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The use of fiber-reinforced polymer (FRP) bars to overcome the corrosion problems in various reinforced concrete structures is now well documented in the literature. As a result, the currently available design guidelines such as North American design codes allow for using the FRP bars as alternative materials to steel bars to be incorporated into the concrete structures. In practice, hollow-core concrete columns (HCCs) are widely accepted to make a lightweight structure and reduce its cost. Due to the lack of laboratory tests, engineers may not perform a safe design of HCCs with internal FRP bars. Therefore, the presented paper has endeavored to numerically and theoretically explore using the FRP bars and spirals as internal reinforcement for HCCs and investigate the effects of several test parameters. Using the current version of Finite Element Analysis (FEA) ABAQUS (3DS, 2014), a total of 116 HCCs were simulated based on 29 specimens experimentally tested by the researchers which acted as control specimens for the FE model. The complex structural response of concrete was reasonably determined using the concrete damaged plasticity model (CDPM) and the mechanical response of the FRP rebars are considered to behave linearly up to failure with no yielding stage. The calibrated FE model can provide an excellent portrayal of the HCCs’ response. Based on the database obtained from laboratory and simulation, several Artificial Neural Network (ANN) models were further provided to predict the confined compressive load of GFRP-RC HCCs at different loading stages.
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HIGHLIGHTS

