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Abstract

:

The use of glass-fiber-reinforced polymer (GFRP) bars as an alternative to steel bars for reinforcing concrete (RC) structures has gained increasing attention in recent years. GFRP bars offer several advantages over steel bars, such as corrosion resistance, lightweight, high tensile strength, and non-magnetic properties. However, there are also some challenges and uncertainties associated with the behavior and performance of GFRP-reinforced concrete (GFRP-RC) structures, especially under compression and bonding behavior. Therefore, there is a need for comprehensive experimental investigations to validate the effectiveness of GFRP bars in concrete columns. This paper presents a study that aims to address these issues by conducting experimental tests on GFRP-RC columns. The experimental tests examine the mechanical properties of GFRP bars and their bond behavior with concrete, as well as the axial compressive behavior of GFRP-RC columns with different reinforcement configurations, tie spacing, and bar sizes. The findings reveal that GFRP bars demonstrate a comparable, if not superior, compressive capacity to traditional steel bars, significantly contributing to the load-bearing capacity of concrete columns. The study concludes with a set of recommendations for further exploration, underscoring the potential of GFRP bars in revolutionizing the construction industry.
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1. Introduction


The realm of construction engineering is witnessing a shift with the introduction of glass-fiber-reinforced polymer (GFRP) bars as reinforcement for concrete members. This research presents a study to verify the effectiveness of using GFRP reinforcing bars in concrete columns as an alternative to the conventional steel bars. GFRP bars offer several advantages over steel bars, such as corrosion resistance, lightweight, high tensile strength, and non-magnetic properties. However, there are also some challenges and uncertainties associated with the behavior and performance of GFRP-reinforced concrete (GFRP-RC) structures, especially under compression, and bonding behavior. Even though extensive research studies in the literature have examined the behavior of reinforced concrete members reinforced with GFRP bars, most of these studies have focused on the flexural and shear behaviors in beams and slabs where internal stresses on the GFRP bars are tensile stresses. This is important since it is well-established in several research studies that the compressive strength of GFRP bars is about 50 to 77% of their tensile strength [1,2,3,4]. Therefore, this variation in strength raises concerns regarding the reliability of using GFRP bars as reinforcements in concrete columns where compression dominates the response such as in columns of typical residential and office buildings. This work is a continuation of limited studies evaluating the performance of such a type of column in an effort to ease design codes and specifications governing the design of GFRP-reinforced concrete columns. The research also investigates related factors that may affect the structural integrity of these critical structural members by examining the bond behavior of GFRP bars in concrete and their durability.




2. Literature Review


2.1. Properties of Steel and GFRP Rebars


Design codes of reinforced concrete structures specify standard specifications for reinforcing bars. The ACI 318 [5], SBC 304 [6] and AASHTO LRFD [7] design codes require that steel reinforcement is in accordance with ASTM A615 [8] and ASTM A706 [9] specifications. Typically, the behavior of reinforcing steel bars is characterized by a small elastic region followed by a significantly larger plastic region and, hence, they possess high ductility and toughness capacities compared to other materials [10,11]. The extent of the plastic region mainly depends on the yield strength (grade) of the steel bar. The higher the yield strength, the shorter the plateau region. For bars with high-strength steel, there is no well-defined yielding point and, hence, no plateau region [11,12]. The elastic modulus of steel reinforcing bars, Es, is about 200 GPa, and this value is uniformly considered in reinforced concrete deign codes. The yield strength typically ranges from 250 to 700 MPa. ASTM A615 [8] and ASTM A706 [9] limit the minimum yield strength to 276 MPa and 414 MPa, respectively. The ASTM A706 [9] limits the maximum yield strength to 540 MPa, which is intended for seismic design applications where ductility and imposed limitations on strength is of significant importance [12,13,14].



Even though GFRP bars have favorable properties when used as a flexural tension reinforcement, some properties need to be explored when used for compression members such as columns, piles, and bridge pier columns, which are used to transmit the compression load. Many studies have shown the effectiveness of using GFRP bars either for solid or hollow concrete columns; however, it has been indicated that the strength and modulus of GFRP in compression are lower than in tension [2]. The compressive strength of 55% tensional strength is reported for GFRP [1,2]. Deitz et al. [3] tested 45 GFRP bar samples under compression, and the results showed that the compressive strength was approximately 50% of the tensile strength. Chaallal and Benmokrane [4] tested the GFRP’s compressive behavior for three different bar diameters and reported that the average compressive strength was 77% of tensile strength.




2.2. Structural Behavior of Concrete Columns Reinforced with Steel and GFRP Bars


GFRP bars are an effective substitute for steel rebars in reinforced concrete structures that are exposed to severe environments due to their non-corrosive properties and high strength. Studies on concrete structures that are reinforced in the longitudinal and transversal direction using GFRP bars showed satisfactory performance in bending and shear [15,16,17,18]. Furthermore, other studies conducted experimental work on this type of reinforcement and reported the mechanical properties [19,20,21,22,23,24,25,26], physical properties [3], chemical properties [19,25,27], thermal characteristics [21,26,28], and durability properties [20,29]. These studies have been specified in CSA S807 [30], ASTM D7957 [31] material specification, and design codes to verify the quality, design, and safety of these reinforcing materials to be used as structural reinforcement. Therefore, it is used in many engineering construction projects including bridges, highways, boat ramps, and concrete pavements.



