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ABSTRACT 

Corrosion damage is recognized as a crucial factor for existing concrete bridge girders and 

corresponding consequences are significant. A promising solution has recently been proposed 

using posttensioned (PT) concrete-filled fiber-reinforced polymer (FRP) tubes (CFFTs) to 

effectively improve the performance of new concrete structures. Despite this system 

demonstrated benefits in terms of improving structural behavior, there still is a lack of 

research, including the functional reliability of posttensioned rectangular CFFT members. 

Moreover, there are no code provisions for the flexural design of PT rectangular CFFT 

members. To achieve their broad-based implementation in civil infrastructures, understanding 

of their flexural behavior is essential. This study presents the results of a comprehensive test 

program that was aimed at investigating the flexural behavior of rectangular CFFT beams 

posttensioned with unbonded steel tendons to address the knowledge research gaps in this 

field. The tests intend to simulate a number of design parameters, which are mainly governed 

by flexural loading. Fifteen full-size beams with internal steel bars were tested, including 

thirteen PT CFFTs and two PT concrete beams along with one non-PT CFFT from the 

literature for comparison. The investigated parameters are i) GFRP tube thickness ranged from 

6.0 mm to 12.3 mm; ii) Tube fiber structural laminate; iii) Tube confinement versus steel 

stirrups; iv) Number of prestressing tendons and level of prestressing; v) Concrete 

compressive strength [(normal and high strength concrete (NSC and HSC)]; vi) Total 

reinforcement index; vii) Attaching a thin Carbon FRP-laminated embedded in tension flange 

and its ratio; and viii) Loading scheme (static and cyclic). Moreover, an analytical study was 

conducted to develop a model to predict the ultimate strength of prestressed CFFT members. 

The model is based on strain compatibility and force equilibrium, which account for the 

material constitutive relationships for FRP tube laminates, steel strands, and non-linearity of 

concrete. The accuracy of the proposed model is also verified against the experimental results. 

Finally, a new design equation, as an extension to AASHTO (2012) equation, is also 

established based on a regression analysis of the test results to predict the ultimate flexural 

capacity of the tested beams, which significantly impacts the design practice of such members. 

The experimental results demonstrated the feasibility and construction of rectangular CFFTs 

posttensioned with steel tendons. The test results indicated that rectangular CFFT beams 

prestressed with unbonded steel strands could effectively replace conventional members made 

from traditional materials or identical rectangular CFFT without prestressing, in terms of 

similar or better structural performance. The flexural behavior of the tested PT CFFT beams is 

highly depended on the FRP tube confinement, laminate, thickness, and attaching a thin 

Carbon FRP-laminated embedded in tension flange, and to a much less extent, on the 

magnitude of the prestress level, the number of strands, concrete strength, and loading scheme. 

Furthermore, it was found that neglecting concrete confinement in the proposed model highly 

underestimates the flexural strength. The promising results of this study can provide the 

impetus for constructing a new sustainable and high-performance hybrid structural rectangular 

PT CFFT elements.  

Keywords: Bridge; Posttensioned; CFFT; FRP; Flexural Loading; Confinement; Cyclic; 

Prestressing Tendon; NSC; Beams; Deterioration; Filament-winding; and HSC.  
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RÉSUMÉ 

Les dommages des infrastructures en béton dus à la corrosion représentent un facteur crucial 

pour les poutres de pont en béton et les conséquences associées à ces dommages sont très 

importantes. Malgré les avantages évidents de ce système en termes d'amélioration du 

comportement structural et de durabilité, il y a encore un grand manque de données 

expérimentales et de modélisation, y compris la faisabilité fonctionnelle des éléments tubes en 

polymère renforcé de fibres (PRF) et remplis de béton (TPRB) rectangulaires PC. De plus, il 

n'y a pas de normes pour la conception en flexion de ces éléments. Pour parvenir à la mise à 

l’échelle et à l’introduction de ces éléments TPRB dans les infrastructures civiles, la 

compréhension et la modélisation de leur comportement en flexion est indispensable. 

Étant la toute première étude expérimentale sur le sujet, cette étude présente les résultats 

d'un programme expérimental visant à étudier le comportement en flexion des poutres TPRB 

rectangulaires PC (avec des tendons en acier post-tensionnés) pour combler la lacune de 

recherche susmentionnée. Le programme expérimental vise à simuler un certain nombre de 

paramètres de conception des TPRB-PC. Treize poutres (à échelle réelle, incorporant des 

barres d’armature en acier) dont douze TPRB rectangulaires PC, deux poutres en béton armé 

conventionnel et PC et une poutre TPRB sans post-tension (pour comparaison) ont été testées. 

Les principaux paramètres étudiés sont : (i) l'épaisseur du tube GFRP variant de 6,0 mm à 12,3 

mm; (ii) l’orientation et l’empilement des couches des fibres dans les  tubes ; (iii) le 

confinement par des tubes par rapport aux étriers en acier dans les poutres conventionnelles; 

(iv) le nombre de tendons et le niveau de précontrainte ; (v) la résistance à la compression du 

béton [béton normal (BO) et béton à haute résistance (BHP)] ; (vi) l'indice de renforcement 

total; (vii) l’effet de l’intégration d’une fine lamelle de carbone en PRF dans une la zone  

tendue du tube en PRF; et (viii) type de chargement (statique et cyclique). De plus, une étude 

analytique a été menée afin de développer un modèle permettant de prédire la force ultime des 

éléments TPRB-PC. Le modèle est basé sur la compatibilité des contraintes et l'équilibre des 

forces, qui tiennent compte des relations constitutives des matériaux (laminés de tubes FRP, 
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tondons d'acier, et la non-linéarité du béton). La précision du modèle proposé est également 

vérifiée par rapport aux résultats expérimentaux. Enfin, une nouvelle équation de conception, 

en tant qu'extension de l'équation de l'AASHTO (2012), est également établie (sur la base 

d'une analyse de régression des résultats expérimentaux) pour prédire la capacité de flexion 

ultime des poutres TPRB-PC testées, ce qui pourra avoir un impact significatif sur la pratique 

de conception des éléments TPRB-PC.  

Les résultats expérimentaux ont démontré la faisabilité des éléments TPRB PC avec des 

tendons d'acier. Les résultats ont ainsi indiqué que les poutres TPRB PC peuvent 

effectivement remplacer les éléments conventionnels fabriqués à partir de matériaux 

traditionnels ainsi que les TPRB sans pré ou post-tension, tout en démontrant des 

performances structurales nettement supérieures. Le comportement en flexion des poutres 

TPRB -PC testées dépend fortement du confinement des tubes en PRF, de la séquence 

d’enroulement et de l’orientation des fibres, de l'épaisseur et de l’intégration d'une mince 

couche de laminé en PRF de carbone et, dans une moindre mesure, de l'ampleur du niveau de 

post-tension, du nombre de torons, de la résistance du béton et du type de chargement. En 

outre, il a été constaté que le fait de négliger l’effet de confinement du béton dans le modèle 

proposé sous-estime fortement la résistance en flexion. Les résultats prometteurs de cette étude 

peuvent promouvoir la construction des structures hybrides (faites à partie des TPRB 

rectangulaires PC) plus durables et plus performantes. 

Mots clés : Pont; post-tension; polymères renforcés de fibre (PRF); capacité de flexion; 

confinement; chargement cyclique; tendon de précontrainte; béton à haute performance (BHP) 
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CHAPTER 1  

           INTRODUCTION 

1.1 Context and Problem Definition 

The deterioration in concrete structures due to corrosion of steel reinforcements is one of the 

major challenges facing the construction industry. Currently, many bridges in the United 

States, Canada, and Europe are approaching the end of their design life, and some bridges are 

showing major signs of structural damage such as corrosion of steel reinforcements and large 

cracks. This is due to their high level of exposure to environmental factors. According to the 

2017 Report Card for America’s infrastructure, nearly 1/11 of the 614,387 bridges in the 

National Bridge Inventory were classified as structurally deficient (ASCE 2017). Of this total, 

more than 108,000 were prestressed concrete (PC) bridges (NACE International 2012). 

Therefore, a substantial number of bridges are in need of replacement or structural 

strengthening to extend their service life. 

Fiber-reinforced polymer (FRP) has been identified as a potential solution to the 

dominant deterioration problems of the aging infrastructure. One promising solution to 

mitigate the corrosion problem in the new bridges is to utilize the concept of concrete filled 

FRP tubes (CFFTs). The FRP tube provides the stay-in-place formwork, protective jacket, and 

shear and flexural reinforcements. The innovative concept has already been successfully used 

as bridge piles and pier columns (Mirmiran and Shahawy 2003; Pando et al. 2003) and bridge 

girders (Zhao et al. 2000). The latter application used in the Kings Storm Water Channel 

Bridge girders in Riverside County, California and in the I-5 Gilman Bridge across the 

University of California, San Diego campus in La Jolla, California (Seible et al. 1999). The 

system has proven to be practical and durable; however, challenges remained due to the 

relatively low flexural stiffness of the system, which results in large deflections under service 

loads. To address this challenge, additional work has followed to enhance flexural stiffness by 

introducing prestressing (Fam and Mandel 2006). Unlike steel reinforcement, prestressing 
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steel is stressed and causes a compression force within the concrete, which activates the 

confinement mechanism induced by the FRP tube. This would lead to preventing cracking and 

increase the structure’s capacity. 

To date, limited studies have been reported in the literature to investigate the effect of 

prestressing on the behavior of CFFTs under flexural loading. Mirmiran and Shahawy (1999) 

found that the partial prestressing can enhance the flexural performance of the CFFT beams at 

service loads. Fam and Mandel (2006) showed that prestressing is not only improving the 

strength and serviceability of the prestressed CFFT beams system, but it is also activating the 

confinement mechanism of the concrete core restrained by the FRP tube. ElGawady et al. 

(2010) found that the precast PT-CFFT columns can effectively resist lateral cyclic forces and 

were capable of undergoing large nonlinear displacements without experiencing significant or 

sudden loss of strength. Hamedani (2014) investigated the feasibility of hybrid FRP-concrete 

bridge truss system. This system is composed of concrete deck slabs composite with precast 

PC truss girders, consisting of pre-tensioned top and bottom chords connected by vertical and 

diagonal truss members made of CFFTs. The advantages of this system include reduced self-

weight and enhanced durability. The tests showed excellent performance of the truss girder 

system in terms of strength and stiffness under static and fatigue loading. Generally, these 

studies have confirmed the excellent structural behavior of PT CFFT members. Despite the 

system demonstrates benefits in terms of improving structural behaviour and ductility, there is 

still a lack of research, including the functional reliability of rectangular PT CFFT members. 

For such systems to compete with traditional alternatives, the feasibility of PT CFFT beams 

needs to be developed and examined. Hence, a thorough understanding of the flexural 

response of PT CFFT is warranted.  

1.2 Research Significance 

The sustainable performance of built environment is a critical consideration from 

socioeconomical perspectives. This study will have a significant impetus for the development 

of new structure members, which are mainly governed by flexural loading, such as girders in 

bridge and marine structures, out of materials that are durable, light, and easy to fabricate and 

install. Besides, the potential savings in life-cycle costs due to increased durability, bridge 

girders fabricated from composite materials and posttensioned would be significantly lighter, 
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thereby affecting savings in substructure costs, enabling the use of higher live load levels by 

offsetting the higher dead weight of conventional girders, and giving designers the potential of 

longer unsupported spans. That is, posttensioned (PT) CFFT beams could be a major enabling 

technology towards sustainable civil infrastructures. As, to date, only a few studies have been 

reported in the literature investigating the effect of prestressing on the behavior of circular 

CFFTs, with no studies on prestressed rectangular CFFTs. Given that rectangular cross-

sectional are extensively used in construction due to erection speeds and easy feasibility to 

create composite action with other members such as bridge decks and columns, additional 

studies to better understand and predicate the flexural moment capacity of PT rectangular 

CFFTs are of significant interest. To contribute towards this end, an extensive research 

framework was taken in this research program to elucidate the behaviour of PT CFFT beams 

under flexural monotonic static and cyclic loading. The data is important to develop robust 

analytical and numerical models for PT CFFT beams. Design recommendations are also 

provided to promote the state-of-the-art PT CFFTs technology for bridge and marine 

applications.  

1.3 Research Originality and Objectives  

Hybrid members such as CFFTs provide an effective system for many special types of 

structural applications such as piles, piers and bridge girders. The system provides an excellent 

alternative to conventional reinforced concrete or steel components in corrosive environments, 

especially tidal zones for marine piles and splash zones for highway accoutrements, where 

deicing salts, are used. A comprehensive research project launched at the University of 

Sherbrooke to develop and evaluate the flexural behavior of rectangular CFFT beams with and 

without posttensioning (PT). The first phase of this project was completed by Abouzied 

(2016). Examination of the test results in this phase led to a number of significant conclusions 

in regard to the flexural performance and strength of rectangular reinforced concrete fully and 

partially-CFFT beams without prestressing. Besides, the quality control of tubes’ fabrication 

has been confirmed by replicating the specimens, which results in comparable test results. The 

second phase of this project is presented herein to assess the flexural performance of 

rectangular CFFT beams posttensioned with steel tendon to effectively upgrade or improve the 

performance of CFFT members. The primary objectives of the present study are to investigate 
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the construction feasibility of rectangular PT CFFT beams and to provide a thorough 

understanding of the flexural response of PT CFFTs and compare their behavior with CFFT 

without prestressing and PT concrete beams under flexural loads. The specific objectives are 

as follows:  

1. To determine the enhancement in strength, stiffness, ductility, as well as failure modes 

of PT CFFTs, tested under four-point bending compare to CFFT without prestressing 

and PT concrete beams manufactured with steel stirrups instead of FRP tube. 

2. To investigate the effects of different investigated parameters i.e. FRP tube thickness, 

FRP tube confinement versus steel stirrups, total reinforcement index, tube structure 

laminate, prestressing level and ratio, concrete strength, loading scheme, and attaching 

a thin Carbon FRP-laminated in tension flange and its ratio on the behaviour of PT 

CFFT beams.  

3. To develop a nonlinear analytical model to predict the flexural capacity of PT CFFT 

tested beams. 

4. To propose a simplified design equation to predict the ultimate flexural capacity of 

rectangular PT CFFT tested beams.   

5. To establish design recommendations on PT CFFT beams for bridge applications.  

1.4 Methodology  

In order to achieve these objectives, experimental and analytical programs are stipulated. 

The experimental program includes constructing and testing of sixteen large-scale beams. 

Thirteen PT CFFTs, two PT NSC and HSC beams, and one non-PT CFFT from the literature 

used for comparison are tested under four-point bending. All beams had 3,300 mm-long and 

305 mm × 406 mm cross-section. The tests intend to simulate a number of field applications, 

which are mainly governed by flexural loading. The test parameters are: i) GFRP tube 

thickness ranged from 6.0 mm to 12.3 mm; ii) Tube fiber structural laminate; iii) Tube 

confinement versus steel stirrups; iv) Number of  prestressing tendons and level of 

prestressing; v) Concrete compressive strength (NSC and HSC); vi) Total reinforcement 

index; vii) Attaching a thin Carbon FRP-laminated embedded in tension flange and its ratio; 

and viii) Loading scheme (static and cyclic). The analytical study comprised of two parts. The 
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first part aims at developing a nonlinear model to predict the ultimate flexural strength of PT 

CFFT tested beams subjected to bending loading. The model is based on strain compatibility 

and force equilibrium accounting for the material constitutive relationships for FRP tube 

laminates, steel strands, and non-linearity of concrete. A perfect bond is assumed between the 

concrete and tube. The accuracy of the proposed model is verified against the experimental 

results. Finally, a simplified design equation, as an extension to AASHTO (2012) equation, is 

also established based on a regression analysis of the test results to predict the ultimate 

flexural capacity of the tested beams, which can be an easy tool for engineers to design PT 

CFFT members. 

1.5 Organization of the Dissertation 

This dissertation consists of eight chapters. The following is a brief description of each 

chapter: 

Chapter 1: This chapter defines the problem and summarizes the main objectives and 

originality of the research program. The methodology undertaken to achieve these objectives 

is also emphasized. 

Chapter 2: This chapter provides general information on the FRP composites materials and 

their characteristics. The chapter also presents background and review on FRP manufacture 

prosses, prestress techniques, and comprehensive literature review related to previous research 

on prestressed CFFTs as well as the most significant parameters affecting the flexural 

behaviour of CFFTs beams. 

Chapter 3: This chapter describes the proposed experimental research framework that was 

taken in this research program at the Université de Sherbrooke. In this chapter, details of test 

specimens, test setup, and instrumentation as well as detailed characteristics of the materials 

used in this research program are presented. 

Chapter 4: This chapter presents the first paper in this dissertation entitled “Effect of concrete 

strength and tube thickness on the flexural behavior of prestressed rectangular concrete-filled 

FRP tubes beams”. The paper investigates the feasibility and efficiency of prestressing on 

CFFT beams. The effects of the confinement using GFRP tube or steel stirrups, the concrete 
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compressive strength, and the FRP tube thickness are highlighted. The chapter lays the 

foundation for future studies on the structural behaviour of PT CFFT beams. 

Chapter 5: This chapter presents the second paper in this dissertation entitled “Flexural 

performance of unbonded post-tensioned rectangular concrete-filled FRP tube beams”. Eight 

PT beams are presented. The main parameters are the effect of prestressed reinforcement, the 

GFRP tube, the tube thickness, the magnitude of the prestress level, and the number of strands. 

Examination of the test results in this paper has led to a number of significant conclusions in 

regard to the flexural performance and strength of rectangular CFFT beams posttensioned with 

steel tendons. The test results of this research have contributed to better understanding 

experimentally and analytically the flexural behavior of rectangular PT CFFT beams.  

Chapter 6: This chapter presents the third paper in this dissertation entitled “Flexural behavior 

of post-tensioned normal and high strength concrete-filled FRP tubes (CFFTs)”. A total of 

eight PT CFFTs and two PT concrete beams, serving as control specimens, are tested up to 

failure under four-point static monotonic and cyclic loading. The tests are performed to 

evaluate the effectiveness of prestressing on CFFT beams constructed with NSC and HSC 

under different loading regimes. The results provide a more detailed understanding of the 

structural behavior of PT rectangular CFFTs constructed with NSC and HSC. The paper also 

establishes design provisions for engineers in designing rectangular CFFTs under flexural with 

and without prestressing. 

Chapter 7: This chapter presents the fourth paper in this dissertation entitled “Effect of tube 

laminate and tensioned carbon-FRP strips on flexural response of prestressed rectangular 

CFFT beams”. This chapter highlights the effect of the tube structural laminates, total 

reinforcement index ratios, and attaching a thin Carbon FRP-laminated embedded in tension 

flange and its ratio on the response of the PT CFFT beams. An analytical model is also 

developed to predict the ultimate flexural strength of the tested beams. 

Chapter 8: A summary of this investigation is given in this chapter. The chapter also presents 

the general conclusions drawn from the work presented in this dissertation. Recommendations 

for future research are also given. 
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CHAPTER 2                                        

LITERATURE REVIEW 

2.1 General 

Fiber-reinforced polymer (FRP) composites have received much attention in the construction 

industry. High strength-to-low weight ratios, excellent chemical corrosion resistance, and 

electromagnetic neutrality have made the FRP composites a suitable candidate in different 

construction applications. One promising innovative structural system is concrete-filled FRP 

tubes (CFFTs), which provide many unique advantages. The FRP tubes offer multiple 

advantages of light and effective stay-in-place formwork, protective jacket, weathering and 

chemical attacks, efficient and durable transverse confinement reinforcement with the ability to 

generate high lateral confinement pressure, which can enhance both the strength and ductility 

of concrete (Idris and Ozbakkaloglu (2014); Nghiem et al. (2018), Abouzied and Masmoudi 

(2015; 2016); and Masmoudi and Abouzied (2018); Ahmed and Masmoudi (2018); Ahmed et 

al. (2018), etc.].). The driving force for these applications has been a strong demand to reduce 

the construction time, accelerate the construction process, and eliminating or reducing the risk 

of steel corrosion (ElGawady et al. 2010). Under flexural loading, CFFTs are capable of 

matching the bending strength of conventional reinforced and prestressed concrete members. 

However, they lack flexural stiffness after cracking due to the low modulus of the FRP tubes. 

One way to overcome this shortcoming is to introduce longitudinal prestressing, which will 

also activate the confinement mechanism induced by the FRP tube and would lead to 

considerable enhancement of stiffness (Fam and Mandal 2006).  

As, to date, only a single experimental study has dealt with the flexural behavior of 

prestressed circular CFFTs (Fam and Mandal 2006) and no study has reported on the flexural 

behavior of prestressed rectangular CFFTs. Given that rectangular beams or girders are used 

extensively in civil construction, additional studies to better understand and be able to model 

the flexural response of prestressed rectangular CFFTs beams are of significant interest. To 

contribute towards this end, this study presents the first experimental study on the flexural 

behaviour of prestressed rectangular CFFTs. The study is aimed at investigating the influence 
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of key parameters on the flexural behavior of prestressed rectangular CFFTs such as 

prestressing reinforcement ratio and level, FRP tube thickness and structure laminate, concrete 

compressive strength, etc. 

This chapter presents a brief information on the FRP materials and their characteristics 

as well as a brief background on FRP manufacture methods and prestressing techniques. 

Previous research conducted on circular, square, and rectangular CFFTs with and without 

internal rebar or prestressed reinforcement under bending or combined bending and axial loads 

(monotonic or cyclic) are also included. 

2.2 FRP Composite Materials 

“FRP” is an acronym for fiber-reinforced polymers. The term composite material is a 

generic term used to describe the combination of two or more materials, which yield a product 

that is more efficient from its strength. The fibers provide the tensile strength, which are 

embedded in the matrix. The matrix provides protection and support for the sensitive fibers as 

well as local stress transfer from one fiber to another. The matrix, such as a cured resin-like 

epoxy, polyester, vinyl ester, or other matrix acts as a binder and holds the fibers in the 

intended position, giving the composite material its structural integrity by providing shear 

transfer capability. Three FRPs are commonly used (among others): composites containing 

glass fibers are called glass fiber-reinforced polymers (GFRP); those containing carbon fibers 

are called carbon fiber-reinforced polymers (CFRP); and those reinforced with aramid fibers 

are referred to as aramid fiber-reinforced polymers (AFRP). GFRPs are the most inexpensive 

compared to the other commercially available FRPs, consequently the most commonly used 

fibers in structural engineering applications. Moreover, the latest FRP composite is namely 

Basalt FRP (BFRP), which has developed within the last ten years and has higher tensile 

strength than E-glass fibers but lower than S-glass; however, its cost is near the cost of E-glass 

(Zhishen et al., 2012). 

Typical stress-strain relationships of different FRPs compared to steel relationship are 

shown in Figure 2.1. FRP is linear elastic up to final brittle rupture when subject to tension 

while steel shows an elastic-plastic region. These curves give a clear contrast between the 

brittle behaviour of FRP composite and the ductile behaviour of steel. The fundamental 

difference between steel and FRP materials is due to the stress-strain behaviour of steel, which 
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after the initial linearly elastic phase displays the yielding plateau. Therefore, after reaching 

the maximum value corresponding to the yielding stress, the confinement pressure remains 

constant (neglecting strain hardening). 

 

Figure 2.1: Typical stress-strain relationships of different FRPs compared to steel bars 

(Zhishen et al. 2012) 

2.3 Manufacturing Processes of FRP Composites   

Improving manufacturing technology is the greatest challenge today in the filed of 

composites. When composites are chosen for an application principally because of their 

properties, it is natural that the manufacturing methods would be chosen to optimize those 

properties. The earliest method of making composites was by manual layup, where each layer 

of the composites is put manually one above the other to produce the final layout. This 

consumes much time and needs a lot of skilled labor. This method was made easier using 

prepregs, which are fibers pre-impregnated with resin. Major advantages of the manual set up 

are that it has high versatility, but the accuracy is dependent on the skill of the worker and can 

yield goods with high volume fractions. Its major disadvantages are that it is slow, yields low 

production rates and there are health and safety issues, such as physical contact with the resin 

and its fumes [Taheri 1996].  
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2.3.1  Pultrusion Process 

Pultrusion is an automated continuous composite manufacturing process. The major 

application of the pultrusion process is in the fabrication of composite parts that have a 

prismatic cross section profile. Pultrusion process is suited ideally for mass scale production. 

In this process, fibers are pulled through a resin bath to coat the reinforcement with the resin. 

Then excess resin is removed, as fibers are passed through heated die. Die completes the 

curing of the resin and controls the shape of the section. The major advantages of the 

pultrusion process are its capability to produce in high volume and being a very highly 

automated process. Its major disadvantages are the expensive die costs and its inability to 

produce products non-prismatic geometries [Hazra 2011].  Figure 2.2 shows a schematic of 

pultrusion process. 

 

Figure 2.2: Schematic of pultrusion process [http://mdacomposites.org] 

2.3.2  Resin Transfer Molding (RTM) Process 

In this process, layers of fibers or prepregs are placed between male and female molds, 

and then they are pressurized and injected with resin. The resin is injected to fill all voids 

within the mold and thus penetrates and wets all surfaces of the reinforcing materials. A wide 

variety of reinforcement materials can be used. This process offers low waste and reduces 

machining cost of the finished product. The process can be automated. The major limitations 

of this process are manufacturing of complex shapes requires many trials, errors to ensure 
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proper wetting, and the mold designing is complex [Hazra 2011]. Figure 2.3 shows the 

schematic of RTM process. 

 

Figure 2.3: Schematic of RTM process [http://mdacomposites.org] 

2.3.3  Vacuum Assisted Resin Transfer Molding (VARTM) Process 

Conceptually, this process is similar to RTM, but it is different on many accounts. First, 

VARTM is a single side process under a sealed enclosure and instead of the positive pressure 

used in RTM, vacuum is applied to the mold and sucked into the fabric-fiber. In this process, 

wetting of the fiber is dependent on the permeability of the preformed laminate and 

architecture of the fiber. Viscosity of the resin has to be low. This process is very safe from 

health hazard point of view as the entire system is under vacuum and can yield very high-

quality products. Typical applications of VARTM include production of train seats, marine, 

complex aircraft and automotive parts [Hazra 2011]. Figure 2.4 shows a schematic of VARTM 

process. 
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Figure 2.4: Schematic of VARTM process [http://mdacomposites.org] 

2.3.4  Compression Molding Process 

Compression molding process is used in manufacturing sheet molding compound 

composites and bulk molding compound. This process consists of three stages, namely 

charging, compressing and ejecting. The material to be molded is preheated and placed in a 

mold in the charging stage. Then pressure and additional heat is applied in the compression 

stage. Finally, the finished product is removed from the mold after sufficient curing time. 

Major applications of the compression moldings are automotive components such as fenders, 

bumpers, and leaf springs. The major disadvantages of this process are that it cannot produce 

long fiber composite parts and mold costs cannot be justified for low production volumes. 

Also, resins with high shrinkage rates can cause waviness, ripples, sink marks and rough 

surfaces on the product [Hazra 2011]. 

2.3.5  Filament Winding Process 

Filament winding is a type of composite manufacturing process, where controlled 

amount of resin and oriented fibers are wound around a rotating mandrel and cured to produce 

the required composite part. It was initially used to produce pressure vessels, water and 

chemical tanks. The development stage of filament winding goes back to dry wire winding of 

rocket motor cases, which requires reinforcement. Today, the applications include aircraft 

fuselages wing sections, helicopter rotor shafts, high-pressure pipelines, sports goods and 

structural applications of all types [Balya 2004]. The major advantages of the winding process 

are that filament winding machines are computer numerically controlled machines, highly 

automated and may be setup and operated in a matter of minutes, and capable of producing 

accurate repetitive fiber orientation. Moreover, it uses continuous lengths of fibers. Hence, 
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sections with very high strength-to-weight and stiffness-to-weight ratios can be manufactured 

[Mallick 2007]. However, the process has some limitations such as difficulty in placing fibers 

parallel to the axis of the mandrel, high mandrel cost, and special treatment on the external 

mandrel surface needed to ensure evenness. One primary tool used in the filament winding 

process is a precision ground mandrel that the fiber and resin are wound upon it. The mandrel 

is supported horizontally between a head and tail stoke. The tail stoke is free, but head stoke is 

driven by required angle and speed, using a computer program. As the mandrel rotates, a 

carriage travels along the mandrel and delivers fiber with a given position and tension. 

Carriage motion is also controlled by the computer in connection with head stoke rotation.   

Fibers pass through a resin bath after tensioning system and gets wet before winding 

operation. When a pre-impregnated fiber or prepreg is used, wetting is not performed. 

Tensioning system is an important part of filament winding. This importance gets critical 

when winding at high angles. Since tension changes the friction force between fiber and the 

mandrel, it should be kept at a certain value during winding operation. Fiber tension also 

affects the volumetric ratio of composite at a given point. Excessive resin, due to a low 

tension, can result in decreased mechanical properties. Therefore, tensioning systems should 

be capable of rewinding a certain value of fiber. This condition occurs when fiber band 

reverses at the end of tube, while winding at low angles. Wetting can be done by two 

commonly used bathing types; drum bath and dip bath. Drum bath provide less fiber damage 

than dip bath. This is especially important when using carbon fibers. On the other hand, dip 

bath provides a better wetting action and mainly used with aramid or glass fibers. If fibers are 

not wetted in a desired way, air bubbles can be trapped between them and can cause voids in 

the composite part. Therefore, drum baths can be heated for a better wetting action. Lowering 

resin viscosity, reducing fiber speed, and increasing fiber path on the drum are other methods 

used for better wetting action. If heated resin is to be used, dip baths are preferred since drum 

surface cools as it leaves the resin bath.   

The rotating mandrel can be a part of the produced composite part (a pressure vessel) or 

can be removed from the composite part. If it will be removed, a press should be used for 

removing. All mandrels, which will be removed, should have low thermal expansions in order 

to reduce residual stresses after curing action. In addition, surface finish is an important point, 

since an interface between the composite part and the mandrel is generally not permitted. If a 
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concave part is needed on the filament-wound part, a female mold can be used. In addition, 

excessive wet fiber can be used in order to fill the concave parts. Metal or composite parts can 

be mounted on mandrel in order to guide winding action such as pinrings or end-domes, which 

must be removable or collapsible. Sharp edges should be avoided in order not to cut fibers. 

Winding angle is the angle between the fibers and a line on the mandrel surface, which is 

parallel to mandrel axis. A maximum value, which is close to 90o, can be approximated. Very 

low winding angle values need some arrangements at the ends of the mandrel, such as pin-

rings [Balya 2004].  Figure 2.5 shows a schematic of the filament winding machine. 

 

Figure 2.5: Schematic of filament winding machine [http://mdacomposites.org] 

2.4 Prestressed Concrete 

Prestressed concrete is a type of reinforced concrete in which the steel reinforcement has 

been tensioned against the concrete. This tensioning operation results in a self-equilibrating 

system of internal stresses (tensile stresses in the steel and compressive stresses in the 

concrete) which improves the response of the concrete to external loads. While concrete is 

strong and ductile in compression it is weak in tension, and hence its response to external 

loads is improved by applying a precompression. The basic concept of reinforced concrete, for 

both prestressed and non-prestressed construction, is that steel reinforcement is placed in those 

locations of a structure where tensile stresses will occur. In prestressed concrete construction, 

high strength reinforcement is used, and this reinforcement is tensioned prior to the application 
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of external loads. This initial tensioning of the reinforcement precompresses the surrounding 

concrete, giving it the ability to resist higher loads prior to cracking.   

The prestressing operation is subdivided into two classifications, pretensioning and post-

tensioning. In pretensioning the tendon is tensioned prior to casting the concrete, while in 

post-tensioning the tendon is tensioned after the concrete has been cast. 

2.4.1  Pretensioning Technology 

The first step in pretensioning is the stressing of high-strength steel tendons between the 

abutments of a pretensioning bed (see Figure 2.6 a). The concrete is then placed in the 

formwork. After the desired concrete strength has been reached, the tendons are detensioned 

and the member becomes prestressed (see Figure 2.6 b & c) 

 

(a) 

 

(b) 

 

(c)  

Figure 2.6: Stages of pretensioning, (a) Applying tension to tendons, (b) Casting of concrete, 

(c) Transferring of prestress.    

Pretensioning is a common prefabrication technique, where the resulting concrete 

element is manufactured remotely from the final structure location and transported to site once 

cured. It requires strong, stable end-anchorage points between which the tendons are stretched. 

https://en.wikipedia.org/wiki/Prefabrication
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These anchorages form the ends of a "casting bed" which may be many times the length of the 

concrete element being fabricated. This allows multiple elements to be constructed end-on-end 

in the one pre-tensioning operation, allowing significant productivity benefits and economies 

of scale to be realised for this method of construction. The amount of bond (or adhesion) 

achievable between the freshly set concrete and the surface of the tendons is critical to the pre-

tensioning process, as it determines when the tendon anchorages can be safely released. 

Higher bond strength in early-age concrete allows more economical fabrication as it speeds 

production. To promote this, pre-tensioned tendons are usually composed of isolated single 

wires or strands, as this provides a greater surface area for bond action than bundled strand 

tendons.  

2.4.2  Posttensioning Technology 

The first step in producing a post-tensioned member is to place the reinforcing cages and 

the post-tensioning ducts in the formwork. After the casting and curing of the concrete, the 

tendons are tensioned and anchored using special post-tensioning jacks that react against the 

member. Unless unbounded tendons are being used, the duct then grouted to complete the 

post-tensioning operation. Figure 2.7 shows the post-tensioning technic.  

 

Figure 2.7: Post-tensioning of the member 

In the bonded tendon, the grout bonds the tendon to the surrounding concrete and 

provides corrosion protection for the tendon. The unbonded tendon is attached to the concrete 

only at its end anchors. Corrosion protection for the unbonded tendon is provided by grease-

filled plastic tubes and by special details at the anchorages. Unbonded tendons are often used 

in applications such as post-tensioned two-way slabs where the small duct diameter, the low 

friction between the strand and the greased duct. With the unbonded tendons, special attention 

is required to ensure that the strand is protected from corrosion, where it enters the end 

anchorages. Further, it may be necessary to place additional reinforcing bars to provide 

adequate crack control. Besides, unbonded post-tensioning differs from bonded post-

https://en.wikipedia.org/wiki/Adhesion
https://en.wikipedia.org/wiki/Surface_area


                                                                                                                                       Chapter 2: Literature Review  

 17 

tensioning by allowing the tendons permanent freedom of longitudinal movement relative to 

the concrete. Various proprietary post-tensioning systems are available. These systems differ 

in type of tendon that they employ, in the manner in which the tendons are tensioned, and in 

the anchorage devices which are used. There are four common types of tendon systems, 

monostrand tendons, single bar tendons, multi-wire tendons, and multi-strand tendons.  

The relative advantages of posttensioning compared to the pretensioning are the 

flexibility in design for modern architectural building as well as it did not require a pre-

stressing bed for the tensioning operation, thus allowing the tension process to start 

immediately when the concrete attains sufficient strength. Besides, an enough bond can be 

achieved by the end anchorages, not over the transmission length and the feasibility of 

replacing the prestressing tendons when they are damaged or failed. On the other hand, some 

of the relative disadvantages of posttensioning compared to pretensioning are the requirement 

of anchorage device and grouting equipment, the requirement of skilled and experienced 

workmanships as well as strong attention and frequent maintenance at end anchorage and 

tendons due to the corrosion problems.   

2.4.3 Prestress Losses 

The prestress losses for pretensioning and posttensioning can be calculated under the 

following three categories: losses at Jacking; losses at transfer, and time-dependent losses. 

2.4.3.1 Losses at Jacking 

Loss due to chuck slip (Δ fpCS): is calculated based on the difference between the final 

elongation of the strand and elongation before release of the hydraulic jack. The change in 

strain in the strand is calculated by dividing the difference in elongations, by the total length of 

the strand, L. The stress loss due to chuck slip Δ fpCS is calculated by multiplying this strain 

with the modulus of steel strand. 

Loss due to Relaxation of Steel (Δ fpR1) (for pretensioned only): is calculated based on the 

following equation suggested by PCI committee on Prestress Losses (1975) for low relaxation 

strand as: 

                

https://en.wikipedia.org/wiki/Geometric_terms_of_location
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              (Eqn. 2.1) 

Where t is time in hours, f ps is the jacking stress after loss due to chuck slip and f py is the 

yield strength of the steel strands, respectively. 

Loss due to Friction (Δ f FR) (for post-tensioned only): is calculated based on the following 

equation:     

                                                          (Eqn. 2.2) 

Where K and µ are the curvature and wobble coefficients, respectively, α is the change in 

angle between the force at the anchorage and the force at distance L in radian, for curved 

tendons. 

2.4.3.2 Losses at Transfer 

Loss due to Elastic Shortening (Δ fpES): is calculated by multiplying the change in strain in the 

tube, after transfer of prestress, measured with Demec gauge on the surface of the tube as well 

as on the surface of concrete, by the modulus of steel strands. 

2.4.3.3 Time-dependent Losses 

The time-dependent losses include loss due to relaxation of steel, loss due to creep and 

loss due to shrinkage. These losses are interdependent. The time-step method, which provides 

an accurate estimation of such losses, is adopted here, as outlined in Naaman (1982). In using 

the time-step method, the loss at time tj is calculated by accumulating the losses over a time 

interval of (tj, tj). The losses are assumed constant during a time interval and used to compute 

incremental losses during that interval. The lengths of these time intervals are normally not 

equal and generally vary with age of concrete. 

Loss due to Relaxation of Steel is calculated based on the following equation suggested by 

PCI committee on Prestress Losses (1975) during an interval of time (tj, t j): 

         (Eqn. 2.3) 

Where the time is in hours and f ps is the stress in the strand at time (ti) or (tj) during the 

time interval (ti, tj). 
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Loss due to Shrinkage: over a time, interval (tt, tj) can be calculated from equation (Eqn. 2.4) 

as suggested by ACI Committee 209 (1971) and is given by: 

               (Eqn. 2.4) 

Where, ɛsu, KSH, Kss and b are the ultimate shrinkage strain of concrete, correction factor 

for relative humidity (H), shape and size factor, and a parameter taken equal to 55 for steam-

cured concrete, respectively. The average value of ɛsu is given as 0.00078 for steam-cured 

concrete in ACI 209 R-92 Report and that of KSH is given by ACI Committee 209 (1971) as 

Km = 1.40-0.01H for 40% < H < 80%. The values of Kss depend on the volume-to-surface ratio 

and are taken as those suggested by PCI committee on Prestress Losses (1975) for simplicity. 

Loss due to Creep is calculated over a time interval (ti, tj), using the following equation as 

suggested by ACI Committee 209 (1971): 

                              (Eqn. 2.5) 

Where, np = Ec/Ep, Ec is calculated based on 4730*(fc
\) 0.5 given in the Code [ACI 318M- 

99/ACI 318RM-99]. At early stage, np is replaced by npi. Ccu, KCH, Kcs and KCA are the 

ultimate creep coefficient of concrete taken as 2.35, correction factor for relative humidity (H), 

shape and size factor, and factor for age at loading (tA). The values of KCH and Kca are given 

by KCH = 1.27 ─ 0.0067H and KCA =1.13 tA
-0.118, respectively, for H > 40% and for age at 

loading tA > 1 to 3 days. The values of Kss depend on the volume-to-surface ratio and are taken 

as those suggested by PCI committee on Prestress Losses (1975) for simplicity. f cgs(ti) is the 

stress in the concrete at centroid of the steel at time ti, due to prestress and dead load. Since, in 

the present study, the prestressing is carried out in a circular axi-symmetric pattern, the 

resultant eccentricity is zero and thus fcgs (tj) can be calculated as fcgs(ti) = fps(ti) Ap / Ac, where 

Ap and Ac are the areas of total prestressing steel and cross-sectional area of the PCFFT. 

2.5 Flexural Behaviour of Prestressed CFFTs 

Fam and Mandal (2006) investigated a total of five circular prestressed CFFT (PCFFT) 

specimens and one control specimen, manufactured with steel spiral reinforcement instead of 

FRP tube. Four PCFFTs were pre-tensioned, one was post-tensioned using unbonded strands, 
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and one conventional prestressed beam confined by steel spiral reinforcement were tested. 

Prestressing strands were oriented in a circular pattern symmetric about the tube’s longitudinal 

axis. The effective prestress varied between 4.8 MPa and 12.4 MPa. The specimens were 

tested in flexure, where they were unloaded and re-loaded three times at different load levels 

to establish the stiffness at various stages. The investigated parameters were the effect of 

prestress level, laminate structures of the FRP tubes, number of strands, and pretensioning (as 

compared to unbonded post-tensioning). The test results indicated that prestressing not only 

improves the flexural strength and serviceability of the system substantially but also activates 

a confinement mechanism of the concrete core restrained by the FRP tube. They found that the 

FRP tubes confine more concrete than the steel spirals and also contribute longitudinally as 

reinforcement, leading to significant enhancement of the members’ flexural strengths and 

energy absorption (see Figure 2.8). PCFFTs continued to gain load until rupture, while 

conventional concrete beam with steel spirals was plastic once the longitudinal steel yielded. 

