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ABSTRACT 

One of the most serious issues confronting steel reinforced concrete structures is the 

deterioration of members caused by worsening steel corrosion problems, particularly in harsh 

environments such as marine structures, pile foundations, and tunnels. Recently, Fiber-

Reinforced Polymer (FRP) bars has been introduced for the construction industry to overcome 

the corrosion problem, due to their innate corrosion resistance and high tensile strength-to-

weight ratio. A critical review of valuable past studies indicated that insufficient information 

on the concentrically and eccentrically behavior of FRP-RC hollow columns is available for 

practicing engineers. Due to very limited experimental data, most currently design codes 

provide very conservative provisions for the use of FRP in compression members. Therefore, 

this present study has been conducted to help fill this knowledge gap by analyzing the response 

of GFRP-RC hollow circular columns subjected to concentric and eccentric loading. 

A total of 27 large-scale specimens were constructed and tested⸺19 under pure axial 

compression loading and 8 under eccentric compression loading. Besides the loading type, test 

variables included the influence of the longitudinal reinforcement ratio and type, specimen 

cross-section configuration, transverse reinforcement ratio, type, and configuration, and load 

eccentricity level. The specimens had 305/113 mm outer/inner diameters and 1,500 mm in 

height. In addition, a parametric investigation was carried out to enrich the research database 

with numerous load-moment interaction diagrams such as: influence of the inner-to-outer 

diameter ratio; influence of longitudinal reinforcement ratio and type; influence of considering-

to-disregarding bar contribution in compression; and influence of concrete compressive 

strength. The test results, including cracking behavior, column strength, failure mechanism, 

axial displacement response, lateral displacement response, reinforcement strain response, 

stiffness, and moment-curvature response, were examined. A family of load-moment 

interaction diagrams in terms of disregarding and considering the contribution of GFRP 

longitudinal bars in compression was developed to better understand the concentrically and 

eccentrically behavior of GFRP-RC hollow columns. 

 

Keywords: Hollow circular reinforced concrete columns; Glass Fiber-Reinforced Polymer 

(GFRP) reinforcement; Longitudinal reinforcement ratio and type; transverse reinforcement 

ratio, type, and configuration; Axial load capacity; Cracking and mode of failure; Confinement 

and ductility; Design codes; Eccentricity; Interaction diagram; Moment-curvature; Crack 

control; Sectional analysis; First- and second-order effect. 
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RÉSUMÉ 

L’un des problèmes les plus graves auxquels sont confrontées les structures en béton armé 

d’acier est la détérioration des éléments structuraux causée par l’aggravation des problèmes de 

corrosion de l’acier, en particulier dans les environnements difficiles tels que les structures 

marines, les fondations sur pieux et les tunnels. Récemment, Polymère Renforcé de Fibres 

(PRF) a été introduite pour l’industrie de la construction afin de résoudre le problème de la 

corrosion, en raison de leur résistance innée à la corrosion et un rapport résistance à la 

traction/poids élevé. Les critiques de études antérieures précieuses ont montré que les 

ingénieurs praticiens ne disposent pas d’informations suffisantes sur le comportement des 

poteaux en béton armé de PRF de section creuse sous charges centrée et excentrée. En raison 

du nombre très limité de données expérimentales, la plupart des normes et directives de 

conception actuelles prévoient des dispositions très prudentes pour l’utilisation du PRF dans 

les éléments de compression. Par conséquent, la présente étude a été menée pour aider à 

combler ce manque de connaissances en analysant le comportement de poteaux circulaires 

creux en béton armé de PRFV soumis à des charges centrées et excentrée. 

Un total de 27 spécimens grandeur réelle ont été fabriqués et testés⸺19 spécimens sous 

charges de compression centrée et 8 spécimens sous charges de compression excentrée. Outre 

le type de chargement, les paramètres d’essai comprenaient l’influence du taux et du type 

d’armature longitudinale, la configuration de la section transversale du spécimen, le taux, le 

type et la configuration de l’armature transversale, et l’excentricité de la charge. Les spécimens 

avaient des diamètres extérieurs/intérieurs de 305/113 mm et une hauteur de 1,500 mm. En 

outre, une étude paramétrique a été menée pour enrichir la base de données expérimentale avec 

le développement de nombreux diagrammes d’interaction charge axiale-moment tels que: 

l’influence du rapport diamètre intérieur/diamètre extérieur; l’influence du taux et type 

d’armature longitudinale; l’influence de la contribution ou non des barres en compression; et 

l’influence de la résistance à la compression du béton. Les résultats des essais, y compris le 

comportement à la fissuration, la résistance des poteaux, le mécanisme de rupture, le 

déplacement axial, le déplacement latéral, les déformations des armatures, la rigidité et la 

relation moment-courbure, ont été examinés. Une famille de diagrammes d’interaction charge 

axiale-moment prenant en compte ou non la contribution en compression des barres 

longitudinales en PRFV a été développée pour mieux comprendre le comportement sous charge 

centrée et excentrée des poteaux de section creuse en béton armé de PRFV. 
 

Mots clés: Mots-clés : Poteaux circulaires creux en béton armé ; renfort en polymère 

renforcé de fibre de verre (PRFV); Rapport et type de renforcement longitudinal ; rapport, type 

et configuration des armatures transversales ; Capacité de charge axiale ; Fissuration et mode 

de défaillance ; Confinement et ductilité ; Codes de conception ; Excentricité; Diagramme 

d'interaction ; Moment-courbure ; Contrôle des fissures ; Analyse sectionnelle ; Effet de 

premier et de second ordre. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 General 

The use of hollow reinforced concrete (RC) columns (HCCs) instead of solid columns has 

increased in the construction of bridges with high elevations and long spans (e.g., bridge piers, 

bridge columns, and piles), sports lighting, and utility poles (see Figure 1.1). The advantages 

that HCCs provide over solid columns with the same dimensions relate to enhanced structural 

efficiency (i.e., higher stiffness-to-weight and strength-to-weight ratios), which can be 

attributed to the decreased mass contribution of the columns to seismic response and to the 

lower amounts of concrete materials, thereby reducing costs. 

To date, integrating fiber-reinforced polymer (FRP) bars as a valuable option as internal 

reinforcement for concrete members has gained significant interest in the construction industry 

(Hadhood et al. 2020; Benmokrane et al. 2021). Due to their innate corrosion resistance, high 

tensile strength-to-weight ratio, and high fatigue endurance, FRP bars have become a 

promising substitute for conventional steel bars (Gooranorimi and Nanni 2017). The 

confidence in using this advanced reinforcing material has been significantly bolstered by the 

successful outcomes reported in a number of experimental studies on concentrically and 

eccentrically loaded solid circular and rectangular concrete columns reinforced with FRP 

reinforcement, demonstrating that they attain similar or even higher load carrying capacity, 

confinement efficiency, and ductility compared to conventional steel reinforced columns. 

Despite the findings of the past studies, most design codes and provisions, including ACI 440 

(2022) and CSA S806 (2017), either prohibit using FRP reinforcement in compression 

members or ignore their contribution to column capacity. Only AASHTO (2018) and CSA S06 

(2019) have considered the contribution of FRP longitudinal bars to capacity at a compressive 

strain equal to 0.002 mm/mm. These variations can be due to (i) there being no clear standard
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test approach for determining the compressive performance of FRP longitudinal bars; and (ii) 

the compressive modulus of FRP bars being low because of the micro-buckling of interior 

fibers during testing under axial compression loading, resulting in premature fracture of the 

FRP longitudinal bars. There is a need therefore to gain a better understanding of the behavior 

of compressive structural elements reinforced with FRP bars such as HCCs and to demonstrate 

the effect of different design parameters on their overall performance. 

 

Figure 1.1 Hollow concrete column applications: (a) conventional columns, (b) utility poles, 

(c) ground piles, (d) sports lighting (U.S. Inc.), and (e) bridge piers in High-speed rail in 

Taiwan (Mo et al. 2003). 

High-speed rail, Taiwan 

(a)

(b)

(c) (d)

(e)
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1.2 Research Objectives 

The main objectives of this research can be summarized as follows: 

1. To investigate the failure mechanisms of glass fiber-reinforced polymer (GFRP) hollow 

concrete columns loaded under concentric and eccentric compression loading. 

2. To investigate the effects of the column cross-section configuration, longitudinal 

reinforcement ratio and type, transverse reinforcement ratio, type, and configuration, and 

eccentricity load levels on the load-carrying capacity, axial–flexural capacity, failure 

mechanisms, ductility, confined concrete strength, post-peak performance, crack control, 

and moment-curvature. 

3. To enrich the research database with useful parametric studies by developing numerous 

load-moment interaction diagrams considering the following parameters― e.g., inner-

to-outer diameter ratio, longitudinal reinforcement ratio, considering or disregarding bar 

compressive strength, longitudinal reinforcement type, and concrete compressive 

strength. 

1.3 Research Methodology 

A research plan including an experimental program and theoretical investigation was 

conducted to adequately address the behavior of hollow circular concrete columns reinforced 

with GFRP bars subjected to concentric and eccentric loading. A total of 27 large-scale hollow-

core circular columns were cast with 305/113 mm outer/inner diameters and 1,500 mm in 

height. Out of these, 19 were tested under concentric compression loading, while the remaining 

8 columns were tested under eccentric loading. The specimens were designed according to 

CSA S806 (2017), AASHTO (2018), and CSA S06 (2019) code requirements for longitudinal 

and transverse reinforcement. The specimens were instrumented with a series of linear variable 

differential transformers (LVDTs), strain gauges, and linear potentiometers (LPOTs) and 

linked via channels to a data acquisition system to continuously monitor the specimen 

responses during the test. The test results, including cracking behavior, column strength, failure 

mechanism, axial displacement response, lateral displacement response, reinforcement strain 

response, and moment-curvature response, were carefully analyzed. A family of load-moment 

interaction diagrams in terms of disregarding and considering the contribution of GFRP 



Chapter 1: Introduction                                                                                                             4 

ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــــــــــــــــــــــــــــــــــــــــــــــــــ  

longitudinal bars in compression was developed to better understand the concentrically and 

eccentrically behavior of GFRP-RC hollow columns. 

1.4 Thesis Organization 

The thesis consists of eight chapters as described below: 

Chapter 1 presents a brief background of the research topic, states the main objectives of the 

work, and provides a general description of the methodology. 

Chapter 2 presents a comprehensive review of past research work on FRP-RC columns and 

the influence of many design parameters, such as loading conditions, longitudinal 

reinforcement ratio, volumetric ratio, and cross-section configuration and geometry. An 

essential background regarding the structural performance and failure mechanisms of the FRP-

RC columns is given. A summary of the valuable past studies on the concentrically and 

eccentrically behavior of FRP-RC hollow columns is also provided in this chapter. 

Chapter 3 presents the details of the experimental program implemented in this study. The 

specimens’ design and details, test setup, instrumentation, and properties of the materials used 

are all covered in detail. 

Chapter 4 (1st article) investigates the influence of the longitudinal reinforcement ratios on the 

behavior of GFRP-RC hollow circular columns loaded under pure axial compression loading. 

the influence of the hollowness (i.e., cross-section configuration) on the hollow concrete 

column behavior is assessed. Comparatively evaluating the effectiveness of the longitudinal 

reinforcement types on the load capacity, confinement efficiency, ductility index, and the 

failure mechanism of GFRP-RC hollow columns are also provided. 

Chapter 5 (2nd article) investigates the effects of volumetric ratio in terms of spiral/hoop 

spacing and diameter, lateral reinforcement configuration (spiral and discrete hoops), and 

cross-sectional configurations on HCC performance. The effectiveness of the reinforcement 

type on the load capacity and the failure mechanism of GFRP-RC hollow columns is provided. 

Studying the concentric behavior of HCCs with similar transverse reinforcement ratios but with 

different spiral spacings and sizes is also investigated. 
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Chapter 6 (3rd article) focuses on investigating the structural performance of RC hollow 

circular columns reinforced with glass fiber-reinforced-polymer (GFRP) bars and spirals under 

concentric and eccentric loading. The effects of the GFRP longitudinal reinforcement ratio and 

eccentricity-to-outer diameter ratio on failure mechanisms, post-peak performance, ductility 

index, crack control, and ultimate axial–flexural capacity GFRP-RC hollow columns are 

experimentally investigated. The impact of hollowness on the GFRP-RC columns is also 

provided in this study.  

Chapter 7 (4th article) presents an experimental and theoretical development of load-moment 

interaction diagrams of GFRP-RC hollow columns. The results of a parametric study carried 

out to investigate the effects of concentrically and eccentrically behavior of HCCs and to enrich 

the research database with numerous load-moment interaction diagrams are reported. The 

parameters considered are (1) inner-to-outer diameter ratio; (2) longitudinal reinforcement 

ratio; (3) considering or disregarding bar compressive strength; (4) longitudinal reinforcement 

type; and (5) concrete compressive strength.  

Chapter 8 summarizes the research work conducted in this study and draws conclusions 

obtained from the experimental and theoretical investigations. Recommendations for future 

research are also provided in this Chapter. 

 

 

 

 

 

 

 

 

 





 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
CHAPTER 2 

LITERATURE REVIEW 

 

2.1 General 

HCCs constitute a structural system with low self-weight, reduced material use, and high 

strength-to-weight ratio. Seismic design practice—particularly tall bridges subjected to high 

moment and shear stresses—requires these unique advantages (Lignola et al. 2009).  Moreover, 

HCC has been used in place of solid column in bridge construction (e.g., columns, piles, utility 

poles, and bridge piers).  

To date, fiber-reinforced polymer (FRP) bars have been increasingly employed in the 

construction industry to reinforce concrete members as a promising alternative to steel bars. 

Steel reinforcement corrosion is one of the major issues that reduces serviceability and causes 

premature failure of many concrete structures around the world (Mohamed and Benmokrane 

2014; Hadhood et al. 2019). Due to their innately corrosion resistant, nonmagnetic, lightweight, 

high fatigue endurance, and high tensile strength, FRP bars have become one of the most 

valuable reinforcing materials in concrete during recent decades, especially those structures 

exposed in aggressive environments (Ali et al. 2021; Benmokrane et al. 2021). Nowadays, the 

use of FRP reinforcement has been extended in coastal structures such as marine docks and 

boat ramp planks (Benzecry et al. 2021). 

Valuable experimental studies have been conducted on concentrically and eccentrically loaded 

solid circular and rectangular GFRP-RC columns aiming at investigating their load-carrying 

capacity, confinement efficiency, ductility, and superiority over conventional steel-reinforced 

columns (De Luca et al. 2010; Pantelides et al. 2013; Afifi et al. 2014a; Mohamed et al. 2014; 

Maranan et al. 2016). These studies concluded that the behavior of GFRP-RC columns was 

very similar to that of conventional steel-RC columns, and there was no appreciable difference 

in their peak capacity, but GFRP-RC can yield a structure with
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significant durability. Despite the findings of the past studies, most design codes and 

provisions, including ACI 440 (2022) and CSA S806 (2017), either prohibit using FRP 

reinforcement in compression members or ignore their contribution to column capacity. Only 

AASHTO (2018) and CSA S06 (2019) have considered the contribution of FRP longitudinal 

bars to capacity at a compressive strain equal to 0.002 mm/mm. 

Limited studies, however, have focused on investigating the concentrically loaded behavior of 

circular HCCs reinforced with GFRP reinforcement. Moreover, there appears to be no research 

on the behavior of such columns under eccentric loading. There is a need therefore to gain a 

better understanding of the behavior of compressive structural elements reinforced with FRP 

bars such as HCCs and to demonstrate the effect of different design parameters on their overall 

performance. The following sections present a comprehensive review of past studies on FRP-

RC columns and the influence of many design parameters, such as loading conditions, 

longitudinal reinforcement ratio, volumetric ratio of transverse reinforcement, and cross-

section configuration and geometry. 

2.2 Tests on FRP-RC Solid Columns 

2.2.1 Concentric Loading “SCC” 

De Luca et al. (2010) tested four GFRP-RC columns under axial load. The columns had a 610 

mm solid square cross-section and a 3,000 mm height. All columns were reinforced 

longitudinally with 8 GFRP bars No. 8 ( L of 1.00%) and transversally with No. 4 GFRP ties 

at center-to-center spacing of 406, 305, and 76 mm. The longitudinal reinforcement had tensile 

strength and elastic modulus of 608/712 MPa and 44.2/44.4 GPa, respectively. The concrete 

compressive strength was 34.5 MPa.  

The failure mechanism of the columns was compression controlled, induced by concrete cover 

spalling―when the average axial stress was ranged from 85-93% of the average concrete 

compressive strength― followed by buckling or fracturing of the longitudinal bars and 

rupturing of the ties. According to the authors, the GFRP bars’ contribution to the column 

capacity was less than 5% of the peak load. Regarding the ties’ spacing effect, an insignificant 

influence was observed for the 76 mm spacing on the ultimate capacity, but it considerably 

affected the failure mode by delaying the bars’ buckling, crack initiation and propagation, and 

concrete core crushing. 
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Tobbi et al. (2012) tested five GFRP-RC columns under axial load, as shown in Figure 2.1. 

The columns had a 350 mm solid square cross-section and 1,400 mm height. The tested 

columns were reinforced with the same longitudinal reinforcement ratio L of 1.90% by using 

two different configurations: 8 bars No. 19 and 12 bars No. 16. In the transverse direction, No. 

13 GFRP ties at center-to-center spacing of 120 and 80 mm were used. The longitudinal 

reinforcement had tensile strength and elastic modulus of 751/728 MPa and 48.2/47.6 GPa, 

respectively. The concrete compressive strength was 32.6 MPa. 

According to the authors, the average axial stress corresponding to the peak load was 98% of 

the average concrete compressive strength due to concrete cover spalling. They further 

concluded that the contribution of the GFRP bars in compression was 10% of the peak load. 

Considering the bars’ compressive strength at 35% of the FRP maximum tensile strength when 

used to calculate the column’s ultimate capacity. 

 

Figure 2.1 Test setup: (a) MTS loading apparatus; and (b) instrumentation. (Tobbi et al. 

2012) 

Afifi et al. (2014a) tested nine GFRP-RC columns under axial load to investigate the effect of 

the longitudinal reinforcement type (GFRP versus steel) and ratio ( L of 1.1, 2.2, and 3.2%), 

and transverse reinforcement ratio. The columns had a 300 mm solid circular cross-section and 

a 1,500 mm height. The tested columns were longitudinally reinforced using 4, 8, and 12 GFRP 

bars #5 and transversally with No. 3 GFRP spirals pitched at 120, 80, and 40 mm on center 

were used. The mechanical properties of the GFRP reinforcement ranged from 889 to 941 MPa 
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tensile strength and between 52.5 and 55.4 GPa elastic modulus. The concrete compressive 

strength was 42.9 MPa. 

The failure mechanism of the columns was controlled by concrete cover spalling. The average 

axial stress was 85% of the average concrete compressive strength. The buckling or fracturing 

of the longitudinal bars and rupturing of the spirals was then noticed. The test results revealed 

that the GFRP bars contributed 10%, on average, of the peak load. The volumetric ratio had a 

significant influence on column behavior, confinement efficiency, and ductility. According to 

the authors, increasing the transverse reinforcement ratio from 1.0% to 3.0% enhanced 43% of 

the confinement efficiency and 208% of the ductility. 

Maranan et al. (2016) tested six geopolymer-concrete solid circular columns reinforced with 

GFRP bars and spirals subjected to axial compression load. The columns had a 250 mm 

diameter and a 1,000 mm height. All columns were reinforced longitudinally with 6 GFRP bars 

No. 5 ( L of 2.4%). To study the effect of spiral or hoop spacing and configuration, the No. 3 

GFRP spirals or hoops spaced at 200-, 100-, and 50-mm were used. The tensile strength and 

elastic modulus of the GFRP bars #4 were 1,184 MPa and 62.6 GPa, respectively, while the 

spirals #3 were 1,372 MPa and 65.1 GPa, respectively. The geopolymer-concrete compressive 

strength was 38.0 MPa. 

The mode of failure for the tested columns was due to crushing and/or shear failure (see Figure 

2.2). The contribution of the GFRP bars in compression was 8% of the peak load. The authors 

also concluded that the ductility and confinement efficiency of the columns confined with 

GFRP spirals were greater than their corresponding columns using discrete hoops by 133 and 

111%, respectively. 

 

Figure 2.2 Modes of failure observed by Maranan et al. (2016): (a) GFRP bars’ global 

buckling, (b) geopolymer concrete cover spalling, (c) GFRP bars’ fracturing, geopolymer 

concrete core crushing, and rupturing of discrete hoops, (d) GFRP bars’ fracturing, 

geopolymer concrete core crushing, and rupturing of spirals. 
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2.2.2 Eccentric Loading “SCC” 

Hadi et al. (2016) reported results from twelve RC solid circular columns with a diameter of 

205 mm and a height of 800 mm that were tested under different loading conditions: concentric, 

eccentric (25-and 50-mm), and flexural. Out of these, four control specimens were reinforced 

with steel bars and spirals (6 bars No. 12 and No. 10 steel spirals at 60 mm pitch) and the 

remaining eight were reinforced with GFRP bars and spirals (6 bars #4 and GFRP spirals #3 

pitched at 60 and 30 mm.) The tensile strength and elastic modulus of the GFRP bars #4 were 

1,200 MPa and 50.0 GPa, respectively, while spirals #3 were 1,275 MPa and 57.0 GPa, 

respectively. The concrete compressive strength was 37.0 MPa. 

According to the authors, the failure mechanism of the concentrically loaded GFRP-RC 

specimens was rupture of the GFRP bars, followed by buckling and fracturing of bars, and 

crushing of the concrete core. The ultimate capacity for the specimens loaded under 25-mm 

and 50-mm eccentricity decreased by 40 and 60%, respectively, less than the concentrically 

loaded specimens. The authors also concluded that decreasing spiral pitch from 60 to 30 mm 

improved the column axial load and moment strengths and ductility. 

Hadhood et al. (2017a) investigated the structural performance and failure mechanisms of RC 

columns reinforced with GFRP bars and spirals loaded under concentric and four different 

eccentricity load levels (25-, 50-, 100-, and 200-mm eccentricity). A set of 10 solid circular 

specimens had a 305 mm diameter and a 1,500 mm height were tested. The tested columns 

were longitudinally reinforced with 8 and 12 GFRP bars #5 and transversally with No. 3 GFRP 

spirals pitched at 75 on center. The tensile strength and elastic modulus of the GFRP bars #5 

were 1,289 MPa and 54.9 GPa, respectively, while the spirals #3 were 1,171 MPa and 52.5 

GPa, respectively. The concrete compressive strength was 35.0 MPa. 

The test results revealed that the failure of the columns at 8.2% and 16.4% eccentricity was 

characterized by compression owing to concrete crushing followed by fracturing of the 

longitudinal bars. At 32.8% and 65.6% eccentricity, flexural tension failure was initially 

reported, and then a secondary compression failure occurred due to the stresses exceeding the 

allowable concrete compressive strength. These findings were also reported by Khorramian 

and Sadeghian (2017) and Sun et al. (2017) for 23 solid rectangular GFRP-RC columns tested 

under various eccentricity levels ranging from 10% to 70%. They however found no evidence 

that the longitudinal bars were fractured beyond the failure of the columns. 
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Elchalakani et al. (2020) enriched the experimental database by testing a total of 15 solid 

circular GFRP-RC columns under axial compression load (as a column), 25-, 50-, and 75-mm 

eccentric load (combined), and flexural loading (as a beam). Figure 2.3 depicts the test 

specimens’ dimensions and details of longitudinal and transverse reinforcement. The tensile 

strength and elastic modulus of the 10-mm GFRP longitudinal bars were 930 MPa and 59.0 

GPa, respectively, while the 8-mm GFRP continuous spirals were 650 MPa and 55.0 GPa, 

respectively. The concrete compressive strength was 34.0 MPa. 

The effect of varying the volumetric ratio of the transverse reinforcement, longitudinal 

reinforcement and the reinforcement type (GFRP or steel) were investigated. According to the 

authors, the results showed that increasing the transverse reinforcement from 1.4% to 2.8% 

improved the ultimate strength and ductility by 10% and 38%, respectively, on average. 

Moreover, the ductility improved as the eccentric loading increased after the concrete cover 

spalled. On the other hand, increasing the longitudinal reinforcement ratio enhanced the 

column strengths and improved the ductility as well. 

 

Figure 2.3 test specimens’ dimensions and reinforcement details. (Elchalakani et al. 2020) 

Elmesalami et al. (2021) published results from tests of 12 solid square columns with 180

180 mm subjected to concentric and eccentric loads. The effect of the longitudinal 

reinforcement type (GFRP versus BFRP versus steel) and ratio ( L of 2.5 and 3.9%) on the 

concentric and eccentric behavior of columns, in addition to the influence of the eccentricity 

levels (40-mm and 80-mm), were investigated. Two concrete batches were cast with a concrete 

compressive strength of 28.4 and 34.4 MPa. 
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The test findings revealed that the tested columns behaved similarly up to the peak load, 

regardless of reinforcement type (GFRP, BFRP, or steel). This is because the failure was 

governed by spalling of the concrete cover, followed by fracturing of the longitudinal bars and 

rupturing of the spirals. On average, a 5% difference was reported in load capacities between 

the GFRP-and BFRP-RC columns. In contrast, they attained 20% and 17% lower axial 

capacity, respectively, than their steel-reinforced counterparts. Unlike the 31% contribution of 

the steel longitudinal bars to the column capacity, the GFRP and BFRP longitudinal bars 

contributed 11% of the ultimate column capacity. The failure of the GFRP-and BFRP-

reinforced specimens was a compression-controlled failure attributable to the concrete 

crushing, as shown in Figure 2.4. 

 
(a) Concentrically loaded specimens 

 
(b) Eccentrically loaded specimens ( e =80 mm) 

 
(c) Eccentrically loaded specimens ( e =40 mm) 

Figure 2.4 Failure observed by Elmesalami et al. (2021) 

Steel-16 GFRP-16 BFRP-16 BFRP-20 

Steel-16 GFRP-16 BFRP-16 BFRP-20 

Steel-16 GFRP-16 BFRP-16 BFRP-20 
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2.3 Tests on FRP-RC Hollow Columns 

Limited research work has focused on investigating the concentrically and eccentrically loaded 

behavior of circular hollow concrete columns reinforced with FRP. The following sections will 

exhibit these experimental research studies as well as their major test outcomes. 

2.3.1 Concentric Loading “HCC” 

Alajarmeh et al. (2019a; 2020) tested 13 hollow circular concrete columns reinforced with 

GFRP bars and spirals loaded under concentric compression loading. The columns had a 

90/250 mm inner-to-outer diameter and a 1,000 mm height. The test variables included the 

effect of the longitudinal reinforcement ratio (varying from 1.8 to 4.0%) on column behavior 

by changing the number of bars 4, 6, or 8 bars and bar diameters12.7, 15.9, or 19.1 mm, while 

the transverse reinforcement ratio # 3 GFRP spiral spaced at 100-mm remained constant. On 

the other hand, to investigate the influence of the volumetric ratio, columns were transversally 

reinforced with GFRP spirals at none, 50-, 100-, and 150-mm pitches, while they were 

constantly reinforced with 6 GFRP bars #5 in the longitudinal direction ( L  of 2.8%). The 

tensile strength and elastic modulus of the GFRP reinforcement ranged from 1,237 to 1,315 

MPa and between 60.0 and 62.5 GPa, respectively. The concrete compressive strength was 

25.0 MPa. 

The test results revealed that increasing the longitudinal reinforcement ratio l  as a function 

of either number of bars or diameters of bars enhanced the strength, ductility, and confinement 

efficiency of HCCs, on average, by 15%, 20%, and 12%, respectively (see Figure 2.5). It also 

indicated that the GFRP bars contributed 10% to 20% of the ultimate column capacity. 

Moreover, lowering the spiral spacing could enhance the column's failure behavior by allowing 

the concrete core and longitudinal bars to fail more gradually. The 50-mm spiral spacing 

improved the confinement efficiency and ductility index of the tested specimens by 69% and 

98%, respectively, compared to their 150-and 100-mm spiral spacing counterparts. The authors 

considered the GFRP bars’ axial compressive strain of 0.003 mm/mm to calculate the ultimate 

column strength. 
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Figure 2.5 Influence of the spiral spacing (Alajarmeh et al. 2019a; 2020). 

Hadi et al. (2021) conducted an experimental investigation on the concentrically behavior of 

hollow circular concrete columns. Four columns with 56/214 mm inner-to-outer diameter and 

an 850 mm height were fabricated and tested. All columns were reinforced longitudinally with 

6 GFRP or steel bars with 12-mm nominal diameter and laterally with 10-mm spiral spaced at 

three different pitches of 90-, 60-, and 30-mm. The tensile strength and elastic modulus of the 

12-mm GFRP longitudinal bars were 1,142 MPa and 50.0 GPa, respectively, while the 10-mm 

GFRP spirals were 1,219 MPa and 58.0 GPa, respectively. The concrete compressive strength 

was 46.0 MPa. The findings showed that the GFRP-RC specimen outperformed the counterpart 

steel-reinforced specimens by 15% and 4% in terms of confinement reinforcement and 

ductility, respectively. Regarding the volumetric ratio, decreasing the spiral pitch from 90-mm 

to 30-mm strongly improved the confinement efficacy and ductility by 186% and 290%, 

respectively. 

2.3.2 Eccentric Loading “HCC” 

Ahmad et al. (2022) published the only study that investigated the behavior of hollow circular 

GFRP-RC columns loaded under axial compression load (as a column), 25-and 50-mm 

eccentric load (combined), and flexural loading (as a beam). Four columns were fabricated and 

tested with 56/214 mm inner-to-outer diameter and an 850 mm height of column, while had 

1,500 mm length of beam. All columns were reinforced longitudinally with 6 GFRP or steel 

bars with 12-mm nominal diameter and laterally with 10-mm spiral spaced at 30-mm. The 

tensile strength and elastic modulus of the 12-mm GFRP longitudinal bars were 1,142 MPa 

and 50.0 GPa, respectively, while the 10-mm GFRP spirals were 1,219 MPa and 58.0 GPa, 

respectively. The concrete compressive strength was 46.0 MPa. The test findings indicated that 

None 150-mm 100-mm 50-mm 
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the specimens loaded under eccentricity level of 11% and 23% eccentricity had peak loads and 

ductility of 30% and 55% and 45% and 40%, respectively, lower than the corresponding 

concentrically loaded specimens. 

2.4 Code Approaches to FRP-RC Columns 

The ultimate load carrying capacity of the FRP-RC columns can be calculated using the 

equations presented by the currently available design guidelines. These equations were 

proposed based on the experimental investigations conducted by De Luca et al. (2010), Tobbi 

et al. (2012), Pantelides et al. (2013), Mohamed et al. (2014) and Afifi et al. (2014a&b).  

2.4.1 ACI 440.1R (2022) 

The design of FRP bars to resist compressive stresses is not recommended. However, valuable 

studies have indicated that the contribution of FRP bars in compression-to-total capacity of RC 

columns ranged between 3% and 14%. Despite this, ACI 440 (2022) prohibits the use of FRP 

reinforcement in RC columns, compression members, or as compression reinforcement in 

flexural members. 

2.4.2 CSA S806 (2017) 

The FRP reinforcement in compression zones of RC columns―compression members, or as 

compression reinforcement in flexural members―shall be considered to have zero 

compressive strength and stiffness, according to CSA S806 (2017). The nominal unconfined 

axial load capacity of column reinforced with FRP longitudinal bars can be calculated by this 

equation: 

'

1 ( )o c g frpP f A A= −                                         where (
1 0.85 = )                                                 (2.1) 

2.4.3 AASHTO (2018) & CSA S06 (2019) 

AASHTO (2018) and CSA S06 (2019) allow for the use of FRP longitudinal bars in members 

subjected to combined flexure and axial load. The nominal unconfined axial load capacity of a 

column can be calculated limited to the FRP compressive strength at stress corresponding to a 

compressive strain of 0.002 mm/mm, taken as Eq. 2.2. 

'

1 ( ) 0.002o c g frp frp frpP f A A E A= − +                            where ( 1 0.85 = )                                    (2.2) 
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2.5 Literature Synthesizing 

The literature presents valuable past studies for solid and hollow GFRP-reinforced concrete 

columns and their main conclusions. A critical review of these studies revealed that practising 

engineers have insufficient information on the concentrically and eccentrically behaving 

behaviour of FRP-RC hollow columns. It also illustrates the approaches to calculating the 

nominal FRP column strength according to the available design guidelines. After which the 

problem statement of the research becomes clear: due to very limited experimental data and 

theoretical investigations on the behavior of GFRP-RC hollow columns, most current design 

codes and guidelines ignore the bar compressive strengths (CSA S806 (2017), AASHTO 

(2018), and ACI 440 (2022)). Therefore, this present study was conducted to help fill this 

knowledge gap by analyzing the response of GFRP-RC hollow circular columns subjected to 

concentric and eccentric loading.



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
CHAPTER 3 

LABORATORY TEST PROGRAM 

 

3.1 Introduction 

The use of FRP bars as internal reinforcement in concrete columns has gained significant 

interest in the last decade. This is due to the innate corrosion resistant, nonmagnetic, 

lightweight, high fatigue endurance, and high tensile strength properties of GFRP bars, making 

them effective alternative reinforcing materials in concrete structures exposed to aggressive 

environments. The confidence in using this advanced reinforcing material has been 

significantly bolstered by the successful outcomes reported in several experimental studies on 

concentrically and eccentrically loaded solid circular and rectangular concrete columns. A 

survey on the body of literature performed in Chapter 2 indicated that insufficient information 

on the concentrically and eccentrically behavior of FRP-RC hollow columns is available for 

practicing engineers. Therefore, an extensive research program has been undertaken at the 

University of Sherbrooke to help fill this knowledge gap by characterizing concentrically and 

eccentrically response of GFRP-RC hollow circular columns. A total of 27 large-scale 

specimens were constructed and tested⸺19 under pure axial compression loading and 8 under 

eccentric compression loading. Besides the loading type, test variables included the influence 

of the longitudinal reinforcement ratio and type, specimen cross-section configuration, 

transverse reinforcement ratio and configuration, load eccentricity level (i.e., eccentricity to 

outer diameter ratio). Material properties and details of the construction process are discussed 

in Sections 3.2 and 3.4. The specimens’ design, details, and cages fabrication are highlighted 

in Section 3.3 and 3.5. The instrumentation used is presented in Section 3.6. Finally, the loading 

apparatus and testing procedures are described in Sections 3.7.
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3.2 Material Properties 

The fabricated specimens were constructed with three different material components: GFRP 

reinforcement (bars, spirals, and hoops), steel reinforcement (bars and spirals), and plain 

concrete. The following section will present the mechanical properties of these materials. 

3.2.1 GFRP and Steel Reinforcements 

Number 5 (15.9 mm, nominal diameter) sand coated GFRP bars were used as longitudinal 

reinforcement, as shown in Figure 3.1. Two different transverse reinforcement configurations 

were used: (1) No. 2, 3, and 4 sand coated GFRP spirals with nominal diameters ( bd ) of 6.4, 

9.5, and 12.7 mm, respectively, and (2) No. 3 circular discrete GFRP hoops ( bd = 9.5 mm). The 

sand coated surface enhances the bonding strength between the GFRP reinforcement and 

surrounding concrete (Arias et al. 2012). GFRP spirals were used to reinforce the specimens 

because spirals provide higher lateral confinement of the concrete core than conventional 

circular hoops (Maranan et al. 2016). All GFRP reinforcement was manufactured according to 

a pultrusion process that combines continuous high-strength (Grade III) glass fibers and a 

thermosetting vinyl-ester resin to create GFRP (Pultral Inc. 2018). The GFRP spirals were 

prepared continuously with no lap splices. Deformed steel bars (15M) and spirals (10M) with 

nominal diameters of 16 and 9.5 mm were used to reinforce the steel reinforced reference 

specimens. Table 3.1 lists the mechanical properties of the GFRP and steel reinforcements, as 

provided by the manufacturer. 

Table 3.1 Mechanical properties of the GFRP and steel reinforcements. 

 
Bar 

Size 

Diameter 

(mm) 

Area 

(Immersion 

tests) 

(mm2) 

Nominal 

Areaa 

(mm2) 

Elastic 

Tensile 

Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Tensile 

Strain 

(%) 

GFRP 

#2 6.40 41 32 52.50 1,328b 1.90 

#3 9.50 81 71 52.40 1,328b 2.30 

#4 12.70 139 129 52.60 1,328b 1.80 

#5 15.90 214 199 54.90 1,289b 2.40 

Steel 
10M 9.50 - 71 200 460c 0.20 

15M 16.00 - 200 200 460c 0.20 
a Strength and modulus were calculated based on this area. 

b
fuf Ultimate strength for FRP reinforcement. 

 c yf Specified yield strength for steel reinforcement. 
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Figure 3.1 GFRP reinforcement. 

3.2.2 Normal Strength Concrete 

The specimens were cast vertically with a concrete pump, much the same as casting in situ, 

from the same batch of ready-mixed normal-strength concrete (NSC) to minimize variations in 

concrete strength. The maximum aggregate size was 10 mm to prevent honeycombing along 

the edges of the concrete and voids forming around the bars during the casting process. 

Furthermore, the fresh concrete had a slump of 100 mm to ensure appropriate concrete 

workability. A set of concrete cylinders of 100 mm diameter and 200 mm in height were cast, 

as recommended in ASTM C39/C39M (2015), to determine the concrete compressive strength. 

All specimens and cylinders were cured under similar curing conditions. Table 3.2 lists the 

actual compressive strength of the concrete cylinders on 7, 14, and 28 days from the casting 

day as well as on the testing day. The average compressive strength '

cf of 10 (100   200 mm) 

concrete cylinders, tested on the testing day, was 34.70 MPa with a standard deviation of 0.9 

MPa. 
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Table 3.2 Mechanical properties of the normal-strength concrete (NSC) 

Properties 
7 

(days) 

14 

(days) 

28 

(days) 

Testing 

day 

Avg. compressive strength, '

cf (MPa)   26.70 30.80 33.70 34.70 

Modulus of elasticity,          
cE (GPa) 23.30 25.0 25.30 26.90 

 

3.3 Test Specimens 

Due to the lack of the experimental and theoretical research on the performance of GFRP-RC 

hollow columns, it was decided to conduct a series of experiments to investigate the behavior, 

failure mechanisms, and load and moment capacities of GFRP-RC hollow columns. Tables 3.3 

and 3.4 provide the test matrix that was prepared to thoroughly investigate the concentric and 

eccentric behavior of hollow GFRP-RC columns. A total of 27 large-scale hollow-core circular 

specimens were cast with 305/113 mm outer/inner diameters. All specimens were 1,500 mm 

in height, as shown in Figure 3.2. The specimens were designed as short columns to avert 

global buckling. The slenderness ratio ( /ukl r = ) for all specimens was 18, where the 

effective length factor k  was equal to unity due to the selected test setup. This ratio satisfies 

the slenderness limit in CSA S806 (2017) and CSA S06 (2019). It was also consistent with the 

slenderness limit for GFRP RC columns proposed by Abdelazim et al. (2020). A concrete cover 

of 27.5 mm was deemed appropriate to encircle the transverse reinforcement’s exterior surface. 

The internal reinforcement for all specimens was designed according to Canadian codes CSA 

S806 (2017), CSA S06 (2019), and AASHTO (2018) requirements. 

To adequately address the behavior of hollow circular concrete columns reinforced with GFRP 

bars subjected to concentric and eccentric loading, these test variables were determined based 

on the literature review, code design equations, and personal expertise. These parameters were 

ordinated, as follows: 

1. Column cross-section configuration effect (solid versus hollow, see Figure 3.3). 

2. Longitudinal reinforcement ratio effect ( L of 6 GFRP bars #5;1.90%, 8 GFRP bars #5; 

2.50%, and 12 GFRP bars #5;3.80%, see Figure 3.4). 

