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Abstract. This study investigates the compressive response of concrete columns 

incorporating Glass Fiber-Reinforced Polymer (GFRP) reinforcement bars under eccentric 

vertical loading conditions. The experimental study encompassed six reinforced concrete 

(RC) columns, partitioned into two groups: one incorporating conventional reinforcement 

steel and the other utilizing GFRP longitudinal reinforcement bars. The primary variables 

considered included reinforcement type, reinforcement ratio, and eccentricity-to-thickness 

(𝑒 𝑡⁄ ) ratio. The objective was to evaluate the structural performance of GFRP bars as 

primary reinforcement in RC columns and assess their viability as a substitute for steel 

reinforcement in compression-dominated applications. The results revealed pronounced 

disparities in load-carrying capacities and ductility, particularly under varying 𝑒 𝑡⁄  ratios, 

underscoring the significance of reinforcement material on column response. These findings 

promote to the advancement of knowledge on the performance characteristics of GFRP-

reinforced concrete columns and provide essential insights for their implementation in 

structural design. 

Keywords: GFRP bars, Reinforced concrete, RC columns, Eccentric loading, Load-

displacement behaviour, Failure modes, Ductility, Structural performance. 

1 Introduction 

The durability of RC structures remains a critical issue within the building and construction field, with 

corrosion of steel reinforcement being a primary contributor to the degradation and compromised 

structural integrity of such systems. This ubiquitous phenomenon manifests in diverse environments, 

including coastalregions [1], areas subjected to frequent applications of de-icing salts [2], and industrial 

facilities with pronounced chemical exposure [3]. Steel corrosion initiates concrete cracking and 

spalling, and ultimately may cause structural failure, thus necessitating costly repairs, rehabilitation, 

and maintenance activities [4]. In response to these challenges, a growing demand for innovative and 

non-corrosive reinforcement alternatives has emerged to prolong service life and augment the 

sustainability of RC structures [5]. 
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Fiber-reinforced polymers (FRPs) present a viable alternative to conventional steel reinforcement, 

offering superior corrosion resistance, an enhanced strength-to-weight ratio, and electromagnetic 

transparency. These properties render FRP reinforcement particularly beneficial in environments 

susceptible to aggressive conditions, where steel corrosion is a concern, and in settings requiring 

electromagnetic compatibility, such as magnetic resonance imaging (MRI) facilities, where traditional 

steel reinforcement is typically unsuitable [1,6]. While the tensile characteristics of GFRP bars are well-

established, their compressive behavior, particularly within RC columns, remains inadequately 

characterized, thereby highlighting a critical research gap with significant implications for structural 

design and material performance [3,4]. 

The pronounced disparity between the compressive and tensile capacities of GFRP reinforcement bars, 

with the latter exhibiting substantially reduced performance [2,7-9], constitutes a critical limitation. 

Consequently, prevailing design standards across jurisdictions, including the United States, Canada, and 

Italy, typically preclude the adoption of FRP bars as primary longitudinal reinforcement in RC columns. 

This constraint underscores the necessity for advanced investigations into the mechanical response of 

GFRP-reinforced concrete columns under eccentric loading, addressing pivotal gaps in knowledge to 

inform the development of robust and reliable design frameworks. This limitation underscores the 

critical need for continued exploration of the mechanical behavior of GFRP bars within RC columns, 

particularly under eccentric loading conditions. The present study addresses this research gap by 

evaluating the response of GFRP bars in RC columns under eccentric vertical loading, thereby 

contributing to the establishment of robust design methodologies for sustainable concrete infrastructure 

[6,10]. 

Extensive research has established that the confinement of concrete columns utilizing fiber-reinforced 

polymer materials significantly enhances their compressive strength and ductility under uniaxial loading 

conditions [2,5,11-6]. The efficacy of FRP confinement is governed by critical parameters, including 

the specific FRP type—such as carbon fiber-reinforced polymer (CFRP) or glass fiber-reinforced 

polymer (GFRP)—the number of FRP layers applied, and the transverse reinforcement spacing [4]. 

Notably, CFRP exhibits superior stiffness and strength augmentation, while GFRP is predominantly 

associated with enhanced ductility, reflecting the distinct mechanical properties of these composite 

materials [2]. Smaller spacing between ties or spirals increases concrete core confinement effectiveness 

and consequently improves the load-bearing capacity of the RC columns [2,4,11,17]. Additionally, the 

geometry of the transverse reinforcement plays a significant role in the stress distribution [18]. Circular-

shaped ties, such as spirals or continuous hoops, provide a more uniform confinement pressure, and 

thus, are more efficient than rectangular or C-shaped ties [1]. 

