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Abstract  

During the last two decades, fibre-reinforced polymer (FRP) composites have emerged as prom-

ising materials that can be used in lieu of steel for reinforcing concrete structures due to their 

corrosion-resistant properties, their high tensile strength, and their high stiffness to weight ratio. 

FRPs have lower moduli of elasticity compared to steel which may lead to increased deflections 

and deformations of FRP reinforced structures unless section sizes are increased. To overcome 

this serviceability concern, FRP bars can be prestressed. Previous research has focused on the 

use of carbon and aramid fibre reinforced polymers (CFRPs and AFRPs) in prestressed concrete 

while less attention was given to glass fibre reinforced polymers (GFRPs) because they have 

high relaxation and are susceptible to creep rupture. As well, only very limited data on the long-

term behaviour of GFRP prestressed concrete members under sustained and fatigue loads is 

available. Also, no design guidelines are provided by CAN/CSA-S806-12 or ACI 440.4R-04 for 

using prestressed GFRP bars in concrete members.  

This research study consisted of experimental and analytical phases, and was designed to assess 

the long-term properties of a concrete beams prestressed with a new generation of GFRP bars 

that are reported to have enhanced mechanical properties such that the bars are suitable for pre-

stressed applications by overcoming the creep rupture and the relaxation problems (Weber and 

Baquero (2010), & Zawam and Soudki (2012)).  This study investigated the transfer length of the 

prestressed GFRP bars of diameters 12 mm and 16 mm in concrete. Most of the available re-

search studied the transfer length of CFRP and AFRP tendons, and both CAN/CSA-S6-06 and 

ACI 440.1R-06 give equations for predicting the transfer length for these bar types only. The 

GFRP bars were prestressed to 40% of their ultimate capacity, which is more than the 25% pre-

stressing limit at transfer that is set by CAN/CSA-S6-06 to avoid creep rupture. The effects of 

the prestressing level, the GFRP bar diameter and the concrete strength on the long-term behav-

iour of GFRP prestressed concrete were investigated. 

Twenty beams with dimensions of 150 x 255 x 3600 mm were cast and tested under different 

sustained load levels for 300 days. The long-term deflections, the concrete strains and the GFRP 
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strains were monitored throughout the testing period. The main parameters considered were the 

diameter of the GFRP prestressing bars (12 mm and 16 mm), the prestressing level (0%, 25% 

and 40% of the ultimate strength), and the sustained load level (35%, 60%, and 80% of the ulti-

mate capacity of the beam). Following the sustained loading phase, all beams were tested to fail-

ure in four- point bending.  The transfer length measurements were taken for the prestressed 

beams, and data on the early relaxation of the GFRP bars was recorded for 277 hours. 

The experimental results showed that prestressing of GFRP bars significantly decreased the 

beams deflections, and the total and the concrete creep strains under service loading conditions. 

The results also showed that subjecting the beams to different levels of sustained loading for 300 

days did not affect their ultimate capacity. It was concluded from the results that the increase in 

the GFRP strains in beams under sustained loading was mainly caused by the increase in the 

beam curvature due to creep and shrinkage of the concrete rather than the creep of the GFRP 

bars. The experimental measurements showed that the transfer length of 16 mm diameter GFRP 

bars in concrete with compressive strength of 30 MPa was about 17db (bar diameter), and 14db 

for prestressing levels of 40% and 25%, respectively. 

The analytical phase in this study involved developing an analytical model based on layer-by-

layer strain compatibility analysis that was used to predict the short-term load-deflection behav-

iour and the long-term deformations of GFRP prestressed concrete beams. A model based on 

layer-by-layer strain compatibility analysis was also proposed to predict the unloading behaviour 

of the GFRP reinforced/prestressed beams after being subjected to sustained loading. The pre-

dicted load-deflections curves from the model were in good agreement with the experimental 

curves except for a discrepancy appears between the experimental and the predicted curves 

where the predicted load-deflection curve tends to flatten at the low load levels, which is more 

obvious in the prestressed beam. The transfer length results were used to improve the transfer 

length estimates provided by the ACI 440.4 R-04 equation by calibrating the material coefficient 

factor (Ŭt) used in the ACI equation. A value of 2.6 in N-mm units is proposed for that coeffi-

cient to predict transfer length values for the GFRP bars used in this study. 
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Chapter 1  

Introduction 

1.1 General  

Corrosion of steel reinforcement is the primary cause of premature deterioration of reinforced 

concrete structures in Canada and the USA, and affects their functionality and safety. Reinforced 

concrete bridges are the most widely affected type of concrete structure because of the use of 

road salts and chemicals for de-icing. More than 30,000 deteriorated bridges in Canada and 

200,000 bridges in the USA need to be repaired (Mufti 2003). The rehabilitation of Canadaós de-

teriorated infrastructure will cost about 49 billion dollars (Mufti 2003). This shows the signifi-

cance of the corrosion problem and the importance of studying ways to overcome it.         

During the last two decades, fibre-reinforced polymer (FRP) composites have emerged as prom-

ising materials that can be used for reinforcing concrete structures. The non-corroding properties 

of FRPs, their high tensile strength, and their high stiffness to weight ratio made them very at-

tractive substitute to conventional reinforcing steel. Nowadays, FRPs have become common in 

many civil engineering applications including new construction, repair and rehabilitation, and 

architectural works. Three main types of fibres (Aramid, Carbon and Glass fibres) are used to 

produce FRP bars and strands for civil engineering applications.  

Ongoing research is being conducted on the behaviour of concrete members reinforced or pre-

stressed with FRP bars. The main difference between FRP and steel is that the FRP reinforce-

ment has linear elastic behaviour up to failure and its modulus of elasticity is much lower than 

that of steel. An FRP reinforced beam will deform elastically until cracking, then continue to de-

form in an approximate linear manner under increasing load until the FRP bars rupture or the 

concrete crushes. The low modulus of elasticity of FRP results in larger deflections and defor-

mations of FRP reinforced structures in comparison to steel structures. Using prestressed FRP 

bars is a suitable solution for the problem of excessive deflections at service loads. 
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1.2 Research Significance  

Extensive research studies have been conducted since 1990 to investigate the short and long-term 

behaviour of FRP prestressed concrete elements. The main focus of the previous work was on 

CFRP and AFRP reinforcement, while less attention was given to GFRP reinforcement because 

prestressed glass tendons are used only very rarely (ISIS 2008).  The use of GFRP bars in pre-

stressed applications was limited due to their susceptibility to creep rupture and their high relaxa-

tion properties in comparison to CFRP and AFRP. Very limited data on the long-term behaviour 

of GFRP prestressed concrete members under sustained and fatigue loads is available. Also, no 

design guidelines are provided by CAN/CSA-S806-12 or ACI 440.4R-04 for using prestressed 

GFRP bars in concrete members. 

A new generation of GFRP bars have been recently manufactured and are reported to have me-

chanical properties that make the bars suitable for prestressed applications (Weber and Baquero, 

2010). The research presented in this thesis investigated the long-term flexural behaviour of con-

crete beams prestressed with these GFRP bars under sustained loads, and provided data about the 

transfer length of these bars. 

1.3 Research Objectives  

The general objective of this research was to investigate the long-term flexural behaviour of con-

crete beams prestressed with a new generation of GFRP bars that are reported to have low re-

laxation properties and are not affected by creep rupture at tensile stresses less than about 50% of 

their ultimate strength. The specific objectives were: 

1. To add to the currently limited body of work on the structural behaviour of GFRP pre-

stressed concrete beams. 

2. Investigate the effect of bar diameter, prestressing level, concrete strength and sustained 

load level on the long-term flexural behaviour of GFRP prestressed concrete beams under 

sustained loads. 
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3. To investigate the effect of increasing the prestressing level of the GFRP bars beyond the 

25% prestressing limit -set by CAN/CSA-S6-06 to avoid creep rupture- on the long-term 

behaviour of GFRP prestressed concrete. 

4. To investigate the effect of creep of the GFRP bars on the overall long-term behaviour of 

GFRP prestressed concrete beams. 

5. To investigate the transfer length of the prestressed GFRP bars of diameters 12 mm and 

16 mm in concrete. 

6. To improve the transfer length estimates provided by the ACI 440.4 R-04 equation by 

calibrating the material coefficient factor (Ŭt) used in the ACI equation.  

7. To develop an analytical model to predict the long-term flexural behaviour of concrete 

beams prestressed with GFRP bars. 

The parameters that were considered in this study are the prestressed GFRP bar diameter (12M 

and 16M), prestressing level (0%, 25% and 40% of the ultimate strength of the GFRP bars), sus-

tained load level (35%, 60%, and 80% of the beam ultimate capacity), and concrete compressive 

strength (40 MPa and 80 MPa). 

1.4 Thesis organization  

This thesis consists of six chapters including this chapter. Chapter 2 provides a comprehensive 

background and a literature review. The experimental program is described in Chapter 3, and 

Chapter 4 includes the experimental results and discussion. The analytical work is given in 

Chapter 5, while Chapter 6 includes the conclusions and the recommendations for future work. 
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Chapter 2  

Background and Literature Review 

2.1 Fibre reinforced Polymers (FRP s) 

2.1.1 Definition of FRP  

FRP composites consist of continuous longitudinal high strength fibres impregnated in a polymer 

matrix with fibre content of about 40% to 70%. They were developed in the 1940s to be used in 

aerospace and naval industries, and later were introduced to the civil industry to benefit from 

their properties (Minosaku, 1992). FRP composites are known for their non-corroding properties, 

their high tensile strength, and their high stiffness to weight ratio which enabled them to provide 

sustainable solutions to civil engineers in both new construction and rehabilitation applications 

(ACI 440R- 07). 

Three main types of fibre composites are being used in civil engineering applications, namely 

CFRP (Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced Polymer), and AFRP 

(Aramid Fibre Reinforced Polymer). These FRP types differ from each other and from steel in 

terms of their mechanical properties such as tensile strength and modulus of elasticity. CFRP has 

the highest tensile strength and modulus of elasticity while GFRP has the lowest strength and 

modulus of elasticity in FRPs. The tensile strength of FRPs is in general higher than that of rein-

forcing steel and is comparable to that of prestressing steel, but the modulus of elasticity of FRPs 

is less than that of steel. The modulus of elasticity of steel is about 1.4 to 1.7 times the modulus 

of elasticity of CFRP, about 2.5 times the modulus of elasticity of AFRP and about 4 times the 

modulus of elasticity of GFRP. Typical stress-strain relations for FRPs, reinforcing steel, and 

prestressing steel are shown in Figure  2.1 (ISIS Canada 2008). 

The main drawback of FRP is the high material cost (ACI 440R- 07). CFRP is the most expen-

sive, and it is used widely in prestressing because of its high strength and modulus of elasticity 

and because it is not susceptible to creep rupture or high relaxation. On the other hand, GFRP 

has lower cost but its susceptibility to creep rupture and its high relaxation has limited its use in 

prestressing applications. 
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Figure  2.1: Stress-strain relation for FRP and reinforcing steel (ISIS Canada 2008) 

With recent materials development, a new generation of GFRP bars was produced where the bars 

are reported to have high strength and stiffness and they can be loaded with sustained loads up to 

50% of their ultimate strength without having creep rupture problems (Schoeck, 2009). The bars 

tensile strength range between 1100 MPa and 1500 MPa, and the modulus of elasticity is more 

than 60 GPa. The stress-strain behaviour of these bars is shown in Figure  2.2.  

 

Figure  2.2 : Stress-strain relation for new generation of GFRP (Schoeck, 2009)  

8M 

12M 16M 
25M 
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2.1.2 Long -term behaviour of GFRP bars  

2.1.2.1 General  

The most important long-term properties of FRPs are relaxation and creep rupture. Relaxation is 

defined as the reduction of stress in a material under constant strain (ACI 440.3R-04). Creep is 

the time dependent deformation under sustained load, while creep rupture is a material failure 

due to accumulated strain caused by creep (ACI 440.3R-04). ISIS Canada (2008) defines creep 

rupture as the failure of a material subjected to a sustained load level less than its short-term ten-

sile capacity. 

The glass fibers have excellent resistance to creep (fib 2006). Polymeric resins on the other hand 

are viscoelastic materials that are more susceptible to creep and relaxation (fib 2006). That is 

why the main factors that affect the creep of GFRP bars are the orientation of the fibres and the 

volume of fibres in the matrix. The straighter the fibres are within the matrix, the less creep the 

bar would have. Also, increasing the fiber percentage would result in decreasing the bar creep 

given that all the fibres are properly bonded within the matrix.  