• Axial compressive behavior of GFRP-RC hollow-core concrete columns
• Evaluation of existing strength models
• Effects of key test parameters
• Artificial Neural Network (ANN) model development
1 INTRODUCTION
Reinforced concrete (RC) structures deteriorate in corrosive and aggressive environments, resulting in reduced service life and high annual repair costs. To overcome these problems, the fiber-reinforced polymer (FRP) as a noncorrosive material by nature is a promising solution to make durable RC structures (Isleem et al., 2018). In this regard, initially established design codes and guidelines are available elsewhere [i.e., (ACI, 2015; CSA S806–12, 2012; ACI, 2006)], and many studies are still nowadays introducing new tests and models regarding the compressive behavior of concrete columns with glass or carbon fiber-reinforced polymer bars (GFRP or CFRP) [i.e., (Alsayed et al., 1999; Paramanantham, 1993; Lotfy, 2010; De Luca et al., 2010; Pantelides et al., 2013; Mohamed et al., 2014; Elmessalami et al., 2019; Elchalakani et al., 2020; Afifi et al., 2013; Hadi et al., 2016; Afifi et al., 2014a; Afifi et al., 2014b; Afifi et al., 2015; Tobbi et al., 2012; Tobbi et al., 2014; Maranan et al., 2016; Hadhood et al., 2017a; Hadhood et al., 2016; Hadhood et al., 2017c; Hadhood et al., 2017b; Ahmad et al., 2021; Hadi et al., 2020; AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020)]. The compressive behavior of GFRP-reinforced solid circular concrete columns was significantly investigated in most of these studies and it was generally concluded that the compression behavior of concrete columns reinforced with glass FRP reinforcements has been similar to that with steel, but with less contribution of FRP longitudinal bars to the overall column’s strength capacity [i.e., (Paramanantham, 1993; Alsayed et al., 1999; De Luca et al., 2010; Lotfy, 2010; Afifi et al., 2013; Pantelides et al., 2013; Mohamed et al., 2014; Hadi et al., 2016; Elmessalami et al., 2019; Elchalakani et al., 2020)]. More specifically, the load-carrying capacity of the columns possessing GFRP reinforcement exhibited a reduction of about 13–16% compared with that of the steel-reinforced columns. Also, the GFRP longitudinal bars contribute to the overall load-carrying capacity of the RC columns with about 3–10%, whereas that given by the same amount of reinforcing steel bars is about 12–16%. Circular columns reinforced with GFRP helices and columns with the same amount of steel helices can provide almost similar levels of ductility and strength enhancements (Hadi et al., 2016). Moreover, the axial capacities of the carbon FRP-reinforced columns were on average 5% lower than the steel-reinforced columns, and the CFRP bars revealed about 13% of the load-carrying capacity of the columns, which is close enough to the contribution made by the steel reinforcement (16%) (Afifi et al., 2014a). Generally, it was reported that the columns reinforced with CFRP stirrups attained higher confined concrete strength than with GFRP (Tobbi et al., 2012; Tobbi et al., 2014).
Materials in the construction are a major expense, so minimizing the overall weight of the structure provides opportunities for reducing costs. In civil infrastructures including bridge piers, ground piles, and utility poles, hollow-core RC columns (HCCs) are widely used, constructed with a small amount of concrete in the columns themselves and their underlying foundations. However, the corrosion of internal steel reinforcement in hollow-core reinforced concrete columns is a major concern due to the thin wall of the columns. To overcome such problems, FRP bars have been also used in hollow-core concrete columns and their design requires careful consideration of critical factors, such as the amount of confinement, and concrete compressive strength [i.e., (Zahn et al., 1990; Mo et al., 2003; Lignola et al., 2007; Lee et al., 2015; Liang et al., 2015)]. The adequacy and application of these members depend on the cost of concrete material, strength-to-mass ratio, self-wight, and the stiffness-to-mass ratio [i.e., (Lignola et al., 2007; Kusumawardaningsih and Hadi, 2010)]. Hollow-core concrete columns reinforced with largely-spaced spirals exhibited brittle behavior, and the premature buckling of longitudinal bars leads to reduced ductility (Lignola et al., 2007). Based on experimental tests and observations, it was demonstrated by Lee et al. (2015) that when the spacing of the lateral reinforcement is reduced from 80 to 40 mm, the ductility increases by about 20% and there is limited damage in the inner concrete core. Moreover, (Mo et al. (2003) found that HCCs with concrete compressive strength increasing from 30 to 50 MPa exhibited stiffer compression resistance, but their deformation capacity was reduced by about 50% because of the faster crack propagation and concrete splitting. The deformation capacity of the columns is significantly influenced and their failure mode pattern is found to be dependent on the grade of the concrete strength.
Moreover, the aspect ratio (length to cross-sectional depth) is one of the major test aspects that affect the seismic performance of the HCCs. The mechanical response of the HCCs and its failure mode pattern also depends on the amount of internal longitudinal reinforcement [i.e., (Hoshikuma and Priestley, 2000; Paolino, 2017)]. According to the literature, several studies have investigated the mechanical behavior of steel-reinforced HCCs under different loading types [i.e., (Osada et al., 1999; Yeh et al., 2001; Yeh et al., 2002; Mo et al., 2003; Pinto et al., 2003; Pavese et al., 2004; Lee et al., 2015)]. It was confirmed that the compression behavior and its stress-strain response depend on the ratio of an inner void to the outer core diameter of the HCCs (i.o), axial-loading ratio, longitudinal reinforcement ratio, and the amount of the hoop confinement. For example, keeping the test variables constant except for the increase in the i.o ratio causes a decrease in the deformation capacity of steel-reinforced HCCs. When the peak capacity of the specimens is reached, the axial load-carrying capacity is suddenly dropped due to shear stresses developed in the HCCs [i.e., (Turmo et al., 2009; Cassese et al., 2019)]. This strength loss was more pronounced for the HCCs with higher i.o ratios [i.e., (Zahn et al., 1990; Lee et al., 2015)]. Due to buckling failure and limited axial strains developed in the steel bars, the HCCs did not exhibit a post-loading stage. Instead, the buckling of the longitudinal steel reinforcement causes cracking and crushing of the concrete material [i.e., (Kusumawardaningsih and Hadi, 2010; Hadi and Le, 2014)].
On the one hand, replacement of the steel bars and helices in the steel-reinforced hollow-core circular columns with the same amount of GFRP bars and helices achieved higher confinement effectiveness of about 15% and ductility of about 4% more (Hadi et al., 2020). AlAjarmeh et al. (2019a) have explored the potential impact of GFRP bars and spirals on the axial compression behavior of hollow-core circular RC columns. The study concentrated on assessing the influence of increasing the inner-to-outer diameter ratio from 0 to 90 mm. Based on the experimental tests, it was found that the behavior changed from a brittle manner to a pseudo-ductile manner when the i.o ratio was increased up to 0.36. The GFRP reinforced HCCs had higher deformation and confinement efficiency compared to the GFRP-reinforced solid columns and steel-reinforced HCCs. The deformation and strength capacities of the hollow-core concrete columns were 74% and 21% higher than those of the solid ones. Moreover, after spalling of the concrete cover, the failure of the HCCs with an i.o ratio of 0.16 and 0.26 was controlled by the damage of the GFRP reinforcement, while the failure of HCCs with an i.o ratio of 0.36 was mainly due to crushing of the concrete core.
Many researchers also performed finite element (FE) simulations on GFRP reinforced solid concrete columns tested under various loading types [i.e., (Chellapandian et al., 2018; Elchalakani et al., 2018; Raza et al., 2019; Isleem et al., 2021a; Raza et al., 2021)]. Raza et al. (2021) have recently performed FE analysis using the ABAQUS software (3DS, 2014) to simulate the structural performance of GFRP-RC HCCs and this model is calibrated for a wide range of material and column section properties using the same test responses. These models are found to successfully capture the structural response of FRP-RC columns accurately. The FE modeling can overcome all the deficiencies of the analytical models. Developing computational FE models that can accurately simulate the complex behavior of FRP-RC columns can also save time and cost as compared with new tests that need to be conducted (Shi et al., 2012). To simplify and speed up the FE simulation, it may be necessary to make some assumptions, but it is also essential to implement the actual environments of the experimental tests during the FE simulation. There should be a balance between the model’s complexities, types, and sizes of implemented elements to reduce the time consumed by the FE analysis and also to obtain high accuracy in the numerical findings. Strong background knowledge of the FE simulation is the most efficient tool that can help engineers to solve various problems (Matthews et al., 2000).
In addition, the power of advanced learning methods has been recently implemented in many civil engineering applications, and the properties of confined concrete are successfully estimated [i.e., (Hornik et al., 1989; Oreta and Kawashima, 2003; Hola and Schabowicz, 2005; Mansouri et al., 2016; Cascardi et al., 2017; Mansouri et al., 2017; Isleem et al., 2021b; Ghanem and Elgazzar, 2021)]. Among these studies, the ANN model that can predict the compressive strength of concrete was provided by Hola and Schabowicz (Hola and Schabowicz, 2005). This technique is also used by Oreta and Kawashima (Oreta and Kawashima, 2003) to estimate the compressive strength and strain of steel-confined circular columns. The study concluded that the ANN technique is a viable method to accurately estimate the compressive strength of concrete. It was also found that the results predicted using the ANN model are more accurate than those of other mathematical methods. Isleem et al., 2021b have recently used different ANN approaches. Their analysis considers a database of 226 FRP-confined circular and non-circular concrete specimens. Furthermore, another approach to distinguish results that exhibit a strain-softening or strain-hardening is implemented.
To date, there is still a lack of experiments and FE models on the structural behavior of GFRP-RC columns. More specifically, all the available FE and ANN models on hollow-core concrete columns have not yet, however, considered the effect of lateral spiral spacing, concrete compressive strength, ratio of inner to the outer diameter, and different types of internal reinforcement bars on the failure mode, load-strain behavior, and strength of the HCCs. The first goal of this paper is, therefore, to investigate the structural response of GFRP-reinforced concrete columns by performing finite element modeling (FEM) and comparing it with the test results. The second objective of the present work is to implement the ANN approaches using the experimental and FE results. To achieve this, a total of 29 GFRP-RC solid and hollow-core reinforced concrete columns experimentally tested in Elchalakani et al. (2020), Hadhood et al. (2017a), Hadhood et al. (2016), Hadi et al. (2020), AlAjarmeh et al. (2019a), AlAjarmeh et al. (2019b), AlAjarmeh et al. (2020) were used to build a control FE model, which can be then used for a wide range of test variables of HCCs. Due to limitations in the column tests, a full database of 116 specimens was obtained using FE simulation and all these results were then implemented in the ANN modeling process for a more generalized model which can be suitable for designing FRP-confined RC columns concerning new column parameters.
2 RESEARCH SIGNIFICANCE
The flexural design of FRP-reinforced concrete members has been well documented [i.e., (ACI, 2015; CSA S806–12, 2012)]. However, the existing design methods recommend that the contribution of the longitudinal FRP reinforcement to the axial load-carrying capacity should not be considered in the compressive zone of the flexural member. Due to uncertainty and a lack of information about the influence of variation in mechanical properties of FRP bars, the ACI design guidelines (ACI, 2015) suggested ignoring the contribution of the FRP reinforcement under compression loads. CSA S806–12 (2012) also suggested the use of the FRP bars in concrete members under compression but without considering its contribution to the column’s capacity.
