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Abstract 

An innovative hybrid FRP-concrete slab-on-girder bridge system has been developed at 

University of Calgary. The slab-on-girder system is composed of a deck slab on top of 

precast prestressed concrete truss girders. The truss girders consist of pre-tensioned top and 

bottom concrete chords connected by vertical and diagonal truss members made of FRP 

tubes filled with concrete. The girders are fully reinforced with glass FRP bars. The use of 

the new system is expected to reduce self-weight and maintenance cost, and extend the 

useful life of bridge structures. Main objective of this research is to experimentally 

investigate performance of the hybrid system under static and fatigue loading to examine 

efficiency of the FRP reinforcement. The experimental program includes fabrication and 

testing of seven full scale two panel truss girders. Two of the girders are connected to a 

deck slab. The tests showed excellent performance of the system in terms of strength, 

stiffness and connection performance. 
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 Chapter 1: Introduction 

1.1 General 

Over the past few decades, deterioration of a staggering number of steel-reinforced 

concrete bridges in many parts of the world has become a major concern. The main cause 

of this deterioration is corrosion of the steel reinforcement combined with fatigue loading 

induced by traffic. Traditional materials, such as concrete and steel in bridge structures, 

have a limited service life and high maintenance cost, especially if they are used in a harsh 

environment such as that of Canada. According to the National Research Council of 

Canada (2013), one third of the 75,000 available highway bridges in Canada suffer from 

deterioration and short remaining service life. Therefore, sustainable solutions to the steel 

corrosion problems and improved structural systems are needed in the construction of new 

bridges.  

Recently, fibre reinforced polymers (FRPs) have become a promising alternative to steel 

reinforcement due to their excellent corrosion resistance, high tensile strength, light weight, 

and easy handling (Nanni, 1993). The corrosion resistance of FRPs can extend the service 

life of bridge structures. The light weight and easy handling of FRP reduce the 

transportation cost, allow for assemblage close to the bridge construction site, and allow 

for lifting to the required position with a minimum of disruption to road traffic. Although, 

FRP composites are still more expensive than the conventional materials, which might be 

considered as a barrier, the life cycle cost and the environmental impact of FRP bridges are 

relatively lower (Mara et al., 2014).  

Bridge girders made of FRP composites are known to be lighter and more durable than 

conventional steel or concrete girders. Although extensive research has recently been 

carried out on the use of FRP materials for strengthening and rehabilitating structures, not 
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as much successful effort has been made to develop new bridge systems that effectively 

address the use of FRP materials as load carrying components in bridge structures 

(Deskovic et al., 1995; Zhao et al., 2000; Zhao, 2001; Cheng et al., 2005). Recently, a new 

hybrid FRP-concrete bridge system for short and medium span bridges has been developed 

by El-Badry (2002) at the University of Calgary. The new system utilizes the excellent 

properties of FRP in an innovative design. The proposed system consists of hybrid FRP-

concrete precast prestressed truss girder and a cast-in-situ or precast concrete deck slab (El-

Badry, 2007). 

1.2 Description of the Bridge System 

The slab-on-girder system is composed of a cast-in-situ or precast concrete deck slab on 

top of precast, prestressed concrete truss girders. A perspective view of the bridge system 

is shown in Figure 1-1. The truss girders consist of pre-tensioned top and bottom concrete 

chords connected by vertical and diagonal truss elements made of filament-wound glass 

FRP (GFRP) tubes filled with concrete. The top and bottom chords provide the flexural 

capacity, while the truss elements provide the shear strength of the girder. The GFRP tubes 

in the truss elements serve as permanent formwork and provide confinement to the concrete 

core, and thus, increase the load carrying capacity and ductility of the truss components. 

Steel or GFRP double-headed bars are used to connect the truss elements to the chords. 

The double-headed bars have excellent anchorage properties as the heads bear against the 

concrete when the bars are in tension. An elevation of the truss girder is shown in Figure 

1-2a (El-Badry, 2007). Under gravity loads, the diagonal elements are predominantly in 

tension, and therefore, connect to the top and bottom chords by means of long double-
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headed bars. The vertical elements are mainly in compression and are connected to the 

chords by means of dowels or double-headed bars with a shorter embedment length.  

 

Figure 1-1: A perspective view of the bridge system  

Figure 1-2: Details of the hybrid FRP concrete truss girder (El-Badry 2007) 
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All the chord reinforcements, including stirrups and longitudinal bars, are either made of 

GFRP or conventional steel. Short double-headed bars protrude from the top chord and 

connect the supporting girder to the deck slab (Figure 1-2b or c). The short double-headed 

bars provide composite action between the deck slab and the supporting girder. Figure 1-2 

shows the details of the hybrid system proposed by El-Badry (2007).  

1.3 Objectives and Scopes 

The research presented in this thesis is part of an extensive research program being 

conducted at the University of Calgary to investigate the performance of an innovative 

hybrid GFRP-concrete bridge system. The initial phase of this study was commenced by 

El-Badry and Abe (2003) who sought the best performing connection for the diagonal truss 

elements and examined the confinement efficiency of pultruded GFRP tubes in the truss 

elements. As a continuation of the El-Badry and Abe (2003) experiment on the different 

connections for the truss girder, Schonknecht (2008) conducted an investigation into the 

use of filament-wound GFRP tubes as a substitute for the pultruded GFRP tubes in the 

truss elements. Based on the test results for the connections, large-scale truss girder 

specimens were built with the best performing connection types. El-Badry et al. (2014a, 

2014b) extensively tested the performance of steel-reinforced large-scale truss girders with 

different span-to-depth ratios under static and fatigue loading. Recently, Hadizadeh 

Harandi (2015) conducted an experiment using double-headed GFRP bars to examine the 

performance of the truss elements connection. 

The research presented here integrates with the other studies and represents another step 

towards understanding the overall performance of the new hybrid bridge system. This 

research specifically attempts to utilize double-headed GFRP bar reinforcements as an 
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alternative and corrosion-resistant solution to steel reinforcement for the internal 

reinforcement of the concrete chords and the truss elements. 

The main objectives of the current experimental program are as follows: 

1. To experimentally evaluate the structural design of this newly proposed hybrid 

FRP- concrete bridge system in terms of strength and serviceability. 

2. To investigate the effect of several parameters, such as the type and size of the long 

double-headed bars in the diagonal truss elements, on the performance of the hybrid 

bridge girder under static loading. 

3. To evaluate the performance of the hybrid bridge girder reinforced with GFRP bars 

under fatigue loading.  

4. To investigate the effect of the amplitude of fatigue loading on the performance, 

stiffness degradation, and fatigue life of the hybrid bridge girders reinforced with 

GFRP bars.  

5. To examine the performance of the proposed slab-to-girder connection and the 

efficiency of the connection type under static loading.  

1.4 Experimental Program 

Seven full-scale, two-panel truss girders were fabricated and tested under static and fatigue 

loading. The experimental program of the truss girders was divided into three phases. The 

first phase consisted of fabrication and testing of three truss girder specimens under 

monotonic loading up to failure. Two of the girders were reinforced with GFRP bars with 

different diameters of long double-headed bars in the diagonal elements to determine the 

best bar size to be used in future designs. The third girder was reinforced with steel bars 

and used as control specimen for comparison. In the second phase of the experimental 
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program, the fatigue load group, two truss girders fully reinforced with GFRP were tested. 

Cyclic service loads with different amplitudes were applied to simulate the effect of live 

load over the bridge lifespan and to evaluate the fatigue life of the truss girder. The last 

phase of the experimental program included fabrication and testing two truss girders that 

were connected along their top chord to a one-meter width structural slab. Steel and GFRP 

short double-headed bars were used to connect the deck slab to the supporting girder. The 

performance of the double-headed bars in resisting both horizontal and vertical movement 

between the deck slab and the top chord of the truss girder was studied under monotonic 

loading. Figure 1-3 pictures the perspective view of the two-panel hybrid FRP-concrete 

truss girders tested in this research.  

 

(a) Girder without slab (b) Girder with slab 

Figure 1-3: Perspective view of the hybrid FRP-concrete bridge truss girder system 
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1.5 Research Significance 

The use of corrosion-resistant materials, such as FRP tubes and reinforcement, enhances 

the durability and reduces the susceptibility of the bridge system to deterioration. Reducing 

susceptibility to deterioration can reduce the life cycle cost in relation to other conventional 

bridge systems. 

Utilizing concrete filled FRP tubes in the truss elements as an alternative to the solid 

concrete web in conventional precast I-shaped girders provides a much lighter bridge 

system. The light weight of the bridge system reduces the required amount of prestressing, 

allows for longer spans, and results in smaller sizes of substructures or fewer supporting 

piers in multi-span bridges (El-Badry 2007). Moreover, the light weight reduces the 

transportation cost and allows for easier field installation. The light weight also allows for 

lifting to the required position with a minimum of disruption to road traffic which leads to 

less traffic control time impact during construction (Mara et al., 2014). 

1.6 Thesis Organization 

The thesis consists of seven chapters. A review of literature is presented in Chapter 2 

including some of the previous research on FRPs with focus on internal reinforcement, 

concrete filled FRP tubes, and their application in bridge structures as well as the former 

studies conducted on the proposed new hybrid concrete-FRP truss girder. Manufacturing 

processes, material properties, durability, fatigue behaviour, application areas, and 

deficiencies of FRP materials have been also reviewed.  

Chapter 3 describes detailed information on the experimental program including the test 

specimens, materials properties, reinforcement types, fabrication procedure, test setup, 

instrumentation, and testing procedure. 
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The results of the first phase of the experimental program, concerned with the static 

response of the girders, are summarized and discussed in Chapter 4. The test results include 

the static load behaviour of the truss girders in terms of deflections, truss elements 

deformation, strain variation in the GFRP double-headed bars, the GFRP tubes, the 

longitudinal bars and the stirrups, as well as the crack patterns. Based on the experimental 

results in this chapter, the best design for the truss girder was selected and used in the next 

phases. 

In the Chapter 5 the results of the fatigue loading on the two GFRP reinforced girders are 

summarized and discussed. The test results include the initial static load response, fatigue 

and post-fatigue behaviour of the truss girders. Presentation of the results in this chapter 

begins with a general overview of each of the test series discussing the test setup, load 

routine, load-deflection behaviour and failure modes followed by in-depth presentations of 

the cracking and strain data. 

Chapter 6 presents the static response of the slab-on-girder specimens. Static load 

behaviour of two slab-on-girder specimens in terms of deflections, truss elements 

deformation and strain variation in the reinforcement and GFRP tubes are discussed. 

Furthermore, in-depth results of the composite action at the slab-girder interface, horizontal 

separation of the slab and the girders, and strain variation in the short double-headed bar 

connectors are discussed.  

Finally, a summary of the investigation into the new hybrid bridge system, the conclusions 

of the test results, and recommendations for future research are provided in Chapter 7. 
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 Chapter 2: Literature Review 

2.1 General 

Fibre reinforced polymers (FRPs) have become a promising alternative to steel 

reinforcement in construction, and they have attracted attention for applications in the 

strengthening, rehabilitation and the construction of bridges. Generally, two main 

categories of FRP applications can be defined: FRP bars as internal reinforcement and FRP 

sheet wraps and laminates as external reinforcement. This chapter outlines some of the 

previous research on FRPs that focuses on internal reinforcement, FRP tubes, and their 

application in bridge structures. The manufacturing processes, material properties, 

durability, fatigue behaviour, areas of application, and deficiencies of FRP materials are 

reviewed. In the last part of this chapter, the former research conducted on the new hybrid 

concrete-FRP truss girder is discussed. 

2.2 FRP Materials  

Fibre-reinforced polymers offer an effective solution to corrosion of steel reinforcement in 

concrete structures due to their high corrosion resistance, high tensile strength, light weight, 

and easy handling (Nanni, 1993). Fibre-reinforced polymer composites consist of resins, 

which act as matrices or binders, and strong fibres acting as reinforcement. Since resins 

have a much lower strength than the fibres, the ratio of the volume of fibre to the overall 

volume of the composite significantly affects the tensile properties of FRP. Different types 

of materials are used for producing the FRP reinforcements. Carbon, glass, aramid, and 

basalt are the most applicable FRP composites in civil engineering (Tuakta, 2005). Carbon 

fibre-reinforced polymers (CFRP) have the best mechanical properties, including high 

modulus of elasticity and high tensile and fatigue strengths compared to other FRP 
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composites. However, the high production energy requirement and unavailability of carbon 

fibres lead to higher cost of production (Carolin, 2003). Glass fibre-reinforced polymers 

(GFRP) are the most popular among the FRP types due to their durability, low cost of 

production, and high strength-to-weight ratio. Glass fibres are primarily made from silica 

sand, which is commercially available in different grades. The most common types of glass 

are electrical (E-glass), high-strength (S-glass), and alkali-resistant (AR-glass). The 

mechanical properties of basalt fibre-reinforced polymers (BFRP) and aramid fibre-

reinforced polymers (AFRP) are considered somewhere in the middle of CFRP and GFRP 

composites; however, they are not easily accessible and are rarely used in practice due to 

their high long-term strength reduction and sensitivity to ultraviolet (UV) radiation 

(Banibayat, 2011). Figure 2-1 compares the stress-strain behaviour of the different types 

of fibre and an epoxy resin. 

 

 
Figure 2-1: Stress-Strain relationship of different types of FRP  
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Glass FRP bars have a tensile strength up to 5-6 times higher than steel; however, a lower 

modulus of elasticity, compared to steel, leads to an increase in deformations of GFRP-

reinforced structures. Some other disadvantages of GFRPs are their low tolerance of 

humidity, narrow temperature range, and low alkaline resistance as well as low long-term 

strength due to stress rupture (Tuakta, 2005). The characteristics of GFRP are discussed in 

the following sections.   

2.2.1 FRP Manufacturing Methods  

Different manufacturing methods are used to produce FRPs including hand or spray lay-

up, vacuum-assisted resin-transfer molding (VARTM), pultrusion, and filament winding 

(Gruit, 2009). Hand lay-up is the oldest and simplest method in which dry fibre 

reinforcement is placed in a mold, and the fibres are then saturated with resin. The VARTM 

method uses a vacuum bag with 1 atm pressure to pull the resin into the mold and saturate 

the dry fibres without heat. The VARTM method is mainly used for large-scale composite 

structures (Zhang, 2010). The pultrusion and filament winding processes are described in 

more detail below since the GFRP bars and the GFRP tubes used in the experimental 

program presented in this thesis were produced by these methods.     

2.2.1.1 The Pultrusion Process 

The most common technique used to manufacture FRP bars is pultrusion. The pultrusion 

process is defined as a low cost, high volume, fully-automated manufacturing process for 

FRP production. It is a continuous molding process that combines fibre reinforcement and 

thermosetting resin. Glass, carbon, and aramid fibres are used as reinforcement and 

polyester works as the most common resin material. In this process, raw fibre materials are 

wetted in a resin bath or resin impregnation system and pulled through a heated steel die at 
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constant speed. The FRP bars are cooled while being gripped and cut to the required length 

with a cut off saw. Figure 2-2 presents a schematic of the pultrusion process for FRP bars. 

Lastly, a bar surface texture is made to provide mechanical bonding between the bar and 

the concrete. Wound fibres, sand coatings, and separately formed deformations are the 

most common surface textures for FRP bars. The GFRP headed bars used in the 

experimental work conducted in this thesis were fabricated with the pultrusion method.  

  

Figure 2-2: Pultrusion Process (Mazumdar, 2002) 

2.2.1.2 Filament Winding Process for Production of FRP Tubes 

Filament-wound FRPs are produced in an automated process that results in a high fibre 

volume fraction with precise orientation and excellent material properties. The fibres are 

soaked in a resin bath and wound on a rotating mandrel with a precise angle. A carriage 

moving horizontally wraps the fibres around the mandrel surface to a desired thickness. 

Heat curing may be used at the end of the process, and the mandrel is then removed. A 

large angle with the longitudinal axis improves the circumferential strength, while a small 

angle enhances the longitudinal capacity of the FRP composite (Gruit, 2009). Figure 2-3 
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depicts the filament winding process. The glass FRP tubes used for the truss girders tested 

in this thesis were produced by filament winding process.        

 

Figure 2-3: Filament winding process (Gruit, 2009) 

2.3 Glass FRP Bars   

The use of FRP bars was commercially introduced in the 1990s as an internal reinforcement 

for concrete structures. GFRP bars have been developed over time for use in various 

structural applications with the main benefit being a corrosion-resistant alternative to steel 

reinforcing bars (Nanni, 1993). GFRP is considered to be the cheapest FRP bar compared 

to CFRP, AFRP, and BFRP bars. This characteristic of GFRPs attracts researchers and 

manufacturers to focus on the development of this type of reinforcement. Other advantages 

of GFRP bars are their high strength and stiffness-to-weight ratio, durability, and good 

fatigue properties (Gudonis et al., 2013). Glass FRP bars are usually made by the pultrusion 

method. E-glass or S-glass fibres are used to provide strength and stiffness to the GFRP 

bars, and the polymer matrix binds the fibres together and transfers stresses between them. 



14 

The actual properties of GFRP bars depend on the materials used, selection of resin, fibre 

volume, orientation, dimensions of the bar, and quality control of the manufacturer (ACI 

440, 2006). Furthermore, the lack of standard manufacturing leads to different mechanical 

properties. A comparison of mild and stainless steel reinforcement with a common type of 

GFRP bar is presented in Table 2-1. The wide range of variation of GFRP bar properties 

can be observed compared to steel. GFRP bars have one-sixth to one-fourth the density of 

steel (1.4-2.2 g/cm3). Glass FRPs are anisotropic and nonhomogeneous, and therefore, the 

properties can vary greatly in the longitudinal and transverse direction depending on the 

type of glass, resin, and volume fraction of fibre. Glass FRPs are linear and elastic until 

failure with a high tensile strength compared to steel (2-4 times that of steel), but only in 

the direction of the fibres. Glass FRPs have a lower ultimate tensile strain (no yielding) 

and modulus of elasticity compared to steel. The tensile strength of the GFRP bars may 

decrease with changes in bar diameter; therefore, a specified tensile strength must be 

indicated for each bar size (ACI 440, 2006). Experimental research conducted by Nanni et 

al. (2014) demonstrated a reduction of up to 40% in the tensile strength as the diameter 

increased from 9.5 mm to 22.2 mm during the tensile test. However, the tensile modulus 

remained the same for different cross sections. The compressive strength and compressive 

modulus of elasticity are lower than the tensile values, around 50% and 70%, respectively. 

Failure modes of GFRP bars in compression can include transverse tensile failure, fibre 

micro-buckling, or shear failure (fib, 2007 and Nanni et al., 2014).  

The glass FRP bars are generally weak under transverse shear loading, and the behaviour 

is mostly governed by the properties of the matrix with a range of 30-50 MPa transverse 

shear strength. The shear strength may be enhanced by adding more fibres transversely on 
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the GFRP bar surface using the winding method (ACI 440, 2006). The normal thermal 

expansion coefficient of GFRP bars in the longitudinal direction is comparable to that of 

concrete, providing compatibility between concrete and the bars. However, the great 

difference between transverse and longitudinal coefficients of thermal expansion in GFRP 

may cause splitting cracks in cases where insufficient cover is provided (Ceroni et al., 

2006). GFRP is not recommended where fire resistance is critical for the structure. In case 

of fire, the tensile properties of GFRP significantly decrease due to the transformation of 

the resin from a glassy state to a soft rubbery state, which leads to a reduction in the bond 

between the fibres (fib, 2007).   

Table 2-1: Properties of Steel and GFRP reinforcement (ACI 440, 2006 and fib, 2007) 

 Mild Steel Stainless Steel GFRP 
Nominal Yielding Stress 

(MPa) 
276-517 250-450 - 

Short term Tensile 
Strength (MPa) 

483-690 380-680 700-1600 

Modulus of elasticity 
(GPa) 

200 185-200 35-70 

Rupture Strain (%) 6.0-20.0 15.0-20.0 1.2-3.1 
Thermal expansion 

Coefficient (106/C) 
11.0-13.0 11.0-13.0 6.0-11.0* 

Density (Kg/m3) 7860 7480-8000 1400-2200 
*Thermal expansion in the longitudinal direction.  