The importance of proper material characterization and testing is also underlined by concerns 

surrounding size and slenderness effects on testing results. Existing experimental investigations have 

often been conducted using relatively small-scale specimens, which may conceal the possible influence 

of specimen size on the compressive strength [12]. The mechanical response of such specimens may be 

influenced by the boundary conditions imposed by the restraining effects of the end-bearing plates, 

which can alter the stress distribution and deformation characteristics during loading [2], and therefore 

results derived from small-scale specimens are less reliable and the models based on them may not be 

readily applicable to larger structures. Moreover, columns with larger slenderness ratios (length to 

diameter ratio) are more vulnerable to buckling failures and therefore require tailored reinforcement 

detailing compared with short columns [1,18]. Therefore, it is important to understand the impact of 

size and slenderness on the testing results, as these factors could have a considerable impact on the 

reliability of the research. 

In light of the substantially lower compressive strength of GFRP bars, typically constituting 30% to 

70% of their tensile capacity, prevailing design codes often discount the axial load contribution of 

longitudinal Glass Fiber-Reinforced Polymer (GFRP) reinforcement in concrete columns [2,4,5,19]. 

Experimental investigations reveal inconsistent strain compatibility among longitudinal FRP 
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reinforcement and surrounding concrete, necessitating its inclusion in analytical frameworks [3]. Given 

the comparable elastic modulus of FRP bars in compression and tension, predictive models must 

incorporate this property to accurately characterize their compressive behavior [3,19]. Thus, reliance on 

tensile parameters alone is inadequate, necessitating advanced constitutive models to account for the 

anisotropic and nonlinear response of GFRP reinforcement bars under compressive loads. 

Finally, despite the numerous existing analytical models, no single model is universally accepted, and 

further research is essential to refine and develop more precise models for FRP confined columns 

[20,21]. Also, it is essential that all models should be validated using a comprehensive range of 

experimental results, particularly those generated from larger scale specimens considering different 

loading and confinement conditions. 

1.1 Research Motivation and Niche Identification 

While the structural behaviour of steel-RC columns under diverse loading regimes has been extensively 

studied, the response of GFRP-reinforced concrete columns, particularly under eccentric vertical loads, 

remains insufficiently characterized. Existing studies primarily address concentric axial loading, 

offering limited insight into the performance under eccentric loads, which more accurately represent in-

situ conditions. Despite evidence suggesting that longitudinal GFRP reinforcement contributes to axial 

strength, current design standards neglect this owing to the significant disparity between the 

compressive and tensile characteristics of FRP bars together with the inappropriate reliance on tensile 

strength as a surrogate for compressive performance. Furthermore, the extrapolation of results from 

small-scale experimental studies to full-scale structural systems introduces additional uncertainties. 

Consequently, a critical research gap persists in assessing the efficacy of GFRP bars as a replacement 

for steel reinforcement bars in RC columns experiencing simultaneous axial and flexural demands. This 

study aims to bridge this gap by conducting a rigorous investigation into the behaviour of GFRP-

reinforced columns under eccentric loading, encompassing various reinforcement configurations, to 

enhance predictive models and inform design standards. 

1.2 Research significance 

This study addresses critical challenges in structural engineering, focusing on the performance 

characteristics and durability of RC structures. Steel reinforcement, highly vulnerable to corrosion, 

remains a principal cause of RC degradation, accelerates structural failure and escalates maintenance 

costs. This research investigates the compressive characteristics of GFRP-RC columns subjected to 

eccentric loading, presenting a promising alternative to traditional steel reinforcement. 

Characterized by exceptional corrosion resistance and a high strength-to-weight ratio, GFRP offers a 

solution to enhance the longevity of concrete structures while reducing long-term maintenance 

expenditures. However, the existing body of research predominantly explores concentric loading, 

leaving a substantial gap regarding GFRP’s behavior under eccentric conditions that are critical for real-

world applications. 

