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ABSTRACT 

Conventional concrete reinforced (RC) with black steel in marine environment suffers damage 

due to corrosion. Most field examination studies found heavy corrosion before achieving 75-100 

years of the service life desired by the Federal Highway Administration (FHWA). Lately, glass 

fiber-reinforced polymers (GFRP) as internal reinforcement in concrete have proved outstanding 

structural and long-term durability performance in corrosive environments. The last three 

decades witnessed a significant revolution in the usage of GFRP in civil engineering projects to 

raise the service lives and reduce maintenance costs of RC structures. Over three-thousands 

bridges over Canada and U.S. included GFRP bars as reinforcement for constructing the most 

elements vulnerable to corrosion due to de-icing salts and annual thermal changes (i.e., deck 

slabs) as well as the usage in reinforcing the culvert bridges in the U.S. The field examination 

for the bridge’s barrier walls, deck slabs, and culvert built with GFRP bars after 10-20 years in 

service indicates good long-term durability. The usage of GFRP bars and spirals in the RC 

columns, piers, and piling system is widely accepted and recommended in most conclusions of 

previous studies. Most investigations in the past have focused mainly on the behavior of RC 

piles/columns under concentric, eccentric, and cyclic loading, disregarding the relationship 

between the structural and durability behavior. 

This thesis presents the results of the axial compression test for forty-eight RC square and circular 

piles exposed to the marine environment and two conditioning temperatures for 12-months. All 

specimens have laboratory-scale dimensions measuring 300 mm for square pile's width, 304 mm 

for circular pile's diameter, and 1000 mm general height. The durability conditioning regime is 

comprised of two environments; (i) simulation for the marine environment in sub-tropical regions 

(22°C), (ii) simulated marine environment at accelerated temperature (60°C). Phase (I) contains 

18-concrete square piles and Phase (II) includes 18-concrete circular piles. The thirty-six 

concrete piles were: six specimens were without internal reinforcement, 6-specimens were 

reinforced with hybrid reinforcement (steel bars and GFRP spirals), and the remaining twenty-

four specimens were fabricated with pristine GFRP bars and spirals. For each phase, twelve pile 



 

specimens were subjected to the conditioning regime for 12-months, six specimens for each 

conditioning temperature. Whereas phase (III) includes 6- square and 6-circular RC piles, which 

were made of GFRP reinforcement directly immersed in the simulated marine environment at 22 

and 60°C for 12-months before integrating into concrete, three GFRP-cages for each aging 

temperature. Several structural variables were investigated through the three phases such as 

longitudinal reinforcement (ratio and diameter) and transverse reinforcement (pitch and 

configurations). In addition, a microstructural analysis program (SEM, DSC, and FTIR) was 

carried out on GFRP material extracted from the aged piles and those directly exposed to the 

conditioning regime. Concrete cores taken from the aged piles were examined by optical 

microscopy (OM) to assess the bond between concrete and bars/spirals. This thesis also 

introduces a characterization for GFRP bars exposed directly to the marine environment based 

on tensile, bond, and horizontal shear tests. The experimental axial compression capacities of 

GFRP-RC piles were compared with the values predicted using the available design equations in 

the current design codes. 

The results obtained from microstructural analyses showed that GFRP reinforcement used in this 

study possesses good long-term durability in concrete saturated with the marine environment or 

in solutions simulated seawater environments at 60°C after 12-months. OM images for the 

concrete/bar contact circumference revealed that bars/spirals firmly bond to concrete. A 0.85 is 

the lowest retention in the tensile and bond strengths of GFRP bars, while the retention in 

horizontal shear strength reaches 0.95 after direct exposure to the marine environment at 60°C 

for 12-months.  

Based on the compressive tests, the axial compression behavior of GFRP-RC square and circular 

pile did not adversely affect by immersion in the simulated marine environment at 22 or 60°C 

for 12-months or using pre/conditioned GFRP material. The axial compression capacity of ten 

GFRP-RC pile specimens submerged in the simulated marine environment at 60°C was enhanced 

by 116-125% compared to their unconditioned counterparts as a result of an increase in the 

concrete compressive strength. Specimens fabricated with GFRP material aged at 60°C exhibited 

similar ductile behavior and axial compression capacities of their counterparts constructed with 

pristine GFRP material. Despite the tensile strength reduction after exposure to aggressive 

environments, GFRP reinforcing materials effectively perform their structural function as 



 

internal reinforcement of RC piles. All investigated structural variables effectively affect the 

compressive behavior of GFRP-RC piles in the marine environment. The reduction factors for 

GFRP-RC structures specified in CSA (2019a) and AASHTO (2018a), and CSA (2017) yielded 

lower axial compression capacities than those obtained experimentally. A more accurate design 

equation to calculate the axial load capacity of the GFRP RC piles should consider the 

contribution of longitudinal GFRP bars even when exposed to severe marine environments.            

Keywords: Square and Circular RC piles, Durability, Uniaxial compression loading, Pristine and 

conditioned GFR bars, GFRP square spirals, GFRP circular spirals, GFRP ties, GFRP hoops, 

marine environment. 

RÉSUMÉ 

Le béton conventionnel armé (RC) avec de l'acier noir dans un environnement marin subit des 

dommages dus à la corrosion. La plupart des études d'examen sur le terrain ont révélé une forte 

corrosion avant d'atteindre les 75-100 ans de la durée de vie souhaitée par la Federal Highway 

Administration (FHWA). Récemment, les polymères renforcés de fibres de verre (PRFV) utilisés 

comme armature interne dans le béton ont prouvé qu'ils présentaient des performances 

structurelles et de durabilité à long terme exceptionnelles dans des environnements corrosifs. Les 

trois dernières décennies ont vu une révolution significative dans l'utilisation des PRFV dans les 

projets de génie civil pour augmenter la durée de vie et réduire les coûts de maintenance des 

structures en béton armé. Plus de trois mille ponts au Canada et aux États-Unis ont inclus des 

barres GFRP comme renforcement pour la construction des éléments les plus vulnérables à la 

corrosion due aux sels de déglaçage et aux changements thermiques annuels (c'est-à-dire les 

dalles de pont), ainsi que pour le renforcement des ponceaux aux États-Unis. L'examen sur le 

terrain des murs de protection, des dalles de pont et des ponceaux construits avec des barres 

GFRP après 10 à 20 ans de service indique une bonne durabilité à long terme. L'utilisation de 

barres et de spirales en GFRP dans les colonnes, les piliers et les systèmes de pilotis en béton 

armé est largement acceptée et recommandée dans la plupart des conclusions des études 

précédentes. La plupart des recherches dans le passé se sont concentrées principalement sur le 



 

comportement des pieux/colonnes en béton armé sous des charges concentriques, excentriques 

et cycliques, sans tenir compte de la relation entre le comportement structurel et la durabilité. 

Cette thèse présente les résultats de l'essai de compression axiale pour quarante-huit pieux RC 

carrés et circulaires exposés à l'environnement marin et à deux températures de conditionnement 

pendant 12 mois. Tous les spécimens ont des dimensions à l'échelle du laboratoire mesurant 300 

mm pour la largeur du pieu carré, 304 mm pour le diamètre du pieu circulaire, et 1000 mm de 

hauteur générale. Le régime de conditionnement de durabilité est composé de deux 

environnements ; (i) simulation pour l'environnement marin dans les régions subtropicales 

(22°C), (ii) environnement marin simulé à température accélérée (60°C). La phase (I) comprend 

18 pieux carrés en béton et la phase (II) comprend 18 pieux circulaires en béton. Les trente-six 

pieux en béton étaient les suivants : six spécimens n'avaient pas d'armature interne, six spécimens 

étaient renforcés par une armature hybride (barres d'acier et spirales GFRP), et les vingt-quatre 

spécimens restants étaient fabriqués avec des barres et des spirales GFRP vierges. Pour chaque 

phase, douze spécimens de pieux ont été soumis au régime de conditionnement pendant 12 mois, 

six spécimens pour chaque température de conditionnement. Tandis que la phase (III) comprend 

6 pieux RC carrés et 6 circulaires, qui ont été réalisés avec des armatures GFRP directement 

immergées dans l'environnement marin simulé à 22 et 60°C pendant 12 mois avant d'être 

intégrées dans le béton, trois cages GFRP pour chaque température de vieillissement. Plusieurs 

variables structurelles ont été étudiées au cours des trois phases, telles que les armatures 

longitudinales (ratio et diamètre) et les armatures transversales (pas et configurations). De plus, 

un programme d'analyse microstructurelle (SEM, DSC, et FTIR) a été réalisé sur le matériau 

GFRP extrait des pieux vieillis et ceux directement exposés au régime de conditionnement. Des 

carottes de béton prélevées sur les pieux vieillis ont été examinées par microscopie optique (OM) 

pour évaluer la liaison entre le béton et les barres/spirales. Cette thèse présente également une 

caractérisation des barres GFRP exposées directement à l'environnement marin, basée sur des 

essais de traction, de liaison et de cisaillement horizontal. Les capacités expérimentales de 

compression axiale des pieux en GFRP-RC ont été comparées aux valeurs prédites en utilisant 

les équations de conception disponibles dans les codes de conception actuels. 

Les résultats obtenus à partir des analyses microstructurales ont montré que le renforcement 

GFRP utilisé dans cette étude possède une bonne durabilité à long terme dans du béton saturé de 

l'environnement marin ou dans des solutions simulant des environnements d'eau de mer à 60°C 



 

après 12 mois. Les images OM de la circonférence de contact béton/barre ont révélé que les 

barres/spirales adhèrent fermement au béton. Une rétention de 0,85 est la plus faible dans les 

résistances à la traction et à l'adhérence des barres GFRP, tandis que la rétention de la résistance 

au cisaillement horizontal atteint 0,95 après une exposition directe à l'environnement marin à 

60°C pendant 12 mois.  

D'après les essais de compression, le comportement en compression axiale des pieux carrés et 

circulaires en GFRP-RC n'a pas été affecté par l'immersion dans l'environnement marin simulé à 

22 ou 60°C pendant 12 mois ou par l'utilisation de matériau GFRP pré-conditionné. La capacité 

de compression axiale de dix spécimens de pieux RC en GFRP immergés dans un environnement 

marin simulé à 60°C a été augmentée de 116-125% par rapport à leurs homologues non 

conditionnés en raison d'une augmentation de la résistance à la compression du béton. Les 

spécimens fabriqués avec un matériau GFRP vieilli à 60°C ont présenté un comportement ductile 

et des capacités de compression axiale similaires à ceux de leurs homologues construits avec un 

matériau GFRP vierge. Malgré la réduction de la résistance à la traction après exposition à des 

environnements agressifs, les matériaux de renforcement GFRP remplissent efficacement leur 

fonction structurelle en tant que renforcement interne des pieux RC. Toutes les variables 

structurelles étudiées affectent efficacement le comportement en compression des pieux GFRP-

RC dans l'environnement marin. Les facteurs de réduction pour les structures en GFRP-RC 

spécifiés dans CSA (2019a) et AASHTO (2018a), et CSA (2017) ont donné des capacités de 

compression axiale inférieures à celles obtenues expérimentalement. Une équation de conception 

plus précise pour calculer la capacité de charge axiale des pieux RC en GFRP devrait tenir compte 

de la contribution des barres longitudinales en GFRP, même lorsqu'elles sont exposées à des 

environnements marins sévères. 

Mots clés : Pieux RC carrés et circulaires, Durabilité, Chargement de compression uniaxiale, 

Barres GFRP vierges et conditionnées, spirales carrées GFRP, spirales circulaires GFRP, 

attaches GFRP, arceaux GFRP, environnement marin.
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Chapter 1: INTRODUCTION 

1.1. General Overview 

Concrete has been used as construction material in many structures, especially in civil 

infrastructures and marine structures. The term “marine structures” is referred to reinforced 

concrete (RC), which is constructed and installed in or near the oceans for solving engineering 

problems or for marine resource exploitation. Figure 1.1 shows various kinds of marine 

structures such as overseas bridges’ components (piers or columns, piling system, and girders), 

oil offshore structures, and docks. ACI (2014) classified the concrete in the marine environment 

into three zones according to the degree of exposure to seawater. These zones are arranged from 

the top as atmospheric, tidal/splash, and submerged zones. The durability of concrete in marine 

environments has been usually a debated question since the time that the disintegration of 

concrete in seawater first became evident. RC-piles in coastal exposures are usually subjected 

to biological, physical, and chemical attacks (chloride and sulfate attacks) (Holland 2012). The 

biological attacks occur by barnacles, mollusks, and sea urchins which secrete acids on the 

concrete surface, leading to concrete erosion and boreholes formation (Mehta, 1991). 

Steel corrosion was found to be the main reason for RC disintegration in the marine 

environment. About 15% of structural deficiencies of highway bridges in the United States 

(U.S.) were due to corrosion of steel reinforcement (Koch et al. 2002). Even though the severe 

corrosion mainly occurs in splash and tidal zones, the corrosion may take place in the 

submerged regions of RC piles due to carbonation and sulfate attack (Mehta 1993). Corrosion 

of steel embedded in concrete is commonly accompanied by aesthetic distortions and reduction 

in the structural function of concrete elements. The mechanical properties of concrete elements 

are not only affected by corrosion, but corrosion also affects the designed service life of RC 

structures. It was found that most bridges in Canada and the U.S. suffer from corrosion in 

periods less than 75 to 100-years of service life desired by the Federal Highway Administration 

(FHWA).  This is even though these structures follow all design and construction specifications 
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such as minimum concrete cover, target concrete compressive strength, and using cementitious 

material (slag, fly ash, and silica fume). Using cementitious material enhances the physical 

properties of concrete (i.e., gas and ions diffusion) by minimizing the volume of the concrete 

pores network, thus ensuring long-term chemical stability. Despite that, using cementitious 

material can maximize the corrosion resistance of concrete and not prevent it completely. 

Moreover, the accuracy of construction controls the quality of concrete cover. For example, 

Beaton et al. (1967) observed “heavy corrosion” in the submerged portions of eight out of 17 

bridge piles after 37 years of construction. Brainerd et al. (2011) also reported steel corrosion 

in splash and tidal zones of RC columns of Miami marine stadium after 28 years of service. 

Even though the implemented concrete cover was ranged from 76-89 mm, Walsh (2015) 

determined severe corrosion of steel in the submerged portions of RC square piles of three 

different bridges in the aggressive subtropical marine environment of Florida after periods 

ranging from 51-66 years of service.  

 

Fig. 1. 1: Marine structures 
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As reported previously, steel corrosion may occur in the submerged zones. The hydrostatic 

pressure at deeper water also helps the harmful ocean salts to penetrate the cement concrete, 

causing steel corrosion. Corrosion of submerged zones is more critical than the other zones 

because the implementation of the repairing process underwater is difficult and costly. This is 

because repairing concrete below water level needs divers and a dewatering system to dry and 

clean the concrete surface. The U.S. Army Corps of Engineers reported that dewatering costs 

associated with repairing the underwater portions of concrete hydraulic structures average 

approximately 40% of the total repair costs (McDonald 1980). Several methods have been used 

and assessed to eliminate steel corrosion-induced concrete degradation, such as using galvanized 

coatings, polymer-impregnated concrete, cathodic protection method, epoxy coating, and using 

stainless steel rebars. It was found that these methods do not prevent the corrosion initiation; 

however, they delay it; thus, the corrosion symptoms will happen. Therefore, several studies 

(Manalo et al. 2014; Ahmed et al. 2020; Benzecry et al. 2021) recommend using non-corrosive 

material (i.e., Fiber-reinforced polymer (FRP) bars and spirals) in the harshest marine 

environments and climates. 

FRP rebars were finally considered for structural engineering applications, because of their 

superior performance over epoxy-coated steel. Due to their impervious nature to chloride ions 

and chemical attack, FRP rebar is preferably used in concrete members susceptible to corrosion 

(ACI 2015). Past years have seen valuable research work and widespread applications of FRP 

bars as flexural and shear reinforcement for concrete structures (Ashour 2006; Tomlinson and 

Fam 2015). Additionally, FRP bars and grids were used for resisting the punching–shear in RC 

two–way slabs under static and cyclic loading (Hassan et al. 2013; Gouda and El-Salakawy 2016; 

Hussein and El-Salakawy 2018; Eladawy et al. 2019). Indeed, these researches raised the 

reliability of using Glass Fiber Reinforced Polymer (GFRP) bars in civil engineering 

applications. Since 1997, more than 300 bridge deck slabs over Canada and the U.S. have been 

successfully built using GFRP bars (Nolan et al. 2021). Furthermore, extensive research was 

conducted on using many types of FRP bars and spirals as internal reinforcement of RC circular 

or square columns tested under axial, eccentric, and cyclic loading (De Luca et al. 2010; Tobbi 

et al. 2012; Patelides et al. 2013; Afifi et al. 2014; Tobbi et al. 2014; Mohamed et al.  2014; Tu 

et al. 2019; Salah-Eldin et al. 2019a,b; Hadhood et al. 2017a,b,c; Abdelazim et al. 2020a,b). 
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These studies pointed out the feasibility of using the FRP bars and spirals in RC compression 

members, as well as FRP RC columns behave similarly to steel-RC columns. 

Regarding the durability issue, several studies have been carried out to assess the long-term 

performance of GFRP bars in different media, such as alkaline solutions (simulated water in 

concrete pores) (Benmokrane et al. 2017) and/or chloride solution (marine environment) (El 

Hassan et al. 2017) or embedded in the moist concrete environment in the presence of high 

temperature (Manalo et al. 2020a) and sustained load (Wang et al. 2018) as accelerating factors. 

Based on the results of these studies, valuable improvements have been achieved in the 

mechanical characteristics (tensile, compression, inter-laminar shear, bond strengths, etc.) of 

GFRP bars. Moreover, the durability and flexural performance of FRP-RC beams in ocean 

environments were addressed in many studies, as will be discussed in the next chapter. 

Conversely, the durability and structural behavior of GFRP-RC piles or piers in marine 

environments in sub-tropical and hot climates have not been entirely studied yet. 

1.2. Research Significance 

Independent data available for accelerated aging tests of RC compression elements reinforced with 

GFRP bars and spirals are not sufficiently exhaustive; and do not address the different field 

exposure conditions or cover all possible reinforcement details (longitudinal reinforcement ratio; 

transverse reinforcement spacing and configurations). The current study provides a comprehensive 

view of the structural and durability behavior of hybrid and GFRP-RC square and circular piles in 

the simulated marine environments under the effect of two different aging temperatures (22 and 

60°C) (realistic exposure). This study also presents an assessment for the uni-axial compression 

behavior of RC piles constructed by GFRP material subjected to the conditioning regime before 

integrating with concrete (a worst-case scenario in the presence of wide cracks). In addition to that, 

this study gives the reliability to the reduction factors of GFRP bars which are specified by CSA 

(2017), CSA (2019a), ACI (2015), and AASHTO (2018), and encourages deeming the 

compression contribution of longitudinal GFRP bars in evaluating the axial bearing capacity of 

aged RC piles as stipulated in (CSA 2019a). Besides, the current thesis supports the attempts of 

using seawater in mixing or curing RC structures which were previously hindered due to corrosion 

problems. This is especially that the combination between seawater concrete and FRP reinforcing 
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material has been already been achieved in real RC structures such as Sirkin’s dock in Miami City 

and Halls River Bridge in Homosassa, Florida. 

1.3. Objectives and Scope 

GFRP reinforcing materials have recently gained high durability compared to steel bars in the 

harshest environmental circumstances. The acceptance of GFRP bars and spirals as internal 

reinforcement of RC compression members became a reality thanks to the outstanding results 

obtained from the previous valuable works, as will be addressed in chapter 2. The axial 

compression behavior of un-aged and aged RC piles was analyzed; in terms of failure mechanism, 

axial load-deformation curves, axial bearing capacities, confinement efficiency, and ductility. The 

effect of a moist concrete environment on GFRP bars and spirals was quantified by analyzing the 

measured strain values and conducting a microstructural examination program. Analysis of the 

experimental results enabled the identification of the behavior of GFRP RC piles in a harsh 

seawater environment using several reinforcement details. Two general objectives of this research 

can be introduced as following; 

1. The general objective of phase (I&II) was investigating the effect of sub-tropical (22°C) 

and severe (60°C) marine environment on the structural and durability performance of 

hybrid and GFRP-RC piles under concentric loading. 

2. The general objective of phase (III) was assessing the axial response of the RC piles made 

of GFRP reinforcing material pre-aged/conditioned in marine environments for 12-months 

before integrating into concrete.  

During the achievement of the general aims, the following specific objectives were addressed: 

1. Evaluating the structural and durability performance of GFRP bars and spirals reinforcing 

the concrete piles immersed in the simulated sub-tropical and severe marine environment 

after 12 months through microstructural analysis and pile compression test results. 

2. Investigating the effect of longitudinal reinforcement ratio, transverse reinforcement 

spacing, or configuration on the structural behavior of RC piles submerged in severe 

marine environment.  
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3. Assessing the available design provisions in relevant codes and standards in predicting the 

axial strength of GFRP-RC piles submerged in marine environments and proposing new 

design equation. 

4. Evaluate the current strength reduction factors of GFRP bars provided by CSA (2017), 

CSA (2019a), ACI (2015), and AASHTO (2018) to predict the design axial capacity of RC 

piles. 

1.4. Research Methodology 

The current research program was established to achieve the major and specific objectives. Figure 

1.2 illustrates the research program outlines, including experimental, microstructural, and 

theoretical investigations. This pioneer experimental program includes designing, preparing, 

constructing, and testing 48-laboratory scale RC pile specimens through three series. The tested 

piles are available in two different cross-section geometries and the same height (1000 mm): 

square with 300 mm width and circular with 304 mm diameter. The first and second series (I &II) 

respectively comprised 18 RC square piles and 18 RC circular piles: three were without 

reinforcement (plain concrete); three made of steel bars and GFRP spirals (hybrid reinforcement); 

and twelve were entirely reinforced with GFRP bars and spirals (all-GFRP-RC piles). Six 

specimens from each series were kept without exposure to the conditioning regime. Twenty-four 

RC piles specimens were immersed in a simulated marine environment at room temperature (22°C) 

(12-specimens) and accelerated temperature (60°C) (12-specimens) for 12-months. Longitudinal 

reinforcement ratio and transverse reinforcement spacing are the main structural variables in series 

(I) and (II), respectively. In addition, the transverse configuration (spirals, hoops, and ties) are the 

dominant variable in both series. The third series (III) consisted of six square and six circular RC 

piles constructed with GFRP bars and spirals exposed to the previous aging regime before casting. 

In addition to that, mechanical properties tests (tensile, bond, and inter-laminar shear tests) were 

performed on pristine GFRP bars size No.5 and No.6 and those directly exposed to the previous 

marine environments. A microstructure analysis (scanning electron microscopy (SEM), 

differential scanning calorimetry (DSC); Fourier-transform infrared spectroscopy (FTIR)) were 

used to characterize the GFRP bars and spirals extracted from the aged piles and those directly 

subjected to the simulated marine environment. The axial compression capacity of tested RC piles 
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was predicted using the available equations in the current codes and guidelines and compared with 

the experimental results. 

 

Fig. 1. 2: Research program outlines 

 

1.5. Thesis Outline 

This thesis is outlined into eight chapters commences with the introduction as usual. The 

introduction herein focuses on the problems facing the steel RC pile in marine environments. In 

chapter 1 also, the significance of research, objectives & scope, and methodology are explained 

in detail. Chapter 2 provides a brief review of the previous studies. Research background is 

required to provide a comprehensive understanding of the structural behavior of RC compression 

members under concentric loading and the durability performance of GFRP material in corrosive 

environments. Chapter 3 describes in detail the experimental procedures such as material 

properties, RC pile specimen details, accelerated aging/conditioning regime, instrumentations, 

and test setup. The succeeding chapters are organized as follows: 

Chapter 4 (1st article) includes the first technical paper entitled “Performance of GFRP-RC Piles 

Exposed to Laboratory Simulated Marine Environment”. This paper presents structural and 

durability tests results of GFRP-RC square piles submerged in two different simulated marine 



8                                                                                            INTRODUCTION 

environments (22 and 60°C) for 12-months. The paper also aims at investigating the effect of 

increasing the longitudinal reinforcement ratio and changing the transverse reinforcement 

configuration (square spirals or ties) on the axial bearing capacity and confinement efficiency of 

concrete piles in severe marine environments. In addition, this paper examines the validity of the 

available design provisions in codes and standards (CSA 2017 and 2019a) in predicting the 

nominal axial capacity of submerged GFRP-RC piles in marine environments.  

Chapter 5 (2nd article) presents the second technical paper entitled “Durability Assessment and 

Behavior under Axial Load of Circular GFRP-RC Piles Conditioned in Severe Simulated Marine 

Environment”. The major objective of this paper is to recognize the durability/structural 

performance of circular GFRP-RC piles under axial loads after continuous submersion in 

laboratory-simulated marine environments under room temperature (22°C) or severe (60°C) 

conditions for 12-months. Moreover, the effect of structural using small spiral spacing and 

different transverse reinforcement configuration (circular spirals or hoops) on axial bearing 

capacity, confinement efficiency, and ductility of concrete piles in severe marine environments. 

Moreover, this paper includes a comparison between the applicable current design provisions in 

codes and guidelines for predicting the nominal axial capacity of circular GFRP-RC piles 

submerged in marine environments. 

Chapter 6 (3rd article) contains the third technical paper entitled “Uniaxial Compression 

Behavior of Short Square and Circular RC Piles Constructed with GFRP Bars and Spirals Pre-

conditioned in Simulated Marine Environments”. This paper aims at assessing the effect of 

immersing GFRP reinforcing bars and spirals in a severe marine environment (saltwater bath at 

60°C) and evaluating the general behavior of the concrete piles constructed with these materials 

and tested under concentric loading (axial compression tests). Moreover, investigating the effect 

of longitudinal reinforcement ratio, confinement level, transverse reinforcement configuration 

(spiral, ties, or hoops) on ultimate load capacity and post-peak behavior. Eventually, evaluating 

the validity of the GFRP bars environmental reduction factors specified in the AASHTO LRFD 

Bridge Design Guide Specifications for GFRP-RC (AASHTO 2018a), the Canadian Highway 

Bridge Design Code (CSA 2019a), and CSA (2017) in calculating the design capacity of GFRP-

RC piles or piers in marine environments. 



9                                                                                            INTRODUCTION 

Chapter 7 is entitled “Expectation of Short and Long-term Compression Behavior of Hybrid and 

GFRP RC Piles in Aggressive Seawater Environment: Structural and Durability Study”. This 

paper mainly intends to investigate the short-term durability response of hybrid (steel bars and 

GFRP spirals) and all-GFRP RC piles in the seawater simulated solution at subtropical annual 

temperature (22°C) and accelerated temperature (60°C) after 12 months. This paper also aims at 

investigating the potential long-term durability performance of hybrid and all-GFRP RC piles 

under the same aggressive exposure conditions in terms of service life assessment. Eventually, 

the validity of the existing design equations of AASHTO (2018b) and CSA (2019a) to predict 

the nominal and design axial capacity of hybrid RC piles was evaluated.   

Chapter 8 (Summary and Conclusions) is the last chapter of the thesis and summarises all 

significant conclusions of the results observed based on axial compression tests of RC piles, 

mechanical properties tests of GFRP bars aged directly in the simulated marine environment, 

microstructural analyses, and theoretical prediction of axial bearing capacity in addition to the 

possible future work. 
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Chapter 2: LITERATURE REVIEW 

This chapter presents a brief background knowledge about the characterization of concrete mixed 

and/or cured with seawater, as well as; the concrete degradation mechanism due to corrosion of 

internal steel reinforcement was described. The degradation mechanism of GFRP material in the 

presence of water molecules or free hydroxyl ions mobilized from concrete was also identified in 

detail. The summary of the previous studies addressed in this chapter does not represent the 

summaries of all work performed to discuss and enhance the durability performance of GFRP bars 

in different environments; however, the chosen studies covered all factors that affect the 

mechanical and microstructural properties of GFRP bars. This chapter also deals with studies 

observations based on field examination for some bridge elements and marine structures made of 

GFRP material and still being in service after exposure to real environmental factors (i.e., deicing, 

freeze and thaw cycles, wet and dry cycles, moisture, and sustained loads). In addition, this chapter 

introduces a comprehensive literature review about the compression behavior of GFRP-RC 

columns covering all structural variables. Few studies focused on the durability of FRP-RC beams 

and columns in seawater environments were also discussed. The conclusions and discussion of the 

presented studies provide the author with the argument needed to analyze the test results of this 

dissertation. 

2.1. Concrete Degradation in Marine Environment 

Marine environment is represented in seawater. Salt concentrations in seawater make up about 

3.5% of water weight. Salts in seawater include sodium chloride, magnesium chloride, magnesium 

sulfate, and calcium sulfate. Sodium chloride (NaCl) is the predominant salt among the other salts 

(Novokshchenov 1995). The durability and long-term performance of concrete in the marine 

environment rely on a complex interplay of chemical and physical mechanisms (Santhanam and 

Otieno 2016). The degradation of concrete in the marine environment is associated with sulfate 

attack, corrosion of embedded steel due to chloride ingress, and physical salt attack. In addition, 

the cement paste may be damaged as a result of; swelling disruption of concrete; if alkali-reactive 
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aggregates are present in the concrete mix. The concrete material in seawater may be affected by 

sulfate attack through a complex physiochemical process (Nehdi et al. 2014). Sodium chloride 

does not directly affect the concrete material, but chloride-ions existence accelerates the steel 

corrosion rate, which causes premature concrete failure. 

2.2. Effect of Chloride-ions in Seawater on Steel Embedded in 

Concrete  

The high alkaline environment surrounding the steel bars in RC structures is considered as a 

protection against corrosion. Steel rebar’s are usually protected by a thin film that covers their 

surface. This layer is formed during the hydration of cement and is named passive layer or oxide 

film. As long as this oxide film is present, the steel remains intact. The passive layer is very 

sensitive to the pH of the pore solution around the bar and the existence of chloride ions. When 

the chloride ions penetrate the concrete cover, the oxide film is destroyed, and in the presence of 

water molecules and oxygen, the corrosion commences. Chloride ions act only to accelerate the 

de-passivation process without contributing to the chemical reaction (rust formation) and assist in 

forming the anodic and cathode regions, as will be discussed later. 

Figure 2.1 illustrates the cathodic and anodic reactions of steel bars embedded in concrete. After 

de-passivation, the electrochemical cell is set up: anodic and cathodic regions occur, connected by 

the electrolyte. The pore water in the hardened cement paste acts as an electrolyte. The positively 

charged ferrous ions Fe2+ at the anode pass into the solution. While the negatively charged free 

electrons e- pass through the steel into the cathode. At the cathode, these electrons are absorbed by 

the constituents of the electrolyte and combine with water molecules and oxygen to form hydroxyl 

ions OH-. Then, these negative ions immigrate through the electrolyte and react with ferrous ions 

to form the ferric hydroxide, which is converted by further oxidation to rust (see Fig. 2.1). 

Accumulation of the rust products on the surface of bars increases the volume of corroded steel 

bars to 2 to 6 times the original steel volume (see Fig. 2.2(a)), which generates an expansive 

pressure on the concrete cover, as shown in Fig. 2.2 (b). If the initial stress from the volume 

increase of rust products exceeds the tensile strength of concrete, the concrete cover will crack 

(Hime and Backus 1999). The concrete, which includes corroded steel reinforcement, is 

characterized by cracking, delamination, and spalling due to developing a radial pressure at the 
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steel-concrete interface (Chernin and Val 2011; Xia et al. 2016). Another cause of steel corrosion 

is the carbonation of concrete which drops the pH of concrete to about 9 below the passivation 

threshold of steel 11.5 (Chang et al. 2004; Lin 2007). Overall, we can say that corrosion attack is 

mainly associated with either the carbonation of concrete, the ingress of chlorides, or a 

combination of both (Glass and Buenfeld 2000). 

 

Fig. 2. 1: Cathodic and anodic reactions of steel bars embedded in concrete 

 (www.cement.org) 

 

 

    (a) Volumetric expansion                        (b) Concrete crack propagation due to corrosion  

Fig. 2. 2: The progress of corrosion-induced damage in concrete (www.galvanizing.ie) 

2.2.1  Corrosion Influence on Structural Performance of RC Piers and Piles    

Steel corrosion harms the structural functions of RC bridge piers and piles. Transverse 

reinforcement (spirals, ties, hoops) and primary reinforcement are essential to provide the desired 

level of the design axial load capacity, shear capacity, ductility, and energy dissipation capacity 

for the foundations of RC bridges under the service loads in the marine environment. In the marine 

environment, transverse reinforcement is highly prone to corrosion faster than the main steel bars 

due to its location being nearby the chloride source and smaller cross-section. Spiral corrosion 

means reducing the efficiency to provide the confinement to concrete core and shear resistance of 
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RC piles or piers. This is because spiral corrosion leads to reducing the spiral’s bar cross-section 

and losing the bond between concrete and spiral branches (Ou and Chen 2014; Zhang et al. 2016; 

Tapan et al. 2016). Xia et al. (2016) discussed that the highest damage to concrete cover producing 

a higher reduction in the axial compression capacity occurs for columns reinforced with spirals or 

ties with smaller spacing. Furthermore, corrosion of longitudinal steel leads to the loss of concrete 

cross-section as a result of cracking, delamination, and /or spalling of concrete cover (Chernin and 

Val 2011), also reducing the bond strength between the reinforcement and concrete (Fang et al. 

2006; Bhargava et al. 2007). In addition to that, piers or piles may be subjected to nominal moments 

when the corrosion distribution around the perimeter is not uniform. These symptoms cause a 

reduction in the load capacity of the RC columns (Rodriguez et al. 1996; Revathy et al. 2009; 

Altoubat et al. 2016) and increase the loading eccentricity (Xia et al. 2016). In general, losing the 

structural function for spirals or vertical bars by corrosion may lead to abrupt concrete failure 

under the service loads, causing catastrophic failure for RC concrete elements. Figure 2.3 depicts 

the corrosion of longitudinal and transverse reinforcement of RC bridge foundation in the marine 

environment.    

 

Fig. 2. 3: RC bridge foundation corrosion in the marine environment (www.prodyogi.com) 

2.3. Effect of Chloride-ions in Seawater on Concrete Properties 

The effect of seawater on concrete has remained the most vital topic associated with structures 

either built-in or cast and/or cured or cured with seawater (Akshat et al., 2015). Shetty (1982) 

reported that the permeability of concrete and lack of concrete cover are the key factors that affect 

steel corrosion more than seawater. Existing chloride ions in concrete mix can chemically affect 

the hydration process of cement by forming a new phase in the microstructure of concrete which 
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affects the mechanical and durability properties of concrete. The chloride ion (Cl-) content of 

seawater contributes to the acceleration of the cement hydration process, thus decreasing the 

setting time of cement (Govindarajan and Gopalakrishnan 2011), fastening its hardening (Lago et 

al. 2018), and minimizing its porosity (Sikora et al. 2019). Etxeberria et al. (2016a) and 

Parthasarath et al. (2017) also found that NaCl, MgCl2, CaCl2 have an accelerating effect on 

cement hydration, especially on calcium silicates (mainly tricalcium silicate —C3S), which results 

in the faster formation of the C-S-H phase and decreases the setting time of the composite. Lago 

et al. (2018) observed that adding 10% of NaCl salts in the hydration water can increase the 

generated energy, showing greater hydration of C3S and C3A, which increases the formation of C-

S-H and ettringite. Hydration process acceleration was due to the formation of Friedel’s salt 

([Ca2Al (OH)6]. Cl. 2H2O or C3A.CaCl2.10H2O). Corrosion of steel bars is associated with the 

unbounded chloride ions which accommodated the concrete pores (Marinescu and Brouwers 

2010). 

2.3.1  Chemical Chloride Binding Mechanism    

Two mechanisms describe the chemical chloride binding; the ion exchange mechanism 

(Suryavanshi et al. 1996); and the dissolution and precipitation mechanism (Arya and Xu 1995). 

The ion exchange mechanism is the chemical substitution of sulfates (So4
-), hydroxyl (OH-), or 

carbonate groups in AFM phases with Cl-, forming Friedel’s salt (Eq. (2.1)) (Hirao et al. 2005). 

The second mechanism is dominated by the role of calcium hydroxide and un-hydrated cement in 

the formation of Friedel’s salt (Arya and Xu 1995). The chemical equations Eq. (2.2) and Eq. (2.3) 

illustrate the reaction of the second mechanism mainly in pure cement paste. With the presence of 

(Al) phases in the slag, and accumulated formation of Friedel’s salt can occur, as in Eq. 2.4. The 

formation of Friedel’s salt helps to densify the matrix of the concrete. In general, the densification 

assisted decrease the autogenous shrinkage and increasing the compressive strength (Li et al. 

2018).    

𝐶 𝐴. 𝐶𝑎𝑆𝑂 . 14𝐻 𝑂
𝐶 𝐴. 𝐶𝑎(𝑂𝐻) . 12𝐻 𝑂

𝐶 𝐴. 𝐶𝑎𝐶𝑂 . 10𝐻 𝑂
+ 𝐶𝑙 → 𝐶 𝐴. 𝐶𝑎𝐶𝑙 . 10𝐻 𝑂 (𝐹𝑟𝑖𝑒𝑑𝑒𝑙 𝑠 𝑆𝑎𝑙𝑡)                          Eq. 2.1 

𝐶 𝐴 + 𝐶𝑎𝐶𝑙 + 10𝐻 𝑂 → 𝐶 𝐴. 𝐶𝑎𝐶𝑙 . 10𝐻 𝑂                                                                   Eq. 2.2 

𝐶 𝐴 + 𝐶 𝑆 + 2𝑁𝑎𝐶𝑙 + 15𝐻 𝑂 → 𝐶 𝐴. 𝐶𝑎𝐶𝑙 . 10𝐻 𝑂 + 𝐶 𝑆. 4𝐻 𝑂 + 2𝑁𝑎𝑂𝐻                Eq. 2.3 
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3𝐶𝑎(𝑂𝐻) + 𝐶𝑎𝐶𝑙 + 𝐴𝑙 𝑂 + 7𝐻 𝑂 → 3𝐶𝑎𝑂. 𝐴𝑙 𝑂 . 𝐶𝑎𝐶𝑙 . 10𝐻 𝑂                               Eq. 2.4       

In the case of concrete mixed with seawater, the dissolved NaCl salts react with Ca (OH)2, which 

is produced from the cement hydration and form CaCl2, as per Eq. (2.5). Calcium chloride is a 

strong accelerator of cement hydration process. 

𝐶𝑎(𝑂𝐻) + 𝑁𝑎𝐶𝑙 → 𝐶𝑎𝐶𝑙 + 2𝑁𝑎 + 2𝑂𝐻                                                                     Eq. 2.5 

2.3.2  Mechanical Properties of Concrete Mixed or Cured with Seawater  

Several investigations have been conducted to study the effect of using seawater in casting and 

curing on concrete strength (Person 2003; Naghoj et al. 2005; Prascad et al. 2006; Akinkurolere et 

al. 2007; Wegian 2010; Otsuki et al. 2011; and Emmanuel et al. 2012). General conclusions state 

that using artificial seawater solutions in mixing or curing concrete exhibited notable improvements 

in the concrete compressive strength during the early ages of concrete (7-14 days) compared to 

traditional concrete. Susilorini et al. (2004) explained the reason behind strength increase by 

11.87% at age 14 days for concrete specimens cured with seawater to the existence of calcium 

chloride in seawater and by high temperature. 

Conversely, the long-term performance of concrete made of and/or cured with seawater is a debated 

topic. The conclusions of previous work experienced a notable discrepancy regarding the continuity 

of the enhancement of concrete strength after age14 days. Tiwari et al. (2014) found that the 

reduction in 28-days compressive strength due to using salt water (3.5% NaCl) as a mixing agent 

is not considerable. Specimens cast and cured with salt water showed a slight increase in strength 

after 28-days. Khan et al. (2015) reported a 1-6% decrease in compressive strength of concrete 

cubes mixed and cured with salt water (%NaCl) after 28-days, compared with traditional concrete. 

Guo et al. (2018) indicated that using seawater (solution prepared with sea salt) as a curing agent 

reduces the strength of concrete mixed with seawater by 15% and that mixed with fresh water 7% 

at age 90 days compared with traditional concrete. The strength loss was due to leaching out of soft 

hydration products or the sulfates contains in seawater that retard the setting of cement. In 

comparison to fresh-water mixed and cured specimens, Islam et al. (2012) observed 10% losses in 

the compressive strength of concrete cubes mixed and cured with seawater (from the Bay of 

Bengal) after 180 days. Etxeberria et al. (2016b) recommended that seawater can be successfully 

used as a mixing agent in concrete dyke blocks. It was observed that the compressive strengths of 

the concretes produced employing fresh-water or seawater were similar after one year (365 days) 
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of age. Mori et al. (1981) reported that the difference in the strength of concrete mixed with 

seawater and that cast with freshwater is minimal after 10-years of exposure to seawater. Despite 

the possibility of using seawater in mixing and curing concrete, steel corrosion drawback the use 

of seawater in RC structures. Using FRP material in the civil engineering field could encourage the 

utilizing seawater concrete.    

2.4. Effect of Hot Water Curing on Concrete Strength  

The effect of concrete curing with hot water was later investigated in a few studies. The general 

observations pointed out that hot water curing was found to enhance the mechanical properties of 

concrete with or without silica fume, such as compression and splitting strengths. Strength 

improvement was attributed to hot water increasing the rate of cement hydration. Hot water also 

accelerates the pozzolanic reaction that occurs between silica fume powder and calcium hydroxide 

of the cement matrix, particularly at early times. Venkatesh and Arun (2016) reported that the 

highest strength was recorded for the sprinkler curing by hot water at 70°C, while the sprinkler 

curing by normal water gives the lowest strength. Moreover, curing water temperatures is a factor 

that governs the strength of concrete. Hamza et al. (2017) investigated the effect of curing water 

temperature (20 and 40°C) on the mechanical properties of concrete with silica fume and hydrated 

lime after 6-months. It was found that curing concrete with 10% silica fume with hot water (40°C) 

enhances the compressive strength by 10%. Abdulrahman et al. (2018) compared two different 

curing conditions: continuous immersion in water at 35°C and immersion in hot water at 90°C for 

5 hr./day up to 28 days. The results revealed that concretes cured at 90°C showed the highest 

compressive or splitting strengths, whether containing silica fume or free. Concretes without silica 

fume showed enhancement in the 28-days compressive and splitting tensile strength reaches 11.6% 

and 135.9%, respectively after curing at 90°C. 

2.5. Durability Assessment of GFRP Bars 

GFRP bars have emerged as an alternative to black steel bars in many RC structures constructed in 

coastal areas and harsh environmental conditions due to many advantages. In addition to their 

lightweight to high strength ratio, GFRP bars are durable and impervious to chloride ions and 
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chemical attacks, showing higher service life than black steel bars. GFRP bars also are thermally 

and electrically nonconductive and have high fatigue endurance (ACI 2015). 

FRP bar is a composite material, consists of more than one element such as fibers (Glass, Aramid, 

Carbon, or Basalt) and Matrix (Epoxy, Vinyl-ester, or Poly-ester resin). Fibers are the element that 

is responsible for resisting most tensile stresses. The matrix is considered the barrier for harmful 

ions against attacking the fibers and protecting the fibers against buckling under compression 

stresses. In addition, the matrix controls the inter-laminar and transverse shear strengths and the 

compression mode of failure (ACI 2015). FRP bars and spirals are commonly manufactured by the 

pultrusion process. During this process, the fibers are impregnated in resin to form bars. The 

fiber/matrix interfaces are thin layers; that can be formed during the manufacturing process as a 

chemical bond between individual fibers and resin. These interfaces are responsible for transferring 

the load fibers to resin. The integrity of FRP bars is associated with the integrity of this layer 

because losing this layer means losing the composite action. Degradation of bars starts once the 

matrix cracks due to sustained loading or lack of entire curing during manufacturing. Another 

significant element that contributes to the integrity of bars against harmful ions is the thickness and 

the integrity of the outer layer of resin, as addressed by (Kamal and Boulfiza 2011).    

2.5.1  Chemical Degradation of GFRP    

The high alkalinity of concrete around the GFRP bars is considered an aggressive environment, 

therefore, effects on the performance of GFRP bars. The majority of previous researches proved 

that moisture, alkalinity, temperature, and sustained load play a pivotal role in accelerating the 

degradation of GFRP bars (Benmokrane et al. 2002 and 2017; Chen et al. 2007; Robert et al.2009; 

Robert and Benmokrane 2013). The degradation mechanism of GFRP bars is described best by the 

kinetics of the chemical and physical processes (Weber 2006), not electrochemical reactions like 

steel reinforcement. Therefore, the degradation mechanism does not need oxygen to act as a 

cathode. Huang and Aboutaha (2010) reported that degradation of GFRP bars mainly depends on 

water molecules and/or free hydroxyl ions existence; without water, the degradation of either the 

matrix or glass fiber in GFRP bars will not take place. It is widely accepted that the degradation of 

GFRP bars starts once water molecules and/or free hydroxyl ions diffuse through the matrix of 

bars, as will be discussed later. 
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2.5.1.1  Glass fiber degradation mechanism 

Figure 2.4 concludes the chemical degradation mechanism of glass-fibers in water. Glass-fibers 

degradations can be described in two categories: leaching and etching (Chen et al., 2007). During 

the leaching process, the glass fiber loses alkalis which are available in the glass structure (Ca+2, 

Al+3, K+1, and Mg+2) in water, and the pH of the solution increases with exposure time 

(hydroxylation) (Barkatt 2001; Nkurunziza et al. 2005; Helebrant et al. 2017). As a result of 

increasing the pH of the solution, the solution becomes more severe. This explains why the alkaline 

environment is more critical than water at the beginning of degradation; then, both effects became 

roughly similar, as reported by (Chu and Karbhari 2002). The second significant reaction is called 

‘‘etching’’, in which the hydroxyl ions break the Si–O–Si structure. Due to hydroxylation, the fiber 

surface pitting forms, and the surface becomes rough. The chemical reactions of glass fiber in water 

are explained in the following points: 

 Reaction (1): Leaching of alkalis out fibers and produce free hydroxyl ions and silanol 

group (SiOH), as shown in Fig.2.4(a). 

 Reaction (2): Silica network (Si-O-Si and Si-O-Na/K) is not stable in an alkalinity 

environment, so it degrades by silica (SiO2) dissolution, as shown Fig.2.4(b). 

 Reaction (3): (SiO-) that was produced in Fig.2.4(b) reacts with water molecules and 

produces more free hydroxyl ions, as shown in Fig.2.4(c). 

 Reaction (4): Reaction (2) and Reaction (3) continue until consuming the fibers material. 

 

Fig. 2. 4: Chemical degradation processes of glass fiber in water 
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At all degradation processes, the silanol group (SiOH) is the main product. (SiOH) is a type of gel 

characterized by less density compared to the original glass structure. This gel can transport the 

alkalis and water, which accelerate the degradation (Tannous and Saadatmanesh 1999). In general, 

loss in toughness, stiffness, strength, and fiber embrittlement are the symptoms of glass fiber 

deterioration in alkaline environments (Murphy et al. 1999). 

2.5.1.2  Matrix degradation mechanism 

Matrix degradation occurs through two mechanisms; plasticization and (hydrolysis and/or 

saponification). Plasticization reduces the stiffness of the matrix where the matrix could be 

deteriorated through cracking and micro-cracking due to volume expansion during moisture 

absorption. Matrix plasticization reduces the glass transition temperature (Tg) of conditioned 

specimens compared to the control. While, hydrolysis causes the breaking of polymer chains and 

leaching out of low molecular weight from the bulk resin (Abeysinghe et al., 1982). Because ester 

bonds in the long polymeric chain are the weakest bonds, the chain scission at the ester bonds 

occurs once exposed to OH- attack. Eq. 2.6 and Eq. 2.7 show the hydrolysis and /or saponification 

reactions, respectively (Kamal and Boulfiza 2011).  

 

 
Eq. 2. 6 

 

 

 

Eq. 2. 7 

 
 

2.5.1.3  Fiber/matrix interfaces degradation mechanism 

Even though the fiber/matrix interfaces are much small, they are prone to deterioration, especially 

after the matrix swelling due to water uptake. Bradshaw et al. (1997) classified the degradation 

mechanism of fiber/matrix interfaces into three dominant mechanisms include matrix osmotic 

cracking, interfacial deboning, and delamination (separation).  Hayes et al. (1998) and El-Hassan 

et al. (2017) recognized fiber-matrix de-bonding due to developing swelling stresses in the matrix 

after the diffusion of water in resin. 
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2.5.2  Laboratory Accelerated Aging Tests Using Aqueous Solutions 

GFRP bars are prone to degradation due to exposure to some environmental factors (i.e., high 

alkalinity and temperature, water/moisture, ultraviolet radiations coming from the sun, and 

sustained load); however, without causing concrete cover delamination or bulge. These factors are 

affecting the durability and longevity performance of GFRP bars in aggressive environments. The 

laboratory accelerated aging tests are used in several studies to simulate the effect of harmful 

external conditions on GFRP bars for providing the industrial sector with more data that assist 

enhancement the physical and mechanical properties of GFRP bars. 

Benmokrane et al. (2002) conducted some accelerated aging tests on more than 20-types of GFRP 

bars made of different types of resin, fibers, and surface coating to assess their degradation 

mechanisms under sustained load and alkaline environments. The bar samples were subjected to 

sustained load in the range of 22 to 68% of the ultimate tensile strength (UTS) in three alkaline 

environments. The three alkaline environments are 1) NaOH solution, 2) simulated pore-water 

solution, and 3) a real concrete environment. The results showed that the Advances and AR-glass 

fibers have better resistance to alkaline environments than normal E-glass. Vinyl-ester resin (or 

epoxy) shows low diffusibility and high resistance to alkaline attack, in the contrary, the poly-ester 

resin is not recommended. Resin and FRP bars should be fully cured to reduce moisture absorption. 

Moreover, the sand coating reduces the diffusion rate by clogging the micro-cracks formed during 

curing process. 

Chen et al. (2007) studied the effect of five different solutions and accelerated temperature (40° 

and 60°C) on the tensile strength of GFRP bars and those embedded in concrete. Solution 1 was 

tap water. Solution 2 and 3 were made with a pH value of 13.6 and 12.7 to simulate pore solution 

of normal concrete (NC) and high-performance concrete (HPC) respectively. Solution 4 was 

prepared by mixing sodium chloride (NaCl) and sodium sulfate (Na2So4) to simulate seawater. 

Solution 5 was combined alkaline solution with chloride ions. Bare GFRP bars or those embedded 

in concrete exhibited a significant strength loss after exposure to the simulated solutions, especially 

at 60°C. The HPC environment was less aggressive to GFRP bars than NC environments. The 

alkalinity of the simulated NC environment was the most aggressive condition for bare FRP bars 

and more detrimental than for bars embedded in concrete. 
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The outer thin resin layer in GFRP bars is the first layer exposed to harmful ions such as water 

molecules and hydroxyl ions mobilized from concrete pores. GFRP bar degradation was found to 

be controlled by the thickness and the resin type of this layer. Kamal and Boulfiza (2011) assessed 

the efficiency of this layer to resist the aggressive alkaline solutions and water ions. GFRP bar 

samples were immersed in four different alkaline solutions (12.5<pH<13.8) and deionized water 

at 23, 50, and 75°C for 12-months. The findings proved that the vinyl-ester (VE) has an intrinsic 

chemical resistance against water and alkaline solutions, even at 50°C. Furthermore, the VE 

polymer matrix effectively acts as a semipermeable membrane by allowing water molecules and 

blocking harmful alkalis as long as the outside 50-μm protective resin layer is present and remains 

intact. 