2.3.1 Glass FRP bars as Internal Reinforcements 

Internal GFRP bars are being considered as an alternative to the conventional corrosion-

prone steel reinforcement bars. The performance of GFRP bars can vary from one bar type 

to another; more consideration and research are required to investigate the actual behaviour 

of this type of reinforcement. One design challenge related to GFRP is a low modulus of 

elasticity, with respect to steel, which leads to increased deformation and wider cracks in 
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GFRP-reinforced structures. The low modulus of elasticity causes the design of GFRP 

reinforced concrete to be governed by service conditions (Tuakta, 2005). Many studies 

have been conducted to investigate the benefits of using high tensile strength GFRP bars 

in concrete structures. ACI 440 (2006) recommends using high strength concrete along 

with GFRP bars to better utilize the high ultimate tensile strength of the bars. 

Fibre-reinforcement polymer bent bars have been recently used in reinforced concrete 

applications to shorten the development length of the bar or to act as a tie or a stirrup to 

resist shear forces. However, the production of bent bars is still a challenge for 

manufacturers. Fibre-reinforcement polymer bars cannot be bent after the curing process 

and must be bent during post production (Schöck, 2013). The use of FRP for shear 

reinforcement has not yet fully been explored due to the small range of experimental data. 

Vint (2012) conducted an experimental program from three leading GFRP manufacturers. 

Figure 2-4 shows the three bent bars used in the experiment by Vint (2012). The standard 

pull-out test was modified to accommodate bend tests and to improve the test efficiency. 

All the stirrups were bent prior to the curing of the thermoset polymer. The results showed 

that the bent bar is able to fully develop the bond strength between the bar and the concrete 

when the embedment length of 5db is satisfied as the failure occurred by the rupture of the 

GFRP bar not splitting of the concrete. The GFRP bend strength of the three used 

manufacturers products were determined to be between 58-80% of the strength of the 

straight portion of the same bar, which satisfies the CSA S807-10 (2010) specification that 

the bend strength must be 45% of the straight portion of the stirrup. Specifically, the third 

GFRP stirrup in Vint’s experiment, which is used as a transverse reinforcement in the 
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experimental program presented in this thesis, had a bend strength of 531 MPa, while the 

strength of the straight portion was reported to be 1000 MPa (Schöck, 2013). 

Figure 2-4: Different bent bars used in the Vint (2012) experiment 

Fibre-reinforcement polymer bars cannot be bent after curing. Fibre-reinforcement 

polymer stirrups must be bent post production by forming the bar prior to the thermoset 

resin polymerization. Current studies show a 40% reduction in tensile strength of GFRP 

bent bars compared to straight bars, which confirms the results of Vint (2012) and Nanni 

et al. (2014). Manufacturers define the minimum specified tensile stress for bent bars based 

on experimental results. Schöck (2013) recommends the short term ultimate tensile 

strength and long term tensile strength to be 700 MPa and 250 MPa for GFRP bent bars 

and stirrups, respectively, although the values for the straight bar are 1000 MPa and 580 

MPa, respectively.  

An experimental program was conducted by Johnson (2014), which included 24 large-scale 

beams reinforced with different types of GFRP and steel bars. The effects of concrete 

strength, amount of transverse FRP reinforcement, and FRP surface treatment were studied 

in the experiment. The beam geometry, longitudinal reinforcement ratio, and test setup 

were kept constant for all specimens. The beams were reinforced transversally either by 

conventional steel, GFRP stirrups, or double-headed short GFRP bars. Johnson’s test 
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specimen details are presented in Figure 2-5. Based on the test results, Johnson (2014) 

concluded that both the GFRP stirrups and double-headed GFRP bars performed well as 

shear reinforcement in beams and presented strengths greater than the minimum values 

used for design. However, utilizing the headed bars as shear reinforcement considerably 

affected the deformability of the specimens causing a brittle flexure failure. The surface 

treatment of GFRP bars did not affect the crack spacing in the GFRP-reinforced specimens 

although the double-headed bars exhibited smaller crack widths compared to the GFRP 

stirrups due to a higher modulus of elasticity. Finally, the use of high strength concrete was 

found to minimally improve the final strength of the specimens. 

 

Figure 2-5: Headed-bar reinforced-beam (Johnson, 2014) 

Park et al. (2014) conducted experimental work on the long-term flexural behaviours of 

GFRP-reinforced concrete beams to investigate the impact of accelerated aging conditions 

on the flexural behaviour and ductility of GFRP and steel reinforced beams. Two types of 



19 

GFRP bars (helically wrapped and sand coated) and one type of steel bar were used in 36 

beam specimens tested under four-point bending. Eighteen specimens were subjected to 

sustained loads and accelerated aging conditions for 300 days. Figure 2-6 presents the 

details of the specimens and the load arrangement. The test results showed an improvement 

with higher strength and lower deflection in the beams reinforced with GFRP bars 

compared to the steel reinforcement beam due to the non-ductile behaviour and high tensile 

strength of the GFRP bars. Both the GFRP and steel-reinforced beams experienced flexural 

strength degradation due to the accelerated aging conditions (47 °C and 80% relative 

humidity) in the chamber; however, the GFRP-reinforced beams showed greater durability 

by exhibiting a lower reduction rate in the flexural strength. The effects of the surface 

treatment on the degradation rate of the flexural strength indicated increased protection 

against moisture and temperature in the GFRP bars with sand coated treatment.  

 

 

Figure 2-6: Specimen details and load arrangement (Park et al., 2014) 

Saikia et al. (2007) conducted an experimental research on the performance of beams 

reinforced with GFRP bars in flexure. Two types of GFRP bars with different resin, 

polyester, and epoxy binder, and GFRP stirrups were used in ten beam specimens and 

tested under four-point bending. The load-deflection behaviour of all the tested beams 

indicated that the stiffness of the specimen during the initial stage of loading, before 
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cracking occurred, was governed by the gross-section properties of the beam. However, 

the post cracking stiffness of all the beams was affected by the stiffness of the longitudinal 

reinforcements. Higher stiffness and less slip of the steel reinforcement led to a higher post-

cracking stiffness compared to the stiffness in the GFRP-reinforced beams. The GFRP 

longitudinal reinforcement experienced slippage of the bar from the concrete in the post-

cracking stage, which decreased the stiffness more than the anticipated value. In contrast, 

the GFRP stirrups sustained forces well compared to the steel stirrups in the post-cracking 

stages. However, wider cracks were observed with the GFRP stirrups due to lower stiffness 

stiffness. GFRP bars used with polyester resin increased the bond-slip mechanism between 

the concrete and GFRP bars by up to 40% compared to the epoxy binder-based GFRP. The 

polyester based GFRP bars developed an axial force close to 90% of its ultimate tensile 

strength showing a good bond behaviour with concrete; however, the epoxy binder-based 

GFRP only reached 50% of its ultimate tensile strength.  

2.3.2 Bond behaviour 

Although the use of GFRP bars has been gaining popularity, the lack of standardization of 

the surface characteristics of bars leads to limited knowledge on the bond strength with 

concrete. The bond stress at the interface of the GFRP bars with the concrete depends on 

the GFRP properties, embedment length, compressive strength of the concrete, bar 

diameter, manufacturing process, and surface geometry of the bar. The bond stress can be 

transferred by chemical bond, friction, and mechanical interlock due to the irregularity of 

the interface of the GFRP bars (Gudonis et al., 2013). 

Recently, several variations of the pull-out test have been conducted to study the bond 

strength of the FRP bars to concrete. In 2004, Achilides and Pilakoutas performed an 
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extensive study on the bond behaviour of different types of FRP bars (glass, carbon, 

aramid) under direct pull-out tests. The FRP bar type, shape, surface characteristics, and 

bar diameter, as well as the concrete strength, were considered as the research parameters 

in testing 130 concrete cubes. The mode of failure in the FRP bars was found to be 

significantly different compared to steel. In the deformed steel bars in the concrete cubes 

with adequate confinement of the bars, shear cracks developed between the bar ribs and 

the surrounding concrete. However, in the FRP bars, the failure occurred partly on the bar 

surface and partially in the concrete, depending on the concrete strength. Figure 2-7 depicts 

the failure interface of the GFRP bars during the pull-out test. 

Figure 2-7: GFRP specimens after testing and the shear failure at the surface layer  
(Achillides and Pilakoutas, 2004) 

The failure interface in the resin demonstrated the effect of the shear strength between the 

fibres and the resin on the bond capacity of the FRP bars. Both the GFRP and CFRP bars 

showed the same bond strength in the test; however, the aramid was found to be slightly 

weaker. Moreover, a reduction in bond strength was observed for all types of FRPs as the 

bar diameters increased from 8.5 mm to 13.5 mm during the test (Achillides and Pilakoutas, 

2004). 
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In 2008, an experimental research was conducted by Lee et al. to evaluate the performance 

of interfacial bond strength of GFRP bars in concrete on 54 concrete cube specimens. The 

test results showed an increase in bond performance as the compressive strength of 

concrete increased. Moreover, the strength of the concrete could specify the type of failure 

in the GFRP bars. In normal strength concrete, the bond failure of GFRP mainly occurred 

due to slip at the interface between the concrete and the resin. However, in high strength 

concrete samples, the bond failure was mainly caused by delamination of the resin between 

the fibres and the resin (Figure 2-8). 

  
Figure 2-8: Concrete cubes tested by Lee et al. (2008) 

Various research studies have been carried out over the past few decades to investigate the 

effect of the bar surface on the bond strength of FRP bars. An experiment on smooth 

surface of the FRP bars showed a negligible effect of the concrete mechanical properties 

on the bond behaviour of the bar (Nanni et al. 1995). Cosenza et al. (1997) analyzed 

numerous test results regarding the effect of different bar surfaces. Smooth FRP bars were 

reported to be inappropriate for use in reinforced concrete structures based on their very 

low bond strength values. Although the sand-coated bars showed a satisfactory bond 
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strength, the bond behaviour demonstrated a brittle bond failure due to the sudden 

separation of the sand coating layer from the FRP bar. Helical wrapping obtained by gluing 

a spiral on smooth bars did not show any improvement in bond behaviour. The test also 

presented the best bond behaviour with different types of mechanisms for deformed bars 

based on the surface shape, concrete strength, and properties of the bars.  

Another study from Baena et al. (2009) presented the results of an experimental work on 

the effect of surface treatment on the bond behaviour of GFRP and CFRP bars. Figure 2-9 

shows the different surface types used in this experiment. The results showed different 

bond mechanisms for different surface treatments. For sand-coated bars, the bond 

behaviour was mostly dependent on transverse pressure, and the load was transferred by a 

friction mechanism. Separation of the whole sand coating layer was observed during the 

test. For the bar with helical wrapping and some sand coating (R4 and R6), the concrete 

strength had an important effect on bearing resistance, which decreased with decreasing 

the concrete strength. Since the rib spacing was significantly smaller in R6 compared to 

R4, a wedging action occurred and stuck crushed concrete in the front of the ribs was 

observed. Moreover, the effect of the surface treatment on bond strength was observed to 

be more significant in all specimens with higher concrete strengths. 

Figure 2-9: Surface deformations used in Baena et al. experiment (Baena et al., 2009) 
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Schöck technical information (2013) reported that in high strength concrete (> 60 MPa) 

the bond behaviour between the GFRP bar and the concrete was governed by the strength 

of the ComBar® ribs; however, in lower strength concrete, the bond behaviour was mainly 

controlled by the strength of the concrete. Further, no difference was found in the slip of 

the unloaded end during the bond test of ComBar® GFRP and regular steel bars. Figure 2-

10 shows the ribs geometry in the ComBar® reinforcement. 

 

Figure 2-10: Bond behaviour of ribs in the ComBar® reinforcement 

2.3.3  Fatigue behaviour 

Although the use of GFRP bars is gaining acceptance as an alternative to conventional steel 

reinforcement in concrete structures, the long term fatigue performance of GFRP bars has 

not been thoroughly investigated. Several complex damage mechanisms may occur due to 

fatigue loading such as matrix cracking, fibre breaking, crack coupling, and delamination 

of composite (Freire and Aquino, 2005). Furthermore, material composition, type of fibre 
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and resin, mechanical properties, surface treatment, and bar diameter can affect the fatigue 

behaviour of GFRP reinforcement structures (Noël and Soudki, 2014).  

Recently, extensive research has been conducted regarding the fatigue life evaluation of 

concrete slabs reinforced with GFRP bars. El-Ragaby et al. (2007) conducted an 

experimental program to compare the fatigue performance of GFRP-reinforced bridge deck 

slabs with conventional steel-reinforced slabs. The experiment consisted of fabricating five 

full-scale deck slabs and testing them under accelerated variable amplitude fatigue loading 

until failure. The GFRP reinforced concrete bridge deck slabs presented better fatigue 

performance and longer fatigue life, approximately 2.5 times that of the steel reinforced 

slabs. This excellent performance was due to the close value of the modulus of elasticity 

for GFRP bars and the concrete matrix. All the specimens exhibited punching shear as the 

mode of failure with a gradual increase in residual deflection and strain in the concrete and 

GFRP bars. Moreover, the recommended FRP reinforcement ratio in the Canadian Bridge 

Code, CSA-S6-06 (2006), was found to be sufficient to satisfy the fatigue life, fatigue 

strength, and serviceability of concrete bridge decks. 

Noël and Soudki (2014) conducted experiments to investigate the effect of using GFRP 

reinforcement and prestressed CFRP tendons on the fatigue performance of a full-scale 

slab bridge. Sixteen full-scale slab strips were tested under cyclic loading. Two series of 

slabs, including non-prestressed and prestressed with CFRP tendons, were tested. All the 

slabs contained primary six 16 mm diameter sand-coated GFRP reinforcements. Test 

results showed a significantly higher fatigue strength of the prestressed slab approximately 

twice that of the non-prestressed slabs due to the enhancement of shear resistance in the 
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section and the reduction of stress in the GFRP bars. All of the flexural fatigue failures 

were governed by GFRP ruptures with a stiffness degradation of about 10%.  

As part of previous studies performed on the use of double-headed GFRP bars for the 

hybrid FRP-concrete girders, Hadizadeh Harandi (2015) examined the fatigue and static 

performance of ComBar® double-headed GFRP bars, the same type of GFRP bar that is 

used in the research work presented in this thesis. Eighteen specimens with heads 

embedded in concrete cylinders confined with steel tubes were fabricated and tested under 

static and fatigue load. Different stress ranges were used for the fatigue tests. Slippage of 

the bar from the head was observed as failure of the double-headed GFRP bars in the static 

tension test. The reported ultimate tensile strength of the bar was smaller than the value 

stated by the manufacturer (128.5 kN compare to 200 kN), which meant the head anchorage 

of the double-headed GFRP bar was not sufficient to develop the full strength of GFRP bar 

in terms of tension. However, under the fatigue load, the GFRP bar exhibited a brittle 

failure, fracturing the bar in the stem, which meant that the full strength of the bar was 

achieved by the presence heads. Slippage at the end of the heads was negligible in the 

fatigue load. Figure 2-11 presents the failure of the double-headed GFRP bars under static 

and fatigue loading. 

Environmental conditions such as moisture, alkaline or acidic conditions, and temperature 

also played a significant role in the fatigue behaviour of FRP bars. The following 

subsection will cover the effect of environmental conditions on the long performance of 

FRP bars. 
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Figure 2-11: Failure of double-headed GFRP bars under  
(a) static loading and (b) fatigue loading (Hadizadeh Harandi, 2015) 

2.3.4 Long-term Behaviour 

The performance of GFRP reinforcements over the design life of a structure is still a critical 

area of research. Environmental conditions can significantly impact the mechanical 

properties of GFRP bars. Temperature, moisture, exposure to UV radiation, and high 

alkalinity have considerable effects on the tensile strength, bond resistance, and long-term 

tensile strength of GFRP bars. The complexity of the long term performance of GFRP bars 

is attributed to the variety of products available on the market such as resins, fibres, surface 

treatment, curing condition, and quality control during manufacturing (Chitsazan et al., 

2010 and ACI 440, 2006). 

Although GFRP bars are considered as a Corrosion-resistant material in reinforced 

concrete structures, the bar is not resistant to all types of chemical attacks. The glass fibres 

(a) 

(b) 
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can degrade in the presence of strong alkali solutions; however, the use of alkali resistant 

glass fibres can moderate the damage. The weakness of GFRP to environmental conditions 

is related to the degradation of the resin, which protects the fibres. Glass FRP bars with 

high durability contain vinylester resins instead of polyester resins.  

Micelli et al. (2004) tested GFRP and CFRP rods with vinylester and polyester resin under 

an alkaline simulated concrete pore solution to investigate the effect of the type of resin on 

the durability of FRP reinforcement. The majority of the tests were done in controlled lab 

conditions free of concrete with high temperatures to simulate the aging process over a 

long term. A reduction of about 30% in shear strength was observed for the rods with 

vinylester resin; however, the GFRP bars with polyester experienced almost zero 

transverse shear strength due to extensive damage in the polyester resin. Under a standard 

tensile test, the bars with vinylester resin showed satisfactory durability after immersion in 

an alkaline solution, while the GFRP bars with the polyester resin exhibited reductions of 

59%-70% in the tensile strength. Based on the results, Micelli et al. (2004) concluded that 

the polyester resin was strongly damaged in alkaline conditions and could not provide 

acceptable protection for the glass fibres. 

In short-term conditions, a 30-40 C change in the temperature of a structure, which can be 

considered a harsh condition in the life of the structure, does not significantly affect the 

mechanical properties of most commercial fibres. Only a slight reduction in the modulus of 

elasticity was reported for AFRP and GFRP under the service temperature of concrete 

structures, -20 to +60 C. Conversely, a combination of high temperature and sustained load 

may result in a reduction of the modulus of elasticity and ultimate strength of FRP bars 

(Ceroni et al., 2006). Although a regular change in temperature does not affect the structure 
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significantly, a very high temperature is a major concern. Resins are usually softened, 

melted, or catch flames in case of fire at 150-200 C, and this characteristic determines the 

fire resistance of FRPs. The glass transition temperature, Tg, of the matrix is defined as a 

point corresponding to a significant reduction in the mechanical properties of FRPs. Fibres 

can endure higher temperatures than resin (up to 1000 C). Aramid, glass, and carbon fibres 

are able to resist up to 200 C, 500 C and 1000 C, respectively (fib, 2007).  

The exposure of the GFRP bars to a combination of high temperatures and high alkali 

conditions results in a significant reduction in the concrete and bar bond strength as well 

as the strength and stiffness of the GFRP bar. Abbasi and Hogg (2005) conducted tests, 

which included three types of GFRP bars under a range of temperatures and high alkali 

conditions to investigate this phenomenon. Tensile tests were performed on exposed rebar 

specimens to study the strength and stiffness of the GFRP bar under tension. Pull-out tests 

were conducted to measure the bond strength between the bar and the concrete. A reduction 

in the bond strength was observed during the pull-out test as the temperature increased. 

The effects of the immersion period did not show a significant change in the bond strength. 

The tests did not show much of a reduction in the bond strength as the temperature 

increased until the test temperature reached 80 C. These results indicated that at lower 

temperatures bond strength was dominated by the concrete strength, which was not 

expected to weaken much with changes in temperature in this low range. However, after 

80 C the strength of the resin was reduced significantly, and the bond strength decreased 

rapidly as failure initiated in the composite. Changes in temperature from 25 C to 80 C 

and then to 120 C decreased the tensile strength of the GFRP bars by 84% and 60%, 

respectively. Immersing the bars in the alkaline solution at a room temperature resulted in 
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a reduction of the tensile strength to about 75% of the initial value. A combination of 

immersion in the alkaline solution and high temperature caused a significant reduction of 

approximately 65% and 50% for temperatures of 80 C and 120 C, respectively. 

An experimental study conducted on the short-term durability of GFRP bars under 

environmental conditions by Kim et al. (2008) investigated the effects of moisture, 

chloride, and freeze-thaw cycling conditions on the tensile properties of GFRP bars. Two 

types of E-glass vinylester bars were tested using an accelerated aging method for 132 

days. A 3% NaCl solution was used to simulate a chloride environmental condition. A 

wetting and drying cycle consisted of two days of immersion at 20 C followed by two 

days of drying at 60 C. Also, for a freeze-thaw condition, temperature cycling from -25 

C to 30 C was repeated for a day. The tensile strength of the bars after 132 days’ 

immersion in 40 C was about 85% of the initial tensile strength. The strength reduction of 

the specimens conditioned in the freeze-thaw cycling condition was about 25% after 110 

days of cycles. The test results indicated that the tensile properties of the GFRP rods were 

significantly affected by harsh environmental conditions.    