Prestress level has no effect on stiffness before cracking and a very small effect on the moment 

capacity of PCFFTs; it does, however, affect cracking load and deflection after cracking 

significantly. Besides, the flexural strengths and stiffnesses of PCFFTs can be increased by 

increasing tube thickness, selecting tubes with more longitudinal fibers, or increasing the 

number of strands. Posttensioned unbonded beams were slightly less stiff after cracking and 

slightly lower in strength than pre-tensioned ones. 

 

Figure 2.8: Nominal load versus deflection behavior of GFRP tube compared with steel spiral 

[Mandal and Fam 2006] 
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A prestressed CFFT was also compared to a conventional CFFT (with a similar FRP tube 

and no internal reinforcement) from a previous study (Fam 2000). The comparison was 

conducted on the moment-curvature level, as shown in Figure 2.9, to overcome the difference 

in span. The comparison showed that the conventional CFFT had a substantially lower 

cracking strength and stiffness than the prestressed CFFT specimen. The stiffness of the CFFT 

was controlled by the FRP tube only and exhibited linear behaviour, while the prestressed 

CFFT specimen exhibited a trilinear behaviour. The linear portion before concrete cracking 

was followed by a second part between the cracking load and yielding load of the bottom 

strands. The stiffness of this portion was lower than the first part but still higher than that of 

the conventional CFFT. The stiffness of the third part, which was after yielding, was almost 

identical to that of the conventional CFFT. Therefore, it was concluded that prestressing 

extended the range of initial stiffness specimen by increasing the cracking load enhances 

stiffness after cracking but did not affect the slope of the moment-curvature response after 

yielding of the strands. 

 

Figure 2.9: Prestressed and regular CFFTs moment-curvature comparison (Mandel and Fam 

2006) 
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Booker (2008) and ElGawady et al. (2010) investigated the behaviour of four hybrid 

segmental columns consisting of precast PT CFFTs (PPT-CFFTs) under lateral cyclic loading. 

The test results showed that the PPT-CFFTs can effectively resist lateral cyclic forces. The 

PPT-CFFT columns were capable of undergoing large nonlinear displacements without 

experiencing significant or sudden loss of strength and achieved a drift of approximately 15% 

with no strength degradation. This was different from the reinforced concrete (RC) column 

which started to loss its strength at 12% drift. Generally, these studies have confirmed the 

excellent structural behavior of PT CFFTs. 

Zhu et al. (2003) investigated modular construction of a bridge pier system using CFFTs. 

Two precast modular frames were prepared at 1/6 scale of a prototype bridge pier. As shown 

in Figure 2.10 (a), each frame consisted of one RC footing, two circular CFFT columns, two 

CFFT beam-column joints, and one square CFFT interior beam. Three different types of 

connections were considered: male-female, dowel reinforced with or without embedment, and 

post-tensioning. A hydraulic jack was used to post-tension the pier cap beam units in both 

frames to 142 kN, equivalent to 3.4 MPa prestress in the 203-mm square section of Unit B of 

the cap beam. Loading was carried out in two separate phases: negative bending of the cap 

beam with two-point loads at the ends of edge beam, and positive bending with two-point 

loads near the mid span, as shown in Figure 2.10 (b). After testing of the two frames in 

negative and positive bending, the cap beams were cut from the frames and tested to failure in 

four-point bending. It was found that posttensioned joints exhibited the most robust and 

ductile behavior and were recommended. The male-female joints, even with dowel bars, 

lacked the necessary structural integrity in the frames. The study indicated that internal 

reinforcement is not necessary for CFFTs outside of the connection areas.  
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(a) Pier frame specimen and assembly process   (b) Test set up for pier frame specimen 

Figure 2.10: CFFTs for precast modular bridge pier system [Zhu et al. 2003] 

Mirmiran and Shahaway (1999) conducted a purely analytical study on partial 

prestressing of CFFTs, to further enhance their serviceability, strength and ductility. It was 

recommended that the effective prestress should be limited to 10 to 25 percent of unconfined 

concrete strength and that the tendon eccentricities should be limited to kern distances, to 

avoid tensile stress at the interface of concrete core and FRP tube, unless ribs or shear 

connecters are provided. A parametric study was also carried out. The FRP tube was treated as 

linearly elastic until failure and the confinement of concrete was modeled after the 

confinement model by Samaan et al. (1998). The model by Vecchio and Collins (1986) was 

also used to account for the tension stiffening. Their strain compatibility model was capable of 

generating the moment curvature response at various levels of axial loads and moment-thrust 

interaction diagram for prestressed CFFTs. The various parameters included FRP tube 

thickness, degree of prestressing, and eccentricity of prestressing tendons. It was found that 

prestressing increases the capacity in the tension control region of the interaction diagram but 

had almost no effect on the compression control region, as shown in Figure 2.11 (a). 

Prestressing also increases the initial slope of the moment-curvature response but has almost 

no effect on the second slope as illustrated in Figure 2.11 (b). It was also noted that partial 

prestressing substantially increases the section capacity, and under service loads, curvature and 
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deflection would be much lower for prestressed sections. No tests, however, were conducted 

on prestressed CFFTs by the authors to verify this model. 

Parvathaneni et al. (1996) proposed 317 mm diameter prestressed CFFTs as alternative 

piles. Tests were conducted at the laboratory and at marina site on prestressed CFFT and steel 

tube piles. Filament-wound GFRP tubes, 150 mm diameter, were used in laboratory testing. 

Compressive tests conducted on the CFFTs indicated that the concrete strength would increase 

by 6 to 8 times, due to confinement. CFFTs were also tested under sustained load by 

posttensioning, using 35 mm diameter dywidag bars, to produce a high prestress level equal to 

the unconfined compressive strength of concrete. Since the pile was subjected to bending and 

tensile stresses, it was decided to prestress the concrete to a higher compressive stress to take 

advantage of confined concrete and reduce the tensile stresses. The term “super prestressing” 

was adopted to describe the high level of prestress of the confined concrete. No significant 

creep was observed over one year. The CFFT tested in the field had a tube of 6.3 mm wall 

thickness and was 13.7 mm long. The 3-piece GFRP tube were spliced using short steel tubes. 

Three 35 mm diameter dywidag bars were used to produce an effective prestress of 31 MPa, 

close to unconfined concrete strength of 35 MPa. The pile was driven using conventional 

diesel hammer without any damage. The maximum dynamic strain recorded in the concrete 

was 1360 microstrains in compression, and no tensile stresses were induced. The pile was 

driven 7.62 m into the riverbed and was tested under a lateral load of 8.9 kN. The lateral 

deflection recorded was 33.5 mm. This was the only test reported by the authors about 

posttensioned CFFTs.  
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(a) Effect of partial prestressing on moment-thrust interaction   

 

 

  (b) Effect of partial prestressing on moment-curvature 

Figure 2.11: Behaviour of partially prestressed CFFTs, based on analytical modeling 

[Mirmiran and Shahaway 1999] 
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2.6 Significant Parameters Affecting the Behaviour of   

Reinforced/Prestressed CFFTs Subjected to Bending or 

Combined Bending and Axial Loads  

2.6.1  Effect of Concrete Strength 

The growth in the demand for high-strength concrete (HSC) in the construction has 

steadily increased with time due to the superior performance and economy offered by the 

material over normal-strength concrete (NSC) when used in the construction of bridges and 

multi-story buildings. Fam and Rizkalla (2002) carried out large-scale flexural tests on circular 

CFFTs under four-point bending. The effect of wall thickness ratios with a range of concrete 

infill strength between 30 and 60 MPa was examined. They reported that the flexural behavior 

of circular CFFTs was affected by the concrete compressive strength and was highly 

dependent on the stiffness and diameter-to-thickness ratio of the tube than on increasing the 

concrete strength.  

El-Chabib et al. (2002) carried out an investigation on FRP tubes driven and filled with 

self-consolidated concrete, for application in cast-in-place deep foundations such as drilled 

shafts and piers. Eight 150 x300 mm CFFTs were tested in compression to study the effect of 

GFRP tube on axially loaded normal concrete (NC) and self-consolidated concrete (SCC) of 

either from ordinary Portland cement or expansive cement. Eight 1100 mm long CFFT beam 

specimens were also tested to study their flexural performance. Plain concrete control 

specimens were tested for comparison. The filament wound GFRP tubes used had an outside 

diameter of 150 mm and consisted of 6 mm thick ± 55° angle ply. The concrete strength 

ranged from 35 to 39 MPa. Under both uniaxial compression and flexural loadings, the 

behaviour of SCC-CFFT was similar to that of the NC-CFFT, except for the transition region 

of the load-deflection and stress-strain curves, where the shift from linear to non-linear 

behaviour was more sudden for SCC-CFFT. This was attributed to the higher shrinkage in 

SCC, as a result of the large volume of water and cement paste, and lower volume of coarse 

aggregate, which adversely affect the bond. However, the use of expansive cement and 

shrinkage-reducing admixtures alleviated this problem and further improved behaviour and 

increased load carrying capacities. It was also found that FRP confinement led to increases in 

axial load capacity and axial deformation by 2.5 and 12 times, respectively. Similarly, in 
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flexure the GFRP tubes enhanced the ultimate load and deflection by 20 and 100 times, 

respectively.  

Idris and Ozbakkaloglu (2014) investigated the effect of concrete strength on the flexural 

behavior of FRP-HSC circular steel composite beams. The results indicated that increasing the 

concrete strength increases the flexural capacity of double-skin tubular beams without 

affecting their overall ductility. 

2.6.2  Effect of Internal Reinforcement Type (Steel or FRP bars) 

Cole and Fam (2006) tested seven CFFT beams, all 219 mm in diameter, in four-point 

bending. Internal reinforcement varied in terms of both material (GFRP rods, CFRP rods, or 

steel bars) and reinforcement ratio. The confining reinforcement was also varied, comparing 

the GFRP tube to steel spiral reinforcement or to beams with no hoop reinforcement. Strength 

and stiffness were both increased through the use of the FRP tube, which showed significant 

pseudo-ductility through the brittle failure of successive layers of the FRP. The column 

reinforced with a steel spiral also had more ductility than the unconfined concrete, although 

the failure strength was governed by the longitudinal reinforcement for the beams with spiral 

steel reinforcement and no hoop reinforcement. Using GFRP as the longitudinal rebar instead 

of steel did not change the strength when using an equivalent area of GFRP; however, the 

ductility was increased and the stiffness after cracking of the steel-reinforced beam was 

approximately twice that of the FRP-reinforced beam. Longitudinal CFRP rebar increased the 

strength relative to GFRP rebar as well as the stiffness, but both failed in a similar manner 

through longitudinal tube tension rupture, followed by rupture of the tension rebar. This type 

of failure is seen as a disadvantage due to the sudden nature of failure without adequate 

warning and ductility. Increasing the reinforcement ratio of steel rebar increased both the 

stiffness and strength of the beams. Using internal reinforcement for the beams provided 

enhanced crack control, leading to less slip between the tube and concrete core than 

unreinforced beams. Figure 2.12 shows the effect of internal reinforcement type.  
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Figure 2.12: Effect of rebar type and ratio for reinforced CFFT beams [Cole and Fam 2006] 

2.6.3  Effect of Tube Thickness 

Abouzad and Masmoudi (2016) tested seven full-scale CFFT beams, 3200 mm long and 

305 x 406 mm2 cross section, were tested under a four-point bending load and were compared 

to two control steel RC beams. The CFFT beams had the same flexural steel reinforcement, 

but they had different wall thicknesses of filament wound FRP tubes (3.4, 5.7, 8.7, 9.9 mm). 

The experimental results indicated an outstanding performance of the CFFT beams in terms of 

strength and energy absorption compared to the RC beams since their flexural strength and 

energy attained values 344% and 1052% higher than that of the RC beams, respectively. 

Besides, it was found that the failure pattern of the fully-CFFT beams changes from tension to 

compression failure under flexure with increasing the FRP tube thickness. The flexural 

strength of the CFFT beams increases with increasing the FRP tube thickness until certain 

limit that separates the under-reinforced and over-reinforced CFFT section. After this limit, 

buckling of the compression flange of the FRP tube governs the ultimate capacity of over-

reinforced CFFT beams. Figure 2.13 shows the moment-deflection responses. 
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Figure 2.13: Moment-deflection responses [Abouzad and Masmoudi 2016] 

Fam and Rizkalla (2002) tested twenty circular CFFT beams with the shear span to depth 

(a/d) ratios ranged from 2.67 to 7.40, reinforcement ratios from 3.8% to 12.3%, and a wide 

range of fibers stacking sequence. All tested beams failed in flexure, except one with 0o fibers 

failed by splitting due to horizontal shear. In addition, they found that the higher the thickness 

of the FRP tube, the lower the gain in flexural strength and stiffness resulting from the 

concrete fill. The load-deflection behaviour of CFFTs was almost linear, and the stiffness 

depended largely on the tube properties after cracking. It was also noted that CFFTs with 

thicker tubes or a higher percentage of fibers in the axial direction tended to fail in 

compression, and that the absence of fibers in the hoop direction could also lead to 

compression failure, because the hoop fibers tend to support the longitudinal fibers and 

prevent them from buckling at the micro scale.  

Mirmiran et al. (2000) conducted research on CFFTs to develop a new piling system for 

Florida Department of Transportation (FDOT), mainly to avoid corrosion problems associated 

with reinforced and prestressed concrete piles in marine environments. They studied the 

behaviour of CFFTs with 14 mm thick tubes for over-reinforced and 6.6 mm thick tubes for 

under-reinforced CFFTs with an outside diameter of 348 mm and 369 mm, respectively. The 
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over-reinforced GFRP tubes were spun cast with fibers oriented at 0 o longitudinal and ± 45 

degrees and had tensile and compressive strengths of 482 MPa and 452 MPa, respectively. 

The under-reinforced GFRP tubes were filament wound with E-glass fibers oriented at ± 55 

degrees and had tensile and compressive strengths of 71 MPa and 230 MPa, respectively. The 

tubes were filled with 26 MPa concrete and tested over a span of 2.75 m. The equivalent 

reinforcement ratios for the over and under-reinforced sections were 15.4 and 7.0 percent, 

respectively. The tubes were tested under increasing bending and fixed axial loads ranging 

from 0 to 2792 kN. A bi-linear moment-deflection response was obtained for both over and 

under-reinforced sections with the transition point corresponding to cracking of concrete, as 

shown in Figure 2.14 (a). The first slope was similar for both types, while the second slope 

was considerably larger for the over-reinforced specimens. The ultimate deflections of the 

over-reinforced specimens were about 0.5 to 0.75 times of the under-reinforced specimens, 

whereas their strengths were 7.3 to 2.6 times higher. The effect of secondary moment was less 

for the over-reinforced specimens. For both types of specimens, the flexural capacity decreases 

with the increase in axial load. It was concluded that bond failure is not a critical issue in 

beam-columns. However, a shear transfer mechanism is needed for beams. It was 

recommended to design for over-reinforced sections to achieve higher failure load and lower 

deformation. The study also compared the performance of the CFFTs with conventional 

prestressed concrete piles, as shown in Figure 2.14 (b), which indicated that the 348 mm 

CFFTs are comparable to 584 mm diameter prestressed piles with twenty 12.7 mm diameter, 

1862 MPa strands, and the 369-mm diameter CFFTs are comparable to 460 mm square 

sections, with eight 12.7 mm diameter strands. 
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a) Moment-deflection curves for over-and under-reinforced CFFT specimens 

 

b) Comparison of CFFTs with Prestressed concrete members 

Figure 2.14 : Large beam-column tests on CFFTs [Mirmiran et al. 2000] 

Shao (2003) reported the cyclic behavior of six CFFTs subjected to constant axial 

loading and quasi-static reversed lateral loading, in four-point bending. Three of the CFFT 

specimens were made from GFRP tubes fabricated using centrifuge (spin) casting with wall 

thickness of 12.7 mm, outside diameter of 305 mm, and [0°/0°/+45°/-45°] laminate, while the 

other three specimens were made from GFRP filament-wound tubes with [± 55°] laminates, 
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wall thickness of 5.1 mm and outside diameter of 322 mm. The tubes were filled with 27.2 

MPa concrete. The span of the specimens’ ranges from 2.43 m to 2.74 m. For each type of 

tube, one specimen had no internal reinforcement within its midspan region, while the other 

two included 1.7 and 2.5 percent steel reinforcement ratios. All specimens were reinforced in 

the shear span to ensure flexural failure. Figure 2.15 shows the envelopes of load-deflection 

hysteretic curves for all specimens, where the curves Wl, W2, and W3 represent the thick tubes, 

and Yl, Y2, and Y3 represent the thin tubes. The thick tube specimens showed a linear 

behaviour, small ultimate deflections, narrow hysteretic response, little energy dissipation, and 

exhibited a brittle compression failure, resembling that of an over-reinforced section. The 

addition of internal reinforcement improved the stiffness of these tubes but no enhancement in 

strength was observed. On the contrary, the thin FRP tubes exhibited ductile tension failure 

resembling an under reinforced concrete member, a non-linear elasto-plastic behaviour, large 

ultimate deflection, wide hysteretic loops, and significant energy dissipation, due to the 

interlaminar shear in the [± 55°] tubes. The internal reinforcement not only contributed to the 

initial and secondary stiffness of those tubes, but also increased their ultimate strength. It was 

concluded that CFFT columns can be designed for comparable ductility to that of RC columns. 

The addition of moderate amounts of internal reinforcement (1 to 2 percent) may further 

improve the cyclic behavior. A minimum ductility factor of 5 was recommended for 

application of CFFTs in seismic regions. 

2.6.4  Effect of Tube Laminate Structure (Fibers Orientation)  

Hadi and Le (2014) tested twelve hollow core square reinforced concrete columns 

wrapped with (CFRP). The effect of fiber orientation on the performance of specimens under 

concentric and eccentric loads was investigated. Twelve specimens (200 mm x 200 mm in 

cross-section, 800 mm in height and having an 80-mm square hole) were divided into four 

groups with three specimens each. The specimens in the first reference group were unwrapped, 

while the specimens in the remaining groups were wrapped with CFRP of different wrap 

combinations of three fiber orientations (0o, 45o, and 90o with respect to the circumferential 

direction). The specimens in each group were tested under three eccentricities: 0 (concentric), 

25, and 50 mm up to failure. The test results showed that the fiber in the hoop direction can 

significantly increase the ductility of hollow core square reinforced concrete columns under 

concentric or eccentric loading. Compared to VHF (vertically wrapped with one CFRP layer 
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along the specimen’s axial axis) and AHF (wrapped with two CFRP layers oriented at ±45o
 

with respect to specimen’s axial axis, and then horizontally wrapped with one layer of CFRP) 

columns, HF (laterally wrapped with three CFRP layers with respect to the specimen’s axial 

axis) columns can sustain much larger deformation before failure. However, the increment of 

the compressive strength of FRP-confined hollow core columns is marginal. Furthermore, 

columns were tested under eccentric loading; the contribution of vertical and ±45° angle layers 

were evident in resisting the bending moment. This contribution was more noticeable as the 

eccentricity increased. In fact, specimens AHF-50 (eccentricity=50 mm) and VHF-50, which 

were wrapped with one and two hoop CFRP layers gained maximum axial load even greater 

than that of Specimen HF-50, which was wrapped with three CFRP layers in the hoop 

direction. Finally, all of the three wrapping combinations used in this study increased the 

performance of hollow core square columns. The enhancement in ductility was more evident 

than the enhancement in strength for all types of wrapping, in particular for columns wrapped 

with only hoop-oriented layers. 

Fam and Rizkalla (2002) compared the load-deflection behaviour of two concrete-filled 

GFRP tubes beams which are similar in size and wall thickness, but different in laminate 

structure. Beam B3 had only one third of the fibers content wound at an angle of 15o with the 

longitudinal axis and the other two thirds are placed on the hoop direction at 82o. Beam B4 

had all the fibers content wound at 30o with the longitudinal axis. The two different laminate 

structures resulted in an effective elastic modulus for beam B3 of about 80% of that of beam 

B4, as shown in Figure 2.16. The relative stiffness after cracking is almost proportional to the 

relative effective elastic modulus of the tubes in the axial direction. Although the two beams 

achieved similar flexural strength, the failure modes were quite different. B4 behaved in a 

nonlinear way and developed a gradual compression failure due to matrix cracking and fiber 

buckling in the compression zone. This is attributed to the absence of fibers in the hoop 

direction to confine the other layers. The beam B3 failed in tension and behave in semi linear 

way. It should be noted that B3 has only 33% of the fibers oriented in the axial direction, 

which is relatively low for flexural members and causes early axial cutting of fibers under 

flexure at the tension side. 
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Figure 2.15: Normalized load-deflection envelopes of CFFTs [Shao 2003] 

 

Figure 2.16 : Load-deflection response and failure modes of B3 and B4 [Fam and Rizkalla 

2002] 

Kaynak (2005) conducted a split-disk test for specimens produced with five different 

winding angles to investigate the processing parameters of continues filament wound GFRP 

tubes. The results indicated that both hoop tensile strength and hoop tensile modulus of 
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elasticity depend strongly on the fiber direction of specimens. Specimens having 90° and ±65° 

had much higher values compared to those having ±45°, ±25° and 0°. Hong and Kim (2004) 

performed both experimental and analytical investigations of axial behaviour of large-scale 

circular and square concrete columns confined by carbon composite tubes. The specimens 

were filament wound carbon composite with 90° + 90°, 90° ± 60°, 90° ± 45°, and 90° ± 30° 

winding angles with respect to a longitudinal axis of a tube. The influence of transverse 

dilation, winding angle, thickness of a tube, as well as shape of the column section on stress–

strain relationships of the confined columns was discussed. They reported that the strength of 

the confined concrete increases drastically as the winding angle is oriented toward 

circumferential direction of tubes like CFCT with 60° winding angle. The maximum 

confinement was obtained from the specimen with a winding angle of 90° ± 60°. Moreover, 

the stress–strain relationship of circular columns was characterized by bilinear response with 

mild softening of axial response. However, the stress–strain response of square columns was 

represented by bilinear stress–strain relationship with both sharp softening response and 

distinct transition.  

Shao and Mirmiran (2004) tested six 2.4 m long tubes under constant axial and reverse 

lateral loads. Three of the tubes had the majority of the fibers in the longitudinal direction, 

while the other three had fibers oriented at ±55°. Of each type of tube, one specimen had no 

additional reinforcement while the other two had differing steel reinforcement ratios. The one 

with the longitudinal fibers failed in compression in a brittle manner, and the one with fibers at 

±55° failed in a ductile tension failure. The main conclusion was that CFFTs can be as ductile 

as beams reinforced with steel bars if they have an appropriate laminate structure. 

2.6.5  Effect of Bond 

To enhance mechanical bond between the FRP tube and concrete and achieve the full 

composite action, there are some common methods like sand coating, resin ribs, shear 

connector, and internal crossing bars. When flexural tests on CFFTs without internal 

reinforcement are carried out, excessive slip may occur between the concrete core and FRP 

tube. This slip may adversely affect the composite action of the system unless special 

measures are taken, such as roughening the inner surface of the tube [Fam and Rizkalla 2002]. 

Belzer et al. (2013) tested twelve beam specimens of four different configurations to examine 

the bond effect on the flexural behaviour of rectangular CFFT tubes. Each beam was 3.50 m 
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long with cross section dimensions of 152 mm wide by 203 mm deep with flange and web 

thicknesses of 9.5 mm and 6.4 mm, respectively. Three beams of each configuration type were 

tested to establish repeatability of the results. The concrete-to-GFRP tube adhesive used in this 

research was a wet cure epoxy that co-cures with wet concrete. The four configurations, shown 

in Figure 2.17 (a), include: empty GFRP tube (A), concrete-filled GFRP tube (B), concrete-

filled GFRP tube with epoxy bonding of the flanges (C), and concrete-filled GFRP tube with 

epoxy bonding of all interior surfaces (D). The test specimens were fabricated by using paint 

rollers to apply the epoxy adhesive to the appropriate interior surfaces of the partially coated 

beams (C) and fully coated beams (D). Relative displacement (slip) between the pultruded 

GFRP tube and concrete core was monitored at the end of each specimen and shown in Figure 

2.17 (b). It is observed that the unbonded specimens (B) showed the initiation of slip at low 

loads with the displacement continuing to grow linearly throughout the test. This slip was 

initiated when the mechanical bond (friction) between the concrete and tube was overcome. 

The partially bonded specimens (C) showed the initiation of slip at higher loads with C-2 

showing no slip and C-3 showing slip associated with failure. Finally, the fully bonded tubes 

(D) showed no slip with the exception of D-3 that showed slip at failure. As expected due to 

the composite action, the fully bonded configuration (D) shows the highest strength and 

stiffness, followed by the partially bonded tube (C), and then the unbonded tube (B), and 

finally the empty tube (A), as shown in Figure 2.17 (c). Moreover, the fully bonded 

configuration (D) achieved nearly 80% of the full capacity of the tube from the ultimate 

longitudinal tensile strain measurements from the coupon testing, while the unbonded tube (B) 

achieved only 58% of the tube flexural capacity.  

Iftekhar (2004) tested CFFTs as deep beam and short beam under flexure and fatigue. He 

concluded that slippage is probably the most important factor that dominates the fatigue 

behaviour and fatigue life of CFFT beams. Fatigue life is directly related to the amount of 

slippage that occurs between the concrete core and the FRP tube. Slippage reduces the 

composite action in fatigue loading at a much greater rate when compared with static and 

quasi-static response. If internal rebar is used and no bond enhancing is done, slip measured at 

both ends may be very small and can be neglected [Cole and Fam 2006]. 
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Figure 2.17: Beam test results of Belzer et al. (2013) 

Mirmiran et al. (1999) studied the beam-column behavior of five 178 x l78 x l320 mm 

square CFFTs under combined bending and axial loading. The tubes were made out of one 

interior ply of bidirectional E-glass woven roving, and E-glass angle plies with a winding 

angle of ±75 degrees. Special putty made of polyester resin and silica fume was used to form 

6.4 mm thick shear ribs in the interior surface. The tubes were filled with 19 MPa concrete. 

The specimens were tested to establish the full moment-thrust interaction diagram, and to 

compare the behaviour with conventional RC sections. The tests indicated that, the use of 

shear ribs proved to be effective in preventing slippage between the tube and the concrete. 

Figure 2.18 shows the interaction diagrams of CFFTs, compared to different RC sections. In 

the compression control region, CFFTs proved as strong as RC columns with as high as 6 

percent reinforcement, mainly because of full-section enclosure and confinement of concrete. 

Failure of CFFTs was ductile, and the toughness and ductility measures for CFFTs were quite 

comparable to those of the RC counterparts. The study concluded that, in order to effectively 
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utilize the confinement in beam-columns, a compression failure is necessary, and CFFTs are 

more advantageous at higher levels of axial loads. 

 

Figure 2.18: Interaction diagrams of CFFTs vs. RC columns [Mirmiran et al. 1999] 

2.6.6  Effect of Geometry and Cross-Section Configuration  

Hong et al. (2004) investigated the behaviour of twelve 2.7 m long CFFTs of CFRP 

tubes, under constant axial load and reversed cyclic bending. Six specimens were circular with 

a core diameter of 300 mm, while the rest were square with a side dimension of 250 mm. The 

filament wound tubes had five different fiber winding angles of [90° ± 45°], [90° ± 50°], [90° 

± 55°], [90° ± 60°], and [90° ± 65°], and wall thickness ranging from 2 mm to 6.5 mm. The 

tubes were filled with 26 MPa concrete. A stable hysteretic behavior was observed for most of 

the specimens up to failure. The columns exhibited excellent hysteretic energy absorption 

characteristics with no sudden strength degradation, and eventually failed in tension by rupture 

of the tubes. For both square and circular specimens, the moment capacities were increased by 

9 to 26 percent with the change of fiber orientation from [90° ± 65°] to [90° ± 45°]. Similarly, 

moment capacities were increased by 13 to 66 % with the change in thickness from 2 to 6.5 

mm, respectively. However, the improvement was less pronounced in square columns. It was 

also found that the circular CFFT with 6 mm thick tube and [90° ± 50°] fiber orientation had 

flexural capacity similar to that of a conventional RC circular column with 6% steel 



                                                                                                                                       Chapter 2: Literature Review  

 39 

reinforcement ratio, as shown in Figure 2.19. While the circular RC column showed 

considerable post-peak load degradation, the CFFT columns exhibited better energy 

absorption capacity, leading to a more ductile response. It was concluded that circular CFFT 

columns could effectively replace conventional RC circular columns in seismic areas for 

similar ductile performance. 

 

Figure 2.19: Comparison of envelope curves of RC section and CFFTs of CFRP tubes 

[Hong et al. 2004] 

Fam et al. (2004) have studied the feasibility of using concrete-filled rectangular 

filament wound GFRP tubes (CFRFT) as structural members. The tubes were fabricated using 

combined filament winding and hand lay-up techniques and were 164 x 271 mm and 266 x 

374 mm in cross-section. The flange and web laminates of the tubes consisted of 

[90°/±45o2/0o2/900]2 and [90°/±45°2/900]2 symmetric angle-ply and were about 8.5 and 6 mm 

thick, respectively. The tubes were filled with 52 MPa concrete. Three 2100 mm long CFRFT 

beams were tested in four-point bending to study the effect of reinforcement ratio, including 

totally filled tubes, and a tube partially filled with concrete, with a void offset towards the 

tension side, to reduce self-weight. Five 680 mm CFRFT short columns were also tested under 

various eccentricities. The progressive failure of the tube contributed to the slightly non-linear 
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load-deflection behaviour of the beams. The beam with inner hole had an overall strength-to-

weight ratio, 77% higher than the totally filled CFRFT. The study showed that CFRFT is a 

feasible system that could offer flexural strength similar to concrete-filled rectangular steel 

tubes (CFRST) of similar reinforcement ratios. The load-deflection behaviour of CFRSTs was 

initially stiffer than the CFRFTs, due to the higher Young’s modulus of steel. Once the steel 

yields, plastic behavior is observed, whereas CFRFT do not show any plasticity. Short CFRFT 

columns loaded concentrically failed in a brittle manner by fracture of the tube at the round 

comer. Bulging of CFRFT columns had also limited their confinement effectiveness. It was 

concluded that CFRFT could be used as structural members for beam and column 

applications, and unlike steel tubes, strength and stiffness of FRP tubes can be controlled in 

the flanges and webs independently, and also in both directions 

2.6.7  Effect of Central Hole 

Abouzad and Masmoudi (2015) tested rectangular partially concrete-filled fiber-

reinforced polymer (FRP) tube (CFFT) beams with inner voids and steel rebar. The beams 

contained an outer rectangular filament wound FRP tube with an inner hollow circular or 

square FRP tube shifted toward the tension zone (see Figure 2.20). They compared the flexural 

behaviour of the partially-CFFT beams with a fully-CFFT beam, and another conventional 

steel RC beam having identical dimensions and flexural steel reinforcement ratio. The results 

indicated that, the partially-CFFT beams had an overall strength-to-weight ratio 370% higher 

than that of the RC beam, while their weight was 30% lighter than the RC beam. In addition, 

the failure of the partially-CFFT beams was ductile in compression. The inner circular void 

indicated a slightly better performance than the square void in this partially-CFFT beam. They 

found that the flexural strength of a rectangular fully-CFFT beam was 351% higher than that 

of a conventional RC beam and failed aggressively in tension. If inner circular or square 

hollow GFRP tubes are provided at the tension zone, the flexural strength increased by 229% 

or 206% higher than that of a conventional RC beam, respectively. However, the strength-to-

weight ratios of the partially-CFFT beams were higher than that of the fully-CFFT beam by 

6%. Therefore, the partially-CFFT beams could replace the heavy fully-CFFT beams leading 

to reduction of transportation and installation costs and the dead weight of structures. 

Moreover, providing inner hollow GFRP tubes changed the ultimate failure from tension to 
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compression failure, which is desirable in FRP composite section design. Also, the inner 

hollow GFRP tubes in the rectangular CFFT beams pronounced active confinement action on 

the concrete in the compression zone, and the circular shape of the inner void indicated 

slightly better performance than the square void shape. Figure 2.21 shows the moment-

deflection responses of the tested beams.  

 

Figure 2.20: Configuration of CFFT beams [Abouzad and Masmoudi (2015)]. 

 

Figure 2.21: Moment–deflection responses of the tested beams [(Abouzad and Masmoudi 

(2015)]. 
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Idris and Ozbakkaloglu (2014) investigated the flexural behaviour of FRP-high strength 

concrete (HSC)-steel composite beams by testing double-skin tubular beams (DSTBs) with 

outer FRP tubes and a central inner hollow steel section (HSS) as shown in Figure 2.22. The 

main parameters of study included the cross-sectional shapes of the inner HSS and the external 

FRP tube, concrete strength, presence or absence of concrete filling inside the steel tube, and 

effects of using mechanical connectors to enhance the bond between the steel tube and 

surrounding concrete. The results indicated that DSTBs exhibit excellent load-deflection 

behaviours with high inelastic deformations and minimal strength degradations (slightly 

increase of flexural strength after yielding). However, relatively large slippage can occur at the 

concrete-steel tube interface unless the bond is enhanced by mechanical connectors. 

Regardless the high flexural strength and stiffness of the DSTBs based on the inner steel tube, 

the weight and the bond remain critical issues in this design and need further investigations. 

Figure 2.23 shows the load-deflections relationships.  

 

Figure 2.22: Cross-sections of test specimens [(Idris and Ozbakkaloglu (2014)]. 
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Figure 2.23: Load–mid-span deflection responses of DSTBs [(Idris and Ozbakkaloglu (2014)]. 

Mitchell (2008) tested both steel and FRP tubes that were partially concrete filled along 

the length of the tube, as cantilevers, to determine the minimum filling length required to reach 

the ultimate moment of the tube. Partially filling the tubes allows the overall system weight to 

be reduced, which is preferable from a transportation or construction viewpoint. If the tube is 

not filled over a sufficient length, local buckling was observed to be the failure mode which is 

undesirable as it does not use the full material strength of the system. The optimal filling ratio, 

shown in Figure 2.24, would be the intersection of lines representing strength between beams 

that failed through local buckling of the tube and through tensile rupture of the tube. Mitchell 

(2008) tested six GFRP tubes with a diameter of 220 mm with filling lengths ranging from 0% 

to 100%. It was found that the failure load and stiffness, each, almost doubled when compared 

to completely filled to hollow tubes (Figure 2.25). Partial confinement of the concrete was 

observed, as the strains in compression reached 0.01-0.015 (much greater than 0.0035). The 

neutral axis depth was observed to be at about 1/3 of the diameter from the top of the tube, for 

the tubes filled over more than half of their length. Filling the tube between 51% and 72% of 

the length showed similar behaviour and strength to the completely filled tube, while the 30% 

filled tube failed at a lower load by local buckling as seen in Figure 2.25. The optimal filling 

height was determined to be 34% of the tube’s length. A parametric study was also presented 
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and showed that the optimal filling ratio increases as the D/t ratio is reduced or the percentage 

of fibers oriented longitudinally increases. 

 

Figure 2.24: Determination of optimal concrete filling length ratio for partially filled CFFTs 

(Mitchell, 2008) 

 

 

Figure 2.25: Load-deflection behaviour of partially filled CFFTs (Mitchell, 2008) 

 

Fam et al. (2005) studied beams of rectangular filament wound GFRP tubes, totally and 

partially filled with concrete under flexure. The beam section was optimized by providing a 
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central hole to reduce the self-weight of the beam. In this case, the concrete was cast with a 

void offset towards the tension side of the tube such that the concrete is optimally used for 

compression, shear and stability of the FRP tube. The GFRP tubes were fabricated using a 

combined filament winding and hand lay-up technique and were composed of E-glass fibers 

and epoxy resin with a fiber volume fraction of 60%. The stacking sequence for the flanges is 

shown in Figure 2.26 (a). The [45o] and [90o] layers were composed through the filament 

winding process and were mainly provided for shear resistance and possible confinement of 

concrete. The longitudinal [0o] layers were only provided in the upper and lower flanges of the 

section using hand lay-up of bidirectional glass fibers sheets to provide longitudinal flexural 

reinforcement. The inner surface of the tubes was roughened by coarse sand coated to prevent 

slippage. The load-deflection behaviour of the two different configurations of test beams B1 

and B2 is shown in Figure 2.26 (b). The results showed that both beams had identical flexural 

stiffness. Although the flexural strength of B2 is 22% lower than that of B1, the dead weight 

of B2 is 56% lighter than B1, resulting in an overall strength to weight ratio for B2, 77% 

higher than B1. B1 failed in tension where the GFRP bottom flange ruptured. While B2 failed 

in compression and suffered outward buckling of the tube flange in addition to inward 

buckling of the relatively thin concrete flange inside the tube as shown in Figure 2.26 (c). 

Fam and Rizkalla (2002) tested eighteen CFFTs, some of which had a central hole to 

reduce the self-weight. The GFRP tubes had different laminate structures and different 

diameter-to-thickness ratios, including filament-wound and pultruded tubes. The diameter and 

the thickness of the tubes ranged from 89 to 942 mm, and 2 to 6.4 mm, respectively. The 

concrete strength varied from 33 to 67 MPa. The specimens were tested in four-point bending 

with span length ranging from 1.07 to 10.4 m. Concrete fill was shown to prevent local 

buckling failure of the tube and increases flexural strength and stiffness. The load deflection 

behavior of CFFT was almost bilinear with the cracking load significantly smaller than the 

ultimate load. The post-cracking stiffness was controlled by the laminate structure and the 

diameter-to-thickness ratio of the tube. The filament-wound tubes were superior to pultruded 

tubes, as the latter failed prematurely by splitting due to horizontal shear. Higher flexural 

strength-to-weight ratios were achieved by providing central holes inside the tube. Figure 2.27 

shows the load-deflection response of the beams for different cross-sectional configurations. 

The study also showed that, if additional tube is used to maintain the internal hole, the flexural 
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strength and stiffness will further increase, particularly if the inner tube is eccentric towards 

the tension side. The study also indicated that the balanced reinforcement ratio of CFFTs 

depends on the laminate structure of the tube and is generally smaller for tubes with higher 

modulus in the axial direction. 

 

(a) GFRP tube details 

 

(b) Load-deflection response 

 
c) Failure modes of tested beams 

Figure 2.26: Beam test results of [Fam et al. (2005)]. 
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Fam and Rizkalla (2002) tested hollow circular GFRP tube of 100 mm diameter, B1, and 

compared it to another one that completely filled with concrete, B2, under flexure. Figure 2.28 

shows the moment-curvature behaviour of the hollow and concrete-filled GFRP filament-

wound tubes, B1 and B2, respectively. Figure 2.28 indicates that the strength and stiffness are 

significantly increased by filling the tube with concrete. The strength gain was 212%. The 

presence of concrete has contributed to the stiffness and moment resistance of the section in 

the compression zone of the beam. The concrete also provided internal support to the tube and 

prevented its local buckling at the compression side. Figure 2.28 also shows the failure mode 

of B1, which failed due to local buckling and crushing of the hollow tube, while B2 had 

flexural tension failure due to rupture of the fibers in the tension side. 

 

 

Figure 2.27: Load-deflection behavior for different CFFT beam configurations 

[Fam and Rizkalla 2002] 
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Figure 2.28: Moment-curvature response and failure modes of B1 and B2 [Fam and Rizkalla 

2002] 

2.7 Summary 

An overview of the background literature carried out to investigate the structural 

behaviour of CFFT members subjected to bending or combined axial and bending with the 

most critical factors affecting confinement were reviewed. The ductility seen in reinforced and 

prestressed CFFTs is desirable for construction, although careful design of the tube laminate 

structure is required in areas of high seismic activity. The presence of internal steel 

reinforcement decreases the slip seen in the flexural tests on CFFTs which increases the 

strength of the specimens. A large number of studies have been reported on the axial 

compressive and seismic behaviour of CFFT columns. The flexural behavior of CFFTs has 

also been the focus of a number of studies, and few studies have reported on the flexural 

behaviour of CFFT beams reinforced with internal reinforcement bars (steel or FRP). As, to 

date, only a single study has dealt with the flexural behaviour of prestressed circular CFFTs 

(Fam and Mandal 2006) and no study has reported on the flexural behaviour of prestressed 

rectangular CFFTs. Given that rectangular beams or girders are used extensively in civil 

construction, additional studies to better understand and be able to model the flexural response 
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of prestressed rectangular CFFTs beams are of significant interest. To contribute towards this 

end, this study presents the first experimental and analytical studies on the flexural behaviour 

of prestressed rectangular CFFTs. The tests intend to simulate a number of field applications, 

which are mainly governed by flexural loading. The study is aimed at investigating the 

influence of key parameters on the flexural behaviour of prestressed rectangular CFFTs such 

as prestressing reinforcement ratio and level, FRP tube thickness and structure laminate, tube 

confinement versus steel stirrups concrete compressive strength, total reinforcement index 

loading type.  

 

 



                                                                                                                     Chapter 3: Experimental Program   

 50 

CHAPTER 3                                     

EXPERIMENTAL PROGRAM 

3.1 General  

This dissertation aims at investigating the flexural response of rectangular posttensioned 

concrete-filled fiber-reinforced polymer (FRP) tubes (PT CFFTs). The experimental program 

includes designing, constructing and testing of 15 full-scale prestressed beams divided into 

two groups. Thirteen PT CFFTs and two conventional prestressed concrete (PT concrete) 

beams were constructed and one non-PT CFFT from the literature was used for comparison. 