The potential use of FRP materials as a primary reinforcement material in reinforced concrete columns has been significantly studied by many researchers [i.e., (Alsayed et al., 1999; Paramanantham, 1993; Lotfy, 2010; De Luca et al., 2010; Pantelides et al., 2013; Mohamed et al., 2014; Elmessalami et al., 2019; Elchalakani et al., 2020; Afifi et al., 2013; Hadi et al., 2016; Afifi et al., 2014a; Tobbi et al., 2012; Tobbi et al., 2014; Maranan et al., 2016; Hadhood et al., 2017a; Hadhood et al., 2016; Hadhood et al., 2017c; Hadhood et al., 2017b; Ahmad et al., 2021; Hadi et al., 2020; AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020)], which lead to the introduction of many theoretical models to predict their load-carrying capacities. Researchers have confirmed that ignoring the contribution of the longitudinal FRP reinforcement underestimates the overall load-carrying capacity of the specimens [i.e., (Tobbi et al., 2012; Elmessalami et al., 2019)]. In an experimental research study by Tobbi et al. (2012) on GFRP-RC circular columns, it was found that the contribution of the longitudinal FRP reinforcement to the load-carrying capacity measured in the first zone of the axial load strain response was about 35% of the maximum tensile strength. Recently, Elmessalami et al. (2019) have carefully studied and compared the test results of concrete members reinforced with different types of FRP reinforcement. Generally, it was stated that columns reinforced with FRP bars showed lower resistance than the steel-reinforced concrete columns. It was also found that the enhancement contributed by the GFRP rebars is about 3–14% at peak load and that made by the CFRP bars is about 6–19% mainly depending on the FRP reinforcement ratio. Based on the existing findings, it was also found that taking the axial strain of the FRP rebars to be equal to the peak strain of the unconfined concrete (i.e., 0.003) in the proposed strength models reveals a good correlation with the test data (Hadhood et al., 2017c).
It is, however, noted that the existing experimental and analytical investigations focused largely on solid FRP-RC columns. Also, the proposed models for the axial load carrying capacity mainly estimate the maximum value in the elastic region of the axial load-axial strain response. Compared with that, the hollow-core concrete columns reinforced with FRP bars revealed significantly different failure modes and load-strain responses [i.e., (AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020)]. Due to the reduced amount of concrete in the column themselves, the HCCs failed at a lower axial load-carrying capacity. As also reported by Hadi et al. (2016), the load-deformation response of the GFRP-reinforced concrete columns exhibited two peak loads. The first one is the maximum load-carrying capacity that is measured in the elastic zone of the response, while the second load is the failure load that considers the confinement effects by the GFRP spirals. Since the present paper considers a wider range of test parameters, it was found that the second load in most of the specimens was significantly influenced by both the amount of GFRP spirals and that of the longitudinal GFRP reinforcement. Clear comparisons regarding these effects are provided in the following discussions.
Therefore, it has been concluded by the researchers that the first peak represents the ultimate load-carrying capacity of the unconfined concrete core, while the second one represents the ultimate load-carrying capacity of the confined concrete core. The available models proposed for estimating the first load-carrying capacities are evaluated in Table 1, which provides the overall ratios of the model predictions to the experimental test results of a total of 29 specimens tested by the researchers (Elchalakani et al., 2020; Hadhood et al., 2017a; Hadhood et al., 2016; Hadi et al., 2020; AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020). Figure 1 provides detailed comparisons associated with the errors estimated using the statistical factors (AAE, MSE, SD). Generally, the design method provided in CSA S806–12 (2012) significantly underestimates the axial compressive loads of the FRP-reinforced columns. The ratio of the model predictions to the experimental results was about 0.85 at the first peak load 0.91 at the failure load. This is mainly because the contribution of the FRP reinforcement in the proposed expression is not taken into account. Another important feature of this assessment is that the estimated errors for the load-carrying capacities at failure are higher than those resulting in the first peak loads. In light of research demands, the objectives of the next sections of the present paper are to develop FE and ANN models that can accurately predict the structural response of solid and hollow-core concrete columns reinforced with longitudinal GFRP or CFRP rebars and spirals.
TABLE 1 | Summary of mathematical expressions reported by the researchers for GFRP-RC columns.
[image: Table 1][image: Figure 1]FIGURE 1 | Comparison of experimental and existing model results for the peak and ultimate axial strengths of FRP-RC specimens.
3 EXPERIMENTAL PROGRAM
3.1 Tests on Short Glass FRP-RC Hollow Core Concrete Columns
The first experimental project investigated the effect of the longitudinal reinforcement amount as a primary test variable on the failure mode and structural response of hollow-core GFRP-reinforced concrete columns. The tests in (AlAjarmeh et al., 2019b) included only six specimens with a height of 1,000 mm and a diameter of 250 mm. The specimens included sand-coated GFRP bars with diameters of 12.7, 15.9, and 19.1 mm and ratios ranging from 1.78 to 4.02%. The GFRP lateral reinforcement had the same vertical configuration (i.e., center-to-center vertical spacing = 100 mm) and the hoop reinforcement ratio of about 1.93%. The second scheme of the tests (AlAjarmeh et al., 2019a) included four hollow-core concrete specimens reinforced with longitudinal and lateral GFRP bars. The effect of varying inner hole diameter on the failure mode and structural response of hollow-core GFRP-reinforced concrete columns was investigated. All specimens were reinforced with six longitudinal GFRP bars, and the GFRP spirals were vertically spaced at 100 mm on centers along 500 mm length at the column’s mid-height, and a spacing of 50 mm was within a length of 250 mm at the top and bottom of the specimens to avoid premature failure caused by the stress concentration. Six longitudinal GFRP bars were used with an effective ratio of about 2.58% (on average) (within the acceptable range of 1–4%). The reinforcement details were similar for all specimens to investigate the size effect of the internal hole. The inner void to column cross-section diameter ratios were 0, 0.16, 0.26, 0.36. The third part of the tests (Lignola et al., 2007) has focused on the effects of the varying volumetric ratio of GFRP spirals and the compressive strength of concrete cylinders. In their tests, seven concrete columns with the same dimensions were considered to be suitable for their testing machine. All specimens were longitudinally and laterally reinforced with the same details (AlAjarmeh et al., 2019a), except the spiral spacing being 50 mm, 100, and 150 mm. The ratio of the longitudinal reinforcement was 2.79%, and the ratio of the spirals ranged from 0% to 3.84%. In the tests (AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020), the inner void to column cross-section diameter ratio was kept constant at 0.36. The specimens of their tests in Table 2 were first denoted by C followed by a number which indicates the grade of concrete (i.e., C25), then by the hoop spacing (i.e., H100), and finally the number of longitudinal bars, bar diameter, and its type (i.e., GF = GFRP, CF = CFRP). For example, specimen C25-H100-8#5-90-GF had eight #5 GFRP bars. The diameter of the inner hole equals 90 mm. The last notation refers to the inner void’s diameter. The details of the internal GFRP reinforcement and the specimens’ dimensions are shown in Figure 2.
TABLE 2 | Test database of GFRP RC columns.
[image: Table 2][image: Figure 2]FIGURE 2 | Cross-sectional and GFRP reinforcement details.
3.2 Tests on Slender Glass FRP-RC Solid-Sectioned Concrete Columns
Elchalakani et al. (Elchalakani et al., 2020) have recently investigated the effect of four variables on the behavior of GFRP reinforced members. These considered the longitudinal reinforcement type (i.e., steel, GFRP), the amount of longitudinal reinforcement, the vertical spacing of the GFRP spirals, and the loading type (i.e., concentric). In this paper, four specimens with two major variables were selected and simulated using the ABAQUS software (3DS, 2014). Information regarding the investigated parameters and tested material is provided in Table 2. The variables included the pitch of the GFRP spirals being 40 mm, 80 mm, and 120 mm, and the number of longitudinal reinforcing bars being 3 or 4. Moreover, this study focused on testing a relatively larger height-to-diameter ratio (H = 1,150 mm and D = 215 mm) equal to 21.4 compared with 16.3 (on average) as tested by other researchers. The details of column cross-section and GFRP confinement are provided in Figure 2 and the slender geometry of the tested members is depicted in Figure 3.
[image: Figure 3]FIGURE 3 | FE modeling of HCCs showing the assembly part (A), longitudinal FRP bars and spirals (B), the applied loads (C), and element meshing (D). To be able to describe relationships between the elements of the structures, a three-dimensional coordinate axis system is also provided.
3.3 Tests on Short Glass FRP-RC Solid-Sectioned Concrete Columns
Tests by Hadi et al. (Hadi et al., 2016; Hadi et al., 2020) included two experimental schemes to study the mechanical performance of GFRP-reinforced solid and hollow-core concrete columns. The first program (Hadi et al., 2016) included solid-sectioned specimens which were 205 mm in diameter and 800 mm in height and tested under different loading conditions (i.e., concentric, eccentric). The slenderness ratio of the tested columns is about 16, which is within the limit of short concrete columns. The major variables of these tests were the type of the longitudinal bars and helices (steel, GFRP), the pitch of the transverse reinforcement, and the eccentric loading ratio. In the present paper, only the concentrically loaded specimens were selected and simulated (Refer to Table 2). The experimental program (Hadi et al., 2020) focused on the same experimental variables for hollow-core circular concrete columns reinforced with GFRP bars and helices. The slenderness ratio of the tested columns is almost the same as in the previous test program (214 mm in diameter and 850 mm in height). In the concentrically loaded tests (Hadi et al., 2016; Hadi et al., 2020), the major variable was the pitch of the GFRP spirals to be 30 mm, 60 mm, and 90 mm. Figure 2 provides the details of column cross-section and GFRP confinement and Figure 3 depicts the short-scale geometry of the tests. Because the dimensions of these specimens were chosen to be suitable to the capacity and condition of the testing machine in the laboratory, the test matrix of these specimens is, therefore, expanded in the FE modeling to consider a wide range of variables (i.e., varying ratio) while keeping one or two parameters to be constant.
3.4 Tests on Slender Carbon FRP-RC Solid-Sectioned Concrete Columns
Tests included two experimental programs conducted on full-scale GFRP and CFRP-reinforced solid concrete columns under different loading types. All specimens are with a height of 1,500 mm and a diameter of 305 mm and the slenderness ratio of the columns is about 19.7, which is within the limit of short concrete columns. The specimens of the test program (Hadhood et al., 2017a) were reinforced with internal GFRP bars and spirals, whereas those in Hadhood et al. (2016) were reinforced either with steel or CFRP bars and spirals. Among all the tests compiled in this paper, only those from Hadhood et al. (2017a) were constructed with high-strength concrete (Refer to Table 2). The major variables in these two tests were the amount of longitudinal reinforcement and the loading eccentricity. Since the present paper focused on the concentric loading type, only those specimens which were tested under pure compression loading were selected. Figure 2 shows the details of column geometry and GFRP reinforcement.