Ultra violet (UV) exposure usually does not occur as the bars are confined by the concrete, 

but exposure of the FRP bars to UV rays and moisture before their placement in concrete 

could adversely affect their tensile strength. Experimental test results conducted by Ceroni 

et al. (2006) showed a reduction in the tensile strength of 13% and 8% for AFRP and GFRP, 

respectively, after a 2500 hr exposure. No reduction in tensile strength was observed for 

CFRP bars. ACI Committee 440 (2006) recommended that FRP bars be protected from 

direct exposure to sunlight and moisture before placement in concrete.   
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Under a sustained tensile load, FRP experiences progressive deformations, which can lead 

to failure after a period of time. The characteristic value of the short-term tensile strength 

of FRP has to be reduced to mitigate durability problems and the long-term effects to 

guarantee the serviceability limit state of existing structures. Ceroni et al. (2006) reported 

the time-dependent effect of creep and relaxation on different types of FRP bars. Carbon 

FRP showed excellent behaviour with respect to creep under a sustained load. Creep of 

less than 0.01% was reported after 3000 hrs at a tensile stress of 80% of the ultimate 

strength for CFRP. Glass FRP and AFRP experienced creep of up to 1% under the same 

conditions. The creep failure strength was estimated to be 79-93%, 29-55%, and 47-66% 

of the ultimate strength for CFRP, GFRP, and AFRP, respectively, depending on the resin 

type, environmental conditions, volume fraction, and orientation of the fibres. Relaxation 

after 1000 hrs was reported to be up to 1%, 2%, and 8% for CFRP, GFRP and AFRP 

tendons, respectively. fifty years of relaxation of CFRP, GFRP, and AFRP was estimated 

to be 4-14%, 2-10%, and 11-25%, respectively. Temperature and initial tensile stress were 

reported to intensify the relaxation rate.   

As a result of lacking reliable and sufficient experimental data for the long-term behaviour 

of FRP bars, the Canadian Highway Bridge Design Code (CSA-S6-06, 2006) recommends 

that a characteristic value of short-term tensile strength of GFRP, AFRP, and CFRP be 

reduced by 25%, 35%, and 65%, respectively, to guarantee the serviceability limit state of 

existing structures for permanent loads. This reduction tends to significantly decrease the 

performance of the bars. The Schöck (2013) technical report states 580 MPa as a long-term 

tensile strength value for GFRP bars in spite of an above 1000 MPa tensile strength for the 
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short-term strength. Figure 2-12 shows a comparison of the characteristic and design tensile 

strengths and modulus of elasticity for different types of FRP reinforcements.  

In spite of many reported reductions in the tensile strength of GFRP bars in an alkaline 

environment, the Schöck technical report (2013) states only a 5% decrease in the tensile 

strength of Schöck GFRP ComBar® after 1000 hrs of saturation in a highly alkaline 

condition, which shows sufficient durability for this type of bar. In the case of high 

temperatures, the Schöck GFRP ComBar® has adequate fire resistance by having the resin 

transition temperature of 400 C. The fibres start to soften and lose strength at about 600 

C. The bar also showed no changes in the mechanical properties when tested in an 

extremely low temperature (-40 C) according to CSA S-807 (2010).  

 
Figure 2-12: Comparison of the characteristic and design tensile strengths and modulus of 

elasticity for different types of FRPs (Timinskas et al., 2013) 
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2.4 Concrete-Filled FRP Tubes 

Using FRP to produce lateral confinement for concrete structures increases the 

compressive strength, deformability, and energy absorption in concrete structures (Mander 

et al., 1998). However, the majority of the studies on FRP confinement focused on FRP-

wrapped specimens. Over the past two decades, the behaviour of concrete-filled, fibre-

reinforced polymer tubes (CFFTs) has received attention. Concrete-Filled FRP Tubes have 

been used as a high-performance composite axial member in the construction of structures. 

Filling the FRP tubes with concrete provides compressive resistance and prevents local 

buckling of the thin tube. Moreover, the hollow tubes can be used as stay-in-place 

formwork and a protective jacket in addition to providing longitudinal and circumferential 

reinforcement. The tubes provide several advantages over steel reinforcement as they can 

simultaneously provide flexural, shear, and confinement reinforcement without the labour 

costs and time involved in building conventional rebar cages. Moreover, since the FRP 

expansion in the hoop direction due to an axial load is less than the concrete, there will be 

no delay in the confinement process of concrete during the initial stage of loading (Fam, 

2000 and Ozbakkaloglu et al., 2013). Figure 2-13 shows the confining action of FRP on 

concrete core under a compression load. The CFFT system may also include internal 

longitudinal steel reinforcement as the tube will protect the steel from water infiltration and 

corrosion, while the steel reinforcement provides ductility and additional strength and 

stiffness. The following section presents a review of the previous studies on concrete-filled 

FRP tubes.  
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Figure 2-13: Confinement action of FRP on concrete core (Ozbakkaloglu et al., 2013) 

One of the earliest experimental studies on using plastic pipe as a confinement method for 

concrete was proposed by Kurt (1978) who carried out tests to examine the slenderness 

effect of concrete-filled plastic (PVC) tubes under compression. Shear failure at 45 degrees 

was monitored in both the concrete and the tubes due to a combination of compression and 

hoop stress in the pipes. However, due to the weak properties of the plastic materials used 

in the tests, only a negligible improvement was observed in terms of the strength of the 

concrete core.  

As part of an investigation into the effects of confinement on the strength of concrete-filled 

tubes, Harmon et al. (1995) conducted an experiment on small, concrete-filled FRP tubes 

under axial compression. As a result of the experiment, bi-linear stress-strain responses 

were observed for all the glass and carbon FRP concrete-filled tube specimens. In the first 

region, the behaviour was similar to plain concrete since the lateral expansion of the core 

was negligible, and therefore, the FRP was not activated. A transition zone at a strain of 

about 0.003 was observed as a result of the development of micro cracks, and the lateral 
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expansion of the core caused the tube to be fully activated, and the stiffness stabilized 

around a constant range, which was mainly governed by the hoop stiffness of the tubes. 

In 2000, Shahaway et al. carried out uniaxial compression tests on concrete-filled FRP 

tubes and confirmed that fibre composite confinement is an effective way to increase 

strength, ductility, and the energy absorption capacity of columns. In their experiment, 45 

carbon-wrapped concrete cylinders were tested under uniaxial compression. The concrete 

strength (normal and high strength) and number of FRP layers were considered as test 

parameters. For both types of concrete, thicker jackets showed considerable improvements 

in the strength and ductility of the concrete. Figure 2-14 shows the effect of increasing the 

number of layers on the ultimate strength and ductility of the concrete specimens in the 

tests of Shahaway et al. (2000).  

Figure 2-14: The effect of the number of FRP layers (Shahaway et al., 2000) 

One of the earliest references that illustrates the effect of unconfined concrete strength on 

confinement efficiency is the work published by Montgomery in 1996. The study 

demonstrated that for spirally reinforced concrete, increasing the strength of the unconfined 
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concrete reduced enhancement of the peak strength, axial strain at peak strength, and 

deformability of the concrete core (Montgomery, 1996). To investigate the effect of FRP 

confined concrete, Mandal et al. (2005) conducted tests on different concrete strengths 

from 30 MPa to 80 MPa. It was stated that for a same type of FRP wrap, the confinement 

effectiveness decreased as the concrete compressive strength increased. 

Mimiran and Shahawy (1997) examined the effect of the tube length-to-thickness (L/D) 

ratio by testing 24 concrete-filled GFRP tubes with a 152.5 mm constant diameter, but four 

different thicknesses and lengths to provide (L/D) ratios of 2:1 to 5:1. In spite of some local 

buckling in the specimens, no shear failure was observed as a primary mode of failure in 

the tubes. The research also demonstrated a significant increase in strength and ductility 

and noted the importance of tube thickness on confined concrete strength. However, the 

tests indicated an insignificant effect of slenderness and size on the strength of the confined 

concrete.   

Miyauchi et al. (1999) conducted a similar experimental research and drew the same 

conclusion that the strength enhancement was independent of the specimen’s size. 

Since all of the above-mentioned experimental studies were based on small scale 

specimens, Carey and Harries (2005) conducted an experimental research to evaluate the 

size effect on small (152 mm diameter), medium (264 mm diameter), and large (610 mm 

diameter) scale specimens. The results indicated that the normalized behaviour of 

specimens is independent of the size of the specimens. 

Recently, Ozbakkaloglu et al. (2012 and 2013) carried out extensive research studies on 

the behaviour of FRP confined concrete. One of the experiments on the seismic behaviour 

of FRP-confined, high strength concrete columns showed a significant increase in the 
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lateral deformation capacity of the confined columns under the seismic load (Ozbakkaloglu 

and Saatcioglu, 2006, 2007).  In 2012, Ozbakkaloglu and Akin carried out a study on the 

behaviour of FRP-confined concrete under cyclic axial compression. Twenty-four FRP-

confined concrete cylinders with different concrete strengths were tested. Aramid and 

carbon were used as FRP jackets in the tests. The results demonstrated an increase in both 

the ultimate strength and strain of FRP-confined concrete under cyclic loading compared 

to monotonic loading. However, the envelope stress-strain curve showed a similar 

behaviour in both the monotonic and cyclic loading. The increase in unconfined concrete 

strength showed a reduction in efficiency of the FRP jackets in terms of strength and strain 

enhancement ratio.   

One experimental study on the performance of concrete-filled FRP tube systems was 

conducted by El-Badry et al. (2005). Pultruded GFRP tubes and two types of filament-

wound GFRP tubes were used for confinement. Approximately 80% of the total number 

of fibres contained in the pultruded tubes were in the longitudinal direction and 20% were 

in the circumferential direction. One type of the filament-wound GFRP tubes contained 

70% of the fibres oriented in the circumferential direction and 30% in the longitudinal 

direction. The other type of filament-wound GFRP tubes had fibres oriented 45 and 135 

degrees with tube cross section diameter and thickness, and the type of loading were chosen 

as test parameters.  

Two different loading procedures were used in the tests (Figure 2-15). The load was applied 

on both the concrete core and the tube in one procedure and on only the concrete core in 

the second procedure by choosing a GFRP tube that was 10 mm shorter in height than the 

concrete core. The results demonstrated a significant increase in the strength of concrete 
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with the filament-wound GFRP tube compared to the strength of the concrete with the 

pultruded tube. The pultruded GFRP tubes exhibited a lower confinement effect due to 

fewer fibres in the circumferential direction. A higher peak load and better performance 

were observed when only the concrete core was loaded in both types of the filament-wound 

GFRP tubes. Failure in both filament-wound tubes occurred by rupture of the 

circumferential fibres. The filament-wound tubes with diagonal fibres experienced a drastic 

brittle failure. The filament-wound tube with primarily circumferential fibres exhibited a 

less drastic failure with a limited load carrying capacity after its ultimate load was reached. 

Based on this experiment by El-Badry et al. (2005) and the previously mentioned literature 

reviews on the excellent behaviour of concrete-filled FRP tubes as a compression member, 

the filament-wound GFRP tube with primarily circumferential fibres was chosen for 

concrete confinement in the truss elements of the bridge system investigated in this thesis. 

 
Figure 2-15: A concrete-filled FRP tube (El-Badry et al., 2005) 
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2.5 Double-Headed bars 

Headed bar reinforcement was introduced to replace conventional stirrups or hooked bars 

in reinforced concrete structures. A headed bar consists of an anchor head attached to the 

end of a bar to provide bearing capacity against concrete. Dilger and Ghali (1981) and 

Ghali and Dilger (1998) presented many advantages of headed bars over conventional 

stirrups and hooked bars. Some of the reported benefits of headed bars include excellent 

anchorage properties, better confinement of concrete, reduction of reinforcement 

congestion, and easier concrete casting. Furthermore, full yielding of the bar can be 

achieved close to the head, which eliminates the need for the hooks or bends in 

conventional reinforcement. 

Headed bars can potentially simplify the design and construction of reinforced concrete 

structures by reducing the splice length at the closure strip or condensing the congestion of 

reinforcement in complex designs such as knee joints or slab reinforcements as shown in 

Figure 2-16 (Thompson, 2002).  

Gayed (2002) tested six concrete I-beams to study the behaviour of double-headed studs 

as shear reinforcement in I-shaped concrete beams. Each I-shaped concrete beam was 

reinforced with double-headed studs, with plain stem without deformations in half of the 

length of the beam. The other half was reinforced with conventional stirrups with 90° and 

135° bends at the ends for comparison. The beams had 3.2 m span and were tested under a 

point load spaced 250 mm from the mid-span of the beams. The test results showed a 6-

12% increase in shear strength and 5-11% percent more shear ductility in the section of the 

beam that was reinforced with double-headed studs. 
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Figure 2-16: Simplification of reinforcement details  
utilizing headed bars (Thompson, 2002) 

One of the first studies that used double-headed shear studs as punching shear 

reinforcement was conducted by Dilger and Ghali in 1981, and the study was expanded by 

Mokhtar et al. (1985). Double headed shear studs were used as an alternative solution for 

shear reinforcement in slabs. Three methods, thinly cut sections of steel I-beams, welded 

shear stud connectors to flat plates, and welded square plates in both ends of deformed 

bars, were tested as shear reinforcement. The stud shapes are presented in Figure 2-17. The 

thinly cut I-section method led to high costs, and the stud welded to a flat plate did not 

show excellent anchorage properties due to the small head size. Dilger and Ghali (1981) 

found that a head size of 10 times the bar area was required to reach perfect anchorage. 

The third method exhibited perfect anchorage behaviour. Further, the second and third 

methods were combined to create a new shear stud with a larger head. 
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Figure 2-17: Shear reinforcements tested by Dilger and Ghali (1981) 

2.5.1 GFRP headed bar 

Glass FRP headed bars were recently developed to reduce the embedment length of straight 

bars or to use as shear reinforcement in diaphragm walls or slabs. The geometry of the 

heads guarantees adequate tensile forces at the bar head. (Schöck, 2013). Mohamed et al. 

(2012) conducted an experimental investigation into the anchorage properties of GFRP 

headed bars and tested 50 specimens under the pull-out forces. Two different bar sizes, the 

effect of concrete strength, and the effect of confinement of the heads were investigated. 

Spiral steel bars were used to investigate the confinement effect on the behaviour of the 

heads in concrete cubes. The test results showed the head anchorage was efficient to 

develop the ultimate tensile strength of the FRP bar. Increases in concrete strength and 

confinement with steel spirals resulted in an improvement of the head effectiveness and an 

increase in the ultimate tensile strength. 

 To investigate the effects of anchor heads on the bond properties of GFRP headed bars, 

Vint (2012) conducted an experimental research, in which a modified pull out test was used 

to examine the efficiency of three different anchorage types and the embedment length on 

bond behaviour. Three different anchorage types are shown in Figure 2-18.  
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The concrete strength, confinement effect, and bar diameter were kept constant during the 

test. The test results demonstrated great improvement in the bond capacity for the bar with 

mechanical anchor heads. However, the maximum 10db embedment length used in this 

experiment was not sufficient for the headed bar to fully develop the ultimate tensile 

strength and failure occurred at the bar-head interface. Bars with anchor heads produced 

loaded end slips approximately 35% greater than the straight bars for all embedment 

lengths. In the headed bar, an increase of about 10% in the peak load was observed when 

the embedment length changed from 5db to 10db. The results also showed that the surface 

profile of the bar affected the pre-peak behaviour of bond strength, while the anchor head 

geometry and attachment mechanism of the head to the bar controlled the peak load since 

all the bars failed by rupture at the bar-head connection.       

Figure 2-18: Anchorage types used in the experimental program by Vint (2012) 

2.6 Application of FRP in Bridge Engineering 

Using externally-bonded FRP composites, in the form of sheets or strips, to strengthen and 

retrofit existing structures was one of the first applications of FRP in bridge engineering. 

Over the past few years, FRP reinforcement in the form of internal rebar has been used in 
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concrete structures (Nanni, 1993). There are several benefits of using FRP composites in 

bridge structures. First, corrosion-resistant properties of FRP material can extend the 

service life of bridge structures. Using FRP bridge structures allows for faster and easier 

field installation than for construction of conventional bridges, and therefore, there would 

be less traffic control time impact during construction. The light weight of FRP reduces 

the transportation cost, allows for assemblage close to the bridge construction site, and 

allows for lifting to the required position with a minimum of disruption to road traffic. 

Despite many advantages having been proven for FRP composites, there are still some 

challenges in the use of these materials in bridge structures. FRP composites are still more 

expensive than the conventional materials; however, the life cycle cost of a FRP bridge 

structure is relatively lower (Mara et al., 2014).  

During the 1990s, Japan was the world-leading country in the use of FRP composite 

reinforcement in civil engineering projects. In the early 2000s, China became the largest 

consumer of FRP reinforcement for new constructions and retrofitting (Ye et al., 2003). In 

1986, Germany started using FRP composites when they constructed the first prestressed 

GFRP highway bridge in Europe (Meier, 1992). The first vehicular concrete bridge in the 

United States, the Bridge Street Bridge in Michigan, was constructed in 2001. Carbon FRP 

pre-tensioned tendons and post-tensioned cables were used as the major reinforcement in 

the structure (Grace et al., 2002). Figure 2-19 shows the Bridge Street Bridge during 

construction. 

Over the recent years, there has been a remarkable increase in the number of FRP-

reinforced structures being constructed in Canada. The first steel-free concrete bridge deck 

slab in the world was built in 1995 on the Salmon River, in Nova Scotia, Canada. The 
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bridge consists of two 31-meter length spans, include one steel-free deck over one span 

and a conventional steel reinforced deck on the other (ISIS Educational Manual, 2004). 

Straight and bent FRP bars were used for the deck slab. Carbon FRP and GFRP 

reinforcements were used in the Headingley Bridge and the Floodway Bridge in Manitoba. 

The Floodway Bridge consists of sixteen spans, and 140,000 kg of GFRP bars composes 

the internal reinforcement in the deck. Wotton Bridge and Magog Bridge were built in 

Québec using GFRP bars in the decks (Benmokrane et al., 2004).   

Figure 2-19: CFRP reinforcement in the Bridge Street Bridge (Grace et al., 2002) 

2.6.1 FRP Composite Bridge Decks 

The bridge deck is one of the most vulnerable elements exposed to deterioration in bridge 

structures. Fibre-reinforced polymer composites can be used as an innovative alternative 

for conventional bridge decks due to their durability, light weight, and easy installation. 

However, due to the low modulus of elasticity and high strength of FRP composites, bridge 

decks are designed based on stiffness, rather than strength (Tuakta, 2005).  
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In 2004, a composite GFRP bridge deck was set up on the Broadway Bridge in Portland, 

Oregon (Figure 2-20). The Broadway Bridge was originally constructed in early the 1900s, 

and it currently carries heavy traffic, over 30,000 vehicles per day. The high strength-to-

low weight ratio of the FRP bridge deck allows the bridge to carry modern traffic loads 

with little or no upgrade to the superstructure (Hoffard and Malvar, 2005).   

Figure 2-20: FRP Composite Bridge Deck used in The Broadway Bridge in Oregon. 
(Hoffard and Malvar, 2005) 

Concrete deck systems employing flat or curved FRP plates were developed to utilize the 

light weight FRPs as a structural component (Cheng and Karbhari, 2006). An X-shaped 

FRP deck system consisting of individual diamond and triangular FRPs bonded together 

and to a top and bottom FRP plates (figure 2-21) was proposed by Cheng and Karbhari, 

(2006). Experimental results showed that the deck system has a higher durability compared 

to conventional concrete slabs.   
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Figure 2-21 : Concrete deck systems employing flat or curved FRP plates  
(Cheng and Karbhari, 2006) 

A new bridge design using GFRP composite was developed in 2008 and used in the 

Friedberg Bridge over a highway in Frankfurt, Germany (Knippers and Gabler, 2008). The 

bridge has a span length of 21.5 m and width of 5.0 m. This innovative system comprises 

two I-section steel beams bonded to a modular GFRP deck on the top (Figure 2-22). The 

adhesive-bonded connection with no drilled holes in the GFRP panels guarantees high 

durability and stiffness of the deck and reduces labour costs. Tests demonstrated excellent 

composite behaviour of the steel sections with the GFRP deck, reducing vertical deflection 

by 20% compared to that of the steel girders. 