The tests intend to simulate a number of field applications, which are mainly governed by 

flexural loading. GFRP tubes with different laminate structure configurations, comprised of 

typical E-glass fibers and vinyl ester resin, were fabricated by filament winding process in the 

department of Civil and Building Engineering at Université de Sherbrooke. The fabricated 

GFRP tubes were tested by standard tests to verify their quality control and to measure their 

mechanical properties. Through the experimental program, the effects of the following 

parameters are investigated: 

o GFRP tube thickness ranged from (6 mm to 12.2 mm); 

o Tubes structural laminate;  

o Prestressing reinforcement ratio and level; 

o Concrete compressive strength (normal and high strength concrete) 

o Loading type (monotonic and cyclic). 

o Attaching a thin Carbon FRP-laminated embedded in tension flange and its ratio.  

This chapter presents the details of different materials properties, test specimens, 

fabrication, instrumentation, test setup and procedure.  

3.2 Material Properties 

Five materials were used in fabricating the test specimens. These materials are concrete, 

GFRP tubes, steel strands, steel reinforcing (bars and stirrups), and Carbon (FRP) (CFRP) 
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strips. The following sections provide a description of different materials that were used in this 

research program. The following paragraphs provide a description of the different 

experimental tests conducted to evaluate the mechanical properties of the different materials 

used herein.  

3.2.1  Concrete  

 Two different types of concrete strengths, normal-strength concrete (NSC) and high-

strength concrete (HSC) with target compressive strengths of 40 and 65 MPa after 28 days, 

were used in constructing the test specimens. Whereas the normal strength concrete was 

chosen to represent the minimum concrete strength for prestress concrete as per CSA A23.3 

(2014).  The specimens were cast using a ready mixed concrete with a maximum aggregate 

size of 14 mm and a slump of around 150 mm after adding one litre of superplasticizer to 

enhance the workability of concrete. The development of concrete strength with age at 7, 14, 

and 28 days after casting and throughout the beam testing period was monitored in accordance 

with ASTM C39/C39M9 (2018) by tests of 100 x 200 mm concrete cylinders that were cured 

adjacent to the beam specimens under similar conditions. The actual concrete compressive and 

tensile strengths at the day of testing were determined based on the average values of six 

cylinders of each test. The concrete compressive strength was ranged from 43 to 70 MPa, 

whereas the tensile strength ranged from 3.8 to 5.6 MPa. Table 3.1 shows the concrete mixture 

design and Table 3.8 shows the concrete test results for each specimen. Figure 3.1 shows the 

concrete mixer and pump and typical stress strain curve for concrete cylinder.  

Table 3.1: Final mixture designs 

Mixture design units NSC HSC 

w/c 0.33 0.32 

Ordinary Portland cement (Type GU), kg/m3 268 - 

Ordinary Portland cement (Type GUb-SF), kg/m3 268 480  

Water, kg/m3 177 154 

Maximum aggregate size (mm) 14 14 

Coarse aggregate, kg/m3 (5-20 mm) 689 725  

Coarse aggregate, kg/m3 (5-10 mm) 261 275  

Fine aggregate, kg/m3 631 789  

Water reducer (Eucon 727), mL/m3 250 ml/100 kg 1020 ml/100 kg 

Air content, % 5-8 - 

Air entraining agent 90 ml/100 kg - 

Retardants 125 ml/100 kg 150 ml/100 kg 

Superplasticizer, Sup. Eucon 37 150 ml/100 kg - 
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Figure 3.1: Ready concrete mixer and pump, slump cone after adding super plasticizers, and 

typical axial stress-strain relationships for concrete cylinders 

3.2.2  Deformed steel bars 

Two different deformed steel bars were used to reinforce the control and PCFFT 

specimens. Deformed steel bar 15M (16 mm in diameter; 200 mm2 in cross-sectional area); 

were served as bonded reinforcement at the tension side of the test specimens. The minimum 

area of bonded reinforcement was determined as specified in the CSA A23.3 (2014) which 

was equal to (= 0.004 A) for unbonded tendons and maximum permit tensile stresses less than 

0.5√f’c, where A is the area that of part of cross-section between flexural tension face and 

centroid of gross section. On the other hand, deformed steel bars 10M (11.3 mm in diameter; 

100 mm2 in cross-sectional area) were used as top reinforcement as well as steel stirrups as 
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shear reinforcement for the specimens. The mechanical properties of the steel bars were 

determined from standard tests that were carried out according to ASTM A615/A615M-09 

(2009), on five specimens for each type of the steel bars. The mechanical properties of the 

steel bars are presented in Table 3.2 as provided by the manufacturer. Figure 3.2 shows the 

deformed steel bars used in this investigation. 

Table 3.2: Mechanical properties of steel reinforcing bars (Grade 60) 

Reinforcement 

 type 

Nominal 

diameter 

(mm) 

Nominal area 

(mm²) 

Tensile 

modulus 

of elasticity 

(GPa) 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Yield strain 

(%) 

10M (deformed) 11.3 100 200 420 610 0.021 

15M (deformed) 16.0  200 200 460 620 0.024 

 

 

Figure 3.2: Deformed steel bars 15M and 10M used in this investigation 

3.2.3  Steel strands 

Steel strands are 0.6-in.-diameter (15 mm), seven-wire, low-relaxation strands with a 

cross-sectional area of 140 mm2. The strands have a Young’s modulus of 195 GPa and 

ultimate strength of 1861 MPa. The strand yield strength, corresponding to a 1% elongation, is 

15M 

10M 



                                                                                                                     Chapter 3: Experimental Program   

 54 

1670 MPa, and the rupture strain is 7%. The mechanical properties of the strands obtained 

from the manufacturer, based on tension tests, are presented in Table 3.3. Figure 3.3 shows the 

seven-wire strand type 0.6” used in this study.    

Table 3.3: Properties of prestressing strands  

Nominal 

diameter 

(mm) 

Cross 

section 

area 

(mm²) 

Ultimate 

stress 

(MPa) 

Yield 

Stress 

(MPa) 

Modulus of 

Elasticity 

(GPa) 

Ultimate 

strength 

(kN) 

Nominal 

weight 

(kg/m) 

Prestressing force* 

Jacking 

(kN) 

Anchorage 

(kN) 

Effective** 

(kN) 

15.24 140 1861 1675 195  260.7 1.102 208.6 182.4 169 
* low relaxation strand,  

** Based on 0.65 fpu for estimating purposes.  

 

           

Figure 3.3: Seven-wire strand type 0.6” (15.2 mm)- Grade 270 used in this investigation 

3.2.4  Carbon-FRP (CFRP) strips 

Figure 3.4 shows the CFRP strips “CarboDur type S1512” used in this study. A 150-mm 

wide high-modulus pultruded unidirectional carbon fiber fabric “CarboDur type S1512” 

provided by Sika was embedded between the fiber laminate at the tension side of the tube 
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during its fabrication, using vinyl ester resin, to enhance the beam’s flexural response. The 

CFRP composite lamina is 1.2 mm thick with fiber volumetric content > 68% and had tensile 

strength and modulus of 2.8 GPa and 165 GPa, respectively, obtained by the manufacturer. 

Table 3.4 shows the properties of Carbon fiber laminate provided from Sika. 

Table 3.4: Properties of carbon fiber laminate (Sika) 

CFRP 

laminate 

type 

Width 

(mm) 

Thickness 

(mm) 

Cross 

sectional area 

(mm²) 

Modulus 

of elasticity 

(GPa) 

Tensile 

strength 

(GPa) 

Elongation at 

Break* 

Apparent 

Density, 

g/cm3 

S1512 150 1.2 180 > 165 2.8 > 1.7% 1.5 
* Mechanical value obtained from longitudinal direction of fibers. 

 

Figure 3.4: Sika CarboDur type S1512 

3.2.5  GFRP filament-winding tubes and fabrication 

The GFRP tubes were fabricated at the laboratory of Composites for Infrastructures at 

Department of Civil and building Engineering at Université de Sherbrooke with different 

configurations using a filament-winding technique. Figure 3.5 shows filament-winding 

machine. The filament-winding process employed standard E-glass fiber (type 30) roving 
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impregnated in vinyl ester resin wound around cylindrical mandrel. The material properties for 

the fiber and resin by the manufacturer are presented in Table 3.5 and Table 3.6. Figure 3.6 

shows the E-glass fiber roving. In this process, the fibers orientation can be controlled in either 

hoop and/or axial direction as demand for the strength properties in the hoop and axial 

directions. Hence, the FRP tubes can provide flexural, shear, and confinement reinforcement 

simultaneously, without the labour costs and time involved in building conventional rebar 

cages. In order to facilitate the removal of the tubes from the mandrel after fabrication, a thin 

layer of grease was coated over the mandrel first before starting the fabrication process and 

covered with special plastic sheets wound around the mandrel.   

Table 3.5: Mechanical properties of glass fibers 

Fiber type 
Strand Tensile: 

ASTM D 2343 
Interlaminar Shear strength NOL ring: ASTM D 2344 

Glass  
Strength (MPa) Dry shear strength (MPa) Shear strength Retention 72 hr boil (%) 

2310 72.5 86% 

 

Table 3.6: Mechanical properties of resin  

Resin type )3(kg/ mDensity  Tensile strength (MPa) Modulus of elasticity (GPa) 

Vinyl ester 1170 70 3.5 

 

 

Figure 3.5: Filament winding machine at U de S 
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Figure 3.6: E-glass fiber roving.   

The filament-winding process starts with a large number of fibers rovings pulled from a 

series of creels into a liquid resin bath. Just before entering the resin bath, the rovings were 

gathered into a band by passing through a stainless-steel comb as shown in Figure 3.7 (a). 

After the rovings were immersed into the resin, they were pulled through a wiping device that 

removes the excess resin and controls the resin coating thickness around each roving as shown 

in Figure 3.7 (b). Once the rovings have been impregnated and wiped, they were gathered 

together in a flat band using a ring called payout located at the carriage of the winding 

machine as shown in Figure 3.7 (c).  The traversing speed of the carriage and the winding 

speed of the mandrel were controlled by computer to create the desired winding angle patterns 

(see Figure 3.8).  

Two winding patterns were used in fabrication of the GFRP tube in this investigation, as 

shown in Figure 3.9 (a and b): (a) a circumferential pattern at 90 o severed as transverse lateral 

reinforcement to resist vertical shear stress as well as provide lateral confinement of the tube 

and prevent buckling of the longitudinal fibers, and (b) helical pattern at ± 30 o to provide axial 

stiffness and strength in the longitudinal direction for the CFFT beam, in addition to their 

contribution as shear reinforcement. After completion of the filament winding process, the 

composite structure were subjected to heating system adjusted at 600 C to accelerate the curing 

process of the resin as shown in Figure 3.10. The optimum curing period and temperature were 

determined after series of tests to achieve sufficient degrees of polymerization [Abouzied et al. 

2011, 2012a, 2012b]. The last step is pulling the mandrel out of the cured composite tube in 

horizontal position as shown in Figure 3.11. The mandrel is positioned carefully inside a very 
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rigid steel frame then the mandrel is pulled slowly out using an electric winch with steel cable 

attached with a steel hook in the center. Thereafter, the tube is cut to its desired length of the 

beam prototypes. Figure 3.12 (a) shows the FRP tubes final products. In order to enhance the 

bond strength and prevent any slippage between the concrete core and the tubes, the inner 

surface of the tubes were coated with a layer of vinyl ester resin then coarse sand particles will 

be brushed using air compressor to produce a rough surface. Figure 3.12 (b) shows the sand 

surface of the tubes from inside. Figure 3.13 shows the sand surface of the tubes from inside. 

Axial stress-strain responses obtained from coupon tests. 

        
(a)                                                                 (b) 

 

 
(c) 

Figure 3.7: Fibers installment in filament winding process: (a) Fibers roving on creels; (b) 

fiber impregnation into resin dip path; (c) Gathering fibers by payout 
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Figure 3.8: Computer system and program controlling the mandrel speed 

 

Five different types of filament winding GFRP tubes namely types A, B, C, D and E 

were used to fabricate the test specimen. All the GFRP tubes have identical rectangular cross 

sections with internal dimensions of 305 mm × 406 mm and round corners of 30 mm radius to 

avoid any damage due to stress concentration at the corners. The different tube thicknesses 

were obtained by changing the number of roving used in the filament winding. Table 3.7 

describes the details geometric properties of the tube types including the dimensions, thickness 

and stacking sequence of fiber layers, and the angles between the fibers and longitudinal axis 

of the tubes.  Tension and compression standard tests were carried out according to ASTM 

D3039 (2010) and ASTM D695 (2015) on four representative coupon samples to determine 

the tensile and compressive mechanical properties in axial and hoop directions for the GFRP 

tubes, respectively. Table 3.7 reports the mechanical properties of the fabricated tubes.  
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 Table 3.7: Mechanical properties of GFRP tubes in longitudinal and transverse directions  

Tube 

(ID) 

  

tf 

(mm) 

Stacking       

sequence 

Longitudinal (Axial) direction  

H B Tensile Coupon Test Compression Coupon Test 

(mm) (mm) Flange Web Flange Web 

  
flft (MPa)a 

Elft (GPa) 

a 
εlft (%)a flwt (MPa)b 

Elwt (GPa) 

b 
εlwt (%) b flfc (MPa) c Elfc (GPa) c εlfc (%)c flwc (MPa) d Elwc (GPa) d εlwc (%) d 

A 
  

12.3 
[90o, ±30o, 

90o] 
113± 11 13± 1.7 1.4 ± 0.14 117 ± 16.5 14 ± 1.30 1.3 ± 0.23 116 ± 11 12 ± 0.82 1.8 ± 0.15 127 ± 5.9 12 ± 0.5 1.8± 0.14 

B 
  

7.4 
[90o, ±30o, 

90o] 
109 ± 9.5 13 ± 1.4 1.4 ± 0.17 107 ± 12.7 13 ± 0.26 1.4 ± 0.13 128 ± 9.1 14 ± 1.01 1.7 ± 0.41 147 ± 23.1 16 ± 3.2 1.6± 0.20 

C 
406 305 

  6.00 
[90o, ±30o, 

90o] 
115 ± 1.4 14 ± 1.2 1.5 ± 0.09 116 ± 9.61 12 ± 0.44 1.4 ± 0.09 130 ± 1.1 13 ± 1.76 1.9 ± 0.29 121 ± 4.06 13 ± 2.1 1.8± 0.18 

D 
  

  10.1 
[90o, ±302

 o, 

90 o] 
164 ± 3.7 16 ± 1.8 1.2 ± 0.12 163 ± 6.7 15 ± 3.08 1.3 ± 0.28 124± 3.1 12 ± 0.86 1.7 ± 0.41 145 ± 5.6 14 ± 0.6 1.5 ± 0.31 

E 
  

  5.70 
[90o, ±30 o, 90 

o, ±30 o, 90 o] 
170 ± 4.5 14± 0.5 1.4 ± 0.10 174 ± 4.50 15 ± 0.50 1.5 ± 0.10 162 ± 3.5 15 ± 0.50 1.2 ± 0.05 166 ± 3.50 15.5 ± 0.5 1.3 ± 0.05 

     Transverse (Hoop) direction 

     Flange Web Flange Web 

 
  

 

ftft (MPa) e Etft (GPa) e εtft (%) e ftwt (MPa) f 
Etwt (GPa) 

f 
εtwt (%)f ftfc (MPa)g Etfc (GPa) g εtfc (%) g ftwt (MPa) h Etwt (GPa) h εtwt (%) h 

A   302 ± 33 14 ± 0.63 3.8 ± 0.37 308 ± 33.0 14 ± 0.5 3.2 ± 0.13 242 ± 19 14 ± 0.75 3.1 ± 0.59 291 ± 17.0 15 ± 0.3 2.9 ± 0.88 

B   342 ± 38 16± 4.4 2.3 ± 0.65 346 ± 16.5 15 ± 1.3 2.9 ± 0.22 284 ± 11 18 ± 1.00 3.4 ± 0.24 355 ± 17.3 20 ± 0.7 2.5 ± 0.12 

C   285 ± 22 15 ± 1.09 2.2 ± 0.36 352 ± 24.3 16 ± 0.92 3.0 ± 0.54 304 ± 20.6 16 ± 1.82 2.3 ± 0.33 321 ± 22.9 19 ± 0.7 2.1 ± 0.15 

D   260 ± 8.5 16 ± 0.77 2.8 ± 0.37 277 ± 11.6 14 ± 0.45 3.1 ± 0.20 230 ± 1.1 12 ± 0.21 3.1 ± 0.26 236 ± 8.3 13 ± 0.6 2.6 ± 0.58 

E 
  

240 ± 12 14 ± 0.5 2.3 ± 0.15 250 ± 12.0 15 ± 0.5 2.4 ± 0.30 285 ± 9.0 14 ± 0.50 2.3 ± 0.20 294 ± 9.0 15 ± 0.5 2.4 ± 0.20 

a&b flft, Elft, and εlft   and flwt, Elwt, and εlwt   are the longitudinal ultimate tensile strength, modulus of elasticity, and ultimate tensile strain for the tube flange and web, respectively.   
c&d flfc, Elfc, and εlftc  and flwc, Elwc, and εlwc  are the longitudinal ultimate compression strength, modulus of elasticity, and ultimate compression strain for the tube flange and web, respectively.   
e&f ftft, Etft, and εtft   and ftwt, Etwt, and εtwt   are the transverse ultimate tensile strength, modulus of elasticity, and ultimate tensile strain for the tube flange and web, respectively.   
g&h flfc, Etfc, and εtftc  and ftwc, Etwc, and εtwc  are the transverse ulti mate compression strength, modulus of elasticity, and ultimate compression strain for the tube flange and web, respectively.

Tr. 

flange 
Tr. 

web 

Long. 

web 

Long. 

flange 
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a) Circumferential pattern 

 

b) Helical pattern 

Figure 3.9: Fiber laminates structure patterns 
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Figure 3.10: Curing process of FRP tubes  

 

  

 

Figure 3.11: Assembling the rigid frame and removing the mandrel in a horizontal position 
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(a)  

  

(b)  

Figure 3.12: a) Fabricated GFRP tubes at the desired length of the beam prototypes. b) Sand 

coating the inner surface of the tubes. 
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a)  

 

b)  

Figure 3.13: Axial stress-strain responses obtained from coupon tests for tube B & C. 
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3.3 Test Parameters and Specimens’ Details  

A total of 15 large-scale prestressed beams were fabricated. Thirteen PT CFFTs were 

fabricated using the GFRP tubes while two conventional prestressed reinforced concrete (RC) 

beams have no tubes, but rather contain conventional steel reinforcement in flexural and shear 

for comparisons. All beams were tested under four-point bending. All beams have 3,300 mm 

long and 305 mm × 406 mm rectangular cross-section. The specimens were tested over a 3.0 

m span and a span to depth ratio of about 8.6. It should be noted that the replication of the 

same beams’ size without prestressing has been conducted by Abouzad and Masmoudi (2016). 

The test results revealed comparable experimental results, which confirmed the tubes’ quality 

control. Therefore, in this study, it was decided to choose one beam for each parameter to 

control the fabrication cost.  All PT CFFT beams were reinforced at the tension side with 

deformed steel bars 2-15M as minimum bonded reinforcement with a concrete cover of 38 

mm while at the beams ends were reinforced with steel stirrups as shear reinforcement 

10M@100 mm at a distance of 500 mm to ensure well confinement of the concrete and 

prevent any local failure at the end anchorage zones. Table 3.8 provides the test matrix in this 

investigation. All beams were unbonded posttensioned. Due to the long process of the tubes 

fabrication and to facilitate the construction of the test specimens in the laboratory, all beams 

were posttensioned rather than pretensioned. Internal ducts were provided using polyethylene 

tubes (nominal pipe size 1 inch) with an inside and outside diameter of 26.6 mm and 33.4 mm, 

respectively. This diameter was intended to accommodate the strain gauges attached to the 

strands and the wires. All strands have the same eccentricity (e) of 85 mm. The eccentricity 

was measured from the inner surface of the FRP tubes to the center of the ducts. The minimum 

eccentricity was designed to avoid tensile stresses at the interface of the concrete core and the 

FRP tubes.      

The test specimens were designed to study the effects of several parameters. The test 

matrix consists of two groups denoted as Group I and II. Group I included eight PT CFFTs, 

one non-PT CFFT, and one PT concrete beams constructed with NSC. The beams were cast in 

two batches. Each batch consists of four beams. The main parameters were: i) GFRP tube 

thickness ranged from 6.0 mm to 12.3 mm; ii) Tube fiber structural laminate; iii) Tube 

confinement versus steel stirrups; iv) Number of prestressing tendons and level of 

prestressing; and vi) Attaching a thin Carbon FRP-laminated embedded in tension flange and 



                                                                                                                     Chapter 3: Experimental Program   

 66 

its ratio. Group II composed of four PT CFFTs and one PT concrete beam constructed with 

HSC. The effect of tube thickness ranged from 6.0 mm to 7.4 mm, tube confinement versus 

steel stirrups, number of prestressing tendons, concrete compressive strength (NSC and HSC), 

and loading scheme (static and cyclic) were investigated. The PT concrete beams were 

designed according to CSA A23.3 (2014) to fail in flexural rather than shear failure. The top 

reinforcement ratio was designed to control tensile cracks due to applying the prestressing 

forces with at least tensile stresses of 0.5√f’c. The beams were reinforced in the transverse 

direction with steel stirrups of 10M @100 mm at 1000 mm at both ends and 10M@150 mm at 

1300 mm at beam mid span. Figure 3.14 and Figure 3.15 show typical details of the test 

specimens and steel reinforcement cages. The test specimens in Table 3.8  were labelled as 

follows: the first letters P1 or P2 are defining “the pre-stressed level: level 1 “=65% fu” or 

level 2 “(=37% fu)”. This was followed by a letter S, A, B, C, D or E. These letters were used 

to indicate “the lateral confinement type: S= steel stirrups, A=tube type A, B=tube type B, 

C=tube type C, BC(1or 2)= GFRP tube type B with CFRP strips or D=tube type D and E= tube 

type E. The third number (2 or 3) is representing the number of strands. The letters (N or H) 

refers to the normal strength or high strength concrete, respectively while “*” is indicating the 

cyclic loading type. 

3.4 Fabrication of the Test Specimens and Casting 

The prestressed RC beams were cast in a horizontal position in a wooden formwork. On 

the other hand, the FRP tubes were cast in an inclined position on a steel formwork specially 

fabricated for this investigation (Abouzied 2016) whereas the tubes serve as a stay-in-place 

formwork for concrete. The CFFT beams were cast in an inclined position to allow free 

consolidation of the concrete with minimal voids and internal vibration was also applied. All 

steel cages were assembled, and PVC ducts were correctly positioned with the steel cages 

prior casting as seen in Figure 3.15. All tubes were well fastened with straps attached to the 

steel formwork. Figure 3.16 shows the prestressed RC and CFFT beams prior casting. The 

concrete was pumped under pressure into the tubes, using a concrete pump as shown in Figure 

3.17. Concrete was pumped from top end of the tube through a hole. High slump concrete 

containing coarse aggregates size (14 mm) were used to ensure the flow of concrete inside the 

tubes. Concrete was compacted using one poker vibrator inserted through the hole in the top 
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end plug of the tube. After concreting, the top hole was sealed gradually into two steps with 

plywood. Besides, the concrete surface was smoothed for the control beams. After twelve 

hours, all specimens were cured for up to 7 days by covering the specimens with a wet burlap 

and polyethylene sheets to keep the moisture in the concrete. The specimens were 

continuously wet by spraying water. All the concrete cylinders were also kept under curing 

condition identical to the test specimens as shown in Figure 3.17.  
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Table 3.8: Test specimen’s details 

Group Beam a 
(Bi x 

Hi) 

 

Steel bars 
Confinement 

type 

tf, 
mm;  

f 'c 
b, 

MPa;  

f’t
b, 

MPa;  

Prestressing 

No. of 

strands 

Pj, 

kN;  

Pe, 

kN;  

Group I 

P1-B-2-H 

3
0
5
 x

 4
0
6
 m

m
  

 

 2-15M (B) 

Tube B 7.40  70 ±0.6 5.6 ±0.6 
2-15Φ 

200  171  

P1-C-2-H Tube C 6.00  70 ±0.7 5.6 ±0.6 202  170  

P1-B-3-H Tube B 7.40 70±0.7 5.6 ±0.6 3-15Φ 202 172  

P1-C*-2-H Tube C 6.00  70 ±0.7 5.6 ±0.6 2-15Φ 200  169  

P1-S-2-H 
2- 15M 

(T&B) b 
10M stirrups - 70 ±0.7 5.6 ±0.6 2-15Φ 

201  171  

Group II 

P1-A-2-N  

 

 

 

2-15 M (B) 

 

Tube A 12.3 46±0.9 4.0±0.2 

2-15Φ 

200 172 

P2-D-2-N Tube D 10.1 43±0.7 3.8±0.3 201 170 

P1-B-2-N Tube B  7.40 46±0.9 4.0±0.2 200  171  

P2-B-2-N Tube B  7.40 43±0.7 3.8±0.2 110 111 

P1-B-3-N Tube B 7.40 46±0.9 4.0±0.2 3-15Φ 202  170  

P4-B-C1-N Tube B 7.40 43±0.7 3.8±0.2 

2-15Φ 

199 172 

P5-B-C2-N Tube B 7.40 43±0.7 3.8±0.2 200 170 

P1-C-2-N Tube C 6.00  46±0.9 4.0±0.2 200  169  

P1-E-2-N Tube E 5.70  43±0.7 3.8±0.3 201  172  

P1-S-2-N 
2- 15M 

(T&B) 
10M stirrups - 43±0.7 3.8±0.3 

200  
170  
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Figure 3.14: PT CFFT and PT concrete beams geometry and reinforcement details 

2-10M 

2-15M 

2-15M 

2-15M 

2-15M 

4-10M @100 

mm 
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a) 

 

  

b) 

Figure 3.15: Steel reinforcement cages: a) PT CFFTs with 2 and 3 strands; b) PT control beams
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                          Figure 3.16: Prestressed RC and CFFRTs prior casting 

 

 

 

 

   



                                                                                                                     Chapter 3: Experimental Program   

 72 

 

a) Control beam 

 

b) PT CFFT beams casting at the top end plug 

Figure 3.17: Concrete Casting for PT control and PT CFFT beams 
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Figure 3.18: PT control and PT CFFT beams through curing 

3.5 Prestressing Procedure of Post-tensioning 

The Steel strands were anchored at one end using chucks anchors and steel bearing 

plates. The strands were tensioned from the opposite end using a hydraulic jack on each strand 
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and were anchored using another set of chucks and steel plates. Figure 3.19 shows the 

prestressing frame setup and loading application. Prestressing forces were applied in five 

increments up to the desired prestressing force. The jacking force was monitored using a 500 

kN (112.4 kips) load cell installed at the dead end on each strand. The jacking force was 

increased by 15% than the desired prestressing force at transfer to minimize the initial losses 

due to presetting of the chuck anchors. Table 3.8 reports the effective prestressing forces at 

transfer.  

 

 

Figure 3.19: Post-tensioning frame setup and loading application 

3.6 Test Procedure and Instrumentation  

The beams were tested using a four-point bending to impart a constant bending 

moment region at mid-span. All beams have a supported span of 3000 mm long and the 

distance between the applied concentrated loads was 700 mm centered with the beam length as 

shown in Figure 3.20. These lengths give a span-to-depth ratio of 8.7 and shear span-to-depth 

ratio of 3.3. As such, it is believed that the beams tested in this study are governed by flexure 

[Cole 2005]. The beams were loaded under displacement control at a loading rate of 1 

mm/min using MTS machine with a capacity of 10,000 kN. All beams were loaded under 
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static loading, except P1-C*-2-H which was loaded under cyclic loading. The cyclic scheme 

was adopted to evaluate the effect of cyclic loading on flexural behavior and stiffness of 

prestressed CFFT beam system. The cyclic loading was achieved by unloaded and reloaded 

the beam at different load levels as a percent of yielding displacement, Δy. Yielding of the 

longitudinal bars was determined from reading of the strains in the instrumented bars that were 

constantly displayed on the data acquisition monitor. An average of the two yielding 

displacements was calculated and defined as the experimental first yielding displacement, Δy. 

A second cycle of 1.0Δy was then repeated using the experimental yielding displacement. 

After that point, each cycle at 2, 4, 5 times Δy was repeated twice in accordance with ACI 

374.2R (2013) until failure. Figure 3.21 shows the routine loading schematic of the test 

specimens. Before casting, two electrical strain gages, 6 mm long and a 120 ohms resistance, 

were attached to the deformed steel bars at the place of the maximum bending moment at the 

beam mid-span as shown in Figure 3.23 (a). Before testing, the specimens were also heavily 

instrumented with measurements of strains and deflections in order to understand the general 

behavior and measure the elastic shorting losses, as well as at measurements of slip between 

concrete and GFRP tube during testing, as shown in Figure 3.23a. The specimens were 

instrumented with potentiometers transducers (PTs) at mid-span, the point of application of 

concentered loads, and at the mid-distance between loading points and supports to record the 

vertical displacements along the beam. Furthermore, two PTs will be used at the both ends to 

monitor any slippage between the concrete and the GFRP tube. Two linear variable 

differential transducers (LVDTs) will be also used on the extreme top and bottom surfaces of 

the tube to measure the average longitudinal strains. 

Axial and transverse strains gauges, 6 mm long, were bonded directly on the outer 

tubes surfaces at their top and bottom faces, corners, and at different levels along the beam 

depth (at H/3) at mid-span as well as at the mid distance between point load and beam mid 

span ends as shown in. The acquisition of hoop strain data on FRP tubes is of particular 

interest to better understand the activation of the confinement mechanism and strain 

distribution at mid-span. Strain rosettes were located at the center of the shear span and the 

mid-height at a distance 575 mm from the roller support to investigate the shear response of 

the beam (see Figure 3.23). Furthermore, six electrical strain gauges were mounted on each 

strand at different locations to capture the change in strains along the bar during transfer (see 
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Figure 3.22). Additional load cells were installed at the dead end on each strand to monitor the 

PT force throughout the test. The data from all sensors were monitored and recorded using a 

data-acquisition system as shown Figure 3.24. 
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Figure 3.20: a) Schematic; b) Test setup  
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Figure 3.21: Displacement routine loading schematic 

 

 

 

 
 

Figure 3.22: Instrumentation for the deformed steel bars and strands  
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a) 

 

 

 

 

 

 

 

 

 

 

 

b) 

Figure 3.23 : a) Instrumentation schematic; b) positions of different sensors 
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Figure 3.24: The data acquisition system 
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4.1 Abstract 

This paper presents the results of an experimental study aimed at evaluating the effect of 

important design parameters on the flexural behavior of unbonded post-tensioned rectangular 

concrete-filled fiber-reinforced-polymer (FRP) tubes (CFFTs) beams. Four full-scale beams 

were constructed and tested to failure in four-point bending over a simply supported span of 

3,000 mm. The design parameters are the confinement effect of using FRP tube or steel 

stirrups, the concrete compressive strength, and the FRP tube thickness. The results showed 

that reinforced concrete (RC) rectangular CFFT beams prestressed with unbonded steel strands 

can achieve substantially higher flexural strength, inelastic flexural deformation, ductility, and 

energy absorption capacity than conventional prestressed RC beam without FRP tube. The 

ultimate strength, deformation capacity, ductility, and energy absorption were increased by 

2.43, 1.89, 1.63 and 3.87 times than the prestressed RC beam. The results also showed that 

increasing the FRP tube thickness of the prestressed CFFT beams from 6.0 to 7.4 mm has led 

to the increase of the ultimate capacity, ductility, and energy absorption by 19%, 28% and 

18%, respectively. Prestressed CFFT beams with high strength concrete (HSC, 70 MPa) 

enhanced the initial stiffness before cracking, increased the ultimate flexural moment capacity 

by 7%, with no significant change in the ultimate deflection, compared to normal strength 

concrete (NSC, 46 MPa). Based on the results of this study, the effect of increasing the FRP 

tube thickness is more effective in enhancing the flexural strength and stiffness of the 

prestressed CFFT beams than increasing the concrete strength. An analytical model based on 

plane sectional analysis using partially confined and unconfined concrete models as well as an 

empirical design equation are proposed to predict the flexural moment capacity of the tested 

beams. The proposed models using partially confined and unconfined concrete models and 

empirical equation successfully predict the flexural moment capacity with satisfactory 

accuracy on average of 1.06±0.03, 1.23±0.04 and 1.01±0.08, respectively. It was also found 

that ignoring concrete confinement would highly underestimate the flexural strength. More 

investigations, however, are needed to assess the effect of a wide range of key influencing 

parameters to better model the flexural behavior of prestressed rectangular CFFT beams. 
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4.2 Introduction 

The construction industry has expressed great demand for innovative and durable 

structural members. Fiber-reinforced-polymer (FRP) materials offer an attractive alternative to 

confine concrete. Concrete-filled FRP tubes (CFFT) is an effective form of hybrid structural 

elements in new sustainable construction. The CFFT system utilizes the best characteristics of 

the FRP tube confinement, the steel reinforcement, and the concrete. CFFTs are usually made 

of glass or carbon FRP tubes filled with traditional construction materials such as plain or 

reinforced concrete (RC) to form a hybrid composite high-performance structural system 

which is most suitable for carrying high loads [Ahmed et al.2018a, Ahmed et al.2018b, 

Ahmed et al.2018c, Ahmed et al.]. The FRP tube provides confinement of the concrete core 

and, hence, increases its compressive load carrying capacity and deformability. On the other 

hand, the concrete provides local stability to the thin-walled tube and hence prevents 

premature local buckling [Roeder et al 2010]. The FRP tube also serves as permanent 

formwork for the concrete and protects the concrete core from the intrusion of moisture with 

corrosive agents thus enhances its durability [(ACI Committee 440) (2004)]. One of the 

advantages of using FRP tubes rather than steel tubes is controlling the percentage of fibers in 

terms of thickness and multidirectional fibers orientation to carry loads in both longitudinal 

and circumferential directions. The fibers in the circumferential direction are utilized to 

provide confinement of the concrete, while the fibers in the longitudinal direction are utilized 

to provide the flexural strength and stiffness.  

Prestressed concrete is very beneficial to construct crack-free structural members and 

tackle shrinkage and temperature effects. As a result, the ingression of detrimental agents is 

prevented which helps in avoiding reinforcement corrosion. Cracking in concrete-filled tubes 

(CFT) may cause confinement degradation, which results in the reduction of strength, 

stiffness, and ductility in CFT beams. Therefore, using prestressing technique would fully 

activate the confinement mechanism and increase the bond between the concrete and the FRP 

tube due to compression stresses. Thus, improve the overall flexural performance of CFT 

beams. To the best knowledge of the authors’, only two experimental investigations have been 

reported in the literature to examine the effect of prestressing on concrete-filled FRP circular 

tubes and rectangular steel tubes under pure bending [Fam, A. et al 2006, Zhan, Y. et al 2016]. 
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Fam and Mandel 2006 tested five prestressed FRP CFFT circular beams under four-

point bending. Test results indicated that prestressing not only improves the strength and 

serviceability of the system, but it also activates the confinement mechanism of the concrete 

core restrained by the FRP tube. Flexural strengths and stiffnesses of prestressed FRP CFFTs 

can be increased by increasing tube thickness, selecting tubes with more longitudinal fibers, or 

increasing the number of strands. Zhan et al. 2016 studied the flexural performance of 

prestressed steel CFT rectangular beams. A total of eight prestressed CFST beams with a 

cross-section (300 x 450 mm) were tested. The effect of concrete strengths (50 and 60 MPa) 

and degree of prestressing (0.26 and 0.40) were investigated. The test results showed that the 

prestressed strands delayed the crack occurrence and enhanced the confinement effect of the 

core concrete, which, in turn, improved the composite action under bending. The cracking 

moment of prestressed steel CFT members was about 400% larger than that of non-prestressed 

steel CFT members.  

Based on these limited previous studies, introducing prestressing for the CFFT can 

provide many unique advantages, which would lead to considerable enhancement in strength, 

stiffness, deflections, and cracking control; and would make it a good alternative for high-

performance structures. Despite its demonstrated benefits in terms of improving the structural 

behavior, there is still a lack of research studies, for prestressed CFFT flexural members, 

particularly with rectangular cross-sections. Moreover, there are practically no code provisions 

or guidelines for the flexural design and serviceability of prestressed rectangular CFFT 

members. Therefore, the behavior of such members has yet to be documented experimentally 

and theoretically.  

An extensive research project was launched at the University of Sherbrooke to 

investigate the flexural behavior of rectangular CFFT beams under four-point bending 

[Abouzied et al. 2015, Abouzied et al. 2017, Masmoudi et al. 2018]. A total of 22 glass-FRP 

(GFRP) CFFT rectangular filament-wound tubes beams totally filled and partially filled with 

reinforced concrete under bending. The test results showed that rectangular CFFT beams 

exhibited significantly higher ductility, stiffness, and energy absorption, and superior strength 

than that of RC beams. In addition, the design of CFFTs in bending is controlled by stiffness.  
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4.3 Research Significance 

The research work presented in this paper is part of an extensive research program 

undertaken at the University of Sherbrooke (Quebec, Canada) to develop and evaluate the 

flexural behavior and ultimate strength of rectangular CFFT beams post-tensioned with steel 

strands. In this study, the effects of the confinement using GFRP tube or steel stirrups, the 

concrete compressive strength, and the FRP tube thickness are investigated. The test results in 

terms of ultimate strength, failure modes, ultimate load deflection responses, longitudinal 

strains, ductility, and energy absorption capacity are discussed. The test results of this research 

contribute to better understanding experimentally the flexural behavior of prestressed concrete 

rectangular CFFT beams. Besides, the research will lay the foundation for future studies on the 

structural behavior of prestressed CFFT beams. 

4.4 Experimental Work 

4.4.1  Material properties 

GFRP Tubes— Two GFRP tubes, designated tubes types I and II, were used in this 

study. The GFRP tubes were fabricated, at the laboratory of Composites Materials for 

Infrastructures at the University of Sherbrooke, using the filament-winding manufacturing 

process. The GFRP tubes had the same fiber type and stacking sequence of 90o, ±30o, 90o . 

The tubes were fabricated using vinyl-ester-wetted E-glass fibers with a different number of 

roving. The final wall thicknesses of the tubes were 7.4 and 6.0 mm for tubes types I and II, 

respectively. Tension and compression standard tests were carried out according to standard 

test methods ASTM-638 2010 and ASTM- D3410/D3410M-03 2008 on four identical samples 

to determine the tensile and compressive mechanical properties in longitudinal (axial) and 

transverse (hoop) directions for the GFRP tubes, respectively. Table 4.1 reports the 

mechanical properties of the fabricated GFRP tubes. Figure 4.1 shows the axial stress-strain 

responses obtained from coupon tests and fabricated tubes using the filament-winding 

manufacturing process. As seen the results of the coupons tests indicated slightly non-linear 

behaviors of the FRP composite. 

Concrete—Normal-strength concrete (NSC) and high-strength concrete (HSC) were 

used in casting the test specimens with a maximum aggregate size of 14 mm. The target 
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concrete compressive strengths were 40 MPa and 60 MPa after 28 days for NSC and HSC, 

respectively. In order to increase the concrete workability, a superplasticizer was added during 

the casting. The development of concrete strength with age at 7, 14, and 28 days after casting 

and throughout the beam testing period was monitored in accordance with [ASTM 

A615/A615M-09, ASTM .(2009)] by tests of 100 x 200 mm concrete cylinders that were 

cured adjacent to the beam specimens under similar conditions. The actual concrete 

compressive and tensile strengths at the day of testing were determined based on the average 

values of six cylinders of each test. The concrete compressive strength ranged from 43 to 70 

MPa, whereas the tensile strength ranged from 3.8 to 5.6 MPa. Table 4.2 provides the concrete 

strengths of each specimen. 

 

Table 4.1: Mechanical properties of GFRP tubes in longitudinal and transverse directions 

Properties Type I Type II 

Outer dimensions (mm x mm) 319.8 x 420.8 317.0 x 418.0 

Structural wall thickness, tf, (mm) 7.40 6.00  

Stacking sequence and fiber angles* [90o, ±30o, 90o] [90o, ±30o, 90o] 

Axial tensile strength, fat, (MPa) 107.5 ± 11.1 115.4 ± 5.5 

Axial compressive strength, fac, (MPa) 137.3 ± 16.1 125.6 ± 2.6 

Hoop tensile strength, fth, (MPa) 344.2 ± 27.3 318.8 ± 23.2 

Hoop compressive strength, fch, (MPa) 319.3 ± 14.2 312.5 ± 21.8 

Elastic modulus-axial tensile, Eat, (GPa) 12.7 ± 0.83 13.0 ± 0.82 

Elastic modulus-axial compression,  Eac, (GPa) 15.0 ± 2.10 13.1 ± 1.93 

Elastic modulus-hoop axial,  Eah (GPa) 15.7 ± 2.90 15.5 ± 1.00 

Elastic modulus-hoop compression,  Ech (GPa) 18.9 ± 0.85 17.5 ± 1.26 

Ultimate axial tensile strain, εat, (%) 1.14 ± 0.15 1.15 ± 0.09 

Ultimate axial compressive strain,  εac, (%) 1.65 ± 0.31 1.84 ± 0.24 

Ultimate hoop tensile strain,  εth (%) 2.83 ± 0.44 2.60 ± 0.45 

Ultimate hoop compressive strain,  εch (%) 2.91 ± 0.18 2.24 ± 0.24 

* Angles measured relative to the longitudinal direction of the tube. 
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a) Axial stress-strain responses obtained from coupon tests  

  

b) Fibers roving c) Filament winding machine 

 Figure 4.1: Axial stress-strain responses obtained from coupon tests; and fabricated tubes 

using filament-winding manufacturing process 

Table 4.2: Details of test specimens 

† T&B represent top and bottom reinforcement rebars, respectively.  