Another factor affecting the durability performance and the degradation mechanism of GFRP bars; 

is the size of bars. Benmokrane et al. (2017) investigated the effect of bar’s size on the durability 

of GFRP bars made of vinyl-ester and boron-free glass fibers (EC-R) in alkaline solutions 

(pH=12.6) at 60°C for 90 days. A wide range of bar diameters (9.5, 12.7,15.9,19.1, and 25.4) was 

used in this study. The results revealed that the physical properties of bars are not affected by bars 

size, except water absorption property which decreases as the diameter increases. Aging conditions 

had a significant negative effect on the tensile strength of the larger bars than on the smaller ones. 

The smaller bars are characterized by higher tensile strength retention and lower inter-laminar 

shear and flexural strength retention compared to larger bars. Scanning Electron Microscopy 

(SEM) detected a significant debonding in the interfaces between resin and fibers located in the 

vicinity areas to the bar’s edge and did not extend to the core (see Fig. 2.5). 

 

Fig. 2. 5: SEM images of conditioned GFRP bars: (a) core of bar; (b) near-surface of the bar 
(Benmokrane et al. 2017) 
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In preparation for the usage of seawater sea sand concrete (SWSSC) in marine structures, Wang 

et al. (2017) assessed the durability performance of GFRP and BFRP bars in solutions simulated 

SWSSC in the marine environment in terms of tensile strength retention and chemical degradation 

mechanism. Epoxy resin is used to protect the E-glass and basalt fibers. A tensile test and 

microstructure analyze were performed on the GFRP and BFRP bars with 6mm diameter after 

exposure to two different aqueous media and accelerated temperature for 63 days. Both solutions 

consisted of distilled water, (35g/l, NaCl), and different concentrations of NaOH, KOH, and 

Ca(OH)2 to simulate normal (N-SWSSC with pH =13.4) and high performance (HP-SWSSC with 

pH =12.7). It was found that the N-SWSSC solution is more aggressive than the HP-SWSSC 

solution on both types of bars due to the higher alkali ions in N-SWSSC. The tensile strength 

retention of GFRP and BFRP bars was 80.1% and 26%, respectively after 63-days of exposure to 

N-SWSSC solution at 55°C. The degradation mechanism of BFRP and GFRP bars in N-SWSSC 

solution at high temperature is characterized by etching of fiber, hydrolysis of resin, and interface 

deboning. Chloride ions (Cl-) easily penetrate the epoxy resin through micro-cracks and react Fe+ 

as a component of basalt fiber, causing the inherent degradation. GFRP bars is much more durable 

than BFRP bars in marine environments at high temperature. 

Due to the wide usage of GFRP bars as reinforcement in the diaphragm wall or the bore piles 

(Mohamed et al. 2020), the compressive performance of GFRP bars in marine/concrete 

environments is needed to evaluate. Since the compression strength of GFRP bars relies on the 

tensile strength, it is expected that the compression strength of GFRP bars is affected by the pH of 

surround media, sustained stress level, temperature, and exposure time. Fu et al. (2013) tested 90 

GFRP bars after immersion in an alkaline solution for 183 days. It was observed that GFRP bars 

lost 29.6%, 39.1%, and 47.6% of compressive strength at 40°C, 60 °C, and 80 °C, respectively. 

As the exposure period and temperature increase, the SiO2 content of GFRP rebar decreases, as 

detected by an X-ray fluorescence spectrometer (XRF). For instance, the SiO2 content of the GFRP 

bars reduced from 62.1% to 52.1%, 50.7%, and 47.7% at 40°C, 60°C, and 80°C respectively. For 

instance, the SiO2 content of the GFRP bars reduced from 62.1% to 52.1%, 50.7%, and 47.7% at 

40°C, 60°C, and 80°C, respectively.  

Sun et al. (2017) reported that the residual compressive strength of the GFRP bars with diameters 

of 8 mm, 10 mm and 12 mm were 65.0%, 67.1%, and 76.9% of the ultimate compressive strength 
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after immersing in a salt solution for 150 days. The effect of the alkaline solution was more severe 

than chloride solution on the compression performance of GFRP bars.  

Deng et al. (2017) investigated the compressive performance of GFRP bars combined with the 

effect of solution type, exposure temperature, and stress level. The test results demonstrated that 

the sustained stress and temperature accelerated the degradation of the compressive strength. The 

reductions in compressive strength of the GFRP bars under sustained stress of 0% and 40% of the 

ultimate compressive strength were 31.8% and 44.2% in the alkaline solution at 60°C, 22.2%, and 

29% in the salt solution at 60°C. 

Zhang and Deng (2019) also provided a better understanding of the degradation of the GFRP bars 

under sustained compressive stress in the simulated marine environment and concrete 

environment. The main parameter was sustained stress levels (0%, 20%, and 40% of ultimate 

compressive strength). The result showed that samples exposed to saltwater at compression stress 

levels of 0%, 20%, and 40% retained 67%, 62%, and 55% of their compressive strength retentions, 

respectively, after 90 days at 80°C. On the opposite, the compressive strength retentions were 44%, 

36%, and 24%, respectively, under the same conditions in an alkaline environment. 

 

2.5.3   Laboratory Accelerated Aging Tests Using Moist Concrete 

Another laboratory accelerated aging test method was used to represent the realistic environment 

of concrete. Robert et al. (2009) pointed out that using alkaline solutions produce degradation 

mechanism and changes in the mechanical and microstructural characteristics of GFRP bars more 

severe than those that occurs by wrapping the bars with saturated concrete. Figure 2.6 shows the 

changes in the microstructure of vinyl-ester resin exposed to a moist concrete environment and 

alkaline solutions at 50°C, as detected by SEM micrographs. Robert et al. (2009) also reported that 

immersion of concrete blocks containing GFRP bars in tap water at 50°C for 240 days did not 

cause debonding either the fiber/resin interfaces or concrete/bar interfaces, as shown in Fig. 2.7. 
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Fig. 2. 6: SEM micrographs of near-surface of GFRP bars aged in (a) moist concrete at 50°C 
for 240 days, (b) alkaline solutions at 60°C for 300 days (Robert et al. 2009)    

 

Fig. 2. 7: SEM micrographs of GFRP bars aged in moist concrete at 50°C for 240 days: (a) 
fiber/resin interfaces near the surface of the bar, (b) concrete/bar interfaces (Robert et al. 2009)    

In addition to high temperature and alkaline solutions as accelerated degradation factors, the 

presence of the cracks in the GFRP bars surface can accelerate the degradation of GFRP bars. 

Robert and Benmokrane (2010) experimentally investigated the influence of cracks and micro-

cracks on the short and long-term behavior of pre-loaded bars in a moist concrete environment. 

The bars were firstly loaded up to 20, 40, 60, 80% of their UTS. Some of these bars were reloaded 

up to failure, while the other bars were wrapped with concrete submerged in tap water at 23, 40, 

and 50°C for 60, 120, 180, and 240 days. The main conclusion highlights that preloading GFRP 

bars up to 80% of UTS before conditioning slightly affects the tensile properties, microstructural, 

and chemical degradation (hydrolysis) of the matrix after 240 days. A stress level of more than 

60% of UTS is enough to increase the moisture absorption causes a slight decrease in transition 

temperature (Tg) as evidence of matrix plasticization, as detected by DSC. Figure 2.8 (a-d) 

illustrates the changes in fiber/matrix interfaces due to the preloading and conditioning method.  
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Fig. 2. 8: Micrograph of transversal GFRP bar surface: (a) Reference GFRP, (b) GFRP bar 
loaded at 80% of the UTS, (c) GFRP bar loaded at 80% of the UTS and embedded in moist 

mortar during 240 days at 50°C, and (d) GFRP bar aged in alkaline solution at 60°C (Robert 
and Benmokrane 2010) 

Most studies do not separate the effects of water and salt added to water (ACI 2015). Chen et al. 

(2007) confirmed the conclusion of Pritchard (2000), that is, the distilled water is more aggressive 

to composites than seawater. In addition, some researchers reported that the differences in the 

durability of GFRP bars embedded in concrete saturated with tap water and saltwater are 

insignificant. Robert and Benmokrane (2013) conducted tensile tests and microstructural analysis 

on vinyl-ester resin/ E-glass GFRP bars encased with concrete immersed in tap water or saline 

solution (3%NaCl) at a wide range of temperatures (23,40,50, and 70°C) for 365-days. The results 

revealed that the durability performance of the concrete-wrapped GFRP bars, whether immersed 

in saline solution or tap water is similar. Moreover, conditioning concrete containing GFRP bars 

in saline solution at 50 or 70°C did not show any changes in the microstructure or chemical 

components of GFRP bars. 

 



26                                                                                LITERATURE REVIEW     
 

The durability and longevity of GFRP bars in alkaline and chloride environments are controlled 

by the type of used resin and void content in the matrix. A dissenting observation for the conclusion 

of Robert and Benmokrane (2013) was made by El-Hassan et al. (2017) regarding the exposure of 

GFRP bars to alkaline/chloride environments when another resin type and void contents were 

adapted. For example, El-Hassan et al. (2017) experimentally examined the durability of two 

different types of GFRP bars with ribs on the surface and embedded in moist seawater 

contaminated concrete 60°C for 15-months. Type 1 and Type 2 were made of glass fiber and epoxy 

resin with void content 0.1% and 0.23%, respectively. The bars were encased into a seawater 

contaminated concrete block (50 x 50 mm), providing 21 mm clear cover above bars, as shown in 

Fig.2.9 (a). The concrete-encased bar samples were immersed in temperature-controlled tap water 

baths for 5, 10, and 15 months (see Fig.2.9(b)). The results demonstrated that the aging-related 

degradation of GFRP bars in moist seawater contaminated concrete is highly dependent on void 

content and water uptake properties. Bars with high void contents are the bars more susceptible to 

the negative effects of water absorption. The tensile strength retention was in the range of 98-85% 

and 81-50% for GFRP bars Type 1 and Type 2, respectively compared to their unconditioned 

counterparts. Both types of GFRP bars suffered from interfacial separation and matrix 

disintegration by matrix swelling due to water absorption, as depicted in Fig. 2.10 and 2.11.  

 

Fig. 2. 9: GFRP Bars embedded in seawater contaminated concrete: (a) samples casting; (b) 
temperature-controlled tap water bathes (El-Hassan et al. 2017) 
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Fig. 2. 10: Cross-sectional micrograph of Type I GFRP bars: (a) control, (b) aged for 15 months 
at 60°C (El-Hassan et al. 2017) 

 

Fig. 2. 11: Cross-sectional micrograph of Type II GFRP bars: (a) control, (b) aged for 15 
months at 60°C (El-Hassan et al. 2017) 

In general, Davalos et al. (2012) indicated that the saturated concrete environment (natural alkaline 

exposure) is more aggressive to GFRP bars than direct exposure to tap water. Furthermore, GFRP 

bars wrapped with concrete in indoor ambient conditions showed better durability than those 

exposed directly to water or those embedded in moist concrete. These observations were 

emphasized by field examinations works, as discussed in the following section.   

2.5.4  Durability of GFRP Bars Under Natural Environmental Conditions   

Monitoring the performance of existing RC structures gives an authentic impression of the long-

term durability of GFRP bars as concrete internal reinforcement in field applications. GFRP bars 

have been successfully used to build the marine structure's elements (i.e., deck slab and pile cap 

beams of Harbour wharf) (Newhook et al. 2000) and the bridge elements (i.e., deck slab and traffic 

barriers wall) (Tadros et al. 1998; Tsai and Ventura 1999; Benmokrane et al. 2000) in Canada and 

the U.S. The GFRP bars used to build these concrete elements were made of E-glass fibers and 

vinyl-ester resin. Concrete deck slabs are periodically subjected to chloride ions from deicing salts 
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(in winter), frequent wet-dry and freeze-thaw cycles in which temperatures usually drop below -

30°C during winter and exceed +30°C during summer. Most studies concerned with inspecting the 

old structures built with GFRP bars mainly rely on the microscopic examination of small pieces of 

GFRP bars obtained by concrete cores in analyzing and reporting the data without conducting 

mechanical tests because the structures are still in service. 

Mufti et al. (2007) summarized the field data obtained from an extensive study was conducted on 

five important RC structures exposed to a wide range of harsh environmental circumstances for 5-

8 years of service to assess the durability of GFRP bars. Field data analysis showed a significant 

difference in the durability of GFRP bars in laboratory accelerated aging tests and those in a 

concrete environment of real-life engineering structures. Microscopic examination methods did not 

manifest any significant deteriorations in GFRP bars, suggesting the usage of GFRP bars as internal 

reinforcement under the effect of aggressive environmental conditions. 

To add more credibility to the durability of GFRP bars during long service life, Gooranorimi and 

Nanni (2017) assessed the 15-years durability performance of GFRP bars reinforced the overhang 

region of the concrete deck of Sierrita de la Cruz Creek Bridge under the influence of natural 

environmental conditions. The results added new evidence on the validity of using GFRP bars as 

concrete reinforcement in the bridge decks. The SEM and energy dispersive X-rays spectroscopy 

(EDS) analysis yielded that no changes in the microstructure of GFRP bars or chemical attacks 

took place. Similar distinct long-term durability observations were made by Gooranorimi et al. 

(2017) by analyzing GFRP bar samples taken from different locations of the GFRP-RC box culvert 

after 16 years of service. Gooranorimi et al. (2017) suggested the usage of GFRP bars in concrete 

culverts to reduce long-term maintenance costs and increase their service life. 

Benmokrane et al. (2018) performed some measurements of physicochemical, mechanical 

properties, and microstructural analyses on concrete core samples containing GFRP bars taken 

from Val-Alain Bridge to evaluate the long-term durability of GFRP bars after 11-years of service 

in the cold climate of Quebec. This study also presented great information about the integrity and 

durability of GFRP-RC bridge barrier walls. The finding highlighted that freeze-thaw cycles and 

high moisture for 11 years, did not cause any negative changes in the physicochemical 

characteristics and microstructure of GFRP bars reinforced the bridge barrier walls. 
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Al-Khafaji et al. (2021) conducted microstructural analyses, inter-laminar shear, and tensile tests 

on GFRP bars extracted from concrete cores taken from 12 bridge decks subjected to deicing salts 

for 15-20 years of service. SEM and EDS detected slight signs of degradation concentrated near 

the outer radius of GFRP bars as well as the maximum loss in tensile strength after 17 years was 

4.2%. In addition, inter-laminar shear strength loss was minimal. 

Based on the previous literature review regarding the durability of GFRP bars in different media 

and conditions, it can be drawn that GFRP bars have proved outstanding long-term durability 

performance in the concrete environment of RC structures exposed to seawater, deicing salts, freeze 

and thaw, and wet-dry cycles for prolonged periods as well as the long-term durability results based 

on laboratory accelerated aging tests are more conservative. 

2.6. Structural Performance of FRP RC Beams Under Laboratory 

Accelerated Aging and Natural Conditions   

As addressed previously, most of research focused on the individual mechanical behavior of FRP 

bars in different environments without assessing their structural behavior as internal reinforcement. 

Field examination programs usually did not give more reliable data about the structural 

performance of the concrete element containing the deteriorated FRP reinforcement because the 

evaluation method is based on microstructural scale tests due to the structures are still being in 

service. Therefore, the lack of long-term durability and structural performance data may hamper 

the usage of GFRP bars in marine structures. To consider that great efforts are being made to 

provide more reliable information for design codes. The most significant conclusion is that 

degradation of FRP bars could change the designed failure modes of RC beams. 

Mukherjee and Arwikar (2005a, b) conducted a set of accelerated aging and natural environment 

tests to assess the flexural behavior of RC bars reinforced with E-glass/vinyl-ester GFRP bars in a 

tropical environment. GFRP reinforcing bars in the conditioned beams were subjected to sustained 

load, water molecules through concrete cracks, and elevated temperature (60°C) for three different 

periods (3, 6, and 12-months). Whereas the GFRP bars reinforced the beams left outdoor were 

exposed to natural environmental conditions for 18 and 30 months. It was found that all beams 

immersed in a hot water bath sustained a load about 150% of that of their fresh counterparts due to 
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increasing the concrete compressive strength. The tensile test of the extracted bars showed a 65% 

reduction in tensile strength after 12-months and 38.6% due to natural weathering for 30-months. 

Due to the dual effect of increasing the concrete compressive strength and the GFRP bar 

degradation, the failure mode of laboratory conditioned beams was shifted from compression 

failure to reinforcement rupture. The microstructural tests explained the reduction in the tensile test 

to a complete matrix disintegrating after 12-months due to exposure to sustained load, moisture, 

temperature, and alkalis. 

Another study witnessed a change in the failure mode of basalt-fiber reinforced polymer (BFRP) 

RC beams after exposure to the simulated seawater environment. Dong et al. (2018a) investigated 

the coupling effect of sustained loads and seawater wet-dry cycles on the long-term mechanical 

performance of RC bars reinforced with BFRP bars and steel stirrups. The results showed a change 

in the failure mode of BFRP-RC beams from concrete crushing to rupture of BFRP bars after 12-

months of exposure (see Fig.2.12). The ultimate load of conditioned beams was 42% lower than 

their counterparts without conditioning. Fiber/matrix debonding was detected by SEM (see 

Fig.2.13).  

 

Fig. 2. 12: The mode of failure of concrete beams subjected to sustained load and a seawater 
wet-dry cycling environment for 12 months (Dong et al. 2018a) 
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Fig. 2. 13: SEM micrographs for Fiber/matrix de-bonding in the inter-zone of BFRP bars aged 
in seawater wet-dry cycles for 12 months (Dong et al. 2018a) 

Dong et al. (2018b) investigated the structural and durability performance of seawater sea sand 

concrete (SWSCC) beams reinforced with BFRP bars and stirrups in the marine environment. The 

conditioned beams were exposed to seawater wet-dry cycles at 40°C or continuous immersion in 

seawater at 50°C for three different periods 3, 6, and 9-months. The 6-months results also showed 

a change in the failure mode from the desired concrete crushing to shear failure, as shown in Fig. 

2.14. This was due to losing the contribution of BFRP stirrups to shear resistance capacity because 

of the degraded bond performance. 

 

Fig. 2. 14: The failures modes of control and conditioned BFRP reinforced SWSCC beams 
(Dong et al. 2018b) 
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Dong et al. (2020) assessed the durability-related flexural performance of SWSSC beams 

reinforced with carbon-fiber-reinforced polymer (CFRP) bars and BFRP stirrups after being 

exposed to seawater wet-dry cycles at 40°C or continuous immersion in seawater at 50°C for three 

different periods 3, 6, and 9-months (see Fig.2.15). The results revealed a 60% enhancement in the 

compressive and tensile strengths of concrete after exposure to seawater at 50°C for 9-months. The 

CFRP-RC beams conditioned in the two conditioning regimes showed a change in their failure 

modes from concrete crushing in the pure bending section to concrete crushing at loading points in 

the shear span, as illustrated in Fig. 2.16. This is followed by a reduction in the flexural capacity 

reaching 30% of control specimens. The serviceability of CFRP-RC beams was also affected by 

recording a crack width was equal to 2.2 times of control specimens, indicating bond strength loss. 

 

Fig. 2. 15: Specimens details and conditioning method (Dong et al. 2020) 

 

Fig. 2. 16: The mode of failure of CFRP-RC beams after conditioning in the simulated ocean 
environments for 9 months (Dong et al. 2020) 
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Esmaeili et al. (2020) examined the flexural behavior of concrete beams reinforced with GFRP bars 

subjected to a high sustained bending load (40% of UTS) after 10 years of natural weathering 

(temperatures ranging from −25°C to +35°C). The beams were reinforced with the early generation 

of GFRP bars. Despite the high level of sustained load applied to the GFRP RC beams, the 

maximum strength reduction was 16%. The bond between concrete and GFRP bars as well as Tg 

and inter-laminar shear strength remained unaffected.  

2.7. Axial Compression Behavior of GFRP RC Columns 

With improving the mechanical properties of GFRP bars, great efforts are being made to evaluate 

the feasibility of using the FRP bars as primary reinforcement in concrete columns (Alsayed et al. 

1999; Mirmiran et al. 2001; Choo et al. 2006; De Luca et al. 2010; Had hood et al. 2017a,b,c; Hadi 

et al. 2017; Hadi and Youssef 2016; Hales et al. 2017; Guerin et al. 2018; Abdelazim et al. 2019a,b). 

Several parameters were studied such as: (i) longitudinal reinforcement ratio; (ii) bars and spirals 

material (CFRP, GFRP, BFRP, or combine); (iii) transverse reinforcement spacing and 

configurations; (iv) slenderness ratio; (vi) loading regime (concentric and eccentric). General 

differences between traditional steel and FRP-RC columns are: (a) the axial bearing capacity of 

FRP-RC columns is 7-8% lower than that of steel-RC columns with equal axial stiffness; and (b) 

the ductility of FRP-RC columns is generally lower than that of steel-RC columns under concentric 

loading. The following sections briefly address the most significant parameters that affect the axial 

compression behavior of FRP-RC columns in terms of failure mode, axial capacities, ductility 

index, and confinement efficiency. 

2.7.1  General Failure mechanism of GFRP-RC columns    

The failure mechanism of specimens loaded uni-axially in compression is generally accompanied 

by splitting in a direction parallel to the load and volume increase. The strength of concrete under 

biaxial compression stresses is higher than that under uniaxial compression stresses. The increase 

of strength and ductility continues greatly under conditions of tri-axial compression. When a 

continuous spiral bar or circle ties are used in a compressed member, the core concrete surrounded 

by them is effectively confined, and the mechanical behavior of concrete is considerably improved. 

Figure 2.17 illustrates typical stress-strain curves for monotonic loading of confined and 

unconfined concrete in compression. 
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Fig. 2. 17: Stress-strain model for monotonic loading of confined and unconfined concrete in 
compression (Mander et al. 1988b) 

The failure mechanism of the plain concrete column is characterized by a formation of an inclined 

failure plane throughout the specimen’s height. Continued applied axial displacement causes 

relative movement of the two-column parts along this plane. This phenomenon is due to the absence 

of longitudinal reinforcement that could act as dowels to resist concrete sliding along the failure 

plane (shear sliding). Figure 2.18 depicts the failure mechanism of GFRP-RC columns confined 

with GFRP spirals. A limited hairline vertical cracks started to appear at almost 85-95% of the 

specimen’s peak load (see Fig. 2.18 (a)). At this level, the transverse expansive of the concrete is 

small, and tensile stresses in spirals/hoops are limited (confinement inefficient). These vertical 

cracks gradually propagate and enlarge up to the peak load (see Fig. 2.18 (b)). After the peak, the 

columns loses10-20% of their capacity due to the sudden spalling of the concrete cover (see Fig. 

2.18 (c)). After losing the concrete cover, the core components started to load and laterally 

expanded, causing an increase in the spiral’s strain. The core components failure is characterized 

by concrete core crushing, longitudinal bars buckling or crushing (controlled by spiral’s spacing), 

and finally spirals/hoops rupture (see Fig. 2.18 (d)). The general failure mode of GFRP-RC 

columns under compression loads is dominated by transverse reinforcement spacing, ratio, and 

configurations.   
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Fig. 2. 18: Cracking appearance of test specimens at different loading stages: (a) at 90% of peak 
load; (b) at peak load; (c) cover spalling; (d) transverse rupture and concrete core crushing 

(Afifi et al. 2014) 

2.7.2  Reinforcement type (steel &GFRP)     

Unlike steel bars, FRP bars have different behavior, which is characterized by a linear stress-strain 

relationship up to the failure. Due to this brittle nature, the failure mechanism of the GFRP-RC 

columns was observed to be slightly brittle than their counterparts of steel RC columns. Due to the 

relativity lower elastic modulus of FRP compared with steel, the contribution of FRP bars in 

compression load carrying capacity and ductility index is small. Many studies investigated the 

effect of replacing steel bars with GFRP bars on the mechanical properties of concrete columns. 

The experimental evidence pointed out that the behavior of RC columns internally reinforced with 

GFRP bars is very similar to that of conventional steel RC columns. However, GFRP RC columns 

exhibited axial bearing capacities about 13-16 % lower than their counterparts reinforced with 

steel bars with the same ratios. Also, the contribution of GFRP longitudinal rebar’s is about 3-10% 

of the total axial bearing capacity of the RC column; on the contrary, the contribution of the same 

amount of steel rebar’s is about 12-16%. In terms of ductility index, Hadi et al. (2016) indicated 

that steel-RC columns exhibit a better ductility index than columns reinforced with GFRP 

bars/spirals under concentric loading and similar under eccentric loading. 

The compression capacity of GFRP bars was theoretically suggested based on strains measured in 

GFRP bars during compression tests of GFRP-RC columns. It was found that the compression 

strains in GFRP bars at the peak is ranged from 0.003-0.004. Tobbi et al. (2012), Afifi et al. (2014), 
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and Tu al. (2019) suggested that the ultimate compression strength of GFRP bars may be taken 

about 0.35 of the ultimate tensile strength, as seen in Eq. (2.8). Pantelides et al. (2013) suggested 

the compression strength of FRP is corresponding to a strain equal to 0.003, in calculating the 

capacity of concrete GFRP-RC columns (see Eq. (2.9)). Lately, Canadian Highway Bridge Design 

Code (CSA 2019a) stipulated that the compressive strength of FRP reinforcement shall be limited 

to stress corresponding to a strain of 0.002 in the calculation of the factored axial and flexural 

capacity of RC members (see Eq. (2.10)).  

 o
'P 0.85 - 0.35 fug fc ff A A f A                                                                                      Eq. (2.8) 

o
'P 0.85 0.003cc fcc ff A E A                                                                                             Eq. (2.9) 

 ( 6 19) 1
'P - 0.002CSA S g fc f ff A A E A                                                                     Eq. (2.10) 

1
'0.85 0.0015 0.67cf                                                                                                Eq. (2.10a) 

where, Po = nominal axial capacity in Newton (N); 
'

cf  = cylinders compressive strength at age of 

28-days (MPa); gA = whole concrete cross-section of column; fA = total cross-section areas of 

bars; fuf = ultimate tensile strength (MPa); 
'

ccf = confined strength of concrete; ccA = the area 

closed by the spirals/hoops; fE = modulus of elasticity of GFRP bars (MPa); and 1 = the ratio 

of average stress in rectangular compression block given in Eq. (2.10a). 

 

2.7.3  Influence of longitudinal reinforcement (ratio and number)   

Longitudinal reinforcement in concrete columns is installed parallel to the direction of the applied 

load. Even though the concrete capacity is enough to resist the applied load, all design codes 

recommend that columns should be reinforced with the lowest longitudinal reinforcement ratio 

(1% of gross cross-section (Ag)). This is to reduce the effect of creep and shrinkage of the concrete 

under sustained compressive stresses (ACI 2019). In general, it was reported that longitudinal 

GFRP bars ratios have a slight influence on the axial compression performance of FRP-RC 

columns in terms of load-bearing capacity and ductility index. 
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Afifi et al. (2014) tested 12 full-scale cylindrical RC columns with 300 mm diameter under 

concentric axial loads. Studying the effect of longitudinal reinforcement ratios on the compression 

behavior of columns was a portion of this research objective. The columns were reinforced with 

three ratios (1.1, 2.2, and 3.2% Ag) and transversally with GFRP spirals with spacing 80 mm and 

a volumetric ratio is 1.5 %. It was observed that the mode of failure of specimens was enhanced 

with increasing the reinforcement ratio. Specimens reinforced with a low ratio (1.1%) exhibited 

brittle and explosive failure mode, however, specimens with higher ratios (2.2 and 3.2%) 

experienced failure mode. Increasing the reinforcement ratio from 1.1% to 3.2% could reduce the 

concrete strain at the peak, the corresponding vertical strain in bars, and spirals by 20%, 25%, and 

86%, respectively, and enhance the axial bearing capacity by 6%. It was also found 1.13 to 2.45 

and 1.4 to 1.82 an enhancement in the ductility and confinement efficiency, respectively.  

Tobbi et al. (2014) also investigated the effect of increasing the longitudinal reinforcement ratio 

on the behavior of three GFRP-RC square columns. Specimens had a (350 x 350 mm) cross-section 

and 1400 mm height and were tested under monotonic axial loading. The reinforcement ratios 

were 0.8%, 1%, and 1.9% Ag. The investigated specimens have the same transverse reinforcement 

configurations and 120 mm spacing. It was drawn that the influence of the longitudinal bars was 

more pronounced at the pre-peak stage before activation of the confinement. Before confinement 

activation, the specimen's peak load increases as the longitudinal reinforcement ratio increase. The 

specimen’s failure mode is characterized by longitudinal bars buckling at nearly the same axial 

strain. After peak load, the GFRP-RC columns experienced stabilization of the load-bearing 

capacity, and it was nearly horizontal plateau until failure. 

Karim et al. (2016) investigated the contribution of GFRP bars in the load-bearing capacity of 

GFRP-RC circular columns under monotonic axial compression loads. Karim et al. (2016) tested 

five specimens have 205 mm diameter and 800 mm height and were cast with concrete 

compressive strength 32MPa. Two specimens do not contain longitudinal bars and are confined 

with GFRP spirals each 30 mm and 60 mm. Two specimens were longitudinally reinforced with 

GFRP bars with ratios (2.3%Ag) and transversely with GFRP spirals each 30 and 60 mm. In 

addition to GFRP spirals each 60 mm, one specimen was wrapped externally with two layers of 

unidirectional CFRP sheets with a total thickness of 0.9 mm and width of 75 mm and spaced each 

60 mm. The results indicated that specimens containing GFRP bars as longitudinal reinforcement 

exhibits a better axial compression behavior than those made of GFRP spirals only. The specimens 
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containing GFRP bars achieved first and the second peak loads greater than their counterparts 

without GFRP bars by 13% and 52%, respectively (see Fig. 2.19). Moreover, the contribution of 

longitudinal GFRP bars to the first and second peak load was approximately 11% and 23%, 

respectively. The influence of the longitudinal GFRP bars in improving the ductility was 

significant for specimens with 60 mm pitch of GFRP spirals and very limited for specimens with 

30 mm pitch of GFRP spirals.  

 

 

Fig. 2. 19: axial load-axial deformation curves (Karim et al. 2016) 

Tu et al. (2019) carried out axial compression tests on three square columns (200 x 200 x 600 mm) 

to investigate the effect of increasing the longitudinal reinforcement ratio on the mechanical 

behavior of GFRP-RC columns. Three different longitudinal reinforcement ratios were adapted 

0.8, 1.1, and 1.5%. All specimens were reinforced with GFRP square spirals, each 50 mm and its 

equivalent volumetric ratio of 3.1%. Tu et al. (2019) reported a similar conclusion to Afifi et al. 

(2014), that is, the low longitudinal reinforcement ratio (1.1%) tended to fail in a brittle and 

explosive manner compared to the specimens with a higher longitudinal reinforcement ratio 

(1.5%). A 4.8% and 35% are the maximum enhancement in the axial bearing capacity and ductility 

index as a result of increasing the longitudinal reinforcement ratio from 0.8 to 1.5%.    
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2.7.4  Influence of transverse reinforcement (spacing, ratio, and 

configuration)  

Transverse reinforcement plays a vital role in resisting the shear stresses induced tension, 

preserving the stability of longitudinal reinforcement against buckling, and providing confinement 

for the concrete core. Transverse reinforcement in RC columns is commonly introduced in two 

forms; horizontal separated ties (hoops) or continuous closed stirrups (spirals). Since lateral 

restraint of longitudinal bars is provided by both transverse reinforcement and the concrete cover, 

spirals/hoops spacing has a significant effect on the mode of failure of GFRP bars (crushing or 

buckling). Alsayed et al. (1999) concluded that replacing only the steel ties with the same amount 

of the GFRP ties caused a reduction by 10 % of the axial capacity of the concrete columns. 

Elmessalami et al. (2019) conducted a vast survey of research that studied the effect of the type 

and spacing of transverse reinforcement. Elmessalami et al. (2019) reported that minimizing the 

circular spiral spacing from 120 to 40 mm causes an improvement in the strength by 3 to 6% versus 

57 to 208% in ductility and 21 to 43% in confinement efficiency, respectively. The following 

researchers have investigated the effect of transverse reinforcement spacing, ratio, and 

configurations on the mechanical properties of GFRP-RC columns in terms of failure mechanism, 

load-bearing capacity, ductility, and confinement efficiency (fcc/fco).    

De Luca et al. (2010) constructed five full-scale RC square columns (610 x 610 x 3000 mm) to 

analyze the influence of GFRP ties’ spacing on the axial compression behavior of GFRP and steel 

RC columns. All specimens were reinforced with eight No. 8 (25 mm diameter) bars (ρ = 1%). 

The testing variables are spacing of ties (406, 305, and 76 mm), and different manufacturers 

(deformed shape against sand coating). The result revealed that in the case ties with large spacing, 

the failure mode is controlled by bar buckling due to using light lateral confinement (see Fig. 2.20). 

The 305 mm spacing of GFRP ties does not contribute to increasing the peak capacity; but strongly 

influences the failure mode by delaying the buckling of the longitudinal bars, initiation and 

propagation of cracks, and concrete core crushing. For specimens with small spacing, the Poisson’s 

ratio started at a value of 0.2 and increased linearly up to an axial strain of about 0.0028. Beyond 

the peak load, Poisson’s ratio increased more rapidly and reached approximately 0.9 at failure. 
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Fig. 2. 20: Failure mode of GFRP-specimen with 406 mm tie spacing (Karim et al. 2016) 

Tobbi et al. (2012) conducted an experimental work to highlight the influence of different 

configurations of GFRP ties on the strength and strain capacities of GFRP RC square columns 

under concentric loading. Figure 2.21 shows the three studied transverse reinforcement 

configurations and spacing. All specimens had a similar area of longitudinal reinforcement, 

comprising 1.9 % Ag. Two ties’ spacing were used 80 mm and 120 mm. The results indicated that 

the spacing of the same ties (120 mm) and tie configuration 3 shows better confinement efficiency 

than other configurations regarding the strength and toughness of the confined concrete. For 

identical configuration, it was found that reducing the tie spacing from 120 to 80 mm yields a 

strength gain of more than 20%, indicating confinement enhancement at smaller tie spacing. 

 

 Fig. 2. 21: Longitudinal and transversal GFRP reinforcement layout for tested columns 
(Tobbi et al. 2012) 
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Afifi et al. (2014) tested 12-GFRP-RC circular columns reinforced laterally with different 

volumetric ratios, spacing, and configurations (spirals or hoops), as shown in Fig. 2.22. Afifi et al. 

(2014) observed that the transverse reinforcement at the peak load was not active, and its strain 

was about 0.000305, which is less than 2.0% of its ultimate tensile strain. When the concrete 

column's ultimate stress, the strain in the GFRP spirals continuously increased and reached about 

80% of its ultimate tensile strain. GFRP-RC columns confined by volumetric ratio less than 1.5% 

or with spiral spacing over 80 mm even at a volumetric ratio higher than 1.5%; failed in a brittle 

and explosive manner. The main conclusion of this study is that increasing the volumetric ratio 

and reducing the spiral’s spacing positively affected the behavior of the concrete columns. For 

instance, by increasing the volumetric ratio from 1 to 3%, 6% in axial strength, 208% in the 

ductility, 29% of bar-strength contribution, and 34% in the confinement efficiency (fcc/fco) was 

obtained. Moreover, the well-confined specimens (40 mm spacing) could achieve a second peak 

load, and their post-peak behavior up to failure was more stable and ductile. At the same value of 

the volumetric ratio of GFRP spiral, using smaller bar diameters with smaller spacing was more 

effective than larger bar diameters with larger spacing in enhancing the ductility. Moreover, using 

6.4 mm GFRP spirals with 35 mm instead of 12.7 mm with 145 mm spacing could increase the 

ductility, the strength of the concrete core, and the maximum axial load of the concrete columns 

by 140%, 35%, and 3%, respectively.    

 

Fig. 2. 22: Overview of the assembled GFRP cages (Afifi et al. 2014) 
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Mohamed et al. (2014) conducted experimental work to investigate the effect of lateral 

confinement configurations (spirals or hoops) on the axial compression behavior of GFRP and 

CFRP-RC circular columns through three different volumetric ratios (0.7%, 1.5%, or 2.7%), as 

seen in Fig. 2.23. It was found that columns confined by GFRP and CFRP spiral exhibited a 

strength of about 1.3% and 2.2% higher than their counterparts made of hoop configuration. The 

peak load of CFRP-RC columns reinforced by hoops or spirals was higher than that of GFRP-RC 

columns by approximately 3.4% and 2.16%, respectively. At the peak load level, hoop strain in 

the GFRP and CFRP spirals was about 2% of the ultimate tensile strain. GFRP-RC columns 

showed more ductile behavior than CFRP-RC columns. The test results indicated that the CFRP 

and GFRP spiral performed better than CFRP and GFRP hoops by providing high ductility and 

strength enhancement ratio. Due to CFRP spirals/hoops do not have high bending and shear 

capacity, GFRP spirals/hoops are more effective in improving the ductility and confined concrete 

strength than the CFRP spirals/hoops. 

 

Fig. 2. 23: Specimens cages: (a)CFRP (b) GFRP, and (c) Steel (Mohamed et al. 2014) 

Tobbi et al. (2014) carried out experimental work to yield a better understanding of the mechanical 

behavior of square columns reinforced longitudinally with GFRP, Carbon Fibre Reinforced 

Polymer (CFRP), or steel bars and subjected to concentric loading. Three parameters were 

investigated: transverse reinforcement materials (CFRP and GFRP), the shape of transverse 

reinforcement (C-shaped parts assembly or closed ties (see Fig. 2.24), transverse reinforcement 

ratios, and configurations (see Fig. 2.25). Tobbi et al. (2014) concluded that configuration 3 
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showed a higher strength gain than configuration 1. This is because closed transverse 

reinforcement yields more efficient confinement than C-shaped transverse reinforcement. The 

superior of the closed transverse reinforcement came from its material continuity, which leads to 

eliminating slippage, increasing the lateral confinement pressure. It was also observed that the 

shape of stress verse strain curves after the peak is affected by the spacing between transverse 

reinforcement. Configuration 3 provided higher nominal confined concrete strength (fcc′/fc′) and 

enhanced the peak stress. The CFRP ties exhibited a higher confined concrete strength than the 

counterpart GFRP ties. In the case of large spacing with a low volumetric ratio, CFRP transverse 

reinforcement performed significantly better than GFRP. This is due to the CFRP ties are stiffer 

and tend to open less than the GFRP ties. 

 

 

Fig. 2. 24: Stirrups shapes: (a) and (b) C-shaped; and (c) closed transverse reinforcement 
(Tobbi et al. 2014) 

 

Fig. 2. 25 : Transverse reinforcement: (a) Configuration 1;(b) Configuration 2; and (c) 
Configuration 3 (Tobbi et al. 2014) 
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Karim et al. (2016) studied the effect of reducing the spiral pitch from 60 to 30 mm on the ductility 

compression load-carrying capacity of the GFRP RC circular column. In addition to GFRP spirals 

with a pitch of 60 mm, only one specimen was wrapped with two layers of unidirectional CFRP 

sheets with a total thickness of 0.9 mm and width of 75 mm and spaced each 60 mm. Figure 2.26 

depicts the concrete dimension and reinforcement details of all specimens. The results showed that 

the first and second peak loads of specimens increased by approximately 8% and 43%, 

respectively, when the pitch of GFRP spirals was reduced from 60 to 30 mm. Using the CFRP 

sheet as additional external confinement led to increasing the second peak loads by 115 %. 

Additionally, reducing the pitch of GFRP spirals or external confining with CFRP sheets could 

improve the ductility of specimens. The dominant failure mode was confining material rupture, 

which is accompanied by fracture of longitudinal GFRP bars and concrete crushing, as shown in 

Fig. 2.27. 

 

Fig. 2. 26: Concrete dimension and Reinforcement details (Karim et al. 2016) 
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Fig. 2. 27: Mode of failure of tested specimens (Karim et al. 2016) 

Dong et al. (2018) verified the reliability of closed winding (CW)-GFRP stirrups (see Fig. 2.28) 

and compared their confinement efficiency with steel and pultruded GFRP rod stirrups by testing 

16 large-scale square concrete columns under monotonic increasing axial compression. All square 

columns measured 300×300×900 mm and were reinforced with twelve 12 mm diameter hot-rolled 

deformed longitudinal steel (1.5% Ag). The compressive strength of concrete on the testing day 

was 32 MPa. Three different transverse spacing was adapted 100, 75, and 50 mm. Dong et al. 

(2018) reported that columns reinforced with conventional GFRP rod stirrups failed due to the 

premature bond-slip at the overlap region rather than the rupture of stirrups, as shown in Fig.2.29. 

Conversely, columns confined by the CW-GFRP stirrups exhibited better axial ductility and 

confinement efficiency until the final rupture of stirrups. The CW-GFRP stirrups with circular 

inner stirrups (configuration B) could confine concrete more effectively than those with 

rectangular inner stirrups (configuration A). Furthermore, for CW-GFRP RC columns, reducing 

stirrup spacing from 100 mm to 50 mm increased the peak load Pmax by up to 8%. When the used 

stirrup’s spacing (100 mm) is larger than the maximum values specified by CSA/CAN S806-12 

for FRP stirrups, columns confined by CW-GFRP stirrups exhibited axial capacities similar to 

columns reinforced with the conventional GFRP rod stirrups, estimating about 9% lower than 

columns with steel stirrups. Using stirrups spacing equal to 75 mm led to an increase in the ultimate 

strain of the columns confined with CW-GFRP stirrups by 95% and 180% compared with steel 

and GFRP rod stirrup counterparts, respectively. Columns with the CW-GFRP stirrups spaced at 

50 mm exhibited even monotonically ascending load-strain responses after concrete cover spalling 

and achieved the ultimate strain up to 5.51% without the bucking of longitudinal bars. The 

maximum FRP stirrup spacing limit specified by the CSA/CAN S806-12 is reasonable. 
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Fig. 2. 28: Three typical configurations by different types of manufacturing methods: (a), (b) 
innovative Closed-type Winding GFRP (CW-GFRP) stirrup, and (c) conventional pultruded 

GFRP stirrup (Dong et al. 2018) 

 

Fig. 2. 29 : Typical failure modes of columns after failure: (a) S-A75; (b) GP-A75; (c) CW-B75-
1; (d) CW-B50-1. (Dong et al. 2018) 

Tu et al. (2019) conducted experimental work to analyze the confinement capacity of square GFRP 

spirals (see Fig. 2.29) to concrete by comparing with square GFRP ties and the influence of stirrups 

spacing on axial compression capacity. Six square columns were reinforced longitudinally with a 

reinforcement ratio (1.1 %) and cast with concrete with compressive strength of 32 MPa. Three 

different spacing was assigned (30, 50, and 80 mm) with volumetric ratios (5.3,3.1 and 2 %) 

respectively. The results demonstrated that spiral- and ties-confined columns with a stirrup spacing 

of 30 mm yielded ductility (load-carrying capacity) that was 112.5% (3.5%) and 100% (2.8%), 
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respectively, higher than that of their counterparts with a stirrup spacing 80 mm. The highest value 

of the strain of longitudinal bars was observed for specimens with a small spacing of the stirrups. 

The highest value of the strain of longitudinal bars was observed for specimens with a small 

spacing of the stirrups. Furthermore, GFRP square spirals achieved a similar confinement 

efficiency to circular spirals, compared with their counterpart ties. Specimens confined with GFRP 

square spirals exhibited a higher axial bearing capacity and ductility than those containing GFRP 

square ties. 

 

Fig. 2. 30: GFRP stirrups: (a) square ties; (b) square spiral; and (c) specimen’s cage   

(Tu et al. 2019) 

2.8. Effect of Aging Conditions on Structural Performance of 

GFRP-RC Columns 

Environmental aging conditions significantly affect the structural behavior of FRP-RC structures. 

The influence of the marine environment on the structural behavior of FRP-RC beams was 

discussed in the literature and represented reduction in the load capacity, change in the failure 

mode, and bond strength loss. The reason behind the lack of studies focused on durability 

performance of concrete columns reinforced with GFRP bars and stirrups in the marine 

environment may be the recommendations of design codes and guidelines ACI (2015), CSA 

(2017), and CSA (2019a) for neglecting the contribution of FRP bars in calculating the column’s 

capacity in compression. However, after the previously extensive work, the structural performance 

of GFRP-RC square and circular columns under concentric and eccentric loading became obvious 

for researchers and code authors. Lately, limited researchers directed toward evaluating the 

structural performance of concrete columns reinforced with hybrid reinforcement (Pantelides et al. 
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2013; Wei et al. 2018) and GFRP bars/spirals (Zhou et al. 2018) in marine environments under 

axial load. They studied a few parameters, and many have not been investigated yet. 

Pantelides et al. (2013) determine the influence of using GFRP spirals instead of steel spirals on 

reducing the corrosion rate of vertical steel bars in columns reinforced with steel bars and GFRP 

spirals (hybrid reinforcement). Eight cylindrical RC columns (254 mm diameter and 711 mm 

height) were vertically reinforced with black steel bars (1% Ag). Four specimens were confined 

with steel spirals, and the remaining four specimens were reinforced with GFRP spirals spaced 

each 76 mm, comprising an equivalent volumetric ratio of 1.7% (see Fig. 2.31). For accelerating 

the corrosion, every vertical steel bar was connected to a power supply; then, the column was 

partially immersed in salt solution (5%NaCl) for 11-weeks. All specimens were tested after 6-

months of removal from tanks. The results indicated that the all-steel columns exhibited a higher 

corrosion rate than the hybrid columns. This was due to the non-swelling phenomenon of GFRP 

spirals; therefore, hybrid columns produce fewer cracks in concrete cover such that chlorides could 

not penetrate the column easily. Due to severe corrosion in all-steel columns, the failure mode of 

all-steel columns was buckling of vertical steel bars for a larger length relative to hybrid columns 

(see Fig. 2.32). Corrosion in hybrid columns does not significantly affect the axial bearing capacity 

compared to the un-corroded hybrid columns (see Fig. 2.33). Moreover, because the GFRP spirals 

do not corrode, the corroded hybrid columns retained their ductility compared to corroded steel 

columns.   

 

Fig. 2. 31: The cages of hybrid (steel and GFRP spirals) reinforced concrete column (Pantelides 
et al. 2013) 



49                                                                                LITERATURE REVIEW     
 

 

Fig. 2. 32: Corrosion accumulation and crack pattern after 11 weeks of accelerated corrosion: 
(a) hybrid column; (b)all-steel column; and (c) mode of failure of corroded all-steel column 

(Pantelides et al. 2013) 

 

Fig. 2. 33: Axial stress versus axial strain of all corroded columns (Pantelides et al. 2013) 

Wei et al. (2018) investigated the effect of 3-months of seawater exposure on the compressive 

behavior of concrete columns reinforced longitudinally with GFRP bars and transversely with steel 

ties. Specimens have square cross-sections (150 x 150 mm) and 500 mm height and are reinforced 

longitudinally with three different ratios (0.9,1.4 and 2%Ag) and diameters (8, 10, and 12 mm). A 

five-fold concentration of seawater chloride solution (5 x 3.5%) was manually prepared to 

accelerate the corrosion of specimens (see Fig. 2.34). The results demonstrated that in general, 

seawater exposure had a significant impact on the mechanical behavior of the GFRP-RC columns. 
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The ties corrosion becomes severe as the exposure period increases, as shown in Fig. 2.35. It was 

also observed an increase in the ultimate bearing capacity of conditioned specimens after 40-days; 

then, recorded a decrease up to 120-days in seawater. As the exposure period increases or as the 

diameter of GFRP bars increases, the bond between concrete and GFRP bars decreases (see Fig. 

2.36).       

 

 

 

 

 

 

Fig. 2. 34: Tested CCR-GFRP specimens: (a) cages of specimens and (b) conditioning process 

(Wei et al. 2018) 

 

Fig. 2. 35: Effect of different seawater exposure periods on the apparent phenomena of GFRP 
RC columns: (a) corrosion for 40 days; (b) corrosion for 80 days; (c) corrosion for 120 days. 

(Wei et al. 2018) 

(a) (b) 
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Fig. 2. 36 Effect of different seawater exposure periods on bonding behavior between GFRP 
bars and concrete: (a) no corrosion; (b) corrosion for 40 days; (c) corrosion for 80 days. (d) 

corrosion for 120 days. (Wei et al. 2018) 

Zhou et al. (2018) addressed the influence of chloride at casting and service stages on the structural 

performance of GFRP reinforced concrete columns. A compressive test was conducted for 48 

cylindrical short columns (150 x 300 mm), 33 specimens were completely reinforced with GFRP 

bars and spirals spaced each 50 mm. Fifteen specimens were reinforced with steel bars and ties. 

Three types of water were used as mixing water (distilled water, seawater (3.5%NaCl), and 

saturated water (23.6%NaCl). Distilled water and seawater were only used for curing. Two 

exposure period was adapted 63 and 84-days. Figure 2.37 shows the geometry of concrete 

cylinders and the cages of GFRP and steel RC columns. It was found that with increasing chloride 

concentration of mixed water, the load-carrying capacity of the GFRP columns decreases 

gradually. The axial bearing capacity of specimens made of seawater and those cast with saturated 

water was 7.7% and 27.9% lower than their counterparts constructed with distilled water. GFRP 
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spirals provide a well-confined concrete core even in a high chloride environment for a prolonged 

time. Specimens cast with saturated water exhibited 104% enhancement in the ductility.  

 

 

 

 

 

 

 

 

 

 

Fig. 2. 37  The geometry of concrete cylinders and the cages of GFRP and steel RC columns.  
(Zhou et al. 2018) 

 

 

Fig. 2. 38  The (a) stress-strain responses and (b) strength retention of GFRP-RC specimens cast 
with distilled water, seawater, and saturated water after different durations of immersion in 

seawater (Zhou et al. 2018) 
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2.9.   Research Need 

GFRP reinforcing material is most suitable to be used in marine/coastal construction applications 

and constructing concrete elements which are continuously exposed to de-icing salts (deck slabs 

of RC bridges). Even though several studies highlighted the possibility of using GFRP as internal 

reinforcement in concrete compression members, the axial compression behavior of GFRP-RC 

compression members related to their durability in the marine environments has not been fully 

addressed yet. The very limited available research in this field did not fully consider the coupling 

effect of structural variables and exposure conditions on the general behavior of compression 

members. The following research needs are given: 

 Most the recent studies focused on the individual behavior of bare or concrete wrapped 

GFRP bars in different aggressive environments. This research is the first research 

conducted on a large-scale concrete pile reinforced completely with GFRP bars and 

spirals/ties and submerged in the simulated marine environment.  