This study bridges this gap by evaluating the load-bearing capacities and failure mechanisms of 

GFRP-reinforced columns under eccentric vertical loads. The outcomes are expected to influence design 

standards, fostering extended utilization of GFRP in corrosion-prone environments. Additionally, 

GFRP utilization can yield substantial economic and environmental benefits, such as reduced material 

consumption and minimized maintenance expenses. Eventually, this research contributes to a more 

nuanced understanding of GFRP-RC columns, driving the evolution of sustainable, cost-efficient 

infrastructure solutions. 
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2 Experimental program 

2.1 Specimen Design and Fabrication 

The study involved the design and fabrication of six RC column specimens to investigate their 

performance when subjected to eccentric vertically applied loading conditions. The specimens were 

categorized into two main groups: (1) Steel-RC Columns (Group A), which served as a benchmark for 

comparative analysis, and (2) GFRP-RC Columns (Group B) reinforced with glass fiber reinforced 

polymer bars, see Fig. 1. Each group comprised three specimens distinguished by varying eccentricity-

to-depth ratios (𝑒 𝑡⁄ ) while all parameters and values are explicitly listed in Table 1. All specimens 

possessed a rectangular cross-section with a constant width (𝑏) of 250 mm and a total height of 1500 

mm. With the aim to simulate a common loading condition for RC members in real world scenarios 

(i.e., an eccentric loading) and to avoid  premature failure at column ends, haunches with a haunch depth 

(𝑎) of 350 mm, 400 mm, and 450 mm were designed and incorporated at columns extremities with 

depths (𝑡) of 250 mm (for specimens SA1 and SC1), 300 mm (for specimens SA2 and SC2), and 350 

mm (for specimens SA3 and SC3), respectively. 

Table 1. Geometric characteristics of the tested columns 

Specimen ID 
Column Dimensions Geometric Properties 

𝑏 (mm) 𝑡 (mm) 𝑎 (mm) ℎ (mm) 𝐴 (mm2) 𝑒 (mm) 𝑒 𝑡⁄  (%) 

S
te

el
-R

C
 

SA1 250 250 350 1500 62500 50 20 

SA2 250 300 400 1500 75000 50 17 

SA3 250 350 450 1500 87500 50 14 

G
F

R
P

-R
C

 

SC1 250 250 350 1500 62500 50 20 

SC2 250 300 400 1500 75000 50 17 

SC3 250 350 450 1500 87500 50 14 

 

The Steel-RC column specimens (Group A) were reinforced with high-strength longitudinal/vertical 

steel bars (400 𝑀𝑃𝑎 yield strength). Specimen SA1 utilized four 12 𝑚𝑚 diameter bars, achieving a 

reinforcement ratio of 0.72%. Specimen SA2 incorporated four 12 𝑚𝑚 bars at the corners and two 

additional 10 𝑚𝑚 bars along the compression and tension faces, yielding a 0.81% reinforcement ratio. 

Specimen SA3 employed six 12 𝑚𝑚 bars, symmetrically distributed with three per face, resulting in a 

reinforcement ratio of 0.78%. 

Conversely, the GFRP-RC specimens (Group B) were reinforced with 9.53 𝑚𝑚 diameter vertical 

GFRP reinforcement bars (designated F3), coupled with transverse steel stirrups. Based on preliminary 

sizing, six No. 3 GFRP reinforcement bars were opted for Group B, resulting in a reinforcement ratio 

of 0.68% (0.25% steel-equivalent ratio, modulated via the 𝐴𝑠,𝐸 = 𝐴𝑓 (
𝐸𝑓

𝐸𝑠
) relationship) [7,22]. 

Reinforcement configurations varied across GFRP-RC columns. Specimen SC1 incorporated six No. 3 

GFRP bars (three per side), SC2 featured an additional two No. 3 GFRP bars on the tension and 

compression sides, totaling eight bars with a reinforcement ratio of 0.76% (0.28% steel-equivalent 

ratio). SC3 included four additional No. 3 GFRP bars on the remaining sides, yielding ten GFRP bars 

at the perimeter and a reinforcement ratio of 0.82% (0.30% steel-equivalent ratio). 

All specimens in both groups incorporated 8 mm diameter (T8) steel stirrups at 100 mm spacing, with 

three 8 mm diameter cap stirrups (3T8) at the column ends to mitigate stress concentrations and 

premature failure. 
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Fig. 1. Dimensions and reinforcement details of the RC columns (dimensions are in mm) 
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The transverse reinforcement exhibited 240 MPa yield strength, and all specimens maintained a clear 

concrete cover of 25 𝑚𝑚. Detailed specimen geometry and reinforcement layouts are outlined in Fig. 

1, with reinforcement specifications highlighted in Table 2. An overview of the reinforcement cages, 

formwork, and cast specimens is demonstrated in Fig. 2. 

