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Predicting of load capacity of concrete columns confined with
FRP bars and subjected to axial compression at different
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Abstract. In this study, two new models were developed to predict the peak axial capacity of reinforced concrete
(RC) compressive members having fiber-reinforced polymer (FRP) bars at different eccentricity levels (e/h = 0 and
e/h ranges from 0.08 to 1) using two distinct methods: the general regression method and the eXtreme Gradient
Boosting (XGBoost) algorithm. These models were developed based on a wide range dataset comprising tests data
of 308 FRP-reinforced concrete samples compiled from the existing literature. Besides, the efficiency and accuracy
of the proposed models were assessed using five statistical indicators namely, coefficient of determination (R?), root
mean square error (RMSE), mean absolute error (MAE), average absolute error (AAE), standard deviation (SD), and
were equated with design codes and previously proposed formulas in the literature. The findings demonstrate that the
suggested estimation models were suitable for capturing the axial capacity of FRP-RC compressive members.
Particularly, the XGBoost model exhibited outstanding performance with a high R? value of 0.98 and minimal
RMSE, MAE, AAE and SD values of 259.05 kN, 144.36 kN, 0.11, and 0.14 respectively, indicating excellent
efficiency and accuracy compared to both the empirical model proposed and other existing models. This outcome
highlights the ability of machine leaming models to estimate the axial capacity of FRP-RC compressive members.
Consequently, the XGBoost model offers a viable alternative method to empirical models for design applications.

Keywords: axial capacity; FRP bars; regression analysis; RC columns; XGBoost algorithm

1. Introduction

The primary function of a reinforced concrete compressive member is to support axial loads,
regardless of whether they are accompanied by bending moments. However, the ability of steel bar
reinforced concrete compressive members to carry axial loads diminishes over the design life of
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concrete structures due to corrosion of the steel bars. This problem is especially pronounced in
coastal areas or harsh environmental conditions, presenting a major drawback of using steel-
reinforced concrete in construction. As a result, the expenses associated with retrofitting and
repairing deteriorated concrete structures are notably high (Alaa Hasan et al. 2019, Tarawneh et al.
2021, Karim et al. 2016, Chaallal and Benmokrane 1993, Abdalla et al. 2019, Alnemrawi and Al-
Rousan 2024, Al-Rousan 2020a, Al-Rousan 2020b and Baili ef al. 2022).

The review of the literature found that fiber-reinforced polymer (FRP) composites have been
widely used as internal reinforcement (FRP reinforcing bars) in reinforced concrete structures due
to their excellent corrosion resistance, high strength-weight ratio resistance to harsh environmental
conditions (Sun 2024, Jabbar and Farid 2018, Ye et al. 2022). In this context, several studies have
been carried out on the performance of FRP bars reinforced concrete columns under concentric
compression (Pantelides et al. 2013, Tavassoli and Sheikh 2017, Raza et al. 2021, Al-Rousan
2022a, Al-Rousan 2022b, Al-Rousan and Alnemrawi 2023a, Al-Rousan and Alnemrawi 2023b, Al-
Rousan and Barfed 2019, AlAjarmeh et al. 2022). The investigated parameters included the
concrete compressive strength, gross cross-sectional area, cross-sectional area of FRP reinforcing
bar, number of FRP bars, form of tie bar, type of longitudinal FRP reinforcement, type of
transverse FRP reinforcement, diameter of stirrups, diameter of the main FRP bar, the elastic
modulus of FRP bar and tensile strength of FRP bar, and spacing of stirrups. Experimental studies
have shown that FRP bar-reinforced concrete compressive members exhibit lower load-carrying
capacities under concentric axial loads than steel bar-reinforced concrete compressive members of
identical size and reinforcement configuration. This disparity is mainly attributed to the reduced
ultimate compressive strength and modulus of elasticity of FRP bars in compression, as compared
to conventional steel bars (Alaa Hasan ef al. 2019, Mohamed et al. 2014, Choo et al. 2006, Al-
Rousan and Issa 2016, Al-Rousan and Sawalha 2024, Al-Rousan et al. 2024, Al-Rousan et al. 2022
and Issa et al. 2009). Additionally, neglecting the contribution of FRP bars will underestimate the
axial capacity. According to Tobbi et al. (2014), the load—carrying capacity of concrete
compressive members increases with considering the contribution of FRP bars. Similar to Tobbi et
al. (2014), Elmessalami et al. (2019) concluded also that FRP bars can offer from 3%-14% of axial
capacity. Theoretical models such as ACI 440.1R-15, CSA S806-02, CSA S806-12, AS-3600,
Tobbi et al. (2012), Tobbi et al. (2014), Afifi et al. (2014a), Afifi et al. (2014b), Maranan et al.
(2016), Xue et al. (2018), Mohammed et al. (2014a, b), Samani and Attard (2012), Khan et al.
(2016), Hadhood et al. (2017) were established to predict the peak axial capacity of FRP bars
reinforced concrete compressive members. The developed formulas were based on three main
approaches: ignoring the contribution of FRP bars in compression, considering the contribution of
FRP bars based on reduced tensile strength, and considering the contribution of FRP bars based on
axial strain. Most of these models were suggested using regression analysis and based on limited
test results. The difficulties of these models are that they cannot predict the peak axial capacity of
FRP bars-reinforced concrete compressive members accurately. However, investigations on the
performance of FRP bars reinforced concrete compressive members under eccentric compression
are still limited and no suggested formulas existing in the literature considered the eccentricity
effect.

In recent years, artificial intelligence (Al)-based machine-learning (ML) algorithms have been
used popularly to solve structural engineering problems and more specifically, in the development
of different prediction models of carrying capacities of FRP-RC compressive members
(Bakouregui et al. 2021). Isleem et al. (2022) used (artificial neural network) ANN to predict the
axial capacity of FRP-RC compressive members. Raza et al. (2022) used (artificial neural network)
ANN to evaluate the structural response of GFRP-RC compressive members with normal strength
concrete (NSC). Berradia et al. (2023) applied group method of data handling (GMDH) to
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Fig. 1 Illustration of lateral confinement of FRP-RC columns

estimate the axial capacity of GFRP-RC compressive members. Nevertheless, there are very
limited carrying capacity prediction models based on eXtreme Gradient Boosting (XGBoost)
learning algorithms.

The present study proposes the application of the eXtreme Gradient Boosting (XGBoost)
algorithm to predict the axial capacity of FRP-reinforced compressive members having different
levels of eccentricity. This approach is unique, as it examines the development of an interpretable
machine-learning model for capturing the axial capacity of FRP-reinforced compressive members
with different levels of eccentricity (e~h ranges from 0 to 1), an area that has not been extensively
investigated. Further, the proposed XGBoost model offers a potential alternative to available
mechanics-based models for practical engineering design purposes. A comprehensive dataset
containing experimental data of 308 FRP-reinforced concrete samples was collected from the
previous studies. The efficiency and accuracy of the proposed models were compared with those
fifteen empirical models. Five statistical indicators including coefficient of determination (R?),
Root mean square error (RMSE), Mean absolute error (MAE), Average absolute error (AAE), and
standard deviation (SD) are calculated to assess the performance of those predictive models.