3. Longitudinal and transverse reinforcement type effect (GFRP- versus steel- versus hybrid-

reinforced hollow columns, see Figure 3.5) 

4. Transverse reinforcement ratio effect ( v  ranges from 0.75 to 2.20%), as a function of: 
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▪ Spiral’s diameter #2, #3, and #4, as shown in Figure 3.6. 

▪ Spiral’s spacing none, 120 mm, 80 mm, and 40 mm see Figure 3.6. 

5. Transverse reinforcement configuration effect (spirals versus discrete hoops, see Figure 

3.7). 

6. Load eccentricity level effect (eccentricity to outer diameter ratio of concentric, 8.2, 16.4, 

32.8, and 65.6%, as shown in Figure 3.8). 

 

Figure 3.2 Details of specimen and a typical assembled cage. 
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Table 3.3 Test 

matrix (specimens 

loaded under 

concentric 

compression loading) 
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Table 3.4 Cont’d. Test matrix (specimens loaded under eccentric compression loading) 

 

 

 

Hollow 

 

Solid 

Figure 3.3 Column cross-section configuration effect. 
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Longitudinal Reinf. Transverse Reinf.  
Test 

variables 

type 
L  

Nbars 

v  
Bar 

(#) 

S 
Eccentricity 

load level 
 

(%) (%) (mm) (
./ oute D ) 

C-14 

I 

Hollow GFRP 2.50 8 bars #5 1.10 #3 80 8.20 

Specimens 

loaded 

under 

different 

eccentric 

compression 

loading 

C-15 Hollow GFRP 2.50 8 bars #5 1.10 #3 80 16.40 

C-16 Hollow GFRP 2.50 8 bars #5 1.10 #3 80 32.80 

C-17 Hollow GFRP 2.50 8 bars #5 1.10 #3 80 65.60 

C-18 

II 

Hollow GFRP 3.80 12 bars #5 1.10 #3 80 8.20 

C-19 Hollow GFRP 3.80 12 bars #5 1.10 #3 80 16.40 

C-20 Hollow GFRP 3.80 12 bars #5 1.10 #3 80 32.80 

C-21 Hollow GFRP 3.80 12 bars #5 1.10 #3 80 65.60 
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Figure 3.4 Longitudinal reinforcement ratio effect. 

 

 

Figure 3.5 Longitudinal and transverse reinforcement type effect. 

GFRP-

reinforced 

Steel-

reinforced 

Hybrid-

reinforced 
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Figure 3.6 Transverse reinforcement ratio effect  

 

 

 

 

Figure 3.7 Transverse reinforcement configuration effect. 

Spiral’s diameter effect Spiral’s spacing effect Control 
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Figure 3.8 Load eccentricity level effect. 

3.4 Specimen Construction 

3.4.1 Formwork Construction 

The specimens were constructed in the Civil Engineering Laboratory at the University of 

Sherbrooke over a period of four months. The construction process started with preparing the 

formwork and cages of the specimens. Six formworks were constructed to fix 27 vertical 

specimens. Figure 3.9 displays the details of the formwork construction process. Each 

formwork consisted of four horizontal plates 600 mm2440 mm. The four plates: one was 

remained solid, and the others were drilled to formulate five holes 320 mm diameter along the 

plate length. The solid plate and one of the holed plates were stacked together to form a base 

plate of the specimens. This base plate was located and was leveled in the ground over seven 

wood pieces. The remaining two-holed plates were equally distributed on the height of the 

specimens one at the mid-height and one at the top of the formwork. Six vertical wooden-bars 

work as form-work columns and were connected to the horizontal plated and with diagonal 

braces whenever needed. Most of the connections between wood segments were semi-rigid 

using threaded nails. SONOTUBES with an inner diameter of 305 mm and 1500 mm in height 

were used for casting the outside circle of the specimens because of its high quality and fast 
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installing. While the inner diameter for the hollow section was achieved by providing a PVC 

tube fastened at the center of the column and justified vertically along with the column's height. 

This PVC tube was fixed by using two double-woody circles with a 100 mm diameter, as same 

as the inside diameter of the PVC tube one at the bottom and one at the top. These double-

woody circles, to work as a hinge-support of the PVC tube, were connected on the base plate 

at the bottom while at the top on a horizontal bar nailed with the formwork. All tubes were 

positioned on the holed plates and leveled in two directions. All cages were then inserted on 

the tubes. The wires of the strain gages were properly passed through a small outlet predrilled 

hole, 400 mm apart from the column’s top edge. The formworks were connected to enhance 

the stability of the overall structure, as shown in Figure 3.10.  

 

Figure 3.9 The details of the formwork construction process 



Chapter 3: Laboratory Test Program                                                                                      28 

ــ  ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــ ـــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Formwork of the hollow concrete 

columns. 
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3.5 Cages Fabrications  

All GFRP-cages were assembled inside the laboratory of Sherbrooke University, while the 

steel cages were produced by a contractor outside the University. To fabricate the GFRP cages, 

holes were drilled on circles plates of wood. These holes matched the number of the 

longitudinal bars in the column and distributed uniformly and symmetrically along the 

perimeter of the hoop. Then, the bars were fixed vertically with the wooden circular plates at 

each end of the specimen. This ensures remaining the bars equally distributed along the 

perimeter. Thus, the bars were connected tightly with spirals or hoops using tie-raps. Finally, 

plastic circular bar chairs "concrete spacers" were fastened on the transverse reinforcement at 

different positions to maintain a 27.5 mm clear cover. The assembled cages of the fabricated 

specimens are depicted in Figures 3.4 to 3.7. 

3.6 Instrumentation 

Concentrically loaded specimens―a total of six electric strain gauges were installed to record 

the columns’ responses (see Figure 3.11). Four electric strain gauges 6 mm in length and with 

a gauge factor of 2.12% ± 1.0% were attached to the surface of the longitudinal GFRP bars and 

spirals to measure column response during testing, as shown in Figure 3.2. Two concrete strain 

gauges with a length of 60 mm and a gauge factor of 2.08% ± 1.0% were mounted on the 

exterior surface. The gauge factor ( ) /GF R R =   is the ratio of relative change in the 

electrical resistance of the strain gauge to the mechanical strain. Before testing, this factor 

should be defined in the-data acquisition system. All strain gauges were positioned parallel to 

each other at the column’s mid-height, as illustrated in Figure 3.2. The column’s axial 

deformation was monitored with two linear potentiometers (LPOTs), which were installed 

vertically between the upper fixed platen and the lower loading platen (Fig. 3.12(a)). 

Eccentrically loaded specimens―A total of eight electric strain gauges were installed on the 

GFRP reinforcement and concrete surface to record the specimens’ responses, as shown in 

Figure 3.2. Before the specimens were cast, six electrical strain gauges with a length of 6 mm 

similar to those used in concentrically loaded specimens were attached to the GFRP 

reinforcement: four on the outermost longitudinal bars and the spirals on the compression side 

and two on the outermost longitudinal bars on the tension side. Before testing was initiated, 

two electrical strain gauges 60 mm in length similar to those used in concentrically loaded 
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specimens were attached to the exterior surface of the concrete of each specimen on the 

compression side. All strain gauges were fixed to the specimens at mid-height, where the 

highest compression and tension strains were predicted, as shown in Figure 3.2. To monitor 

lateral displacement, three LPOTs were fixed horizontally at the mid- and quarter-height levels 

on the tension side (see Figure 3.12(b)). In addition, two LPOTs were installed vertically 

between the lower loading platen and the upper fixed platen to record the load–deformation 

response, as depicted in Figure 3.12(b). Two LVDTs were mounted on the concrete surface 

once the first and second microcracks appeared on the tension side to determine the crack width 

corresponding to the applied load. All instruments (strain gauges, LPOTs, and LVDTs) were 

connected via channels to a data-acquisition system to continuously monitor the specimen 

responses during the test. 

 

Figure 3.11 Six mm electric strain gauges were fixed on longitudinal bars and spirals. 

3.7 Test Setup and Procedure 

Concentrically loaded specimens―Nineteen specimens were tested under monotonic 

concentric loading with a 6,000 kN capacity Forney machine in the Construction Facilities 

Laboratory of the Department of Civil Engineering at the University of Sherbrooke. Figure 

3.12(a) shows the specimens under pure axial loading (i.e., the concentrically loaded 

specimens). Prior to testing being carried out, a 20 mm thick layer of a self-leveling 

cementitious grout was cast on the top and bottom surfaces of the columns to ensure column 

verticality and uniform distribution of the applied load. Two special assemblies of rigid steel 

collars were clamped to the top and bottom heads of the column specimens. The collars for the 

concentric test were 250 mm high and 12.7 mm thick (see Figure 3.12(a)). These collars were 

employed to provide adequate confinement stress preventing any premature failure at the heads 

of the columns due to the stress concentration, as illustrated in Figure 3.12(a). Once specimen 

preparation had been completed, the column was placed and adjusted in the middle of the 
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Forney machine to ensure that the center of loading coincided perfectly with the center of the 

column. In this test setup, the specimens were in direct contact with the loading platens. The 

loading rate was kept constant at 1.50 kN/s throughout testing until column failure. 

Eccentrically loaded specimens― Figure 3.12(b) gives a panoramic view of the second test 

setup for the eccentrically loaded specimens, showing the details and instrumentation used. 

Two special steel collars 350 mm high and 25 mm thick were designed and clamped to the 

ends of the specimen to avoid any premature failure and allow for rotation at the end. A 50 mm 

prefabricated roller bearing was bolted to each collar to release the in-plane rotation as knife-

edge support generating the required eccentricity level. The primary bending moment capacity 

was computed by multiplying the applied load P and the eccentricity distance e  from the 

centerline of the machine to the specimen centerline. Before installing the steel collars, a thin 

layer of self-leveling cementitious grout (20 mm) was cast on the specimens’ top ends to ensure 

specimen verticality and uniform distribution of the applied load. Once a specimen had been 

prepared, it was placed and adjusted in the center of the Forney machine to ensure that the 

machine’s center of loading coincided with the center of the roller bearing. The loading rate 

was kept between 0.7 to 1.0 kN/s during testing. 

 

Figure 3.12 Test setup: (a) concentrically loaded specimens; and (b) eccentrically loaded 

specimens. 
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Abstract 

This study investigated the behavior of hollow concrete columns reinforced with GFRP bars 

and spirals under axial loading. Nine columns were constructed with a hollow circular cross 

section having 305/113 mm outer/inner diameter and 1,500 mm height, while five solid 

columns were fabricated as a reference. Test parameters included the influence of the 

longitudinal reinforcement ratio (1.89%, 2.53%, and 3.79%), type (GFRP and steel), and cross-

section configuration (hollow and solid) on the behavior of HCC. The test results show that 

increasing the reinforcement ratio had no significant effect on the peak load but significantly 

enhanced the confinement efficiency and ductility of the hollow concrete columns reinforced 

with GFRP bars and spirals. The GFRP longitudinal reinforcement contributed to resisting the 

peak loads by an average of 11% of the ultimate capacity. Thus, considering the contribution 

of GFRP bars in the recent design guidelines can safely estimate the ultimate capacity of the 

HCCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Axial load; Cracking and mode of failure; Confinement and ductility; Design 

codes; GFRP longitudinal bars; GFRP spirals; Hollow circular reinforced concrete column. 
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List of Notations  

The following symbols are used in this chapter: 

bA          = nominal cross-sectional area of the longitudinal bar (mm2); 

cHA        = concrete cross-section area for the hollow column (mm2); 

coreA     = area of the concrete core delimited by hoops or spirals centerlines, excluding the 

longitudinal bars area (mm2); 

cSA         = concrete cross-section area for the solid column (mm2); 

frpA        = total area of the longitudinal GFRP bars (mm2); 

gA          = gross sectional area of a concrete column (mm2); 

.inD         = inner diameter of the hollow column (mm); 

.outD        = outer diameter of the hollow column (mm); 

bd            = nominal diameter of the GFRP bars and spirals (mm);  

fcE         = compressive modulus of elasticity of the GFRP bar is assumed to be equal to FRPE  

(MPa); 

FRPE        = tensile modulus of elasticity of GFRP bars (MPa); 

          
= specified compressive strength of concrete cylinder at 28 days (MPa); 

'

ccf         = confined concrete strength (MPa); 

'

cof         = in-place compressive strength of the unconfined concrete (MPa); 

,f buf        = maximum theoretical elastic buckling stress (MPa); 

fcf          = compression stresses recorded in the GFRP bars before the spiral rupture (MPa); 

fuf          = ultimate strength of FRP reinforcement (MPa); 

gI           = moment of inertia of the longitudinal bars using the nominal bar diameter (mm4); 

k            = effective length factor, which can be assumed to be equal to unity; 

normK      = normalized axial stiffness of the GFRP longitudinal bars; 

2 ,nd PeakP  = second peak load (kN); 

,bar PeakP   = load carried by the GFRP bars at the ultimate load (kN); 

normP        = normalized ultimate load-carrying capacity; 

oP           = nominal unconfined axial load capacity of column (kN); 

PeakP        = ultimate carrying load capacity (kN); 

'

cf
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r             = radius of gyration for the nominal cross-section of the longitudinal bars (mm); 

s            = pitch of continuous spirals (mm); 

1           = ratio of average stress in rectangular compression block; 

f       = reduction in the compressive strength of the GFRP bar as function of its tensile 

strength; 

          = reduction factor because the GFRP bars are nonhomogeneous materials to account 

for the relationship of the ratio of proportional stress limit and maximum buckling 

stress to that of the moment of inertia of the longitudinal bars 

1         = axial deformation corresponding to the limit of elastic behavior (see Figure 4.3(a)) 

(mm); 

F          = axial deformation at the reinforcement rupture (see Figure 4.3(a)) (mm); 

 o            = theoretical concrete strain defined by Popovics (1973) (mm/mm); 

,bar Peak   = average bar strain at the first peak load (mm/mm); 

,c Peak     = average concrete strain at the first peak load (mm/mm); 

fu          = ultimate tensile strain in the GFRP straight bars (mm/mm); 

,nf bar       = average bar strain at the second peak load (mm/mm); 

,sp Peak      = average spiral strain at the first peak load (mm/mm); 

,nf sp         = average spiral strain at the second peak load (mm/mm); 

bks d = = slenderness ratio; 

F             = Ductility factor; 

l              = longitudinal reinforcement ratio (%); and 

v             = transverse confining reinforcement ratio (%). 
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4.1 Introduction 

Hollow concrete columns (HCCs) have been used in place of solid columns in bridge 

construction (e.g., columns, piles, and bridge piers). These hollow columns offer many 

advantages over solid ones, such as higher stiffness-to-weight and strength-to-weight ratios, 

and lesser amounts of concrete materials (Lignola et al. 2007a; b). Seismic design practice—

particularly tall bridges subjected to high moment and shear stresses—requires these unique 

advantages (Lignola et al. 2009). Valuable studies have been conducted to investigate the 

design test parameters that affect the structural behavior of hollow steel-RC columns. These 

parameters comprised the inner-to-outer diameter ratio (
. ./in outD D ), the longitudinal ( l ) and 

transverse reinforcement ratios (
v ), the cross-sectional geometry, the concrete compressive 

strength ( '

cf ), and the number of longitudinal reinforcement layers. Lee et al. (2015) concluded 

that higher 
. ./in outD D  ratios caused brittle failure due to the decreased area of the inner concrete 

core. Increasing l  as a function of the number of bars increased the ultimate load-carrying 

capacity and ductility (Han et al. 2013; Lee et al. 2015). One of the most important factors 

influencing column behavior is volumetric ratio (Yeh et al. 2001). The impact on the behavior 

of the confined concrete of the transverse reinforcement ratio of the spiral/hoop confining 

reinforcement ( v ) as a function of spiral spacing was investigated. Using the high transverse 

reinforcement ratio provided a triaxial state of stress that improved the ductility, compressive 

strength, and ultimate axial strain of the inner concrete core, delaying the failure, as suggested 

by Mander et al. (1988). Regarding the cross-section shape, the circular columns with circular 

holes exhibited higher strength and confinement than the polygon columns with rectangular or 

square holes. The curved surface distributed stress more uniformly than the sharp corners, 

which caused stress concentration (Liang et al. 2015). Mo et al. (2003) found that the brittle 

behavior increased with higher concrete compressive strength because the Poisson’s ratio was 

lower. The use of two layers of longitudinal reinforcement enhanced the strength and ductility 

due to the higher confinement efficiency compared to the columns with a single layer of 

longitudinal bars (Yeh et al. 2001; Mo et al. 2003; Lee et al. 2015; Al-saadi et al. 2018). In 

contrast, that necessitates more reinforcing materials as well as construction difficulties and 

challenges, which raise construction costs. 

To date, fiber-reinforced polymer (FRP) bars have been increasingly employed in the 

construction industry to reinforce concrete members as a promising alternative to steel bars. 
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Steel reinforcement corrosion is one of the major issues that reduces serviceability and causes 

premature failure of many concrete structures around the world (Mohamed and Benmokrane 

2014; Hadhood et al. 2019). Due to their innately corrosion resistant, nonmagnetic, lightweight, 

high fatigue endurance, and high tensile strength, FRP bars have become one of the most 

valuable reinforcing materials in concrete during recent decades, especially those structures 

exposed in aggressive environments (Ali et al. 2021; Benmokrane et al. 2021). Nowadays, the 

use of FRP reinforcement has been extended in coastal structures such as marine docks and 

boat ramp planks (Benzecry et al. 2021). 

Valuable experimental studies have been conducted on concentrically loaded solid circular and 

rectangular GFRP-reinforced concrete (RC) columns aiming at investigating their load-

carrying capacity, confinement efficiency, ductility, and superiority over conventional steel-

reinforced columns (De Luca et al. 2010; Pantelides et al. 2013; Afifi et al. 2014a; b; Mohamed 

et al. 2014; Maranan et al. 2016). These studies concluded that the behavior of GFRP-RC 

columns was very similar to that of conventional steel-RC columns, and there was no 

appreciable difference in their peak capacity, but GFRP-RC can yield a structure with 

significant durability. Afifi et al. (2014a) indicated that increasing the longitudinal 

reinforcement in GFRP-RC solid circular columns improved the ductility and confinement 

efficiency by 117% and 30%, respectively. De Luca et al. (2010) and Tobbi et al. (2012), who 

tested columns with a rectangular cross section, found that the contribution of longitudinal 

GFRP bars was 10% and 5%, respectively, of the ultimate load capacity. These results are in 

good agreement with the findings of Afifi et al. (2014a) for circular columns wherein the GFRP 

bars contribution ranged from 5% to 10% of the columns’ total ultimate capacity. Afifi et al. 

(2014a) agreed on using 35% of the GFRP bars’ ultimate tensile strength for their compressive 

strength to predict the nominal capacity of the GFRP-RC columns. Other studies, however, 

found contrasting results. For example, Hadi et al. (2017) found that the GFRP-RC columns in 

their study had 50% and 30% lower ultimate capacity and ductility, respectively, than the steel-

RC columns. Pantelides et al. (2013) tested columns reinforced with GFRP/steel in the 

longitudinal and transverse directions under concentric loading. They concluded that the 

hybrid- and GFRP-reinforced columns had ultimate capacity 87% and 84% lower, respectively, 

than that of the steel reinforced columns. De Luca et al. (2010) investigated the compressive 

behavior of square GFRP-RC columns. The results indicate that the contribution of the GFRP 

bars can be ignored when evaluating the nominal capacity of an axially loaded RC column. 

Tabatabaei et al. (2018) investigated the behavior of lap-spliced GFRP bars in solid circular 
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RC columns in terms of load capacities and failure criteria under axial load. They found that 

the suitable splice length for #5 GFRP bars (15.90 mm in diameter) was 8 bd . 

The effectiveness of GFRP bars as reinforcement in columns resulted in the suitability of this 

composite reinforcement for hollow concrete columns being investigated. The objective was 

to avoid using corrosion-prone steel reinforcement because hollow columns have thinner walls 

than solid concrete structures. AlAjarmeh et al. (2018) evaluated the effect of inner-to-outer 

diameter ratio (i/o ratio) on the axial behavior of these columns. Test results reveal that 

increasing the i/o ratio changed the failure behavior from brittle to pseudo-ductile. AlAjarmeh 

et al. (2019a) also studied the influence of longitudinal reinforcement ratio ( l ) on HCC axial 

performance. They found that increasing the l  in terms of bar number and diameter enhanced 

the strength, ductility, and confinement efficiency of HCCs, on average, by 15%, 20%, and 

12%, respectively. Alajarmeh et al. (2020) explored the axial behavior of HCCs reinforced with 

GFRP bars and internally confined with a hollow composite-reinforced section (HCRS). Test 

results indicate that the HCRS enhanced the ultimate load-carrying capacity by 23% compared 

to the corresponding columns without HCRS. They also found that the second peak load and 

the displacement capacity of these columns increased by 29% and 12%, respectively, compared 

to their non-HCRS counterparts. An experimental study was conducted on the behavior of 

circular hollow-core RC specimens subjected to concentric loading to investigate the effect of 

using GFRP reinforcement (Hadi et al. 2021). The findings show that the GFRP-RC specimen 

outperformed the counterpart steel-reinforced specimens by 15% and 4% in terms of 

confinement reinforcement and ductility, respectively. Due to the limited range of the design 

parameters investigated by these researchers, however, further investigation is warranted to 

provide a more detailed understanding of the behavior of this noncorroding, structurally 

reliable construction system. 

4.2 Research Significance 

This study was conducted to ascertain the effect of using different amounts of GFRP bars and 

spirals for HCC under pure axial compressive loading. There is still no consensus in most 

design codes and guidelines about the contribution of the longitudinal bars to the axial-load 

resistance in FRP-RC columns. To this end, this research is intended to: (1) Investigate the 

influence of the longitudinal and transverse reinforcement ratios on HCC performance; (2) 

Assess the impact of the hollowness on the HCC behavior; and (3) Comparatively evaluate the 
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effectiveness of the longitudinal reinforcement types on the load capacity and the failure 

mechanism of hollow reinforced concrete columns.  

4.3 Experimental Investigation 

4.3.1 Specimen Design, Fabrication, and Details 

Fourteen full-scale circular concrete columns reinforced with GFRP or steel bars and spirals 

were prepared and tested under pure axial compression, as shown in Figure 4.1. Nine were 

fabricated with a hollow circular cross section of 305/113 mm outer/inner diameter. Five solid 

circular columns with a diameter of 305 mm were fabricated to serve as references for the 

hollow columns. All columns were 1,500 mm in height; see Figure 4.1(b). A constant 27.50 

mm concrete clear cover was maintained to encircle the outer surface of the transverse 

reinforcement. Table 4.1 lists the test matrix for all the columns. The columns were designed 

according to CSA S806 (2017). Each column was designated with a three-part code. The first 

part consists of HC for hollow concrete columns and SC for solid concrete columns. The 

second part represents the longitudinal reinforcement ratio and type with the digit standing for 

the number of bars. The characters G, hy, S, and P stand for columns reinforced with GFRP 

bars, hybrid columns reinforced with steel bars and GFRP spirals, column reinforced with steel 

bars, and plain concrete, respectively. The third part is for the transverse reinforcement; the 

spiral spacing (80 mm or 40 mm) is indicated by 80 or 40, while the letter W denotes no lateral 

reinforcement. For example, specimen HC-6G-80 is a hollow column reinforced longitudinally 

with six pieces of 15.90 mm diameter GFRP bars and with a 9.50 mm diameter spiral spaced 

at 80 mm on centers. 

Three GFRP-RC hollow columns (HC-6G-80, HC-8G-80, and HC-12G-80) were tested along 

with one benchmark plain hollow concrete column (HC-P) to investigate the influence of the 

longitudinal reinforcement ratio l . These columns were entirely reinforced with different l  

of 1.89%, 2.53%, and 3.79%, corresponding to 6, 8, and 12 GFRP bars (#5, 15.90 mm in 

diameter), respectively. In the transverse direction, GFRP spirals (#3, 9.50 mm in diameter) 

were used at a spacing of 80 mm. Three GFRP-RC solid columns (SC-6G-80, SC-8G-80, and 

SC-12G-80) were fabricated with identical longitudinal and transverse reinforcement with the 

corresponding hollow columns along with plain solid concrete column (SC-P) to assess the 

effect of the cross-section configuration. 
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Figure 4.1 Experimental program layout: (a) GFRP reinforcement; (b) column details and 

instrumentation; and (c) test setup. (Note: Dimensions in mm; 1 mm = 0.0394 in.) 

Columns HC-8G-W, HC-8G-40, and HC-8G-80 were examined to evaluate the effect of the 

spiral spacing. The columns were reinforced with eight GFRP bars (#5, 15.90 mm in diameter) 

in the longitudinal direction and transversely with GFRP spirals (#3, 9.50 mm in diameter) at 

a spacing of 0, 40 mm, or 80 mm. The impact of the longitudinal reinforcement type (GFRP 

versus steel) on the behavior of the HCC was investigated based on the behavior of six columns. 

Columns HC-8G-80 and HC-8G-40 versus HC-8hy-80 and HC-8hy-40 were reinforced 

longitudinally with eight GFRP bars (#5, 15.90 mm in diameter) and steel bars (M15, 16 mm 

in diameter), respectively. These columns were transversely reinforced with GFRP spirals (#3, 

9.50 mm in diameter) at a spacing of 80 mm or 40 mm. Two columns—one with a hollow cross 

section (HC-8S-40) and one with a solid cross section (SC-8S-40)—were entirely reinforced 

with eight steel bars (M15, 16 mm in diameter) and steel spirals (M10, 9.50 mm in diameter) 

to serve as reference specimens. Figure 4.2 shows the assembled cages for all fabricated 

columns. 
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Figure 4.2 Specimen cages. 

Table 4.1 Test matrix and experimental test results. 

 
Longitudinal 

Reinforcement 
Transverse 

Reinforcement 
Experimental peak load  

(1st peak load) 
(2nd peak load) 

Confinement 
Efficiency 

Ductility 
Factor 

Column 
ID 

No 
bars 

Bar 
# 

l
 

(%) 

s 
mm 

v  

(%) 

PeakP  

(kN) 
,bar Peak  

(με) 

,bar Peak

Peak

P

P

 

(%) 

2 ,nd PeakP  

(kN) 

,nf bar  

(με) 

'

,1ccf  

(MPa) 

' '

,1 /cc cof f  
f  

HC-6G-80 6 5 1.90 80 1.1 2270 -2450 7 1490 -6800 42.10 1.43 2.11 

HC-8G-80 8 5 2.50 80 1.1 2380 -3500 13 1670 N/A† 56.80 1.90 2.70 

HC-12G-80 12 5 3.80 80 1.1 2490 -2800 15 2150 -7200 65.80 2.23 3.05 

SC-6G-80 6 5 1.60 80 0.95 2550 -2650 7 1980 -10700 49.50 1.68 2.30 

SC-8G-80 8 5 2.20 80 0.95 2700 -2250 7 1820 N/A† 51.85 1.76 2.40 

SC-12G-80 12 5 3.30 80 0.95 2890 -3250 15 2500 -8350 61.80 2.10 2.47 

HC-8hy-80 8 M15 2.50 80 1.1 2560 -2200 28 2020 N/A† 53.70 1.82 3.95 

HC-8G-40 8 5 2.50 40 2.2 2450 -3100 11 1790 -15300 57.25 2.00 3.77 

HC-8hy-40 8 M15 2.50 40 2.2 2660 -2200 26 2160 N/A† 62.10 2.10 4.50 

HC-8S-40 8 M15 2.50 40 2.2 2800 -2650 30 2030 -19000 78.95 2.68 6.12 

SC-8S-40 8 M15 2.20 40 1.9 3220 -2850 28 2860 N/A† 68.25 2.31 7.12 

HC-8G-W 8 5 2.50 — — 2120 -2400 10 2050 N/A† 56.00 1.90 1.75 

HC-P — — — — — 2000 — — — — — — — 

SC-P — — — — — 2410 — — — — — — — 

†Strain trimmed. 

Note: 1 mm = 0.0394 in.; 1 MPa = 145.04 psi; 1 GPa = 145.04 ksi; 1 kN = 0.225 kip 

4.3.2 Materials 

The GFRP bars and spirals in this study were sand coated: No. 5 (15.90 mm nominal diameter) 

as longitudinal reinforcement and No. 3 (9.50 mm nominal diameter) as transverse 

reinforcement, respectively, as presented in Figure 4.1(a). These bar types were used since 

sand-coated GFRP bars are known to bond well with the surrounding concrete. The steel was 

15M deformed bars (16 mm, nominal diameter) and 10M deformed steel spirals (9.50 mm, 

nominal diameter), used to reinforce the control columns in the longitudinal and transverse 
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directions, respectively. All columns were reinforced continuously without any lap splices. 

Table 4.2 provides the mechanical properties of the GFRP and steel reinforcement, as provided 

by the manufacturers. All column specimens were cast from the same concrete batch to 

minimize variations in concrete strength. Concrete with 10 mm maximum aggregate size was 

used for the hollow RC columns to avoid any voids around bars or honeycombing at the edges 

of the concrete. The average compressive strength of concrete '

cf  was determined from the 

characteristic compressive strength of ten 100200 mm cylinders examined after 28 days in 

accordance with ASTM C39/C39M (2015). The concrete cylinders had an average strength of 

34.70 MPa and standard deviation of 0.88 MPa. 

Table 4.2 Mechanical properties of the GFRP and steel reinforcement. 

Bar 

Size 

Diameter 

(mm) 

Area 

(mm2) 

Elastic Tensile 

Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

 

Tensile 

Strain 

(%) 

 Sand-coated GFRP reinforcement 

No. 3 9.5 71 52.5 ± 2.5 fuf  =1,328  2.3 

No. 5 15.9 199 54.9 ± 2.5 fuf =1,289  2.4 

 Steel reinforcement 

10M 9.5 71 200 460  0.2 

15M 16.0 200 200 460  0.2 

Note: 1 mm = 0.0394 in.; 1 MPa = 145.04 psi; 1 GPa = 145.04 ksi. 

 

4.3.3 Instrumentation 

Four strain gauges 6 mm in length and with a gauge factor of 2.12% ± 1.0% were attached to 

the surface of the longitudinal GFRP bars and spirals to measure column response during 

testing, as shown in Figure 4.1(b). Two concrete strain gauges with a length of 60 mm and a 

gauge factor of 2.08% ± 1.0% were mounted on the exterior surface. The gauge factor 

( ) /GF R R =   is the ratio of relative change in the electrical resistance of the strain gauge 

to the mechanical strain. Before testing, this factor should be defined in the-data acquisition 

system. All strain gauges were positioned parallel to each other at the column’s mid-height, as 

illustrated in Figure 4.1(b and c). The column’s axial deformation was monitored with two 

linear potentiometers (LPOTs), which were installed vertically between the upper fixed platen 

and the lower loading platen. The instruments (strain gauges and LPOTs) were linked by 

channels to a data-acquisition system for continuous recording of results. 
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4.3.4 Test procedure and setup 

All columns were tested under monotonic concentric loading with a 6,000 kN capacity Forney 

machine in the Construction Facilities Laboratory of the Department of Civil Engineering at 

the University of Sherbrooke. Figure 4.1(c) shows the test setup with the apparatus 

components. Prior to testing being carried out, a 20 mm thick layer of a self-leveling 

cementitious grout was cast on the top and bottom surfaces of the columns to ensure column 

verticality and uniform distribution of the applied load. Two special assemblies of rigid steel 

collars were clamped to the top and bottom heads of the column specimens. These collars were 

employed to provide adequate confinement stress preventing any premature failure at the heads 

of the columns due to the stress concentration, as illustrated in Figure 4.1(c). Once specimen 

preparation had been completed, the column was placed and adjusted in the middle of the 

Forney machine to ensure that the center of loading coincided perfectly with the center of the 

column. The loading rate was kept constant at 1.50 kN/s throughout testing until column 

failure. 

4.4 Experimental Results and Discussion  

4.4.1 Cracking Propagation and Modes of Failure 

Figure 4.3 illustrates the typical failure behavior of concentrically loaded hollow GFRP-RC 

columns. The behavior can be divided into six different stages: (1) uncracked section, (2) crack 

propagation, (3) concrete cover spalling, (4) inner core loaded, (5) GFRP bars and/or spirals 

rupture, and (6) column fracture or test halted for safety. Each phase boundary limit is 

determined based on a change in column performance. The curve has a linear ascending slope 

up to microcrack initiation (point A). The uncracked stage ends at roughly 85% ̶ 90% of the 

peak load. Due to crack propagation, a nonlinear ascending part has a slight increase extending 

to the ultimate capacity load (point B). Then, the curve turns down and falls sharply because 

of the partial concrete cover spalling (point C), followed by complete spalling (point D). As 

the applied load transfers to the inner core, the curve turns upward again to the second peak 

load (point E). After that, there is an abrupt drop in load because of the GFRP bars fracturing, 

occasionally accompanied by damage in a coil of the spiral reinforcement (point F). Lastly, 

point G indicates column fracture or the test halted for safety. AlAjarmeh et al. (2019a) 

observed a similar mode of failure for hollow GFRP-reinforced concrete column. 
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Figure 4.3 Predominant behavior of hollow GFRP-RC “column HC-12G-80”: (a) ductility 

factor; and (b) confinement efficiency. 

The hollow GFRP-RC columns exhibited compression‐controlled failure in terms of concrete 

cover spalling. Figure 4.4 shows the failure pattern of the tested columns. Columns HC-P and 

SC-P failed in an explosive manner. Bulging occurred in column HC-8G-W, followed by 

buckling in the longitudinal GFRP bars. This failure can be attributed to the absence of 

transverse reinforcement that confined the GFRP bars. Conversely, gradual spalling of the 

concrete cover was observed in columns HC-6G-80, HC-8G-80, and HC-12G-80. Lateral 

expansion of the columns was observed, accompanied by fracturing of the longitudinal GFRP 

bars. No damage to the GFRP spirals was observed. The corresponding solid columns (SC-6G-

80, SC-8G-80, and SC-12G-80) failed in a manner like their hollow counterparts but with 

rupturing of the lateral spirals. The 40 mm spiral spacing—whether with the GFRP or steel 

spirals—perfectly confined the longitudinal bars and concrete core. Consequently, the entire 

concrete cover spalled without any deterioration in the inner core. Fracturing of the longitudinal 

GFRP bars in column HC-8G-40 was observed, accompanied by rupturing of the GFRP spirals. 

It is worth mentioning that the GFRP columns with spiral pitches of 40 mm or 80 mm showed 

no evidence of buckling of the longitudinal bars before spiral rupturing. This can be attributed 

to the slenderness ratio (
bks d ) having a significant impact on the failure mode of the GFRP 

bars tested under compression. AlAjarmeh et al. (2019c) found that increasing the bs d  ratio 

changed the failure pattern from crushing to buckling. They concluded that crushing was the 

dominant failure mode for the bs d  of 2 to 4, compared to crushing and buckling for the bs d  

of 8. The failure modes of the GFRP-RC columns with spirals spaced at 40 mm and 80 mm 

with the bs d  of 2.5 and 5.0, respectively, coincide with the findings of AlAjarmeh et al. 
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(2019c), as shown in Figure 4.4. This can also be explained by the compression stresses 

recorded in the GFRP bars (
,= fc fc nf barf E ) before the spiral rupture were less than the 

maximum theoretical elastic buckling stress (
,f buf ). AlAjarmeh et al. (2019c) assumed an 

expression for the (
,f buf ) derived from Euler equation considering a reduction factor   for the 

nonhomogeneous nature of the GFRP bars, as given by Eqns. (1&2). 

2

, 2( )

fc

f bu ks
r

E
f


=                                                                                                                    (4.1) 

53 10 0.775gI −= −  +                                                                                                          (4.2) 

Accordingly, for columns confined with 80 mm spiral spacing, the values of the measured 
fcf  

in GFRP bars corresponding to average compressive strain before spiral rupture -8,300 μɛ, was 

roughly 456 MPa which corresponds to 50% of the theoretical buckling stress (
,f buf ). 

Likewise, the ratio between the compression stress (
fcf ) to the buckling stress (

,f buf ) for the 

columns with 40 mm spiral spacing was approximately 25%. These ratios further confirm that 

no buckling in the longitudinal GFRP bars was noticed. On the other hand, buckling of the 

longitudinal steel bars was observed in columns HC-8hy-40, HC-8S-40, SC-8S-40, and HC-

8hy-80. The test results indicate that the steel-RC columns had the maximum withstanding 

load-carrying capacities, as listed in Table 4.1. Consequently, the contribution of the 

longitudinal steel bars to the column capacity is almost three times more than their GFRP bars 

counterparts due to their higher moduli of elasticity (200.0 GPa / 54.9 GPa). After the peak 

loads, significant degradation of the column strength was reported, owing to the yielding of the 

longitudinal steel bars, which resulted in the observed buckling failure. The buckling of 

longitudinal steel bars caused the rupture of GFRP spirals or yielding and necking of the steel 

spirals. The final failure was due to crushing of the concrete inner core. 
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Figure 4.4 Failure modes. 

4.4.2 Axial-Load and Axial-Deformation Behavior 

Figures 4.5 to 4.7 show the load versus deformation responses of the tested columns. Columns 

HC-12G-80, HC-8G-80, and HC-6G-80 peaked at 2,490 kN, 2,380 kN, and 2,270 kN, 

respectively. The applied load for these columns due to the concrete cover spalling decreased 

to 2,000 kN, 1,900 kN, and 1,400 kN, respectively. Similar behavior was observed for the 

corresponding solid columns SC-12G-80, SC-8G-80, and SC-6G-80 with ultimate carrying 

loads of 2,890 kN, 2,700 kN, and 2,550 kN, respectively. Then, the applied load dropped to 

2,300 kN, 1,900 kN, and 1,800 kN, respectively, for columns SC-12G-80, SC-8G-80, and SC-

6G-80 because of the concrete cover spalling, as shown in Figure 4.6. The average ratio 

between the dropped load after the concrete cover spalled to the peak load is about 20%, which 

is in good agreement with AlAjarmeh et al. (2019a). In contrast, columns HC-P and SC-P 

instantly collapsed after the peak load of 2,000 kN and 2,410 kN. This was due to the absence 

of the transverse reinforcement, which can prevent longitudinal bar buckling failure and can 

confine the concrete core. The ultimate load capacity for columns HC-8G-W and HC-8G-40 

reached 2,120 kN and 2,450 kN, respectively, as illustrated in Figure 4.5(b). 

HC-6G-80 HC-8G-80 HC-12G-80 

45 
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Figure 4.5 Influence of (a) longitudinal; and (b) transverse reinforcement ratios on the load–

axial deformation response. (Note: 1 mm = 0.0394 in.; 1 kN = 0.225 kip) 

 

Figure 4.6 Impact of the cross-section configuration on the load–axial deformation response. 

(Note: 1 mm = 0.0394 in.; 1 kN = 0.225 kip) 

There are some benefits of using hybrid-reinforced columns to take advantage of the high 

tensile strength and high confinement efficiency of GFRP spirals. Using steel as longitudinal 

reinforcement enhances ductility due to its nonlinear behavior when yielding. Therefore, the 

longitudinal reinforcement was maintained constant at 2.53% in columns HC-8hy-80, HC-8hy-

40, HC-8S-40, and SC-8S-40. As a benchmark, columns HC-8S-40 and SC-8S-40 were 

reinforced in the transverse direction with steel spirals. The load–deformation behavior of 

hybrid columns HC-8hy-80 and HC-8hy-40 through the pre-peak zone was close to that of HC-

8G-80 and HC-8G-40, as depicted in Figure 4.7. The peak load for columns HC-8hy-80, HC-

8hy-40, HC-8S-40, and SC-8S-40 were 2,560 kN, 2,660 kN, 2,800 kN, and 3,220 kN, 

respectively. It is worth noting that the load–displacement behavior of the steel-RC columns 
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continued to decrease up to failure. This could be attributed to buckling of the longitudinal steel 

bars and yielding of the steel spirals, preventing confinement of the concrete core. 