 

Test 

Specimen 

Cross-

section 

(Bi x Hi) 

Tube or 

stirrups 

(ID) 

tf 

(mm) 

Prestressing 

Steel bars 
f 'c 

b, 

(MPa) 

f’tb, 

(MPa) 
No. of 

strands 

Effective 

prestress 

level (%) 

Jacking 

force 

(kN) 

B1  

305 x 

406 mm 

I 7.40 

2-15Φ 65 200 
2-15 M (B) 

70 5.6 

B2 I 7.40 
46 4.0 

B3 II 6.00 

B4 10M stir. - 2 -15M (T&B) † 43 3.8 
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Steel Strands and Deformed Bars —Seven-wires, low-relaxation steel strand [15.2 mm 

(0.6-in) in diameter], with a cross-sectional area of 140 mm2 were used. The strand had a 

Young’s modulus of 197 GPa and ultimate strength of 1950 MPa. The strand yield strength, 

corresponding to a 1% elongation, was 1802 MPa, and the rupture strain was 7%. Two 

different deformed steel bars were used to reinforce the test specimens. Deformed steel bar 

15M (16-mm in diameter; 200 mm2 in cross-sectional area); were served as bonded 

reinforcement at the tension side of the test specimens. Besides, deformed steel bars 10M 

(11.3 mm in diameter; 100 mm2 in cross-sectional area) were used as steel stirrups. The 

mechanical properties of the steel bars were determined from testing five representative 

samples for each diameter according to [ASTM D2290 – 12. (2012)]. The mechanical 

properties of the steel bars and strands are presented in Table 4.3. 

Table 4.3: Mechanical properties of steel strands and reinforcing bars 

Reinforcement 

type 

Nominal 

diameter 

(mm) 

Nominal area 

(mm²) 

Es 

(GPa) 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Yield 

strain 

(%) 

15 mm (strand) 15.2 140 198 1802 1960 0.91 

10M (deformed) 11.3 100 200 420 610 0.21 

15M (deformed) 16.0 200 200 460 620 0.24 

 

4.4.2  Test matrix  

Four full-size rectangular beams with internal longitudinal steel rebars were tested, 

including three post-tensioned CFFT beams and one conventional prestressed RC beam 

without FRP tube, which was used for comparison purposes. The test parameters were to study 

the effects of confinement using GFRP tube on the flexural performance of prestressed CFFT 

beams and compare its behavior with the prestressed RC beam B4, the GFRP tube thickness, 

and the concrete compressive strength. Table 4.2 provides a summary of all test specimens, 

whereas Figure 4.2 shows a schematic of test specimen’s configurations. All beam specimens 

were 3300 mm long with cross-section dimensions of 305 mm wide by 406 mm deep. The 

CFFT and RC prestressed beams were reinforced at the tension side with internal deformed 

steel bars 2-15M as minimum bonded reinforcements in accordance with CSA A23.3 (2014). 

The steel bars concrete cover was 38 mm. To prevent any premature failure at the CFFT 
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beams end-anchorage zones and to hold the internal rebars, the beams were reinforced with 

steel stirrups 10M@100 mm for 500 mm distance at both ends. Polyethylene tubes (with 

inside and outside diameters of 26.6 mm and 33.4 mm, respectively) were used to create the 

tendon ducts. Each tendon had the same eccentricity (e) of 85 mm. The eccentricity was 

measured from the inner bottom-surface of the FRP tubes to the center of the tendon ducts. All 

beams were tensioned up to 65% fu.  

Specimens B1 and B2 were designed to study the effect of concrete compressive 

strength (NSC and HSC) ranged from 43 to 70 MPa, respectively, while Specimens B3 and B2 

were designed to evaluate the effect of the GFRP tube thickness ranged from 6.0 to 7.4 mm. 

The conventional prestressed RC beam B4 was designed to fail in flexural failure rather than 

shear failure. The specimen B4 was reinforced with 2-15M deformed steel bars at the top and 

bottom zones with the same area of prestressing as in beam B3. The top reinforcement ratio 

was designed to control tensile cracks due to applying the prestressing forces with at least 

tensile stresses of  according to the CSA A23.3 (2014). Figure 4.2 shows the specimens 

reinforcement details. 

4.4.3  Preparation of test specimens  

The GFRP tubes were used as formwork for the CFFT specimens, whereas a wood 

formwork was used for casting the conventional PC beam. For all GFRP tubes, the inner 

surface was fully coated with coarse sand particles and vinyl-ester resin adhesive to enhance 

the bond between the concrete core and the tubes. Reinforcement cages and ducts were 

assembled and positioned inside the tubes then loaded over the steel formwork. The tubes 

were secured in place at the bottom end and sealed around to close any gaps. The CFFT beams 

were cast using a concrete pump from the top end in an inclined position to allow freely 

consolidation of the concrete with minimal voids and internal vibration was also applied. 

Figure 4.3 shows the test specimens over the steel formwork. After filling the tube, the top end 

was closed with flat plywood plate nailed to wooden triangle frames 50 x 101 mm on each 

side. The concrete-filled tubes were allowed to cure 50 days prior to testing.  
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Figure 4.2: Prestressed CFFT and RC beams geometry and reinforcement details 

   

Figure 4.3: Prestressed CFFT and RC beam specimens’ fabrication 

4.4.4  Test setup and instrumentation 

Flexural load tests were conducted to determine the ultimate strength and deformation 

capacity of the test specimens. The specimens were tested using a four-point bending setup 

over a clear span of 3,000 mm with a constant moment region of 700 mm as shown in Figure 
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4.4. The beams were simply supported on hinged-roller system. The load was induced using a 

10,000 kN MTS machine at a deformation-controlled rate of 1 mm/min and transferred to two 

loading points on the specimen through a spreader beam. Figure 4.4 shows the beams test 

setup.  

Two electrical resistance strain gauges were mounted before casting on the internal 

steel bars at the mid-span. Prior to loading the beams into the testing machine, 22 strain 

gauges [6-mm long] were attached to the outer surface of the GFRP tubes in both longitudinal 

and hoop directions to measure the axial and hoop strains at midspan and strain distribution 

along the beam depth throughout the test. Besides, strain rosettes were created by placing three 

gauges at midheights of the beams in the center of the shear span to investigate the shear 

response. Each steel strand was equipped with four electrical strain gauges [6-mm long] at 

different locations along the length of the steel strand at a distance of -350, 0, +350, and +575 

mm from the centerline of each beam. Vertical deflections along the beam at the mid-span, the 

point of application concentrated loads, and at the mid-distance between loading points and 

supports were monitored using five 250 mm linear potentiometers (LPs). Additional short 

linear-potentiometers of 100 mm gauge length were also used to measure the average 

longitudinal strains at the top and bottom surfaces at midspan. Furthermore, 25 mm LPs were 

used to monitor the relative end slippage between the FRP tube and concrete core at both ends. 

Additional load cells were installed at the dead ends of the longitudinal post-tensioning strands 

to measure the post-tensioning forces in each tendon. The data from all sensors were 

monitored and recorded using a data-acquisition system. Figure 4.5 shows the position of 

several instrumentation details of the test specimen. 

4.4.5  Prestressing procedure 

The steel strands were passed through the tendon ducts in the beam and anchored at the 

back side of the beam with load cells installed between the anchors and bearing plates. At the 

other end of the beam, a special fabricated steel frame setup was used for the jack, and then 

anchor the strands. Equal prestressing forces were accomplished at the same time by means of 

manual hydraulic jacks of 220 kN for each strand. The hydraulic jacks were placed between 

the moved plate and the integrated sleeve wedge in the wedge anchorage. Prestressing forces 

were carefully applied in five increments up to the desired prestressing force. Jacking force 
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was monitored using the pressure gauge of the hydraulic pump and 500 kN load cells readings. 

Once the desired load was achieved, an independent wedge anchorage was pre-installed before 

placing the jacks for each strand to maintain the desired prestress after the release of the 

hydraulic pressure. To minimize the short-term losses due to pre-setting of the wedge 

anchorage at the bearing plate, the post-tensioning force was increased by 15% whereas the 

effective force at transfer was 170 kN, which corresponds to 65% fu. Figure 4.4 shows the 

post-tensioning test setup. 

 

  

a) 

  

b)  

Figure 4.4: a) Test setup; b) Posttensioning frame setup and loading application 

Iive end ( prestressing application)

HSS 16

Steel plate
250 x 101.6 x 25.4 mm
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a) 

 

    

    

b) 

 Figure 4.5: a) Instrumentation schematic; b) positions of different sensors 
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4.5 Test Results  

4.5.1 Mode of failure 

The failure of all prestressed CFFT specimens was governed by flexural mode with no 

signs of shear failure or web buckling. The failure was started by cracking of the matrix and 

then outward buckling of the tube compression flange in the region of the constant bending 

moment followed by separation from concrete. As the load increases, the concrete is highly 

stressed in compression and tends to dilate excessively in the transverse direction until fibers 

rupture which later progressed into the beam sides. However, the GFRP tubes continued to 

carry additional loads until it eventually failed in tension. For prestressed RC beam B4, the 

failure was initiated by yielding of the bottom layer of steel rebars and strands. This was 

followed by crushing and spalling of the concrete cover then the load was dropped slightly. 

However, the concrete core and top rebars were confined by the stirrups, which allowed the 

rebars to develop a strain hardening until the test was terminated eventually after excessive 

deflection. This comparison indicates that steel stirrups have improved ductility slightly but 

not the flexural strength. Figure 4.6 illustrates the mode of failure of each specimen after 

testing. 

In order to investigate the condition of each specimen after testing, the GFRP tube at 

one side of the beam was removed as shown in Figure 4.6. Generally, the beams showed crack 

patterns which were more consistent with typical RC beams where there were many closely 

spaced flexural cracks developed near the mid-span with a concrete crushing in the 

compression zone. It can be also seen in Figure 4.6 that the number and spacing of the 

concrete cracks at the tension zone was slightly higher number of cracks when increasing of 

the GFRP tube thickness. This may due to increasing the confinement level induced by the 

GFRP tube. However, using HSC showed less number of cracks at the tension zone compared 

to their counterpart specimen B2 with NSC.  
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B1 

 

 

B2 

 

 

B3 

 

B4 

Figure 4.6: Mode of failure of the tested beams and concrete cracks patterns after removing 

the GFRP tube  
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4.5.2  Load–deflection responses 

In general, the load-deflection curves for the prestressed CFFT beams consisted of elastic 

stage up to concrete cracking, elasto-plastic stage up to steel yielding, and plastic nonlinear 

stage with strength hardening due to the presence of the GFRP tubes and the nonlinear 

characteristics of the concrete up to failure. Once the tubes fractured in tension, the load 

dropped to approximately two-thirds of the peak strength and remained stable over a large 

range of deflection. Whereas Specimen B4, with no FRP tube, exhibited a plastic response 

after yielding due to confinement of the concrete core by the steel stirrups. The load-mid span 

hogging and sagging deflections responses for all tested beams are shown in Figure 4.7. Table 

4.4 provides the recorded data corresponding to the important coordinates of the load–

deflection relationships, namely the cracking, yielding, and ultimate loads (Pcr, Py, and Pu) and 

the corresponding mid-span deflections at cracking, yielding, and ultimate (Δcr, Δy, and Δu). 

The cracking and yielding loads were captured from internal steel rebars strain readings at the 

tension side. The moment at cracking, yielding, and ultimate (Mcr, My, and Mu), which were 

calculated from the recorded loads, are also reported in Table 4.4. As seen in Figure 4.7, all 

specimens exhibited a reduction in stiffness after the first cracking of the concrete core. 

Meanwhile, the nonlinear behavior increased after steel yielding and continued until failure. 

The degree of nonlinear slope strongly depends on increasing the GFRP tubes thickness than 

increasing the concrete compressive strength. Specimens B1, B2, and B3 failed, respectively, 

at 1021, 953, and 804 kN ultimate loads, at 94.7, 97.4, and 95.9 mm corresponding to ultimate 

deflections. In comparison to specimen B4, Specimens B1, B2, and B3 achieved 209%, 188%, 

and 143% increases in ultimate loads and 89%, 94%, and 91% increases in ultimate 

deflections, respectively.  

4.5.3  Load-strain responses 

Figure 4.8 shows the load-strain responses for all specimens in terms of the top fiber 

compressive strains, bottom fiber tensile strains, hoop strains in the compression zone as well 

as the longitudinal steel strand strains at the beams mid-span. For the prestressed CFFT beams 

B1, B2, and B3 failed in tension by rupture of the GFRP tube at maximum measured tensile 

strains of 16,623, 14,050, and 16,930 με, respectively. These strains values were slightly close 

to those measured in the tension coupon tests (Table 4.3). On the other hand, the maximum 
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axial compressive strains were -10,570, -7,408, and -4,788 με, which are only 64%, 45%, and 

26% of the ultimate compressive strain of the GFRP tubes, based on coupon tests, 

respectively. With increasing the load, the measured axial compressive strains tend to reverse 

its direction as shown in Figure 4.8 a. This behavior indicates the initiation of the outward 

local buckling of the tube. All prestressed CFFT beams, however, continued to carry 

additional loads until it eventually failed in tension. On the other hand, prestressed RC beam 

B4 indicates that once the concrete strain at the extreme compression face reached -3200 με, 

the load reached its peak level and stabilized after spalling of the crushed concrete cover. The 

specimen ultimately failed in a ductile manner. 

It can be noticed in Figure 4.8 a and c that increasing the thickness of the GFRP tube 

from 6 to 7.4 mm decreased significantly longitudinal strains of the GFRP tubes and steel 

strands at the same load level. Increasing the concrete compressive strength from 43 to 70 

MPa showed a slight decrease in the longitudinal strains of the GFRP tubes at the same load 

level but for the steel strands exhibited almost similar trend.  For instance, at a load level 400 

kN, the longitudinal tension and compression tube and steel strands strains were 1587 με, -

1310 με, and 6180 με for B1 while for B2 were 2150 με, -1702 με, and 6282 με, respectively.  

Figure 4.8 b shows the load–transverse strain behavior of all beams in the compression zone at 

mid-span. Generally, the load–transverse strain curves were characterized by an almost 

bilinear response with an initial slope to Poisson’s ratio effect of the tube (0.19). As the load 

increases and the onest of local buckling of the GFRP flange, the concrete tends to dilate 

excessively in the transverse direction, which induced transverse local bending in the flange, 

subjecting its upper surface to additional tensile strains. The maximum measured hoop strains 

at ultimate were ranged from 5000 to 6117 με. This indicated that the GFRP tubes were 

activated to confine the concrete core more as the load increase. 

 

 

 

 

 

 

 



Chapter 4: Effect of Concrete Strength and Tubes Thickness on the Flexural Behavior of prestressed Rectangular 

Concrete Filled FRP Tubes (CFFT) Beams    

 
97 

 

 

 

 

  

Figure 4.7: Load-deflection responses of the full-scale tested specimens 
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Table 4.4: Summary of the test results, ductility, energy absorption, and flexural ultimate moment capacity predictions 

ID 
Pcr, 

(kN) 

Py, 

(kN) 

Pu, 

(kN) 

Mcr, 

(kN.m) 

, yM

(kN.m) 

Mu, 

(kN.m) 

Δcr, 

(mm) 

Δy, 

(mm) 

Δu, 

(mm) 
εc (με) εt (με) 

λ= 

Δu/Δy 

Etot 

(kN.m) 

Ein/Etot 

(%) 

Mu,Exp./ 

MPred
a 

Mu,Exp./ 

MPred
b 

Mu,Exp./ 

MPred
c
. 

B1 227 395 1021 131 227 587 2.61 9.29 94.7 -10,570 16,623 10.2 69.0 85 1.26† 1.09† 0.95† 

B2 189 355 953 109 204 548 2.16 9.20 97.4 -7,408 14,050 10.6 68.1 82 1.25† 1.06† 1.09† 

B3 173 365 804 99 210 462 2.10 11.52 95.9 -4,788 16,930 8.3 57.7 79 1.18† 1.04† 0.98† 

B4 165 279 331 95 160 190 2.13 9.87 50.1 -3,215 13,000 5.1 14.9 78 1.10 d 1.10 d - 
a Proposed model using unconfined concrete model. 
b Proposed model using partially confined concrete model. 
c  Eqn. 5  
d Based on CSA A23.3 (2014) 

Aver. based on CFFT 1.23† 1.06† 1.01† 

SD 0.04 0.03 0.08 

COV % 3.5 2.4 7.5 
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a)  

         

     b)                                                                                 c) 

Figure 4.8:  Load–strain behaviors: a) axial strains of FRP tube or concrete surface; b) hoop 

strains of FRP tube, and c) steel strands strains 

4.5.4  Load–slip relationships  

The slips between the GFRP tube and concrete was measured by two potensionmeters 

that were attached to the FRP tube surface at both ends as shown in Figure 4.5. Figure 4.9 

illustrates the FRP tube–concrete load–slip relationships of the specimens. As evident from 

Figure 4.9, there was almost no interface-slip between FRP tube and concrete during testing of 
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all specimens, with a maximum recorded value of 0.025 mm. This would confirm full 

composite action and sufficient bond strength between the tubes and the concrete core was 

developed. The roughness of the tubes inner surface, the presence of internal hook deformed 

steel bars as well as the radial pressure exerted by the tube through confinement of the 

prestressed concrete minimized the slip of the tube relative to the concrete core [Fam, A. et al 

2006, Masmoudi, R et al 2018, Belzer B et al 2017]. 

 

Figure 4.9: Load–slip relationships measured between FRP tube and concrete 

4.6 Discussion 

4.6.1  Effect of confinement using GFRP tube 

The load-deflection behaviors of specimens B4 and B3 are compared in Figure 4.7 to 

study the effect of the GFRP tube on the flexural behavior. The fabricated filament wound 

FRP tubes were designed to have adequate fibers in their transverse direction. The specimens 

were post-tensioned with the same effective prestressing of 0.65 fu. As expected, the 

significant enhancement in the overall behavior of the prestressed CFFT beam compared to the 

conventional prestressed specimen B4. The deflection of B3 at any given load was smaller 

than that of B4. For example, at a 300 kN load, the deflection of B3 was 8.10 mm compared to 
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B4 was 14.6 mm. The test results revealed that the ultimate strength and deformation capacity 

were increased by 2.43 and 1.89 times than the prestressed RC beam with the same cross-

section dimensions and prestressing reinforcement ratio. This can be attributed to the FRP tube 

has a reinforcing effect in the longitudinal direction and also has a continuous confinement 

effect on the concrete core, which is not provided by the steel stirrups. Figure 4.10 illustrates 

the variation of neutral axis depth (c) with the load for all beams. The variation of the neutral 

axis depth was established using the maximum strains recorded at the mid-span on the extreme 

compression and tension fibers of each beam, established based on the load–axial strain 

relationships shown in Figure 4.5. As seen in Figure 4.10 the position of the neutral axis depth 

for Specimen B3 was nearly higher than that of B4. For instance, at a load of 250 kN, the 

neutral axis depths were 204 mm and 177 mm for specimens B3 and B4, respectively. This 

indicates that the concrete in the compression zone of the prestressed CFFT beams was 

optimally utilized. 

 

Figure 4.10: Variation of the neutral axis location as a function of applied load 

4.6.2  Effect of concrete compressive strength  

Figure 4.7 compares the load-deflection responses of specimens B1 and B2. It can be 

noticed that increasing the concrete compressive strength improved the initial stiffness and 

cracking load. This increase in stiffness can be attributed to increasing the concrete tensile 
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strength which controls the initiation of tensile cracks in the concrete core. After cracking, 

specimen B1 exhibited slightly higher post-cracking stiffness and lower deflection at the same 

load level. Increasing the concrete compressive strength from 46 to 70 MPa increased the 

ultimate flexural moment capacity by only 7% with no significant effect on the ultimate 

deflection. Figure 4.11 shows the hoop-axial strain responses of specimens in the compression 

side. As seen in Figure 4.11, the axial-hoop strain behavior of specimen B1 showed slightly 

higher rate change in slope than that of specimen B2, which indicates a slight confinement 

efficiency. In addition, the neutral axis depth for B2 constructed with NSC was slightly higher 

than specimen B1. This was expected, as in the presence of higher strength concrete sectional 

force equilibrium is attained at a lower neutral axis depth. Similar behavior was observed in 

the test by Idris and Ozbakkaloglu [2014] for FRP-steel composite beams. More 

investigations, however, are needed to assess the effect of a wide range of concrete 

compressive strengths on the flexural behavior of prestressed rectangular CFFT beams.  

 

Figure 4.11: Axial versus hoop strain behavior 

4.6.3  Effect of GFRP tube thickness 

In order to assess the effect of the tube thickness, Specimens B2 and B3 were 

fabricated using the same fiber structural laminate but with a different number of roving, 

which created different tubes wall thicknesses ranging from 6 to 7.4 mm. Figure 4.7 presents 
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the effect of the GFRP tube thickness. As seen in this figure that the load-deflection responses 

depicted similar characteristics. However, increasing the tube thickness in the specimen B2 

exhibited substantial increases in the post-cracking stiffness, ultimate capacity, ductility factor, 

energy absorption and control deflection at the same load level compared to their counterpart 

Specimen B3. At failure, Specimen B2 showed a 19% increase in the ultimate strength 

compared to specimen B3 while the ultimate deflection showed a slightly increase by only 2%. 

The investigation of the neutral axis depth of tested B2 and B3 beams in Figure 4.9 indicated 

that the neutral axis depth was increased with increasing the thickness of the tubes as a result 

of increasing the confinement effect by tubes. For the tested specimens, it appears that 

increasing the tube thickness is more effective than increasing the concrete compressive 

strength. 

4.6.4  Ductility and Energy Absorption 

The ductility of a structural member can be defined as its ability to undergo inelastic 

deformation without loss in its load carrying capacity prior to failure. Ductility can be 

expressed in terms of deformation (or curvature) or energy absorption. Two approaches were 

used herein to assess the ductility of the test specimens. The first method by [Park., R. (1989)], 

ductility factor is defined as the ratio of maximum displacement to that at yielding of the steel 

reinforcement and computed using the following Eq. 4.1. 

                    λ=Δu/Δy                                         (Eq. 4.1) 

The second method by [Grace, N. F. et al 1998], ductility factor was evaluated by the 

energy ratio (ratio of the inelastic to the total energy). Total energy absorption is calculated by 

integrating the area under the load-deflection curves. Figure 4.12 shows the inelastic, elastic, 

and total energies definitions. Accordingly, the failure of a structure is defined as a brittle 

failure if the energy ratio is lower than 70% [Grace N. et al 2013]. The values of λ and total 

energy absorption, and energy ratios for all specimens are reported in Table 4.4. It can be seen 

that the prestressed CFFT specimens had an excellent ductility and energy absorption 

compared to the reference specimen under bending. The average deformation ductility was 9.7 

with an average energy ratio of 82%. Compared to B4, the deformation ductility of B1, B2 and 

B3 were increased by 100%, 108%, and 63%, respectively. While the average deformation 

was 1/31 of the span length compared to B4 which was 1/60 of the span length. On the other 
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hand, the energy absorption for the specimens B1, B2 and B3 were about 363%, 357%, and 

287% higher than that of specimen B4, respectively. These results showed that the prestressed 

CFFT beams were enhanced significantly by the GFRP tubes, which would make the system a 

good alternative for high-performance structures. It appears that increasing the concrete 

compressive strength is rather less effective than increasing the tube thickness. Increasing the 

tube thickness from 6.0 to 7.4 mm increased the deformation ductility and energy absorption 

by 28% and 18, respectively. On the other hand, increasing the concrete compressive strength 

for specimen B1 exhibited no significant effect on the energy absorption.   1 
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b) 

Figure 4.12: a) Ductility factor definition (Grace et al. 1998); b) Total energy absorption of the 

test specimens  



Chapter 4: Effect of Concrete Strength and Tubes Thickness on the Flexural Behavior of prestressed Rectangular 

Concrete Filled FRP Tubes (CFFT) Beams    

 
105 

4.7 Analytical Investigation  

In this section, simplified design approaches are proposed herein to predict the ultimate 

moment capacity of the tested beams. An analytical design model based on plane sectional 

analysis using two different concrete models is developed. Besides, a preliminary empirical 

design formula based on a regression analysis of the test results is also established. The 

accuracy of the proposed design models was assessed by comparing the theoretical results 

against the experimental results presented herein. 

4.7.1  Analytical model 

An analytical model, based on strain compatibility and forces equilibriums, is proposed 

to predict the ultimate moment capacity of the prestressed CFFT tested beams. The sectional 

analysis assumes that: (1) plane sections remain plane after deformation, (2) strain distribution 

throughout the depth of the section is linear, and (3) perfect bond exists between the concrete 

and tube. The material of the tube is assumed to be linear elastic in both compression and 

tension until failure. The ultimate stresses in the GFRP tube are based on the test results 

obtained from coupon tests. The steel rebar was modeled by a bilinear model, with a zero 

plastic hardening elasticity modulus after yield. The contribution of the concrete in tension 

was neglected. Several FRP-confined concrete models are available in the literature. Two 

models are examined herein for the concrete in compression, namely the unconfined and 

partially confined models. In the first model, the concrete in compression exhibits extended 

strain softening using Popovics’s model [Popovics S. 1973] as suggested by AASHTO 

guidelines [AASHTO). (2012)] (Eq. 4.2), while the second model is based on a function 

similar  to Popovics’s model [Popovics S. 1973] up to f’c   followed by a horizontal (zero 

slope) branch following [Fam A. et al 2003] which provides the lower bound for the variable 

confinement model as described in the following (Eq. 4.3). This model was chosen to present 

intermediate level of confinement that is adequate for beams, instead of full confinement 

models that are adequate for columns. 
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                                                           (Eq. 4.2) 

       ' '

c cof f=      when  εc > εc’                       (Eq. 4.3) 
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Where sec( )co cor E E E= −   and the secant modulus of concrete ' '

sec c cE f = . The tangent 

modules of concrete 
'5000co cE f=  and the maximum compressive strain εc’=0.0023 based 

on the compression tests of concrete cylinder. 

A modified Ramberg–Osgood function, suggested by Mattock [Mattock, Alan H. 

1979], has been adopted to model the stress–strain relationship of steel strands, and is given in 

the following equation: 

1/

(1 )

1 ( )
p p p puC

c

p

A
f E A f

B




 
− = + 

  +  

                                      (Eq. 4.4) 

Where Ep, εp, and fpu=elastic modulus, strain in the strand, and ultimate strength of the 

strand, respectively. A, B, and C=three constants. Knowing the values of Ep, fpu, and ultimate 

fracture strain εpu, the constants A, B, and C can be determined, and the full stress–strain 

relationship can be established. For the steel strands, Eq. (4.4) was adopted (Ep=198 GPa, 

fpu=1960 MPa, and εpu=7.03% resulted in values of 0.015, 109.8, and 22 for the constants A, 

B, and C, respectively. The strain in the tendon is that of its adjacent concrete plus the 

effective prestrain. Figure 4.13 shows the proposed material model for concrete and steel 

strand. 

A computer program was developed based on strain compatibility and forces 

equilibriums and the material models of each component to predict the ultimate capacity of the 

tested beams. For moderate amount of prestressing reinforcement, tension failure normally 

occurs in tube, particularly if the majority of fibers oriented in the hoop direction [Fam, A. and 

Mandal 2006]. Hence, the analytical procedure starts by assuming a given strain value 

(εtube,bottom) at the extreme bottom level of the tube based on the tensile coupon tests and a 

value of the compression zone depth (c), assuming tension failure of prestressed CFFT beams 

is triggered by failure of the tube in tension. The stresses along the cross section are 

determined depending on the corresponding strains. The internal forces are calculated by 

multiplying the stress by the corresponding area of different materials and then check the 

equilibrium by satisfying an acceptable tolerance between the sum of forces in compression 

and in tension. Once the equilibrium is satisfied, the internal moments are calculated by 

multiplying the internal forces by the distance from the neutral axis of the section. Figure 4.14 
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shows the stress-strain distribution of the proposed analytical model. More details on the 

internal forces’ calculation can be found elsewhere [Abouzied and Masmoudi 2015, 2017]. 

 

 

Figure 4.13: Stress–strain models for partially confined and unconfined concrete and steel 

strands. 

 

 

Figure 4.14: Proposed analytical model stress and strain distribution  

4.7.2  Simplified design formula  

A new empirical formula is established based on a regression analysis of the test 

results. The design equation is the same form as adopted by AASHTO [2012] for tension 

failure controlled circular CFFT members. Since the beams had different tubes thicknesses, a 

total reinforcement index parameter (ωt) is introduced to represent the different reinforcement 



Chapter 4: Effect of Concrete Strength and Tubes Thickness on the Flexural Behavior of prestressed Rectangular 

Concrete Filled FRP Tubes (CFFT) Beams    

 
108 

ratios and material strengths. The total reinforcement index (ωt) is the sum of FRP, steel bars, 

and strands indices ωf , ωbar, and ωst, is defined as given in Eq. 4.5: 

 +                     (Eq 4.5) 

Based on the best fitting of the experimental data, the following empirical equation (Eq. 4.6) is 

proposed to predict the moment capacities of tested CFFT beams predominantly governed by 

flexural failure (rupture of the GFRP tubes). As such, the concrete longitudinal compressive 

strain at failure may exceed 0.003 [Popovics S. 1973].  

                    (Eq. 4.6) 

Where h is member total height (mm) (=hinner height+2tf).  

4.7.3  Ultimate moment predictions  

Comparisons between the theoretical predictions and the test results for the ultimate 

moment capacity using the analytical model based on partially confined and unconfined 

concrete models as well as the empirical formula are shown in Table 4.4. As seen in Table 4.4 

the theoretical predictions showed good agreement with the test results. Using a partially 

confined model for concrete with plastic strain up to the ultimate compressive strain of the 

FRP tube indicated better agreement with the experimental results than using the unconfined 

concrete model proposed by AASHTO guidelines [2012]. The Mu(exp)/Mu(theo) ratios were on 

average of 1.06±0.03 and 1.23±0.04, respectively. While the empirical design formula showed 

an average of Mu(exp)/Mu(theo) 1.01±0.08. The proposed analytical models provide a step 

forward to examine the full flexural performance of prestressed CFFT beams. Besides, the 

empirical formula found to be acceptable and easy to use by engineer for predicting the 

ultimate moment capacity of prestressed rectangular CFFT flexural members. Due to lack of 

data in the literature and test results, however, further experimental tests of the key parameters 

influencing the flexural behavior and ultimate strength of prestressed rectangular CFFT beams 

are warranted. 

4.8 Conclusions 

This paper presents the results of an experimental study on the flexural behavior and 

ultimate strength of unbonded post-tensioned rectangular (CFFTs) beams. The effects of the 
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confinement using GFRP tube, the concrete compressive strength, and the GFRP tube thickness 

were examined. Based on the test results and discussion presented in this study, the following 

conclusions can be drawn: 

1. RC rectangular CFFT beams prestressed with unbonded steel strands were an effective 

system in improving the overall flexural performance. Flexural strength, inelastic flexural 

deformation, deformation ductility, and energy absorption capacities of prestressed CFFT 

beam B3 were substantially higher than that of conventional prestressed RC beam B4. The 

test results revealed that the ultimate strength, deformation capacity, deformation ductility, 

and energy absorption were increased by 2.43, 1.89, 1.63, and 3.87 times than that of 

prestressed RC beam.  

2. The final failure of all prestressed rectangular CFFT specimens was governed by the tubes 

fracture in tension side with no signs of shear failure, slippage or web buckling. However, 

a local buckling in compression flange was observed in the tested specimens at ultimate.  

3. Increasing the GFRP tube thickness from 6 to 7.4 mm in the specimen B2 exhibited a 

significant increase in the ultimate capacity, energy absorption, and control deflection at 

the same load level compared to their counterpart specimen B3. At failure, Specimen B2 

showed 19%, 28% and 18% increases in the ultimate capacity, deformation ductility, and 

energy absorption, respectively.  

4. NSC and HSC of prestressed CFFT beams developed almost similar inelastic load 

deflection behaviors. Increasing the concrete compressive strength from 46 to 70 MPa 

enhanced the initial stiffness and load before cracking. After cracking, however, HSC 

specimen B1 exhibited only a 7% increase in the ultimate flexural moment capacity with 

no significant change in the ultimate deflection. 

5. Increasing tube thickness is more effective in improving flexural strength and stiffness of 

the prestressed CFFT tested beams than increasing the concrete compressive strength. 

More investigations, however, are needed to assess the effect of a wide range of concrete 

compressive strengths on the flexural behavior of prestressed rectangular CFFT beams.    

6. The proposed analytical model based on confined concrete model, showed good agreement 

with test results, while unconfined concrete model has highly underestimated the flexural 

strength of Prestressed CFFTs. The Mexp/Mtest showed an average of 1.06±0.03 and 1.23 

±0.04, respectively.  
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7. The proposed empirical design equation can predict the flexural moment capacity of 

prestressed rectangular CFFT tested beams with satisfactory accuracy on average of 1.01 

±0.08. However, further experimental tests of the key parameters influencing the flexural 

behavior and ultimate strength of prestressed rectangular CFFT beams are warranted. 
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5.1 Abstract 

This Chapter experimentally investigates the effect of using the posttensioning (PT) steel 

strands on the flexural performance of rectangular concrete-filled fiber-reinforced polymer 

(FRP) tube (CFFT) beams. Eight PT beams were tested to failure in four-point bending. The 

main parameters are the effect of prestressed reinforcement, the GFRP tube, the tube 

thickness, the magnitude of the prestress level, and the number of strands. The test results 

indicate that rectangular PT CFFT beams showed superior load–deflection behaviors and 

higher flexural strength compared to the non-PT CFFT designed with identical structural 

laminate and tube thickness. The results also show that PT CFFT beams performed 

substantially better than PT concrete beam with the same cross-sectional dimensions and 

prestressing. The flexural behavior of the tested PT CFFT beams is highly depended on the 

FRP tube confinement and thickness, and, to a much less extent, on the magnitude of the 

prestress level and the number of strands. A strain compatibility model has been developed 

considering the partially confined and unconfined concrete models and verified against the 

experimental results. The proposed model successfully predicts the flexural moment capacity 

of the tested beams with satisfactory accuracy on average of 1.05±0.03 and 1.21±0.04, 

respectively. It was also found that neglecting concrete confinement highly underestimates the 

flexural strength. More investigations, however, are needed to assess the effect of a wide range 

of key influencing parameters to better model and understand the flexural behavior of 

rectangular PT CFFT beams.  

5.2 Introduction 

Reinforced concrete (RC) infrastructure is aging with time and has been deteriorated 

due to several reasons such as corrosion, moisture, and chemical incompatibility. Hence, the 

life cycle of structural members is shortened. Fiber-reinforced polymer (FRP) materials have 

received much attention in the construction industry. Reduced material costs—coupled with 

labour savings inherent with its lightweight and comparatively simple installation, its high 

tensile strength, low life-cycle cost and immunity to corrosion and chemical attack—have 

made FRP materials very attractive for use in new structural systems, particularly those 

exposed to harsh environmental conditions (Idris and Ozbakkaloglu 2014; Abouzied and 
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Masmoudi 2015 and 2017; Hassan et al. 2017; Nghiem et al. 2018; and Masmoudi and 

Abouzied 2018; Ahmed et al. 2018 a, b, c; etc.).  

Concrete-filled FRP tubes (CFFTs) became a popular form of hybrid structural 

elements in new construction. The FRP tubes offer multiple advantages of light and effective 

stay-in-place formwork, protective jacket, weathering, and chemical attacks, efficient and 

durable transverse confinement reinforcement with the ability to generate high lateral 

confinement pressure, which can enhance both the strength and ductility of concrete. 

Extensive studies have been conducted to investigate the axial behavior of CFFTs for bridge 

columns and piles applications. However, a few studies have reported on the flexural behavior 

of CFFT beams with and without steel or FRP bars. Cole and Fam (2006) investigated the 

flexural performance of CFFT beams reinforced with either steel, glass FRP (GFRP), or 

carbon FRP (CFRP) rebar of various sizes. Five reinforced CFFTs and two control beams 

without tubes were tested under bending. The test results showed that CFFT beams performed 

substantially better than beams with a steel spiral. CFFTs with steel rebar failed in a sequential 

progressive manner, leading to considerable ductility compared to CFFTs with FRP rebar. 

Belzer et al. (2013) investigated the flexural performance of rectangular CFFT beams with 

different levels of adhesive bonding of the concrete core to the GFRP tube, namely unbonded, 

partially bonded of the flanges, and fully bonded of the flanges and webs. The results showed 

that partially bonded and fully bonded configurations exhibited considerably higher strength 

and stiffness in comparison to the unbonded configuration. Idris and Ozbakkaloglu (2014) 

investigated the effect of concrete strength on the flexural behavior of FRP high-strength 

concrete (HSC) circular steel composite beams. The results indicated that increasing the 

concrete strength increased the flexural capacity of double-skin tubular beams without 

affecting their overall ductility. Recently, Abouzied and Masmoudi (2015 and 2017) and 

Masmoudi and Abouzied (2018) tested 22 rectangular GFRP CFFT beams under bending. 

They found that the CFFT beams demonstrated good flexural performance, higher inelastic 

deformation capacity, and flexural strength compared to RC beams. These studies have 

confirmed the excellent structural behavior of CFFTs under flexural, which makes them a 

highly attractive alternative for the construction of new high-performance members. 

The growth in the demand for prestressed concrete (PC) in the construction industry 

has steadily increased with time due to the superior performance and relative-costs offered by 
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PC over conventional RC in a large number of project applications (QYResearch 2016; Grand 

V.R. 2017; Market R.F. 2019). Very limited investigations have been reported in the literature 

to examine the effect of prestressing on concrete-filled tubes (CFTs) under flexural. Mirmiran 

and Shahawy (1999) conducted an analytical study on circular CFFTs partially prestressed 

with eccentric tendons. They found that the partial prestressing can enhance the flexural 

performance of the CFFTs at service loads. They recommended limiting the effective prestress 

in concrete to 10% and 25% of the unconfined concrete strength and also limiting the tendon’s 

eccentricity to the kern distance in order to avoid tensile stresses at the interface of the 

concrete core and FRP tube. Fam and Mandel (2006) tested five prestressed circular CFFT 

beams under bending. They found that the prestressing not only improved the strength and 

serviceability of the system, but it also activated the confinement mechanism of the concrete 

core restrained by the FRP tube. ElGawady et al. (2010) investigated the behavior of four 

hybrid segmental columns consisting of precast posttensioned CFFTs (PPT-CFFTs) under 

lateral cyclic loading. The test results showed that the PPT-CFFTs can effectively resist lateral 

cyclic forces. The PPT-CFFT columns were capable of undergoing large nonlinear 

displacements without experiencing significant or sudden loss of strength and achieved a drift 

of approximately 15% with no strength degradation. This was different from the RC column 

which started to loss its strength at 12% drift. Zhan et al. (2016) studied the flexural 

performance of rectangular PC filled steel tube (CFST) beams. The effect of concrete strength 

(50 and 60 MPa) and degree of prestressing (0.26 and 0.40) were investigated. The test results 

indicated that the prestressed strands delayed the crack occurrence and enhanced the 

confinement effect of the core concrete, which in turn improved the composite action under 

bending. Huang et al. (2017) investigated the behavior of prestressed CFST truss girders 

subjected to a concentrated load at the midspan. Results from the experimental tests indicated 

that the initial flexural stiffness and flexural strength of prestressed CFST truss girders increase 

as the prestress level or shear-span-to-depth ratio increases. Generally, these studies have 

confirmed the excellent structural behavior of prestressed CFTs.  

Based on these previous studies, introducing the prestressing for the CFTs can provide 

many unique advantages, which would lead to considerable enhancement in the strength, 

stiffness, deflections, and cracking control; and would make it a good alternative for high-

performance structures. Despite its demonstrated benefits in terms of improving the structural 

https://www.radiantinsights.com/publisher/qyresearch
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behavior, there is still a lack of research studies, for prestressed CFFT flexural members, 

particularly with rectangular cross-sections. Moreover, there are no code provisions or 

guidelines for the flexural design and serviceability of prestressed rectangular CFFT members. 

Therefore, the behavior of such members has yet to be documented experimentally and 

theoretically.  

5.3 Research Significance    

The work presented in this paper is a part of a research program undertaken at the 

University of Sherbrooke (Quebec, Canada) to develop and evaluate the flexural behavior of 

unbonded posttensioned rectangular CFFT beams. Posttensioned CFFT beams were 

constructed and tested under four-point bending. The purpose is to assess the effect of 

prestressing on the flexural performance of rectangular CFFT beams and to compare its 

behavior with nonprestressed CFFT and PT concrete beams. Other parameters such as the 

magnitude of the prestress level, the number of strands, and the GFRP tube thickness are 

investigated. The test results of this research will contribute to better understanding 

experimentally the flexural behavior of rectangular PT CFFT beams. The paper also 

establishes design provisions and recommendations for engineers in designing PT CFFT 

beams. The research will lay the foundation for future studies on the structural behavior of PT 

CFFT beams. 