3.5 Tests With the Help of ABAQUS Software (3DS, 2014)
The Finite Element (FE) simulations consist of 116 specimens with varying dimensions and materials properties and configurations. The designed specimens are composed of a wide range of test variables (i.e., height of the specimens, amount of GFRP or CFRP confinement or reinforcement). For example, due to the limited size of PVC pipes in the market, AlAjarmeh et al. (2019b) reported the effect of limited values of the ratio on the compression performance of GFRP-RC HCCs, while all the tested columns were with the same material and configuration and amount of the bars and spirals (i.e., the pitch of the GFRP spirals for all specimens = 100 mm). Therefore, the present work expanded the range of investigated i.o ratios being between 0 and 0.48 (i.e., C31.8-H100-6#5-00-GF, C31.8-H100-6#5-65-GF, C31.8-H100-6#5-90-GF, C31.8-H100-6#5-120-GF). For a comprehensive development of a numerical model, columns with larger column height, amount of longitudinal reinforcement, and largely spaced GFRP or CFRP spirals were considered (i.e., C31.8-H200-6#5-00, C31.8-H100-12#5-40, C31.8-H50-6#5-65-GF), i.e, Table 2. Figure 2 shows the details of the tested geometry and FRP reinforcing bars.
4 FINITE ELEMENT MODELING
4.1 General
This subsection provides essential details considered to numerically simulate the behavior of GFRP-RC columns using the commercial ABAQUS software (3DS, 2014). The present FE model takes into account the initial stiffness of concrete, crack propagation behavior, peak and ultimate loads, post-cracking stiffness, and different failure mechanisms of the tested columns. The complex nature of reinforced concrete in terms of elastic and plastic behaviors was successfully defined using the Damage Plasticity Model (CDPM), and the internal longitudinal and lateral GFRP bars were considered as linear elastic material up to the failure strength. To validate the proposed FE model, the experimental results of a total of 29 columns from Elchalakani et al. (2020), Hadhood et al. (2017a), Hadhood et al. (2016), Hadi et al. (2020), AlAjarmeh et al. (2019a), AlAjarmeh et al. (2019b), AlAjarmeh et al. (2020) were used to check the numerical results of first peak load, second peak load, ductility of confined concrete, the strain developed in the longitudinal and lateral reinforcement, and the testing failure mode. The key results of the specimens tested by the researchers and those obtained from the ABAQUS simulations are listed in Table 2, whereas Figure 2 shows the cross-section and reinforcement details of the test specimens.
The homogenous 3-dimensional solid stress element (C3D8R) commonly used for the concrete column and the steel endplates was assigned in the present model. The internal glass-fiber-reinforced bars were modeled as a 3-dimensional deformable wire which was assigned with the element T3D2. The top and bottom surfaces of the simulated columns were fixed from moving and only allowed to translate in the vertical direction at the top surface (θx, θy, θz = 0; Ux and Uy = 0, Uz ≠ 0). The bond between the concrete and the embedded GFRP bars is commonly defined by the ‘“embedded region” constraint, which connects the compatible degrees of freedom (DOF) of the T3D2 truss element assigned for the GFRP bars to the required DOF of the C3D8R concrete element (Raza et al., 2019). All columns were tested in the ABAQUS software using the displacement control method by applying a vertical displacement of 50 mm at the top of the columns, which was uniformly distributed over the top surface of the column. The thickness of the steel endplates was 50 mm, and this meets the environmental condition of the experimental tests. To successfully transfer the loads from the steel endplates to the concrete column, the “tie” constraint was used to connect the plates with the top and bottom ends of each tested specimen. To well perform this step, the steel plate’s bottom surface was considered the master surface and the column’s top surface was the slave surface. Likewise, the top surface of the bottom plate was the master surface and the bottom surface of the tested specimen was the slave surface. The structural geometry and general background of the GFRP RC columns, such as applied loading conditions, the interaction of internal reinforcement, and meshing properties are depicted in Figure 3. Other key details of assigned elements and FE simulation parameters are as follows: the mesh size of 25 mm for all column parts including concrete section, longitudinal, and lateral GFRP bars provided good performance; the initial, minimum, and maximum step sizes were 0.005, 1E-08, and 0.01, respectively; the concrete and steel end plate element type was Standard C3D8R/Geometric Order: Linear/Family: 3D Stress; the GFRP re-bars and spiral element type was Standard T3D2/Geometric Order: Linear/Family: Truss; the Interaction constraint of FRP reinforcement to concrete was performed using the embedded Region; the Step-1 type was Static, general; the equation solver was direct; the automatic stabilization was “Use damping factors from previous general steps”; the Nlgeom (Accounting for Nonlinearity) was “OFF”.
4.2 Material Simulations
4.2.1 Concrete
Concrete is a composite material and it is a challenging task to be well defined in the FE simulation. The elastic behavior of concrete was defined by the elastic modulus and Poisson’s ratio parameters. The elastic modulus was determined using Eq. 1 (ACI 363, 1984) and the Poisson’s ratio was assumed to be 0.2 (Hassan et al., 2019). The density of normal-weight concrete was taken as 2,400 kg/m3. For the plastic condition of the concrete, there are various models in ABAQUS software, such as the brittle crack model (BCM), Drucker-Prager model (DPM), the smeared cracking model (SCM), and the damaged plastic model (CDPM). In the current study, the CDPM was used for modeling the plastic behavior of concrete. Many studies confirm the ability of this model to accurately model the complex nature of concrete. It has been widely considered in many existing non-linear simulations (Prakash et al., 2010; Youssf et al., 2014; Alfarah et al., 2017). The elastic characteristics of concrete under compression and tension loading, the inelastic behavior, and the damaging criteria of concrete are all considered in the CDPM.
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where, fc′ (MPa) = the 28-days compressive strength of concrete cylinders.
The inelastic response of concrete was defined by the expressions provided in the ABAQUS user manual 6.14 (3DS, 2014), which considers five essential parameters for the CDP model. These parameters are the ratio of biaxial to uniaxial stresses ([image: image]), the viscosity parameter ([image: image]), the shape factor of the yielding surface ([image: image]), the plastic potential eccentricity ([image: image]), and the dilation angle ([image: image]). All these parameters were calibrated with the experimental data of the GFRP-reinforced columns to obtain the best results. The compression stress of concrete (σc, MPa) was calculated by Eq. 2 (Papanikolaou and Kappos, 2007). Only one modification is incorporated in this expression to account for the effect of confinement of the concrete strain measurements, which was quantified using Eqs (4, 5) as suggested by Zeng et al. (Zeng, 2016). In the present FE simulation, the elastic response of the unconfined or confined concrete starts from a stress value equals to 45% and ends at a stress value of 50% of the maximum compressive strength of the concrete cylinders. As depicted in Figure 4A, this is clarified by presenting the response of a specimen selected from Table 2.
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where, fc’’ (MPa) is herein considered to be 80% of the concrete cylinder strength to consider the size effects of full-scale tests, fc’; ɛc1 (mm/mm) = the strain of the unconfined concrete at the first peak load; likewise, ɛcc1 (mm/mm) = the strain of the GFRP-confined concrete at the first peak load. Eq. 3 (Majewski, 2003) for the axial compressive strain of unconfined concrete and Eq. 4 (Zeng, 2016) for the peak strain of confined concrete were used in the present work to simulate the behavior of columns confined with internal GFRP bars. Moreover, Eq. 6 (Majewski, 2003) was used to determine the ultimate strain of the unconfined concrete.
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where, Ie = a non- dimensionless factor to account for the confinement effect; ρv = the volumetric ratio of the lateral GFRP bars.
[image: Figure 4]FIGURE 4 | Modeling the response of GFRP-confined concrete: (A) Tests under compression loading; (B) Tests under tension loading.
The damage parameters of concrete under compression and tensile loads were determined using Eqs (7, 8), respectively. For a selected specimen, the variation of dc and dt parameters concerning the plastic strain values are drawn in Figures 5A,B, respectively.
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where, ft (MPa) is the maximum strength of concrete under tension and is determined by Eq. 9, which is suggested in the current study using the test results from (International Code Council, 2015).
[image: image]
[image: Figure 5]FIGURE 5 | The inelastic strain of confined specimen C35-H100-L8#5-90-CF versus the damage parameter; (A) for the concrete under compression; (B) for the concrete under tension.
The cracking strain ɛcr (mm/mm) that corresponds to ft was determined as [image: image]. The strain of the concrete in the plastic zone is determined using Eq. 10 for the case of compression loading and Eq. 11 for the case of tension loading.
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where, ɛocel (mm/mm) = the strain of compressive concrete in the elastic zone, which is determined as [image: image]; ɛotel (mm/mm) = the elastic strain of tensioned concrete, which is determined as [image: image]. The tensile behavior of concrete as depicted in Figure 4B is defined using Eq. 12 (Aslani and Jowkarmeimandi, 2012).
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4.2.2 GFRP Bars
3D deformable wires were considered to define the reinforcement elements. Their mechanical properties from their original tests are given in Table 2. The GFRP bars were simulated as a linear anisotropic elastic behavior, which was defined by the density (2.1 × 10-9 ton/mm3), the modulus of elasticity, the contribution of the longitudinal GFRP bars in compression, and the Poisson’s ratio (0.25) [i.e., (Chellapandian et al., 2018; Elchalakani et al., 2018; Raza et al., 2019; Isleem et al., 2021a; Raza et al., 2021)]. The contribution of the different types of longitudinal bars in compression was, in this paper, considered to be 35.5% for both GFRP and CFRP bars (on average) of the ultimate tensile strength measured for a straight bar. Finally, the contact between the reinforcement in lateral and vertical directions and the concrete surrounding the bars was modeled by the “embedded region” constraint.
4.2.3 Steel End Plates
A 3D deformable steel material was used for the endplates of all specimens. The “tie” constraint as a boundary condition for the end plates is used. A linear elastic behavior for the steel material was assumed, which was defined by the density (7.8 × 10-9 ton/mm3), the modulus of elasticity (Es = 200 × 103 MPa without any yield limit), and the Poisson’s ratio of 0.30.
5 DISCUSSIONS OF EXPERIMENTAL AND MODEL RESULTS
5.1 Load-Strain Behavior
In the previous discussions, it was shown that the comparisons between the predictions given by the proposed FE model and the test results portrayed lower percentages of errors for all the tested specimens compared with the previous models (Elchalakani et al., 2020; Hadhood et al., 2017a; Hadhood et al., 2016; Hadi et al., 2020; AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020). In the present subsection, the axial-load-strain curves obtained from laboratory testing and FE simulation for specimens selected from AlAjarmeh et al. (2019b), AlAjarmeh et al. (2020) are shown in Figure 6. The specimens were selected for additional reasons, namely 1) none of the other references provided the full details of the test results (i.e., load-strain response), they possess varying volumetric ratios of GFRP spirals, 2) they have a different compressive strength of unconfined concrete, and 3) they have varying amount of longitudinal reinforcement. The evaluation of other test variables can be understood by other discussions in the present paper. Generally, it is seen that the proposed FE model predicted the first region of the load-strain response, first peak load, second peak load, and the post-loading stage in a good manner and can be generalized for simulating specimens with different test parameters.