Studies have also been conducted to examine the performance of the GFRP reinforcements when used in concrete columns. Taerwe [32] reported that the results are 30% to 40% of their tensile strength for bars embedded in concrete prisms. Paramanantham [33] tested 14 concrete beams and columns with dimensions of 200 × 200 × 1800 mm where GFRP bars were used. The study reported that the bars would only be stressed up to 20% to 30% of the ultimate strength. The effect of replacing steel bars with GFRP bars was investigated by Alsayed et al. [34] using an equal number of longitudinal bars and ties of 15 samples of 450 × 250 × 1200 mm columns under compression. Results showed that GFRP bars reduced the capacity by 13%, irrespective of longitudinal steel bars. Replacing steel ties with GFRP ties reduced the capacity by 10%. Lotfy [35] tested square GFRP-reinforced concrete using different reinforcement ratios and reported that an increase in reinforcement ratio increases the column ductility. Tobbi et al. [36] also studied square columns reinforced with GFRP and found that the column nominal capacity can be calculated considering that the compressive strength of bars is equal to 35% of its tensile strength. AlAjarmeh et al. [15] investigated the compressive behavior of circular bars with 12.7 mm-, 15.9 mm-, and 19.1 mm-diameter GFRP bars in concrete columns. The results are consistent with Maranan et al.’s [23] study wherein GFRP bars failed by crushing the lower spiral spacing, with the results indicating that the unsupported length has a major effect on compression and required more studies.



Previous research work indicates that the compression behavior of GFRP reinforcement has been subjected to significant variation and test data were scattered. However, there is a consensus that it has a lower compression strength than tensile strength. To date, only a few studies have studied the behavior of concrete columns reinforced with GFRP bars and ties or spirals. In addition, ACI 440 recommends not to rely on GFRP as longitudinal reinforcement in columns or as compression reinforcement in flexural members. Code writing bodies in the United States and Canada have tasked many committees to produced standards and guidelines for elements reinforced with GFRP including AASHTO [37], ACI 440-1R [38], CSA S806 [30], and CSA S6 [39]. Developing a recommendation and design provisions for compressive members requires an understanding of the material characteristics to streamline the shift from the steel design to GFRP, by first establishing limits comparable to that of steel columns, which should be based on stress–strain laws, and then reviewing performance and experimental results. Especially in the past 10 years, GFRP bars embedded in concrete columns have been the spotlight of civil engineering research. Many different parameters are included in experimental and analytical studies converting a wide range of topics.



The reinforcing GFRP bar in columns was studied in many experimental studies in the last period and mentioned previously, which led to the introduction of several theoretical and numerical models to estimate the nominal axial compressive force (Pn) of concrete columns reinforced with GFRP bars. Table 1 shows a summary of these models. The existing tests and proposed model confirmed that when the axial capacity of the longitudinal GFRB bars is ignored, the overall capacity of the column is underestimated [40]. Developing a recommendation and design provisions for compressive members requires an understanding of the material characteristics to streamline the shift from the steel design to GFRP, by first establishing limits comparable to that of steel columns, which should be based on stress–strain laws, and then reviewing performance and experimental results.




2.3. Bond Behavior of Steel and GFRP Rebars in Concrete


Reinforcing bars transfer loads between concrete and steel through a process known as bonding. Bonding is the adhesion between the concrete and the reinforcing steel, which allows the two materials to work together to resist applied loads. The surface of reinforcing bars is deformed with a continuous series of ribs or indentations to promote a better bond with the concrete and reduce the risk of slippage [13]. The bond behavior of reinforcing steel bars in concrete is a critical aspect of the structural behavior of reinforced concrete members. Bond strength is the property that builds adhesion between concrete and its adjacent reinforcement bars, making it a key factor in the structural behavior of concrete [47]. The bond between steel and concrete has an important influence on the behavior of reinforced elements in the cracked stage. Crack widths and deflections are influenced by the distribution of bond stresses along the reinforcement bars and by the slip between the bar and the surrounding concrete [48]. Bond strength is affected by many factors, including the surface preparation or condition of the reinforcing bar, such as bar coatings [49]. For example, epoxy coatings have been shown to reduce bond strength, with epoxy coated bars exhibiting a bond strength up to 32% lower than uncoated bars [47]. The bond strength of bars does not depend greatly on the value of concrete strength but rather on the surface characteristics of bars [50]. Concrete with higher strength has a stronger bond between the paste and the aggregate, leading to improvements in the bond strength of concrete [51]. However, it is important to note that other factors such as the surface preparation and condition of the reinforcing bar can also affect the bond strength [52]. The enhancements in mechanical properties of concrete are found to substantially influence the bond performance between concrete and rebar [53]. Degradation of the rebar–concrete bond intact in reinforced concrete members may lead to a localized failure in the contact area around the rebar. This may occur due to the low capacity in the tension ring stresses in the concrete zone as a result of pulling in reinforcement [50]. Thus, an increase in the tensile strength of concrete may lead to an improved bond response.