 This is the first time to use a new methodology to simulate the effect of using permeable 

concrete or the presence of tension cracks in the concrete surface of piles/piers of RC 

bridges. This methodology was implemented by exposing the GFRP bars and spirals to 

saltwater before integrating them into concrete.    

  Specimens dimensions in the recent studies were in the standard cylinder scale with a 

small concrete cover reaching 10-20 mm. In the current study, a real field applicable 

specimen’s dimensions were used with a standard concrete cover as specified by (CSA 

2019a) and (AASTO 2018a).    

 Recent studies used artificial seawater with high salt concentration for aging GFRP-RC 

columns. In this study, the conditioning temperature (60ºC) was used as a degradation 

accelerating factor as specified by (CSA 2019b).  

 In recent studies, the exposure duration was in the range of 1.5-4 months. The assigned 

exposure period in this study was extended to 12-months.   

 A wide range of structural variables was considered in this study such as different 

longitudinal reinforcement ratios and variable transverse reinforcement spacing and 

configurations. These variables were not discussed before in any study when the concrete 

members are immersed in the marine environment. 
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Chapter 3: EXPERIMENTAL PROGRAM 

3.1. Introduction 

This research is an extension of a comprehensive project that has been conducted at the 

University of Sherbrooke to develop the usage of GFRP reinforcement (bars, spirals, ties, and 

hoops) in the concrete members with a fully compressed cross-section. Since 2012, several 

experiments (De Luca et al. 2010; Tobbi et al. 2014; Afifi et al. 2014; Karim et al. 2016; Tu et 

al. 2019) have been carried out on circular and square concrete columns reinforced with GFRP 

or other FRP bars, spirals, ties, and hoops. Through these researches, many structural 

parameters have been investigated: such as longitudinal reinforcement ratio, transverse 

reinforcement ratio, and spacing, type of FRP reinforcement, and type of loading (concentric, 

eccentric, and cyclic). Continuation of the previous enormous work, evaluation of the 

durability-related structural performance of GFRP-RC columns/piles in the marine 

environment are needed to raise the reliability of using GFRP material as concrete 

reinforcement in marine structures. 

To fulfill the previous objectives mentioned in chapter one, an experimental program was 

designed and implemented. The current experimental program includes multi-laboratory 

tests―axial compression tests on laboratory scale pile specimens― microscopic examination 

tests on GFRP bars and spirals coupons extracted from tested piles. The program is comprised 

of three series presented in four technical papers. A total of 48-RC piles specimens were : 24-

specimens with a square cross-section and 24 specimens with a circular cross-section. The 

specimens in the first and second series simulate a portion of the concrete pile under seawater 

surface level in sub-tropical and hot regions. The test results will give a complete understanding 

of the structural and durability performance of hybrid and GFRP-RC piles/columns in marine 

environments. 

This chapter presents the details of the experimental; material properties of GFRP and steel 

reinforcing bars, concrete, and aging conditions that will be used in this study. Detailed 
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descriptions of the prototypical structure and test specimens, specimen notation and different 

tests, specimen construction, test instrumentation, test procedure, and details of the test setup 

will be highlighted.  

3.2. Material Properties 

Three materials are used in fabricating the tested specimens; these materials are made of normal 

strength concrete, ordinary steel bars (for hybrid specimens), and glass-FRP (for the longitudinal 

and transverse reinforcements). 

3.2.1. Reinforcement Properties 

Two types of reinforcing bars were used in this study: CSA grade 400 deformed steel bars and 

sand–coated GFRP V–RODTM (Pultrall Inc.). Furthermore, sand–coated GFRP circular and 

square spirals, ties, and hoops (Pultrall Inc. 2018) with size No.3 were used. The bars, circular 

spirals, square spirals, ties, and hoops were made of continuous E-glass fibers impregnated in a 

vinyl-ester resin using the pultrusion process. The surfaces of bars and spirals were treated with 

sand particles to enhance the bond between the bars and the surrounding concrete (Chaallal and 

Benmokrane 1993) and reduce the diffusion rates by clogging the surface micro-cracks 

(Benmokrane and Wang 2001). The GFRP bars are classified according to their modulus of 

elasticity (Ef) to grades: Grade I (Ef <50 GPa), Grade II (50 GPa ≤ Ef < 60 GPa), and 

Grade III (Ef ≥ 60 GPa), as shown in Fig. 3.1. GFRP material is characterized by linear stress and 

strain relationship until failure, as shown in Fig. 3.1. 

Except for hybrid RC specimens, sand–coated GFRP bars (V–ROD) Grade II of sizes No. 5 and 

No. 6 designated according to the CSA (2019b) were used as longitudinal reinforcement. Two 

diameters of deformed steel bars were assigned as a vertical reinforcement for the hybrid RC 

specimens (M15 and M20) with a yield stress of 460 MPa and modulus of elasticity of 200 GPa. 

Table 3.1 summarizes the mechanical properties of the GFRP and steel bars. Figures 3.2 and 3.3 

illustrate the vertical reinforcement (GFRP and steel) and GFRP square and circular spirals, ties, 

hoops used in this study, respectively. The lateral reinforcement (square ties and hoops) had a 

lap splice length of about 18 and 40 times their diameters (ds), respectively. The radius (rs) of the 
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bent portion of the square spirals and ties complies with the minimum radius specified in 

AASHTO (2018a) and CSA (2019a), that is, three times the cross-sectional diameter (ds). 

 

Fig. 3. 1: Typical stress-strain plots for reinforcing bars (Eladawy 2019) 

 

Fig. 3. 2: Longitudinal Reinforcement (GFRP and steel) 

 

Fig. 3. 3: GFRP-Transverse Reinforcement  
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Table 3. 1: Mechanical properties of pristine GFRP bars and steel bars 

Reinforcing 
Material Type 

Bar Size 
Diameter 

(mm) 
Area 

(mm2) 
Elastic Tensile 
Modulus (GPa) 

Tensile  
Strength (MPa) 

Tensile 
Strain (%) 

GFRP 
No.3 9.5 71.3 52.5 (1) 1328(1) 2.5(1) 
No.5 15.9 199 54(2) 1446(2) 2.67(2) 
No.6 19 284 55(2) 1195(2) 2.17(2) 

Steel 
M15 16 200 200 fy= 460 0.2 
M20 20 284 200 fy= 460 0.2 

 (1) Average ultimate longitudinal tensile properties as provided by the manufacture tests; test method CSA S806 Annex 
C. 
(2) Average ultimate longitudinal tensile properties as provided by the laboratory tests; test method CSA S806 Annex C. 

 

Tensile tests― The tensile properties of the pristine and aged GFRP bars were determined by 

testing three representative bars for each diameter following ASTM D7205M (2011). A total of 

42-GFRP bars were tested under tensile stress, 21bars with size No.5 and 21 bars with size No.6. 

For each bar's size, 21-samples were divided into seven groups according to the conditioning 

regime (i.e., pristine, immersed in saltwater at 22°C, and 60°C) and exposure period (6, 9, and 12-

months). Every group consisted of three typical bars. All the test samples were prepared by 

anchorage steel tubes at both ends as anchorages using commercially available cement grout 

Brister 10, providing a gauge length almost 40 times the nominal diameter of the tested sample 

(see Fig.3.4(a)). Then, the samples were tested in tension using BALDWIN machine up to failure 

with loading rate 74 and 107 kN/min for No.5 and No.6 bars, respectively (see Fig.3.4(b)).  

The tensile strength and tensile modulus of the GFRP bars were determined with Eqns. (3.1) and 

(3.2), respectively. Where fu is the tensile strength (MPa), Fu is the tensile capacity (N), A is the 

nominal cross-sectional area of the GFRP bar (mm2), E is the tensile modulus of elasticity (MPa), 

F1 and ε1 are the load and corresponding strain, respectively, at approximately 50% of the 

ultimate tensile capacity; and F2 and ε2 are the load and corresponding strain, respectively, at 

approximately 25% of the ultimate tensile capacity. 
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1 2
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      Eq. (3.2) 

In addition to the tensile test, the bond and inter-laminar shear tests were performed.  
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Bond tests― A total of 9 pullout samples were prepared and tested using the Satec-Baldwin testing 

machine and a loading rate of 20 kN/min as per ASTM D7913 (ASTM 2020) and CSA (2017), 

Annex G, procedures (see Fig.3.4(c)). Three pullout samples were prepared using No.5 pristine 

bars. Three samples were made of No.5 bars exposed to a seawater environment at 22°C for 12-

months. Lastly, three samples were cast with No.5 bars exposed to a seawater environment at 60°C 

for 12-months. The bar samples were embedded at one end in a steel tube filled with grout. The 

other end was encased in a concrete block (300 x 300 x 300 mm) (see Fig.3.4(d)). The bar 

embedment length in the concrete was about 5 times the bar diameter. The remaining length inside 

the block was isolated in PVC tubes. The free-end slip was measured using an LVDT placed 

vertically at the end of the tested bar, while the loading-end displacement was recorded from the 

testing machine. The average bond strength τ (MPa) of the bar can be determined using Eq. (3.3): 

b b

P

d l



    Eq.  (3.3) 

where P is the tensile load (N); db is the nominal bar diameter (mm); and ld is the bonded length 

of embedment length, which was 5 times the bar diameter in this study. 

Inter-laminar shear tests― Pristine and aged GFRP No.5 bars and No.3 spirals coupons with 

three different span-to-diameter ratios (3,4, and 6) (see Fig.3.4(e)) were tested using an MTS 880 

universal testing machine with a controlled displacement rate of 1.3 mm/min and in accordance 

with the ASTM D4475/D4475M-21 (ASTM 2021b) (see Fig.3.4(f)). Spirals (No. 3) tested 

samples were cut from the straight parts of conditioned and pristine square spirals or ties with the 

required length. The average horizontal shear strength SH (MPa) of the bar is calculated using Eq. 

(3.4):  

2
0.849 s

H

b

P
S

d
     Eq. (3.4) 

where Ps is the shear failure load (N) 
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Fig. 3. 4: Mechanical properties test setup and samples details  

3.2.2. Concrete Properties 

A commercial ready-mixed normal–strength concrete (NSC) was delivered to cast all 

specimens in this study. Table 3.2 lists the concrete mixture components, including coarse and 

fine aggregate, cement, and water weights. The target concrete compressive strength was 35 

MPa. The water-cement (w/c) ratio was 0.35. The slump of the fresh concrete was measured 

before casting and was in the range of 100 mm to 125 mm. Two concrete batches with the same 

components were used to construct the pile specimens: 1) the first batch was used to cast the 

specimens of phase I and II; 2) the second batch was employed to fabricate the specimens of 

phase III after 12-months from the first cast according to the sequence of the experimental 

program. For the first casting, twenty concrete cylinders 100×200 mm were cast and cured 

under the same conditions as the test piles. Five cylinders were tested at the age of 28 days. 

Five cylinders were tested at the age of 365 days. The remaining ten cylinders were conditioned 

in the same tanks that contained the pile specimens and tested after 365 days. For the second 

casting, six cylinders were prepared and tested at the age of 28 days. Figure 3.5 presents the 
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preparation and conditioning procedures of cylinders from casting up to testing. Cylinders 

compressive test was done according to ASTM C39/ C39M-20 (ASTM 2020) procedures. The 

conditioned and reference cylinders were tested under displacement-controlled load at a rate of 

0.3 mm per minute until failure; then, their stress-strain curves were compared, as shown in 

Fig. 3.6. Table 3.3 concludes the actual compressive strengths and strains of cylinders at 

failure.  

Table 3. 2: Concrete Mix Ingredients 

Target compressive strength (35 MPa) 

 Quantity Volume  

Cement - Type GU - Cement Québec  224 (Kg/m3) 0.071 m3 

Cement - Type GUb-SF - Cement Québec 216 (Kg/m3) 0.069 m3 

Water - Well - Aimé Côté Concrete 156 (Kg/m3) 0.156 m3 

Crushed stone - 5-20mm St-Dom 730 (Kg/m3) 0.267 m3 

Crushed stone - 5-10mm St-Dom 272 (Kg/m3) 0.101 m3 

Natural Sand - Sable Bench Lot 30 Drummond 719 (Kg/m3) 0.277 m3 

Air entrainment agent - Air Air Mac12 80ml / 100 Kg 0.000 m3 

Water reducer - Reduce. Eucon DX  300ml / 100 Kg 0.001 m3 

 

 

Fig. 3. 5: Cylinders preparation and conditioning procedures from casting up to testing   
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Fig. 3. 6: Cylinders compressive test setup and results: (a) testing machine; (b) extensometers;  
(c) stress verse strain curves for conditioned and reference cylinders 

 
Table 3. 3: The actual compressive strength and strains of reference and conditioned cylinders   

Casting No. Conditioning Regime 
Exposure 

Period 

Average 
Compressive  
Strength f’c 

(MPa) 

Average 
Compressive  

Strain (%) 

First Casting 
Phase (I and II) 

Reference 22°C  
28 days 42  --------- 

365 days 42  0.2310± 0.0186 
Saltwater (SW)+22°C  365 days 50 ± 0.5  0.2290± 0.0166 
Saltwater (SW)+60°C  365 days 53 ± 1.4   0.2240± 0.008 

Second Casting 
Phase (III) 

Un-conditioned Concrete 28 days 45 ± 0.9  --------- 

 

3.3. Specimen Configurations 

A total of 48-laboratory-scale concrete pile specimens with two different cross-section 

geometries (square and circular) and the same height (1000 mm (40 in)) were prepared and 

designed according to CSA (2017); CSA (2019a); and AASHTO (2018a) to achieve the research 

objectives of this study. Pile specimens in Phase (I) represent a case study for the pilling system 
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of Miami I-Dock, which is permanently submerged in the marine environment of Mexico-Gulf 

(see Fig.3.7). Pile specimens in Phase (II) simulate one of the commercial GFRP-RC circular 

piles, which have already been used for many engineering purposes. Pile specimens in Phase (III) 

simulate the effect of using high permeability concrete in the marine environment or the presence 

of tensile cracks induced due to traffic loading cases on the internal GFRP reinforcement. 

 

Fig. 3. 7: Pilling system details of Sirkin’s I-Dock in Miami (www.miamiherald.com)  

Concrete piles with a square cross-section (Phase (I)) ― Phase (I) consist of 18 concrete piles 

characterized by square cross-section 300 x 300 mm (12 x 12 in.). The 18 specimens are; 3-

specimens made of plain concrete, 3-specimens were reinforced with hybrid reinforcement 

(vertical steel bars and GFRP square spirals), 12-specimens were reinforced vertically by GFRP 

bars with different reinforcement ratios, and transversely with GFRP square spirals or ties. The 

predominant transverse reinforcement spacing in the tested zones of all specimens was 125 mm 

(5 in.) with an equivalent volumetric ratio (1%) and became tighter at the ends (63 mm). Two 

structural variables were addressed in this phase; the longitudinal reinforcement ratio and 

distribution as well as transverse reinforcement configuration (square spirals or ties). Table 3.4 

includes the test matrix and specimen identification codes (ID) of specimens in Phase-I, including 

structural and durability parameters.  

Concrete piles with a circular cross-section (Phase (II)) ― Phase (II) are comprised of 18 

concrete piles characterized by a circular cross-section with 304 mm (12in.) diameter. The 18 

specimens are; 3-specimens were unreinforced concrete, 3-specimens were constructed with 
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hybrid reinforcement (vertical steel bars and GFRP spirals), 12-specimens were longitudinally 

reinforced with GFRP bars, and transversely confined by GFRP spirals or hoops with different 

spacing and volumetric ratios. All GFRP-RC specimens consisted of 8 GFRP longitudinal bars 

size No.5 with a nominal diameter of 15.9 mm, comprising a longitudinal reinforcement ratio of 

2.2%. Hybrid specimens contained 8 deformed black steel bars with a diameter of 16 mm (M15). 

The predominant transverse reinforcement spacing and its equivalent volumetric ratio in the 

tested zones was a variable parameter and set 40 mm at the ends for a distance of 250 mm (9.8 

in.). Two structural variables were investigated in this phase; the lateral reinforcement spacing 

and its equivalent volumetric ratio as well as transverse reinforcement configuration (spirals or 

hoops). Table 3.5 concludes the test matrix and specimen identification codes (ID) of specimens 

in Phase-II, including structural and durability parameters. 

For both studied phases, the 18 specimens in Table 3.4 or Table 3.5 were divided into six groups 

according to reinforcement layouts; each group contained three identical specimens to study the 

effect of durability parameters. Figure 3.8 and Figure 3.9 show the five typical reinforcement 

configurations for all RC specimens in Phase I and II, respectively. Twelve specimens (one from 

each reinforcement configuration) were permanently immersed in the simulated marine 

environment; 6 piles at a simulated average annual temperature of sub-tropical regions (22°C) 

and 6-piles at accelerated temperature (60°C) for 12-months. The remaining six specimens were 

kept without conditioning (set as reference). 

The specimens in both phases were labeled in three terms representing the pile reinforcement 

type, geometry, and structural variables. The fourth term was only added for the conditioned 

specimens ID. The first term is GFRP or hybrid reinforcement (G or H), square or circular (S or 

C), and Pile (P). The second term refers to longitudinal reinforcement (8 bars size No.6 (8N6)) 

or transverse spacing in mm. The third term expresses transverse reinforcement configurations 

(spirals (S), ties (T), and hoops (O)). The fourth term means the conditioning temperature in 

Celsius. 
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Table 3. 4: Test Matrix of Square Pile Specimens in Phase-I  

Details 
code 

Specimen ID 

Reinforcement Details 
Aging Conditions 

Longitudinal Transverse 

No. of 
bars 

ρL 

(%) 
Type 

ρV 

(%) 

S 

(mm) 

Seawater 

(3.5% NaCl) 

Temperature 

T °C 

SP 
SP 

Plain Concrete 
Reference 

SP-22 S.W 22°C 
SP-22 S.W 60°C 

SP1 
HSP-8N6-S 

8M20 2.5 
Square 
Spirals 

1.1 125 
Reference 

HSP-8N6-S-22 S.W 22°C 
HSP-8N6-S-60 S.W 60°C 

SP2 
GSP-8N6-S 

8No.6 2.5 
Square 
Spirals 

1.1 125 
Reference 

GSP-8N6-S-22 S.W 22°C 
GSP-8N6-S-60 S.W 60°C 

SP3 
GSP-8N5-S 

8No.5 1.76 
Square 
Spirals 

1.1 125 
Reference 

GSP-8N5-S-22 S.W 22°C 
GSP-8N5-S-60 S.W 60°C 

SP4 
GSP-4N6-S 

4No.6 1.27 
Square 
Spirals 

1.1 125 
Reference 

GSP-4N6-S-22 S.W 22°C 
GSP-4N6-S-60 S.W 60°C 

SP5 
GSP-8N6-T 

8No.6 2.5 ties 1 125 
Reference 

GSP-8N6-T-22 S.W 22°C 
GSP-8N6-T-60 S.W 60°C 

 

Table 3. 5: Test Matrix of Circular Pile Specimens in Phase-II  

Details 
code 

Specimen ID 

Reinforcement Details 
Aging Conditions 

Longitudinal Transverse 

No. of 
bars 

ρL 

(%) 
Type 

ρV 

(%) 

S 

(mm) 

Seawater 

(3.5% NaCl) 

Temperature 

T °C 

CP 
CP 

Un-reinforced Concrete 
Reference 

CP-22 S.W 22°C 
CP-22 S.W 60°C 

CP1 
HCP-80-S 

8M15 2.2 Spirals 1.5 80 
Reference 

HCP-80-S-22 S.W 22°C 
HCP-80-S-60 S.W 60°C 

CP2 
GCP-80-S 

8No.5 2.2 Spirals 1.5 80 
Reference 

GCP-80-S-22 S.W 22°C 
GCP-80-S-60 S.W 60°C 

CP3 
GCP-40-S 

8No.5 2.2 Spirals 3 40 
Reference 

GCP-40-S-22 S.W 22°C 
GCP-40-S-60 S.W 60°C 

CP4 
GCP-120-S 

8No.5 2.2 Spirals 1 120 
Reference 

GCP-120-S-22 S.W 22°C 
GCP-120-S-60 S.W 60°C 

CP5 
GCP-80-O 

8No.5 2.2 hoops 1.5 80 
Reference 

GCP-80-O-22 S.W 22°C 
GCP-80-O-60 S.W 60°C 
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Fig. 3. 8: Reinforcement layouts of square RC piles in Phase-I 

 

Fig. 3. 9: Reinforcement layouts of circular RC piles in Phase-II 
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Square and circular concrete piles with pre-conditioned GFRP reinforcing material (Phase 

(III)) ― Phase (III) is comprised of 12 concrete pile specimens; 6 specimens have a square cross-

section (300 mm (12in.) width) and 6-piles with a circular cross-section (304 mm (12in.) diameter). 

All specimens in this phase were fabricated with GFRP bars, spirals, ties, and hoops subjected 

directly to the simulated marine environment at 22°C and 60°C for 12-months prior to integrating 

with concrete. The 12 pile specimens were divided into six groups according to structural 

variables. Every group consisted of identical reinforcement configurations with two different aging 

conditions. The structural variables adapted in this phase are longitudinal reinforcement, transverse 

reinforcement spacing, and configurations. Table 3.6 summarizes the structural parameters and 

aging conditions of square and circular piles.  

Table 3. 6 : Test Matrix of Square and Circular Pile Specimens in Phase-III  

Details 
code 

Specimen ID 

Reinforcement Details Bars and Spirals Aging 
Conditions Longitudinal Transverse 

No. of 
bars 

ρL 

(%) 
Type 

ρV 

(%) 

S 

(mm) 

Seawater 

(3.5% NaCl) 

Temperature 

T °C 
  Square Specimens  

SP1 
SP-8N6-S-G22 

8No.6 2.5 
Square 
Spirals 

1.1 125 
     S.W                    22°C 

SP-8N6-S-G60 S.W                    60°C 

SP2 
SP-8N5-S-G22 

8No.5 2.5 
Square 
Spirals 

1.1 125 
     S.W                    22°C 

SP-8N5-S-G60 S.W                    60°C 

SP3 
SP-8N6-T-G22 

8No.6 2.5 ties 1 125 
     S.W                    22°C 

SP-8N6-T-G60 S.W                    60°C 
Circular Specimens 

CP1 
CP-80-S-G22 

8No.5 2.2 Spirals 1.5 80 
     S.W                    22°C 

CP-80-S-G60 S.W                    60°C 

CP2 
CP-40-S-G22 

8No.5 2.2 Spirals 3 40 
     S.W                    22°C 

CP-40-S-G60 S.W                    60°C 

CP3 
CP-80-O-G22 

8No.5 2.2 hoops 1.5 80 
     S.W                    22°C 

CP-80-O-G60 S.W                    60°C 

 

General notations; the height of the specimens was chosen about 3.3 of the smallest width of the 

specimen’s cross-section to comply with the minimum height-to-width ratio specified by ACI 

(2019) and CSA (2019c) to consider the member as a column. The chosen height was controlled 

by the size of the tanks and temperature-controlled chamber. All square piles have a 35 mm clear 

concrete cover above the ties reach 45 mm above vertical bars. For circular specimens, the clear 

concrete cover above the hoops was set about 25 mm reached 35 mm above the vertical bars. Table 

3.6 compares the implemented clear concrete cover above the internal reinforcement and, specified 
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by AASHTO LRFD Bridge (AASHTO 2018b) for steel, (CSA 2019a), and (AASHTO 2018a) for 

GFRP bars. 

Table 3. 7: Implemented clear concrete cover above the internal reinforcement and guidelines 
limits 

Specimens 
Reinforcement 

  type 

Concrete cover 

(Cc), mm 
Type of exposure 

Guidelines limits (mm) 

AASHTO (2018a) CSA (2019a) 

Square  
Steel-Bars 45 

Swamp, marsh, 
saltwater, or 

aggressive backfill 

100* 50 ± 10 
GFRP-Bars 45 30 35 ± 10 
GFRP-Spirals 35 20 35 ± 10 

Circular 
Steel-Bars 35 100* 50 ± 10 
GFRP-Bars 35 25 35 ± 10 
GFRP-Spirals 25 20 35 ± 10 

(Cc*) the value is according to AASHTO LRFD Bridge (AASHTO 2018b) 

 

3.4. Fabrication of the Specimens 

The construction process of tested specimens consisted of the following steps: preparation of the 

formwork, assembling the reinforcement of piles (bars and spirals), installation of the fabricated 

cages in the suitable formwork, concrete pouring, and curing. Two shapes of wooden formworks 

were fabricated according to the cross-section geometry to accommodate all specimens. Figure 

3.10(a-c) summarizes the three formworks used in casting the specimens of investigated phases 

(I, II, and III). Square specimens were formed by wooden tubular stiffened laterally with wooden 

bars, with 1000 mm height and square cross-section (300 x 300 mm). (inclined bracing) (see Fig. 

3.10(a or c)). Cylindrical specimens were fabricated using SONOTUBE safeguard tubes (304 

mm diameter and 1000 mm height), which were aligned and leveled vertically and stiffened 

horizontally with plywood plates and bracings (see Fig. 3.10(b or c)). Cages of specimens in 

Phase-I and II were assembled using pristine GFRP reinforcing material (un-conditioned), while 

cages of specimens in Phase-III were assembled with GFRP bars, spirals, ties, and hoops pre-

aged/conditioned in the simulated marine environment and aging temperatures (22 and 60°C). 

After placing the internal strain gauges, plastic wheel spacers were fixed on the transverse 

reinforcement at different positions to maintain a 25 mm and 35 mm clear cover for circular and 

square piles, respectively. Before inserting the cages of square piles in formwork, the internal 

sides of molds were lubricated with thick oil to facilitate removing the specimens after hardening. 
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The internal strain gauges’ weirs were properly passed through a small outlet predrilled holes 

made 100 mm apart from the column’s upper edge to avoid the immersion in Saltwater during 

conditioning. 

All specimens were cast using a normal–weight ready–mix concrete. The concrete was vertically 

poured and compacted using an electric vibrator, as shown in Fig. 3.11(a). Square and circular 

specimens in Phase-I and II were cast, at the same time and concrete batch, in preparation to 

commence the conditioning regime and reduce the variances in the testing results of specimens. 

The formworks were removed on the next day of casting, and the specimens were cured with 

fresh water and covered with wet burlap up to the age of 7-days, as seen in Fig. 3.11(b). After 

one week of curing, the specimens were moved out from the formwork and transported to the 

hydraulic laboratory in preparation for the aging process.   

 

Fig. 3. 10: Formwork configuration of three phases: (a) Phase-I, (b) Phase-II, and (c) Phase-

III  
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Fig. 3. 11: Casting and curing process  

3.5. Instrumentations 

All specimens were instrumented for testing. These instrumentations were assigned to measure 

the vertical displacement and the strains of concrete and internal reinforcements. Figure 3.12 

illustrates the arrangement of internal and external instrumentations (strain gauges and 

potentiometers). All strain gauges were (on bars or concrete) positioned at the mid-height of 

specimens. A total of six electric resistance strain gauges were used in each specimen. Two strain 

gauges were placed on the surface of longitudinal reinforcement to capture the compression 

strains, as seen in Fig.3.12(a). Two strain gauges were glued on the surface of the transverse to 

measure the tensile strains that occurred due to concrete core expansion. For square spirals and 

ties, the strain gauges were close to the bent portions, as depicted in Fig. 3.12(a). Before 
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performing the test, two strain gauges (100 mm) were vertically mounted on the concrete surface 

to record the concrete compressive strain up to concrete cover cracking (see Fig. 3.12(b)). In 

addition, two potentiometers were placed vertically and parallel to the height of the tested 

specimen (see Fig. 3.12(b)).  

 

Fig. 3. 12: Positions of the internal and external instrumentations 
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3.6. Laboratory Accelerated Aging Process 

The aging process includes immersing 12-square and 12-circular RC specimens in saltwater at 

different temperatures (22 and 60°C) and subjecting some GFRP bars, spirals, ties, and hoops to 

the same conditions for 12-months. The aging process consisted of the following steps: preparing 

the aging conditions (Saltwater and temperature), tanks fabrication, accommodating the 

specimens in tanks, then filling the tanks.  

Seawater simulation (Saltwater) ― Water in seas and oceans is an aqueous solution containing a 

variety of dissolved solids and gases. Six elements make up 99% of salts in seawater; Chloride 

(Cl-), Sodium (Na+), Sulfur (SO4)-2, Magnesium (Mg+2), Calcium (Ca+2), and Potassium (K+), as 

shown in Fig.3.13(a). The dominant chemical ions which are involved in seawater salinity are 

chloride and sodium ions. NaCl composite is the predominant salt in seawater and makes about 

85% of the total salts. Figure 3.13(b) illustrates the salinity of seas and oceans over the world. The 

average salinity of seas and oceans is 3.5% of water weight, and pH is varied between 7.4 and 8.4. 

The previous studies used artificial seawater solutions prepared with salt concentrations ranging 

from 3-5 % of the freshwater weight to assess the durability performance of RC structures or FRP 

materials in marine environments. Figure 3.14 shows the artificial seawater preparation steps and 

the type of used salt. For preparation, one liter of solution, 35 grams of NaCl dry salt were added 

to each one liter of tap water at 20°C. After mixing, the salinity and pH of the prepared solution 

were determined about 3.5% and 8.5, respectively. After mixing, the salinity and pH of the 

prepared solution were measured and were 3.5% and 8.5, respectively. 
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Fig. 3. 13: (a) Components of seawater and (b) water salinity in different seas and oceans 

(www.greencleanguide.com) 

 

 

Fig. 3. 14: Solution Preparation: (a) type of used salt; (b) the quantity for 20 liters; (c) tap 
water and salt mixing process; and (d) salinity and pH measuring 

Annual temperature simulation (temperature-controlled chambers) ― Two temperatures were 

adopted in this study: (a) Room temperature (22°C) and (b) accelerated temperature (60°C)). 

Temperature (22°C) simulates the annual average temperature in sub-tropical regions. 

Temperature (60°C) simulates the maximum temperature in summer in hot regions; as well, it is 

assigned to accelerate the degradation rate of FRP bars in the alkaline environment as specified 
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by CSA (2019b). The temperature (60°C) was provided by the “Constant Temperature Humidity 

Environmental Test Chamber”; which existed in the hydraulic laboratory at the University of 

Sherbrooke, producing heatwaves at 60°C, as shown in Fig. 3.15. The temperature of 60°C was 

chosen to be lower than the glass-transition temperature (Tg) of bars and spirals (115°C) to avoid 

resin melting or any distortion in bars.  

 

Fig. 3. 15: Temperature Humidity Environmental Test Chamber 

Two identical wooden tanks were fabricated to accommodate 24 specimens. The two wooden 

tanks have 2.2 m long, 0.8 m wide, and 1.2 high. The tank walls and floor are made of plywood 

sheets. The sides of tanks were externally laterally stiffened by two closed steel frames. Both 

tanks were internally lined with high-density polyethylene (HDPE) sheets to prevent water’s 

leaking. A thin layer of foam was placed on the bed of the tank to avoid the probability of cutting 

the lining sheet via installing the pile specimens. For conditioning, the GFRP bars and spirals 

used in Phase-III, two stainless-steel tanks were used. All pile specimens were kept vertically in 

two tanks to sure the uniform distribution for hydrostatic pressure on all sides of piles. Specimens 

in tanks were spaced from each other and from the tank's sides to allow free circulation of the 

solution between and around the pile specimens. The first wooden tank was stored inside the 

temperature chamber (60°C), while the other was kept in a hydraulic laboratory under room 

temperature effect. Then, the tanks were filled with pre-prepared solution (artificial saltwater) up 

to the specimens’ heads (fully immersion). Finally, the top of the tanks was covered with a thin 

Polyethylene sheet to reduce the rate of evaporation. The specimens were removed from tanks 

after 12-months and prepared for testing. Figure 3.16 (a-c) illustrates the conditioned specimens 
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inside the temperature-controlled chamber (60°C) and their counterparts immersed in Saltwater 

at room temperature (22°C) as well as the GFRP materials’ aging, respectively. 

 

Fig. 3. 16: Laboratory accelerated aging process: (a) specimens’ conditioning inside 
temperature chamber (60°C), (b) specimens’ conditioning in room temperature (22°C), (c) 

GFRP material (bars and spiral) conditioning  
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3.7. Test Setup and Loading Procedures 

All pile specimens in this study were tested under axial compression loads using a Forney 

compression machine exerting force up to 6000 kN. Before performing the test, the upper and 

lower surfaces of tested specimens were leveled and smoothed with a thin layer (20 mm) of grout 

mortar to ensure the uniform distribution of compression loads in the surfaces. The upper and 

lower heads of specimens were externally confined with steel collars with appropriate shapes for 

the cross-section of the pile specimen to avoid the local failure at the ends. For each specimen, two 

strain gauges were glued on the concrete surface. Afterward, the specimen was placed between the 

jaws of the Forney machine with aligning the specimen's axis with the center of the machine. The 

potentiometers were attached to the machine fixed jaw. All strain gauge weirs and potentiometers 

cables were connected to a Data Acquisition System to collect the measurements. The compression 

load was applied with a constant loading rate of 1.5kN/sec. Figure 3.17 illustrates the test setup 

used for all specimens. 

 

Fig. 3. 17: Specimen preparation for test and test setup 
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Chapter 4: PERFORMANCE OF GFRP-RC PILES 

EXPOSED TO LABORATORY SIMULATED MARINE 

ENVIRONMENT  

(Reference: ACI Structural Journal, in Press) 

 

Abstract  

This research aimed at investigating the possibility of using glass fiber-reinforced polymer 

(GFRP) reinforcement in concrete piles submerged in marine environments. In addition, the 

validity of the available design provisions in the codes in predicting the nominal axial capacity 

of submerged GFRP-RC piles in marine environments was investigated. The experimental 

program aimed at assessing the durability and structural response of RC square piles entirely 

reinforced with GFRP bars and spirals (or ties) exposed to laboratory-simulated marine 

environments. Fifteen laboratory-scale square concrete piles, including ten conditioned and five 

unconditioned specimens, with a cross-section of 300 mm (12 in) and 1000 mm (40 in) in length 

and reinforced with GFRP bars and spirals were fabricated and tested. The structural parameters 

included longitudinal reinforcement ratio, the diameter of GFRP bars, and configuration of the 

GFRP spirals or ties. The 10 specimens were submerged in two different marine environments 

for 365 days and then tested under concentric loading. Marine environments in tropical and hot 

regions were simulated by submerging the specimens in saline solution (3.5% NaCl) at 22°C 

(72°F) and in a heatwave chamber at 60°C (140°F), respectively. Microstructural analyses—

including glass transition temperature, optical microscopy (OM), and scanning electronic 

microscopy (SEM)—were conducted on GFRP reinforcement extracted from the submerged pile 

specimens to assess the possible degradation of GFRP reinforcement and changes in its bonding 

to concrete and microstructure. The microstructure analysis results confirm that the GFRP 

reinforcement was well-bonded to the concrete and did not show any sign of microstructural 
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deterioration. The structural test results indicate that axial capacities of the submerged GFRP-

RC pile specimens increased up to 22% compared to the unconditioned counterpart specimens 

due to the increase in concrete compressive strength. Moreover, the test results have shown that 

increasing the GFRP reinforcement ratio and using GFRP spirals improved the post-peak 

response of the GFRP-RC piles. 

4.1. Introduction 

Reinforced concrete marine structures are defined as structures constructed and installed in or near 

oceans or seas for many different engineering purposes, such as overseas bridge components 

(piers, piles, and girders), oil offshore structures, and docks. Design codes and guidelines usually 

seek to raise the efficiency of these concrete structures to maintain a service life of 50 to 100 years 

through many rigorous requirements, such as increasing the concrete cover and concrete 

compressive strength. These requirements are to reduce the ingress of the harmful ions (chlorides, 

sulfates, and CO2) that cause the corrosion of steel reinforcement. Compliance with these 

provisions could increase construction costs by about 1% to 3% (Dhondy et al. 2019). Despite the 

design recommendations and limitations for marine environment exposure, marine structure 

elements—especially in the splash zone—are prone to high corrosion hazards (Nolan et al. 2021). 

Today, glass fiber-reinforced polymer (GFRP) reinforcement is considered the best alternative to 

steel in corrosive environments owing to its chemical inertness. Despite its chemical inertness, 

unlike steel, GFRP is prone to deterioration in an alkaline/saline environment. GFRP 

reinforcement used in marine structures could be constantly exposed to the synergistic effect of 

alkaline and chloride environments as well as climate type (tropical or hot regions). Such media 

can affect the performance of GFRP material, thereby affecting overall structure performance. 

Limited experimental work has been reported on the behavior of GFRP-reinforced concrete 

members in marine environments. Our research has been designed to fill the knowledge gap related 

to using GFRP bars, spirals, and ties in concrete piles submerged in marine environments. 
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4.2. Literature Review on The Durability of GFRP 

Reinforcement in Marine Environments  

The corrosion resistance of steel bars embedded in concrete is associated with the integrity of the 

thin protective layer formed during the hydration process. This thin layer is destroyed by chloride 

attack and/or concrete carbonation, leading to a drop in concrete pH around the reinforcement and 

allowing corrosion to start. This type of corrosion is accompanied by rust products accumulating 

on the surface of reinforcement, increasing bar volume (Verma et al., 2014). Concrete piles or 

columns affected by steel corrosion are characterized by a loss of concrete cross-section as a result 

of cracking, delamination, and spalling, leading to a reduction in load-bearing capacity (Xia et al., 

2016). Conversely, the degradation mechanism of GFRP bars and spirals exposed to alkaline 

and/or chloride environments is not followed by expansion-induced concrete cracking. The 

degradation mechanism of GFRP bars in an alkaline environment is described as the kinetics of 

the chemical and physical processes (Weber 2006). This mechanism can be identified as 

leaching/etching of glass fibers, matrix plasticization and hydrolysis and/or saponification (Kamal 

and Boulfiza 2011), and fiber-matrix debonding, as a result of matrix swelling (Hayes et al. 1998). 

The degradation rate of GFRP bars in alkaline or chloride solutions can be reduced by wrapping 

them in concrete, as reported by (Robert et al. 2009). Comparing both degradation mechanisms in 

terms of concrete deterioration demonstrates the superiority of GFRP reinforcement in seawater 

environments.  

Valuable research has been performed in recent years on assessing the mechanical properties of 

GFRP bars in corrosive environments involving accelerating or natural aging tests (Benmokrane 

et al., 2018). The accelerating aging tests (laboratory mimic) were conducted by exposing the 

GFRP bars to alkaline solutions (water in concrete pores) and/or chloride solutions (marine 

environment) as well as a real moist concrete environment (bars wrapped in concrete) subjected 

to elevated temperatures (20°C to 80°C). These tests are aimed at assessing the mechanical 

properties (such as tensile and bond) and microstructure characteristics of GFRP bars under the 

potential environmental conditions. These studies found that the strength of the bond between the 

GFRP bars and concrete was slightly affected (8% decay) by conditioning in tap water at high 

temperatures (Robert and Benmokrane 2010). Wang et al. (2018) and Ruiz Emparanza et al. (2018) 

showed that more attention should be paid to how immersion in seawater affected the bond. With 
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respect to mixing water, Parvizi (2019) reported that seawater concrete reinforced with GFRP 

exhibited bond behavior very similar to that of normal concrete. Further, the inter-laminar shear 

strength (ILSS) (Wang et al. 2017) and transverse shear strength (TSS) (Sawpan 2019) decreased 

by exposure to seawater at elevated temperatures. Similar effects have been reported for other 

mechanical properties: tensile strength (Robert and Benmokrane 2013; El-Hassan et al. 2017; 

Wang et al. 2017) and compression strength (Fu et al. 2013; Zhang and Deng 2019).  

Pantelides et al. (2013) investigated the effect of saline solution and electric current (accelerated 

corrosion) on the behavior of steel and hybrid (steel bars and GFRP spirals) RC columns after an 

exposure period of 77 days. Their findings highlighted the positive performance of the corroded 

hybrid columns compared to corroded steel columns in terms of strength and ductility. Higher 

ductility was attributed to the bond between the GFRP spirals and concrete after conditioning. Wei 

et al. (2018) investigated the durability of square GFRP-RC columns after exposure to artificial 

seawater (5 times normal salinity (3.5%)) at room temperature for three different periods up to 120 

days. Their findings indicated that the GFRP bars were still intact and retained their strength. Zhou 

et al. (2018) also addressed the impact of the presence of chloride ions at casting on the structural 

performance of GFRP-RC columns after 84 days. Distilled water and seawater (3.5% NaCl) were 

used as curing water. The researchers found that the GFRP-RC columns maintained most of their 

axial-load capacity, even in a high chloride environment. Moreover, under a high chloride 

environment, the GFRP spirals provided adequate confinement for the concrete core, causing 

ductile failure. 

4.3. Research Significance  

Studies on the durability of concrete compression members reinforced with GFRP bars, ties, and 

spirals submerged in marine environments have not yet been carried out or found in the literature. 

The experimental program of this study aimed at assessing the durability and structural response 

of submerged square RC piles entirely reinforced with GFRP bars and spirals (or ties) exposed to 

laboratory-simulated marine environments for 365 days. The specimens were tested under 

concentric compression load to evaluate their durability performance. Moreover, microstructural 

analyses—including glass transition temperature, optical microscopy (OM), and scanning 

electronic microscopy (SEM) of GFRP bars and spirals extracted from the submerged pile 
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specimens—were conducted to assess the possible degradation of the GFRP reinforcement and 

changes in its thermal properties, bonding to concrete, and microstructure (degradation of fibers, 

resin, and fiber/matrix interface). In addition, the paper examines the validity of the available 

design provisions in codes and standards in predicting the nominal axial capacity of submerged 

GFRP-RC piles in marine environments. The promising results of this study represent a further 

step toward the use of GFRP reinforcement for concrete members in marine applications. 

4.4. Experimental Program 

The experimental program of this study was designed and implemented to highlight the 

performance of precast GFRP-RC piles exposed to a laboratory marine environment at two 

different temperatures: 22°C (72°F) and 60°C (140°F). All conditioned specimens simulated a 

portion of a concrete pile or pier under the water level. The experimental program included casting, 

conditioning, and testing 15 laboratory-scale square GFRP-RC piles under concentric loading. 

Three structural parameters and two conditioning parameters were investigated: The structural 

parameters were longitudinal reinforcement ratio, bar diameter, and tie type (ties or spirals). The 

conditioning was exposure to saltwater at two different temperatures. 

4.4.1 Material Description 

Concrete― A commercial ready-mixed normal–strength concrete (NSC) was delivered to cast all 

specimens. The target compressive strength was 40 MPa (5.8 ksi). Table 4.1 introduces in detail 

the quantities of concrete mixture components. The coarse aggregate was a mix of natural crushed 

stone, had a maximum size ranging from 10 to 20 mm (4 to 8 in.). The crushed stone sample 

consisted of limestone, of which approximately 8% contained a clay fraction (limestone with thin 

clay veneer), as provided by the manufacturer. A mix of general use (GU) Portland cement and 

silica fume cement (GUb-8SF cement) were used to prepare this concrete batch. The cylinder 28-

day compressive strength of the GU and GUb-8SF cement paste was 36.8 and 44.8 MPa, 

respectively. The w/c ratio was 0.35. The slump of fresh concrete was 125 mm (5 in.). Twenty 

standard cylinders 100 x 200 mm (4 to 8 in.) were cast, aged under the same conditions as the 

tested specimens. The compressive strength at 28 days was 42 MPa (6.09 ksi) (see Table 4.2). 

Reinforcing bars― All cages were assembled with GFRP bars, spirals, and ties manufactured by 

a Canadian company (Pultrall Inc. 2018) as shown in Fig. 4.1(a). Two bars’ diameters:  15 mm 
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(No.5 bar) and 20 mm (No.6 bar) were used as longitudinal reinforcement (see Fig. 4.1 (b)). Two 

GFRP tie configurations were used as transverse reinforcement: discrete ties (ties) and continuous 

ties (spirals), both No. 3 (10 mm diameter) (see Fig. 4.1(c)). The ties were 230 x 230 mm (9.2 x 

9.2 in.) with a bend radius of 30 mm (1.2 in.), corresponding to r/db = 3 (as specified in CSA 2019a 

and CSA 2017). The branches of the discrete ties were overlapped at the middle of one side with 

a lap splice length of 170 mm (6.8 in.) and l/db = 18. The bars and ties were made of continuous 

free-boron E-glass fibers impregnated in a vinyl-ester resin in accordance with CSA (2019b) and 

ASTM D7957. The GFRP bars and ties had a sand-coated surface to enhance the bond with the 

surrounding concrete. Table 4.3 gives the geometry and tensile properties of the GFRP bars and 

ties as provided by the manufacturer. 

Table 4. 1: Concrete mixture component 

Mix 

Components 

Aggregates (coarse and fine) 

(kg/m3) 
Cement (kg/m3) 

Water 

(kg/m3) 

Water-

Cement 

Admixtures 

(mL / 100 kg) 

G1 

(10 mm) 

G2 

(20 mm) 
Sand 

Type 

(GU) 

Type 

(GUB-SF) 
w/c (%) ARE WR 

M40 272 730 719 224 216 156 0.35 80 300 
Note: AEA = air entrainment; WR = water reducer 
Notes: 1 mm = 0.0394 in. 

 

Table 4. 2: Compressive strength for concrete cylinders and extracted cores 

Conditioning Regime 

Exposure 

Period 

Average 

Compressive 

Strength, f’c (MPa) 

Average 

Compressive 

Strain (%) 

Core Sample 

Strength (MPa)1 

Control 22°C (72°F) 28 days 42 --------- --------- 
365 days 42 0.2310± 0.0186 --------- 

Saltwater (SW)+22°C (72°F) 365 days 50 ± 0.5 0.2290± 0.0166 45 

Saltwater (SW)+60°C (140°F) 365 days 53 ± 1.4 0.2240± 0.008 47 
1 Average strength of three cores; test method: ASTM C39M-18a 
Notes: 1 mm = 0.0394 in.; 1 MPa = 145.04 psi 
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Table 4. 3: Tensile properties of the GFRP bars and ties as provided by the manufacturer 

Bar Size 
Diameter 

(mm) 

Nominal Area 

(mm2) 

Elastic Tensile 

Modulus (GPa) 

Ultimate Tensile 

Strength (MPa) 

Ultimate Tensile 

Strain (%) 

# 3 (ties) 9.5 71.3 52.5 1328 2.3 
# 5 15.9 199 52.5 1389 2.7 
# 6 19 284 52.5 1194 2.3 
Notes: 1 mm = 0.0394 in.; 1 MPa = 145.04 psi; 1 GPa = 145.04 ksi. 

 

 

Fig. 4. 1: Used GFRP material, specimen’s details, preparation, and conditioning Regime 
(Note: Dimensions are in mm; Temperatures are in °C (°C x (9/5)) +32 = °F; 1 mm = 0.0394 

in.) 
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4.4.2 Specimen details and preparation 

The 15 specimens were divided into five groups according to their reinforcement configurations. 

Each group consisted of three identical specimens to examine the effect of conditioning.  The 

specimen labels break down as follows: glass-fiber-reinforced square pile (GSP); longitudinal 

reinforcement (8 No. 6); transverse reinforcement (spirals (S) or ties (T)); conditioning 

temperature (22°C or 60°C). Table 4.4 gives the specimen details and planned conditioning 

regime. Figure 4.1(a) shows the reinforcement layouts. The specimen design and detailing fulfill 

the minimum requirements stipulated in CSA (2019a) with regard to concrete cover, longitudinal 

bar diameter, and column dimensions. All specimens were 300 x 300 mm (12 x 12 in.) in cross-

section and 1000 mm (40 in.) in height. The clear cover was 35 mm (1.4 in.). All reinforced 

specimens had the same volumetric ratio (ρv) of 1.1% with a spiral/tie spacing of 125 mm (5 in.). 

Moreover, all specimens were transversely reinforced with spirals, except those in the group (G4), 

which were reinforced with ties. 

The construction process consisted of assembling the reinforcement (bars and ties), preparing the 

formwork, installing the fabricated cages, casting the specimens, and curing, as shown in Fig. 

4.1(d). The formwork was designed to fit all cast specimens at the same time to ensure a fair 

comparison of the results. The concrete was poured vertically and compacted with an electric 

vibrator. The specimens were demolded 24 hours after casting and wrapped with moist gunnysacks 

for a week. 

4.4.3 Conditioning regime  

Marine environment simulation (sea or ocean) ― The average salinity of the seas and oceans is 

about 3.5% of the water’s weight. Sodium chloride (NaCl) is the predominant salt in seawater, 

comprising about 85% of the total salt content. De Weerdt et al. (2019) demonstrated that the effect 

of chloride ingress in concrete exposed to seawater could be assessed using a NaCl solution. 

Consequently, the artificial seawater used in this study was a solution with 3.5% NaCl by weight. 

Two temperatures were used: room temperature of 22°C (72°F) and high temperature of 60°C 

(140°F) for the aging process. Room temperature simulates the natural temperature of the marine 

environment, whereas the elevated temperature was chosen to accelerate diffusion and the 

degradation rate (Benmokrane et al. 2017, CSA 2019b, ASTM D7957). A large temperature-
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humidity test chamber located in the Department of Civil Engineering at the University of 

Sherbrooke was used to produce the elevated temperature. 

Two identical waterproof wooden tanks were fabricated to accommodate 10 specimens, five in 

each tank. The tanks were lined with high-density polyethylene (HDPE) sheets to prevent leaking. 

All specimens were submerged vertically in the tanks to ensure uniform distribution of hydrostatic 

pressure on all sides of specimens. The specimens were separated from each other and from the 

sides of the tank to allow free circulation of the solution between and around the specimens. The 

first tank was stored inside the temperature-humidity chamber at 60°C (140°F), while the other 

was kept in the laboratory at 22°C (72°F) (Fig. 4.1(e)). Lastly, both tanks were filled with artificial 

seawater (saline solution) to simulate the marine environment. Then, the tanks were covered with 

a thin polyethylene sheet to reduce the rate of evaporation. The specimens were removed from 

tanks 365 days later. 

4.4.4 Instrumentation and testing procedures of the GFRP-RC 

specimens  

All GFRP-RC specimens were instrumented for testing in order to measure the vertical 

displacement and the strains in the concrete and GFRP reinforcement. Figure 4.2(a-b) shows the 

location and distribution of the internal and external strain gauges. A total of six strain gauges were 

located at the mid-height of each specimen. Prior to concrete casting, two gauges were glued close 

to the bent portion of the ties, and two were attached to vertical bars on two different sides. 

Additionally, two 60 mm concrete strain gauges were bonded to the concrete surface on the day 

before testing. To measure the axial deformations, two potentiometers (POTs) were placed parallel 

to the specimen’s centerline, as shown in Fig. 4.2(b). To ensure that the failure occurred at the 

tested region, the specimen’s ends were strengthened with two bolted steel collars (20 mm (0.8 

in.) thick and 250 mm (10 in.) high). The upper and lower surfaces of the specimens were capped 

with a thin layer of grout mortar to ensure that the bearing surfaces were parallel and that the load 

was uniformly distributed during testing. Before loading, the specimen was vertically placed 

between machine wedges, and the centerline of the specimen was adjusted with the centerline of 

the machine’s wedges. The specimens were tested with a 6,000 kN (1,348,854 lbf) capacity Forney 

machine located in the Structure Laboratory of the Department of Civil Engineering at the 
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University of Sherbrooke, as shown in Fig. 4.2 (c). The loading rate was approximately maintained 

at 1.5 kN/sec (337 Ibf/sec) during the test. 