2.2 Materials 

Specimens were cast using ready-mixed normal-weight concrete, formulated to attain a target 

compressive strength of 30 MPa, achieving a mean compressive strength of 32.4 MPa. Longitudinal 

reinforcement was provided by Grade 60 steel bars, characterized by a yield strength of 400 MPa, an 

ultimate tensile strength of 600 MPa, and an elastic modulus of 200 GPa. Comparative analysis 

incorporated GFRP bars, featuring a tensile strength of 880 MPa and an elastic modulus of 53.4 GPa. 

Transverse reinforcement consisted of 8 mm steel ties, with a yield strength of 240 MPa and tensile 

strength of 360 MPa, and ultimate strain of 8.4%. Material properties are summarized in Table 3. 

 

Fig. 2. Fabrication and preparation of the column specimens: a) overview of the assembled reinforcement cages, 

and b) wooden formwork and casted column specimens 
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2.3 Testing Setup and Procedure 

The columns were vertically positioned and tested using a 5000 kN capacity servo-hydraulic machine, 

with pinned supports at both ends provided by rocker bearings. The loading system, modified with 

custom steel plates, rocker bearings, and a loading frame, applied eccentric loads of 50 mm at both ends 

to simulate realistic conditions (Fig. 3). Axial deformation was monitored via two LVDTs on opposing 

sides, while lateral displacement at mid-height was recorded using two additional horizontal LVDTs. 

Strain gauges on the vertical reinforcement and concrete at midsection captured axial and lateral strains 

on both tension and compression faces. Data acquisition was facilitated through a computer-based 

system interfacing with LVDTs and strain gauges for real-time measurement recording. The test 

configuration for eccentrically loaded columns is outlined in Fig. 3. 

Table 2. Reinforcement details of the tested columns 

Specimen ID 

Vertical reinforcement 

No. & size 
𝐴𝑠 𝐴𝑓 𝐴𝑠,𝐸 𝜌𝑉 (%) 

mm2 mm2 mm2 𝜌𝑉−𝑠𝑡𝑒𝑒𝑙  (%) 𝜌𝑉−𝐺𝐹𝑅𝑃 (%) 

S
te

el
-R

C
 

SA1 4T12a 452.39 - - 0.72 - 

SA2 4T12 + 2T10b 609.47 - - 0.81 - 

SA3 6T12 678.58 - - 0.78 - 

G
F

R
P

-R
C

 

SC1 6F3 - 427.98 114.27 - 0.68 

SC2 8F3 - 570.64 152.36 - 0.76 

SC3 10F3 - 713.31 190.45 - 0.82 

Table 3. Properties of steel and GFRP reinforcements 

Bar type 
Bar diameter 

(mm) 

Cross-sections 

(mm2) 

Yield strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Modulus of 

elasticity 

(GPa) 

Ultimate 

Strain (%) 

Steel 
12 113.1 400 

600 
200 

5.7 

10 78.5 400 6.1 

Steel ties 8 50.3 240 360 8.4 

GFRP 9.53 71.3 - 880 53.4 2.0 

3 Results and Discussion 

A rigorous analysis was undertaken to explore the contribution of longitudinal reinforcement material 

and eccentric loading on the columns' mechanical behaviour. Axial load-displacement and strain 

profiles were generated to systematically assess the significance of these variables on column 

performance. The findings provide a comprehensive understanding of how reinforcement material and 

eccentricity modulate structural response, elucidating the columns' load-bearing capacities and failure 

mechanisms.  
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3.1 General Behavior and Failure Modes 

The failure modes exhibited a progressive sequence, beginning with vertical hairline cracks at mid-

height, which propagated into concrete spalling, core crushing, and culminated in longitudinal 

reinforcement buckling [1,10]. The progression of these events was contingent upon the type of vertical 

reinforcement and the applied eccentricity, as further discussed. 

The steel-RC columns (Group A) exhibited brittle failure, marked by rapid concrete spalling and 

localized cracking, followed by buckling deformation of the longitudinal rebars, as depicted in Fig. 4. 

This failure mechanism reflects typical behavior in conventional RC columns, where insufficient 

confinement leads to premature steel yielding and compression failure of the concrete, culminating in 

reinforcement buckling [1,3]. Specimen SA1 (e/t = 20%) experienced an explosive failure, while SA2 

and SA3 exhibited more gradual post-peak load reductions, indicating enhanced ductility. As 

eccentricity decreased (SA1 to SA3), load-displacement curves became progressively smoother, and 

failure modes transitioned toward greater ductility. 