The bond between the bars and concrete is a critical parameter affecting reinforced concrete’s serviceability, cracking behavior, and ultimate capacity. It is known that GFRP has the advantage of high tensile strength, lightweight, and satisfactory durability in aggressive environmental conditions. It was introduced as a competitive alternative to traditional steel bars for different concrete structures. However, GFRP has inherited orthotropic material properties due to the manufacturing process, which is different from steel bars’ isotropic properties [54]. In addition, GFRP exhibits linear elastic behavior up to failure, making it lack ductility compared to steel rebar. Existing studies available in the literature have revealed a significant issue that the bond behavior of GFRP bars to concrete is weaker than of steel rebars [55]. It was reported that the bond strength of GFRP is up to 60% lower than the strength of corresponding steel bars; this is because steel has a deformed surface with ribs, which increases the mechanical interaction with concrete [56]. Correspondingly, surface treatment methods, such as spiral formation and sand coating, have been used to produce a deformed or roughened surface on GFRP bars, significantly increasing the bond strength [54]. Okelo and Yuan [57] investigated GFRP bond behavior bars through pull-out tests. Surface treatment methods were applied, which include sand coating, surface texture, helical wrapping with sand coating, dep dents or grooves, and defamation by resin. Their results showed that the deformed surface, similar to that of steel rebars, achieved the best bond performance compared with other surface treatment methods; however, the bond strength of GFRP was still 60% lower compared to steel rebars [54].





3. Materials and Methods


3.1. Tension Tests of Reinforcing Bars


Steel and GFRP reinforcing bar specimens were prepared for tensile testing according to ASTM A615 [8] and ASTM D7957 [31], respectively. Three steel bar specimens of nominal diameter of 12.7 mm were cut to a length of 250 ± 1 mm. GFRP bar specimens of nominal diameters of 8 mm, 10 mm, and 12.7 mm were each cut to a length of 1000 ± 1 mm. As per ASTM D7205 [58], each GFRP specimen bar was anchored to steel tubing of slightly larger diameter of 33.5 mm and a length of 330 mm at both ends to fix the specimen to the testing machine. The space between the bar and the steel tubing was filled with bonding material consisting of grout (SikaGrout-114 SA). The steel tubing was capped with polyvinyl chloride (PVC) plugs attached to threaded steel bushings that can be fastened to the testing machine. GFRP bars were acquired from Mateenbar [59]. The steel and GFRP bar specimens were tested using a universal testing machine with a 100 kN capacity with standard wedge action grips for the steel specimens and with direct fasteners for the GFRP specimens, as shown in Figure 1. Tests were conducted under displacement control conditions, applying an incremental displacement at a rate of 4 mm/min, as recommended by existing literature and standards, to induce axial tensile force [56].




3.2. Compression Tests of Reinforcing Bars


Steel and GFRP reinforcing bar specimens were prepared for compressive testing according to ASTM E9 [60] and ASTM D695 [61], respectively. Three steel bar specimens with nominal diameters of 12.7 mm were cut to lengths of 25.4 ± 1 mm. Three GFRP bar specimens with nominal diameters of 12.7 mm were also cut to lengths of 25.4 ± 1 mm. The steel and GFRP bar specimens were tested using a universal testing machine with a 100 kN capacity with standard compression platens as shown in Figure 2. Tests were conducted under displacement control conditions, applying an incremental displacement at a rate of 1.3 ± 0.3 mm/s causing axial compressive force. The measured compressive strength of GFRP bars is intended to support the feasibility of applying GFRP bars in compression members.




3.3. Compression and Splitting Tensile Tests of Concrete Cylinders


The concrete used in casting all the test specimens in the study was of the same concrete patch. The study targets an average 28-day concrete compressive strength of 25 MPa. Details on the concrete mix portions and materials used are shown in Table 2. Concrete cylinders 150 mm in diameter and 300 mm in height were cast to obtain the compressive and splitting tensile strength of the concrete, as per ASTM C39 [62] and ASTM C496 [63], respectively. The concrete specimens were tested using a concrete compression testing machine of 3000 kN capacity with standard compression plates. Tests were conducted under force control conditions, applying an incremental force at a rate of 0.25 ± 0.05 MPa/s causing axial compressive force. In addition, the tests were conducted after 7, 14, and 28 days.