 

 

Fig. 4. 2: Test setup and instrumentation arrangement: (a) internal strain-gauge distribution; (b) 
external instrumentation distribution; (c) Forney loading machine (Note: Dimensions are in mm; 

1 mm = 0.0394 in.) 
 
 
 

4.4.5 Microstructural analysis of GFRP Reinforcement (bars and ties) 

extracted from conditioned GFRP-RC piles   

Microstructural analyses — including glass transition temperature, optical microscopy (OM), and 

scanning electronic microscopy (SEM)—were conducted on GFRP bars and spirals extracted from 

the submerged pile specimens conditioned at 22°C and 60°C in simulated marine environments to 

assess the possible degradation of GFRP reinforcement and changes in its thermal properties, 

bonding to concrete, and microstructure (degradation of fibers, resin, and fiber/matrix interface). 

Glass transition temperature (Tg) by differential scanning calorimetry (DSC) — The glass 

transition temperature (Tg) of the resin matrix was determined by DSC in accordance with ASTM 

E 1356-08 (2014) to detect any degradation in the resin matrix of the GFRP reinforcement. 

Approximately 50 mg of a specimen was placed in aluminum pans and heated from room 
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temperature to 200°C at 20°C/min. Tg was taken as the half-height of the sample heat capacity (Cp) 

shift corresponding to the transition from the vitreous to the viscoelastic state. The measurement 

was carried out on three specimens.  

Optical microscopy (OM) — This technique uses visible light and a system of lenses to magnify 

images of the small cut disks (see Fig. 4.3). This analysis by optical microscopy (OM) was 

performed to investigate the adhesion of the GFRP reinforcement to the surrounding concrete and 

detect any debonding caused by the conditioning. Slices of cores were cut with a water saw and 

polished with fine-grain sandpaper before analysis.  

Scanning electronic microscopy (SEM) — The integrity of the glass fibers, resin, and interface 

between the glass fibers and the resin matrix of the conditioned GFRP reinforcement (see Fig. 4.4) 

was examined under scanning electronic microscopy (SEM) to assess fiber bonding to the resin 

matrix and any degradation of the glass fibers or resin. Cross-sections of GFRP reinforcement 

samples, half an inch long, were cut and placed in cylindrical molds and cast in epoxy resin. After 

24 hours of curing at room temperature, the samples were removed and cut with a low-speed saw 

equipped with a diamond blade. Then, the specimens were polished by hand using alumina 

powders before being sputtered with a gold/platinum alloy.  
 

4.5. Experimental Results and Discussion 

4.5.1 Microstructural analysis of the extracted GFRP reinforcement  
 
Differential scanning calorimetry (DSC) results ― Glass transition temperature (Tg) is a 

significant physical/thermal indicator of polymer structure, and therefore its mechanical 

characteristics. It should be mentioned that the longitudinal bars in GFRP-RC piles are subjected 

to compressive load, which is resisted by the resin matrix. Therefore, the integrity of the matrix 

must be assessed after conditioning. The test results indicated that the Tg measurements for the 

conditioned GFRP tie samples (No. 3) in a marine environment at 22°C and 60°C were 101 and 

113 °C, respectively. The corresponding results for the conditioned GFRP bar samples (No. 6) 

were 110 and 113 °C, respectively.  The Tg values for both diameters (No. 3 and No. 6) increased 

after conditioning at 60°C compared to their counterparts at 22°C. The GFRP spiral samples 

conditioned at 22°C were not fully cured. The conditioning at 60°C, however, allowed post-

polymerization, causing an increase in the Tg from 101°C to 113°C. To sum up, the Tg 
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measurements, indicate that the structure of the resin matrix was not affected by immersion of the 

GFRP-RC piles in the simulated marine environments. 

 

Optical microscopy (OM) to assess the concrete/GFRP reinforcement interface ― The load is 

transferred between the bars and concrete in GFRP-RC structures through three mechanisms 

(chemical adhesion, mechanical interlocks, and friction). The friction between GFRP bars and 

concrete relies mainly on the integrity of fibers and resin matrix at the edge of the GFRP bars. 

Figures 4.3 (c and d) present the OM-magnified images of the interface between the concrete and 

bars (No. 3 and No. 6) after submersion in the marine environment at 60°C for 365 days. The OM 

images show no notable gaps—for either bar size—in the concrete/GFRP reinforcement interface 

under these conditions. The results indicate that the surrounding concrete and sand coating were 

firmly bonded to the surface of the bars. These results are consistent with what Robert and 

Benmokrane (2013) reported when mortar-wrapped GFRP bars were continuously soaked in saline 

solution at high temperatures (50°C) for 365 days. Lastly, it can be concluded that the bond 

between concrete and GFRP bars was not affected by the conditioning.  

 

Scanning electron microscopy (SEM) results ― Figures 4.4 (a and b), respectively are SEM 

micrographs of GFRP samples (No. 3 and No. 6) after conditioning at 60°C. The results reveal 

that the glass fibers in both the spirals and straight bars firmly adhered to the resin matrix with no 

noticeable gaps. The excellent adhesion between the fibers and matrix indicates their ability to 

transfer external loads. Moreover, the SEM micrographs show no degradation of the glass fibers 

or resin. 
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Fig. 4. 3: Optical microscopy (OM)-magnified images of the interface between the concrete and 
bars (Note: Temperatures are in °C (°C x (9/5)) +32 = °F) 
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Fig. 4. 4: Scanning electronic microscopy (SEM) micrographs of GFRP samples after 
conditioning at 60°C (Note: Temperatures are in °C (°C x (9/5)) +32 = °F) 

4.5.2 Effect of conditioning on axial capacity of GFRP-RC piles 
 

Table 4.4 summarizes the measured experimental results for the tested specimens in terms of 

ultimate bearing capacity (Pmax) and the corresponding concrete strain (εc). Figures 4.5(a-d) show 

the impact of the conditioning regime on the axial load–axial deformation curves of all specimens. 

The ultimate axial capacities (peak load) of the GFRP-RC submerged specimens were always 

higher than their control (unconditioned) counterparts. The control and submerged specimens had 

a similar nearly linear response during the ascending part up to 80% of their peaks. Once the 

concrete cracked, the curve became parabolic up to the peak. The ascending branch of the 

conditioned specimens exhibited a slight upward deviation and recorded a slope higher than that 

of the unconditioned ones. The increase in the initial axial stiffness of the conditioned specimens 

was attributed to the increase in concrete compressive strength and hence the concrete modulus. 

The specimens immersed in the marine environment at 22°C (72°F) and 60°C (140°F) had axial 

capacity (peak load) that, on average, was 15% and 22% higher, respectively, than their 

unconditioned counterparts. The average enhancement due to increasing the temperature from 

22°C (72°F) to 60°C (140°F) was 7%. The concrete strains observed immediately before concrete 

cover spalling ranged from 2500 to 2800 με, 2000 to 2750 με, and 2500 to 2900 με for the 

unconditioned specimens, those conditioned at 22°C (72°F), and those conditioned at 60°C 

(140°F), respectively.  
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On the other hand, all tested specimens lost strength after the peak, without a second increase. The 

unconditioned specimens exhibited a smooth, long extension of axial deformation after the peak 

(see Fig. 4.5). The overall strength decay was almost 30% of the peak load at the end of the test. 

Moreover, these specimens showed, on average, maximum (post-peak) axial deformation of about 

183% of the value at peak load. The submerged specimens evidenced roughly linear decay in their 

post-peak branches until failure, at which point it became sharp with the specimens conditioned at 

60°C (140°F). The specimens conditioned at 60°C (140°F) had a shorter axial 

deformation/hardening region (post-peak) than their counterparts conditioned at 22°C (72°F). 

Specimens conditioned at 60°C (140°F) (GSP-8N6-S-60, GSP-8N5-S-60, and GSP 8N6-T-60) 

recorded a drop-in strength after the peak of approximately 43%, 30%, and 45 % of their loads at 

the peak, and the corresponding axial deformation (post-peak) was 1.73, 1.33, and 1.30 times their 

values at peak with an average value equal to 1.45. In general, the submerged specimens 

experienced slight strength loss after the peak. In addition, their post-peak behavior differed 

significantly from that of their unconditioned counterparts. This was attributed to the increase in 

the concrete compressive strength of the submerged GFRP RC specimens (as highlighted below).  

In summary, after immersing the GFRP-RC piles in the marine environment, the internal 

reinforcement (GFRP bars, spirals, and ties) distinctly contributed to resisting the applied load. 

The GFRP ties or spirals remained bonded to the concrete and provided adequate confinement of 

the concrete core, enabling it to withstand the increase in axial capacity that occurred due to 

conditioning.  

4.5.3 Effect of conditioning on the concrete strength 
 

The stress-strain (SS) curve of the concrete comprehensively reflects the concrete’s macroscopic 

mechanical behavior via its ascending and descending branches. To assess the impact of 

submerging the concrete in the marine environment, the SS curves of submerged and 

unconditioned concrete cylinders were drawn according to ASTM-C39M.18a procedures. Figure 

4.6 illustrates the SS curves of the concrete cylinders and the plain-concrete (PC) pile specimens 

under the different exposure conditions. Both the ascending and descending branches of the SS 

curves of the cylinders were improved by immersion in the marine environment. Due to the 

conditioning, the strength and initial slope (modulus of elasticity) of the ascending part increased. 
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Furthermore, the conditioned PC pile specimens behaved similarly to their cylinder counterparts 

with a slight difference at peak. These results are consistent with the test results obtained on the 

counterpart control and submerged GFRP RC pile specimens. Therefore, it can be concluded that 

the increase in the axial capacity of the submerged GFRP RC pile specimens can be attributed to 

the increase in concrete strength. 

 

 

Fig. 4. 5: Axial load-axial deformation relationships for conditioned and control GFRP-RC piles 
(Note: Axial loads are in kN; 1 kN = 0.225 kpi; 1 mm = 0.0394 in) 

 
Tables 4.2 and 4.4, respectively, present the strength values of the cylinders and PC pile specimens 

at the end of the exposure period. Both the cylinders and PC pile specimens conditioned in the 

simulated marine environments showed a significant increase in their compressive strengths. The 

cylinders conditioned at 22°C (72°F) and 60°C (140°F), respectively, recorded compressive 

strengths 19% and 26% higher than unconditioned ones. Under the same conditions, the PC pile 

specimens gained strengths of about 6.4% and 11.5%, respectively. Furthermore, the conditioning 
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at 60°C (140°F) resulted in concrete strength gains faster than the conditioning at 22°C (72°F). 

The average increase in the peak load due to increasing the conditioning temperature was about 

6% and 4.8% for the cylinders and PC-pile specimens, respectively. These improvements in 

strength reflect the positive impact of moisture and temperature on the hydration process of 

unhydrated cement (Pantelides et al. 2013; Mukherjee and Arwikar 2005; Hamza et al. 2017). 

Moreover, chloride ions contributed to this improvement. The chloride ions chemically reacted 

with the hydration products to produce salt-containing chlorine, which fills the concrete pores, 

leading to an increase in concrete strength (Wei et al. 2018). A similar outcome was observed by 

comparing the load carried by the concrete (Pc) to the conditioned specimens and their 

unconditioned counterparts, as seen in Table 4.5. The load carried by the concrete (Pc) was 

estimated by subtracting the load carried by the GFRP bars (Pbar) from the peak load (Pmax). The 

average improvements in concrete strength were 18.3% [ 1- (Pc22/Pc)], 27.8% [ 1- (Pc60/Pc)], and 

8.2% [ 1- (Pc60/Pc22)] at 22°C (72°F), 60°C (140°F), and due to raising the conditioning 

temperature, respectively. These improvement ratios are close to that derived from cylinder test 

results. That implies the cross-section of submerged specimens was entirely affected by immersion 

in the simulated marine environment and at high temperatures.  

 

Fig. 4. 6: Stress-strain curves for cylinders and PC-piles (Note: Stresses are in MPa; 1 MPa = 
145.04 psi; 1 mm = 0.0394 in) 

For further confirmation that the whole cross-section was affected by conditioning, after testing, 

some of the conditioned GFRP-RC specimens were cut horizontally and drilled axially at the level 

of the lower collar to ensure intact concrete. For each conditioning temperature, three conditioned 

specimens were randomly chosen from which to take the core samples. The drilling and testing of 

the core samples were in accordance with ASTM C42/C42M−18a and ASTM-C39M.18a 
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procedures, respectively. All core samples had the dimensions of a standard cylinder (100 x 200 

mm [4 x 8 in.]) and were tested under a stress rate of 0.25±0.05 MPa/s [35±7 psi/s]. The 

compressive strength of the extracted concrete cores was 10% lower than that of the cylinders, as 

shown in Table 4.2. The cores taken from the submerged specimens had higher strengths than 

those extracted from control pile specimens, indicating that the effect of seawater exposure reached 

the pile’s core. Consequently, it can be assumed that the whole cross-section of the submerged 

concrete cylinders and GFRP RC pile specimens were entirely positively affected by immersion 

in a marine environment, leading to an increase in concrete strength and axial capacity. 

Table 4. 4: Specimens details, planned conditioning regime, and structural test results 

Group 
No. 

Designation 
 Label 

Specimens Details and Conditioning Regime 
Measured Results at peak Longitudinal 

Reinforcement 
Aging Conditions 

ρs (%Ag) 
Bars No. 
and size 

Seawater 
3.5%NaCl 

Temperature 
(°C) 

Peak 
load Pmax 

(kN) 

εconcrete 
(με) 

εbar 

(με) 
εspirals 

(με) 

G 
PSP 

Plain Concrete 
Control 3900 2300 

N/A N/A PSP-22 Seawater 22 4150 3350 
PSP-60 Seawater 60 4350 2800 

G1 
GSP-8N6-S 

2.5 8No.6 
Control 3550 2800 3400 1450 

GSP-8N6-S-22 Seawater 22 4050 2250 2650 550 
GSP-8N6-S-60 Seawater 60 4350 2900 2300 800 

G2 
GSP-8N5-S 

1.76 8No.5 
Control 3400 3000 3500 1100 

GSP-8N5-S-22 Seawater 22 3950 2750 3000 1100 
GSP-8N5-S-60 Seawater 60 4150 2900 2450 850 

G3 
GSP-4N6-S 

1.25 4No.6 
Control 3450 2700 3100 1450 

GSP-4N6-S-22 Seawater 22 3950 2000 2900 1400 
GSP-4N6-S-60 Seawater 60 4300 2500 2350 n/a 

G4 

GSP-8N6-T 

2.5 8No.6 

Control 3550 2500 3750 1550 
GSP-8N6-T-
22 

Seawater 22 4050 2050 2750 1150 

GSP-8N6-T-
60 

Seawater 60 4250 2850 2300 600 

The specimen labels break down as follows: glass-fiber-reinforced square pile (GSP); longitudinal reinforcement (8 No. 6); 
transverse reinforcement (spirals or ties); conditioning temperature (22°C or 60°C) 
Notes: (°C x (9/5))+32 = °F. ;1 kN = 0.225 kips 
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Table 4. 5: Structural inferred results  

4.5.4 Failure pattern of unconditioned and conditioned pile specimens 
 

Figure 4.7 shows the impact of the conditioning regime on the failure modes of each group. The 

typical failure mode was characterized by the propagation of vertical cracks at 90% of peak load, 

followed by complete cover spalling. The core was loaded and expanded, ties ruptured at the bent 

portion, the bars ruptured due to buckling, and core crushing occurred. Both the unconditioned and 

conditioned specimens experienced similar modes of failure. The unique difference between them 

was time elapsed from the peak until failure. The concrete cover of the conditioned piles 

experienced faster spalling of the concrete cover due to the strength increase after conditioning 

compared to their unconditioned counterparts, which exhibited gradual concrete spalling. Similar 

behavior was observed by AlAjarmeh et al. (2020) when the concrete strength was increased from 

21 to 44 MPa. Once the cover had been lost, the expansion of the concrete core resulting from 

increasing the concrete strength as a result of immersing the RC piles in a simulated marine 

environment at 22°C or 60°C was minimal compared to the unconditioned specimens. The delayed 

expansion affected the tensile strains measured in the bent portion of the spirals at peak, which 

was lower for the spiral-reinforced conditioned piles, as seen in Table 4.4. Delaying dilation of 

the concrete core due to increased concrete strength after conditioning indicates that the concrete 

Gro
up 
No. 

Designation 
 Label 

Longitudinal 
Reinforcement 

 Concrete 
Contribution 

 Post-Peak 
Behavior 
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Eq. (4.1) Eq. (4.2)   Eq. (4.3) 

G1 
GSP-8N6-S 406 11  0.85 3144  60 1.7  1.22 1.13 1.05 
GSP-8N6-S-22 316 8  0.85 3734  67 1.6  1.19 1.11 1.02 
GSP-8N6-S-60 274 6  0.88 4076  71 1.6  1.21 1.14 1.04 

G2 
GSP-8N5-S 293 9  0.84 3107  57 1.6  1.16 1.10 1.02 
GSP-8N5-S-22 251 6  0.84 3699  65 1.5  1.15 1.10 1 
GSP-8N5-S-60 205 5  0.84 3945  63 1.4  1.15 1.09 1 

G3 
GSP-4N6-S 185 5  0.87 3265  60 1.7  1.17 1.13 1.05 
GSP-4N6-S-22 175 4  0.85 3775  65 1.3  1.15 1.11 1.01 
GSP-4N6-S-60 140 3  0.88 4160  ----- ---  1.18 1.15 1.04 

G4 
GSP-8N6-T 447 13  0.84 3103  57 1.6  1.22 1.13 1.05 
GSP-8N6-T-22 328 8  0.85 3722  65 1.4  1.19 1.11 1.02 
GSP-8N6-T-60 274 7  0.86 3976  59 1.3  1.21 1.10 1.01 

1 Bar load (Pbar) = bar area (Ab) x bar strain (εbar) x tensile modulus of elasticity (Efrp); 2 loads carried by concrete = Pmax -
Pbar 
Notes: 1 mm = 0.0394 in. ;1 kN = 0.225 kips; (°C x (9/5)) +32 = °F 
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had become relatively stiffer than before conditioning. Cusson and Paultre (1994) pointed out that 

concrete with higher strength exhibits less lateral core dilation. After that, the cores of conditioned 

piles were suddenly expanded, showing a rupture at the weakest point of the ties or spirals (bent 

portion). It should be highlighted that no longitudinal bars buckling was observed prior to spiral 

rupture. The failure mechanism of the specimens conditioned at 60°C (140°F) was slightly more 

brutal than the other specimens. This behavior was obvious in the drop profile of the descending 

part of their axial load–axial deformation relationships (see Fig. 4.5). 

Note that the specified concrete cover was 35 mm (CSA (2017), CSA (2019a)), which makes the 

unconfined concrete area about 40% of the gross area (Ag). Since the concrete cover of the 

conditioned specimens carried more load, the ties in the conditioned specimens should 

significantly confine the concrete core in an attempt to recover the load. Note that the confinement 

level used in this study is equivalent to the maximum spacing of ties that complies with clause 

16.8.9.4.3 in CSA (2019a). Consequently, using shorter tie spacing would better confine the 

concrete core and improve the post-peak behavior. 
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Fig. 4. 7: Failure modes of the tested GFRP-RC piles 
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4.5.5 Strain behavior and contribution of GFRP bars in unconditioned 

and conditioned pile specimens 

Table 4.4 provides also the recorded strain in the GFRP bars of the unconditioned and conditioned 

specimens. The test results indicate that GFRP bars reinforcing the submerged pile specimens had 

lower strain values at peak than their control counterparts. In the case of the unconditioned 

specimens, when the load reached the peak, the strains in the GFRP bars ranged from 3100 to 3750 

με, depending on the reinforcement ratio. In the GFRP RC pile specimens submerged in the marine 

environment at 22°C or 60°C, the axial strain recorded in their longitudinal GFRP bars varied from 

2650 to 3000 με and 2300 to 2450 με, respectively. The decrease in the measured bar strain for the 

conditioned specimens compared to their unconditioned counterparts was attributed to the increase 

in concrete strength. AlAjarmeh et al. (2020) recorded a similar reduction in the compression strain 

in GFRP bars used as reinforcement in hollow concrete columns cast with different concrete 

compressive strengths (21, 26.8, 36.8, and 44 MPa). Overall, the level of compressive strain in the 

GFRP bars in the conditioned and unconditioned specimens is slightly higher than the allowable 

strain of 2000 με specified in CSA (2019a) for determining the contribution of GFRP bars to the 

axial capacity of concrete compression members. 

The contribution of the GFRP bars to the axial capacity of the conditioned and unconditioned pile 

specimens was estimated considering their compressive moduli as being equal to their tensile 

moduli, the number of bars, and their nominal cross-sectional area. The average contribution ratios 

of bars were 9.5%, 6.5%, and 5% of the specimen’s capacity for the unconditioned specimens and 

those conditioned at 22°C (72°F) and 60°C (140°F), respectively. Lower contribution ratios are 

expected as a result of increased concrete strength. These results are consistent with those reported 

by Tobbi et al. (2012), Afifi et al. (2014), and Hadhood et al. (2017b) for three concrete 

compressive strengths 35, 42, and 70 MPa, whereas the GFRP bar contributions were, respectively, 

10%, 7%, and 5%. 
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4.5.6 Confinement efficiency of GFRP spirals and ties   
 

The integrity of GFRP spirals and ties after the conditioning process was assessed in terms of 

confinement efficiency. In general, the GFRP spirals and ties were able to restrain the GFRP bars 

against buckling up to peak load and provided more confinement for the concrete core to withstand 

higher stresses. This held true for the control and submerged specimens at the post-peak stage. The 

confinement efficiency is expressed by the ratio. The numerator is the compressive stress of the 

confined concrete core, which can be estimated as suggested by Zhang and Deng (2018). The 

lower curve OABC and the upper curve ODEF were estimated by deducting the load carried by 

the GFRP bars (Pbar) from the applied load (P), then dividing the remainder by the total cross-

sectional area (Ag) (300 x 300 mm (12 x 12 in.)) and the total area of concrete core (Acc) enclosed 

by the centerline of the outer spiral (220 x 220 mm (8.8 x 8.8 in.)), respectively. The stress at point 

A corresponds to a stress of 80% of peak load (cracking onset), while point E is linearly deformed 

from point A on the upper curve, at which point the cover is spalled off. The curve between the 

four points O, A, E, and F yields the actual axial stress–axial deformation curve for specimens. 

The denominator is the in-place compressive strength of the unconfined concrete in the column 

and may be taken as (0.85 f´c) to consider the size and shape effect (Hognestad 1951). Table 4.5 

presents the confinement efficiency values for the tested specimens. The ratio ranged between 1.3 

and 1.7. The higher ratio for the GFRP-RC specimens with lower concrete compressive strength 

(control) and the lower ratio for specimens with higher concrete compressive strength. In general, 

the confinement efficiency of the GFRP-RC pile specimens confined with GFRP spirals was 

slightly higher than that of their counterparts confined with GFRP ties.   

4.5.7 Effect of longitudinal bars (ratio and bar size) and transverse 

reinforcement (spirals and ties) on the structural performance of 

unconditioned and conditioned pile specimens   

Longitudinal reinforcement ratio ― Figures 4.8 (a and b) illustrate the influence of increasing 

the reinforcement ratio on the structural performance of specimens conditioned in two different 

marine environments. The effect of the reinforcement ratio on the load-deformation curves after 

conditioning can be discussed in two regions. For the first region (pre-peak), increasing the 

reinforcement ratio did not result in an obvious trend of the specimen’s capacities. Nonetheless, 



99                                                                                            Technical Paper (I) 

the control and submerged specimens with high reinforcement ratios sustained higher load than 

the other specimens, (see Table 4.4). Moreover, the behavior after the peak was slightly enhanced, 

showing a relatively long extension. This enhancement is a positive sign for improving the ductility 

and toughness as well as the mode of failure. 

Longitudinal bar sizes (No. 5 and 6) ― The smaller longitudinal bar used in this study was size 

No. 5 with a nominal diameter of 15.9 mm. This size complies with the requirements in CSA 

(2019a) for designing FRP-RC columns (clause 16.8.8.2) and in CSA (2017). This section 

highlights the effects of adopting large-diameter bars as the primary reinforcement on the overall 

performance of the conditioned and unconditioned specimens. Figure 4.8(c) shows the effect of 

bar size on the structural behavior of GFRP-RC piles submerged in marine environments at two 

different temperatures. The results of the specimens in this figure had the same volumetric ratio, 

tie spacing, and exposure conditions but two different longitudinal reinforcement ratios (1.76% 

and 2.5%). The ascending branches were consistently higher for the specimens in G1 with a larger 

diameter. This does not imply that the larger diameters have a better response than the smaller 

ones. This superiority was due to the difference in longitudinal reinforcement ratio, as discussed 

above.  

On the other hand, when the concrete cover had entirely spalled off, the longitudinal bars lost the 

first barrier against buckling, so the column core was sequentially loaded and dilated. This dilation 

subjected the compression bars to lateral pressure along their unbraced lengths. The ability of the 

longitudinal bars to transfer these forces to the ties mainly depends on the flexural stiffness of bars 

before buckling. Based on this mechanism, the larger diameter had a superior post-peak response 

than the smaller diameter. Because the difference in the flexural stiffness of No. 5 and No. 6 is 

small, specimens GSP-8N6-S-22 and GSP-8N5-S-22 behaved similarly after the peak. 

Conversely, the descending branch of specimen GSP-8N5-S-60 lags behind that of specimen GSP-

8N6-S-60. This difference in the descending branches might be due to the increase in the load 

carried by the No. 5 bars to the limit, which caused them to buckle before the No. 6 bars for the 

same unbraced length. In summary, the specimens with larger diameter reinforcement in different 

environmental conditions performed better than those with smaller diameter. Wei et al. (2018) 

reported a similar observation for conditioning GFRP-RC columns in artificial seawater for 120 

days. 
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Transverse reinforcement configuration (ties versus spirals) ― This section presents the 

influence of transverse reinforcement configuration on the overall performance of the specimens. 

The lateral reinforcement configurations significantly improved the post-peak behavior of the 

GFRP-RC columns. The majority of earlier studies (Afifi et al. 2014; Mohamed et al. 2014; Tu et 

al. 2019) reported that the continuous spirals yielded better performance than discrete ties in terms 

of ductility and confinement efficiency. Figure 4.8(d) compares the axial load–axial deformation 

relationships of specimens in group G1 and group G4 under the same exposure conditions. The 

specimens in these groups had the same longitudinal reinforcement ratio (2.5%), volumetric ratio 

(1.1%), and tie spacing. Overall, the effect of transverse reinforcement configuration on the pre-

peak behavior of the specimens was limited. This phenomenon can be verified in terms of the axial 

capacities and tie strain for these specimens. The gain in axial carrying capacity as a result of 

replacing the ties with spirals was less than 3% for the specimens conditioned at 22°C (72°F) and 

60°C (140°F). Moreover, the measured strains of ties corresponding to a load equal to 90% of the 

peak load indicated that the ties and spirals had been initiated to confine the concrete core. For 

instance, the average measured strains at the peak were almost 5% lower than the ultimate tensile 

strain of GFRP ties (whether spirals or ties). 

The GFRP-RC pile specimens fabricated with spirals had higher post-peak performance than 

those with ties, for both the control and submerged specimens. The descending branches were 

roughly similar for the specimens conditioned at 22°C (72°F) (GSP-8N6-S-22 and GSP-8N6-T-

22). The effect of tie configuration on the post-peak region was more pronounced for specimens 

submerged in a marine environment at 60°C (140°F). The slope of the descending branch of 

specimen GSP-8N6-T-60 was steeper than that of specimen GSP-8N6-S-60, providing a less 

ductile failure mode. The failure occurred at the lap-splice zone, causing premature buckling in 

the longitudinal bars. In summary, under the specific exposure conditions, both spirals and ties 

behaved well up to the peak by providing lateral restraint to prevent bar buckling. The use of 

spiral reinforcement, however, enhanced the post-peak performance and delayed the formation 

of cracks in the concrete core in comparison to ties. 
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Fig. 4. 8: Effect of structural variables on the axial load-axial deformation relationships of 
GFRP-RC piles submerged in marine environments at two different temperatures (1 kN = 0.225 

kpi; 1 mm = 0.0394 in) 

4.6. Theoretical Prediction versus Experimental Ultimate 

Load Capacities   

In this study, three different approaches were used to predict the axial capacity of the tested GFRP-

RC pile specimens. The first approach considers the CSA S806-12(R17) design equation (see Eq. 

4.1). CSA S806-12(R17) allows the use of GFRP bars as the primary reinforcement in RC columns 

but does not consider their contribution in calculating the nominal capacity. The second approach 

considers the contribution of GFRP bars according to CSA (2019a). In 2019, CSA (2019a) 

introduced Eq. (4.2) as a step in acknowledging the contribution of longitudinal GFRP bars in 

calculating the nominal axial capacity of fully compressed concrete members. The third approach 

uses the ACI Building Code (ACI 2019) design equation. Since, the FRP bars are linear elastic up 
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to failure and do not have a yielding plateau, the equation was modified by setting εf Ef Af instead 

of fy As, as shown in Eq. (4.3). 

 1
'

o g fcP f A A                      Eq. (4.1) 

 1
'

o g f f f fcP f A A E A   
  Eq. (4.2) 

 '0.85o g f f f fcP f A A E A  
   Eq. (4.3) 

1
'0.85 0.0015 0.67cf                 Eq.  (4.4) 

where 1 is the ratio of average stress in the rectangular compression block; '
cf is the strength of 

the concrete cylinders; gA is the gross cross-sectional area of the concrete pile; fA is the area of 

the longitudinal GFRP bars. f is the allowable compressive strain of the GFRP bars (2000 με), 

and fE is the modulus of elasticity of the GFRP bars. 

The inferred concrete compressive strength reduction factor ( 1 ) for the tested conditioned and 

unconditioned piles ranged from 0.84 to 0.88, as seen in Table 4.5. This reduction factor is close 

to that suggested in ACI (2019) (0.85) and is higher than that estimated by Eq. 4.4. Based on the 

readings of strain gauges glued to the GFRP bars, the average compression strain was 3450, 2850, 

and 2350 με for the unconditioned specimens and those conditioned at 22°C and 60°C, 

respectively. These average strains were about 17%–73% higher than the 2000 με stipulated in 

CSA (2019a). Consequently, the load carried by the GFRP bars (εf Ef Af), which was estimated 

according to strain (2000 με), was more conservative for the unconditioned specimens and 

adequate for the specimens conditioned at 60°C. Referring to Table 4.5, the experimental axial 

capacity for all tested specimens was 15% to 22%, 9% to 15%, and 1% to 5% higher than the 

computed nominal capacity using Eqns. (4.1), (4.2), and (4.3), respectively. Consequently, 

neglecting the contribution of the vertical GFRP bars underestimated the nominal capacity. To 

sum up, both Eqns. (4.2) and (4.3) can accurately predict the nominal axial capacity of the 

conditioned and unconditioned piles by taking into consideration the contribution of GFRP bars.  
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4.7. Summary and Conclusion  

A total of 15 GFRP-RC pile specimens were cast, including five control specimens 

(unconditioned). Ten laboratory-scale GFRP-RC pile specimens submerged for 365 days in two 

marine environments were tested under concentric load to assess their durability and structural 

performance (conditioned specimens). In addition, microstructure analysis was conducted on the 

extracted GFRP reinforcement to assess possible changes in physicochemical properties, bond to 

concrete, and microstructural behavior. The main parameters were saline solution (simulated 

marine environment); temperature 22°C, as the natural marine environment temperature, and 

60°C, as an elevated temperature). In addition, three structural parameters were considered: 

longitudinal reinforcement ratio, bar diameter, and stirrup configuration. Based on the test results, 

the following conclusions were drawn: 

1) The optical microscopy (OM) observations indicate that the 365 days of immersion in a 

marine environment produced no evidence of debonding between the GFRP (bars, spirals, 

or ties) and the surrounding concrete. The SEM micrographs revealed no signs of 

degradation of the GFRP reinforcement (bars, spirals, or ties), no debonding at the 

fiber/resin interface, and no cracking of glass fibers or the resin matrix. Moreover, the 

integrity of the resin matrix was confirmed by measuring its Tg before and after 

conditioning. Consequently, the GFRP reinforcement experienced no degradation in the 

simulated marine environment or at elevated temperatures.   

2) The structural test results indicate that the immersion did not affect the performance of the 

GFRP-RC pile specimens. Considering the test results, the axial capacity of the submerged 

specimens increased as a result of an increase in concrete compressive strength. The pile 

specimens submerged in the marine environments at 22°C (72°F) and 60°C (140°F) 

achieved, on average, 115% and 122%, respectively, of the axial-load capacity of their 

unconditioned counterparts.  

3) The GFRP spirals and ties were found to be as efficient in confining the concrete in the 

pile specimens even after immersion in a marine environment for 365 days. The 

confinement provided by the GFRP ties and spirals maintained the stability of the GFRP 

bars and delayed the crushing of the core concrete up to peak load. 
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4) Increasing the GFRP reinforcement ratio and using GFRP spirals improved the post-peak 

response. 

5) Using the compression strain (2000 με) in estimating the nominal axial capacity, as 

specified in CSA (2019a), yielded accurate predictions. The ACI modified design equation 

accurately predicted the nominal axial capacity of the conditioned and unconditioned piles 

by taking into consideration the contribution of GFRP bars. Neglecting the contribution of 

the GFRP bars in compression as in the CSA (2017) design equation conservatively 

underestimated the axial capacities of the test specimens.  
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Chapter 5: DURABILITY ASSESSMENT AND 

BEHAVIOR UNDER AXIAL LOAD OF CIRCULAR 

GFRP-RC PILES CONDITIONED IN SEVERE 

SIMULATED MARINE ENVIRONMENT 

(Reference: Engineering Structures Journal, Volume 249, 15 December 2021, 
113376) 

 

Abstract  

This study concerns the feasibility of using innovative glass fiber-reinforced polymer (GFRP) bars, 

spirals, and hoops in constructing sustainable marine reinforced concrete structures. The 

experimental investigation aimed at assessing the durability and structural performance of GFRP-

reinforced concrete (RC) circular piles exposed to two simulated marine environments in the 

laboratory. A total of 15 GFRP-RC circular piles measuring 304 mm in diameter and 1000 mm in 

height were longitudinally reinforced with GFRP bars and transversely with GFRP spirals or 

hoops. Five specimens were fabricated as references (unconditioned). The remaining 10 specimens 

were continuously immersed in simulated marine environments (conditioned) for 12 months: five 

were kept in seawater at room temperature (22°C), while the other five were stored in a large 

chamber that produced hot waves at high temperature (60°C). After conditioning, all the specimens 

were tested under axial compression loads. Two structural variables were considered: the 

transverse reinforcement configuration (spirals versus hoops) and the confinement level (spiral 

spacing). The durability assessment included microstructure examinations (i.e., differential 

scanning calorimetry (DSC) and scanning electron microscopy (SEM)) were performed on GFRP 

bars and spirals taken from the conditioned piles. Furthermore, the bond between concrete and 

bars or spirals was checked by optical microscopy (OM). The microanalysis observations indicate 

no visible damage in the contact surface between concrete and GFRP bars or individual fibers and 
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the resin matrix. The compressive test results pointed out that the GFRP-RC piles subjected to 

severe marine environments experienced a 19% enhancement in their axial capacities compared 

to their reference counterparts. The GFRP spirals and hoops performed well in severe marine 

environments. The nominal axial capacities of the columns were predicted with the available 

design equations and are presented and discussed herein. 

5.1. Introduction 

Conventional reinforced concrete (RC) piles in marine structures and infrastructure are prone to 

severe environmental effects such as annual temperature changes, chloride ions, and sulfate ions. 

Steel corrosion due to chloride ingress causes concrete deterioration and loss of serviceability, 

leading to rising pile maintenance costs. In 1967, Beaton et al. reported that 8 out of 17 RC piles 

suffered from heavy corrosion of the reinforcing steel after submersion in Saltwater for 37 years. 

Interestingly, designing bridges to withstand a service life of not less than 75 years does not prevent 

premature degradation due to steel corrosion. Many bridges along the coastline exhibited 

premature degradation and visible signs of corrosion distress in the first 12 years of exposure due 

to Florida’s (USA) warm marine environment (Krauss and Nmai 1996). Recently, glass fiber-

reinforced polymer (GFRP) reinforcing materials have emerged as a promising solution for 

eliminating the adverse effects of steel corrosion in corrosive environments. Since 1997, more than 

300 bridges in the United States (USA) and Canada have been successfully built using GFRP 

reinforcing bars (Nolan et al. 2011). The remarkable growth in using GFRP bars in corrosive 

environments is mainly due to their chemical inertness. 

Over the last few decades, the use of seawater as mixing water or curing water instead of tap water 

in conventional concrete structures has been a controversial topic. Generally, it was found that 

concrete containing chloride ions is characterized by a lower setting time (Govindarajan and 

Gopalakrishnan 2011), early hardening (Lago et al. 2018), and low porosity (Sikora et al. 2019). 

Despite the positive effect of seawater on the early mechanical characteristics of concrete, there is 

a disparity in the long-term performance of concrete made or cured with seawater. Tiwari et al. 

(2014) and Khan et al. (2015) indicated that no considerable reduction in the strength of the 

concrete cast and cured with artificial seawater (3.5% NaCl) after 28 days. Shi et al. (2015) found 

that the 28-day compressive strength of seawater concrete was enhanced by 22% compared to 
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freshwater mixed concrete. Younis et al. (2018), however, reported a 7%-10% reduction in 

compressive and tensile strengths of concrete made with seawater compared to that cast with fresh 

water after 28 days. Moreover, similar behavior was observed when freshwater concrete was cured 

with seawater. Guo et al. (2018) reported a similar reduction percentage for traditional concrete 

cured with seawater. Etxeberria et al. (2016), Mori et al. (1981), and Mohammed et al. (2004) 

highlighted that concrete made with tap water or seawater had almost similar compressive strength 

after 1, 10, and 15 years of exposure to seawater.  

In addition, the temperature of curing water also positively affects the concrete strength, especially 

in the presence of cementitious material (i.e., silica fume) (Hamza et al. 2017; Abdulrahman et al. 

2018). Li et al. (2018) recorded a significant increase in the compressive strength of seawater–sea 

sand concrete (SWSSC) during the first three months of immersion in saline solution (3.5% NaCl) 

at 40°C. Afterward, the strength stabilized for up to 6 months. Despite the improvements in the 

properties of fresh and hardened concrete, corrosion of steel reinforcing bars or spirals has been 

the main obstacle hindering the use of SWSSC or of curing RC structures with seawater. Dasar et 

al. (2020) observed that corrosion of steel bars is highly activated when seawater was used as a 

curing agent rather than as a mixing agent. This obstacle was overcome lately through the use of 

non-corrodible reinforcing bars (such as GFRP bar). 

Ample experimental studies have assessed the durability of GFRP bars under different simulated 

and real environmental conditions, including laboratory accelerated aging tests and field inspection 

of actual RC structures. These studies aimed at giving manufacturers and designers more data 

about the effect of corrosive environments on the behavior of GFRP bars with a view to improving 

their mechanical (tensile, compression, shear, bond, etc.) and microstructural characteristics. The 

laboratory accelerated aging tests were extended to cover the effect of aging conditions on the 

most important two mechanical features of GFRP bars: tensile strength (Robert and Benmokrane 

2013; El-Hassan et al. 2018; Wang et al. 2017) and compressive strength (Fu et al. 2013; Zhang 

and Deng 2019). Moreover, Mufti et al. (2007), Gooranorimi and Nanni (2017), and Benmokrane 

et al. (2018) conducted a microstructural examination of GFRP bar samples extracted from some 

bridges still in service and exposed to natural environmental conditions and deicing salts for 5 to 

15 years. The microstructural observations revealed that the GFRP bars were still intact and 

evidenced no signs of degradation of their components. 
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A literature review identified several valuable investigations on the structural performance of 

circular GFRP-RC columns under concentric loading (Afifi et al. 2014; Mohamed et al. 2014; 

Karim et al. 2016; Abdelazim et al. 2020a,b). Afifi et al. (2014) reported that GFRP-RC columns 

perform like conventional RC columns under concentric loading, although with slightly lower 

load-carrying capacity. Several researchers have found that increasing the longitudinal 

reinforcement ratio primarily affected strength at peak (Tobbi et al. 2012). Abdelazim et al. 

(2020a) also observed that specimens with higher reinforcement ratios produced the longest 

descending branch. The literature review also revealed the vital role played by minimizing spiral 

pitch and increasing the volumetric ratio with respect to ductility indices and confinement 

efficiency of GFRP-RC columns (Hadhood et al. 2017a,b,c). 

Few studies over the last two decades have investigated the response of GFRP-RC piles or columns 

in marine environments. In 2013, Pantalides et al. (2013) found that the corrosion rate in hybrid 

columns reinforced with steel bars and GFRP spirals was almost one-third of that in all-steel 

columns. Furthermore, while the steel ties corroded, the GFRP spirals remained intact and bonded 

to the concrete core. Zhou et al. (2018) investigated the impact of using saltwater in casting and/or 

curing on the structural behavior of GFRP-RC cylinders after an exposure period of 12 weeks. 

Three types of mixing water (saturated (26.5%NaCl), saltwater, and distilled) and two for curing 

(saltwater (3.5%NaCl) and distilled) were used. They found that, as the chloride concentration in 

mixing water increased, the load-carrying capacity decreased and the ductility index increases. 

Columns cast with concrete mixed with saltwater or saturated water showed 3.5% and 27% losses 

in their load-carrying capacities, respectively, compared to their counterparts made with distilled 

mixing water. Furthermore, the GFRP spirals were found to provide adequate confinement for the 

concrete core when the load decayed at higher chloride concentrations. This level of confinement 

enhanced the ductility index of saltwater columns and saturated water columns by 25% and 104%, 

respectively. Wei et al. (2018) exposed square columns reinforced with GFRP bars and steel ties 

to higher chloride concentrations. After 120 days, some corrosion spots were observed on concrete 

surfaces due to tie corrosion. The GFRP bars did not degrade and could compensate for the 

reduction in axial capacity after corrosion cracks formed. Moreover, they found that as the 

exposure period increased, the bond between the concrete and GFRP bars was weakened, and the 

axial capacity decreased. 
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This study introduces a solution for eliminating the drastic effects of steel corrosion and highlights 

the feasibility of employing GFRP reinforcement in RC marine structures. The major objective is 

to recognize the durability/structural performance of circular GFRP-RC piles under axial load after 

continuous submersion in laboratory-simulated marine environments under room temperate 

(22°C) or severe (60°C) conditions for 12 months. Differential scanning calorimetry (DSC) and 

scanning electron microscopy (SEM) technologies were employed to examine the changes in the 

thermal properties (glass transition temperature (Tg)) and the microstructure (individual fiber 

damage, matrix disintegration, and interfaces) of the GFRP bars and spiral coupons that was taken 

from the submerged GFRP-RC piles after testing, respectively. In addition, the interfaces of the 

concrete and GFRP reinforcing bars or spirals after exposure to the marine environments were 

inspected under optical microscopy (OM). Moreover, this compares the applicable current design 

provisions in codes and guidelines for predicting the nominal axial capacity of circular GFRP-RC 

piles submerged in marine environments. 

5.2. Experimental Program  

The experimental program comprised structural tests (concentric compression loading) and 

microstructure analysis (DSC, SEM, and OM). A total of 15 circular GFRP-RC piles were 

longitudinally reinforced with GFRP bars and laterally with GFRP spirals or hoops. Five 

specimens were fabricated as references (unconditioned). The remaining 10 specimens were 

continuously immersed in simulated marine environments (conditioned) for specimens were 

conditioned in the marine environment for 12 months: five were kept in seawater at room 

temperature (22°C), while the other five were stored in a large chamber produced heat waves at 

high temperature (60°C). The conditioned specimens simulated concrete elements in seawater. The 

microstructural tests were performed on some GFRP bars and spirals coupons taken from the tested 

piles. The structural parameters were confinement level (spiral pitch and volumetric ratio) and 

configuration (spirals versus hoops). The following sections discuss the type of materials, 

specimen design and fabrication steps, conditioning routine, and instrumentation and test setup. 
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5.2.1 Material Characteristic 

Concrete ― All specimens were cast with ready-mixed normal–strength concrete (NSC) with a 

target compressive strength of 40 MPa. Table 5.1 shows in detail the quantities of concrete mix 

components (fine and coarse aggregates, cement, water, and admixtures). Most of the coarse 

aggregate was 20 mm in size, accounting for about 73% of the total weight of the coarse aggregate. 

The cement content was about half and half general-use (GU) and (GUb-SF) Portland cement. 

GUb-SF is a normal Portland cement that contains 8% silica fume. The w/c ratio and the measured 

concrete slump were 0.35 and 125 mm, respectively. Twenty standard cylinders measuring 100 x 

200 mm were cast and aged under the same conditions as the tested pile specimens. The average 

cylinder compressive strength at 28 days was 42 MPa. 

Table 5. 1: Concrete mix proportions 

Mix  
Components 

Aggregates  
(coarse and fine) (kg/m3) 

Cement (kg/m3) Water 

 (kg/m3) 

Water–

Cement 

Admixtures  

(mL / 100 kg) 

CA1 
(10 mm) 

CA2  
(20 mm) 

Sand  
Type 
(GU) 

Type 
(GUb-SF) 

w/c (%) AEA WR 

M40 272 730 719 224 216 156 0.35 80 300 

Note: CA1= coarse aggregate with size 10mm; GUb-SF= Portland cement includes 8% silica fume; AEA = air 
entrainment admixtures; WR = water reducer 

 

Longitudinal and transverse reinforcing bars ― All the GFRP reinforcement (bars, spirals, and 

hoops) were manufactured by a Canadian company (Pultrall, Inc. 2018) using the pultrusion 

process. The GFRP products were made of continuous boron-free E-glass fibers impregnated in a 

vinyl-ester resin in accordance with CSA (2017) and ASTM D7957 (2017). The products had a 

sand-coated surface for bond enhancement. The sand particles in the coating also serve to plug 

micro-cracks in the resin, which reduces the rate of ion diffusion (Benmokrane and Wang 2001). 

The longitudinal reinforcement was No. 5 bars with a nominal diameter of 15.9 mm and cross-

section area 199 mm2, as shown in Fig. 5.1(a). That size is the smallest diameter allowed in the 

Canadian Highway Bridge Design Code CSA (2019a) for use as the primary reinforcement in 

compression members. Two GFRP configurations were used as transverse reinforcement: No. 3 

discrete hoops and continuous spirals (see Fig. 5.1(a)). The hoops had a lap-splice length of 

390 mm and a nominal diameter (db) of 9.5 mm. The lap-splice length to bar-diameter ratio (l/db 

= 40) complies with the limits in CSA (2019a). Table 5.2 lists the characteristics of the reinforcing 

bars, spirals, and hoops. 
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Table 5. 2: Tensile characteristics of the GFRP reinforcing bars, spirals, and hoops 

Bar Size 
Diameter 

(mm) 
Area 1 (mm2) 

Fiber Content2 
(%) 

Elastic Tensile 
Modulus3 (GPa) 

Nominal Tensile 
Strength3 (MPa) 

Tensile Strain 
(%) 

# 3 (spirals 
and hoops)) 

9.5 71.3 78.9 52.5 1328 2.3 

# 5 15.9 199 83.6 52.5 1389 2.65 
1 Nominal area. 
2 According to the test method described in ASTM D2584 (temp 650°C, sand coating discarded from results). 
3 Average ultimate longitudinal tensile properties as provided by the manufacturer; test method in CSA S806, Annex C. 

 
 
 

 

Fig. 5. 1: Reinforcing material and reinforcement layouts 

 
5.2.2 Specimen details and preparation 

This experimental program consisted of 15 circular GFRP-RC piles measuring 304 mm in diameter 

and 1000 mm in height. The tested specimens simulated end-bearing RC piles submerged in a 

marine environment or soil containing soluble chloride. This type of pile is designed as a column 

without considering the buckling effects as long as the pile sustains axial compression loads and 

is entirely embedded in soil (AASHTO 2018). The specimen dimension used herein was chosen 
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to provide the minimum dimensions (height to least lateral dimension ratio) specified in CSA 

(2019c) to consider the compression members like columns, which is three. Further, the main 

objective of this study was to investigate the behavior of GFRP-RC piles under concentric loading 

after exposure to a marine environment. The results of these environmental conditions can be taken 

into account in designing the slender piles considering the effect of the slenderness ratio as reported 

by Abdelazim et al. (2020a) for FRP RC columns.  

The 15 specimens were divided into five groups by the assigned structural parameters. In order to 

examine the effect of conditioning, each group included three identical specimens with the same 

reinforcement configurations. Table 5.3 presents the specimen details and the planned 

conditioning routine. The first group (G1) was plain concrete (PC), while the specimens in the 

remaining groups were longitudinally reinforced with eight No. 5 bars, comprising about 2.5% of 

the gross section area (Ag). Figure 5.1(b) shows typical four pile’s cages. Figure 5.2 gives the 

transverse reinforcement details. The transverse reinforcement was designed according to CSA 

(2019a) so as to provide a confined concrete core and restrain the longitudinal bars from buckling. 

The GFRP-RC pile specimens in G4 were laterally reinforced with hoops; the others with spirals. 

Three pitches were set in this study (120, 80, and 40 mm), comprising about 1%, 1.5%, and 3% of 

the volume of the confined concrete core. 

The specimen fabrication process started with assembling the reinforcement (bars and spirals or 

hoops). The formwork was prepared, the cages installed, and then the specimens were cast and 

cured, as shown in Fig. 5.3(a). To ensure a fair comparison of the results, three identical forms 

were designed and fabricated to fit and cast all specimens with the same concrete batch. Prior to 

casting, a plastic wheel spacer was attached to the spiral to provide a clear cover of about 25 mm. 

The concrete was vertically poured and compacted with an electric vibrator. Twenty-four hours 

after casting, the specimens were demolded and wrapped in moist burlap for a week. 
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Table 5. 3: Test matrix 

Group 
No. 

Specimens ID. 