5.4 Experimental Program 

5.4.1  Specimens configuration and parameters  

In this study, a total of seven rectangular PT CFFT beams and one PT concrete beams, 

serving as control specimens manufactured with steel stirrups instead of FRP tube, were tested 

up to failure. The specimens were designed to study the effects of several parameters such as 

the effect of prestressing on the flexural performance of CFFTs and compare its behavior with 

the non-PT CFFT and PT concrete beams, the magnitude of prestressing level, the number of 

strands, and the GFRP tube thickness. Table 5.1 provides a summary of all test specimens, 

whereas Figure 5.1 shows a schematic of test specimens configurations. All beam specimens 

were 3,300 mm long with cross-section dimensions of 305 mm wide by 406 mm deep. The PT 

beams were reinforced at the tension side with internal deformed steel bars 2-15M as 

minimum bonded reinforcements per CSA A23.3 (2014). The steel rebar concrete cover was 
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38 mm. The PT CFFT beams were reinforced with steel stirrups 10M@100 mm for a 500 mm 

distance at both ends to prevent any premature failure at the end-anchorage zones and to hold 

the internal rebars in place. Polyethylene tubes (with inside and outside diameters of 26.6 mm 

and 33.4 mm, respectively) were used to create the tendon ducts. Each tendon had the same 

eccentricity (e) of 85 mm. The eccentricity was measured from the inner bottom surface of the 

FRP tube to the center of the tendon duct. This eccentricity was designed to only permissible 

tensile stresses in concrete immediately after prestressing transfer does not exceed   per 

CSA A23.3 (2014). All prestressed beams were tensioned up to 65% fu, except specimen P2-

B-2, which was prestressed up to 37% fu, where fu is the ultimate tensile strength of the steel 

strand. The test specimens in Table 5.1 were labelled as follows: the first letters P1 or P2 are 

defining “the prestressed level: level 1 “=65% fu” or level 2 “(=37% fu)”. This was followed by 

a letter S, A, B, C, or E. These letters were used to indicate “the lateral confinement type: S= 

steel stirrups, A = FRP tube type A, B= FRP tube type B, C= FRP tube type C, or E= FRP 

tube type E. The third number (2 or 3) is representing the number of tendons. 

Specimens P1-A-2, P1-B-2, and P1-C-2 were designed to investigate the effect of the 

GFRP tube thickness ranged from 6.0 to 12.3 mm. The effect of the prestressing level was 

studied through Specimens P1-B-2 and P2-B-2, which had identical tubes and numbers of 

strands but different prestress levels. The effect of the number of strands was also studied 

through Specimens P1-B-2 and P1-B-3, which had 2 or 3 prestressing strands. To assess the 

improvement in the flexural behavior of PT CFFT compared with non-PT CFFT, specimen 

P1-E-2 was compared with a CFFT beam “OR4” tested by Masmoudi and Abouzied (2018) as 

a part of the first phase in this project, which was designed with identical structural laminate 

and tube thickness. To investigate the effect of FRP tubes or steel stirrups, PT concrete beam 

“P1-S-2” reinforced with steel stirrups was compared with PT CFFT beam “P1-E-2”, which 

had the same cross-sectional dimensions and prestressing. The design criteria for P1-S-2 was 

based on the ACI 318-19 (2019) for ultimate strength design. The shear capacity of the tested 

beam was sufficiently higher than the flexural capacity to avoid shear failure mode. Similarly, 

FRP tubes were designed with adequate fibers in their transverse direction, whereas the 

flexural behavior of PT CFFT beams would be a dominated failure. The shear contribution of 

the FRP tube is computed according to ACI 440.2R-17 (2017) for completely wrapped 

members. The PT concrete beam was reinforced with 2-15M deformed steel bars at the top 
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and bottom zones. The top reinforcement ratio was designed to control tensile cracks due to 

applying the prestressing forces with at least tensile stresses of  according to the CSA 

A23.3 (2014). Figure 5.1 shows the reinforcement specimen’s details. 

5.4.2  Material properties 

Concrete—All specimens were cast using a ready mixed normal-strength concrete 

(NSC) with a maximum aggregate size of 14 mm. The target compressive strength was 40 

MPa after 28 days. A water reduce admixture “superplasticizer” was added during casting to 

increase the concrete workability. The development of concrete strength with age was 

monitored in accordance with ASTM C39/C39M-18 (2018) by tests of 100 x 200 mm concrete 

cylinders that were cured adjacent to the beam specimens under similar conditions. There were 

at least three cylinders in each casting which was tested at 7, 14, and 28 days after casting and 

throughout the beam testing period. The concrete compressive strength (f’c) and tensile 

strength (f’t) at the day of testing were determined based on the average values of six cylinders 

(100 × 200 mm) for each test. The concrete compressive strength ranged from 43 to 46 MPa, 

whereas the tensile strength ranged from 3.8 to 4.0 MPa. Table 5.1 provides the concrete 

strength for each specimen. 

Table 5.1: Details of test specimens 

a Px-a-y-z: Px for prestressing level 1 or 2 (65% or 37% fu); a for the confinement reinforcement; S steel stirrups or Tube; and y for 

the number of steel tendons (2 or 3).  
b f 'c and f 't are the concrete compressive and tensile strengths, respectively.  

 

 

Test 

Beam a 

Cross-

section 

(Bi x Hi) 

Tube or 

stirrups 

(ID) 

Tube 

thick. 

(mm) 

Prestressing 

Steel bars 
f 'c 

b, 

(MPa) 

f’tb, 

(MPa) 
No. of 

strands 

Effective 

prestress 

level (%) 

Jacking 

force 

(kN) 

P1-S-2 

3
0
5
 x

 4
0
6
 m

m
 

10M stir. - 

2-15Φ 
65 200 

2-15 M (T&B) 43±0.7 3.8±0.3 

P1-A-2 A 12.3  

 

 

2 -15M (B) 

46±0.9 

 

4.0±0.2 

 

P1-B-2 B 7.40 

P1-C-2 C 6.00 

P2-B-2 B 7.40 37 110 43±0.7 3.8±0.2 

P1-B-3 B 7.40 3-15Φ 
65 200 

46±0.9 4.0±0.2 

P1-E-2 E 5.70 2-15Φ 43±0.7 3.8±0.3 
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                   (Note: All dimensions in mm) 

Figure 5.1: Beams’ geometry and reinforcement details: a) PCCFT; b) PRC; and c) Dead and 

live ends. 

Steel Strands and Deformed Bars —Seven-wires, low-relaxation steel strand [15.2 mm 

(0.6-in) in diameter], with a cross-sectional area of 140 mm2 were used. The strand had a 

Young’s modulus of 198 GPa and ultimate strength of 1967 MPa. The strand yield strength, 

corresponding to a 1% elongation, was 1802 MPa, and the rupture strain was 7%. Two 

different deformed steel bars were used to reinforce the test specimens. Deformed steel bars 

15M (16-mm in diameter, 200 mm2 in cross-sectional area) were served as bonded 

reinforcement at the tension side of the test specimens. Besides, deformed steel bars 10M 

Sand coating 

a) PCFFT beams 

b) PRC beams 

c) Dead and live ends 



Chapter 5: Flexural Performance of Unbonded Post-Tensioned Rectangular Concrete-Filled FRP Tube Beams 

 
119 

(11.3 mm in diameter, 100 mm2 in cross-sectional area) were used as steel stirrups. The 

mechanical properties of the steel strands and rebars were determined from testing five 

representative samples for each diameter according to ASTM A615/A615M-18 (2018). The 

mechanical properties of the steel strands and rebars are presented in Table 5.2. 

GFRP Tubes— Four different GFRP tubes, designated tubes types A, B, C, and E, 

were used in this study. The GFRP tubes were fabricated, at the laboratory of Composites 

Materials for Infrastructures at the University of Sherbrooke, using the filament-winding 

manufacturing process. Tubes types A, B, and C had the same fiber type manufacturer (I) and 

stacking sequence (90o, ±30 o, 90 o), which were fabricated using vinyl-ester-wetted E-glass 

fibers but with a different number of roving. The final tube thickness was 6.0, 7.4, and 12.3 

mm for tubes types A, B, and C, respectively. On the other hand, tube type E had a stacking 

sequence [90o, ±30 o, 90 o, ±30 o, 90 o] and the fiber type manufacturer (II). Tension and 

compression standard tests were carried out according to ASTM D3039 (2017) and ASTM 

D695 (2015) on four representative coupon samples to determine the tensile and compressive 

mechanical properties in longitudinal (axial) and transverse (hoop) directions for the GFRP 

tubes, respectively. Table 5.3 reports the mechanical properties of the fabricated tubes. Figure 

5.2 shows the fabricated tubes using the filament-winding manufacturing process. 

Table 5.2: Mechanical properties of steel strands and reinforcing bars 

Reinforcement 

 type 

Nominal 

diameter 

(mm) 

Nominal 

area 

(mm²) 

Modulus of 

elasticity 

(GPa) 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Yield strain 

(%) 

15 mm (strand) 15.2 140 198± 0.9 1802± 30.0 1967± 22.0 0.91± 0.06 

10M (deformed) 11.3 100 200± 0.6 420± 20.0 610± 40.0 0.21± 0.07 

15M (deformed) 16.0  200 200± 0.5 460± 10.0 620± 30.0 0.24± 0.09 

 

5.4.1 Specimens preparation   

GFRP tubes were used as formwork for the CFFT specimens, whereas a wood 

formwork was used for casting the PT concrete beam. For all GFRP tubes, the inner surface 

was fully coated with a layer of vinyl ester resin adhesive and then sprayed with coarse sand 

particles to enhance the bond between the concrete core and the tubes. This process was 

repeated twice to ensure the sand well-distributed through the entire interior surface of the tube 
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and roughing of the surface. Reinforcement cages and ducts were assembled and positioned 

inside the tubes then loaded over the steel formwork. The tubes were secured in place at the 

bottom end and sealed around to close any gaps. The CFFT beams were cast using a concrete 

pump from the top end in an inclined position to allow freely consolidation of the concrete 

with minimal voids and internal vibration was also applied. Figure 5.2 shows the test 

specimens over the steel formwork. After filling the tube, the top end was closed with a flat 

plywood plate nailed to wooden triangle frames 50 x 101 mm on each side. The concrete-filled 

tubes were allowed to cure 50 days prior to testing.  

5.4.2  Instrumentation and test setup  

Two electrical resistance strain gauges were mounted before casting on the internal 

steel bars at the midspan. Prior loading the beams into the testing machine, 24 strain gauges 

[6-mm long] were attached to the outer surface of the GFRP tubes in both longitudinal and 

hoop directions to measure the axial and hoop strains at midspan and strain distribution along 

the beam depth throughout the test. Each steel strand was equipped with four electrical strain 

gauges [6-mm long] at different locations along the length of the steel strand at a distance of -

350, 0, +350, and +575 mm from the centerline of each beam. Figure 5.3 shows the position of 

several instrumentations’ details of the test specimens. Vertical deflections along the beam at 

the midspan, the point of application concentrated loads, and at the mid-distance between 

loading points and supports were monitored using five 250 mm linear string potentiometers 

(SPs). Additional short SPs of 100 mm gauge length were used to measure the average 

longitudinal strains at the top and bottom surfaces at midspan. Furthermore, two 25 mm SPs 

were used to monitor the relative end slippage between the FRP tube and the concrete core at 

both ends. Load cells were also installed at the dead ends of the longitudinal posttensioning 

strands to measure the posttensioning forces in each tendon. The data from all sensors were 

monitored and recorded using a data-acquisition system. Flexural load tests were conducted to 

determine the ultimate strength and deformation capacity of the test specimens. The specimens 

were tested using a four-point bending setup over a clear span of 3,000 mm with a constant 

moment region of 700 mm, as shown in Figure 5.4. The beams were simply supported on 

hinged-roller system. The load was induced using a 10,000 kN MTS machine at a 

deformation-controlled rate of 1 mm/min and transferred to two loading points on the 

specimen through a spreader beam. Figure 5.4 shows the beams test setup.  
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c) b)  a)  

Figure 5.2: a) Fibers roving; b) Filament winding manufacturing; and c) casting setup 

 

 

Figure 5.3: Instrumentation (SPs and strain gauges’ layout) 
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Table 5.3: Mechanical properties of GFRP tubes in longitudinal and transverse directions 

a&b flft, Elft, and εlft   and flwt, Elwt, and εlwt   are the longitudinal ultimate tensile strength, modulus of elasticity, and ultimate tensile strain for the tube flange and web, respectively.   
c&d flfc, Elfc, and εlftc  and flwc, Elwc, and εlwc  are the longitudinal ultimate compression strength, modulus of elasticity, and ultimate compression strain for the tube flange and web, respectively.   
e&f ftft, Etft, and εtft   and ftwt, Etwt, and εtwt   are the transverse ultimate tensile strength, modulus of elasticity, and ultimate tensile strain for the tube flange and web, respectively.   
g&h flfc, Etfc, and εtftc  and ftwc, Etwc, and εtwc  are the transverse ultimate compression strength, modulus of elasticity, and ultimate compression strain for the tube flange and web, respectively.  |

Tube 

(ID) 
tf (mm) 

Stacking       

sequence 

Longitudinal (Axial) direction  

Tensile Coupon Test Compression Coupon Test 

Flange Web Flange Web 

flft (MPa)a Elft (GPa) a εlft (%)a flwt (MPa)b Elwt (GPa) b εlwt (%) b flfc (MPa) c Elfc (GPa) c εlfc (%)c flwc (MPa) d Elwc (GPa) d εlwc (%) d 

A 12.3 [90o, ±30o, 90o] 113 ± 11 12.8 ± 1.7 1.35 ± 0.1 117± 17 14.2 ± 1.3 1.28 ± 0.2 116 ± 11 11.9 ± 0.8 1.75 ± 0.2 127 ± 6 12.3 ± 0.5 1.82 ± 0.1 

B 7.40 [90o, ±30o, 90o] 109 ± 10 12.6 ± 1.4 1.41 ± 0.2 107± 13 12.7 ± 0.3 1.35 ± 0.1 128 ± 9 14.0 ± 1.0 1.68 ± 0.4 147 ± 23 15.9 ± 3.2 1.62 ± 0.2 

C   6.00 [90o, ±30o, 90o] 115 ± 3 13.6 ± 1.2 1.45 ± 0.1 116± 10 12.3 ± 0.4 1.37 ± 0.1    130 ± 1   13.0 ± 1.8 1.90 ± 0.3 121 ± 4    13.1 ± 2.1 1.78 ± 0.2 

E   5.70 
[90o, ±30 o, 90 

o, ±30 o, 90 o] 
  170 ± 5   14.0 ± 0.5 1.43 ± 0.1   174± 5 14.5 ± 0.5  1.53 ± 0.1   162 ± 4   15.0 ± 0.5    1.20 ± 0.1   166 ± 4    15.5 ± 0.5 1.25 ± 0.1 

Tube 

(ID) 
tf (mm) 

Stacking       

sequence 

Transverse (Hoop) direction 

Flange Web Flange Web 

ftft (MPa) e Etft (GPa) e εtft (%) e ftwt (MPa) f Etwt (GPa) f εtwt (%)f ftfc (MPa)g Etfc (GPa) g εtfc (%) g ftwt (MPa) h Etwt (GPa) h εtwt (%) h 

A 12.3 [90o, ±30o, 90o] 302 ± 33 14.3 ± 0.6 3.76 ± 0.4 308± 33 14.1 ± 0.5 3.16 ± 0.1 242± 19 14.4 ± 0.8 3.07 ± 0.6 291± 17 15.2 ± 0.3 2.89 ± 0.9 

B 7.40 [90o, ±30o, 90o] 342 ± 38 16.0 ± 4.4 2.27 ± 0.7 346 ± 17 15.4 ± 1.3 2.88 ± 0.2 284± 11 18.1 ± 1.0 3.35 ± 0.2 355± 17 19.6 ± 0.7 2.46 ± 0.1 

C 6.00 [90o, ±30o, 90o] 285 ± 22 14.8 ± 1.1 2.18 ± 0.4 352± 24 16.2 ± 0.92 3.02 ± 0.5 304± 21 16.4 ± 1.8 2.34 ± 0.3 321± 23 18.5 ± 0.7 2.13 ± 0.2 

E 5.70 
[90o, ±30 o, 90 

o, ±30 o, 90 o] 
240 ± 12 14.0 ± 0.5 2.30 ± 0.2 250± 12 14.5 ± 0.5 2.40 ± 0.3 285± 9 14.0 ± 0.5 2.30 ± 0.2 294± 9 14.6 ± 0.5   2.40 ± 0.2 
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Figure 5.4: Test setup 

5.4.3  Prestressing Procedure 

Figure 5.5 shows the prestressing frame setup and loading application. All tendons 

were posttensioned in ungrouted ducts. Steel strands were anchored at one end using chucks 

anchors and steel bearing plates. The strands were tensioned from the opposite end using a 

hydraulic jack on each strand and were anchored using another set of chucks and steel plates. 

Prestressing forces were applied in five increments up to the desired prestressing force. The 

jacking force was monitored during the test using a 500 kN load cell installed at the dead end 

on each strand and verified by the strain gauges on the steel strands. The jacking prestressing 
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force (Pj) was increased by 15% of the effective prestressing force (Pe) at transfer to minimize 

the effect of immediate losses due to the presetting of the chuck anchors. Table 5.1 and Table 

5.4 report the jacking prestressing force (Pj) and the effective prestressing forces at transfer 

(Pe), respectively. 

 

Figure 5.5: Post-tensioning frame setup and loading application 
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Table 5.4: Summary of the test results and ultimate flexural capacity predictions 

ID 
Pe, 

(kN) 

Pcr, 

(kN) 

Py, 

(kN) 

Pu, 

(kN) 

Mcr, 

(kN.m) 

, yM

(kN.m) 

Mu, 

(kN.m) 

Δcr, 

(mm) 

Δy, 

(mm) 

Δu, 

(mm) 
εc (με) εt (με) 

λ= 

Δu/Δy 

λ= 

ϕu/ϕy 

Etot 

(kN.m) 

Ein/Etot 

(%) 

Mu,Exp./ 

MPred.
a 

Mu,Exp./ 

MPred.
b 

Mu,Exp./ 

MPred.
c 

P1-S-2 170 165 279 331 95 160 190 2.13 9.87 31.0 -3,215 13,000 5.1 3.3 14.9 78 1.20d 1.20d 1.20d 

P1-A-2 172 204 399 1209 115 229 695 2.10 9.03 99.8 -10,817 13,420 11.1 8.9 86.3 86 1.23 1.07 1.10 

P1-B-2 171 189 355 953 109 204 548 2.16 9.20 97.4 -7,408 14,050 10.6 7.3 68.1 82 1.25 1.06 1.13 

P1-C-2 169 173 365 804 99 210 462 2.10 11.5 95.9 -4,788 16,930 8.3 5.7 57.7 79 1.18 1.04 1.01 

P2-B-2 94 165 319 921 95 183 530 2.80 9.81 87.4 -10,522 12,180 8.9 7.6 56.2 73 1.23 1.04 1.13 

P1-B-3 170 270 493 967 155 283 556 3.10 12.6 87.4 -4,438 16,180 6.9 5.2 63.6 85 1.15 0.99 1.06 

P1-E-2 172 213 389 840 122 223 483 3.20 11.5 85.2 -8,210 14,620 7.4 6.8 53.3 77 1.20 1.08 1.00 

 

Aver. † 1.21 1.05 1.07 

SD 0.04 0.03 0.06 

COV (%) 3.1 3.1 5.5 

Pe is the effective prestressing force after transfer, Pcr, Py, and Pu are the cracking, yielding, and ultimate loads, Mcr, My, and Mu are the cracking, yielding, and ultimate moments, Δcr, Δy, and 

Δu deflections corresponding to cracking, yielding, and ultimate load, respectively, εc and εt is the Ultimate strain in compression and tension surfaces; λ is the ductility factor; Etot is the total 

energy absorption; and Ein is the inelastic energy absorption.   
a Proposed model using unconfined concrete model. 
b Proposed model using partially confined concrete model. 
c  Eqn. 7  
d Based on CSA A23.3 (2014) 

† Average based on PCFFT specimens  
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5.5 Test results and Observation 

5.5.1  General Behavior and Mode of Failure 

Figure 5.6 illustrates the mode of failure of each specimen after testing. The failure of all 

PT CFFT specimens was governed by flexural mode with no signs of shear failure or web 

buckling. The failure was started by cracking of the matrix and then outward buckling of the tube 

compression flange in the region of the constant bending moment followed by separation from 

concrete. As the load increases, the concrete is highly stressed in compression and tends to dilate 

excessively in the transverse direction until fibers rupture, which later progressed into the beam 

sides. However, the GFRP tubes continued to carry additional loads until it eventually failed in 

tension. Once the tubes fractured in tension [as in Figure 5.6], the load dropped to approximately 

two-thirds of the peak strength and remained stable over a large range of deflection. Similar 

behavior was observed for non-PT CFFT beams tested under flexural (Fam et al. 2005; Abouzied 

and Masmoudi 2016; Idris and Ozbakkaloglu 2014; Masmoudi and Abouzied 2018). On the 

other hand, for PT concrete beam (P1-S-2), the failure was initiated by yielding of the bottom 

layer of steel rebars and then the steel strands. This was also followed by crushing and spalling 

of the concrete cover. Beyond the point of the peak load at 331 kN, the load was slightly 

continuo to undergo a small reduction in load about 17% of the peak load while the post-peak 

displacement was almost doubled the deflection at the peak load. However, the steel stirrups 

were close enough in the spacing and confined the concrete core and top rebars, which allowed 

the strains in the rebars to increase beyond the yield plateau and to develop a strain hardening 

until the test was terminated eventually after excessive deflection (Cole and Fam 2006). The 

specimen ultimately failed in a ductile manner. As reported in the literature, it would recognize 

the failure when the load-carrying capacity has reduced by a small specified amount [For 

example, a 20% reduction in load or the material has fractured (Park 1989)]. These criteria were 

considered as the failure of the specimen and termination of the test. The comparison indicates 

that steel stirrups has improved ductility slightly but not the flexural strength. 

In order to investigate the failure mode of the concrete infills and illustrate the condition 

of each specimen after testing, the GFRP tube at one side of the beam was removed as shown in 

Figure 5.6. Generally, the beams showed cracking patterns more consistent with typical RC 

beams, where there were many closely spaced flexural cracks developed near the midspan with a 
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concrete crushing in the compression zone. Furthermore, it was shown by comparison that the 

number of cracks at the tension zone of concrete gradually decreased with the increase of the 

GFRP tube thickness, which may be attributed to the pronounced confinement provided by the 

FRP tube with a large thickness. Thus, the thickness of the tube has a significant effect on the 

constraint of cracking of the concrete core. 

5.5.2  Load–Deflection Characteristics 

The load-mid span deflection responses for all tested beams are shown in Figure 5.7. 

Table 5.4  provides the recorded data corresponding to the important coordinates of the load–

deflection relationships, namely the cracking, yielding, and ultimate loads (Pcr, Py, and Pu) and 

the corresponding mid-span deflections at cracking, yielding, and ultimate (Δcr, Δy, and Δu). The 

  

P1-A-2 

  

P1-B-2 

  

P1-C-2 

  

P2-B-2 

  

P1-B-3 

  

P1-S-2 P1-E-2 

Figure 5.6: Mode of failure of the tested beams and concrete cracks patterns after removing the 

GFRP tube  
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first cracking and yielding loads were captured from the load-strain curve change for the steel 

rebars at the tension side. The moment at cracking, yielding, and ultimate (Mcr, My, and Mu), 

which were calculated from the recorded loads, are also reported in Table 5.4. In general, the 

load-deflection curves for the PT CFFT beams showed almost trilinear response. The first slope 

represents pre-cracking stage up to concrete cracking, a second slope represents a reduced 

stiffness (pre-yielding stage), and a third slope represents post-yielding stage or plastic nonlinear 

stage with strength hardening due to the presence of the GFRP tubes and the nonlinear 

characteristics of the concrete up to failure, whereas specimen P1-S-2, with no FRP tube, 

exhibited a plastic response after yielding due to confinement of the concrete core by the steel 

stirrups (see Figure 5.7). As shown in Figure 5.7, all specimens exhibited a reduction in stiffness 

after the first cracking of the concrete core. However, the cracking loads were highly improved 

by the GFRP tubes thickness, the prestress level as well as the number of strands compared to 

their counterpart with no FRP tube. Meanwhile, the nonlinear behavior increased after steel 

yielding and continued until failure. The degree of nonlinearity was strongly depended on GFRP 

tube thickness or introducing the prestressing than the magnitude of prestressing level and 

number of strands. Specimens P1-A-2, P1-B-2, P1-C-2, P2-B-2, and P1-B-3 failed, respectively, 

at 1209, 953, 804, 921, and 967 kN ultimate loads, at 99.8, 97.4, 95.9, 87.4, and 87.4 mm 

corresponding to ultimate deflections. In comparison to specimen P1-S-2, Specimens P1-A-2, 

P1-B-2, P1-C-2, P2-B-2, and P1-B-3 achieved 265%, 188%, 143%, 178%, and 192% increases 

in ultimate loads and 222%, 214%, 209%, 182%, and 182% increases in peak deflections. 
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a) Tube thickness b) Magnitude of prestress level 

  

d) Introducing prestressing reinforcement and 

effect of FRP tubes versus steel stirrups  

c) Number of strands 

 

Figure 5.7: Comparisons between load-deflection responses of the tested beams with different 

investigated parameters 

5.5.3  Load-Strain Responses 

Figure 5.8 shows the load-strain responses for all specimens in terms of the top fiber 

compressive strains, bottom fiber tensile strains, hoop strains in the compression zone, and 

longitudinal steel strand strains at the beams mid-span. For the PT CFFT beams P1-A-2, P1-B-2, 

P1-C-2, P2-B-2, P1-B-3, and P1-E-2 failed in tension by rupture of the GFRP tube at maximum 

measured tensile strains of 13,420, 14,050, 16,930, 12,180, 16,180, and 14,260 με, respectively, 

◊ First cracking   ○ Yielding of steel bars □ Yielding of steel strand × Transverse rupture of tube at top 

Δ Rupture of tube in tension  ⁎ Crushing of concrete cover 

 

 

 

 

 

⁎ 
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as shown in Figure 5.8 b. The average axial tensile strains for tubes types A, B, C, and E were 

13,150, 13,800, 14,100, and 14,480 με, respectively. This indicates that the failure strains from 

the tension coupon tests were close to those measured in actual beams. On the other hand, the 

maximum axial compressive strains were -10,817, -7,408, -4,788, -10,522, -4,438, and -8,210 με, 

which are only 61%, 45%, 26%, 64%, 27%, and 67% of the ultimate compressive strain of the 

GFRP tubes, based on coupon tests, respectively. With increasing the load, the measured axial 

compressive strains tend to reverse its direction as shown in Figure 5.8 a. This behavior indicates 

the initiation of the outward local buckling of the tube (Fam et al. 2005). All PT CFFT beams, 

however, continued to carry additional loads until it eventually failed in tension. On the other 

hand, PT concrete beam P1-S-2 indicates that once the concrete strain at the extreme 

compression face reached -3200 με, the load reached its peak level and stabilized after spalling 

of the crushed concrete cover. The specimen ultimately failed in a ductile manner. 

It can be noticed in Figure 5.8 a, b, and d that increasing the thickness of the GFRP tube 

from 6 to 12.3 mm decreased significantly both the compression and tension strains of the GFRP 

tubes and steel strands at the same load level. However, increasing the number of strands or the 

prestressing level has slightly decreased the longitudinal strains of the GFRP tubes and steel 

strands (see Figure 5.8). Figure 5.8 c shows the load–transverse strain behavior of all beams in 

the compression zone at midspan. Generally, the load–transverse strain curves were 

characterized by an almost bilinear response with an initial slope to Poisson’s ratio effect of the 

tube (0.19). As the load increases and the starting of local buckling of the GFRP flanges as 

discussed earlier, the concrete tends to dilate excessively in the transverse direction, which 

induced transverse local bending in the flange, subjecting its upper surface to additional tensile 

strains. As such, the hoop tensile strains in the tube increased rapidly, as evident from the second 

slope of the curves in Figure 5.8 c. These observations are quite consistent with those reported in 

the literature for rectangular CFFT beams by Fam et al. (2005). The maximum measured hoop 

strains at ultimate were ranged from 4500 to 7000 με. This indicated that the GFRP tubes were 

activated to confine the concrete core more as the load increase. 
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                    a) Top (Compression)                                       b) Bottom (Tension) 

    

c) Top (Hoop)                                                  d) Steel strands 

Figure 5.8: Load–strain behaviors of FRP tube or concrete surface (for specimen P1-S-2) and 

steel strands 

5.5.4  Progression of Neutral Axis Depth 

Figure 5.9 illustrates the variation of neutral axis depth-to-total depth ratio (c/h) with the 

load for all beams. The variation of the neutral axes was established using the maximum strains 

recorded at the mid-span on the extreme compression and tension fibers of each beam, based on 

the load–axial strain relationships shown in Figure 5.8. As seen after cracking, the neutral axis 

depth shifts toward the compression zone to balance the tensile internal forces on the cross-

section. The position of the neutral axis depths after cracking initially decreased, and later 
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stabilized at a depth of 30–40% of the total depth of the section. It is worth mentioning that the 

(c/h) ratio was slightly higher than the observed values reported by Abouzied and Masmoudi 

(2015 and 2016) for non-PT CFFT beams, which were ranged between 20-30%. This indicates 

that the concrete in the compression zone of the PT CFFT beams was optimally utilized. 

Furthermore, an examination of the concrete after removing the tube, it was noticed a distinct 

compression zone along the length of the beams, as shown in Figure 5.6. This observation is 

quite consistent with the previous studies by (Fam and Rizkalla 2002 and Idris and Ozbakkaloglu 

2014). The investigation of the neutral axis depths of tested PT CFFT beams in Figure 5.9 

indicated that the neutral axis depth was increased with increasing the thickness of the tubes as a 

result of increasing the confinement effect by tubes. On the other hand, a slight noticeable effect 

was observed by increasing the number of strands or the prestressing level. 

 

Figure 5.9: Variation of the neutral axis location as a function of applied load 

5.5.5  Load–Slip Relationships  

A key indicator of hybrid composite action between the GFRP tube and concrete core is 

the relative slip between the two during loading. The slips between the GFRP tube and concrete 

was measured by two string potentiometers that were attached to the FRP tube surface at both 

ends as shown in Figure 5.3. Figure 5.10 illustrates the FRP tube–concrete load–slip 

relationships of the specimens. As evident from Figure 5.10, there was almost no interface-slip 
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between FRP tube and concrete during testing of all specimens, with a maximum recorded value 

of 0.07 mm at the peak load. This finding is in agreement with the previously reported in 

(Abouzied and Masmoudi 2016, Belzer et al. 2013). This would confirm full composite action 

and sufficient bond strength between the FRP tube and the concrete core was developed. The 

bond strength was enhanced by roughness the inner surface of the tubes, the radial pressure 

exerted by the tube through confinement of the prestressed concrete, and the presence of hook 

deformed steel bars, which led to minimizing the slip of the tube relative to the concrete core 

(Cole and Fam 2006; Fam and Mandel 2006; Idris and Ozbakkaloglu 2014). 

 

Figure 5.10: Load–slip relationships measured between FRP tube and concrete 

5.6 Discussion 

5.6.1  Effect of Prestressed Reinforcement  

Figure 5.7 d depicts the effect of prestressed reinforcement on the flexural behavior of the 

PT CFFT and non-PT CFFT beams. Specimen P1-E-2 was compared with a CFFT beam “OR4” 

tested by Masmoudi and Abouzied (2018). The two specimens were fabricated from the same 

type of fibers and had identical structural laminate and thickness. It can be seen from Figure 5.7 

d that the prestressed reinforcement had significantly improved the cracking load, post-cracking 

stiffness, and flexural strength of the PT CFFT beam. In addition, it enhances the serviceability 
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requirements of the specimen substantially. This can be due to control the initiation of tensile 

cracks in the concrete core and activate the confinement mechanism of the concrete core 

restrained by the FRP tube, which in turn to a significant improvement of the flexural 

performance of the tested beam. At ultimate, the ultimate capacity of the PT CFFT beam P1-E-2 

was improved by 25% compared to their counterpart non-PT CFFT beam. As a result, the design 

can be optimized to achieve a lighter structural member by introducing the prestressed 

reinforcement to the CFFT system. To facilitate the comparison between the non-PT CFFT with 

the other PT CFFT beams, the term total reinforcement index (ωt) is introduced and will discuss 

later in the manuscript. Therefore, it would be more appropriate to compare PT CFFTs with non-

PT CFFT of a similar reinforcement index. The non-PT CFFT, P1-C-2, and P1-B-2 specimens 

failed at 392, 462, and 548 kN.m ultimate moments and had total reinforcement indices of 31%, 

30%, and 33%, respectively. To assess the improvement in the flexural behavior due to the 

prestressed strands, the normalized ultimate moment capacity (Mu/ωt) is calculated by dividing 

the ultimate moment by the total reinforcement index, which was 1244, 1519, and 1655 kN.m for 

non-PT CFFT, P1-C-2, and P1-B-2, respectively. The test results indicate that the (Mu/ωt) of P1-

C-2 and P1-B-2 was increased by about 22% and 33% compared to non-PT CFFT beam, which 

confirmed the effectiveness of prestressing on the flexural behavior of the tested specimens (Fam 

and Mandel 2006; ElGawady et al. 2010).  

5.6.2  Effect of GFRP Tube  

The load-deflection behaviors of specimens P1-S-2 and P1-E-2 are compared in Figure 

5.7 d to study the effect of the GFRP tube on the flexural behavior. The two specimens were PT 

with the same effective prestressing of 0.65 fu. As expected, the significant enhancement in the 

overall behavior of the PT CFFT beam P1-E-2 compared to the non-PT concrete beam. At any 

given load, the deflection of P1-E-2 was smaller than that of P1-S-2. Thus, the GFRP tube had 

increased the ultimate strength and stiffness significantly and also improved the energy 

absorption capacity. The test results revealed that the ultimate strength and deformation capacity 

were increased by 1.54 and 1.70 times than the PT concrete beam with the same cross-section 

dimensions and prestressing reinforcement ratio. This can be attributed to the FRP tube has a 

reinforcing effect in the axial direction and also has a continuous confinement effect on the 

concrete core, which is not provided by the steel stirrups.  
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5.6.3 Effect of GFRP Tube Wall Thickness 

The GFRP tube wall thickness is a paramount parameter influencing the overall flexural 

behavior of the tested beams. To assess the effect of the tube thickness, Specimens P1-A-2, P1-

B-2, and P1-C-2 were fabricated using the same fiber structural laminate but with a different 

number of roving, which creates different tubes wall thicknesses ranging from 6 to 12.3 mm. 

Figure 5.7 a presents the effect of the GFRP tube thickness. As seen in this figure that the load-

deflection responses showed similar characteristics. However, increasing the tube thickness in 

the specimen P1-A-2 exhibited substantial increases in the post-cracking stiffness, ultimate 

capacity, ductility factor, energy absorption and control deflection at the same load level 

compared to their counterpart specimen P1-C-2. At failure, Specimen P1-A-2 showed a 50% 

increase compared to specimen P1-C-2 with thin tube thickness while the ultimate deflection was 

slightly increased by only 4%. It should be noted that increasing the GFRP tube thickness 

contributed in delaying the onset of the steel strands yielding, which results maintaining the 

effective prestressing forces up to high loading level and increases the confinement efficiency by 

the GFRP tube. The confinement ratio of the tube can be calculated by dividing the confining 

pressure (flu) using (Eq. 5.1) by the unconfined cylinder compressive strength of concrete (f’c).  

2. .fu f

lu

f t
f

D
=                                 (Eq. 5.1) 

Where, ffu is the ultimate tensile strength of fibers in the transverse direction, tf is the tube 

thickness, and D is the diagonal of the rectangular cross section (ACI 440.2R-2017). The 

confinement ratios for beams P1-A-2, P1-B-2, and P1-C-2 were 0.32, 0.22, and 0.16, 

respectively. The test results indicated that specimens with thicker tubes exhibited 100% 

confinement efficiency compared to their counterparts with thinner tubes. Figure 5.11 shows the 

hoop-axial strain responses of specimens in the compression side. As seen in Figure 5.11 that 

initially the slopes of the curves essentially reflected the Poisson’s ratio of the tubes. As the axial 

strain increases, the hoop strain increases at a higher rate for specimen P1-A-2 (with thicker 

tubes) than for specimen P1-C-2 indicating the confinement efficiency in the compression zone. 

By, calculating the change in the slopes (θf/θi) for the axial-hoop strain relationships, it can be 

also determined the confinement index (see Figure 5.11). For P1-A-2, P1-B-2, and P1-C-2, the 
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confinement index (θf/θi) was 5.42, 3.49, and 2.57, respectively. Thus, the confinement index 

was increased by 110% when increasing the tube thickness from 6 mm to 12.3 mm.  

 

Figure 5.11: Axial versus hoop strain behavior 

5.6.4  Effect of Prestressing Level  

To evaluate the effect of the prestress level on the behavior, specimens P1-B-2 and P2-B-

2 were compared as shown in Figure 5.7 b. It can be seen in this figure that increasing the 

prestressing level from 0.37 to 0.65 fu has slightly enhanced the general behavior of the tested 

beams. The cracking and ultimate loads and ultimate deflection for P1-B-2 were increased by 

15%, 4%, and 11%, respectively, compared to their counterpart P2-B-2. It should be noted that 

the steel strands in specimen P2-B-2 was yielded at a load 13% higher than that of specimen P1-

B-2. As also seen in Figure 5.11 that the axial-hoop strain behavior of specimen P2-B-2 did not 

show the sharp change in slope than that of specimen P1-B-2, which indicates a lower 

confinement level. It is worth mentioning that increasing the confinement index reflects an 

increase in concrete compressive strength as the prestress level increases. Thus, the confined 

concrete compressive strength for P1-B-2 was higher than in Specimen P2-B-2. This may 

explain the higher confinement efficiency for P1-B-2 than their counterpart Specimen P2-B-2. 

This observation is further confirmed by the fact that the hoop tensile strain in specimen P2-B-2 
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at failure was 5520 , which was 17% less than specimen P1-B-2. This observation is quite 

consistent with those reported in the literature by Fam and Mandal (2006). 

5.6.5  Effect of Number of Strands 

Figure 5.7 d compares the load-deflection responses of specimens P1-B-2 and P1-B-3. It 

can be noticed that increasing the number of strands significantly improves the initial stiffness 

and cracking load at the same prestressing level. This increase in stiffness can be due to control 

the initiation of tensile cracks in the concrete core, which in turn, improves the beam moment of 

inertia. After cracking, specimen P1-B-3 exhibited higher post-cracking stiffness and lower 

deflection at the same load level. However, increasing the number of strands has a small effect 

on the ultimate capacity. It appears that increasing the number of strands is rather less effective 

than increasing the tube thickness. More investigations, however, are needed to assess the effect 

of a larger number of strands on the flexural behavior of rectangular PT CFFT beams.   

5.6.6  Ductility and Energy Absorption 

The ductility of a structural member can be defined as its ability to undergo inelastic 

deformation without loss in its load carrying capacity prior to failure. Ductility can be expressed 

in terms of deformation (or curvature) or energy absorption. Two approaches were used herein to 

assess the ductility of the test specimens. The first method by Park (1989), ductility factor is 

defined as the ratio of maximum displacement (or curvature) to that at yielding of the steel 

reinforcement and computed using the following Eq. 5.2, whereas the curvature in all specimens 

was calculated based on longitudinal strain measurements at the extreme fibers. 

                    λ=Δu/Δy         or           λ=ϕu/ϕy                                 (Eq 5.2) 

The second method by Grace et al. (1998), ductility factor was evaluated by the energy 

ratio (ratio of the inelastic to the total energy). Total energy absorption is calculated by 

integrating the area under the load-deflection curves. More details on inelastic energy absorption 

ratio can be found elsewhere (Grace et al. 1998). Accordingly, the failure of a structure is 

defined as a brittle failure if the energy ratio is lower than 70% (Grace et al. 2013). The values of 

λ, and total energy absorption, and energy ratios for all specimens are reported in Table 5.4. It 

can be seen that the PT CFFT specimens had an excellent ductility and energy absorption 

compared to the reference specimen under bending. The average deformation and curvature 

ductilities were 9.0 and 7.0 with an average energy ratio of 80%. Compared to P1-S-2-N, the 
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deformation ductility of P1-A-2, P1-B-2, P1-C-2 and P1-E-2 were increased by 118%, 108%, 

63%, and 45 %, and the curvature ductility by 170%, 121%, 73%, and 106 %, respectively. 