 

Figure 4.7 Effect of the longitudinal reinforcement type on the load–axial deformation 

response. (Note: 1 mm = 0.0394 in.; 1 kN = 0.225 kip) 

4.4.3 Column Strain Behavior 

Figure 4.8 presents the relationship between the normalized applied load to the concrete strain 

measured at the mid-height of the tested columns, where the maximum compressive strain was 

anticipated. All tested columns exhibited a similar concrete strain pattern. The concrete 

response revealed an increasing linear branch until crack initiation, followed by a gradual 

nonlinear behavior of the concrete up to the ultimate capacity load. The recorded concrete 

strains at the peak load in all columns ranged from -1,900 to -3,500 μɛ. Concrete crushing was 

the predominant mechanism of failure for the tested columns, as evidenced by the recorded 

concrete strains at peak load. When the maximum concrete strains exceeded the theoretical 

values  o  defined by Popovics (1973), the limiting ultimate concrete compressive strain of 

2,000 μɛ specified in ACI 318 (2019) should be used in the analysis. The measured concrete 

strains at peak loads are in good agreement with the values reported by Alajarmeh et al. (2020). 
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Figure 4.8 Load–concrete compressive strain response. (Note: 1 kN = 0.225 kip) 

Figure 4.9 depicts the responses for the applied axial loads with compression-bar strains for all 

columns. Clearly, the maximum strains in the longitudinal bars and concrete were almost equal. 

This could be attributed to the good bond between the sand-coated GFRP bars and concrete; 

thus, no signs of slippage were observed. This also emphasized the contribution of the GFRP 

bars in the compression members. For columns HC-12G-80, HC-8G-80, and HC-6G-80, the 

measured bar strains at the peak load were -2,800, -3,500, and -2,450 µε, respectively. These 

strains are roughly 12%, 15%, and 11%, respectively, of the ultimate tensile strain in the GFRP 

straight bars fu  as provided by the manufacturer (see Table 4.2). These percentages coincide 

with the values reported by AlAjarmeh et al. (2019a). The reference columns SC-12G-80, SC-

8G-80, and SC-6G-80 reached ultimate load at bar strains of -3,250, -2,250, and -2,650 µε, 

which approached 10% of the fu . This result indicates that the peak load capacity of solid and 

hollow columns reinforced longitudinally and transversely with GFRP bars is governed by the 

spalling of the concrete cover. In contrast, the longitudinal GFRP bar strain in columns HC-

8G-W and HC-8G-40 (no confinement with spirals and 40 mm spiral spacing) were -2,400 and 

-3,100 µε, respectively, (10% and 13% of the fu ). The recorded strains in the steel-reinforced 

columns varied from -2,200 to -2,850 µε. After the peak load, the response of the GFRP bars 

in the hollow RC columns resisted the applied load up to failure despite the concrete cover 

spalling. Lastly, the ultimate compressive strains measured in the GFRP bars at failure ranged 

from -6,800 to -15,300 µε, which is 29% to 64% of the ultimate tensile strain. It is worth noting 

that the level of compressive strain in the GFRP bars of the tested columns exceeds the 

allowable strain of 2,000 με recommended in CSA S06 (2019) for computing the contribution 

of GFRP bars to axial capacity. Consequently, the collapse was triggered by the fracturing or 
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buckling of the longitudinal bars accompanied with deterioration of the core concrete, as 

presented in Figure 4.4. 

 

Figure 4.9 Load–axial bar strain response. (Note: 1 kN = 0.225 kip) 

Figure 4.10 shows the increase of lateral tension strain in the GFRP spirals with the applied 

axial load. These strain curves were determined using the average of two strain-gauge readings, 

which were attached to the spirals at mid-height of the tested columns. The measured strains 

were minimal for all columns during the pre-peak phase, i.e., between 300 and 750 με because 

the spiral confinement had not been activated yet. The strain readings increased significantly 

upon the spalling of concrete cover. The lateral reinforcement promptly created a passive 

confining pressure, which resulted in the further increase in load-carrying capacity of the 

columns after the peak load. In addition, the closer spiral spacing (i.e., higher volumetric ratio) 

generated the higher passive confining pressure that delayed the lateral expansion of the 

concrete core and increased its axial compressive strength in the post-peak loading stage. The 

maximum recorded spiral strain at the final, which ranged from 1,300 με to 4,500 με, as shown 

in Figure 4.10. These values attained are roughly 20 % of the ultimate tensile strain as provided 

by the manufacturer. Valuable past studies and design codes recommended that the spiral/hoop 

tensile strain of 4,000 με, in which this tensile strain level provided adequate conservative 

predictions of the confined concrete compressive strength of FRP-RC columns (Ahmed et al. 

2010a&b; Afifi et al. 2015; ACI 440 2022; CSA S806 2017; AASHTO 2018; CSA S06 2019). 

The tensile-stress level corresponding to a tensile strain of 4,000 με was specified to avoid 

degradation of the aggregate interlock accompanying concrete shear failure so as to control 

shear crack widths and preserve the shear integrity of the concrete. In contrast, this strain level 

was also identified to GFRP rectangular hoops to avoid failure at the bent portions. 
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Figure 4.10 Load–lateral spiral strain response. (Note: 1 kN = 0.225 kip) 

4.5 Influence of the Design Parameters on Column Behavior  

The effect of the test parameters investigated in this study on the performance of the hollow 

GFRP-RC columns was evaluated by analyzing the peak load, bar contribution, ductility index, 

and confinement efficiency. Table 4.1 lists the ultimate load capacity PeakP  for all tested 

columns. The load carried by the GFRP bars was computed by multiplying the total area of the 

longitudinal reinforcement by the modulus of elasticity and the average bar strain

, ,( )bar Peak frp bar Peak frpP A E=   . Dividing this load by the peak load gives the rate of the bar 

contribution to column strength 
,( / )bar Peak PeakP P . Ductility is defined by the level to which a 

column can sustain plastic deformation under compressive stress before failure. Column 

displacement ductility was considered in this analysis to assess the ductility factor based on the 

approaches of Pessiki and Pieroni (1997). Accordingly, the ductility factor F was computed 

with the following equation: 

1

F
F


=


                                                                                                                              (4.3) 

The concrete core remained confined and uncracked until a certain level, which is expressed 

as the second peak load, even though the concrete cover had spalled off because of the 

confinement effectiveness ' '( / )cc cof f . The confinement process generated '

ccf , which is the 

peak compressive strength of the FRP bars and spiral-confined concrete obtained from the 

second peak load with '

cof  standing for the unconfined concrete strength attained from 85% 
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of the average compressive strength of the concrete. This approach was also implemented by 

Afifi et al. (2014a) and Tobbi et al. (2012) to calculate '

ccf  using the actual response of the 

concrete column, denoted by the black curve (see curve O-A-C′-E′ in Figure 4.3(b)). The graph 

illustrates the typical unconfined (see curve 0-A-B-E in Figure 4.3(b)), and confined concrete 

(see curve O-A′-B′-C′-E′ in Figure 4.3(b)) strength behavior of the tested columns. The curves 

represent the axial stress, which was calculated as follows: (1) the applied load was divided by 

the gross area of the concrete (i.e., total area)
gA ; and (2) the applied load was divided by the 

core area (i.e., confined concrete area) coreA  delimited by the centerline of the spiral.  

4.5.1 Influence of the Longitudinal Reinforcement Ratio 

The influence of the longitudinal reinforcement ratio l  on the behavior of hollow GFRP-RC 

columns under pure axial loading was evaluated by analyzing and comparing columns HC-

12G-80, HC-8G-80, and HC-6G-80. Column HC-12G-80 attained 5% and 10% higher peak 

load than columns HC-8G-80 and HC-6G-80, respectively. The results also indicate that the 

contribution of the GFRP bars in compression to total column capacity had increased. These 

ratios are less than that reported by AlAjarmeh et al. (2019a), namely that increasing the 

longitudinal reinforcement ratio l  increased the peak load, on average, by 20%. This can be 

due to the specimens in this study being larger than those tested by AlAjarmeh et al. (2019a), 

indicating that the size effect might require further consideration in evaluating the performance 

of hollow GFRP-reinforced columns. Doubling the number of bars from 6 to 12 increased the 

bar contribution ratio from 7% to 15%. On the other hand, it decreased the loss of applied load 

after concrete cover spalling from 38% to 20%, respectively. This could be attributed to the 

confinement contribution of the GFRP bars depending on the number of bars. The confinement 

efficiency and ductility were improved by increasing the longitudinal reinforcement ratio. The 

increase of ' '( / )cc cof f  varied between 1.43 and 2.23, while the ductility varied from 2.11 to 

3.05 for these columns, as indicated in Table 4.1. The higher values are for columns with a 

higher longitudinal reinforcement ratio, while the lower ratios are for columns with a lower 

longitudinal reinforcement ratio. These ratios show excellent agreement with the results 

obtained from the experimental test program conducted by Afifi et al. (2014b). Conversely, 

AlAjarmeh et al. (2019a) concluded that increasing the number of bars from 6 #5 to 8 #5 bars 

enhanced column ductility by only 3.6%. That notwithstanding, they had similar findings in 

which column confinement efficiency increased by 35%. The similarities and differences of 
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the findings from the current study to that of past work highlight the importance of investigating 

the effect of longitudinal reinforcement on the overall behavior of hollow GFRP-reinforced 

columns. 

4.5.2 Influence of the Transverse Reinforcement Ratio 

The impact of the volumetric ratio of the spiral confining reinforcement as a function of spiral 

spacing on the behavior of the confined concrete was investigated for the HCCs. The transverse 

reinforcement ratios of 1.10% and 2.20% were achieved by using two different spiral pitches—

80 mm and 40 mm, respectively—while maintaining the spiral diameter constant at no. #3. As 

predicted, the higher volumetric ratio strongly affected the failure mode by delaying the 

propagation of cracks, buckling of the longitudinal bars, and crushing of the concrete core. 

Decreasing the spiral spacing increased the ultimate load-carrying capacity. Columns HC-8G-

80 and HC-8G-40 had 13% and 16%, respectively, higher peak loads than HC-8G-W, as 

depicted in Figure 4.5(b). Similarly, increasing the transverse reinforcement ratio also 

enhanced the confinement efficiency CE and the ductility factor F , as reported in Table 4.1. 

The specimens with larger volumetric ratios recorded higher values. This can be attributed to 

the lateral confinement, which could significantly increase the maximum axial strength of the 

confined section once the concrete cover had spalled off entirely. The test results indicated that 

the 40 mm spacing led to a second peak load after overall concrete cover spalling occurred. 

Columns HC-8G-40 and HC-8G-80 attained 115% and 55% higher ductility than column HC-

8G-W. The 40 mm spiral spacing pitch ( v = 2.20%) enhanced the confinement efficiency by 

5% compared to the 80 mm spacing (
v = 1.10%). This increase in load capacity and 

confinement efficiency was due to the narrower spiral spacing because of the shorter 

unsupported length of the longitudinal GFRP bars, preventing buckling and leading to higher 

use of compressive strength of GFRP bars.  

4.5.3. Effect of “Hollowness” on Column Cross-sectional 

Configuration 

The effect of hollowness on column cross-sectional configuration was evaluated by comparing 

eight columns: four cast with hollow cross sections (HC-P, HC-6G-80, HC-8G-80, and HC-

12G-80) and four with solid cross sections (SC-P, SC-6G-80, SC-8G-80, and SC-12G-80). The 

hollow columns and their solid counterparts were entirely reinforced with the same number of 
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GFRP bars, i.e., none, 6, 8, and 12 and with GFRP spirals with a spacing of 80 mm. The hollow 

columns achieved 17%, 11%, 12%, and 14 %, respectively, lower peak loads than the solid 

columns, as shown in Figure 4.6. Similarly, the ultimate capacity of column HC-8S-40 was 

13% lower than that of SC-8S-40. These ratios reveal that the hollow columns had, on average, 

13%, lower ultimate capacity than the corresponding solid columns. AlAjarmeh et al. (2018) 

reported the same ratio in their experimental study, indicating that the decreased axial-load 

capacity of the hollow columns compared to the solid ones is proportional to the gross cross-

sectional concrete area ( /cH cS cSA A A− =14%). The ratios of GFRP-bar contribution to the 

ultimate capacity are almost similar for the tested hollow and solid columns, amounting to, on 

average, 11% of the experimental peak loads. Table 4.1 shows that the confinement efficacy 

for the hollow tested columns was 10% higher than that of the corresponding solid ones. In 

terms of the ductility index, however, the test results indicate that the difference was 18% 

higher for the hollow columns than the solid columns. These results further demonstrate the 

effectiveness of hollowness in enhancing the confinement efficiency and ductility of GFRP-

reinforced columns. 

4.5.4 Effect of the Longitudinal Reinforcement Type 

The behavior of columns HC-8G-80 and HC-8G-40 (totally GFRP-reinforced), HC-8hy-80 and 

HC-8hy-40 (hybrid-reinforced), and HC-8S-40 (totally steel-reinforced) were analyzed and 

compared to assess the effect of the longitudinal reinforcement type on the behavior of hollow 

concrete columns under concentric loading. All columns had 8 bars, resulting in the same 

longitudinal reinforcement ratio l  of 2.53%. Figure 4.7 shows the axial load and deformation 

response curves for the tested columns. Generally, the GFRP and steel bars in the hollow 

columns improved the ultimate carrying capacity by 21% and 34%, respectively, higher than 

in the plain concrete column. Afifi et al. (2014a) found almost the same ratios for solid concrete 

columns, highlighting the importance of accounting for the contribution of longitudinal bars in 

designing hollow concrete columns. The longitudinal GFRP bars contributed on average 12% 

of the capacity of the columns, while their longitudinal steel-reinforced counterparts carried 

28% of the peak load. The difference in the contribution of the longitudinal bars was 

attributable to the steel bars having a higher modulus of elasticity than the GFRP bars. For 

instance, column HC-8G-40 peaked at 2,450 kN, which is 12% lower than column HC-8S-40. 

This finding contrasts with AlAjarmeh et al. (2018), who reported that the peak load of the 

GFRP-reinforced column was 11% higher than the steel-reinforced column. This can be due to 
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the difference in the gross sectional area and compressive strength of the concrete used in the 

investigated HCC specimens. It agrees, however, with the study conducted by Afifi et al. 

(2014a). The axial load of the tested hollow GFRP-RC columns was normalized with respect 

to their area of concrete multiplied by the average concrete compressive strength (

'

norm Peak c gP P f A= ) to account for the variation in the concrete area and strength. Our findings 

are compared to that of past studies of Afifi et al. (2014a) and AlAjarmeh et al. (2018). The 

average normalized axial load for the tested hollow GFRP-RC columns was roughly 1.07. This 

value is 12% and 5% higher than the average normalized axial load found by Afifi et al. (2014a) 

and AlAjarmeh et al. (2018), respectively, for GFRP-RC columns. Using the GFRP 

reinforcement bars and spirals in the hollow RC columns provided confinement efficacy 

' '( / )cc cof f  2.0 times higher for column HC-8G-40 with a spiral spacing of 40 mm and 1.90 

for column HC-8G-80 with a spiral spacing of 80 mm. These values were, on average, 25% 

lower than the corresponding steel-reinforced concrete columns. Comparing the performances 

of the hybrid- and steel-RC columns reveals that the column HC-8hy-40 had an ultimate 

carrying load 5% lower than that of column HC-8S-40. Using the hybrid-reinforced hollow 

columns provided confinement efficiency ratios ' '( / )cc cof f  almost the same as that of the 

corresponding steel RC columns. Likewise, the column specimens totally reinforced with 

GFRP bars and spirals (columns HC-8G-80 and HC-8G-40) attained a peak load 7% lower 

than the hybrid columns (HC-8hy-80 and HC-8hy-40). This can be explained by the fact that 

the GFRP bars have a lower modulus of elasticity than steel. Table 4.1 shows that the 

confinement efficiency and ductility factor of the GFRP- and hybrid-reinforced columns are 

almost the same.  

4.6 Theoretical Investigation  

The nominal capacity of the GFRP-RC columns, oP  were evaluated according to the equations 

proposed in valuable past studies and those currently available in design guidelines and were 

compared to the ultimate load obtained from experimental testing. Several researchers have 

attributed the contribution of the FRP bars to the ultimate capacity of the FRP-RC columns. 

1) CSA S806 (2017) disregards the contribution-to-capacity of FRP bars: 

'

1 ( )o c g frpP f A A= −                                     where ( 1 0.85 = )                                            (4.4) 
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2) Some studies proposed different limits of the axial compressive strain of the FRP bars at 

peak load to account for the contribution of the GFRP bars-to-capacity, namely: 

a) CSA S06 (2019) and Mohamed et al. (2014) 

'

1 ( ) 0.002o c g frp frp frpP f A A E A= − +           where ( 1 0.85 = )                                             (4.5) 

b) AlAjarmeh et al. (2018) 

'

1 ( ) 0.0025o c g frp frp frpP f A A E A= − +          where ( 1 0.85 = )                                             (4.6) 

c) Hadi et al. (2016) 

'

1 ( ) 0.003o c g frp frp frpP f A A E A= − +             where ( 1 0.85 = )                                             (4.7) 

d) Hadhood et al. (2017) 

'

1 ( ) 0.0035o c g frp frp frpP f A A E A= − +       where (
'

1 0.85 0.0015 0.67cf = −  )                   (4.8) 

3) On the other hand, Tobbi et al. (2012) and Afifi et al. (2014a; b) linked the contribution-

to-capacity of GFRP bars by reducing the compressive strengths: 

'

1 ( )o c g frp f fu frpP f A A f A = − +               where ( 1 0.85 =  and 0.35f = )                       (4.9) 

Table 4.3 reports the experimental-to-predicted ratios for all tested columns. The comparison 

reveals that the models under consideration could predict the ultimate load capacity with 

varying degrees of conservatism. The CSA S806 (2017) design equation produced the highest 

overestimations. This can be attributed to this equation disregarding the contribution of the 

longitudinal GFRP bars in compression. The experimental-to-predicted peak load ratios varied 

from 1.17 to 1.55. Using a compressive bar stress of 0.0035 frpE  could not safely predict the 

experimental column ultimate strength, as proposed by Hadhood et al. (2017c). The 

experimental-to-predicted peak load ratios varied from 0.88 to 1.13. Similarly, using the 

compression bar strength at 0.35 fuf  over-predicted the capacity of the columns, particularly 

those reinforced with GFRP longitudinal bars. Using this equation, the experimental-to-

predicted peak load ratios ranged from 0.85 to 0.97. Better predictions were obtained when the 
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stress in the longitudinal bars was taken as 0.003 frpE  as proposed by Hadi et al. (2017) or 

when was taken as 0.0025 frpE as proposed by AlAjarmeh et al. (2018). Using these proposed 

equations, the experimental-to-predicted ultimate load ratios varied only from 1.00 to 1.21. In 

this study however, the average axial compressive strain recorded in the GFRP longitudinal 

reinforcement at peak load did not exceed 2,800 µε. Therefore, the CSA S06 (2019) model 

gave the safest predictions as it assumes the stress in the longitudinal bars to be 0.002 frpE . 

Using the equation suggested in CSA S06 (2019), the experimental-to-predicted ultimate 

capacity ratios varied from 1.00 to 1.23, which is consistent with the findings of Mohamed et 

al. (2014). In summary, the test results revealed that the axial compressive strength of GFRP 

bars could be used at a stress level corresponding to a strain of 2000 με, as recommended by 

CSA S06 (2019). This level of the compressive strain yielded reasonable predictions of the 

ultimate column capacity despite the recorded compressive strains in the post-peak loading 

stage exceeding 6,000 με. 

Table 4.3 Experimental-to-predicted ultimate load capacity. 

Column 

ID 

(Eq. 4.4) (Eq. 4.5) (Eq. 4.6) (Eq. 4.7) (Eq. 4.8) (Eq. 4.9) 

/Peak oP P  

HC-6G-80 1.25 1.16 1.14 1.12 1.01 0.96 

HC-8G-80 1.31 1.20 1.17 1.15 0.98 0.94 

HC-12G-80 1.39 1.21 1.18 1.14 0.90 0.87 

SC-6G-80 1.20 1.13 1.12 1.10 1.01 0.96 

SC-8G-80 1.28 1.19 1.16 1.14 1.00 0.96 

SC-12G-80 1.39 1.23 1.20 1.17 0.95 0.91 

HC-8hy-80 1.41 1.00 1.00 1.00 1.00 1.41 

HC-8G-40 1.35 1.23 1.21 1.18 1.01 0.97 

HC-8hy-40 1.47 1.04 1.04 1.04 1.04 1.47 

HC-8S-40 1.55 1.10 1.10 1.10 1.10 1.55 

SC-8S-40 1.53 1.13 1.13 1.13 1.13 1.53 

HC-8G-W 1.17 1.07 1.04 1.02 0.88 0.84 

HC-P 1.08 1.08 1.08 1.08 1.15 1.08 

SC-P 1.12 1.12 1.12 1.12 1.19 1.12 
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4.7 Conclusion 

Based on the results of this experimental and analytical investigation, the following conclusions 

are drawn: 

1. The type of reinforcement had no effect on the columns’ ultimate carrying capacity. All 

the tested columns behaved similarly up to the pre-peak loading phase regardless of 

reinforcement (GFRP, steel, or a hybrid of both). This can be attributed to the failure 

being governed by spalling of the concrete cover, followed by the fracturing of 

longitudinal bars, and rupturing of the spirals. 

2. Increasing the reinforcement ratio did not significantly affect the peak load, but it did 

significantly enhance the confinement efficiency and ductility of the hollow concrete 

columns reinforced with GFRP bars and spirals. Doubling the longitudinal 

reinforcement ratio from 1.89% to 3.79% only increased the peak load by 5% to 10%, 

but it increased the confinement efficiency from 1.43 to 2.23 and the ductility factor 

from 2.11 to 3.05. 

3. The GFRP-bar contribution to the ultimate capacity ratios increased from 7% to 15% 

of the peak loads by doubling the number of longitudinal reinforcements from 6 to 12 

bars. 

4. The increase in the volumetric ratio of spirals improved the performance of the hollow 

concrete columns by delaying the buckling of the longitudinal bars, crack propagation, 

and crushing of the concrete core. Columns reinforced with spirals with a spacing of 

40 mm achieved peak load and ductility 16% and 120% higher than the plain concrete 

column. Moreover, the spiral spacing of 40 mm ( v = 2.20%) yielded 5% higher 

confinement efficacy compared to the column with 80 mm spacing ( v = 1.10%). 

5. The hollow concrete columns reinforced with GFRP bars performed better than their 

solid counterparts. Although the ultimate capacity of the hollow columns was 13% 

lower than the solid ones, the effective capacity of the hollow concrete columns was 

slightly higher considering the cross-sectional area. Moreover, the confinement efficacy 

and ductility of the hollow concrete columns were, respectively, 10% and 18% higher 

than that of the corresponding solid ones. 
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6. The nominal ultimate strength of hollow GFRP-RC columns can be calculated 

considering the contribution of the longitudinal GFRP reinforcement to the column 

capacity at 0.002 frp frpE A , as suggested by the CSA S6 model. 
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Abstract 

Hollow concrete columns (HCCs) are an effective structural system for piles, electric poles, 

and bridge piers due to their low self-weight in conjunction with the high strength offered and 

reduced material use. This study investigated the behavior of concentrically loaded circular 

HCCs reinforced with glass fiber-reinforced polymer (GFRP) bars and spirals. Eleven hollow 

circular columns with outer/inner diameters of 305 and 113 mm and two solid specimens as 

controls were fabricated. All had a height of 1,500 mm. The investigated parameters included 

transverse GFRP reinforcement ratio in terms of the on-center spiral spacing and spiral 

diameter, configuration (spiral and hoops), and the influence of hollowness. The theoretical 

ultimate load carrying capacity and the confined concrete strength of the tested hollow GFRP 

reinforced concrete columns were evaluated and predicted using the available design equations 

and confinement models in the FRP design codes, standards, and literature. The test results 

indicate that decreasing the spacing of the spiral/discrete hoops or increasing the spiral diameter 

could increase the ultimate carrying capacity as well as improve the confinement efficiency 

and ductility of HCC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Concrete; Hollow Column; GFRP bars; GFRP spiral diameter and spacing; GFRP 

hoops; Reinforcement ratio; Load-strain behavior; Axial load capacity; Analytical modelling; 

Confined concrete strength; Design codes.  
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List of Notations  

The following symbols are used in this chapter: 

bA      = nominal cross-sectional area of the longitudinal bar or the transverse FRP spiral/hoop, 

mm2; 

ccA   = area of the concrete core delimited by hoops or spirals centerlines, excluding the 

longitudinal bars area, mm2; 

cHA     = concrete cross-section area for the hollow column, mm2; 

cSA      = concrete cross-section area for the solid column, mm2; 

eA       = effective area of confined concrete core, mm2; 

frpA    = total area of the longitudinal GFRP bars, mm2; 

gA      = gross sectional area of a concrete column, mm2; 

eD      = effective diameter of the confined concrete core. 

.inD     = inner diameter of the hollow column, mm; 

.outD    = outer diameter of the hollow column, mm; 

sD       = diameter of the hoop or continuous spiral, mm; 

bd        = nominal diameter of the GFRP bars and spirals, mm;  

FRPE    = tensile modulus of elasticity of GFRP bars, MPa; 

bf        = strength of bent portion of GFRP bar, MPa; 

       = specified compressive strength of concrete cylinder at 28 days, MPa; 

'

ccf      = confined concrete strength, MPa; 

'

, .cc Expf = experimental maximum confined concrete stress, MPa; 

'

, .cc Thf = theoretical confined concrete stress, MPa; 

'

cof    = in-place compressive strength of the unconfined concrete, MPa; 

fuf      = ultimate strength of FRP reinforcement, MPa; 

lf        = confining lateral pressure, MPa; 

yf       = yield strength for steel reinforcement; 

k        = effective length factor; 

ck        = coefficient representing the efficiency of transverse reinforcement; 

ek      = confinement effectiveness coefficient; 

lk      = coefficient depends on concrete proprieties and lateral pressure; 

'

cf
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k      = ratio between the average measured spiral strain to the maximum spiral tensile strain; 

dl      = development length in tension of GFRP hoops, mm; 

ul       = unsupported length of column, mm; 

, 1bar nP = load carried by the GFRP bars at the ultimate load, kN; 

1nP     = ultimate carrying load capacity, kN; 

2nP    = second peak load, kN; 

op    = perimeter of continuous spirals or hoops at centerlines, mm; 

oP     = nominal unconfined axial load capacity of column, kN; 

r      = radius of gyration for the nominal cross-section of the longitudinal bars, mm; 

br      = internal radius of bend in FRP reinforcement, mm; 

s      = hoop spacing or pitch of continuous spirals, mm; 

's      = clear vertical distance between spiral’s coil or hoop’s level, mm; 

1     = ratio of average stress in rectangular compression block; 

f      = reduction in the compressive strength of the GFRP bar as function of its tensile 

strength; 

1       = axial deformation corresponding to the limit of elastic behavior, mm; 

F     = axial deformation at the reinforcement rupture, mm; 

 o        = theoretical concrete strain defined by Popovics (1973), mm/mm; 

, 1bar n   = average bar strain at the first peak load, mm/mm; 

, 1c n      = average concrete strain at the first peak load, mm/mm; 

2frp    = axial compressive strain of the FRP bars at the second peak load, mm/mm; 

,nf bar   = average bar strain at the second peak load, mm/mm; 

., 1sp n    = average spiral strain at the first peak load, mm/mm; 

., 2sp n    = average spiral strain at the second peak load, mm/mm; 

       = slenderness ratio; 

F      = ductility factor; 

l       = longitudinal reinforcement ratio;  

v       = transverse confining reinforcement ratio; 
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5.1 Introduction 

The use of glass fiber-reinforced polymer (GFRP) bars as internal reinforcement in concrete 

columns has gained significant interest in the last decade. This is due to the corrosion resistant, 

nonmagnetic, lightweight, high fatigue endurance, and high tensile strength properties of GFRP 

bars, making them effective alternative reinforcing materials in concrete structures exposed to 

aggressive environments. Nowadays, it is becoming more common to use FRP reinforcement 

in coastal structures such as marine docks (Benzecry et al. 2021). The confidence in using this 

advanced reinforcing material has been significantly bolstered by the successful outcomes 

reported in a number of experimental studies on concentrically loaded solid circular and 

rectangular concrete columns reinforced with GFRP reinforcement, demonstrating that they 

attain similar or even higher load carrying capacity, confinement efficiency, and ductility 

compared to conventional steel reinforced columns (De Luca et al. 2010; Pantelides et al. 2013; 

Afifi et al. 2014a). Accordingly, these studies have provided valuable data on the structural 

performance and behavior of concrete columns reinforced with noncorroding GFRP bars, 

spirals, ties, and hoops. 

The effectiveness of GFRP bars as reinforcement in columns has led the suitability of using 

this composite reinforcement in hollow concrete columns. The benefits of HCCs over solid 

columns include higher stiffness-to-weight and strength-to-weight ratios, as well as requiring 

lower amounts of concrete component materials. They are, however, more prone to the 

corrosion of steel reinforcement as hollow columns have thinner walls than solid RC structures. 

Moreover, the structural performance of HCCs differs from that of their solid counterparts and 

they are affected by a number of design parameters such as longitudinal and transverse 

reinforcement type, ratio, and configuration; outside-to-inside diameter; cross-sectional 

configuration (hollow versus solid); and influence of the hollow shape (circle, square, or other). 

To illustrate, Alajarmeh et al. (2020) concluded that lowering the spiral spacing could enhance 

the column's failure behavior by allowing the concrete core and longitudinal bars to fail more 

gradually. Hadi et al. (2021) found that the GFRP RC circular hollow-core specimens 

outperformed the counterpart steel-reinforced specimens by 15% and 4% in terms of 

confinement reinforcement and ductility, respectively. These studies demonstrated the 

effectiveness of GFRP bars and spirals as internal reinforcement in HCCs despite the limited 

range of design parameters investigated, comprising the volumetric ratio as a function of spiral 

spacing, concrete strength, and the influence of the hollow geometry. It is therefore important 
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to further investigate other critical parameters that affect the behavior of HCCs in order to gain 

a more detailed understanding of the behavior of this new construction system. 

A number of studies have demonstrated the impact of various design parameters on the 

structural performance of solid GFRP reinforced columns. Elchalakani et al. (2020) found that 

using a spiral spacing of 40 mm yielded 10% and 38% higher peak capacity and ductility, 

respectively, compared to a spacing of 80 mm. Elchalakani and Ma (2017) also found that 

decreasing the hoop spacing from 150 mm to 75 mm increased the ductility index of GFRP 

reinforced columns from 1.30 to 1.50.  Moreover, De Luca et al. (2010) and Afifi et al. (2014a) 

concluded that the solid GFRP-RC columns with low volumetric ratios (less than 1.50%) would 

fail due to longitudinal-bar buckling, whereas well-confined columns would fail by crushing 

of the concrete core and bar rupture. This is because GFRP hoops can significantly delay crack 

initiation and propagation, reduce the buckling of the longitudinal bars, and slow the crushing 

of the concrete core. Elmesalami et al. (2021) found that solid concrete columns [180 180 

square columns] reinforced with GFRP had 20% lower ultimate capacity than their steel-RC 

counterparts. They also concluded that the contribution of the GFRP longitudinal bars to the 

capacity of the columns exposed to axial loads was 10.5%. Maranan et al. (2016) and Mohamed 

et al. (2014) found that employing spirals or discrete hoops had no significant impact on 

column capacity. Despite these findings, most design codes and provisions, including ACI 440 

(2022), CSA S806 (2017), AASHTO (2018), and CSA S06 (2019), either prohibit using FRP 

reinforcement in compression members or ignore their contribution to column capacity. These 

variations can be due to (i) there being no clear standard test approach for determining the 

compressive performance of FRP longitudinal bars; and (ii) the compressive modulus of FRP 

bars being low because of the micro-buckling of interior fibers during testing under axial 

compression loading, resulting in premature fracture of the FRP longitudinal bars. There is a 

need therefore to gain a better understanding of the behavior of compressive structural elements 

reinforced with GFRP bars such as HCCs and to demonstrate the effect of different design 

parameters on their overall performance. 

5.2 Research Significance 

This study aimed at (1) investigating the influence of volumetric ratio in terms of spiral/hoop 

spacing and diameter on HCC performance; (2) assessing the impact of lateral reinforcement 

configuration (spiral and discrete hoops); (3) evaluating the effectiveness of the reinforcement 
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type on the load capacity and the failure mechanism of HCCs; (4) studying the concentric 

behavior of HCCs with similar transverse reinforcement ratios but with different spiral 

spacings and sizes; and (5) examining the impact of cross-sectional configurations. The results 

reported in this manuscript represent a significant contribution to the relevant literature and 

provide end users, engineers, and code committees with much-needed data and 

recommendations to advance the use of GFRP reinforcement in RC columns. 

5.3 Experimental Program 

5.3.1 Material properties  

Column specimens were constructed with three different material components: GFRP 

reinforcement (bars, spirals, and hoops), steel reinforcement (bars and spirals), and plain 

concrete. Number 5 (15.9 mm, nominal diameter) sand coated GFRP bars were used as 

longitudinal reinforcement, as shown in Figure 5.1. Two different transverse reinforcement 

configurations were used: (1) No. 2, 3, and 4 sand coated GFRP spirals with nominal diameters 

( bd ) of 6.4, 9.5, and 12.7 mm, respectively, and (2) No. 3 circular discrete GFRP hoops ( bd = 

9.5 mm). The sand coated surface enhances the bonding strength between the GFRP 

reinforcement and surrounding concrete (Arias et al. 2012). GFRP spirals were used to 

reinforce the specimens because spirals provide higher lateral confinement of the concrete core 

than conventional circular hoops (Maranan et al. 2016). All GFRP reinforcement was 

manufactured according to a pultrusion process that combines continuous glass fibers and a 

thermosetting vinyl-ester resin to create GFRP (Pultrall Inc. 2018). The GFRP spirals were 

prepared continuously with no lap splices. Deformed steel bars (15M) and spirals (10M) with 

nominal diameters of 16 and 9.5 mm were used to reinforce the steel reinforced reference 

specimens. Table 5.1 lists the mechanical properties of the GFRP and steel reinforcement, as 

provided by the manufacturer. 

All specimens were cast from the same batch of ready mix, normal strength concrete to reduce 

variations in concrete strength. The concrete had a slump of 100 mm; the maximum aggregate 

size was 10 mm to prevent voids forming around the bars and honeycombing along the edges 

of the concrete during casting. The average compressive strength of concrete  was computed 

in terms of the characteristic compressive strength of ten 100   200 mm cylinder samples 

'

cf
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examined after 28 days as recommended in ASTM C39/C39M (2015). The concrete cylinders 

had an average strength of 34.7 MPa and standard deviation of 0.9 MPa. 

 

Figure 5.1 GFRP reinforcement. 

Table 5.1 Mechanical properties of the GFRP and steel reinforcement 

 

Bar 

Size 

Diameter 

(mm) 

Area 

(Immersion 

tests) 

(mm2) 

 

Nominal 

Areaa 

(mm2) 

Elastic Tensile 

Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Ultimate 

Tensile 

Strain 

(%) 

GFRP 

#2 6.4 41 32 52.5 1,328b 1.9 

#3 9.5 81 71 52.4 1,328b 2.3 

#4 12.7 139 129 52.6 1,328b 1.8 

#5 15.9 214 199 54.9 1,289b 2.4 

Steel 
10M 9.5 - 71 200 460c 0.2 

15M 16.0 - 200 200 460c 0.2 
aStrength and modulus were calculated based on this area. 

b
fuf Ultimate strength for GFRP reinforcement. 

 c yf Specified yield strength for steel reinforcement. 

5.3.2 Test Specimens 

Eleven full-scale hollow-core circular specimens were cast with 305/113 mm outer/inner 

diameters and two solid circular specimens 305 mm in diameter. All specimens were 1,500 

mm in height, as shown in Figure 5.2. These dimensions were set by the testing machine's 

capacity and the specimens were designed as short columns to avert global buckling. The 

slenderness ratio ( /ukl r = ) for all specimens was 18, where the effective length factor k  

was equal to unity due to the selected test setup (pinned–pinned support conditions). This ratio 
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satisfies the slenderness limit in CSA S806 (2017) and CSA S06 (2019). It was also consistent 

with the slenderness limit for GFRP RC columns, 18, proposed by Abdelazim et al. (2020). A 

concrete cover of 27.5 mm was deemed appropriate to encircle the transverse reinforcement’s 

exterior surface. The internal reinforcement for all specimens was designed according to CSA 

S806 (2017), AASHTO (2018), and CSA S06 (2019). The 13 columns were categorized into 

four groups based on the tested parameters, as illustrated in Table 5.2. Groups I and II were 

fabricated to evaluate the influence of the transverse reinforcement ratio in terms of the spiral 

pitch and diameter, respectively. In Group III, a comparison was made between six specimens 

reinforced with GFRP spiral and GFRP discrete hoops to determine the effect of the transverse 

reinforcement configuration (spiral and hoops). Group R included four specimens that were 

tested to serve as a control group. 

 

Figure 5.2 Details of specimen and instrumentation. 

A tripartite code was assigned to each specimen. The letters HC and SC refer to hollow and 

solid cross-section concrete specimens, respectively. The diameter of the transverse 

reinforcement is represented by digits (No. 2, No. 3, and No. 4). The letters SP and H stand for 

spirals and hoops, respectively, as the transverse reinforcement configuration. The spiral pitch 

and hoop spacing are represented by 120, 80, and 40, while the letters W and P denote 

specimens without any lateral reinforcement and plain concrete specimens, respectively.  

Overall, 8 No. 5 GFRP bars (symbolized by 8G) and 8 15M steel bars (symbolized by 8S) were 
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used to reinforce the specimens in the longitudinal direction with a ratio l  of 2.5%, which is 

within the permissible range of 1%–4% indicated in the design-code provisions. 

Table 5.2 Test matrix and specimen details  

Group 
Column 

ID 

Longitudinal 

Reinforcement 

Transverse Reinforcement 

Type 
Bar 

# 

s 

mm 
v  

(%) 

I 

HC-8G-W 

8 #5 GFRP 

— — — — 

HC-3SP-120 GFRP spiral 3 120 0.75 

HC-3SP-80 GFRP spiral 3 80 1.10 

HC-3SP-40 GFRP spiral 3 40 2.20 

II 
HC-2SP-80 GFRP spiral 2 80 0.5 

HC-4SP-80 GFRP spiral 4 80 2.00 

III 

HC-3H-120 GFRP hoops 3 120 0.75 

HC-3H-80 GFRP hoops 3 80 1.10 

HC-3H-40 GFRP hoops 3 40 2.20 

R 

SC-3SP-80 GFRP spiral 3 80 0.95 

SC-8S-40 
8 15M steel  

Steel spiral 10 40 1.90 

HC-8S-40 Steel spiral 10 40 2.20 

HCP — — — — — 

Note: HC and SC = hollow and solid cross section; No. 2, No. 3, and No. 4 = transverse reinforcement diameter 

according to the spiral/hoop number; SP and H = spirals and hoops; 120, 80, and 40 = spiral pitch/hoop spacing; 

8G and 8S = longitudinal bars employed, including their number 8 and type glass or steel, respectively; W = 

with no lateral reinforcement; and P = plain concrete specimen. 

