated in Fig. 3c. The slope 

of the best line that gives the optimal match is -4.7E-3 in ACI, 

-3.8E-3 in CSA, -3.6E-3 in AS, and -6.1E-3 in JSCE. Also, the 

square Pearson’s correlation coefficient for the ACI, CSA, AS, 

and JSCE have 0.111, 0.0857, 0.0801, and 0.1109, respectively. 

Regarding the safety of 𝑓′𝑐, the CSA code is safer than ACI and 

JSCE. In addition, AS provides the largest consistency 

concerning 𝑓′𝑐 of any of the chosen code equations. 

 
a. ACI code equation. 

 
b. CSA code equation.

 
c. AS code equation. 

 
d. JSCE code equation.

 

Figure 3.   The relationship between 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  for GFRP reinforced column with bars and the compressive strength of the 

concrete 𝑓′𝑐. 

5.4. The Ratio of the Longitudinal Reinforcements. 

Another necessary factor that has a large influence on the 

ALCC of GFRP-reinforced concrete columns is the 

longitudinal reinforcement ratio. The fluctuation in 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  

with longitudinal reinforcement ratio, according to the 

database, is shown in Fig. 4. The inclination of the optimal line 

for ACI, CSA, AS, and JSCE is 22.2E-3, -3E-3, -10.4E-3, and 

25.5E-3, respectively. Also, the square Pearson’s correlation 

coefficient for the ACI, CSA, AS, and JSCE have 0.0055, 

0.0001, 0.0014, and 0.0034, respectively.  Compared to ACI, 

and JSCE, CSA points are less packed and they are nearer to 

the perfect horizontal line. Concerning safety, CSA is more 

consistent concerning 𝜌𝑓𝑙 than JSCE and ACI. It can be 

concluded that CSA is more consistent for the GFRP type than 

the JSCE and ACI codes considered. Moreover, the AS's curve 

showed a behavior "different from the other three curves, where 

an increase in 𝜌𝑓𝑙 leads to a very close of the AS equation curve 

to the ideal line and thus is more stable" and provides more 

consistent results than the rest of the other code equations. It 

can be concluded that the AS relation is more consistent 

concerning the type of GFRP than other code relations adopted. 

5.5. Transverse Reinforcement Ratio. 

5.5.1 Spiral reinforcement ratio 

Fig. 5 shows 𝑃𝑒𝑥𝑝.  𝑃𝑜⁄  plotted against 𝜌𝑓𝑡 and the most optimal 

line trendline. The inclination of the optimum lines equals 

39.7E-3, 36.9E-3, 36.1E-3, and 51.4E-2 for ACI, CSA, AS, and 

JSCE, in that order. Also, the square Pearson’s correlation 

coefficient for the ACI, CSA, AS, and JSCE have 0.061, 0.07, 

0.0718, and 0.0608, respectively. It is evident from Fig. 5 that 

the spiral reinforcement curve takes an upward trend in all code 

equations. That means that increasing distances of the spiral 

reinforcement within the practical limits enhance its 

performance [28], [49], [51], [52], [54], [56], [59,] [61], [63], 

[68], [72]. Also, ACI is more consistent concerning 𝜌𝑓𝑡 safety 

than JSCE and CSA. In addition, the AS code is more consistent 

regarding to 𝜌𝑓𝑡 than other codes. 
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a. ACI code equation. 

 
b. CSA code equation.

 

 
c. AS code equation. 

 
d. JSCE code equation.

 

Figure 4. The relationship between 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  of a concrete column reinforced with GFRP bars and the longitudinal reinforcement 

ratio 𝜌𝑓𝑙.

 
a. ACI code equation. 

 
b. CSA code equation.

 

 
c. AS code equation. 

 
d. JSCE code equation.

 

Figure 5. The relationship between 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  and 𝜌𝑓𝑡 of GFRP reinforced column. 
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5.5.2 Reinforcement ratio of hoops 

In Fig. 5, 𝑃𝑒𝑥𝑝. 𝑃𝑜⁄  is plotted against 𝜌𝑓𝑡 and the optimum line 

trendline. In ACI, CSA, AS, and JSCE, the inclination of the 

optimum line equals -81.5E-3, -75.2E-3, -73.4E-3, and -

105.9E-3, respectively. Also, the square Pearson's correlation 

coefficient for the ACI, CSA, AS, and JSCE have 0.1181, 

0.1147, 0.1128, and 0.1181, respectively. In general, it is 

evident from Fig. 5 that the curve representing the hoop 

reinforcement takes a downward trend in all code equations. 

This indicates that decreasing distances between hoops within 

the practical limits enhances their performance. Also, CSA 

safety is more consistent regarding 𝜌𝑓𝑡 than JSCE and ACI. In 

addition, AS is superior to other codes concerning 𝜌𝑓𝑡 

consistency. 

At last, the optimum line trendline behavior of spiral 

reinforcement is obvious, it is the adverse of the hoop 

reinforcement. In addition, AS and CSA present better 

outcomes in comparison with JSCE and ACI generally. 

6. Conclusions 

An extensive experimental database comprising 165 GFRP-RC 

columns was adopted to examine the interrelation of column 

details and geometry. The ALCC of the database was evaluated 

according to several design codes, with the AS code 

demonstrating superior precision compared to CSA, ACI, and 

JSCE. Mean factors of safety in AS, CSA, ACI, and JSCE were 

equal to 1.06, 1.07, 1.11, and 1.45, respectively. JSCE exhibited 

less consistency than AS, ACI, and CSA while disregarding the 

effect of longitudinal reinforcement and ultimate axial strain. 

Key distinctions between GFRP-RC and steel RC columns 

were regarded, like as varying types of GFRP (modulus of 

elasticity 42-66 GPa), failure in compression happened because 

of crushing of concrete, no yielding in GFRP reinforcements 

occurs nor excessive deformations. AS relation presents good 

compatibility with the experimental results in a comparison 

with the relations of other codes. That could be a remarkable 

conclusion because of the complexity of the GFRP behavior 

and the large variation of the behavior of its bars in both, tension 

and compression. The analysis surveys the influences of 

concrete compressive strength, longitudinal and transverse 

reinforcement ratio, and modulus of elasticity of GFRP. JSCE 

exhibited significantly conservative behavior, resulting in 

higher implementation costs. AS equation yielded the lowest 

COV, SD, and errors. Considering the contribution of 

longitudinal reinforcement enhanced reliability, accuracy, 

consistency, and safety for AS and CSA, unlike ACI and JSCE. 

Neglecting longitudinal bars and assuming fully concrete 

sections produced extreme values. Equations relying on 

longitudinal bar stiffness and associated axial strain delivered 

accurate, consistent, and safe results, aligning closely with 

experimental loads. 
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