 

Figure 2-22: Friedberg bridge cross section (Knippers and Gabler, 2008) 
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2.6.2 Hybrid FRP-Concrete Girders 

Bridge girders made of FRP composites are known to be lighter and more durable than 

conventional steel or concrete girders. One of the first hybrid FRP-concrete bridge systems 

was proposed for long-span beams (Deskovic et al., 1995). The new system consisted of a 

filament-wound GFRP box section, a CFRP laminate in the bottom tension zone and a 

layer of concrete in the top compression flange to sustain compressive stresses. Figure 2-

23 depicts the section views of the proposed system. An experimental study on the short-

term and long-term behaviour showed high stiffness and strength properties of the system, 

in addition to reduction in the maintenance cost and weight of the structure (Deskovic et 

al., 1995).  

Figure 2-23: A composite FRP bridge girder (Deskovic et al., 1995)   

To investigate the behaviour of modular FRP-concrete systems, Zhao et al. (2000) 

conducted an experimental study on a system that consisted of concrete-filled carbon shells 

connected to a bridge deck. The carbon shell consisted of carbon, filament-wound in the 

longitudinal and hoop directions and worked as stay-in-place formwork. For the 

development of bridge superstructure components, the concrete-filled carbon shells were 

combined with a structural deck system. Conventional dowels were used to connect the 
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shells to the bridge deck. The deck consisted of trapezoidal elements bonded together as 

shown in Figure 2-24. The new system reduced self-weight of the slab-on-girder system 

by up to 75% of that of a conventional reinforced concrete deck. The results showed a more 

ductile response of the concrete-filled shells compared to that of conventional slab-on-

girder systems (Zhao et al., 2000 and Zhao, 2001).    

Research was conducted by Cheng et al. (2005) as an extension of the work conducted by Zhao 

et al. (2000) on the modular slab-on-girder bridge system to develop a steel-free concrete slab 

system. The new system consisted of rectangular, hollow glass-carbon FRP composite girders 

connected to the deck panels by stiffened FRP shear stirrups (Figure 2-25). The hollow 

composite girders served as both formwork and flexural reinforcement for the concrete deck. 

The structural integrity of the system was investigated by subjecting the superstructure to 2 

million cycles of fatigue loading. The test results showed a very good response to the fatigue 

service load for the superstructure as well as the FRP-concrete connections. The failure load 

was higher than the factored demand level and the failure occurred due to cracks initiating at 

the intersection of FRP panels and the concrete (Cheng et al., 2005). 

 

Figure 2-24: Modular CSS girder and trapezoidal slab (Zhao et al., 2000) 
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Figure 2-25: Steel-free slab-on-girder bridge system (Cheng et al., 2005) 

2.7 Hybrid FRP-Concrete Truss Girder System 

As presented in the previous chapters, the use of advanced composite materials, such as 

FRP, has provided a solution for the durability problem in structures. Although extensive 

research has recently been carried out on the use of FRP materials in strengthening and 

rehabilitating structures, not as much successful effort has been made to develop new 

bridge systems that effectively make use of FRP materials as load components in the 

structures. Using FRPs in an innovative hybrid bridge design can increase the structural 

strength, durability, and sustainability of bridges.  

A new hybrid FRP-concrete bridge system for short and medium span bridges has been 

developed by El-Badry (2007); the new system utilizes many of the advantages of FRP in 

an innovative design. It consists of a cast-in-situ concrete deck slab on top of precast, 

prestressed concrete truss girders. The girders consist of pre-tensioned top and bottom 
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concrete chords connected by vertical and diagonal truss elements made of FRP tubes filled 

with concrete. A schematic view of the proposed hybrid system is shown in Figure 1-1. 

Under a gravity loads, the diagonal elements are predominantly in tension, and therefore, 

they are connected to the top and bottom chords by means of long double-headed FRP or 

steel bars. The double-headed bars have excellent anchorage properties and are used to 

reduce the embedment length of the straight bars and bear against the concrete when the 

bars are in tension (Ghali and Dilger 1998). The vertical elements are mainly in 

compression, and therefore, they are connected to the chords by means of FRP double-

headed bars with a shorter embedment length. The FRP tubes serve as permanent formwork 

and provide confinement to the concrete core, and thus, increase the compressive strength 

of the core and protect it from the harsh environment. Reinforcing details of the hybrid 

system are shown in Figure 1-2. The new truss system is lighter in weight and more durable 

than the traditional I-shaped bridge girders. In addition, the useful life of the structure can 

be extended to 100 years, double that of many existing bridges. The reduced weight and 

enhanced durability lead to reduction in the construction and maintenance costs. The light 

weight of the girder reduces the required amount of prestressing, allows for longer spans, 

and results in smaller sizes of substructures or fewer supporting piers in multi-span bridges 

(El-Badry 2007). 

Over recent years, a comprehensive research program has been in progress at the 

University of Calgary under the supervision of El-Badry on investigating performance of 

the proposed hybrid FRP-concrete bridge system under various loading conditions (El-

Badry and Abe, 2003, El-Badry et al., 2005, Schonknecht, 2008, Aghahassani, 2014, 

Moravvej Hamedani, 2014 and Hadizadeh Harandi, 2015).  
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As the initial phase for examining the performance of the truss girder, El-Badry and Abe 

(2003) implemented an experimental program to examine the best performing connection 

for the diagonal element to the chord. The experimental program included construction of 

four connection specimens consisting of one diagonal and one vertical truss element 

connected to portions of the top and bottom chords. The truss elements were confined by 

pultruded GFRP tubes with predominantly longitudinal fibres. Different reinforcing 

methods of the diagonal element were used for each of the specimens. The connection 

types included an un-bonded post-tension tendon anchored to the chords, single-headed 

bars spliced at the mid-length of the diagonal element, long double-headed bars with the 

extruded heads, and short double-headed studs at the ends of the diagonal element. Figure 

2-26 shows the four connection types used in the specimens. Each connection was tested 

under horizontal monotonic load on the top chord to exert a tensile force in the diagonal 

element and a compressive force in the vertical element, which simulated the actual 

behaviour of the elements in the truss girder. The bottom chord was bolted to the structures 

lab’s strong floor during the test.  

The test results under static loading indicated yielding of the diagonal member 

reinforcement in the connection specimens as a major factor in the overall load capacity of 

the specimens. The long double-headed bars showed the best performance in terms of 

strength and ductility compared to the other connection types, whereas the spiced single-

headed bars exhibited a slightly higher ultimate load with a lower ductility. Performance 

of the short double-headed bars and the post-tension cables was not satisfactory. Figure 2-

27 presents the load versus horizontal displacement of the connection specimens. 
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Figure 2-26: Connection types for the diagonal elements (El-Badry et al., 2005) 

As continuation of the experiments by El-Badry and Abe (2003) on the different 

connections for the truss girder, Schonknecht (2008) conducted an investigation into the 

use of filament-wound GFRP tubes as a substitute for the pultruded GFRP tubes for the 

vertical and diagonal elements. The same four connection specimens were tested under 

static loading. Figure 2-28 shows the results of the four connection specimens built with 

filament-wound tubes. The results presented a more ductile behaviour of the specimens 

with the filament-wound tubes compared to that of specimens with the pultruded tubes; 

however, the ultimate strength did not significantly vary between the two types of tubes 

for each connection. 
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Figure 2-27: Load-displacement behaviour of pultruded GFRP tube connection 
(El-Badry and Abe, 2003) 

Figure 2-28: Load-displacement behaviour of filament-wound GFRP tube connection 
(Schonknecht, 2008) 

Based on the reported results of the static tests, new connection specimens reinforced with 

long double-head bars and single-head bars were built and tested under the fatigue loading. 

Figure 2-29 shows the dimension of the connections tested by Schonknecht. Four cyclic 

fatigue tests were performed and two of each connection were tested under high and low 

range fatigue loading.  
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The long double-headed bar had a plain stem, and fracture occurred at or close to the heads 

of all bars. The spliced, single-headed bars failed due to fracture of the bars at the interface 

of the diagonal element and the top chord.  

Figure 2-29: Dimensions of a typical connection (Schonknecht, 2008) 

Based on the test results for the connections, large-scale truss girder specimens were built 

with the best performing connection types: plain long-double headed bars and spliced 

single-headed bars. El-Badry et al. (2014a, 2014b) extensively tested performance of the 

large-scale truss girders under static loading, similar to those discussed in Chapter 3 of this 

thesis. Eight girder specimens were fabricated and tested. The girders were divided in two 

groups based on the type of headed bars used to connect the diagonal elements to the 

chords. The four girders in each group consisted of 2, 4, 6, and 8 truss panels, with span 

lengths varying from 2.31 m to 9.24 m. Figure 2-30 shows the 8-panel truss girder under 

the static loading test. Plain double-headed bars and spliced single-headed deformed bars 

were used in the first and second groups of girders, respectively. Figure 2-31 presents the 

dimensions and reinforcing details of 4-panel truss girder specimens. 
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Figure 2-30: Eight-panel truss girders under static loading test (El-Badry et al., 2014a) 

The test results demonstrated that the truss girders for both connection types performed 

well in terms of strength and stiffness. Yielding of the long double-headed bars in the 

diagonal elements controlled the overall load capacity of the girder. High ductility and 

extensive yielding of the bars were observed in the girders with plain double-headed bars. 

In a second phase of the experimental program, an investigation into the fatigue behaviour 

of the proposed hybrid truss girders was performed (Aghahassani et al., 2014 and Moravvej 

et al., 2014). Twelve large-scale, two-panel girders were tested under fatigue loading using 

different levels and amplitudes. Double-headed plain bars and spliced, single-headed 

deformed bars were used. The reinforcement details and dimensions were kept the same as 

the two-panel girder in the static load group of girders. 
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Figure 2-31: Dimensions and reinforcing details of the truss girders 
(El-Badry et al., 2014a and 2014b) 
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The tests demonstrated excellent fatigue life along with appropriate post-fatigue strength 

and stiffness for the two types of girder. The fatigue life of the truss girder was governed 

by the behaviour of the long double-headed plain bars or the spliced single-headed 

deformed bars in the diagonal elements. In the case of the long double-headed plain bars, 

fatigue failure was observed at the welded connection of the stem and the head. However, 

in the spliced single-headed deformed bars, failure occurred by fracture of the headed bars 

at the interface of the diagonal truss element and the concrete chord (Figure 2-32). The 

post-fatigue monotonic loading tests exhibited satisfactory residual load-carrying capacity 

of the girders for both types of connection.  

Figure 2-32: Typical damage at the connections during the fatigue test 

Recently, Hadizadeh Harandi (2015) conducted a series of tests using double-headed 

GFRP bars with different sizes, 12 mm and 16 mm, for the diagonal truss girder connection. 

Eight truss girder connections (similar to those of Schonknecht, 2008) were tested under 

static and fatigue loading. Two connections with different sizes of GFRP bar, 12 mm and 

16 mm, were tested under static loading. The remaining six were tested under fatigue 

loading using different ranges. A brittle failure was observed under the static load for both 

the 12 mm and 16 mm double-headed bars. The connection reinforced with 12 mm double-
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headed bars exhibited a more ductile behaviour with lower ultimate strength than that of 

the connection reinforced with 16 mm double-headed bars (Figure 2-33). Under fatigue 

loading, fracturing of the GFRP bars and separation of the diagonal element occurred at 

the interface of the diagonal element and the chord at failure. The double-headed GFRP 

bars performed well in terms of strength, and the bar heads did not fail under fatigue 

loading.  

 

Figure 2-33: Horizontal load-displacement response of connection specimens under static 
loading (Hadizadeh Harandi, 2015) 

Compared to the steel double-headed bars and spliced single-headed bars connection tests, 

The GFRP double-headed bar connections exhibited a higher ultimate strength under static 

loading and a higher number of cycles under fatigue loading. 
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 Chapter 3: Experimental Program  

3.1 General 

An experimental research program was carried out at the University of Calgary as an 

extension of El-Badry’s work that began in 2001; the program evaluated the performance 

of two-panel, hybrid FRP-concrete truss girders reinforced with GFRP materials under 

static and fatigue loading. The research also evaluated the behaviour of a new slab-to-girder 

connection system. The experimental program included fabricating and testing seven, full-

scale, two-panel truss girders with an overall depth of 1.32 m and total length of 2.83 m; 

the girders were tested under static and fatigue loading. Two of the truss girders included 

short double-headed bars extending from the top chord to connect to a structural deck slab. 

These short double-headed bars provided composite action at the slab-girder interface by 

resisting any possible horizontal or vertical separation between the deck slab and the 

girders. The slabs had a depth of 225 mm and a width of 1 meter along the length of the 

supporting truss girders. The experimental program was designed in a manner that allowed 

two or more specimens to be compared to investigate one test parameter among the others.  

The objectives of the current experimental program were stated in Section 1.3. 

This chapter presents detailed information on the experimental program including 

description of the test specimens and their reinforcing details, properties of the materials 

used, fabrication procedure, test setup, instrumentation, and testing procedure. 

3.2 Description of the Test Specimens 

Each truss girder specimen consisted of pre-tensioned top and bottom concrete chords 

connected by vertical and diagonal truss elements made of filament-wound GFRP tubes 

filled with concrete. The top and the bottom chords provide the flexural capacity, while the 
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truss elements guarantee the shear strength of the girder. The GFRP tubes in the truss 

elements serve as permanent formwork and provide confinement to the concrete core, and 

thus, increase the load carrying capacity and ductility of the truss components. Steel or 

GFRP double-headed bars were used to connect the truss elements to the chords. The 

double-headed bars have excellent anchorage properties with the heads bearing against the 

concrete when the bars are in tension. Under gravity load, the diagonal elements are 

predominantly in tension. Therefore, each diagonal was connected to the top and bottom 

chords by means of four long double-headed bars. The vertical elements are mainly in 

compression. Therefore, each vertical was connected to the chords by means of two double-

headed bars with a shorter embedment length.  

All the chord reinforcements, including stirrups and longitudinal bars, are either made of 

GFRP or conventional steel. The use of corrosion-resistant materials, such as FRP tubes 

and GFRP reinforcement, enhances durability of the bridge system and reduces its 

susceptibility to deterioration. Two of the truss girder specimens comprised short double-

headed bars protruding from the top chord to connect the girder to a deck slab. The short 

double-headed bars provide composite action between the deck slab and the supporting 

girder. 

3.3 Designation of the Truss Girder Specimens 

The experimental program consisted of fabrication of seven full-scale, two-panel truss 

girders tested under static and fatigue loading. The program was divided into three phases. 

The first phase included fabrication and testing of three truss girder specimens under 

monotonic loading until failure. Two of the girders were reinforced with different 

diameters of long double-headed GFRP bars in the diagonal elements in order to determine 
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the best bar size to be used in future designs. The third girder was reinforced with steel bars 

and used as control specimen for comparison purposes. The second phase of the 

experimental program included fatigue loading tests of two truss girders fully reinforced 

with GFRP. Cyclic service loads with different amplitudes were applied to simulate live 

load effects over the bridge lifespan and evaluate the fatigue life of the truss girder. The 

third phase of the experimental program included fabrication and testing of two truss 

girders that were connected along their top chord to a one-meter width structural slab. Steel 

and GFRP short double-headed bars were used to connect the deck slab to the two 

supporting girders, respectively. The performance of the double-headed bars in resisting 

both horizontal and vertical movement between the deck slab and the top chord of the truss 

girder was investigated under monotonic loading.   

The girder specimens were generally designated as “Gi-2F(S)j-S(F),” where “G” refers to 

Girder, i = 1, 2, …, 7 refers to the girder number, “2F” and “2S” denote two panel girders 

with FRP or steel reinforcement, respectively, “j” refers to the double-headed bars’ 

diameter in steel or FRP, and the last “S” and “F” show the type of loading, static or fatigue, 

respectively. For the last two girders, another “S” prefix was added to the designation to 

indicate that the specimens contained a connected deck slab on the top. A summary of truss 

girder specimens and their load criteria is given in Table 3-1.  

3.4 Specimen Dimensions 

All specimens had 2 truss panels and nominally identical concrete dimensions. Each girder 

had a total length of 2830 mm and a depth of 1320 mm. All the girders had a 250 mm 

overhang at the chords. The depth of the vertical truss elements was 800 mm, and the 

diagonal elements were placed at 45 degrees with a length of 1132 mm. All the truss 
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elements embedded 15 mm into the top and bottom chords, which was a thickness of about 

half of the concrete cover. The slab was 1000 mm wide and 225 mm deep extended from 

the top chord. Figures 3-1 and 3-2 show the general dimensions of the truss girders and the 

slab-on-girder specimens. 

Table 3-1: Summary of the truss girder specimens 

Test Phase 
Specimen 

Designation 
Diagonal Tube 
Reinforcement 

Chord 
Reinforcement 

Load Criteria 

Phase #1 

G1-2F12-S 12-mm Double-
headed GFRP bars 

GFRP Static to Failure 

G2-2F16-S 16-mm Double-
headed GFRP bars 

GFRP Static to Failure 

G3-2S12-S 12-mm Double-
headed Steel bars 

Steel Static to Failure 

Phase #2 

G4-2F16-F 16-mm Double-
headed GFRP bars 

GFRP 

Fatigue range: 
125 MPa 

Max stress:  
250 MPa 

G5-2F16-F 16-mm Double-
headed GFRP bars 

GFRP 

Started with 
variable stress 

range and 
continued with 
constant fatigue 

range of 125 MPa 
 

Phase #3 
SG6-2F16-S 16-mm Double-

headed GFRP bars 
GFRP Static to Failure 

SG7-2F16-S 12-mm Double-
headed Steel bars 

Steel Static to Failure 

 

 



63 

 

Figure 3-1: Dimensions of the truss girder specimens  
(All dimensions are in millimeters)  
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Figure 3-2: Dimensions of the slab-on-girder specimens  
(All dimensions are in millimeters) 
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3.5 Specimen Reinforcement 

Two different reinforcing materials, steel and GFRP, were used in the girder specimens. 

Girder G3-2S12-S and slab-on-girder specimen SG7-2S12-S were reinforced with 

conventional steel and used as the control specimens for comparison purposes, while GFRP 

reinforcements were used in the other specimens. Double-headed GFRP bars of 16 mm 

diameter, and GFRP stirrups of 12 mm nominal diameter were used as longitudinal and 

transverse reinforcements, respectively, in the chords for all the GFRP-reinforced girders. 

For the two steel-reinforced girders, 15M and 10M deformed bars were used for the 

longitudinal and stirrup reinforcement, respectively. In all girders, the longitudinal 

reinforcements consisted of four bars in the top chord and eight bars in the bottom chord. 

The stirrups were used in rectangular and trapezoidal shapes for the top and bottom chords, 

respectively. A minimum cover of 30 mm was used in both the top and bottom chords in 

all specimens. Figures 3-3 and 3-6 show the details of the chord reinforcements in the 

GFRP and steel girders, respectively.  

Three different types of long double-headed bars were used to connect the diagonal truss 

elements to the chords: 12 mm GFRP, 16 mm GFRP, and 12.7 mm steel bars. Each 

diagonal element contained four long, double-headed bars with the heads embedded in the 

concrete chord with different embedment lengths of the bars. The different embedment 

lengths provide stress distribution and prevent sudden simultaneous failure of all the 

headed bars. Spacers were placed in a pattern to provide an adequate clear spacing between 

the parallel bars such that concrete could be poured and compacted appropriately to 

develop an acceptable bond of the bars to the concrete.  

Two long double-headed bars, with shorter embedment lengths, were used to connect the 

vertical elements to the chords. The chosen size of the reinforcement bars was 12 mm and 
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12.7 mm for GFRP and steel double-headed bars, respectively. A shorter embedment 

length was chosen for the headed bars since vertical elements acted in compression. 

Moreover, the GFRP tubes provided supplementary longitudinal and circumferential 

reinforcements to the concrete core and, hence, increased the compressive load capacity 

and ductility of the vertical elements. Figures 3-5 and 3-8 show the GFRP and steel truss 

elements reinforcement, respectively. The figures give details of the diagonal and vertical 

truss elements and dimensions and the embedment lengths of the double-headed bars. In 

all girders, eleven 15.2 mm seven-wire strands were used as prestressing tendons in an 

identical arrangement. The top and bottom chords were reinforced with four and seven 

tendons, respectively. Figures 3-4 and 3-7 present the section view of the GFRP and steel 

girders with the details of the prestressing strands.   