For Group I, one benchmark specimen (HC-8G-W) without any transverse reinforcement was 

tested. Three specimens (HC-3SP-120, HC-3SP-80, and HC-3SP-40) were reinforced with No. 

3 GFRP spirals at different center-to-center spiral pitches (120 mm [0.75%], 80 mm [1.1%], 

and 40 mm [2.2%]). Specimens in Group II (HC-2SP-80, HC-3SP-80, and HC-4SP-80) were 

transversally reinforced at a constant spiral pitch of 80 mm but with different spiral diameters 

of (No. 2 [0.5%], No. 3 [1.1%], and No. 4 [2%]) and compared to HC-8G-W. The transverse 

confining reinforcement ratio was calculated as ( )v b o gA p A s =   where bA , op , and s

are the nominal area of the transverse FRP spiral/hoop, perimeter, and pitch of continuous 

spirals or hoops at centerlines, and gA  is the concrete cross-section area, respectively. Group 

III consisted of three specimens (HC-3H-120, HC-3H-80, and HC-3H-40) reinforced with No. 

3 GFRP discrete hoops spaced at of 120, 80, or 40 mm, corresponding to Group I. For Group 

R—the reference group—two steel-reinforced specimens (solid SC-8S-40 and hollow HC-8S-

40) were entirely reinforced with eight 15M steel bars and with 10M GFRP steel spaced at 40 

mm. One GFRP control specimen (SC-3SP-80) with a solid cross section was transversally 
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reinforced with a No. 3 GFRP spiral at a pitch of 80 mm and longitudinally reinforced with 

eight #5 GFRP bars. One hollow plain concrete specimen (HCP) with no longitudinal or 

transverse reinforcement was fabricated. Figure 5.3 presents the assembled cages for all the 

fabricated columns. 

 

Figure 5.3 Specimen cages. 

5.3.3 Instrumentation and Testing Procedure 

A total of six strain gauges were installed to record the columns’ responses. Four of them had 

a length of 6 mm and were internally attached to the longitudinal GFRP bars and spirals. Two 

concrete strain gauges 60 mm in length were attached to the exterior surface of each column. 

All strain gauges were attached to the specimens at mid-height, where the maximal 

compression stress exceeded the stress at the edges, as shown in Figure 5.2. Two linear 

potentiometers (LPOTs) were installed vertically between the lower loading platen and the 

upper fixed platen to monitor the axial deformation response. All instruments (strain gauges 

and LPOTs) were connected via channels to a data acquisition system to continuously monitor 

the column responses during the test. 

The specimens were tested under monotonic concentric loading with a 6,000 kN capacity 

Forney apparatus at the University of Sherbrooke. Figure 5.4 shows the Forney testing 

machine, data acquisition system, and test setup. A thin layer of self-leveling cementitious 

grout (20 mm) was cast on the specimens’ top ends before testing to ensure column verticality 

and uniform distribution of the applied load. Two rigid steel collars were clamped to the 

HC-3SP-80 

& 

SC-3SP-80 

HC-8G-W HC-3SP-120 HC-3SP-40 

spiral’s pitch 

HC-2SP-80 HC-4SP-80 
HC-8S-40 

& 
SC-8S-40 

HC-3H-120 HC-3H-80 HC-3H-40 

spiral’s diameter spiral versus hoops 
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specimens at the top and bottom ends to generate adequate confinement stress, thereby 

preventing any premature failure due to stress concentration. The pinned-pinned supports were 

applied. Once a specimen had been prepared, it was placed and adjusted in the center of the 

Forney machine to ensure that the machine’s center of loading coincided with the center of the 

column. The loading rate was kept constant at 1.50 kN/s during testing. 

 

Figure 5.4 Test setup. 

5.4 Experimental Results and Discussion  

5.4.1 General Behavior and Failure Modes 

Figure 5.5 (a) presents the typical load–deformation response of the GFRP RC hollow columns, 

which can be divided into five distinct stages: (1) pre-cracking, (2) crack propagation, (3) cover 

spalling and inner core activation, (4) sequential fracturing of the GFRP bars, and (5) specimen 

failure. The transition between these stages was associated with a remarkable change in column 

behavior. The specimens exhibited stiff linear response up to cracking at point A, which 

coincided with approximately 85% ̶ 90% of the peak load. In contrast, the ascending portion of 

the initial stage (i.e., non-cracked section) of all the specimens was identical up to point A, 

exhibiting relatively linear load–deformation behavior. This behavior revealed that, regardless 

of the tested parameters, the initial stiffness was solely dependent on the concrete compressive 

strength. The concrete cracking flattened the load–deformation response between points A and 

2-LPOTs 

Upper fixed 
platen 

Top 

steel collar 

RC 
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B, after which, the concrete cover started to spall off (path B-C), associated with a sharp 

increase in strain in the longitudinal GFRP bars and decreased load capacity. Further loading 

resulted in complete spalling of the concrete cover (point D) with a consequential increase in 

the load demand on the inner core. At this point, the load resistance was regained until the 

second peak at E, followed by an abrupt load drop due to fracturing of the longitudinal GFRP 

bars and spirals. Figure 5.5 (b) illustrates the crack appearance at the different load phases up 

to and beyond column failure. 

 

Figure 5.5 Failure mechanism: (a) typical behavior of GFRP RC hollow column; (b) stages 

of column collapse. 

Table 5.3 lists the experimental load capacity for all specimens tested at peak and the 

corresponding recorded axial strain in the longitudinal and transverse reinforcement. The 

predominant failure of the GFRP RC hollow columns was compression controlled, induced by 

concrete cover spalling, followed by fracturing of the longitudinal GFRP bars and rupturing of 

the spirals. Figure 5.6 shows close-up views of the tested specimens at failure in sections 

according to the investigated test parameters. Figure 5.7 presents the load versus axial 

displacement curves for all the tested specimens.  
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Table 5.3 Experimental test results 

Group 
Column 

ID 

Ultimate Capacity (1st peak load) (2nd peak load) 
Confinement 

Efficiency 

Ductility 

Factor 

1nP

(kN) 
, 1c n  

(με) 

., 1sp n  

(με) 

, 1bar n  

(με) 

.contbar  

(%) 

2nP  

(kN) 
., 2sp n  

(με) 

,nf bar  

(με) 

'

, .cc Expf  

(MPa) 
CE f  

I 

HC-8G-W 2150 –2400 — –2400 10 2050 — –2500 — 1.90 1.75 

HC-3SP-120 2330 –2600 150 –2450 9 1670 4000 –4300 47.2 1.60 2.30 

HC-3SP-80 2380 –2900 200 –3500 13 1700 7000 –3700 48.0 1.90 2.70 

HC-3SP-40 2450 –2700 170 –3100 11 2000 N/A† –14800 56.5 2.00 3.77 

II 
HC-2SP-80 2360 –2500 400 –2450 9 1600 2100 –4000 45.2 1.50 2.80 

HC-4SP-80 2500 –3300 100 –3100 11 1950 4300 –8000 55.0 1.90 3.90 

III 

HC-3H-120 2320 –2700 600 –2600 10 1300 3600 –6200 36.7 1.30 2.40 

HC-3H-80 2370 –2400 180 –2700 10 1850 N/A† –4100 52.3 1.80 2.90 

HC-3H-40 2400 –2900 100 –2800 10 2050 N/A† –7000 58.0 2.00 4.10 

R 

SC-3SP-80 2700 –2600 100 –2300 7 1820 4200 –6800 40.0 1.76 2.40 

SC-8S-40 3220 –2200 130 –2900 29 3000 N/A† –24500 66.0  2.31 7.12 

HC-8S-40 2800 –2550 100 –2700 31 2400 N/A† –20100 68.0 2.68 6.12 

HCP 2000 –2100 — — — — — — — — — 
†Strain damaged. 

The plain concrete specimen (HCP) instantly collapsed in a brittle explosive manner at an 

ultimate load capacity of 2,000 kN and a concrete strain of 2,100  . The peak load was at a 

concrete compressive strength of 31 MPa, which is about 88% of the characteristic 

compressive strength of the cylinders examined after 28 days. This figure is close to 85%, 

which is frequently used to predict nominal axial compressive strength. In contrast, specimen 

HC-8G-W (8 #5 GFRP bars and no transverse reinforcement) had a peak load capacity at 2,150 

kN. At that point, sequential spalling of the concrete cover resulted in a significant drop in axial 

load capacity. Buckling in the longitudinal GFRP bars was observed without fracturing due to 

the absence of transverse reinforcement, as shown in Figure 5.7 (a). This indicates that using 

longitudinal reinforcement bars increased the axial capacity by 8% over that of the plain 

concrete specimen. On the other hand, it reduced the loss in applied load after the concrete 

cover spalled and increased the ductility factor up to 1.9, as calculated with Eq. 5.1. This could 

be attributed to the confinement contribution of the GFRP bars depending on the number of 

bars.  

The transverse reinforcement ratio, which is determined by spiral spacing and diameter, had an 

impact on the load displacement, ductility behavior, and confined strength of the HCCs. The 

GFRP RC hollow specimens reinforced with the highest volumetric ratio (i.e., achieved by 

closer spiral spacing or larger spiral diameter) achieved the highest load capacities (see Table 
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5.3). Specimens HC-3SP-40 and HC-4SP-80 peaked at 2,450 kN and 2,500 kN, respectively. 

On the other hand, the peak load of specimens HC-2SP-80, HC-3SP-120, and HC-3SP-80—

which had lower transverse reinforcement ratios ranging from 0.5% to 1.1%—was 2,360 kN, 

2,330 kN, and 2,380 kN, respectively. Specimen HC-2SP-80, which had the lowest lateral 

confinement ratio of 0.5%, experienced brittle failure behavior with faster strength degradation 

after the peak load. Likewise, specimen HC-3H-40—reinforced with discrete hoops spaced at 

40 mm—had a higher load (2,400 kN) than HC-3H-120 and HC-3H-80. In contrast, specimens 

HC-3H-120 and HC-3H-80 peaked at 2,320 and 2,370 kN, respectively.  

Due to the spiral pitch or hoop spacing at 40 mm in specimens HC-3SP-40, HC-3H-40, and 

HC-8S-40, the longitudinal bars and concrete core were efficiently confined. Therefore, no, or 

little degradation was observed in the inner core of these specimens at failure. For the steel 

reinforced specimens SC-8S-40 and HC-8S-40, the ultimate carrying capacity was 3,200 and 

2,800 kN, respectively. The longitudinal bars buckled, accompanied by yielding of the steel 

spirals, followed by the crushing of the concrete inner core. It is worth noting that the load–

displacement behavior of the steel-RC specimens continued to decrease up to failure. This 

could be attributed to buckling of the steel bars. Generally, both GFRP and steel bars used in 

the hollow specimens improved the ultimate carrying capacity by 21% and 40%, respectively, 

compared to the plain concrete column. Afifi et al. (2014a) found almost the same ratios for 

solid concrete columns. The average contribution of the GFRP and steel longitudinal bars to 

the ultimate strength was 11% and 31 %, respectively. Specimens HC-3SP-40 and HC-3H-40 

peaked at 2,450 and 2,400 kN, respectively, which was 12% and 14% lower than the peak load 

of specimen HC-8S-40. This finding contrasts with that of AlAjarmeh et al. (2018), who 

reported that the peak load of a GFRP reinforced column was 11% higher than that of a steel 

reinforced column. This could be due to the difference in the inner-to-outer diameter ratios for 

HCCs. In this investigation, the inner-to-outer diameter ratio of the HCCs was 0.37, whereas 

AlAjarmeh et al. (2018) prepared their specimens with a ratio of 0.26. On the other hand, it 

agrees with the findings of Afifi et al. (2014a). 
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Figure 5.6 Close-up views of tested specimens at failure: (a) Influence of spiral pitch; (b) 

Influence of spiral diameter; (c) Influence of transverse-reinforcement configuration: spiral 

versus hoops. 

 

Figure 5.7 Axial load and axial-displacement responses based on different tested parameters: 

(a) spiral pitch; (b) spiral diameter; (c) behavior of specimens with varying spiral diameters 

and similar reinforcement ratios; (d) spiral versus hoops: (d1) s = 120 mm; (d2) s = 80 mm; 

and (d3) s = 40 mm. 
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5.4.2 Load–Strain Behavior 

The concrete strains in all the specimens at peak load ranged from –2,100  to –3,300  , 

as shown in Table 5.3. The higher recorded concrete strains corresponded to specimens that 

were well confined with the highest transverse reinforcement ratios. In such cases, the higher 

volumetric ratio owing to the narrower spiral spacing or larger spiral diameter delayed crack 

propagation and increased concrete cover stability. Concrete crushing was the predominant 

failure mechanism for the tested columns, as evidenced by the recorded concrete strains at peak 

load. At that point, the maximum concrete strains exceeded the theoretical values o  (–1,800 

 ) defined by Popovics (1973) and the limiting ultimate concrete compressive strain of 

2,000  in ACI 318 (2019). 

Figure 5.8 shows the applied axial load versus the axial compression strain in the longitudinal 

bars separated into three subfigures according to the test parameters. Table 5.3 reports the 

maximum measured axial strains in the longitudinal bars, which almost matched the concrete 

strains. This could be attributed to good bonding between the GFRP bars and concrete. 

Therefore, no evidence of slippage was observed. Furthermore, this emphasized the significant 

contribution of GFRP bars in compression members. A linear ascending branch characterized 

the axial compression strain responses until initiation of hairline cracks. The recorded axial 

strain for all tested specimens at the onset of cracks was about –1,600  . This value was 

close to the axial strain cited by Saatcioglu and Razvi (1992) and Alajarmeh et al. (2020). Then, 

the specimens acted in a nonlinear manner up to the peak load and in the post-peak range. The 

gauged axial compressive strain in the GFRP bars at the ultimate load capacity were between 

–2,450   and –3,500  . These strains values roughly ranged from 11% to 15% of the bare-

bar rupture strain in the GFRP straight bars Fu  as provided by the manufacturer (see Table 

5.1). It should be noted that the GFRP longitudinal bars contributed at least 11% to the axial 

capacity of the HCCs. Thus, consideration of the contribution of GFRP bars in recent design 

guidelines can safely estimate the ultimate capacity of the HCCs. The GFRP bar contribution 

ratios to the ultimate capacity are consistent with the findings of Hadi et al. (2016) and 

Elmesalami et al. (2021). After the peak load, the response of the GFRP bars in the hollow RC 

columns continued to resist the applied load up to the failure despite the concrete cover spalling. 

As mentioned above, the longitudinal bars and concrete core were completely confined by the 

higher volumetric ratio. Unlike specimens reinforced with GFRP spirals spaced at 120 mm or 
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#2 spirals, the axial compressive strain curves in the longitudinal GFRP bars in specimens HC-

3SP-40, HC-4SP-80, HC-3H-40, and SC-3SP-80 continuously increased. This result was 

further confirmed when the fracturing of the longitudinal GFRP bars was observed at strains 

of –14,800  , –8,000  , –7,000  , and –6,800  in specimens HC-3SP-40, HC-4SP-

80, HC-3H-40, and SC-3SP-80, respectively, as shown in Figure 5.8. 

 

Figure 5.8 Loads versus longitudinal-bar strain responses based on different tested 

parameters: (a) spiral pitch; (b) spiral diameter; (c) spiral versus hoops. 

Lastly, the ultimate compressive strains measured for the GFRP bars at failure ranged from –

4,300  to –14,800  , which is 19% to 64% of the ultimate tensile strain. These measured 

strain values are consistent with those in a study conducted by Alajarmeh et al. (2020), who 

found that the rupture strain levels of the tested GFRP bars confined with spirals at pitches of 

150, 100, and 50 mm ranged from 50.2% to 64.5% of the ultimate tensile strain. The variation 

in the properties and ratios of the GFRP longitudinal bars for HCCs—in terms of bare-bar 

rupture strain and the number of bars, respectively—and the spiral spacing most likely 

influenced the lower bound between the two investigations. Whereas Alajarmeh et al. (2020) 

used six GFRP bars with an ultimate tensile strain of 0.021 mm/mm, the specimens in this 

study were reinforced with eight GFRP bars with an ultimate strain of 0.024 mm/mm. The 
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collapse of the specimens was triggered by the fracturing or buckling of the longitudinal bars 

accompanied by deterioration of the core concrete, as presented in Figure 5.6. 

As for the transverse GFRP spirals, Figure 5.9 illustrates the growth of lateral tensile strain 

with increasing applied axial load. These strain curves were determined using the average 

readings from two strain gauges that had been attached to the spirals at column mid-height. 

The measured strains, predictably, for all columns were low during the pre-peak phase, varying 

from 100 to 600 με because spiral confinement had not yet been activated. The strain readings 

increased upon spalling of the concrete cover. The lateral reinforcement rapidly created passive 

confining pressure, which increased the load carrying capacity of the columns. The closer spiral 

spacing also delayed crushing of the concrete core until ultimate strength. Table 5.3 reports the 

maximum recorded spiral strain at final load, which varied between 2,100 and 7,000 με. These 

values were, on average, 21% of the ultimate tensile strain, as provided by the manufacturer. 

 

Figure 5.9 Load–axial spiral strain response. 

5.5 Influence of Test Parameters  

Table 5.3 gives the experimental results for the tested specimens. The peak load 1nP , bar 

contribution, ductility index, and confinement efficiency were used as comparison criteria to 

assess the influence of the test parameters on the performance of the hollow GFRP RC 

columns. The load carried by the GFRP bars was calculated by multiplying the total area of the 

longitudinal reinforcement by the average bar strain and modulus of elasticity

, 1 , 1( )bar n FRP bar n FRPP A E=   . The rate of bar contribution to column strength 
, 1 1( / )bar n nP P was 

computed by dividing the bar carried load by the peak load. Ductility was defined as the level 
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to which a column could sustain plastic deformation under compressive stress before failure. 

Column displacement ductility was considered in this analysis to evaluate the ductility factor 

based on the approaches in Pessiki and Pieroni (1997). Ductility factor F was computed based 

on the approaches in Pessiki and Pieroni (1997) as: 

1

F
F


=


                                                                                                                              (5.1) 

where F  is the axial deformation at the reinforcement rupture and 1  is the axial deformation 

corresponding to the limit of elastic behavior on the ascending part, as illustrated in Figure 5.5 

(a). The concrete core remained confined and uncracked until a certain level, which is 

expressed as the second peak load—despite spalling of the concrete cover—because of the 

confinement effectiveness ' '( / )cc cof f . The confinement process generated '

ccf , which is the 

peak compressive strength of the FRP bars and spiral confined concrete obtained from the 

second peak load. The symbol '

cof  stands for the unconfined concrete strength attained from 

85% of the average compressive strength of the concrete. This approach was also implemented 

by Afifi et al. (2014a) to calculate '

ccf , using the actual response of the concrete column, 

represented by the black curve (follow, 0-A-C′-E), as shown in Figure 5.10. Figure 5.11 

presents the normalized first peak load, which was derived by dividing 1nP  by the product of 

the concrete compressive strength and specimen gross concrete area ( '

c gf A ). This 

demonstrates the extent to which the lateral confinement contributed to the axial capacity of 

the HCCs. 

 

Figure 5.10 Confinement efficiency parameters. 
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Figure 5.11 Enhancement of the ultimate carrying-load capacity. 

5.5.1 Transverse Reinforcement Ratio 

The effect of the transverse reinforcement ratio was investigated by analyzing the impact of 

the volumetric ratio of the spiral/hoop confining reinforcement as a function of spiral spacing 

or spiral diameter (size) on the behavior of the confined concrete. These ratios were achieved 

by decreasing the spiral spacing while maintaining the spiral diameter constant at size #3 or 

increasing the spiral diameter while maintaining a spiral spacing of 80 mm. As predicted, the 

higher volumetric ratio strongly influenced the failure mode by delaying the propagation of 

cracks, buckling of the longitudinal bars, and crushing of the concrete core. Furthermore, it 

increased the ultimate carrying load capacity and improved the ductility and confinement 

effectiveness. Figure 5.11 shows that decreasing the spiral/hoop spacing and increasing the 

spiral diameter increased the normalized peak load, ( '

1 /n c gP f A ), when the characteristic 

compressive strength and longitudinal reinforcement ratio remained constant for all specimens. 

Increasing the transverse reinforcement ratio also enhanced confinement efficiency CE and the 

ductility factor F , as reported in Table 5.3. The specimens with larger volumetric ratios 

recorded higher values. This can be attributed to the lateral confinement, which could 

significantly increase the maximum axial strength of the confined section once the concrete 

cover had spalled off entirely. Increasing the GFRP bars' contribution-to-capacity ratios by 

45% and 23% corresponds to increasing the transverse reinforcement ratio by 1.1% and 2.2%, 

respectively. The ratio of bar contribution was, on average, 11% of the experimental peak 

loads. This is consistent with the findings of AlAjarmeh et al. (2018) and Elmesalami et al. 

1
.0

7

1
.0

9

1
.1

2

1
.0

8

1
.0

9

1
.1

4

1
.0

6

1
.0

8

1
.1

0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

H
C

-3
S

P
-1

2
0

H
C

-3
S

P
-8

0

H
C

-3
S

P
-4

0

H
C

-2
S

P
-8

0

H
C

-3
S

P
-8

0

H
C

-4
S

P
-8

0

H
C

-3
H

-1
2

0

H
C

-3
H

-8
0

H
C

-3
H

-4
0

P
n
1
/f
c′ A

g

Spiral pitch Spiral diameter Hoops



Chapter 5: Effect of Transverse Reinforcement Ratios and Configurations                           81 

ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

 

 

(2021). This significant ratio of the GFRP bar contribution confirms that the higher transverse 

reinforcement ratio restrained the buckling of the longitudinal bars at the maximum stress level.  

5.5.2 GFRP Spiral Spacing 

Group I included specimens reinforced with #3 GFRP spirals at pitches of 120, 80, 40 mm 

(HC-3SP-120, HC-3SP-80, and HC-3SP-40, respectively) and one with no transverse 

reinforcement (HC-8G-W) in order to investigate the effect of GFRP spiral spacing on the 

behavior of the HCCs. Given the peak loads in Table 5.3, specimens HC-3SP-120, HC-3SP-

80, and HC-3SP-40 had ultimate load carrying capacity that was 8%, 11%, and 14%, 

respectively, higher than HC-8G-W. This finding is in good agreement with that of AlAjarmeh 

et al. (2020) for the HCCs with ratios ranging from 8% to 17% of the peak load. Figure 5.7 (a) 

shows that the 40 mm spacing resulted in a second peak load at 2,000 kN after the concrete 

cover spalled completely. It prevented the lateral plastic dilation of the concrete by improving 

the core compressive strength after cracking initiated. This behavior can be related to the higher 

volumetric ratio of the narrower spiral spacing fully confining the inner concrete core. 

Moreover, increasing the transverse reinforcement ratio 
v  from 0.75% to 2.2% enhanced the 

CE from 1.6 to 1.9 and the F  from 2.3 to 4.9. The higher values were achieved by the 

specimens with a higher transverse reinforcement ratio.  

5.5.3 GFRP Spiral Diameter 

This study examined three different spiral sizes (#2, #3, and #4) at a pitch of 80 mm to reinforce 

the hollow concrete specimens in the transverse direction (Group II in Table 5.2). Specimens 

HC-2SP-80, HC-3SP-80, and HC-4SP-80 had volumetric ratios of 0.5%, 1.1%, and 2%, 

respectively. Figure 5.7 (b) indicates that, up to 65% of the ultimate carrying capacity, all 

specimens showed similar axial stiffness. The test findings indicate that increasing the spiral 

size from #2 to #4 increased the peak load by 10% to 16% compared to that of HC-8G-W. 

After the concrete cover had completely spalled off, specimen HC-4SP-80 (reinforced with a 

#4 spiral) attained a second peak load of 2,000 kN. It enhanced the compressive strength of the 

inner concrete core in the post-loading stage due to the higher volumetric ratio resulting in full 

confinement. Table 5.3 also shows that increasing the volumetric ratio improved the CE of 

these specimens from 1.5 to 1.9, while increasing their F  from 2.8 to 3.9. The higher CE 

values correspond to specimens that were confined with higher volumetric ratio. 
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5.5.4 HCCs with Similar Transverse Reinforcement Ratios but 

Different Spiral Spacing and Sizes 

The behavior of the hollow concrete columns reinforced with almost the same transverse 

reinforcement ratios produced with different spiral diameters and pitches were investigated by 

comparing specimens HC-3SP-40 and HC-4SP-80. These columns had transverse 

reinforcement ratios of 2.2% and 2%, respectively. Figure 5.7 (c) shows that the load–

displacement responses for both specimens were nearly identical in the pre-peak phase and up 

to the observed second peak load of 2,000 kN at an axial displacement of 10.7 mm. The axial 

capacity of specimen HC-4SP-80 differed only by 2% compared to specimen HC-3SP-40. The 

contribution of the GFRP longitudinal bars to the specimens’ ultimate capacities was 11%, as 

reported in Table 5.3. Similarly, the confinement efficiency concerning the load–displacement 

curves illustrated in Figure 5.7 (c) differed by an insignificant 3%. In contrast, using #3 spirals 

at a pitch of 40 mm, as in specimen HC-3SP-40, enhanced the F by 26% compared to 

specimen HC-4SP-80. The specimen reinforced with the narrower spiral spacing and the 

smaller spiral size (i.e., #3 GFRP spiral @ 40 mm) had greater post-peak behavior than the one 

confined with the wider spiral spacing and large spiral size (i.e., #4 GFRP spiral @ 80 mm). 

Specimen HC-4SP-80 exhibited less ductile behavior than specimen HC-3SP-40, showing a 

faster rate of strength decay after the second peak load. In contrast, specimen HC-3SP-40 

confirmed the capability of #3 spirals spaced at 40 mm to sustain high axial displacement up 

to failure. 

5.5.5 GFRP Discrete Hoop Spacing 

Group III was composed to study the influence of three different transverse reinforcement 

ratios: 0.75%, 1.1%, and 2.2% achieved with discrete hoops spaced at 120, 80, or 40 mm, 

respectively, as in Table 5.2. These specimens were reinforced with the same longitudinal 

reinforcement ratio of 2.5%. Specimens HC-3H-120, HC-3H-80, and HC-3H-40 attained 8%, 

10%, and 12%, respectively higher peak load than specimen HC-8G-W, which had no 

transverse reinforcement. In addition, the contribution of GFRP bars to the compression-to-

total capacity of the specimens was about 10%. This ratio is consistent with that reported by 

Mohamed et al. (2014). In contrast, the loss of the applied load after the concrete cover spalled 

decreased from 45% to 20%, as shown in Figure 5.7 (d1-3). The lower value distinctly 

corresponds to the closer spacing of the discrete hoops. An increase of the specimens’ carrying 
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load was then observed because of activation of the lateral confining pressure generated by the 

hoops. This lateral pressure caused the concrete core to reach its maximum stress. The CE and 

F were improved by increasing the volumetric ratio from 0.75% to 2.2%. The increase in CE 

varied between 1.3 and 2, while the F  ranged from 2.4 to 4.1 for these specimens, as listed in 

Table 5.3. The higher values are for specimens with a higher transverse reinforcement ratio. 

These ratios are quite consistent with the results obtained experimentally by Mohamed et al. 

(2014). 

5.5.6 Transverse Reinforcement Configuration 

Two lateral confinement configurations (GFRP spirals and GFRP discrete hoops) were 

implemented to assess the performance of the hollow concrete columns entirely reinforced with 

GFRP bars. In general, Figure 5.7 (d1-3) shows that the specimens reinforced with GFRP 

spirals behaved similarly to their counterparts reinforced with discrete hoops. The effect of the 

confinement type on the axially loaded specimens was insignificant in terms of ultimate load 

carrying capacity. For instance, the peak load for specimen HC-3SP-40 confined with the closet 

spiral pitch of 40 mm was roughly 2% higher than for its counterparts with discrete hoops. 

Maranan et al. (2016) and Mohamed et al. (2014) found the same ratio for two specimens 

reinforced with GFRP spirals and hoops spaced at 80 mm. The GFRP bar contribution to the 

ultimate capacity yielded almost the same results, on average 10% for the specimens confined 

with either spirals or hoops. Table 5.3 shows that the CE of specimens HC-3SP-120, HC-3SP-

80 and HC-3SP-40 with spirals was 123%, 88% and 95% as those with their counterparts with 

discrete hoops, respectively. Moreover, the average CE ratio of the GFRP RC specimens 

confined with spirals was 1.7, while the corresponding value for the specimens confined with 

hoops was 1.6. These results can be explained because the GFRP spirals produced effectively 

higher confinement pressure in the concrete core than the discrete hoops. Whereas the F  of 

the specimens confined with spirals was, on average, 8.5% higher than that of the specimens 

with hoops. Specimen HC-3SP-40, confined with a GFRP at a pitch of 40 mm, showed ductile 

behavior with a ductility factor of 4.9, representing a ratio 20% higher than its counterpart 

specimen (HC-3H-40) with hoops. These average values are in excellent agreement with the 

findings of Mohamed et al. (2014) for the solid circular GFRP RC columns. 
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5.5.7 Reinforcement Type 

Three columns were fabricated to assess the effect of the longitudinal reinforcement type on 

the behavior of hollow concrete specimens under concentric loading: HC-3SP-40 and HC-3H-

40 (only GFRP reinforcement) and HC-8S-40 (only steel reinforcement). All specimens had 8 

bars and the same longitudinal reinforcement ratio l  of 2.5%. Figure 5.7 (d3) provides the 

axial-load and axial-deformation response curves for the tested specimens. Generally, both the 

GFRP and steel bars achieved an ultimate carrying capacity 21% and 40% higher, respectively, 

than the plain concrete column (HCP). Specimens HC-3SP-40 and HC-3H-40 peaked at 2,450 

and 2,400 kN, respectively, which was 12% and 14% lower than specimen HC-8S-40. This 

finding contrasts that of AlAjarmeh et al. (2018), who reported that the peak load of the tested 

GFRP reinforced column was 11% higher than its steel reinforced counterpart. Our finding 

agrees, however, with that presented by Afifi et al. (2014a) and Elmesalami et al. (2021). Using 

the GFRP spirals and hoops in specimens HC-3SP-40 and HC-3H-40 in the hollow RC 

columns yielded a CE of 1.9 and 2, respectively. These CE values are roughly 16% lower than 

that of their counterpart specimen HC-8S-40. On the other hand, specimens HC-3SP-40 and 

HC-3H-40 had F  of 3.77 and 4.1, respectively, which are 38% and 33% lower than that of 

specimen HC-8S-40. Table 5.3 shows the confinement efficiency and ductility factor for all 

tested specimens. 

5.5.8 Hollow and Solid Cross-sectional Configurations 

Two GFRP RC specimens (HC-3SP-80 and SC-3SP-80) were tested to investigate the 

influence of hollow and solid cross-sectional configurations. Eight #5 GFRP bars and #3 GFRP 

spirals, spaced at 80 mm, were used to reinforce these specimens. The peak load of column 

HC-3SP-40 was 2,380 kN, which is 12% lower compared to its solid counterpart specimen SC-

3SP-80, as shown in Figure 5.7 (d2). This ratio reveals that the hollow specimen had slightly 

lower ultimate capacity compared to its solid counterpart. This reduction of axial load capacity 

is proportional to the gross cross-sectional concrete area ( /cH cS cSA A A− =14%). This ratio is 

consistent with the findings of AlAjarmeh et al. (2018). The contribution of the GFRP-bar ratio 

to the ultimate capacity of specimen HC-3SP-80 was 13% of the experimental peak load 

compared to 7% for the solid one. Table 5.3 shows that the CE for specimen HC-3SP-80 was 

14% higher than that of SC-3SP-80. Regarding ductility, the test results indicate that specimen 

HC-3SP-80 had 4% higher ductility than specimen SC-3SP-80. These findings can be 
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attributed to hollow columns having higher longitudinal and transverse reinforcement ratios 

than solid columns, which is in inverse proportion to their gross cross-sectional concrete area. 

This conclusion is supported by AlAjarmeh et al. (2018), who found that the confinement 

efficiency and ductility of a hollow column with an 
. ./in outD D of 0.36 were 22% and 74%, 

respectively, higher than its solid counterpart. 

5.6 Empirical Evaluation of the Hollow GFRP RC Column’s 

Behavior 

5.6.1 Theoretical Axial-Load Capacity 

The theoretical ultimate load carrying capacity of the GFRP RC hollow columns was evaluated 

using the equations proposed by several researchers and the currently available design 

guidelines. Several researchers have indicated that the contribution of GFRP bars in 

compression-to-total capacity of hollow and solid concrete columns ranged between 3% and 

14% (De Luca et al. 2010; Tobbi et al. 2012; Afifi et al. 2014a; Hadi et al. 2016; Maranan et 

al. 2016; AlAjarmeh et al. 2018; Alajarmeh et al. 2020). These studies as well as design 

specifications for FRP reinforced concrete structures proposed different prediction equations, 

which were used to calculate and compare the load carrying capacity oP  of FRP RC hollow 

columns. 

4) CSA S806 (2017) disregards the contribution of FRP bars in column capacity, which can 

be calculated as: 

'

1 ( )o c g frpP f A A= −                                       where (
1 0.85 = )                                                 (5.2) 

5) Different limits of the axial compressive strain of the FRP bars at peak load were 

considered by several studies to account for the contribution of the GFRP bars to the 

column’s capacity, namely: 

e) CSA S06 (2019) and Mohamed et al. (2014) 

'

1 ( ) 0.002o c g frp frp frpP f A A E A= − +      where (
1 0.85 = )                                       (5.3) 

f) AlAjarmeh et al. (2018) 
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'

1 ( ) 0.0025o c g frp frp frpP f A A E A= − +      where (
1 0.85 = )                                        (5.4) 

g) Hadi et al. (2016) 

'

1 ( ) 0.003o c g frp frp frpP f A A E A= − +              where (
1 0.85 = )                                     

(5.5) 

h) Hadhood et al. (2017) 

'

1 ( ) 0.0035o c g frp frp frpP f A A E A= − +              where ( '

1 0.85 0.0015 0.67cf = −  )      (5.6) 

6) Afifi et al. (2014a) and Tobbi et al. (2012) calculated the capacity of GFRP reinforced 

columns by reducing the bars’ compressive strength as shown below: 

'

1 ( )o c g frp f fu frpP f A A f A = − +                           where (
1 0.85 =  and 0.35f = )                  (5.7) 

The ratios of the experimental column capacity to that of the theoretically predicted values 

were then calculated and are listed in Table 5.4. Comparison revealed different degrees of 

conservatism of the predicted ultimate load capacity using different theoretical models, with 

the CSA S806 (2017) design equation yielding the highest overestimations. The experimental-

to-predicted peak load ratios varied from 1.2 to 1.4. This result further shows that better 

correlation can be achieved when the contribution of the longitudinal GFRP bars in 

compression are considered in calculating the load capacity. According to the measured axial 

compressive strain in the GFRP longitudinal reinforcement at the peak load that was roughly 

2,700 µε which did not reach to proposed value of 3,000 or 3,500 microstrains for concrete in 

compression as suggested by Hadi et al. (2016) and Hadhood et al. (2017c), respectively. 

Therefore, the CSA S06 (2019) model and that of AlAjarmeh et al. (2018) provided the best 

correlations as they considered the stress in longitudinal bars to be 0.002
frpE and 0.0025

frpE , 

respectively. These equations resulted in experimental-to-predicted ultimate capacity ratios of 

between 1.1 and 1.3, which is consistent with that of Mohamed et al. (2014) for solid GFRP 

reinforced concrete columns. This result and comparison therefore demonstrated that the 

contribution of the GFRP bars to the column’s capacity can be safely considered by using a 

stress in the longitudinal GFRP bars as 0.0025
frpE . 
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Table 5.4 Experimental-to-predicted ultimate load capacity. 
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HC-8G-W 1.19 1.08 1.06 1.04 1.07 0.85 

HC-3SP-120 1.29 1.17 1.15 1.12 1.16 0.92 

HC-3SP-80 1.31 1.20 1.17 1.15 1.19 0.94 

HC-3SP-40 1.35 1.23 1.21 1.18 1.22 0.97 

HC-2SP-80 1.30 1.19 1.16 1.14 1.18 0.93 

HC-4SP-80 1.38 1.26 1.23 1.21 1.25 0.99 

HC-3H-120 1.28 1.17 1.14 1.12 1.16 0.92 

HC-3H-80 1.31 1.19 1.17 1.14 1.18 0.94 

HC-3H-40 1.32 1.21 1.18 1.16 1.20 0.95 

SC-3SP-80 1.28 1.18 1.16 1.14 1.18 0.96 

SC-8S-40 1.13 1.13 1.13 1.13 1.13 1.13 

HC-8S-40 1.10 1.10 1.10 1.10 1.10 1.10 

HCP 1.08 1.08 1.08 1.08 1.15 1.08 

 

5.6.2 Confined Concrete Strength 

Lateral expansion of RC columns subjected to axial compression loading has occurred due to 

the impact of Poisson’s ratio. Using transverse reinforcement provides a triaxial state of stress 

that improves the compressive strength and ultimate axial strain of the inner concrete core, as 

suggested by Mander et al. (1988). Once the concrete cover spalled, the lateral confinement 

effect was dramatically stimulated, as can be seen in Figure 5.9. This allowed the specimens to 

continuously sustain the applied loads by decreasing the dilation of the remaining concrete core 

and limiting the buckling of the longitudinal bars. Table 5.5 summarizes the confined concrete 

strength '

ccf , formulas given by the proposed confinement models and design codes. Basically, 

all of the proposed confinement models were based on the two well-known theories: (1) Mohr-

Coulomb’s failure criterion and (2) the Willam-Warnke five-parameter failure criterion 

(Willam and Warnke 1975) based on the plasticity theory of concrete. The early researchers 

who developed the confinement model were Mander et al. (1988) and Richart et al. (1929). 
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The confined concrete strength of the specimens obtained from the experimental testing were 

compared to predictions based on the design equations in CSA S806 (2017) and CSA S06 

(2019) and the theoretical values obtained from the proposed confinement models developed 

by Richart et al. (1929), Mander et al. (1988), Karbahri and Gao (1997), Afifi et al. (2015) 

Modified Mander et al. (1988), Afifi et al. (2015), Hales et al. (2017), Sankholkar et al. (2018), 

AlAjarmeh et al. (2018), and Alajarmeh et al. (2020). The confined concrete strength of the 

concrete core in hollow concrete columns can be predicted by considering the confining lateral 

pressure lf , as in Eq. (5.8), [see Figure 5.12 (a)]. AlAjarmeh et al. (2018) and Alajarmeh et al. 

(2020) considered the confinement of the concrete core by considering k , which is the ratio 

between the average measured spiral strain to the maximum spiral tensile strain, as shown in 

Eq. (5.9). 

( ).

2 b b
l

s in

A f
f

s D D
=

−
                                                                                                                   (5.8) 

( ).

2 b b
l

s in

A k f
f

s D D

=
−

                                                                                                                   (5.9) 

As a numerical example, consider a specimen with a #3 GFRP spiral with a bar area 
bA = 71 

mm2, with a center-to-center spiral spacing of 80 mm, sD = 241 mm and 
.inD = 113 mm as the 

concrete core diameter and the void diameter, and bf  is the estimated tensile bend strength 

using the ACI 440 (2022) equation, Eq. (5.10), where 
br  is the bend radius and bd  is the spiral 

diameter. The ultimate tensile bend strength of the bars, according to this formula, would be 

1,240 MPa. Based on these values the confining lateral pressure lf  would be 17.3 MPa.  