3.4. Bond Behavior Tests of Reinforcing Bars


Steel and GFRP reinforcing bar specimens were fabricated for pull-out testing according to ASTM C234 [64] and ASTM D7913 [65], respectively. Four steel and six GFRP bar specimens each with nominal diameters of 10 mm and 12.7 mm were cut to lengths of 600 and 1000 ± 1 mm, respectively. Two of the GFRP bars were sand coated and acquired from the Industrial Control Solutions Company (ICSC) [66]. The bars were partially embedded at the center of concrete cylinder molds of 150 mm in diameter and 300 mm in height containing fresh concrete. The embedment length for both steel and GFRP bars was 300 ± 1 mm. A custom-built centering device was fabricated and attached to the cylindrical concrete molds to guide steel and GFRP bars to the center of the mold during the casting of the concrete and also control the embedment depth of the bar. The steel and GFRP bars extended outside the concrete cylinders for lengths of 320 and 600 mm, receptively. Each GFRP specimen bar was anchored to steel tubing using a similar technique to that used for specimens prepared for tensile testing.



Steel and GFRP pull-out specimens were tested using a universal testing machine of 100 kN capacity. The concrete part of specimen was fixed in a custom-made rigid apparatus that was securely fixed to the bottom platen of the testing machine, so that the concrete cylinder was fixed. The extended bar of the specimen was attached to the upper moving part of the testing machine with direct fasteners for the GFRP specimens as shown in Figure 3a and with standard wedge action grips for the steel specimens as shown in Figure 3b. The test was conducted by only applying tensile force on the bar under displacement control conditions, applying incremental displacement at a rate of 2 mm/min, causing axial tensile force. The loading was applied until specimen failure by either yielding or rupture of the reinforcing bars or by the bar slipping.




3.5. Structural Testing of Reinforced Concrete Columns


This subsection presents experimental tests on nine reinforced concrete columns to investigate the axial compressive behavior. One of the main objectives of this study is to evaluate the feasibility of using GFRP as a main longitudinal reinforcement in concrete columns. The experimental program consisted of testing nine concrete columns with various combinations of reinforcement configurations, tie spacings, and GFRP reinforcement sizes as listed in Table 3 and illustrated in Figure 4. All columns were 750 mm in height with a square cross-section with a 150 mm side length.



Column P1 was cast as plain concrete to measure the strength of concrete columns without reinforcement under pure compression. Columns S75 and S150 were fabricated with typical steel reinforcement and different tie spacings of 75 mm and 150 mm. Columns G75 and G150 were fabricated with reinforcement of 4 GFRP bars of size 13 mm with 2 ties spacings of 75 mm and 150 mm. Columns HS75 and HS150 were fabricated with hybrid reinforcement of steel and GFRP, as shown in Figure 4. Columns #10G150 and #10HS150 were constructed with 10 mm bar size as the main reinforcement and with two configurations: one with four GFRP bars, and the other with a hybrid configuration of two GFRP and two steel bars. Concrete casting procedures began with conducting the slump test to determine the workability of the fresh concrete. Concrete was poured into the column molds and spread with shovels and concrete placers. A mechanical vibrator was used to vibrate the concrete and prevent any imperfections. The reinforced concrete column specimens were tested using a structural testing machine with a 1000 kN capacity with standard compression platens as shown in Figure 5. Tests were conducted under displacement control conditions, applying incremental displacement at a rate of 2 mm/min, causing axial compressive force.





4. Experimental Results and Discussion


4.1. Tension Test Results of Reinforcing Bars


The yield strength of the three tested rebars is measured as expected to be higher than 420 MPa (average of results about 462 MPa) as listed in Table 4. The average ultimate tensile strength at rupture was 567 MPa. All specimens exhibited tensile behavior consistent with the requirement of ASTM A615 [8]. The typical stress–strain response of steel bars under tension reveals a progression of phases: initial linear elasticity up to the yield strength, followed by a yield plateau, then strain hardening until ultimate strength, and finally strain softening (necking) leading to failure, as shown in Figure 6.



GFRP bars under tensile loading exhibit distinct behavior compared to conventional steel bars. The stress–strain response of GFRP, as shown in Figure 6, is linear until failure. This behavior contrasts with the necking and ductile rupture observed in steel rebars. A key advantage of GFRP bars is their high tensile strength, evident in the tested specimens with an average ultimate strength of 965 MPa and a corresponding ultimate strain of 0.0201 (Table 5). All three tested GFRP specimens displayed a similar high tensile strength.



GFRP failure under tension differs significantly from steel. Steel rebars undergo necking followed by ductile rupture, whereas GFRP experiences brittle failure at ultimate load. As shown in Figure 7, the glass fibers within the polymer matrix fracture rapidly upon reaching the ultimate load. This failure mode is characterized by extensive fiber rupture and cracking of the confining polymer matrix. Despite slight variations in strain, elastic modulus, and ultimate strength, all three GFRP specimens exhibited a linear stress–strain response. GFRP demonstrated superior tensile strength compared to steel rebars, with a fully linear response preceding the brittle failure.




4.2. Compression Test Results of Reinforcing Bars


A critical aspect of this study is evaluating the behavior of GFRP bars under compressive loads. Brittleness and a linear stress–strain response up to failure raise concerns about GFRP’s compressive strength. Steel, in contrast, exhibits well-defined compression characteristics reflecting its tensile behavior: elastic until yielding, then plastic until ultimate strength, as shown in Figure 8. Due to their common applications in tension for flexural members, GFRP’s compressive strength is often overlooked. Consequently, building codes frequently disregard the contribution of GFRP bars in compression elements such as columns.