2.1.2.2 Previous work  

Yamaguchi et al. (1997) conducted research on the creep rupture of CFRP, GFRP and AFRP 

rods. The results showed that the creep rupture capacity to the short-term capacity of the used 

FRP rods after 57 years were 0.93 for CFRP, 0.47 for AFRP and 0.29 for GFRP. These results 

were extrapolated from the linear relationship between creep rupture capacity and logarithmic 

time for test data collected within a period of 1000 hours. Similar values were found by Sheard et 

al. (1997) where the authors performed long-term durability tests on FRP bars under different 

stress levels and in various environments. They proposed service stress limits of about 25% for 

GFRP, 50% for AFRP, and 75% for CFRP for a 100-years structureôs life (ACI 440R-07). 

Almusallam et al. (2006) conducted residual tensile strength tests on GFRP bars embedded in 

concrete beams in different environmental conditions. A total of 36 beams of dimension 100 × 

100 × 2000 mm with 1-10M GFRP bar in each beam were cast and placed in sustained loading 

frames under four-point bending. The sustained loads were designed to induce stresses to the 
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GFRP bars of about 20-25% of their ultimate strength. The GFRP bars had ultimate strength of 

743 MPa, ultimate strain of 0.0187, and modulus of elasticity of 39 GPa. The surrounding envi-

ronment was either tap water with continuous exposure at 40 
0
C, seawater with continuous expo-

sure at 40 
0
C, or wet/dry cycles every two weeks in seawater exposure at 40 

0
C. Twelve beams 

were placed in each environment, where six of them were loaded with sustained loads and six of 

them were not loaded. The GFRP bars were extracted from the beams after periods of four, eight, 

and sixteen months and tested in axial tension. The results showed that sustained loading in the 

previously described conditions caused a reduction of 47% to 55% in the ultimate strength of the 

GFRP bars after 16 month (11,520 hours). Also, the ultimate strength of the GFRP bars de-

creased by about 16 to 22% in the same environments without any sustained loads. 

Nkurunziza et al. (2005) conducted a research program to investigate the creep behaviour of 

GFRP bars under sustained loads in various environmental conditions. Twenty 9.5 mm GFRP 

bars having a guaranteed tensile strength of 628 MPa and a modulus of elasticity of 40 GPa were 

subjected to sustained loads of either 25% or 38% of the guaranteed tensile strength. The bars 

were loaded for 10,000 hours in either alkaline or de-ionized water mediums. The change in axi-

al strain over time in the GFRP bars under different stress levels in both media is shown in Fig-

ure  2.3. The results showed that creep strain in the GFRP bars was about 5% and 3% of the ini-

tial strain value for the 38% and 25% stressing levels, respectively. The change of axial strain in 

alkaline solutions was less than 1.7%. As for the residual strength, the values were 97.1% and 

100.8% of the guaranteed tensile strength for the specimens in de-ionized water for stress level 

25% and 38% respectively. The residual strength of specimens in the alkaline solution dropped 

to 88.5% and 68.6% of the guaranteed strength for the 25% and 38% stressing levels, respective-

ly.   
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a) Alkaline solution                                                                    b) De-ionized water 

Figure  2.3: Change in axial strain in glass fiber-reinforced polymer bars with time under 

different stress levels in; a) alkaline solution and b) de-ionized water (Nkurunziza et al. 

2005)

Debaiky et al. (2006) carried out tests to evaluate the residual tensile properties of GFRP bars 

under sustained load in various environmental conditions at elevated temperature. Three bar di-

ameters were used in this study (9.5 mm, 12.7 mm, and 16 mm) and the test parameters were the 

sustained load, the surrounding environment and the temperature. The sustained stress ranged 

between 19% and 29% of the guaranteed tensile stress of the bar, the surrounding media was ei-

ther alkaline solution or de-ionized water, and the temperature was either ambient temperature  

(20 
o
C) or elevated temperature which ranged between 43 and 73 

o
C. The test durations varied 

from one to four months. The results showed that the maximum reduction of strength was for the 

9.5 mm bar stressed to 29% of its guaranteed strength in alkaline solution at 60 
o
C, and it was 

about 11%.      

FornŢsek et al. (2009) conducted an experimental program including relaxation tests to examine 

the long-term behaviour of GFRP prestressing tendons. The used GFRP bars had an ultimate 

strength of 650 MPa and a modulus of elasticity of 40 GPa. For the relaxation test, a 5.4 m long 

GFRP tendon was stressed to 37% of its tensile strength, and the strain was fixed for 132 days. 

The stress degradation over time is shown in Figure  2.4. The relaxation results indicated that 

there was loss of tension of 3.3% after 24 hours, 7.3% after 28 days and 10.5% after 132 days. 
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Figure  2.4: Decrease of stress over time for GFRP bar (FornŢsek et al, 2009) 

Oskouei and Taleie (2010) studied the relaxation of FRP sheets. Four different tests were carried 

out in a controlled room with a constant temperature of 23±10 
o
C and a humidity of 50% and 

each test lasted for 1000 hours aiming to simulate the FRP prestressing conditions. The mechani-

cal properties of GFRP fabrics were 1750 MPa for ultimate strength and 70 GPa for Youngôs 

modulus.  The results showed that relaxation loss for GFRP after 48 h was 13.5% and after 1000 

h was 15%. They concluded that unlike CFRP, GFRP and AFRP show significant decreases in 

tensile strength when they are subjected to constant load, and that the relaxation of AFRP is in-

dependent to the applied stress level.   

Youssef and Benmokrane (2011) conducted a study to investigate the creep behaviour and ten-

sile properties of GFRP bars under sustained service loads. 52 specimens of six commercial 

GFRP bars were tested. The tested parameters were the sustained load level, bar diameter and 

bar type. The sustained load levels used were 15% and 25-30% of the ultimate tensile strength of 

the bar, while the used bar diameters were 9.5 mm, 12.7 mm, 12.0 mm and 15.9 mm, and the bar 

types were obtained from three different manufacturers. Table  2.1 shows the mechanical proper-

ties of the tested bars. Tests were carried out at a temperature of 23 ± 3 
o
C and 50 ± 10% relative 

humidity. After loading for about 10,000 hours, all samples were tested in static tensile test to 
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measure their residual strength. It should be mentioned that the GFRP-4 bar is the same GFRP 

bar that will be used in the current study. The creep test results are shown in Figure  2.5. The 

maximum creep strain values for the for the 25-30% sustained load level specimens (GFRP 1 to 

6) after 10000 hours were 3.8, 11.8, 12.0, 5.6, 8.6 and 11.8%. The results of the residual tensile 

strength test showed that the strength was not affected by the sustained loading in air as the re-

duction in strength ranged between 0% and 5.4% for all tested GFRP bars. They concluded from 

the results that there is no clear relationship between the applied load level and resulting creep 

strain after 10,000 hours and that the creep strain increases with increasing the bar diameter.  

Table  2.1: Mechanical properties of tested GFRP bars (Youssef and Benmokrane, 2011) 
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Figure  2.5: Creep strain evolution for samples at 25-30% sustained loading level (Youssef 

and Benmokrane, 2011) 

The GFRP bars used in the current study were produced by Schöck Bauteile GmbH. Highly alka-

line water-saturated concrete prisms with the GFRP bars inside them were loaded by tensile sus-

tained loads at 23, 40, and 60°C (Weber and Baquero, 2010). The test setup followed the ACI 

440.3R-04 test method B.8. The relationship between sustained stress and time to failure is 

shown in Figure  2.6. Using regression following the ACI 440.3R-04 guidelines, the creep-

rupture curves showed that the bars can be stressed with a sustained stress of about 600 MPa 

(50% of the ultimate strength) at 40 
o
C and can have a service life of 100 years.  
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Figure  2.6: Time to failure lines of GFRP bars at different temperatures (Weber and Ba-

quero, 2010) 

2.1.2.3 Design codes and guidelines stress limits for FRP tendons  

Design codes and guidelines impose sustained stress limits on FRPs in general to avoid failure of 

an FRP reinforced member due to creep rupture of the FRP. Limits on the initial prestressing 

level for GFRP are provided by CAN/CSA-S6-06. CAN/CSA-S806-12 and ACI 440.1R-06 only 

provide limits for tensile stress in GFRP reinforcement under sustained loads as they do not al-

low the use of GFRP in prestressed applications. These stress limits are shown below. 

¶ CAN/CSA-S6-06: 

For non-prestressed FRP reinforcement, the stresses in FRP under service loads must not exceed 

the ultimate strength of the FRP bar or grid (fFRPu) multiplied by dimensionless factor (FSLS) 

which equals 0.65 for CFRP, 0.35 for AFRP and 0.25 for GFRP. For prestressed FRP reinforce-

ment, the maximum stresses at jacking and at transfer are shown in Table  2.2. 
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Table  2.2: Maximum permissible stresses in FRP tendons at jacking and transfer for con-

crete beams and slabs (CAN/CSA-S6-06) 

Tendon At jacking  At transfer  

CFRP 0.70 fFRPu 0.65 fFRPu 

AFRP 0.40 fFRPu 0.35 fFRPu 

GFRP 0.30 fFRPu 0.25 fFRPu 

 

¶ CAN/CSA-S806-12: 

The maximum allowable tensile stress in GFRP reinforcement bars at serviceability limit state is 

25% of the tensile strength of the bars.  

¶ ACI 440.1R-06: 

The creep rupture stress limits for CFRP, AFRP, and GFRP are respectively 0.55 ffu, 0.30 ffu, and 

0.2 ffu, where ffu is the guaranteed tensile strength.  

2.2 Shrinkage and creep of concrete  

2.2.1 General  

Shrinkage and creep are very important time-dependent phenomena that occur in almost all ce-

mentitous products. Concrete has both instantaneous and long-term responses when loaded by 

sustained loads where an instantaneous strain takes place and increases with time. This increase 

is greatly influenced by creep and shrinkage properties of concrete.  

2.2.2 Concrete s hrinkage  

Shrinkage is a volumetric contraction that is caused mainly by the loss of water due to evapora-

tion and the cement hydration process. Shrinkage includes different forms as follows:  

¶ Plastic Shrinkage: It takes place in the plastic stage of concrete due to the evaporation of bleed-

ing water (Rao 2001). 
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¶ Autogenous Shrinkage: It is the change in volume produced by the continued hydration of ce-

ment, exclusive of the effects of applied loads and change in either thermal condition or mois-

ture condition (Zhang et al 2003).  

¶ Carbonation shrinkage : It takes place due to destroying the calcium hydroxide Ca(OH)2, 

which is a source of alkalinity, by carbon dioxide CO2 (Rao 2001). The carbonation reaction 

is; 

                                        Ca(OH)2 + CO2                CaCO3 + H2O 

¶ Drying Shrinkage: It is the shrinkage of hardened concrete due to the evaporation of internal 

water (Zhang et al 2003). 

Plastic shrinkage does not take place in the hardened stage of concrete. Autogenous shrinkage 

takes place in all types of concrete with any water/cement ratio but its value is negligible com-

pared to drying shrinkage especially when concrete is cured in its early age. Autogenous shrink-

age becomes critical (about 50% of the drying shrinkage) in high strength concrete with wa-

ter/cement ratios around 0.3 (Aitcin 1999). The carbonation shrinkage takes place at the outer 

layers of concrete and the depth of carbonation depends on the concrete member size, the relative 

humidity and the moisture content in concrete (Neville 1995). Drying shrinkage is the main 

shrinkage mechanism that takes place in concrete. Because of its large value compared to autog-

enous shrinkage, it is not critical to distinguish them from each other and therefore, the shrinkage 

of a specimen under drying conditions without being subjected to applied load and temperature 

change includes both drying and autogenous shrinkage  (Zhang et al 2003).  

2.2.3 Creep of concrete  

Creep is defined as the increase in strain under a sustained stress. When a specimen is loaded, the 

strain induced by the application of load is called instantaneous strain. Creep is the increase in 

strain above it. Creep of concrete can be divided into three phases. In the first phase, instantane-

ous strain takes place once the load is applied then the strain grows rapidly in a short time period, 

this phase is called the primary creep phase. After that, the slope of the time strain curve be-

comes constant over a long period of time, which is called the secondary creep phase. The third 



 

15 

 

phase occurs only when the sustained loads are at high levels and it is characterized by increas-

ing strains at high rates strains until the material fails. 

 

Figure  2.7: Typical strain history curve during creep deformation (Youssef 2010) 

If concrete is subjected to drying conditions, shrinkage will take place simultaneously with creep 

and the strain measured in this case is considered as the summation of both. Therefore, creep in 

this case is considered as the deformation in excess of shrinkage (Neville 1995). Shrinkage and 

creep are not independent phenomena and there is an effect of shrinkage on creep, which is 

known to increase it. Therefore, scientists differentiate between two types of creep that take 

place in this case (Neville 1995): 

¶ Basic creep: Creep of concrete under conditions of no moisture movement to or from the 

ambient medium. 