In the two slab-on-girder specimens, short double-headed GFRP or steel bars protruding 

from the top surface of the girder were used as shear studs to connect the girder to the slab 

deck. The short double-headed bars were placed at a 45-degree angle in two rows along the 

girders’ top chord with about 200 mm longitudinal spacing. The short double-headed bars 

were embedded about 280 mm in the girder’s top chord and extended about 245 mm into the 

concrete deck slab. The GFRP and steel short double-headed bars were 12 mm and 12.7 mm 

in diameter, respectively. The two long double-headed bars in the middle vertical and the 

diagonal truss elements were modified to have longer embedment lengths protruding from 

the top chord of the girder. Conventional 10M deformed steel bars were used as longitudinal 

and transverse reinforcements in the deck slab. Details of the slab-on-girder reinforcement 

are shown in Figures 3-9 to 3-11 for specimen SG6-2F16-S and in Figures 3-12 to 14 for 

specimen SG7-2S12-S. Table 3-2 presents a summary of the reinforcements in all specimens.  
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Figure 3-3: Elevation view of the 2-panel GFRP-reinforced truss girder specimen 
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Figure 3-4: Dimensions and reinforcing details of the 2-panel GFRP-reinforced truss girder specimen 
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Figure 3-5: Truss elements reinforcing details of the 2-panel  
GFRP-reinforced truss girder specimen 
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Figure 3-6: Elevation view of the 2-panel steel-reinforced truss girder specimen 
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Figure 3-7: Dimensions and reinforcing details of the 2-panel steel-reinforced truss girder specimen 
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Figure 3-8: Truss elements reinforcing details of the 2-panel  
steel-reinforced truss girder specimen 
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Figure 3-9: Elevation view of the 2-panel GFRP-reinforced slab-on-girder specimen 
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Figure 3-10: Dimensions and reinforcing details of the 2-panel GFRP-reinforced slab-on-girder specimen 
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Figure 3-11: Truss element reinforcing details of the 2-panel GFRP-reinforced slab-on-
girder specimen 
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Figure 3-12: Elevation view of the 2-panel steel-reinforced slab-on-girder specimen 

 



77 

 

 

 

Figure 3-13: Dimensions and reinforcing details of the 2-panel steel-reinforced slab-on-girder specimen 
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Figure 3-14: Truss element reinforcing details of the 2-panel steel-reinforced slab-on-
girder specimen 
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Table 3-2: Summary of specimens’ reinforcement 

Specimen 
Designation 

Diagonal Tube 
Reinforcement 

Vertical Tube 
Reinforcement 

Longitudinal 
Reinforcement 

Transverse 
Reinforcement 

G1-2F12-S 
12 mm Double-headed 

GFRP bar 
12 mm Double-headed 

GFRP bar 
16 mm Double-headed 

GFRP bar 
12 mm GFRP bent 

bar 

G2-2F16-S 
16 mm Double-headed 

GFRP bar 
12 mm Double-headed 

GFRP bar 
16 mm Double-headed 

GFRP bar 
12 mm GFRP bent 

bar 

G3-2S12-S 
16 mm Double-headed 

GFRP bar 
12.7 mm Double-
headed Steel bar 

15M Steel bar 10M Steel Stirrup 

G4-2F16-F 
16-mm Double-headed 

GFRP bar 
12 mm Double-headed 

GFRP bar 
16 mm Double-headed 

GFRP bar 
12 mm GFRP bent 

bar 

G5-2F16-F 
16 mm Double-headed 

GFRP bar 
12 mm Double-headed 

GFRP bar 
16 mm Double-headed 

GFRP bar 
12 mm GFRP bent 

bar 

SG6-2F16-S 
16 mm Double-headed 

GFRP bar 
12 mm Double-headed 

GFRP bar 
16 mm Double-headed 

GFRP bar 
12 mm GFRP bent 

bar 

SG7-2S12-S 
12.7 mm Double-
headed Steel bar 

12.7 mm Double-
headed Steel bar 

15M Steel bar 10M Steel Stirrup 

Slab - - 10M Steel 10M Steel 
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3.6 Materials  

This section provides details of the mechanical properties of the materials used in the 

fabrication of the specimens. All of the materials used in this experiment are commercially 

available. 

Regarding the GFRP materials, all reported values in this section are strictly short term 

properties. The long term behaviour of GFRP is currently an area of great interest, and may 

vary depending on exposure conditions. 

3.6.1 Concrete 

The target 28-day compressive strength of the concrete was chosen to be 70 MPa for the 

chords and the truss elements. For the deck slab, 45 MPa 28-day compressive strength was 

chosen. Two different types of concrete were used for the truss elements and the chords. 

The concrete mix proportion for the truss elements was designed and produced in the 

Materials Laboratory of the Civil Engineering Department at the University of Calgary. A 

maximum coarse aggregate size of 10 mm was chosen to obtain satisfactory consolidation 

of concrete around the double-headed bars. Washed and dried sand, 5 mm in size, was used 

as fine aggregate. Silica fume and standard GU Portland Cement with a maximum water 

to cement ratio of 0.26 was used in the concrete mixture. Table 3-3 shows the mix 

proportions per cubic meter for the concrete of the truss elements. 

Table 3-3: Concrete mix proportions per cubic meter 

Cement 
(Kg) 

Fine Aggregate
(Kg) 

Coarse 
Aggregate 

(Kg) 

Water 
(Kg) 

W/C 

550 678 950 155 0.26 
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The concrete for the chords was donated by the Concrete Laboratory of the Lafarge 

Company. The average strengths obtained by testing three control cylinders for the 28th 

day after casting are given in Table 3-4. The average strength data on the day of testing are 

reported in Chapters 4 to 6. 

Table 3-4: Concrete average strength at 28-days  

Specimen 
Designation 

Average Concrete 
Strength of the Tubes (MPa) 

Average Concrete 
Strength of the Chords/Slab (MPa) 

Compressive 
Strength 

Tensile 
Strength 

Compressive 
Strength 

Tensile 
Strength 

G1-2F12-S 67.6 4.8 71.4 5.3 

G2-2F16-S 67.6 4.8 71.4 5.3 

G3-2S12-S 72.6 5 67.0 4.8 

G4-2F16-F 81.0 5.7 63.3 4.4 

G5-2F16-F 81.0 5.7 63.3 4.4 

SG6-2F16-S 
(Girder) 

74.2 5.2 64.1 4.5 

SG6-2F16-S 
(Slab) 

- - 40.8 2.8 

SG7-2S12-S 
(Girder) 

72.6 5 67.0 4.8 

SG7-2S12-S 
(Slab) 

- - 40.8 2.8 

3.6.2 Double-Headed GFRP Bars 

Similar to conventional steel reinforcement, GFRP bars of several of grades and sizes are 

available for use in structures. However, unlike steel bars, the mechanical properties and 

surface treatment of a GFRP bar varies among manufacturers and grades. All the GFRP 

bars used in this experimental program were obtained from Schöck Bauteille GmbH and 

were called ComBAR®. Schöck ComBAR® bars are pultruded, high strength GFRP 

reinforcements designed by Schöck Bauteille GmbH and manufactured by Fibreline Inc. 

A Schöck ComBAR® bar is made of corrosion-resistant glass fibres that are bonded by a 
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vinyl ester resin and fabricated in a closed, high pressure pultrusion system, which allows 

for high fibre volume fractions and excellent curing. ComBAR® bars, in contrast to steel, 

are linearly elastic up to failure. The mean value of the short term tensile strength of the 

bars is about 1000 MPa with a tensile modulus of approximately 60 GPa. The outer surface 

of ComBAR® bar is coated with an additional layer of vinyl ester resin for extra protection 

against chemical attack (Schöck, 2013). 

Anchor heads at the ends of ComBAR® bars are used to reduce the embedment length of 

straight bars, increase the bar-concrete bond strength, and bear against the concrete when 

the bars are in tension. ComBAR® heads are made of polymeric concrete and are cast onto 

the ends of straight ComBAR®. The heads can be attached to the bars only during 

manufacturing. The head geometry insures the load is spread over the entire head length 

and provides the required tensile splitting forces at the head. ComBAR® double-headed 

studs can also be used as shear or punching shear reinforcement. The Schöck 2013 

technical report recommends having at least one transverse reinforcement perpendicular to 

each head to guarantee that the head is fully anchored. Figure 3-15 shows ComBAR® 

double-headed bars. Tables 3-5 and 3-6 present the dimensions and mechanical properties 

of the double-headed bars used in the present experimental program. 

3.6.3 GFRP stirrups 

The ComBAR® stirrups were used as transverse reinforcement in the chords. ComBAR® 

bars cannot be permanently deformed or bent post production; therefore, all bent bars are 

made to the desired specifications at the manufacturing facility and shipped in their final 

bent shape. 
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Figure 3-15: Schöck ComBAR® bar 

Table 3-5: Dimensions of double-headed GFRP bars 

Bar 
Type 

Core 
Diameter 

(mm) 

Exterior  
Diameter 

(mm) 

Cross Sectional 
Area (mm2) 

Head Length 
(mm) 

Head 
Diameter 

(mm) 

Specific 
Weight 
(km/m) 

12 12 13.5 113 60 30 0.3 

16 16 18 201 100 40 0.52 

 

Table 3-6: Properties of Schöck ComBAR® 

Ultimate Short-
term Tensile 

Strength 
(MPa) 

Long-term 
Tensile 
Strength 
(MPa) 

Module of 
Elasticity 

(MPa) 

Design Value 
Long-term 

Tensile Strength 
(MPa) 

Transverse 
Shear Strength 

(MPa) 

> 1000 580 60,000 445 150 

 

Schöck ComBAR® uses conduit pipe as the outer layer of the bent bars; the conduit pipe 

is then bent around the bar into the desired shape. The bending process considerably 
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reduces the ultimate strength of GFRP bars to almost 40% of the strength of straight bars 

(Schöck, 2013). Schöck stirrups are shown in Figure 3-16. Tables 3-7 and 3-8 present the 

dimensions and mechanical properties of the GFRP stirrups used in this experimental 

program. 

 

Figure 3-16: Schöck ComBAR® bent bar 

Table 3-7: Dimensions of Schöck GFRP stirrups 

Bar Type 
Core Diameter

(mm) 
Exterior Diameter

(mm) 
Cross Sectional Area (mm2)

12 11.6 15.5 106 

 
 

Table 3-8: Properties of Schöck GFRP stirrups 

Ultimate Short-
term Tensile 

Strength 
(MPa) 

Long-term 
Tensile 
Strength 
(MPa) 

Module of 
Elasticity 

(MPa) 

Design Value 
Long-term Tensile 

Strength 
(MPa) 

Bond 
Strength 
(MPa) 

> 700 250 55,000 190 8 
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3.6.4 FRP Tubes 

Two types of Ameron Bondstrand® Glass FRP tubes were used in the vertical and diagonal 

truss elements in this research. The tubes consisted of approximately 70% of the fibres 

oriented in the circumferential and 30% in the longitudinal direction. The tubes were 

fabricated with a filament winding process, which resulted in a high fibre volume fraction 

with excellent material properties. Ameron Bondstrand® Dualoy 3000/L was used in the 

first six specimens. Because of failure in the middle tubes during the static tests, it was 

decided to use the Bondstrand® 3000A in the SG7-2F16-S specimen because it was a 

stronger tube with a higher static pressure rating for the vertical tubes. Bondstrand® GFRP 

tubes are covered with an integral epoxy liner and an exterior coating. The manufacturer 

reports excellent corrosion resistance over a wide temperature range for this type of tube 

(AMERON, 2013). Tables 3-9 presents the dimensions of the FRP tubes used for the truss 

elements.  

The mechanical properties of the tubes were provided by the manufacturer, having been 

determined according to ASTM D2105-01 (2007) and D1599-99 (2011), and are presented 

in Table 3-10. 

Table 3-9: Dimensions of the GFRP tubes used in the truss elements 

Tube Type 

Nominal 
Pipe 
Size 
(mm) 

Pipe Outer 
Diameter 

(mm) 

Pipe Inside 
Diameter 

(mm) 

Wall 
Thickness 

(mm) 

Pipe 
Weight 
(Kg/m) 

Bondstrand® 3000A 100 114 110 1.9 1.50 

Dualoy 3000/L 100 115 110 1.8 1.50 

 
 



86 

Table 3-10: Mechanical properties of the GFRP tubes used in the truss elements 

Tube Type 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus of 
Elasticity  

(GPa) 

Compressive 
Strength 
(MPa) 

Compressive 
Modulus of 
Elasticity 

(GPa) 

Pressure
Rating 
(MPa)  

Long. Circum. Long. Circum. Long. Long. 

Bondstrand® 

3000A 
240 480 20.6 29 240 20.6 2.60 

Dualoy 

3000/L 
241 483 20.7 29 241 20.7 1.21 

3.6.5 Steel Reinforcement 

Two types of steel reinforcement were used in the G3 and SG7 specimens; long and short 

12.7 mm double-headed bars were obtained from Decon® Canada of Brampton, Ontario. 

The long double-headed bars were used to connect the diagonal and vertical truss elements 

to the top and bottom chords of the steel-reinforced truss girders. The short double-headed 

bars (studs) with a length of 525 mm were used as shear reinforcement to connect the top 

chord of the SG7 girder to the deck slab. The head was 40 mm in diameter and was attached 

to the ends of the bars by a stud welding process to satisfy the ASTM A1044 (2010) 

specification, which required that the area of the head of the studs be at least 10 times the 

area of the stem.  

Standard grade 400 deformed bars of two different diameters were used as internal 

reinforcement in the top and bottom chords in the two steel-reinforced specimens, G3 and 

SG7, and the deck slab. Size 15M bars were used as longitudinal reinforcement in the top 

and bottom chords. Stirrups of size 10M, formed in rectangular and trapezoidal shapes, 

were used as shear reinforcement for the top and bottom chords.  

Figure 3-17 shows tensile testing of the 15M steel bar in the Material Laboratory in the 

Civil Engineering Department at the University of Calgary. The tensile strength tests were 
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performed on three samples of each 10M and 15M bars. The results are presented in Table 

3-11. In all girders, 15.2 mm seven-wire strands, low relaxation steel, were used for 

prestressing with a nominal ultimate strength of 1860 MPa. The strands were obtained from 

the Lafarge Company in Edmonton. 

 

Table 3-11: Dimensions and mechanical properties of the steel reinforcement 

Type of 
reinforcement 

Core 
Diameter 

(mm) 

Cross 
Sectional 

Area 
(mm2) 

Modulus 
of 

Elasticity 
(GPa) 

Yield or 
Proof 

Strength 
(MPa) 

Yield 
Strain 

(x 10 -6) 

Ultimate 
Strength 
(MPa) 

Double-headed 
bar 

12.7 127 184.0 503 3500 620 

15M Bar 16 200 187.2 424 3500 704 

10M Bar 11.3 100 209.7 485 3000 730 

7-wire Strand 15.2 140 193.0 1792 - 1943 

3.7 Fabrication of the Specimens 

The girders were fabricated in the Structures Laboratory of the Civil Engineering 

Department at the University of Calgary. All girders were cast in two stages and the deck 

Figure 3-17: Tensile test on the 15M steel bar 
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slab was cast on the truss girder in the third stage for the two on slab-on-girder specimens. 

In the first stage, the vertical and diagonal truss elements were cast by placing the GFRP 

tubes in special wooden forms fabricated in such a way to keep all double-headed bars and 

the tubes fixed in an exact position at the time of casting. In the second stage, the precast 

truss elements were placed in the main form along with the GFRP or steel cages, and the 

prestressing strands before the chords were cast. For the slab-on-girder specimens, the two 

girders were placed in a vertical position after hardening, and two wooden forms were built 

to cast the two deck slabs simultaneously on the top of the girders. 

3.7.1 Stage 1: The Truss Elements 

For vertical and diagonal elements, the GFRP tubes were cut into two different lengths and 

face angles using a horizontal band saw. The verticals were cut into 800 mm long segments 

at a 90-degree angle, while the diagonals had a 45-degree angle at the ends with a length 

of 1132 mm as shown in Figure 3-18.  

Figure 3-18: Diagonal tubes before and after cutting 

Two types of wooden forms were built to cast the vertical and diagonal truss elements. 

Standard 3/4" (18.5 mm) plywood and 2 x 4-inch lumber were used to fabricate the forms. 

The vertical form held the tubes and double-headed bars in a vertical position in such a 

way that two double-headed bars were fixed at centre of the tube during casting of the 
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concrete. Figure 3-19 shows the double-headed bars fixed in the vertical tubes before 

casting. 

Four long, double-headed bars with different lengths were used for each diagonal truss 

element. On each of the diagonal double-headed bars, at the interface of the diagonal 

elements with the chords, a strain gauge was mounted to measure the related strain. Each 

of the four double-headed bars was bundled with a certain spacing such that the heads 

projected in a horizontal and vertical orientation in the top and bottom ends, respectively. 

Subsequently, the bundled bars were inserted in the diagonal tubes and placed in the 

diagonal wooden form. The diagonal form was designed to hold all the diagonal tubes and 

the bundled double-headed bars firmly fixed in place to ensure that the arrangement of the 

double-headed bars remained unchanged in all tubes during casting. The heads protruding 

from the tube ends provided an adequate anchorage to connect the tubes to the chords. 

Figure 3-20 shows the arrangement of the diagonal double-headed GFRP bars and the 

GFRP tubes in the wooden forms. The vertical and the diagonal wooden forms were built 

to cast the truss elements of two girders simultaneously. A single batch of concrete was 

used to cast six vertical and four diagonal elements for two girders. A flexible shaft electric 

vibrator was used to consolidate the concrete inside the tubes. The tubes were filled with 

concrete and left for 24 hours to sufficiently harden. After 24 hours, the tubes were stripped 

from the wooden formwork and placed in the main formwork. Figure 3-21 shows the truss 

elements after pouring the concrete. 
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(b) Top arrangement details  

 

 

(a) Vertical truss elements arrangement (c) Bottom arrangement details 

Figure 3-19: Vertical truss elements before casting 

(b) Top arrangement details 

  

(a) Diagonal truss elements arrangement (c) Bottom arrangement details 

Figure 3-20: Diagonal truss elements before casting 
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Figure 3-21: Vertical and diagonal truss elements after casting 

3.7.2 Stage 2: The Chords 

In the second stage, the precast truss elements were placed along with the GFRP or steel 

cage and the prestressing strands in the main formwork. The main formwork was fabricated 

by PCL Construction Company and assembled in the Structures Laboratory of the Civil 

Engineering Department at the University of Calgary. 

The formwork was built to be able to cast two girders simultaneously. For easy fabrication, 

the girders were cast in a horizontal position and then tilted and lifted up in a vertical 

position after stripping the form. The GFRP and steel cages were built and formed by tying 

the transverse to the longitudinal reinforcements at specified spacing. The rectangular and 

trapezoidal-shaped stirrups were used for the top and bottom chords, respectively.  Plastic 

chairs were used to provide a 30 mm concrete cover to the stirrups. Strain gauges were 

fixed at the middle of the bottom longitudinal bars in the top and the bottom chords and 

also on the stirrups close to the truss element connections. Figure 3-22 shows the steel and 

GFRP cages before being placed in the formwork. 
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Figure 3-22: FRP and steel cages 

Standard 3/4" (18.5 mm) plywood and 2 x 4-inch lumber were used to fabricate the main 

form. Lateral braces were used along the vertical sides of the form to prevent any 

deformation of the plywood due to pressure of the wet concrete. The vertical and diagonal 

precast elements were placed in the form and fixed with detachable wooden pieces along 

the main form. The wooden pieces allowed for easy fabrication and stripping of the 

formwork after casting. Figure 3-23 shows the girder formwork with the typical stage of 

fabrication before casting. 