[image: Figure 6]FIGURE 6 | Comparison between selected test responses and FE results of GFRP-RC specimens (AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020).
5.2 Effects of Test Parameters
The linear and nonlinear trends between all variables considered in the analysis are visualized in Figures 7A, B respectively using the Pearson and Spearman correlation methods. It is generally seen from the results that the two variables Ac and i.o have no significant impact on the experimentally resulted LR ratio (the ratio of the second ultimate load to the load at the first peak condition) as denoted by the white-colored index. The other test variables [image: image], [image: image] and fc’ reveal different impacts on the LR ratio. Moreover, the variables fc’, Ac, Rh, Pn1, and Pn2 are found to be positively correlated in a non-linear way with a very slight difference in the degree of non-linearity between the Rh and the Pn1 and Pn2. Linearly, the i.o and the Pn1 and Pn2 are negatively correlated, while the Rv and the Pn1 and Pn2 are positively correlated.
[image: Figure 7]FIGURE 7 | Correlation coefficients for the key test variables. (A) Pearson method. (B) Spearman method.
Although the results of Figure 7 declare insignificant effects for the i.o ratio on the trend of the second zone of the load-strain response (i.e., the correlation coefficient is 0.02 in Figure 7A), it is reported by AlAjarmeh et al. (2019a) that the complexity of its effect is closely associated with the amount of the longitudinal and GFRP spirals. A stress index was provided for the confined concrete and the lateral GFRP spirals independently (AlAjarmeh et al., 2019a). It can be seen from Figure 8A that when the stress index of the lateral GFRP spirals is higher than that of the confined concrete, the damage starts in the GFRP spiral first followed by the crushing of the concrete core as for the case of columns with i.o ratios of 0.16 and 0.26 (i.e., C31.8-H100-L6#5-40-GF and C31.8-H100-L6#5-65-GF in Table 2, respectively). On the other hand, when the concrete stress index of the column with i.o ratios of 0.36 is higher than that of the GFRP spirals, the concrete core fails before the rupture of longitudinal bars and without fracturing of spirals. The i.o of 0.36 (i.e., C31.8-H100-L6#5-90-GF in Table 2) is, as a result, considered to be an important design threshold, as it results in a ductile failure. It is to be noted that Figure 8A was drawn by AlAjarmeh et al. (2019a) based on very limited tests, in which the amount of longitudinal and GFRP spirals was constant. The present paper aims at exploring the effects of a wide range of test parameters. Figure 8B presents the results of nine groups of experimental and FEM tests, among them one group namely C31.8-H100-6#5-GF was tested by AlAjarmeh et al. (2019a), and their results are provided in Figure 8A. These groups consider the effects of all the parameters investigated in the present paper. It can be seen from Figure 8B that the whole trend can be divided into four segments which are varied at different i.o ratios that are within the range of 0.1-0.26. For example, the trends of C35-80-L6#5-CF and C35-100-L6#5-CF showed a continuous flat response with an insignificant decrease in the slop, whereas the slop of the trend of C35-80-L6#5-CF is increasing up to a ratio i.o of about 0.1 and after that, the slope is decreased but with slight improvement comparing with those of C35-80-L6#5-CF and C35-100-L6#5-CF. A close inspection of specimens C21.2-H100-L6#5-GF and C21.2-H100-L12#5-GF reveals that the first slope of the first segment is increasing up to an i.o ratio of about 0.16, while the second trend for the two specimens is flat or slightly decreased up to a threshold i.o of about 0.26. The last trend is finally increased. That means that when the damage starts in the concrete first for the i.o range of 0.16-0.26 the longitudinal bars are still activated to resist the loads as this indicated by the slightly improved trend after the i.o = 0.26. Typical features can be also noticed for specimens C31.8-H200-L6#5-GF and C31.8-H200-L12#5-GF, where both of them are increasing up to a threshold of about 0.16, the concrete starts failing as revealed by the decreasing trend up to 0.26, and finally, that possessed a larger amount of reinforcement exhibited an improved trend compared with a flat one for the specimens with a lower amount of longitudinal reinforcement. For columns with lower compressive strength, the additional vertical reinforcement resulted in a more ductile type, and the effect is significant when the spacing of the GFRP spirals is reduced, i.e., C21.2-H100-L12#5-GF, which possess an almost a flat response in the first third regions up to an i.o ratio of 0.26 and finally resulted in a slightly improved trend. In conclusion, the present discussion confirms that it is complex to draw an optimum i.o ratio as the response of the columns is significantly affected by the amount of GFRP reinforcement and the concrete compressive strength.
[image: Figure 8]FIGURE 8 | The effect of increasing the i.o ratio on the experimental strength results for columns with varying concrete compressive strength and ratio of longitudinal and lateral reinforcement. (A) Test results from (AlAjarmeh et al., 2019a); (B) Results of Current simulated columns with different variations of test variables.
Figure 9 presents the results of 16 groups of specimens, in which four relative groups are provided in each part of the figure. For a comprehensive comparison, Figures 9A, B contain results with fc’ = 31.8 MPa, whereas those in Figures 9C, D contain results with fc’ = 21.2 MPa. All these results clearly show that reducing the spiral spacing from 200 to 100 mm provides less enhancement in the load-carrying capacities compared with the case of increasing the longitudinal reinforcement amount from 6#5 to 12#5. Figure 10 provides the load-strain results from the FE simulation considering the effects of the investigated variables. As seen, the second trend of the load-strain response becomes more significant with increasing the amount of the longitudinal reinforcement (Figures 10B, D) as compared with less improvement resulting due to the effects of the variation in the fc’ and the hoop confinement (Figures 10A, C), in which the trend is descending or flat response. The more significant effect due to varying the i.o ratio as compared with the variation in the fc’ is shown in Figures 10E, F, in which, for the specimens with fc’ of 21.2 MPa, reducing the i.o ratio from 0.16 to 0 improved both the loads at peak and ultimate conditions, and the extent of the second zone becomes larger compared with that of the specimens with fc’ of 31.8 MPa. However, the responses of the two specimens (i.e., C21.2-H200-6#5-00-GF and C21.2-H200-6#5-90-GF) remain flat, indicating that varying the i.o ratio has no impact on the experimentally resulted from LR ratio.
[image: Figure 9]FIGURE 9 | Effect of the amount of confinement and longitudinal reinforcement on the load-carrying capacities for columns with different compressive concrete strengths. (A, B) GFRP-RC HCCs with concrete strength of 31.8 MPa; (C, D) GFRP-RC HCCs with concrete strength of 21.2 MPa.
[image: Figure 10]FIGURE 10 | Test parameters effects on load-strain response. (A, C) GFRP-RC HCCs with different hoop reinforcement ratios and concrete strengths; (B, D) GFRP-RC HCCs with different longitudinal reinforcement ratios and concrete strengths; (E, F) GFRP-RC columns with different inner-to-outer diameter ratios and concrete strengths.
Figure 11 presents comparisons between the test results (AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020) and those obtained using the FE simulation. Concerning the ultimate tensile strain of the GFRP bars, Table 3 presents the experimental and numerical ratios of strains Xb, pn1 and Xb, pn2 measured in the GFRP longitudinal bars, respectively, at the first and second peak loads and those for the GFRP spirals Xs, pn1 and Xs, pn2. Generally, the comparisons show that the averaged results from both the experimental and numerical tests at the second peak loads are closely matched. Although there is a limited discrepancy existed between the numerical and tested strains in the longitudinal bars from AlAjarmeh et al. (2019a), AlAjarmeh et al. (2019b), AlAjarmeh et al. (2020), the numerical results agree well with the conclusions drawn by Elmessalami et al. (2019), in which the strain in the FRP bars, at the first peak loads, was considered to be within the range of 0.002 and 0.0035. The results of Table 3 revealed that the experimental and numerical strain ratios of the GFRP spirals corresponding to the first peak loads (Xs, pn1) are 6.25 and 8.13%, respectively. This result (7.19% on average) agrees well with the study by Tobbi et al. (2012), in which At the first peak load level, the strain in the hoop reinforcement was equal to 0.001, which is equal to 6.89% of the ultimate tensile strain of GFRP (ɛFRP = 0.0145). At the second peak load level, the experimental and numerical strain ratios of the longitudinal reinforcement were 52.3%, which is within the range reported in AlAjarmeh et al. (2020) (50.2–64.5%). In conclusion, the FE simulation and its associated data provide an accurate representation of the experimental tests.
[image: Figure 11]FIGURE 11 | Comparison of FE strain results of longitudinal bars at first and second peak loads with the experimental data from AlAjarmeh et al. (2019a), AlAjarmeh et al. (2019b), AlAjarmeh et al. (2020).
TABLE 3 | Experimental and FEM strain results of longitudinal and spiral reinforcement bars.
[image: Table 3]6 MACHINE LEARNING MODELS
6.1 Models Using the “lm” Function
As a preliminary prediction model, it was assumed that there exist linear relationships between the response variables (Pn1 and Pn2) and the explanatory variables (Ac, fc’, i.o, Rv, and Rh). This assumption is similar to that of the existing models. As a result, the “lm” command using the R Language Programming was used. The test database was, one at a time, divided randomly into training (75%) and test (25%). Figure 12 presents comparisons between the test results (Table 2) and those obtained from the proposed linear Eqs 13, 14. The comparisons reveal good accuracy for both the training and testing data, and the correlation coefficient R2 was 99.01% for the first peak load and 97.41% for the second peak load. However, the first part of the model (i.e., Eq. 13) reveals a positive correlation between the i.o and Pn1, which contradicts the test findings and the results of Figure 7 as well. It seems that the effects of the test variables are not well quantified. For accurate modeling, more advanced methods are, therefore, provided in the following discussions.
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[image: Figure 12]FIGURE 12 | Proposed linear model via the tested Pn1 and Pn2.
6.2 Neural Networks
6.2.1 General
The present analysis aims at examining the potential application of the Artificial Neural Network (ANN) in predicting the test results in a more generalized manner compared with the techniques that often suggest proposing forms of mathematical formulas that may be suitable only for the data often used in the model development as discussed in (Isleem et al., 2021b). Since the compressive behavior of FRP-confined concrete is controlled by several test variables with nonlinear or with unknown interrelationships and the test data are noisy, the ANN technique is widely acceptable to solve various problems, and it can be used for classification and data modeling. The application of the ANN in predicting the confined concrete was used before for columns internally reinforced with steel bars and externally wrapped with FRP (i.e., (Mansouri et al., 2016; Cascardi et al., 2017; Mansouri et al., 2017; Isleem et al., 2021b; Ghanem and Elgazzar, 2021)). The present analysis employed the ANN algorithms to predict the key findings of the GFRP and CFRP reinforced concrete columns as summarized in Table 2.