¶ Drying creep: Additional creep caused by drying. 

The total creep strain is the sum of the basic creep and drying creep. The change in the strain of a 

loaded and drying specimen is shown in Figure  2.8. The ratio of creep strain at age (t) to the in-

stantaneous strain due to applied unit stress at age (t0) is known as the creep coefficient Ø (t,t0).  
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Figure  2.8: Change in strain of a loaded and drying specimen (Neville 1995). 

Creep of concrete is the main factor affecting the long-term deflection of reinforced concrete 

structures. That is why many researchers have investigated the parameters influencing the creep 

of reinforced concrete. The main factors that affect the concrete creep are; the level of sustained 

load, concrete compressive strength, the age of concrete at the time of loading, member size, and 

magnitude of reinforcement.  

Except for concrete specimens loaded at a very early age, there is a direct proportionality be-

tween creep and applied stress (Neville et al. 1983). This proportionality has an upper limit be-
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yond which the creep increases with stress at an increasing rate. That increase in the creep is at-

tributed to the severe internal micro-cracking that takes place in concrete at very high 

stress/concrete strength rates.  This upper limit for proportionality is not constant and can vary 

between 0.3 and 0.75, with the latter value applying for high strength concrete (Neville 1995).  

At higher sustained stresses to strength ratios, creep can produces time failure as shown in Fig-

ure  2.9.  

 

Figure  2.9: Stress-strain-time relationship for concrete (Rüsch, 1960) 

The degree of cement hydration or the age of loading has a great influence on the creep of con-

crete. If the concrete member was loaded at an early age, concrete would exhibit much greater 

creep than concrete loaded at older age. This is due to the higher capillary porosity and lower 

degree of hydration at the early age of concrete, which results in higher creep (Neville 1995).   

Concrete creep is also affected by the concrete member size. It is generally expressed by the vol-

ume/surface ratio of the concrete member. Creep for a larger specimen is known to be less than 

that for smaller specimen (Neville et al. 1983). This was attributed to the increase in the creep on 

the surface of the member compared to that within the core of the specimen (Bruegger 1974) due 

to the higher moisture content within the specimen core. The influence of the member size is 
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greatest during the initial period after the load application. After several weeks, the rate of creep 

becomes the same for all sizes under the same conditions (Neville et al. 1983).  

Another main factor affecting concrete creep is the relative humidity.  At lower relative humidity 

levels, creep increases for a given type of concrete as shown in Figure  2.10 (Neville 1995). 

 

Figure  2.10: Creep of concrete cured in fog for 28 days, then loaded and stored at different 

relative-humidity levels (Neville (1995) 

Other concrete properties that are known to affect the magnitude and rate of creep of concrete are 

the type of cement, mix proportions, and aggregate type. Increasing the cement content results in 

increasing creep if the water-cement ratio is kept constant (ACI 209R-92). Increasing the aggre-

gate content decreases creep (Neville 1995). 

2.3 Long -term behaviour of GFRP reinforced / prestressed concrete beams  

2.3.1 Previous experimental work  

Investigating the long-term behaviour of concrete structures prestressed with FRP bars is im-

portant since the reliability of any type of reinforcement in concrete will depend mainly on its 

performance under sustained loads (Braimah 2000). Most of the previous research reported in the 
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literature focused on the behaviour of CFRP prestressed members and GFRP reinforced mem-

bers, while only limited research investigated the behaviour of GFRP prestressed members. The 

main studies available on the behaviour of GFRP reinforced or prestressed members are summa-

rized in this subsection. 

Singh and Svecova (2014) compared the time-dependent behaviour of GFRP prestressed, steel 

prestressed and GFRP reinforced concrete slabs with dimensions of 230 × 610 × 6600 mm sub-

jected to sustained loads under natural environmental conditions. The prestressing levels used 

were 24% and 35% of the ultimate strength of the bars. The GFRP bars were 16 mm diameter 

with a tensile strength of 863 MPa and modulus of elasticity of 55 GPa, while the steel strands 

were low-relaxation 12.7 mm diameter with an ultimate strength of 1860 MPa. The results did 

not show any excessive loss in the prestressing force during the sustained load period of 10 

months. The GFRP and steel prestressed concrete slabs both satisfied the maximum permissible 

deflection of 25.8 mm (span length/240) specified by CSA S806-12 (2012). However, the GFRP 

reinforced slabs exceeded the permissible deflection by 19.8% to 33.3%.  

Youssef (2010) carried out a comprehensive experimental program to study the long-term behav-

iour of GFRP reinforced beams under sustained loads. The experimental program included 20 

beams with dimensions 100 × 150 × 1800 mm reinforced with either GFRP, CFRP or steel bars. 

Each beam had two bars with 25 mm cover and no shear reinforcement. The beams were sub-

jected to a sustained four- point loading representing 25% of the beam ultimate strength for a 

year. Six GFRP and two CFRP bar types were used in this study. It should be mentioned that the 

GFRP type-4 is the same type of GFRP bars the was used in the present study. The results 

showed that the ratio of the time dependent deflection after one year to the immediate deflection 

for the GFRP reinforced beams ranged between 30% and 59% and the ratio for GFRP-4 was 

about 30%. The results were compared with ACI 440.1R-06 and CAN/CSA S806-02 long-term 

predicted deflections, and it was concluded that ACI 440.1R-06 and CAN/CSA S806-02 over 

predict the long-term deflection values for FRP reinforced beams. 

Sovják et al. (2009) studied the flexural behaviour of concrete slabs prestressed with GFRP bars. 

Three concrete slabs with dimensions of 600 × 200 x 4500 mm were used. Each slab had four 

GFRP bars of diameter 14 mm prestressed to 33% of their ultimate strength. The GFRP bars had 
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an ultimate strength of 650 MPa and a modulus of  elasticity of 40 GPa. The slabs were loaded to 

30% of their calculated capacity for ten cycles and then loaded to failure in four- point bending. 

The 30% represented the service limit state. The load deflection curve is shown in Figure  2.11. It 

was concluded that prestressing enhanced behaviour of concrete members with GFRP, and 

helped overcome the issue of bigger deflections and earlier crack due to the lower modulus of 

elasticity of GFRP compared to steel. It was recommended that future research should focus on 

the long-term behaviour of GFRP prestressed members under sustained loads and fatigue loads.   

 

Figure  2.11: Load deflection behaviour of GFRP prestressed slabs (Sovják et al, 2009) 

Al-Salloum and Almusallam (2007) studied the effect of different environmental conditions on 

the creep behaviour of concrete beams reinforced with GFRP bars under sustained loads. A total 

of eight beams were used with dimensions of 100 × 100 × 2000 mm, reinforced with 1-10M 

GFRP bar and had no stirrups. The GFRP bars had tensile strength of 730 MPa and modulus of 

elasticity of 39 GPa. The beams were divided into groups and subjected to sustained loads in dif-

ferent environments for 300 days. The sustained loads on the beams were the same for all beams 

and were designed to produce a strain of 23% of the ultimate strain of the GFRP. The environ-

mental conditions were; controlled environment with temperature of 24 ± 3 
0
C (control group), 

tap water at a temperature of 40 ± 2 
0
C, sea water at a temperature of 40 ± 2 

0
C, and wet/dry cy-

cles of sea water at a temperature of 40 ± 2 
0
C. The results showed that the increase in the mid 

span deflection for the control beams was 8% for the first 120 days, 11% for the second 120 days 

and 13% after 300 days. They concluded that the allowable strain in GFRP bars at service load 
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should not exceed 48% of the ultimate strain for elements at room temperature conditions, 32% 

for structures continuously exposed to non-saline water, 22% for structures exposed to sea water, 

and 13% for structures in splash zone near the coastal areas. 

Hall and Ghali (2000) conducted an experimental investigation of the long-term deflection be-

haviour of concrete beams reinforced with either GFRP bars or steel bars. The beams were sub-

jected to cyclic loading to produce cracking, and then they were subjected to sustained loading 

for 8 month under four- point bending. The sustained loads ranged between 1.5 to 3.0 times the 

cracking loads for the beams. The test parameters were the sustained load level and the rein-

forcement materials. The test results showed that under similar loading conditions and the same 

reinforcement ratio, the long-term deflections of GFRP-reinforced beams were 1.7 times those of 

the steel-reinforced beams. The long-term deflections were compared to the predicted results us-

ing CEB-FIP Model Code 1990, and the ACI 318-95. It was concluded that the ACI 318-95 code 

overestimates the deflections for the GFRP reinforced beams. 

Joh et al. (1999) investigated the effect of different FRP materials on the long-term deflection of 

concrete beams. Seventeen (17) beams reinforced by nine types of FRP bars were tested and 

compared to a beam reinforced with a steel bar. All the beams were designed to have the same 

ultimate load capacity, and the sustained loads were designed to produce a stress on the reinforc-

ing bars that was about one third of the bars tensile strength. The results showed that the long-

term deflections of GFRP reinforced beams were the smallest among all of the tested beams. 

2.3.2 Previous analytical work  

2.3.2.1 Modeling creep in concrete  

ACI 209R-92 gives formulas for predicting the creep coefficient and shrinkage strains of con-

crete. Equation  2.1 shows the creep coefficient formula.   

  ɲὸȟὸ  
ὸ ὸ Ȣ

ρπ ὸ ὸ Ȣ
 z   Equation  2.1 

where  z  is the ultimate creep coefficient, and is given by Equation  2.2. 
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 z ςȢσυ ὯὯὯὯὯὯ  Equation  2.2 

where k1, k2, k3 , k4, k5, and  k6 are modification factors to account for curing conditions, relative 

humidity, member size, concrete composition, fine/coarse aggregate ratio, and air content ratio, 

respectively. The formulas for calculating these factors are given in Appendix B. 

The shrinkage strain ὑsh(t,t0) for moist cured concrete members at time (t) is calculated using 

Equation  2.3.  

 ‐ ȟ  
ὸ ὸ

συ  ὸ ὸ
 ʀ  Equation  2.3 

where  ʀ  is the ultimate shrinkage, and is given by Equation  2.4. 

 ʀ χψπ  ρπ ὯὯὯὯὯὯὯ Equation  2.4 

where kô1, kô2, kô3 , kô4, kô5, kô6 and kô7 are modification factors to account for curing conditions, 

relative humidity, member size, concrete composition, fine / coarse aggregate ratio, cement con-

tent and air content ratio, respectively. The formulas for calculating these factors are given in 

Appendix B. 

The two common methods for assessing creep effect in concrete structures are the effective 

modulus method and the age-adjusted effective modulus method. 

In the effective modulus method, the total strain which is the summation of the elastic strain and 

the creep strain under sustained loads is calculated using an effective modulus of concrete. The 

effective concrete modulus is shown in Equation  2.5.  

 Ὁ ὸȟὸ  
Ὁ ὸ

ρ  ɲὸȟὸ
 Equation  2.5 

where Ὁ ὸ  is the modulus of elasticity of concrete at time t0, and ɲ  ὸȟὸ  is the creep coeffi-

cient at time t for concrete loaded at time t0. This method gives accurate results for cases where 

the applied stress is constant (Sritharan and Fenwick 1995).  
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The creep strain of concrete is known to decrease as the age at the time of loading is increased. 

Therefore, in cases of variable applied stress, a modification is made to take into account the ag-

ing effect of concrete. The aging effect of concrete and the previous stress history are taken into 

account in the age-adjusted effective modulus method where the reduced creep coefficient 

c ὸȟὸ  ɲὸȟὸ  is used in calculating the effective concrete modulus. The term c ὸȟὸ  is called 

the aging coefficient and its magnitude ranges between 0.6 and 0.9 (Ghali et al. 2002). 

2.3.2.2  Modeling deflection behaviour in FRP reinforced/prestressed beams  

Modeling the long-term deflection of FRP reinforced/prestressed beams is commonly carried out 

using the numerical approach by sectional analysis (Braimah (2000), Zou (2003)), or layered 

sectional analysis (Zamblauskaite et al. 2005). A set of equations modeling the change in strains 

and stresses in concrete and FRP with time are used to predict the behaviour of FRP rein-

forced/prestressed concrete beams.   

Zou (2003) proposed a model to calculate the immediate and long-term deflections of CFRP pre-

stressed concrete beams. A similar model was used by Braimah (2000) but the creep of the FRP 

was ignored. Figure  2.12 shows a schematic of a beam section with the stress and strain profiles 

across the section. The stress-strain relationship for the concrete was assumed to be linear.  