Test Matrix 
Transverse 

Reinforcement 
Aging Conditions 

ρv (%) 
Pitch 
(mm) 

Saltwater 
3.5% NaCl 

Temperature 
(°C) 

G 
PCP 

Plain concrete 
Reference 

PCP-22 Saltwater 22 
PCP-60 Saltwater 60 

G1 
GCP-80S 

1.5 80 
Reference 

GCP-80S-22 Saltwater 22 
GCP-80S-60 Saltwater 60 

G2 
GCP-40S 

3 40 
Reference 

GCP-40S-22 Saltwater 22 
GCP-40S-60 Saltwater 60 

G3 
GCP-120S 

1 120 
Reference 

GCP-120S-22 Saltwater 22 
GCP-120S-60 Saltwater 60 

G4 
GCP-80-O 

1.5 80 
Reference 

GCP-80-O-22 Saltwater 22 
GCP-80-O-60 Saltwater 60 

 

 

Fig. 5. 2: Specimen details and internal strain-gauge locations 
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Fig. 5. 3: Specimens fabrication and conditioning routine 

5.2.3 Conditioning routine  

A laboratory accelerated aging test was conducted on 10 of the specimens. The conditioning 

routine consisted of three conditions: the saline solution was chosen to mimic a marine 

environment, the room temperature of 22°C was to simulate the natural temperature of seawater, 

and the temperature of 60°C was to accelerate diffusion of water and degradation of the GFRP 

reinforcement (CSA 2019b; ASTM D7957 (ASTM 2017); Benmokrane et al. 2017). The saline 

solution was prepared by mixing NaCl crystals and water at a mixing ratio of about 3.5% of the 

solution weight. The 60°C condition was achieved in the large temperature–humidity test chamber 

in the hydraulic laboratory at the University of Sherbrooke. The authors took into account that the 

selected accelerating temperature (60°C) should be lower than the glass-transition temperature (Tg) 

of the GFRP bars and spirals to avoid any significant changes in their thermal properties. 

Two identical wooden tanks were fabricated to accommodate 10 specimens: five specimens in 

each tank. The tanks were lined with high-density polyethylene (HDPE) sheets to prevent water 

leaks. All specimens were inserted vertically into the tanks to ensure regular distribution of the 

lateral hydrostatic pressure on the perimeter and horizontally spaced to allow free circulation of 

the solution between and around the specimens. The first tank was kept inside the large 

temperature–humidity test chamber at 60°C, while the second tank was left in the hydraulic 
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laboratory under room temperature of 22°C (see Fig. 5.3(b)). Both tanks were filled with the 

prepared solution and covered with a thin polyethylene sheet to reduce the rate of evaporation. The 

specimens were removed from tanks after 365 days (12 months) and prepared for testing. The 

exposure period was limited to 365 days (12 months), considering that the highest reduction in the 

tensile strength of GFRP bars would take place within the first 12 months and then become almost 

constant, as observed by Morales (2020). Mukherjee and Arwikar (2005) highlighted that 12 

months of accelerated aging in hot water bath at 60°C corresponded to 32 years of degradation in 

the natural environment (tropical climate). Porter and Barnes (1998) pointed out that exposure of 

the FRP bar samples to the alkaline solution at 60°C for 2-3 months, represented 50 years of 

exposure to a northern climate. CSA (2019b) limited the exposure period for testing the alkaline 

resistance of GFRP bars in high pH solutions to 3 months. Since the degradation rate of GFRP 

bars embedded in moist concrete is lower than those exposed directly to simulated solutions 

(Robert et al. 2009), the synergistic effect of moist concrete, elevated temperature, no cracks in the 

concrete surface, and 12 months of exposure period on GFRP bars and spirals is expected to 

represent more than 50 years.  

5.2.4 Instrumentation and testing protocol 

Six strain gauges were attached at the mid-height of each specimen. Four strain gauges were placed 

on the bars and spirals before the test to record their strains (see Fig.5.2). In addition, before testing 

commenced, two 100 mm concrete strain gauges were glued on any two opposite concrete surfaces 

(Fig. 5.4(a)). The overall axial deformation for the tested specimen was recorded by placing two 

symmetric potentiometers (POTs), as shown in Fig.5.4(a). To avoid failure from occurring at the 

bearing surfaces, the specimens’ ends were fortified with two bolted semicircular steel collars (20 

mm thick and 250 mm high). The upper and lower cross-sections of the specimens were adjusted 

by casting a thin layer of grout mortar to ensure uniform load uniform distribution. Before loading, 

the specimens were positioned vertically between the machine jaws and their centerline aligned 

with the machine’s centerline. The concentric loading was applied with the Forney machine with 

a 6,000 kN capacity, as shown in Fig. 5.4(b). The loading rate was 1.5k N/s up to peak; then, the 

rate was adjusted manually. An electrical data logger collected the readings for both strain and 

displacement during the loading processes. 
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Fig. 5. 4: Test setup layouts 

 

5.2.5 Microstructural analysis  

Three technologies for microstructural analysis were used to assess the performance of the GFRP 

reinforcing (bars and spirals) sampled from the tested GFRP-RC piles after exposure to the 

simulated temperate (22°C) or severe (60°C) marine environment. These technologies were DSC, 

SEM, and OM.  

Differential scanning calorimetry (DSC) ― DSC is a rapid test method for monitoring possible 

alterations in the glass transition temperature (Tg) of the resin matrix. This was performed in 

accordance with ASTM E 1356-08 (2014) procedures to reveal any distortions in the resin matrix 

of the GFRP bars after conditioning. About 50 mg of material was taken from the sampled 

material, placed in aluminum containers, and heated from room temperature to 200°C at a rate of 

20°C/min. Tg was taken as the half-height of the Cp shift corresponding to the transition from the 

vitreous state to the viscoelastic state. The measurement was recorded for at least two samples. 

Optical microscopy (OM) ― Optical microscopy was used to magnify, under visible light, and 

record the images of small disks containing GFRP reinforcing material from bars or spirals. For 

this technique, a group of lenses and sensitive cameras were used. These images served in 
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investigating the interface between the concrete and the GFRP reinforcement and to detect any 

gaps between them resulting from the conditioning. The extracted cores were sliced into small 

disks with a water saw and polished with fine-grain sandpaper before analysis. 

Scanning electronic microscopy (SEM) ― Scanning electronic microscopy was used to examine 

the cross-section components of the GFRP bars (individual fibers, resin matrix, and their 

interfaces) after conditioning to detect any disintegration in the matrix and its interface with 

individual fibers. The extracted GFRP coupons were sliced to an approximate length of 12 mm 

and put in cylindrical molds, where the epoxy resin was cast. After 24 hours of curing at room 

temperature, the dried samples were removed and cut with a diamond blade saw. The cut 

specimens were polished by hand with alumina powders before being sputtered with a 

gold/platinum alloy.  

5.3. Experimental Results and Observations  

5.3.1 Microstructural analysis results for the extracted GFRP coupons 

(Bars and Spirals)  

Differential scanning calorimetry (DSC) observations ― Determination of the glass transition 

temperature (Tg) can provide significant information about the thermal history, stability, and 

chemical-reaction mechanism of the resin matrix (ASTM E1356 – 08) (ASTM 2014). It is 

generally accepted that the compression failure mode and horizontal shear strength of GFRP bars 

are dominated by the type of resin matrix (ACI 2015), so its integrity should be investigated. Table 

5.4 presents the Tg measurements for the extracted GFRP coupons conditioned at 22°C and 60°C. 

As the table shows, submerging the GFRP-RC piles in the simulated severe (60°C) marine 

environment resulted in higher Tg of the internal reinforcement compared to their counterparts in 

the temperate marine environment (22°C). That applies to both GFRP coupon sizes (No. 3 and 

No.5). The significant difference in the Tg of the GFRP spirals (from 101°C at (22°C) to 113°C at 

(60°C)) indicates that these samples were not entirely cured during the manufacturing process and 

that curing was completed after exposure to a high temperature (60°C). In summary, submerging 

the GFRP-RC piles in a severe marine environment did not produce any changes in the structure 

of the reinforcement’s resin matrix after 365 days of exposure. 
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Table 5. 4: Tg measurements of extracted GFRP bars and spirals conditioned at 22°C and 60°C 
obtained by DSC 

Conditioning media 
Glass Transition Temperature 

(Tg) °C 
22°C 60°C 

Embedded in concrete submerged in the 
simulated marine environment  
(No. 3 GFRP spiral samples) 

101 113 

Embedded in concrete submerged in the 
simulated marine environment  
(No. 5 GFRP bar samples) 

110 113 

 
 
Optical microscopy (OM) observations ― The bond between the concrete and GFRP bars can be 

enhanced by coating the bar surface with sand particles during manufacturing. The sand particles 

are bonded chemically to the thin outer layer of the resin; any degradation in this layer causes sand 

particles to separate, resulting in friction loss. Figures 5.5 (a and b) depict the OM-magnified 

graphs for the interface between the concrete and bars (No. 3 and No. 5) after immersion in a 

severe marine environment (60°C) for 365 days. As shown in Fig. 5.5, no separation was detected 

between the concrete and GFRP reinforcing bars. The sand particles were still attached to the 

surrounding concrete, thus confirming perfect load transfer. To sum up, no debonding at the 

GFRP–concrete interface occurred due to exposure to the severe marine environment. This 

observation was also confirmed by comparing the axial load–strain curves of concrete and GFRP 

bars, as seen in Fig. 5.6. The strain of bars and concrete showed similar behavior until the 

appearance and propagation of cracks at a load of approximately 90% of the peak load.  

 
 
 



119                                                                                         Technical Paper (II) 
 

 

Fig. 5. 5: Optical microscopy (OM) images of concrete–GFRP bar or spiral interfaces after 
submersion in a marine environment at 60°C 

 

 
Fig. 5. 6: Strain compatibility between concrete and GFRP bars 

 
Scanning electron microscopy (SEM) observations ― Figures 5.7 (c and d) show magnification 

images for two different GFRP bar diameters (No. 3 and No. 5), respectively, after exposure to the 

conditioning routine at 60°C. Figures 5.7 (c and d) reveal no obvious cracks in the resin matrix or 

individual fibers, indicating that the matrix did not swell. Consequently, the fiber-matrix interface 

was still intact and without damage. The perfect adhesion between the fibers and matrix reflects 

their ability to withstand the applied loads. Therefore, the immersion of the GFRP-RC piles in a 

severe marine environment (60°C) did not affect the GFRP reinforcement. It should be highlighted 

that the GFRP bar and spiral samples were taken from the tested zone of the RC piles and that the 
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inspection covered all specimens conditioned at 60°C. The images taken of the various specimens 

yielded similar observations. Therefore, one image for one specimen has been included in the 

manuscript to reflect the general state of bars and spirals. 

 

Fig. 5. 7: Images taken by SEM of the extracted GFRP bars and spirals coupons at 22°C and 
60°C) 
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5.3.2 Structural results for GFRP-RC piles in simulated marine 

environments  

The W-XY-Z nomenclature of the pile specimens herein reflects the studied parameters. The letter 

W stands for circular GFRP-reinforced pile (GCP). The letter X refers to the transverse 

reinforcement configuration (S for spirals and O for hoops), while the letter Y indicates the pitch 

of the spiral in mm. The last letter (Z) is the conditioning temperature in Celsius.  

Failure modes ― Figures 5.8 (a-d) depict the failure mechanism of the reference specimens and 

those immersed in the marine environment at 22°C and 60°C. The reference and conditioned 

specimens quite displayed similar sequences of crack development. Up to 85% of the peak load, 

no cracks were observed on the concrete surface. Vertical cracks were visually apparent when the 

load had reached almost 90% of the peak load. As the loading continued, these cracks rapidly grew 

and widened, causing a separation between the cover and concrete core (cover spalling off), 

leading to a reduction in the axial-load capacity. After the specimen lost its concrete cover and the 

loading continued, the core was loaded and radially dilated, producing an active radial pressure. 

This active pressure activated the spirals to provide adequate lateral confinement for the concrete 

core to stop its expansion. The spirals in the confined unconditioned specimens showed higher 

strain at peak compared to the conditioned specimens, as shown in Table 5.5. This is because 

increasing the concrete strength delayed the lateral expansion of the concrete core (Ahmad and 

Shah 1985). In the late stages of loading, the core of the conditioned specimens suddenly dilated, 

causing abrupt rupture of spirals, compared to the core of unconditioned specimens, which 

expanded early and constantly until failure. The close-up view of the failure zones illustrates that 

the conditioned and reference specimens failed mainly by rupture of the lateral reinforcement, 

causing buckling of the longitudinal bars (spiral spacing of 80 and 120 mm) or crushing (spiral 

spacing of 40 mm), and crushing of the concrete core (see Fig.5.8). To sum up, no changes in the 

failure mechanism of RC piles were observed after conditioning for 365-days.  
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Fig. 5. 8: Failure pattern of unconditioned and conditioned GFRP-RC piles 
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Table 5. 5: Structural results 

Group No. Specimens ID. 

Measured Results at Peak 

Peak Load 
Pmax (kN) 

εconcrete 
(με) 

εbar 
(με) 

εspiral 
(με) 

G 
PCP 3250 3000 

N/A N/A PCP-22 3550 2750 
PCP-60 3700 2100 

G1 
GCP-80S 2850 3100 3300 1150 
GCP-80S-22 3200 2350 2800 850 
GCP-80S-60 3350 2450 2500 600 

G2 
GCP-40S 2900 2500 3500 1200 
GCP-40S-22 3100 2800 2300 800 
GCP-40S-60 3450 2800 2300 500 

G3 
GCP-120S 2800 3700 3350 900 
GCP-120S-22 3000 1900 2200 200 
GCP-120S-60 3250 2350 2100 300 

G4 
GCP-80-O 2700 3150 3800 1100 
GCP-80-O-22 3100 2100 3300 500 
GCP-80-O-60 3300 2150 2700 300 

Designation label is: circular glass-fiber-reinforced pile (GCP); Pitch (mm); 
transverse reinforcement (Spiral (S) or Hoop (O)); conditioning temperature 
(22°C or 60°C) 

 

Effect of conditioning on the axial behavior and strength of the GFRP-RC piles ― The impact 

of conditioning on the axial load–axial deformation curves and the ultimate bearing capacity (Pmax) 

are presented in Figs. 5.9 (a-d) and Table 5.5, respectively. Figures 5.9 (a-d) show that the peak-

load and pre-peak behavior were affected by submersion in the marine environments as a result of 

the increase in concrete strength, as discussed below. Both the conditioned and reference GFRP-

RC pile specimens behaved similarly. Their ascending branches increased linearly up to 

approximately 80% of their peak loads, then the line became parabolic until the peak due to the 

formation of invisible cracks in the concrete cover. Overall, the ascending branches of the 

conditioned specimens were consistently higher than those of their reference counterparts, 

showing a higher initial axial slope (concrete modulus of elasticity), a result of the increase in 

concrete strength. As given in Table 5.5, all the conditioned specimens withstood axial loads (peak 

load) higher than their reference counterparts. The reference GFRP-RC pile specimens (GCP-80S, 

GCP-40S, GCP-120S, and GCP-80-O) sustained peak loads of 2,850, 2,900, 2,800, and 2,700 kN, 
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respectively. The ultimate bearing capacity (peak load) of the specimens conditioned at 22°C 

(GCP-80S-22, GCP-40S-22, GCP-120S-22, and GCP-80-O-22) was 3,200, 3,100, 3,000, and 

3,100 kN, respectively. The improvement in the ultimate bearing capacity due to conditioning at 

22°C was in the range of 5% to 15% compared to their reference counterparts. While, the 

specimens submerged in the severe marine environment at 60°C (GCP-80S-60, GCP-40S-60, 

GCP-120S-60, and GCP-80-O-60) failed at loads of about 3,350, 3,450, 3,250, and 3,300 kN, 

respectively, constituting an average increase of 18.6% over their reference counterparts. In 

summary, the GFRP-RC piles exposed to the simulated marine environment for 365 days achieved 

higher axial-load capacities and initial stiffness than the unconditioned specimens.  

 
 

Fig. 5. 9: Effect of submersion in a simulated marine environment at 22°C and 60°C on the axial 
load-deformation relationships of the tested GFRP-RC piles 

Effect of conditioning on the concrete compressive strength ― To investigate the concrete’s 

behavior and strength after conditioning, the conditioned and reference concrete cylinders were 

tested under compression loads according to ASTM C39/C39M-18a and their stress-strain (SS) 

relationships drawn. Figure 5.10(a) shows the SS curves of the tested cylinders before and after 

conditioning in the simulated marine environments. Under the exposure conditions (reference, 

conditioned at 22°C or 60°C), the concrete behaved linearly up to 75% of the peak stress, then 

deformed nonlinearly until the peak was reached. In general, the effect of conditioning could be 

represented as an increase in strength and the initial slope of the SS curves (elastic modulus), 

indicating a stiffer concrete matrix. Table 5.6 introduces the concrete strength of the tested 

cylinders at the end of the exposure period. As in Table 5.6, the strength of the concrete cylinders 
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was 42, 50, and 53 MPa for the reference cylinders and those conditioned at 22°C and 60°C, 

respectively. These strengths indicate that the strength of the concrete increased after conditioning 

at 22°C and 60°C by 19% and 26%, respectively, compared to the reference cylinders. Similarly, 

the unreinforced concrete (PC) piles experienced strength improvement after the conditioning, as 

illustrated in Fig. 5.10 (b). The reference PC piles (PCP) and those conditioned at 22°C and 60°C 

(PCP-22 and PCP-60) exhibited peak axial loads of 3,250, 3,550, and 3,700 kN, respectively, as 

listed in Table 5.5. PC-pile specimens submerged in the marine environments at 22°C and 60°C 

(PCP-22 and PCP-60) recorded axial peak loads about 9% and 16% higher than their reference 

counterpart (PCP), respectively. This higher strength highlights the positive effect of moisture and 

temperature on the hydration process of un-hydrated cement (Mukherjee and Arwikar 2005; 

Pantelides et al. 2013; Hamza et al. 2017). Moreover, chloride-ion penetration can allow chloride 

ions to react chemically with hydration products, producing a dense salt base containing chloride, 

which clogs concrete pores and results in this enhancement (Wei et al. 2018).  

Using GFRP reinforcement improved the post-peak behavior compared to plain concrete 

specimens. The lower strength obtained in the GFRP RC specimens could be attributed to the fact 

that the reinforcement cage created vertical planes between the concrete core and cover, 

accelerating the concrete cover’s separation and preventing the specimens from reaching the 

expected maximum capacity (Tobbi et al. 2012). 

Table 5. 6: Compressive strength test results for cylinders 

Conditioning Regime 
Exposure 

Period 

Average 
Compressive  
Strength f’c 

(MPa) 

Average 
Compressive  

Strain (%) 

Reference 22°C  
28 days 42  --------- 

365 days 42  0.2310± 0.0186 
Saltwater (SW)+22°C  365 days 50 ± 0.5  0.2290± 0.0166 
Saltwater (SW)+60°C  365 days 53 ± 1.4   0.2240± 0.008 
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Fig. 5. 10: Stress-strain curves of the reference and conditioned: (a) cylinders and (b) 
unreinforced piles (PC) 

5.3.3 Performance of reinforcement in conditioned GFRP-RC piles  

GFRP bar strain and contribution ratios after conditioning― Table 5.5 presents the measured 

compressive strains in vertical GFRP bars when the load in the conditioned and reference GFRP-

RC piles reached a peak. As the table shows, the strains recorded in the bars in the unconditioned 

piles (GCP-80S, GCP-40S, GCP-120S, and GCP-80-O) were 3300, 3500, 3350, and 3800 με, 

respectively. The compressive strains were 2500, 2300, 2100, and 2700 με in the bars in the 

conditioned piles (GCP-80S-60, GCP-40S-60, GCP-120S-60, and GCP-80-O-60), respectively. 

The average compressive strain in the bars in the unconditioned piles and those conditioned at 

60°C were about 13% and 9% higher than the ultimate bar strain, respectively. The measured 

strains were higher than the value (2000 με) specified in CSA (2019a) for calculating the nominal 

capacity of GFRP-RC columns. The slight reduction in bar strain was due to the acquired strength 

in concrete after conditioning, as discussed above. Table 5.7 gives the contribution of the GFRP 

bars to the axial capacity of the pile specimens. It should be noted that the contribution ratios were 

computed assuming that the tensile and compressive moduli of elasticity were equal and unaffected 

by conditioning (Robert and Benmokrane 2009). The results indicate that the GFRP bar 

contributions to the axial capacity were 10.5, 7.0, 5.5% in the unconditioned specimens and those 

conditioned at 22°C and 60°C, respectively.  
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Table 5. 7: Estimated structural outcomes 

Group 
No. 

Specimen ID 

Longitudinal 
Reinforcement 

 Concrete 
Contribution  

 
Post-Peak Behavior 

Pbar
1 

 
(kN) 

max

barP

P  
(%) 

m ax

' ( )

bar

c g f

P P

f A A


  

Pc
2 

 
(kN) 

f’cc 

 

(MPa) 

'

'

cc

co

f

f  

Second peak 
load3 
(kN) 

Ductility 
index  

(μ) 

 

G1 
GCP-80S 276 10  86 2575  53 1.47 ------ 2.95  
GCP-80S-22 234 7  85 3016  59 1.39 ------ 1.72  
GCP-80S-60 209 6  83 3140  65 1.43 ------ 1.6  

G2 
GCP-40S 293 10  87 2607  56 1.58 3300 4.15  
GCP-40S-22 192 6  82 2908  66 1.55 ------ 4.1  
GCP-40S-60 180 5  87 3270  69 1.53 ------ 2.73  

G3 
GCP-120S 280 10  85 2520  52 1.45 ------ 1.64  
GCP-120S-22 184 6  80 2816  50 1.18 ------ 1.46  
GCP-120S-60 176 5  82 3075  62 1.38 ------ 1.44  

G4 
GCP-80-O 318 12  80 2382  50 1.40 ------ 2.92  
GCP-80-O-22 276 9  80 2824  58 1.32 ------ 1.75  
GCP-80-O-60 226 7  82 3074  58 1.29 ------ 1.7  

1 Bar load (Pbar) = bar area (Ab) x bar measured strain (εbar) x tensile modulus of elasticity (Efrp) 
2 Load carried by concrete = Pmax-Pbar 
3 Measured loads 

 

GFRP spirals and hoops strains and confinement efficiency after conditioning ― The integrity 

of the spirals and hoops after submersion of the GFRP-RC piles in the simulated marine 

environments can affect their mechanical properties (hoop tensile strains) and therefore their 

efficiency to confine the concrete core of piles. Table 5.5 provides the hoop tensile strains 

measured at peak load (Pmax). As seen in this table, the spirals in the confined unconditioned piles 

showed lower tensile strains after peak compared to their counterpart reinforced conditioned piles. 

The reduction in spiral strain was due to the concrete gaining strength after immersion in the 

simulated marine environment, which caused a delay in the dilation of the concrete core. This 

phenomenon has been pointed out in some technical papers when the concrete compressive 

strength increased (Ahmad and Shah 1985; Cusson and Paultre 1994). For typically confined 

specimens, Ahmad and Shah (1982) observed a notable reduction in steel spiral stress (about 43%) 

at the peak load when the concrete compressive strength increased from 26 to 65 MPa. 

Consequently, it can be concluded that concrete in marine environments needs more confinement 

to enhance its post-peak response. 

The confinement efficiency of spirals and hoops can be introduced herein by this term:  cc co' 'f f

.The concrete core strength gained by confining  'ccf was computed with the approach proposed 
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by Zhang and Deng (2018), as illustrated in detail in Fig. 5.11. While the  'cof  is the 

compressive strength of the plain concrete column and is usually considered as 0.85 f´c (Hognestad 

1951). Table 5.7 lists the values of the confinement efficiency for all tested specimens, which 

range from 1.28 to 1.55. Within the same group, the higher  cc co' 'f f  ratios marked the 

unconditioned GFRP-RC piles. An insignificant decrease in the confinement efficiency was 

recorded for the submerged GFRP-RC piles due to the increase in their axial-load capacity. 

 

Fig. 5. 11: Calculation approach of confinement efficiency (specimen GCR-80S used as a model) 

 

5.3.4 Effect of structural parameters on the performance of the 

submerged GFRP-RC piles 

Effect of spiral spacing ―Two key parameters (spiral spacing and volumetric ratio) exerted 

considerable influence on the integrity of the concrete core of the GFRP-RC columns by limiting 

the propagation of tangential cracks and eliminating GFRP bars buckling after cover spalling. To 

investigate the influence of minimizing spiral spacing, the results of six GFRP-RC piles (GCP-

120S-22, GCP-120S-60, GCP-80S-22, GCP-80S-60, GCP-40S-22, and GCP-40S-60) were 

compared. These specimens were spirally confined with pitches of 120, 80, or 40 mm; the 

corresponding volumetric ratio (1%, 1.5%, 3%) increased as the spacing decreased. Figure 5.12(a-

b) shows the load-deformation relationships of circular GFRP-RC piles submerged in the 

temperate marine environment (22°C) and severe marine environment (60°C), respectively. 

Generally, a decrease in spiral pitch from 120 to 40 mm was accompanied by a slight increase in 

the Pmax of specimens conditioned at 22°C or 60°C ranging from 3% to 6%. Further, the measured 
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strain at the peak was less than 4% of the ultimate tensile strain of the GFRP spirals, as indicated 

in Table 5.5. Both the lower values of the measured strains and the increase in Pmax emphasize 

that the GFRP spirals were not activated to confine the concrete core up to the peak. After reaching 

the peak, the spirals were activated to confine the concrete core and provide stability to the 

longitudinal GFRP bars after full concrete-cover spalling. The specimens confined with spirals at 

a pitch of 40 mm maintained their ductile response after conditioning at 22°C or 60°C with a little 

change relative to their reference counterparts by achieving the longest axial deformation when 

compared to the other pitches (120 and 80 mm) (see Fig. 5.12). For samples conditioned at 22 ° 

C, the use of a 40 mm spiral pitch instead of 80 mm reduced the load decay after the peak from 20 

to 12.2% of Pmax. However, for conditioning at 60 ° C, specimens confined with spirals with a 

narrower 40 mm spacing showed a reduction in ultimate capacity after peak due to spalling of the 

concrete cover at approx. 16.8% of Pmax against 24% of Pmax for confined specimens with a spiral 

pitch of 80 mm. The reduction in load after peak for specimens having spirals with tighter spacing 

indicates that the spiral spacing improves the efficiency of the concrete core to compensate for the 

reduction in strength due to spalling of the concrete cover. After the entire concrete cover was lost, 

the specimens designed with a pitch of 40 mm or its equivalent volumetric ratio experienced the 

second increase in load without achieving a second peak load. At the end of the test, the concrete 

core of these specimens was almost still intact without any distortions in the GFRP bars. At this 

point, the residual axial loading was 92% and 82% of Pmax for specimens GCP-40S-22 and GCP-

40S-60, respectively. Moreover, when the spiral pitch decreased from 80 to 40 mm and /or the 

volumetric ratio increased from 1.5% to 3%, the confinement efficiency of the concrete core of 

specimens subjected to simulated temperate and severe marine environments improved by 6% and 

11%, respectively. 

Effect of transverse reinforcement configurations (Spirals versus Hoops) ― The integrity of the 

concrete core further depends on the transverse reinforcement configurations. The superiority of 

spirals derives from their effectiveness to confine a larger area of concrete core than hoops. This 

section assesses the performance of spiral and hoop configurations under the effect of both marine 

environments. In an effort to do so, the findings from four piles (GCP-80S-22, GCP-80S-60, and 

GCP-80-O-22, GCP-80-O-60) were compared. The details of specimens herein comply with 

clause 16.8.9.4.2 in CSA (2019a) with respect to the design provisions for spirals and hoops. All 

the specimens were designed with the same spiral or hoop spacing (80 mm) with an equivalent 
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volumetric ratio (1.5%) and two different configurations (spirals versus hoops). Figure 5.13 

presents the axial load-deformation relationships of the GFRP-RC piles confined with spirals or 

hoops and exposed to two different marine environments. The results in Fig. 5.13 demonstrate that 

both configurations behaved similarly with respect to their ascending and descending branches, 

with the spiral configurations showing slightly superior performance in pre-peak response and 

became almost identical in the post-peak region. In general, both exhibited similar post-peak linear 

behavior under specific marine environmental conditions.  

Given the same longitudinal reinforcement ratio in the specimens, using spirals instead of hoops 

yielded a slight increase (on average 3%) in the axial-load capacity at 22°C and 60°C (Table 5.5). 

Moreover, for both marine environments (22°C and 60°C), the outcomes listed in Table 5.7 

indicate that the pile specimens confined with spirals had 5% and 10% higher confinement 

efficiency than those confined with hoops. This implies that the hoops were as efficient in 

confining the concrete core as the spirals. Mohamed et al. (2014) made similar observations with 

regard to hoops and spirals. In summary, using spirals or hoops consistently with the provisions of 

Clause 16.8.9.4.2 (CSA 2019a) yielded almost similar post-peak responses even when the marine 

environment was severe (60°C). 

 

 

Fig. 5. 12: Effect of changing the spiral spacing on the structural behavior of GFRP-RC piles in 
temperate and severe marine environments 
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Fig. 5. 13: Effect of changing the transverse reinforcement configurations on the post-peak 
response of the conditioned GFRP-RC piles 

5.4. GFRP-RC Piles Ductility Index After Conditioning 

Even though the design philosophy of RC columns adopted in design codes and guidelines is based 

on the pre-peak behavior of columns in estimating their nominal capacities, understanding their 

post-peak response is crucial in order to predict their seismic behavior. The changes in the post-

peak response can be described in terms of ductility index (μ). Pile ductility is defined as the ratio 

between the ultimate displacement (δu) to yield displacement (δy). Because of the nature of GFRP 

bars, that is, their tensile stress-strain curves are linear until rupture without yielding, the yielding 

displacement was replaced by (δ1) corresponding to the limit of elastic response on the ascending 

part (see Fig. 5.14). For specimens exhibiting post-peak descending branches, the ultimate 

deformation (δu) is equal to axial deformation corresponding to 85% of Pmax (δu,0.85) or (δu, spiral 

rupture) corresponding to the load at which the spirals ruptured, whichever occurs first (see 

Fig. 5.14). For specimen GSP-40S, only the δu was measured at the second peak load. Table 5.7 

gives the pile’s ductility index values. Regardless of the confinement level, the conditioned pile 

specimens exhibited ductility indices slightly lower than those of their reference counterparts. The 

reduction in ductility index values could be attributed to a concrete strength gain. This observation 

is consistent with the conclusion made by AlAjarmeh et al. (2020), that is, columns with higher 

concrete compressive strength had lower ductility indices. For specimens with high levels of 

confinement (40 mm spiral pitch), piles aged at 22°C ductility indices similar to their reference 

counterparts, while piles conditioned at 60°C exhibited a ductility index close to that observed for 

the reference specimen reinforced with spirals at 80 mm. Consequently, to maintain the same 
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ductility index value of the reference specimen confined according to CSA (2019a) provisions for 

severe marine environments (60°C), the spiral’s pitch should be reduced to 40 mm or its equivalent 

volumetric ratio. With respect to reducing spiral spacing, increasing the confinement quantity (in 

terms of decreasing spiral spacing) could enhance the ductility of GFRP RC piles, regardless of 

specimen state (conditioned or unconditioned), as seen in Fig. 5.12. 

 

Fig. 5. 14: Calculation approach of ductility index (specimen GCR-80S used as a model) 

5.5. Prediction of Nominal Axial Capacity  

Three equations were used herein to predict the nominal axial-carrying capacity of the reference 

and conditioned GFRP-RC piles. The first equation (Eq. 5.1) introduces the nominal capacity of 

the GFRP-RC piles without considering the contribution of the longitudinal GFRP bars (CSA 

2017). The second equation (Eq. 5.2) was given in CSA (2019a) for considering the contribution 

of GFRP bars in computing the nominal capacity of GFRP-RC columns. The third equation 

(Eq. 5.3) is a modification of the design equation in the ACI Building Code Requirements for 

Structural Concrete and Commentary (ACI 2019) substituting εf Ef Af for fy As. 

 1
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1
'0.85 0.0015 0.67cf      Eq. (5.4) 

where 1 is the ratio of average stress in rectangular compression block; '
cf is the concrete cylinder 

compressive strength at 28 days; gA is the gross sectional area of the concrete pile; fA is the area 

of longitudinal GFRP bars; f is the allowable compressive strain of the GFRP bars (2000 με); 

and fE is the modulus of elasticity of the GFRP bars (Table 5.2), assuming that it is not affected 

by the conditioning. 

Concrete cover in marine environments is prone to erosion due to wave action or chemical 

degradation during the structure’s service life. Therefore, the concrete core should be designed to 

sustain the service load. Pessiki and Pieroni (1997) suggested ignoring the contribution of the 

concrete cover when predicting the axial-load capacity of high-strength concrete columns after 

observing an increase in the measured strains in spirals before reaching the peak load. In 2013, 

Pantelides et al. (2013) modified the equation used for external FRP jackets in ACI (2008) to be 

validated for internal FRP confinement. Assuming that the concrete cover has spalled off, the 

predicted axial-load capacity of the concrete core can be determined by Eq. (5.5). 

'0.85 0.003o cccc f fP f A E A    Eq. (5.5) 

' ' . .3.3 f a lcc cf f k f       Eq. (5.6) 

. . .2 . . 2

.

f f fe f pf fe

c c
l

E n t E As
f

d S d

 
     Eq. (5.6a) 

.fe e fuk   Eq. (5.6b) 

where '
ccf  is the maximum confined concrete strength; ccA  is the core area of the concrete pile; 

f is FRP strength reduction factor for fully wrapped sections (take by 0.95); ak  is efficiency 

factor for FRP reinforcement in the determination of '
ccf  (based on the geometry of cross-section) 

(take by1); ek is efficiency factor equal to 0.55 for FRP strain to account for the difference 

between observed rupture strain in confinement and rupture strain determined from tensile tests; 
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. fn t is the FRP sheet thickness, which was adjusted to be applicable for GFRP spirals as, as 

illustrated in the second term of Eq. (5.6a); spfA  is GFRP spiral cross-sectional area; S  is the 

spiral pitch; dc is the outer diameter of spirals; fu is the ultimate tensile strain, and lf is the 

lateral stress exerted by the confining GFRP spirals. 

Figure 5.15 compares the experimental load (Pmax) to the predicted nominal load (Po) ratios for 

the reference and conditioned GFRP-RC piles, which were estimated by Eqns. (5.1) to (5.3) and 

Eq. (5.5). Referring to Fig.5.15, the equations provided accurate predictions of the nominal axial 

capacity for the reference GFRP-RC piles. The loads predicted by Eqns. (5.1) to (5.3) and Eq. 

(5.5) got notably more conservative as the conditioning environment became severe. This can be 

attributed to the increase in concrete strength that occurred because of the exposure to the 

simulated marine environments. Disregarding the compression capacity of the GFRP bars (as in 

Eq. (5.1)) yielded a more conservative prediction of the nominal capacity (Po) of the reference and 

conditioned piles, constituted 0.83, 0.76, and 0.70 of Pmax. Equation (5.2) (as per CSA 2019a) 

produced loads about 0.9, 0.8, and 0.75 of the experimental loads of reference and conditioned 

piles, respectively, on average. As for Eq. (5.3)—proposed herein based on the concrete 

contribution factor (0.85)—the average predicted ratio for reference piles was approximately equal 

to 1.0. Those for the piles conditioned at 22°C and 60°C were 0.88 and 0.82, respectively. The 

average predicted ratios based on Eq. (5.5) were 0.89 and 0.88 for the unconditioned and 

conditioned specimens, respectively. For Group 3 (GCP-40S, GCP-40S-22, and GCP-40S-60), 

only Eq. (5.5) overestimated the nominal axial capacity, returning ratios greater than 1 (1.06, 1.11, 

and 1.03 of Pmax, respectively). 

 

Fig. 5. 15: Prediction of ultimate capacities 
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5.6. Summary and Conclusions 

Structural and microscopy tests were performed on 15 circular GFRP-RC piles to assess their 

structural performance and durability after continuous submersion in the simulated temperate 

(22°C) and severe (60°C) marine environments for 365 days. The specimens were tested under 

axial compressive load. The microscopy tests were carried out on the extracted GFRP reinforcing 

bars and spirals to record any changes in the physicochemical properties of the resin matrix and 

the integrity of the fiber-concrete matrix and concrete–bar interfaces. Two key structural 

parameters were examined: the amount of transverse reinforcement (spacing and volumetric ratio) 

and configuration (spiral and hoop). The main results of the microstructural and structural analyses 

can be summarized as follows: 

1. The results from microstructure analysis brought out good durability for the GFRP bars 

and spirals in the GFRP-RC piles submerged in a marine environment for 365 days. Optical 

microscopy (OM) micrographs revealed no disintegration in the contact surface between 

the concrete and GFRP bars or spirals. DSC measurements showed an increase in the Tg of 

the resin matrix after conditioning, i.e., no matrix plasticization occurred. The SEM 

micrographs did not show any visible cracks in GFRP-bar chemical composition (fibers or 

matrix) or the individual fibers strongly adhered to the resin matrix. 

2. Structurally, the behavior of the GFRP-RC circular piles was not adversely affected by the 

conditioning in the marine environment for 365 days. The specimens subjected to 

simulated marine environments exhibited higher axial-carrying capacities owing to 

enhanced concrete strength. The specimens immersed in temperate (22°C) and severe 

(60°C) marine environments recorded increases in their capacities of about 5% to 15% and 

18.6% relative to their unconditioned counterparts, respectively. 

3. Reducing spiral pitch from 80 to 40 mm showed a better post-peak performance and 

enhanced the concrete core confinement efficiency and ductility. The GFRP-RC piles with 

a narrower spiral pitch of 40 mm or its equivalent volumetric ratio and submerged in marine 

environments exhibited residual axial-carrying capacity at failure, greater confinement 

efficiency, and higher ductility than their counterparts confined at a pitch of 80 mm. Lastly, 

the maximum spiral pitch of 80 mm specified in clause 16.8.9.4 in CSA (2019a) was 
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sufficient to maintain the stability of the concrete core and longitudinal bars under higher 

axial capacities. 

4. Both configurations of GFRP transverse reinforcement (hoops or spirals) were similarly 

efficient in confining the concrete core and delaying crack propagation after concrete-cover 

spalling and in providing sufficient lateral constraint for the longitudinal GFRP bars. 

5. The current applicable design provisions in codes and guidelines predicted the nominal 

capacities of the submerged GFRP-RC piles by considering the contribution of the GFRP 

bars as an equivalent load-to-compressive strain of 2000 με. Omitting the contribution of 

GFRP bars in calculating the nominal capacities proved more conservative.  
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Chapter 6: UNIAXIAL COMPRESSION BEHAVIOR OF 

SHORT SQUARE AND CIRCULAR RC PILES 

CONSTRUCTED WITH GFRP BARS AND SPIRALS 

PRE-CONDITIONED IN SIMULATED MARINE 

ENVIRONMENTS 

(Reference: American Society of Civil Engineers (ASCE), in Progress) 

 

Abstract  

The current experimental investigation assessed the durability of reinforced concrete (RC) piles 

with glass fiber-reinforced polymer (GFRP) bars and spirals exposed to simulated marine 

environments. A total of 18 specimens—9 square (300 mm in cross-section) and 9 circular (304 

mm diameter), short RC piles were prepared and tested under uniaxial compression. For each pile 

geometry, three specimens were reinforced with pristine GFRP bars as reference piles. The other 

six piles were reinforced with GFRP bars that had been exposed to marine environments at 

subtropical regions (22°C) or accelerated aging temperature (60°C) for 12 months, three specimens 

for each environment. Mechanical properties and microstructural analyses tests were carried out 

to characterize the conditioned/aged GFRP bars. The GFRP RC piles conditioned at (60°C) 

exhibited similar behavior to that of their reference counterparts. The current environmental 

reduction factors for GFRP reinforcing bars stipulated in design codes and guidelines are 

conservative. A more accurate design equation to calculate the axial capacity of piles should 

consider the contribution of longitudinal GFRP bars even when exposed to marine environments.  
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6.1 Introduction 

Corrosion causing degradation of steel-reinforced concrete (RC) piles usually occurs as a result of 

chloride penetration and/or concrete carbonation that reduces the pH of the concrete surrounding 

the reinforcing bar. Unlike steel bars, glass fiber-reinforced polymer (GFRP) bars are primarily 

affected by high moisture, high alkaline media (pH), and high temperatures, which cause some 

deterioration in their mechanical characteristics and microstructural features. Nevertheless, GFRP 

bars maintain their superiority over steel reinforcing bars, especially in coastal regions and harsh 

environments as they have been predicted to retain most of their mechanical properties after 100 

years in service (Robert and Benmokrane 2012). The significant benefits of non-corrosive 

composite reinforcements have been realized in the construction of more than 300 RC bridges 

decks across Canada and the United States (USA) (Nolan et al., 2021), as the main reinforcement 

in RC piles made of concrete mixed with seawater (Benzecry et al. 2020). Benmokrane et al. 

(2021) highlighted the effectiveness of GFRP bars and spirals as reinforcement for driven precast 

RC piles in marine structures and bridge foundations. Existing cracks on the tension sides of the 

bridge piers can accelerate seawater ingress during bridge service life exposing the reinforcement 

bars directly to seawater. The aging of GFRP bars in marine environments represents the worst 

case of exposure due to the presence of water molecules, chloride ions, and high temperatures 

(aging accelerator). It is therefore very important to demonstrate the durability of GFRP 

reinforcing materials in aggressive marine environments. 

A number of studies have thoroughly addressed durability issues related to the degradation 

mechanism of GFRP bars in simulated marine environments (ACI 2015). The saline solution tends 

to cause slightly higher degradation of GFRP bars than tap water (Karbhari et al. 2003; Nkurunziza 

et al. 2005; fib 2007). Most of the degradation of bars exposed to simulated solutions (i.e., alkaline 

and chloride solutions) occurs mainly in the fibers and resin located at bar edges (Benmokrane et 

al. 2002; Wang et al. 2017). The diffusion rate of solutions depends on the quality and thickness 

of the thin outer layer, which protects the bar’s core as well as the resin type. Kamal and Boulfiza 

(2011) and Benmokrane et al. (2017) found that vinyl-ester (VE) resin allowed the ingress of water 

molecules but prevented that of detrimental alkali ions, as long as the outside 50 μm protective 

layer of resin remained undamaged. Moreover, damage to the fiber–resin interface was observed 

in samples exposed to plain water or an alkaline solution at 75°C due to a reduction in E-glass 
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fiber cross-section (i.e., fiber hydrolysis at high temperature). This type of degradation was not 

noted, however, at 50°C. Wang et al. (2017) conducted a study on bars made of epoxy resin and 

E-glass fibers that were subjected to a simulated seawater sea-sand concrete (SWSSC) at 55°C. 

While the results indicate that the chloride ions penetrated the epoxy resin easier than the alkali 

ions, the degradation of the E-glass fibers was due to leaching by H2O and etching by OH-. 

The degradation rate of GFRP bars embedded in concrete and exposed to simulated solutions is 

slower than those subjected to the same solutions in a bare condition. Robert et al. (2009) did not 

observe any changes in the microstructure or thermal properties of GFRP bars (vinyl-ester and E-

glass) embedded in concrete immersed in tap water at 50°C for 240 days. FTIR results revealed 

no degradation in the polymer’s long molecular chains. A similar result was observed when 

concrete-wrapped GFRP bars were submerged in a simulated marine environment instead of tap 

water (Robert and Benmokrane 2012). El-Hassan et al. (2017) reported a 15% reduction in the 

tensile strength of GFRP bars encased in SWSSC immersed in a tap-water bath at 60°C for 15 

months due to resin disintegration and fiber-matrix debonding. Furthermore, GFRP bars in a 

normal-strength SWSSC solution experienced a 20% shortening in their ultimate tensile strength 

after 63 days at 55°C (Wang et al. 2017). Similarly, the compressive strength of GFRP bars was 

found to be affected by conditioning. Alkaline solutions (concrete simulation) were more 

deleterious than saline solutions (seawater simulation). Manalo et al. (2020) indicated that this 

could be explained by the large salt molecules in the saline solution slowing the diffusion of water 

molecules by blocking the paths by which water diffuses into the GFRP bars. Deng et al. (2017) 

reported 32% and 22% reductions in the compressive strength of GFRP bars immersed in alkaline 

and salt solution at °60°C, respectively. Zhang and Deng (2019) also observed that the degraded 

depth of the GFRP bar cross-section was larger for bars immersed in alkaline solutions than those 

exposed to a salt solution, which has been adversely reflected on their compressive strengths. 

Zhang and Deng (2019) also found that exposure of the GFRP bars made with E-glass fibers and 

epoxy resin to an alkaline solution or chloride environment at 80°C for 90 days led to a decrease 

in their compressive strengths by 56% and 23%, respectively. In a recent study by Manalo et al. 

(2020), direct immersion in water, salt water, and alkali solution deteriorated the inter-laminar 

shear strength of the GFRP bars more severely than immersion of bars embedded in concrete. It is 

interesting to note that most of the durability studies conducted on GFRP bars are limited to 
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materials level and with very limited attempts to determine their effects on the structural 

performance of GFRP-RC structures (ACI 2015). 

The structural behavior of RC square and circular columns reinforced with pristine GFRP bars 

under different types of loading have been entirely investigated by a number of researchers (Karim 

et al. 2016; Hadi et al. 2016; Fillmore and Sadeghian 2018; Zhang and Deng 2018; Khorramian 

and Sadeghian 2020; Barua and El-Salakawy 2020; Almomani et al. 2022). Their results provided 

sound confirmation of the feasibility of using GFRP reinforcing bars as the primary reinforcement 

in RC columns under different types of loading. De Luca et al. (2010) found that GFRP-RC 

columns exhibited performance closely similar to that of columns reinforced with steel bars. Afifi 

et al. (2014) observed an enhancement in the ductility and confinement efficiency of GFRP RC 

columns tested under concentric loading when GFRP spirals with closer spacing was used. Tu et 

al. (2019) pointed out that, similar to circular transverse reinforcement configurations, square 

spirals performed better than square ties. The structural performance, however, of GFRP-RC 

columns exposed to marine environments is very limited and needs further investigation. 

In view of the studies mentioned above, this study focused on the assessment of the effect of 

simulated aqueous solutions of marine environments and high temperatures (60°C) on the 

mechanical and microstructural characteristics of standalone GFRP bars. The influence of these 

exposure conditions on the axial compression behavior of RC piles was then evaluated by testing 

12 short RC piles reinforced with aged GFRP bars and spirals under concentric axial compressive 

loads. 

6.2 Research Objective 

The durability and long-term performance of the GFRP reinforcing material are highly associated 

with the surrounding environment (Benmokrane et al. 2002; Karbhari et al. 2003; Nkurunziza et 

al. 2005; Kamal and Boulfiza 2011; ACI 2015). The pre-conditioning of GFRP bars is a good 

accelerator for physical, mechanical, and bond properties degradation (Al-Dulaijan 1996; Robert 

et al. 2009; Kamal and Boulfiza 2011; Benmokrane et al. 2017). Based on the literature review, 

the mechanical strength and microstructure of GFRP bars are more significantly affected by 

immersion in aqueous solutions than by wrapping with moist concrete (Karbhari et al. 2003; 

Robert et al. 2009; Benmokrane et al. 2017). Consequently, the aging regime adopted herein is 
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considered as the most extreme conditions (such as exposure to water molecules, chloride ions, 

and high temperature), which could affect the integrity of pristine GFRP reinforcing bars.  

An elaborate test program was carried out at the University of Sherbrooke following on from 

previous collaborative work with the Florida Department of Transportation (Florida, USA) and the 

University of Southern Queensland (Queensland, Australia) to assess the feasibility of using GFRP 

bars and spirals in driven precast RC- piles in marine structures and bridge foundations 

(Benmokrane et al. 2021). This type of reinforcement is of interest to the Florida Department of 

Transportation and other Department of Transports (DOTs) in the USA and elsewhere for use as 

corrosion-resistant reinforcing materials for precast-concrete pile applications. The test program 

included two common configurations: circular and square cross-sections. The purpose was to 

assess the environmental durability and axial compression performance of short GFRP RC piles 

subjected to a saline solution simulating the marine environment and assessing their long-term 

behavior for use in pile applications in such aggressive environments. The study presented in this 

paper aimed at the following: 

 Assessing the effect of immersing GFRP reinforcing bars and spirals in a severe marine 

environment (saltwater bath at 60°C) and evaluating the general behavior of the concrete 

piles constructed with these materials and tested under concentric loading (axial 

compression tests). 

 Investigating the effect of longitudinal reinforcement ratio, confinement level, transverse 

reinforcement configuration (spiral, ties, or hoops) on ultimate load capacity and post-peak 

behavior.  

 Evaluating the validity of the GFRP bars environmental reduction factors specified in the 

AASHTO LRFD Bridge Design Guide Specifications for GFRP-RC (AASHTO 2018a), the 

Canadian Highway Bridge Design Code (CSA 2019a), and CSA (2017) in calculating the 

design capacity of GFRP-RC piles or piers in marine environments. 

The experimental work presented herein represents a significant contribution to the very limited 

relevant literature and are valuable for designers and engineers and can support the work of the 

North American technical committees (such as ACI, AASHTO, and CSA) engaged in the 

development of design provisions for concrete piles reinforced with GFRP bars and spirals. 
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Moreover, the results of this study warrant a review of the environmental reduction factors 

recommended by the existing design codes and guidelines. 

6.3 Experimental Program 

6.3.1 Characterization of GFRP bars 

The characterization of material properties involved an extensive experimental work of different 

shapes of sand-coated GFRP reinforcement (bars, spirals, ties, and hoops) produced by a Canadian 

GFRP manufacturer (see Fig. 6.1(a)). These sand-coated GFRP bars and spirals were fabricated 

using a pultrusion manufacturing process of continuous boron-free glass fibers in a vinyl-ester 

resin. Sand-coated GFRP bars and spirals were chosen due to their excellent bond with concrete. 

Three sizes of sand-coated GFRP bars were used in the RC piles: No. 3 bars (used as lateral 

reinforcement) and Nos. 5 and 6 (used as vertical reinforcement). The lateral reinforcement (square 

ties and hoops) had a lap splice length of about 18 and 40 times their diameters (ds), respectively. 

The radius (rb) of the bent portion of the square spirals and ties complies with the minimum radius 

specified in AASHTO (2018a) and CSA (2019a), that is, three times the cross-sectional diameter 

(ds). 

6.3.2 Accelerated aging method 

The experimental work reported in this study is a part of an extensive research program conducted 

to evaluate the performance and durability of GFRP-RC piles considering different parameters 

through different phases. One phase was designed and conducted on conditioned GFRP-RC piles. 

This methodology simulates the worst-case scenario for GFRP bars exposed to water molecules 

and chloride ions. The GFRP reinforcement (bars, spirals, ties, and hoops) were subjected to the 

dual effect of a simulated marine environment and two different temperatures before they were 

assembled as cages. Such a situation might occur in the case of highly permeable concrete or 

deeper cracks. Concrete piers and piles in bridges are prone to tensile stress-induced concrete 

cracks through traffic loading. For example, traffic loading could lead to flexural moments 

developing in the piers, which could cause tensile loads in the piles. These tensile stresses can 

induce cracks. These cracks can allow seawater to penetrate and reach bar levels. In another traffic 

loading case, the piers and pile foundations were fully compressed (current study).  The exposure 
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temperature of 22°C represents the average annual temperature of typical field conditions in a 

subtropical region and the 60°C simulates the accelerated exposure conditioning (accelerated 

aging). The value of 60°C is well below the glass transition temperature (Tg) of the GFRP bars or 

spirals used in this study, which was obtained by DSC analysis as 108°C and 115°C, respectively. 