Conversely, those columns utilizing GFRP bars as reinforcement (Group B) demonstrated a more 

controlled, gradual failure, characterized by distributed cracking throughout the column height, with no 

explosive spalling at peak load, as visualized in Fig. 4. Despite concrete cover spalling, the concrete 

core remained largely intact in specimens SC2 and SC3, ascribed to the confinement offered by the 

transverse reinforcement. Notably, specimens tested under lower eccentricities exhibited a higher 

concentration of mid-height cracking, likely due to reduced lateral deflections and consequently 

diminished confinement. 

 

Fig. 3. Typical test setup and configuration for eccentrically loaded columns 

As eccentricity decreased (from SC1 to SC3), a notable enhancement in specimen deformability was 

observed. Unlike the steel-RC columns, the vertical GFRP bars remained intact, with failure 

predominantly attributed to concrete crushing and GFRP buckling. This reduced brittleness, coupled 

with the absence of GFRP rupture, is a direct result of GFRP’s exceptional tensile strength and ductility, 

along with the effective confinement from the steel stirrups [2,13]. These results underscore that, in 
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GFRP-RC columns with steel stirrups, failure mechanisms are dominated by concrete crushing and 

GFRP buckling, rather than GFRP rupture, even under eccentric loading conditions.  

The detailed description of all the tested specimens is as follows: 

- Specimens SA1, SC1 and SC3 had inclined compression cracks with localized concrete spalling 

at the mid-height of the compression-side of the columns. 

- For specimens SA2 and SC2, cracks started at the column’s ends, and subsequently propagated 

towards the column's mid-height. However, more extensive cracking was observed on the 

compression side, with the occurrence of wider cracks and more extensive cover spalling. 

- For specimen SA3, multiple cracks with relatively uniform spacing were observed at the side of 

the specimen with higher lateral deflection (tension side), with some cracks propagating into the 

column's depth on the tension side. 

Overall, the experimental findings demonstrate that with increasing eccentricity, cracking initiates at 

lower load levels, coupled with amplified vertical and lateral deflections. Moreover, the spalling 

progression in GFRP-RC columns was gradual, driven by the combined influence of transverse 

confinement and the elastic response of the GFRP longitudinal rebars. 

 

Fig. 4. Failure modes of all tested columns 

The results indicate that, while specimens in Groups A and B exhibited comparable initial responses, 

substantial divergences were observed in post-peak behavior and failure modes. Steel-RC columns 

experienced rapid failure, characterized by concrete cover spalling and buckling of the longitudinal 

rebars, whereas GFRP-RC columns demonstrated a more progressive failure, with widespread cracking 

along the column height. The failure mechanisms were further controlled by the eccentricity-to-depth 

ratio, with increasing eccentricity resulting in enhanced deformability across both reinforcement types. 

3.2 Load-Displacement Behavior 

The axial load-displacement curves for all tested specimens, shown in Fig. 5, exhibit a bilinear response 

characteristic of RC columns, with distinct phases. The initial quasi-linear phase corresponds to elastic 

behavior, while subsequent loading induces a loss of stiffness, transitioning into a non-linear regime 

and culminating in gradual load-carrying capacity degradation at peak load. A notable divergence 

between steel-RC and GFRP-RC columns arises in the post-peak behavior. GFRP-RC columns (Group 

A) exhibited an abrupt capacity drop post-peak, indicative of a brittle failure mechanism and concrete 

spalling. Conversely, Steel-RC columns (Group A) demonstrated a more progressive capacity 

reduction, accompanied by longitudinal bar buckling, reflecting enhanced plasticity and deformability 
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prior to failure [1,4]. The initial stiffness across all specimens was similar, independent of longitudinal 

rebars material, suggesting that the initial response is predominantly controlled by concrete elasticity 

rather than reinforcement type or configuration. These results corroborate similar findings in the 

literature [23]. Furthermore, steel-reinforced columns (Group A: SA1, SA2, SA3) presented a more 

pronounced peak load compared to GFRP-RC columns, with the latter exhibiting a sharp post-peak 

decline, while steel-RC columns demonstrated a more gradual load degradation. 