While the average deformation was 1/32 of the span length compared to P1-S-2 which was 1/60 

of the span length. On the other hand, the energy absorption for the specimens P1-A-2, P1-B-2, 

P1-C-2, and P1-E-2 were about 479%, 357%, 287%, and 258% higher than that of specimen P1-

S-2, respectively. These results showed that the PT CFFT beams were enhanced significantly by 

the GFRP tubes, which would make the system a good alternative for high-performance 

structures. Furthermore, increasing the tube thickness from 6.0 to 12.3 mm increased the 

deformation and curvature ductilities by 34% and 56% with a 50% increase in energy absorption. 

On the other hand, reducing the magnitude of prestressing force for specimen P2-B-2 or 

increasing the number of strands for specimen P1-B-3 showed a slight decrease on the energy 

absorption by 17.5% and 7.0%. 

5.7 Evaluation of Ultimate Flexural Strength 

In this section, two design approaches are proposed herein to predict the ultimate moment 

capacity of the tested beams. An analytical design model based on plane sectional analysis using 

two different concrete models is developed. Besides, a preliminary empirical design formula 

based on a regression analysis of the test results is also established. The accuracy of the proposed 

design models was assessed by comparing the theoretical results against the experimental results 

presented herein. 

5.7.1  Analytical Model 

An analytical model, based on strain compatibility and force equilibrium, is proposed to 

predict the ultimate moment capacity of the PT CFFT tested beams. The sectional analysis 

assumes that: (1) plane sections remain plane after deformation, (2) strain distribution throughout 

the depth of the section is linear, and (3) perfect bond exists between the concrete and tube. The 

material of the tube is assumed to be linear elastic in both compression and tension until failure. 

The ultimate stresses in the GFRP tube are based on the test results obtained from coupon tests. 

The steel rebar was modeled by a bilinear model, with a zero plastic hardening elasticity 

modulus after yield. The contribution of the concrete in tension was neglected. Several FRP-

confined concrete models are available in the literature. Two models are examined herein for the 
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concrete in compression, namely unconfined and partially confined models. In the first model, 

the concrete in compression exhibits extended strain-softening using Popovics’s model (1973) as 

suggested by AASHTO guidelines (2012) (Eq. 5.3). While the second model is based on a 

function similar to Popovics’s model (1973) up to f’c followed by a horizontal (zero slope) 

branch following (Fam et al. 2003), which provides the lower bound for the variable confinement 

model as described in the following (Eq. 5.4). This model was chosen to present an intermediate 

level of confinement that is adequate for beams, instead of full confinement models that are 

adequate for columns. 
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the compression tests of concrete cylinder. 
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Where Ep, εp, and fpu are elastic modulus, strain in the strand, and ultimate strength of the 

strand, respectively. A, B, and C=three constants. Knowing the values of Ep, fpu, and ultimate 

fracture strain εpu, the constants A, B, and C can be determined, and the full stress–strain 

relationship can be established. For the prestressing strands, (Eq. 5) was adopted (Ep=198 GPa, 

fpu=1967 MPa, and εpu=7.03%) resulted in values of 0.015, 109.8, and 22 for the constants A, B, 

and C, respectively. The strain in the tendon is that of its adjacent concrete plus the effective 

prestrain. Figure 5.12 shows the proposed material model for concrete and steel strand. 

A computer program was developed based on strain compatibility and force equilibrium 

and the material models of each component to predicate the ultimate capacity of the tested 

beams. For a moderate amount of prestressing reinforcement, tension failure normally occurs in 
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the tube, particularly if the majority of fibers oriented in the hoop direction (Mandel and Fam 

2006). Hence, the analytical procedure starts by assuming a given strain value (εtube,bottom) at the 

extreme bottom level of the tube based on the tensile coupon tests and a value of the 

compression zone depth (c), assuming tension failure of PT CFFT beams is triggered by the 

failure of the tube in tension. The stresses along the cross section are determined depending on 

the corresponding strains. The internal forces are calculated by multiplying the stress by the 

corresponding area of different materials and then check the equilibrium by satisfying an 

acceptable tolerance between the sum of forces in compression and tension. Once the 

equilibrium is satisfied, the internal moments are calculated by multiplying the internal forces by 

the distance from the neutral axis of the section. Figure 5.13 shows the stress-strain distribution 

of the proposed analytical model. More details on the internal forces’ calculations can be found 

elsewhere (Abouzied and Masmoudi 2015; 2016). 

 

Figure 5.12: Stress–strain models for partially confined and unconfined concrete and steel 

strands. 
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Figure 5.13: Proposed analytical model stress and strain distribution  

5.7.2  Simplified Design Approach  

An empirical model is established based on a regression analysis of the test results. The 

design equation is the same form as adopted by AASHTO (2012) for tension failure controlled 

circular CFFT members. Since the beams had different tubes thicknesses, a total reinforcement 

index parameter (ωt) is introduced to represent the different reinforcement ratios and material 

strengths. The total reinforcement index (ωt) is the sum of FRP, steel bars, and strands indices ωf 

, ωbar, and ωst, is defined as given in Eq. 5.6: 

 +                     (Eq 5.6) 

Based on the best fitting of the experimental data, the following empirical equation (Eq. 5.7) is 

proposed to predicate the moment capacities of tested CFFT beams predominantly governed by 

flexural failure (rupture of the GFRP tubes). As such, the concrete longitudinal compressive 

strain at failure may exceed 0.003 (AASHTO 2012).  

 = (Eq 5.7) 

Where h is member total height (mm) (=hinner height+2tf).   

5.7.3  Comparison of Analytical Experimental Results 

Comparisons between the theoretical predictions and the test results for the ultimate 

moment capacity using the analytical model based on partially confined and unconfined concrete 

models as well as the empirical model are shown in Table 5.4. As seen in Table 5.4 the 
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theoretical predictions showed good agreement with the test results. The Mu(exp)/Mu(theo) ratios 

were on average of 1.05±0.03 and 1.21±0.04 for partially confined and unconfined concrete 

models, respectively. Using a partially confined model for concrete with plastic strain up to the 

ultimate compressive strain of the FRP tube indicated better agreement with the experimental 

results than using the unconfined concrete model proposed by AASHTO guidelines (2012). The 

proposed analytical model provides a step forward to examine the full flexural performance of 

PT CFFT beams. On the other hand, the empirical model showed an average of Mu(exp)/Mu(theo) 

1.07±0.06, which is an easy tool for predicting the ultimate moment capacity of rectangular PT 

CFFT flexural members. Nevertheless, due to the lack of test data and the limitations of the 

empirical model, it is suggested that the empirical model be considered applicable only to the 

authors’ test data until their validity is verified for different scale specimens through additional 

tests. 

5.8 Conclusions 

Based on the test results and discussion presented in this study, the following conclusions 

can be drawn: 

1. Rectangular CFFT beams prestressed with unbonded steel strands show superior flexural 

performance in terms of cracking loads, serviceability performance, and strength compare to 

non-PT CFFT beam. PT CFFT achieves about 25% higher strength than non-PT CFFT 

designed with identical structural laminate and tube thickness. However, both specimens 

behave in a nonlinear ductile manner.  

2. The final failure of PT CFFT beams is governed by the tubes fracture in the tension side with 

no signs of shear failure or web buckling. No interface-slip was observed between the tubes 

and concrete core in all PT CFFTs. This confirms the effectiveness of the system to maintain 

full composite action between the tube and concrete. 

3. FRP tubes are more effective than steel stirrups. The PT CFFTs exhibit excellent load–

deflection behaviors with high inelastic deformations and minimal strength degradations until 

failure.  

4. PT CFFT beams exhibit a nonlinear response due to their fiber structure laminate after steel 

yielding with a strength hardening until failure. The degree of nonlinearity strongly depends 
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on the FRP tube thickness than the magnitude of the prestressing level or the number of 

tendons. 

5. Increasing the GFRP tube thickness from 6 to 12.3 mm shows a substantial increase in the 

ultimate capacity, energy absorption, and control deflection at the same load level. At failure, 

specimens with thicker tubes experience a 50% increase in the ultimate capacity compared to 

specimens with thinner tubes.   

6. Cracking loads and flexural strength can be improved by increasing the number of tendons or 

the magnitude of the prestress level. However, increasing the number of tendons shows a 

higher impact on stiffness and post-peak behavior than increasing the prestress level.  

7. The proposed analytical model based on the partially confined concrete model shows better 

agreement with test results while using the unconfined concrete model highly underestimates 

the flexural strength of PT CFFTs. The Mexp/Mtest shows an average of 1.05±0.03 and 

1.21±0.04 for partially confined and unconfined concrete models, respectively.  

The promising results can provide the impetus for constructing rectangular PT CFFT beams and 

constitute a step forward towards sustainable and high-performance hybrid structural elements.
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6.1 Abstract 

This paper investigates the effect of using the posttensioning (PT) on the flexural strength and 

ductility of rectangular concrete-filled fiber-reinforced polymer (FRP) tube (CFFT) beams. A 

total of eight PT CFFTs and two PT concrete beams, serving as control specimens, were tested 

up to failure under four-point static monotonic and cyclic loading. The effects of prestressed 

reinforcement, FRP tube versus steel stirrups, tube thickness, concrete type [normal and high 

strength concrete (NSC and HSC)], number of strands, and loading schemes were investigated. 

The test results revealed that the CFFTs posttensioned with steel tendons could successfully 

improve serviceability and ultimate flexural capacity with good ductility behavior and energy 

absorption capacity compared to nonprestressed CFFT and PT concrete beams. PT CFFT beam 

achieved about 25% and 143 % (on average) higher strength than those of CFFT and PT concrete 

specimens, respectively. Flexural capacities of PT CFFTs can be enhanced by increasing the 

concrete compressive strength without affecting their overall ductility. Increasing the number of 

strands had a slight effect on ultimate capacity and total energy absorption, but it did affect the 

cracking and deflection behavior. Furthermore, insignificant strength reduction occurred due to 

the cyclic loading of the PT CFFT beam compared to the monotonic loading specimen. Finally, a 

simple model was proposed to predict the flexural moment capacity of the tested PT CFFT 

beams as well as nonprestressed rectangular CFFT beams from the literature. The model yielded 

good, yet conservative predictions with an average ratio (Mu(exp)/M(pred.)) of 1.06±0.16 and a 

COV of 14.7%.  

Keywords: Post-tensioning; Fiber Reinforced Polymers (FRP), Concrete-Filled FRP Tubes 

(CFFT), Beams, Confinement, High Strength Concrete (HSC), Steel Tendons. 

6.2 Introduction 

Fiber-reinforced polymer (FRP) composites have received much attention in the construction 

industry. High strength-to-low weight ratios, excellent chemical corrosion resistance, and 

electromagnetic neutrality have made the FRP composites a suitable candidate in different 

construction applications. One promising innovative structural system is concrete-filled FRP 

tubes (CFFTs), which provide many unique advantages. The FRP tubes offer multiple 

advantages of light and effective stay-in-place formwork, protective jacket, weathering and 
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chemical attacks, efficient and durable transverse confinement reinforcement with the ability to 

generate high lateral confinement pressure, which can enhance both the strength and ductility of 

concrete (Idris and Ozbakkaloglu (2014); Nghiem et al. (2018), Abouzied and Masmoudi (2015; 

2016); and Masmoudi and Abouzied (2018); Ahmed and Masmoudi (2018); Ahmed et al. 

(2018), etc.].). The driving force for these applications has been a strong demand to reduce the 

construction time, accelerate the construction process, and eliminating or reducing the risk of 

steel corrosion (ElGawady et al. 2010).  

Prestressed concrete is a viable building system for bridges, offering engineers flexibility 

in bridge design. Unlike steel reinforcement, prestressing steel is stressed and causes a 

compression force within the concrete. This prevents cracking and increases the structure’s 

capacity. To date, limited studies have been reported in the literature to investigate the effect of 

prestressing on CFFTs under flexural. Mirmiran and Shahawy (1999) conducted an analytical 

study on circular CFFTs partially prestressed with eccentric tendons. They found that the partial 

prestressing can enhance the flexural performance of the CFFTs at service loads. They 

recommended limiting the effective prestress in concrete to 10% and 25% of the unconfined 

concrete strength and also limiting the tendon’s eccentricity to the kern distance in order to avoid 

tensile stresses at the interface of the concrete core and FRP tube. Fam and Mandel (2006) 

carried out an experimental investigation on circular prestressed CFFT beams. Five prestressed 

CFFTs and one control specimen, manufactured with steel spiral reinforcement instead of FRP 

tube, were tested in four-point bending. The glass FRP (GFRP) tubes had a smooth inner surface 

without providing bond enhancement measures before filling them with concrete. Four 

specimens were pretensioned and one was posttensioned (PT) using unbonded strands. Test 

results indicated that prestressing not only improves the strength and serviceability of the system 

but it also activates the confinement mechanism of the concrete core restrained by the FRP tube. 

Flexural strength and stiffness of the prestressed CFFTs can be increased by increasing tube 

thickness, selecting tubes with more longitudinal fibers, or increasing the number of strands. 

Mandel and Fam (2006) also proposed a nonlinear model to predict the load–deflection 

responses of the aforementioned experimental results and used in a parametric study to examine 

a wide range of parameters. It was found that the tube’s thickness and laminate structure had a 

much larger effect on flexural strength than the number of prestressing strands. Booker (2008) 

and ElGawady et al. (2010) investigated the behavior of four hybrid segmental columns 
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consisting of precast PT CFFTs (PPT-CFFTs) under lateral cyclic loading. The test results 

showed that the PPT-CFFTs can effectively resist lateral cyclic forces. The PPT-CFFT columns 

were capable of undergoing large nonlinear displacements without experiencing significant or 

sudden loss of strength and achieved a drift of approximately 15% with no strength degradation. 

This was different from the reinforced concrete (RC) column which started to loss its strength at 

12% drift. Generally, these studies have confirmed the excellent structural behavior of PT 

CFFTs. 

The growth in the demand for high-strength concrete (HSC) in the construction has 

steadily increased with time due to the superior performance and economy offered by the 

material over normal-strength concrete (NSC) when used in the construction of bridges and 

multi-story buildings. Fam and Rizkalla (2002) carried out large-scale flexural tests on circular 

CFFTs under four-point bending. The effect of wall thickness ratios with a range of concrete 

infill strength between 30 and 60 MPa [4.35 and 8.7 ksi] was examined. They reported that the 

flexural behavior of circular CFFTs was affected by the concrete compressive strength and was 

highly dependent on the stiffness and diameter-to-thickness ratio of the tube than on increasing 

the concrete strength. Idris and Ozbakkaloglu (2014) investigated the effect of concrete strength 

on the flexural behavior of FRP-HSC circular steel composite beams. The results indicated that 

increasing the concrete strength increases the flexural capacity of double-skin tubular beams 

without affecting their overall ductility.  

Based on these limited previous studies, confining HSC with FRP tubes together with 

prestressing is an attractive option because of the efficient combination of these materials to form 

a high-performance member that benefits from a substantial increase in ductility compared with 

conventional HSC or prestressed members. Despite its demonstrated benefits in terms of 

improving the structural behavior, there is still a lack of research studies for prestressed CFFT 

flexural members, particularly with rectangular cross-sections. Moreover, there are no code 

provisions for the flexural design and serviceability of PT rectangular CFFT members. 

Therefore, the behavior of such members has yet to be fully examined and further investigation 

of the parameters influencing the ultimate strength of mixed condition is warranted.  
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6.3 Research Significance    

There is a significant research gap in the current literature on the performance of PT 

rectangular CFFTs under flexural. This study describes a series of experiments investigating the 

flexural behavior of rectangular CFFT beams post-tensioned with steel tendons. The effects of 

HSC and NSC, FRP tubes versus steel stirrups confinement, the number of strands, the load 

schemes, and FRP tube thickness are investigated. The results provide a more detailed 

understanding of the structural behavior of PT rectangular CFFTs. The paper also establishes 

design provisions for engineers in designing rectangular CFFTs under flexural with and without 

prestressing. The data is important to develop robust analytical and numerical models for PT 

CFFT beams. 

6.4 Experimental Program 

6.4.1  Test matrix and parameters  

In this study, a total of eight rectangular PT CFFT beams and two PT concrete beams, 

serving as control specimens manufactured with steel stirrups instead of FRP tube, were tested 

up to failure. The specimens were designed to investigate the effects of several parameters such 

as i) the effect of prestressing on the flexural performance of CFFT beams and compare its 

behavior with the nonprestressed CFFT and PT concrete beams, ii) concrete type (NSC and 

HSC), iii) GFRP tube thickness, iv) number of tendons, and v) load schemes (monotonic and 

cyclic). All beams were 3,300 mm [1229 in.] long with rectangular cross-section dimensions of 

305 mm [12.0 in.] wide by 406 mm [16.0 in.] deep. The PT beams were reinforced at the tension 

side with deformed steel bars 2-15M as minimum bonded reinforcement in accordance with CSA 

A23.3 (2014). The steel bars’ concrete cover was 38 mm [1.50 in.]. Besides, the PT CFFTs were 

reinforced with steel stirrups 10M @100 mm [3.94 in.] for a 500 mm [19.70 in.] distance at both 

ends to prevent any premature failure at the beams end zones and hold the internal bars in its 

place. Polyethylene tubes with inside and outside diameters of 26.6 mm [1.05 in.] and 33.4 mm 

[1.32 in.] were used to create the tendon ducts. Each tendon had the same eccentricity (e) of 85 

mm [3.35 in.]. The eccentricity was measured from the inner bottom surface of the FRP tube to 

the center of the tendon duct. All prestressed beams were tensioned up to 65% fpu, where fpu is 
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the ultimate tensile strength of the steel strand. Figure 6.1 shows a schematic of the test 

specimens’ configurations.  

The test matrix consists of two groups. Group 1 includes four HSC PT CFFTs and one 

PT concrete beam. Beams P1-B-2-H and P1-C-2-H were designed to investigate the effect of the 

GFRP tube thickness (6.0 and 7.4 mm) [0.24 in. and 0.29 in.]. The other beams P1-B-2-H and 

P1-B-3-H and beams P1-C-2-H and P1-C*-2-H were designed to evaluate the effect of the 

number of strands and load schemes under monotonic and cyclic loading, respectively. On the 

other hand, Group 2 contains five beams constructed with NSC, including four PT CFFTs and 

one PT concrete beam. The effect of the number of strands was studied through specimens P1-B-

2-N and P1-B-3-N, which had 2 and 3 strands. The effect of GFRP tube thickness (6.0 and 7.4 

mm) [0.24 in. and 0.29 in.] was studied through specimens P1-B-2-N and P1-C-2-N. The effect 

of introducing the prestressed reinforcement was studied by comparing specimen P1-E-2-N with 

similar nonprestressed CFFT tested by Abouzied and Masmoudi (2015). Table 6.1 provides the 

specimens’ test matrix. Comparisons between Groups 1 and 2 were also made to evaluate the 

effect of concrete type (NSC and HSC) on the flexural behavior of the test beams. PT concrete 

beams P1-S-2-H and P1-S-2-N were designed to fail in flexural failure and used to compare its 

behavior with the PT CFFT beams. The PT concrete beams were reinforced with 2-15M 

deformed steel bars at the top and bottom sides. The top reinforcement ratio was designed to 

control tensile cracks due to applying the prestressing forces with at least tensile stresses of 

 according to the CSA A23.3 (2014). 

6.4.2  Material properties 

Concrete—Normal-strength concrete (NSC) and high-strength concrete (HSC) were used 

in casting the test specimens with a maximum aggregate size of 14 mm [0.55 in.]. The target 

concrete compressive strengths were 40 MPa [5.80 ksi] and 65 MPa [9.43 ksi] after 28 days for 

NSC and HSC, respectively. The water/cement (w/c) ratios used were 0.33 and 0.32 for 40 [5.80 

ksi] and 65 MPa [9.43 ksi] concrete mixes, respectively. It was necessary to use superplasticizers 

and retarders to achieve the desired level of workability. The development of concrete strength 

with age at 7, 14, and 28 days after casting and throughout the beam testing period was 

monitored in accordance with ASTM C39/C39M9 (2018) by tests of 100 x 200 mm [3.94 x 7.87 

in.] concrete cylinders that were cured adjacent to the beam specimens under similar conditions. 
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The actual concrete compressive and tensile strengths at the day of testing were determined 

based on the average values of six cylinders of each test. The concrete compressive strength was 

ranged from 43 to 70 MPa [6.24 to 10.15 ksi], whereas the tensile strength ranged from 3.8 to 5.6 

MPa [0.55 to 0.81ksi]. Table 6.1 provides the concrete strengths of each specimen. 

GFRP Tubes— Three different GFRP tubes, designated tubes types B, C, and E, were 

used in this study. The GFRP tubes were fabricated, at the laboratory of Composites Materials 

for Infrastructures at the University of Sherbrooke, using the filament-winding manufacturing 

process. Tubes types B and C had the same fiber type manufacturer (I) and stacking sequence 

(90o, ±30 o, 90 o), which were fabricated using vinyl-ester-wetted E-glass fibers but with a 

different number of roving. The final tube wall thickness was 7.4 and 6.0 mm [0.29 and 0.24 in.] 

for tubes types B and C, respectively. On the other hand, tube type E had stacking sequence [90o, 

±30 o, 90 o, ±30 o, 90 o] and fiber type manufacturer (II). Tension and compression standard tests 

were carried out according to ASTM D695 (2015) and ASTM D3039 (2017) on four 

representative coupon samples to determine the tensile and compressive mechanical properties in 

axial and hoop directions for the GFRP tubes, respectively. It was observed that the stress-strain 

curves obtained from the coupon tests showed a nonlinear behavior, and failure strains were 

quite similar to those measured in actual beams. Figure 6.2 a shows the fabricated tubes using 

the filament-winding manufacturing process. Table 6.2 reports the mechanical properties of the 

fabricated tubes.  

Steel Strands and Deformed Bars —Seven-wires, low-relaxation steel strand [15.2 mm 

(0.6-in) in diameter], with a cross-sectional area of 140 mm2 [0.22 in2] were used. The strand had 

a Young’s modulus of 197 GPa [28572 ksi] and ultimate strength of 1950 MPa [282.8 ksi]. The 

strand yield strength, corresponding to a 1% elongation, was 1802 MPa [261.4 ksi], and the 

rupture strain was 7%. Two different deformed steel bars were used to reinforce the test 

specimens. Deformed steel bars 15M (16-mm [0.63 in.] in diameter; 200 mm2 [0.31 in2] in cross-

sectional area); were served as bonded reinforcement at the tension side of the test specimens. 

Besides, steel bars 10M (11.3 mm [0.45 in.] in diameter; 100 mm2 [0.16 in2] in cross-sectional 

area) were used as steel stirrups. The mechanical properties of the steel bars and strands are 

reported in Table 6.3. 
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Table 6.1: Details of test specimens 

a P-a-y-z: P for prestressed beam; a for the confinement reinforcement where S steel stirrups or Tube type; y for the 

number of steel strand (2 or 3); and z for concrete type (normal or high strength concrete); * for cyclic repeated 

loading schematic, if any.   
b T&B indicates top and bottom steel bars 

Note: 1 kN = 0.2248 kip, 1 kN.m = 8.86 kips.in., 1 MPa = 0.145 ksi; 1 mm = 0.0394 in. 
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(Note: All dimensions in mm) 

Figure 6.1: Beams’ geometry and reinforcement details: a) PT CCFT; b) PT concrete beam; and 

c) Dead and live ends 

(Units in mm; 1 mm = 0.0394 in.) 
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a)                                                                         b)  

Figure 6.2: a) Fabricated tubes using filament-winding manufacturing process; b) PT CFFTs 

casting and curing  

Filament-winding machine 

Tube under curing  

Fibers 
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CFFT beams casting 
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 Table 6.2 : Mechanical properties of GFRP tubes in axial and hoop directions  

Tube 

(ID) 

tf, mm; 

(in.) 

Stacking       

sequence 

degrees* 

Axial direction† Hoop direction† 

Tensile strength Compression strength Tensile strength Compression strength 

flft,MPa; 

(ksi) 

Elft (GPa); 

(ksi) 

εlft 

(%) 

flft,MPa; 

(ksi) 

Elft (GPa); 

(ksi) 
εlft (%) 

flft,MPa; 

(ksi) 

Elft (GPa); 

(ksi) 
εlft (%) 

flft,MPa; 

(ksi) 

Elft (GPa); 

(ksi) 
εlft (%) 

B 
7.40 

(0.29) 

[90o, ±30o, 

90o] 

107.5 ± 11.1 

(15.6 ±1.60) 

12.7 ± 0.83 

(1842 ±120) 

1.09 ± 

0.15 

137.3 ± 16.1 

(19.9 ±2.34) 

15.0 ± 2.10 

(2176±305) 

1.65 ± 

0.31 

344.2 ± 27.3 

(49.9 ±3.96) 

15.7 ± 2.9 

(2277±421) 

2.58 ± 

0.44 

319.3 ± 14.2 

(46.3 ±2.06) 

18.9 ± 0.85 

(2741±123) 

2.91 ± 

0.18 

C 
6.00 

(0.24) 

[90o, ±30o, 

90o] 

115.4 ± 5.5 

(16.7±0.81) 

13.0 ± 0.82 

(1886±119) 

1.10 ± 

0.09 

125.6 ± 2.60 

(18.2 ±0.38) 

13.1 ± 1.93 

(1900 ±280) 

1.84 ± 

0.24 

318.8 ± 23.2 

(46.2 ±3.37) 

15.5± 1.01 

(2248±147) 

2.60 ± 

0.45 

312.5 ± 21.8 

(45.3 ±3.16) 

17.5 ± 1.26 

(2538±183) 

2.24 ± 

0.24 

E 
5.70 

(0.22) 

[90o, ±30 o, 90 

o, ±30 o, 90 o] 

172.0 ± 4.5 

(25.0±0.65) 

14.3 ± 0.50 

(2074±73) 

1.48 ± 

0.10 

164.0 ± 3.50 

(23.8 ±0.51) 

15.3 ± 0.50 

(2219±73) 

1.23 ± 

0.05 

245.0 ± 12.0 

(35.6 ±1.74) 

14.3 ± 0.5 

(2074±73) 

2.35 ± 

0.23 

289.5 ± 9.0 

(42.0 ±1.31) 

14.3 ± 0.50 

(2074±73) 

2.35 ± 

0.20 

*Angles measured with respect to longitudinal axis of tube. 

† Based on average flange and web tensile and compression coupon tests 

Note:1 MPa = 0.145 ksi; 1 GPa = 145 ksi; 1 mm2 = 0.00155 in.2 

 

 

 

 Table 6.3 : Mechanical properties of steel strands and reinforcing bars  

Reinforcement 

 type 

Nominal 

diameter, mm; (in.) 

Nominal area, mm²; 

(in.2) 
Es, GPa; (ksi) 

Yield 

strength, MPa; (ksi) 

Ultimate 

strength, MPa; (ksi) 

Yield strain 

(%) 

15 Φ (strand) 15.2 (0.60) 140 (0.22) 198 (28718) 1802 (261) 1950 (283) 0.91 

10M (deformed) 11.3 (0.44) 100 (0.16) 200 (29008) 420 (61) 610 (89) 0.21 

15M (deformed) 16.0 (0.63) 200 (0.31) 200 (29008) 460 (67) 620 (90) 0.24 

        Note:1 MPa = 0.145 ksi; 1 GPa = 145 ksi; 1 mm2 = 0.00155 in. 
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6.4.3  Fabrication of test specimens    

GFRP tubes were used as formwork for the CFFT specimens, whereas a wood formwork 

was used for casting the conventional PT concrete beams. For all GFRP tubes, the inner surface 

was fully coated with coarse sand particles and vinylester resin adhesive to enhance the bond 

between the concrete core and the tubes. Reinforcement cages and ducts were assembled and 

positioned inside the tubes then loaded over the steel formwork. The tubes were secured in place 

at the bottom end and sealed around to close any gaps. The CFFT beams were cast using a 

concrete pump from the top end in an inclined position to allow free consolidation of the 

concrete with minimal voids. Internal vibration was also applied. After filling the tube, the top 

end was closed with a flat plywood plate nailed to wooden triangle frames 50 x 101 mm [2 x 6 

in.] on each side. Figure 6.2 b shows the fabrication of test specimens. The concrete-filled tubes 

were allowed to cure 50 days before testing.  

6.4.4  Instrumentation  

Extensive Extensive instrumentation was used to help understand the specimen’s 

behavior. Two electrical resistance strain gauges were mounted before casting on the internal 

steel bars at the mid-span. Each steel strand was equipped with four electrical strain gauges [6-

mm long (0.24 in.)] at different locations along the length of the strand at a distance of -350, 0, 

+350, and +575 mm [-13.8, 0, +13.8, and 22.6 in.] from the centerline of each beam. Prior to 

loading the beams into the testing machine, 22 strain gauges [6-mm long (0.24 in.)] were 

attached to the outer surface of the GFRP tubes in both axial and hoop directions to measure the 

axial and hoop strains at midspan. Figure 6.3 shows the position of several instrumentation 

details of the test specimen. Vertical deflections along the beam at the mid-span, the point of 

application concentrated loads, and at the mid-distance between loading points and supports 

were monitored using five 250 mm [9.84 in.] linear potentiometers (LPs). Two linear 

potentiometers of 100 mm [3.94 in.] gauge lengths were used to measure the average axial 

strains at the top and bottom surfaces at midspan. Besides, 25 mm [0.98 in.] LPs were used to 

monitor the relative end slippage between the FRP tube and the concrete core at both ends. 

Additional load cells were installed at the dead end on each strand to monitor the PT force 

throughout the test. The data from all sensors were monitored and recorded using a data-

acquisition system.  



Chapter 6: Flexural Behavior of Post-Tensioned Normal and High Strength Concrete-Filled FRP Tubes (CFFTs) 

 156 

 

Figure 6.3: Instrumentation (SPs and strain gauges’ layout) 

(Units in mm; 1 mm = 0.0394 in.)  

6.4.5  Testing 

All beams were tested using a four-point bending setup over a clear span of 3,000 mm 

[118.1 in.] with a constant moment region of 700 mm [27.6 in.] as shown in Figure 6.3. The 

beams were simply supported on hinged-roller system. The load was induced using a 10,000 kN 

[2248 kips] MTS machine at a displacement-controlled rate of 1 mm/min [0.039 in./min] and 

transferred to two loading points on the specimen through a spreader beam. Figure 6.4 shows the 

beams test setup. All beams were tested under monotonic static loading, except P1-C*-2-H 

which was loaded under cyclic loading. The cyclic scheme was adopted to evaluate the effect of 

cyclic loading on the flexural behavior and stiffness of the PT CFFT beams system. The cyclic 

loading involved full loading/unloading cycles with increasing levels of vertical displacement, 

referenced to the vertical displacement to cause first yield (Δy) in the longitudinal reinforcement 

rebars of the PT beams. The unloading of each cycle was terminated at 0.5 kN (0.11 kips) (near 

zero). The loading pattern for the specimens consisted of two cycles in accordance with the ACI 

374.2R (2013) until failure at displacement levels of 0.5, 1, 2, 4, 5, 6 and 7 times Δy. . Figure 6.4 

shows the routine loading schematic of the test specimens.  
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Figure 6.4: Test setup and displacement routine loading schematic  

(Note: 1 kN = 0.2248 kips, 1 mm = 0.0394 in.) 

 

6.4.6  Prestressing procedure 

Steel strands were anchored at one end using chucks anchors and steel bearing plates. 

The strands were tensioned from the opposite end using a hydraulic jack on each strand and were 

anchored using another set of chucks and steel plates. Figure 6.5 shows the prestressing frame 

setup and loading application. Prestressing forces were applied in five increments up to the 

desired prestressing force. The jacking force was monitored using a 500 kN (112.4 kips) load 

cell installed at the dead end on each strand. The jacking force was increased by 15% than the 

desired prestressing force at transfer to minimize the initial losses due to presetting of the chuck 

anchors.Table 6.1 reports the effective prestressing forces at transfer.  

 

 

Cyclic loading  

Monotonic loading 
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Figure 6.5:  Posttensioning frame setup for two and three strands and loading application 

6.5 Test results and observations 

6.5.1  General Behaviour and Mode of Failure   

In general, the failure of all PT CFFT beams was governed by flexural mode with no 

signs of shear failure or web buckling. The failure was started by cracking of the matrix and then 

outward buckling of the tube compression flange in the region of the constant bending moment 

followed by separation from concrete. As the load increases, the concrete is highly stressed in 

compression and tends to dilate excessively in the transverse direction until fibers rupture which 

later progressed into the beam sides. However, the GFRP tubes continued to carry additional 

loads until it eventually failed in tension. Once the tubes fractured in tension, the load dropped to 

approximately two-thirds of the peak strength and remained stable over a large range of 

deflection. Similar behavior was observed for nonprestressed rectangular CFFTs tested under 

four-point loading [Fam et al. (2005); Masmoudi and Abouzied (2018)]. Figure 6.6 illustrates the 

mode of failure of each specimen after testing. On the other hand, the PT concrete beams (P1-S-

2-N and P1-S-2-H), the failure was initiated by yielding of the bottom steel bars and then the 

steel strands. This was followed by crushing and spalling of the concrete cover while the load 

was dropped slightly. However, the concrete core and top rebars were confined by the stirrups, 

which allowed the steel strands to develop a strain hardening until the test was terminated 
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eventually after excessive deflection. This comparison indicates that steel stirrups has improved 

the ductility slightly but not the flexural strength.  

 

 

 

 

 

 

 

 

 

Figure 6.6: Mode of failure of the tested beams 
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Figure 6.7: Concrete cracks patterns after removing the GFRP tube 
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Figure 6.7 illustrates the cracking patterns of tested specimens after removing the GFRP 

tube along the beam length. Generally, the PT CFFT beams showed cracking patterns that were 

more consistent with typical reinforced concrete beams where there were many closely spaced 

flexural cracks developed along the beam length within the tension region with a concrete 

crushing in the compression zone. The number and spacing of the concrete cracks were observed 

to be slightly different for each CFFT beam. It can be observed that the compression zone of 

specimens with NSC was slightly higher than their companion with HSC specimens (see red 

cloud in Figure 6.7). Furthermore, it was shown several numbers of cracks at the tension zone 

when using the GFRP tube than steel stirrups of the tested beams, which may attribute to the 

pronounced confinement provided by the FRP tubes. 

6.5.2 Load–Deflection Relationships  

The load-mid span deflection responses for all tested beams are shown in Figure 6.8. 

Table 6.4 provides the recorded data corresponding to the important coordinates of the load–

deflection relationships, namely the cracking, yielding, and ultimate loads (Pcr, Py, and Pu) and 

the corresponding mid-span deflections at cracking, yielding, and ultimate (Δcr, Δy, and Δu). The 

cracking and yielding loads were captured from internal steel rebars strain readings at the tension 

side. The moment at cracking, yielding, and ultimate (Mcr, My, and Mu), which were calculated 

from the recorded loads, are also reported in Table 6.4. In general, the load-deflection 

relationships for the PT CFFT beams consisted of elastic stage up to concrete cracking, elasto-

plastic stage up to steel yielding, and plastic nonlinear stage with strength hardening due to the 

nonlinear behavior of the GFRP tubes and the nonlinear characteristics of the concrete up to 

failure, whereas specimen P1-S-2-H and P1-S-2-N, without FRP tube, exhibited a plastic 

response after yielding due to confinement of the concrete core by the steel stirrups (Figure 6.8). 

Specimens P1-C-2-H, P1-C-2-N and P1-E-2-N failed, respectively, at 853, 804, and 840 kN 

[191.8, 180.8, and 188.8 kips] ultimate loads, at 91.5, 95.9, and 85.2 mm [3.60, 3.80, and 3.34 

in.] corresponding to ultimate deflections. In comparison to PT concrete beams P1-S-2-H and 

P1-S-2-N, specimens P1-C-2-H, P1-C-2-N, and P1-E-2-N achieved 137, 143, and 154%, and 

133, 152, and 124% increases in ultimate loads and deflections, respectively.  
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a) Prestressing reinforcement and FRP tubes versus stirrups  b) Tube thickness and concrete 

strength 

 

c) Loading pattern                                                  d) Number of strands 

 

 

 

Figure 6.8:  Comparisons between load-deflection responses of the tested beams with different 

investigated parameters 

As shown in Figure 6.8, all specimens exhibited a reduction in stiffness after the first 

cracking of the concrete core. However, the cracking loads were highly improved by the GFRP 

tubes thickness, concrete strength as well as the number of strands compared to their counterpart 

PT concrete beams without FRP tube. Meanwhile, the nonlinear behavior increased after steel 

yielding and continued until the failure. The degree of nonlinearity was strongly influenced by 

FRP tube confinement, tube thickness, and adding the prestressing reinforcement rather than 

◊ First cracking   ○ Yielding of steel bars □ Yielding of steel strand × Transverse rupture of 

tube at top Δ Rupture of tube in tension  ⁎ Crushing of concrete cover 
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increasing the concrete strength or the number of strands. It should be noted that the envelope 

curve of P1-C*-2-H, represent the upper boundary of the cyclic load-deflection response, showed 

almost an identical response to that of the monotonic loading load-deflection curve of P1-C-2-H. 

This indicates that the cyclic loading has no significant effect on the behavior of the PT CFFT 

tested beam. The unloading-re-loading path is bilinear up to the cracking load near the steel 

rebars yielding with a small residual deformation remains. At a higher load (beyond yielding), 

significant reduction in stiffness was observed due to excessive yielding of steel bars and growth 

of cracks in the concrete core with a higher residual deformation. Similar behavior was observed 

in the previous study by Fam and Mandel (2006). 

6.5.3  Load-Strain Relationships 

For the PT CFFT beams P1-B-2-N, P1-B-2-H, P1-C-2-N, P1-C-2-H, P1-C*-2-H, P1-B-3-

N, P1-B-3-H, and P1-E-2-H failed in tension by rupture of the GFRP tube at maximum measured 

tensile strains of 16623, 16930, 16991, 17403, 16180, 16576, and 14620 με, respectively, as 

shown in Figure 6.9 a. The failure measured strains were close than those measured in the 

tension coupon tests (Table 6.2). On the other hand, the maximum axial compressive strains 

were -7408, -10573, -4788, -7313, -7581, -4438, -8851, and -8210 με, which were only 45%, 

64%, 26%, 40%, 41%, 27%, 54%, and 67% of the ultimate compressive strain of the GFRP 

tubes, based on coupon tests, respectively. With increasing the load, the measured axial 

compressive strains tend to reverse its direction as shown in Figure 6.9 b. This behavior indicates 

the initiation of the outward local buckling of the tube. Similar behavior was observed in 

previous investigation by Fam et al. (2005). All PT CFFT beams, however, continued to carry 

additional loads until it eventually failed in tension. On the other hand, PT concrete beams P1-S-

2-N and P1-S-2-H indicated that once the concrete strain at the extreme compression face 

reached -3423 and -3215 με, respectively, the load reached its peak level and stabilized after 

spalling of the crushed concrete cover. The specimen ultimately failed in a ductile manner. 

Figure 6.9 shows the load-strain responses for all specimens in terms of top fiber compressive 

strains, bottom fiber tensile strains, hoop strains in the compression zone, and longitudinal steel 

strand strains at the beams mid-span. 
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Table 6.4: Summary of the test results  

ID 
Pcr, kN 

(kips) 

Py, kN 

(kips) 

Pu, kN 

(kips) 

Mcr, 

kN.m 

(kips.in) 

, yM

kN.m 

(kips.in) 

Mu, 

kN.m 

(kips.in) 

Δcr, 

mm 

(in.) 

Δy, 

mm 

(in.) 

Δu, 

mm 

(in.) 

εc (με) εt (με) 

P1-B-2-H 
228 

(51.3) 

395 

(88.8) 

1021 

(229.5) 

131 

(1159) 

227 

(2009) 

587 

(5195) 

2.60 

(0.10) 

9.3 

(0.37) 

94.1 

(0.37) 
-10,573 16,623 

P1-C-2-H 
210 

(47.2) 

378 

(85.0) 

853 

(191.8) 

121 

(1071) 

217 

(1921) 

490 

(4337) 

3.15 

(0.12) 

11.0 

(0.43) 

91.5 

(3.60) 
-7,313 16,991 

P1-B-3-H 
285 

(64.1) 

476 

(107.0) 

1091 

(245.2) 

164 

(1452) 

274 

(2425) 

627 

(5549) 

2.34 

(0.09) 

8.9 

(0.35) 

92.1 

(3.63) 
-8,851 16,576 

P1-C*-2-H 
239 

(53.7) 

385 

(85.6) 

844 

(189.7) 

137 

(1213) 

221 

(1956) 

485 

(4293) 

2.54 

(0.10) 

10.0 

(0.39) 

94.1 

(3.70) 
-7,581 17,403 

P1-S-2-H 
178 

(40.0) 

280 

(63.0) 

360 

(80.9) 

102 

(903) 

161 

(1425) 

207 

(1832) 

3.12 

(0.12) 

9.20 

(0.36) 

39.3 

(1.55) 
-3,912 9,300 

P1-B-2-N 
189 

(42.5) 

355 

(79.8) 

953 

(214.2) 

109 

(965) 

204 

(1806) 

548 

(4850) 

2.16 

(0.09) 

9.20 

(0.36) 

97.4 

(3.83) 
-7,408 14,050 

P1-C-2-N 
173 

(38.9) 

365 

(82.1) 

804 

(180.8) 

99 

(876) 

210 

(1859) 

462 

(4089) 

2.10 

(0.08) 

11.52 

(0.45) 

95.9 

(3.78) 
-4,788 16,930 

P1-B-3-N 
270 

(60.7) 

493 

(110.8) 

967 

(217.4) 
155 

(1372) 

283 

(2505) 

556 

(4921) 

3.10 

(0.12) 

12.61 

(0.50) 

87.4 

(3.44) 
-4,438 16,180 

P1-E-2-N 
213 

(47.9) 

389 

(87.5) 

840 

(188.8) 

122 

(1080) 

223 

(1974) 

483 

(4275) 

3.20 

(0.13) 

11.5 

(0.45) 

85.2 

(3.35) 
-8,210 14,620 

P1-S-2-N 
165 

(37.1) 

279 

(62.7) 

331 

(74.4) 

95 

(841) 

160 

(1416) 

190 

(1682) 

2.13 

(0.80) 

9.87 

(0.39) 

38.1 

(1.50) 
-3,215 13,000 

Note:1 MPa = 0.145 ksi; 1 GPa = 145 ksi; 1 mm2 = 0.00155 in. 