The accelerated aging method was conducted by immersing the GFRP reinforcing materials in two 

long stainless-steel tanks filled with 3.5% sodium chloride (NaCl) solution simulating the marine 

environment. The value of 3.5% is the average salt concentration in seawater, and sodium chloride 

(NaCl) is the predominant salt in seawater, comprising about 90% of all dissolved ions in seawater 

(Morales 2020). Most researchers who have studied the effect of a seawater environment on FRP 

materials used saline solutions with NaCl salt concentrations ranging from 3% (Robert and 

Benmokrane 2012) to 5% (Dong et al. 2018) of the weight of water.  The exposure period was 365 

days (1 year). The tanks were tightly covered with a thick sheet of plywood to inhibit water 

evaporation. The first tank was kept at room temperature (22°C). The second was kept in a closed 

chamber at 60°C, as depicted in Fig. 6.1(b). It is worth mentioning that the high temperature 

(60°C) was used to accelerate the diffusion and degradation of GFRP bars as specified in CSA 

(2017), CSA (2019b), and ASTM D7957/D7957M-17 (ASTM 2017). After 365 days (1 year), the 

GFRP reinforcement was removed from the tanks [Fig. 1(b)] and assembled to form the pile cages, 

as illustrated in Fig. 6.2. A conditioning period of up to 365 days (1 year) was considered in this 

study as after this period there will be only minimal additional strength losses as reported 

experimentally by Morales (2020). Thus, the behavior of the concrete piles reinforced with these 

conditioned GFRP bars can represent their in-service performance in marine environments. 
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Fig. 6. 1: GFRP products and accelerated conditioning regime 

 

 

Fig. 6. 2: Cages overview. 
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6.3.3 Reinforcement configurations and specimen preparation 

Eighteen short GFRP-RC piles (9 square and 9 circular) were constructed with a commercial 

ready-mix concrete. The concrete had a 28-day cylinder compressive strength of 45.9 MPa. Nine 

of the square GFRP-RC square piles were 300 mm in cross-section and nine of the circular GFRP-

RC piles were 305 mm in diameter. Twelve piles (6 square and 6 circular) were reinforced 

longitudinally and transversely with the pre-conditioned GFRP reinforcements (bars, spirals, ties, 

or hoops). The remaining six RC piles (3 square and 3 circular) were reinforced with pristine GFRP 

reinforcements (used as reference specimens). All investigated specimens were 1,000 mm in 

height. Each set of 9 pile specimens was divided into 3 groups according to the structural 

parameters, as listed in Table 6.1. Figure 6.1(c) depicts the GFRP cages for all specimens and 

reinforcement layouts. As seen in Table 1, the main structural variables for the square piles were 

the longitudinal reinforcement ratio (comprising of 2.5% and 1.76 % of the gross cross-sectional 

area (Ag)) and transverse reinforcement configuration (square spirals or ties). The structural 

variables for the circular piles were confinement amount (tie spacing of 80 or 40 mm) and the 

spacing equivalent volumetric ratios (1.5% or 3%), and confinement configurations (spirals or 

hoops). For the square GFRP-RC piles, square spirals or ties were spaced at 125 mm along with 

the pile height but with a narrower spacing at the ends to minimize premature failure due to stress 

concentration. All circular piles are reinforced with 8 pieces of No. 5 longitudinal bars, 

representing 2.2% of the gross cross-sectional area (Ag). The design of the piles complied with all 

the requirements and design provisions for FRP-RC columns as per AASHTO (2018a) and CSA 

(2019a). 

The steps for preparing the GFRP-RC pile specimens included assembling GFRP cages, preparing 

formwork, installing the cages, pouring the concrete, and the curing process. First, wooden forms 

were fabricated to cast the circular and square RC piles with the same concrete batch. The square 

piles were formed in square wooden shafts while the circular piles were in Sonotubes. The prepared 

cages were then inserted into the forms. The pile cages were attached with a plastic wheel spacer 

to maintain a clear concrete cover to the spirals of about 35 mm and ties of 25 mm. The concrete 

was poured vertically in the forms and compacted with an electric vibrator. The specimens were 

demolded after a day, cured for 7 days with tap water, and then prepared for testing at an age of 

28 days. Specimens were labeled with four terms for easy identification, except for the reference 
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specimens. The first term refers to pile geometry, and the fourth represents the conditioning 

temperature. For square specimens, the second is the longitudinal reinforcement, and the third is 

the transverse reinforcement configuration (spiral [S] or ties [T]). For example, SP-8N6-S-G60 is 

a square pile (SP) with 8 No. 6 GFRP bars and spiral (S) conditioned in saline solution at 60°C 

(G60). For circular specimens, the second term is the transverse reinforcement spacing (mm), and 

the third one is the transverse reinforcement configuration (spiral [S] or hoops [O]). For example, 

CP-40-S-G60 is a circular pile (CP) with a GFRP spiral (S) at a pitch of 40 mm conditioned in 

saline solution at 60°C (G60). 

Table 6. 1: Test matrix 

Geometry 
Group 

No. 
Specimens ID. 

Specimens’ Reinforcement Details 
Longitudinal Transverse 

Number 
and Size 

ρl 
 

(%) 

Pitch 
S 

(mm) 

ρv 
 

(%) 

Square 

G1 
SP-8N6-S1 

8 No.6 2.5 125 1 SP-8N6-S-G22 
SP-8N6-S-G60 

G2 
SP-8N5-S1 

8 No.5 1.76 125 1 SP-8N5-S-G22 
SP-8N5-S-G60 

G3 
SP-8N6-T1 

8 No.6 2.5 125 1 SP-8N6-T-G22 
SP-8N6-T-G60 

Circular 

G4 
CP-80-S1 

8 No.5 2.2 80 1.5 CP-80-S-G22 
CP-80-S-G60 

G5 
CP-40-S1 

8 No.5 2.2 40 3 CP-40-S-G22 
CP-40-S-G60 

G6 
CP-80-O1 

8 No.5 2.2 80 1.5 CP-80-O-G22 
CP-80-O-G60 

1 Specimen made with pristine GFRP bars and spirals.  
 

6.3.4 Instrumentation and test setup 

Figures. 6.3 (a-c) illustrate the internal and external instrumentation arrangement for the 

compressive test of the piles. For each GFRP-RC pile specimen, a total of four 60 mm strain gauges 

were attached to their internal reinforcement before casting: two on the vertical bars (measuring 

compression strains) and two on spirals, ties, or hoops (measuring tension strains) [see Fig. 3(a)]. 

Prior to testing, two 100 mm strain gauges were mounted on the concrete surface and two parallel 
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adjacent potentiometers (POTs) were placed, as shown in Fig. 3(b). The potentiometers were used 

to capture the axial deformation along with the pile height. Before the specimen was placed under 

the test machine, its upper and lower ends were smoothed and leveled by casting a thin layer of 

grout paste. Moreover, the ends were encased in a steel collar to prevent local failure. Once the 

specimen was positioned in the upright position between the machine jaws, the uniaxial 

compression load was applied using a 6,000 kN capacity Forney machine, as shown in Fig. 3(c). 

The applied loading rate was 1.5 kN/s up to concrete cover cracking. From that point, the load 

application was switched to manual control. POT and strain gauge readings were recorded digitally 

in a data logger system. 

 

 

Fig. 6. 3: Instrumentation layout and testing machine 
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6.3.5 Testing mechanical properties of GFRP bars 

Three mechanical tests (tensile, bond, and horizontal-shear tests) were performed on the 

conditioned GFRP bars after their exposure to a simulated marine environment for 365 days to 

evaluate their durability properties. These mechanical tests will help in understanding the axial 

compression performance of concrete piles reinforced with conditioned GFRP bars. The following 

sections provide details of the mechanical tests. 

Tensile Test― A total of 9 No. 5 bars and 9 No. 6 bar samples were tested under tensile stress in 

accordance with CSA (2017), Annex C, and ASTM D7205/ D7205 M-21 (ASTM 2021a). Prior to 

tensile testing, the ends of the bar samples were inserted into steel tubes filled with grout with a 

gauge length of 40 times the bar diameter [see Fig. 6.4 (a)]. The tensile strain in the tested bars 

was recorded by an extensometer located at the middle of the gauge length. The tensile test was 

carried out on a Satec-Baldwin testing machine with a maximum capacity of 2000 kN and at 

loading rates of 74 and 107 kN/min for No. 5 and No. 6 GFRP bars, respectively. Figure 6.4 (b) 

shows the tensile test setup. The tensile strength, modulus of elasticity, and tensile strain were 

determined as the average of the results of the three samples.   

Bond Test―A total of 9 pullout specimens were prepared and tested on a 2,000 kN Satec-Baldwin 

testing machine and a loading rate of 20 kN/min as per CSA (2017), Annex G and 

D7913/D7913M-14 (ASTM 2020), procedures [Fig.6.4 (c)]. Three pullout specimens were cast 

with No. 5 pristine bars (used as a benchmark), while the remaining 6 specimens were constructed 

with No. 5 bars that had been immersed in the marine environment at 22°C (3 specimens) and 

60°C (3 specimens) for 365 days. The bar samples were encased at one end in a steel tube filled 

with grout. The other end was embedded in a concrete block (300 x 300 x 300 mm) with a 

measured compressive strength of about 45.9 MPa. The bar embedment length in the concrete was 

about 5 times the bar diameter. The remaining length inside the block was isolated in PVC tubes 

[see Fig. 6.4 (d)]. The free-end slip was measured using an LVDT placed vertically at the end of 

the tested bar, while the loading-end displacement was recorded from the testing machine. The 

average bond strength τ (MPa) of the bar can be determined using Eq. (6.1): 

b b

P

d l





   Eq. (6.1) 
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where P is the tensile load (N); db is the nominal bar diameter (mm); and ld is the bonded length 

of embedment length, which was 5 times the bar diameter in this study. 

 

 

Fig. 6. 4: GFRP bars, mechanical properties testing, and sample details 

 

Apparent Horizontal Shear Test by Short-Beam (Interlaminar Shear) ― Resin matrix layers 

resist horizontal shear. Therefore, the difference in apparent horizontal shear strength values 

obtained with this test can be used as an indicator for any degradation in the resin matrix or its 

interface with fibers in the conditioned bars (No. 5) or spirals (No. 3) compared to their pristine 

counterparts. Because horizontal shear strength depends on the span-to-diameter ratio 

(Gooranorimi and Nanni 2017), three different span-to-diameter ratios (3, 4, and 6) were adopted 

in this study, as shown in Fig. 6.4 (e). The higher span-to-diameter ratios (4 and 6) were chosen to 

produce the desired failure mode for horizontal shear. The spiral samples for testing (No. 3) were 

cut from the straight parts of conditioned and pristine square spirals or ties in the required length. 

The test was conducted on an MTS 880 universal testing machine with a controlled displacement 

rate of 1.3 mm/min [see Fig. 6.4 (f)] and in accordance with the ASTM D4475/D4475 M-21 
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(ASTM 2021b). The average horizontal shear strength SH (MPa) of the bar is calculated using Eq. 

(6.2), as per ASTM D4475/D4475 M-21 (ASTM 2021b): 

2
0.849 s

H

b

P
S

d
    Eq. (6.2) 

where Ps is the shear failure load (N) 

6.3.6 Microstructural analysis tests 

Microstructural analysis was implemented to examine the underlying changes in the mechanical 

properties of the GFRP bars after exposure to the marine environment and high temperature. 

Scanning electron microscopy (SEM), differential scanning calorimetry (DSC), and Fourier 

transform infrared spectroscopy (FTIR) were used to detect any degradation in the chemical 

structure of the GFRP bars (matrix, single fibers, and their interfaces). In addition, optical 

microscopy (OM) was used to detect any gaps at the transition zone (TZ) between reinforcing bars 

or spirals and the surrounding concrete, which can become deformed during construction. The OM 

analysis was performed on small disks (12 mm in thickness) containing GFRP bars or spirals. 

These disks were carefully cut from concrete cores taken from the tested GFRP-RC piles. 

Scanning Electron Microscopy (SEM) ―SEM analysis was performed on a JEOL JSM-840A. 

Prior to being scanned, the bar specimen was sliced into coin-size pieces (12 mm), polished, and 

sputtered with a thin layer of gold-palladium using a vapor-deposit process. The examination 

focused on the fibers and resin in the vicinity of bar edges, which were expected to be highly 

affected due to moisture absorption and chloride-ion penetration. The images clearly showing the 

cross-sections of single fibers, their surrounding resin matrix, and the fiber-matrix interface will 

be presented below. 

Differential Scanning Calorimetry (DSC) ―DSC analysis was performed with a TA Instruments 

Q10 DSC to detect any physical, thermal, or chemical transformations in the resin matrix of the 

GFRP bars after immersion in the simulated marine environment at high temperature (60°C) for 

365 days. The analysis was performed in accordance with ASTM E1356-08 (ASTM 2014). Sample 

powders (50 mg) of the pristine and conditioned GFRP bars were placed in standard aluminum 
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pans that were crimped and heated at a rate of 5°C/min from 22°C to 200°C (first run (Scan1st)). 

Then, the samples were cooled to room temperature before reheating in a second run (Scan2nd).  

Fourier Transform Infrared Spectroscopy (FTIR)― FTIR was used to detect the chemical 

transformations in the resin matrix at the surface of conditioned bars compared to pristine bars. 

The test was performed on a Nicolet Magna 550 spectrometer. The results were from 2,500 to 

4,000 cm-1 with a resolution of 1 cm-1. Before analysis, the GFRP bar samples were crushed into 

small pieces; then, the polymer matrix was collected. The polymer matrix was then ground into a 

fine powder. The powder was thoroughly mixed with potassium bromide (KBr) at a mixing ratio 

of 1:4 by mass and then milled into a very fine powder. 

6.4 Experimental Results and Discussions  

6.4.1 Mechanical properties of aged GFRP bars 

Tensile Behaviour― All GFRP bar samples exhibited a linear elastic stress-strain response in 

tension up until failure. The failure occurred along within the gauge length, showing up in a broom 

shape due to fracture of the fibers. The modulus of elasticity was estimated according to CSA 

(2017), Annex C. Table 6.2 summarizes the tensile properties of the pristine and conditioned 

GFRP bars, which were calculated with the nominal cross-sectional area as specified in CSA 

(2019b) and as reported in the manufacturer’s technical datasheet (Pultrall 2019). Table 6.2 shows 

that the No. 5 and No. 6 GFRP bars exposed to the marine environment at 60°C for 365 days 

retained at least 84% and 89%, respectively of their tensile strength. These tensile strength 

retention ratios are higher than the limits in D7957/D7957M-17 (ASTM 2017) and CSA (2019b). 

The reduction in tensile strength might be attributed to degradation occurring in the thin outer layer 

of the resin matrix and attached fibers. Even though the fiber damage was along bar edges, the 

conditioned bars maintained their tensile modulus of elasticity with a slight reduction not 

exceeding 2%. This reduction is significantly lower than what was reported by Mukherjee and 

Arwikar (2005) wherein a 6% reduction in tensile modulus of elasticity for bars immersed in a 

water bath at 60°C for 180 days was observed.  
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Table 6. 2: Physical properties and tensile test results 

Bar  

Physical Properties Tensile Properties 

Nominal 
Diameter 

Nominal 
Area (1) 

Fiber 
Content (2) 

Nominal 
Strength 

Elastic 
Modulus 

Strain 

(mm) (mm2) (%) Ff  (MPa) Ef (GPa) εf (%) 
Pristine spirals 
(No. 3 Straight bars) 

9.5 71.3 78.9 1,328(3) 52.5 (3) 2.5(3) 

Pristine bars ( No.5) 

15.9 199 83.6 

1,446 54 2.67 
Bars immersed in the 
simulated marine environment 
at 22°C ( No. 5) 

1,415 53 2.67 

Bars immersed in the 
simulated marine environment 
at 60°C ( No. 5) 

1,215 52.9 2.3 

Pristine bars (No. 6) 

19 284 83.7 

1,195 55 2.17 
Bars immersed in the 
simulated marine environment 
at 22°C (No. 6) 

1,180 54.2 2.17 

Bars immersed in the 
simulated marine environment 
at 60°C (No. 6) 

1,071 53.9 1.99 

(1) Nominal cross-sectional area used for estimating the nominal tensile strength and provided by CSA S807.   

(2)  According to the test method described in ASTM D2584 (temp. of 650°C, sand-coating discarded from results). 
(3) Average ultimate longitudinal tensile properties as provided by the manufacturer’s tests; test method in CSA S806, 
Annex C. 

 

Bond Behaviour― No splitting cracks were observed on the concrete block surface when the 

pristine and conditioned GFRP bars were pulled out, leaving their sand coating adhered to the 

concrete. All bars eventually showed a similar peeled surface, as shown in Fig. 6.5 (a). Figure 6.5 

(b) depicts the bond stress versus free-end slip displacement relationships for all the specimens. 

All the specimens exhibited linear ascending behavior up to bond stress of about 75% of the 

corresponding peak stress and then deviated nonlinearly until the peak. The measured free-end slip 

displacement at the peak was 0.17 and 0.2 mm, respectively, for the pristine and conditioned bars. 

While all the specimens had the same embedded length, those conditioned at 60°C reached the 

peak quicker than the pristine ones, recording lower bond strength. The maximum reduction in 

bond strength compared to a pristine sample was 18%. The minimal reduction in bond strength 

can be attributed to a slight deterioration in the thin outer layer of the resin matrix due to more 

water molecules absorption because of the elevated temperature. The elevated temperature induces 

expansion (or relaxation) of the resin system, which causes an increase in chain mobility, yielding 

better and faster penetration of water molecules into the resin. This absorbed moisture can break 



153                                                                                        Technical Paper (III) 
 

the Si-O-Si structures of the sand coating and promote the diffusion of more water within the bar. 

Accordingly, resin chemical degradation might occur and causes limited fiber/matrix debonding 

spots, as observed in SEM images. Therefore, the bond strength is reduced. There was almost no 

loss of the sand coating observed on the surface of the bars after accelerated aging.  The level of 

reduction in the bond strength is similar to that of Al-Dulaijan (1996) wherein a 14% reduction 

was observed for GFRP bars pre-conditioned in saturated calcium hydroxide solution at 60°C for 

28 days. Dong et al. (2018) also reported a 22% degradation in the bond strength of BFRP bars 

embedded in seawater sea-sand concrete (SWSSC) and permanently immersed in a marine 

environment (5% saltwater) at room temperature for 270 days. Despite the reduction in bond 

strength, these strengths were higher than the acceptable bond strength of 10 MPa specified in 

CSA (2019b) and were significantly higher than that specified in ASTM D7957/D7957M-17 

(ASTM 2017). 

 

Fig. 6. 5: Bond test results 

 

Apparent Horizontal Shear Behaviour. Figure 6.6 shows the typical failure mode of the pristine 

and conditioned specimens at a shear span equal to 6db. Only the bars tested with a shear span of 

6db as there was no observed reduction in apparent horizontal shear strength for the other samples. 

This is due to very limited flexural cracks developing along with the dominant horizontal shear 

cracks. All 6db samples failed by forming a horizontal shear plane at mid-span that extended to the 

left or right. Horizontal cracks were observed at the center of the bar’s cross-section, where 

maximum shear stress occurs (see Fig. 6.6). As shown in Table 6.3, the average horizontal shear 
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strength for the No. 5 reinforcement with a span of 3db was 5.45% higher after exposure to the 

severe marine environment (60°C), while the No. 3 spirals were 1.84% less compared to their 

pristine counterparts. To assess the significance of the impact of conditioning exposures on the 

horizontal shear strength of spiral and bar samples, a single-factor analysis of variance (ANOVA) 

was performed in Microsoft Excel. This was to compare the means of samples by examining their 

variances and testing the hypothesis that means from two or more samples were equal (aging at 

22°C, aging at 60°C, and raising the conditioning temperature from 22°C to 60°C). The F-critical 

values were determined based on a 95% confidence level. Tables 6.3 and 6.4 show the results of 

the ANOVA for spiral and bar samples from different groups that compared to each other to study 

the effects of all assigned conditions. For the spiral samples, none of the comparisons were 

significant, meaning that the marine environment with 60°C exposure caused statically 

insignificant changes in the average horizontal shear strength. Moreover, the comparison indicates 

that the marine environment at 60°C caused statically significant positive changes in the average 

horizontal shear strength of the No.5 bars. Similarly, Gooranorimi and Nanni (2017) observed a 

4% enhancement in the horizontal shear strength of No. 5 GFRP bars extracted from the concrete 

deck of the Cruz Creek Bridge after 15 years of operation under environmental field conditions 

(wet and dry cycles, freeze-thaw cycles, and deicing salt). Sawpan (2019) reported a 2.6% increase 

in the horizontal shear strength of bars made of ECR glass and vinyl-ester resin after immersion 

in seawater at 55°C for 20 months compared to the control specimens. In summary, no degradation 

in the resin matrix was detected for the No. 3 spirals or the No. 5 bars by conditioning in the severe 

marine environment.  

 

Fig. 6. 6: Typical failure mode of horizontal shear test for No.5 GFRP bars and No.3 spirals 
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Table 6. 3: Horizontal shear test results and ANOVA statistical analysis of GFRP bars and 
spirals 

Horizontal Shear Test Results Obtained at Shear Span (3db) 

Samples 
 

Pristine Samples 
Samples were immersed in the simulated marine 

environment 
At 22°C At 60°C 

Type Number 
Ps 

 (kN) 
SH 

 (MPa) 
Ps 

 (kN) 
SH 

 (MPa) 
Ps 

 (kN) 
SH 

 (MPa) 

No.3 
(Spirals) 

S-01 7.49 70.46 7.59 71.4 7.27 68.39 
S-02 6.89 64.82 6.94 65.29 6.71 63.12 
S-03 6.74 63.4 7.29 68.58 6.75 63.5 

No.5 
(Bars) 

B-01 17.56 59.97 17 57.1 17.74 59.58 
B-02 16.94 56.89 17 57.1 18.12 60.85 
B-03 16.96 56.96 17.33 58.2 18.41 61.83 

Summary Group   Count Sum (SH) Average (SH) Variance 
Pristine Spirals 3 198.68 66.22 13.9 
Spiral Aged at 22°C 3 205.27 68.42 9.36 
Spiral Aged at 60°C 3 195 65 8.63 
Pristine Bars 3 172.8 57.61 1.4 
Bars Aged at 22°C 3 172.38 57.46 0.41 
Bars Aged at 60°C 3 182.25 60.75 1.27 
ANOVA Statistical Analysis Results for No.3 Spirals.                               α=0.05 
Source of Variation SS df MS F P-value F-critical 
Between Groups 17.99 2 8.99 0.845 0.475 5.143 
Within Groups 63.88 6 10.65    
Total 81.88 8     
ANOVA Statistical Analysis Results for No.5 Bars.                                   α=0.05 
Source of Variation SS df MS F P-value F-critical 
Between Groups 20.75 2 10.37 10.09 0.012 5.143 
Within Groups 6.16 6 1.027    
Total 26.91 8     

 

Table 6. 4: Summary of ANOVA Statistical Analysis of GFRP bars and spirals 

Tukey Criterion Results: 
 Comparison  F-ratio F-critical Decision 

No.3 
(Spirals) 

Pristine & Aging at 22°C  2.195 8.174 Not Significant 
Pristine & Aging at 60°C 1.222 8.174 Not Significant 
Aging at 22°C and Aging at 60°C 3.418 8.174 Not Significant 

No.5 
(Bars) 

Pristine & Aging at 22°C  0.1455 2.54 Not Significant 
Pristine & Aging at 60°C 3.29 2.54 Significant 
Aging at 22°C and Aging at 60°C 3.29 2.54 Significant 
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6.4.2 Microstructural observations 

SEM Observations― Figure 6.7 shows the SEM micrographs for the pristine and conditioned 

bars and spirals. Figure 6.7 shows that the conditioned bars or spirals did not experience any 

significant debonding of the contact surface between individual fibers and the resin, microcracks, 

or degradation of the glass fibers or resin matrix. It should be noted that the debonding can be 

considered significant when occurring in most individual fibers located along the bar edges, where 

they are highly exposed to the external environment. It also occurs along the fiber circumference. 

This significant debonding was presented by Benmokrane et al. (2017) for GFRP bars conditioned 

in alkaline solutions for 90 days. The debonding at the fiber–resin interface of certain glass fibers 

in the conditioned samples was very limited, as shown in Fig. 6.7. Therefore, the saline/marine 

solution as well as the high temperatures did not really affect the microstructure of GFRP materials 

such as the adhesion of the glass fibers to the resin matrix. The reduction in the tensile and bond 

strengths of the conditioned GFRP bars was likely due to moisture absorption. 

DSC Observations― Table 6.5 summarizes the Tg values for the two heating scans obtained by 

DSC analysis for pristine and conditioned bars and spirals. During the first scan, the Tg values of 

the conditioned bars and spirals were the same as their pristine counterparts (i.e., no matrix 

plasticization or chemical degradation took place). During the second scan, there was a shift in Tg 

from 108 to 109 for pristine bars and from 112 to 116 for bars conditioned at 60°C, which indicates 

that the resin was fully cured during the second heating run (second scan). Similar thermal behavior 

was observed for spiral samples. In summary, DSC analysis revealed no signs of resin degradation 

(represented as a change in the resin’s thermal properties) after exposure to water molecules and 

chloride ions. 
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Fig. 6. 7: Images taken by SEM equipment for pristine and conditioned bars and spirals cross-
section. 

Table 6. 5: Glass-transition-temperature (Tg) measured by DSC 

Bar Size Bar 
Glass Transition Temperature 

(Tg) °C 
 Scan 1st  Scan 2nd Curing Ratio (%) 

(No.3) 
 
 

Pristine spirals  115  114 ~ 99.5 
Spirals were immersed in the simulated 
marine environment at 22°C 

 
115 

 
114 ~ 100 

Spirals were immersed in the simulated 
marine environment at 60°C 

 
115 

 
114 ~ 100 

(No.5) 
 
 

Pristine Bars  108  108 ~ 99 
Bars were immersed in the simulated 
marine environment at 22°C 

 
109 

 
109 ~ 100 

Bars were immersed in the simulated 
marine environment at 60°C 

 
112 

 
116 ~ 100 



158                                                                                        Technical Paper (III) 
 

FTIR Observations― Figure 6.8 presents FTIR spectra of the pristine bars and spirals as well as 

those immersed in the severe marine environment. The aged or pristine GFRP bars showed 

absorption bands at similar wavenumbers but different intensities, representing similar 

components but different concentrations. The intensity of the broad IR band corresponding to 

hydroxyl groups (3,400 cm-1) was compared to the intensity of the band of C–H units (2,900 cm-

1) before and after conditioning. The ratio of the OH peak to the carbon-hydrogen (OH/CH) 

stretching peak of the resin for the conditioned samples remained constant compared to their 

pristine counterparts, as illustrated in Fig. 6.8. This indicates that there is no formation of 

compounds containing hydroxyl groups (carboxylic acids and alcohols) from ester groups of the 

vinyl-ester resin (i.e., no hydrolysis reaction took place) after exposure to the simulated severe 

marine environment. Consequently, the chemical changes in the resin matrix of the bars or spirals 

might be too small for detection by FTIR analysis. 

 

 

Fig. 6. 8: FTIR spectra of pristine and conditioned: (a) No. 3 spirals; (b) No. 5 bars. 

 

OM Observations― The OM images in Fig. 6.9 present the transition zone (TZ) between the 

conditioned bar surface and surrounding concrete. Images in Fig. 6.9 reveal that the bar strongly 

adheres to the surrounding concrete. Furthermore, these images show no visual hiatus (dark cracks) 

in the interface between the concrete and bars or spirals conditioned at 60°C, indicating that the 

reinforcement was fully attached to the concrete. Since the TZ between the bars and concrete was 

microscopically intact, the observed reduction in the bond strength of conditioned bars can be 

mainly attributed to direct exposure to water molecules and chloride ions. The effect of water 
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molecules and chloride ions was limited to the thin outer resin layer of the GFRP bars and spirals, 

which is responsible for load transfer. This resin layer was chemically degraded due to water 

uptake, causing the recorded reduction. The moisture absorbed by the bars, combined with the 

exposure temperature, induced stress in the material with consequent interfacial damage. This 

interface deterioration reduced the load-transfer capacity between the bars and concrete, thereby 

decreasing the bond strength. Al-Dulaijan (1996) documented a similar correlation between 

reduced bond strength and resin degradation. 

 

 

Fig. 6. 9: Images taken by optical microscopy (OM) instrument for the interface between 
concrete and bars or spirals (magnification level 25)
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6.4.3 Behavior of concrete piles reinforced with pre-conditioned GFRP 

bars and spirals  

Figures 10 (a and b) present the stress-strain plots of the tested square and circular GFRP-RC 

piles, respectively. The y-axis represents the axial stress (as a ratio of the axial load to the gross 

cross-sectional area [Ag]), while the x-axis is the axial strain. Table 6.6 summarizes the ultimate 

compression load (Pexp), second peak load (Pexp2), and the contribution of the longitudinal GFRP 

bars to the ultimate compression load (Pbar/Pexp) for all tested pile specimens. It should be indicated 

that the load carried by the longitudinal GFRP bars (Pbar) was computed by multiplying the total 

number of bars, the nominal cross-sectional area (Afrp), the tensile modulus of elasticity (Ef) in 

Table 6.2, and the measured strain in bars at the ultimate compression load in Table 6.6. Figures 

11 (a-f) show the relationships between the axial load and the measured strains in the vertical and 

lateral reinforcement as a ratio of the ultimate tensile strength of the pristine bars or spirals. Each 

figure includes two plots. The right plot presents the normalized tensile strains in lateral 

reinforcement (spirals, hoops, or ties); the normalized compression strains in the vertical 

reinforcement were drawn in the left plot. Figure 6.12 illustrates the development of the typical 

cracks and final failure mode of the square piles; (specimens in G1 were chosen as a model) and 

circular piles (specimens in G4 were taken as a model) under different exposure conditions at three 

stages of the testing process. 

The stress-strain plots of the tested GFRP pile specimens can be divided into four transition zones 

(see Fig. 6.12). The first transition zone started from the beginning of loading until approximately 

85% of the peak compressive stress of the specimen. In this zone, all specimens (circular and 

square) exhibited a linear elastic response. Moreover, their pre-peak branches appear parallel, 

showing the same initial response and stiffness. At the same time, the GFRP reinforcing bars 

started to be activated, with a linear increase in their compression strains with no significant 

differences compared to the bars exposed to the marine environment at 22°C or 60°C before 

casting, as shown in Fig. 6.11. 
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Table 6. 6: Summary of compression test results 

Geometry 
Group 

No. 
Specimens ID. 

Compression Test Results 

Ultimate- 
Load, 

Pexp (kN) 

Pexp2
2  

 
(kN) 

Pbar
3 

 
(kN) 

exp

barP

P
 4 

(%) 

Square 

G1 
SP-8N6-S1 3550 ------ 425 12 
SP-8N6-S-G22 3970 ------ 425 11 
SP-8N6-S-G60 3860 ------ 441 11 

G2 
SP-8N5-S1 3400 ------ 295 9 
SP-8N5-S-G22 3650 ------ 321 9 
SP-8N5-S-G60 3700 ------ 261 8 

G3 
SP-8N6-T1 3550 ------ 362 10 
SP-8N6-T-G22 3870 ------ 382 10 
SP-8N6-T-G60 3950 ------ 429 11 

Circular 

G4 
CP-80-S1 2850 ------ 284 10 
CP-80-S-G22 3150 ------ 278 9 
CP-80-S-G60 3000 ------ 253 8 

G5 
CP-40-S1 2900 3300 300 10 
CP-40-S-G22 3100 3600 253 8 
CP-40-S-G60 3050 3250 240 8 

G6 
CP-80-O1 2700 ------ 327 12 
CP-80-O-G22 3170 ------ 253 8 
CP-80-O-G60 3190 ------ 240 8 

1 Specimen made with pristine GFRP bars and spirals. 2 Second peak load.  
3 Bar load (Pbar) was computed at the ultimate compression load (Pexp). 
4 GFRP bar contribution ratios to the ultimate compressive load. 

 

 



162                                                                                        Technical Paper (III) 
 

 

Fig. 6. 10: Stress-strain plots of the tested GFRP-RC piles: (a) square specimens; (b) circular 
specimens. 

 

 

Fig. 6. 11: Axial-load normalized strain plots of bars and spirals. 
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Fig. 6. 12: Typical failure mechanism of RC piles made with pristine and conditioned GFRP 
reinforcing bars and spirals. 
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The second transition zone starts at the end of the first zone, extending nonlinearly up to the stress 

corresponding to the ultimate compression load (Pexp). During this loading interval, some 

longitudinal cracks grew and enlarged over the unconfined concrete cover, causing a slight 

increase in the measured compressive strain in the bars. These cracks started to become visible 

when the load reached 90% Pexp. At the end of this zone, the conditioned GFRP bars recorded 

compressive strains ranging from 11% to 13% of the ultimate tensile strain of the pristine bars. 

This ratio is very close to that obtained by testing the reference GFRP-RC piles. At the same time, 

the average measured strain in the concrete cover of piles reinforced with conditioned GFRP bars 

and spirals was almost equal to that of the piles with pristine bars, as shown in Table 6.7. This 

phenomenon indicates that both the pristine bars and those conditioned in the marine environment 

at 22°C and 60°C performed with equal efficiency with the concrete. Regardless of geometry, the 

ultimate compression loads of the piles made with conditioned GFRP bars were always slightly 

higher than that of the reference piles, as shown in Table 6.6. These results indicate that the axial 

compression behavior of circular and square concrete piles up to the pre-peak ascending branches 

did not show a noticeable impact by the condition of the internal reinforcements (pristine or 

conditioned). 

The third and fourth transition zones in the stress-strain curves of the tested piles represent the 

activation of lateral confinement to control bar buckling, the crack development occurring 

primarily in the concrete core, and the rupture of spirals. In the third zone, the unconfined concrete 

cover started to bulge and detach from the concrete core, causing a drop in ultimate compression 

capacity until the contribution of the concrete cover was totally lost. The square piles showed 

higher decaying of the compression stresses after the peak compared to the circular piles (see 

Figs. 6.10 (a-b)). This would be due to greater concrete cover lost compared to circular piles and 

the shape of the lateral confinement, as will be addressed later. Once the concrete cover was lost, 

the bars were loaded and the concrete core dilated, causing a remarkable increase in the strains in 

the bars and spirals until the failure occurred, as seen in Table 6.7. The measured compression 

strains in the longitudinal bars at the peak were 2,900 to 3,800 με, 3,000 to 3,800 με, and 2,850 to 

3,600 με for the reference specimens, those made with bars conditioned at 22°C, and those made 

with bars conditioned at 60°C, respectively (see Table 6.7). At the end of the test, the strains 

recorded in the bars in the reference piles and those conditioned at 22°C and 60°C were in the 

ranges of 1.8 to 2.4, 1.6 to 3.0, and 1.7 to 2.1 times of their values at peak, respectively. As for the 
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lateral spiral reinforcement, the tensile strains at peak ranged from 1,000 to 1,450 με, 1,150 to 

1,450 με, and 1,050 to 1,300 με for the reference piles, conditioned at 22°C and 60°C, respectively. 

At failure, the strains in the spirals in the reference specimens, conditioned at 22°C and 60°C 

increased by 6.4, 5.2, and 4.8 times of their values at peak, respectively. These increases in strain 

values indicated that the bar’s compression capacity or confinement efficiency of spirals were not 

significantly affected after immersion in the severe marine environment. Despite the acceptable 

reduction in the material’s tensile strength of No. 5 and No. 6 bars after direct immersion in the 

marine environment at different temperatures, the overall behavior of the GFRP-RC piles made 

with reinforcing materials conditioned under the same conditions was not affected. This can be 

due to the higher reserved strength of GFRP bars compared to concrete resulting in the failure 

behavior of the piles governed by the concrete and not the composite reinforcement. Consequently, 

it can be assumed that exposure of the GFRP bars and spirals to the severe marine environment 

prior to use in concrete did not significantly alter the axial compression response and failure 

mechanism of the GFRP-RC piles. 

Table 6. 7: Measured strains in bars and spirals  

Geometry 
Group 

No. 
Specimen ID. 

Concrete 
 Core Components (bars and spirals) 

 Longitudinal GFRP Bar  
Transverse GFRP 

Bar 
εc

1 
(με) 

 
εbar

1 
(με) 

εbar
2 

(με) 
 

εspirals
1 

(με) 
εspirals

2 
(με) 

Square 

G1 
SP-8N6-S1 2750  3400 8000  1450 5000 
SP-8N6-S-G22 2700  3450 10000  1150 6000 
SP-8N6-S-G60 3100  3600 7000  1300 5500 

G2 
SP-8N5-S1 2900  3450 7000  1250 5000 
SP-8N5-S-G22 3150  3800 8000  1150 4500 
SP-8N5-S-G60 3100  3100 6000  1050 5000 

G3 
SP-8N6-T1 2500  2900 6000  1000 5000 
SP-8N6-T-G22 2900  3100 5000  1200 6000 
SP-8N6-T-G60 2700  3500 6000  1050 4500 

Circular 

G4 
CP-80-S1 3100  3300 6000  1150 5500 
CP-80-S-G22 2750  3300 8000  1100 4500 
CP-80-S-G60 3100  3000 6000  1050 4000 

G5 
CP-40-S1 2500  3500 15000  1200 10000 
CP-40-S-G22 2400  3000 15000  600 ------- 
CP-40-S-G60 2350  2850 14000  500 5000 

G6 
CP-80-O1 3150  3800 8000  1100 7000 
CP-80-O-G22 2350  3000 8000  1450 6000 
CP-80-O-G60 2800  2850 6000  1150 5500 

1Strains measured at ultimate load (Pexp).2 Strains measured at spiral rupture. 
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6.4.4 Effect of aging the reinforcing bars and spirals on the capacity of 

the piles 

Table 6.6 shows the ultimate compression load (Pexp) for all tested specimens. In general, the 

measured loads at peak for piles reinforced with pre-conditioned GFRP bars exhibited higher 

ultimate compression loads than those made with pristine bars. The ultimate compression load of 

specimens made with pristine GFRP bars (SP-8N6-S, SP-8N5-S, SP-8N6-T, CP-80-S, CP-40-S, 

and CP-80-O) ranged from 2,700 kN to 3,550 kN. In contrast, the ultimate compression load of 

the piles was conditioned at 22°C (SP-8N6-S-G22, SP-8N5-S-G22, SP-8N6-T-G22, CP-80-S-

G22, CP-40-S-G22, and CP-80-O-G22) ranged from 3,150kN to 3,970 kN. These values represent 

a 9-12% and 7-17% higher Pexp for piles reinforced with conditioned bars over the reference square 

and circular counterparts, respectively. Similarly, the specimens constructed with bars and spirals 

subjected to the severe marine environment (60°C) achieved loads higher than their reference 

counterparts. The ultimate load of these specimens (SP-8N6-S-G60, SP-8N5-S-G60, SP-8N6-T-

G60, CP-80-S-G60, CP-40-S-G60, and CP-80-O-G60) was approximately 9% to 11% and 5% to 

18% higher in ultimate compression capacity compared to their square and circular reference 

counterparts, respectively. Consequently, it can be assumed that exposure of the GFRP bars and 

spirals to the severe marine environment prior to use in concrete did not alter the ultimate 

compression load of GFRP-RC piles. The reference specimens were expected to have higher peak 

loads than the corresponding specimens with the preconditioned GFRP bars. The test results show 

that the average peak loads of the reference specimens were, on average, 7%–9% lower than that 

of the corresponding specimens with the preconditioned GFRP bars. Unfortunately, the authors 

could not find a clear explanation for this behavior. Nevertheless, this behavior might be due or 

attributed to an error during the fabrication or during testing (alignment of the cages inside the 

specimens, capping off the top or bottom surfaces, or alignment and centering the specimens under 

the testing machine). Such errors could develop a small amount of eccentricity that would reduce 

the strength. This certainly calls for further study, and we recommend this. 
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6.4.5 Influence of structural parameters on stress-strain plots and failure 

modes  

A comparison of the stress-strain curves of the square [Fig. 6.10(a)] and circular piles [Fig. 

6.10(b)] shows that the performance of these piles did not change by aging the GFRP bars and 

spirals in the marine environment at 22°C or 60°C prior to their use in concrete. Further, the 

differences in their stress-strain curves profiles were caused by variations in structural factors. Fig. 

13 shows the failure modes of the square and circular piles considering all structure variables under 

the exposure conditions. The effect of the structural variable on stress-strain curves will be 

discussed herein under the exposure conditions of the reinforcing materials, as plotted in Figs. 6.14 

(a-c) and Figs. 6.15 (a-c). In Figs. 6.14 and 6.15, the solid and dashed lines represent the stress-

strain curves of the square and circular piles, respectively.  

Longitudinal Reinforcement Effect― As expected, a comparison of the stress-strain relations of 

the square piles made with pristine bars (SP-8N6-S and SP-8N5-S in Fig. 6.14[a]) revealed that 

increasing the reinforcement ratio yielded an enhancement in ultimate compression loads (Pexp) 

and a long post-peak axial-strain interval. These enhancements continued even after the exposure 

of the GFRP bars and spirals to the severe marine environment before their use in concrete, as seen 

in Figs. 6.14 (c-d). The slight improvements in the estimated ultimate compression loads (Pexp) 

were approximately 8.8% and 4.3% for the piles reinforced with GFRP bars conditioned at 22°C 

or 60°C, respectively. Consequently, it can be concluded that increasing the longitudinal 

reinforcement ratio could have enhanced the axial behavior and ultimate compression load of the 

concrete piles even when the GFRP bars were conditioned in a simulated marine environment at 

22°C or 60°C. 

Lateral Reinforcement Effect― As shown in Figs. 6.14 (a-c), the specimens confined with GFRP 

spirals spaced at 40 mm (CP-40-S, CP-40-S-G22, and CP-40-S-G60) showed better post-peak 

responses than those with a spiral pitch of 80 mm (CP-80-S, CP-80-S-G22, and CP-80-S-G60), 

even after immersion of the GFRP lateral reinforcement in the marine environment at either 

temperature. These three well-confined circular GFRP-RC specimens only showed a second peak 

after the loss of the concrete cover. This is because such the spiral spacing (40 mm) or its 

equivalent volumetric ratio produced large confining stresses once the concrete cover had been 

lost. These confining stresses held the concrete core and controlled its lateral dilation; limiting 
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buckling of the longitudinal GFRP bars, providing adequate stiffness, and allowing the columns 

to keep resisting applied loads. The appearance of a second peak (ascending line) in the post-peak 

represents enhancements of approximately 14%, 16%, and 6.5% of the Pexp of CP-40-S, CP-40-S-

G22, and CP-40-S-G60, respectively. The second peak occurred when the spiral strain reached 

approximately 10 times the peak values of the conditioned spirals (20% of ultimate tensile strains). 

The strain increase indicates that the spirals were still able to provide the desired level of 

confinement for the concrete core despite the conditioning.  

 

Fig. 6. 13: Effect of structural parameters on the failure mode of RC piles cast with bars and 
spirals conditioned at 60°C 
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Fig. 6. 14: Effect of structural parameters on the stress-strain plots of RC piles cast with bars 
and spirals: (a) pristine; (b) conditioned at 22°C; (c) conditioned at 60°C 

 

Changing the spiral pitch (unbraced bar length) affects the strains and failure modes of longitudinal 

bars in circular piles (CP-80-S-G60 and CP-40-S-G60). Table 6.7 shows that decreasing the spiral 

pitch from (80 to 40 mm) slightly reduced the bar compression strain at the peak from 3,000 to 

2,850 με and significantly increased the strain at failure from 6,000 to 14,000 με. The slight 

reduction in the strain at the peak could be due to the better confinement exerted by narrower (40 

mm) than wider (80 mm) spiral pitches, causing an enhancement in the concrete core strength. 

However, increasing the strain from 6,000 to 14,000 με indicates that the narrower spacing 

increased bar axial stiffness, making it close to that of the concrete. Therefore, the bar contribution 

to axial load increased after the cover was spalled. This raised the stored energy in the vertical 

bars, causing a potential bar compression failure (brittle failure) [see Fig. 6.13 (b)]. Before the 
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spirals ruptured, no buckling failure was observed for No. 5 bars with unbraced lengths of 80 and 

40 mm (S/db = 5 and 2.5), where S/db is the spiral spacing to nominal bar diameter ratio. This 

observation is consistent with AlAjarmeh et al. (2019) concerning the expected mode of failure 

for GFRP bars under compression. They reported that the crushing or a combination of crushing 

and buckling is the dominant failure mode for No. 5 GFRP bars with unbraced length to bar 

diameter ratios of 2 to 4 and 8, respectively.  

In order to investigate why the No. 5 bars did not exhibit any signs of buckling when the spiral 

pitch was 80 or 40 mm, the maximum theoretical elastic buckling stress was compared to the 

compression stresses measured in bars immediately before spiral rupture. The compression 

stresses in the bars were computed by multiplying the measured strains at spiral rupture (as in 

Table 6.7) and tensile modulus of elasticity of the No. 5 bars (Table 6.2). For computing the 

maximum theoretical elastic buckling stress, AlAjarmeh et al. (2019) modified the popular Euler 

formula to account for the nonhomogeneous nature of the GFRP bars, as presented in Eq. (6.3). 

The reduction factor (β) was suggested 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 

(Ig) (see Eq. 6.4). The compression stresses in No. 5 bars corresponding to strains (6000 and 14000 

με) were 36.3% and 21.2% of the maximum theoretical elastic buckling stresses obtained with Eq. 

(6.3), respectively. This indicates that bar buckling did not take place when with a pitch of 80 mm. 

That explains why the longitudinal bars in the specimens designed according to clause 16.8.9.4.2 

in CSA (2019a) did not experience buckling failure before the spirals ruptured. 
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m o d .b euF   = the theoretical buckling stresses; f cE = the compressive modulus of elasticity of 

the GFRP bars taken as equal to the tensile modulus of elasticity of bars conditioned at 60°C 
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(52.9GPa); 
kl

r  = the slenderness ratio of GFRP bars; k = assumed to be 1.0; l = the unbraced 

bar length (equal to spiral pitch); and r = the radius of gyration for the nominal cross-section of 

the longitudinal bars.  

With respect to lateral reinforcement configuration (continuous or discrete), specimens confined 

with circular spirals (CP-80-S, CP-80-S-G22, and CP-80-S-G60) showed a typical post-peak 

descending branch compared to those fabricated with hoops (CP-80-O, CP-80-O-G22, and CP-80-

O-G60), as shown in Figs. 6.15 (a-c), respectively. This result supports the conclusion of 

Mohamed et al. (2014). Although the square spirals (as in SP-8N6-S, SP-8N6-S-G22, and SP-8N6 

-S-G60) and ties (as in SP-8N6-T, SP-8N6-T-G22, and SP-8N6-T-G60) behaved similarly after 

the peak; the adopted splice zone for ties represents a weakness in confining the concrete core and 

preventing the vertical bars from buckling after the loss of the concrete cover. Consequently, the 

square spiral configurations were better than square ties. Tu et al. (2019) made a similar 

observation: that is, square spirals were more efficient in confining the concrete core of RC 

columns than square ties due to the continuity of the bars confining the concrete core. On the other 

hand, the effect of lateral reinforcement configuration on ultimate compression load was not 

obvious for the square and circular RC piles. Even after the transverse reinforcement was 

conditioned in the simulated marine environment at 22°C or 60°C, the superiority in achieving the 

desired level of containment and ductility of the concrete core for GFRP RC piles was still present 

for continuous lateral reinforcement (square or circular spirals). This can be explained by the high 

retention of the mechanical properties of the conditioned GFRP bars after exposure to the 

simulated marine environment. These retained strength properties are significantly higher than the 

level of strains and stress measured in the bars at the different stages of loading and failure 

initiation in the tested GFRP-RC piles. 
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Fig. 6. 15: Effect of transverse configuration on the stress-strain plots of RC piles cast with bars 
and spirals: (a) pristine; (b) conditioned at 22°C; (c) conditioned at 60°C. 

 

6.5 Factored and Experimental Axial Compression 

Capacities  

The design codes and guidelines recommend using strength reduction factors for concrete and FRP 

reinforcing materials to account for the changes in the design capacities and serviceability limits 

of RC structures over time. Considering the temperature effects, AASHTO (2018a) introduced a 

conservative environmental reduction factor (CE = 0.7) for GFRP reinforcing bars embedded in 

concrete exposed to earth and weather, in addition to strength reduction factors (structural 

resistance factors for flexural but ignores any axial contribution). The resistance factor ( f rp ) for 

GFRP reinforcing bars specified in CSA (2019a) and CSA (2017) are 0.65 and 0.75, respectively. 
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On the other hand, the concrete strength reduction factor ( c ) specified in CSA (2019a) and CSA 

(2017) are 0.75 and 0.70, respectively. The results of this study warrant a review of the 

environmental reduction factors recommended by the existing design codes and guidelines. 

Currently, Canadian Highway Bridge Design Code (CSA 2019a) has acknowledged the 

contribution of FRP reinforcing bars when the capacities of FRP-RC compression members are 

calculated, as provided in Eq. (6.5). This equation represents the factored axial load resistance of 

compression members at zero eccentricity. The second term in this equation represents the 

allowable factored axial compression load carried by the FRP reinforcing bars (Pb).  

 ro 1
'P 0.002c frpg fc f ff A A E A      Eq. (6.5) 

1
'0.85 0.0015 0.67cf      Eq. (6.6) 

where Pro = the factored axial load resistance of compression members at zero eccentricity in 

Newton (N); Pb = the theoretical factored load carried by GFRP bars (N); 1 = the ratio of average 

stress in rectangular compression block given in Eq. (6.6); 
'
cf = the concrete cylinder strength at 

28 days; gA = the gross cross-sectional area of the concrete pile; fA = the total area of the 

longitudinal GFRP bars; and fE = the modulus of elasticity of the GFRP bars (Table 6.2).  