6.2.2 Using the “Nnet” Algorithm
For all specimens experimentally and numerically tested, 144 in total, an ANN predictive model was first structured, then trained over several parameters, and finally checked using the R Language Programming. The test database was, one at a time, divided randomly into training (75%) and test (25%). To build a network that can be generalized for unseen data, the network was trained by selecting suitable parameters from a hyper search using the “caret” package. The trained “nnet” algorithm consists of five input variables, one output, and the size of the hidden layer was varied from 0 to 10, which is assumed to be close to the sum of the input and output variables. It is to be noted that due to the unavailability of a multi-objective algorithm to predict several output variables, the present model was trained three times for each response variable independently. The input variables investigated in previous discussions were Ac, fc’, i.o, Rv, and Rh. The responses that correspond to Pn1 and Pn2 were independently trained and predicted. For accurate modeling, all the data of the input layer are first scaled to be within the range of 0 and 1 using the maximum and minimum values of each input variable provided in Table 4. The relationship between the actual inputs (denoted by xi) and the actual normalized inputs (denoted by xN, i) is presented in Eq. 13.
[image: image]
where, xN, i = the ith normalized value in the dataset; xi = the ith value in the input dataset; min(x) = the minimum value in the input dataset; max(x) = the maximum value in the input dataset.
TABLE 4 | Summary of data used to develop the ANN model.
[image: Table 4]Using R Langauge Programming, Figures 13A, B by the “nnet” algorithm show the network structure respectively for the Pn1 and Pn2. The models revealed a small learning rate (decay = 10-4). For the training stage, the N5-6-1 structure with five input variables, six hidden nodes, and one output node (Pn1) revealed the best performance, whereas acceptable results for the output Pn2 were given by the N6-1-1 model, in which the Pn1 variable was considered as the sixth input. The final results of the weights and biases of the N5-6-1 and N6-1-1 models are provided in Tables 5, 6, respectively. The relative importance of each input variable is provided in Table 7, which reveals that all the major input variables (Ac, fc’, i.o, Rv, and Rh) are considered during the training process and revealed an impact on the network results. The relative importance scores of the input parameters to the first output are denoted in the figures by different widths and colors of the network connections. The relative importance rankings agree well with the correlation results as before provided (refer to Figure 7). In particular, over the first peak load, the three important variables that control the shape of the axial load-strain response are Rh (20.6%), fc’ (15.4%), and Rv (14.8%). Due to their significance, several models have been provided for predicting the response of FRP-confined concrete [i.e., (Isleem et al., 2021b)].
[image: Figure 13]FIGURE 13 | Proposed ANN networks: (A) for the first peak load (Pn1); (B) the first peak load (Pn2).
TABLE 5 | Connection weights and biases of hidden and output layers of the N5-6-1 model.
[image: Table 5]TABLE 6 | Connection weights and biases of hidden and output layers of the N6-1-1 model.
[image: Table 6]TABLE 7 | Relative importance measurements for the input parameters.
[image: Table 7]6.2.3 Using “Trainlm” Algorithm in MATLAB
Using MATLAB R2020b software (MATLAB, 2012), the ANN toolbox (Beale et al., 2015) was used to develop and train a network for the output variables (y1 = Pn1 and y2 = Pn2). The number of input data used for training, validating, and testing the model was 144 in total. The input variables were the same as used in the previous subsection. The training, validating, and testing data were 70%, 15%, and 15% of the total number, respectively. Using one layer of hidden nodes similar to the one in the previous subsection, a range of parameters (i.e., learning rate, number of hidden neurons) was first assumed and then adjusted as long as the MSE result is reduced. The optimum parameters were finally found by this training approach which employed the Levenberg-Marquardt (Trainlm) training function. It is to be noted that the input and output data was, by default, scaled to be between 1 and -1. The model performance was measured using the MSE (see Figure 14), and both the hidden and output layers had Pureline transfer functions. By taking the logarithm of the input and output data (Eqs 16, 17), the model reveals an improved accuracy (see Figure 15). Finally, Eqs 18–24 are finally obtained.
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where, y (Eqs 17, 18) is the true prediction; for scaling x and y data, the minimum and maximum values are needed (Table 4); w1 (Eq. 21) = the weight matrix between the layer of input variables and the first hidden layer, w2 (Eq. 22) = the weight matrix between the first hidden layer and the next layer (i.e., output layer); b1 (Eq. 23) = the bias matrix of the hidden layer, b2 (Eq. 24) = the bias matrix of the following layer (i.e., hidden or output layer).
[image: Figure 14]FIGURE 14 | ANN training performance (MATLAB-based model).
[image: Figure 15]FIGURE 15 | Performance of the Trainlim function in predicting the columns’ results.
6.2.4. Evaluation of Proposed Neural Network Models
As respectively shown in Figure 16, the accuracy of the proposed ANN models is verified using the test and numerical data. It is seen in Figures 16A, B that the ANN model developed for predicting the Pn1 reveals similar accuracy for both the training and testing data. In addition, the mean square errors (MSE) provided by the ANN model are much lower than those provided by a simple linear algorithm, in which for the unseen data the MSE increases by 31.6% compared with that of the training data. On average for both the Pn2 training and testing data, the MSE value obtained from the N6-1-1 model was 24.0% less than that of Eq. 14 (see Figures 12, 16B). Moreover, the MSE obtained using the “Trainlm” function was, on average, 0.8% (see Figures 16C,D), which is slightly larger than that obtained using the “nnet” algorithm. The discrepancy in the performance measurements may be attributed to the different approaches used in the analysis; for example, the “Trainlm” function considers the first and second peak axial loads in a unique analysis, whereas the two predictors were independently simulated using the “nnet” algorithm. Overall, the comparison of the ANN results with the experimentally and numerically obtained data shows that the estimated errors are significantly lower than those obtained previously by the existing models (Elchalakani et al., 2020; Hadhood et al., 2017a; Hadhood et al., 2016; Hadi et al., 2020; AlAjarmeh et al., 2019a; AlAjarmeh et al., 2019b; AlAjarmeh et al., 2020) (see Figure 1).
[image: Figure 16]FIGURE 16 | Proposed neural network model via the test results: (A,B) Using the “nnet” algorithm; (C,D) Using the “Trainlm” algorithm.
CONCLUSIONS
The mechanical behavior of GFRP internally reinforced hollow-core concrete columns was investigated in this paper using both the finite element (FE) and artificial neural network (ANN) techniques. The major findings of the present FE and ANN modeling are provided as follows:
During the FE calibration, the dilation angle value of 30° and concrete’s viscosity parameter equals 1 × 10-5 are found to have the best performance together with the use of the concrete damage plasticity model (CDPM). In addition, choosing the C3D8R element for concrete and column endplates and T3D2R element for the internal GFRP reinforcing bars with a meshing size of 20 mm for all the model parts revealed acceptable accuracy in simulating the structural response and compressive behavior of hollow-core concrete columns reinforced with internal GFRP reinforcement. The comparison of the numerical results predicted by the proposed FE model and the experimental data available for 29 specimens revealed higher accuracy compared with the existing models. Generally, the correlation coefficient R2 was 99.5% for the first peak load and 97.8% for the second peak load. The crack patterns in the elastic and post-peak stages were simulated and compared in terms of column parameter effects. The crack patterns and failure modes numerically and experimentally obtained were found to be in good agreement. The FE simulation considered different types of column variables, which were carefully investigated and compared with existing findings.
To predict the key experimental results of GFRP-RC columns, Artificial Neural Network (ANN) algorithms are used. The effects of test parameters include the ratio of longitudinal reinforcement, the ratio of GFRP spirals, compressive strength of concrete cylinder, and the ratio of inner-void diameter to gross cross-section diameter. Comparisons of the results given by the suggested ANN models with the test results and effects of various test parameters showed good agreement. They revealed better performance with very limited errors as compared with significant errors by the existing mathematical models. For all 144 experimentally tested and numerically simulated specimens, the correlation coefficient R2 obtained using the ANN was 99.8% for the first peak load and 97.8% for the second peak load. Finally, the relative importance of each test variable has been carefully determined.
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GLOSSARY
[image: image] the cross-sectional area of concrete (without accounting for the longitudinal FRP reinforcement) (Ag - AFRP) (mm2);
[image: image] cross-sectional area of concrete column (mm2);
[image: image] the cross-sectional area of vertical FRP reinforcement (mm2);
[image: image] the cross-sectional area of a single FRP spiral (mm2);
[image: image] FRP spiral’s diameter (mm);
[image: image] diameter of the inner hole (mm);
[image: image] concrete core diameter to the center line of FRP spiral (mm);
[image: image] diameter of a full concrete core section (mm);
[image: image] modulus of elasticity of the FRP bars (MPa);
[image: image] strength of unconfined concrete cylinder under compression (MPa);
[image: image] strength of confined concrete cylinder under compression (MPa);
[image: image] strength of unconfined concrete cylinders with size effects (MPa);
[image: image] hoop confinement strength (MPa);
[image: image] effective hoop confinement strength (MPa);
[image: image] tensile strength of FRP rebars at failure (MPa);
[image: image] the tensile strain of FRP rebars at failure (mm/mm);
[image: image] confinement effectiveness coefficient;
[image: image] peak load in the first zone of the load-strain response (KN);
[image: image] peak load in the first zone of the load-strain response (KN);
[image: image] center-to-center spiral spacing in the vertical direction (mm);
[image: image] clear spacing between two adjacent spirals (mm);
[image: image] factor to consider the effect of the variation in the cylinder’s compressive strength;
[image: image] longitudinal reinforcement ratio considering the effective concrete core area;
[image: image] dilation angle of concrete;
[image: image] the shape factor of yielding surface;
[image: image] modulus of elasticity of concrete (MPa);
[image: image] stress developed in concrete under axial compression (MPa);
[image: image] the inelastic compressive strain of concrete (mm/mm);
[image: image] the plastic strain of compressive concrete (mm/mm);
[image: image] maximum stress developed in concrete under tension (MPa);
[image: image] damage parameter of concrete under compression;
[image: image] damage parameter of concrete under tension;
[image: image] unconfined concrete’s strain in the first zone of the stress-strain response (mm/mm);
[image: image] confined concrete’s strain in the first zone of the stress-strain response (mm/mm);
[image: image] axial strain of concrete (mm/mm);
[image: image] elastic strain of unconfined concrete (mm/mm);
[image: image] cracking strain of unconfined concrete (mm/mm);
[image: image] the ratio of FRP reinforcement in a lateral direction;
[image: image] the ratio of the inner void to gross section diameter (mm/mm);
[image: image] Modulus of elasticity of the steel endplates (MPa).
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Isleem, Tayeh, Abid, Iqbal, Mohamed and Sherbiny. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_42.gif