As shown in Figure 9, GFRP failure under compression is brittle, similar to its tensile behavior. This failure is characterized by a longitudinal fracture in the middle of the bar without significant rupture of the embedded glass fibers as was the case under tension. Steel rebars, however, fail in compression in a ductile manner, undergoing significant deformation or buckling before failure (Figure 9).



Table 6 summarizes the compressive strength values of GFRP and steel rebars. GFRP bars exhibited high compressive strength exceeding that of steel rebars. GFRP bars had an average compressive strength of 579 MPa, superior to steel’s average of 505 MPa by a margin of 74 MPa (or approximately 15%). GFRP bars displayed minimal variation in strength, with the lowest value of approximately 548 MPa. These results suggest that GFRP bars can significantly contribute to the compressive capacity of concrete columns.




4.3. Compression and Splitting Tensile Tests Results of Concrete Cylinders


The compressive and splitting tensile strength of concrete used in this study was evaluated using standard cylinder tests. Three cylinders were tested at 28 days after casting and curing to determine the compressive and splitting tensile strength. The concrete cylinders exhibited a compressive failure strength of approximately 25 MPa and splitting tensile strength of 3.2 MPa, as detailed in Table 7.




4.4. Bond Behavior Tests Results of Reinforcing Bars


Table 8 and Table 9 present the results for steel rebar and GFRP bond strength, respectively. The ultimate failure loads for steel rebars were comparable to those observed for GFRP (approximately 65 KN for a 12.7 mm diameter and 55 KN for a 10 mm diameter). A significant difference was observed in slip displacement between steel and GFRP bars. Steel rebars exhibited a much higher slip displacement compared to GFRP. The predominant failure mode for steel rebars involved pull-out followed by steel rupture, as illustrated in Figure 10. It is important to note that one specimen failed at the anchoring zone and was excluded from analysis. Figure 11 illustrates the load–slippage curves of steel bars after bond behavior tests. The curves generally exhibit an initial linear segment, signifying an elastic stage where the applied load and the slippage between the rebar and concrete are directly proportional. As the load increases, each curve reaches a peak load. This peak represents the maximum bond strength between the rebar and the concrete. Following the peak load, the curves exhibit a declining trend, indicating a decrease in load-bearing capacity with continued slippage. Some steel bars exhibit tensile rupture (10 mm steel 1 and 12 mm steel 1). Variations in peak load and the corresponding slippage values among the different curves suggest that the specific surface texture or bar diameter can significantly influence the bond behavior and steel bars.



To evaluate the bond behavior of GFRP bars in concrete, pull-out tests were conducted on specimens with different bar diameters and surface treatments. Four concrete cylinders embedded with 12.7 mm GFRP bars were tested, two with conventional ribs and two with a sand-coated surface for an enhanced bond. Furthermore, two cylinders with 10 mm GFRP bars were tested to show the effect of the bar on bond strength. For GFRP bars of size 12.7 mm, the failure mode of pull-out tests is presented in Figure 12a. For GFRP bars of size 10 mm, however, the failure occurred in the form of the glass fibers rupturing in GFRP, as shown in Figure 12b. Figure 13 illustrates the load–slippage curves of GFRP bars after bond behavior, indicating the ultimate failure load and slip displacement at failure. The ultimate loads achieved by the 12.7 mm GFRP bars indicate an acceptable bond strength, reaching values comparable to steel rebars. The sand-coated GFRP bars showed similar bond strength to the ribbed bars, as evident in the comparable ultimate loads and slip displacements (around 12.3 mm) in Table 9. This suggests that sand coating is an effective method for improving the bond strength of GFRP bars.




4.5. Compression Tests Results of Concrete Columns


The results of compression tests on concrete columns reinforced with GFRP bars are summarized in Table 10 and Figure 14. The observed failure modes are illustrated in Figure 15. All tested columns exhibited good performance under concentric compressive loading, exceeding the estimated capacities predicted by analytical expressions for both steel and GFRP reinforcing bars. Overall, GFRP-reinforced concrete columns achieved similar or even higher capacities compared to steel-reinforced columns. The tested columns are denoted as follows: P (plain concrete), S (steel rebars), G (GFRP bars), and HS (hybrid steel-GFRP), with numbers indicating tie spacing (e.g., 75 for 75 mm spacing). Column P1, cast with plain concrete, showed the expected crushing failure mode at a load of 720 KN (32 MPa).



The experimental results presented demonstrate the promising potential of GFRP bars as an alternative reinforcement material in concrete columns. GFRP-reinforced columns achieved compressive capacities comparable to steel-reinforced columns and exhibited similar failure modes dominated by concrete crushing and bar buckling as shown in Table 10. Column S75, reinforced with steel rebars and close-spaced ties (75 mm), achieved the highest compressive load (1260 KN) among all tested columns. The failure mode involved concrete crushing at the top of the column accompanied by spalling in the outer region (Figure 15). This superior performance is attributed to the enhanced confinement provided by the closely spaced ties, as evidenced by the opening of the top two ties at failure. In contrast, column S150, reinforced with steel but with wider tie spacing (150 mm), displayed a 20% reduction in capacity (960 KN). Its failure mode was also concrete crushing and spalling, but in the unconfined area of the cross-section.