Prestressing steel strands were passed through the top and bottom chords, pre-tensioned 

with stressing jacks, and anchored to prestressing bulkheads at the ends. The prestressing 

bulkheads were anchored to the strong floor. A hydraulic pump was used to stress the 

prestressing strands to 70% and 64% of their ultimate strength in the top and the bottom 

chord, respectively. Special wedges were used inside the grip barrel to limit anchor setting 

after removal of the hydraulic jack. Special safety precautions were considered during the 

prestressing process. Figure 3-23 (g-j) shows the prestressing procedure of the girders using 

the hydraulic jack.   
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 (a) Main form work ready for placing the cages (b) The truss elements placed along with the cage 

(c) detachable wooden pieces used for fixing the truss 
elements 

(d) Truss elements were fixed by detachable wooden pieces 
along the chords 

Figure 3-23: Main formwork of the truss girder before casting 
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(e) The bottom chord connection details   (f) The top chord connection details   

(g) The formwork ready for passing the prestressing strands (h) Prestressing strands passed through the formwork 

Figure 3-23: Main formwork of the truss girder before casting (Cont’d) 
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(i) The strands anchored at the dead end (j) Prestressing the strands with stressing jacks 

(k) The formwork ready for pouring the concrete 
(Girder with GFRP reinforcement) 

(l) The formwork ready for pouring the concrete 
(Girder with steel reinforcement) 

Figure 3-23: Main formwork of the truss girder before casting (Cont’d)  
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The 70 MPa concrete was delivered in a mixer by Lafarge® Company for the chords. The 

chords of two specimens were cast simultaneously with one batch of concrete. For perfect 

concrete consolidation, two electric vibrators were used during casting.  The exposed 

surface of the concrete was finished manually with float and trowel, and the concrete was 

covered with a plastic sheet for two days. The specimens were stripped after two days, and 

the prestressing strands were cut. Two acetylene torches were used simultaneously to 

release the prestressing force gradually for each girder. Figure 3-24 shows the concrete 

casting process and the release of the prestressing strands after hardening of the concrete.  

3.7.3 Stage 3: The Deck Slabs 

Two of the truss girders were built in such a way that the short double-headed bars (studs) 

protruded along the top surface of the top chord at a 45-degree angle during casting of the 

girder. The extended double-headed bars were used to provide shear strength between the 

slab and the girder. The formwork of the top chord was modified to allow extension of the 

studs out of the top surface of the girder. Forty millimeter diameter holes were drilled in 

two rows and 45-degree wedges were nailed next to each hole to accurately hold the 

double-headed bars in place. Figure 3-25(c, d) shows the extended double-headed bars tied 

to the wedges along the top chord before casting the girders. The inner heads of the studs 

were tied to the stirrups to prevent any possible movement during pouring of the concrete. 

The girders were stripped after two days, lifted and placed in a vertical position, and made 

ready for casting the slabs.  

Two new wooden formworks were fabricated by PCL Construction Company to pour two 

concrete slabs simultaneously. The wooden form was nailed to the concrete surface of the 

top chord and supported to a wooden bed by 2 x 4-inch lumber pieces. Size 10M steel bars 
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were used as longitudinal and transverse reinforcement in two layers for each slab with a 

25 mm cover. The 45 MPa concrete was delivered in a mixer by Lafarge® Company for 

the slabs. The deck slabs were cast after 77 and 182 days of casting the truss girders of 

SG6-2F16-S and SG7-2F16-S, respectively. Two electrical vibrators were used during 

pouring the concrete. The exposed surface of the slab was finished manually with float and 

trowel to have plane surface of the slab. The concrete was covered with a plastic sheet for 

four days and the forms were stripped after that. Figure 3-25 shows the process of 

fabricating of the slab-on-girder specimen in detail. 
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(a) The 70 MPa concrete delivered in a mixer  
by Lafarge® Company 

 
(b) Pouring the concrete 

(c) The two girders after pouring the concrete  (d) The chords covered with a plastic sheet for curing  

Figure 3-24: Truss girder specimens during and after casting the cords 
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(e) The specimens stripped after two days  
 

(f) The prestressing strands released by two acetylene 
torches simultaneously 

 
(g) The girder tilted and placed in a vertical position 

Figure 3-24: Truss girder specimens during and after casting the cords (Cont’d) 
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(a) Strain gauges mounted at three points  
on the short double-headed bars

 
(b) The top chord wooden form modified with  

holes to insert the short headed bars

(c) short double-headed bars protruded along the top chord 
at a 45-degree angle 

(d) 45-degree wedges used to accurately hold the short 
double-headed bars in place 

Figure 3-25: Slab-on-girder specimen fabrication 
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(e) The double-headed bars tied to the stirrups inside the top 
chord

 
(f) Prestressing strands passing in between the headed-bars 

in the top chord 

(g) The top chord reinforcing details  
 

(h) The girder ready for pouring the concrete  

Figure 3-25: Slab-on-girder specimen fabrication (Cont’d) 
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(i) The girder with the protruded double-headed bars in a 
vertical position

  (j) Construction of the slab formwork 
 

(k) The slab wooden form nailed to the concrete surface and 
supported by 2 x 4-inch lumber pieces   

  (l) Preparing the slab reinforcement  
  

Figure 3-25: Slab-on-girder specimen fabrication (Cont’d) 
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 (m) The slab ready for pouring the concrete (n) The slab just after casting the concrete  

 

  
(o) The slab-on-girder system after casting the slab 

Figure 3-25: Slab-on-girder specimen fabrication (Cont’d) 
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3.8 Test Setup 

All the specimens were tested under a vertical mid-span load while supported on two steel 

rollers over a span of 2330 mm. A 1.5 MN capacity hydraulic actuator was used to apply 

static or fatigue load during the test. For the slab-on-girder specimens under static loading 

an Enerpac hydraulic jack of 2.0 MN capacity was used. The load was transferred from the 

actuator to the truss girder through a spherical seat and a 400 mm x 250 mm bearing plate 

for the truss girders. The spherical seat and a 1000 mm x 250 mm bearing plate were used 

for the slab-on-girder specimens. At each side of the top chord, one lateral support was 

placed at the location of the applied load, and two more lateral supports were used near the 

two ends to restrain any out of plane displacement that may have occurred during the test. 

The bottom chord was laterally supported only at mid-span. Figure 3-26 depicts a 

schematic view of the test setup of a two-panel truss girder. Each girder was placed over 

the supports, leveled, and centered under the actuator. Plaster was used between the 

specimen and all points of contact for loading or support to ensure smooth bearing surfaces. 

3.9 Testing Procedure  

Five truss girders and two slab-on-girder specimens were divided into three groups and 

tested under static or fatigue loading. The first group consisted of three truss girders tested 

under static loading, which increased monotonically up to failure. The first two girders in 

the first group were reinforced with GFRP bars of different diameters, while the third girder 

was reinforced with steel for comparison. The second group, consisting of two GFRP 

reinforced truss girders, was tested under fatigue loading with different amplitudes to 

simulate the live load effects over the bridge lifespan. The third group consisted of two 



105 

slab-on-girder specimens, one reinforced with GFRP and the other with steel, and the group 

was tested under a static monotonic load.  

 

 

Figure 3-26: Schematic view of the test setup 

A data acquisition system was used to record the strain gauge data under static and fatigue 

loading at rates of 5 Hz and 30 Hz, respectively. Laser transducers were used for all 

specimens to measure the deflection of the girders at three points.  

3.9.1 First Group: Static Loading of Girder Specimens 

A displacement-controlled vertical load was applied at mid-span of the girder on the top 

chord with a 1.5 MN capacity hydraulic actuator. The hydraulic actuator was controlled 

using an MTS program. At first, three cycles of 3 mm displacement at a stroke rate of 0.6 

mm/min were applied. Subsequently, the girder was tested at a rate of 1 mm/min from zero 
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to failure. In specimen G3-2S12-S, the actuator reached its maximum capacity of 1338 kN 

during the test without showing significant signs of failure in the girder. The girder was 

unloaded at a rate of 1.2 mm/min. A new test setup with an Enerpac hydraulic jack of 2.0 

MN capacity, and a 2.2 MN load cell were set up to reload the girder up to the failure.  

3.9.2 Second Group: Fatigue Loading of Girder Specimens 

Two GFRP-reinforced girders were tested under fatigue loading. The 1.5 MN capacity 

hydraulic actuator was used to apply cyclic loading at a rate of 3 Hz. A different load 

procedure was selected for each girder. The G4-2F16-F specimen was tested under cyclic 

loading with a constant stress range of 125 MPa in the diagonal double-headed bars. The 

G5-2F16-F was initially tested for 1,750,000 cycles with a variable loading range. 

Subsequently, the test continued at a constant stress range of 125 MPa until fatigue failure. 

Three static loading cycles at a loading rate of 30 kN/min and unloading rate of 50 kN/min 

were performed from 400 kN to 800 kN to obtain the initial static response of each girder 

under service load conditions.  

The stress range of 125 MPa was recommended by the Canadian Highway Bridge Design 

Code (CSA S6-06, 2006) for all types of straight bars in bridge structures under cyclic 

loading. The CSA S6-06 also limits the maximum stress in straight GFRP bars to be 25% 

of their ultimate tensile strength. As previously mentioned in section 3.6.2, the ultimate 

tensile strength of the double-headed GFRP bars was reported by the manufacturer to be 

1000 MPa. Hence, in this experiment, the maximum allowable stress of 250 MPa was set 

based on the CSA S6-06 limitation for GFRP straight bars. The target maximum and 

minimum stresses were calculated based on the following equations:  
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	 	0.25	 	 	250 MPa		

	 	250	MPa	‐	125	MPa	 	125 MPa	 

(3.1) 

(3.2)

where 1000	MPa is the ultimate tensile strength of the GFRP bar. 

Considering the initial static response of the girder, the corresponding loads to the target 

maximum and minimum strains were calculated based on the load-strain relation of the 

most highly stressed double-headed bar in the girder. The results of the pre-fatigue loading 

test and the calculation of the target minimum and maximum loads are discussed in more 

detail in Chapter 5. Maximum and minimum loads were initially chosen to be 650 kN and 

400 kN. Cyclic loading was then applied under load control at a frequency of 3 Hz to 

complete the experimental program within a reasonable time frame. Based on the results 

of the first 250,000 cycles, the maximum load increased to 700 kN to satisfy the maximum 

stress of 250 MPa, and a fatigue stress range of 125 MPa in the double-headed bars. 

A variable loading range was used for girder G5-2F16-F. Table 3-12 presents the loading 

range used in the test. A specified load of 112 kN was selected based on the CSA 06-06, 

representing the maximum wheel load of an Alberta truck, CL-800. A minimum load of 84 

kN corresponding to the weight of the deck slab and superimposed dead load of the wearing 

surface, barrier walls, etc. The maximum load level was varied every 250,000 cycles, 

which corresponded to the maximum wheel load of a CL-800 truck. 

Subsequent to fatigue loading, post-fatigue static load tests were conducted under a 

displacement control mode at a rate of 1 mm/min until static failure. The post-fatigue static 

load allowed for evaluation of the changes in the stiffness and the behaviour of the girder 

after fatigue loading. 
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Table 3-12: Loading range applied in each period of cycles to girder G5-2F16-F 

No. of Cycles Pmin (kN) Load Range (kN) Pmax (kN) 

0 250,000 84 1 112 112 196 

250,000 500,000 84 1.5 112 168 252 

500,000 750,000 84 2 112 224 308 

750,000 1,000,000 84 2.5 112 280 364 

1,000,000 1,250,000 84 3 112 336 420 

1,250,000 1,500,000 84 3.5 112 392 476 

1,500,000 1,750,000 84 4 112 448 532 

 

3.9.3 Third Group: Static Loading of the Slab-on-Girder Specimens 

The two slab-on-girder specimens were tested under monotonic loading until failure. An 

Enerpac hydraulic jack of 2.0 MN capacity, and a 2.2 MN load cell were used to apply 

monotonic vertical load at the centre of the slab. The vertical load was gradually increased 

until the failure. None of the two slab-on-girder specimens failed during the test, and the 

enerpac reached its maximum capacity of 2040 kN without any sign of failure in the 

specimens. 

3.10 Instrumentation 

The overall instrumentation plan consists of both internal and external measurement 

instruments. Three laser transducers, seven mechanical transducers, and up to 72 strain 

gauges were used in each specimen to monitor the behaviour of the girders during the test. 

Strain was measured in the diagonal double-headed bars, the bottom layer of the 

longitudinal bars in the top and bottom chords, stirrups close to the connections in the top 

and bottom chords, studs in the slab-to-girder connections, and the GFRP tubes of the 
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vertical truss elements. Table 3-13 presents the type of instrumentation used for each 

testing group in this program. 

Table 3-13: Instrumentation type for each specimen 

Specimens Test Series 
Number of 

Laser 
Transducers 

Number of 
Mechanical 
Transducers 

Number of 
Strain 

Gauges 
Static loading of girders G1-2F12-S and 

G2-2F16-S 
3 7 46 

Static loading of girder G3-2S12-S 3 7 42 

Fatigue loading of girder specimens 3 - 24 

Static loading of the slab-on-girder 
specimens 

3 7 72 

 

3.10.1 Laser and Mechanical Transducers 

Three laser transducers (LTs), one at the mid-span and two at the center of each panel, were 

used to measure the deflection of the bottom chord of each girder during the test. Seven 

mechanical transducers (MTs) were used to measure the elongation and shortening of the 

diagonal and vertical truss elements, respectively, during the test. Three mechanical 

transducers of 25 mm stroke were used to measure the relative shortening of the vertical 

truss elements between the top and bottom chords. Four mechanical transducers of 50 mm 

stroke were utilized to measure the elongation of the diagonal truss elements at the 

connection to the chords. The location and name designation of all transducers are given 

in Figure 3-27. 
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Figure 3-27: Location and name designation of the laser and mechanical transducers 
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3.10.2 Strain Gauges 

The strain gauges used had a length of 6 mm, lead-wire attached, and high elongation 

capacity. They were manufactured by the Tokyo Sokki Kenkyoju (TML) Corporation. The 

gauges were attached to the longitudinal and double-headed bars before casting and on the 

surface of the tubes after casting the girders to measure the strain at different locations. For 

the GFRP reinforcement, the surface of the bars was smoothed, however unlike steel, the 

acid and base surface cleaning solutions were not applied so as to avoid introducing 

alkaline solutions into the glass fibre matrix. After installation, a layer of paraffin wax was 

applied to protect the gauge from abrasion damage during casting.  

The strain gauges were divided to three groups based on the specimen test series. The first 

group of specimens, the static load group, used 46 strain gauges to measure the strain in 

the diagonal double-headed bars, longitudinal reinforcements, stirrups, and the surface of 

the FRP tube in the vertical elements. The first 16 strain gauges, SG-1 to SG-16, were used 

to measure the strain in the eight diagonal double-headed bars at the interface of the 

diagonal elements and the top and bottom chords. Figure 3-28 shows the location and name 

designation of the strain gauges mounted on the diagonal double-headed bars in all girders. 

Twelve strain gauges, SG-17 to SG-28, were placed on four bottom longitudinal bars in 

the top and bottom chords. Four of these strain gauges were placed at mid-span, and the 

other eight gauges were attached close to the heads to examine the efficiency of the heads 

in the GFRP bars. Of the remaining 18 strain gauges, four gauges, SG-29 to SG-32, were 

attached to the four stirrups close to the connection of the diagonal elements to the chords 

to examine the confinement effect of the stirrups to the heads. The last 14 strain gauges, 

SG-32 to SG-46, were placed on the outer surface of the GFRP tubes in the vertical 
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elements to measure the longitudinal and circumferential strain during the test. The location 

of these strain gauges is indicated in Figure 3-29. The strain gauges in the longitudinal 

direction were used to measure the vertical strain in the tubes and to show any possible 

bending near the connections. The strain gauges in the circumferential direction monitored 

the transverse expansion of the vertical tubes due to compression of the concrete core. 

Based on the results of the first two girders, G1-2F12-S and G2-2F16-S, four more strain 

gauges were added to the middle vertical tube element in girder G3-2S12-S to better 

observe any strain variation along the tube. The name designations and locations of the 

strain gauges placed on the longitudinal bars, stirrups, and GFRP tubes are given in Figure 

3-29 for girders G1-2F12-S and G2-2F16-S, and in Figure 3-30 for girder G3-2S12-S. 

The second group, the fatigue loading specimens, had the same placement of strain gauges 

as the static groups, except that the strain gauges on the vertical truss element tubes and 

the ones close to the heads in the longitudinal bars were removed based on the results of 

the static groups and the behaviour of the girders under fatigue load. Figure 3-31 shows the 

strain gauge locations on the girders in the fatigue group.   

The last group of specimens, the slab-on-girder specimens, were monitored with 72 strain 

gauges. Thirty-four strain gauges were used in addition to those used for the statically 

loaded girders to monitor the behaviour of the slab-to-girder connection. However, the 

strain gauges close to the heads in the longitudinal bars and those mounted on mid-height 

of the end vertical tubes were removed based on the results of the static groups and the 

limitation in the number of available channels of the data acquisition system. Three strain 

gauges were mounted on each of eight short double-headed studs near the two heads and 

at the interface of the slab and the girder. Two strain gauges, SG-63 and SG-64, were used 
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on the long double-headed bars in the vertical truss elements at the slab-to-girder interface. 

Eight strain gauges, SG-47 to SG-50 and SG-77 to SG-80, were placed on four long, 

diagonal double-headed bars close to the top head and also at the slab-to-girder interface. 

The locations and name designations of the strain gauges used in the slab-on-girder 

specimens are given in Figures 3-32 and 3-33. 

3.10.3 Cracking 

Prior to testing, the specimens were painted with a thin layer of white water based primer 

to facilitate identification and marking of the cracks. During the test, the initiation and 

progression of the cracks were monitored and marked to understand the behaviour of the 

tested girders. Loads corresponding to the first cracks in the top and bottom chords were 

recorded for all specimens. In the statically loaded girders, the cracks and the 

corresponding load of each crack were marked at certain deflections with different colours. 

During the fatigue loading, cracks were marked at certain cycle intervals and when any 

major crack took place. 
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Figure 3-28: Location and name designation of the strain gauges mounted on the diagonal double-headed bars  

(Same arrangement for all girders) 
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Figure 3-29: Name designation and typical location of the strain gauges in the statically loaded specimens  
(Girders G1-2F12-S and G2-2F16-S) 
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Figure 3-30: Name designation and typical location of the strain gauges in the statically loaded specimens  
(Girder G3-2S12-S) 
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Figure 3-31: Name designation and typical location of the strain gauges in the fatigue loaded specimens  
(Girders G4-2F16-F and G5-2F16-F) 
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Figure 3-32: Name designation and typical location of the strain gauges in the girders of the slab-on-girder specimens 
(Specimens SG6-2F16-S and SG7-2S12-S) 
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Figure 3-33: Name designation and typical location of the strain gauges at the slab-to-girder connection  
(Specimens SG6-2F16-S and SG7-2S12-S) 
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3.11 Summary 

Details of the experimental program are outlined in this chapter including the girder 

description, reinforcing details, relevant material properties, fabrication, instrumentation, 

and testing of all specimens. The experimental program included fabricating and testing 

seven, full-scale, two-panel truss girders with an overall depth of 1.32 m and span length 

of 2.33 m; the girders were tested under static and fatigue loading. Two of the truss girders 

included short double-headed bars, extended from the top chord to connect to a 1-meter 

wide deck slab. The double-headed bars provided composite action at the slab-to-girder 

interface by resisting any possible horizontal or vertical separation between the deck slab 

and the girders.  

The fabrication process and loading procedures including setup schematics and 

accompanying photographs were discussed in detail. Instrumentation drawings are also 

presented showing the various measurement devices used throughout testing. The internal 

longitudinal and transverse bars in the top and bottom chords, the double-headed bars in 

the diagonal truss elements, and the outer surface of the GFRP tubes in vertical elements 

were instrumented with electric resistance strain gauges. The load was measured through 

the actuator load cell and all displacements were tracked using mechanical and laser 

transducers at the connections of the truss elements and the concrete chords and the span 

quarter points of the girders. 
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Chapter 4 : Static Loading Test Results 

4.1 General 

In the following sections, the results of the static loading tests on the three full-scale hybrid 

FRP-concrete truss girders are presented and discussed. The test results include the static 

load behaviour of the truss girders in terms of deflections, truss element deformations, 

strain variations in the GFRP and steel double-headed bars, the GFRP tubes, the 

longitudinal bars, and the stirrups, as well as the crack patterns. The presentation of the 

results begins with a general overview of each test in the series including the test setup, 

load-deflection behaviour of the truss girders, comprehensive strain variation data, and 

failure modes, followed by the cracking patterns. 

Based on the experimental results of the truss girders under static loading, the best design 

was selected for the new girders to be tested under fatigue loading and also to build the 

slab-on-girder specimens. Information related to the fatigue test results and the slab-on-

girder specimens are presented in Chapters 5 and 6, respectively. 

4.2 Concrete Strength 

A standard compressive strength test and standard tensile splitting test were conducted to 

find the strength of the concrete used in the truss elements and the chords of the girders. 