OPS/images/inline_41.gif





OPS/images/inline_44.gif





OPS/images/inline_43.gif
Agrrp





OPS/images/inline_18.gif





OPS/images/inline_17.gif





OPS/images/inline_20.gif
Ry = Eprrep,





OPS/images/inline_19.gif
R, = E|rrpp,







OPS/images/inline_15.gif






OPS/images/inline_14.gif






OPS/images/inline_16.gif





OPS/images/inline_11.gif
f 075





OPS/images/fmats-09-888909-t007.jpg
Input parameter RIM = py Input parameter RIM - py,

Ac 298 Pat 346
. 232 By 206
Rn i /C 15.4
R, 16.2 R. 148
io 138 Ac 96

- - i.o 5.1





OPS/images/inline_13.gif





OPS/images/inline_12.gif
u= 107"





OPS/images/fmats-09-888909-t004.jpg
Min
Median

Max

21.20
31.80
31.03
70.20

28,939
42,694
45,601
71,603

0.000
0.260
0.216
0.480

382.9
1,671.9
1826.5
3,781.7

Rn

0.0
1,206.2
1,387.0
4,992.0

842
1,204
1,545
4,716

Pr

707.2
1,299.5
1,548.2
4,222.4





OPS/images/fmats-09-888909-t006.jpg
From the input layer to the hidden layer

b—h1 i1-h1 i2-h1 i8—-ht i4—h1 i5—h1 i6—-h1
-0.79 018 011 -0.06 0.18 024 0.41
From the hidden layer to the output layer

b—o h1-o ® ¥ ¥ ® &

-1.61 495 - - - - -





OPS/images/fmats-09-888909-t005.jpg
From the input layer to the hidden layer

b—h1 i1—-h1 i2—h1 i3—h1
095 072 -1.18 0.18
boh2  i-h2  2-h2  iB-h2
017 000 030 003
b-h3  i1-h3  2-h3  i3-h3
2.21 -158  -1.07 0.18
bohd  il—hd  2oh4  iBh4
0.70 024  -045 021
b-hs  i1—h5  2-h5  i3-h5
0.90 -143  -050  -1.11
b—-h6  i1—h6 26 i3-h6
0.36 -0.84 124 -083
From the hidden layer to the output layer
b—0 himo  h2-0  h3—o
0.00 1.19 033 -147

i4-ht
035
i4-h2
0.09
i4-h3
-0.14
i4-ha
1.36
i4-h5
-0.07
i4—h6
-061

hd—o
073

i5-ht
0.73
i5—h2
0.27
5-h3
-0.54
i5—h4
-0.44
i5-h5
0.16
i5—h6
-0.13

h6—0
-0.98

h6—0
122





OPS/images/fmats-09-888909-t001.jpg
References Proposed equation
Approach 1: No contribution-to-capacity for FRP bars

CSA $806-12 (2012) Pored = el (Ag ~ Arre) (s = 0.85)
Approach 2: Contribution-to-capacity of FRP bars based on reduced compressive strengths,

Tobbi et al. (2012) Pt = arf (Ag — Aese) + arfimpAsrp (a1 = 0.85; 04 = 0.35)
Afifi et al. (2013) Pored = a1, (Ag = Arsp) + arfrrpArmp (a1 = 0.85: 35)
Aif et al. (2014a) Pored = iy (Ag = Arsp) + ayfippAmp (a; = 0.85: oy = 0.25)

Approach 3: Contribution-to-capacity of FRP bars based on concrete strains at ultimate

Panteldes et al. (2013) Borea = 1o + 0.003ErmpArap (a1 = 0.85) (F, = f, +3:3gykafl) () =

(¢t = Kotrrp) (¢ = 0.95: K, = 0.55K; = 1)

Mohamed et dl. (2014) Ppred = aif, (Ag = Arrp) + 0.002ErspArp (a1 = 0.85)

Tobbi et al. (2014) Pored = iy (Ag = Aep) + £coFrrpArap (a1 = 0.85)

Maranan et al. (2016) Porea = anf (Ag = Armp) + ecoErrpArep (1 = 0.9)

Hadhood et al. (20172) Pored = aif, (Ag — Arap) + 0.0085EmpArse (a1 = 0.85 - 0.0015f, 20.67)

Hadhood et al. (2016) oo = s, (Aq — Assp) + 0.0035EpAsso (a

2EprpAn

.85 - 0.0015f; 20.67)

FRP

Al

o}

o

Al

oo

ProalPoxp

0.85

1.18
1.18
1.09

1.61

0.96

0.95
1.00
0.96
0.96

ProalPoxp

091

126
126
115

1.65

1.01

1.01
1.06
1.02
1.02

oxs, factor to consider the effect of variation in compressive strength of concrete; f, effective lateral confining stress (MPa); ser, ultimate tensile strain of the FRP, bars (mm/mm); ec, peak
strain of unconfined concrete cyinder (mm/mm}; s, effective tensie strain (mm/mm); ke, coefficient to consider the reduction in FRP, spiral performance due to bending. S, centre-to-
centre spacing between two verticall adjacent spirals (mm); Dy, concrete core diameter to centre line of FRP, spial (mm); Acs, cross-sectional area of FRP, longitudinal bars (mm?); A

gross cross-sectionalarea of concrete column (mm); Exnp, modulus of elasticity of the FRP, bars under tension (MPa); f,
re, Litimale tansie strangth of FRP, bars (MPa): P, load-carmying capecily that corrasponds o the first peak boad (IKN).

, compressive strength of unconfined concrete cylinders (MPa);





OPS/images/fmats-09-888909-g016.gif
oo,

o
Lo
F o
L

st wamy =07y |
aseeomma =0 |

P

=

1000 TS 200 350050003500 400 50000 10 500 200 250050005400 400 5005000

e abes e abes

A TE

T e 0 S 00 A 000 00 00 000 500300 500 S0 40 0 50 0





OPS/images/fmats-09-888909-t003.jpg
C26.8-H00-645-90
C26.8-H50-6#5-90
C26.8-H100-645-90
C26.8-H150-6#5-90
C21.2-H100-645-90
C36.8-H100-6#5-90
C44.0-H100-6#5-90
C25-H100-6#14-90
C25-H100-6#5-90
C25-H100-6#6-90
C25-H100-4#5-90
C25-H100-8#5-90
C25-H100-0#4-90
C31.8-H100-6#5-00
C31.8-H100-6#5-40
C31.8-H100-645-65
C31.8-H100-6/15-90
C36-H30-6#4-56
C36-HB0-614-56
C36-H00-6#4-56
C34-H120-L3#3-00
C34-H120-L4#3-00
C34-H40-L4#3-00
C34-HBO-L4#3-00
C70.2-H80-L8#5-00
C70.2-H80-L12#5-00
Average Restits

Xb, pnt

7.810

18.476
11.000
18.571
16.714
10.238
10.381
10.667
11.038
17.306
17.905
17.376
13.795
12.524
12.000
12,906
11.048
16.289
14532
13.791
13.069
18.208
14.147
14.591
10.143
9.697

13.59

Tests results

Xo, pnz

61.190
42,619
47.952
36.952
45.238
43.524
51.643
50.571
51.667
53.338
53.381
51.143

114.478
68.841
34.813
20618
25.884
36.542
32.862

48.54

Xs, pnt

10913
4.783
10.565
5217
3.565
1.565
3.365
3574
16.304
1217
5.826
7.348
5.500
4543
2948
2.796

Xo, prt

9.524
14.286
14.286
19.048
14.286
14.286
14.286
19.048
19.048
14.286
19.048
19.048
14.286
19.048
23.810
19.048
19.048
17.621
17.621
17.621
19.082
19.032
31.720
19.032
17.036
17.036
17.75

FEM results

Xb, prz Xs, pn1
33.333 4.348
47619 4348
47619 4.348
47619 8696
42.857 8.696
47619 8.696
57.143 8.696
47619 8.696
47619 8.696
42.857 8.696
52.381 8.696
47619 8.696
47619 4.348
47619 8.696
47619 13.043
52.381 8.696
52.381 8.696
48458 9.009
48458 9.009
57.269 9.009
63441 5641

76.129 5.641

69.785 16.923
76.129 5.641

56.369 7.907
56.369 7.907
52.30 813

Xs, pr2

8.696
26.087
21.739
17.391
21.739
21.739
30.435
21.739
21.739
21.739
21.739
21.739
21.739
26.087
26.087
26.087
26.087
31.632
27.027
27.027
28.205
39.487
39.487
39.487
31.627
31.627

26.08





OPS/images/fmats-09-888909-t002.jpg
C35-Ho0-L8#o-
30-CF
C35-H50-L8#5-
60-CF
C35-H50-L8#5-
90-CF
C35-H100-L8#5-
00-CF
C35-H100-L8#5-
30-CF
C35-H100-L8#5-
60-CF
C35-H100-L8#5-
90-CF
C21.2-H100-6#5-
00-GF
C21.2-H100-6#5-
40- GF
C21.2-H100-6#5-
65- GF
C21.2-H100-6#5-
90- GF
C21.2-H100-6#5-
120- GF
€21.2-H100-12#5-
00- GF
C21.2-H100-12#5-
40- GF
C21.2-H100-12#5-
65- GF
C21.2-H100-12#5-
90- GF
C21.2-H100-12#5-
120- GF
©21.2-H200-12#5-
00- GF
C21.2-H200-12#5-
40- GF
C21.2-H200-12#5-
90- GF
C21.2-H200-6#5-
00-GF
C21.2-H200-6#5-
40- GF
C21.2-H200-6#5-
90- GF
C31.8-H100-6#5-
00- GF
C31.8-H100-6#5-
40- GF
C31.8-H100-6#5-
65- GF
C31.8-H100-6#5-
90- GF
C31.8-H100-6#5-
120- GF
C31.8-H200-6#5-
00- GF
C31.8-H200-6#5-
40- GF
C31.8-H200-6#5-
65- GF
C31.8-H200-6#5-
90- GF
C31.8-H200-6#5-
120- GF
C31.8-H100-12#5-
00- GF
C31.8-H100-12#5-
40- GF
C31.8-H100-12#5-
65- GF
C31.8-H100-12#5-
90- GF
C31.8-H100-12#5-
120- GF
C31.8-H200-1245-
00- GF
C31.8-H200-12#5-
40- GF
C31.8-H200-12#5-
65- GF
C31.8-H200-12#5-
90- GF
C31.8-H200-12#5-
120- GF

305 x 1,500

305 x 1,500

306 x 1,500

305 x 1,500

305 x 1,500

306 x 1,500

305 x 1,500

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

250 x 2000

40

90

120

40

90

120

40

90

40

90

40

90

120

40

90

120

40

90

120

0

40

65

90

120

32.0

35.0

35.0

35.0

35.0

35.0

35.0

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

21.200

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

31.800

1974

1.974

1.974

1.974

1.974

1.974

1.974

1.492

1.5565

1,694

1.930

2.361

1.492

1.555

1.694

1.930

2.361

0513

0.576

0.951

0513

0.576

0.576

1.492

1.665

1,694

1.930

2.361

0513

0.576

0.715

0.951

1.382

1.492

1.6556

1.694

1.930

2.361

0513

0.576

0.715

0.951

1.382

9.9¢80
9.5¢80
95480
95¢80
95¢80
9.5¢80
95¢80
9.5¢100
9.5¢100
9.5¢100
9.5¢100
9.5¢100
954100
9.5¢100
954100
954100
954100
954200
954200
954200
954200
9.5¢200
954200
9.5¢100
9.5¢100
9.5¢100
9.5¢100
9.5¢100
9.5¢200
954200
9.5¢200
954200
954200
9.5¢100
954100
9.5¢100
9.5¢100
9.5¢100
9.5¢200
9.5¢200
9.5¢200
9.5¢200