To compare the performance of steel and GFRP bars, two similar columns (G75 and G150) were reinforced with GFRP and tested under identical conditions. Both columns exhibited capacities comparable to the steel-reinforced columns. Column G75 had a slightly lower capacity (1160 KN) than S75 by around 7%. Its failure mode involved a combination of inner concrete crushing, outer concrete spalling, GFRP bar crushing near the top, and rupture of transverse ties (Figure 15). The high confinement from the close-spaced ties allowed the GFRP bars to contribute significantly to the compressive strength until crushing. For Column G150, wider tie spacing had a minimal effect on capacity reduction (around 5% compared to S150). The failure mode of G150 was characterized by the crushing and spalling of most of the concrete between ties, along with GFRP bar crushing near the loading zone. The higher capacity observed in G75 suggests that closer tie spacing provided better confinement, leading to a slight increase in compressive strength and causing tie rupture at failure.



Columns HS75 and HS150 were tested with hybrid reinforcement (steel and GFRP) to further assess the contribution of GFRP to compressive capacity. Both columns displayed compressive capacities comparable to steel and GFRP-reinforced columns. However, the failure modes of the hybrid columns revealed that steel rebars are more susceptible to buckling in concrete columns compared to GFRP bars (Table 10 and Figure 15). Both hybrid columns experienced concrete crushing and tie rupture. The GFRP bars in both columns withstood the load until failure without rupture. This suggests that GFRP bars exhibit superior resistance to compressive stress in concrete columns compared to steel.



To evaluate the effect of using smaller GFRP bars (10 mm diameter) in concrete columns, two additional columns were tested: #10G150 and #10HS150. The compressive capacities of these two columns were similar to the other tested specimens, with slightly higher values observed for column #10G150. This higher capacity column exhibited a failure mode characterized by the crushing of concrete and all of the GFRP bars. Column#10HS150 displayed a lower failure load, as anticipated, and its failure mode involved buckling of both steel and GFRP bars, along with concrete and GFRP bar crushing at the top (Figure 15). Overall, 10 mm GFRP bars exhibited similar behavior in terms of compressive capacity but were more prone to buckling under compressive stresses.



Previous studies often tend to underestimate the capacity of concrete columns [41,42,43,44,45,46]. The estimated capacity of previous proposed equations and codes of practice tend to totally or partly neglect the contribution of GFRP bars, which results in a lower calculated capacity value (Table 11). While the inherent brittleness of GFRP bars remains a concern, its influence under compressive stresses appears to be minimal. This is due to the fact that failure, in both GFRP- and steel-reinforced columns, is primarily governed by concrete crushing and buckling of reinforced concrete at the ultimate load. These findings suggest that GFRP bars could be a viable option for concrete columns, particularly in applications where their corrosion resistance and other advantages outweigh the risk of brittleness under compression.





5. Conclusions


This study was intended to evaluate the feasibility of utilizing GFRP bars in concrete columns. In order to assess GFRP bars for use in concrete columns, an experimental regime was carried out. The experimental program consisted of tests conducted on GFRP at a material level and on GFRP bars embedded in concrete columns at a structural level. The following are the main conclusions that can be withdrawn from the work presented in this study:




	
Bond behavior of GFRP showed an excellent bond response as compared to steel rebars and can be assumed to have similar or superior bond properties than steel when embedded in concrete. This finding suggests that GFRP bars can effectively transfer loads between the concrete and the reinforcement, potentially leading to improved overall column performance.



	
Concrete columns reinforced with GFRP resulted in a comparable compressive capacity to those reinforced with steel rebars. In certain cases, the capacity of columns reinforced with GFRP yielded higher values than those reinforced with steel. Contrary to the current design practice, GFRP contributes significantly to the compressive capacity of concrete columns.



	
Closely spaced ties in column significantly enhanced the compressive load capacity compared to wider tie spacing, demonstrating the critical role of tie spacing in optimizing column performance. This finding is further supported by the minimal reduction in capacity (5–7%) observed in GFRP-reinforced columns with wider tie spacing compared to steel-reinforced columns. This highlights the effectiveness of GFRP bars in contributing to the compressive strength of concrete columns even with less confining tie spacing.



	
The failure modes observed in both steel and GFRP-reinforced columns were predominantly concrete crushing and bar buckling, consistent with the analytical models used for capacity prediction.



	
While the brittle behavior of GFRP bars is a concern in concrete members, it has a minimal impact on compressive strength. This is because the failure mode for both steel and GFRP-reinforced columns under compression is primarily governed by concrete crushing and bar buckling, not the brittleness of the reinforcing material.