 

Figure  2.12: Cross-section and stress and strain distributions after applying load (Braimah 

2000)   

In this approach, the change in strain due to creep and shrinkage of concrete and creep of pre-

stressed reinforcement is assumed to be restrained by a fictitious axial force and bending moment 

to keep the strain state unchanged. Afterwards, these restraining forces are removed by gradual 
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application of equal and opposite forces on the section, resulting in a change in the top fibre 

strain and the section curvature. The age-adjusted effective modulus method is used to model the 

effects of creep on concrete. The fictitious external force (ȹN) and bending moment (ȹM) are 

given by Equation  2.6 and Equation  2.7, respectively. The change in the top fibre strain and the 

curvature is calculated using Equation  2.8 and Equation  2.9, respectively. The change in the 

stress at any fibre is given by Equation  2.10. 

ɝ. Ὁ ȟ  ɲὸȟὸ ὃ‐ Ὓ  Ὁ ȟ ‐ ȟ ὃ    

Ὁ ὃ ‐ ὃ Ὠ   
Equation  2.6 

ɝ- Ὁ ȟ  ɲὸȟὸ Ὓ‐ Ὅ  Ὁ ȟ ‐ ȟ Ὓ

Ὁ ὃ Ὠ‐ ὃ Ὠ    
Equation  2.7 

ɝ‐
Ὓᴂɝὓ Ὅᴂɝὔ

Ὁ ȟ Ὓᴂ ὃᴂὍᴂ
 Equation  2.8 

ɝ 
ὃᴂɝὓ Ὓᴂɝὔ

Ὁ ȟ Ὓᴂ ὃᴂὍᴂ
 Equation  2.9 

ɝ  Ὁ ȟ ɝ‐  ɝ  ώ   Equation  2.10 

where Ac is the area of the concrete section, Sc, and Ic are its first moment of area and moment of 

inertia of concrete about the reference axis, A' is the area of age-adjusted transformed section, 

and S' and I' are the first moment of area and the moment of inertia of the age-adjusted trans-

formed area of the cross-section about the reference axis, Ee(t,t0) is the age-adjusted elastic modu-

lus of concrete, ɲ ÔȟÔ  is the concrete creep coefficient, and %  is the FRP effective modulus 

of elasticity. 

Zamblauskaite et al. (2005) proposed a numerical technique based on layer-by-layer strain com-

patibility to predict the time-dependent behaviour of partially prestressed members (Figure  2.13). 

The stress-strain relationship for concrete in compression used in this approach is shown in 

Equation  2.11. 
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 Ὢ ȟ Ὢ ȟ ς
‐ ȟ

‐ ȟ

 
‐ ȟ

‐ ȟ

 Equation  2.11 

where Æ ȟ  is the concrete compressive stress at strain ʀ ȟ  , Ὢ ȟ  is the concrete compres-

sive strength,ʀ ȟ ςὪ ȟ % ȟ , and % ȟ   is the effective modulus of concrete for sus-

tained loading between time t0 and t. 

 

Figure  2.13: Modeling concrete section under sustained loads ( Zamblauskaite et al., 2005) 

The total sustained external force (N) and bending moment (M) are calculated using Equa-

tion  2.12 and Equation  2.13, respectively. The top fibre strain and the curvature are calculated 

using Equation  2.14 and Equation  2.15, respectively. The fictitious external force and bending 

moment due to shrinkage are calculated as shown in Equation  2.16 and Equation  2.17, respec-

tively.  

 ὔ ὖ ὔ ȟ  Equation  2.12 

 ὓ ὓ ὖὨ ὓ ȟ  Equation  2.13 

 ‐
Ὓ ὓ Ὅὔ

Ὁ ȟ ὃὍ Ὓ
 Equation  2.14 

  
ὃ ὓ Ὓ ὔ

Ὁ ȟ ὃὍ Ὓ
 Equation  2.15 

 ὔ ȟ    ὃὉ ȟ ‐ ȟ  Equation  2.16 
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 ὓ ȟ    ὛὉ ȟ  ‐ ȟ  Equation  2.17 

where P is the prestressing force, dn is the depth of the prestressing bar, Ae is the transformed 

section area, Se is the first moment of area of the transformed area about the top fibre, and Ie is 

the moment of inertia of the transformed area about the top fibre. These section properties are 

calculated using Equation  2.18 to Equation  2.20. The terms Ac, Sc, and ) are the same section 

properties for the concrete part only. 

 ὃ  ὦὸ
Ὁ

Ὁ ȟ
 Equation  2.18 

 Ὓ  ὦὸώ
Ὁ

Ὁ ȟ
     Equation  2.19 

 Ὅ  
ὦὸ

ρς
ὦὸώ

Ὁ

Ὁ ȟ
    Equation  2.20 

where bi, ti, yi and Ei are the width, the thickness, the depth measured from the top fibre of the 

section, and the secant deformation modulus of the layer (i), respectively. 

2.3.3 Guidelines for long -term deflection prediction  

Design codes provide some guidelines for predicting the long-term deflection of FRP prestressed 

beams. In both ISIS Canada (2008) and ACI 440.4 R-04, the empirical multiplier approach is 

used in which camber and deflection are separated into individual components, and adjusted by 

modifiers in order to compute the final deflection by superposition. The modifier values are pro-

vided only for AFRP and CFRP and no multiplier values are provided for GFRP prestressed 

members (see Table  2.3).  
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Table  2.3: Multipliers for FRP tendons (ISIS Canada and ACI 440.4 R-04) 

 Without composite topping 

Carbon Aramid  

At erection Deflection due to self-weight 1.85 1.85 

Camber due to prestressing 1.80 2.00 

Final 

Deflection due to self-weight 2.70 2.70 

Camber due to prestressing 1.00 1.00 

Deflection due to applied 

loads 

4.10 4.00 

 

2.4 Transfer length of prestressed FRP bars   

In prestressed prestensioned members, the length from the end of the member where the tendon 

stress is zero to the point along the tendon where the prestress is fully effective is called the 

transfer length (ISIS Canada 2008). ACI 440R-07 defines the transfer length as the length re-

quired to transfer the full prestressing force to the concrete. Accurate estimation of the transfer 

length is necessary for the stress calculations to check the limits at service limit state and for the 

shear design of prestressed members. Underestimation of the transfer length leads to unconserva-

tive shear calculations while overestimation leads to unconservative stress calculations at the 

service limit state (Barnes et al. 2003). 

The transfer length of a prestressed FRP tendon is dependent on the surface condition of the FRP 

bar, the prestressing level, and the method used to transfer the FRP force to the concrete (ACI 

440R-07). It was found that the transfer length increases with increasing bar diameter and pre-

stressing force. Furthermore, the transfer length is slightly affected by the concrete strength, and 

changes slightly with time (Lu et al. 1999). The main factor that affects the transfer length is the 

ñHoyer effectò which is the increase in the normal stresses acting on the surface of the pre-

stressed tendon upon release due to the radial expansion of the tendon because of Poissonôs ratio 

(Mahmoud et al. 1999). Since the modulus of elasticity of FRPs in general is less than that of 

steel, the transfer length of most of the FRPs is less than that of steel (ACI 440R-07).  
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Most of the available research studied the transfer length of CFRP and AFRP tendons. 

CAN/CSA-S6-06 and ACI 440.1R-06 give equations for predicting the transfer length for these 

bar types only. Previous studies and code equations are discussed below. 

2.4.1 Previous research  

Iyer et al. (1991) studied the transfer length of prestressed fiberglass and graphite rods. The ulti-

mate strength and the modulus of elasticity of the fiberglass rods and the graphite rods were 1860 

MPa and 57 GPa, and 2240 MPa and 132 GPa, respectively. The bar diameter used was 9.5 mm 

and the concrete compressive strength at time of transfer was about 27.6 MPa. For the fiberglass 

rods, the effective prestressing stress was 882 MPa (47.4% of the ultimate strength of the rod), 

and for the graphite rods it was 992 MPa (44.3% of the ultimate strength of the rod). The meas-

ured transfer length values were 355 mm or 37 times the bar diameter (db) and 559 mm or 59 db, 

for the fiberglass and the graphite rods, respectively.      

Issa et al. (1993) carried out an experimental study to determine the transfer length of prestressed 

fiberglass bars in concrete.  9.5 mm S-glass seven-wire strands with ultimate strength that ranged 

between 1736 and 2212 MPa, and modulus of elasticity that ranged between 65 and 78 GPa were 

used. The concrete compressive strength ranged between 38 MPa and 50 MPa at the time of 

transfer. The prestressing level of the strands was about 45% of their ultimate strength. The 

measured transfer length values ranged between 254 mm (about 20db) and 279 mm (about 28db). 

Mahmoud et al. (1999) studied the transfer length of CFRP strands in concrete. The experimental 

program consisted of 52 prestressed specimens that were either prisms or beams to investigate 

the effect of the strand type (Leadline, CFCC and steel strands), strand diameter, concrete com-

pressive strength, shear reinforcement, prestressing level, and shrinkage and creep of concrete on 

the transfer length measurements. The top reinforcement used was 2-10M steel bars while the 

shear reinforcement was 6M steel stirrups spaced at 80 mm. Strain gauges and DEMEC points 

were used to take readings for the transfer length at transfer, and after four weeks. The results 

showed that the transfer length of the Leadline increased by 22% after one year and no change 

was observed for the CFCC. From the results, they proposed an equation for the transfer length 

that was later adopted by ISIS Canada (2008) and ACI 440.4R-04, and will be given in Section 

2.4.2.   
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Lu et al (2000) investigated the transfer length of three types of FRP tendons (Carbon Leadline, 

Aramid Technora and Carbon Strawman) in prestressed concrete beams.  DEMEC gauge read-

ings from 30 specimens prestressed with single FRP tendon and 12 specimens prestressed with 

steel tendons were used for the transfer length measurements. The test parameters were the pre-

stressing force and the tendon type. It was concluded that both parameters had a negligible effect 

on the transfer length of the FRP tendons, and that the transfer length of steel tendons was longer 

than that for FRP. 

Zou (2003) studied the short-term and long-term transfer length of FRP tendons. A total of 17 

beams with cross-section of 150 × 300 and different lengths were used. The parameters studied 

were tendon type (CFRP, AFRP), concrete strength and prestressing force. DEMEC points were 

used to take readings for the transfer length at transfer. These readings were taken for 238 days 

for the AFRP tendon beams and for 390 days for the CFRP tendon beams in order to investigate 

the time effect on the transfer length. The results showed that the transfer length of CFRP was in 

the range of 300 mm to 800 mm depending on the concrete strength and prestressing level where 

the transfer length was found to decrease with the increase of the concrete strength. The effect of 

time on the transfer length of CFRP was negligible. Equation  2.21 was proposed for computing 

the transfer length of Leadline CFRP tendons: 

 ,  τψπ  Æϳ  Equation  2.21 

where ὲ is the tendon diameter. For the AFRP, the results showed that the transfer length ranged 

between 20 to 34 times the bar diameter (170-270 mm). The values were not significantly affect-

ed by the concrete strength, and they remained constant with time.   

2.4.2 Code equations   

Design codes and other guidelines provide equations and typical values for the transfer length of 

AFRP and CFRP tendons used in prestressed application, and no guidance is provided for the 

transfer length of GFRP tendons.  

¶ ISIS Canada (2008) and ACI 440.4 R-04: 
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The equation proposed by Mahmoud et al (1999) is adopted by both of these documents where 

the transfer length can be computed as given in Equation  2.22. 

 ὒ  
Ὢ  Ὠ

‌ὪȢ
 Equation  2.22 

where Lt is the transfer length in mm, fpi is the initial prestressing level in MPa, dp is the tendon 

diameter in mm, Ŭt is material dependent coefficient which equals 1.9 for Leadline bars and 4.8 

for CFCC strands in N-mm units., fci is the concrete compressive strength at time of transfer. 

¶ CAN/CSA-S806-12: 

 Typical values for predicting the transfer length of FRP prestressed tendons are given in Ta-

ble  2.4. 

Table  2.4: Typical values for transfer length for certain types of FRP (CAN/CSA-S806-12)  

FRP type Diameter (mm) Transfer length 

CFRP strand N/A 26 dt 

CFRP rebar N/A 60 dt 

AFRP 8 Ò dt < 12 50 dt 

AFRP 12 Ò dt < 16 40 dt 

AFRP 16 Ò dt  35 dt 

2.5 Summary and Conclusions   

The main information presented in this chapter can be summarized in the following points: 

1. The use of GFRP in prestressed applications was limited due to their susceptibility to 

creep rupture and their high relaxation properties. 