0.05 0.30b
b u u

b

r
f f f

d

 
= +  
 

                                                                                               (5.10) 

According to the arching action represented by a second-degree parabola with a 45° tangent 

slope [see Figure 5.12 (b)], the confinement effectiveness coefficient for specimens confined 

with spirals or circular discrete hoops ek  can be calculated as follows: 

e
e

cc

A
k

A
=                                                                                                                                (5.11) 
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where eA  is the effective area of confined concrete core between the spirals or hoops and ccA  

is the area of the inner concrete core delimited by hoops or spirals centerlines, excluding the 

longitudinal bar area. 

 

Figure 5.12 Lateral confinement mechanism: (a) lateral confinement pressure; (b) 

confinement effectiveness coefficient (proposed by Mander et al. (1988)). 
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(a) Lateral confinement pressure

(b) Confinement effectiveness coefficient 
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For hoops:    

( )
2

'
2

.
4 2 4

e s in

s
A D D

  
= − − 

 
                                                                                            (5.12.b) 

( ) ( )
2 2

.
4 4

cc s in frpA D D A
 

= − −                                                                                          (5.13) 

where 
's is the clear vertical distance between spiral’s coil or hoop’s level, as shown in 

Figure 5.12 (b); and frpA , frpE , and 2frp  are the total area of the longitudinal bar reinforcement, 

the modulus of elasticity of the FRP reinforcing bars, and the axial compressive strain of the 

FRP bars corresponding to the second peak load, respectively. Zahn et al. (1990) and 

Hoshikuma and Priestley (2000) observed that the ultimate axial strain in the post-loading 

phase for hollow steel RC columns was 0.010 and 0.008, respectively, while Alajarmeh et al. 

(2020) determined the corresponding strain for GFRP RC hollow columns to be 0.0095. The 

second peak load can then be predicted, as per Eq. (5.14). 

'

2 2n cc cc frp frp frpP f A E A= +                                                                                           (5.14) 

Table 5.6 shows a comparison between the test results and theoretical models' predictions of 

the confined concrete strength. The experimental confined concrete strength was calculated 

using the actual response of the concrete column, as proposed by Afifi et al. (2014a) and Tobbi 

et al. (2012) (see clause 4.5). The comparison demonstrates that the confinement models 

according to Eqns. 5.16 to 5.19, 5.21, and 5.23 to 5.25 could not reliably predict the 

experimental confined concrete strength, where the calculated experimental-to-theoretical 

ratios ranged from 0.32 to 1.06. The CSA S806 (2017) design equation provided the most 

conservative predictions, which varied from 1.25 to 2.01. This could be due to this equation 

considering the concrete strength to be equal to 85% of the unconfined concrete strength '

cof . 

It should be noted that the safest predictions were obtained with the models proposed by 

Mander (i.e., using the Willam-Warnke five-parameter failure criterion), as suggested by Hales 

et al. (2017). Using this model (Eq. 5.22) yielded experimental-to-predicted confined concrete 

strength ratios between 0.91 and 1.15. Furthermore, Afifi et al. (2015) modified the Mander et 

al. (1988) model, as per (Eq. 5.20), to attain better prediction ratios ranging from 0.78 to 1.19, 
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but they were still less accurate than with the Hales et al. (2017) model. All experimental-to-

predicted confined concrete strength ratios are tabulated in Table 5.6. 

Table 5.5 Confined concrete strength models. 

Author 
Eq. 

(No.) 
Formula 

CSA S806 (2017) (5.15) 
' '0.85cc co l c lf f k k f= + , 1.0ck = ,

0.176.70( )l c lk k f −=  

CSA S06 (2019) (5.16) 
' ' 2.0cc co lf f f= +  

Richart et al. 

(1929) 
(5.17) 

' ' 4.10cc co lf f f= +  

Mander et al. 

(1988) 
(5.18) 

' '

' '

7.94
1.245 2.254 1 2.0e l e l

cc co

co co

k f k f
f f

f f

 
= − + + − 

  
 

Karbhari and Gao 

(1997) 
(5.19) 

0.87

' ' '

'
2.1( ) l

cc co co

co

f
f f f

f

 
= +  

 
 

Afifi et al. (2015) 

(Modified Mander 

et al. 1988) 

(5.20) 
' '

' '
0.85 0.17 6.43 2.0e l e l

cc co

co co

k f k f
f f

f f

 
= + + − 

  
 

Afifi et al. (2015) (5.21) 

0.723
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'
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k f
f f

f

  
 = +  
   

 

(Hales et al. 2017) (5.22) 
' '

' '
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= − + + − 

  
 

(Sankholkar et al. 

2018) 
(5.23) 

' ' 1.31cc co lf f f= +  

(AlAjarmeh et al. 

2018) 
(5.24) 
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Table 5.6 Experimental-to-predicted confined concrete strength. 

Column 

ID 

Exp. 
(Eq. 

5.15) 

(Eq. 

5.16) 

(Eq. 

5.17) 

(Eq. 

5.18) 

(Eq. 

5.19) 

(Eq. 

5.20) 

(Eq. 

5.21) 

(Eq. 

5.22) 

(Eq. 

5.23) 

(Eq. 

5.24) 

(Eq. 

5.25) 
'

, .cc Expf  

(MPa) 

' '

, . , ./cc Exp cc Thf f  

HC-8G-W — — — — — — — — — — — — 

HC-3SP-120 47.2 1.60 0.90 0.62 0.86 0.83 0.98 0.71 1.15 1.06 0.96 0.92 

HC-3SP-80 48.0 1.64 0.75 0.48 0.71 0.70 0.96 0.57 1.01 0.92 0.66 0.89 

HC-3SP-40 56.5 1.97 0.57 0.33 0.62 0.56 1.18 0.43 0.91 0.76 0.32 0.64 

HC-2SP-80 45.2 1.53 0.91 0.64 0.82 0.84 0.94 0.68 1.10 1.06 0.96 0.92 

HC-4SP-80 55.0 1.91 0.67 0.40 0.71 0.64 1.10 0.54 1.02 0.86 0.48 0.79 

HC-3H-120 36.7 1.25 0.70 0.48 0.74 0.65 0.78 0.62 0.96 0.82 0.82 0.68 

HC-3H-80 52.3 1.79 0.82 0.52 0.83 0.76 1.05 0.66 1.15 1.00 0.80 0.97 

HC-3H-40 58.0 2.01 0.59 0.34 0.65 0.58 1.19 0.46 0.95 0.78 0.38 0.85 

SC-3SP-80 40.0 1.35 0.84 0.60 0.72 0.77 0.83 0.59 0.97 0.97 0.81 0.80 

SC-8S-40 66.0 2.26 1.00 0.63 0.88 0.94 1.31 0.67 1.26 1.24 0.53 0.73 

HC-8S-40 68.0 2.36 0.69 0.40 0.74 0.67 1.42 0.52 1.09 0.91 0.35 0.67 

HCP — — — — — — — — — — — — 

Average 1.79 0.77 0.49 0.75 0.72 1.07 0.59 1.05 0.94 0.64 0.81 

Coefficient of variation 19.8 18.0 23.6 11.1 16.3 18.4 15.7 10.3 15.1 37.6 14.1 

 

5.7 Summary and Conclusion 

From the results of the experimental and comparative analyses, the main conclusions from the 

study are as follows. 

1. The initial stiffness of the HCCs was highly dependent on the concrete compressive 

strength regardless of the type of longitudinal and transverse reinforcement or the 

spacing of the transverse reinforcement.  

2. The longitudinal GFRP bars significantly contributed to the axial capacity of the HCCs 

by 11%, on average. Thus, consideration of the contribution of GFRP bars in the recent 

design guidelines can be safely used to estimate the ultimate capacity of the HCCs. 

3. Increasing the transverse reinforcement ratio increased the ultimate carrying capacities 

by 11% as well as improved the confinement efficiency from 1.5 to 1.9 and the ductility 

factor from 2.3 to 4.9 of the hollow GFRP reinforced concrete columns.  

4. The HCCs with similar transverse reinforcement ratios achieved with different spiral 

diameters and spiral pitches enhanced ductility. It had no significant effect, however, 

on the peak load, the GFRP bars’ contribution, or the confinement efficiency. 
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5. The type of transverse reinforcement had insignificant effect on the peak load and 

confinement efficiency of the hollow GFRP-RC columns. Whereas columns reinforced 

with continuous spirals exhibited higher ductility compared to their counterpart 

specimens with discrete hoops. 

6. The GFRP- and steel-reinforced tested columns behaved similarly up to the pre-peak 

loading phase, regardless of the type of longitudinal reinforcement. This can be 

attributed to the failure being dominated by spalling of the concrete cover, followed by 

fracturing of longitudinal bars, and rupturing of the spirals. 

7. The effective capacity of HCCs was slightly higher than that of the solid columns 

considering the cross-sectional area. Moreover, the confinement efficacy and ductility 

of the HCCs were 41% and 97%, respectively, higher than the corresponding solid ones. 

8. The nominal ultimate strength of hollow GFRP-RC columns can be calculated 

considering the contribution of the longitudinal GFRP reinforcement to the column 

capacity at 0.002 frp frpE A . 

9. The lateral confinement model suggested by Hales et al. (2017) gave the best safe 

predictions of the confined concrete core strength ranged from 0.91 and 1.15. 

Based on the results found, this study considerably contributes to an understanding of the 

concentric behavior of the hollow concrete columns reinforced with GFRP bars and 

spirals/hoops. This study on the concentric behavior of hollow concrete columns reinforced 

with GFRP bars has answered a significant number of questions and issues. There are, however, 

other parameters that need to be addressed relating to loading type (eccentric), contribution of 

longitudinal reinforcement, and column size. More experimental evidence and work on 

substantially larger columns are needed, however, to more accurately validate the experimental 

results. Other commercially available FRP reinforcement such as BFRP should be employed 

as internal reinforcement to compare the influence on HCC behavior. 
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Abstract 

Hollow concrete columns (HCCs) constitute a structural system with low self-weight, reduced 

material use, and high strength-to-weight ratio. Limited studies, however, have focused on 

investigating the concentrically loaded behavior of circular HCCs reinforced with glass fiber-

reinforced polymer (GFRP) reinforcement. Moreover, there appears to be no research on the 

behavior of such columns under eccentric loading. This study investigated the performance of 

10 large-scale GFRP-reinforced HCCs measuring 1,500 mm in height with outer/inner 

diameters of 305/113 mm. The test parameters were the effect of two longitudinal 

reinforcement ratios (2.5% and 3.8%) and five different levels of eccentricity (0%, 8.2%, 

16.4%, 32.8%, and 65.6% eccentricity) on the compressive and flexural behavior of GFRP-

reinforced circular hollow columns. The test results show that the behavior of these columns 

was more significantly affected by the level of applied eccentricity than the longitudinal 

reinforcement ratio. The failure of specimens loaded under low eccentricity levels was 

compression controlled due to spalling of the concrete cover, followed by fracturing of the 

GFRP bars. Conversely, initiation of failure for the specimens tested under high eccentricity 

levels was flexural tension followed by tensile cracking, which caused a secondary 

compression failure in the concrete. It should be noted that the contribution of the second-order 

effect on the total moment capacity was minor, approximately 9%, compared to the primary 

bending moment induced by the initial eccentricity of 91% on average. Lastly, the ductility of 

the hollow GFRP-reinforced concrete columns was higher than that of solid columns under 

eccentric loading. 

 

 

 

 

 

 

 

 

Keywords: Concrete; circular hollow columns; glass fiber-reinforced polymer (GFRP) 

reinforcement; longitudinal reinforcement ratio; eccentricity; interaction diagram; crack 

control; first- and second-order effect.   
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6.1 Introduction 

The use of hollow reinforced concrete (RC) columns (HCCs) instead of solid columns has 

increased in the construction of bridges with high elevations and long spans (e.g., bridge piers, 

bridge columns, and piles) and for electrical utility poles. The advantages that HCCs provide 

over solid columns with the same dimensions relate to enhanced structural efficiency (i.e., 

higher stiffness-to-weight and strength-to-weight ratios), which can be attributed to the 

decreased mass contribution of the columns to seismic response and to the lower amounts of 

concrete materials, thereby reducing costs (AlAjarmeh et al. 2019b; Liang et al. 2021). Steel-

reinforced HCCs are more prone to corrosion because both their outer and inner concrete 

surfaces are exposed to aggressive environments and water structures. In general, steel 

corrosion is a drain on countries economically and socially given the resources needed to 

maintain, repair, or rehabilitate corrosion-damaged RC infrastructure. To date, integrating 

fiber-reinforced polymer (FRP) bars as a valuable option as internal reinforcement for concrete 

members has gained significant interest in the construction industry (Hadhood et al. 2020; 

Benmokrane et al. 2021). Due to their innate corrosion resistance, high tensile strength-to-

weight ratio, and high fatigue endurance, FRP bars have become a promising substitute for 

conventional steel bars (Gooranorimi and Nanni 2017). Recently, FRP reinforcement is being 

used increasingly in coastal structures such as marine docks and boat-ramp planks (Manalo et 

al. 2020; Benzecry et al. 2021).  

Several valuable experimental studies have been conducted to investigate the behavior of 

concentrically and eccentrically loaded circular and rectangular solid concrete columns 

reinforced with FRP reinforcement (De Luca et al. 2010; Zadeh and Nanni 2013; Afifi et al. 

2014a; Hadhood et al. 2017a; Karim et al. 2017; Guérin et al. 2018a&b; Barua and El-Salakawy 

2020; Elchalakani et al. 2020; Elmesalami et al. 2021). The successful outcomes reported in 

these studies have bolstered confidence in using this advanced reinforcing material in structural 

members subjected to axial and eccentric compressive loads. These studies have further 

emphasized that the significant durability provided by GFRP-RC columns achieved 

comparable or even higher load-carrying capacity, confinement efficiency, and ductility than 

their steel-reinforced counterparts. Despite this, there is still no consensus in design guidelines 

about the contribution of FRP bars to axial capacity. Consequently, the majority of studies on 

concentrically loaded columns focused on determining the contribution ratio. Most of these 

studies indicated that FRP bars contributed between 5% and 12% of the ultimate axial capacity. 
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They also concluded that increasing the longitudinal reinforcement ratio as a function of bar 

number or diameter and the transverse reinforcement ratio as a function of spiral/hoop spacing 

or diameter improved the strength, ductility, and confinement efficiency of the tested columns. 

Generally, the eccentricity of axially loaded FRP-RC columns affected their performance in 

terms of strength and failure mechanisms significantly more than the longitudinal 

reinforcement ratio. Hadhood et al. (2017a) experimentally evaluated the behavior of solid 

GFRP-RC columns reinforced with GFRP hoops under concentric loading and four different 

levels of eccentricity (0%, 8.2%, 16.4%, 32.8%, and 65.6%). The test results revealed that the 

failure of the columns at 8.2% and 16.4% eccentricity was characterized by compression owing 

to concrete crushing followed by fracturing of the longitudinal bars. At 32.8% and 65.6% 

eccentricity, flexural tension failure was initially reported, and then a secondary compression 

failure occurred due to the stresses exceeding the allowable concrete compressive strength. 

These findings were also reported by Khorramian and Sadeghian (2017) and Sun et al. (2017) 

for 23 rectangular solid GFRP-RC columns tested under various eccentricity levels ranging 

from 10% to 70%. They however found no evidence that the longitudinal bars were fractured 

beyond the failure of the columns. Hadi et al. (2016) observed a reduction in the axial load-

carrying capacity and ductility was observed in circular solid columns exposed to different 

loading conditions by using GFRP bars instead of steel bars, regardless of whether the hoops 

were GFRP or steel. A wide range of test variables were experimentally and theoretically 

addressed, including the impact of the longitudinal reinforcement ratio, eccentricity-to-width 

ratio, concrete strength, and bar diameter on the behavior of square solid GFRP-RC columns, 

as conducted by Guérin et al. (2018a). According to the test results, the GFRP reinforcement 

could effectively sustain the applied loads after concrete crushing. These researchers also 

concluded that the failure envelopes for the tested columns increased by 100% as the concrete 

compressive strength increased from 30 to 60 MPa. This coincides with the test findings of 

experimental investigations provided by Salah-Eldin et al. (2019).  

Elchalakani et al. (2020) enriched the experimental database by testing a total of 15 circular 

solid GFRP-RC columns under axial compression load (as a column), eccentric (combined), 

and flexural loading (as a beam). The effect of varying the volumetric ratio of the transverse 

reinforcement and longitudinal reinforcement and the reinforcement type (GFRP or steel) were 

investigated. Their results show that increasing the transverse reinforcement from 1.39% to 

2.75% improved the ultimate strength and ductility by 10% and 38%, respectively, on average. 
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Moreover, the ductility improved as the eccentric loading increased after the concrete cover 

spalled. A total of 12 square solid columns reinforced with GFRP, basalt FRP (BFRP), or 

conventional steel bars were tested to study the effect of the longitudinal reinforcement ratio 

and type on the concentric and eccentric behavior of columns, in addition to the influence of 

the eccentricity levels, as conducted by Elmesalami et al. (2021). The test findings reveal that 

the tested columns behaved similarly up to the peak load, regardless of reinforcement type 

(GFRP, BFRP, or steel). This is because the failure was governed by spalling of the concrete 

cover, followed by fracturing of the longitudinal bars and rupturing of the spirals. On average, 

a 5% difference was reported in load capacities between the GFRP- and BFRP-RC columns. 

In contrast, they attained 20% and 17% lower axial capacity, respectively, than their steel-

reinforced counterparts. 

Limited research work, however, has focused on investigating the concentrically loaded 

behavior of circular hollow concrete columns reinforced with FRP. AlAjarmeh et al. (2019a) 

studied the influence of the longitudinal reinforcement ratio on HCC axial performance. They 

found that increasing the longitudinal reinforcement ratio from 1.78% to 4% as a function of 

bar number and diameter enhanced the strength, ductility, and confinement efficiency of the 

HCCs, on average, by 15%, 20%, and 12%, respectively. Hadi et al. (2021) indicated that the 

GFRP-RC columns subjected to concentric loading outperformed their steel-reinforced 

counterparts by 15% and 4% in terms of confinement reinforcement and ductility, respectively. 

Ahmad et al. (2022) conducted the only study that investigated the behavior of hollow GFRP-

RC columns under concentric and eccentric loading (11% and 23% eccentricity). They 

concluded that specimens tested under 11% and 23% eccentricity levels exhibited 30 and 55% 

lower peak load and 45% and 40% lower ductility, respectively than the corresponding 

concentrically loaded specimens.  

Due to the lack of experimental data and limited understanding of the behavior of hollow 

GFRP-RC columns, most currently design codes and guidelines either prohibit using FRP 

reinforcement in compression members (ACI 440 2022) or ignore their contribution to column 

capacity (CSA S806 2017) and AASHTO (2018). Only CSA S06 (2019) have considered the 

contribution of FRP longitudinal bars to capacity at a compressive strain equal to 0.002 

mm/mm. 
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6.2 Research Motivations and Objectives 

This study focused on investigating the structural performance of large-scale circular hollow 

concrete columns (HCCs) reinforced with glass fiber-reinforced-polymer (GFRP) bars and 

spirals under concentric and eccentric loading. It also provided useful experimental data to 

extend the design and code provisions related to using GFRP reinforcement for HCCs under 

such loads. The experimental program was specifically designed to evaluate the influence of 

the GFRP longitudinal reinforcement ratio and eccentricity-to-outer diameter ratio on failure 

mechanisms, post-peak performance, ductility index, crack control, and ultimate axial–flexural 

capacity HCCs. This research was also intended to assess the impact of hollowness on HCC 

behavior. 

6.3 Experimental Program 

6.3.1 Material properties  

6.3.1.1 GFRP bars and spirals 

Number 5 sand-coated GFRP bars with a nominal diameter bd  of 15.9 mm and No. 3 sand-

coated GFRP spirals ( bd  of 9.50 mm) were used longitudinally and transversally, respectively, 

in all the prepared and tested specimens, as shown in Figure 6.1. A pultrusion process 

combining continuous glass fibers and a thermosetting vinyl-ester resin were used to 

manufacture the GFRP reinforcement (Pultrall 2018). The sand-coated surface was used to 

achieve the highest bond strength between the GFRP reinforcement and surrounding concrete 

(Arias et al. 2012). The specimens were reinforced with continuous GFRP spirals because they 

provided higher confinement pressure of the concrete core than their counterpart discrete hoops 

(Maranan et al. 2016). Table 6.1 summarizes the mechanical properties of the GFRP 

reinforcement—as provided by the manufacturer—that were determined based on the standard 

test method for fiber-reinforced polymer (FRP) composite bars ASTM D7205/D7205M 

(2006). 

Table 6.1 Mechanical properties of the GFRP reinforcement. 

Bar 

size 

Diameter 

(mm) 

Area 

(Immersion tests) 

(mm2) 

Nominal areaa 

(mm2) 

Elastic tensile 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Tensile 

strain 

(%) 

No. 3 9.5 81 71 52.5 ± 2.5 1,328b 2.3 

No. 5 15.9 240 199 54.9 ± 2.5 1,289b 2.4 

a Strength and modulus were calculated based on this area.b
fuf Ultimate strength for FRP reinforcement. 
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Figure 6.1 GFRP reinforcement. 

6.3.1.2 Normal Strength Concrete (NSC)  

The specimens were cast vertically with a concrete pump, much the same as casting in situ, 

from the same batch of ready-mixed normal-strength concrete (NSC) to minimize variations in 

concrete strength. The maximum aggregate size was 10 mm to prevent honeycombing along 

the edges of the concrete and voids forming around the bars during the casting process. 

Furthermore, the fresh concrete had a slump of 100 mm to ensure appropriate concrete 

workability. The average compressive strength '

cf of 10 (100   200 mm) concrete cylinders 

tested after 28 days, as recommended in ASTM C39/C39M (2015), was 34.7 MPa with a 

standard deviation of 0.9 MPa. 

6.3.2 Test Specimen Design 

Ten large-scale circular hollow specimens measuring 1,500 mm in height with 305/113 mm 

outer/inner diameters were cast, as shown in Figure 6.2. Table 6.2 provides the test matrix that 

was prepared to thoroughly investigate the eccentric behavior of hollow GFRP-RC columns. 

The specimens were designed as short columns to prevent global buckling. The slenderness 

ratio ( /ukl r = ) for all specimens was 18, where the effective length factor k  was equal to 

unity due to the selected test setup. This ratio is consistent with the slenderness limit for GFRP-

RC columns proposed by Abdelazim et al. (2020). A concrete cover of 27.5 mm was deemed 

appropriate to enclose the transverse reinforcement’s exterior surface. The internal 

reinforcement for all specimens was carried out according to Canadian codes and AASHTO 

requirements (CSA S806 2017, AASHTO 2018, CSA S06 2019). 

No. 5

No. 3
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Figure 6.2 Specimen details, cages, and instrumentation.  

Table 6.2 Test matrix, details of specimen reinforcement, and experimental test results 

Group 
Specimen 

ID 
l  

(%) 

T  

(%) 

e  

(mm) 
./ oute D

(%) 

nP

(kN) 

, .L mid

(mm) 

1 =nM

nP e  

(kN.m) 

2 =nM

, .n L midP  

(kN.m) 

=nM

1 2n nM M+  

(kN.m) 

A HC-A-0 
8 No. 5 

GFRP 

bars 

(2.5) 
No. 3 

spiral 

@ 

80 mm 

(1.1) 

0 Axial 2,380 — — — — 

 HC-A-25 25 8.2 1,950 3.2 48.8 6.2 55.0 

 HC-A-50 50 16.4 1,550 5.3 77.5 8.2 85.7 

 HC-A-100 100 32.8 770 8.0 77.0 6.2 83.2 

 HC-A-200 200 65.6 330 13.7 66.0 4.5 70.5 

B HC-B-0 
12 

No. 5 

GFRP 

bars 

(3.8) 

0 Axial 2,500 — — — — 

 HC-B-25 25 8.2 2,000 3.2 50.0 6.4 56.4 

 HC-B-50 50 16.4 1,550 5.8 77.5 9.0 86.5 

 HC-B-100 100 32.8 930 9.4 93.0 8.7 101.7 

 HC-B-200 200 65.6 420 14.5 84.0 6.1 90.1 

 

As shown in Table 6.2, each specimen was assigned a tripartite code. The letters HC represent 

hollow cross-section concrete specimens. All specimens were divided into two groups: A and 

B, based on the longitudinal reinforcement ratio l , where the letters A and B stand for 

specimens fabricated with 8 and 12 No. 5 GFRP bars longitudinally with l  of 2.5 and 3.8%, 
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respectively. In the transversal direction, all specimens were reinforced with No. 3 continuous 

GFRP continuous spirals at a constant center-to-center spiral pitch of 80 mm. The transverse 

reinforcement ratio T was 1.1%, as calculated by ( )T frp o gA p A s =   where
frpA , 

op , 

and s are the nominal area of the longitudinal FRP bars, perimeter, and pitch of continuous 

spirals or hoops at centerlines, and 
gA  is the concrete cross-sectional area, respectively. Each 

group included five specimens: of these, one benchmark specimen was tested under pure axial 

loading and four specimens under different eccentricities (low, medium, high, and extreme). 

The digits 0 (i.e., concentric loading), 25, 50, 100, and 200 mm represented the eccentricity 

distance between the specimen’s centerline and the applied load. Consequently, the 

eccentricity-to-outer diameter ratios (
./ oute D ) are 0.0%, 8.2%, 16.4%, 32.8%, and 65.6%, 

respectively. These eccentricity ratios were selected to achieve a reasonable transition of the 

failure of the hollow GFRP-RC columns from compression to tension. Figure 6.2 shows the 

details of specimens and the assembled cages. 

6.3.3 Instrumentation 

A total of eight electric strain gauges were installed on the GFRP reinforcement and concrete 

surface to record the specimens’ responses, as shown in Figure 6.2. Before the specimens were 

cast, six electrical strain gauges with a length of 6 mm and with a gauge factor of 2.12% ± 

1.0% were attached to the GFRP reinforcement: four on the outermost longitudinal bars and 

the spirals on the compression side and two on the outermost longitudinal bars on the tension 

side. Before testing was initiated, two electrical strain gauges 60 mm in length and a gauge 

factor of 2.08% ± 1.0% were attached to the exterior surface of the concrete of each specimen 

on the compression side. The gauge factor ( ) /GF R R =   is the ratio of relative change in 

the electrical resistance of the strain gauge to the mechanical strain. Before specimen testing, 

this factor should be entered in the data-acquisition system. All strain gauges were fixed to the 

specimens at mid-height, where the highest compression and tension strains were expected, as 

shown in Figure 6.2. To monitor lateral displacement, three linear potentiometers (LPOTs) 

were fixed horizontally at the mid- and quarter-height levels on the tension side (see Figure 

6.3). In addition, two LPOTs were installed vertically between the lower loading platen and 

the upper fixed platen to record the load–deformation response, as depicted in Figure 6.3. Two 

linear variable differential transformers (LVDTs) were mounted on the concrete surface once 

the first and second microcracks appeared on the tension side to determine the crack width 
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corresponding to the applied load, as can be seen on the right-hand side of the picture in Figure 

6.4(b). All instruments (strain gauges, LPOTs, and LVDTs) were connected via channels to a 

data-acquisition system to continuously monitor the specimen responses during the test. 

6.3.4 Test Setup and Procedure  

 

Figure 6.3 Test setup: (a) concentrically loaded specimens; and (b) eccentrically loaded 

specimens.  

Two different test setups were conducted with a 6,000 kN capacity Forney machine at the 

University of Sherbrooke to evaluate the behavior of the hollow GFRP-RC columns. Figure 

6.3(a) shows the hollow GFRP-RC specimens under pure axial loading (i.e., the concentrically 

loaded specimens). Two rigid steel collars were clamped to the test specimen at the top and 

bottom ends to generate adequate confinement stress, thereby preventing any premature failure 
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due to stress concentration. The collars for the concentric test were 250 mm high and 12.7 mm 

thick (see Figure 6.3(a)). In this test setup, the specimens were in direct contact with the loading 

platens. Figure 6.3(b) gives a panoramic view of the second test setup for the eccentrically 

loaded specimens, showing the details and instrumentation used. Two special steel collars 350 

mm high and 25 mm thick were designed and clamped to the ends of the specimen to avoid 

any premature failure and allow for rotation at the end. A 50 mm prefabricated roller bearing 

was bolted to each collar to release the in-plane rotation as knife-edge support generating the 

required eccentricity level. The primary bending moment capacity was computed by 

multiplying the applied load P  and the eccentricity distance e  from the centerline of the 

machine to the specimen centerline. Before installing the steel collars, a thin layer of self-

leveling cementitious grout (20 mm) was cast on the specimens’ top ends to ensure specimen 

verticality and uniform distribution of the applied load. Once a specimen had been prepared, it 

was placed and adjusted in the center of the Forney machine to ensure that the machine’s center 

of loading coincided with the center of the roller bearing. The loading rate was kept between 

0.7 to 1.0 kN/s during testing. 

6.4 Experimental Results and Discussion  

6.4.1 Column Strength and Observed Failure Mechanism 

The level of eccentricity applied had a greater impact on the failure mechanisms of the tested 

specimens than the longitudinal reinforcement ratio, as presented in detail below. 

6.4.1.1 Concentrically Loaded Specimens 

Figure 6.4(a) shows the various stages of the failure mechanism for the benchmark specimens 

(HC-A-0 and HC-B-0) tested under pure axial loading (i.e., zero eccentricity). At the initial 

stage, the specimens exhibited stiff response up to cracking, which coincided with 

approximately 85% of the peak load. This behavior was identical for both specimens up to the 

cracking load, regardless of the longitudinal reinforcement ratio, revealing that the initial 

stiffness was solely dependent on the concrete compressive strength. The concrete cover started 

to spall off as the load increased until the ultimate load-carrying capacity 1nP  was reached. A 

sharp increase in strain was observed in the longitudinal GFRP bars. Specimens HC-A-0 and 

HC-B-0 peaked at 2,380 kN and 2,500 kN, respectively, as indicated in Table 6.2. Further 

loading resulted in complete spalling of the concrete cover with a consequential increase in the 
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load demand on the inner core that was confined by the continuous GFRP spirals. 

Subsequently, the load dropped due to the compressive fracturing of the longitudinal GFRP 

bars. Figure 6.4(a) illustrates the crack appearance at the different load phases up to and beyond 

specimen failure. To sum up, the failure of specimens tested under concentric loading was 

considered compression‐controlled failure caused by concrete crushing, followed by fracturing 

of the GFRP longitudinal bars. 

 

Figure 6.4 Failure mechanism: (a) hollow GFRP-RC specimen under concentric loading; and 

(b) hollow GFRP-RC specimen under eccentric loading (e.g., HC-A-100). 

6.4.1.2 Eccentrically Loaded Specimens 

Figure 6.4(b) shows the typical failure cracks in the specimens tested at various eccentricities 

from the three major perspectives: compression side, tension side, and side view. Unlike the 

failure mode of the concentrically loaded specimens, the failure of these specimens can be 

classified as less brittle as to nearly ductile based on the eccentricity level ranging from 8.2% 

to 65.6%. In addition, the eccentricity level controlled the cracking behavior of the tested 

specimens. For the eccentricity-to-outer diameter ratios ./ oute D  of 8.2% (low eccentricity) and 

16.4% (medium eccentricity), vertical cracks were noticed first on the compression side at mid-

height, followed by horizontal cracks on the tension sides. In contrast, the lateral tension cracks 
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(b) 

, .L mid
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started and distributed along with the specimen’s height at the high eccentricity of 32.8% and 

extreme eccentricity of 65.6%, after which vertical compression cracks were observed. 

Compression and tension cracks propagated and widened as the applied load increased. 

Considerable concrete cover spalling was then observed, followed by fracturing of the GFRP 

longitudinal bars, depending on the eccentricity level (see Figure 6.4(b)). It is worth noting that 

increasing the eccentricity ratio from 8.2% to 65.6% significantly increased the number of 

cracks. Figure 6.5 shows the eccentrically tested specimens at failure. 

 

Figure 6.5 The eccentrically tested specimens at failure: (a) specimens with 8 No. 5 GFRP 

bars; and (b) specimens with 12 No. 5 GFRP bars. 

The experimental test results reveal that the initial stiffness significantly dropped with each 

increase in ./ oute D , as shown in Figure 6.6. The decrease in load-carrying capacity with 

increasing eccentricity occurred regardless of the longitudinal reinforcement ratio. The tested 

specimens produced an ascending linear branch up to cracking of the concrete, which was 

initiated roughly at 87% of their peak loads. Once the cracks began to propagate and widen, a 

gradual decrease in stiffness developed a nonlinear ascending branch up to the ultimate 

capacity. Specimens HC-A-25, HC-A-50, HC-A-100, and HC-A-200, peaked at 1,950, 1,550, 

770, and 330 kN, respectively, as listed in Table 6.2. These values correspond to reductions of 

18%, 35%, 68%, and 86%, respectively, in their peak loads compared to the benchmark 

specimen HC-A-0 tested under concentric load, as shown in Figure 6.6(a). The percentage 

degradation of strength for the eccentrically loaded specimens at a certain eccentricity distance 

was determined by dividing their peak loads eP  by the peak load .concP  of the concentrically 

loaded specimens and subtracted from unity [%degradation = .1 ( )e concP P− ]. Similar behavior 

was observed for the specimens in group B. The load-carrying capacities of specimens HC-B-

25, HC-B-50, HC-B-100, and HC-B-200 were 2,000, 1,550, 930, and 420 kN, respectively 
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corresponding to a reduction in capacity of 20%, 38%, 63%, and 83% compared to the peak 

load of the reference specimen counterpart HC-B-0, as shown in Figure 6.6(b). These ratios of 

degrading column capacity are consistent with the findings of Hadhood et al. (2017a) and 

ElMessalami et al. (2021). Figure 6.6 shows that, after the peak load, the rate of strength decay 

owing to the concrete cover spalling decreased as the ./ oute D  ratio increased. It also shows that 

the load after the strength decay was maintained constant, whereas the axial deformation 

increased linearly up to the fracture of the GFRP bars, which coincides with the high GFRP 

bars and spirals strains recorded (see the following section). In contrast, no evidence of rupture 

in the GFRP spirals or buckling in the GFRP bars was reported during the test, either in the 

concentrically or the eccentrically loaded specimens. This was attributed to the slenderness 

ratio ( bks d ) significantly impacting the failure mode of the GFRP bars tested under 

compression, where k is the effective length factor, which can be assumed to equal unity; s  

denotes the pitch of continuous spirals in mm representing the unbraced GFRP bar length; and 

bd  represents the nominal diameter of the GFRP bar in mm. AlAjarmeh et al. (2019c)  indicated 

that increasing the bs d  ratio changed the failure pattern from crushing to buckling. They 

concluded that crushing was the dominant failure mode for the bs d  ration of 2 to 4, compared 

to crushing and buckling for the bs d  ratio of 8. The failure modes of the GFRP-RC specimens 

with spirals spaced at 80 mm with the bs d  ratio of 5.0 were consistent with these findings, as 

shown in Figure 6.5. 

 

Figure 6.6 Axial load and axial displacement responses at specimen centerline: (a) specimens 

with 8 No. 5 GFRP bars; and (b) specimens with 12 No. 5 GFRP bars. 
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6.4.2 Lateral Displacement Response 

An LPOT was fastened at the specimen mid-height to measure the lateral displacement , .L mid  

for the eccentrically loaded columns to determine the applied secondary moment. Figure 6.7 

shows variations of applied load with mid-height lateral-displacement curves for the tested 

specimens. In general, the initial lateral stiffness decreased with increasing eccentric load. An 

almost linear response was observed with the specimens subjected to eccentricity levels of 25, 

50, and 100 mm, while those with an extreme eccentricity level of 200 mm exhibited a bilinear 

response. A slow rate of lateral displacement growth was noted, developing a linear ascending 

branch up to the microcracks that appeared at an average load level of 83% of peak loads for 

all the specimens tested. Crack propagation produced a nonlinear curve accompanied by 

degradation of lateral stiffness until the ultimate load-carrying capacity was reached, followed 

by progressively raised mid-height lateral displacement after the peak load. Table 6.2 lists the 

maximum lateral displacements recorded, which were 3.2, 5.3, 8.0, and 13.7 mm for specimens 

HC-A-25, HC-A-50, HC-A-100, and HC-A-200, respectively, and 3.2, 5.8, 9.4, and 14.5 mm 

for the counterpart specimens HC-B-25, HC-B-50, HC-B-100, and HC-B-200, respectively, in 

group B. Note that the higher lateral displacement values correspond to the higher eccentricity 

levels. Increasing the lateral displacement increased the secondary moment effect (i.e., P −  

effect), resulting in an additional bending moment plus the primary moments due to the 

eccentricity (refer to Table 6.2). 

 

Figure 6.7 Axial load and lateral displacement responses at specimen mid-height. 
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6.4.3 Load–Strain Behavior 

Figure 6.8 presents the applied load versus the concrete compressive strain response, 

longitudinal GFRP bar strain response, and lateral GFRP spiral strain response at specimen 

mid-height. In general, each pair of specimens with the identical load eccentricity levels of 

pure axial, low, and medium (i.e., ./ oute D of concentric, 8.2, and 16.4%) exhibited similar load–

strain behavior, irrespective of the longitudinal reinforcement ratio. On the other hand, a 

significant variation in the strain responses, specifically the bar strain curves, for the specimens 

loaded at high and extreme levels of eccentricity due to the considerable effect of the 

longitudinal reinforcement ratio. The tested specimens subjected to these eccentricity levels 

(i.e., ./ oute D of 32.8% and 65.6%) were attributable to the high tension and compression 

stresses induced in the longitudinal bars. Overall, the strain curves were affected by the 

movement of the neutral axis into the cross section, which changed the failure mode from pure 

compression to combined compression and flexure. 

 

 

Figure 6.8 Applied load versus: (a) concrete compressive strain; (b) longitudinal-bar strain; 

and (c) lateral-spiral strain. 
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6.4.3.1 Concrete Compressive Strain Responses 

The maximum measured compressive concrete strains in all specimens varied from 2,900 to 

4,300   at ultimate load-carrying capacity, as illustrated in Figure 6.8(a). The higher recorded 

concrete strains correspond to specimens with the highest longitudinal reinforcement ratios. 

These results mean that the longitudinal bars assisted the concrete in carrying the load and that 

the concrete failed only when the crushing failure in the bars was initiated. The concrete strains 

exceeded the theoretical value  o defined by Popovics (1973), which is the concrete strain 

corresponding to the maximum concrete strength in compression varies from 1,900 to 2,500 

  for normal-strength concrete. In contrast, these values are greater than the maximum 

concrete compressive strain cu  of 3,000   in ACI and 3,500   in CSA design codes (ACI 

440 2022; CSA S806 2017; CSA S06 2019). This can be attributed to concrete crushing being 

the predominant failure mechanism for the tested specimens, as evidenced by the measured 

concrete strains at peak loads. In addition, the failure modes were controlled by the assigned 

limits of the concrete strain in compression due to the high ultimate tensile strain cu  of 2.4% 

in the GFRP longitudinal bars. The first failure mode of the specimens loaded at high and 

extreme eccentric loading might be described as flexural–tension failure due to the extreme 

lateral and axial deformations and the wide visible cracks on the tension side. This was 

followed by concrete crushing and stability failure because the recorded strains exceeded the 

provided limits. 