	
While GFRP bars offer advantages like high tensile strength and corrosion resistance, they present limitations compared to steel. These include a more brittle failure mode with minimal plastic deformation, lower stiffness leading to potentially larger deflections, and the need for special design considerations in seismic regions to ensure adequate anchorage due to bond behavior. Additionally, further research is necessary to fully understand the behavior of GFRP bars under dynamic tension, particularly crucial for applications in earthquake-prone areas.
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Figure 1. Tension test setup for GFRP bar specimens. 
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Figure 2. Compression test setup for steel and GFRP bar specimens. 
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Figure 3. Pull-out test setup of concrete cylinder with partially embedded rebar. (a) GFRP rebar; (b) steel rebar. 
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Figure 4. Reinforcement configuration of concrete column specimens. 
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Figure 5. Axial compression test setup of reinforced concrete column specimens. 
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Figure 6. Stress–strain behavior of steel and GFRP bars after tensile test. 
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Figure 7. Tensile test of GFRP bar after failure. 
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Figure 8. Stress–strain behavior of steel and GFRP bars after compressive test. 
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Figure 9. GFRP and steel specimens before and after compressive test. 
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Figure 10. Failure modes of specimens after pull-out test of concrete cylinder with partially embedded steel rebar; (a) pull-out followed by rebar tensile rupture; (b) pull-out/splitting. 
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Figure 11. Load–slippage curves of steel bars after bond behavior tests. 
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Figure 12. Specimens after pull-out test of concrete cylinder with partially embedded GFRP rebar; (a) #12 GFRP bar; (b) #10 GFRP bar. 
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Figure 13. Load–slippage curves of GFRP bars after bond behavior tests. 
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Figure 14. Failure load comparison of the tested specimens of reinforced concrete columns with GFRP and steel rebars. 
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Figure 15. Specimens of reinforced concrete columns with GFRP and steel rebars after compression test. 
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Table 1. Summary of design equations available in the literature for GFRP RC columns.
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	Researcher/Stander
	Proposed Models





	CSA S806-12 [41]
	     P   n   =   α   1       f   c     ′   (   A   g   −   A   F R P   )   

     α   1   = 0.85 − 0.0015     f   c     ′   ≥ 0.67   



	CSA S806-02 [42]
	     P   n   = 0.85     f   c     ′   (   A   g   −   A   F R P   )   



	Afifi et al. [43]
	     P   n   = 0.85     f   c     ′   (   A   g   −   A   F R P   ) + 0.35   f   F R P     A   F R P     



	Mohamed et al. [44]
	     P   n   = 0.85     f   c     ′   (   A   g   −   A   F R P   ) + 0.002   E   F R P     A   F R P     



	Tobbi et al. [45]
	     P   n   = 0.85     f   c     ′   (   A   g   −   A   F R P   ) + 0.003   E   F R P     A   F R P     



	Khan et al. [46]
	     P   n   = 0.85     f   c     ′   (   A   g   −   A   F R P   ) + 0.61   f   F R P     A   F R P     







Note:     A   F R P     = area of FRP longitudinal reinforcement;     A   g     = gross area of column section;     E   F R P     = tensile Young’s modulus of the FRP bars;       f   c     ′     = compressive strength of unconfined concrete;     f   F R P     = FRP tensile strength;     P   n     = nominal capacity corresponding to first peak load.













 





Table 2. Concrete mix design.
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	Item Type
	Item Description
	Amount (kg/m3)
	Quantity (%)
	Specific Gravity





	Cement
	Cement Type I (OPC)
	320
	13.53
	3.15



	Water
	Water (Raw)
	152
	6.42
	1.00



	Coarse Aggregate
	20 mm
	660
	27.90
	2.60



	Coarse Aggregate
	10 mm
	440
	18.60
	2.61



	Fine Aggregate
	Dune red sand
	790
	33.39
	2.60



	Admixture
	Master Pozzolith 333
	2
	0.10
	1.22



	Admixture
	Master Ease 3760
	1.8
	0.08
	1.09










 





Table 3. Summary of concrete column reinforced with steel and GFRP bars.
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	Specimen ID
	Longitudinal Reinforcement Size, Type
	Transverse Reinforcement Spacing, mm
	Transverse Reinforcement Size, Type





	P1
	--
	--
	--



	S75
	4 #13, Steel
	75
	10 #10, Steel



	S150
	4 #13, Steel
	150
	6 #10, Steel



	G75
	4 #13, GFRP
	75
	10 #10, Steel



	G150
	4 #13, GFRP
	150
	6 #10, Steel



	HS75
	2 #13, Steel

2 #13, GFRP
	75
	10 #10, Steel



	HS150
	2 #13, Steel

2 #13, GFRP
	150
	6 #10, Steel



	#10G150
	4 #10, GFRP
	150
	6 #10, Steel



	#10HS150
	2 #10, Steel

2 #10, GFRP
	150
	6 #10, Steel







Note: The columns are annotated with letters P (plain concrete), S (steel rebars), G (GFRP bars), and HS (hybrid rebars of steel and GFRP).