2. Review of design formulations of FRP-RC compressive members

So far, several investigations suggested design models for calculating the ultimate axial load-
caring capacity (P,) of FRP-RC compressive members. In this section, fifteen existing models will
briefly summarize, including four models from current codes of ACI 440.1R-15, CSA S806-02,
CSA S806-12 and AS-3600 and eleven empirical formulations developed by Tobbi et al. (2012),
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Table 1 Existing design formulations of FRP-RC compressive members.

Section

Reference form FRP type Design formulas, Pu
ACI 440.1R-15 - FRP R, =0.85f;(A; — Ar) Eq. (1)
CSA $806-02 - FRP R, =0.85f;(A; — Arp) Eq. (2)

R=o 1:c‘ (Ag - Afrp)
CSA S806-12 - FRP , Eq. 3)
oy =0.85-0.0015f, >0.67
AS-3600 - FRP P,=0.85f, (Ag - Afrp)+ 0.0025 E 1y Ay Eq. (4)
Ri=a fc (Ag - Afrp)+ X rp ffrpAfrp

Tobbi et al. (2012) Square GFRP Eq. (5)

R, =0.85f(Ay — Aqp )+ £ E frpA
Tobbi et al. (2014)  Square GFRP ! o(Ay = Aup ) 2B oA Eq. (6)
£, =0.003
) Ri=a f«; (Ag - Afrp)+ Atrp ffrpAfrp
Afifi et al. (2014a) Circular CFRP Eq. (7)
a; =0.85; ay =0.25

P, = 0.85 (A, — Ao )+ 2 FirpArrp

Afifi et al. (2014b) Circular GFRP o —035 Eq. (8)
¢ =0.
P, =y f.\A, — A )+ 0.002E, A
Maranan et al. (2016) Circular GFRP ! ! C(Ag frpO) g et Eq. (9)
0(1 = V.
P, = a; f.(Ay — Agp )+ 0.002E A
Xue et al. (2018) Square GFRP s = enfely = A I Eq. (10)
a, =0.85
P, =0.85 (A, — Ay )+ £, E oAy
Mohammed ef al. (2014a)  Circular gﬁg ‘ ¢ : _ 0.(;82 PP Eq. (11)
P, =0.9%(Ay — Anp )+ &g ErrpA
. GFRP u c frp fg = frp/Mrp
Mohammed et al. (2014b)  Circular CFRP 1, 0,002 Eq. (12)
Samani and Attard (2012) - - P, =085f (Ag - Afrp)+ 0.0025E¢pAqp  Eq. (13)
P, =0.85f (A, — A, )+ aE A
Khan et al. (2016) Circular GFRP u C(Ag "p) “=irpPtrp Eq. (14)
a=0.61 1
. P, =085 (Ay = Agrp )+ 0E rpArry
Hadhood et al. (2017)  Circular CFRP Eq. (15)

oy =0.85-0.0015f,

Tobbi et al. (2014), Afifi et al. (2014a, b), Maranan et al. (2016), Xue et al. (2018), Mohammed et
al. (2014a, b), Samani and Attard (2012), Khan et al. (2016) and Hadhood et al. (2017). The
explanation details of all existing models with their expressions are reported in Table 1. The
illustration of FRP-RC compressive members is shown in Fig. 1.
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3. Collected test dataset

Numerous researchers conducted experimental investigations to study the axial behavior of
concrete compressive members internally confined with FRP bars in the literature. In this section,
a large dataset of 377 of FRP-RC compressive member samples as listed in Appendix A (Table I)
was compiled from 42 experimental studies of De Luca et al. (2010), Tobbi et al. (2012), Afifi et
al. (2014 a, b), Tobbi et al. (2014), Mohamed et al. (2014), Prachasaree et al. (2015), Maranan et
al. (2016), Xiaochun et al. (2016), Hales et al. (2016), Hadi and Youssef (2016), Ali et al. (2016),
Khan et al. (2016), Hadi et al. (2017), Elchalakani et al. (2017), Hadhood et al. (2017), Hadhood
et al. (2017), Hadhood et al. (2017), Hadhood et al. (2017), Khorramian et al. (2017), Sun et al.
(2017), Elchalakani et al. (2017), Hadhood et al. (2018), Hadhood et al. (2018), Zhang et al.
(2018), Tabatabaei et al. (2018), Tu et al. (2019), Xue et al. (2018), Salah-Eldin et al. (2019),
Salah-Eldin et al. (2019), Elchalakani et al. (2019), Othman et al. (2019), Dong et al. (2019), El-
Gamal et al. (2020), Elchalakani et al. (2020), Abdelazim et al. (2020), Khorramian et al. (2020),
Barua et al. (2020), El Messalami et al. (2021), Bakouregui ef al. (2021), Afaq et al. (2023)
published between the year 2010 and 2023. This dataset encompasses both circular and square
cross-sections of FRP-RC compressive members, transversally reinforced with FRP hoops, spirals,
and ties, as well as longitudinally reinforced with FRP bars under both concentric and eccentric
axial loads. It includes 235 samples with circular cross-sections and 142 samples with square
cross-sections. Among these, 219 samples were transversally confined with FRP spirals, 35 with
FRP hoops, and 129 with FRP ties. The dataset covers three types of FRP reinforcements: carbon
fiber-reinforced polymer (CFRP), glass fiber-reinforced polymer (GFRP), and basalt fiber-
reinforced polymer (BFRP).

In this study, we systematically considered all parameters that influence the axial structural
behavior of FRP-RC columns. The dataset provides comprehensive information on the geometric
and material properties of unconfined concrete and FRP reinforcement, encompassing essential
factors like cross-sectional dimensions, reinforcement types, and load eccentricity levels. These
factors were incorporated to capture the interactions between concrete and FRP bars that affect
axial load capacity. Each parameter was selected based on its documented impact in the literature
and relevance to the structural response of FRP-RC compressive members. For instance, the
elastic modulus and tensile strength of the FRP bars influence axial stiffness and load-bearing
capacity, while geometric properties and cross-section type affect confinement and load
distribution. By compiling a detailed dataset, we aimed to develop robust predictive models
applicable across diverse design scenarios.

The parameters included in this dataset were chosen specifically for their effect on the axial
capacity (P,) of FRP-RC compressive members, accounting for both geometric and material
properties of unconfined concrete and FRP reinforcement. For the geometric, the properties
include the cross-section type of concrete (Siypc), height of the sample (H), gross cross-sectional
area (Ag). For the unconfined concrete properties presented include the compressive strength (f7.).
For the FRP, the important properties include, the cross-sectional area of the FRP reinforcing bar
(Asp), Percentage of FRP reinforcement (psyp), number of FRP bars (n), form of tie bar (Form), type
of longitudinal FRP reinforcement (lype), type of transverse FRP reinforcement (tiypc), the diameter
of stirrups (ds), the diameter of the main FRP bar (dn), the elastic modulus of FRP bar (Esp), the
tensile strength of FRP bar (ftp), and spacing of stirrups (Sv), a; and afy, are the coefficients
whilst the axial load condition (Pcong) (concentric or eccentric) was also given in Table 1.