Table 4 synthesizes the experimental data for all specimens, including ultimate load-carrying capacity 

(𝑃𝑢), axial displacement at peak load (𝛥𝑝𝑒𝑎𝑘), maximum axial displacement (𝛥𝑚𝑎𝑥), and normalized 

axial peak stress (𝑓𝑐𝑐 𝑓𝑐
′⁄ ). The normalized axial peak stress (𝑓𝑐𝑐 𝑓𝑐

′⁄ ) for the columns ranged from 0.54 

to 0.74. Steel-RC specimens exhibited values between 0.64 and 0.74, while GFRP-RC specimens 

ranged from 0.54 to 0.66. These results are congruent with the literature, which indicates an average 

compressive peak strength of 0.5 to 0.85 of the concrete's compressive strength [24,25]. The findings 

highlighted a clear decreasing trend of peak load in both Steel-RC and GFRP-RC columns coupled with 

the increase in load eccentricity [3]. Specimen SA1, which was tested under eccentricity to depth ratio 

(𝑒 𝑡⁄ ) equal to 20%, exhibited a more ductile behaviour in comparison with specimens SA2 and SA3. 

This was the reference case with which other specimens were compared. Specimen SA3, tested under 

the lowest eccentric load (𝑒 𝑡⁄ = 14%), exhibited a clearly defined peak load with an abrupt loss of 

capacity beyond this point, which suggests a more brittle failure. The abrupt decrease in the load 

carrying capacity can be rationalized by the occurred concrete spalling, leading to the subsequent 

buckling of the longitudinal steel reinforcement [6]. Nevertheless, Specimen SA2, which had an 𝑒 𝑡⁄  

ratio of 17%, exhibited similar general trends with specimen SA3 with a clear peak, and post peak 

behaviour with significantly less load-bearing capacity and deformability. Specimens SA1, SA2 and 

SA3 displayed a ductile behavior as a result of the participation of longitudinal steel reinforcement 

rebars in the deformation characteristics. De Luca et al. [1] reported similar trends in the performance 

of tested steel-RC columns. 

Table 4. Summary of experimental results 

Specimen 

ID 

𝑓𝑐𝑐 𝑓𝑐
′⁄  

(%) 

𝜀𝑐𝑐,𝑝𝑒𝑎𝑘 

(με) 

𝜀𝑐𝑐,𝑢 

(με) 

𝜀𝑐𝑏,𝑝𝑒𝑎𝑘 

(με) 

𝜀𝑡𝑏,𝑝𝑒𝑎𝑘 

(με) 
𝑃𝑏 (kN) 

𝑃𝑏 𝑃𝑢⁄  

(%) 
𝜇∆ ∆𝑝𝑒𝑎𝑘 ∆𝑚𝑎𝑥 

S
te

el
-R

C
 SA1 0.65 -2562 -8500 -3378 258 164.50 13.60 1.34 6.65 9.47 

SA2 0.70 -2400 -8030 -2689 272 180.49 11.50 1.18 5.99 11.89 

SA3 0.74 -2640 -8308 -2326 358 182.14 9.33 1.14 5.93 13.66 

G
F

R
P

-R
C

 SC1 0.54 -2318 
-

10700 
-2571 1287 61.09 6.08 1.26 4.01 5.46 

SC2 0.59 -2948 -8310 -2289 916 67.66 5.12 1.14 4.31 5.03 

SC3 0.66 -1738 
-

10732 
-1535 143 44.30 2.56 1.13 4.90 6.83 

 

For Group B (GFRP-RC columns), the axial load-displacement curves exhibited similar initial elastic 

response as Group A. Specimen SC1, with an eccentricity-to-depth ratio equal to 20%, showed a 

relatively rapid increase in load up to its peak load, while beyond this point a significant drop in the 

load-bearing capacity occurred after a limited post-peak response. Meanwhile, specimen SC2, which 

had an eccentricity-to-depth ratio of 17%, exhibited a similar trend, with a less pronounced post-peak 

strength degradation than specimens SC1, which may be a consequence of the increased concrete core 

volume due to larger depth 𝑑. However, its maximum deformation value was lesser than the achieved 

value from specimen SC1. The behaviour of specimen SC3 (𝑒 𝑡⁄ = 14%) differs from specimens SC1 
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and SC2 with the specimen sustaining a higher peak load, however, exhibiting a pronounced lowered 

strength and more brittle behaviour. 

Overall, the maximum load of all specimens exhibits a decrement as the eccentricity of the applied 

load increases. Post-peak behaviour of eccentrically loaded columns with high 𝑒 𝑡⁄  ratios (Groups A 

and B) is marked by a more progressive strength degradation, as opposed to the abrupt failure observed 

in low 𝑒 𝑡⁄  ratio specimens. This is a consequence of tensile forces developed at the column cross-

section under greater eccentric loading [26,27], consistent with the anticipated ductile failure 

mechanism when bending dominates. Subsequent to peak load, the tensile zone undergoes significant 

strain, potentially triggering reinforcement yielding and a more incremental progression of damage. 