Generally, the load–transverse strain curves were characterized by an almost bilinear 

response with an initial slope to Poisson’s ratio effect of the tube (0.20). As the load increases 

and the onset of local buckling of the GFRP flanges as discussed earlier, the concrete tends to 

dilate excessively in the transverse direction, which induced transverse local bending in the 

flange, subjecting its upper surface to additional tensile strains. As such, the hoop tensile strains 

in the tube increased rapidly, as evident from the second slope of the curves in Figure 6.9 c. 

These observations are quite consistent with those reported in the literature for rectangular CFFT 

beams by Fam et al. (2005). The maximum measured hoop strains at ultimate were ranged from 

4395 to 6426 με. This indicated that the GFRP tubes were activated to confine the concrete core 

more as the load increase. The bottom steel strands strains of all specimens yielded sufficiently at 

the ultimate load but did not fracture until the end of the test, as shown in Figure 6.9 d. It can be 

noticed in Figure 6.9 that increasing the thickness of the GFRP tube from 6 to 7.4 mm [0.24 to 

0.29 in.], concrete compressive strength from 43 to 70 MPa [6.24 to 10.15 ksi] or the number of 

strands decreased both compression and tension strains of the GFRP tubes and steel strands at 

the same load level. However, the monotonic and cyclic loading has a slight effect on the 

longitudinal strains of the GFRP tubes and steel strands (see Figure 6.9).   
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Figure 6.9: Load–strain relationships of FRP tube or concrete surface (for specimens P1-S-2-N 

and P1-S-2-H) and steel strands 

a) Bottom strains (Tension side) 

 

a) Bottom strains (Tension side) 

 

b) Top strains (Compression side) 

 

b) Top strains (Compression side) 

 

c) Top hoop 

 

c) Top hoop 

 

d) Bottom strands 

 

d) Bottom strands 
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6.5.4  Load–Slip Relationships  

The slip between the GFRP tube and concrete was measured by two LPs that were 

attached to the FRP tube surface at both ends (see Figure 6.3). Figure 6.10 depicts the FRP tube–

concrete load–slip relationships of the specimens. As evident from Figure 6.10, there was almost 

no interface-slip between FRP tube and concrete during testing of all specimens, with a 

maximum recorded value of 0.015 mm [0.0006 in.]. This would confirm full composite action 

and sufficient bond strength between the tubes and the concrete core was developed. The bond 

behavior may attribute to the high frictional forces developed at this interface as a result of 

roughness the inner surface of the tubes as well as the internal pressure exerted by the tube 

through confinement of prestressed concrete, which led to minimizing the slip of the tube relative 

to the concrete core. The presence of hook steel bars may also attribute to constrain this slippage 

at the end of the CFFT beams. However, further experimental tests are needed to investigate the 

interfacial bond action between the FRP tube and its concrete core for PT CFFT members. 

  

Figure 6.10: Load–slip curves measured between FRP tube and concrete 

Note: 1 kN = 0.2248 kips, 1 mm = 0.0394 in. 

 

6.5.5  Ductility and Deformability  

Ductility is an important index assessing the performance and safety of a concrete 

structure. Several approaches were used to assess the ductility of the tested specimens. In the 

first method, the ductility factor (μ) can be expressed as follows (Park 1989):                     
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u

y




=


                                              (Eq 6.1) 

where Δu and Δy are midspan displacement at the ultimate state and at first yielding of ordinary 

tension reinforcement, respectively. Table 6.5 lists the displacement ductility factors of the tested 

beams. It can be seen that the PT CFFT specimens exhibited good ductility behavior under 

bending. The average displacement ductility factors for NSC and HSC PT CFFT specimens were 

8.3 and 9.6, respectively. Compared to P1-S-2-H and P1-S-2-N, the displacement ductility 

factors of P1-C-2-H, and P1-C*-2-H specimens were increased by 93%, and 119%, and by 

113%, and 90% for P1-C-2-N, and P1-E-2-N, respectively. The average deformations were 

1/32.8 and 1/33.2 of the span length for HSC and NSC specimens, respectively.  

An alternative index assessing the performance of concrete structures, especially for 

concrete structures with FRP, is deformability which has been proposed by Jaeger et al. (1997). 

This concept considers the moment and curvature at ultimate state, and the moment and 

curvature at service limit state, which has been included in Canadian Highway Bridge Design 

Code (CSA S6-14) (2014). The deformability factor is computed as follows: 

u u

c c

M
J

M




=                                               (Eq. 6.2) 

where Mu is ultimate moment capacity of the section; Mc is moment corresponding to a 

maximum compressive concrete strain in the section of 0.001; ψu is curvature at Mu; and ψc is 

curvature at Mc. CSA S6-14 (2014) recommends a minimum deformability factor J of 4.0 and 

6.0 for rectangular and T-sections, respectively. The test results revealed that the PT CFFT tested 

specimens demonstrate adequate deformability when compared with the CSA S6-14 (2014) code 

limit of 6. Table 6.5 shows the values of deformability J for the PT CFFT tested beams, which 

range from 20.4 to 33.3.  

The ductility of PT members can be evaluated by the ratio between the elastic and 

inelastic energies consumed under the load-deflection curve (Grace et al. 1998; Naaman and 

Jeong 1995; Grace et al. 2013; Xue et al. 2020). In this section, the ductility of the tested beams 

was also evaluated on the basis of the energy ratio up to peak load (μp) (Grace et al. 1998).  
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.

.

tot elastic
p

tot

E E

E


−
=                                 (Eq 6.3) 

where Etot. is absorbed total energy by the beam up to peak load in the load-deflection curve; and 

Eelastic is elastic energy released upon failure computed as the area of the triangle formed at 

failure load by the line having the weighted average slope of the two initial straight lines of the 

load–deflection curve, as shown in Figure 6.11. If the energy ratio is greater than 75%, the beam 

will exhibit a ductile failure. However, it is considered semi-ductile if the energy ratio is between 

70% and 74%. The beam may exhibit brittle failure if the energy ratio is below 69% (Grace et al. 

1998). Table 6.5 summarizes the calculated energy ratios of the beams tested. It can be observed 

in Table 6.5 that the estimated μp values were in the range of 83 to 91% and 85 to 88% for PT 

CFFTs with HSC and NSC, respectively, which is considered to be ductile and provides 

sufficient physical warning before failure. The tendency of these results agrees well with the 

computed μ and J-factors. 
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Figure 6.11: Definitions of absorbed energies  
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Table 6.5: Ductility, deformability, and energy absorption 

ID μ=Δu/Δy J 
Eelastic, kN.m 

(kips.in) 

Einelastic, kN.m 

(kips.in). 

Etot, kN.m 

(kips.in)  
μp, (%) 

P1-B-2-H 10.1 29.7 10.7 (94.7) 58.0 (513.3) 69.0 (611) 85 

P1-C-2-H 8.30 23.9 9.5 (84.1) 47.0 (415.9)  56.5 (500) 83 

P1-B-3-H 10.4 33.3 9.0 (79.7) 65.0 (575.3) 73.8 (653) 88 

P1-C*-2-H 9.40 24.8 8.1 (71.9) 78.0 (690.4) 86.0 (761) 91 

P1-S-2-H 4.30 9.20 2.9 (41.6) 26.6 (217.7) 29.5 (261) 90 

P1-B-2-N 10.6 28.9 10.3 (91.2) 58.0 (513.3) 68.1 (603) 85 

P1-C-2-N 8.30 20.4 7.2 (63.7) 51.0 (451.4) 57.7 (511) 88 

P1-B-3-N 6.90 27.2 7.8 (69.0) 56.0 (495.6) 63.6 (563) 88 

P1-E-2-N 7.40 24.0 7.6 (67.3) 46.0 (407.1) 53.3(469) 86 

P1-S-2-N 3.90 10.0 1.7 (23.9) 13.2 (108.0) 14.9 (132) 89 

                           Note:1 MPa = 0.145 ksi; 1 GPa = 145 ksi; 1 mm2 = 0.00155 in. 

 

6.5.6  Energy Absorption 

   Table 6.5 presents the calculated total energy absorption of the beams tested. The test 

results indicated that the total energy absorption was increased by providing the FRP tubes. The 

total energy absorption was increased by 92% for specimen P1-C-2-H and by 287% and 258% 

for specimens' P1-C-2-N and P1-E-2-N compared to their PT concrete specimens P1-S-2-H and 

P1-S-2-N without FRP tubes, respectively. Besides, increasing the FRP tube thickness from 6.0 

to 7.4 mm [0.24 to 0.29 in.] increased the total energy absorption by 22% and 18% for PT CFFT 

beams with HSC and NSC, respectively. However, increasing the number of prestressing 

tendons had a slight effect on the total energy absorption, but it did affect the cracking and 

deflection behavior.   

6.6 Discussion 

6.6.1  Effect of Prestressed Reinforcement  

A comparison between the load-deflection behavior of the PT CFFT beam P1-E-2-N and 

nonprestressed CFFT beam tested by Masmoudi and Abouzied (2018) is shown in  
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Figure 6.8 a.  The two specimens had identical tubes configuration and fibers type. It can 

be seen in this Figure that introducing the prestressing reinforcement has improved the initial 

stiffness, control deflection at the same load, and the flexural strength of the PT CFFT beam. 

This may attribute to control the initiation of tensile cracks in the concrete core and the 

enhancement of the confinement as a result of PT, which in turns a significant improvement of 

the flexural performance of the tested beam. This behavior is quite consistent with those circular 

PT CFFTs tested by Fam and Mandal (2006). At failure, the ultimate moment capacity of the PT 

CFFT beam P1-E-2-N was increased by 25% compared to their counterpart nonprestressed 

CFFT. Therefore, adding the prestressed reinforcement to the CFFT member can make the 

design more lighter.  

6.6.2  Effect of GFRP tube  

To study the effect of the GFRP tube, the flexural behavior of P1-S-2-N and P1-S-2-H 

control specimens was compared with specimens P1-C-2-N and P1-C-2-H. All specimens had 

the same number of strands and similar effective prestressing at transfer. The load-deflection 

behaviors of the test specimens are compared in Figure 6.8 a.  Generally, a significant 

enhancement was observed in the overall behavior of the PT CFFT beams compared to the PT 

concrete beams. At any given load, the deflection of PT CFFTs was smaller than that of PT 

control specimens. For instance, at a load of 320 kN [71.9 kips], the vertical deflection was 8.8 

and 7.9 mm [0.35 and 0.31 in.] for P1-C-2-N and P1-C-2-H compared to specimens P1-S-2-N 

and P1-S-2-H, which was 24.7 and 20.2 mm [0.97 and 0.80 in.], respectively. The test results 

revealed that the ultimate strength and deformation capacity at peak loads were increased by 1.43 

and 1.52 times for NSC and 1.40 and 1.33 times for HSC specimens than the PT concrete beams, 

respectively. Thus, the GFRP tube has increased the ultimate strength and stiffness significantly 

as well as improved the energy absorption capacity. This can be attributed to that the FRP tube 

has a reinforcing effect in the axial direction and also has a continuous confinement effect on the 

concrete core, which is not provided by the steel stirrups. 

6.6.3  Effect of GFRP Tube Thickness  

Figure 6.8 b presents comparisons of the load-deflection behavior of the PT CFFTs with 

different GFRP tube thicknesses ranged from 6 to 7.4 mm [0.24 to 0.29 in.]. As seen in this 
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figure that the load-deflection responses showed similar characteristics. However, increasing the 

tube thickness in the tested specimens P1-B-2-N and P1-B-2-H exhibited significant increases in 

the post-cracking stiffness, ultimate capacity, energy absorption, and control deflection at the 

same load level compared to their counterparts specimen P1-C-2-N and P1-C-2-H. At failure, 

Specimens P1-B-2-N and P1-B-2-H with thick tube thickness showed 19% and 20% increases 

compared to P1-C-2-N and P1-C-2-H with thin tube thickness but the ultimate deflection has 

only a marginal increase by only 2.3% (on average). Figure 6.12 depicts the hoop-axial strain 

behaviors of specimens in the compression side. As seen in Figure 6.12 that the initial slopes of 

the curves essentially are reflected the Poisson’s ratio of the tubes while the second slope is 

indicating the confinement efficiency. As the axial strain increases, the hoop strain increases at a 

higher rate for specimens P1-B-2-N and P1-B-2-H than for specimens P1-C-2-N and P1-C-2-H 

indicating the confinement efficiency in the compression zone. 

 

Figure 6.12: Axial versus hoop strain behavior 

Note: 1 kN = 0.2248 kips, 1 mm = 0.0394 in. 

6.6.4  Effect of Concrete Compressive Strength 

To assess the effect of the concrete strength, the flexural behavior of Specimens P1-C-2-N, P1-

B-2-N, and P1-B-3-N was compared with Specimens P1-C-2-H, P1-B-2-H, and P1-B-3-H as 

shown in Figure 6.8 b and d. It can be seen in this figure that increasing the concrete strength 

from 43 to 70 MPa [6.24 to 10.2 ksi] (about 62% increase) enhanced the general behavior of the 

tested beams. The load–deflection relationships of the tested specimens with HSC showed 

slightly higher initial stiffens and lower deflections at the same load level. The cracking and peak 
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loads for P1-C-2-H, P1-B-2-H, and P1-B-3-H were increased by 21%, 21%, 6%, and by 6%, 7%, 

13% compared to their counterparts P1-C-2-N, P1-B-2-N, and P1-B-3-N, respectively. This can 

be attributed to the higher concrete strength of the former specimens. The test results also 

indicated that the NSC and HSC specimens developed similar inelastic load–deflection 

behaviors. These results are in good agreement with the results reported by Fam and Rizkalla 

(2002) and Idris and Ozbakkaloglu (2014).  

The axial-hoop strain behaviors at the extreme compression side of the specimens with 

NSC and HSC are shown in Figure 6.12. As seen in Figure 6.12 that the axial strain increases, 

the hoop strain increases at a higher rate for specimens with HSC than that of specimens with 

NSC, as indicated by the second slope for the PT CFFTs. This observation is further confirmed 

by the fact that the hoop tensile strain in specimens P1-C-2-H, P1-B-2-H, and P1-B-3-H at 

failure was 6426, 6117, and 6400 με, which was 18%, 11%, and 46% higher than specimens P1-

C-2-N, P1-B-2-N, and P1-B-3-N, respectively. 

6.6.5  Effect of Load Schemes 

 Figure 6.8 c shows the cyclic and monotonic load-deflection curves of specimens P1-C-

2-H and P1-C*-2-H. The envelop curve, represents the upper boundary of the cyclic load-

deflection response, of P1-C*-2-H subjected to cyclic loading was notable close to the load-

deflection response of the monotonically loaded specimen P1-C-2-H with insignificant stiffness 

change or strength deterioration of the tested beams. However, the ultimate axial strain of the 

cyclic loading specimen was slightly larger than that of the specimen subjected to monotonic 

loading. This behavior is in good agreement with the results reported by Fam and Mandal (2006) 

and Ahmed et al. (2018). The PT force in an individual PT tendon was obtained from the data 

recorded by the load cell. Figure 6.13a shows the force developed in the PT strand for CFFT 

beams under monotonic and cyclic loading. As can be seen in this figure, the ultimate forces in 

the PT strand were approximately 1.4 times the initial PT force. For PT CFFT beam under cyclic 

loading, there are no significant PT losses beyond the elastic range since neither the PT strands 

yielded nor GFRP tube failed. Loss of PT force started to rapidly occur where the PT strands 

were loaded into the inelastic range. This mechanism can be attributed to the cycling of the PT 

strand into the inelastic range, thus resulting in permanent elongation of the PT strands, and 

permanent deformations of the concrete and GFRP tubes (ElGawady et al 2010). Figure 6.13 b 
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shows the residual posttensioning force ratio as a function of vertical displacement for the PT 

CFFT under cyclic loading. The residual PT force ratio (k) was calculated at the end of every 

second cycle at each displacement level, where k is the residual PT force divided by initial force 

(Rosenboom and Kowalsky 2004). As shown in the figure, the loss of posttensioning was about 

57% of the initial posttensioning force.  

  

a)                                                                            b) 

Figure 6.13:  a) Measured PT force histories for the test specimens under monotonic and cyclic 

loading; b) residual posttensioning force ratio 

Note: 1 kN = 0.2248 kips, 1 mm = 0.0394 in. 

6.6.6  Effect of Number of Tendons 

Figure 6.8 d compares the load-deflection curves of specimens with two and three 

posttensioning tendons. It can be noticed that increasing the number of strands improve the 

initial stiffness and cracking loads of the tested specimens. This increase in stiffness can be due 

to control the initiation of tensile cracks in the concrete core, which in turn, enhances the beam 

moment of inertia. After cracking, specimens P1-B-3-N and P1-B-3-H exhibited higher post-

cracking stiffness and lower deflection at the same load level. Increasing the number of strands 

increases the ultimate capacities of the tested specimens by only 7% and 3% for HSC and NSC, 

respectively. It appears that increasing the number of strands is rather less effective than 

increasing the tube thickness. More investigations, however, are needed to assess the effect of a 

larger number of strands on the flexural behavior of PT rectangular CFFT beams.   



Chapter 6: Flexural Behavior of Post-Tensioned Normal and High Strength Concrete-Filled FRP Tubes (CFFTs) 

 174 

6.7 Ultimate Flexural Capacity Predictions 

To date, there is a lack of provisions in the North American standards and AASHTO for 

estimating the ultimate moment capacity of rectangular CFFT beams. A new design equation is 

established on the basis of a regression analysis of the PT CFFT tested specimens as well as 

nonprestressed CFFT specimens tested by the authors [Abouzied and Masmoudi 2015 and 2016; 

and Masmoudi and Abouzied (2018)]. The design equation is the same form as adopted by 

AASHTO (2012) for tension failure controlled circular CFFT members. Since the beams had 

different configurations for the tube thickness and strands, a total reinforcement index parameter 

(ωt) is introduced to represent the different reinforcement ratios and material strengths. The total 

reinforcement index (ωt) is the sum of FRP, steel bars, and steel strands indices ωf , ωs, and ωp, is 

defined as given in Eq. 6.4: 

 +                                                                      (Eq 6.4) 

Based on the best fitting of the experimental data, the following empirical equation (Eq. 6.5) is 

proposed to predicate the ultimate moment capacities of CFFT beams predominantly governed 

by flexural failure (rupture of the GFRP tubes). As such, the concrete longitudinal compressive 

strain at failure may exceed 0.003 [AASHTO (2012)].  

                    (Eq 6.5) 

Where h is member total height (mm) (=hinner height+2tf).  

6.7.1  Comparison of Analytical Experimental Results 

Table 6.6 shows a comparison of the test results and theoretical predictions. As seen in 

Table 6.6 a strong correlation is observed between the theoretical predictions and the test results 

for the ultimate moment capacities. The accuracy of the predictions pertains good agreement 

with the measured values Mu(exp)/M(pred.) ratio on average of 1.06 ±0.16 and a COV of 14.7%. The 

proposed formula provides reasonable prediction and a step forward for engineers in designing 

prestressed and nonprestressed rectangular CFFT flexural members. Nevertheless, further 

research is still needed to investigate a wide range of different key parameters affecting the 

flexural behavior such as tubes structural laminate, concrete strength, interfacial bond action 

between the FRP tube and its concrete core, etc. 
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Table 6.6: Ultimate flexural capacity predictions 

Reference ID 
tf, mm; 

(in.)  

f 'c 
b, MPa; 

(ksi) 

Stacking 

sequence 

degrees* 

flft,MPa; 

(ksi) 

Mu, kN.m 

(kips.in) 

MPred. 

kN.m 

(kips.in) 

Mu,Exp./ 

MPred. 

This study 

P1-B-2-H 7.40 (0.29) 70 (10.15) [90o, ±30o, 90o] 107.5 (15.6) 587 (5195) 511 (4523) 1.15 

P1-C-2-H 6.00 (0.24) 70 (10.15) [90o, ±30o, 90o] 115.4 (16.7) 490 (4337) 483 (4275) 1.01 

P1-B-3-H 7.40 (0.29) 70 (10.15) [90o, ±30o, 90o] 107.5 (15.6) 627 (5549) 545 (4824) 1.15 

P1-C*-2-H 6.00 (0.24) 70 (10.15) [90o, ±30o, 90o] 115.4 (16.7) 485 (4293) 483 (4275) 1.00 

P1-B-2-N 7.40 (0.29) 46 (6.67) [90o, ±30o, 90o] 107.5 (15.6) 548 (4850) 414 (3664) 1.32 

P1-C-2-N 6.00 (0.24) 46 (6.67) [90o, ±30o, 90o] 115.4 (16.7) 462 (4089) 392 (3470) 1.18 

P1-B-3-N 7.40 (0.29) 46 (6.67) [90o, ±30o, 90o] 107.5 (15.6) 556 (4921) 442 (3912) 1.26 

P1-E-2-N 5.70 (0.22) 43 (6.24) 
[90o, ±30 o, 90 o, 

±30 o, 90 o] 
172.0 (24.9) 483 (4275) 422 (3735) 1.15 

Masmoudi 

and 

Abouzied, 

(2018) 

OR230-1 3.4 (0.13) 49.7 (7.2) [90o, ±30o, 90o] 249.0 (36.1) 249 (2204) 326 (285) 0.76 

OR230-2 3.4 (0.13) 49.7 (7.2) [90o, ±30o, 90o] 249.0 (36.1) 267 (2363) 326 (285) 0.82 

OR430-1 5.7 (0.22) 48.7 (7.1) 
[90o, ±30o, 

90o,±30o, 90o] 
173 (25.1) 404 (3576) 410 (3629) 0.99 

OR430-2 5.7 (0.22) 48.7 (7.1) 
[90o, ±30o, 

90o,±30o, 90o] 
173 (25.1) 392 (3470) 410 (3629) 0.96 

OR830-1 8.7 (0.34) 41.7 (6.1) 
[90o,±30o

2, 

90o,±30o
2, 90o] 

197 (28.6) 559 (4948) 498 (4408) 1.12 

OR830-2 8.7 (0.34) 41.7 (6.1) 
[90o,±30o

2, 

90o,±30o
2, 90o] 

197 (28.6) 560 (4956) 498 (4408) 1.13 

OR1230 9.9 (0.39/0 48.7 (7.1) [90o,±30o6, 90o] 242 (35.1) 581 (5142) 632 (5594) 0.92 

Note:1 MPa = 0.145 ksi; 1 GPa = 145 ksi; 1 mm2 = 0.00155 in.2 

 

Average 1.06 

SD 0.16 

COV (%) 14.7 

6.1 Conclusions 

Based on the test results and discussion presented herein, the main outcomes from this 

study are summarized as follows: 

1. Posttensioning CFFTs significantly improves their cracking loads, initial stiffnesses, 

serviceability performance, and moment capacities compared to nonprestressed CFFT 

under flexural. The PT CFFT specimen achieved about 25% higher strength than that of 

CFFT. However, the tested PT CFFT and the CFFT specimens behaved in a nonlinear 

ductile manner.  

2. FRP tubes are more effective than steel stirrups. The PT CFFTs exhibited excellent load–

deflection behaviors with high inelastic deformations and minimal strength degradations 
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until failure. The PT CFFTs achieved 143 % and 136% (on average) increases in ultimate 

loads and deflections compared to PT concrete specimens, respectively.   

3. PT CFFT beams constructed with NSC and HSC developed similar plastic nonlinear 

responses with a strength hardening until failure. The degree of nonlinearity strongly 

depends on the FRP tube thickness than increasing the concrete compressive strength and 

the number of strands. 

4. Flexural strengths and energy absorption capacities of PT CFFT beams are highly 

sensitive to the FRP tube thickness. Increasing the FRP tube thickness from 6 to 7.4 mm 

[0.24 to 0.29 in.] showed 19% and 20 % (on average) increases in the ultimate strength 

and energy absorption capacity, respectively.  

5. Increasing the number of strands significantly improves the initial flexural stiffness and 

cracking loads. After cracking, however, increasing the number of strands showed 

marginal improvement in the peak strength. Increasing the number of strands increases 

the ultimate capacities of the tested specimens by only 7% and 3% for HSC and NSC, 

respectively. 

6. Cracking loads and flexural capacities of PT CFFTs can be enhanced by increasing the 

concrete compressive strength. No detrimental influence of concrete-filling was observed 

on the ductility of the tested PT CFFT beams.  

7. Insignificant strength reduction occurred due to the cyclic loading of the PT CFFT beam 

compared to the monotonic loading specimen. However, the loss of PT force started to 

rapidly occur where the PT strands were loaded into the inelastic range. The loss of 

posttensioning was about 57% of the initial posttensioning force.  

8. The proposed model can predict the flexural moment capacity of PT and nonprestressed 

rectangular CFFT beams with satisfactory accuracy on average of 1.06 ±0.16 and a COV 

of 14.7%.  

9. The experimental results demonstrate the feasibility of rectangular CFFTs with 

posttensioned reinforcement. Nevertheless, due to the limited test results in the present 

study and, in the literature, additional tests are suggested to investigate a wide range of 

different influencing parameters (i.e. tubes structural laminate, concrete strength, 

interfacial bond action between the FRP tube and its concrete core, etc.) on the flexural 

behavior of PT rectangular CFFT beams.
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7.1 Abstract 

This study describes a series of experiments examining the flexural behavior of full-scale 

unbonded posttensioned (PT) rectangular concrete-filled glass fiber-reinforced-polymer (GFRP) 

tube (CFFT) beams. The test parameters are the tube structural laminates, total reinforcement 

index ratios, and attaching a thin Carbon FRP-laminated embedded in tension flange and its ratio. 

An analytical model is also proposed to estimate the ultimate strength of the tested beams. The 

test results revealed that doubling the inclined fiber patterns in hoop direction or increasing the 

total reinforcement index ratio exhibit substantially higher flexural strength, absorbed energy, and 

serviceability performance. The ductility index and energy ratio were ranged between 8.3 to 10.6 

and 82 to 87%, respectively, which indicates a ductile behavior. The confinement efficiency 

increases by 48% when increasing the total reinforcement index ratio from 0.3 to 0.59. Besides, 

adding CFRP laminate strips embedded into the bottom flange of the tubes substantially enhances 

the flexural strength by 17% (on average) compare to PT CFFT without CFRP laminate. The 

proposed model successfully predicts the flexural strength of the tested beams with an average of 

1.05±0.05 and 1.11±0.07 for intermediate level of confinement and unconfined concrete models, 

respectively. The promising results constitute a step forward towards constructing high-

performance hybrid structural members for bridge applications.  

Keywords: CFFT, Posttensioning, Fiber Polymer, Flexural, Filament-winding, Confinement, 

Tendon, Bridge.  

7.2 Introduction 

Fiber-reinforced polymer (FRP) has been identified as a promising solution to the major 

degradation problems of concrete bridges. Nowadays, considerable amount of investigations have 

been conducted on the concept of concrete-filled (FRP) tubes (CFFTs), addressing diverse issues 

of the structural response [i.e., performance under flexural loads [Abouzied, A., and Masmoudi, 

R. 2015, 2017, 2018], axial loads [Ahmed, A. Abdeldaim et al 2018a, 2018b, 2018c, 2018], shear 

behavior [Iftekhar Ahmad et al 2008], and fatigue behavior [Helmi, K., et al 2006]. A variety of 

field implementations have also been performed, including bridge piles and piers [Mirmiran, A., 

and Shahawy, M. (2003), Pando, M., et al 2003], and bridge girders [Zhao, L., et al 2000]. The 
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latter application used in the Kings Storm Water Channel Bridge, California and has confirmed 

the applicability of CFFT bridge girders. Furthermore, the CFFT had employed as primary 

structural members for girders and pylons in the I-5 Gilman Bridge, San Diego, California 

[Seible, F. et al 1999]. The system has proven to be efficient and durable; however, challenges 

remained due to the relatively low flexural stiffness of the system. To handle these challenges, 

further work pursued to improve the flexural stiffness by adding internal steel rebars [Cole, B., 

and Fam, A. (2006).], prestressing [Fam, A. et al 2006, Ahmed A., Abdeldaim et al 2020], and 

steel sections inside the axial members tested in compression [Karimi, K et al 2011]. 

Many research efforts have been focused on CFFT members subjected to axial loading, 

with very limited studies under bending loading. Fam and Rizkalla [2002] investigated the 

flexural performance of circular CFFT beams with different laminate structures. One beam had 

(1/3) of the fibers content wound at an angle of 15o with the axial axis and the other (2/3) are 

wound at an angle of 82o on the transverse direction. The other beam had all fibers wound at 30o 

with the axial axis. The results indicated that the effective elastic modulus for former beam was 

about 80% of that of latter beam. They also found that the stiffness after cracking was 

proportional to the effective elastic modulus of the tubes in the longitudinal direction. The two 

beams exhibited similar flexural strength, but the failure mode was different. The beam with all 

fibers at 30o with the axial axis showed in a nonlinear behavior with a gradual compression 

failure. This is due to the absence of fibers in the hoop direction to confine the other layers as a 

result of the fiber buckling in the compression zone. However, the beam with 1/3 of the fibers at 

15o with the axial axis failed in tension and behaved in a semi linear way. Shao and Mirmiran 

[2004] tested six CFFTs with and without internal steel bars and different reinforcement ratios 

under axial and reverse cyclic loads. Three of the tubes had the majority of the fibers in the axial 

direction, while the other CFFTs had the fibers oriented at ±55°. The results showed that the 

CFFTs with the majority of the fibers in the axial direction failed in a brittle compression failure, 

and the one with fibers at ±55° failed in a ductile tension failure. They also concluded that the 

CFFTs could achieve a ductility level comparable to that of reinforced concrete (RC) beam-

column if the CFFTs have designed with an appropriate laminate structure. Fam and Skutezky 

[2006] studied the flexural behavior of rectangular CFFTs with top concrete slabs. One beam–

slab specimen had Carbon-FRP (CFRP) laminate bonded at the outer tension flange of the tube. 

https://www.sciencedirect.com/science/article/abs/pii/S014102961933158X#!
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They found that the CFRP layer bonded to the tension flange had resulted in a 31% increase in 

flexural strength; however, insignificant increase in the stiffness. These studies demonstrated the 

significant effect of the structural fiber laminate and fiber reinforcement ratios of the tubes on the 

flexural response and mode of failure of CFFT beams.   

Prestressed concrete is a valuable building system for bridges, offering design flexibility 

for engineers. Unlike steel reinforcement, prestressing steel is stressed and causes a compression 

force within the concrete. This prevents cracking and increases the structure’s capacity. To date, 

limited studies have been addressed the effect of prestressing on CFFTs under flexural. Fam and 

Mandel [2006] investigated that the flexural behavior of PT CFFTs. They found that the 

prestressing can improve the strength and serviceability of the system. ElGawady et al. [2010] 

investigated the behavior of four hybrid segmental columns consisting of precast posttensioned 

CFFTs (PPT-CFFTs) under lateral cyclic loading. The test results showed that the PPT-CFFTs 

was an effective system to resist lateral cyclic loads. The PPT-CFFT columns had the capability 

to undergoing large nonlinear lateral deformations without experiencing significant or sudden loss 

of the capacity.  

A comprehensive research project has been launched at the University of Sherbrooke to 

assess the flexural behavior of rectangular CFFT beams with and without posttensioning (PT) 

[Abouzied and Masmoudi 2015, 2017, 2018, Ahmed et al. 2020]. Abouzied and Masmoudi tested 

a total of 22 rectangular CFFT beams totally filled and partially filled with RC under flexural. 

The rectangular CFFT beams demonstrated an excellent structural behavior and superior strength 

than RC beams. The results also showed that using internal steel bars in the CFFT beams 

increased the overall flexural stiffness and strength and decreased the deflection of such type of 

FRP-concrete composite beams. Recently, Ahmed et al. [2020] tested four full-scale PT CFFT 

beams with different concrete strength and tube thickness under flexural. This study confirmed 

the effectiveness and feasibility of prestressing on the flexural behavior rectangular CFFT beams 

under flexural. The findings also showed that PT CFFT beams can attain significantly higher 

flexural capacity and plastic flexural displacement than PT concrete beam without FRP tube. 

Thus, introducing the prestressing for the CFFTs can gain many advantages for the structural 

member, which would make it a variable alternative hybrid structural system.  
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7.3 Research Significance 

There is a significant shortage of data in the current literature on the flexural response of 

rectangular PT CFFT members. The experiments and results described in this paper highlight the 

potential of using posttensioning in CFFT bridge applications. The performance of CFFT beams 

posttensioned with steel tendons is evaluated. The effect of the tube laminate structure, total 

reinforcement index ratios, and attaching a thin Carbon FRP-laminated embedded in tension 

flange and its ratio is investigated. An analytical model is also developed to predict the ultimate 

capacity of the tested beams. The results obtained provide a more detailed understanding of the 

structural behavior of unbonded PT CFFT beams throughout the load scheme. The paper also 

establishes design recommendations for engineers in designing PT CFFT beams. This research 

provides a step forward towards constructing high-performance hybrid structural members for 

bridge applications. 

7.4 Experimental Program 

7.4.1  Material characteristics 

Concrete—Normal-strength concrete (NSC) with a maximum aggregate size of 14 mm 

was used to cast the test specimens. The development of concrete strength with age was 

monitored per ASTM C39/C39M-18 using three 100 x 200 mm concrete cylinders tested at 7, 14, 

and 28 days. On the day of testing, six cylinders (100 × 200 mm) were tested to determine the 

characteristics of the concrete under compression and tension tests. Table 7.1 reports the concrete 

characteristics of each specimen. 

Steel—15.2 mm (0.6-in) in diameter seven-wire strand was used for prestressing. Steel 

rebars 15M (16-mm in diameter) and 10M (11.3 mm in diameter) were used as bonded 

reinforcement at the bottom side and steel stirrups of the test specimens, respectively. The 

material characteristics of steel strands and rebars for each diameter were obtained as per ASTM 

A615/A615M-18 [2018] based on testing five samples. Table 7.2 provides the material 

characteristics of steel strands and rebars. 

Carbon FRP (CFRP) strips— A 150-mm (wide) high-modulus pultruded unidirectional 

carbon fiber fabric “CarboDur type S1512” provided by Sika was embedded between the fiber 
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laminate at the tension side of the tube during its fabrication, using vinyl ester resin, to improve 

the flexural behavior of the tested beams. The CFRP composite lamina is a 1.2 mm thick and had 

ffu, Efu, and εfu of 2.8 GPa, 165 GPa, and 1.7% obtained by the manufacturer, respectively.  

GFRP Tubes—The FRP tubes were fabricated using the filament-winding manufacturing 

process. Three tubes were used in this study namely tubes type B, C, and D. The GFRP tubes 

were manufactured using E-glass fibers wetted in vinyl ester with different numbers of roving 

and structure fiber laminates. Tubes types B and C had a stacking sequence of [90o, ±30 o, 90 o]. 

The final wall thickness for tubes B and C was 7.40 mm and 6.0 mm, respectively. Tube type D 

had the same number of roving as for Tube C but the inclined fiber pattern along the longitudinal 

direction was repeated twice, whereas the stacking sequence was [90o, ±30o, ±30o, 90o]. The final 

wall thickness of tube D was 10.1 mm. Tension and compression material characteristics in the 

axial and hoop directions were obtained from testing four coupons per ASTM D3039 and ASTM 

D695. Table 7.3  lists the material characteristics of all tubes. Figure 7.1 depicts the behavior of 

GFRP coupons in axial direction and coupons test setup.  

Table 7.1: Details of test specimens 

a P (N)-x-y: P prestressing beam label; x= lateral reinforcement type, where B= GFRP tube type B; C= GFRP tube type C; and D= GFRP tube type 

D; C (1 or 2)= one or two tensioned CFRP strips; if any.  

Table 7.2: Mechanical properties of steel strands and reinforcing bars  

Reinforcement 

 type 

Nominal 

diameter 

(mm) 

Nominal area 

(mm²) 

Es 

(GPa) 

fy 

(MPa) 
fu (MPa) εy (%) 

15 mm (strand) 15.2 140 197.8± 0.9 1802± 30.0 1967± 22.0 0.91± 0.06 

10M (deformed) 11.3 100 200.4± 0.6 420± 20.0 610± 40.0 0.21± 0.07 

15M (deformed) 16.0  200 199.9± 0.5 460± 10.0 620± 30.0 0.24± 0.09 

Beam a  Bi x Hi 
Tube 

(ID) 

tf 

(mm) 

Prestressing 

Steel bars 
CFRP 

Sheet 

f 'c 
b, 

(MPa) 

f’tb, 

(MPa) 
No. of 

strands 

Pj 

(kN) 

Peff. 

(kN) 

P1-C 

3
0

5
 x

 4
0

6
 m

m
 

C 6.00 

2-15Φ 

200 169 

2 -15M  

- 46±0.9 4.0±0.2 

P2-D D 10.1 201 170 - 43±0.7 3.8±0.3 

P3-B B 7.40 200 171 - 46±0.9 4.0±0.2 

P4-B-C1 B 7.40 199 172 1 S1512 43±0.7 3.8±0.3 

P5-B-C2 B 7.40 200 170 2 S1512 43±0.7 3.8±0.3 
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                      a) Tube B                                                          b) Tube C 

  

                             c) Tube D                                 d) Compression test       e) Tension test 

Figure 7.1: Behavior of GFRP coupons in axial direction and coupons test setup 
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Table 7.3: Mechanical properties of GFRP tubes in longitudinal and transverse directions  

Tube 

(ID) 

tf 

(mm) 

Stacking 

sequence 

Test 

direction 

Tensile Coupon Test* Compression Coupon Test* 

flft 

(MPa) 

Elft 

(GPa)  
εlft (%) flft (MPa) 

Elft 

(GPa)  
εlft (%) 

B 7.40 
[90o, ±30o, 

90o] 
Longitudinal 

(Axial) 

direction 

107.5 ± 

11.1 

12.7 ± 

0.83 

1.38 ± 

0.15 

137.3 ± 

16.1 

15.0 ± 

2.11 

1.65 ± 

0.31 

C 6.00 
[90o, ±30o, 

90o] 

115.4 ± 

5.5 

13.0 ± 

0.82 

1.41 ± 

0.09 

126.0 ± 

2.6 

13.1 ± 

1.93 

1.84 ± 

0.24 

D 10.1 
[90o, ±302

 

o, 90 o] 

163.3 ± 

5.2 

15.7 ± 

2.44 

1.33 ± 

0.20 

134.4 ± 

4.4 

13.1 ± 

0.76 

1.62 ± 

0.36 

B 7.40 
[90o, ±30o, 

90o] 
Transverse 

(Hoop) 

direction 

344.2 ± 

27.3 

15.7 ± 

2.90 

2.60 ± 

0.44 

319.3 ± 

14.1 

18.9 ± 

0.85 

2.91 ± 

0.18 

C 6.00 
[90o, ±30o, 

90o] 

318.8 ± 

23.2 

15.5 ± 

1.00 

2.60 ± 

0.45 

312.5 ± 

21.8 

17.5 ± 

1.26 

2.24 ± 

0.24 

D 10.1 
[90o, ±302

 

o, 90 o] 

268.6 ± 

10.1 

14.8 ± 

0.61 

2.95 ± 

0.29 

232.7 ± 

4.70 

12.7 ± 

0.41 

2.83 ± 

0.42 

* Average values of flange and web directions 

 

7.4.2  Test matrix 

Table 7.1 provides details of all specimens. Five rectangular full-scale PT CFFT beams 

were constructed and tested up to failure. The investigated parameters were the FRP tube 

structural laminate, total reinforcement index (ωt) ratios, and attaching a thin Carbon FRP-

laminated embedded in tension flange to enhance the beam’s flexural behavior and its ratio. 

Specimens P1-C and P2-D were investigated the effect of the tube laminate structure though 

doubling the inclined fiber pattern along the longitudinal direction. Specimens P3-B-C1 and P5-B-

C2 were designed to investigate the effect of attaching one or two thin CFRP laminated 

embedded in tension flange and compared its behavior to their counterpart P4-B without CFRP 

strip. Specimens P1-C, P3-B, and P2-D were designed to study the effect of the reinforcement 

index ratios (ωt) ranged from 0.30 to 0.59. Figure 7.2 shows the reinforcement specimen’s details. 