A summary of the ranges of data and test results of the selected dataset is presented in
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Appendix A (Table II). The values of height (H), gross cross-sectional area (A,), the compressive
strength of unconfined concrete (f’c), Percentage of FRP reinforcement (psyp), the cross-sectional
area of FRP reinforcing bar (Asp), number of FRP bars (n), the diameter of the main FRP bar (dw),
elastic modulus of FRP bar (Esyp), the tensile strength of FRP bar (fi,), diameter of stirrups (ds),
spacing of stirrups (Sy), and axial capacity of FRP-RC compressive members (P,) of the samples
are in the range of 500 mm - 3730 mm, 12272 mm? - 372100 mm?, 21 MPa - 90 MPa, 1 % - 5 %,
200 mm? - 3721 mm?, 3 - 16, 8 mm - 25 mm, 39 GPa -151 GPa, 574 MPa - 2000 MPa, 4 mm - 13
mm, 30 mm - 305 mm, 90 kN - 15234 kN, respectively.

4. Performance of the existing models of FRP-RC compressive members

Four the statistical assessment of the existing suggested models for calculating the ultimate
axial capacity (P,) of FRP bars-RC compressive members based on the collected dataset reported
in in Appendix A. Several performance indices were determined including, (R?), (RMSE), (MAE),
(AAE) and (SD). The mathematical explanations Egs. (16)-(20) are given are follows

2

n[inyi]—(Z ) Vi)
i=1 i=1 i=1

R2— (16)
nz X; 2—(2 xi] nz i 2—[2 yi]
RMSE = % ” (% =i )? 17)
2|Xi - Yi|
MAE =i (18)
n
_1 o X Vi
AAE = H; T‘ (19)
[XJ
_ i 1 y' y average| (20)

In which x;, yi refer to the experimental measurement values and the prediction values,
respectively. n denotes the total number of datasets. Lower values of MAE and RMSE indicate a
more accurate evaluation of the model. The value of R? ranges from O to 1; a value of R? higher
than 0.8 and closer to 1 indicates a better fit of the model (Diboune ef al. 2022). Lower values of
AAE and SD indicate good coherence and better dispersion, respectively.
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4.1 ACI 440.1R-15 model

Using the experimental dataset comprising 308 collected data points, the performance of the
ACI 440.1R-15 model was evaluated. Fig. 2(a) presents the statistical indicator values, with R? =
0.70, RMSE = 909.12 kN, MAE = 662.12 kN, AAE = 0.80, and SD = 1.44. These statistical
indicators indicate poor performance between the experimental and predicted values. This
observation is clearly illustrated by the majority of data points lying above the 45° diagonal line,
indicating high dispersion of the data points.

4.2 AS-3600 model

The assessment of the ALCC model from the AS-3600 code is depicted in Fig. 2(b). This figure
illustrates that the majority of data points lie above the 45° diagonal line and the upper limit line of
40%, indicating that this model overestimates the ALCC values. Furthermore, the value of R? =
0.70 indicates a weak correlation between the predicted and experimental values. Additionally, the
other indicators RMSE = 909.18 kN, MAE = 662.19 kN, AAE = 0.80, and SD = 1.44 confirm the
poor performance of this model.

4.3 CSA S806-02 model

Fig. 2(c) illustrates the statistical evaluation of the ALCC model from the CSA S806-02 code,
using the experimental dataset developed in the previous section. The evaluation of this figure
suggests that the statistical indices of this model are comparable to those obtained for the ACI
440.1R-15 model and AS-3600 model. These indices confirm that the performance of this model
remains consistent with that of the previously discussed models.

4.4 CSA S806-12 model

The ALCC model of CSA S806-12, designed for FRP-RC compressive members, underwent
evaluation against 308 experimental data points. Fig. 2(d) displays a coefficient of correlation R? =
0.71, indicating a weak correlation between the experimental and predicted values. However, this
model achieves minimum values for four other statistical indicators: RMSE = 846.58 kN, MAE =
651.92 kN, AAE = 0.74, and SD = 1.33. These indicators confirm the satisfactory performance of
this model compared to the ACI 440.1R-15, AS-3600, and CSA S806-02 models.

4.5 Tobbi et al. (2012) model

The ALCC model developed by Tobbi ef al. (2012) was assessed using 308 experimental data
points and five statistical indices. As shown in Fig. 2(e), the indicators RMSE = 1245.82 kN, MAE
= 861.72 kN, AAE = 1.10, and SD = 1.86 reach maximum values, indicating significant errors
divergence and very high dispersion. Moreover, R? = 0.61 suggests a weak correlation between the
experimental and predicted values, with all data points lying above the 45° diagonal line.
Consequently, the performance of this model remains poor compared to the four previously
evaluated models.



322 Sarra Sendjasni, Mohammed Berradia, Riad Benzaid and Ali Raza

4.6 Samani and Attard. (2012) model

Fig. 2(f) compares the measured and experimentally determined axial capacity values for both
the existing experimental studies and the Samani and Attard (2012) model sets. From this figure, it
can be observed that the quality line (black line) is surrounded by the majority of the data points.

The Samani and Attard (2012) model has an R? value of 0.70, indicating a weak correlation
between the predicted and experimental values. Other evaluation indices for the prediction results
of the Samani and Attard (2012) model are presented in the same figure. The values of RMSE and
MAE are 909.18 kN and 662.19 kN, respectively, indicating poor accuracy of the prediction
values. However, the values of AAE and SD are 0.80 and 1.44, respectively, illustrating high
dispersion in the estimated values. Consequently, the Samani and Attard (2012) offers a
performance similar to the other previously evaluated models, except for the Tobbi et al. (2012)
model.

4.7 Afifi et al. (2014a) model

The assessment of the predicted axial capacity values of the Afifi et al. (2014a) model, based
on the verification data from the developed test dataset, is shown in Fig. 2(g). This figure
illustrates that the correlation (R?) between the calculated results and the test results is 0.63, with
an RMSE of 1128.73 kN, MAE of 754.62 kN, AAE of 1.00, and SD of 1.74. The empirical
prediction points can be evenly arranged in the upper part of the ideal line. These statistical
indicators indicate that the Afifi et al. (2014a) model has a lower R? value, suggesting that it
cannot adequately account for data variance, The RMSE and MAE values indicate poor prediction
accuracy, while the AAE and SD values suggest satisfactory dispersion. In summary, the model
proposed by Afifi et al. (2014a) exhibits poor performance compared to all other models
previously studied.

4.8 Afifi et al. (2014b) model

Fig. 2h illustrates the evaluation results of the axial capacity model developed by Afifi er al.
(2014b) against the 308 test results collected from the literature and reported in Appendix A.
According to this figure, it can be observed that this model provides relatively similar statistical
index values as the Afifi et al. (2014a) model. Consequently, the performance of the Afifi et al.
(2014b) model is also poor compared to all other models.