Comparing the experimental load carried by the GFRP bars (as listed in Table 6) to the load 

predicted by the second term of Eq. (4) reveals that using the reduction factors produced GFRP-

bar compression capacities lower than the experimental values by 50% to 63% (AASHTO 2018a), 

54% to 65% (CSA 2019a), and 47% to 60% (CSA 2017). These results indicate that the factored 

compression load carried by GFRP bars based on the specified reduction factors is conservatively 

underestimated, highlighting the applicability of using GFRP bars as reinforcement in concrete 

structures in severe marine environments. 
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6.6 Prediction of Design Axial Compression Capacity of 

GFRP-RC piles  

The maximum factored axial load resistance of compression members (Pr-S6) specified in CSA 

(2019a) is presented in Eq. (6.7) according to the transverse reinforcement configuration. 

r 6 ro

r 6 ro

P 0.85P

P 0.80P &

S

S

for spirals

for ties hoops





   
     Eq. (6.7) 

Unlike Canadian design codes, American design codes [ (ACI (2019) and AASHTO (2018b)] do 

not apply strength reduction factors for concrete and steel when calculating the design axial 

capacity of RC columns reinforced with steel. On the contrary, AASHTO (2018a) limits the 

factored axial resistance (Pr-AASHTO) of FRP-RC piles to the compressive capacity of concrete 

without considering the contribution of vertical bars in compression, as seen in Eq. (6.8). In 

Equations (6.8) and (6.9), (ke) is a reduction factor that considers the effect of unintended 

eccentricity and depends on a transverse reinforcement configuration equal to 0.85 for spirals and 

0.8 for ties. The resistance factor (  ) was taken as 0.75 for compression-controlled sections with 

spirals or ties. From the results of the current study, the contribution of GFRP bars as the primary 

reinforcement in RC piles can be considered by modifying the equations in AASHTO (2018a) and 

adding the term 0.002EfAf in Eq. (6.8), as written in Eq. (6.9). Even though the compressive strains 

measured in the GFRP bars reached 0.004 after concrete crushing occurred, Afifi et al. (2014) 

recommended using a compressive strain equal to 0.002 to provide accurate predictions of the 

nominal capacities. Moreover, limiting the compressive strength of the GFRP longitudinal bars in 

columns to a strength equivalent to a compressive strain equal to 0.002, as suggested in CSA 2019a 

improved the accuracy of theoretically developed axial load–bending moment interaction 

diagrams (Elmesalami et al. 2021) and yielded reasonable predictions of the column capacity 

(Abdallah and El-Salakawy 2021). 
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  r AASHTO
'P 0.85e g fck f A A   Eq. (6.8) 

  r AASHTO Modified
'0.85 0.002e g fc f fP k f A A E A      Eq. (6.9) 

Figure 16 compares the factored axial compression loads of GFRP-RC piles estimated with the 

CSA (2019a) equations [Eq. (6.7)] to those computed with the AASHTO (2018a) equation 

[Eq. (6.8)] and the modified AASHTO (2018a) equation [Eq. (6.9)] as a ratio of the experimental 

load. In general, the experimental ultimate compression loads were higher than the factored axial 

loads computed with all the studied equations. The ratios between the experimental loads and 

theoretical loads predicted with the CSA (2019a), and AASHTO (2018a) modified equations 

(considering GFRP-bar contribution), respectively, were in the range of 1.63 to 2 and 1.5 to 1.84 

for the reference piles or those made with GFRP reinforcing materials conditioned at 60°C. The 

AASHTO (2018a) modified equation was less conservative than the CSA (2019a) equation due to 

the value of, which is lower than the fixed value (0.85) specified by AASHTO. Similar design 

capacities were obtained by considering the compression capacity of GFRP bars (as in the CSA 

(2019a) equation) or neglecting their contributions (as in the (AASHTO 2018a) equation). 

Multiplying the calculated ratio between the experimental loads and theoretical loads by 0.85 or 

0.8 to account for the effect of spirals and ties respectively, and by 0.75 for the resistance factor, 

the predicted capacity of the piles is between 95% and 125% of the experimental results. This 

indicates that the value of the environmental reduction factor suggested by the existing design 

codes and guidelines to estimate the load capacity of GFRP RC structures is conservative. In 

addition, the results of this study suggest that the contribution of longitudinal GFRP bars in the 

axial load resistance of compression members such as RC piles should be considered even when 

exposed to aggressive marine environments. More importantly, this approach will benefit 

engineers and asset owners as it will lead to the cost-effective use of noncorroding materials and 

also take advantage of the high-strength properties of GFRP bars in RC structures exposed to 

marine environments. 
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Fig. 6. 16: Prediction of factored axial compression capacities of the GFRP-RC piles. 

 

6.7 Summary and Conclusion  

This study investigated the effect of exposing GFRP bars and spirals to a simulated marine 

environment [seawater in subtropical regions (22°C) and seawater in hot climates (60°C)] on their 

mechanical and microstructure properties. Short square and circular GFRP-RC piles were then 

constructed with either pre-conditioned/aged or pristine GFRP reinforcements and their axial 

compression performance was evaluated under compression loads. Based on the experimental 

results, the following findings can be deduced: 

1) The GFRP bars retained at least 85% of their tensile and bond strengths after conditioning in 

the simulated marine environment at 22 and 60°C for 365 days. The horizontal shear strength 

was the least affected mechanical property with only 1.84% reduction was observed for GFRP 

spirals while the straight bars showed a 5.45% enhancement after exposure to the severe marine 

environment. 

2) No significant debonding between fibers and the resin matrix was observed from the 

microstructural analysis (SEM) of the pristine and conditioned bar and spiral samples. The 

degradation of the resin matrix was too small for detection by DSC, FTIR, and horizontal shear 

testing. No voids were observed between the bars or spirals and the surrounding concrete, 

showing the high bond strength provided by sand-coated GFRP bars even after exposure to 

aggressive marine environments.  
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3) The reduction in the mechanical properties of the GFRP bars after conditioning did not affect 

the axial compression performance of the concrete piles. There were no notable differences 

between the behavior of the GFRP-RC piles made with pristine reinforcing material and those 

made with conditioned GFRP reinforcing material. This can be explained by the high retention 

of the mechanical properties of the conditioned GFRP bars after exposure to the simulated 

marine environment, which are significantly higher than the level of strains and stress 

measured in the bars at the different stages of loading and failure initiation in the GFRP-RC 

piles. 

4) The failure mechanism and stress-strain behavior of GFRP bars, spirals, hoops, or ties for both 

square and circular GFRP-RC piles are not affected by the conditioning of the GFRP 

reinforcing material for 365 days. Regardless of the concrete piles being reinforced with 

conditioned or pristine GFRP bars, a relatively ductile failure mode due to spalling of concrete 

followed by the activation of lateral confinement, crushing of the concrete core, and rupture of 

spirals was observed.  

5) GFRP-RC piles reinforced longitudinally and transversely with conditioned reinforcing bars 

exhibited slightly higher compression capacities at peak than those with pristine bars. Using 

conditioned GFRP bars however, has some effect on the second peak load of the concrete piles 

under compression. Circular specimens confined with 40 mm GFRP spirals conditioned at 

60°C show a second peak-load ratio (6.5% Pexp) lower than that of their counterparts made 

with pristine GFRP reinforcing material (14% Pexp).  

6) Even exposed to a marine environment at 60°C for 365 days, the conditioned GFRP bars were 

able to withstand the applied compressive stresses and contribute to the ultimate compression 

load of the RC piles up to 11%. After the loss of the concrete cover, the strains in the bars or 

spirals conditioned at 60°C increased, indicating that the GFRP reinforcing materials will 

effectively perform their structural function even when exposed to aggressive environments.  

7) GFRP-RC square piles reinforced with GFRP reinforcing materials conditioned at 60°C and 

with higher reinforcement ratios performed best among the investigated piles. This 

performance was characterized by improved ultimate compression capacity and strain 

ductility. On the other hand, the GFRP-RC circular piles with a spiral pitch of 40 mm exhibited 

the highest post-peak behavior due to the high confinement it has provided to the concrete core.  
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8) The spacing of the transverse reinforcement significantly affected the failure mode of the 

longitudinal bars (compression, buckling, or a combination thereof) after the loss of the 

concrete cover. The narrower spacing increased the axial stiffness of the GFRP bars, which led 

to an increase in the load carried by the bars, raising the probability of the bars failing in 

compression. 

9) The reduction factors for GFRP-RC structures specified in the AASHTO (2018a), CSA 

(2019a), and CSA (2017) yielded lower axial compression capacity than the capacity obtained 

experimentally. Moreover, the CSA (2019a) and AASHTO (2018a) equations yielded a 

conservative design axial compression load for the GFRP-RC piles, regardless the contribution 

of GFRP bars was considered or not.   
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Chapter 7: EXPECTATION OF SHORT AND LONG-

TERM COMPRESSION BEHAVIOR OF HYBRID AND 

GFRP RC PILES IN AGGRESSIVE SEAWATER 

ENVIRONMENT: STRUCTURAL AND DURABILITY 

STUDY  

Unpublished technical paper  

Abstract  

This paper presents a set of accelerated aging and structural tests to investigate the performance of 

glass fiber-reinforced polymer (GFRP) and hybrid (vertical steel bars and GFRP spirals) reinforced 

concrete (RC) piles in two different seawater environments. The adequacy of concrete cover to 

protect the GFRP and steel bars and improve the service life of RC piles was also evaluated.  

Twelve RC piles were cast with the same height and tested under concentric loading: six specimens 

with a square cross-section (300 mm width) and the other six with a circular cross-section (305 

mm diameter). Six piles were constructed with hybrid reinforcement, while the remaining six piles 

were entirely reinforced with GFRP bars and spirals (all-GFRP RC piles). Eight specimens only 

were exposed to the adapted aging regime by immersing in artificial seawater at 22 and 60°C for 

12 months, four specimens at each temperature (set as aged piles). Microstructural analysis 

(scanning electron microscopy (SEM) and differential scanning calorimetry (DSC)) outcomes 

showed that GFRP bars/spirals which reinforced the aged piles performed well, and no change in 

their chemical or thermal properties was observed. Optical microscopy (OM) analysis did not 

detect any micro-cracks or gaps at concrete/bar or spiral interfaces, indicating a perfect bond. 

Hybrid RC piles showed short-term axial compression behavior and failure mode similar to GFRP-
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RC piles in an aggressive seawater environments. Hybrid and GFRP RC piles submerged in an 

aggressive seawater environment (60°C) sustained average loads were about 117.5 % of their un-

aged counterparts. Using GFRP spirals with steel bars in RC piles yields higher ultimate bearing 

capacity and ductility. Concrete cover specified by FRP North American codes was found to 

provide a good level of protection for GFRP bars in terms of high tensile strength retention and 

long service lifetime. It was found that the design equations of AASHTO (2018a) and CSA (2019a) 

have conservatively predicted the nominal capacities of GFRP-RC piles. Finally, hybrid 

reinforcement can be used to construct the durable piles and piers foundation of overseas RC 

bridges. 

7.1 Introduction 

Potential corrosion of reinforcing steel bars or spirals could minimize the service life (SL) of the 

reinforced concrete (RC) structures. In order to increase the target service life and enhance the 

structural performance of traditional bridge piers or piles in powerful earthquakes regions, the 

hybrid technique is considered as an innovative solution to gain the benefit of steel and glass fiber-

reinforced polymer (GFRP) materials. Structurally, using steel bars as the primary reinforcement 

can provide a ductile behavior under lateral cyclic loads by forming a plastic hinge zone due to 

steel yielding, which is not available by using GFRP bars. For corrosion concerns, using non-

swelling material as transverse reinforcement (such as GFRP spirals) increases the protective 

barrier of vertical steel bars by minimizing cracks developed in concrete cover due to spiral 

corrosion, thus delaying chlorides ingress (Pantelides et al. 2013). In addition, GFRP material itself 

possesses high resistance to chloride ions and chemical attacks (AASHTO 2018a), and GFRP 

spirals provide a great level of confinement for concrete core (Mohamed et al. 2014). Generally, 

the combination between steel bars and GFRP spirals (hybrid) is a step toward constructing 

sustainable, resilient, and corrosion-free durable bridge columns and piles (Kharal et al. 2021). 

Steel corrosion is an electrochemical process that is established by forming anodic and cathodic 

regions in the presence of an electrolyte (moist concrete). This process is accompanied by an 

increase in the original volume of corroded bars due to the rust products accumulating on the bar’s 

surface, leading to the occurrence of an expansive pressure on concrete cover and cracks 

development (Gadve et al. 2009). Unlike steel bars, the degradation mechanism of FRP bars is 

described best by the kinetics of the chemical and physical processes (Weber 2006), as well as; it 
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is not followed by expansive pressure on the concrete. The degradation mechanisms of GFRP 

material have been identified: leaching/etching of glass fibers, matrix plasticization and hydrolysis 

and/or saponification (Kamal and Boulfiza 2011), and fiber-matrix de-bonding, as a result of 

matrix swelling (Hayes et al. 1998). Generally, GFRP bars may be deteriorated by exposure to 

some environmental factors (i.e., high alkalinity and temperature, water/moisture, ultraviolet 

radiation coming from the sun, and sustained load); however, without causing concrete cover 

delamination or bulge. 

Several studies offered valuable data of durability tests on GFRP bars by exposing them to one or 

a combination of the previous environmental factors using laboratory accelerated aging or natural 

aging methods; in preparation for application in structural engineering. The acceptance of GFRP 

bars (E-glass and vinyl-ester) as a durable reinforcing material was confirmed invaluable studies; 

whether by laboratory tests (Robert and Benmokrane 2013; El-Hassan et al. 2017; Wang et al. 

2017; Benmokrane et al. 2017; Fu et al. 2013; Zhang and Deng 2019) or examination of realistic 

structures exposed to environmental conditions (such as deicing salts, freeze and thaw cycles) 

(Mufti et al. 2007; Gooranorimi and Nanni 2017; Benmokrane et al. 2018). Based on the results 

of these studies, the durability of GFRP bars in laboratory conditions or natural environments has 

been fully understood.  

Xia et al. (2016) pointed out that the massive damage in the concrete cover of RC columns takes 

place due to corrosion of spirals with smaller spacing. Using hybrid reinforcement in compression 

members in the marine environments could reduce the level of concrete damage due to corrosion. 

Few studies investigated the behavior of hybrid RC columns (steel bars as primary reinforcement 

and GFRP spirals as lateral reinforcement) under concentric, eccentric, and cyclic loading. 

Pantelides et al. (2013) reported that a large GFRP spirals reinforcement ratio is required for 

confining hybrid columns to induce a similar concentric performance of all-steel columns. Hybrid 

columns exhibited a lower corrosion rate than all-steel columns. Due to the un-corroded nature of 

GFRP spirals, the hybrid columns did not lose the core confinement, leading to recording a higher 

ductility index relative to all-steel columns. Hales et al. (2016) concluded that using steel in place 

of GFRP vertical bars contributes to producing a higher axial compressive load and ductility index 

owing to their higher modulus of elasticity and yielding property. Kharal et al. (2021) indicated 

that large hybrid circular columns (508 mm diameter) displayed excellent seismic response by 

achieving the required strength, deformability, energy dissipation, and drift levels. Conversely, 
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several efforts were dogged for constructing durable-bridge columns using GFRP bars and spirals 

(De Luca et al. 2010; Tobbi et al. 2014; Afifi et al. 2014; Karim et al. 2016; Tu et al. 2019; Salah-

Eldin et al. 2019; Abdelazim et al.2020a, b). 

The studies focused on the impact of seawater exposure problems on the structural and durability 

response of hybrid and FRP-RC columns or piles are limited. Zhou et al. (2018) observed an 

enhancement in the ductility of all-GFRP RC columns cast with concrete made of saturated water 

(26.5%NaCl) and cured with seawater compared to those cast with conventional concrete. Nearly 

a 27.9 and 7.7% reduction in the load-carrying capacity is observed for columns constructed with 

saturated mixing water (26.5%NaCl) and seawater (3.5%NaCl) after being immersed in a seawater 

bath, respectively. GFRP spirals provided a high level of concrete core confinement even under 

aggressive conditions. Wei et al. (2018) investigated the impact of seawater (17.5% salt 

concentration) exposure on the mechanical behavior of short-square concrete columns constructed 

with vertical GFRP bars and steel ties after 120 days. The results demonstrated that the conditioned 

specimens exhibit a decline in their axial carrying load as a result of steel ties corrosion. Even 

though steel ties are corroded after 120 days, the GFRP bars recorded higher compression strains, 

indicating that GFRP bars do not affect by exposure circumstances, and concrete cover provides a 

good level of protection. In fact, combining GFRP as vertical bars and steel ties in RC columns, 

as implemented by Wei et al. (2018), represents a misuse of the concept of hybrid. Zhou et al. 

(2020) reported that the effect of increasing the longitudinal reinforcement ratio on the axial 

bearing capacity of SWSSC-columns reinforced with polypropylene fibers and GFRP bars is 

limited.  Due to the lack of studies focused on the difference between the behavior of hybrid and 

GFRP RC piles in seawater environments, this piece of work was conducted. 

This paper mainly intends to investigate the short-term durability response of hybrid (steel bars 

and GFRP spirals) and all-GFRP RC piles in the seawater simulated solution at subtropical annual 

temperature (22°C) and accelerated temperature (60°C) after 12 months. The main objective was 

achieved by casting 12-RC piles, aging 8-RC piles, and testing all under concentric-compression 

loading. The tested piles include six (6) hybrid RC piles and six (6) all-GFRP RC piles. Two 

different cross-section geometries (square and circular) have been used. This paper also presents 

an envision for the long-term durability performance of hybrid RC piles compared to all-GFRP 

RC piles under the aggressive exposure conditions, based on chloride ingress analysis data to 

estimate corrosion initiation time and long-term modeling analysis of GFRP bars. The long-term 
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performance of hybrid RC piles in terms of service life in the marine environments was assessed 

using Life-365 software. Eventually, the validity of the existing design equations of AASHTO 

(2018b) and CSA (2019a) to predict the ultimate bearing capacity of hybrid RC piles was assessed. 

Moreover, the utility of considering the compression contribution of GFRP bars in the ultimate 

compression capacity of all-GFRP RC piles is evaluated via the existing codes and proposed 

equation. 

7.2 Experimental Program Procedures  

7.2.1 Material characterization 

Concrete― All pile specimens were cast with a ready mixed concrete that complies with the 

limitations specified by ACI (2019) design code for concrete used in the marine environment. 

These limitations include the minimum concrete compressive strength, maximum w/c ratio, and 

using supplementary cementitious material (slag, fly ash, and silica fume) and intend to produce 

less permeability hardened concrete, thus helping to inhibit corrosion. Table 7.1 shows the 

amounts of the ready-mixed concrete components. The employed concrete was prepared by two 

types of cement: general use Portland cement (GU) and GUb-8SF cement. GUb-8SF cement 

consists of 8% silica fume inter-ground with normal Portland cement following ASTM C1240-20 

(ASTM 2020). The water/cement (w/c) ratio was set at 0.35. The slump of fresh concrete was 

about 125 mm. The actual compressive strength was obtained, as the average strength of testing 

five 100 x 200 mm standard concrete cylinders. The 28 days’ average compressive strength was 

measured at 42±0.5 MPa.   

Table 7. 1: Concrete mix components 

Mix  
Components 

Aggregates  
(coarse and fine) (kg/m3) 

Cement (kg/m3) Water 

 (kg/m3) 

Water–

Cement 

Admixtures  

(mL / 100 kg) 

CA1  
(10 mm) 

CA2  
(20 mm) 

Sand  
Type 
(GU) 

Type  
(GUb-8SF) 

w/c (%) AREA WR 

M40 272 730 719 224 216 156 0.35 80 300 

Note: CA1,2 = coarse aggregates with maximum aggregate size 10,20 mm, respectively; AEA = air entrainment; 
WR = water reducer 
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Reinforcement― Two types of reinforcing material were used in this study: steel deformed bars 

and pultruded sand-coated GFRP bars. M15 and M20 deformed steel bars with diameters 15 and 

20 mm, respectively, were used as longitudinal reinforcement of hybrid-RC specimens (see Fig. 

7.1(a)). Grade II #5 and #6 GFRP bars with nominal diameters 15.9 and 19 mm, respectively, were 

used as longitudinal reinforcement of GFRP-RC specimens (see Fig.7.1(a)). As transverse 

reinforcement for all specimens, Grade II #3 GFRP spirals (square or circular) with a nominal 

diameter of 9.5 mm were used, as illustrated in Fig.7.1(b). All GFRP reinforcing bars and spirals 

were made of E-glass fiber and vinyl-ester resin and characterized by sand-coated surface texture 

to enhance the bond property and load transfer according to CSA (2019b) specifications. Table 

7.2 provides the mechanical properties of GFRP and steel reinforcing bars. The tensile properties 

of No.5 and No.6 GFRP bars provided in Table 7.2 were determined following the CSA (2017) 

and ASTM D7205/D7205M-06 (ASTM 2016). The yield strength, the modulus of elasticity, and 

yielding strain of the used steel bar were obtained by the manufacturer.  

 

Fig. 7. 1: Type and shape of reinforcing material and specimen’s details 
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Table 7. 2: Mechanical properties of steel and GFRP bars 

Reinforcing 
Material Type 

Bar Size 
Diameter 

(mm) 
Area 

(mm2) 
Elastic Tensile 
Modulus (GPa) 

Tensile Strength (MPa) Tensile Strain (%) 

GFRP 
No.3 9.5 71.3 52.5 (1) 1328(1) 2.5(1) 
No.5 15.9 199 54(2) 1446(2) 2.67(2) 
No.6 19 284 55(2) 1195(2) 2.17(2) 

Steel 
M15 16 200 200 fy= 460 0.2 
M20 20 284 200 fy= 460 0.2 

 (1) Average ultimate longitudinal tensile properties as provided by the manufacture tests; test method CSA S806 Annex C. 
(2) Average ultimate longitudinal tensile properties as provided by the laboratory tests; test method CSA S806 Annex C. 

 

7.2.2 Specimens design and implementation 

Twelve RC piles with two different cross-section geometries (square or circular) and the same 

height (1000 mm) were designed to fulfill the aim of this research. Figure 7.1(c) shows the 

replicated four reinforcement configurations of the implemented 12 RC piles. Table 7.3 presents 

the transverse and longitudinal reinforcement details for all specimens. The all-GFRP-RC piles 

and transverse reinforcement of hybrid-RC piles were designed and detailed according to design 

recommendations of AASHTO (2018a) and CSA (2019a). Whereas, the longitudinal 

reinforcement of hybrid-RC piles was followed the RC-piles’ design provisions specified in 

AASHTO (2018b) and CSA (2019a). The specimens provided in Table 7.3 are categorized into 

four groups according to cross-section geometry and reinforcing material type (hybrid or all-

GFRP). Every group provided in Table 7.3 includes three specimens with a typical reinforcement 

layout for assessing the durability performance in the simulated seawater environment. 

Square specimen’s details― G1 and G2 are comprised of 6 RC piles with a square cross-section 

(300 mm width), three (3) specimens in each group. Specimens in G1 were vertically reinforced 

with eight (8) deformed steel bars with diameters 20 mm and laterally confined with GFRP square 

spirals (Hybrid-RC piles). Specimens in G2 were completely reinforced with GFRP bars and 

square spirals (all-GFRP-RC piles). For all specimens, the spacing between spirals was set 125 

mm at mid-height and became closer at the ends (63 mm). The implemented concrete cover above 

spirals was 35 mm and reached 45 mm above the vertical bars.   
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Table 7. 3:Test matrix and aging conditions 

Geometry 
Group 

No. 
Specimens ID. 

Specimens’ Reinforcement Details  Durability Parameters 
Longitudinal  Transverse  Aging Conditions 

Number 
and size 

ρl 
 

(%Ag) 
 

Pitch 
 

(mm) 

ρv 
 

(%) 
 

Seawater 
3.5% NaCl 

Temperature 
°C 

Square 

G1 
HSP-8M20-S 

8M20 2.5 
 

125 1 
 unconditioned 

HSP-8M20-S-22   Seawater 22 
HSP-8M20-S-60   Seawater 60 

G2 
GSP-8N6-S 

8No.6 2.5 
 

125 1 
 unconditioned 

GSP-8N6-S-22   Seawater 22 
GSP-8N6-S-60   Seawater 60 

Circular 

G3 
HCP-8M15-S 

8M15 2.2 
 

80 1.5 
 unconditioned 

HCP-8M15-S-22   Seawater 22 
HCP-8M15-S-60   Seawater 60 

G4 
GCP-8N5-S 

8No.5 2.2 
 

80 1.5 
 unconditioned 

GCP-8N5-S-22   Seawater 22 
GCP-8N5-S-60   Seawater 60 

Specimens ID.: Hybrid (GFRP) Square (Circular) Pile (H(G)S(C)P); Steel Deformed Bars with diameter 20 mm 
(M20); Spiral (S); Aging Temperature (22 or 60°C).  

 

Circular specimen’s details― G3 and G4 include 6 RC piles with cylindrical shapes (304 mm 

diameter), three specimens for each group. Specimens in G3 were longitudinally reinforced with 

eight (8) deformed steel bars with diameters 15 mm and transversely with GFRP circular spirals 

(Hybrid-RC piles). Specimens in G4 were entirely reinforced with GFRP bars and spirals (all-

GFRP-RC piles). The spirals were turned each 80 mm at the tested zone and became tighter at the 

upper and lower ends (each 40 mm). The clear concrete cover to the spirals was 25 mm and 35 

mm above the vertical bars. 

Table 7.4 compares the implemented concrete covers and those specified in North American 

design codes and guidelines for all specimens. Note that the implemented concrete cover in hybrid 

specimens complies with the minimum requirements of GFRP bars AASHTO (2018a) and CSA 

(2019a), which are smaller than that adapted for steel bars by AASHTO (2018b), and CSA (2019a). 

Figure 7.2 illustrates the specimen’s preparation procedures. Specimen’s preparation started by 

fabricating two different formworks to cast all square and circular specimens with the same 

concrete batch (see Fig.7.2 (a and b)). After assembling the square and circular pile cages, plastic 

wheel spacers were attached to spirals and distributed along with the specimen’s height to ensure 

the formation of the required clear concrete cover. After installing the cages, the concrete was 
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vertically poured and mechanically compacted. After 7-days of curing with potable water (Fig.7.2 

(c)), the specimens were prepared for aging in seawater simulated solution. 

Table 7. 4: Implemented and specified concrete cover comparison 

Geometry 
Reinforcement 
Configuration 

Exposure 
Status 

Concrete cover (mm) 

Implemented 
 Specified by 

 
AASHTO 
(2018a) 

 
CSA 

(2019a) 

Square-Piles 
GFRP-Spirals 

Direct exposure to 
saltwater 

35  38  25 
GFRP-Bars 45  50  35 
Steel-Bars 45  100(1)  50(2) 

Circular-Piles 
GFRP-Spirals 25  38  25 
GFRP-Bars 35  50  35 
Steel-Bars 35  100(1)  50(2) 

1 concrete cover specified by AASHTO (2018b) for steel-RC piles direct exposure to saltwater. 
2 concrete cover specified by CSA (2019a) for steel-RC piles direct exposure to saltwater. 

 

 

Fig. 7. 2: Specimens implementation steps 

The specimen’s nomenclature describes the overall reinforcement type (hybrid (H) or all-GFRP 

(G)) and cross-section geometry (square (S) or circular (C)), number and size of vertical bars, 

transverse reinforcement (spiral (S)), and aging temperature (22 or 60°C). For example, HSP-

8M20-S-22 means hybrid square pile (HSP) reinforced with eight (8) steel bars with 20 mm 

diameter and GFRP spirals, and aged at 22°C. However, GCP-8N5-S-22 denotes GFRP circular 

pile (GCP) reinforced with eight (8) GFRP bars with size No.5 and GFRP spirals and aged at 22°C. 
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7.2.3 Specimens exposure method 

Simulating the impact of steel corrosion on concrete as the real-life is laborious to be laboratory 

established due to the long exposure period needed to induce similar concrete symptoms. 

Corrosion accelerating methods are intensively used to simulate the actual mechanism of 

corrosion-induced concrete degradation in natural seawater environment; such as: connecting steel 

bars with an electric current in the presence of saline solution (Pantelides et al. 2013; da Fonseca 

et al. 2015) or employing high salt concentration solutions (Wei et al. 2018). Because the 

degradation mechanism of GFRP bars is not similar to steel reinforcing bars, the degradation 

accelerated methods of GFRP bars depend only on exposing the bars to aqueous solution 

simulating concrete or chloride environments in the presence of high temperatures (60-80°C) 

(Kamal and Boulfiza 2011; Benmokrane et al. 2017). The authors expected that using the 

traditional method for accelerated corrosion will not significantly affect the compressive capacity 

of hybrid RC piles based on the previous investigations. Pantelides et al. (2013) observed that the 

change in the overall capacity of corroded hybrid columns compared to their control counterparts 

was minimal. This is even though the level of corrosion induced by the impressed current reached 

7% losses. Revathy et al. (2009) also found that a 10 and 25% corrosion degree is enough to induce 

3 and 12% losses in the ultimate compressive strength of all-steel RC columns, respectively. 

Therefore, hybrid and all-GFRP RC piles herein were subjected to the same conditioning regime. 

The adapted accelerated aging method herein was established by immersing eight pile specimens 

in an artificial seawater environment (3.5% NaCl crystals) at subtropical regions’ average annual 

temperature (22°C) (four piles) or accelerated temperature (60°C) (four piles) for 12 months. The 

remaining four specimens were kept at room temperature for 12 months (to serve as reference 

specimens). High temperature (60°C) is used to accelerate the degradation mechanism as specified 

by CSA (2019b) for checking the resistivity of GFRP bars to alkaline solutions. The aging time 

was limited to 12 months, considering the effect of embedding GFRP bars in moist sea concrete 

at 60°C on their retained tensile strength is pronounced throughout the first 12 months of exposure, 

as reported by Morales (2020). While considering the degradation rate, 12 months of exposure to 

a hot water bath (60°C) is equivalent to 32 years of subjecting to tropical region climate in the 

presence of bending cracks (Mukherjee and Arwikar 2005). Figure 7.3(a) shows the aged 

specimens in the wooden tanks isolated with a waterproof thick polyethylene sheet and filled with 
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artificial seawater environments. At the end of the aging period, the specimens were taken from 

the tanks and left on-air for 7-months before testing. 

 

Fig. 7. 3: Specimens in artificial seawater solution 

7.2.4 Loading setup and instrumentations 

All specimens were tested under uniaxial compression load up to failure. Figure 7.4 (a-c) displays 

a general view of the test setup and instrumentations locations. A Ferny loading machine with a 

compression capacity of 6000 kN is used to exert the compression load (see Fig.7.4(a)) at a 

constant loading rate of 1.5kN/sec up to failure. Two potentiometers (Pots) were vertically placed 

parallel to the specimen’s longitudinal axis to measure the axial deformations, as shown in 

Fig.7.4(b). In addition to that, two strain gauges were glued on the side surface of the concrete to 

measure the axial compressive strain in the unconfined concrete cover (see Fig.7.4(b)). Internally 

and before casting the specimens, two strain gauges were installed on two vertical bars at mid-

height to measure axial compressive strain. In addition, two strain gauges were attached to spirals 

to measure the tensile strains, as illustrated in Fig.7.4(c). Prior to performing the test, the top and 

bottom of all specimens were smoothened with a thin grout mortar and leveled. To avoid local 

failure at the ends, the specimen's ends are encased in a steel collar.  
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Fig. 7. 4: Test setup: (a) testing machine; (b) external instrumentation; (c) bars and spirals 
instrumentation 

7.2.5 GFRP bars/spirals degradation detection by SEM and DSC 

Scanning Electron Microscopy (SEM) and Differential-Scanning Calorimetry (DSC) 

examinations were performed on the GFRP bar and spiral samples taken from the tested aged RC 

piles. 

SEM― SEM is used to provide a magnified image for the cross-section of the inspected bar sample 

to detect any changes in their components due to exposure to a simulated seawater environment. 

These changes represent a reduction in individual fibers cross-section due to chemical reaction, 

resin matrix cracks due to water uptake, and debonding at fiber/matrix interfaces. Small samples 

with a thickness of approximately 12 mm were cut from the virgin bars (unconditioned) and spirals, 

and those extracted from aged RC piles; then, their surfaces were polished by fine-grain sandpaper. 

Immediately prior to putting the sample into the microscope, the examined surface was covered 

with a thin layer of gold-palladium through a vapor-deposit process. 
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DSC― DSC test is performed in accordance with ASTM E 1356-08 (ASTM 2014) to capture the 

thermal transformations (glass transition temperature (Tg) of polymers) in the bar and spiral 

samples extracted from aged RC piles. The reduction in Tg indicates matrix plasticization due to 

water absorption. Approximately 50 mg of a sample was placed in aluminum pans and was 

analyzed using a TA Instruments DSC Q10 calorimeter. All analyzed samples were heated from 

25 to 200°C at a 20°C/min heating rate. Tg was taken as the half-height of the Cp shift 

corresponding to the transition from the vitreous to the viscoelastic state. The measurement was 

carried out on five samples (bar or spiral). 

7.2.6 Concrete/bars or spirals interface examination by OM  

The optical microscopy (OM) test was completed to visually examine the effects of simulated 

seawater environment immersion on the interface between reinforcing material (GFRP bars or 

spirals) and the surrounding concrete matrix. Degradation of this interface could affect the bond 

between bars and concrete and load transfer. The delamination zones at concrete/bars interfaces 

could accelerate the degradation mechanism of GFRP bars by accumulating the water molecules 

or free hydroxyl ions, which produces areas with different moisture content and alkalinity (Mufti 

et al. 2007). Slices of concrete cores were cut with a water saw and polished with fine-grain 

sandpaper before analysis. 

7.2.7 Tensile test setup of aged GFRP bars 

In order to predict the long-term behavior of GFRP bars in the marine environment, No.5 and No.6 

bars were directly immersed in the simulated seawater environment at 22 and 60°C for three 

different exposure periods of 6, 9, and 12 months. A total of 42 bars, 21 bars from each diameter, 

were tested under tensile load using Baldwin testing machine according to CSA (2017) Annex C 

and ASTM D7205/D7205M-06. The tested bars are divided into two phases: (1) unaged bars 

(control); (2) aged bars (36 bars). Three bars were assigned for each exposure period and aging 

temperature. Prior to performing the tensile test, all bar samples were strengthened at the ends by 

inserting them in steel tubes with suitable lengths and filled with grout mortar, providing a gauge 

length almost 40 times the nominal diameter of the tested sample. The loading rate was 74 and 107 
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kN/min for No.5 and No.6 bars, respectively. The modulus of elasticity, tensile strength, and 

tensile strain was estimated as an average value of three readings. 

7.2.8 Long-term behavior modeling of GFRP bars 

This section illustrates the followed approach to predict the service life (SL) of GFRP bars encased 

in moist concrete (tensile test results reported by Robert and Benmokrane (2013) and those directly 

exposed to seawater simulated solution at 22 and 60°C (tensile test results of the current study). 

Most of the recent researches (i.e., Robert and Benmokrane 2013; El-Hassan et al. 2017) used 

Arrhenius relation to predict the potential long-term reduction in the tensile strength of GFRP bars 

based on short-term tensile test data. Using Arrhenius empirical model was built on the assumption 

that the degradation rate increases by raising the aging temperature without inducing any changes 

in the degradation mechanism. For the accurate application of the Arrhenius model, at least three 

temperatures should be assigned for generating the model as noted by Gerritse (1998). This draws 

back the application of the Arrhenius model in this study because two temperatures were only set 

for performing the accelerated aging tests. 

The GFRP service life prediction approach followed in this study was adapted and applied by 

Huang and Aboutaha (2010). This approach could predict the tensile strength reduction at any 

temperature based on short-term tensile test results of GFRP bars conditioned at two aging 

temperatures relying on the time shift factor (TSF) approach. Figure 7.5 shows a schematic chart 

(strength retention versus log (exposure time, in days)) which was used to predict the potential 

reduction in tensile strength as described in Eq. (7.1). The plots in Figure 7.5 were obtained by 

linear regression analysis for short-term accelerated data recorded at each aging temperature (T1 

and T2). Symbols in Figure 7.5 are: δ1 = the tensile strength reduction after 365 days at T1; δ2 is 

the projected tensile strength reduction between 12-months (experimental data) and design life at 

T1; δ3 = additional tensile strength reduction considered the influence of elevated temperature at T 

under lifetime exposure, and ρ is the slope of the regression line. The strength reduction factor 

( )EC  in Eq. (7.2) takes into account the effects of temperature, relative humidity (RH), and 

service lifetime. 
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1 2 31 ( )EC           Eq. (7.1) 

11 . log(DL .TSF) .E R HC n      Eq. (7.2) 

where DL = design life in years; RHn = relative humidity (RH) correction factor and taken by 1 for 

bars barely immersed in solutions (submerged conditions) and 0.578 for bars encased in moist 

concrete (assuming 90% relative humidity) (Huang and Aboutaha 2010). The Eq. (7.3) presents 

the time shift factor (TSF) values between the reference temperature and the chosen temperature 

as proposed by Dejke and Tepfers (2001). 

1 2( 273.15) ( 273.15)

B B

T TTSF e
   

         Eq. (7.3) 

where B= constant estimated using the TSF of two known curves and T1 (lower temperature), T2 

= temperatures between which the TSF is computed. 

 

Fig. 7. 5: Environmental reduction factor prediction approach (Huang and Aboutaha 2010) 
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7.2.9 Measuring of penetrated chloride-ions contents and profiles  

Concrete structures in marine environments are prone to chloride ions ingress during service 

lifetime, causing steel corrosion initiation when the chloride ions content reaches its threshold 

critical value (Ct). This section aimed at measuring the actual chloride contents accumulated at 

different layers of the concrete cover of hybrid RC pile specimens after immersion in artificial 

seawater at 22 and 60°C for 12-months following AASHTO T 260 (2021) procedures. The 

obtained data were used to generate Fick’s second law of diffusion model used by one of the 

durability assessment software’s (Life-365) to predict the service life of concrete piles. After the 

specimens had been tested, four concrete cores were extracted from the tested aged RC piles, two 

cores for each temperature (22 and 60°C). These cores were taken over the pile’s cross-section 

width or diameter (100 mm diameter x 300 mm height) at the lower steel-collar level, as shown in 

Fig.7.6. The extracted cores were ground in layers parallel to the exposed surface up to depth 100 

mm by depth increments of 12.5 up to 25 mm then increased by 25mm. The soluble chloride-ion 

content of the obtained powder samples, Cx (mass %) was determined according to AASHTO T 

260 (2021). 

 

Fig. 7. 6: Concrete core’s location 
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7.3 Experimental Results and Discussions  

7.3.1 Visual inspection for aged hybrid RC-Piles 

Prior to performing the compression test, the external surface appearance of aged hybrid RC piles 

was visually inspected to determine whether there are any corrosion signs or none. As seen in Fig. 

7.7(a), the color of the concrete surface became slightly dark, and a small layer of efflorescence 

was observed after subjecting to artificial seawater at 60°C. Regarding corrosion occurrence, no 

corrosion signs (brown stains or cracks) were observed on the concrete surface. This observation 

indicates that the current concrete cover is sufficient to protect the steel bars during the exposure 

period; however, it may not be enough for long-term exposure. Corrosion spots are only observed 

on the surface of the bottom cross-section of hybrid piles (see Fig.7.7 (a)), where there is a thin 

concrete cover. These spots will not affect the test results. The corrosion manifestation at the 

bottom cross-section pointed out that the adapted aging environments can induce steel bars 

corrosion and the presence of concrete cover can delay corrosion onset. Wei et al. (2018) observed 

corrosion spots on the concrete surface of RC columns exposed to high salt concentration solutions 

for 120 days in the presence of a very thin concrete cover (10 mm).   

 

Fig. 7. 7: (a) Specimens after removing from tanks;(b) Carbonation check by phenolphthalein 

solution 
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7.3.2 Characteristics of concrete protected reinforcing bars 

(carbonation depth and pH) 

Reinforcement influence by the alkalinity level of concrete surrounding them relies on the type of 

material of reinforcing bars (GFRP or steel bars). The high alkalinity of concrete is an appropriate 

property for protecting steel bars from corrosion; however, for GFRP bars, it is deemed 

unnecessary. The alkalinity of concrete reduces by carbonation or chloride ions attack. 

Consequently, checking concrete carbonation and measuring the pH of concrete are essential 

criteria to assess the durability performance of reinforcing bars. To detect concrete carbonation, 

one pile from each case (reference, conditioned at 22 or 60°C) was randomly chosen and 

horizontally cut, as seen in Fig.7.7(b). After cleaning the cut surface, phenolphthalein solution was 

sprayed on the cut surface. Once the solution had covered the surface, the surface color completely 

turned to pink/purple, as shown in Fig.7.7(b). This phenomenon indicates that the pH of the 

concrete cover is higher than 9, and there are no signs of concrete carbonation even at the external 

surface of the concrete. 

For accurate determination of pH of concrete cover, some concrete powder was collected from 

holes laterally drilled up to the level of the GFRP or steel reinforcing bars and was mixed with 

deionized water with 1:2 ratios. Then, the pH of the solution lying above the precipitated powder 

was measured. The measured pH values were ranged from 11.2 to12.4. Indicating that the steel 

bars still maintain their thin protective layer, which formed during the hydration process; however, 

the GFRP bars are prone to degradation due to the high pH of concrete and accelerated 

temperature.  

7.3.3 Characteristics of GFRP bars and spirals (SEM and DSC 

observations) 

SEM-Observations― Figure 7.8 (a-b) presents micrographs of fibers/matrix interface for GFRP 

spiral and bar taken from RC piles after 12 months of immersion in seawater simulated solution at 

the high temperature (60°C), respectively. In general, observations of the fiber/matrix interface, 

fibers’ cross-section, and resin bulk revealed that the environment of concrete saturated by 

seawater simulated solution at 60°C does not affect the microstructural characteristics of GFRP 
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reinforcing spirals or bars. This indicates that the concrete cover acted as a distinct barrier against 

harmful ions from reaching spirals or bars.   

 

Fig. 7. 8: Micrographs captured by SEM-set for cross-section components of spirals and bars 
extracted from specimens after aging in the marine environment at 60°C 

 

DSC-Observations― The compression mode of failure of GFRP bars is dominated by the resin 

matrix; thus, it may be affected by any changes in the glass transition temperature (Tg) of the matrix 

(i.e., plasticization). Bars and spirals examination showed that the Tg value was increased from 110 

to 113°C and 101 to 113°C after immersion in the RC-piles in seawater simulated solutions at 

60°C, respectively. This shift in Tg values indicates that the spiral and bar samples were not fully 

cured and that a post-curing phenomenon took place during the aging of the RC piles at 60°C for 

12 months. Referring to these results, no significant effect on the thermal properties of the resin 

was detected by DSC, after pile aging at 60°C. 

7.3.4 OM-images of concrete/bar or spiral interfaces 

Figure 9 (a-b) shows magnified OM-images of concrete/spiral or bar interface, respectively, 

which was captured by examining three cores taken from RC piles after 12 months of immersion 

in seawater simulated solution at the high temperature (60°C). The visual inspection for images 

showed that the environment of concrete saturated by seawater simulated solution at 60°C does 

not affect the contact surface between concrete and spirals or bars (i.e., No concrete/bar 

debonding). These observations also indicate the bond mechanism will not be affected. 
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Fig. 7. 9: Concrete/spiral and bars interface images obtained by examining cores taken from RC 
piles aged at 60°C using OM –set 

7.3.5 Compression behavior and failure mode of reference and aged RC 

piles 

Figure 7.10 (a-d) illustrates the applied axial load versus axial deformation responses for the 

hybrid and all-GFRP RC piles after immersion in seawater simulated solution at 22 and 60°C for 

12 months: Fig.7.10 (a-b) for square piles and Fig.7.10 (c-d) for circular piles. All reference and 

aged piles behaved similarly during the ascending segment of their load-deformation relationships 

until spalling the concrete cover took place. Up to 80% of the peak load, the concrete surface was 

free from visual cracks. When the load reached 90% of the peak load, some longitudinal cracks 

were formed at the mid-height of the tested specimen and quickly widen. Immediately before the 
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peak, the average measured concrete strain was 2760με, 2200με, and 2400με, for reference piles 

and those aged at 22 and 60°C, respectively. The load-deformation curves of aged specimens were 

characterized by the highest peak load. Interestingly, this peak load increases as long as the aging 

temperature was raised due to increasing the concrete strength. The vertical steel bars reinforced 

reference and aged piles exhibited strains higher than yielding strain and ranged from 2100 με to 

2950 με. Whereas, GFRP bars sustain peak compression strains in the range of 2300 με to 3300 

με (8.6 to15% ultimate tensile strains). Referring to Table 7.5, the bars in aged piles possess strains 

lower than their counterparts in reference piles (kept at room temperature). Since the steel and 

GFRP bars did not degrade as discussed previously, the bar strain reduction was due to the concrete 

strength improvements after immersion in seawater simulated solution, which yielded to a general 

enhancement in the axial stiffness of RC piles. Despite the reduction in a compressive strain of 

GFRP bars, the recorded strains in bars of aged piles were still higher than the acceptable strain 

level 2000 με specified by CSA (2019a) for considering the compression contribution of 

longitudinal bars in the ultimate bearing capacity of RC compression members. 

 

Fig. 7. 10: Axial load-deformation relationships of reference and aged RC pile: (a) hybrid 
square; (b) all-GFRP square; (c) hybrid circular; (d) all-GFRP circular 
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Table 7. 5: Compression test results 

Geometry 
Group 

No. 
Specimen ID. 

Experimental Results- at peak  
Pu 

(kN) 
εc 

(με) 
εbar 
(με) 

εspiral 
(με) 

Pbar
1 

(kN) 
Pc

2 
(kN) 

B.C. R3 
(%) 

Ductility 
Index (μ) 

Square 

G1 
HSP-8M20-S 4100 2500 2350 1400 1068 3032 26 1.95 
HSP-8M20-S-22 4550 2100 2200 750 955 3595 21 1.65 
HSP-8M20-S-60 4750 2100 2100 900 1090 3660 23 1.55 

G2 
GSP-8N6-S 3550 2800 3400 1450 417 3133 12 1.86 
GSP-8N6-S-22 4050 2250 2650 550 325 3725 8 1.60 
GSP-8N6-S-60 4350 2900 2300 800 282 4068 6.5 1.50 

Circular 

G3 
HCP-8M15-S 3300 2650 2950 1000 945 2505 28 1.97 
HCP-8M15-S-22 3600 2100 2650 700 850 3120 23.5 1.82 
HCP-8M15-S-60 3800 2200 2550 550 820 2950 21.5 1.67 

G4 
GCP-8N5-S 2850 3100 3300 1150 290 2560 10 1.85 
GCP-8N5-S-22 3250 2350 2800 850 245 3005 7.5 1.75 
GCP-8N5-S-60 3350 2450 2500 600 220 3130 6.5 1.57 

1 Pbar is load sustained by bars;2 Pc is load resisted by concrete (Pu-Pbar) 
3 B.C.R is bars’ contribution in compression load (Pbar / Pu)  

 

 

The piles reach the ultimate bearing capacity (Pu) just before the onset of cover spalling, followed 

by a sudden decrease of the axial load of 10-20%, as seen in Fig.7.10. The confining effect of the 

transverse reinforcement was not significant before cover spalling occurred. The strain in the 

transverse reinforcement at the peak was less than 6% of the ultimate tensile strength of GFRP 

spirals. After cover spalling, the spirals restrain expansion of the core, develop lateral confining 

pressure, and increase the core concrete strength. The core expansion of aged piles was delayed 

compared to what was observed for their reference counterparts. This behavior was verified by the 

notable reduction in the measured tensile strains of GFRP spirals reinforced aged piles at the peak 

load, as listed in Table 7.5. A similar observation was made by Ahmad and Shah (1985). Ahmad 

and Shah (1985) reported a 43% reduction in the tensile stresses of steel spirals confined concrete 

columns when concrete compressive strength changed from 25 to 65 MPa. Cusson and Paultre 

(1994) also indicated that concrete with higher compressive strengths exhibits less lateral core 

dilation. While the core of reference specimens (un-aged) was gradually expanded, the inner core 

of aged piles was immediately suddenly dilated before failure. At the end of the test, both reference 

and aged RC piles exhibited a typical failure mode compared to reference specimens which were 

dominated by rupture of GFRP spirals. Figure 11(a-d) shows the failure mode of reference and 

aged hybrid and all-GFRP RC piles. The spiral failure mode is illustrated in the close-up view in 

Fig.7.11(I-VI). Square spirals were failed at the bent portion which is considered as the weakest 
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zone (see Fig.7.11(I-II)), while the failure of circular spirals located at the bar/ spiral intersection 

(see Fig.7.11(III-VI)). Before spiral rupture, no longitudinal bars buckling was observed, 

indicating that spirals acted well to constrain the longitudinal bars even after conditioning in 

artificial seawater. 

 

Fig. 7. 11: Failure mode of hybrid and all-GFRP RC piles 

The ductility index values (μ) which reflect the changes in post-peak behavior of RC piles after 

immersion in artificial seawater at 22 and 60°C are shown in Table 7.5. The ductility index (μ) is 

described as the ratio between the ultimate axial strain (εc85) corresponding to 85% Pu measured 
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on the descending segment of axial load-deformation curves and yield strain (εy). In the case of 

GFRP-RC piles, the yield strain (εy) was replaced by strain (εc1), which is defined as a strain 

corresponding to the limit of elastic behavior of ascending part segment of axial load-deformation 

curves. The aged hybrid and GFRP RC piles exhibited slightly lower ductility index values than 

their un-aged counterparts. This is attributed to the improvements that occurred in the concrete 

compressive strength (from 42 to 53 MPa). A similar observation was made by AlAjarmeh et al. 

(2020) when concrete compressive strength increased from 21 to 44 MPa. 

7.3.6 Effect of simulated seawater environment exposure on ultimate 

compression capacity 

Codes and guidelines limited computing the design capacity of compression members (columns 

or piles) to the ability of concrete and longitudinal bars to resist the compression load as well as 

the integrity of lateral reinforcement to provide the adequate lateral constraint for longitudinal 

bars. Consequently, degradation of concrete and/or reinforcing bars/spirals affects the peak load 

and post-peak response of RC columns or piles. Table 7.5 summarizes the ultimate bearing 

capacities (Pu) for hybrid (as in G1 and G3) and all-GFRP (as in G2 and G4) RC piles. Generally, 

the load values in Table 5 indicated a significant enhancement in the ultimate bearing capacities 

of hybrid and all-GFRP RC piles after subjecting to seawater simulated solution at sub-tropical 

climate simulated temperature (22°C) and accelerated temperature (60°C). The ultimate bearing 

capacity (Pu) of reference specimens (HSP-8M20-S, GSP-8N6-S, HCP-8M15-S, and GCP-8N5-

S), which was not subjected to the aging regime, were 4100, 3550, 3300, and 2850 kN, 

respectively. These recorded loads were corresponding to concrete compressive strength about 

42± 0.5MPa. Both types of reinforcement (hybrid or GFRP) exhibited an increase in their ultimate 

bearing capacities, regardless of conditioning environment (22 and 60°C). The ultimate bearing 

capacity of specimens aged at 22°C (HSP-8M20-S-22, GSP-8N6-S-22, HCP-8M15-S-22, GCP-

8N5-S-22), were 4550, 4050, 3600, and 3250 kN, respectively. These loads were approximately 

11, 14, 9, and 14% higher than peak loads of their reference counterparts, respectively, almost 12% 

on average. Similarly, specimens immersed in seawater simulation solution at 60°C (HSP-8M20-

S-60, GSP-8N6-S-60, HCP-8M15-S-60, GCP-8N5-S-60), sustained load about 4750, 4350, 3800, 

and 3350 kN, respectively. These specimens exhibited an average increase in the ultimate bearing 
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capacity compared to their reference counterparts about 17.6 % due to the increase in the concrete 

compressive strength after exposure to simulated marine environment and temperature.  