2. The use of GFRP in prestressed applications is not allowed by CAN/CSA-S806-12 and 

ACI 440.1R-06, while CAN/CSA-S6-06 allows prestressing of GFRP bars but it allows 

low initial prestressing levels (25% of the ultimate strength of the bar). 

3. Very limited research has been done on the long-term behaviour of GFRP prestressed 

beams. 

4. Very limited research has been done on the transfer length of GFRP prestressed bars. 
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5. No design guidelines are available to predict the long-term deflection of GFRP pre-

stressed beams. 

6. No equations or guidelines are available to compute the transfer length of prestressed 

GFRP bars. 

This literature has revealed a lack of information regarding the use of GFRP in prestressed appli-

cations, primarily due to concerns for relaxation and creep rupture pf the GFRP bars. Recent de-

velopments in the manufacturing of GFRP bars have led to improved mechanical properties in-

cluding resistance to relaxation and creep rupture. Therefore, it is important to study the long-

term flexural behaviour of GFRP prestressed beams and the transfer length of GFRP prestressed 

bars if these bars are to be used in practice. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

32 

 

Chapter 3  

Experimental Program 

3.1 General  

This chapter provides a description of the experimental program undertaken to determine the 

transfer length of a new generation of GFRP prestressed bars and to investigate the long-term 

flexural behaviour of GFRP prestressed beams. Several ancillary tests were conducted to evalu-

ate the material properties of the GFRP bars. The following sections give details of the experi-

mental program. 

3.2 GFRP bar specimens  

3.2.1 GFRP bar/anchor assembly test   

Eight GFRP bars (four 12M and four 16M diameter) with bar length of 1200 mm were tested in 

axial tension in order to verify the ability of the UW anchor - developed at the University of Wa-

terloo for CFRP bars (Al-Mayah et al. 2006) - to grip the GFRP bars under the prestressing 

loads. 

The ribs on the GFRP bar ends were machined to leave a smooth bar end for ease of gripping 

using the UW anchor. The machined bar end is shown in Figure  3.1.  

 

Figure  3.1: Ribs machined off at bar ends 
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Strain gauges (5 mm long) were mounted on the GFRP bars to measure the strains during the 

tensile loading. A National Instrumentation Data Acquisition System was used to record both the 

load and strain. First, the anchors on both bar ends were seated and the bar was inserted in the 

testing setup shown in Figure  3.2. Tensile load was applied at a rate of 40 kN/min, which pro-

duced failure within about 5 minutes. The recommended tensile loading rate for testing FRP bars 

by the ASTM D7205/D7205M (2006) is the rate that produces failure within 1 to 10 minutes.   

 

Figure  3.2: Anchors test setup  

3.2.2 GFRP bar sustained load test  

Two GFRP bars with 16M diameter were subjected to sustained loading for 110 days to monitor 

the creep behaviour of the bars in air. One bar was subjected to a sustained load of 145 kN, 

which produced a stress of 722 MPa, or about 60% of the bar ultimate tensile strength. The sec-

ond bar was subjected to a load of 109 kN which produced a stress of 542 MPa, or about 45% of 

the bar ultimate tensile strength.  

Strain gauges (5 mm long) were mounted on the GFRP bars to measure the strains during the 

sustained loading. A National Instrumentation Data Acquisition System was used to record both 

the load and strain.  

The goal of this test was to investigate the creep behaviour of the GFRP bar at higher sustained 

load levels than the ones reported in the literature by Youssef and Benmokrane (2011).     

Anchor 

GFRP bar 

Anchor 

Strain 

gauge 
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3.3 Beam Specimens  

3.3.1 Specimens details    

A total of 20 specimens were fabricated (Table  3.1), and divided into 5 groups of 4 specimens; 

one specimen was tested to failure under static loading, and the three other specimens were sub-

jected to different levels of sustained loading for 300 days, followed by testing to failure under 

static loading to determine the residual strength. The test parameters in this study were; the sus-

tained load level (35%, 60%, and 80% of the ultimate capacity of the beam), the prestressing 

levels of the GFRP bars (40% of the ultimate strength (500 MPa) and 25% of the ultimate 

strength (300 MPa)), the GFRP bar diameter (12M and 16M), and concrete strength (40 MPa and 

80 MPa). The 25% prestressing level is the maximum prestressing level allowed by CAN/CSA-

S6-06 at transfer for prestressed GFRP bars, and the 40% prestressing level is a proposed pre-

stressing level that the GFRP bars in this study can be prestressed to without failure due to creep 

rupture (Schoeck, 2009). The stresses on all of the prestressed beams at transfer were less than 

the limits set by A23.3-04. Also, the stresses due to the 35% sustained loading on the beams that 

had 40% prestressing level were less than the stress limits due to sustained loads set by A23.3-

04, while the 25% prestressed beam exceeded the tensile stress limit. Detailed calculations are 

shown in Appendix D.    

All specimens are large-scale beams with dimensions of 150 mm wide × 255 mm depth × 3600 

mm long, reinforced with one prestressed or one non-prestressed GFRP bar (12M or 16M) 

placed in the tension zone with a concrete cover of at least three times the bar diameter to avoid 

splitting failure. Each beam was reinforced with 2-12M GFRP bars as top reinforcement. 10M 

closed steel stirrups spaced at 100 mm spacing along the length of the beam were used as shear 

reinforcement. The beam reinforcement ratios were selected so that the beams will be either ten-

sion-controlled or compression-controlled, and the compression-controlled beams had rein-

forcement ratios that were slightly above the balanced reinforcement ratio. The length of the 

beam was chosen to provide a sufficient development length for the prestressed bars, and the stir-

rups were provided to ensure flexural failure of the beams. The cross-section details of the beams 

are shown in Figure  3.3.  
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Table  3.1: Beam test specimen parameters  

Beam  Prestressing level 

Prestressed 

bar  

diameter 

Concrete 

compressive 

strength 

Sustained 

load level 

N40-16-0 

40% 

16M 

40 MPa 

Static 

N40-16-35 0.35 Mu 

N40-16-60 0.60 Mu  

N40-16-80 0.80 Mu 

N25-16-0 

25% 

Static 

N25-16-35 0.35 Mu 

N25-16-60 0.60 Mu  

N25-16-80 0.80 Mu 

N0-16-0 

0% 

Static 

N0-16-35 0.35 Mu 

N0-16-60 0.60 Mu  

N0-16-80 0.80 Mu 

H40-16-0 

40% 80 MPa 

Static 

H40-16-35 0.35 Mu 

H40-16-60 0.60 Mu  

H40-16-80 0.80 Mu 

N40-12-0 

40% 12M 40MPa 

Static 

N40-12-35 0.35 Mu 

N40-12-60 0.60 Mu  

N40-12-80 0.80 Mu 

 

                                                               N25-12-60 

 

Concrete type: ñNñ is for 

normal strength concrete (40 

MPa) and ò Hò is for high 

strength concrete (80 MPa)   Prestressing Level 
Bar diameter 

Sustained load level 
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Figure  3.3:  Beam specimen details  

3.3.2 Prestress losses    

The short-term prestress losses due to the elastic shortening were calculated according to CPCI 

(2007) guidelines, and were taken into account in order to achieve prestressing levels of 25% or 

40% of the bar ultimate strength at transfer. The calculations are shown in Appendix C. 

The long-term losses due to creep and shrinkage of concrete for the period prior to the initiation 

of the sustained loads were also calculated according to CPCI (2007) guidelines and are shown 

in Appendix C. These losses were used when calculating the shrinkage strains, creep coefficient, 

and the effective prestressing level, to be input in the long-term flexural behaviour model given 

in Section 5.3.  

3.4  Prestressing setup  

Three wedge type anchors that were developed at the University of Waterloo for CFRP bars (Al-

Mayah et al. 2006) were used to grip the GFRP bars during the prestressing process. This an-

choring system consists of an exterior barrel, three-piece wedges and a copper sleeve as shown in 

Figure  3.4.  
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Figure  3.4: Anchoring system 

The prestressing force for the pretensioned beams was applied using a self-reacting frame that 

was developed and fabricated at the University of Waterloo to be used as a prestressing bed 

(Krem and Soudki, 2012). It consisted of two C-channels (C12 × 20.7) at each end and two (W10 

× 39) side beams. The frame can accommodate prestressing four beams at a time. The GFRP 

bars used were 4500 mm long. The GFRP bar was passed through a 37.5 mm gap in the 2 C12 × 

20.7 and the two ends of the bar were seated. One end of the bar was a dead end and the other 

end was the live end that was attached to a steel coupler arrangement which was set on a wood 

plate that allowed its movement. A 25 mm threaded bar was bolted onto the steel coupler ar-

rangement, while the other end of the threaded bar was attached to a 30 ton hollow jack that was 

used to apply the prestressing force to the GFRP bar. The prestressing force was locked mechan-

ically by a nut on the threaded rod which allowed for fine adjustment and gradual release of the 

prestressing force. Photos of the prestressing system are shown in Figure  3.5, and a sketch is 

shown in Figure  3.6.  The prestressing procedure can be summarized in the following steps: 

¶ The ribs on the GFRP bars were machined off at both ends for a length of 200 mm long. 

¶ The GFRP bars were passed through the 37.5 mm gap in the 2 C12 × 20.7, and placed in 

the center of the formwork for each beam.  

¶ The dead and live ends of the bars were pre-seated using the UW anchors. 

¶ The live end anchor for each GFRP bar was attached to the steel coupler arrangement. 

¶ The hollow jack was installed on the 25mm threaded bar and bolted using a nut. 
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¶ Load was applied gradually at a rate of about 1 kN/second. 

¶ The load was locked using a nut on the 25 mm threaded rod. 

¶ Concrete was placed in the formwork. 

¶ When concrete strength reaches the desired strength, the inner sides of the two form-

works of the middle beams were removed to allow gluing the DEMEC points on the con-

crete surface for transfer length measurements (the process is described in details in sec-

tion 3.6.2). 

¶ The prestressing force was released for these two beams, and then they were removed 

from the frame to give access to the other two beams to remove the sides of their form-

works and do the transfer length measurements using the DEMEC points.     

 

Steel coupler arrangement 

 

Jack installed on the threaded rod  

 

Frame dead end 

 

Frame live end 

 

Figure  3.5: Prestressing bed photos 
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Figure  3.6: A sketch of the prestressing bed (plan view) 
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3.5 Material properties  

3.5.1 Concrete  

The concrete used for the beams was provided by Hogg Ready Mix. The concrete was designed 

to have a 28 day compressive strength of either 40 MP for the normal strength concrete or 80 

MPa for the High strength concrete. The concrete mix designs are presented in Table  3.2, and 

Table  3.3. The concrete had a slump of 200 mm. The choice of using concrete with high slump 

was made because of safety concerns about vibrating the concrete near the prestressed GFRP 

bar.  

Table  3.2 : Normal strength concrete mix design 

Material  Quantity  

Coarse aggregate 1110 kg 

Sand 247 kg 

Cement 347 kg 

Water reducing agent 200 mm/ 100 kg 

Plasticizer 350 ml/kg 

Water 150 L/m
3
 

 

Table  3.3 : High strength concrete mix design 

Material  Quantity  

Coarse aggregate 1120 kg 

Sand 680 kg 

Cement 510 kg 

Water reducing agent 150 mm/ 100 kg 

Plasticizer 400 ml/kg 

Water 155 L/m
3
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3.5.2 GFRP bars  

The GFRP bars are produced by Schöck Bauteile GmbH. The bars consist of continuous longitu-

dinal fibres of about 20 ɛm, bundled and impregnated in Vinyl -Ester resin. Ribs are cut along the 

length of the bars to provide better bond with concrete (Schoeck, 2009). The mechanical proper-

ties of the 12M and 16M bars are shown in Table  3.4.  

Table  3.4: Mechanical properties of GFRP bars (Schoeck, 2009 ) 

Bar diameter 12 mm 16 mm 

Ultimate tensile strength 1350 MPa 1200 MPa 

Modulus of elasticity 60 GPa 60 GPa 

Cross sectional area 113 mm
2
 201 mm

2
 

3.5.3 Steel stirrups  

Deformed 10M steel stirrups are used as shear reinforcement for all beams. The stirrups have a 

nominal yield stress of 400 MPa and a modulus of elasticity of 200 GPa. 

3.6 Transfer length  

The transfer length of the GFRP bars in concrete was measured using two different methods; 

strain gauges mounted on the GFRP bars to measure strains directly and DEMEC points glued 

on the concrete surface at the level of the prestressed GFRP bar to measure the concrete surface 

strains using a DEMEC gauge. The two methods are described below. 