4.9 Tobbi et al. (2014) model

To assess the performance of the proposed axial capacity model by Tobbi et al. (2014) and to
verify the accuracy of this model in predicting test results, the statistical index values are shown in
Fig. 2(i). In this figure, the more the predicted points by this model are located above the diagonal
45° line, and R? = 0.70, which demonstrates a poor correlation between the predicted and test
results. On the other hand, there is a high percentage of data points in the low range of error (0-
40%) with RMSE = 909.19 kN and MAE = 662.19 kN, confirming low accuracy. In the same
figure, the values of AAE and SD are 0.80 and 1.44, respectively, demonstrating that prediction
values have high dispersion. These observations indicate better performance of this model
compared to the other models previously evaluated, except for the models of ACI440.1R-15, AS-
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3600, CSA S806-02, CSA S806-12, and Samani and Attard (2012). These models show relatively
similar predictions compared to the Tobbi et al. (2014) model.
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4.10 Maranan et al. (2016) model

The estimated and experimentally determined axial capacity values are compared in Fig. 2(j).
In this figure, the statistical indicators R*, RMSE, MAE, AAE, and SD are presented. The
deviation values of the predicted values from the proposed model by Maranan et al. (2016) from
the ideal line are also shown in the same figure. According to Diboune et al. (2022), if the linear
correlation coefficient is greater than 0.8 and the RMSE, MAE, AAE, and SD are within a
desirable range (considering the dispersion of the data points), it can be concluded that the
experimental and predicted values are highly dependent. Regarding Fig. 2(j), it can be observed
that the developed model has a correlation coefficient R? = 0.70. Additionally, based on the same
figure, it can be seen that the error values obtained from the proposed model by Maranan et al.
(2016) are RMSE = 974.97 kN, MAE = 677.80 kN, AAE = 0.86, and SD = 1.53. These statistical
indicators demonstrate that this model has low accuracy and high dispersion of the estimation
values. In summary, this model provides similar observations as the Tobbi et al. (2014) model.
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4.11 Khan et al. (2016) model

Fig. 2(k) compares the predicted axial capacity values using the expression by Khan et al.
(2016) with the developed 308 test results reported in Appendix A, where P preq) represents the
predicted values and P.exp) represents the experimental values. As evident from the model
evaluation results, the R? of the model developed by Khan et al. (2016) is 0.70, which is far from 1
and smaller than 0.8. This indicates a poor correlation between the predicted and experimental
values. The RMSE and MAE of Khan ef al. (2016) model are 925.94 kN and 662.47 kN,
respectively, with the majority of data points located in the error range of 0-40%. This suggests
low accuracy. Additionally, the AAE and SD of this model are 0.83 and 1.48, respectively. These
indicators show a high dispersion of the data points. Consequently, the observations from the
assessment of this model are similar to the observations of the previous models studied in this
section, except for the Tobbi ef al. (2012) model, Afifi et al. (2014a, b) models.

4.12 Hadhood et al. (2017) model

The statistical evaluation of the Hadhood et al. (2017) model is conducted using the collected
dataset. The results obtained are depicted in Fig. 21. According to this figure, the value of R* =
0.34, indicates a poor correlation between the estimated and test values. This observation is clearly
illustrated by the distribution of the majority of the data points below the diagonal 45° line.
Additionally, the RMSE and MAE provide high values of 1380.89 kN and 960.00 kN,
respectively, confirming the low accuracy of this model in predicting the experimental values.
Moreover, this model exhibits a random scatter of points below the 45° diagonal and outside the
upper limit line of 40%. This observation can be explained by the high values of AAE = 1.00 and
SD = 1.70. The statistical indices indicate the weak performance of this model, which remains
significantly lower compared to all other models.

4.13 Mohammed et al. (2014a) model

The Mohammed et al. (2014a) model is evaluated using the developed database. The outcomes
are depicted in Fig. 2(m). According to this figure, the ALCC model's performance yields an R?
value of 0.70, indicating a weak correlation between predicted and experimental values. This
finding is evident from the dispersion of most points over the 45° diagonal. Similarly, the other
statistical indices of RMSE = 909.17 kN and MAE = 662.19 kN present very high values; this
indicates a poor and random distribution of the model, as indicated by AAE = 0.80 and SD = 1.44.
Therefore, the performance of this model remains better than the Tobbi et al. (2012), Afifi et al.
(2014a, b), Hadhood et al. (2017) models, and similar to the others previously mentioned.

4.14 Mohammed et al. (2014b) model

Fig. 2(n) presents the assessment of the axial capacity model developed by Mohammed et al.
(2014b) using the 308 test results compiled from the literature. From this figure, it can be observed
that this model provides relatively similar statistical index values as the Mohammed ef al. (2014b)
model (see Fig. 2(m)). Consequently, we can deduce that the performance of the Afifi et al.
(2014b) model is also better than the Tobbi er al. (2012), Afifi et al. (2014a), Afifi et al. (2014b),
Hadhood et al. (2017) models, and similar to the others previously mentioned.
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4.15 Xue et al. (2018) model

In 2018, Xue et al. introduced a novel expression to compute the ALCC of FRP-RC
compressive members. This section evaluates the performance of this model using 308
experimental data, as depicted in Fig. 2(o0). The figure indicates an R? value of 0.70 alongside
higher values of indicators such as RMSE = 909.17 kN, MAE = 652.19 kN, AAE = 0.80, and SD =
1.44. Additionally, the empirical prediction points may display an uneven distribution on both
sides of the ideal line. These indices collectively signify the weak performance of this model,
which aligns closely with the performance observed in all ALCC models assessed previously,
except for the Tobbi et al. (2012), Afifi et al. (2014) a and b and Hadhood et a/. (2017) models.

From this section, it can be concluded that all 15 existing models predict the ALCC of FRP-RC
compressive members significantly higher compared to that of tests. In other words, the previous
models predict the ALCC of FRP- RC compressive members more conservatively. Moreover, the
results obtained from these models have a large Scattering with small values of R? ranging from
0.34 to 0.70 and low accuracy with high values of errors. This discrepancy is likely due to the
effects of eccentricity was not considered in the published formulas.