954200

8¢15.9
84159
8415.9
8415.9
84159
84159
8415.9
6415.9
6415.9
6415.9
6415.9
6415.9
129159
12¢15.9
12¢15.9
124159
129159
12¢15.9
124159
124159
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
6415.9
124159
124159
12415.9
124159
12415.9
12415.9
12¢15.9
12415.9
12415.9

12¢15.9

1,680

1,680

1,680

1,680

1,680

1,680

1,680

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,287

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,287

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

1,237

141,000

141,000

141,000

141,000

141,000

141,000

141,000

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

60,500

1.2

L]

12

12

12

1.2

i

21

21

2.1

21

24

243

21

21

21

21

21

21

21

21

23

a1

21

21

21

21

21

21

23

21

=1

21

21

23

24

21

23

21

21

21

21

24

1,562

1,662

1,562

1,662

1,562

1,562

1,562

1,315

1,315

1315

1315

1,315

1,315

1315

1,315

1,315

1,315

1315

1,315

1,315

1315

1,315

1,315

1,315

1315

1315

1,315

1,315

1315

1,315

1315

1,315

1,315

1,315

1315

1,315

1,315

1,315

1315

1,315

1,315

1,315

1315

130,000

130,000

130,000

130,000

130,000

130,000

130,000

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

62,500

1.2

12

1.2

12

1.2

12

12

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

23

3,368.5

3,195.0

2,968.3

3,049.4

2,969.0

2,836.9

1,073.9

1,044.3

968.5

930.1

8420

1,250.5

1,236.1

1,160.7

1,121.8

1,034.5

1,203.4

1,160.5

1,083.3

1,020.6

1,006.7

908.0

1,477.0

1,458.5

1,3485

1,294.4

1,168.6

1,430.9

1,403.5

1,325.9

1,264.6

1,146.8

1714.0

1,665.7

1,566.7

1,508.1

1,381.1

1,627.1

1,596.5

1,658.9

1,490.4

13822

3,723.3

3,413.0

2,757.0

2,838.6

2,748.6

2,592.0

1,167.1

1,150.0

1,037.0

1,000.2

888.3

1,657.2

1,646.7

1,539.1

1,498.2

1,388.6

1,437.3

1,437.3

1,384.7

990.9

989.5

906.9

1,412.0

1,389.6

1,240.6

1,194.2

1,002.0

1,230.8

1,252.6

1,164.1

1,102.5

1,004.8

1908.6

1886.1

1745.1

1700.6

1,565.2

17132

1726.2

1,639.9

1,617.6

1,562.4

D, diameter of ircular cross-section (mmj; D, diameter of the inner void of the cross-section (mm); H, specimen height (mm p., volumetric ratio of FRP, spirals; Pryy and Py, load-carrying
capacities that correspond to the first and second peak loads (KN).





OPS/images/math_5.gif
©





OPS/images/math_4.gif
£ +800(1)" <10 (4)





OPS/images/math_7.gif
4





OPS/images/math_6.gif
004~ 0.0011| 1 - ¢ 245/ |

®





OPS/images/math_3.gif
= 0.0014[2 - ¢ g0 |

®





OPS/images/math_24.gif
(24





OPS/images/fmats-09-888909-g013.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Finite Element and Artificial Neural Network Modeling of FRP-RC Columns Under Axial Compression Loading		Highlights

		1 Introduction

		2 Research Significance

		3 Experimental Program		3.1 Tests on Short Glass FRP-RC Hollow Core Concrete Columns

		3.2 Tests on Slender Glass FRP-RC Solid-Sectioned Concrete Columns

		3.3 Tests on Short Glass FRP-RC Solid-Sectioned Concrete Columns

		3.4 Tests on Slender Carbon FRP-RC Solid-Sectioned Concrete Columns

		3.5 Tests With the Help of ABAQUS Software (3DS, 2014)





		4 Finite Element Modeling		4.1 General

		4.2 Material Simulations





		5 Discussions of Experimental and Model Results		5.1 Load-Strain Behavior

		5.2 Effects of Test Parameters





		6 Machine Learning Models		6.1 Models Using the “lm” Function

		6.2 Neural Networks





		Conclusions

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		References

		Glossary









OPS/images/fmats-09-888909-g012.gif
Truning da ..

wst-o73%)
" Teig o,

WSO

. g b,

o
57 st 03w

" Tesing du g,
st s

001000 1500300 500 000 500 400 4500 0
e






OPS/images/fmats-09-888909-g015.gif





OPS/images/fmats-09-888909-g014.gif





OPS/images/math_9.gif
f. (9)





OPS/images/math_8.gif
®





OPS/images/fmats-09-888909-g011.gif





OPS/images/fmats-09-888909-g010.gif
B S
et s )

58838885 EE]

§
B
H
§
§

-

O R e,
- ool il





OPS/images/crossmark.jpg
©

|





OPS/images/fmats-09-888909-g005.gif
B

[———

® o] CISHI004 86550
o
i
L

TR a7 03 04 65 95 07 08 09 1

ot hot s






OPS/images/math_17.gif
log,, [¥1,y:])





OPS/images/fmats-09-888909-g006.gif
o Nt
g &
] o + TeaniRegome | Toviod R
e el )

pentSuspsSvant St

e

Lt il el
E clospasoce | 3 clsiemas o |

oo™ o G 00T 00 oaix  Som i odor e 0 G015 0012
P — - anksl Shate et






OPS/images/math_16.gif
(log,, [x1, %2, %3 + 1, x4, x5 + 1])°

(16)





OPS/images/fmats-09-888909-g003.gif





OPS/images/math_19.gif





OPS/images/fmats-09-888909-g004.gif
So00™ 5003 60w o0 e 010 Tz

A S )

T T T
i e it





OPS/images/math_18.gif
Yae





OPS/images/fmats-09-888909-g009.gif





OPS/images/fmats-09-888909-g007.gif





OPS/images/math_15.gif
(x; = min(x))/(max(x) -min(x)) (15}





OPS/images/fmats-09-888909-g008.gif





OPS/images/math_23.gif
b =

s
~0.4615
-0.2162
05190
01138
—0.6253

23





OPS/images/fmats-09-888909-g001.gif
U

© ikt E ikt

¥
LT e §
2

sttt

et

gt Rl Esprimenal R

12 | pot o

]
i -3

|
1

Exprmena R
T
eserin

Moamsscts (121
T 19

i R -
o s
e S 2

& 0 o w0 w0 0w
T






OPS/images/math_20.gif





OPS/images/fmats-09-888909-g002.gif
ST Ak

0 20

k- L

— e e

Eichaokani ctal.  Elchalakanictal,  Elchalakanietal.
141 ] 14]

fes : ._\;‘-',‘;O

. e

Hadua. 16

Ajmeghetsl, Aljimegh etal






OPS/images/math_2.gif
1+ (&fea)”
21, (efea)
1+ (e/en)

@





OPS/images/math_22.gif
v =

1435
01543

03489 0.1811
03506 05927

-0.8478
02041

-0.4202 02075
05195 00117

(22)





OPS/images/math_21.gif
w =

—4.54  0olls
07653 03081
12140 03663
04525 08358
05002 -0.4446
09669 ~0.5507

I adhid

01666
07193
07133

04450

Ratind
03388
05280
0.0061
02354
07283

vesed
07444
0.0088
0.0183
04414
05599

(21)





OPS/images/inline_78.gif





OPS/images/inline_77.gif





OPS/images/inline_80.gif





OPS/images/inline_79.gif
1 O





OPS/images/math_14.gif
—1773 + 38.01f,_ + 0.030A, - 508.2i.0 + 0.288R, + 0.251R,
(14)





OPS/images/math_13.gif
—2430 + 5046, + 0.043A, + 101.8i.0 + 0.153R, + 0.09R,
(13)





OPS/images/math_10.gif





OPS/images/math_1.gif
[0





OPS/images/math_12.gif
(12)





OPS/images/math_11.gif
(11)





OPS/images/logo.jpg
P frontiers | Frontiers in Materials





OPS/images/inline_67.gif





OPS/images/inline_69.gif





OPS/images/inline_68.gif





OPS/images/inline_75.gif





OPS/images/inline_74.gif
el





OPS/images/inline_76.gif





OPS/images/inline_71.gif





OPS/images/inline_70.gif





OPS/images/inline_73.gif
C el





OPS/images/inline_72.gif





OPS/images/inline_58.gif
Pl





OPS/images/inline_57.gif





OPS/images/inline_64.gif





OPS/images/inline_63.gif





OPS/images/inline_66.gif





OPS/images/inline_65.gif





OPS/images/inline_60.gif





OPS/images/inline_59.gif
Pn2





OPS/images/inline_62.gif





OPS/images/inline_61.gif





OPS/images/inline_56.gif
CFRP





OPS/images/inline_47.gif





OPS/images/inline_53.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Materials






OPS/images/inline_52.gif





OPS/images/inline_55.gif





OPS/images/inline_54.gif





OPS/images/inline_49.gif
Erpp





OPS/images/inline_48.gif





OPS/images/inline_51.gif





OPS/images/inline_50.gif





OPS/images/inline_46.gif





OPS/images/inline_45.gif
d),