The total reinforcement index parameter (ωt) of the tube, is the summation of FRP, steel bars, and 

strands indices ωf , ωbar, and ωst, can be calculated using (Eq. 1) as follows.  



Chapter 7: Effect of Tube Laminate and Tensioned Carbon-FRP Strips on Flexural Response of Prestressed 

Rectangular CFFT Beams 

 

 185 

 +                     (Eq 7.1) 

All beam specimens were 305 mm (wide) x 406 mm (deep) and had a span of 3,300 mm 

long. Two 15M steel bars were used at the tension side of the beams as bonded reinforcement per 

CSA A23.3 [26]. 10M steel stirrups with a 100 mm apart were used at the PT CFFTs both end 

anchorage zones to properly confine the concrete and avoid any failure may occur. All 

prestressing tendons were at the same eccentricity (e) of 85 mm. The eccentricity was measured 

from the inner bottom surface of the FRP tube to the center of the tendon duct. Eccentricity of 

tendons was designed to only permissible tensile stresses in concrete immediately after 

prestressing transfer not exceed   per CSA A23.3 [23]. All prestressed beams were 

tensioned up to 65% fu. Table 7.1 lists the jacking forces as well as the effective prestressing 

forces at transfer for each tendon. 

 

 

 

 

 

Figure 7.2: Beams’ geometry and reinforcement details 

a) PCFFT beams 

b) Dead and live ends 

CFRP strip 
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7.4.3  Specimens’ Preparation 

FRP tubes were used as a stay-in-place formwork to cast the test specimens. In order to 

improve the bond between the concrete and tube, the entire length of beam inner surface was 

wetted with vinylester resin and then coated with coarse sand particles. Steel cages were 

assembled together and placed inside the tubes. The whole assembly was then carefully 

positioned over a steel bed. An inclined steel bed was designed to allow the concrete freely to 

consolidate under its own weight. The tubes were closed at one end with wood and sealed around 

the tube to fill any voids. The concrete was cast using a pump from the other end and vibrated 

internally with vibrator to avoid any concrete segregation. After filling the tube, the top opening 

was properly closed with plywood. The CFFTs were cured inside the lab for about 50 days before 

testing. Figure 7.1 shows the specimens over the casting steel bed.  

7.4.4 Instrumentation 

The deflection of the test specimens at different locations was captured using five-string 

potentiometers (SPs) of 250 mm long, whereas two other SPs was measured the axial strains at 

the top and bottom surfaces at mid-span. The slippage between the concrete and the FRP tube at 

both ends was captured using two 25 mm SPs. To monitor the prestressing forces during the test, 

two load cells were placed at the dead-end of each tendon. Figure 7.3 shows the locations of 

different instrumentation. Each beam was equipped with twenty-two strain gauges [6-mm long] at 

the mid-span that was glued over the outer surface of the tubes in the axial and transverse 

directions. In addition, two other strain gauges were attached prior casting over the steel rebars at 

the mid-span. Prestressing tendons were also mounted with 4 strain gauges at -350, 0, +350, and 

+575 mm distance from the beam’s centerline. All sensors were attached to a data-acquisition 

system to record all data. 

7.4.5 Experimental Setup and Prestressing Procedure 

Flexural load tests were conducted using a four-point loading setup. The beams were 

simply supported with a hinged and roller system. The distance between supports was a 3,000 

mm and the constant moment region was a 700 mm. All beams were tested using a 10,000 kN 

MTS machine at a displacement-controlled rate of 1 mm/min through two loading points on the 
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test beam. Figure 7.4 depicts the experimental setup. Figure 7.5 shows the prestressing frame 

setup and loading application. All tendons were posttensioned in ungrouted ducts. Steel strands 

were anchored at one end using chucks anchors and end bearing steel plates. The strands were 

tensioned from the live end using a manual jack on each strand and were anchored using another 

set of chucks and bearing plates. Prestressing forces were applied gradually up to the desired 

prestressing force. The jacking force was monitored during the test using a load cell of 500 kN 

installed at the dead end on each strand and verified by the strain gauges on the steel strands. 

Table 7.1 reports the jacking prestressing force (Pj) and the effective prestressing forces at 

transfer (Pe). 

 

 

Figure 7.3: Instrumentation (SPs and strain gauges’ layout) 
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 Figure 7.4: Experimental setup 

 

Figure 7.5: Posttensioning frame setup and loading application 
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7.5 Test Results and Observation 

7.5.1 Failure Mode 

Generally, the resin matrix started to crack and followed by compression bucking of the 

tube between the two-point loading in the constant moment region. The concrete in the 

compression zone was highly compressed due to the load increases and excessively expanded in 

the hoop direction till the fibers were fractured. The fracture of the fibers was later extended into 

the beam depth at both sides. Loading the specimens was continued until the PT CFFT beams 

failed by tubes fracture in the tension side. After the tube ruptured, the load was decreased to 

about 2/3 the ultimate load and then the load-deformation curve was stabilized over an ample 

range of deformation. This behavior is similar to that of non-PT CFFT rectangular tubes tested 

under flexural [Abouzied, A., and Masmoudi, R. 2015, 2017, Fam, A, et al 2005]. Figure 7.6 

depicts the mode of failure of each beam after testing. It should be noted that the PT CFFT 

specimens with CFRP lamina showed a progressive failure at a high load level. The failure was 

initiated by fracture of the GFRP tube flange and then the CFRP lamina. It appears that, once the 

CFRP was fractured at such a high load level, the beams had failed. This behavior can be 

attributed to that the CFRP strips were embedded inside the GFRP tube tension flange, which 

provided some warning before failure. As such, the progressive failure was not observed in the 

case study by Fam and Skutezky (2006) as the CFRP lamina was bonded to the external 

tensioned flange. 

After testing, the FRP tube was cut and removed to examine the condition of the concrete 

as shown in Figure 7.6. In general, the beams have shown many closely flexural cracks expanded 

near the mid-span that was more harmonic with typical PT concrete beams with a concrete 

crushing in the compression zone. It can be also seen that the number of cracks at the tension side 

of the concrete gradually increased with increasing the total reinforcement indexes and attaching 

the CFRP lamina in the tension flange as a result of increasing the flexural strength.  
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P1-C 

  

 
P2-D 

  

 
P3-B 

  

 
P4-B-C1 

  

 
P5-B-C2 

Figure 7.6: Mode of failure of the tested beams and Concrete cracks patterns after removing the 

GFRP tube 
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7.5.2 Load–deformation Relationships  

Figure 7.7 shows the load-mid span deformation curves for all beams. Table 7.4 reports 

the test results of all tested beams. The loads due to cracking and yielding were grasped from the 

strain gauges on the bottom steel bars. Generally, the load-deformation relationships for the PT 

CFFT beams showed an almost trilinear response. The first slope represents the pre-cracking 

stage up to concrete cracking, a second slope represents a reduced stiffness (pre-yielding stage), 

and a third slope represents post-yielding nonlinear stage with strength hardening. The nonlinear 

behavior is due to the involvement of the structural fiber laminate of the tubes in the axial and 

hoop directions. The test specimens showed a decrease in stiffness after the initiation of concrete 

cracking, as seen in Figure 7.7. However, the cracking loads were highly improved by the total 

reinforcement index ratios as well as attaching the CFRP lamina on the tension side. Specimens 

P1-C, P2-D, P3-B, P4-B-C1, and P5-B-C2 failed, respectively, at 804, 1130, 953, 1089, and 1128 

kN ultimate loads, at 95.9, 97.0, 97.4, 91.1, and 97.0 mm corresponding to ultimate deformations. 

 

 

Figure 7.7: Comparisons between load-deformation responses of the tested beams with different 

investigated parameters

◊ First cracking   ○ Yielding of steel bars □ Yielding of steel strand × Transverse rupture of tube at top 

Δ Rupture of tube in tension  ⁎ Crushing of concrete cover 
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Table 7.4: Summary of the test results and ultimate flexural capacity predictions 

ID 
Pcr, 

(kN) 

Py, 

(kN) 

Pu, 

(kN) 

Mcr, 

(kN.m) 

, yM

(kN.m) 

Mu, 

(kN.m) 

Δcr, 

(mm) 

Δy, 

(mm) 

Δu, 

(mm) 
εc (με) εt (με) 

λ= 

Δu/Δy 

Eelastic. 

(kN.m) 

Etot 

(kN.m) 
μp, (%) 

Mu,Exp./ 

MPred.
a 

Mu,Exp./ 

MPred.
b 

P1-C 173 365 804 99 210 462 2.10 11.5 95.9 -4,788 16,930 8.3 7.2 57.7 88 1.13 1.04 

P2-D 198 422 1130 114 243 650 2.44 10.7 97.0 -7,601 18,264 9.1 16.8 118.3 86 1.15 1.13 

P3-B 189 355 953 109 204 548 2.16 9.2 97.4 -7,408 14,050 10.6 10.3 68.1 85 1.19 1.06 

P4-B-C1 206 419 1089 118 241 626 1.84 9.8 91.1 -5,685 12,894 9.3 14.4 110 87 1.06 1.04 

P5-B-C2 210 445 1128 121 256 649 3.47 11.6 96.9 -4,396 12,137 8.4 16.1 88.9 82 1.01 1.00 

               Aver.  1.11 1.05 

               SD. 0.07 0.05 

               COV(%) 6.5 4.5 

Pcr, Py, and Pu are the cracking, yielding, and ultimate loads, Mcr, My, and Mu are the cracking, yielding, and ultimate moments, Δcr, Δy, and Δu deflections corresponding to 

cracking, yielding, and ultimate load, respectively, εc and εt is the Ultimate strain in compression and tension surfaces; λ is the ductility factor; Etot is the total energy absorption; and 

Ein is the inelastic energy absorption.   

a Proposed model using unconfined concrete model. 

b Proposed model using partially confined concrete model. 
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7.5.3 Load-strain Relationships 

Figure 7.8 depicts the load-strain curves for all specimens at the mid-span. For the PT 

CFFT beams P1-C, P2-D-2, P3-B, P4-B-C1, and P5-B-C2 failed in flexural by fracture of the tube 

in the tension side at 16,930, 18,264, 14,050, 12,894, and 12,137 με ultimate tensile strains, 

respectively, as shown in Figure 7.8 b. These strains were more consistent with those measured 

from tensile coupon tests (Table 7.3). Meanwhile, the ultimate longitudinal compressive strains 

were -4,788, -7,601, 7,408, -5,685, and -4,396 με, which are only 74%, 53%, 55%, 66%, and 73% 

of the measured strains from compressive coupon tests, respectively. As seen in Figure 7.8 a, the 

longitudinal compressive strains inverted its direction as the load increase. This response suggests 

the starting of the outward local compression buckling of the tube [Fam, A, et al 2005]. However, 

the tubes have carried further loads until they ruptured in a flexural tension behavior. 

It can be observed in Figure 7.8 a, b, and d that increasing the longitudinal flexural 

stiffness by increasing total reinforcement index ratios, attaching a thin CFRP laminated in 

tension flange as well as doubled the angle fiber laminate in hoop direction significantly 

decreased the tubes and steel strands strains at a comparable load level. Figure 7.8 c depicts the 

load– mid-span hoop strain response of all specimens in the compression region. In general, the 

load–hoop strain curves showed nearly a bilinear behavior with a first slope related to the tube 

Poisson’s ratio effect of 0.20. As the tube starts to local buckling, the concrete expands 

excessively in the hoop direction, which resulted in additional hoop tensile strains in the top 

flange. As such, the transverse tensile strains in the FRP tube increased faster, as seen from the 

second slope of the curves in Figure 7.8 c. This behavior is in good agreement with the previous 

investigations in the literature for rectangular CFFTs beams by [Fam, A, et al 2005]. The 

transverse strains at ultimate were between 6573 to 8497 με. Thus, the GFRP tubes were 

stimulated to confine the concrete more as the load boost. 
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a) Top (Compression)                                                             b) Bottom (Tension) 

   

c) Top (Hoop)                                                           d) Steel strands 

Figure 7.8: Load–strain responses of FRP tube and steel strands
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7.5.4 Progression of Neutral Axis Depth  

Figure 7.9 illustrates the progression of neutral axis depth ratio (c/h) with the load for all 

CFFTs. The neutral axes were determined from the maximum recorded strains on compression 

and tension surfaces of the tested beams. As seen after cracking, the neutral axis depth shifts 

toward the compression zone to balance the tensile internal forces on the cross-section. The 

position of the neutral axis depths after cracking initially decreased, and later stabilized at a depth 

of 30–42% of the total depth of the section. Furthermore, an examination of the concrete after 

removing the tube, it was noticed a distinct compression zone along the length of the beams, as 

shown in Figure 7.6.  This observation is quite consistent with the previous studies by [Fam, A., 

et al 2002, Idris Y. and Ozbakkaloglu T. (2014).]. It is worth mentioning that the (c/h) ratio was 

slightly higher than the observed values reported by [Abouzied, A., and Masmoudi 2015, 2017] 

for non-PT rectangular CFFT beams, which were ranged between 20-30%. 

 

Figure 7.9: Variation of the neutral axis location as a function of applied load 
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7.5.5 Load–slip Relationships  

Figure 7.10 shows the relative slip between the tube and concrete at dead and live ends. 

As seen in Figure 7.10, there was a negligible relative slip between FRP tube-concrete throughout 

the test at both ends up to the ultimate load. The maximum recorded values at ultimate were 0.22 

mm and 1.12 mm for specimen P5-B-C1 at dead and live ends, respectively. This would confirm 

the full composite action between the tube and the concrete core. This can be due to the high 

frictional imposes developed at this interface, which resulted from roughness the inner surface of 

the tubes, and enhance concrete confinement by the tube as a result of prestressing, which led to 

minimizing the relative slip between the tube and concrete [Fam, A. and Mandal, S. K. (2006), 

Idris Y. and Ozbakkaloglu T. (2014)]. It should be mentioned that specimen P5-B-C1 exhibited 

an initiation of relative slippage beyond 85% of the ultimate load. At the ultimate load, an audible 

noise has occurred with a remarkable reduction in the beam load and separation of the tube from 

only one side (live end) of the beam but no tube slippage was observed at the dead end. Although 

beam P5-B-C1 exhibited an interface-slip from the live end side, the beam has recovered its load 

until the beam fractured in the tension side. 

  

                            a) Dead end                                            b) Live end 

Figure 7.10: Load–slip relationships measured between FRP tube and concrete 
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7.6 Discussion 

7.6.1 Effect of Fiber Structural Laminate  

To examine the effect of the fiber laminate, Specimens P1-C and P2-D were manufactured 

using the same number of roving but doubling the number of inclined fiber patterns in the hoop 

direction. Figure 7.7 depicts the load-deformation behavior of the PT CFFT specimens. It can be 

observed from Figure 7.7 that doubling the number of inclined fiber pattern in hoop direction had 

improved significantly the flexural strength and the post-peak behavior of the PT specimen P2-D. 

Besides, it enhances the serviceability requirements of the specimen P2-D substantially. This 

indicates that the flexural behavior is highly sensitive to the number of inclined fiber laminate in 

the hoop direction. This can be attributed to increasing the confinement efficiency of the concrete 

core restrained by the FRP tube as well as increasing the flexural strength in the axial direction, 

which in turn to a significant improvement of the flexural performance of the tested beam. At 

ultimate, the ultimate moment capacity of the PT CFFT beam P2-D was improved by 41% 

compared to their counterpart P1-C with only a single inclined fiber pattern in the hoop direction. 

As a result, the design can be optimized to achieve more efficient PT CFFT structural member by 

increasing the number of inclined fiber laminates. However, more experimental tests are needed 

to address different fiber orientation with respect to the hoop direction.  

7.6.2 Effect of total reinforcement index ratios 

The effect of the total reinforcement index is addressed by comparing the behaviors of 

beams P1-C, P2-D, and P3-B, which had similar effective prestress ratios and different fiber 

reinforcement ratios. The total reinforcement index is calculated from Eq. 1. Specimens P1-C, P2-

D, and P3-B had total reinforcement indices (ωt) of 0.30, 0.33, and 0.59, respectively. 

Comparisons of the load-deformation behaviors of the tested beams are presented in Figure 7.7. It 

can be seen that the load-deformation performances of the specimens showed comparable 

characteristics. However, after cracking specimen P2-D exhibited substantial higher stiffness after 

cracking, ultimate strength, absorbed energy, and serviceability performance compared to 

specimens P1-C and P3-B due to its higher total reinforcement index ratio. It should be noted that 

increasing the total reinforcement index ratio contributed to delaying the onset of the steel strands 
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yielding, which results in maintaining the effective prestressing forces up to high loading level 

and increases the confinement efficiency by the GFRP tube. Figure 7.11 presents the hoop versus 

longitudinal strains in the compression side of all beams. As seen the initial slopes of the plots 

reflected the Poisson’s ratio of the tubes. As the longitudinal strain increases, the transverse strain 

increases at a higher rate for beam P2-D than for specimens P1-C and P3-B indicating the 

confinement efficiency in the compression zone. By, calculating the change in the slopes (θf/θi) 

for the axial-hoop strain relationships, it can determine the confinement index (see Figure 7.11) 

[Fam, A. and Mandal, S. K. (2006)]. For P1-C, P2-D, and P3-B the confinement index (θf/θi) was 

2.57, 3.80, and 3.49, respectively. Thus, the confinement index was increased by 48% when 

increasing the total reinforcement index from 0.3 to 0.59. 

  

Figure 7.11: Axial versus hoop strain behavior 

7.6.3 Effect of carbon FRP-laminated in tension flange and its ratio 

To evaluate the effect of Carbon FRP-laminated in tension flange and its ratio on the 

behavior, specimens P3-B, P4-B-C1 and P5-B-C2 were compared (Figure 7.7). As shown that 

attaching the CFRP laminates embedded in the bottom GFRP flange have resulted in 14% and 19 
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% increases in flexural strength for specimens with one and two CFRP laminates, respectively. 

This can be attributed to increasing the flexural axial stiffness due to the high elastic moduli of 

the CFRP laminate, which in turn enhances the flexural strength substantially. The test specimens 

exhibited similar stiffnesses before cracking at the same load until first concrete cracking. 

However, specimens P4-B-C1, and P5-B-C2 exhibited higher stiffness after cracking and lower 

deformation at a comparable load level compared with PT CFFT with no CFRP laminate. From 

Figure 7.11, it can be seen that the axial-transverse strain behavior of P4-B-C1 and P5-B-C2 

showed a steep shift in slope than that of beam P3-B, which points out a higher confinement level. 

This finding is additionally confirmed by the fact that the transverse tensile strain in specimens 

P4-B-C1 and P5-B-C2 at failure were 6573  and 6082 , which were 22% and 13% higher 

than specimen P3-B. Increasing the CFRP layers from one to two for specimen P5-B-C2 has only 

a slight effect on the flexural moment capacity and the post-cracking stiffness. This may due to 

the small CFRP reinforcement ratio, which in turn an insignificant impact on the flexural 

capacity. Although tube type B had smaller thickness than tube D, it appears that attaching the 

CFRP laminates in the bottom flange of the tube can achieve comparable flexural strength and 

energy absorption than that of tube D, regardless of the fiber laminate in the hoop directions. This 

confirms the efficiency of both systems to enhance the flexural performance as well as the 

strength of PT CFFT system. 

7.7 Ductility Index and Energy Absorption 

Ductility is an important index assessing the performance and safety of a concrete 

structure. Two methods were used in this section to examine the ductility of the tested beams in 

terms of deformation or energy absorption. In the first method, the ductility index (𝜆) can be 

expressed in Eqn. 2 as follows [Park., R. (1989)]:                     

                                              (Eq. 7.2) 

where Δu and Δy are midspan displacement at the ultimate state and at first yielding of 

tension steel rebars, respectively. The ductility of PT members can be also evaluated by the ratio 

between the elastic and inelastic energies consumed under the load-deflection curve [Grace, N et 
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al 1998, Naaman, A. 1995, Xue, W., et al 2020]. In this section, the ductility of the tested beams 

was based of the energy ratio up to peak load (μp) [Grace, N.F et al 1998].  

.

.

tot elastic
p

tot

E E

E


−
=                                 (Eq. 7.3) 

where Etot. is the total energy absorption up to ultimate load in the load-deformation 

curve; and Eelastic is elastic energy released upon failure calculated as the area of the triangle 

formed at failure load by the line having the weighted average slope of the two initial straight 

lines of the load–deformation curve (Figure 7.12). If the energy ratio is higher than 75%, the 

beam will exhibit a ductile failure. However, it is considered semi-ductile if the energy ratio is 

between 70% and 74%. The beam may exhibit brittle failure if the energy ratio is below 69% 

[Grace, N. F. et al 1998]. Table 7.4 summarizes the values of λ, calculated energy ratios of the 

tested beams, and total energy absorption. It can be observed in Table 7.4 that the estimated λ and 

μp values were ranged from 8.3 to 10.6 and 82 to 87% for the PT CFFT beams, respectively, 

which is considered to be ductile and provides sufficient physical warning prior failure. The test 

results also indicated that the total energy absorption was increased by providing the CFRP 

laminates in the tension flange as well as increasing the total reinforcement index or doubling the 

fiber laminate in the hoop direction. The total energy absorption was increased by 105% and 74 

% for P1-C and P3-B compared to P2-D, respectively. Besides, attaching one or two CFRP 

laminates in the tension flange increased the total energy absorption by 62% and 31% for P4-B-

C1 and P5-B-C2 compared to P3-B, respectively. 
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Figure 7.12: Definitions of absorbed energies (Grace et al. 1998)  

7.8 Theoretical Study 

A strain compatibility and force equilibrium model is developed to predict the flexural 

strength of the tested beams. Assumptions are considered in the model: the plane section stayed 

plan after deformation, linear strain distribution along with the section depth, and a full bond 

between the tube and concrete. Linear elastic responses for the GFRP tube and CFRP laminate 

materials in compression and tension until rupture determined from coupon tests. A bilinear 

model is undertaken to model the steel bars, with a zero-plastic behavior after yield. The concrete 

in the tension side is ignored. Unconfined and partially confinement models are considered herein 

to model the concrete in compression. The concrete in compression in the unconfined model 

displays elongated strain softening using Popovics’s model [Popovics S. (1973)] (Eq. 7.4).  The 

partially confined model, which stipulates an intermediate level of confinement, is similar to a 

Popovics’s model up to f’c   followed by a zero-slope relationship following Fam et al. [Fam A, et 

al 2003] as described in (Eq. 7.5).  
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       ' '

c cof f=      when εc > εc’                      (Eq 7.5) 

Where sec( )co cor E E E= −   and the secant modulus of concrete ' '

sec c cE f = . The concrete 

module is computed as '5000co cE f=  and the εc’=0.0023 based on the concrete cylinder 

compression tests.  

A modified Ramberg–Osgood function, proposed by Mattock [Mattock, Alan H. (1979)], 

was undertaken to model the stress and strain curve of strands as follows in Eqn. 7.6. Figure 7.13 

presents the concrete and strand proposed material models. 
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a)                        b) 

Figure 7.13: Stress–strain models: a) Partially confined and unconfined concrete; b) Steel strands. 

 

Where A, B, and C are three constants. Giving the values of Ep, fpu, and εpu, the constants A, B, 

and C can be calculated, and the full stress and strain curve can be plotted. By substitute Ep=199 

A= 0.015, B=109.8, and C=22  
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GPa, fpu=1967 MPa, and εpu=7.03% in Eq. (7.4), the constants A, B, and C were 0.016, 109.9, and 

23, respectively. 

The model procedure begins by assuming the bottom strain value (εtube,bottom) of the tube 

from the tensile coupon tests and the compression zone depth (c), assuming tension failure is 

governed by rupture of the tube in tension. The stresses along the cross section are computed 

from the corresponding strains. The internal forces are determined by multiplying the stress by 

the corresponding area of different materials. The equilibrium was then checked by achieving an 

acceptable tolerance between the summation of forces in compression and tension. When the 

equilibrium is fulfilled, the internal moments are computed by multiplying the internal forces by 

the distance from the neutral axis of the section. Figure 7.14 presents the stress and strain 

distribution of the proposed theoretical model. Further details on the internal forces’ 

computations can be found elsewhere [Abouzied, A., and Masmoudi, R. (2015, 2017)]. 

 

Figure 7.14: Proposed analytical model stress and strain distribution  

7.8.1 Comparison of analytical experimental results 

Comparisons between the estimated values of the flexural strength and the test results 

using different concrete models are presented in Figure 7.15. As seen in Figure 7.15 that the 

predicted values on the basis of the confined concrete model demonstrated an excellent 

agreement with the experimental results. The partially confined model was better agreement with 

the test results. However, the unconfined concrete model adopted by AASHTO guidelines 

[AASHTO (2012)] showed slightly conservative predications for the flexural strength of PT 
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CFFTs. The Mu(exp)/Mu(theo) ratio was 1.05±0.05 (on average) with a COV of 4.5% and 1.11±0.07 

(on average) with a COV of 6.5% for intermediate level of confinement and unconfined concrete 

models, respectively. The proposed theoretical model provides a moving forward to evaluate the 

flexural response of PT CFFT beams. Nevertheless, further research is still required to investigate 

additional key parameters affecting the flexural response i.e. the effect of different types of 

loading routine, different structural fiber orientation, concrete strength, cross-section sizes, etc. 

 

Figure 7.15: Flexural ultimate moment capacity predictions 

7.9 Conclusions 

On the basis of the test results and discussion presented in this study, the following 

conclusions can be drawn: 

1. The final failure of PT CFFT beams governs by the rupture of the tube in the tension side 

with no evidence of shear failure or web buckling. The PT CFFT specimens with CFRP 
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lamina show a progressive failure at a high load level, which can provide a physical 

warning before final failure. 

2. PT CFFT beams show estimated ductility factor (𝜆) and energy ratio (μp) values ranged 

between 8.3 to 10.6 and 82 to 87%, respectively, which indicates a ductile flexural 

behavior. 

3. PT CFFT beams exhibit a nonlinear response due to their fiber structure laminate after 

steel yielding with a strength hardening until failure. The degree of nonlinearity strongly 

depends on the tube fiber laminates, total reinforcement index as well as bonding the 

CFRP lamina embedded in the tension flange.  

4. Adding CFRP laminate strips embedded in between the fiber layers of the tension flange 

of the GFRP tubes could substantially enhance its flexural strength. PT CFFT beams with 

CFRP laminate show a 17% increase (on average) compare to PT CFFT with no CFRP 

laminate.  

5. Doubling the number of inclined fiber patterns in hoop direction or increasing the total 

reinforcement index show a substantial higher post-cracking stiffness, ultimate capacity, 

ductility index, energy absorption and reduce deflection at the same load level. The 

confinement efficiency increases by 48% when increasing the total reinforcement index 

from 0.3 to 0.59.  

6. A negligible interface-slip observed between the tubes and concrete in the PT CFFTs at 

both ends up to the peak load, except in one specimen, a sudden slip at a high load level 

has occurred at its live end with no slippage at the dead end. However, the beam 

continued to re-carry additional loads until it failed in tension at 0.87 of its peak load. This 

confirms the effectiveness of the system to maintain composite action between the tube 

and concrete. 

7. The predicted values based on confined concrete model showed good agreement with the 

experimental results. The unconfined concrete model adopted by AASHTO guidelines 

highly underestimates the ultimate moment capacity of PT CFFTs. The Mexp/Mtest ratio 

shows 1.05±0.05 (on average) with a COV of 4.5% and 1.11±0.07 (on average) with a 

COV of 6.5% for intermediate level of confinement and unconfined concrete models, 

respectively.  



                                                                                                                             Chapter 8: Summary and Conclusions 

206 

 

CHAPTER 8  

   SUMMARY AND CONCLUSIONS 

8.1  Summary 

Experimental and analytical programs were conducted herein to investigate the flexural behaviour 

of unbonded posttensioned (PT) rectangular concrete-filled filament-wound glass fiber-

reinforced-polymer (GFRP) tube (CFFT) beams under flexural loads. The primary objectives are 

to investigate the construction feasibility of rectangular PT CFFT beams and to provide a 

thorough understanding of the flexural response of PT CFFTs and compare their behavior with 

CFFT without prestressing and PT concrete beams. The experimental program includes 

constructing and testing of fifteen full-scale beams divided into two groups denoted as Group I 

and II. Group I included eight PT CFFTs, one non-PT CFFT, and one PT concrete beams 

constructed with NSC. The main parameters were: i) GFRP tube thickness ranged from 6.0 mm 

to 12.3 mm; ii) Tube fiber structural laminate; iii) Tube confinement versus steel stirrups; iv) 

Number of prestressing tendons and level of prestressing; and vi) Attaching a thin Carbon FRP-

laminated embedded in tension flange and its ratio. Group II composed of four PT CFFTs and 

one PT concrete beam constructed with HSC. The effect of tube thickness ranged from 6.0 mm to 

7.4 mm, tube confinement versus steel stirrups, number of prestressing tendons, concrete 

compressive strength (NSC and HSC), and loading scheme (static and cyclic) were investigated. 

On the other hand, a nonlinear analytical model to predict the full response and ultimate strength 

of PT CFFT tested beams subjected to bending loading is developed. The accuracy of proposed 

model is verified against the experimental results. In addition, a simplified design equation, as an 

extension to AASHTO (2012) equation, is also established to predict the ultimate flexural 

capacity of the tested beams. The completion of this research program led to the following 

conclusions and recommendations.  
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8.2 Conclusions 

The following general conclusions can be drawn based on the experimental test results, 

discussion, and analytical study of the research work presented in this dissertation: 

1. Rectangular CFFT beams prestressed with unbonded steel strands show superior flexural 

performance in terms of cracking loads, serviceability performance, and strength compared to  

CFFT beams without post-tension (non-PT CFFT). PT CFFT achieves about 25% higher 

strength than non-PT CFFT designed with identical structural laminate and tube thickness. 

However, both specimens behave in a nonlinear ductile manner.  

2. FRP tubes are more effective than steel stirrups for the confinement of concrete. The PT 

CFFTs exhibit excellent load–deflection behaviors with high inelastic deformations and 

minimal strength degradations until failure. The PT CFFTs achieved 143 % and 136% (on 

average) increases in ultimate loads and deflections compared to PT NSC and HSC control 

specimens, respectively.   

3. The final failure of PT CFFT beams is governed by the tubes fracture in the tension side with 

no signs of shear failure or web buckling. The PT CFFT specimens with CFRP lamina show a 

progressive failure at a high load level, which can provide a physical warning before final 

failure.  

4. A negligible interface-slip observed between the tubes and concrete core in the PT CFFTs at 

both ends up to the peak load, except in one specimen, a sudden slip at a high load level has 

occurred at its live end. However, the beam has recovered its load again until it failed in 

tension at 0.87 of its peak load. This confirms the effectiveness of the system to maintain full 

composite action between the tube and concrete. 

5. PT CFFT beams show estimated displacement ductility factor (𝜆) and energy ratio (μp) values 

ranged between 6.9 to 11.1 and 73 to 88% for NSC and 8.3 to 10.4 and 83 to 91% for HSC, 

respectively, which indicates a ductile flexural behavior. 

6. NSC and HSC-PT CFFT beams exhibit similar nonlinear response with a strength hardening 

until failure. The degree of nonlinearity strongly depends on the tube fiber laminates, total 

reinforcement index, FRP tube thickness, as well as bonding the CFRP lamina embedded in 

the tension flange than increasing the concrete strength, the magnitude of the prestressing 

level and the number of tendons. 
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7. Increasing the concrete compressive strength from 46 to 70 MPa enhance the initial stiffness 

and load before cracking. After cracking, however, HSC-PT CFFT’s specimens exhibit only a 

9% increase (on average) in the flexural strength capacity but no detrimental influence of 

concrete-filling was observed on the ductility of the tested PT CFFT beams.  

8. Increasing the number of strands significantly improves the initial flexural stiffness and 

cracking loads. After cracking, increasing the number of strands show a marginal 

improvement in the peak strength. Increasing the number of strands increases the ultimate 

capacities of the tested specimens by only 7% and 3% for HSC and NSC, respectively. 

9. Adding a thin layer of CFRP laminate embedded into the tension flange of the GFRP tubes 

could substantially enhance its flexural strength. PT CFFT beams with CFRP laminate show a 

17% increase (on average) compared to PT CFFT with no CFRP laminate.  

10. Doubling the number of inclined fiber patterns in hoop direction, increasing the total 

reinforcement index or the tube thickness, show a substantial higher post-cracking stiffness, 

ultimate capacity, ductility index, energy absorption and reduce deflection at the same load 

level. The confinement efficiency increases by 48% when increasing the total reinforcement 

index from 0.3 to 0.59.  

11. Insignificant strength reduction occurred due to the cyclic loading of the PT CFFT beam 

compared to the monotonic loading specimen. However, the loss of PT force started to 

rapidly occur where the PT strands were loaded into the inelastic range. The loss of post-

tensioning was about 57% of the initial post-tensioning force.  

12. Cracking loads and flexural strength can be improved by increasing the number of tendons or 

the magnitude of the prestress level. However, increasing the number of tendons shows a 

higher impact on stiffness and post-peak behavior than increasing the prestress level.  

13. The proposed analytical model based on the partially confined concrete model shows better 

agreement with test results while using the unconfined concrete model highly underestimates 

the flexural strength of PT CFFTs. The Mexp/Mtest ratios show an average of 1.05±0.03 and 

1.21±0.04 for partially confined concrete and unconfined concrete models, respectively.  

14. The proposed empirical design equation can predict the flexural moment capacity of 

prestressed rectangular CFFT tested beams with satisfactory accuracy on average of 1.01 

±0.08.  
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15. Experimental results demonstrate the feasibility and construction of rectangular CFFTs with 

post-tensioned steel tendons. The promising results can provide the impetus for constructing 

new rectangular PT CFFT beams and constitute a step forward towards sustainable and high-

performance hybrid structural elements.  

8.3 Conclusions en Français 

En se basant sur les travaux expérimentaux et l'étude analytique mémés à travers cette thèse, les 

conclusions générales suivantes peuvent être tirées :  

1. Les poutres tubulaires rectangulaires en polymère renforcé de fibres (PRF) et remplies de 

béton (TPRB) post-contraints (PC) avec des torons d'acier présentent des performances 

supérieures en flexion en termes de charges de fissuration, performances en service et 

capacité portante par rapport aux poutres TPRB sans post-tension. Les poutres TPRB- PC ont 

une résistance supérieure d'environ 25 % à celle des poutres TPRB identiques sans post-

tension. Cependant, les deux types de poutres se comportent de manière non linéaire et 

ductile.  

2. Les tubes en PRF sont plus efficaces que les étriers en acier pour le confinement du béton. 

Les TPRB-PC présentent d'excellents comportements en charge-déplacement avec des 

déformations inélastiques élevées et des dégradations minimales de la résistance jusqu'à la 

rupture. Les TPRB- PC ont démontré des augmentations de 143 % et 136 % (en moyenne) 

des charges ultimes et des déformations par rapport aux éprouvettes témoins avec post-

tension en béton ordinaire (BO) et en béton à haute performance (BHP), respectivement.   

3. La rupture finale des poutres de TPRB -PC est contrôlée par la rupture des tubes du côté 

tension sans aucun signe de rupture par cisaillement ou de flambage de l'âme. Les éprouvettes 

de TPRB -PC avec lamelle en PRFC montrent une défaillance progressive à un niveau élevé 

de la charge appliquée, ce qui peut fournir un avertissement physique avant la défaillance 

finale.  

4. Un glissement négligeable à l’interface Tube en PRF/béton a été observé dans les TPRB -PC 

aux deux extrémités jusqu'à la charge ultime, à l’exception d’une poutre, où un glissement 

soudain à un niveau de charge élevée s'est produit à son extrémité sous tension. Cependant, la 

poutre a repris sa capacité jusqu'à ce qu'elle se rompe en tension à 0,87 de sa charge ultime. 

Cela confirme l'efficacité du système pour maintenir une action composite complète entre le 

tube et le béton. 
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5. Les poutres TPRB -PC présentent des valeurs estimées de facteur de ductilité de déplacement 

(𝜆) et de rapport d'énergie (μp) comprises entre 6,9 et 11,1 et 73 à 88 % pour les BO et 8,3 à 

10,4 et 83 à 91 % pour les BHP, respectivement, ce qui indique un comportement ductile en 

flexion. 

6. Les poutres TPRB -PC en BO ainsi que celles en BHP présentent un comportement non 

linéaire similaire avec un durcissement de la résistance jusqu'à la rupture. Le degré de non-

linéarité dépend plus fortement de l’orientation des fibres et du nombre de couches dans le 

tube, de l'indice du renforcement total, de l'épaisseur du tube en PRF, ainsi que du collage de 

la lamelle en PRFC encastrée dans la bride de tension que de l'augmentation de la résistance 

du béton, du niveau de post-tension et du nombre de tendons. 

7. L'augmentation de la résistance à la compression du béton de 46 à 70 MPa améliore la rigidité 

initiale et la charge avant la fissuration. Après la fissuration, cependant, les poutres TPRB-PC 

en BHP ne présentent qu'une augmentation de 9 % (en moyenne) de la capacité de résistance 

à la flexion, mais aucun effet négatif du noyau en béton n'a été observé sur la ductilité des 

poutres TPRB-PC testées.  

8. L'augmentation du nombre de torons améliore considérablement la rigidité initiale en flexion 

et les charges de fissuration. Après la fissuration, l'augmentation du nombre de torons montre 

une amélioration marginale de la résistance maximale. L'augmentation du nombre de torons 

n'augmente les capacités ultimes des éprouvettes testées que de 3 % et 7 % pour les BO et les 

BHP, respectivement. 

9. L'ajout d'une mince couche de stratifié en PRFC encastrée dans l’aile tendue des tubes en 

PRFV pourrait améliorer considérablement sa résistance à la flexion. Les poutres TPRB -PC 

ayant des stratifiés en PRFC présentent une augmentation de 17 % (en moyenne) par rapport 

aux poutres TPRB -PC sans stratifié PRFC.  

10. Le doublement du nombre de couches de fibres inclinés dans la direction transversale ainsi 

que l'augmentation de l'indice de renforcement total ou de l'épaisseur du tube montrent une 

rigidité post-fissuration, une capacité ultime, un indice de ductilité et une absorption d'énergie 

nettement plus élevés ; et réduisent la déflexion à un même niveau de charge appliquée. 

L'efficacité du confinement augmente de 48 % lorsque l'indice de renforcement total passe de 

0,3 à 0,59.  
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11. Une réduction légère de la résistance s'est produite en raison de l’application d’une charge 

cyclique de la poutre TPRB -PC par rapport à la poutre testée sous charge monotone. 

Cependant, la perte de force de post-tension a commencé à se produire rapidement lorsque les 

torons étaient chargés dans la plage inélastique. La perte de post-contrainte était d'environ 

57% de la force de post-tension initiale.  

12. Les charges de fissuration et la résistance à la flexion peuvent être améliorées en augmentant 

le nombre de tendons ou l'amplitude du niveau de post-tension. Cependant, l'augmentation du 

nombre de tendons à un impact plus important (sur la rigidité et le comportement après le pic) 

que l'augmentation du niveau de précontrainte.  

13. Le modèle analytique proposé, basé sur le modèle en béton partiellement confiné, montre une 

concordance adéquate avec les résultats expérimentaux, tandis que l'utilisation du modèle en 

béton non-confiné sous-estime fortement la résistance en flexion des poutre TPRB -PC. Les 

ratios du moment expérimental au moment théorique (Mexp/Manal) montre des moyennes de 

1,05±0,03 et 1,21±0,04, pour les poutres en béton partiellement confiné et celles en béton 

non-confiné, respectivement.  

14. L'équation de conception empirique proposée permet de prédire la capacité de moment de 

flexion des poutres rectangulaires précontraintes testées (TPRB -PC) avec une précision 

satisfaisante de 1,01 ±0,08 en moyenne.  

15. Les résultats expérimentaux démontrent la faisabilité et la construction de TPRB 

rectangulaires avec tendons post-tensionnés. Les résultats prometteurs peuvent donner 

l'impulsion nécessaire à la construction de nouvelles poutres rectangulaires TPRB-PC et 

constituer un pas en avant vers un élément structural hybride durable et à haute performance. 

8.4 Recommendations for Future Work 

The present study on flexural response of PT CFFT beams has answered significant number of 

questions and issues. There are, however, other detailed issues that need to be addressed before 

the proposed system can be fully implemented. Some of those issues are listed below: 

1. Examine the adverse effect on concrete confinement of PT CFFT beams under reversed 

cyclic and fatigue loads. 

2. Additional tests are suggested to investigate a wide range of different influencing 

parameters (i.e. tubes structural laminate, concrete strength, width to flange thickness ratio, 
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bent radius, and interfacial bond action between the FRP tube and its concrete core) on the 

flexural behavior of PT rectangular CFFT beams. 

3. Conduct experimental tests with different specimens’ scale and large cross-section 

simulating a real bridge scale with larger number of prestressing tendons, different 

eccentricities, bonded and unbonded tendon profile. 

4. Conduct analytical and numerical studies to gain additional insights into various aspects on 

the behavior of PT CFFT system.  

5. Study the composite system of T-PT CFFT beams with top concrete deck under different 

shear span-to-depth ratios. 

6. Generate complete design guidelines, which could aid engineers for design of PT CFFTs in 

different applications. 
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