5. Developing the predictive model using general regression analysis

This research primarily concentrates on formulating an empirical model to predict the ultimate
axial capacity of FRP-RC compressive members under concentric and eccentric compression
loads. Prior research has introduced several models for predicting the peak axial load-carrying
capacity (ALCC) of FRP-RC compressive members. It's noteworthy that the concrete contribution
to the empirically determined ALCC of FRP-RC compressive members remains consistent across
all the proposed formulas. In essence, the variations in the empirically determined values of P, for
FRP-RC compressive members primarily stem from the differing concepts used in the various
formulations to evaluate the contribution of FRP main bars. Among these models, fifteen
formulations were taken from the literature and reported in Table 1. For example, ACI 440.1R-15
provided no recommendations for the contribution of longitudinal FRP bars. The CSA S806-12
allows for the longitudinal reinforcement of concrete compressive members with FRP bars.
However, it recommends ignoring the influence of the FRP bars when capturing the peak ALCC of
FRP-RC compressive members. Nevertheless, numerous research studies have found that
neglecting the contribution of FRP main bars in compression could lead to a significant disparity
between the empirically calculated ALCC and the experimentally obtained one for FRP-RC
compressive members (Tobbi et al. 2012, Afifi et al. 2014, Hadi et al. 2016). Thus, several
researchers suggested including the contribution of FRP main bars in the peak axial capacity of
FRP-RC compressive members through different methods. One method is to obtain the stress in
the FRP bars by assuming a linear stress-strain relationship (that is 6sp= Egp X €fp). Maranan et al.
(2016) Eq. (9), Xue et al. (2018) Eq. (10), and Mohammed et al. (2014) (a and b) Egs. (11) and
(12), Samani and Attard (2012) Eq. (13), and Hadhood et al. (2017) Eq. (15) have been estimated
the axial load supported by FRP main bars based on the axial strain (&gp) in the FRP bars as well as
their stiffness (Egp), given by &sp Esp Asp. However, Maranan et al. (2016), Xue et al. (2018),
Mohammed et al. (2014a, b) suggested taking em, = 0.002, Samani and Attard (2012)
recommended taking emp, = 0.0025, and Hadhood et al. (2017) suggested taking ez, = 0.0035.
Whereas, other researchers such as Tobbi et al. (2012) Eq. (5), Afifi et al. (2014a), Afifi et al.
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(2014b) Egs. (7) and (8) have considered the contribution of FRP main bars by adding the axial
load supported by FRP main bars, given by oy fip Asp, Where fry, is the tensile strength of the FRP
bars, and osp is the reduction factor that shows the ratio between the strength of the FRP bar under
compression and the tension strength of the FRP bars. Tobbi et al. (2012) and Afifi ef al. (2014b)
suggested taking ogp = 0.35, and Afifi ef al. (2014a) recommended taking osp, = 0.25. It should be
noted that several research studies have proposed different models for the ALCC, all based on a
limited set of test data. Consequently, there is no consensus among previous research studies
regarding a unified model to predict the ultimate ALCC of FRP-RC compressive members. This
diversity can also be attributed to variations observed in the response of FRP bars when subjected
to axial compression. On the other hand, no model exists in the literature to capture the axial
capacity of FRP-RC compressive members under both concentric and eccentric compression
loads. In this section, a new and simple model was developed to estimate the peak ALCC of FRP-
RC compressive members based on regression analysis. Considering that the confinement effect of
internal FRP bars on core concrete varies under different core concrete strengths, section forms,
restraint levels, and concentric and eccentric compression loads (Ma et al. 2022). This method was
employed to simulate the relationship between the input parameters (independent variables) and
the output parameter (ALCC of FRP-RC compressive members), which is the dependent variable.

It should be noted that linear regression is one of the most commonly used equations in
statistical procedures. In this context, the general form of linear regression that can be used to fit
the independent and dependent variables is expressed as follows

Y:ao +alxl+8.2X2 +a3X3+....+aan (21)
Or
Y =a, +aX (22)

Where Y is the output parameter (i,e., the dependent variable), X, X, X3,... Xyare the input
parameters (i,e., independent variables), a, and a are the regression coefficients (Berradia et al.
2021, Berradia et al. 2022, Berradia et al. 2023).

Where a = [a; a; as....an]

Microsoft Office Excel (Version 10) was used to propose the new expression. To assess the
optimal model, five performance indices, which include goodness of fit (R?), root mean square
error (RMSE), mean absolute error (MAE), Average absolute error (AAE), and standard deviation
(SD), were used to measure the accuracy of the predictive model, as was done to evaluate the
fifteen existing models. The expressions of these indicators are given by Egs. (16)-(20).

The general form of the developed ALCC model was expressed by the following expression:

R =a fcl (Ag - Afrp)"’ Ereg E frpAfrp (23)

Where a is the reduction factor indicating the ratio between the strength of the FRP bar under
compression and the tension strength of the FRP bas, €, represents the axial strain in the FRP bar,
Ay is the area of cross-section, Agp is the cross-sectional area of the FRP reinforcing bar.

A regression analysis has been conducted based on the available experimental data with
eccentricity equal to 0, reported in Table 2 to obtain the reduction factor o and the optimal strain
value g for the use in Eq. (23)

The regression analysis yielded o and  values of 0.85 and 0.0037, respectively. These values
were used in Eq. (23) to calculate the carrying capacity of FRP-reinforced concrete compressive
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Fig. 3 Comparison between the predicted value and the experimental value of the carrying capacity of
samples.

members under concentric compression loads. The final formula is expressed as follows

P, =0.85 f,(A; — Agp)+0.0037 E ) Agy, (24)

In this second part, the peak axial capacity was calculated for FRP-reinforced concrete
compressive members at different eccentricity levels based on regression analysis. The calculation
was applied on 294 FRP-RC compressive member samples reported in Appendix A (Table I) (14
FRP-RC compressive member samples were ignored). For this calculation, the Eq. (24) developed
for the concentric compressive member was adopted.

According to Mahmoudabad et al. (2024) work, the increment in the eccentricity value
reasonably decreased the axial capacity of the samples. For this reason, the proposed unified
expression (model II) for calculating the peak axial capacity of FRP-RC compressive members at
different eccentricity levels is formulated as follows

P, =0.85f,(Ay — Ay )+ 0.0087 E gy Agyp — 7(e/h)x 5 xn (25)

Where (eh) is the eccentricity-sample dimension ratio and n is the number of FRP bars.

Through regression analysis of the experimental data with eccentricity-sample dimension ratio
(e/h) ranges from 0 to 1, reported in Appendix A (Table I), the coefficient y and & values were
obtained.

The final expression for calculating the peak axial capacity of FRP-reinforced concrete
compressive members at different eccentricity levels is expressed as follows

P, =085f, (A, — Ay, )+0.0087E (1, Ay, ~5.022(e/ h)x100 xn (26)

Fig. 3 compares the predicted values of the peak axial capacity of FRP-RC samples with (e/h =
0) and FRP-RC samples with (e/h) ranges from 0 to 1 obtained by Eqgs. (24) and (26), respectively,
and the experimental values. From this figure, it can be seen that the equality line (black line) is
surrounded by most of the data points. The model I has R? = 0.97, RMSE = 387.27 kN, MAE =
214.20 kN, AAE =0.10, and SD = 0.15 and the model II has R? = 0.88, RMSE = 635.75 kN, MAE
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=405.08 kN, AAE = 0.31, and SD = 0.52. These indicator values show that the predicted value of
the carrying capacity of the compressive members is in good agreement with the experimental
value, which indicates that the models of carrying capacity proposed in this work have good
predictability.

6. Developing the predictive model using eXtreme gradient boosting
6.1 Description of the eXtreme gradient boosting approach

XGBoost, short for eXtreme Gradient Boosting, is an ensemble machine-learning algorithm
rooted in decision trees, essentially a composite predictor formed from numerous smaller
predictors (Chen and Guestrin 2016). XGBoost consists of a collection of classification and
regression trees, representing one of the most advanced and effective machine learning techniques
developed in recent years. XGBoost constructs a sequential sequence of weak learners, with each
learner trying to complement the others and correct any errors in the predictions made by
preceding learners. XGBoost can manage missing data and utilizes regularization techniques to
mitigate overfitting in individual predictors. It boasts a speedy implementation and achieves
cutting-edge accuracy in both regression and classification tasks. Ultimately, XGBoost proves to
be a potent approach for modeling nonlinear relationships (Bakouregui et al. 2021). The
mathematical development model of XGBoost is shown as follows.