6.4.3.2 Longitudinal GFRP Bar Strain Responses 

Figure 6.8(b) shows the profiles for the applied axial loads with the strains of the outermost 

bars on the compression and tension sides for all tested specimens at mid-height, where 

ultimate bending stresses were anticipated. It is noteworthy to mention that the maximum 

recorded strains in the longitudinal bars and concrete were approximately equal. Consequently, 

no signs of slippage were noticed between the sand-coated GFRP bars and the surrounding 

concrete due to the good bond strength. This also emphasized the contribution of the GFRP 

bars to the ultimate capacity in the compression members. The GFRP longitudinal bars on both 

the tension and compression sides after the concrete cover started to spall off developed high 

axial strains to balance axial forces on the section (i.e., strain compatibility principles) and 

increase secondary bending moment, while the concrete compressive block progressively 

deteriorated.  
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At the initial phase, the recorded compression and tension bar strains exhibited linear behavior 

until the initiation of microcracks or flexural-tension cracks, respectively. Following that, 

nonlinear behavior was observed up to the peak load. Specimens HC-A-0 and HC-B-0 

experienced uniform compressive stresses due to concentric loading. The maximum measured 

strains at peak load in HC-A-0 and HC-B-0 were –3,350 and –3,000 , respectively, which 

approach 14.5% and 13% of the ultimate tensile strain in the GFRP straight bars fu , as 

provided by the manufacturer. It is worth noting that the level of compressive strain in the 

GFRP bars exceed the allowable strain of 2,000  recommended in CSA S06 (2019) for 

computing the contribution of GFRP bars to axial capacity. A significant increase in the 

confining pressure on the concrete core—due to the rapid spalling of the concrete after the peak 

load—fractured the GFRP longitudinal bars, as shown in Figures 6.4 and 6.5. After the peak 

load had been reached, the response of the GFRP bars in the hollow RC columns resisted the 

applied load up to failure, despite the concrete cover spalling, by generating confining pressure 

on the concrete core. Lastly, the ultimate compressive strains measured in the GFRP bars at 

failure ranged from 3,900 to 7,050 , representing 16% to 29% of fu . 

At peak load, specimens HC-A-25 and HC-B-25 were subjected to nonuniform compressive 

stresses distributed over the entire cross section under low eccentricity loading, where the 

neutral axis’s position was outside the section (i.e., / 1c d  ). The strains in the outermost bars 

on the compression side of HC-A-25 and HC-B-25 were –3,600   and –2,800  , 

respectively, (15% and 12% of fu ). On the tension side, the measured strains were minimal 

at –970   and –750  , respectively. The neutral axis was relocated from the outside and 

entered the cross section towards the tension side, attributable to the concrete cover spalling 

after the peak load changed the section properties, leading to augmentation of the bending 

stresses on both sides. Consequently, the strains in the outermost bars on the compression side 

progressively increased until failure, while, on the tension side, the strains shifted from 

compression to tension. The maximum recorded bar strains at failure for specimens HC-A-25 

and HC-B-25 were –15,050   and –11,000   on the compression side and 5,800   and 

3,250   being the corresponding strains on the tension side, respectively. 

The majority of the specimens loaded under medium eccentricity (HC-A-50 and HC-B-50) 

were subjected to compressive stresses, the residual to tensile stresses. The /c d  ratio obtained 

from the experimental investigation at the peak load for these specimens was 92.5%. The 
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average measured strains in the outermost bars on the compression side of HC-A-50 and HC-

B-50 were –3,700  , about 15% of the fu , and on the tension side, the measured strains were 

minimal at 250   and 300  , respectively. After the peak load was reached, as described 

above, a shift of the sectional centroid was observed due to the concrete spalling, resulting in 

a continuously increase in the compressive and tensile strains beyond failure. The ultimate 

tensile bar strains for HC-A-50 and HC-B-50 were 9,000   and 5,300  , and the 

corresponding compressive strains were 16,600   and 14,050  , respectively.  

Similarly, at peak load, specimens HC-A-100 and HC-B-100 tested under high eccentricity 

recorded maximum bar strains of –2,900   and –3,650   and 3,200   and 3,300   on the 

compression and tension sides, respectively. The measured tensile strains were higher than 

those of the specimens loaded under low eccentricity, where almost one-half of the cross 

section was subjected to tension stresses (i.e., /c d of 47.5 and 52.5% for HC-A-100 and HC-

B-100, respectively). At failure, the ultimate compressive strains were 17,800   and 16,500 

  and the corresponding tensile strains were 15,500   and 14,200   for HC-A-100 and HC-

B-100, respectively.  

Almost one-third of the cross section, i.e., /c d of 33 and 29%, for specimens HC-A-200 and 

HC-B-200, respectively, loaded at extreme eccentricity loading was affected by compressive 

stresses, and the remaining part was subjected to tensile stresses. The maximum recorded bar 

strains were –2,900   and –2,500   on the outermost bars on the compression side and 6,000 

  and 6,100   on bars on the tension side for HC-A-200 and HC-B-200, respectively. At the 

failure of tested specimens, the ultimate compressive measured strains were 4,000   (Note: 

the strain gauge was damaged) and 14,750  , and the corresponding tensile strains recorded 

were 7,000   and 12,000   for HC-A-200 and HC-B-200 , respectively, before the strain 

gauges were damaged. 

6.4.3.3 Lateral GFRP Spiral Strain Responses 

Figure 6.8(c) illustrates the growth of lateral tensile strain in the GFRP spirals with increasing 

applied axial load. These strain profiles were determined using the average readings from two 

strain gauges that had been mounted to the spirals at mid-height of the specimens. It is 

important to note that the strain readings are almost similar as represented by the average. The 

eccentric loading influenced the spiral's response on the compression side. Therefore, the strain 
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gauges were located on the compression side, where the maximum compressive stresses were 

anticipated. All tested specimens had a similar linear elastic response up to the peak load at 

almost the same initial slope, regardless of the longitudinal reinforcement ratio or the level of 

eccentricity. Predictably, the maximum recorded lateral spiral strains at their peak loads were 

minimal because the spiral confinement had not been activated yet. At that point, the maximum 

tensile strains ranged from 100   to 500  . The lateral spiral strain readings gradually 

increased once the peak load had been reached and the cracks propagated and widened, causing 

the concrete cover to spall. The lateral GFRP spirals rapidly created passive confining pressure, 

which increased the load-carrying capacity of the specimens. 

The maximum measured tensile strains at failure of specimens HC-A-0 and HC-B-0 were 

14,000   and 13,400  , respectively, which approached 61% and 57% of the ultimate tensile 

strain fu  in the GFRP straight bars. Consequently, the 80 mm spiral spacing was able to delay 

crushing of the concrete core while also providing adequate restraint against the longitudinal 

bar buckling up to failure. At failure, the ultimate recorded spiral strains were 6,000  , 8,200

 , 17,050 , and 5,000   for HC-A-25, HC-A-50, HC-A-100, and HC-A-200, respectively. 

In contrast, specimens HC-B-25, HC-B-50, HC-B-100, and HC-B-200 recorded ultimate spiral 

strains of 7,500  , 7,550 , 15,450 , and 1,100  , respectively (note that the strain gauge 

was damaged).  

It is worth noting that the maximum recorded spiral strain at failure varied between 5,000   

and 17,000   (22% and 74% of the bare bar rupture strain fu ), exceeding the allowable strain 

of 4,000 . Valuable past studies and design codes have recommended that a spiral tensile 

strain of 4,000   to provide adequate conservative predictions for the confined concrete 

compressive strength of FRP-RC columns (Ahmed and El-Salakawy 2010a&b; ACI 440 2022; 

Afifi et al. 2015; CSA S806 2017; AASHTO 2018; CSA S06 2019). The tensile stress level 

corresponding to a tensile strain of 4,000   was specified to avoid degradation of the aggregate 

interlock accompanying concrete shear failure, to control shear crack widths, and to preserve 

the shear integrity of the concrete. This strain level was also identified for the rectangular GFRP 

hoops to avoid failure at the bent portions. 
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6.5 Influence of Test Parameters  

A parametric study was conducted to investigate the influence of two longitudinal 

reinforcement ratios ( l = 2.5% and 3.8%) and five different eccentricity levels ( ./ oute D = 0%, 

8.2%, 16.4%, 32.8%, and 65.6%) on the axial and flexural performance of hollow GFRP-RC 

columns. Figure 6.9 presents the normalized load–moment (P–M) interaction diagrams 

obtained from the experimental investigation, load path, and strain gradient recorded at peak 

on the compression and tension sides of the tested specimens. The P–M interaction diagrams 

for each group of specimens were developed with five distinct points. The first point is known 

as the pure axial compression point, while the remaining four points represent the specimens 

loaded under four the eccentricities of 25, 50, 100, and 200 mm. The normalized axial force 

nK  and the normalized bending moment nR  were computed as follows: 

'
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where nP  and nM  are the ultimate load-carrying capacity with the corresponding bending 

moment, respectively, sustained by the specimen; gA  is the gross sectional area of the concrete 

specimen; '

cf  is the specified compressive strength of the concrete cylinder at 28 days; and 

.outD  is the outer diameter of the specimen (equal to 305 mm for all specimens). The total 

bending moment capacity of the tested specimens nM  comprised of the primary bending 

moment 1nM  and the secondary bending moment 2nM  as given by Eqns. 6.3 and 6.4, where 

1nM  and 2nM  are the moments developed by the initial eccentricity load level e  and the lateral 

displacement of the specimens at mid-height , .L mid , respectively. 

1 = n nM P e                                                                                                                          (6.3) 

2 , .= n n L midM P                                                                                                                 (6.4) 
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Figure 6.9 Experimental normalized load-normalized bending interaction diagrams, load 

path, and strain gradient: (a) specimens with 8 No. 5 GFRP bars; and (b) specimens with 12 

No. 5 GFRP bars. 

6.5.1 Influence of the Longitudinal Reinforcement Ratio 

While the longitudinal reinforcement ratio l  slightly affected the pre-peak behavior, 

considerable changes were observed in the post-peak behavior. Each pair of specimens loaded 

at the same level of eccentricity provided a nearly the same axial stiffness response until 

reaching their peak loads. Increasing the longitudinal reinforcement ratio from 2.5% to 3.8% 

insignificantly increased the peak loads of specimens HC-B-0, HC-B-25, HC-B-50, HC-B-100, 

and HC-B-200 by 5%, 3%, 0%, 20%, and 27%, respectively, compared to their counterparts. 

A significant impact was observed in the specimens’ performance after the peak load in 

contrast to what occurred in the pre-peak stage. The higher longitudinal reinforcement ratio 

decreased the loss of specimen strength after the peak load. The average strength loss of 

specimens HC-A-0, HC-A-25, HC-A-50, HC-A-100, and HC-A-200 was –28%, –38%, –39%, 

–16%, and –55%, respectively, compared to their corresponding peak loads, as shown in Figure 

6.6. Similarly, the strength of specimens HC-B-0, HC-B-25, HC-B-50, HC-B-100, and HC-B-

200 (reinforced with the higher l  ratio) deteriorated after the peak load compared to their 

ultimate capacity by –22%, –25%, –28%, –19%, and –17%, respectively. The drop in strength 

of the specimens in series B was attributed to the contribution to confinement of the GFRP 

bars. In other words, the post-peak behavior was improved by increasing the longitudinal 

reinforcement ratio because it enhanced the confinement of the concrete core. Afifi et al. 
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(2014b) also concluded that the confinement efficiency and ductility were improved by 

increasing the longitudinal reinforcement ratio.  

After failing, the specimens with the higher longitudinal reinforcement ratio showed less 

measured lateral displacement at mid-height than those with the lower ratio. The recorded 

lateral displacements were 21.6, 23.5, 41.8, and 45.0 mm for specimens HC-B-25, HC-B-50, 

HC-B-100, and HC-B-200, while the corresponding displacements were 25.5, 35.6, 45.7, and 

42.4 mm for HC-A-25, HC-A-50, HC-A-100, and HC-A-200, respectively (refer to Figure 6.7). 

Consequently, increasing the longitudinal reinforcement ratio by increasing the number of bars 

enhanced the flexural stiffness of the hollow GFRP-RC columns due to the effective resistance 

to induced lateral displacement, thereby reducing the accompanying second-order effects. In 

contrast, Figure 6.8(b) shows that the maximum recorded strains in the GFRP bar, whether 

compressive or tensile, for the specimens in group B were lower than their counterpart 

specimens in group A. Specifically, the specimens subjected to high (32.8%) and extreme 

(65.6%) eccentricity levels were significantly affected by increasing the longitudinal 

reinforcement ratio, which enhanced the flexural capacity. Specimens HC-B-100 and HC-B-

200 attained 22% and 34% higher bending moment capacity than specimens HC-A-100and 

HC-A-200, respectively, as illustrated in Figure 6.10. In contrast, no appreciable effect of the 

longitudinal reinforcement ratio was observed for the specimens loaded at 8.2% and 16.4% 

eccentricity. Lastly, under concentric loading, specimen HC-B-0 (reinforced with 12 No. 5 

bars) attained 5% higher ultimate load-carrying capacity than specimen HC-A-0 (reinforced 

with 8 No. 5 bars). This can be explained by the increased contribution of the GFRP bars in 

compression to total column capacity. The following equation can be used to calculate bar 

contribution to the peak load. 

,,
%

frp bar n frpbar n

n n

A EP
contribution

P P

 
= =                                                                             (6.5) 

where frpA  is the total area of the longitudinal reinforcement, frpE  is the modulus of elasticity 

of longitudinal bars, and ,bar n  is the average bar strain at peak load. Accordingly, increasing 

the number of bars from 8 to 12 increased the bar contribution ratio from 13% to 15%. Thus, 

considering the compressive strength of FRP bars in the recent design guidelines can reliably 

estimate the ultimate capacity of the HCCs, which contradicts CSA S806 (2017), which ignores 
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their contribution in compression, or ACI 440 (2022), which prohibits the use of FRP bars in 

RC compression members. 

 

Figure 6.10 Effect of longitudinal reinforcement ratio.  

6.5.2 Influence of the Initial Eccentricity Level (e ) and the Second-

order Effect ( P − ) 

Increasing the eccentricity level (i.e., the first-order effect) from 8.2% to 65.7% strongly 

affected the axial capacity as well as the axial and lateral stiffness (refer to Figures 6.6 and 6.7) 

of the hollow GFRP-RC columns regardless of the amount of the longitudinal reinforcement. 

This can be attributed to the state of stress that changed over the cross section as the eccentricity 

increased. Figure 6.11 presents the influence of the applied initial eccentricity on the 

specimen’s ultimate bearing capacity. A 10%, 30%, 61%, and 84% reduction in normalized 

axial strength was observed in the eccentrically loaded specimens compared to the 

concentrically loaded specimens (HC-A-0 and HC-B-0). In contrast, a considerable change was 

observed in the failure mode of the tested specimens ranging from pure compression to 

combined compression and flexure attributable to the position of the neutral axis, which 

migrated into the cross section. The position of the neutral axis depends on the value of the 

applied axial load and its corresponding bending moment. Increasing the initial eccentricity 

increased the applied bending moment, and the neutral axis moved inside the cross section, as 

shown in Figure 6.9. The failure mode of the specimens tested under concentric loading (zero 

eccentricity) was brittle, accompanied by massive concrete cover spalling, while the failure 

mechanism was progressive for the specimens loaded under the other eccentricity levels. 

Furthermore, the maximum recorded tensile bar strains at the peak load significantly increased 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.04 0.08 0.12 0.16

K
n

=
  

P
n

 / 
A

g
 . 

f' c

Rn =  Mn  / Ag . f'
c . Dout.

C
o

n
c
e
n

tr
ic

8 bars #5, (2.5%)

#3 spirals @ 80 mm

12 bars #5, (3.8%)

#3 spirals @ 80 mm



118                               Chapter 6: Experimental Investigation of Concentrically and Eccentrically 

ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــ  

 

 

as the eccentricity increased due to the migration of the neutral axis into the cross section. Thus, 

the compressive concrete block degraded, leading to increased tensile strain in the GFRP bars. 

Each level of eccentric loading produced a distinct post-peak behavior: the higher the applied 

eccentricity, the lower the strength drop after the peak load and vice versa. Lastly, Table 6.2 

provides the bending moment obtained from the second-order effect (i.e., secondary moments), 

which yielded quite small values compared to the induced primary bending moment from the 

initial eccentricity. The ratio of the primary moments and the secondary moments to their total 

moment capacities for the tested specimens— 1 /n nM M  and 2 /n nM M —were 91% and 9%, 

respectively. Therefore, the second-order effect was not dominant in the tested specimens. 

These ratios coincided well with the findings of the experimental investigation conducted by 

Guérin et al. (2018a&b). Accordingly, the specimens with a slenderness ratio equal to or less 

than 18 can be designed as short columns to avert the impacts of the global buckling on column 

stability, as proposed by Abdelazim et al. (2020). 

 

Figure 6.11 Effect of applied initial eccentricity on specimen ultimate bearing capacity. 

6.5.3 Hollow and Solid Cross-sectional Configurations 

A comparison was made between the experimental test results in this research work for the 

circular hollow concrete columns and the experimental database of their solid counterparts 

obtained from the literature (Afifi et al. 2014a; Hadhood et al. 2017a; c; Elchalakani et al. 2020; 

Raza et al. 2021) to investigate the influence of hollowness on GFRP-RC column behavior 

(i.e., effect of cross-sectional configuration). Table 6.3 summarizes the test results for the 

comparison investigation, while Figure 6.12 plots a family of interaction diagrams in terms of 

normalized axial load and the corresponding normalized bending moment.  
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Table 6.3 Summary of the experimental test results obtained from this study and from the 

literature database on GFRP-RC columns 

Reference 
Specimen 

ID 

'

cf  Dimensions l  
Loading 

eccentricity 

Peak 

load 

Moment 

capacity 

Normalized 

axial force 

Normalized 

bending 

moment 

(MPa) (mm) % 
./ oute D  

(%) nP  nM  nK  nR  

Current study HC-A-0 34.7 305/113  1500 2.5 0.00 2,380 — 1.09 0.00 

 HC-A-25    8.2 1,950 55.0 0.89 0.08 

 HC-A-50    16.4 1,550 85.7 0.71 0.13 

 HC-A-100    32.8 770 83.2 0.35 0.12 

 HC-A-200    65.6 330 70.5 0.15 0.11 

 HC-B-0   3.8 0.00 2,500 — 1.14 0.00 

 HC-B-25    8.2 2,000 56.4 0.91 0.08 

 HC-B-50    16.4 1,550 86.5 0.71 0.13 

 HC-B-100    32.8 930 101.7 0.43 0.15 

 HC-B-200    65.6 420 90.1 0.19 0.14 

Previous studies conducted on concentrically loaded short circular solid GFRP-RC columns 

Afifi et al. [2014a]  G8V-3H80 42.9 305  1500 2.2 0.00 2,920 — 0.93 0.00 

 G12V-3H80   3.2 0.00 2,998 — 0.96 0.00 

Raza et al. [2021]  G8-RAGC-75 34.5 250  1110 2.1 0.00 2,133 — 1.26 0.00 

Previous studies conducted on eccentrically loaded short circular solid GFRP-RC columns 

Hadhood et al. [2017c] C1-P2 35.0 305  1500 2.2 0.00 2,564 — 1.00 0.00 

 C2-P2    8.2 2,060 59.7 0.81 0.08 

 C3-P2    16.4 1,511 85.4 0.59 0.11 

 C4-P2    32.8 776 85.4 0.30 0.11 

 C5-P2    65.6 366 78.2 0.14 0.10 

Hadhood et al. [2017a] C1-I 35.0 305  1500 2.2 0.00 2,680 — 1.05 0.00 

 EC1-I    8.2 2,100 60.9 0.82 0.08 

 EC2-I    16.4 1,512 83.9 0.59 0.11 

 EC3-I    32.8 732 79.8 0.29 0.10 

 EC4-I    65.6 340 71.6 0.13 0.09 

 C1-II   3.2 0.00 2,670 — 1.04 0.00 

 EC1-II    8.2 2,123 62.6 0.83 0.08 

 EC2-II    16.4 1,550 86.8 0.61 0.11 

 EC3-II    32.8 800 87.6 0.31 0.11 

 EC4-II    65.6 347 73.2 0.14 0.09 

Elchalakani et al. 

[2020] 
G4-80-C 34.0 215 1150 0.7 0.00 1,088 — 

0.88 0.00 

 G4-80-25   0.7 11.6 733 18.3 0.59 0.07 

 G4-80-50   0.7 23.2 538 26.9 0.44 0.10 

 G4-80-75   0.7 34.9 342 25.7 0.28 0.10 
 

  

Figure 6.12 Effect of hollowness “hollow and solid cross-sectional configurations.” 
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Equations 6.3 and 6.4 were then used for the database normalization process to improve data 

integrity and avoid variations in cross-sectional dimensions and concrete compressive strength. 

In general, the test results indicate that the hollow GFRP-RC columns exhibited similar 

behavior as their counterpart solid GFRP-RC columns. The hollow GFRP-RC specimens tested 

achieved, on average, 22% and 15% higher normalized axial load and normalized bending 

moment than the experimental findings for their corresponding solid columns obtained from 

literature, regardless of whether the loading conditions were concentric or eccentric. Hadhood 

et al. (2017a; c) fabricated ten solid specimens with the same longitudinal reinforcement ratio 

and dimensions and tested them under the same loading conditions as the hollow specimens 

herein. The hollow columns tested under concentric load and 8.2% eccentricity had 8% lower 

axial and bending moment capacity at peak than their counterpart solid columns, as shown in 

Table 6.3. This was not the case for the hollow columns loaded at 16.4%, 32.8%, and 65.5% 

eccentricity, which exhibited, on average, 18% higher axial and bending moment capacity than 

their counterpart solid columns. As mentioned above, these ratios can be explained considering 

the fact that, as the eccentricity level gradually increased, the neutral axis migrated into the 

cross section, leading to a gradual decrease in the volume of the concrete compressive block. 

Consequently, the contribution and effect of the area of the concrete cross section on column 

capacity decreased. Figure 6.12 shows that the hollow GFRP-RC specimens reinforced with 

12 No. 5 GFRP bars (3.8%) and loaded under high eccentricity (32.8% and 65.5%) had 

approximately 40% higher normalized axial load and normalized bending moment than their 

solid counterparts tested by Hadhood et al. (2017a; c). This highlights the benefits of using 

hollow reinforced concrete columns instead of solid ones, thereby improving structural 

efficiency (i.e., higher stiffness-to-weight and strength-to-weight ratios). 

6.5.4 Ductility Index of Specimens 

The ductility index and the extent to which it was affected by the change in longitudinal 

reinforcement ratio and eccentricity level were analyzed to understand the performance of the 

hollow GFRP-RC columns under different loading conditions. Ductility was defined as the 

ability to which a column could sustain plastic deformation under compressive stress up to the 

point of failure. The ductility F  was computed by dividing the area under the load–axial 

deformation response corresponding to the ultimate axial deformation at reinforcement rupture 

FA  (follow the path O-I-III-IV in Figure 6.13(a)) by the area corresponding to the limit of the 

elastic behavior on the ascending part 1A  (follow the path O-I-II in Figure 6.13(a)). The 
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equation was introduced according to the work of Hadi (2007) and Yang et al. (2018), as 

follows: 

1F fA A  =                                                                                                                        (6.6) 

The aforementioned areas under axial load–axial deformation curves were calculated with the 

trapezoidal rule and validated with the alternative chart trendline approach. 

 

Figure 6.13 Effect of test parameters to ductility: (a) ductility calculations; and (b) ductility 

factor results. 

Figure 6.13(b) provides the results of the ductility factors for the tested specimens. Based on 

the ductility calculations, increasing the longitudinal reinforcement ratio enhanced the ductility 

of all tested specimens (see Figure 6.6). This could be attributed to the higher reinforcement 

ratio of high-strength and high-deformability GFRP bars controlling the formation of cracks 

and their propagation in the pre-peak loading phase. In addition, the specimens reinforced with 

a higher reinforcement ratio could absorb higher energy. Figure 6.6 shows that the area under 

the load–deformation curves, which refers to the energy absorption capacity, is larger for 

specimens in group B than for those in group A. Specimens HC-B-0, HC-B-25, HC-B-50, HC-

B-100, and HC-B-200 attained 48%, 28%, 3%, 62%, and 42% higher ductility than HC-A-0, 

HC-A-25, HC-A-50, HC-A-100, and HC-A-200, respectively. The higher the ductility factor, 

the more ductile the column is. In contrast, increasing eccentric loading had a more pronounced 

influence on ductility, as shown in Figure 6.13(b). Increasing the level of eccentricity above 

8.2% significantly improved ductility by 89%, 161%, and 167% for specimens HC-A-50, HC-

A-100, and HC-A-200, respectively, compared to specimen HC-A-25. Similarly, the ductility 
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of specimens HC-B-50, HC-B-100, and HC-B-200 was greater by 52%, 200%, and 196%, 

respectively, than HC-A-25. This finding contrasts with Ahmad et al. (2022), who reported that 

the ductility index of the hollow GFRP-RC columns they tested decreased as the eccentricity 

increased. 

6.5.5 Crack Appearance, Configuration, Spacing, and Width on the 

Tension Side 

Crack control is considered one of the most important serviceability demands in designing 

FRP-reinforced concrete members, and the allowable crack width can effectively govern 

design. Wider crack widths, however, can be permitted in FRP-RC members due to the innate 

corrosion resistance of FRP composite materials. The impact of the eccentricity-to-diameter 

ratio and longitudinal reinforcement ratio on hollow GFRP-RC columns could be extended to 

crack patterns, crack spacing, and crack width. In general, the first crack initiates once the 

tension stress exceeds the tensile strength of the concrete. At that point, the strain distribution 

is no longer uniform, and portion of the applied load transfers directly to the longitudinal bars. 

Crack appearance. The first cracks formed vertically on the compression side at mid-height 

of the specimens exposed to low (8.2%) and medium (16.4%) eccentricity, followed by lateral 

cracks on the tension side. With the higher initial levels of eccentricity (32.8% and (65.6%), 

tension cracks appeared primarily in a horizontal pattern, then vertical cracks appeared on the 

compression side. With further loading, the cracks on the compression side propagated 

vertically, leading to concrete cover spalling. On the tension side, the cracks enlarged, 

increasing the GFRP bar strain, and new cracks started to form. 

Crack configuration and spacing. Each pair of specimens tested under the same level of 

eccentricity exhibited similar crack configurations but different spacing between two 

successive cracks. Figure 6.5 shows that increasing the eccentric loading and the longitudinal 

reinforcement ratio of hollow GFRP-RC columns increased the total number of lateral tension 

cracks (i.e., the spacing between cracks decreased). In contrast, as the reinforcement ratio 

increased, the crack penetration depth diminished.  

Crack width. Figure 6.14 shows the data for the applied moment and the corresponding crack 

width in the eccentrically loaded specimens on the tension side. An increase in the applied level 

of eccentricity led to significantly increased crack widths. For specimens HC-A-25 and HC-B-

25 (loaded under low eccentricity of 8.2%) and HC-A-50 and HC-B-50 (loaded under medium 
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eccentricity of 16.4%), the crack widths started becoming very apparent and enlarged in the 

post-peak phase after the concrete cover spalled as the second-order effect increased. In the 

specimens under the higher initial levels of eccentricity of (32.8% and 65.6%), the crack width 

increased in a linear response with the applied moment once the first crack appeared and up to 

failure. This can be explained by the FRP reinforcement's linear elastic behavior. The test 

results also indicate that the specimens with the higher longitudinal reinforcement ratio had 

narrower cracks, as shown in Figure 6.14(a). This implies that increasing the number of 

longitudinal bars could effectively enhance the strength of the bond between the FRP bars and 

concrete, thereby helping to control crack width. This relates to the higher stiffness provided 

by GFRP bars with higher tensile strength, thereby aiding in resisting tensile stress and 

minimizing the crack opening and width (Mousa et al. 2019). According to the test results, 

increasing the number of bars from 8 to 12 bars (i.e., decreasing the spacing between 

longitudinal bars) reduced the maximum crack width by 34%, on average, compared to the 

counterpart specimens at the same eccentricity. In addition, the higher level of applied axial 

compressive load generating the bending moment limited the crack width and depth by 

producing narrower and more superficial cracks. 

 

Figure 6. 14 Moment–maximum crack-width curves: (a) overall responses up to failure for 

all specimens; (b) specimens with 8 No. 5 GFRP bars at allowable crack width; and (c) 

specimens with 12 No. 5 GFRP bars at allowable crack width. 

6.6 Conclusion 

This paper presents the results of the experimental investigation of the behavior of circular 

hollow GFRP-RC columns under concentric and eccentric loading. Ten large-scale circular 

hollow RC specimens were tested to investigate the effect of the longitudinal reinforcement 

ratio as a function of the number of bars and the effect of eccentricity. The following 

conclusions can be drawn based on the research findings. 
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1. Incorporating GFRP reinforcement bars in the hollow concrete columns adequately 

assisted in resisting the applied concentric and eccentric loads, providing appropriate 

stability, and improving the stiffness of cracked concrete sections.  

2. The failure of the hollow GFRP-RC columns exposed to concentric as well as low and 

medium eccentric loading (0%, 8.2%, and 16.4% eccentricity, respectively) was 

compression controlled, induced by concrete-cover spalling, followed by fracturing of 

the GFRP bars. In contrast, the hollow columns loaded under high and extreme 

eccentric loading (32.8% and 65.6% eccentricity, respectively) exhibited flexural-

tension failure. This can be attributed to excessive axial and lateral deformations, 

resulting in further tensile cracks. That, in turn, increased the strain in the concrete 

beyond the allowable limits, which resulted in secondary compression failure. 

3. The axial capacity of the hollow concrete columns under eccentric loading decreased 

as the eccentricity increased. Drops of 20%, 37%, 66%, and 85% in the ultimate axial 

capacities were observed in the columns loaded eccentrically at 8.2%, 16.4%, 32.8%, 

and 65.6%, respectively, compared to the corresponding columns tested under pure 

axial loading. 

4. The ultimate capacity, axial and lateral stiffness, and failure mechanism of the circular 

hollow GFRP-RC columns were more significantly affected by the level of applied 

eccentricity than by the amount of longitudinal reinforcement. 

5. As the amount of longitudinal reinforcement increased, the flexure behavior of the 

hollow GFRP-RC columns subjected to eccentric loading enhanced slightly. In the case 

of the columns loaded at eccentricity-to-outer diameter ratios of 32.8% and 65.6%, 

increasing this amount improved the flexural stiffness due to the effective resistance of 

the induced lateral displacements, thereby reducing the accompanying second-order 

effects. 

6. Increasing the number of bars from 8 to 12 decreased the strength decay of the tested 

specimens beyond the peak load, which can be attributed to the GFRP bars contributing 

to confinement. Moreover, as the longitudinal ratio reinforcement and the eccentricity 

increased, the energy absorption ability improved significantly, resulting in a higher 

ductility factor. 

7. The ratio of the bending moment obtained from the initial eccentricity and the second-

order effect was 91% and 9%, respectively, compared to their corresponding total 
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moment capacities. Thus, the second-order effect was not dominant in the tested 

specimens, so that specimens with a slenderness ratio equal to or less than 18 can be 

designed as short columns. 

8. As the level of eccentricity applied to the hollow GFRP concrete columns increased, 

the total number of cracks on the tension side increased (i.e., the spacing between cracks 

decreased). In addition, the crack width and penetration depth increased significantly. 

9. Increasing the longitudinal reinforcement ratio from 2.5% to 3.8% as a function of the 

number of bars reduced the crack width and average crack spacing, since crack width 

is proportional to the maximum spacing between bars. 
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Abstract 

This study presents the results of an experimental investigation of 10 large-scale GFRP-

reinforced hollow concrete columns (HCCs) that were fabricated with 1,500 mm in height and 

305/113 mm outer/inner diameters and loaded under five different eccentricity levels 

(concentric, 8, 16, 33, and 66% eccentricity). It also presents the results of a parametric study 

carried out to investigate the effects of concentrically and eccentrically behavior of HCCs and 

to enrich the research database with numerous load-moment interaction diagrams. The 

parameters considered are (1) inner-to-outer diameter ratio effect; (2) longitudinal 

reinforcement ratio effect; (3) considering or disregarding bar compressive strength effect; (4) 

longitudinal reinforcement type effect; and (5) concrete compressive strength effect. The 

findings reveal that the contribution of the second-order effect on the total moment capacity 

was minor, approximately 9%, compared to the primary bending moment induced by the initial 

eccentricity of 91% on average. Disregarding the compressive strength of the GFRP 

longitudinal bars underestimated the axial load and bending moment capacities of the HCC for 

all the parameters investigated in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Concrete; Hollow circular columns; Glass Fiber-reinforced polymer (GFRP) 

reinforcement; Longitudinal reinforcement ratio; Eccentricity; Interaction diagram; Sectional 

analysis; First- and second-order effect.  
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List of Notations  

The following symbols are used in this chapter: 
a          = depth of equivalent rectangular stress block (ERSB), mm; 

bA         = nominal cross-sectional area of the GFRP longitudinal bar spiral, mm2; 

ceA        = effective area of the circular compressive concrete segment, mm2; 

frpA      = total area of the longitudinal GFRP bars, mm2; 

gA        = gross sectional area of a concrete column, mm2; 

c           = neutral-axis distance, mm; 

d        = distance from the concrete surface on the compression side to the centroid of the 

outermost bars on the tension side, mm; 

.inD        = inner diameter of the hollow column, mm; 

.outD      = outer diameter of the hollow column, mm; 

bd          = nominal diameter of the GFRP bars, mm; 

bard        = diameter of the circle passing across the centers of the GFRP longitudinal bars, mm; 

cd        = depth of the longitudinal bars at row level c  in the compression side relative to the 

extreme concrete fiber, mm; 

td           = depth of the longitudinal bars at row level t  in the tension side relative to the extreme 

concrete fiber, mm; 

spd         = nominal diameter of the GFRP spirals, mm; 

e           = load eccentricity, mm; 

cE          = modulus of elasticity of concrete, MPa; 

FRPE     = tensile modulus of elasticity of FRP bars: BFRPE for Basalt bars; CFRPE for Carbon 

bars; GFRPE  for Glass bars, MPa; 

cE          = modulus of elasticity of steel, MPa; 

secEI        = secant flexural stiffness, N.mm2; 

./ oute D  = eccentricity-to-outer diameter ratio; 
'

cf         = specified compressive strength of concrete cylinder at 28 days, MPa; 

fuf         = ultimate strength of FRP reinforcement, MPa; 

yf          = yield strength for steel reinforcement, MPa; 

gI           = gross moment of inertia, mm4; 

k           = effective length factor; 

nK         = normalized axial force factor; 

ul           = unsupported length of column, mm; 

nM         = ultimate carrying bending moment capacity, kN.m; 

1nM       = primary bending moment obtained from the initial load eccentricity, kN.m; 

2nM       = secondary bending moment obtained from the second-order effect, kN.m; 

barN       = total number of longitudinal bars 
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.concP        = ultimate carrying load capacity for concentric columns, kN; 

eP            = ultimate carrying load capacity for eccentric columns, kN; 

nP            = ultimate carrying load capacity, kN; 

oP            = nominal pure axial force (taken by '

10.85 ( )o c g frpP f A A= − ), kN; 

, .n consP       = ultimate carrying load capacity for scenario (2) by considering the bar compressive 

strength, kN; 

, .n DisP          = ultimate carrying load capacity for scenario (1) by disregarding the bar compressive 

strength, kN; 

nR           = normalized bending moment factor; 

r              = radius of gyration for the nominal cross-section of the longitudinal bars, mm; 

barr           = radius of the circle passing across the centers of the GFRP longitudinal bars, mm; 

.inr            = inner radius of the hollow column, mm; 

.outr           = outer radius of the hollow column, mm; 

s             = pitch of continuous spirals, mm; 

cx            = clear concrete cover measured from the transverse reinforcement, mm; 

cey           = distance between the centroid of the concrete segment on the compression side and 

the centroid of the concrete cross-section (point O), mm; 

1             = ratio of average stress of equivalent rectangular stress block (ERSB) to the specified 

concrete strength '

cf ; 

1           = ratio of distance from neutral axis to extreme tension fiber to distance from neutral 

axis to center of tensile reinforcement; 

, .L mid      = midheight lateral displacement at peak load, mm; 

c         = experimental compressive strain in outermost GFRP longitudinal bars at a certain 

load level, mm/mm; 

t         = experimental tensile strain in outermost GFRP longitudinal bars at a certain load 

level, mm/mm; 

 o            = theoretical concrete strain defined by Popovics (1973); 

cu          = ultimate concrete strain, mm/mm; 

fd          = ultimate design tensile strain of GFRP bars, mm/mm; 

,frp c        = compressive strain in the longitudinal bars at level c  

,frp t         = tensile strain in the longitudinal bars at level t  

fu         = ultimate tensile strain in the GFRP straight bars, mm/mm; 

          = slenderness ratio; 

l          = longitudinal reinforcement ratio;  

T         = transverse confining reinforcement ratio; 

exp.       = experimental curvature, Rad/m; 
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7.1 Introduction 

Hollow reinforced concrete (RC) columns (HCCs) provide many advantages over solid 

columns with the same dimensions including higher structural efficiency (i.e., higher stiffness-

to-weight and strength-to-weight ratios) because of the decreased mass contribution of columns 

to seismic response and lesser amounts of concrete materials, reducing costs (Liang et al. 2021). 

Therefore, HCC is an effective structural system in the construction of bridges with high 

elevations and long spans (e.g., bridge piers, bridge columns, and piles), sports lighting, and 

electric utility poles. However, steel reinforced HCCs are more prone to corrosion because 

their outer and inner concrete surfaces are subjected to harsh environments. The steel corrosion 

problem depletes the countries economically and socially to maintain, repair, or rehabilitate the 

corrosion-damaged RC infrastructure. To date, integrating fiber-reinforced polymer (FRP) bars 

as internal reinforcement has become a cost-effective alternative to conventional steel bars, 

because of their innate corrosion resistance and high tensile strength (Gooranorimi and Nanni 

2017; Hadhood et al. 2020; Benmokrane et al. 2021). Recently, FRP bars are increasingly being 

used in coastal structures such as marine docks and boat-ramp planks (Manalo et al. 2020; 

Benzecry et al. 2021).  

Valuable experimental studies have been investigated the concentrically and eccentrically 

performance of solid concrete columns reinforced with FRP reinforcement (De Luca et al. 

2010; Zadeh and Nanni 2013; Afifi et al. 2014a; Karim et al. 2017; Barua and El-Salakawy 

2020; Elchalakani et al. 2020; Elmesalami et al. 2021). The successful outcomes reported in 

these past studies bolstered the confidence in using this advanced reinforcing material in 

structural members subjected to axial and eccentric compressive loads. These studies have 

further emphasized that the significant durability provided by GFRP-RC columns achieved 

comparable or even higher load-carrying capacity, confinement efficiency, and ductility than 

their steel-reinforced counterparts. However, there is still no consensus in the design guidelines 

about the FRP bar’s contribution-to-axial capacity, so the majority of conducted studies on the 

concentrically loaded columns focused on determining the contribution ratio. Most of these 

studies indicated that FRP bars contribute between 5 and 12% of the ultimate axial capacity.  

A wide range of test variables was experimentally and theoretically addressed, including the 

impact of longitudinal reinforcement ratio, eccentricity-to-width ratio, concrete strength, and 

bar diameter on the behaviour of GFRP-RC square solid columns, as conducted by Guérin et 
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al. (2018a). According to the test results, the GFRP reinforcement could effectively sustain the 

applied loads after crushing of the concrete. These researchers also concluded that the failure 

envelopes for the tested columns were strongly increased by 100% as the concrete compressive 

strength increased from 30 to 60 MPa. Limited research work, however, has focused on 

investigating the concentrically loaded behavior of circular hollow concrete columns 

reinforced with FRP. AlAjarmeh et al. (2019a) studied the influence of longitudinal 

reinforcement ratio on HCC axial performance. They found that increasing the longitudinal 

reinforcement ratio from 1.78 to 4% as a function of bar number and diameter enhanced the 

strength, ductility, and confinement efficiency of HCCs, on average, by 15, 20, and 12, 

respectively. Hadi et al. (2021) indicated that the GFRP-RC column subjected to concentric 

loading outperformed the counterpart steel-reinforced specimens by 15 and 4% in terms of 

confinement reinforcement and ductility, respectively. The only study that investigated the 

behavior of GFRP-RC hollow columns under concentric and eccentric loading (11 and 23% 

eccentricity) was conducted by Ahmad et al. (2022). They concluded that the specimens tested 

under 11 and 23% eccentricity levels had peak load and ductility index of 30 and 55% and 45 

and 40%, respectively, lower than the corresponding concentrically loaded specimen. 