Among specimens with comparable eccentricity ratios, steel-RC specimens consistently demonstrated 

superior load-bearing capacity relative to GFRP-RC counterparts. Furthermore, while peak load 

capacity decreases with increasing eccentricity, the maximum axial displacement (𝛥𝑚𝑎𝑥) generally 

increases with elevated eccentricity. 

 

Fig. 5. Load versus axial displacement 

3.3 Strength and Deformation Capacity 

The interaction between the applied axial load versus the resulting concrete strain on the compression 

side of each column is demonstrated in Fig. 6. Three distinct phases of behavior were identified, in line 

with the different stages of concrete response under eccentric compression. Initially, the curves 

demonstrate linearity, representing the elastic pre-crack range where strains increase proportionally with 

the exerted load. The inflection point, where the stress-strain curve deviates from linearity, signifies the 

onset of stiffness degradation. The second phase, a non-linear transition, involves concrete expansion 

and strain amplification, leading to the formation of microcracks. In the third phase, post-peak, the 

concrete experiences extensive expansion and crushing due to significant microcracking [26]. 

Maximum compressive strains reached up to −10700 𝜇𝜀, while peak load was attained at substantially 
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lower strains, ranging from −1738 to −2948 𝜇𝜀. This suggests considerable post-peak displacements, 

particularly in GFRP-RC specimens. 

Table 4 summarizes the experimental findings, including peak loads (𝑃𝑢) and their associated axial 

displacements (∆𝑝𝑒𝑎𝑘), concrete strain on the compression side (𝜀𝑐𝑐,𝑝𝑒𝑎𝑘), and strains in the vertical 

reinforcement at peak load (𝜀𝑐𝑏,𝑝𝑒𝑎𝑘 for compression and 𝜀𝑡𝑏,𝑝𝑒𝑎𝑘 for tension). Strain measurements at 

mid-height of the columns reveal differential strain responses in the reinforcement, with tension-side 

bars experiencing tensile strain and compression-side bars exhibiting compressive strain, reflective of 

the structural response under load. The reinforcement's contribution to the ultimate load (𝑃𝑏 𝑃𝑢⁄ ) is 

quantified through an analytical approach that integrates axial strain, elastic modulus, and cross-

sectional area, under the assumptions of linear elastic behavior and uniform strain distribution, aligning 

with the principles of superposition and material linearity. 

 

Fig. 6. Load versus concrete strain on compression side 

The comparatively limited contribution of GFRP reinforcement to the maximum load-bearing 

capacity, ranging from 2.9% to 4.5%, underscores its limited influence relative to steel reinforcement, 

which contributed approximately 11.6%. This disparity is predominantly attributable to the significantly 

lower elastic modulus of GFRP, thereby highlighting the preeminent role of the concrete matrix's axial 

stiffness in load-bearing capacity. Conversely, the mechanical properties of the longitudinal 

reinforcement predominantly influence post-peak ductility and structural resilience. 

Steel-RC columns (Group A) demonstrated superior peak load capacities and post-peak stiffness 

compared to GFRP-RC columns (Group B). Notably, specimen SA1 exhibited higher ductility than SA2 

and SA3, which showed reduced ductile behavior. Steel-RC columns displayed pronounced stiffness 

degradation and strength reduction post-peak, indicative of brittle failure under minimal eccentric 
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loading. Steel-RC columns achieved higher peak strains (𝜀𝑐𝑏,𝑝𝑒𝑎𝑘 and 𝜀𝑡𝑏,𝑝𝑒𝑎𝑘) than their GFRP 

counterparts, with GFRP bars reaching maximum strain at lower load levels, as a result of the 

substantially lower elastic modulus of GFRP [4,22]. This disparity underscores that, under eccentric 

loading conditions, steel reinforcement achieves higher stress levels at peak load compared to GFRP 

reinforcement, further emphasizing the influence of material properties on structural performance. 

The stress-strain response of GFRP-RC columns was strongly influenced by load eccentricity. 

Specimens subjected to higher eccentricities (SC1 and SC2) exhibited similar stress-strain responses, 

characterized by a rapid post-peak load loss and marginal increases in peak concrete strain. In contrast, 

specimen SC3, subjected to lower eccentricity, displayed a more ductile response with higher 

compressive strains and a more pronounced plastic region, suggesting that reduced eccentricity 

enhances the ductility of GFRP-RC columns through extended plastic deformation and controlled 

strength degradation [3]. 