XGBoost represents an advanced enhancement of Friedman's original gradient-boosted trees
model Friedman (2001). It employs an additive approach, wherein, for a dataset with n samples
and m features denoted as D = {(Xi, Y;)}, the prediction is expressed as follows

9i:Zk:fk(xi)v fy eF (27)
k=1
Where F is the space of the regression tree, given by the following expression
F =1 (X)=wy(x)f (28)
And k is the number of trees, Each fi corresponds to an independent tree structure q and leaf

weights w.
The aim formulation is

L= 2005 y:)+ 20l (29)

The prediction of the i-th instance at the t-th iteration is
9 =90+ (x)) (30)

Therefore, the aim formulation can be expressed as follows

n

L0 = S 1{ys, 9859 + 1 (x0)+ () (31)

i=1

Where
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1 T
O(f )= 7T +§,1jz_1:wj? (32)

XGBoost utilyzes second-order Taylor approximation to optimize the aim formulation

n

L0 ~ ZMyi 9 g (X )+%hi £2(X; )ﬂ +Q(f,) (33)

i=1

Where
ally;, 9.(t—1)
g Jav—r) (34)
And

21(y, olt-1)
h :J_(_VH Ia?_}_yl' (35)

1
The final aim formulation is given as follows

L® :Zn:[(gi ft(Xi)+%hi ff(xi)ﬂwT +%/1in (36)

i=1 j=1
T
1
L = ZHZ g; }Wj + E{Zhi + ﬂ]w%} (37)
=1 iel; iel;
The optimal weight W’; and the corresponding optimal value I:(t)(q) leaf j are, respectively
Z Gi

W] = - (38)

! :_Zhi +A

Ielj

IS
[0(g)=-1 y el

T2 =1 Zhi +A

Ielj

T (39)

It's important to acknowledge that there are numerous programs available for data science and
machine learning, with Python emerging as one of the most widely used programming languages.
In this study, we employed the Python XGBoost library (Chen and Guestrin 2016) for tasks
ranging from data preprocessing to model training and testing. Additionally, all data were initially
arranged in Excel format (.xIsx) and subsequently imported and analyzed in Python utilizing the
pandas package (Bakouregui et al. 2021).
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6.2 Detail of modeling

eXtreme Gradient Boosting (XGBoost) technique was utilized to obtain a meanihful
relationship between the axial capacity of FRP-reinforced concrete compressive members and
numerical and categorical variables listed in Appendix A (Table I). It should be noted that the
XGBoost algorithm is suitable for processing numerical values. For this work, categorical
independent parameters such as cross-section type of concrete (Sype), form of tie bar (Form), type
of longitudinal FRP reinforcement (liy.) and type of transverse FRP reinforcement (typ.) were
changed into new numerical independent parameters with the one hot encoding process before the
start of the training and testing processes.

The XGBoost algorithm's basic model was chosen to be decision trees. The experimental
dataset was divided into two groups at random to improve the model's capacity for generalization
and reduce frequent problems such as overfitting. The testing group (20% or 61 FRP-RC samples)
was set aside to evaluate the performance of the final XGBoost model on unobserved data,
whereas the training group (80% or 247 FRP-RC samples) was used for modeling. The XGBoost
approach is shown in Fig. 4.

A statistical evaluation was conducted to assess the performance and agreement of XGBoost
model predictions using different statistical indicators such as coefficient of determination (R?),
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root mean square error (RMSE), mean absolute error (MAE), average absolute error (AAE), and
standard deviation (SD) given by Egs. (16)-(20). Then after, the best XGBoost model was derived
by measuring statistically the goodness of fit and error values.

6.3 Discussion of research findings

The regression results for the XGBoost model are illustrated in Fig. 5 and Table 2. It can be
seen from this figure that there is a strong correlation coefficient (R?) (0.98 for training, 0.96 for
testing, and 0.98 for whole) between the calculated and experimental values. In addition, the
developed model is accurate enough to predict the axial capacity of FRP-reinforced concrete
compressive members at different eccentricity levels. The developed XGBoost model presented
the statistical indicators of RMSE = 222.52 kN, MAE = 123.97 kN, AAE =0.10, SD = 0.13 for the
training process, RMSE = 370.01 kN, MAE = 225.26 kN, AAE = 0.14, SD = 0.18 for the testing
process, and RMSE = 259.05 kN, MAE = 144.36 kN, AAE = 0.11, SD = 0.14 for the whole
datasets, as reported in Table 2.

Figs. 6(a)-6(c) compare the predicted values (Pprd) of the peak axial capacity of the FRP-RC
compressive members obtained by the optimized XGBoost model and experimental values (Peyp).
As it is presented in these figures, the relative difference between the predicted values (both from
training, testing and whole sets) and the experimental values are very small, indicating a perfect
agreement. Consequently, the prediction performance of the XGBoost model is excellent.
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Table 2 A summary of performance indicators of the XGBoost algorithm

Statistical indicators Training set Testing set All set
R? 0.98 0.96 0.98
RMSE (kN) 222.52 370.01 259.05
MAE (kN) 123.97 225.26 144.36
AAE 0.10 0.14 0.11
SD 0.13 0.18 0.14
1007 .
sioeo ] Training data oo Testing data
Pexp — Peyp

120001 | —— Ppreg o~ Poree

10000 4 ' )

Peak load P (kN)

™ | | ’ | ‘ " : 4[1. \ A A fﬁ‘ A l ll
4000+ ’ ‘1 A )‘_ 00, R | ﬁ'_/‘. \/ \ ;‘"\v; ".‘ I\
el \ 1Y Y | f u I VR 0T £ o M \ A /‘\7 N /WA
1 f}' l M, n‘- I\l .“‘,a "‘“ ! J',‘\.J’-,w'»ﬂ«“' ) J’Q\A/\f Y W VT T \ YA
0 :v) 4 o \ll ,A)ﬂ 20 fJI} “7 \lv\ :l’\ﬂ )
No of data ’ Noof data

(a) (b)

6000 7

W M 0 10 20 30 40 50 60

All data

14000
— Pegp

12001 ' — Ppeg
10000+

8000+

6000 1

Peak load P (KN)

40001 =~
bt A

20001 o "“ |
R, \

0+ . : v . y . .
0 20 40 60 80 100 120 140 160
No of data

(©)

Fig. 6 Comparison between XGBoost predicted value Pyq and experimental value Peyp: (a) training data
set, (b) testing data set, and (c) whole data set

From Fig. 7, the prediction capability of the developed model in terms of the normalized value
(PaupredyPuexp)) vs. the experimental axial capacity (P (.exp)) values can be illustrated. A +20% error band
is given in the graphic to show how the model's predictions and the experimental data differ from one
another. As a reference point, the normalized value of 1.0 denotes an ideal estimation. The data
primarily forms a tight cluster around this ideal line, indicating a close match between the experimental
results and the predictions of the XGBoost model.