The average strengths obtained from testing three control cylinders under compression and 

tensile splitting on the 28th day after casting the girders and on the day of testing are 

presented in Table 4-1.  
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Table 4-1: Average strength of the concrete at age 28 days and on the day of testing 

Average Concrete Strength G1-2F12-S G2-2F16-S G3-2S12-S 

Compressive 
Strength 

(MPa) 

Truss 
Elements 

28 days 67.6 67.6 72.6 

Day of the test 67.2 67.8 73.1 

Chords 
28 days 71.4 71.4 67.0 

Day of the test 69.0 73.2 71.3 

Tensile 
Strength 

(MPa) 

Truss 
Elements 

28 days 4.8 4.8 5.0 

Day of the test 4.6 4.8 5.0 

Chords 
28 days 5.3 5.3 4.8 

Day of the test 5.0 5.2 5.1 

 

4.3 Summary of the Testing Procedure 

Three truss girder specimens were fabricated and tested under monotonic loading up to 

failure. Two of the girders were reinforced with GFRP bars with long double-headed bars, 

12 mm and 16 mm in diameter, in the diagonal elements to determine the best bar size to 

be used in future designs. The third truss girder, G3-2S12-S, was reinforced with 

conventional steel and used as control specimen. A comprehensive description of the 

hybrid FRP-concrete truss girders was provided in Chapter 3. 

A displacement-controlled vertical load was applied at the mid-span of the girder on the 

top chord with a 1.5 MN capacity hydraulic actuator. First, three cycles of 3 mm 

displacement at a stroke rate of 0.6 mm/min were applied. Subsequently, the girder was 

tested at a rate of 1 mm/min from zero to failure. During testing of girder G3-2S12-S, the 

actuator reached its maximum capacity of 1338 kN without any significant sign of failure 
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showing in the girder. Therefore, the girder was unloaded at rate of 1.2 mm/min to zero 

and a new test setup was used.  

The new test setup consisted an enerpac hydraulic jack of 2.0 MN capacity, and a 2.2 MN 

load cell. The specimen was reloaded from zero to failure using the new loading setup. The 

enerpac did not provide precise load or displacement control during the test. The vertical 

load was gradually increased until failure occurred. Figure 4-1 shows the girder in the 

loading frame. 

(a) 1.5 MN hydraulic actuator test setup (b) 2.0 MN enerpac jack test setup 

Figure 4-1: Truss girder G3-2S12-S in the loading frame 
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4.4 Static Loading Test Results 

The test results are presented in terms of deflections, truss element deformations, strains in 

the diagonal double-headed bars, the longitudinal bars, stirrups, GFRP tubes in the vertical 

truss elements, and crack patterns. 

In the two GFRP reinforced girders, failure began when the concrete in compression zone of 

the top chord was crushed, which was followed by failure of the middle vertical truss 

element. In the steel reinforced girder, the ultimate failure happened only due to the failure 

of the middle vertical element. The middle vertical element failed when the concrete under 

compression inside the GFRP tube was crushed, which was followed by the GFRP tube 

rupture.  

In girder G1-2F12-S, failure began when the concrete in the top chord experienced flexural 

crushing at 1249 kN. Subsequent to the top chord failure, the load dropped to 1048 kN. 

With the increase in load, the ultimate failure occurred by crushing of the concrete and 

fracture of the GFRP tube of the middle truss element at load of 1096 kN.  

In a manner similar to the failure of girder G1-2F12-S, the concrete in the compression 

zone of the top chord of girder G2-2F16-S crushed at 1271 kN. This crushing resulted in a 

wide diagonal crack with a splitting pattern in the top chord following a rapid drop in load 

to 1065 kN. The specimen continued to lose load carrying capacity until ultimate failure of 

the specimen, which occurred at 917 kN when the middle vertical truss element failed. 

Girder G3-2S12-S experienced ultimate failure at 1338 kN after yielding of the steel 

double-headed bars in the diagonal truss elements and the longitudinal bars in the bottom 

chord. Table 4-2 presents summary of the key points of performance of the truss girders 

under static loading. 
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Table 4-2: Summary of the static loading test results 

 G1-2F12-S G2-2F16-S G3-2S12-S 

Concrete Cylinder Strength 
(MPa) 

69.0 73.2 71.3 

Top Chord Cracking Load 
(kN) 

482 435 395 

Bottom Chord Cracking Load 
(kN) 

482 435 497 

Maximum Load (kN) 1249 1271 1338 

Maximum Deflection (mm) 24.33 14.77 13.22 

Maximum Diagonal Double-
Headed Bar Strain at Failure 

(x 10 -6) 

14037 

(SG-13) 

7507 
(SG-1) 

24718 

(SG-12) 

Maximum Diagonal Double-
Headed Bar Stress at Failure 

(MPa) 
842.2 450.18 

503 
(Yielded) 

Maximum Top Chord 
Longitudinal Bar Strain at 

Failure (x 10 -6) 
6232 5464 2953 

Maximum Bottom Chord 
Longitudinal Bar Strain at 

Failure (x 10 -6) 
5958 5605 6560 

Maximum GFRP Tube 
Circumferential Strain at 

Failure (x 10 -6) 

3313 
(Middle tube) 

6542 
(Middle tube) 

5225 
(Middle tube) 

Type of Failure 

Crushing of 
the top chord 
followed by 
the middle 

vertical 
element failure 

Crushing of 
the top chord 
followed by 
the middle 

vertical 
element failure 

Middle vertical 
element failure 
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4.4.1 Load-Deflection Characteristics 

The load-deflection responses of the girders under static loading from zero to failure are 

presented in Figure 4-2. The deflections of the girders were measured using three laser 

transducers (LTs) placed under the bottom chord of the girders at the mid-span and two 

mid-panel points. Figure 4-2 (d) shows a comparison between the responses of the girders 

under the static load.  

The load deflection behaviour of all the girders indicated that the stiffness of the girder 

during the initial stage of loading, before cracking occurred, was governed by the gross 

section properties of the truss girder, which was the same for all three girders. However, 

the post-cracking stiffness of the truss girders was affected by the stiffness of the chords’ 

longitudinal bars and the diagonal truss element reinforcements. The higher modulus of 

elasticity of the reinforcements in the steel-reinforced girder presented a higher post-

cracking stiffness compared to the stiffness of the GFRP-reinforced girders. Furthermore, 

girder G1-2F12-S presented a lower post-cracking stiffness compared to that of girder G2-

2F16-S due to the smaller diameter of the double-headed bar reinforcements in the diagonal 

truss elements.  

Although both the GFRP-reinforced girders experienced approximately the same failure 

load, girder G1-2F12-S exhibited a more ductile behaviour with approximately 60% higher 

vertical deflection at the time of failure. This result confirmed that the cross-sectional area 

of the double-headed bars in the diagonal elements had a significant effect on the static 

behaviour of the girder. Figure 4-3(a-d) presents the deflection profiles of the girders at 

four different loading stages: (1) the cracking load, Pcr, (2) the service load, assumed to be 

50% of the ultimate load, (3) the maximum deflection, max, and (4) the ultimate load, PU. 
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(a) Girder G1-2F12-S deflection (b) Girder G2-2F16-S deflection 

(c) Girder G3-2S12-S deflection (d) Mid-span deflection comparison  

Figure 4-2: Load-deflection diagrams of the girders under static loading 
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(a) Deflection profiles at the cracking load (Pcr) (b) Deflection profiles at service load (PSLS = 0.5PU) 

(c) Deflection profiles at the ultimate load (PU) (d) Deflection profiles at the maximum deflection 

Figure 4-3: Deflection profiles of the girders at four different load levels  
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In order to have a more accurate estimation of the deflection at service load condition, 

accurate dead load was calculated and used to estimate the corresponding live load based 

on the following load combination in accordance with CSA S6-06, Section 3.5.  

1.2	 1.7	 	      (4-1) 

	 	        (4-2) 

In accordance with CSA S6-06, section 14.8.2.1, a minimum thickness of 90 mm and 

minimum height of 800 mm shall be assumed for unmeasured asphalt wearing surfaces and 

height of barrier wall, respectively. The weight of the barrier is light enough that a more 

detailed method of distribution is not warranted Therefore, a 400 mm  1000 mm barrier 

wall and a 100 mm asphalt wearing surface was assumed to calculate the permanent dead 

load of the bridge superstructure. Moreover, the deck slab was assumed to have 2.5 m 

spacing and 225 mm thickness. All the unit material weights were selected from Table 3-

3 of the CSA S6-06. All the loads were calculated for a two panel truss girder with length 

of 2.83 m. Also a 10 kN permanent dead load was considered as utilities’ dead load, 

. 

	 	 	2.5	 	 0.225	 	 2.830	 24.0 38.2	    (4-3) 

	 	2.5	 	 0.100	 	 2.830	 23.5 16.6	    (4-4) 

	 	0.400	 	 1.000	 	 2.830	 24.0 27.2	   (4-5) 

	 	 	 92.0	  (4-6) 

Based on the calculated total dead load and the measured ultimate load from the 

experimental results, the live load and the service live load were calculated from Equation 

4-1 and 4-2, respectively, for each girder and presented in Table 4-3. 



130 

Table 4-3: Calculated service live load for each girder 

 
Dead load 

(kN) 
Ultimate Load (PU)

(kN) 
Live load 

(kN) 
Service load

(kN) 

G1-2F12-S 92.0 1249 669.7 761.7 

G2-2F16-S 92.0 1271 682.7 774.7 

G3-2S12-S 92.0 1338 722.1 814.1 

Figure 4-3 (e) shows the deflection profiles of the three girders at the calculated service 

load. Girders G1-2F12-S and G2-2F16-S exhibited similar load deflection behaviour at the 

service load. A higher modulus of the elasticity of the reinforcements in the steel reinforced 

girder exhibited a higher stiffness compared to the stiffness of the GFRP reinforcement 

girders, and therefore, about 20% lower deflection was observed for the steel-reinforced 

girder. 

 
Figure 4-3 (e): Deflection profiles of the girders at service load 
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4.4.2 Truss Elements Deformation 

Under the vertical load, the diagonal truss elements were in tension and the vertical truss 

elements experienced compression forces. Mechanical transducers were used to measure 

the separation of the diagonal truss elements from the concrete chords due to the tension 

force and the shortening of the vertical truss elements under the compression load. Some 

of the mechanical transducers stopped working after a sudden load drop during the test.  

Figure 4-4 presents the separation of the diagonal elements from the chords during the 

static loading test. All girders experienced the highest amount of separation in the 

connection zone of the truss elements and the bottom chord, indicating the bottom 

connection as the most critical zone in the girder. The diagonal truss elements of girder 

G1-2F12-S experienced a greater separation than those of girder G2-2F16-S due to the 

smaller diameter size of the double-headed bars in the diagonal truss elements and the 

smaller size of the head. The separation of the diagonal elements did not exceed 2 mm in 

girder G2-2F16-S before the ultimate failure, indicating the good anchorage properties of 

the heads in the 16 mm double-headed GFRP bars. The diagonal truss element at the east 

connection of G3-2S12-S experienced a significant separation from the bottom chord when 

yielding of the steel double-headed bars occurred. 

Figure 4-5 represents the deformation of the vertical truss elements under the compression 

force. The middle vertical element experienced a much greater shortening in all the girders 

compared to the other vertical elements. The end vertical elements showed a lower 

deformation with the same pattern for all the girders  
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(a) Girder G1-2F12-S  (b) Girder G2-2F16-S  

(c) Girder G3-2S12-S  

Figure 4-4: Separation of the diagonal truss elements from the chords during the static loading test 
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(a) Girder G1-2F12-S  (b) Girder G2-2F16-S  

(c) Girder G3-2S12-S  

Figure 4-5: Shortening of the vertical truss elements during the static loading test  
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4.4.3 Strain in the Diagonal Double-Headed Bars 

Sixteen strain gauges, SG-1 to SG-16, were used to measure the strain in the eight diagonal 

double-headed bars at the interface of the diagonal elements and the top and bottom chords. 

The location and the name designation of the strain gauges are presented in Figure 3-28. A 

few of the gauges failed to work properly and were excluded from the results. The load-

strain behaviour of double-headed bars in the diagonal elements are presented in Figures 

4-6 to 4-9. The first three figures present the stain variation in the connection of the 

diagonal truss elements and the chords for each girder. Figure 4-9 shows the average value 

of the strain in the four double-headed bars in each connection.  

None of the double-headed bars failed during the static loading test. The Schöck technical 

report (2013) recommends the design allowable tensile stress,	 , to be 445 MPa for the 

GFRP bars. The corresponding strain,	 , is calculated by dividing the allowable tensile 

stress by the modulus of elasticity of the GFRP bars, as presented in equation 4-7. 

	 	 	
445

60,000
7416 10  (4-7)

All of the double-headed bars in G1-2F12-S specimen exceeded the allowable tensile stress 

after the girder reached about 90% of its ultimate load. In contrast, the strain gauges in all 

the double-headed bars in girder G2-2F16-S, except SG-1 and SG-9, experienced much 

lower strain level before ultimate failure than the allowable strain in the GFRP bars. Table 

4-4 presents the average of the maximum strain in the double-headed bars in each 

connection zone of the truss girders under the static load.  

Girder G3-2S12-S experienced a higher strain value in the double-headed bars at the time 

of failure due to the yielding of the bars. The yielding strain in the steel double-headed bars 

is 3500 µ as presented in Table 3-11. 
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All double-headed bars in the steel-reinforced girder started to yield after the truss girder 

reached about 90% of its ultimate load. Strain gauge SG-12 in the east bottom connection 

measured the highest strain in all the diagonal truss elements.  

The average load-strain behaviour of the steel double-headed bars shows a higher stiffness 

of the diagonal truss elements of girder G3-2S12-S before yielding occurred, compared to 

that of the GFRP-reinforced diagonals of girders G1-2F12-S and G2-2F16-S. After 

yielding, the stiffness of the truss elements significantly reduced and the strains increased 

with a small increase in the applied load. Both the GFRP-reinforced girders experienced 

the same average strain variation in their four connection zones during the static loading 

test. However, the slope of the average load-strain curve for the 16 mm GFRP bars and 

hence the stiffness was higher than the corresponding values for the 12 mm GFRP bars due 

to the smaller diameter (12 mm) of the double-headed bar reinforcements in the diagonal 

truss elements.  
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(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 4-6: Load-strain behaviour of the diagonal GFRP double-headed bars in girder G1-2F12-S under static loading 
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(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 4-7: Load-strain behaviour of the diagonal GFRP double-headed bars in girder G2-2F16-S under static loading 



138 

(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 4-8: Load-strain behaviour of the diagonal steel double-headed bars in girder G3-2F16-S under static loading 
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(a) Girder G1-2F12-S (b) Girder G2-2F12-S 

(c) Girder G3-2S12-S 

Figure 4-9: Average load-strain behaviour in the diagonal double-headed bars of the girders under static loading 
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Table 4-4: Maximum strain in the connection zone of the diagonals in the girders 

Connection Zone 
Strain  
(x10-6) 

G1-2F12-S G2-2F16-S G3-2S12-S 

Top-West 
Maximum 12,503 7,507 11,088 

Average 10,952 6,124 7,535 

Bottom-West 
Maximum 12,799 6,105 13,994 

Average 10,233 5,058 11,071 

Bottom-East 
Maximum 12,951 7,403 24,718 

Average 11,246 5,562 17,523 

Top-East 
Maximum 14,037 7,771 16,821 

Average 11,540 5,503 10,477 

4.4.4 Strain in the Longitudinal Bars  

Twelve strain gauges, SG-17 to SG-28 (Figure 3-29 and 30), were placed on the four bottom 

longitudinal bars in the top and bottom chords in the GFRP-reinforced girders. Four of these 

strain gauges were placed at mid-span, and the other eight gauges were attached close to the 

heads to examine the efficiency of the heads in the GFRP bars. Only four strain gauges at the 

mid-span of the longitudinal bars were used for the steel-reinforced girder. The strain values at 

the heads of the longitudinal bars in the GFRP-reinforced girders were considerably low for 

both girders. The maximum stain value observed at the heads was about 48 ε (2.28 MPa 

equivalent stress).  

Prestressing the top and bottom concrete chords produced initial negative strain in the 

longitudinal bars prior to testing the girders. This negative strain could not be measured by 

the strain gauges. Figure 4-10 presents the strain variation in the longitudinal bars during 

the static loading test without considering the initial negative strains. 
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(a) Girder G1-2F12-S  (b) Girder G2-2F16-S  

(c) Girder G3-2S12-S  

Figure 4-10: Load-strain behaviour of the longitudinal bars in the top and bottom chords 
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4.4.5 Strain in the Stirrups  

Four strain gauges, SG-29 to SG-32, were attached to the four stirrups close to the 

connection of the diagonal elements and the chords to examine the confinement effect of 

the stirrups to the heads of the double-headed bars in the top and bottom concrete chords. 

The location of these strain gauges is shown in Figure 3-29 and 30. 

Table 4-5 presents the maximum strain and the equivalent stress in the stirrups during the 

static loading test. All the stirrups close to the top connections showed an insignificant 

amount of stress during the test. In contrast, the bottom connections produced a much 

higher stress in the stirrups indicating the efficiency of the transverse reinforcement in the 

confinement of the heads in the bottom connection. 

Table 4-5: Maximum strain and stress values in the stirrup on each connection 

Specimen G1-2F12-S G2-2F16-S G3-2S12-S 

Connection 
Strain 
(x10-6) 

Stress 
(MPa) 

Strain 
(x10-6) 

Stress 
(MPa) 

Strain 
(x10-6) 

Stress 
(MPa) 

Top-West 5 0.29 11 0.68 5 1.17 

Top-East 10 0.58 7 0.46 4 0.96 

Bottom-West 323 19.39 203 12.19 122 25.64 

Bottom-East 915 54.91 424 25.47 270 56.41 

 

4.4.6 Strain in the Vertical Truss Elements  

A total of 14 strain gauges, SG-32 to SG-46, were placed on the outer surfaces of the GFRP 

tubes in the vertical elements to measure the longitudinal and circumferential strain during 

the test. The strain gauges in the longitudinal direction were used to measure the vertical 

strain in the tubes and to show any possible bending at the connections. The strain gauges 

in the circumferential direction monitored the transverse expansion of the vertical tubes 
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due to compression of the concrete core. Based on the type of ultimate failure and also the 

test results of the first two girders, G1-2F12-S and G2-2F16-S, four more strain gauges, 

SG-47 to SG-50, were added to the middle vertical tube element in the G3-2S12-S girder 

to better observe any strain variation along the tube. The name designations and locations 

of the strain gauges placed on the GFRP tubes are given in Figure 3-29 and 30. 

The ultimate failure of all girders occurred at the middle vertical truss element under 

compression. This element failed because the concrete inside the GFRP tube crushed, and 

subsequently, the GFRP tube ruptured. Figures 4-11, to 4-13 present the strain variation 

along the vertical truss elements during the test. Significant increases in the circumferential 

and longitudinal strains can be observed in the middle vertical truss elements before failure. 

All of the longitudinal strain gauges showed a negative strain value indicating a pure 

compression force during the service load condition ( 0.5	 ). However, the 

gauges on the top end of the side vertical elements started to experience a tension force 

(positive strain) as the load increased. This tensile strain indicates the presence of a bending 

moment at the ends in the vertical truss elements. The bending moment was observed to 

be slightly higher close to the top end connections compared to the bottom end connection. 

No evidence of bending was observed at mid-height of the tubes.  

In all the girders, a higher circumferential strain was observed close to the end connections 

of the tubes compared to the strain at mid-height. The circumferential strain at mid-height 

of both the end vertical elements was considerably low, demonstrating sufficient strength 

of the end tubes under compression. 
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(a) Longitudinal strain at the end connections (b) Circumferential strain at the end connections 

(c) Longitudinal strain at mid-height of the tubes  (d) Circumferential strain at mid-height of the tubes  

Figure 4-11: Vertical truss element strain in girder G1-2F12-S 
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.  
(a) Longitudinal strain at the end connections (b) Circumferential strain at the end connections 

(c) Longitudinal strain at mid-height of the tubes  (d) Circumferential strain at mid-height of the tubes  

Figure 4-12: Vertical truss element strain in girder G2-2F16-S 
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(a) Longitudinal strain at the end connections (b) Circumferential strain at the end connections 

(c) Longitudinal strain at mid-height of the tubes  (d) Circumferential strain at mid-height of the tubes  

Figure 4-13: Vertical truss element strain in girder G3-2F12-S 
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4.4.7 Crack Characteristics 

Generally, the control of cracking in concrete structures is desirable to satisfy durability 

and serviceability requirements. Whenever the tensile stresses in the fibres of the concrete 

section exceed the modulus of rupture of the concrete, cracks in the concrete start to form. 