Group B specimens exhibited similar ascending phases of the axial load-compressive strain curve, 

dominated by linear behavior. However, specimen SC3 exhibited a more ductile response, with a 

gradual post-peak load reduction, indicating more stable crack progression in columns with lower 𝑒 𝑡⁄  

ratios and better post-peak response relative to other specimens in this group. 

3.4 Ductility  

Ductility, identified to as the capacity of a structural element to sustain substantial inelastic 

deformation prior to failure, was quantified through the displacement ductility index (𝜇∆), which is 

expressed as the ratio of axial displacement at ultimate failure (𝛥𝑢) to the displacement at the initiation 

of concrete crushing (𝛥𝑦). This approach was specifically employed to mitigate subjectivity in the 

identification of yield points for GFRP-RC columns, while maintaining methodological consistency 

with conventional steel-reinforced concrete structures [11,12,15,22]. The deformation response of 

GFRP-RC columns was assessed adopting the established framework for steel-RC columns [28], 

ensuring a comprehensive assessment of plasticity, including the characterization of strain-softening 

failure modes. The experimentally derived ductility indices are listed in Table 4. 

The results demonstrate a substantial impact of reinforcement material properties and configuration 

on ductility. Steel-RC specimens (Group A) exhibited significantly enhanced ductility, attributable to 

the yielding characteristics of steel-reinforcement, which enables a progressive failure mode by 

sustaining stress at elevated strain levels. Whereas, the linear-elastic behavior of GFRP reinforcement 

severely limits plastic deformation, resulting in diminished ductility. Furthermore, a heighten 

eccentricity-to-depth ratio (𝑒 𝑡⁄ ) from 14% to 20% led to a marked improvement in ductility for both 

reinforcement types. This enhancement is credited to the predominance of flexural mechanisms under 

eccentric loading conditions, where initial flexural-tension cracking transitions to compression-

dominated failure, facilitating the propagation of cracks and the activation of transverse reinforcement. 

This interaction mitigates the abrupt failure typically observed in short columns, underlining the pivotal 

role of reinforcement properties and loading configurations in governing post-peak response and 

collapse mechanisms in RC columns. 

4 Conclusions 

This experimental investigation evaluated the axial load-displacement response of RC columns 

subjected to eccentric loading, with a focus on the comparative performance of longitudinal steel and 

GFRP reinforcement in conjunction with transverse steel stirrups. The following conclusions are drawn: 

- GFRP-reinforced concrete (GFRP-RC) columns exhibited comparable ultimate load capacities to 

steel-reinforced concrete (steel-RC) columns under eccentric loading. However, the normalized 
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ultimate axial stress for GFRP-RC specimens ranged from 54% to 66% of the average concrete 

compressive strength, marginally lower than the 64% to 74% observed for steel-RC specimens. 

- Distinct failure mechanisms were identified: steel-RC columns exhibited brittle failure 

characterized by sudden concrete cover spalling and subsequent buckling of longitudinal rebars, 

whereas GFRP-RC columns demonstrated a more progressive failure mode with distributed 

cracking.  

- Ductility, quantified via the displacement ductility index (𝜇∆), was significantly influenced by 

reinforcement material and eccentricity. Steel-RC columns exhibited superior ductility due to the 

yielding behavior of steel reinforcement, which facilitated sustained stress at high strains. 

Increasing the eccentricity ratio (𝑒 𝑡⁄ ) enhanced ductility for both reinforcement types, with higher 

eccentricities promoting greater deformation capacity through flexural mechanisms. 

- The GFRP reinforcement exhibited a peak axial load contribution ranging from 2.9% to 6.08%, 

markedly inferior to the 9.33% to 13.6% provided by steel reinforcement. This disparity can be 

linked to the comparatively lower elasticity and compressive resistance of GFRP, emphasizing 

the dominant role of concrete axial stiffness in the initial loading phase. 

- Loading eccentricity exerted a considerable effect on structural behavior. A decrease in the 𝑒 𝑡⁄  

ratio reduced brittleness and enhanced ductility, while increasing the 𝑒 𝑡⁄  ratio diminished load-

carrying capacity for both GFRP-RC and steel-RC columns. The activation of transverse 

reinforcement under higher eccentricities delayed concrete core crushing, mitigating abrupt 

failure. 
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