7. Comparison of XGBoost and empirical models with existing models

In Table 3 and Figs. 8(a)-8(e), the performance indicators R?2, RMSE, MAE, AAE, and SD of the
models developed in this study and the previous research works (Table 1) in predicting the peak axial
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Table 3 Performance indicators of existing design formulations

Model R? RMSE (kN) MAE (kN) AAE SD
XGBoost model proposed 0.98 259.05 144.36 0.11 0.14
Empirical model proposed 0.88 635.75 405.08 0.31 0.52

ACI 440.1R-15 0.70 909.12 662.19 0.80 1.44
CSA S806-02 0.70 909.12 662.19 0.80 1.44

CSA S806-12 0.71 846.58 651.92 0.74 1.33
AS-3600 0.70 909.18 662.19 0.80 1.44

Tobbi et al. (2012) 0.61 1245.82 861.72 1.10 1.86
Tobbi et al. (2014) 0.70 909.19 662.19 0.80 1.44
Afifi et al. (2014a) 0.63 1128.73 754.62 1.00 1.74
Afifi et al. (2014b) 0.61 1145.82 861.72 1.10 1.86
Maranan et al. (2016) 0.70 974.97 677.80 0.86 1.53
Xue et al. (2018) 0.70 909.17 652.19 0.80 1.44
Mohammed et al. (2014a)  0.70 909.17 662.19 0.80 1.44
Mohammed et al. (2014b)  0.70 974.97 677.80 0.86 1.53
Samani and Attard (2012)  0.70 909.18 662.19 0.80 1.44
Khan et al. (2016) 0.70 925.94 662.47 0.83 1.48
Hadhood et al. (2017) 0.34 1380.89 960.00 1.00 1.70

capacity of FRP-reinforced concrete compressive members were compared. Table 3 and Fig. 8(a)
visualizes that the proposed models have a better correlation between the predicted and experimental
values (high R? values and very close to 1). On contrary, the other models give a low coefficient of
determination R? values, ranging from 0.34 to 0.71. These findings show that the proposed models
offer the best correlation compared to all of the other existing models. Table 3 and Figs. 8(b)-8(e)
illustrate the comparison between the error values between the proposed models and the fifteen existing
models. Form these figures, it can be noted the RMSE values of ACI 440.1R-15, CSA S806-02, CSA
S806-12, AS-3600, Tobbi et al. (2012), Tobbi et al. (2014), Afifi et al. (2014a), Afifi et al. (2014b),
Maranan et al. (2016), Xue et al. (2018), Mohammed et al. (2014a), Mohammed et al. (2014b),
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Coefficient of determination (R?) Root Mean Square Error (RMSE)
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Fig. 8 Comparison of performance indicators of developed and existing models in predicting the ultimate
axial capacity of FRP-reinforced concrete compressive members

Samani and Attard (2012), Khan et al. (2016), Hadhood et al. (2017) models are 909.12 kN, 909.12
kN, 846.58 kN, 909.18 kN, 909.19 kN, 1128.73 kN, 1145.82 kN, 974.97 kN, 909.17 kN, 909.17 kN,
974.97 kN, 909.18 kN, 925.94 kN, 1380.89 kN, respectively, whereas that of whole set of XGBoost
and empirical models are only 259.05 kN and 635.75 kN, respectively. Similar to the RMSE results, the
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proposed models have much lower MAE, AAE and SD values compared to the findings obtained from
the other expressions. According to these indicators, it can be noted that the calculated results of the
proposed models have a close agreement with the experimental results, which indicate the better
accuracy of the proposed models in the prediction of the axial capacity of FRP bars reinforced concrete
compressive members when compared to the existing expressions. Particularly, the XGBoost model
exhibited outstanding performance with a high R?value of 0.98 and minimal RMSE, MAE, AAE, and
SD wvalues of 259.05 kN, 144.36 kN, 0.11, and 0.14 respectively, indicating excellent efficiency and
accuracy compared to both the empirical model proposed and other existing models. This outcome
highlights the ability of machine learning models to estimate the axial capacity of FRP-RC
compressive members. Consequently, the XGBoost model offers a viable alternative method to
empirical models for design applications.

8. Conclusions

The present study aimed to assess the load-carrying capacity of reinforced concrete (RC)
compressive members reinforced with FRP bars at varying eccentricity levels, using both empirical
modeling and the eXtreme Gradient Boosting (XGBoost) algorithm. A comprehensive dataset
comprising 308 test results on FRP-RC compressive members subjected to concentric and eccentric
compression loads was analyzed. Utilizing this dataset, new empirical models and an XGBoost
algorithm were developed to predict the load-carrying capacity of FRP-RC compressive members.
These models are applicable to cases with eccentricity ratios (e/h) ranging from 0 to 1. Key conclusions
drawn from this investigation are as follows:

1. A statistical evaluation of 15 existing models for predicting axial load-carrying capacity
(ALCC) in FRP-reinforced concrete compressive members revealed that these models tend to
overestimate capacity compared to test results, showing conservative estimates. Additionally,
the predictions from these models displayed significant variability, with low R? values ranging
from 0.34 to 0.70 and high error rates. This discrepancy is likely due to the lack of
consideration for eccentricity effects in the existing formulas.

2. Aregression analysis was conducted to derive new, simplified equations for calculating ALCC
in FRP-RC compressive members. First, an expression specific to members under concentric
compression was developed, incorporating the impact of FRP bars' axial strain (ez,) and
stiffness (Egp). Then, a unified expression for both concentric and eccentric compression loads
(e/h from O to 1) was created, accounting for eccentricity effects.

3. The proposed empirical models demonstrated robust predictive performance over the test
dataset. The first model, designed for concentric loading, achieved R?> = 0.97, RMSE = 387.27
kN, MAE = 214.20 kN, AAE = 0.10, and SD = 0.15, indicating high precision and
consistency. The second model, suitable for both concentric and eccentric loading, showed R?
=0.88, RMSE = 635.75 kN, MAE = 405.08 kN, AAE = 0.31, and SD = 0.52, highlighting its
effective predictability across a wider range of load conditions.

4. The proposed XGBoost model exhibited exceptional predictive capability for the load-carrying
capacity of FRP-RC compressive members, achieving an R? value of 0.98 and low error values
(RMSE = 259.05 kN, MAE = 144.36 kN, AAE = 0.11, SD = 0.14). This indicates the model’s
superior precision and reliability in comparison to empirical models.

5. When compared to existing formulas, the XGBoost model consistently outperformed
empirical models in accuracy. This suggests that both the empirical and XGBoost models
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developed here offer reliable predictions for the load-carrying capacity of FRP-reinforced
concrete compressive members under both concentric and eccentric loads, making them
valuable tools for structural analysis and design applications.

Our study contributes to a more nuanced understanding of the behavior of FRP-reinforced concrete
(FRP-RC) compressive members by demonstrating the effectiveness of machine learning techniques,
specifically the XGBoost model, in predicting peak axial capacity. This predictive accuracy advances
our understanding of FRP-RC behavior under varying eccentricity levels by providing reliable and
data-driven estimates for complex structural scenarios that traditional empirical models may struggle to
capture. The findings underscore the potential for machine learning to handle nonlinear relationships
and variability in FRP-RC performance, offering insights that could lead to improved design codes and
standards for FRP-reinforced members.

In terms of practical implications, the XGBoost model offers engineers a powerful tool for
predicting axial capacity with high precision, which can be particularly useful in design scenarios
where FRP materials are employed to enhance durability and corrosion resistance. This model could
potentially streamline the design process by reducing the reliance on extensive physical testing and
simplifying parameter selection for specific loading conditions. Moreover, by providing a viable
alternative to empirical formulas, our approach has the potential to influence structural engineering
practices in areas such as high-performance infrastructure and resilient construction, where FRP-RC
systems are increasingly utilized.