7.2 Research Objective 

Due to very limited experimental data and theoretical investigations on the behavior of GFRP-

RC hollow columns, most currently design codes and guidelines either prohibit using FRP 

reinforcement in compression members ACI 440 (2022) or recommend ignoring their 

contribution to column capacity CSA S806 (2017). The purpose of this study was to investigate 

the influence of using GFRP bars and spirals for hollow concrete columns (HCCs) loaded under 

concentric and eccentric loading. It provided useful experimental data and theoretical 

investigation to extend the design and code provisions related to using GFRP reinforcement 

for HCCs under such loads and to enrich the research database from the developed numerous 

load-moment interaction diagrams. 

7.3 Experimental Program 

7.3.1 Test Specimens  

Ten large-scale hollow circular columns were cast with a 305/113 mm outer/inner diameters 

and 1,500 mm in height, as shown in Figure 7.1. Table 7.2 provides the test matrix that was 
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prepared to thoroughly investigate the eccentric behavior of GFRP-RC hollow columns. The 

columns were designed as short column to prevent global buckling. Two series (I and II) 

included five specimens were prepared: out of these, one benchmark specimen was loaded 

under pure axial compression loading and four specimens loaded at various eccentricities (low, 

medium, high, and extreme). A 27.5 mm concrete cover was deemed appropriate to enclose 

the transverse reinforcement’s exterior surface. The internal reinforcement for all columns was 

carried out according to Canadian codes requirements (ACI 440 2022; CSA S806 2017; 

AASHTO 2018; CSA S06 2019). 

 

Figure 7.1 Column design, strain-gauge arrangement, cages, and GFRP reinforcement (sand-

coated GFRP bars and spirals). 

In reference to Table 7.2, the pattern for identifying the test specimens is ./bar outHC N G e D− −

, where HC represents hollow cross-section concrete columns; barN  represents the number of 

longitudinal reinforcement bars 8 or 12 bars #5 with l  of 2.5 and 3.8%, respectively; the 

character G denote for GFRP bars; and ./ oute D  represents the eccentricity-to-outer diameter 
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ratio (0 for concentric, 8 for low, 16 for medium, 33 for high, and 66 for extreme). The 

corresponding distance between the specimen’s centerline and the loading point for these 

eccentricity ratios were 0-, 25-, 50-, 100-, and 200-mm, respectively. These eccentricity ratios 

are named to achieve a reasonable transition of the failure of the GFRP-RC hollow columns 

from compression to tension control. All columns were transversely reinforced with #3 GFRP 

continuous spirals at a constant center-to-center spiral pitch of 80 mm inside the test region 

with transverse reinforcement ratio T of 1.1%. Figure 7.1 depicts the details of columns and 

the assembled cages. 

7.3.2 Materials  

Sand-coated GFRP bars #5 and spirals #3 with a nominal diameter bd  of 15.9 and 9.5 mm were 

longitudinally and transversally, respectively, employed in all the prepared columns, as shown 

in Figure 7.1. Table 7.1 lists the mechanical properties of the GFRP reinforcement, as provided 

by the manufacturer Pultrall Inc. (2018). The specimens were cast with the same batch of 

normal strength concrete to minimize variations in concrete strength using a concrete pump. 

The maximum aggregate size was 10 mm to prevent the honeycombing along the edges of the 

concrete and the voids forming around the bars during the casting process. Furthermore, the 

fresh concrete had a slump of 100 mm to ensure appropriate concrete workability. The average 

compressive strength of ten (100   200 mm) concrete cylinders examined after 28 days as 

recommended in ASTM C39/C39M (2015) '

cf  was 34.7 MPa and standard deviation of 0.9 

MPa. 

Table 7.1 Mechanical properties of the GFRP reinforcement. 

Bar 

Size 

Diameter 

(mm) 

Area 

(Immersion tests) 

(mm2) 

Nominal Areaa 

(mm2) 

Elastic Tensile 

Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Ultimate 

Tensile 

Strain 

(%) 

No. 3 9.5 81 71 52.5 ± 2.5 1,328b 2.3 

No. 5 15.9 240 199 54.9 ± 2.5 1,289b 2.4 

aStrength and modulus were calculated based on this area; b fuf Ultimate strength for GFRP reinforcement. 
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Table 7.2 Test matrix, details of specimens’ reinforcement, and experimental test results. 

Series 

No. 

Column 

Identifier 

Longitudinal 

reinforcement 

Transverse 

reinforcement 
Eccentricity Experimental test results at the first peak load 

l (% ) T  (% ) 
e  (mm);

./ oute D (% ) 
nP

(kN) 

, .L mid      

(mm) 

1nM  

(kN.m) 

2nM  

(kN.m) 

nM  

(kN.m) 

I HC-8G-0 8 GFRP bars No. 5 

(2.5) 

No. 3 spiral @ 80 mm 

(1.1) 
0; Concentric 2,380 — — — — 

 HC-8G-8 25; 8 1,950 3.2 48.8 6.2 55.0 

 HC-8G-16 50; 16 1,550 5.3 77.5 8.2 85.7 

 HC-8G-33 100; 33 770 8.0 77.0 6.2 83.2 

 HC-8G-66 200; 66 330 13.7 66.0 4.5 70.5 

II HC-12G-0 12 GFRP bars No. 5 

(3.8) 
0; Concentric 2,500 — — — — 

 HC-12G-8 25; 8 2,000 3.2 50.0 6.4 56.4 

 HC-12G-16 50; 16 1,550 5.8 77.5 9.0 86.5 

 HC-12G-33 100; 33 930 9.4 93.0 8.7 101.7 

 HC-12G-66 200; 66 420 14.5 84.0 6.1 90.1 

Note: e is the initial load eccentricity; , .L mid  is the lateral displacement at the column’s midheight; nP is the 

ultimate load-carrying capacity, 1nM is the primary bending moment induced by the initial load eccentricity (

nP e ), 2nM is the secondary moment obtained from the lateral displacement (i.e., the second-order effect) (

, .n L midP  ), and nM  is the total bending moment capacity of the tested columns corresponding to the peak load 

( 1 2n nM M+ ). All columns were cast with 1,500 mm in height and 305/113 mm in outer/inner diameters (

. ./out inD D ). 

7.3.3 Instrumentation 

A total of six electric strain gauges were installed on the GFRP bars and concrete surface to 

record the specimens’ responses, as shown in Figure 7.1. Four 6-mm strain gauges were 

attached to the outermost GFRP longitudinal bars: two in the compression side and two in the 

tension side. Two 60-mm strain gauges were fastened on the exterior surface of the concrete 

on the compression side. All strain gauges were fixed to the specimens at midheight, where the 

highest compression and tension strains were predicted. To monitor the lateral displacement, 

three linear potentiometers (LPOTs) were horizontally fixed at the mid- and quarter-height 

levels on the tension side (see Figure 7.2 (b)). Besides, two linear potentiometers (LPOTs) were 

installed vertically between the lower loading platen and the upper fixed platen to record the 

load-deformation response. All instruments (strain gauges and LPOTs) were connected via 

channels to a data acquisition system to continuously monitor the specimen responses during 

the test. 
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7.3.4 Test Setup and Procedure 

Two different test setups were conducted using a 6,000 kN capacity Forney machine at the 

University of Sherbrooke to evaluate the behavior of GFRP-RC hollow columns. Figure 7.2(a) 

shows the GFRP RC hollow columns under pure axial compression loading (i.e., the 

concentrically loaded specimens). Two rigid steel collars were clamped to the test specimen at 

its top and bottom ends to generate adequate confinement stress, thereby preventing any 

premature failure due to stress concentration. Figure 7.2(b) illustrates the second test setup for 

the eccentrically loaded specimens. A 50-mm prefabricated roller bearing was bolted on each 

collar to release the in-of-plane rotation as knife-edge support generating the required 

eccentricity level. The primary bending moment capacity was computed by multiplying the 

applied load, 
nP , and the eccentricity distance, e , from the centerline of the machine to the 

column centerline. Before installing the steel collars, a thin layer of self-leveling cementitious 

grout (20 mm) was cast on the columns’ top ends to ensure specimen verticality and uniform 

distribution of the applied load.  Once a column had been prepared, it was placed and adjusted 

in the center of the Forney machine to ensure that the machine’s center of loading coincided 

with the center of the roller bearing. The loading rate was kept constant at 1.0 kN/s during 

testing. 

 

Figure 7.2 Test setup: (a) concentrically loaded columns; and (b) eccentrically loaded 

columns. 
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7.4 Experimental Results and Discussion  

7.4.1 Column Strength and Observed Failure Mechanism 

The level of eccentricity applied had a significant influence on the failure mechanisms of the 

tested columns greater than the longitudinal reinforcement ratio, as presented in detail in the 

succeeding sub-sections. 

Figure 7.3(a) shows the various stages of the failure mechanism for the benchmark columns 

(HC-8G-0 and HC-12G-0) tested under pure axial loading (i.e., zero eccentricity). At the initial 

stage, the columns exhibited stiff response up to cracking, which coincided with approximately 

85 to 92% of the peak load. This behavior was identical for both columns up to the cracking 

load, regardless of the longitudinal reinforcement ratio, revealing that the initial stiffness was 

solely dependent on the concrete compressive strength. The concrete cover started to spall off, 

associated with the load increased until the ultimate load-carrying capacity, nP . Meanwhile, a 

sharp increase in strain was observed in the longitudinal GFRP bars. columns HC-8G-0 and 

HC-12G-0 peaked at 2,380 kN and 2,500 kN, respectively, as indicated in Table 7.2. Further 

loading resulted in complete spalling of the concrete cover with a consequential increase in the 

load demand on the inner core that was confined by the GFRP continuous spirals. 

Subsequently, the load dropped due to the compressive fracturing of the longitudinal GFRP 

bars. Figure 7.3(a) illustrates the crack appearance at the different load phases up to and beyond 

column failure. To sum up, the failure of columns tested under concentric loading was 

considered as a compression‐controlled failure caused by the concrete crushing, followed by 

the fracturing of the GFRP longitudinal bars.  

The typical failure cracks in the columns tested at various eccentricities can be seen from the 

three major perspectives: compression side, side view, and tension side, as shown in Figure 

7.3(b). The failure of the columns tested under eccentric loading can be classified as less brittle 

as to nearly ductile based on the eccentricity level ranging from 8 to 66%. In addition, the 

eccentricity level controlled the cracking behavior of the tested column. For eccentricity-to-

outer diameter ratio ./ oute D  of 8%, low eccentricity, and 16%, medium eccentricity, vertical 

cracks were noticed first in the compression side at midheight, followed by horizontal cracks 

in the tension sides. On the other hand, the lateral tension cracks started and distributed along 

with the column’s height at the high eccentricity of 33% and extreme eccentricity 66% levels, 
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after which the vertical compression cracks were then observed. Compression and tension 

cracks propagated and widened during the applied load increased. Then, considerable concrete 

cover spalling was observed, followed by the fracturing of the GFRP longitudinal bars 

depending on the eccentricity level used, as illustrated in Figure 7.3(b). It is worth noting that 

increasing the eccentricity ratio from 8 to 66%, resulted in a significant increase in the number 

of cracks. Figure 7.4 shows the tested columns at failure. 

 

Figure 7.3 Failure mechanism: (a) GFRP-RC hollow specimen under concentric loaded; and 

(b) GFRP-RC hollow specimen under eccentric loaded (e.g., HC-8G-33). 
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Figure 7.4 Failure modes: (a) columns with 8 GFRP bars No. 5; and (b) columns with 12 

GFRP bars No. 5. 

7.4.2 Axial-displacement Response  

Figure 7.5 shows that the initial stiffness was significantly decreased with each increase of the 

load eccentricity level, which occurred regardless of the longitudinal reinforcement ratios. The 

tested columns behaved in an ascending linear branch up to the cracking of the concrete, which 

is initiated roughly at 83 to 90% of their peak loads. Once the cracks began to propagate and 

widen, a gradual decrease of the stiffness was observed to develop a nonlinear ascending 

branch up to the ultimate capacity. Columns HC-8G-8, HC-8G-16, HC-8G-33, and HC-8G-66, 

peaked at 1,950 kN, 1,550 kN, 770 kN, and 330 kN, respectively, as listed in Table 7.2. These 

values correspond to 18, 35, 68, and 86% reduction, respectively, in their peak loads compared 

to the benchmark column HC-8G-0 tested under concentric load. The percentage degradation 

of strength for the eccentric loaded columns at a certain eccentricity distance was determined 

by dividing their peak loads, eP , by the peak load of concentrically loaded columns, .concP , and 

subtracted from the unity [%degradation = .1 ( )e concP P− ]. Similar behavior was observed for 

the columns in series II. The load-carrying capacities of columns HC-12G-8, HC-12G-16, HC-

12G-33, and HC-12G-66 were 2,000 kN, 1,550 kN, 930 kN, and 420 kN, respectively which 
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corresponds to a capacity reduction of 20, 38, 63, and 83% compared to the peak load of the 

reference specimen counterparts HC-12G-0. These ratios of the degradation in column capacity 

are consistent with the findings of Hadhood et al. (2017a) and ElMessalami et al. (2021). After 

the peak load, Figure 7.5 shows that the rate of strength decay owing to the concrete cover 

spalling decreased as the ratio of 
./ oute D  increased. It also shows that the load after the strength 

decay was maintained constant, whereas the axial deformation increased linearly up to the 

fracture of the GFRP bars, which coincides with the high GFRP bars and spirals strains 

recorded (see the following section). On the other hand, no evidence of rupture in the GFRP 

spirals or buckling in the GFRP bars was reported during the test, either in the concentrically 

or the eccentrically loaded columns. 

    

   

Figure 7.5 Axial load and axial displacement responses. 

7.4.3 Lateral-displacement Response  

LPOT was fastened at the column midheight to measure the lateral displacement , .L mid  for the 

eccentrically loaded columns to determine the applied secondary moment. Figure 7.6 shows 

variations of applied load with midheight lateral-displacement curves for the tested columns.  

In general, the initial lateral stiffness decreased with increasing eccentric load. For the columns 

subjected to eccentricity levels of 8, 16, and 33%, an almost linear response was observed, 

while a bilinear response for columns with extreme eccentricity level of 66%. A slow rate of 

lateral displacement growth was noticed, developing a linear ascending branch up to the 

microcracks that appeared at an average load level of 83% of their peak loads for all tested 

columns. Due to the crack propagation, a nonlinear curve accompanied by degradation of 

lateral stiffness was observed until the ultimate load-carrying capacity, followed by 
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progressively raised midheight lateral displacement after the peak load. Table 7.2 lists the 

maximum recorded lateral displacements were 3.2, 5.3, 8.0, and 13.7 mm for columns HC-8G-

8, HC-8G-16, HC-8G-33, and HC-8G-66, respectively, while 3.2, 5.8, 9.4, and 14.5 mm for 

the counterpart columns in series II; HC-12G-8, HC-12G-16, HC-12G-33, and HC-12G-66, 

respectively. It can be noted that the higher lateral displacement values correspond to the higher 

eccentricity levels. Increasing the lateral displacement increases the secondary moment effect 

(i.e., P −  effect), resulting in an additional bending moment plus the primary moments due to 

the eccentricity (refer to Table 7.2). 

 

Figure 7.6 Axial load and lateral displacement responses at column midheight. 

7.4.4 Neutral-Axis (NA) Depth and Strain Profile 

Figure 7.7 provides the variation in NA depths with the total bending moment generated for 

the columns tested under different eccentricity levels. The distance, c , between the NA position 

and the extreme compression fiber was determined using the experimental test results of strain 

gauges mounted on the outermost longitudinal bars and the concrete surface. Firstly, the NA 

depth extends into infinity for the concentrically loaded columns HC-8G-0 and HC-12G-0, 

which are affected by uniform compressive stresses. Before concrete cover cracking for the 

columns loaded under low eccentricity levels (8 and 16%) suffered from a minimal amount of 

bending moment, the NA remained located in many different positions but outside the cross-

section (i.e., / 1c d  ). As the bending moment increased, the concrete cover cracked and started 

to spall off, resulting in the NA depths initially decreasing and migrating inside the column 

cross-section (i.e., the /c d  ratio is about 90%), then approximately steadying up to 

failure. Where most of the column cross-section is subjected to compressive stresses, the 
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amount of longitudinal reinforcement bars is transformed into an equivalent concrete area. 

Therefore, the NA depth for the columns in series II reinforced with 12 GFRP bars is higher 

than their counterpart columns in series I with 8 GFRP bars. In contrast, the NA depth for 

columns tested under high eccentricity levels of 33 and 66% rapidly moved toward inside the 

column cross-section, where the ratio of /c d  varies from 30 to 53%. As shown in Figure 

7.7(a), the NA depths for the columns HC-8G-66 and HC-12G-66 are nearly identical 

regardless of the longitudinal reinforcement ratio. Since about two-thirds of cross-sections 

become cracked sections because of high tensile stresses, resulting in the same size of the 

concrete compressive-block volume and the inertia of the longitudinal bars is useless. Figure 

7.7(b) emphasizes the position of the NA at the ultimate load-carrying capacity as well as the 

corresponding strain gradient along the column cross-section. The experimental strain 

responses of all tested columns will be discussed in detail in the following sections. 

 

Figure 7.7 Neutral-axis depth variations: (a) total moment versus neutral-axis depth; (b) 

strain gradient at the ultimate load-carrying capacity for series I and II. 

7.4.5 Column Strain Behavior 

7.4.5.1 Axial-longitudinal GFRP Bar Strain Responses 

Figure 7.8 depicts the profiles for the applied axial loads with the axial strains of the outermost 

bars on the compression and tension sides for all tested columns at midheight, where ultimate 

bending stresses were anticipated. It is noteworthy to mention that the maximum recorded 

strains in the longitudinal bars and concrete were approximately equal. Consequently, no signs 

of slippage were noticed between the sand coated GFRP bars and the surrounding concrete due 
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to the good bond strength. This also emphasized the contribution of the GFRP bars to ultimate 

capacity in the compression members. The GFRP longitudinal bars on both tension and 

compression sides after the concrete cover started to spall off developed high axial strains to 

equilibrate axial forces on the section (i.e., strain compatibility principles) and increase 

secondary bending moment meanwhile with the progressive degradation of the concrete 

compressive block. 

 

Figure 7.8 Applied load versus axial-longitudinal bar strain. 

At the initial phase, the recorded compression and tension bar strains exhibited a linear 

behavior until the initiation of microcracks or flexural-tension cracks, respectively. Following 

that, a nonlinear behavior was observed up to the peak load. The columns HC-8G-0 and HC-

12G-0 experienced uniform compressive stresses due to the concentrically loaded. The 

maximum measured strains at the peak load for HC-8G-0 and HC-12G-0 were –0.00335 and –

0.003 mm/mm, respectively, which approached 14 and 13% of the ultimate tensile strain in the 

GFRP straight bars 
fu , as provided by the manufacturer. It is worth noting that the level of 

compressive strain in all longitudinal GFRP bars exceeds the allowable strain of 0.002 mm/mm 

recommended in CSA S06 (2019) to compute the contribution of GFRP bars to axial capacity. 

A significant increase in the confining pressure on the concrete core due to the rapidly spalling 

of the concrete after the peak load, yielded the fracturing of the GFRP longitudinal bars, as 

shown in Figures 7.3 and 7.4. After the peak load, the response of the GFRP bars in the hollow 

RC columns resisted the applied load up to failure despite the concrete cover spalling by 

generating confining pressure on the concrete core. Lastly, the ultimate compressive strains 

measured in the GFRP bars at failure were ranged from 0.0039 and 0.0071 mm/mm, which 

were 16 to 29% of 
fu . 
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The columns HC-8G-8 and HC-12G-8 at the peak load were subjected to non-uniform 

compressive stresses distributed on the entire cross-section under low eccentricity loading, 

where the neutral axis’s position was outside the section (i.e., / 1c d  ) (refer to Figure 7.7(b)). 

The strains on the compression side in the outermost bars for HC-8G-8 and HC-12G-8 were 

recorded at –0.0036 and –0.0028 mm/mm, respectively, (15 and 12% of the 
fu ). While on the 

tension side, the measured strains were minimal at –0.00097 and –0.00075 mm/mm, 

respectively.  The neutral axis was relocated from the outside and entered the cross-section 

towards the tension side attributable to the concrete cover spalling after the peak load changed 

the section properties leading to augmentation of the bending stresses on both sides. 

Consequently, the strains in the outermost bars on the compression side progressively increased 

until the failure, while on the tension side, the strains flipped from compression to tension. The 

maximum recorded bar strains at failure for columns HC-8G-8 and HC-12G-8 were –0.015 

and –0.011 mm/mm on the compression side and 0.0058 and 0.0033 mm/mm, the 

corresponding strains on the tension side, respectively. 

Most of the columns’ section loaded under medium eccentricity loading HC-8G-16 and HC-

12G-16 were subjected to compressive stresses, and the residual portion exposed to tensile 

stresses. The ( /c d ) obtained from the experimental investigation at the peak load for these 

columns was 93% (refer to Figure 7.7(b)). The average measured strains on the compression 

side in the outermost bars for HC-8G-16 and HC-12G-16 were –0.0037 mm/mm, about 15% 

of the 
fu , and on the tension side, the measured strains were minimal at 0.00025 and 0.00003 

mm/mm, respectively. After the peak load, as described before, a shift of the sectional centroid 

was similarly observed due to the concrete spalling, resulting in a continuously increased in 

the compressive and tensile strains beyond the failure. The ultimate tensile bar strains for HC-

8G-16 and HC-12G-16 were 0.009 and 0.0053 mm/mm, and the corresponding compressive 

strains were 0.017 and 0.014 mm/mm, respectively.  

In like manner, at the peak loads, the columns HC-8G-33 and HC-12G-33 tested under high 

eccentricity loading recorded maximum bar strains at –0.0029 and –0.00365 mm/mm; and 

0.0032 and 0.0033 mm/mm on the compression and tension side, respectively. The measured 

tensile strains were augmented compared with the columns loaded under low eccentricity, 

where almost one-half of the cross-section were subjected to tension stresses (i.e., /c d  of 48 

and 53% for HC-8G-33 and HC-12G-33, respectively) (refer to Figure 7.7(b)). At failure, the 
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ultimate compressive were 0.018 and 0.017 mm/mm and the corresponding tensile strains were 

0.016 and 0.014 mm/mm for HC-8G-33 and HC-12G-33, respectively.  

In reference to Figure 7.7(b), almost one-third of the cross-section, i.e., /c d  of 33 and 29%, 

for columns HC-8G-66 and HC-12G-66, respectively, loaded at extreme eccentricity loading 

was affected by compressive stresses, and the remaining part was subjected to tensile stresses. 

The maximum recorded bar strains were –0.0029 and –0.0025 mm/mm on the outermost bars 

on the compression side; and 0.006 and 0.0061 mm/mm on bars on the tension side for HC-

8G-66 and HC-12G-66, respectively. At the failure of tested columns, the ultimate compressive 

measured strains were 0.004 (Note: the strain gauge was damaged) and 0.015 mm/mm, and 

the corresponding tensile strains recorded were 0.007 and 0.012 mm/mm for HC-8G-66 and 

HC-12G-66 before the damage of strain gauges, respectively. 

7.4.5.2 Concrete Compressive Strain Responses 

The maximum measured compressive concrete strains in all tested columns varied from 0.0029 

to 0.0043 mm/mm at ultimate load-carrying capacity, as illustrated in Figure 7.9. It was 

observed that the higher recorded concrete strains corresponded to columns that were 

reinforced with the highest longitudinal reinforcement ratios. These results mean that the 

longitudinal bars assisted the concrete in carrying the load and the concrete failed only when 

the crushing failure in the bars was initiated. The concrete strains exceeded the theoretical value 

 o  defined by Popovics (1973), which is the concrete strain corresponding to the maximum 

concrete strength in compression varies from 0.0019 to 0.0025 mm/mm for normal strength 

concrete. On the other hand, these strain values were greater than the maximum concrete 

compressive strain cu  assigned at 0.003 mm/mm in ACI 440 (2022) and 0.0035 mm/mm in 

CSA S806 (2017) design codes. This can be attributed to the concrete crushing was the 

predominant failure mechanism for the tested columns, as evidenced by the measured concrete 

strains at peak loads. In addition, the failure modes were controlled by the assigned limits of 

the concrete strain in compression due to the high GFRP longitudinal bars’ ultimate tensile 

strain cu  of 2.4% limitation. The first failure mode of the columns loaded at high and extreme 

eccentric loading might be described as a flexural-tension failure due to the extreme lateral and 

axial deformations and the visible wide cracks on the tension side. Followed by concrete 

crushing and stability failure occurred because the recorded strains exceeded the provided 

limits. 
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Figure 7.9 Applied load versus concrete compressive strain. 

7.5 Theoretical Development of Load-moment (P-M) 

Interaction Diagrams 

Non-dimensional P M−  interaction diagrams for GFRP hollow concrete columns were 

determined by using the section analysis as dependent on the ultimate strength condition, strain 

compatibility principles, and equilibrium of internal forces, as shown in Figure 7.10, and 

according to the design code provisions for the CSA S806 (2017) and CSA S06 (2019).  

 

Figure 7.10 Cross-sectional analysis. 

The almost equal maximum measured strains in the GFRP longitudinal bars and adjacent 

concrete can be attributed to the perfect bonding strength exists between the GFRP bars and 

the surrounding concrete at the interface. Thus, the assumption that the plane sections before 

loading remain plane after loading, and the concrete strain is the same as the strain of GFRP 

longitudinal bars seems valid. In addition, the following design assumptions were considered: 
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(i) strains in GFRP bars and concrete are proportional to the distance from the neutral axis; (ii) 

the maximum compressive strains, cu , at the extreme concrete fiber is equal to 0.0035 mm/mm; 

(iii) the concrete tensile strength in flexure calculations is neglected; (iv) the maximum design 

tensile strain of GFRP bars, 
tfd , is equal to [min (0.01, 

fu (is the ultimate bare-bar rupture 

strain)), as given by Zadeh and Nanni (2013)]; (v) the compressive modulus of elasticity of the 

GFRP bars is equal to the tensile modulus of elasticity as found by AlAjarmeh et al. (2019c); 

(vi) the GFRP bars and concrete resistance factors are both assigned to unity; and (vii) the 

equivalent rectangular stress block dimension (ERSB) can be specified by '

1 cf  in width and 

1a c=  in height. The 1  and 1  can be calculated according to CSA S806 (2017), as given by 

Eqns. (7.1) and (7.2), respectively. 

'

1 0.85 0.0015 cf = −  where 
10.67 0.80                                                                        (7.1)  

'

1 0.97 0.0025 cf = −   where 
10.67 0.90                                                                       (7.2)  

 

Figure 7.11 P-M interaction diagram flowchart. 
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Figure 7.11 presents a flowchart given the outlined basic procedures to develop the P M−  

interaction diagram. These procedures can be repeated for many different strain gradients and 

various neutral-axis depths, generating a large number of design charts for a practical range of 

the targeted parametric study. The normalized interaction diagrams obtained from the 

experimental (see Figure 7.12) and theoretical investigations (see Figures 7.15 to 19) were 

developed. In detail, the following part provides an explanation for the driven formulae 

employed in this study, concerning the internal-forces, NA depth, properties of area at each 

point on the curve of interaction diagram. Changing the eccentricity load level generates 

several column performances and stress distribution on the column cross-section. Five 

characteristic points are suitable for use in the determination of the interaction diagrams based 

on the position of axial force, nP , and its eccentricity distance from the cross-section centroid, 

e . These points are known as: 

• Point (I) pure axial compression load and zero bending moment where the entire cross-

section is subjected to a uniform axial compressive strain (i.e., the NA depth is infinity). 

The nominal axial capacity can be determined herein (a) as per Eq. (7.3) by disregarding the 

contribution of GFRP longitudinal bars-to-column capacity, and (b) as per Eq. (7.4) by 

assuming that the strain in the GFRP bars is equal to 3,500  , the same as the maximum 

compressive strain in concrete. 

'

1 ( )n c g frpP f A A= −                                                                                                              (7.3) 

'

1 ( ) 0.0035n c g frp frp frpP f A A E A= − +                                                                                     (7.4) 

• The following equations [Eqns. (7.5) to (7.8)] can be used to calculate the nominal axial, nP

, and bending moment capacities, 
nM , for the other points; Point (II) compression with 

minor bending, point (III) inflection point (balanced failure point), point (IV) tension-

controlled failure, and point (V) pure bending moment and zero axial compression load. 

Similarly, these axial forces and moments can be calculated in two cases: disregarding and 

considering the contribution of GFRP longitudinal bars in compression: 

a) Disregarding the contribution of GFRP longitudinal bars in compression (ACI 440 2022; 

CSA S806 2017): 

'

1 ,

1

nt

n c ce frp t frp frp

t

P f A E A 
=

= −                                                                                               (7.5) 
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'

1 , .

1

( )
nt

n c ce ce frp t frp frp t out

t

M f A y E A d r 
=

=  −                                                                        (7.6) 

b) Considering the contribution of longitudinal bars in compression (ACI 318 2019; CSA 

A23.3 2019a): 

'

1 , ,

1 1

nc nt

n c ce frp c frp frp frp t frp frp

c t

P f A E A E A  
= =

= + −                                                                     (7.7) 

'

1 , . , .

1 1

( ) ( )
nc nt

n c ce ce frp c frp frp c out frp t frp frp t out

c t

M f A y E A d r E A d r  
= =

=  −  −                             (7.8) 

Based on the similar triangles in the strain distribution by referring to Figure 7.10, 
,frp c and 

,frp t  can be calculated as follows: 

,
c

frp c cu

c d

c
 

− 
=  

 
 and ,

t
frp t cu

d c

c
 

− 
=  

 
                                                                         (7.9) 

. cos  ( / 2)c t out bard d r r = = −                                                                                              (7.10) 

. ( 2)bar out c sp br r x d d= − − −                                                                                                  (7.11) 

where ( / 2) is the angle in degrees, measured from the y -axis to the center longitudinal bar; 

  can taken by ( 360 / barN =  ). For the hollow circular cross-section, particularly, the ceA  

and cey  are affected by the variation of the NA position, which could be in the solid or hollow 

portion. They can be computed as follows:  

For case (1): 
. .

( )
out in

a r r−  

2 2

. .

1 1
( sin ) ( sin )

2 2
ce out in

A r r     
   

= − − − − −   
   

                                                        (7.12) 

3 33 3

. .

2 2

. .

sin sin
2 2 2

1 13
( sin ) ( sin )

2 2

out in

ce

out in

y
r r

r r

 

     

−
=

   
− − − − −   

   

                                                      (7.13) 

For case (2): 
. .

( )
out in

a r r−  

2

.

1
((2 ) sin(360 ))

2
ce out

A r  
 

= − − − 
 

                                                                              (7.14) 
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3

. sin (180 )
4 2

3 ((2 ) sin(360 ))

out

ce

r

y



  

−

=
− − −

                                                                                        (7.15) 

where ( / 2)  and ( / 2)  are the angles in degrees, measured from the y -axis (see Figure 7.10), 

which can be calculated as follows: 

.

.

cos  ( / 2) out

out

a r

r


−
=  and 

.

.

cos  ( / 2) out

in

a r

r


−
=                                                                   (7.16) 

Finally, the general formulae of normalized axial force factor, nK , and the normalized bending 

moment factor, 
nR , were given as follows: 

'
=



n
n

g c

P
K

A f
                                                                                                                       (7.17) 

'

.

=
 

n
n

g c out

M
R

A f D
                                                                                                             (7.18) 

The total experimental bending moment capacity of the tested specimens, 
nM , comprised of 

the primary bending moment, 
1nM , and the secondary bending moment, 2nM , as given by 

Eqns. (7.19) and (7.20).  

1 = n nM P e                                                                                                                      (7.19) 

2 , .n n L midM P =                                                                                                              (7.20) 

7.5.1 Experimental-to-Predicted Interaction Diagrams 

Figure 7.12 presents the normalized knee-shaped load-moment ( −P M ) interaction diagrams 

obtained from the experimental and theoretical analyses for the tested columns by disregarding 

and considering the bar contribution in compression. Disregarding the contribution of 

longitudinal GFRP bars underestimated the theoretical column capacities compared to the 

experimental test findings, resulting in a significant variation of approximately 29%, while a 

16% average margin when considering the bars’ contribution. The test results showed higher 

experimental bounds than the theoretical ones. Consequently, the axial load and moment 

capacities can be predicted safely based on the above-mentioned theoretical analysis. These 

difference ratios were in good agreement with the test results for the solid square and circular 
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RC columns conducted by Hadhood et al. (2017c); Elmesalami et al. (2021). A considerable 

drop in the variation ratio was further observed for the columns loaded under high and extreme 

eccentricity levels of 33 and 66%. This could be attributable to the position of the neutral axis, 

which moved inside the cross-section, leading to a reduction in the compression zone. At these 

levels, approximately 55 to 75% of the column's cross-section was exposed to tensile stresses. 

Thus, in both scenarios—regardless of whether the contribution of GFRP longitudinal bars was 

considered or not—the impact of the bar contribution in compression to the column's axial-

moment capacity will be insignificant. 

 

Figure 7.12 Experimental and theoretical interaction diagrams: (a) columns with 8 GFRP 

bars No. 5; and (b) columns with 12 GFRP bars No. 5. 

7.5.2 Moment–Curvature Responses (
exp .

/
n

M  ) 

Figure 7.13 illustrates the experimental moment-curvature relationships for the tested hollow 

RC columns. The experimental curvature values, 
exp. , were determined by dividing the 

summation of the outermost GFRP longitudinal bars strain readings on the tension and 

compression sides at a certain load level by the distance between their centroids ( bard  = 198.70 

mm for series I: 8 bars No. 5 & 207.80 mm for series II:12 bars No. 5), as per Eq. (7.21).  

exp.
t c

bard

 


+
=                                                                                                                  (7.21) 

It is noteworthy that the 
exp./nM   relationships for the GFRP-RC hollow columns behaved 

similarly to the general moment-curvature behaviors of steel-RC columns. To further clarify, 
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the typical 
exp./nM   curves comprise the following three distinct regions: (1) uncracked zone: 

the entire concrete cross-section was uncracked, as the applied moment increased, the curvature 

progressed linearly started from the origin (i.e., zero moment and zero curvature) up to the 

cracking moment crM ; (2) cracked zone: the concrete started to crack at the crM  and moved 

into a cracked linear response region until the ultimate moment; (3) inelastic response zone: 

the concrete cross-section had a nonlinear behavior after the peaks. It can be noted that the 

damage caused to the strain gauges resulted in not determining the column curvature after peak 

moments, as shown in specimens HC-8G-66. The 
exp.  at the ultimate moment varied from 

0.0023 / bard  to 0.0082 / bard  for the tested columns. These values are consistent with the test 

results found for the GFRP-, CFRP-, and BFRP-RC solid columns conducted by Hadhood et 

al. (2018). 

 

Figure 7.13 Experimental moment curvature relationships (Mn – ψexp.): (a) columns with 8 

GFRP bars No. 5; and (b) columns with 12 GFRP bars No. 5. 

7.5.3 Experimental Secant Stiffness at Various Load Levels  

The flexural stiffness is known as the strength offered by the member against bending moment 

depending on their modulus of elasticity, E , and the moment of inertia, I . It considers further 

the index of the degree of cracking. In the post-cracking stage, the effective flexural stiffness, 

secEI , is one of the most important characteristics that significantly influences the force 

contribution of members in a RC structure. Thus, secEI  was determined to investigate the 

impact of varying the applied axial load and eccentricity levels. Figure 7.14 depicts the 

variation between the effective flexural stiffness to the gross flexural stiffness ratios, 

sec exp.( ) / c gEI E I  [Eq. (7.22)], at a certain NA depth measured from the extreme compressive 

concrete fiber and axial-load ratio 
exp.( ) /n oP P , at different eccentricity levels 

./ oute D . For the 
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tested columns, secEI , was computed by dividing the bending moment, 
nM , by the 

corresponding curvature, 
exp. .  

Proposed by Khuntia and Ghosh (2004); 
sec exp. exp.

'

( )

4,500

n

c g c g

EI M

E I f I


=                                    (7.22) 

Figure 7.14 demonstrates that the trend of the relative stiffness of the tested columns decreased 

by increasing the axial-load ratio and the eccentricity load level. The ratio of 
sec exp.( ) / c gEI E I  

were maximum in the early loading stages (i.e., uncracked zone) until the initiation of the 

cracks. Sequential, with further loading, the applied eccentricity increased, the concrete cracks 

began to propagate and enlarge, resulting in decreased effective flexural stiffness. The higher 

the 
./ oute D  ratio, the higher the degradation of the secEI  leading to augmenting total number of 

lateral tension cracks (i.e., the spacing between cracks decreased) and significantly increasing 

crack widths, as shown in Figure 7.4. For instance, the 
sec exp.( ) / c gEI E I  for columns loaded under 

high, 33%, and extreme, 66%, eccentricity load levels exhibited a considerably steeper trend 

than the corresponding columns with 
./ oute D = 8 and 16%. 

 

Figure 7.14 Influence of (Pn)exp./Po and e/Dout. on the experimental relative stiffness 

(EIsec)exp./EcIg at various load levels: (a) columns with 8 GFRP bars No. 5; and (b) columns 

with 12 GFRP bars No. 5. 

7.6 Parametric Studies  

This section focuses on a parametric investigation carried out to study the behavior of GFRP-

HCCs and to enrich the research database with numerous load-moment interaction diagrams 

developed. The parameters were deemed for their effects on the −P M interaction diagram, as 

follows:  
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7.6.1 Influence of Column Design Parameters on HCC Behavior 

7.6.1.1 Inner-to-Outer Diameter Ratio (
. .
/

in out
D D ) 

One of the most significant factors influencing the structural behavior of GFRP-RC columns 

is the impact of the inner-to-outer diameter ratio (
. ./in outD D ). Therefore, a family of interaction 

diagrams was plotted in terms of disregarding and considering the compression contribution of 

GFRP longitudinal bars with an inner-to-outer diameter ratio (
. ./in outD D ) sequential increment 

of solid, 0.10, 0.20, 0.30, 0.37, 0.46, and 0.55, as shown in Figure 7.15. An appreciable effect 

was observed on the resulting axial and moment resistances at the lower load eccentricity 

levels, where the cross-section of the column—approximately, the /c d  varied from 70% to 

100%—was exposed to compressive stresses. Increasing the applied eccentricity led to 

relocating the NA position towards the tension side—the /c d  was roughly less than 45%, 

attributable to reducing the compression zone and diminishing the influence of this 

parameter. Regardless of the 
. ./in outD D  ratio, the nominal axial and moment capacities at the 

high 33%, extreme 66% eccentricity levels, and pure flexure capacities were nearly equal in 

both scenarios. As formerly mentioned, this can be explained because as the eccentricity level 

gradually increased, the neutral axis migrated into the cross-section, leading to a gradual 

decrease in the size of the concrete compressive-block volume. Consequently, the contribution 

and effect of the area of the concrete cross-section on the column capacity decreased. In other 

words, the parametric investigation indicated that the GFRP-RC hollow columns exhibited 

similar structural performance compared with the counterpart GFRP-RC solid column, 

particularly at the higher eccentricity levels. For instance, the GFRP-RC hollow columns with 

. ./in outD D = 0.37 attained –13, –12, and –10% lower normalized axial and moment capacities at 

concentric, low 8%, and medium 16% eccentricity levels, respectively, than the theoretical 

findings of their corresponding solid columns. On the other hand, the resulting strengths were 

nearly similar at pure flexure, high 33%, and extreme 66% eccentricity levels. Accordingly, 

this result highlights the benefits of replacing hollow reinforced concrete columns in place of 

solid columns, which improve the structural efficiency (i.e., higher stiffness-to-weight and 

strength-to-weight ratios). 
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Figure 7.15 Influence of inner-to-outer diameter ratio on the P-M interaction diagram: (a) 

disregarding the GFRP bar contribution; and (b) considering the GFRP bar contribution. 