3.6.1 Strain gauge measurements   

Five strain gauges (5 mm long) were mounted on the GFRP bars at different locations to capture 

the change in strains along the bar during transfer as shown Figure  3.7. The strain gauge loca-

tions were different in each beam type because the transfer length is dependent on concrete 

strength, bar diameter and prestressing level. The gauge locations for each group are given in 

Table  3.5.    
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Table  3.5: strain gauge location on the prestressed GFRP bars 

Group 

Strain gauge location measured from beam 

ends (mm) 

1 2 3 4 5 

N40-16 150 300 250 350 1800 

H40-16 80 180 130 230 1800 

N25-16 60 160 110 210 1800 

N40-12 150 250 200 300 1800 

 

(1)(2)(3) (4) (5)

 

Figure  3.7: Strain gauges locations on the GFRP bars 

3.6.2 Concrete surface strain measurements   

DEMEC points were glued to the surface of the concrete at the level of the prestressed GFRP bar 

as shown in Figure  3.8. The DEMEC points are stainless steel circular discs with 1mm pin hole 

in the centre to provide precise measurements. A DEMEC gauge with accuracy of 0.001 mm was 

used to measure the distance between the points before and after release (Figure  3.9), from which 

the concrete surface strain at the bar location is calculated. The transfer length was measured as 

the distance from the beam end to the distance where concrete strain reaches 95% of its maxi-

mum strain due to prestressing (Russell and Burns, 1993).  
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Figure  3.8: DEMEC points locations on the concrete surface 

 

 

Figure  3.9: Concrete surface strains readings using the DEMEC gauge  

3.7 Static loading test  

The beams were tested to failure in a four-point bending test setup with a total span of 3400 mm 

and shear span of 1400 mm. The test setup is shown in Figure  3.10. The beam was supported on 

a roller at one end and a hinge on the other end and load was applied with a ramp generator at a 

rate of 1.5 mm/min. The actuator capacity was 280 kN. Strains in the GFRP bar and the concrete 

at mid-span were measured using 5 mm long strain gauges on the GFRP bars and 60 mm long 

gauges on the concrete compression face. One LVDT of ±25mm range and accuracy of 0.01 mm 

was used to measure the mid-span deflection of each beam up to failure.  Data was recorded us-

ing a National Instrumentation Data Acquisition System. 
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Figure  3.10: Test setup for static loading beams test 

3.8 Sustained loading Test   

The sustained loading tests were initiated between three and six month after casting. Four steel 

mechanical loading frames designed and constructed at the University of Waterloo were used to 

apply the sustained loads on the beams as shown in the photograph in Figure  3.11 and schemati-

cally in Figure  3.12.  

Two beams were placed horizontally back-to-back in each frame: the top beam oriented with the 

tension side down while the bottom beam oriented with the tension side up. The base of the 

frame is a 3500 mm long steel beam (HSS 178 x 127 x 8), on which the supports that load the 

bottom beam are placed. This steel beam sits on two hollow steel sections (HSS 100 x 100 x 10 

mm with a length of 500 mm each) that rest on the rigid floor of the laboratory. The load was 

applied using two lever arms made of hollow steel sections of HSS 102 x 51 x 6.4 mm with a 

total length of 1080 mm for the lower arm, and HSS 178 x 127 x 8 mm with a total length of 

2430 mm for the upper arm. One end of the lower lever arm was clamped to the steel beam at the 

base using a turnbuckle. The dimensions of turnbuckle are 10 mm diameter and 500 mm length. 

The turnbuckle has two steel plates of 630 x 60 x 6 mm. The upper lever arm has one end 

Loading 
points 

,6$4 
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clamped to the base steel beam using two steel plates, 1650 x 152 x 12 mm, while the other end 

is clamped to the lower lever arm using two steel plates, 300 x 100 x 19 mm. A pin is placed un-

der the upper lever arm at 2200 mm from the clamped end to the lower lever arm and is used to 

apply the load onto the specimen through a spreader beam. Weights are hung to the lower lever 

arm at 800mm away from the clamped end. The mechanical composition of the frames allows 

the magnification of the hung weight to be 48 times plus 7 kN (the own weight of the steel sec-

tions) at the mid-span of the spreader beam (ElMaaddawy 2004). 

Five (5) mm long strain gauge mounted on the GFRP bar and 60 mm long gauges mounted on 

the concrete compression face at mid span were used to measure the strains in GFRP bar and 

concrete under sustained loads, respectively. 

 

Figure  3.11 : Mechanical frames used for the beam sustained loading test. 
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Figure  3.12: Sketch of the sustained loading frame (ElMaaddawy 2004)
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Three LVDTs of ±25mm range were used with each frame to measure the mid-span deflection of 

the two beams under sustained loads. All of the LVDTs were fixed on the ground; two of them 

(LVDT1 and LVDT 2) were used to measure the deflection of the mid-span points of the top and 

bottom beams, respectively, and the third one was used to measure the deflection at one of the 

supports at end of the beams (LVDT 3). The mid-span deflections were calculated as follows: 

Top beam mid-span deflection = LDVT 1 ï LVDT 3 

Bottom beam mid-span deflection = LVDT 2 + LVDT 3  

Following the long-term exposure, all beams were tested to failure in four-point bending using 

the same setup described in Section 3.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

48 

 

Chapter 4  

Experimental Results 

4.1 General  

This chapter presents the results of the experimental program conducted on GFRP bars and the 

GFRP prestressed/reinforced concrete beams. Eight GFRP bar/anchor assembly specimens were 

tested to failure in an axial tension test, and two specimens were subjected to different levels of 

sustained loading for 110 days. Five beams were tested to failure under four-point bending. Fif-

teen beams were subjected to sustained loading, where the mid-span deflection, the GFRP ten-

sion strains and the concrete compressive strains were recorded for 300 days. At the end of the 

300 days, the beams were unloaded and then tested to failure under four-point bending. Transfer 

length measurements were taken and the early relaxation of the prestressed GFRP bars was rec-

orded for all the prestressed beams. 

4.2 GFRP bar/anchor assembly test results  

Table  4.1 shows the results of the tension tests that were carried out on four 12M and four 16M 

GFRP bars gripped with the UW anchors. The failure mode was brittle with fibers shattering 

everywhere at onset of failure. In some cases failure was initiated inside the anchor. The failure 

mode is shown in Figure  4.1. The stress-strain curves for the 16M and 12M bars were linear elas-

tic to failure as shown in Figure  4.2 and Figure  4.3, respectively. The strain gauges stopped 

working at a strain value around 10000 µs and the curve was extrapolated up to the measured 

failure stress. In this manner, the estimated strain at failure for all the specimens ranged between 

17000 µs to 21300 µs. The modulus of elasticity ranged from 57 GPa to 60.5 GPa, while the 

manufacturerôs reported modulus is 60 GPa. 
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Table  4.1: Results of GFRP bar/ anchor assembly  test 

 12M GFRP bars 16M GFRP bars 

Rupture 

stress (MPa) 

% measured/  

guaranteed  

Rupture stress 

(MPa) 

% measured/  

guaranteed 

Specimen (1)  1055*  78.1% 942 *  78.5% 

Specimen (2)  1150 * 85.2% 1064 *  88.7% 

Specimen (3)  1230  91.1% 1088  90.7% 

Specimen (4)  1309  97.0% 1122  93.5% 

Average rupture stress 1186 * 87.9% 1054 *  87.8% 

Standard deviation 94 7.0% 68  5.7% 

*Failure initiated inside the anchor  

The maximum prestressing stress in this study is taken as 500 MPa (40% of the guaranteed 

strength of the GFRP bars). The results of the axial tension test on the GFRP bar/anchor assem-

bly showed that the average rupture stress was 1186 MPa (87.9% of the bar guaranteed strength) 

with a standard deviation of 94 MPa (7.0% of the bar guaranteed strength) for the 12M diameter 

GFRP bars, and 1054 (87.8% of the bar guaranteed strength) with a standard deviation of 68 

MPa (5.7% of the bar guaranteed strength) for the 16M diameter GFRP bars. These test results 

confirmed that the anchor system originally developed for CFRP bars can be used safely to pre-

stress the GFRP bars.  

  

Figure  4.1: Failure mode of gripped GFRP bars in axial tension test  
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Figure  4.2: Stress ïStrain curve for 16M bar under axial tension using the UW anchor 

 

Figure  4.3: Stress ïStrain curve for 12M bar under axial tension using the UW anchor 
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4.3 GFRP bar sustained load test   

The creep properties of the GFRP bars were assessed by monitoring the change in the axial strain 

with time under constant applied stress. Two stress levels were used; 45% (545 MPa) and 60% 

(725 MPa). Only one bar was tested for each level. The change in the bar strains with time for 

the 45% bar (16M-45) and the 60% bar (16M-60) are shown in Figure  4.4 and Figure  4.5, re-

spectively. It was observed that for both sustained load levels while under standard laboratory 

conditions, there was no sign of creep failure. The initial strains for the 16M-45 and the 16M-60 

specimens were 9190 µs and 11911 µs, respectively. After 110 days of sustained loading, the 

total strains were 9794 µs and 12895 µs. This means that the creep strain was about 6.5% of the 

initial strain for the 16M-45 specimen and 8.3% of the initial strain for the 16M-60 specimens. 

The creep strain/initial strain for the same type of bars was reported by Youssef and Benmokrane 

(2011) to be 4.1% and 5.6% for loading levels of 15% and 30%, respectively. The equation for 

the total strain of the material can be written as (fib 2006): 

ὸ ‍ÌÏÇὸ  ȟ 

where Ô is the total strain in the material after a time period t (in hours), ȟ is the initial 

(elastic) strain value and ɓ is the creep rate parameter. Using the strains values from the experi-

mental results for the bars 16M-45 and 16M-60, the ɓ value was found to be 176.5 and 287.6, 

respectively. Youssef and Benmokrane (2011) used linear regression to obtain the values for ɓ 

for 15% and 30% sustained loading levels, and they were found to be 38.5 and 98.9, respective-

ly.  
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Figure  4.4: Strain vs time for GFRP bar specimen 16M-45 

 

Figure  4.5: Strain vs time for GFRP bar specimen 16M-60 
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4.4 Early relaxation of prestressed GFRP bars  

The early-age variation of the prestressing force in the GFRP bar prior to transfer for the 16 pre-

stressed beams was monitored using load cells. The 4500 mm long 12M bars were prestressed to 

a stress level of 500 MPa, and the 16M GFRP bars were prestressed to either 300 MPa or 500 

MPa. The 500 MPa stress corresponds to a prestressing force of about 100 kN for the 16M bars 

and 56 kN for the 12M bars, while the 300 MPa corresponds to a prestressing force of about 60 

kN. Relaxation readings were taken after two hours of prestressing. This was done to ensure that 

each bar maintained the prestress force after anchorage seating losses took place. Readings were 

continuously recorded until transfer of the prestressing force to the beams. The load versus time 

curves for 12M and 16M bars for 277 hours are shown in Figure  4.6.  

It can be concluded from the figure that the GFRP bars had no measurable relaxation over time 

up to 277 hours. These results are better than those reported by FornŢsek et al (2009) where the 

relaxation for other GFRP bars was 3.3% after 24 hours, and 7.3% after 28 days.  

 

Figure  4.6: Variation of GFRP bar force over time prior to transfer  
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4.5 Transfer length  

The transfer of the prestressing force in the GFRP prestressed beams took place when the con-

crete strength reached an average of 30 MPa for the normal concrete specimens and 70 MPa for 

the high strength specimens. Four beams were cast at a time. The strains in the GFRP bars were 

measured using strain gauges mounted on the bars. The concrete surface strains were measured 

as follows: First, the inner-side forms of the two middle beams were removed, DEMEC points 

were glued on the concrete surface at the prestressed bar level along the length of the beam, ini-

tial DEMEC gauge readings were taken, then the prestressing force was released, and another set 

of DEMEC gauge readings was taken. The same procedure was followed for the other two 

beams after removing the first two beams from the prestressing frame. No splitting cracks were 

observed in the beams after the transfer of the prestressing force.  

To reduce noise in the concrete strain data measurement, the data was smoothed by averaging the 

strain at a point over three points along the length of the beam as follows (Kose and Burkett 

2005): 

 ȟ σ
 Equation  4.1 

where Ůi,smoothed is the smoothed or averaged strain at point ñiò, Ůi is the original strain at point ñiò, 

and Ůi-1 and Ůi+1 are the original strains at the points before ñiò and after ñiò, respectively. 

Figure  4.7 and Figure  4.8 show the GFRP bar strains for beams N40-16-35 and N25-16-60, re-

spectively. Figure  4.9 and Figure  4.10 show the concrete surface strain profile after transfer for 

these two beams. The GFRP bar strains and surface strains profile curves for the other beams are 

shown in Appendix A.  