Considering the limitation of the proposed models, the input parameters are acceptable within the
range provided in Table 2. Future works are recommended on proposing explainable XGBoost tree-
based prediction of axial capacity of FRP-reinforced self-compacting geopolymer concrete
compressive members.
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Table I Summary of the collected test dataset of FRP-RC compressive members

P ona H Ay f'c Prre Aprp d, Efrp frep dg Sy Py
Ref. No.  Liype type tiype Form
e/h (mm) (mm?3 (MPa) (%) (mm3 (mm) (GPa) (MPa) (mm) (mm)  (kN)
Delucactal. (20100 4 GFRP 0 s o0 37200 L¥ 10 w8 24 a2 00 erre 127 tes [0 00E
Tobbietal (2012) 5 GFRP 0 S 1400 122500 326 19 23275 812 yu 476-482 Tar GFRP 127 ties Lo S0
Afifietal. (2014)a 9 GFRP 0 C 1500 706858 429 o TS 412 159 554 93 GRRP b spirals o GO
Afifietal 2014p 9 CFRP 0 c 1s00 706858 429 5O T8 614 127 1400 1899 CFRP Dn spirals Do 2050
edn + SE 0 s e ue wo S BE ew kL g 7 eme o B A
w0 o S 0 c o omess a0 F S o L S G G0 e | mE
Prachasaree etal. (2015) 13 GFRP 0 SC 500 2rl8p0x L WS4 100 s00 735 GRRP 60 5‘;:2"’5"5 o S0
Maranan et al. (2016) 7 GFRP 0 c 12%%%' 49087.4 380 2.4 11928 6 159 626 1184 GEEEC 95 L‘gloer‘s ggo 1220%83%
Xiaochunetal. (2016) 2 BFRP 017067 S 900 144000 349 14 2016 4 80 500 1000 BFRP 60 tis 100 o0
Hales et al. (2016) 6 GFRP 0-008 C ;;330 730617 90.0 1267 1129075959 6 160 430 715 GFRP 10.0 spirals 76 3%600
Hadiand Youssef (2016) 3 GFRP 0024 S 800 441000 332 11 S071 4 127 679 1641 GFRP 95 ties 50 o0
Hadiand Youssef (2016) 6 GFRP 0024 C 800 330064 370 23 7501 6 127 500 1200 GFRP 95 spirals oo 1100
Ali et al. (2016) 7 GFRP 0 s 160 1225000 b L 189206 159 620 1184 GFRP 95 ties Lo DO
Khanetal. (2016) 3 GFRP 0024 C 812 333123 370 35 11892 6 159 560 1395 GFRP 95 hoops 60 U0
Hadietal (2017) 6 GFRP 0024 C 800 346361 850 22 7619 6 127 520 1190 GFRP 95 spirals o  >o00
Elchalakanietal. 2017) 7 GFRP 0017 S 1200 416000 327 18 7612 6 127 463 708 GFRP 63 s .o ol
Hadhoodetal (2017) 10 GFRP 0033 C 1500 73067 702 55 V5T 812 159 549 1289 GFRP 95 spials 80 o1
Hadhoodetal. 2017) 5 CFRP 0033 C 1500 730617 350 21 15927 8 159 1410 1680 CFRP 95 spirals 80 oo
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Hadhoodetal. 2017) 8 GFRP 0033 C 1500 730617 G50 22 16073 8 159 549 1289 GFRP 95 hoops 80  Soo0
Khomamianetal. (2017) 4 GFRP 003 S 500 225000 370 16 3667 6 160 412 783 GFRP 60 ties 90  owe
swetal 2017) 9 GFRP %P2 s 1000 450000 335 10 4680 6 100 602 689 GFRP 40 fies S0 (o>
Elchalakanietal 2017) 7 GFRP 0017 S 1200 416000 327 18 7612 6 127 463 708 GFRP 63 tis > o2
Hadhood et al. (2018) 25 SEE;’ 0033 C 1500 730617 35.1 2323 12?171% 8-12 1156% fjf(') 11268890’ GEEEC f257 ;po';;': 80 33336%
Hadhoodetal (2018) 40 SPRP 0033 C 1500 730617 702 22 16073 812 159 549 1289 CFAC 95 ;‘2)';"’[‘)'55 g0 290
Zhang et al. (2018) 8 GFRP 0 S 1200 122500.0 50.0 1236 1372%% 8-12 11%%' 45.0 840 GFRP f'z% ties fgo ‘;%07%%’
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Xueetal 2018) 15 GFRP 01 S gsg% 0000 5ot 9% MO0 4g 1% 300440 BF BFRP 80 ties 150 Soors
salan-Eldinetal. 2019) 4 GFRP 0206 S 2000 1600000 712 10 16000 6 190 627 1236 GFRP 100 fies 150 Loro
Salah-Eldinetal 2019) 4 BFRP 0206 S 2000 1600000 712 10 16000 6 200 637 1646 BFRP 130 ties 150 o>
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Othmanetal 2019) 15 CFRP 01 S 1500 225000 447 g oo 4 0% M0 000 crrP 60 des 0 LY
Dong et al. (2019) 12 GFRP 0-035 C 1150 36305.0 40.0 0151 13%%%' 3-6 100 59.0 930 GFRP 8.0 spirals fgb(.)(; ff?g%
El-Gamaletal. (2020) 6 GFRP 0 C 1500 415476 256 5o % 68 200 OL20 L% Grrp 100 spirals S0 10O
Elchalakani etal. (2020) 11 GFRP 0035 C 1150 363050 340 O3 29O 35 100 500 930 GFRP 80 spirals oy Sael
Abdelazimetal. (2020) 16 ore 0086 C X0 730617 466 21 16000 8 159 618 1449 GFRP 95 spirals 800 seil
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Table 1 Continued-
Khorramian etal. 2020) 9 GFRP 0.21-023 S 13%26%' 627300 484 i‘%’ 13%(10130 610 100 434 963 GFRP 110 ties 3000 fggb%
Baaetal (2020) 5 GFRP 0034 C 1750 989798 S0 12 11877 6 159 640 1558 GFRP 95 spirals 850 o0
El Mei;%'ggi etal. g BrRp  0.044 S 1100 324000 284 38 12571 4 200 459 913 BFRP 100 fties fgb% 381759%
) GFRP 10- 7508- 6- 127- 549- 1289- CIRP iralsh 60.0-  440.0-
Bakouregui et al. (2021) 24 (BDEEE 0086 C 1500 730617 520 53 o0 12 150 40 i76s BEEEC 95 S”O';‘)SS 00 37050
Afagetal.(2023) 4 GFRP 0 C 1000 49087.4 313 2247 1113861% 6 159 600 1237 GFRP 95 spirals 50.0 ﬁsfszéf‘o'
Table Il Summary of the ranges of data and test results the collected dataset.
Parameters Ag fle Prp App m dwm Epp fpp  ds Sy, Py
(mm) (mm3  (MPa) (mm3 (mm) (GPa) (MPa) (mm) (mm) (kN)
Minimum 500 12272 21 1 200 3 8 39 574 4 30 90
Maximum 3730 372100 90 5 3721 16 25 151 2000 13 305 15234
Average 1456 67539 45 2 1300 7 15 65 1176 9 92 1834
St. deviation 588.65 42889.79 15.82 0.81 687.76 229 282 305 37249 1.8 495 1766.02
Coef. of 0.41 0.64 035 041 053 033 02 047 032 021 054 097