In light of the microstructural analysis (SEM and DSC) observations, there is no degradation-

induced strength reduction in GFRP bars or spirals; as well as, no signs of cracks or corrosion 

spots were visualized on the concrete surface, indicating steel bars are un-corroded. Therefore, the 

improvements in the ultimate bearing capacity of aged specimens may be attributed to some 

changes in the concrete characteristics, which occurred due to the exposure to water, temperature, 

and chloride ions. To investigate that, ten concrete cylinders from the same concrete batch and 

conditioning environment as piles were tested. Testing of concrete cylinders demonstrated that 

there was an increase in the concrete compressive strength from 42± 0.5 MPa (as for reference 

cylinders) to 50± 0.4 and 53± 1.4 MPa for cylinders aged at 22 and 60°C, respectively. These 

increases in strength are estimated at 19 and 23.8%, respectively. Furthermore, the load sustained 

by concrete (Pc) of aged specimens experienced an increase compared to reference specimens, as 

seen in Table 7.5. The average increase in (Pc) amounted to 20% (Pc/Pc22) and 27% (Pc/Pc60); after 

conditioning at 22 and 60°C, respectively. The phenomena of increase the concrete strength could 

be attributed to water enabling the cement to hydrate further, and temperature accelerates the 

hydration process (Pantelides et al. 2013; Mukherjee and Arwikar 2005; Hamza et al. 2017). 

Furthermore, chloride-ion penetration can allow chloride ions to react chemically with hydration 

products, producing a dense salt base containing chloride, which clogs concrete pores, causing an 

increase in concrete compressive strength (Wei et al. 2018). This indicates that immersion of RC 

piles in seawater simulated solutions positively affects their concrete strength, thus improving the 

ultimate bearing capacity. The critical problem which hinders the curing of concrete with seawater 

is steel corrosion. This is because the activation of steel corrosion rate is associated with curing 

water rather than mixing water as reported by Dasar et al. (2020). This obstacle was eliminated by 

using non-corrosive material (GFRP) or reducing the quantity of steel material (as in hybrid RC 

piles). 
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7.3.7 Effect of replacing GFRP by steel reinforcing bars on ultimate 

compression capacity and ductility 

The influence of replacing the longitudinal GFRP bars with steel bars on the ultimate compression 

capacity was investigated for both pile geometries (square and circular) under the effect of 

exposure conditions. Figures 7.12 (a-b) compares the axial load-deformation relationships of 

GFRP and hybrid RC square and circular piles, respectively, before and after subjecting to 

seawater simulated solutions. Both all-GFRP and hybrid (steel bars and GFRP spirals) RC piles 

exhibited a similar linear-elastic response up to 85% of their peak load; then, the axial deformation 

increased non-linearly until the peak load. At this point, neither buckling in steel bars nor crushing 

in GFRP bars was observed. Despite using the same longitudinal reinforcement ratio, the load-

deformation curves of hybrid RC piles were always located higher than those reinforced 

longitudinally by GFRP bars, recording higher capacities. This behavior was observed for 

reference specimens or those aged in seawater simulated solution at 22 and 60°C. Square (GSP-

8N6-S, GSP-8N6-S-22, GSP-8N6-S-60) and circular (GCP-8N5-S, GCP-8N5-S-22, GCP-8N5-S-

60) specimens made of GFRP bars and spirals withstood axial loads 3550, 4050, 4350 kN and 

2850, 3250, 3350 kN, respectively. Using steel instead of GFRP bars; enhanced the ultimate 

bearing capacity by 15, 12, 9 % as for square piles (HSP-8M20-S, HSP-8M20-S-22, HSP-8M20-

S-60) and 15.7, 10.7, 13.4 % as for circular piles (HCP-8M15-S, HCP-8M15-S-22, HCP-8M15-

S-60), respectively (See Table 7.5). The superiority in load-deformation curves is expected to be 

due to the high modulus of elasticity of steel, which may be reached to 4 times that of GFRP bars. 

The effect of modulus of elasticity is reflected on the steel-bar contribution ratios (B.C.R) for 

hybrid piles compared to those of GFRP bars in all-GFRP-RC piles, as illustrated in Table 7.5. At 

the peak, the vertical steel bars contribute to the pile’s ultimate compression capacity by about 21-

27 %; whereas, longitudinal GFRP bars contribution ratios are in the range of 6.5 to 12%. 

Moreover, as expected due to the higher modulus of elasticity of steel bars and their yielding 

features, the hybrid RC piles exhibited a ductility index greater than all-GFRP RC piles. In 

summary, the difference in the axial compression behavior, ultimate compression capacity, and 

ductility between hybrid RC piles and all- GFRP RC piles continued even after the aging process. 
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Fig. 7. 12: Effect of material type of longitudinal reinforcement on axial load-deformation plots 
of RC piles (a) square; (b) circular 

7.4 Environmental Reduction Factor (CE) Computing 

The environmental reduction factor (CE) is accounted to quantify the degradation of GFRP bars’ 

mechanical characteristics subject to harmful environments, as suggested by ACI (2015) and 

AASHTO (2018). In this study, the values of the environmental reduction factor of GFRP bars 

over the expected service lives of GFRP RC piles will be used to assess the efficiency of concrete 

cover as well as describe their long-term behavior compared to hybrid RC piles. Figure 7.13 shows 

the short-term tensile test for reference bars and those barely aged in seawater simulated solutions 

at 22 and 60°C for 6, 9, and 12 months. As seen in Fig.7.13, as the exposure period increased, the 

retention tensile strength of GFRP bars decreased. Moreover, it was observed that direct aging of 

bars in seawater simulated solutions at 22 and 60°C induced an insignificant reduction in the 

modulus of elasticity of about 2% after 12 months. Overall, based on tensile test results presented 

in Fig.7.13 and the results published by Robert and Benmokrane (2013), the environmental 

reduction factor (CE) was investigated and computed with Eqs. (7.2) and (7.3) at different service 

lifetimes. Table 7.6 shows all coefficients obtained by linear regression analysis for all 

experimental data, i.e., the slope of the regression line (ρ), the values of R2 at T1 and T2, δ1, TSF, 

constant (B). 

The environmental reduction factor (CE) is accounted to quantify the quantity of the degradation 

of GFRP bars’ mechanical characteristics subject to harmful environments, as suggested by ACI 

(2015) and AASHTO (2018a). In this study, the values of the environmental reduction factor of 
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GFRP bars over the expected service lives of GFRP RC piles will be used to assess the efficiency 

of concrete cover as well as describe their long-term behavior compared to hybrid RC piles. Figure 

7.13 shows the short-term tensile test for reference bars and those barely aged in seawater 

simulated solutions at 22 and 60°C for 6, 9, and 12 months. As seen in Fig.7.13, as the exposure 

period increased, the retention tensile strength of GFRP bars decreased. Moreover, it was observed 

that direct aging of bars in seawater simulated solutions at 22 and 60°C induced an insignificant 

reduction in the modulus of elasticity of about 2% after 12 months. Overall, based on tensile test 

results presented in Fig.7.13 and the results published by Robert and Benmokrane (2013), the 

environmental reduction factor (CE) was investigated and computed with Eqs. (7.2) and (7.3) at 

different service lifetimes. Table 7.6 shows all coefficients obtained by linear regression analysis 

for all experimental data, i.e., the slope of the regression line (ρ), the values of R2 at T1 and T2, δ1, 

TSF, constant (B). 

 

Fig. 7. 13: Tensile strengths of GFRP bars subjected to seawater simulated solution at 22 and 
60°C for 180, 270, and 365 days (6, 9, and 12 months) 

This section aims at highlighting the influence of high relative humidity (RH), aging temperature, 

and the change in the bar size on the predicted values of CE. Table 7.6 also presents the CE values 

of No.5 and No.6 bars aged at 22 and 60°C after 100 years of service lives obtained at three 

different RH ratios (80, 90, and 100%). It should be noted that lower humidity around the bar 

means that the bars are protected by dry or moderate concrete layers as considered by Huang and 

Aboutaha (2010). In general, the values of CE are highly indicated that the CE is affected by the 

bar’s size, RH ratios, and aging temperature. From Table 7.6, it can be seen that using No.6 bars 

instead of No.5, respectively, enhances the CE by 0.77, 7.8% for bars aged at 22 and 60°C and RH 
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=100%. Consequently, it can be indicated that under high temperatures, large sizes of the bar could 

retain higher tensile strength than small ones. This observation is governed by the ratio of the 

‘‘degraded area” (zone attacked by salt water) to the ‘‘undegraded” cross-section area of the bar, 

which is higher for bars with a smaller diameter (Arczewska et al. 2021). The trend of enhancement 

in CE values due to increasing the bar diameter was observed even under the effect of fewer RH 

ratios, however with lower increasing rates. For example, for bars aged at 60°C, the bar’s size 

change from No.5 to No.6 caused an increase in the CE values by 7.8%, 2.7, 2.4 at RH100,90,80%, 

respectively. This observation may be because the water in concrete pores evaporates when the 

RH of the external environment reduces to 100% (Bertolini et al. 2013), therefore the mobilized 

hydroxyl ions reduce. A similar observation was reported by Benmokrane et al. (2020). In 

summary, for RH ratios lower than 100%, the effect of changing the bar’s size on CE values can 

be neglected, especially for conditioning at seawater natural temperature (22°C).  

Table 7. 6: Coefficients of environmental reduction factors (CE) estimating and CE values  

Exposure Conditions 
Linear Regression Outcomes 

B=Constant 
Eq. (7.3) 

CE values after DL=100 years  
Eq. (7.2) 

nRH, Huang, and Aboutaha (2010) 
Slope 

(ρ) 
R2 δ1 TSF RH=100%  RH=90% RH=80% 

GFRP bars immersed barely in simulated seawater environment  
No.5 GFRP bars at 22°C  0.0877 0.91 

0.032 
1 

7387 
0.863 0.879 0.915 

No.5 GFRP bars at 60°C -------- 0.89 17.37 0.792 0.817 0.871 
No.6 GFRP bars at 22°C 0.0927 0.89 

0.030 
1 

3945 
0.784 0.875 0.912 

No.6 GFRP bars at 60°C -------- 0.91 5.59 0.723 0.839 0.887 
GFRP bars embedded in concrete saturated with simulated seawater environment (Robert and Benmokrane 2013) 

No.4 GFRP bars at 23°C  0.0835 0.84 
0.067 

1 
2219 

0.766 0.865 0.905 
No.4 GFRP bars at 50°C  -------- 0.87 1.87 0.743 0.852 0.895 

 

7.4.1 Effect of concrete cover thickness on CE values 

The sufficiency of concrete cover to protect the black steel bars embedded in concrete depends on 

the content of chloride ions accumulated at the bar’s surface and its correlation with the chloride 

threshold values or the maximum carbonation depth. Unlike steel bars, the moisture level and 

temperature at the concrete around the bar affect the durability and longevity of GFRP bars. Water 

content in concrete pores mobilizes the alkaline ions from concrete to attack the GFRP bars, 

causing hydrolysis of polymer chains, debonding, and micro-cracks (Kamal and Boulfiza 2011). 
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These degradation symptoms can be quantified as changes in the mechanical properties and 

microstructure of bars. Figures.7.14 (a-b) shows the permanent retention in tensile strength during 

different service lives for GFRP bars embedded in moist concrete (Robert and Benmokrane 2013) 

and those directly subjected to seawater simulated solutions: Fig.7.14(a) sub-tropical climate 

temperature (22°C) and Fig.7.14(b) at accelerated temperature. Throughout all-service life 

intervals, the GFRP bars encased in moist concrete (18 mm thickness above bars) constantly 

demonstrated higher tensile strength retention compared with other bars which barely immersed 

in seawater simulated solutions. This indicated that minimum un-cracked concrete cover could 

provide a high level of protection for GFRP bars and better long-term performance. 

 

Fig. 7. 14: Comparison of service life prediction master curves for GFRP bars exposed directly 
to seawater simulated solutions and those wrapped with moist concrete   

In light of the Eq. (7.2) presented by Huang and Aboutaha (2010), the tensile strength retention of 

GFRP bars after 100 years is associated with relative humidity (RH) of the surrounding media, as 

plotted in Fig. 7.15 (a). Zhang et al. (2021) pointed out that the RH of concrete in the marine 

environment could be accurately simulated using a moisture transportation model; and observed 

an inverse relationship between the saturation level and the depth from the concrete exposed 

surface, as illustrated in Fig. 7.15(b). Comparing both figures (Fig. 7.15 (a and b)) shows that as 

the concrete cover increases, RH decreases, thus the CE value improves. Theoretically, it can be 

inferred that to minimize the effect of RH on GFRP bars, the large concrete cover should be used. 

Moreover, the microstructural observations provided by Robert and Benmokrane (2013) for the 

(a) Bars aged at 22°C (b) Bars aged at 60°C
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18 mm concrete-covered GFRP bars and those presented in this study for GFRP bars or spirals 

extracted from aged piles constructed with 45 mm concrete cover thickness did not show any 

degradation in GFRP material. Another contrary observation was made by Lu et al. (2020). Lu et 

al. (2020) indicated that the degradation of BFRP bars increased with increasing the cover 

thickness (from 10 to 20 mm). The reason for that observation was the high alkalinity of thicker 

concrete covers and the alkali-silica reaction (AAR) induced by SiO2 in the basalt fiber. The 

variances could be eliminated when a concrete cover higher than 20 mm is used. To sum up, unless 

needed for fire resistance, the concrete cover specified by CSA (2019a) or AASHTO (2018a) and 

prepared according to concrete specifications presented by ACI (2019) is sufficient to protect the 

internal reinforcement (GFRP bars and spirals) against subjecting to harmful environments. 

 

Fig. 7. 15: (a) relative humidity (RH) and environmental reduction values (CE) relationships; (b) 
concrete saturation and depth from a concrete surface relationship (drawn by Zhang et al. 

(2020)) 

7.4.2 Expected Long-term performance of GFRP bars or spirals 

reinforced concrete piles submerged in simulated seawater 

environment 

Due to using only an exposure period (12 months), the available structural data (GFRP bars and 

spirals strains) obtained from testing the reference and aged all-GFRP-RC piles is insufficient to 

assess and predict the long-term performance of GFRP bars or spirals. According to the previous 

discussion, the authors expected that the long-term performance of GFRP bar No.4 embedded in 
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concrete saturated in saline solution reflects the same behavior of GFRP bars (No.5 and No.6) and 

spirals (No.3) reinforced the submerged square and circular RC piles. This is regardless the bar 

sizes used are different. Benmokrane et al. (2020) also indicated that increasing bars size from 

No.4 to No.5 had a slight effect on the environmental reduction factor (CE) values as long as the 

relative humidity (RH) is ranged from 80 to 50%.  

Referring to Table 7.6, the tensile strength retention after 100-years is approximately 0.865 and 

0.852 for bars embedded in concrete immersed in saline solution (3%) at 23 and 50°C, 

respectively, considering RH is 90%. These retention values are higher than CE values specified 

by ACI (2015) and AASHTO (2018). Generally, higher CE values pointed out a good expectation 

for the behavior of GFRP bars and spirals in RC-piles submerged in the marine environment after 

100-years, thus a positive structural response of RC piles. Therefore, the GFRP-RC piles could 

maintain their design axial-capacities up to 100-years in seawater environments, unless the 

concrete cover is damaged. 

7.4.3 Hybrid RC piles service life prediction by Life 365 software 

The concrete service life of hybrid RC square and circular piles immersed in artificial seawater at 

22 and 60°C for 1-year was predicted by using Life-365 V.2.2.3 software (www.life-365.org). Life-

365 software is advanced following the American Concrete Institute (ACI) Service Life Prediction 

model (ACI Committee 365 2000). This software is capable of predicting service life for different 

concrete elements (i.e., slabs, walls, and columns) in parking structures and bridges through a 

deterministic or probabilistic approach. This software provides the service life based on long-term 

chloride attack data without covering the concrete cover carbonation impact. In Life-365, the 

service life of concrete is a summation of two periods: the initiation period (ti) and the propagation 

period (tp). The corrosion initiation period (ti) is defined as the period; in which the chloride ions 

needed to penetrate the concrete matrix and accumulate on the surface of the embedded steel bars 

with a quantity enough to induce de-passivation (threshold chloride concentration). The 

propagation period (tp) is the period which corrosion takes to progress and cause an unacceptable 

level of damage in concrete that needs repairing. The propagation period (tp) is assumed to be a 

fixed value due to the complexity of the corrosion process and can be taken about 6-years for black 

steel (Weyers 1998). The current version of Life-365 limited the corrosion initiation time to 
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threshold chloride concentration (Ct), which is equal to 0.05 percent (% concrete mass) or 0.4 

percent (% cement mass) for black steel. In Life-365, the time-to-corrosion initiation for two-

dimensional square and circular columns is deterministically estimated using two-dimensional 

Crank-Nicolson finite-difference enforcement of Fick’s 2nd law.  

Fick’s 2nd law (formulated as Eq. (7.4)) is the governing differential equation. Life-365 includes a 

solver to estimate the surface chloride content (Cs) and apparent chloride diffusion (Da) based on 

the chloride content measurements at each layer of concrete cover following Eq. (7.5) presented 

by ASTM C1556. Equation (7.5) is the analytical solution for Eq. (7.4) and is valid only if the 

surface chloride content (Cs) and diffusion coefficient (D) are constant. In case of no experimental 

data is available, Eq. (7.6) is specified by Life-365 to estimate the diffusion coefficient of concrete 

after 28-days (D28) based on the water/cement (w/c) ratio. Eq. (7.7) and Eq. (7.8) are used to 

account for time-dependent and silica fume (SF) percentage changes in the diffusion coefficient.  

2

2
.

dC d C
D

dt x


  Eq. (7.4) 

where C = chloride content; D =the diffusion coefficient (m2/s); x= concrete depth from exposed 

surface (m); and t = exposure time (s).  
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     Eq. (7.5) 

where C (x, t) = the chloride content at specific depth x (m) and the exposure time t (second); Ci = 

initial chloride content in the cementitious mixture before exposure to the artificial seawater 

(computed from cores taken from reference piles); erf is the error function.  
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D28-pc = chloride diffusion coefficient of Portland cement at t28=28 days; D28-SF = chloride diffusion 

coefficient of Portland cement includes silica fume (SF) at t28=28 days; DSF (t) diffusion coefficient 

at time (t =365-days); m = (0.2+0.4(%FA/50+%SG/70)) is the aging factor and depending on 

cementitious material proportions (FA= Fly ash; SG= ground granulated blast furnace slag). In this 

study, the value of the aging factor (m) is taken equal to 0.2 considering that the concrete mix did 

not include the FA or SG. Due to the lack of data on on the chloride diffusion coefficient (D28-SF) of 

concrete at age of 28 days, Eq. (7.6) and (7.7) are used to predict the value of D28-SF. The value of 

D28-SF was 3.11x10-12 m2/sec. Using Eq. (7.8), the expected value of D365-SF after 365 days is 1.86 

x10-12 m2/sec. Figure 7.16(a) shows the fitting curves of the chloride content (% wt. of cement) and 

concrete depth from the exposure surface for cores taken from piles aged at 22 and 60°C which were 

generated by Life-365 solver based on Eq. (7.5). By fitting, the maximum surface chloride content 

(Cs) was 0.685 and 0.539 (% wt. of cement) as well as the chloride diffusion coefficient after 365-

days of exposure (D365-SF) was 9.66x10-12 and 25.3x10-12 m2/sec. for piles aged at 22 and 60°C, 

respectively, as seen in Fig.7.16(a). The value of D365-SF is lower than that measured from cores 

analysis. Therefore, to compute the service life of piles, the actual values of D28-SF were recalculated 

using the measured values of D365-SF at 22°C and (m=0.2). The new value of D28-SF which was 

obtained by Eq. (7.8) (16.1 x10-12 m2/sec.) was used to generate the model.  

In addition to the results from laboratory tests, this study presents a perception of the durability 

performance of similar piles implemented in the severity of seawater environment of Miami city in 

Florida, USA. The exposure condition was set as a tidal zone which is characterized by high 

corrosion probability. The monthly temperature history and Cs can be provided by the Life-365 

database according to the location and type of structure “tidal zone exposure”. The maximum 

surface chloride concentration (Cs) and its maximum time needed to build up were automatically 

defined as 0.8 (% of wt. concrete) and 1-years, respectively. Further input parameters for service 

life estimation includes concrete cover (35 and 45 mm), w/cm ratio (0.35), silica fume (SF=4%), 

and aging factor (m=0.2).   

Figure 7.16(b) compares the service lives of hybrid RC square and circular piles in laboratory aging 

tests and natural aging tests based on the Life-365 database for Miami City in Florida. Specimens 

aged under the effect of high temperature (60°C) (used as corrosion accelerating factor) exhibited 

lower service lives of approximately 7.5 and 9.4 years depending on the concrete cover thickness 
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up to the reinforcement level and cross-section geometry. For specimens immersed in artificial 

seawater under the impact of the common temperature in sub-tropical regions (22°C), chloride-ions 

took sla ightly longer time to penetrate and accumulate in sufficient quantities to induce the 

unacceptable level of concrete damage reaches 8.9 and 14.8 years. The service life of specimens 

exposed to Miami environment and climate based on the Life-365 database showed service lives 

almost close to those predicted for specimens aged at 60°C. This indicates that the laboratory 

accelerating regime can reflect the natural environmental conditions of Miami City.  Figure 7.16 

(b) also indicated that the service life is significantly affected by increasing the clear concrete cover 

from 35 to 45 mm for specimens aged at 22°C and slightly affected for those conditioned at 60°C. 

Despite service life enhancement by increasing the concrete cover, the concrete cover specified for 

GFRP reinforcement could not provide the design service life of between 75-100 years for hybrid 

RC members. Consequently, steel-RC structures recommendations regarding the clear concrete 

cover depth specified by AASHTO (2018b) and CSA (2019a) and concrete mix specification 

provided by ACI (2019) should be applied for implementation of the hybrid RC piles.     

 

Fig. 7. 16: Life-365 software solver outputs (a) predicted chloride profile from the aged piles 
and (b) predicted service lives of hybrid RC piles 
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7.5 Service Life of Hybrid and GFRP RC Piles Comparison 

The maximum service life obtained by Life-365 software analysis for hybrid RC piles aged at 22 

and 60°C was 14.8 and 9.4 years, respectively, as shown in Fig.7.16 (b). Using curves (I and IV) 

in Fig.7.14, the tensile strength retentions of GFRP bars embedded in concrete at 22 and 60°C 

were obtained at 14.8 and 9.4 years. It was found that at the time of hybrid RC-piles reached the 

unacceptable level of concrete damage and loss of steel cross-section due to corrosion, all-GFRP 

RC piles maintained the whole concrete cross-section, and their GFRP bars retained about 90% of 

their tensile strengths at 22 and 60°C. Consequently, it is expected that all-GFRP RC piles achieve 

a distinct long-term performance in seawater environments compared to hybrid RC piles. 

Moreover, the difference in the mechanical properties of hybrid and all-GFRP RC piles may be 

faded away during the service life period due to corrosion symptoms. Xia et al. (2016) reported 

that corrosion symptoms on the concrete cover (cracks, spalling, and delamination) not only reduce 

the stiffness and ultimate compressive strength of columns but also increase the loading 

eccentricity, causing a brittle failure mode. 

7.6 Theoretical and Experimental Ultimate Compression 

Load of Hybrid and GFRP-RC Piles   

Hybrid RC piles addressed in this study are made of longitudinal steel bars and confined with 

GFRP spirals, as permitted by CSA (2017). Prediction of the nominal and factored compression 

capacity of hybrid RC piles should follow the equations specified by AASHTO (2018b) and CSA 

(2019a) (clause 8.8.5.6). There are two substantial variations between American and Canadian 

standard equations used for predicting the axial compression capacity of RC piles. Firstly, the 

design equation of American codes (i.e., ACI and AASHTO) uses a general reduction factor 

according to the loading type; however, the design equation of Canadian standards (i.e., CSA 

2019a and CSA 2019c) uses specific reduction factors for concrete and reinforcement. The second 

difference is, American codes limited a fixed value of 0.85 to consider the difference in size and 

shape of the RC column and the concrete cylinder; while, Canadian standards presented this issue 

in equation form, as seen in Eq. (7.9).   

1
'0.85 0.0015 0.67cf     Eq. (7.9)  
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where 1 = ratio of average stress in rectangular compression block. Equation (7.10) presents the 

factored axial capacity of RC piles ( P r AASHTO steel  ), as specified by AASHTO (2018b). The 

eccentricity effect reduction factor (ke) is 0.85 and 0.80 for members confined with spirals and ties, 

respectively. The resistance factor for compression-controlled sections with spirals or ties (  = 

0.75). Considering the material reduction factors for concrete and steel, CSA (2019a) estimates 

the maximum factored axial resistance ( 6P r CSA S steel   ) of conventional RC piles, as shown in 

Eq. (7.11). 

'P 0.85 ( )r AASHTO steel e g s y sck f A A f A         Eq. (7.10)  

6 1

6 1

'

'

P 0.80 ( )

P 0.75 ( )

r CSA S steel c g s y s

r CSA S steel c g s y s

c

c

f A f A spirals

f A f A ties

  

  

  

  

      
 

      
 Eq. (7.11)  

where 
'

cf = cylinder compressive strength at 28-days; gA = total cross-section area of RC pile; 

yf = yielding strength of longitudinal steel bars; and sA = total cross-section areas of longitudinal 

steel bars. c = concrete reduction factor (0.75); s = steel reduction factor (0.9). 

Equation (7.12) and (7.13) show the nominal axial capacity of compression members without 

considering the effect of unintended eccentricity by integrating the reduction factor (ke) or any 

strength and material reduction factors, as presented by AASHTO (2018b) and CSA (2019a) 

(clause 8.8.5.6), respectively. 

'P 0.85 ( )n AASHTO steel g s y scf A A f A        Eq. (7.12)  

6 1
'P n CSA S steel g y scf A f A      Eq. (7.13)  

On the other hand, provisions specified by AASHTO (2018a) to design RC piles reinforced with 

GFRP bars and spirals tend to disregard the compression strength of GFRP bars in computing the 

factored axial capacities of compression members ( rP AASHTO GFRP  ), as presented in Eq. (7.14). 
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CSA (2019a) lately admitted with the contribution of longitudinal GFRP bars in computing the 

nominal and factored axial capacity of compression members ( 6P r CSA S GFRP   ) considering the 

maximum compression strain in bars is equal to 2000με, as seen in Eq. (7.15). A new equation 

was proposed by adding the term of ( 0.002 f fE A ) to the Eq. (7.14), as seen in Eq. (7.16). 

Equations (7.17) and (7.18) show the nominal axial resistance of GFRP RC piles considering the 

real strengths of concrete and GFRP bars without reductions. 

r
'P 0.85 ( )AASHTO GFRP e g fck f A A       Eq. (7.14)  

 

6 1

6 1

'

'

P 0.80 0.002 ( )

P 0.75 0.002 ( )

r CSA S GFRP c g f f f

r CSA S GFRP c g f f f

c

c

f A E A spirals

f A E A ties

  

  

  

  

      
 

      
Eq. (7.15)  

r
'P 0.85 ( ) 0.002new GFRP e g f f fck f A A E A         Eq. (7.16)  

6 1
' 0.002n CSA S GFRP g f fcP f A E A     Eq. (7.17)  

'0.85 ( ) 0.002n new GFRP g f f fcP f A A E A     Eq. (7.18)  

where f = GFRP bars reduction factor (0.65); fA = total cross-section areas of longitudinal 

GFRP bars; and fE = GFRP bars tensile modulus of elasticity.  

This section aimed to check the validity of the existing design equations of steel RC piles for 

application to hybrid RC piles and highlight the significance of considering the GFRP bars as the 

primary reinforcement in RC piles in regular or marine environments. Figure 7.17 (a-d) compares 

the experimental ultimate bearing capacity (Pu) and factored or nominal axial capacity computed 

according to the pre-mentioned equations (Eqs. (7.10-7.18)) for reference and aged hybrid and 

GFRP RC piles. In Fig.7.17, the higher ratios indicate the factored load’s comparison, while the 

lower ratios express the nominal load’s comparison. Two general observations can be highlighted 

in Fig.7.17. Firstly, all factored or nominal load ratios are higher than 1, indicating a good 
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prediction of all addressed equations. Secondly, equations specified by Canadian codes always 

give a conservative design or nominal loads lower than those presented by American codes or 

proposed according to them, regardless of the type of principal reinforcement (steel or GFRP bars). 

This may be attributed to the value of 1 is lower than the constant value (0.85) specified by 

American codes to consider the size and shape effect. 

For all tested hybrid RC piles, both AASHTO (2018b) and CSA (2019a) (clause 8.8.5.6) design 

equations underestimate the factored load (design load) capacities of hybrid RC piles. As observed 

in Fig.7.17 (a-b), the design loads obtained by AASHTO (2018b) (Eq. (7.10)) and CSA (2019a) 

(Eq. (7.11)), respectively, are in the range of 55-65% and 52-62% of experimental loads for pile 

aged at 60°C and reference counterparts. Moreover, AASHTO (2018b) and CSA (2019a) 

equations (Eq. (7.12) and (7.13)), respectively, exhibited nominal axial capacities of almost 87-

100% and 83-98% of experimental axial capacities for pile aged at 60°C and reference 

counterparts. Both codes equations made an accurate prediction for the nominal capacity of un-

aged hybrid RC piles and conservative estimation for design loads. To sum up, design equations 

specified by AASHTO (2018b) and CSA (2019a) for designing the steel-RC piles can be applied 

for hybrid RC piles.  

For all tested GFRP RC piles, despite ignoring the compression capacity of GFRP bars as in Eq. 

(7.14) (which specified by AASHTO (2018a)), AASHTO (2018b) design equation gives design 

loads higher than those obtained by the CSA (2019a) equation (Eq. (7.15)) (based on considering 

GFRP bars contributions) by 4%, as seen in Fig.18 (c-d). In comparison with the proposed equation 

(Eq. (7.16)), ignoring the compression capacity of GFRP bars as in Eq. (7.14) (as specified by 

AASHTO (2018a)) produces a conservative design load. For instance, equations (7.14), (7.15), 

and (7.16) show ratios between experimentally and theoretically determined capacities in the range 

of (1.76-2.18), (1.85-2.27), and (1.65-2), respectively, for reference and piles aged at 60°C. The 

margin of safety between the experimental and predicted factored loads increased as the aging 

temperature increased due to the concrete strength improvements caused an unexpected increase 

in the recorded ultimate bearing capacities of aged piles. Moreover, Eq. (7.17) and (7.18) 

conservatively estimate the nominal capacity of GFRP RC piles, as illustrated in Fig.7.17 (c-d).  
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Fig. 7. 17: Experimental to factored and nominal axial capacity ratios of tested RC piles 

 

7.7 Summary and Conclusions 

Twelve RC piles (six square and six circular piles) were laterally confined with GFRP spirals and 

tested under axial compressive load up to failure. Six specimens were reinforced longitudinally 

with steel bars (Hybrid piles), while the other six specimens were constructed with GFRP bars (all-

GFRP piles). Eight specimens were constantly immersed in seawater simulated solution at an 

average annual temperature of subtropical regions (22°C) and accelerated temperature (60°C) for 

12 months, four specimens with different reinforcement details for each temperature. SEM and 

DSC analyses were established to characterize the GFRP spirals and bars taken from the aged 

piles. The bond property of extracted bars with surrounding concrete was checked by optical 

microscopy (OM). For forecasting the potential degradations in GFRP bars and the onset of 

corrosion of steel bars, the performance of concrete surrounding them was quantified in terms of 

carbonation occurrence or not? the level of alkalinity (pH), and resistance to chloride-ion diffusion. 

The service life of hybrid RC piles was predicted by Life-365 software. The following conclusions 

are obtained from this research: 
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1) The microstructural test results (SEM and DSC) showed that the GFRP bars and spirals 

assessed in this study, and extracted from GFRP RC piles subjected to artificial seawater at 

60°C for 365-days, performed well without observing any changes in their chemical or thermal 

properties. Furthermore, the interfacial bonding between the GFRP bars or spirals and 

surrounding concrete was robust, as detected by OM analysis. 

2) In comparison to their unaged counterparts, the short-term compression behavior of hybrid-

RC piles in seawater simulated solutions is similar to the behavior of GFRP-RC piles in the 

same environment. Their behavior in seawater simulated solutions is accompanied by an 

enhancement in the ascending segments of their load-deformation curves and their axial 

compression capacity as well as a slight reduction in the ductility index due to concrete 

compressive strength improvement. A 12% and 17.5% were the average enhancement in the 

hybrid and GFRP-RC piles aged 22 and 60°C, respectively. 

3) The hybrid RC piles always exhibited higher ultimate compression capacities and ductility 

index even after aging in seawater simulated solutions at 22 or 60°C for 365 days compared to 

GFRP-RC piles. Using steel reinforcement in combination with GFRP reinforcement enhances 

the ultimate compression capacity of GFRP RC piles exposed to seawater environments by 

12% and 13.3%, respectively. 

4) Even though hybrid RC piles possess higher mechanical properties compared to all-GFRP RC 

piles, their long-term performance in seawater environments is limited to steel corrosion 

initiation and propagation time. This is making them much prone to corrosion symptoms such 

as cover spalling, loss of steel bars’ cross-section, developing a secondary moment which could 

affect their mechanical properties in the long-term exposure.    

5) Concrete cover thickness provided by AASHTO (2018a) and CSA (2019a) is enough to 

minimize the effect of relative humidity (RH) and temperature, assisting to retain a higher 

tensile strength. The concrete cover used for hybrid RC piles should follow the 

recommendations of AASHTO (2018b) and CSA (2019a).  

6) The existing equations of AASHTO (2018b) and CSA (2019a) (clause 8.8.5.6) are valid for 

predicting the nominal and design loads of hybrid-RC piles. Using a compression strain level 

(2000µε) as specified by CSA (2019a) and the AASHTO (2018a) modified equation yields an 

accurate prediction for the nominal capacity of GFRP RC piles. Moreover, both CSA (2019a) 

and AASHTO (2018a) equations overestimated the design capacity of GFRP RC piles. 
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Chapter 8: SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS 

8.1. Summary 

This research study was carried out on forty-eight laboratory-scale RC piles with two different 

cross-section shapes (square and circular) to assess their structural behavior and durability 

performance in the simulated marine environment in sub-tropical and hot regions using several 

various structural factors through three Phases. All specimens have the same height of 1000 mm. 

The first phase consists of 18 square piles with 300 x 300 mm cross-section dimensions. The 

second phase includes 18 circular piles with a diameter of 304 mm. Specimens in every phase 

are divided into three unreinforced specimens, 3-specimens were reinforced with hybrid 

reinforcement (steel bars and GFRP spirals), and 12 specimens were completely reinforced with 

GFRP bars and spirals, ties, or hoops. For every phase, six specimens remained without exposure 

to the conditioning regime (considered as reference). The remaining 12-specimens were 

immersed in the simulated marine environment at 22°C and 60°C for 12-months, with 6-

specimens for each conditioning temperature. The third phase is comprised of 12-specimens (6-

square and 6-circular) that were made of GFRP material (bars, spirals, ties, and hoops) subjected 

directly to the simulated marine environment and conditioning temperature for 12-months before 

integrating into concrete. The effect of the conditioning regime on failure mode, axial bearing 

capacity, ductility, confinement efficiency, and strains in bars and spirals were evaluated through 

some variables such as (i) longitudinal reinforcement (ratio and diameter); (ii) lateral 

reinforcement (spacing and configuration). A microscopic examination program (SEM, DSC, 

FTIR techniques) was performed to characterize the bars or spirals extracted from conditioned 

piles or those exposed directly to the marine environment. Optical microscopy technique was 

used to identify the changes in bond behavior between concrete and bars or spirals. Furthermore, 

mechanical properties tests (i.e., tensile, bond, and inter-laminar shear tests) were carried out. 

The theoretical program is involved in assessing the validity of design equations in the existed 
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design codes and guidelines such as CSA (2017), CSA (2019a), and AASHTO (2018a). The 

significant findings of this research were introduced in four chapters and can be drawn as follows. 

8.2. Conclusions Remarks  

The findings and discussions reported in the four articles (chapters) were made for specific 

specimens with particular structural variables. The individual conclusions of these articles are 

generalized and classified in the following points. 

8.2.1 The Effect of the simulated sub-tropical and severe marine 

environment on the structural and durability performance of hybrid 

and GFRP-RC piles under concentric loading.  

 No considerable microstructural/thermal changes (i.e., no matrix plasticization or chemical 

degradation) were detected through SEM images and DSC analysis after 12-months of 

exposure to severe marine environment. Moreover, no debonding between GFRP bars /spirals 

and surrounding concrete was detected by Optical microscopy (OM) analysis.   

 The axial compression behavior of hybrid and GFRP-RC square and circular pile is not 

adversely affected by immersion in the simulated marine environment at 22 or 60°C for 12-

months. As a result of concrete compressive strength increase, the ultimate compression 

capacity of twenty RC piles aged at 22 or 60°C were in the range of 107-116% and 116-125% 

of the capacity of their unconditioned counterparts, respectively. 

 All the used GFRP transverse configurations in this study (square spirals, circular spirals, 

ties, and hoops) have good efficiency in confining the concrete and preventing the buckling 

of steel or GFRP bars in pile specimens submerged in the marine environment after 12-

months. 

 The maximum circular spiral pitch of 80 mm specified in clause 16.8.9.4 in CSA (2019a) is 

sufficient to maintain the stability of the concrete core and longitudinal bars under higher 

capacities up to the peak. 
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 The submerged GFRP-RC circular piles with the dense spiral pitch (40 mm) or its equivalent 

volumetric ratio exhibited higher residual axial compression capacity at failure, greater 

confinement efficiency, and higher ductility than their counterparts confined at a pitch of 80 

mm. 

 Concrete cover thickness provided by AASHTO (2018a) and CSA (2019a) is enough to 

minimize the effect of relative humidity (RH) and temperature, assisting in retaining a higher 

tensile strength. 

8.2.2 The axial response of RC piles made of GFRP reinforcing 

material pre-conditioned in marine environment for 12-months before 

concrete placement.  

 The microstructural analysis tests (SEM, DSC, FTIR) outcomes indicated that GFRP bars and 

spirals exposed directly to the severe marine environment (60°C) for 12-months did not show 

any significant transformations in their thermal, physical, or chemical properties which may 

be considered a severe degradation. Moreover, the effect of the conditioning environment on 

the horizontal shear strength was minimal and can be neglected. 

 The maximum reduction in the tensile and bond strengths of GFRP bars subjected directly to 

the severe marine environment (60°C) for 12-months before integrating into concrete did not 

exceed 15% of the ultimate strength of their pristine counterparts. 

 Despite the reduction in the mechanical properties of GFRP bars exposed directly to the severe 

marine environment (60°C) for 12-months, there are no significant differences between the 

behavior of the GFRP-RC piles made of these bars and spirals and their counterparts reinforced 

with pristine bars and spirals. 

 The failure mechanism and stress-strain behavior of GFRP bars, spirals, hoops, or ties for 

square and circular GFRP-RC piles are not affected by aging the GFRP reinforcing material 

for 12-months in the simulated marine environment. 

 Even though the used GFRP materials were exposed to a marine environment at 60°C for 12-

months before integrating into concrete, increasing the longitudinal reinforcement ratio or 
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using lower transverse reinforcement spacing could enhance the pre-peak and post-peak 

compression response of RC piles. 

8.2.3 Theoretical analysis results 

 Using the compression strain level (2000με) in estimating the nominal capacity of RC 

members, as specified in CSA (2019a) yielded accurate predictions. The proposed equation 

accurately predicted the nominal axial capacity of conditioned and unconditioned pile 

specimens.  

 Neglecting the compression capacity of GFRP bars as in the CSA (2017) design equations 

conservatively underestimated the axial capacities of the test specimens. 

 The CSA (2019a) and AASHTO (2018a) equations give a conservative design axial 

compression capacity for GFRP-RC piles, regardless the contribution of GFRP bars was 

considered or not. 

 The reduction factors for GFRP-RC structures specified in CSA (2017), AASHTO (2018a), 

and CSA (2019a) yielded lower axial compression capacities than those obtained 

experimentally.  

The experimental findings of this research are valid for the range of parameters and concrete 

geometry currently investigated as well as represent as a first step toward using GFRP 

reinforcement (bars or spirals) in compression members in RC marine structures (e.g., offshore 

oil structures, dock, and bridges).   
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8.3. Recommendations for Future Work 

The promising results of this research study motivate the usage of GFRP bars/spirals as internal 

reinforcement in marine structures under harsher marine environments. Even though the number 

of investigated specimens in this study is significant, specimens do not cover all durability 

parameters. This study is expected to set the direction for further research to investigate other 

parameters. Based on the findings of the current study, additional researches are recommended 

to cover the following points: 

1) The piling system and piers in bridges continuously bear sustained axial compression 

loads while exposed to natural environmental circumstances. Therefore, similar 

laboratory accelerated aging tests in the presence of sustained axial compression loads 

is recommended to understand the real durability performance of FRP-RC 

piles/columns in the marine environment. 

2) The pile cap foundations in bridges are vulnerable to freeze and thaw cycles in the 

presence of seawater during service life. Therefore, another experimental work is 

recommended to investigate the effect of previous conditions on the shear punching 

behavior of pile caps reinforced with GFRP bars.  

3) Due to the basalt fiber-reinforced polymer (BFRP) has been widely accepted as internal 

reinforcement in concrete, another laboratory accelerated aging tests are recommended 

to be conducted on specimens similar to those investigated in this study but using BFRP 

bars and spirals. 

4) More exposure durations and using natural seawater are recommended to 

comprehensively understand the long-term durability and structural performance of 

GFRP bars/spirals in the marine environment. 
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8.4. Résumé 

Cette étude de recherche a été réalisée sur quarante-huit pieux RC à l'échelle du laboratoire avec 

deux formes différentes de section transversale (carrée et circulaire) pour évaluer leur 

comportement structurel et leur performance de durabilité dans l'environnement marin simulé dans 

les régions subtropicales et chaudes en utilisant plusieurs facteurs structurels différents à travers 

trois phases. Tous les spécimens ont la même hauteur de 1000 mm. La première phase consiste en 

18 pieux carrés avec une section transversale de 300 x 300 mm. La deuxième phase comprend 18 

pieux circulaires d'un diamètre de 304 mm. Les spécimens de chaque phase sont divisés en : trois 

spécimens non renforcés, trois spécimens renforcés avec des armatures hybrides (barres d'acier et 

spirales GFRP), et 12 spécimens complètement renforcés avec des barres et spirales GFRP, des 

attaches ou des cerceaux. Pour chaque phase, six spécimens sont restés sans exposition au régime 

de conditionnement (considérés comme référence). Les 12 spécimens restants ont été immergés 

dans l'environnement marin simulé à 22°C et 60°C pendant 12 mois, 6 spécimens pour chaque 

température de conditionnement. La troisième phase comprend 12 spécimens (6 carrés et 6 

circulaires) fabriqués en PRFV (barres, spirales, attaches et arceaux) soumis directement à 

l'environnement marin simulé et à la température de conditionnement pendant 12 mois avant d'être 

intégrés au béton. L'effet du régime de conditionnement sur le mode de défaillance, la capacité de 

charge axiale, la ductilité, l'efficacité du confinement et les déformations dans les barres et les 

spirales a été évalué par le biais de certaines variables telles que : (i) l'armature longitudinale (ratio 

et diamètre) ; (ii) l'armature latérale (espacement et configuration). Un programme d'examen 

microscopique (SEM, DSC, techniques FTIR) a été réalisé pour caractériser les barres ou les 

spirales extraites des pieux conditionnés ou celles exposées directement à l'environnement marin. 

La technique de microscopie optique a été utilisée pour identifier les changements dans le 

comportement de liaison entre le béton et les barres ou spirales. En outre, des essais de propriétés 

mécaniques (c'est-à-dire des essais de traction, d'adhérence et de cisaillement inter-laminaire) ont 

été réalisés. Le programme théorique permet d'évaluer la validité des équations de conception dans 

les codes et directives de conception existants, tels que CSA (2017), CSA (2019a) et AASHTO 

(2018a). Les résultats importants de cette recherche ont été présentés dans quatre chapitres et 

peuvent être tirés comme suit. 
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8.5. Remarques sur les Conclusions 

Les conclusions et discussions rapportées dans les trois articles (chapitres) ont été faites pour des 

spécimens spécifiques avec des variables structurelles particulières. Les conclusions individuelles 

de ces articles sont généralisées et classées dans les points suivants. 

8.5.1. L'effet de la simulation d'un environnement subtropical et marin 

sévère sur les performances structurelles et de durabilité des pieux 

hybrides et GFRP-RC sous une charge concentrique. 

 Aucun changement microstructurel/thermique considérable (c'est-à-dire aucune 

plastification de la matrice ou dégradation chimique) n'a été détecté par les images SEM et 

l'analyse DSC après 12 mois d'exposition à un environnement marin sévère. De plus, aucun 

décollement entre les barres/spirales GFRP et le béton environnant n'a été détecté par 

microscopie optique (OM). 

 Le comportement en compression axiale des pieux carrés et circulaires hybrides et GFRP-

RC n'est pas affecté par l'immersion dans un environnement marin simulé à 22 ou 60°C 

pendant 12 mois. En raison de l'augmentation de la résistance à la compression du béton, 

la capacité de compression ultime de vingt pieux RC vieillis à 22 ou 60°C se situait dans 

la gamme de 107-116% et 116-125% de la capacité de leurs homologues non conditionnés, 

respectivement. 

 Toutes les configurations transversales GFRP utilisées dans cette étude (spirales carrées, 

spirales circulaires, liens et cerceaux) ont une bonne efficacité pour confiner le béton et 

prévenir le flambage des barres d'acier ou GFRP dans les spécimens de pieux immergés 

dans l'environnement marin après 12 mois. 

 Le pas maximal de la spirale circulaire de 80 mm spécifié dans la clause 16.8.9.4 de la 

CSA (2019a) est suffisant pour maintenir la stabilité du noyau de béton et des barres 

longitudinales sous des capacités plus élevées jusqu'au sommet. 

 Les pieux circulaires immergés en GFRP-RC avec le pas de spirale dense (40 mm) ou son 

rapport volumétrique équivalent ont présenté une capacité de compression axiale résiduelle 
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plus élevée à la rupture, une plus grande efficacité de confinement et une ductilité plus 

élevée que leurs homologues confinés à un pas de 80 mm. 

 L'épaisseur de la couverture de béton fournie par l'AASHTO (2018a) et la CSA (2019a) 

est suffisante pour minimiser l'effet de l'humidité relative (HR) et de la température, ce qui 

permet de conserver une résistance à la traction plus élevée. 

8.5.2. Réponse axiale de pieux RC en matériau de renforcement GFRP 

préconditionné en milieu marin pendant 12 mois avant la mise en place 

du béton.  

 Les résultats des tests d'analyse microstructurelle (SEM, DSC, FTIR) ont indiqué que les 

barres et les spirales en GFRP exposées directement à l'environnement marin sévère (60°C) 

pendant 12 mois n'ont pas montré de transformations significatives dans leurs propriétés 

thermiques, physiques ou chimiques qui peuvent être considérées comme une dégradation 

sévère. De plus, l'effet de l'environnement de conditionnement sur la résistance au 

cisaillement horizontal était minime et peut être négligé. 

 La réduction maximale de la résistance à la traction et à l'adhérence des barres GFRP 

soumises directement à l'environnement marin sévère (60°C) pendant 12 mois avant leur 

intégration dans le béton n'a pas dépassé 15% de la résistance ultime de leurs homologues 

vierges. 

 Malgré la réduction des propriétés mécaniques des barres GFRP exposées directement à 

l'environnement marin sévère (60°C) pendant 12 mois, il n'y a pas de différences 

significatives entre le comportement des pieux GFRP-RC constitués de ces barres et 

spirales et leurs homologues renforcés avec des barres et spirales vierges. 

 Le mécanisme de défaillance et le comportement contrainte-déformation des barres, 

spirales, cerceaux ou liens en GFRP pour les pieux carrés et circulaires en GFRP-RC ne 

sont pas affectés par le vieillissement du matériau de renforcement en GFRP pendant 12 

mois dans l'environnement marin simulé. 

 Même si les matériaux GFRP utilisés ont été exposés à un environnement marin à 60°C 

pendant 12 mois avant d'être intégrés dans le béton, l'augmentation du ratio de 

renforcement longitudinal ou l'utilisation d'un espacement plus faible des renforcements 
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transversaux pourrait améliorer la réponse en compression avant et après le pic des pieux 

RC. 

8.5.3. Résultats des analyses théoriques 

 L'utilisation du niveau de déformation en compression (2000με) dans l'estimation de la 

capacité nominale des éléments RC, comme spécifié dans CSA (2019a) a donné lieu à des 

prédictions précises. L'équation proposée a prédit avec précision la capacité axiale 

nominale des spécimens de pieux conditionnés et non conditionnés.  

 La négligence de la capacité de compression des barres de GFRP, comme dans les 

équations de conception de la CSA (2017), a sous-estimé de manière conservatrice les 

capacités axiales des spécimens d'essai. 

 Les équations de la CSA (2019a) et de l'AASHTO (2018a) donnent une capacité de 

compression axiale de conception conservatrice pour les pieux en GFRP-RC, que la 

contribution des barres en GFRP ait été prise en compte ou non. 

 Les facteurs de réduction pour les structures en GFRP-RC spécifiés dans CSA (2017), 

AASHTO (2018a) et CSA (2019a) ont donné des capacités de compression axiale 

inférieures à celles obtenues expérimentalement. 
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8.6. Recommandations pour les Travaux Futurs  

Les résultats prometteurs de cette étude motivent l'utilisation de barres/spirales GFRP comme 

renforcement interne dans les structures marines dans des environnements marins plus difficiles. 

Bien que le nombre de spécimens étudiés dans cette étude soit important, les spécimens ne 

couvrent pas tous les paramètres de durabilité. Cette étude devrait permettre d'orienter les 

recherches futures vers l'étude d'autres paramètres. Sur la base des résultats de la présente étude, 

des recherches supplémentaires sont recommandées pour couvrir les points suivants: 

1) Le système de pilotis et les piliers des ponts supportent continuellement des charges de 

compression axiale soutenues lorsqu'ils sont exposés aux circonstances environnementales 

naturelles. Par conséquent, des tests similaires de vieillissement accéléré en laboratoire en présence 

de charges de compression axiale soutenues sont recommandés pour comprendre la performance 

réelle de durabilité des pieux/colonnes en FRP-RC dans l'environnement marin. 

2) Les fondations des ponts sont vulnérables aux cycles de gel et de dégel en présence d'eau de 

mer pendant leur durée de vie. Par conséquent, un autre travail expérimental est recommandé pour 

étudier l'effet des conditions précédentes sur le comportement de poinçonnement en cisaillement 

des chapeaux de pieux renforcés avec des barres GFRP.  

3) Comme le polymère renforcé de fibres de basalte (BFRP) a été largement accepté comme 

armature interne dans le béton, il est recommandé d'effectuer d'autres tests de vieillissement 

accéléré en laboratoire sur des spécimens similaires à ceux étudiés dans cette étude, mais en 

utilisant des barres et des spirales BFRP. 

4) Des durées d'exposition plus longues sont recommandées pour comprendre de manière 

exhaustive la durabilité à long terme et la performance structurelle des barres/spirales en GFRP 

dans l'environnement marin. 
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