The strain is zero at the beam end, and it gradually increases with distance towards the middle 

portion of the beam length to reach the maximum effective prestressing strain over a certain dis-

tance beyond which the strain becomes almost uniform. The shape of the curve is similar for the 

two bar diameters investigated in this study. 

The transfer length was measured as the distance from the beam end to the distance where con-

crete strain reaches 95% of its effective prestressing strain (Russel and Burns 1993). In this 
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method, the average maximum strain (AMS) is determined by computing the numerical average 

of all of the compressive strains contained within the plateau region of the strain profile of the 

fully effective prestress force.  

 

Figure  4.7: GFRP bar strains after transfer for beams N40-16-35 

 

Figure  4.8: GFRP bar strains after transfer for N25-16-60 
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Figure  4.9: Concrete surface strain profile after transfer for beam N40-16-35 

 

Figure  4.10: Concrete surface strain profile after transfer for beams N25-16-60 
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Table  4.2: Transfer length results 

Beam 

Prestress-

ing level 

(MPa) 

Concrete 

 Compres-

sive 

strength 

(MPa)  

Transfer length mm 

Average 

(mm) 

Standard 

deviation 

(mm) 

Concrete sur-

face strain 
Strain 

gauges on 

bar 
Live 

end 

Dead 

end 

N40-16-0  490 31 275 300 - 

276 14 

N40-16-35 490 31 295 275 - 

N40-16-60 490 31 275 265 265 

N40-16-80 490 31 280 260 270 

N40-12-0 490 31 230 220 - 

224 13 

N40-12-35 490 31 240 200 - 

N40-12-60 490 31 210 210 245 

N40-12-80 490 31 230 225 225 

H40-16-0 500 71 170 185 185 

188 13 

H40-16-35 500 71 190 210 180 

H40-16-60 500 71 190 185 190 

H40-16-80 500 71 200 175 190 

N25-16-0 313 29 220 210 230 

214 10 

N25-16-35 313 29 225 190 210 

N25-16-60 313 29 215 210 210 

N25-16-80 313 29 210 210 230 
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Transfer length results from this research program showed no clear difference or correlations be-

tween live-end and dead-end transfer lengths for any of the beams tested. This is attributed to the 

gradual release of the prestressing force (Staton et al. 2009). Therefore, the average transfer 

length for a beam series is calculated using all of the measurements from both ends of the beam.  

For the beams series N40-16 and N40-12, both series had the same concrete compressive 

strength and prestressing stress with different bar diameters. The average transfer length for the 

N40-16 series was 276 mm (about 17.3db) with a standard deviation of 14 mm, while the average 

transfer length for the N40-12 series was 224 mm (about 18.6db) with a standard deviation of 13 

mm. This shows that the value of the transfer length decreased by about 19% when the bar diam-

eter decreased from 16mm to 12mm. This agrees reasonably with the literature where it is re-

ported that the transfer length is directly proportional to the diameter of the prestressed bar.   

Comparing the results of the beams series N40-16 and H40-16 shows the effect of concrete com-

pressive strength on the transfer length of prestressed GFRP bars. The concrete compressive 

strength in the N40-16 series at the time of release was about 31 MPa while the H40-16 had a 

concrete compressive strength of about 71 MPa at the time of release. The average transfer 

length was found to be about 188 mm (about 11.8db) with a standard deviation of 13 mm for the 

H40-16 series compared to the 276 mm transfer length for the N40-16 series. This indicates that 

the transfer length of prestressed GFRP bars decreased by about 32% when the concrete com-

pressive strength at the time of release increased by 56%. The concrete strength is reported in the 

literature to decrease the transfer length of CFRP bars when it increases. For AFRP, it was re-

ported by several researchers (Nanni et al. (1992), Zou (2003)) that concrete strength had a min-

imal effect on the transfer length of AFRP bars. This can be attributed to the short transfer length 

values measured for the AFRP bars. Although, the modulus of elasticity of AFRP is similar to 

that of GFRP, the diameter of the AFRP bars used in the literature (normally <=8mm) was 

smaller than the diameters of GFRP bars used in this study. The larger diameter of GFRP bars 

resulted in longer measured transfer lengths which allowed the effect of concrete strength on the 

transfer length to be more obviously observed. 

The effect of prestressing level on the transfer length of prestressed GFRP bars is evident when 

comparing the results of the N40-16 series and the N25-16 series. The only difference between 
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the two series was the prestressing level of the GFRP bar where in the first series it was about 

500 MPa and in the second series, it was about 300 MPa. The average transfer length for the 

N25-16 series was about 214 mm (about 13.4db) with a standard deviation of 10 mm.  Decreas-

ing the prestressing level from 500 MPa to 300 MPa decreased the transfer length by about 21%.  

In general, the transfer length values in terms of bar diameter for the GFRP bars used in this 

study were found to be less than the values for CFRP and AFRP given in the CAN/CSA-S806-12 

and the values found in the literature. This can be attributed to two reasons: the lower modulus of 

elasticity of GFRP compared to CFRP, and the ribbed surface of the GFRP bars used in this 

study.  The lower modulus of elasticity results in an increase in the normal stresses acting on the 

surface of the prestressed bar upon release, due to the radial expansion of the bar because of 

Poissonôs ratio (Mahmoud et al. 1999). The ribbed surface of the GFRP bars provides a mechan-

ical interlock with concrete, which decreases slip of the bar in concrete resulting in shorter trans-

fer length when compared to AFRP tendons with almost a similar modulus of elasticity.  

4.6 Beam static loading test   

Five beams (one of each group) were tested to failure in static four-point bending. The applied 

load, mid-span deflection, concrete compression strains and the GFRP bar tension strains were 

monitored during the test.  Table  4.3 gives a summary of the test results for all the beams includ-

ing the cracking load, the ultimate load, and the deflection at ultimate. The load-deflection be-

haviour of all the beams is shown in Figure  4.11. 

Table  4.3: Static loading test results 

Beam 
Cracking 

Load  (kN) 

Deflection at 

cracking (mm) 

Ultimate 

Load (kN) 

Deflection at 

failure (mm) 

N 40-16-0  21 3.7 59 125 

N 40-12-0 16 3.2 41 91 

H 40-16-0 27 4.5 68 89 

N 25-16-0 17 3.5 55 142 

N 0-16-0 6 2.3 54 198 
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Figure  4.11:Load- Deflection curves for all beam types 

In general, the behaviour of the GFRP reinforced/prestressed concrete beams was bilinear. It 

consisted of two phases; the first phase was before concrete cracking and was characterized by a 

stiff response with small deflections. The second phase was after concrete cracking where most 

of the tensile stresses were carried by the GFRP bars, and since the bars have linear behaviour, 

this phase was also linear but with a lower stiffness. 

It can be observed that the stiffness of all the beams before cracking was almost similar regard-

less the concrete strength, the bar diameter or the prestressing level. The prestressing level does 

not affect the stiffness of the beam. The decrease in the bar diameter would have a negligible ef-

fect on the stiffness of the beam since it slightly decreases the gross moment of inertia of the sec-

tion. The effect of increasing the concrete strength appears only in increasing the concrete modu-

lus of elasticity, and that increase is also negligible compared to the effect of the moment of iner-

tia of the section on flexural stiffness. 
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The cracking load depends on the prestressing level and the concrete strength. For the non-

prestressed beam N0-16-0, the cracking load was about 6 kN, whereas the cracking load was 21 

kN and 17 kN for N40-16-0 and N25-16-0, respectively. This difference in the cracking load was 

because of the prestressing force which was higher for the N40-16-0 beam. For beam H40-16-0, 

the higher concrete strength resulted in a higher cracking load (27 kN) compared to the normal 

strength concrete specimen with the same prestressing level. Typically the first crack occurred in 

the constant moment region. At this stage, the tensile stresses transferred from the concrete to the 

GFRP bar on the tension side. The influence of the cracks appeared as an increase in the rate of 

deflection per unit load after cracking, which is an indication of reduction in the beam stiffness.  

The beam stiffness after cracking depends on the reinforcement ratio and the modular ratio. That 

is why the stiffness of the beams N40-16-0, N25-16-0, and N0-16-0 after cracking is almost the 

same. The beam H40-16-0 has a slightly higher stiffness because of the higher modulus of elas-

ticity of concrete. The beam N40-12-0 had a lower stiffness after cracking due to its lower rein-

forcement ratio compared to the other specimens.  

Beam N40-12-0 and beam H40-16-0 failed by rupture of the GFRP bar followed by concrete 

crushing in the compression zone. This is termed as tension-controlled failure. 

Beams N40-16-0, N25-16-0, and N0-16-0 failed by concrete crushing in the compression zone 

followed by rupture of the GFRP bar in the tension zone. This is termed a compression con-

trolled failure. The transition from the uncracked state to the cracked state for the three beams 

was smooth. The beams continued to carry loads after cracking until the concrete at the top fibre 

within the constant moment region reached its ultimate strain value initiating crushing. The con-

crete crushing load was 57 kN, 51 kN and 45 kN for N40-16-0, N25-16-0, and N0-16-0, respec-

tively. It can be seen that the concrete crushing load increased with the increase of the prestress-

ing force. The prestressing force results in lowering of the neutral axis of the section, leading to 

decreased concrete strains compared to the non-prestressed section at the same load levels. Con-

crete crushing resulted in a sudden drop in the load as shown on the load- deflection curve. Con-

sequently, the section depth was reduced to about 210 mm with the GFRP bars in the tension 

zone remaining in the elastic range. The new reduced section started to carry additional loads 

with a reduced stiffness until the rupture of the GFRP bar. 
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The effect of prestressing on serviceability can be seen when comparing the load-deflection be-

haviour of the beams N40-16-0 and N0-16-0. At a load of 30% of the ultimate strength of each 

beam, which can be considered as a service load level, it is found that prestressing reduced the 

deflection from 21 mm to 3 mm (85.7% deflection reduction).  

 

Figure  4.12: Failure mode for N0-16-0 beam 

 

Figure  4.13: Failure mode for H40-16-0 beam 
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4.7 Sustained loading test   

4.7.1 General behaviour  

15 beams were subjected to different levels of sustained loading for 300 days. The beams were 

divided into five groups as shown before in Table  3.1. Within each group, one beam was sub-

jected to a sustained load level that was 35%, 60% or 80% of the ultimate load capacity of the 

beam. Figure  4.15 to Figure  4.18 present the time-dependent mid-span deflection of the 15 tested 

beams. It should be noted that the jumps that appear on some of the curves are due to modifying 

the loads on the mechanical loading frames. Table  4.4 shows the detailed results for all of the 

tested beams. The total deflection includes the immediate deflection after loading and the long-

term deflection due to creep and shrinkage. The curves for all of the beams have similar shapes. 

The general trend is a high rate of increase of deflection for the early period after loading fol-

lowed by a more gradual rate of increase of deflection. This behaviour was exhibited by all 

beams, irrespective of the level of prestressing, the bar diameter or the concrete strength. The 

total deflection after 20 days was 70% of the total deflection after 300 days for all of the beams, 

and the total deflection after 100 days was more than 90% of the total deflection after 300 days. 

The behaviour of each group is described below: 

N40-16: 

The prestressed beam N40-16-35 was subjected to a load of 22.5 kN which produced a moment 

of 15.8 kNm at the mid-span. This was less than the cracking moment of the beam. The immedi-

ate deflection, top concrete strains and the GFRP tension strains were 4.5 mm, -520 µs, and 7775 

µs, respectively. The GFRP strain is the summation of the effective prestressing strain which was 

about 7400 µs, and the load dependent strain which was about 375 µs. After being loaded for 

300 days, the deflection increased to 9.1 mm, and the concrete and the GFRP strains were -703.5 

µs and 8036 µs, respectively. The final deflection increased by 4.6 mm to be about 2.02 times 

the initial deflection or 1/373 of the beam span. 

Prestressed beam N40-16-60 was subjected to a load of 38 kN which produced a 26.6 kNm 

bending moment at the mid-span, exceeding the cracking moment of the beam. This load led to a 

28.5 mm immediate mid-span deflection, -1744 µs concrete compression strain and 13267 µs 
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GFRP tension strain (7400 µs from prestressing and 5867 µs due to loading). After the 300 days 

of loading, the final mid-span deflection, concrete strain and GFRP strains were 36.7 mm, -2315 

µs and 12758 µs, respectively. The final deflection increased by 8.2 mm to be 1.29 times the ini-

tial deflection or 1/92.6 of the beam span. 