 





Table 4. Measured tensile strength properties of steel bars.
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	Sample #
	Yielding Load (kN)
	Yielding Stress (MPa)
	Tensile Load (kN)
	Tensile Stress (MPa)





	Steel 1
	68.6
	542
	80.1
	632



	Steel 2
	59.3
	468
	73.0
	576



	Steel 3
	47.7
	377
	62.3
	492



	Average
	58.5
	462
	71.8
	567










 





Table 5. Measured stress–strain values of GFRP bars.
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	GFRP Sample
	Load (kN)
	Tensile Stress (MPa)
	Failure Strain





	GFRP 1
	46.0
	916
	0.0189



	GFRP 2
	43.1
	944
	0.0187



	GFRP 3
	52.0
	1034
	0.0227



	Average
	47.1
	965
	0.0201










 





Table 6. Measured compressive strength of GFRP and steel rebars.
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	Specimens
	Load (kN)
	Compressive Stress (MPa)





	GFRP 1
	69.4
	548



	GFRP 2
	76.1
	601



	GFRP 3
	74.4
	587



	Average
	73.3
	579



	Steel 1
	59.1
	467 (Yeilding)



	Steel 2
	73.3
	578 (Yeilding)



	Steel 3
	59.7
	471 (Yeilding)



	Average
	64.0
	505 (Yeilding)










 





Table 7. Measured compressive and splitting tensile strength values of concrete cylinders.
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	Samples
	Compressive Stress (MPa)
	Splitting Tensile Strength (MPa)





	Concrete cylinder 1
	24.5
	2.9



	Concrete cylinder 2
	24.4
	3.2



	Concrete cylinder 3
	26.6
	3.5



	Average
	25.2
	3.2










 





Table 8. Results of pull-out bond strength tests on steel rebars.
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	Rebar Specimens
	Ultimate Load, kN
	Ultimate Slip, mm
	Failure Mode





	10 mm steel 1
	56.9
	31
	Pull-out followed by rebar tensile rupture



	10 mm steel 2
	54.5
	17
	Pull-out



	12.7 mm steel 1
	67.9
	45
	Pull-out followed by rebar tensile rupture



	12.7 mm steel 2
	62.6
	18
	Pull-out followed by grip failure










 





Table 9. Results of pull-out bond strength tests on GFRP bars.
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Bar Specimens

	
Ultimate Load, kN

	
Ultimate Slip, mm

	
Failure Mode






	
12.7 mm GFRP 1

	
57.92

	
12

	
Concrete cylinder failure and splitting into three pieces




	
12.7 mm GFRP 2

	
61.84

	
12




	
12.7 mm GFRP sand coated 1

	
66.34

	
12.5




	
12.7 mm GFRP sand coated 2

	
62.95

	
13




	
Average

	
62.26

	
12.375




	
10 mm GFRP 1

	
56.9

	
13.62

	
GFRP tensile rupture




	
10 mm GFRP 2

	
52.4

	
15.79




	
Average

	
54.65

	
14.7











 





Table 10. Results of compression tests on GFRP- and steel-reinforced concrete columns.
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Specimen ID

	
Failure Load, Pu (kN)

	
Failure Mode






	
P1

	
720

	
1/Compressive concrete crushing (CC)/concrete spalling.




	
S75

	
1260




	
S150

	
960




	
G75

	
1160

	
1/Compressive concrete crushing (CC)/concrete spalling.

2/Crushing of GFRP longitudinal bar near loading location.

3/Transverse reinforcement tie rupture.




	
G150

	
1100

	
1/Compressive concrete crushing (CC)/concrete spalling.

2/Crushing of GFRP longitudinal bar near loading location.




	
HS75

	
1140

	
1/Compressive concrete crushing (CC)/concrete spalling.

2/Transverse reinforcement tie rupture.




	
HS150

	
1180

	
1/Compressive concrete crushing (CC)/concrete spalling.

2/Buckling of steel longitudinal bar.

3/Transverse reinforcement tie rupture.




	
#10G150

	
1215

	
1/Compressive concrete crushing (CC)/concrete spalling.

2/Crushing of all GFRP longitudinal bars.




	
#10HS150

	
1048

	
1/Compressive concrete crushing (CC)/concrete spalling.

2/Buckling of GFRP longitudinal bar.

3/Crushing of GFRP longitudinal bar.

4/Buckling of steel longitudinal rebar.











 





Table 11. Comparison between the estimated capacity of previous proposed equations [41,42,43,44,45,46] and the experimental results.
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Column Compression Capacity (KN)




	
Specimen No.

	
CSA S806-12 [41]

	
Afifi et al. [43]

	
Mohamed et al. [44]

	
Tobbi et al. [45]

	
Khan et al. [46]

	
Experimental






	
G75

	
497

	
660

	
543

	
567

	
780

	
1160




	
G150

	
497

	
660

	
543

	
567

	
780

	
1100




	
HS75

	
598

	
674

	
616

	
628

	
734

	
1140




	
HS150

	
598

	
674

	
616

	
628

	
734

	
1180




	
#10G150

	
502

	
592

	
528

	
541

	
658

	
1215




	
#10HS150

	
571

	
612

	
580

	
587

	
645

	
1048
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