7.6.1.2 Longitudinal Reinforcement Ratio 

Figure 7.16 depicts the influence of increasing longitudinal reinforcement ratio, l , for the 

hollow columns reinforced with 6, 8, and 12 bars in configuration. The l  varies from 0.70% 

to 12.30% as a function of the bar size of #3, #4, #5, #6, #7, #8, and #9 [nominal bar area 
bA

= 71, 129, 199, 284, 387, 510, and 645 mm2, respectively]. Predictably, in the first scenario, 

which disregards the compression contribution of GFRP longitudinal bars, the l  had no effect 

on the columns’ axial and flexural strengths loaded at concentric, low, and medium eccentricity 

levels, as shown in Figure 7.16 (a). On the other hand, the influence of l  increased gradually 

at the higher eccentricity levels (i.e., at 33%, 66%, and pure flexure loading) due to most of the 

column cross-section being subjected to higher tensile stresses. Conversely, in the second 

scenario, the amount of longitudinal reinforcement bars influences the axial and flexural 

capacities of columns regardless of the eccentricity level. Regarding the configuration of 

longitudinal bars, employing 12 longitudinal bars rather than 6 or 8 bars resulted in a wide 

range of difference ratios between the interaction diagrams, as illustrated in Figure 7.16 (b). It 

is obvious that this parameter has a significant impact in the flexure test zone. For example, 

increasing the longitudinal reinforcement ratio from 12 bars #4 ( l  = 2.5%) to 12 bars #6 ( l  

= 5.4%), improved the nominal pure axial compression and pure bending moment capacities 

of the hollow columns by 15 and 41%, respectively. Finally, it is worth mentioning that the bar 
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strain on the tension side in the whole investigation did not exceed the maximum design tensile 

strain of GFRP bars, 
tfd , which was notified by Zadeh and Nanni (2013). 

 

 

 
         (a)                                                                           (b) 

Figure 7. 16 Influence of longitudinal reinforcement ratio on the P-M interaction diagram: 

(a) disregarding the GFRP bar contribution; and (b) considering the GFRP bar contribution. 
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7.6.1.3 Considering-to-Disregarding Bar Contribution in Compression 

In recent years, valuable studies have attempted to assess the contribution of longitudinal GFRP 

bars to the ultimate capacity of the columns. However, design codes and guidelines, including 

ACI 440 (2022) and CSA S806 (2017), either prohibit using FRP reinforcement in compression 

members or ignore their contribution to column capacity, respectively. This can be explained 

by the fact that (1) there is no clear standard test approach available for determining the 

compressive performance of FRP longitudinal bars and (2) the compressive modulus of FRP 

bars is low because of the micro buckling of interior fibers during testing under axial 

compression loading, resulting in premature fracture of the FRP longitudinal bars. Therefore, 

the current study seeks to investigate the effect of two scenarios by disregarding and 

considering the bar contributions due to the utmost significance of this parameter, as shown in 

Figure 7.17. It is obvious that disregarding the contribution of GFRP longitudinal bars in 

compression underestimated the axial load and bending moment capacities of the HCC for all 

the parametric investigations conducted in this study. A 15, 13, 12, 8, and 5% greater in column 

axial resistances were observed at different eccentricity levels ./ oute D of concentric, 8, 16, 33, 

and 66%, as an example, for the columns reinforced with 8 GFRP #5, l of 2.5%, and '

cf  of 35 

MPa. The higher the longitudinal reinforcement ratio, the larger the gap between the two 

scenarios, as can be seen in Figure 7.17. 

  

Figure 7.17 Influence of considering-to-disregarding bar contribution in compression. 
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7.6.1.4 Longitudinal Reinforcement Type 

The impact of longitudinal reinforcement type was studied by using a set of four different 

commonly commercial longitudinal bars with their mechanical properties: (1) steel ( yf = 460 

MPa and sE = 200.0 GPa); (2) GFRP ( fuf = 1,289 MPa and GFRPE = 54.9 GPa); (3) BFRP ( fuf

= 913 MPa and BFRPE = 45.9 GPa); and (4) CFRP ( fuf = 1,680 MPa and CFRPE = 141.0 GPa). All 

specimens had 8 bars and the same longitudinal reinforcement ratio l  of 2.5%. Figure 7.18 

presents that the resulting axial and moment strengths obtained from the use of steel bars were 

higher than the corresponding strengths from the other FRP bars. This can be explained by the 

fact that the FRP bars have a lower modulus of elasticity than steel bars leading to reduce axial 

stiffness. However, the variation ratios of the axial and moment capacities between the CFRP-

and steel-RC columns were diminished at the 66% extreme eccentricity level in the scenario 

that considers the contribution of FRP longitudinal bars in compression, as shown in Figure 

7.18 (b). Additionally, in the pure flexure region of the load-moment interaction diagram, the 

use of CFRP longitudinal bars achieved, 9% and 23%, higher pure flexure moment resistance 

than their steel counterparts for the disregarding and considering scenarios, respectively. This 

can be attributed to the superior tensile strength of the CFRP longitudinal bars, fuf  = 1,680 

MPa, which is 3.7 times more than the steel yield stress. 

 

Figure 7.18 Influence of longitudinal reinforcement type on the P-M interaction diagram: (a) 

disregarding the GFRP bar contribution; and (b) considering the GFRP bar contribution. 
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7.6.1.5 Concrete Compressive Strength 

 

 

 
         (a)                                                                           (b) 

Figure 7.19 Influence of compressive strength on the P-M interaction diagram: (a) 

disregarding the GFRP bar contribution; and (b) considering the GFRP bar contribution. 
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An incremental range of 25, 30, 35, 40, 50, 60, 70, and 80 MPa was selected to evaluate the 

influence of concrete compressive strength. Figure 7.19 shows that the axial load and moment 

capacities were significantly affected by changing the concrete compressive strength, 

particularly for columns loaded under 0% concentric, 8% low eccentricity, and 16% medium 

eccentricity. This could be attributed to the position of NA, where most of the column cross-

section —about, /c d  of 90%—was subjected to axial compression loading. Once the NA axis 

position was relocated and moved inside the cross-section —approximately, /c d  of 30%—for 

the columns exposed to 33% high eccentricity and 66% extreme eccentricity, resulting in 

diminishing the equivalent rectangular stress block. Consequently, the effect of compressive 

strength was considerably decreased. For instance, at the point of pure axial compression for a 

column reinforced with 8 GFRP bars No.5, increasing the concrete compressive strength '

cf  

from 35 MPa to 60 MPa enhanced the axial strength by 59% (refer to Figure 7.19). At the pure 

flexure loading point, however, the flexure moment capacity increased by 26%. These variation 

ratios are in a good agreement with that of the circular solid GFRP-RC columns conducted by 

Hadhood et al. (2017b) and (Karim et al. (2017). 

7.7 Conclusions 

This study presents detailed experimental and theoretical investigations on the concentrically 

and eccentrically performance of ten GFRP-RC hollow columns. The effect of critical design 

parameters such as level of eccentricities, inner-to-outer diameter ratio, amount of longitudinal 

reinforcement and concrete compressive strength was investigated. From the results, the 

following conclusions can be drawn: 

1. The failure of the hollow GFRP-RC columns subjected to concentric, low, and medium 

eccentric loading was compression controlled, induced by concrete-cover spalling, 

followed by the fracturing of the GFRP bars. In contrast, the hollow columns loaded 

under high and extreme eccentric loading exhibited flexural-tension failure attributable 

to the excessive axial and lateral deformations, resulting in further tensile cracks 

increasing the strains of concrete beyond the permissible limitations, which caused a 

secondary compression failure. 

2. Under the high levels of eccentricity (i.e., ./ oute D = 33 and 66%), the failure of GFRP-

RC hollow columns was not triggered by the fracturing in the compression side or the 

rupturing in the tension side of GFRP bars. The maximum recorded compressive- and 
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tensile-bar strains for all tested specimens yielded, on average, 3,200   and 1,700   

(13 and 7% of the fu , respectively) at the peak load, respectively, and approached 

12,000   and 7,250   (50 and 30% of the fu , respectively) prior to the failure or the 

test halted. 

3. The axial capacity of hollow concrete columns under eccentric loads decreases with the 

increase in load eccentricity. A 20, 37, 66, and 85% lower in the ultimate axial 

capacities were observed in the eccentrically loaded columns under 8, 16, 33 and 66%, 

respectively, compared to the corresponding columns tested under pure axial loading. 

4. Theoretical capacity of the GFRP-RC hollow columns with . ./in outD D = 0.37 attained –

13, –12, and –10% lower normalized axial and moment capacities at concentric, 8%, 

and 16% eccentricity levels, respectively, than their corresponding solid columns. 

While the resulting strengths were approximately similar for columns under 33%, 66%, 

and pure flexure loading. 

5. Disregarding the contribution of longitudinal GFRP bars, the longitudinal 

reinforcement ratio l  had no effect on the columns’ axial and flexural strengths loaded 

at concentric, low, and medium eccentricity levels. On the other hand, the influence 

increased gradually at 33%, 66%, and pure flexure loading eccentricity levels. 

6. The amount of l  considerably influences the axial and flexural capacities of columns 

by considering the bar compressive strength regardless of the eccentricity level. 

Increasing the l  from 12 bars #4 ( l  = 2.5%) to 12 bars #6 ( l  = 5.4%), improved the 

nominal axial and moment capacities of the hollow columns by 15 and 41%, 

respectively. 

7. Disregarding the contribution of longitudinal GFRP bars in compression 

underestimated the axial load and bending moment capacities of the HCC for all the 

parametric investigations conducted in this study. In addition, the higher the 

longitudinal reinforcement ratio, the larger the gap between the two provided scenarios.  

8. The axial and moment capacities for the steel-RC hollow columns were higher than the 

FRP-RC hollow columns counterparts, because the FRP bars have a lower modulus of 

elasticity than steel. However, the variation ratios of the axial and moment capacities 

between the CFRP-and steel-RC columns were diminished at the 66% extreme 
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eccentricity level in the considering scenario. On the other hand, at pure flexure, CFRP-

HCCs achieved, 9% and 23%, higher pure flexure moment resistance than their steel 

counterparts for the disregarding and considering scenarios, respectively, because of 

the superior tensile strength benefit of FRP bars. 

9. The column capacities were significantly affected by changing the concrete 

compressive strength, particularly, for columns loaded under concentric, 8%, and 16% 

eccentricity levels, because nearly 90% of the column cross-section exposed to 

compression stresses. This effect was considerably decreased for the columns exposed 

to 33% and 66% eccentricity levels, because the equivalent rectangular stress block 

(ERSB) was diminished. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 
 
CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The research program aimed at experimentally and analytically investigating the behavior of 

RC hollow circular columns reinforced with GFRP bars and spirals/hoops under concentric 

and eccentric loads. A total of 27 large-scale hollow-core circular columns were cast with 

305/113 mm outer/inner diameters and 1,500 mm in height. Out of these, 19 were constructed 

and tested under concentric compression loading, while the remaining 8 columns were tested 

under eccentric loading. Due to very limited experimental data and theoretical investigations 

on the behavior of GFRP-RC hollow columns, most currently design codes and guidelines 

either prohibit using FRP reinforcement in compression members ACI 440 (2022) or 

recommend ignoring their contribution to column capacity CSA S806 (2017). The purpose of 

this study was to investigate the influence of the longitudinal reinforcement ratio (1.90, 2.50, 

and 3.80%), type (GFRP and steel), cross-section configuration (hollow and solid), transverse 

reinforcement ratio⸺ as a function of spiral’s spacing none, 120 mm, 80 mm, and 40 

mm⸺and⸺as a function of spiral’s diameter #2, #3, and #4, transverse reinforcement 

configuration (spiral and discrete hoops), eccentricity levels⸺eccentricity to outer diameter 

ratio (concentric, 8.2, 16.4, 32.8, and 65.6%). It also provided useful theoretical investigation 

to enrich the research database from the developed numerous load-moment interaction 

diagrams considered the following parametric studies; (1) inner-to-outer diameter ratio effect 

(sequential increment of solid, 0.10, 0.20, 0.30, 0.37, 0.46, and 0.55%); (2) longitudinal 

reinforcement ratio effect (the ratio varies from 0.70 to 12.30%); (3) considering or 

disregarding bar compressive strength effect; (4) longitudinal reinforcement type effect 

(GFRP, BFRP, CFRP, and steel); and (5) concrete compressive strength effect (incremental 

range of 25, 30, 35, 40, 50, 60, 70, and 80 MPa). The effects of test variables on the hollow 

columns’ load carrying capacity, axial–flexural capacity, failure mechanisms, ductility, 

confined concrete strength, post-peak performance, crack control, moment–curvature, and 

secant stiffness were examined.



163                                                                               Chapter 8: Conclusions and Recommendations 

ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

 

 

The results reported in this research work represent a significant contribution to the relevant 

literature and provide end users, engineers, and code committees with much-needed data and 

recommendations to advance the use of GFRP reinforcement in RC columns. Based on the 

results of the experimental and theoretical works, the major concluding remarks can be 

summarized as follows: 

8.1.1 Concentrically Loaded Columns  

1. Incorporating GFRP reinforcement bars in the hollow concrete columns adequately 

assisted in resisting the applied concentric and eccentric loads, providing appropriate 

stability, and improving the stiffness of cracked concrete sections.  

2. The type of reinforcement had no effect on the columns’ ultimate carrying capacity. All 

the tested columns behaved similarly up to the pre-peak loading phase regardless of 

reinforcement (GFRP, steel, or a hybrid of both). This can be attributed to the failure 

being governed by spalling of the concrete cover, followed by the fracturing of 

longitudinal bars, and rupturing of the spirals. 

3. Increasing the reinforcement ratio did not significantly affect the peak load, but it did 

significantly enhance the confinement efficiency and ductility of the hollow concrete 

columns reinforced with GFRP bars and spirals. Doubling the longitudinal 

reinforcement ratio from 1.89% to 3.79% only increased the peak load by 5% to 10%, 

but it increased the confinement efficiency from 1.43 to 2.23 and the ductility factor 

from 1.36 to 3.05. 

4. The increase in the volumetric ratio improved the performance of the hollow concrete 

columns by delaying the buckling of the longitudinal bars, crack propagation, and 

crushing of the concrete core. Columns reinforced with spirals with a spacing of 40 mm 

achieved peak load and ductility 16% and 120% higher than the plain concrete column. 

Moreover, the spiral spacing of 40 mm ( v = 2.20%) yielded 24% higher confinement 

efficacy compared to the column with 80 mm spacing ( v = 1.10%). 

5. The hollow concrete columns reinforced with GRFP bars performed better than their 

solid counterparts. Although the ultimate capacity of the hollow columns was 13% 

lower than the solid ones, the effective capacity of the hollow concrete columns was 

slightly higher considering the cross-sectional area. Moreover, the confinement efficacy 
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and ductility of the hollow concrete columns were, respectively, 10% and 18% higher 

than that of the corresponding solid ones. 

6. The initial stiffness of the HCCs was highly dependent on the concrete compressive 

strength regardless of the type of longitudinal and transverse reinforcement or the 

spacing of the transverse reinforcement.  

7. The longitudinal GFRP bars significantly contributed to the axial capacity of the HCCs 

by 11%, on average. Thus, consideration of the contribution of GFRP bars in the recent 

design guidelines can be safely used to estimate the ultimate capacity of the HCCs. 

8. The HCCs with similar transverse reinforcement ratios, achieved with different spiral 

diameters and spiral pitches, enhanced ductility. It had no significant effect, however, 

on the peak load, the GFRP bars’ contribution, or the confinement efficiency. 

9. The type of transverse reinforcement had insignificant effect on the peak load and 

confinement efficiency of the hollow GFRP-RC columns. Whereas columns reinforced 

with continuous spirals exhibited higher ductility compared to their counterpart 

specimens with discrete hoops. 

10. The nominal ultimate strength of hollow GFRP-RC columns can be calculated 

considering the contribution of the longitudinal GFRP reinforcement to the column 

capacity at 0.002 frp frpE A . 

11. The lateral confinement model suggested by Hales et al. (2017) gave the best safe 

predictions of the confined concrete core strength ranged from 0.91 and 1.15. 

8.1.2 Eccentrically Loaded Columns  

1. The failure of the hollow GFRP-RC columns exposed to concentric as well as low and 

medium eccentric loading (0%, 8.2%, and 16.4% eccentricity, respectively) was 

compression controlled, induced by concrete-cover spalling, followed by fracturing of 

the GFRP bars. In contrast, the hollow columns loaded under high and extreme 

eccentric loading (32.8% and 65.6% eccentricity, respectively) exhibited flexural-

tension failure. This can be attributed to excessive axial and lateral deformations, 

resulting in further tensile cracks. That, in turn, increased the strain in the concrete 

beyond the allowable limits, which resulted in secondary compression failure. 
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2. At less than the high levels of eccentricity (i.e., ./ oute D = 32.8% and 65.6%), the failure 

of hollow GFRP-RC columns was not triggered by fracturing on the compression side 

or rupturing of the tension-side GFRP bars. It is worth noting that the maximum 

recorded compressive and tensile bar strains for all tested specimens yielded, on 

average, 3,200   and 1,700   (13% and 7% of the fu , respectively) at the peak load, 

respectively, and approached 12,000   and 7,250   (50% and 30% of the fu , 

respectively) prior to the failure or the test being halted. 

3. The axial capacity of the hollow concrete columns under eccentric loading decreased 

as the eccentricity increased. Drops of 20%, 37%, 66%, and 85% in the ultimate axial 

capacities were observed in the columns loaded eccentrically at 8.2%, 16.4%, 32.8%, 

and 65.6%, respectively, compared to the corresponding columns tested under pure 

axial loading. 

4. The ultimate capacity, axial and lateral stiffness, and failure mechanism of the circular 

hollow GFRP-RC columns were more significantly affected by the level of applied 

eccentricity than by the amount of longitudinal reinforcement. 

5. As the amount of longitudinal reinforcement increased, the flexure behavior of the 

hollow GFRP-RC columns subjected to eccentric loading enhanced slightly. In the case 

of the columns loaded at eccentricity-to-outer diameter ratios of 32.8% and 65.6%, 

increasing this amount improved the flexural stiffness due to the effective resistance of 

the induced lateral displacements, thereby reducing the accompanying second-order 

effects. 

6. Increasing the number of bars from 8 to 12 decreased the strength decay of the tested 

specimens beyond the peak load, which can be attributed to the GFRP bars contributing 

to confinement. Moreover, as the longitudinal ratio reinforcement and the eccentricity 

increased, the energy absorption ability improved significantly, resulting in a higher 

ductility factor. 

7. The ratio of the bending moment obtained from the initial eccentricity and the second-

order effect was 91% and 9%, respectively, compared to their corresponding total 

moment capacities. Thus, the second-order effect was not dominant in the tested 

specimens, so that specimens with a slenderness ratio equal to or less than 18 can be 

designed as short columns. 
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8. As the level of eccentricity applied to the hollow GFRP concrete columns increased, 

the total number of cracks on the tension side increased (i.e., the spacing between cracks 

decreased). In addition, the crack width and penetration depth increased significantly. 

9. Increasing the longitudinal reinforcement ratio from 2.5% to 3.8% as a function of the 

number of bars reduced the crack width and average crack spacing, since crack width 

is inversely proportional to the maximum spacing between bars. 

10. Theoretical capacity of the GFRP-RC hollow columns with . ./in outD D = 0.37 attained –

13, –12, and –10% lower normalized axial and moment capacities at concentric, 8%, 

and 16% eccentricity levels, respectively, than their corresponding solid columns. 

While the resulting strengths were approximately similar for columns under 33%, 66%, 

and pure flexure loading. 

11. Disregarding the contribution of longitudinal GFRP bars, the longitudinal 

reinforcement ratio l  had no effect on the columns’ axial and flexural strengths loaded 

at concentric, low, and medium eccentricity levels. On the other hand, the influence 

increased gradually at 33%, 66%, and pure flexure loading eccentricity levels. 

12. The amount of l  considerably influences the axial and flexural capacities of columns 

by considering the bar compressive strength regardless of the eccentricity load level. 

Increasing the l  from 12 bars #4 ( l  = 2.5%) to 12 bars #6 ( l  = 5.4%), improved the 

nominal axial and moment capacities of the hollow columns by 15 and 41%, 

respectively. 

13. Disregarding the contribution of longitudinal GFRP bars in compression 

underestimated the axial load and bending moment capacities of the HCC for all the 

parametric investigations conducted in this study. In addition, the higher the 

longitudinal reinforcement ratio, the larger the gap between the two provided scenarios.  

14. The axial and moment capacities for the steel-RC hollow columns were higher than the 

FRP-RC hollow columns counterparts, because the FRP bars have a lower modulus of 

elasticity than steel. However, the variation ratios of the axial and moment capacities 

between the CFRP-and steel-RC columns were diminished at the 66% extreme 

eccentricity level in the considering scenario. On the other hand, at pure flexure, CFRP-

HCCs achieved, 9% and 23%, higher pure flexure moment resistance than their steel 
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counterparts for the disregarding and considering scenarios, respectively, because of 

the superior tensile strength benefit of CFRP bars. 

15. The column capacities were significantly affected by changing the concrete 

compressive strength, particularly, for columns loaded under concentric, 8%, and 16% 

eccentricity levels, because nearly 90% of the column cross-section exposed to 

compression stresses. This effect was considerably decreased for the columns exposed 

to 33% and 66% eccentricity levels, because the equivalent rectangular stress block was 

diminished. 

8.2 Recommendations for Future Work 

The findings of this research study present the cornerstone of future research investigating the 

concentrically and eccentrically performance of GFRP-RC hollow columns. There are, 

however, other parameters that need to be addressed relating to loading type (seismic response), 

columns size, hollow shape and size, reinforcement type, and contribution of longitudinal 

reinforcement. Future studies are recommended to: 

1. Conduct more experimental evidence and work on substantially larger columns are 

needed to validate the experimental results more accurately. 

2. Investigate the influence of using other commercially available FRP reinforcement such 

as BFRP, CFRP, or hybrid as internal reinforcement on hollow concrete columns 

behavior. 

3. Study of the second-order effect and slenderness limits for the FRP reinforced concrete 

hollow columns raises concerns about column design. 

4. Investigate the behavior of hollow concrete columns confined with two layers of 

transverse reinforcement connected with or without crossties. 

5. Examine the behavior of hollow columns by integrating High Strength Concrete (HSC) 

or Fiber Reinforced Concrete (FRC) with FRP reinforcement. 

6. Extend the experimental and theoretical research to FRP hollow concrete columns with 

rectangular and other irregular cross-section shapes. 
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7. Evaluate the effect of the use of different shapes and sizes of hole-core on the structural 

performance of FRP hollow concrete columns loaded under different loading 

conditions. 

8. Investigate the seismic response of hollow concrete columns entirely reinforced with 

FRP bars and spirals. 

9. Investigate numerically the structural performance of FRP hollow concrete columns 

loaded under different loading conditions via a commercial finite element software 

“ABAQUS or ANSYS”. 

 

The French version of this section is presented below. 

 

8.3 Conclusions “version française” 

Le programme de recherche vise à étudier expérimentalement et analytiquement le 

comportement de poteaux circulaires creux en béton armé renforcés par des barres et des 

spirales/frettes en PRFV sous des charges concentriques et excentriques. Un total de 27 poteaux 

circulaires creux à grande échelle ont été coulés avec des diamètres extérieurs/intérieurs de 

305/113 mm et une hauteur de 1500 mm. Sur ces derniers, 19 ont été construits et testés sous 

charges de compression centrée, et les 8 poteaux restants ont été testés sous charges excentrées. 

En raison du nombre très limité de données expérimentales et d'études théoriques sur le 

comportement des poteaux creux en PRFV, la plupart des codes et directives de conception 

actuels interdisent l'utilisation de l'armature en PRFV dans les éléments de compression ACI 

440 (2022) ou recommandent d'ignorer leur contribution à la capacité des poteaux CSA S806 

(2017). L'objectif de cette étude était d'examiner l'influence du taux de renforcement 

longitudinal (1.90, 2.50 et 3.80%), du type (PRFV et acier), de la configuration de la section 

transversale (creuse et pleine), du taux d'armature transversale⸺ en fonction de l'espacement 

des spirales, 120 mm, 80 mm, et 40 mm⸺et⸺en fonction du diamètre de la spirale #2, #3, et 

#4, configuration de l'armature transversale (spirale et frettes discrètes), niveaux 

d'excentricité⸺rapport de l'excentricité au diamètre extérieur (concentrique, 8. 2, 16.4, 32.8, 

et 65.6%). Il a également fourni une investigation théorique utile pour enrichir la base de 

données de recherche à partir des nombreux diagrammes d'interaction charge-moment 



169                                                                               Chapter 8: Conclusions and Recommendations 

ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

 

 

développés considérés les études paramétriques suivantes ; (1) effet du rapport de diamètre 

intérieur à extérieur (incrément séquentiel de solide, 0.10, 0.20, 0.30, 0.37, 0.46 et 0.55%) ; (2) 

l'effet du taux d'armature longitudinale (le taux varie de 0.70 à 12.30%) ; (3) la prise en compte 

ou non de l'effet de la résistance à la compression des barres ; (4) l'effet du type d'armature 

longitudinale (PRFV, PRFB, PRFC et acier) ; et (5) l'effet de la résistance à la compression du 

béton (plage progressive de 25, 30, 35, 40, 50, 60, 70 et 80 MPa). Les effets des variables 

d'essai sur la capacité de charge des poteaux creux, la capacité de flexion axiale, les 

mécanismes de défaillance, la ductilité, la résistance du béton confiné, la performance post-pic, 

le contrôle des fissures, le moment-courbure et la rigidité ont été examinés. 

Les résultats rapportés dans ce travail de recherche représentent une contribution significative 

à la littérature pertinente et fournissent aux utilisateurs finals, aux ingénieurs et aux comités de 

code des données et des recommandations indispensables pour faire progresser l'utilisation du 

renforcement en PRFV dans les poteaux en béton armé. Sur la base des résultats des travaux 

expérimentaux et théoriques, les principales remarques finales peuvent être résumées comme 

suit: 

8.3.1  Poteaux à charge concentrique 

1. L’intégration de barres de renforcement PRFV dans les poteaux creux en béton a permis 

de résister aux charges concentriques et excentriques appliquées, de fournir une stabilité 

appropriée et d'améliorer la rigidité des sections en béton fissurées. 

2. Le type d'armature n'a eu aucun effet sur la capacité de charge ultime des poteaux. Tous 

les poteaux testés se sont comportés de manière similaire jusqu'à la phase de 

chargement pré-pointe, quel que soit le type d'armature (PRFV, acier ou hybride des 

deux). Cela peut être attribué au fait que la rupture est régie par l'écaillage de l'enrobage 

en béton, suivi de la fracture des barres longitudinales et de la rupture des spirales. 

3. L'augmentation du taux de renforcement n'a pas affecté de manière significative la 

charge de pointe, mais elle a amélioré de manière significative l'efficacité du 

confinement et la ductilité des poteaux creux en béton renforcés avec des barres et des 

spirales en PRFV. Le doublement du taux de renforcement longitudinal de 1.89% à 

3.79% n'a augmenté la charge de pointe que de 5% à 10%, mais il a augmenté l'efficacité 

du confinement de 1.43 à 2.23 et le facteur de ductilité de 1.36 à 3.05. 
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4. L'augmentation du rapport volumétrique a amélioré les performances des poteaux creux 

en béton en retardant le flambage des barres longitudinales, la propagation des fissures 

et l'écrasement du noyau en béton. Les poteaux renforcés par des spirales avec un 

espacement de 40 mm ont atteint une charge de pointe et une ductilité 16% et 120% 

plus élevées que les poteaux en béton ordinaire. De plus, l'espacement des spirales de 

40 mm (
v = 2.20 %) a permis d'obtenir une efficacité de confinement de 24 % 

supérieure à celle du poteau avec un espacement de 80 mm (
v = 1.10 %). 

5. Les poteaux creux en béton renforcés avec des barres en PRFV se sont mieux comportés 

que leurs homologues pleins. Bien que la capacité ultime des poteaux creux soit 

inférieure de 13% à celle des poteaux pleins, la capacité effective des poteaux creux en 

béton est légèrement supérieure compte tenu de la section transversale. De plus, 

l'efficacité du confinement et la ductilité des poteaux creux en béton étaient, 

respectivement, 10% et 18% plus élevées que celles des poteaux pleins correspondants.  

6. La rigidité initiale du poteau creux en béton dépendait fortement de la résistance à la 

compression du béton, quel que soit le type d'armature longitudinale et transversale ou 

l'espacement des armatures transversales.  

7. Les barres longitudinales en PRFV ont contribué de manière significative à la capacité 

axiale des poteaux creux en béton, à hauteur de 11% en moyenne. Ainsi, la prise en 

compte de la contribution des barres en PRFV dans les récentes directives de conception 

peut être utilisée en toute sécurité pour estimer la capacité ultime des poteaux creux en 

béton. 

8. Les poteaux creux en béton avec des taux de renforcement transversaux similaires, 

réalisés avec différents diamètres de spirale et pas de spirale, ont amélioré la ductilité. 

Ils n'ont cependant pas eu d'effet significatif sur la charge de pointe, la contribution des 

barres en PRFV ou l'efficacité du confinement. 

9. Le type d'armature transversale n'a pas eu d'effet significatif sur la charge de pointe et 

l'efficacité du confinement des poteaux creux en PRFV. Alors que les poteaux renforcés 

avec des spirales continues ont montré une ductilité plus élevée par rapport à leurs 

spécimens homologues avec des frettes discrètes. 
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10. La résistance ultime nominale des poteaux creux en béton armé renforcé de PRFV peut 

être calculée en tenant compte de la contribution de l'armature longitudinale en PRFV 

à la capacité du poteau à 0.002 frp frpE A . 

11. Le modèle de confinement latéral suggéré par Hales et al. (2017) a donné les meilleures 

prédictions sécuritaires de la résistance du noyau de béton confiné, comprises entre 0.91 

et 1.15. 

8.3.2 Poteaux à charge excentrique 

1. La rupture des poteaux creux en béton renforcé par PRFV exposés à une charge 

concentrique ainsi qu'à une charge excentrique faible et moyenne (0 %, 8.2 % et 16.4 

% d'excentricité, respectivement) était contrôlée par la compression, induite par 

l'écaillage de la couverture en béton, suivi de la rupture des barres en PRFV. En 

revanche, les poteaux creux soumis à une charge excentrique élevée et extrême (32.8 

% et 65.6 % d'excentricité, respectivement) ont présenté une rupture par flexion-

tension. Cela peut être attribué à des déformations axiales et latérales excessives, 

entraînant des fissures de traction supplémentaires. Cela, à son tour, a augmenté la 

déformation du béton au-delà des limites admissibles, ce qui a entraîné une défaillance 

de compression secondaire. 

2. À des niveaux d'excentricité inférieurs aux niveaux élevés (c'est-à-dire ./ oute D = 32.8% 

et 65.6%), la rupture des poteaux creux en PRFV n'a pas été déclenchée par une fracture 

du côté de la compression ou par la rupture des barres en PRFV du côté de la tension. 

Il convient de noter que les déformations maximales enregistrées en compression et en 

traction pour toutes les éprouvettes testées ont donné, en moyenne, 3.200  et 1.700  

(13% et 7% fu  respectivement) à la charge maximale, respectivement, et ont approché 

12,000  et 7,250  (50% et 30% fu respectivement) avant la rupture ou l'arrêt du 

test. 

3. La capacité axiale des poteaux creux en béton sous charge excentrique a diminué avec 

l'augmentation de l'excentricité. Des baisses de 20%, 37%, 66% et 85% des capacités 

axiales ultimes ont été observées dans les poteaux chargés excentriquement à 8.2%, 

16.4%, 32.8% et 65.6%, respectivement, par rapport aux poteaux correspondants testés 

sous une charge axiale pure.  
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4. La capacité ultime, la rigidité axiale et latérale et le mécanisme de rupture des poteaux 

creux circulaires en béton renforcé par PRFV ont été affectés de manière plus 

significative par le niveau d'excentricité appliqué que par la quantité de renforcement 

longitudinal.  

5. Le comportement en flexion des poteaux creux en PRFV soumis à une charge 

excentrique s'est légèrement amélioré avec l'augmentation de l'armature longitudinale. 

Dans le cas des poteaux chargés avec des rapports excentricité/diamètre extérieur de 

32.8 % et 65.6 %, l'augmentation de cette quantité a amélioré la rigidité en flexion en 

raison de la résistance effective des déplacements latéraux induits, réduisant ainsi les 

effets de second ordre.  

6. L'augmentation du nombre de barres de 8 à 12 a réduit la diminution de la résistance 

des spécimens testés au-delà de la charge de pic, ce qui peut être attribué aux barres 

PRFV qui contribuent au confinement. De plus, à mesure que le rapport de 

renforcement longitudinal et l'excentricité augmentent, la capacité d'absorption 

d'énergie s'améliore de manière significative, ce qui se traduit par un facteur de ductilité 

plus élevé.  

7. Le rapport du moment de flexion obtenu à partir de l'excentricité initiale et de l'effet de 

second ordre était de 91% et 9%, respectivement, par rapport à leurs capacités de 

moment total correspondantes. Ainsi, l'effet du second ordre n'était pas dominant dans 

les spécimens testés, de sorte que les spécimens avec un rapport d'élancement égal ou 

inférieur à 18 peuvent être conçus comme des poteaux courts.  

8. Avec l'augmentation du niveau d'excentricité appliqué aux poteaux creux en béton 

renforcé de PRFV, le nombre total de fissures du côté de la tension a augmenté (c'est-

à-dire que l'espacement entre les fissures a diminué). En outre, la largeur et la 

profondeur de pénétration des fissures ont augmenté de manière significative. 

9. L'augmentation du taux de renforcement longitudinal de 2.5 % à 3.8 % en fonction du 

nombre de barres a réduit la largeur des fissures et l'espacement moyen des fissures, 

puisque la largeur des fissures est inversement proportionnelle à l'espacement maximal 

entre les barres. 

10. La capacité théorique des poteaux creux en béton renforcé par PRFV avec . ./in outD D = 

0.37 a atteint des capacités axiales et de moment normalisé inférieures de -13, -12 et -

10% au niveau d'excentricité concentrique, de 8% et de 16%, respectivement, par 
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rapport aux poteaux pleins correspondants. Les résistances résultantes étaient 

approximativement similaires pour les poteaux soumis à des charges de 33%, 66% et 

de flexion pure. 

11. Sans tenir compte de la contribution des barres PRFV longitudinales, le taux de 

renforcement longitudinal l  n'a eu aucun effet sur la résistance axiale et en flexion des 

poteaux chargés à des niveaux d'excentricité concentrique, faible et moyen. En 

revanche, l'influence a augmenté progressivement aux niveaux d'excentricité de 33%, 

66% et de flexion pure.  

12. La quantité de l  influence considérablement les capacités axiales et de flexion des 

poteaux en considérant la résistance à la compression des barres, indépendamment du 

niveau de charge d'excentricité. L'augmentation de l  de 12 barres #4 ( l = 2.5%) à 12 

barres #6 ( l = 5.4%), a amélioré les capacités axiales et de moment nominales des 

poteaux creux de 15 et 41%, respectivement. 

13. Le fait de ne pas tenir compte de la contribution des barres PRFV longitudinales en 

compression a sous-estimé les capacités de charge axiale et de moment de flexion des 

poteaux creux en béton pour toutes les investigations paramétriques menées dans cette 

étude. En outre, plus le taux de renforcement longitudinal est élevé, plus l'écart entre 

les deux scénarios prévus est important. 

14. Les capacités axiales et de moment des poteaux creux en béton renforcé par l'acier 

étaient plus élevées que celles des poteaux creux en béton renforcé par PRF, car les 

barres en PRF ont un module d'élasticité inférieur à celui de l'acier. Cependant, les 

rapports de variation des capacités axiales et de moment entre les poteaux en béton 

renforcé par PRFC et les poteaux en béton renforcé par l'acier ont diminué au niveau 

d'excentricité extrême de 66% dans le scénario envisagé. D'autre part, à la flexion pure, 

les poteaux en béton creux en PRFC ont atteint une résistance au moment de flexion 

pure de 9% et 23% supérieure à celle de leurs homologues en acier, respectivement 

pour les scénarios de non prise en compte et de prise en compte, en raison de la 

résistance à la traction supérieure des barres de PRFC. 

15. Les capacités des poteaux ont été significativement affectées par la modification de la 

résistance à la compression du béton, en particulier pour les poteaux chargés sous des 

niveaux d'excentricité concentrique, de 8% et de 16%, car près de 90% de la section 
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transversale du poteau est exposée à des contraintes de compression. Cet effet a été 

considérablement réduit pour les poteaux exposés à des niveaux d'excentricité de 33% 

et 66%, car le bloc de contraintes rectangulaires équivalentes a diminué. 

8.4 Recommandations pour des Travaux Futurs 

Les résultats de cette étude constituent la pierre angulaire des recherches futures sur les 

performances concentriques et excentriques des poteaux creux en béton renforcé PRFV. Il y a, 

cependant, d'autres paramètres qui doivent être abordés concernant le type de chargement 

(réponse sismique), la taille des poteaux, la forme et la taille des cavités, le type de 

renforcement, et la contribution du renforcement longitudinal. Les études futures sont 

recommandées pour : 

1. Pour valider plus précisément les résultats expérimentaux, il est nécessaire d'obtenir 

davantage de preuves expérimentales et de travailler sur des poteaux beaucoup plus 

grands. 

2. Étudier l'influence de l'utilisation d'autres renforcements en PRF disponibles dans le 

commerce, tels que le PRFB, le PRFC ou un hybride, comme renforcement interne sur 

le comportement des poteaux en béton creux. 

3. L'étude de l'effet de second ordre et des limites d'élancement pour les poteaux creux en 

béton armé en PRF soulève des inquiétudes au sujet de la conception des poteaux. 

4. Étudier le comportement de poteaux creux en béton confinés avec deux couches 

d'armature transversale reliées avec ou sans traverses. 

5. Examiner le comportement des poteaux creux en intégrant du béton à haute résistance 

(BHR) ou du béton renforcé de fibres (BRF) avec un renforcement en PRF. 

6. Étendre la recherche expérimentale et théorique aux poteaux creux en béton renforcé 

par des PRF ayant une section rectangulaire et d'autres sections irrégulières. 

7. Évaluer l'effet de l'utilisation de différentes formes et tailles de trous sur la performance 

structurelle des poteaux creux en béton renforcé par des PRF chargés sous différentes 

conditions de charge. 

8. Étudier la réponse sismique de poteaux creux en béton entièrement renforcés par des 

barres et des spirales en PRF. 

9. Étudier numériquement la performance structurelle des poteaux creux en béton renforcé 

en PRF sous différentes conditions de charge à l'aide d'un logiciel commercial 

d'éléments finis "ABAQUS ou ANSYS". 
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