The last prestressed beam in this set, N40-16-80, was subjected to a load of 48 kN which pro-

duced a 33.6 kNm bending moment at the mid-span (exceeds cracking moment). The initial de-

flection, concrete strain and GFRP strain at the mid-span were 51.8 mm, -2220 µs and 16600 µs 

(7400µs from prestressing and 9200 µs due to loading), respectively. The final readings were 

72.1 mm and -3800 µs for the deflection and the concrete strain. The GFRP strain gauge stopped 

reading shortly after the initial loading, so the final GFRP reading was unavailable. The final de-

flection increased by 20.3 mm to be about 1.39 times the initial deflection or 1/47.2 of the beam 

span.   

N0-16: 

The sustained loads for the group of the non-prestressed beams all exceeded the cracking mo-

ment of the beams. The beam N0-16-35 was subjected to a load of 18.5 kN that produced a bend-

ing moment of 13.2 kNm at the mid-span. The initial deflection, concrete strain and GFRP strain 

at the mid-span were 29 mm, -760 µs and 4860 µs, respectively. The final readings were 45.8 

mm for the deflection, -1790 µs for the concrete and 5924 µs for the GFRP. The deflection in-

creased by 16.8 mm to be 1.58 times the initial deflection or 1/74 of the beam span.  

Beam N0-16-60 was subjected to a load of 29.5 kN that produced a bending moment of 20.4 

kNm at the mid-span. The initial deflection, concrete strain and GFRP strain at the mid-span 

were 54.4 mm, -2380 µs and 10100 µs, respectively. The final readings for deflection, concrete 

strain and GFRP strain were 69.5 mm, -3213 µs and 11373 µs, respectively. The increase in the 

deflection was 15.1, and the total deflection was 1.28 times the initial deflection or about 1/48.9 

of the beam span.  

The last beam in the non-prestressed group was N0-16-80. It was subjected to a sustained load of 

39 kN that produced a bending moment of 27.3 kNm. The initial deflection, concrete strain and 

GFRP strain at the mid-span were 73.5 mm, -2980 µs and 10922 µs, respectively. The final read-
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ings for deflection, concrete strain and GFRP strain were 91.7 mm, -4356 µs and 12657 µs, re-

spectively. The deflection increase under the sustained load was 18.2 mm, and the total deflec-

tion was 1.25 times the initial deflection or 1/37 of the beam span.  

N25-16: 

The beam N25-16-35 was subjected to a sustained load of 19 kN which produced a bending 

moment of 13.5 kNm, which was less than the cracking moment of the beam. The initial deflec-

tion, concrete strain and GFRP strain at the mid-span were 5.6 mm, -390 µs and 4810 µs (4600µs 

from prestressing and 210 µs due to loading), respectively. The final readings for deflection, 

concrete strain and GFRP strain were 9.3 mm, -788 µs and 5260 µs, respectively. The deflection 

increase under the sustained load was 3.7 mm, and the total deflection was 1.67 times the initial 

deflection or 1/365 of the beam span. 

Beam N25-16-60 was subjected to a load of 34.5 kN which produced 24.2 kNm bending moment 

at the mid-span. This load caused a 38.7 mm immediate mid-span deflection, -2100 µs concrete 

compression strain and 10770 µs GFRP tension strain (4600 µs from prestressing and 6170 µs 

due to loading). After the 300 days of loading, the final mid-span deflection, and concrete strains 

were 53.5 mm, and -3387 µs, respectively. The final deflection increased by 14.8 mm to be 1.38 

times the initial deflection or 1/63.6 of the beam span. 

The last beam in this group, N25-16-80, was subjected to a load of 44 kN which produced 30.8 

kNm bending moment at the mid-span. The initial deflection, concrete strain and GFRP strain at 

the mid-span were 48.8 mm, -2140 µs and 13000 µs (4600µs from prestressing and 8400 µs due 

to loading), respectively. The final readings were 66.2 mm for the deflection and -4640 µs for the 

concrete strain. The GFRP strain gauge stopped reading shortly after the initial loading, so the 

final GFRP reading is unavailable. The final deflection increased by 17.4 mm to be about 1.36 

times the initial deflection or 1/51.4 of the beam span. 

H40-16: 

The first beam in this group is H40-16-35. The value of the sustained load was 24.5 kN (17.2 

kNm) which was less than the cracking moment. This caused an immediate mid-span deflection 
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of 3.5 mm, concrete strain of -312 µs and GFRP strain of 7595 µs (7400µs from prestressing and 

195 µs due to loading). The load was sustained on the beam for only 190 days due to laboratory 

technical problems. The mid-span deflection increased by 2.25 mm, the concrete strain increased 

by 377 µs and the GFRP strain increased by 455 µs. The total final deflection was 1/590 of the 

beam span. 

Beam H40-16-60 was subjected to a load of 39.5 kN that produced a bending moment of 27.7 

kNm at the mid-span. The initial deflection, concrete strain and GFRP strain at the mid-span 

were 24.0 mm, -1280 µs and 12553 µs (7400µs from prestressing and 5153 µs due to loading), 

respectively. The final readings for deflection, and concrete strain were 38.5 mm, and -2210 µs, 

respectively. The GFRP strain gauge stopped working few days after the initial loading of the 

beam. The increase in the deflection was 14.5, and the total deflection was 1.6 times the initial 

deflection or 1/88 of the beam span. 

Beam H40-16-80 was subjected to a load of 52 kN which produced 36.4 kNm bending moment 

at the mid-span. This load led to 47.5 mm immediate mid-span deflection, -2550 µs concrete 

compression strain and 13500 µs GFRP tension strain (7400 µs from prestressing and 5867 µs 

due to loading). This beam was only loaded for only 200 days due to time constraints. The final 

mid-span deflection, and the concrete strains were 58.0 mm, and -3374 µs, respectively. The fi-

nal deflection increased by 10.5 mm to be 1.22 times the initial deflection or 1/58.6 of the beam 

span. 

N40-12: 

In the N40-12 group, the beam N40-12-35 was subjected to a load of 14 kN which produced a 

moment of 9.8 kNm at the mid-span. That applied moment was less than the predicted cracking 

moment of the beam which was 13 kNm. The immediate deflection, top concrete strain and the 

GFRP tension strain were 4.7 mm, -202 µs, and 8000 µs (7850 µs from prestressing and 150 µs 

due to loading), respectively. At the end of the sustained loading period (300 days), the total de-

flection became 8.8 mm, and the concrete and the GFRP strains were -395 µs and 8210 µs, re-

spectively. The final deflection increased by 4.1 mm to be about 1.87 times the initial deflection 

or 1/386 of the beam span. 
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Beam N40-12-60 was subjected to a load of 24 kN that produced a bending moment of 27.7 

kNm at the mid-span. This applied bending moment exceeded the cracking moment of the beam. 

The initial deflection, concrete strain and GFRP strain at the mid-span caused by the applied load 

were  22.5 mm, -1240 µs and 15950 µs (7850 µs from prestressing and 8100 µs due to loading), 

respectively. The final readings after 300 days for the deflection, the concrete strain and the 

GFRP strain were 31.2 mm, -1945 µs, and 16890 µs, respectively. The total final deflection was 

1.39 times the initial deflection or about 1/109 of the beam span. 

The last beam in this group is N40-12-80 which was subjected to a load of 32 kN which pro-

duced 22.4 kNm bending moment at the mid-span. The initial deflection, concrete strain and 

GFRP strain at the mid-span were 60.0 mm, -2096 µs and 17912 µs (7850 µs from prestressing 

and 10062 µs due to loading), respectively. After 300 days, the final readings were 80.8 mm for 

the deflection and -2906 µs for the concrete strain. The GFRP strain gauge stopped reading 

shortly after the initial loading, so the final GFRP reading is unavailable. The final deflection 

increased by 20.8 mm to be about 1.35 times the initial deflection or 1/42 of the beam span. 

 

Figure  4.14: Time-dependent mid-span deflection for N40-16 beams 
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Figure  4.15:  Time-dependent mid-span deflection for N0-16 beams 

 

Figure  4.16: Time-dependent mid-span deflection for N25-16 beams 
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Figure  4.17: Time-dependent mid-span deflection for H40-16 beams 

 

Figure  4.18: Time-dependent mid-span deflection for N40-12 beams 
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Table  4.4: Initial and final readings for deflection, concrete strains and GFRP strains for 

all sustained load beams 

Beam Days 

Initial reading  Final reading 

Deflection 

(mm) 

Concrete 

strain 

(µs) 

GFRP 

strain 

(µs) 

Deflection 

(mm) 

Concrete 

strain 

(µs) 

GFRP 

strain 

(µs) 

N0-16-35 300 29.0 -760 4860 45.8 -1792 5924 

N0-16-60 300 54.5 -2380 10100 69.8 -3213 11373 

N0-16-80  300 73.5 -2980 10922 91.7 -4356 12657 

N25-16-35  300 5.6 -390 4810 9.3 -788 5260 

N25-16-60 300 37.0 -2100 10770 53.6 -3387 N/A 

N25-16-80 300 48.0 -2140 13000 66.2 -4640 N/A 

H40-16-35 183 3.5 -312 7595 5.8 -690 8050 

H40-16-60 300 24.0 -1280 12553 38.5 -2210 N/A 

H40-16-80  230 47.5 -2550 13500 58.6 -3288 N/A 

N40-12-35 300 4.7 -202 8000 8.8 -395 8210 

N40-12-60 300 22.5 -1242 15950 31.2 -1945 16890 

N40-12-80 300 60.0 -2096 17912 80.8 -2906 N/A 

N40-16-35 300 4.5 -528 7775 9.1 -800 8036 

N40-16-60 300 28.5 -1744 14161 36.7 -2315 14521 

N40-16-80 300 51.8 -2221 16600 72.1 -3800 N/A 
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4.7.2 Effect of prestressing  

Comparisons between the prestressed beams (25% and 40%) and the non-prestressed beams are 

made to examine the effect of prestressing on the long-term behaviour of the beams. The results 

showed that the prestressing had a noticeable effect on the long-term deflections, the concrete 

strains, and the GFRP strains, particularly at the lower sustained loading levels.  

The total deflection for the prestressed beams was always less than that of the non-prestressed 

beams, and it decreased as the prestressing level increased. The ratio of the total deflection for 

the non-prestressed beam N0-16-35 to the total deflection of the prestressed beams N40-16-35 

and N25-16-35 was 5.0 and 4.9, respectively. The ratios decreased to 1.9 and 1.3 at the 60% 

loading levels, and 1.3 and 1.4 at the 80% loading levels.  

On the other hand, the ratio of the long-term deflection (the difference between the initial and the 

final deflections) for the non-prestressed to that of the 25% and 40% prestressed beams was 4.5 

and 3.7 at the 35% loading level, and 0.9 and 1.9 at the 60% loading levels, respectively. The 

long-term deflections were almost the same at the 80% load level for all of the beams.  

The decrease in the total deflection for the prestressed beams compared to the non-prestressed 

beams is mainly due to the increase in the cracking moment of the prestressed beams, while the 

decrease in the long-term deflection is attributed to the decrease in the concrete compressive 

stresses due to the prestressing forces.  

At the 80% loading, the prestressing had no significant effect on the long-term deflection of the 

beams. This was attributed to the fact that severe internal micro-cracking takes place in the con-

crete at sustained stress levels that are more than 60% of the concrete stress (Neville et al. 1983). 

Once the cracking has accelerated, the creep of the concrete increases leading to increasing the 

deflection of the beam.    

The concrete total strains of the 40% prestressed beams were always less than those of the non-

prestressed beams. For the 25% prestressed beams, the total concrete strain values were less than 

half those of the non-prestressed beams at the 35% loading level, and they were almost the same 
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at the higher load levels. Figure  4.19 and Figure  4.20 show the change of concrete strain with 

time for the beams of groups N40-16 and N0-16, and N25-16 and N0-16, respectively.  

The total GFRP bar strains of the prestressed beams were higher than or equal to those of the 

non-prestressed beams. However, the creep GFRP strains (increase in GFRP strains with time) 

were always less than those of the non- prestressed beams, and they decreased as the prestressing 

level increased. The increase in the GFRP strains is mainly derived by the increase in the beam 

curvature rather than the creep of the GFRP bars (Youssef, 2010), and since the increase in the 

curvature under sustained loading for the prestressed beams is less than that for the non-

prestressed beams, the increase in the GFRP strains was less for the prestressed beams.  The 

creep effect of the GFRP bar on the long-term behaviour of the beams will be discussed in more 

details in Chapter 5.  

 

 

Figure  4.19: Concrete strain with time for the N0-16 and N40-16 beams 
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 Figure  4.20: Concrete strain with time for the N0-16 and N25-16 beams 
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