In all the girders, the first crack was noted in the top chord, with a single crack growing 

towards mid-span of the girder. The cracking continued to develop as the load increased. 

The load corresponding to the first cracks in the top and bottom chords was recorded; the 

results are presented in Table 4-6 for the three girders. 

Table 4-6: First cracking load in the top and bottom chords  

 
Girder  

G1-2F12-S 
Girder  

G2-2F16-S 
Girder  

G3-2S12-S 

Top Chord Cracking 
Load (kN) 

482 435 395 

Bottom Chord Cracking 
Load (kN) 

482 435 497 

Figure 4-14 shows the cracking pattern on the top and bottom chords. The cracks 

propagated and grew more quickly in the top chord than they did in the bottom chord. 

Wider cracks were observed in the GFRP-reinforced girders due to the lower stiffness 

compared to the steel-reinforced girder. Furthermore, the steel-reinforced girder 

experienced lower crack propagation in both the top and bottom chords as a result of the 

higher modulus of elasticity of the steel longitudinal bars [Figure 4-14 (a to f)].  

During the early stages of loading, under the service load ( 0.5	 ), no crack 

propagation was observed around the truss element connections. When the load was 

increased beyond about 900 kN, cracks developed in an elliptical shape around the 
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connection interface of the diagonal truss elements and the chords [Figure 4-14 (g)]. 

Furthermore, when the applied load was approximately 1100 kN, a slight separation of the 

truss elements and concrete chords was observed resulting in an elliptical-shaped spalling 

of the concrete around the diagonal truss element connections [Figure 4-14 (h)]. 

4.4.8  Failure Modes 

In the two GFRP reinforced girders, failure began with a sudden crushing of the concrete 

in the compression zone of the top chord [Figure 4-15 (a and c)], followed by failure of the 

middle vertical truss element. The steel reinforced girder experienced an extensive yielding 

of the double-headed bars in the east bottom connection of the diagonal truss element and 

also yielding of the longitudinal bars without failure of the concrete chords [Figure 4-

15(d)]. Failure of the middle vertical truss element in all the girders was due to the crushing 

of the concrete inside the GFRP tube followed by the rupture of the GFRP tube. Figure 4-

15 (e, f, and g) shows the middle truss element in the girders after failure.  

Figure 4-15 (h and i) shows the failed vertical truss element after removing the concrete. 

Abrasion at the bar-concrete interface can be observed for the two double-headed GFRP 

bars inside the vertical element. Moreover, the failure of the GFRP double-headed bar 

under compression was observed.  
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(a) Top chord cracking pattern (girder G1-2F12-S) (b) Bottom chord cracking pattern (girder G1-2F12-S) 

(c) Top chord cracking pattern (girder G2-2F16-S) (d) Bottom chord cracking pattern (girder G2-2F16-S) 

Figure 4-14: Cracking patterns in the top and bottom chords 



150 

(e) Top chord cracking pattern (girder G3-2S12-S) (f) Bottom chord cracking pattern (girder G3-2S12-S) 

(g) Elliptical crack propagation around the diagonal truss 
element connection (girder G3-2S12-S)  

(h) Spalling of concrete around the diagonal element connection 
(girder G2-2F16-S) 

Figure 4-14: Cracking patterns in the top and bottom chords (Cont’d) 
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(a) Crushing of concrete in the top chord  
(girder G1-2F12-S) 

(b) Crushing of concrete in the bottom chord  
(girder G1-2F12-S) 

(c) Crushing of concrete in the top chord  
(girder G2-2F16-S) 

(d) Bottom connections of the diagonal elements  
(girder G3-2S12-S) 

Figure 4-15: Modes of failure of the truss girders under static loading 
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(e) Middle vertical element failure 

 (girder G1-2F12-S) 
(f) Middle vertical element failure 

 (girder G2-2F16-S) 
(g) Middle vertical element failure 

 (girder G3-2S12-S) 

(h) Failure of double-headed bars in  
central vertical tube of girder G1-2F12-S 

(i) Failure of double-headed bars in  
central vertical tube of girder G2-2F16-S 

Figure 4-15: Modes of failure of the truss girders under static loading (Cont’d)
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4.5 Summary of the Static Loading Test Results 

Results of the static loading tests on the three full-scale hybrid FRP-concrete truss girders 

are summarized and discussed. In the two GFRP-reinforced girders, failure began when 

the concrete in compression zone of the top chord crushed, which was followed by failure 

of the middle vertical truss element. In the steel reinforced girder, the ultimate failure 

occurred only due to failure of the middle vertical element. The middle vertical element 

failed when the concrete under compression inside the GFRP tube crushed, which was 

followed by rupture of the GFRP tube. 

The stiffness of the specimen before cracking was governed by the gross section properties 

of the truss girder, which was the same for all three girders. The higher modulus of the 

elasticity of the reinforcements in the steel-reinforced girder led to higher post-cracking 

stiffness and compared to the stiffness of the GFRP-reinforcement girders. Girder G1-

2F12-S possessed a lower post-cracking stiffness compared to that of girder G2-2F16-S 

due to the smaller cross-sectional area of the double-headed bar reinforcements in the 

diagonal truss elements.  

Although both the GFRP-reinforced girders experienced approximately the same failure 

load, girder G1-2F12-S exhibited a more ductile behaviour with approximately 60% higher 

vertical deflection at the time of failure. This result confirmed that the amount of the 

double-headed bars in the diagonal truss elements have a significant effect on the static 

behaviour of the girder.  

The GFRP tubes in the vertical elements played a significant role in load carrying capacity 

of the girder. Longitudinal strain gauges on the top end of the vertical elements showed 

presence of a tension force (positive strain) as the load increased. The existence of the 

tension force in the longitudinal direction of the GFRP vertical tubes, when the tubes 
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should be in compression, illustrates the presence of bending close to the ends in the 

vertical truss elements. This bending was observed to be slightly higher close to the top 

end connections compared to the bottom end connection. No evidence of bending was 

observed at mid-height of the tubes. 
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 Chapter 5: Fatigue Loading Test Results  

5.1 General 

Fatigue is an important limit state that must be considered in the design of bridge 

superstructures, which can experience millions of load cycles over their service lives. 

Cyclic loading affects both the strength and stiffness of a bridge superstructure and, 

therefore, the predicted static behaviour may not accurately represent the actual behaviour 

of the structure throughout its service life. 

In the following sections, the results of fatigue loading on the two GFRP-reinforced girders, 

G4-2F16-F and G5-2F16-F, are presented and discussed. The test results include the initial 

static load response, fatigue and post-fatigue behaviour of the truss girders in terms of 

deflections, and strains in the GFRP double-headed bars, longitudinal bars, stirrups, as well 

as the crack patterns. The presentation of the results begins with a general overview of each 

of the test series discussing the test setup, load routine, load-deflection behaviour, and 

failure modes followed by in-depth presentations of the cracking and strain data.  

5.2 Concrete Strength 

The standard compressive strength and tensile splitting tests were conducted to determine 

the strength of concrete in the girders. Three control cylinders were tested on the 28th day 

after casting the girders and on the day of the testing. The average obtained strengths are 

presented in Table 5-1.  
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Table 5-1: Concrete average strength at 28-days and the day of testing 

Average Concrete Strength G4-2F16-F G5-2F16-F 

Compressive 
Strength 

(MPa) 

Truss 
Elements 

28-days 81.0 81.0 

Day of the test 80.2 82.9 

Chords 
28-days 63.3 63.3 

Day of the test 66.4 65.1 

Tensile 
Strength 

(MPa) 

Truss 
Elements 

28-days 5.7 5.7 

Day of the test 5.7 5.8 

Chords 
28-days 4.4 4.4 

Day of the test 4.6 4.5 

 

5.3 Pre-fatigue Static Load Response 

Three static loading cycles at a loading rate of 30 kN/min and unloading rate of 50 kN/min 

were performed from 500 kN to 800 kN to obtain the initial static response of each girder 

under service load conditions. This test was conducted to determine the cracking loads, to 

initiate cracks to simulate real bridge conditions at service load, and to assess the pre-

cracking and post-cracking stiffness and behaviour of the truss girders. Also, the results 

were used to obtain the target maximum and minimum loads for fatigue load testing. Figure 

5-1 shows the girder in the loading frame ready for testing. 
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Figure 5-1: Girder G4-2F16-F in the loading frame 

5.3.1 Load-deflection Characteristics 

The load-deflection response of the girders under three static loading cycles, ranging from 

500 kN to 800 kN, is presented in Figure 5-2. The deflections of the girders were measured 

using three laser transducers (LTs) placed under the bottom chord of the girders at the span 

quarter points (mid-span and two mid-panel points). Figure 5-2 (c) shows the comparison 

of the static responses of the two girders. Girder G5-2F16-F experienced slightly higher 

deflection with lower cracking loads than those experienced by girder G4-2F16-F. 

5.3.2 Truss Elements Deformation 

Mechanical transducers were used to measure the separation of the diagonal truss elements 

from the concrete chords and also the shortening of the vertical truss elements under the 

pre-fatigue loading. No significant separation or shortening was measured during the test. 

Figure 5-3 presents the behaviour of the truss elements during the test. The mechanical 

transducers were detached from the truss elements after the pre-fatigue test to prevent any 
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possible damage due to the high load frequency during fatigue testing. The transducers 

were mounted again after fatigue failure and were used during the post-fatigue test to 

measure the accumulative damage in the truss elements.  

5.3.3 Strain in the Reinforcement 

The load-strain behaviour of the double-headed bars in the diagonal elements are presented 

in Figures 5-4, 5-5, and 5-6. In both girders, strain gauge SG-2 experienced the highest 

strain level under the static load conditions. Gauge SG-2 was located at the longest double-

headed bar in the west diagonal truss element at its interface with the bottom chord. In the 

next section, the strain in SG-2 is used to calculate the target maximum and minimum load 

range for fatigue loading schemes. Furthermore, based on the average strain values in the 

double-headed bars, the most highly stressed connection was that of the west truss element 

to the bottom chord for both girders. The longest double-headed bar in each diagonal truss 

element experienced the highest strain value among the others bars (gauges SG-1, SG-2, 

SG-9, and SG-10 measure the strain in the longest double-headed bars). The load-strain 

behaviour of the longitudinal bars in the top and bottom chords of the girders is presented 

in Figure 5-7. 
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(a) Girder G4-2F16-F (b) Girder G5-2F16-F 

(c) A comparison of the load-deflection behaviours of the girders  

Figure 5-2: Load-deflection response of the truss girders under initial static loading 
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(a) Shortening of the vertical truss elements of  
girder G4-2F16-F 

(b) Separation of the diagonal truss elements from the chords of 
girder G4-2F16-F  

(c) Shortening of the vertical truss elements of  
girder G5-2F16-F 

(d) Separation of the diagonal truss elements from the chords of 
girder G5-2F16-F 

Figure 5-3: Deformations of the truss elements during the pre-fatigue loading test 
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(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 5-4: Load-strain behaviour of girder G4-2F16-F during the pre-fatigue loading test 
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(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 5-5: Load-strain behaviour of girder G5-2F16-F during the pre-fatigue loading test 
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(a) Girder G4-2F16-F (b) Girder G5-2F16-F 

Figure 5-6: Average load-strain behaviour of the connections during the pre-fatigue loading test 

(a) Girder G4-2F16-F (b) Girder G5-2F16-F 

Figure 5-7: Load-strain behaviour of the longitudinal bars in the top and bottom chords during the pre-fatigue loading test 
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5.3.4 Crack Characteristics 

At the time of pre-fatigue loading, all the cracks were well marked on the concrete chords. 

The corresponding loads to the first cracks in the top and bottom chords at the time of this 

test were recorded and are presented in Table 5-2 for both girders. 

Table 5-2: Crack loading in the initial static test (kN) 

Load at the First Crack (kN)   G4-2F16-F G5-2F16-F 

Top Chord 400 380 

Bottom Chord 480 450 

The cracks propagated and grew faster in the top chord of the girders than in the bottom 

chord. A few cracks were observed in the bottom chord as the load increased, with a higher 

first crack corresponding load due to the high amount of prestressing. No crack propagation 

or element separation was observed around the truss element connections during the pre-

fatigue test. Figure 5-8 shows the crack patterns on the top and bottom chords of the girders. 
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(a) Top chord cracking pattern (Girder G4-2F16-F) (b) Bottom chord cracking pattern (Girder G4-2F16-F) 

(c) Top chord cracking pattern (Girder G5-2F16-F) (d) Bottom chord cracking pattern (Girder G5-2F16-F) 

Figure 5-8: Cracking patterns in the top and bottom chords at the end of the pre-fatigue loading test 



166 

5.4 Fatigue Test Procedure 

As explained in Section 3.9.2, the two GFRP-reinforced girders were tested under two 

different schemes of fatigue loading. A data acquisition system recorded the readings from 

strain gauges, laser transducers, and load cells at the rate of 30 Hz during the test. If failure 

occurred during cycling, the test was stopped immediately. The two fatigue loading 

schemes are presented in detail in the following sections. 

Girder G4-2F16-F was tested under cyclic loading with a constant amplitude at a frequency 

of 3 Hz. The testing started with a load ranging from 450 kN to 650 kN, and after the first 

250,000 cycles, the maximum load was changed to 700 kN. At the end of each step, for the 

first three fatigue load steps (250,000 cycles at the specified peak load), a similar 

monotonic load cycle was performed to assess the degradation that may have occurred in 

the truss girder due to fatigue loading. After the first three sets of cycles (750,000 cycles), 

the test continued until failure. It should be noted that the data acquisition system failed to 

record the readings from the strain gauges and the laser transducers between 1,189,900 and 

1,418,200 cycles for the G4-2F16-F specimen due to a technical problem. Thus, the trend 

of the recorded values was used to extrapolate the changes during that period. 

Girder G5-2F16-F was tested under fatigue loading with a variable amplitude for 1,750,000 

cycles, and then the test continued at a constant load amplitude until fatigue failure. No 

significant damage or crack propagation was observed during the fatigue loading of G5-

2F16-F under variable loading amplitude. A loading rate of at least 2 Hz was used during 

the test to prevent any possible damage to the actuator or resonance of the loading frame. 

For both girders, subsequent to fatigue loading, a post-fatigue static load test was carried 

out in displacement control at a rate of 1 mm/min until static failure. The post-fatigue static 



167 

test evaluated the changes in stiffness and load carrying capacity of the girder after fatigue 

loading. 

5.4.1 Scheme 1: Fatigue Loading with a Constant Amplitude 

The initial static response of the girders was considered to find the best estimation of the 

loading level during the fatigue test. The most highly stressed bar in each girder was 

determined and the corresponding load to the maximum and minimum target strains were 

calculated. The maximum target stress and strain were calculated based on the value 

specified by the Canadian Highway Bridge Design Code (CSA S6-06, 2006). The CSA 

S6-06 limits the maximum stress in straight GFRP bars under loads at a serviceability limit 

state (SLS) to 25% of their ultimate tensile strength. The ComBAR® headed bar has an 

ultimate tensile strength of 1000 MPa, and therefore, a stress of 250 MPa was selected as 

the maximum target stress,	 , for the double-headed bars during the fatigue test. 

Subsequently, the target maximum strain,	 , was calculated using Equation (5-2), by 

dividing the maximum stress by the modulus of elasticity of the GFRP bars. A load-strain 

relation of SG-2, the highly stressed strain gauge during the pre-fatigue test, was considered 

to obtain the load corresponding to the target maximum strain. Prestressing the girder 

provided an initial negative strain in the double-headed bars, which could not be measured 

with the strain gauges before the test. A linear elastic analysis of the truss girder conducted 

by El-Badry (2016) using the computer program CPF (El-Badry and Ghali, 1990) resulted 

in a negative strain of about 617 µε in the double-headed bars of the diagonal elements due 

to prestressing the top and bottom chords. Therefore, the target maximum strain had to be 

reduced by 617 µε to account for the effect of this negative strain on the load-strain 
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behaviour of the double-headed bars under applied load. The adjusted target maximum 

strain is given by Equation (5-3). Thus, 

	 	0.25	 	 	250 MPa (5-1)

	 	 	
250

60,000
4166 10  (5-2)

	 617 10 3549 10  (5-3)

where 1000	MPa is the ultimate tensile strength of the GFRP ComBAR® bar. 

The CSA S6-06 also limits the stress range for all types of straight bars in bridge structures 

under cyclic loading to 125 MPa. Therefore, the adjusted target minimum strain is 

calculated as follows: 

	 	250	MPa	‐	125	MPa	 	125 MPa	 (5-4)

	 	 	
125

60,000
2083 10  (5-5)

	 	 617 10 1466 10  (5-6)

The comprehensive load-strain results of the pre-fatigue tests are given previously in 

section 5.3.1. Figure 5-9 shows the load-strain relation and the corresponding load to the 

adjusted target maximum and minimum strain for gauge SG-2. Based on these results, the 

maximum and minimum target loads were initially set at 650 kN and 450 kN, respectively, 

for fatigue loading. However, after the first 250,000 cycles of testing girder G4-2F16-F, 

the maximum load was increased to 700 kN based on the actual strain recorded by gauge 

SG-2 to satisfy the maximum stress of 250 MPa and fatigue stress range of 125 MPa under 

cyclic loading.  

.  
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Figure 5-9: Load-strain relation of the most highly stressed double-headed bar 

5.4.2 Scheme 2: Fatigue Loading with a Variable Amplitude 

In reality, structures, especially bridges, are seldom subjected to constant amplitude 

loading during their service life. The second fatigue loading scheme was selected with 

variable amplitude loading to simulate variation of the traffic load on a bridge deck. Thus, 

the load was applied on the girder varying cyclically between a minimum load level and 

variable maximum load levels. The minimum load level,	 , was set at 84 kN to 

represent the effect of the superimposed loads on bridges (pavement, insulation, barrier 

walls, etc.). Different peak loads were selected as multiples of the fatigue limit state 

specified by the CSA S6-06. This selection was done to assess the effect of cycling at lower 

peak load levels that increase gradually with time. This fatigue limit state was calculated 

using the maximum wheel load,	 , of 112 kN obtained from the CL-800 Alberta truck. 

The load amplitudes were selected to be		 , 1.5 , 2 , … as given by Equation 

(5-7). 
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	 	 		 where	 1.0,	1.5,	2.0,	2.5,	3.0,	3.5,	4.0     (5-7) 

Each of the fatigue loading steps was applied for 250,000 cycles at a frequency of 2 or 3 

Hz. The frequency was set to 3 Hz at the beginning of the loading and reduced to 2 Hz for 

the last two steps (peak load levels equal to, or higher than 476 kN) of fatigue loading to 

prevent any impact during cyclic loading and any possible damage to the actuator and 

resonance of the loading frame. The corresponding minimum and maximum loads are 

shown in Table 5-3. 

Table 5-3: Loading range applied in each period of cycles  

No. of Cycles Pmin (kN) Load Range (kN) Pmax (kN) 

0 250,000 84 1 112 112 196 

250,000 500,000 84 1.5 112 168 252 

500,000 750,000 84 2 112 224 308 

750,000 1,000,000 84 2.5 112 280 364 

1,000,000 1,250,000 84 3 112 336 420 

1,250,000 1,500,000 84 3.5 112 392 476 

1,500,000 1,750,000 84 4 112 448 532 

 

5.5 Test Results 

Girder G4-2F16-F was tested only under fatigue loading Scheme 1. Girder G5-2F16-F was 

tested first under the variable amplitude loading Scheme 2 for 1,750,000 cycles (see Table 

5-3) followed by the constant amplitude loading Scheme 1 until fatigue failure. 

The test results are presented in terms of girder deflections and strains in the GFRP double-

headed bars, in the longitudinal bars, and in the stirrups, as well as the crack patterns. Any 

deterioration of the truss girder would be evident if these parameters increased and, also, 
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if girder stiffness was lost as the number of load cycles or the peak load increased. This 

deterioration is referred to as damage and the overall progressive deterioration due to the 

total number of load cycles is referred to as accumulated damage. These parameters were 

also measured during the monotonic loading steps that were carried out before and after 

the fatigue test. The fatigue life of the girder is defined as the number of cycles that the 

girder could sustain before fatigue failure. Table 5-4 summarizes the fatigue life of the 

girders until failure. 

Table 5-4: Number of load cycles sustained by the girders 

 Girder G4-2F16-F Girder G5-2F16-F 

Loading Scheme Scheme 1 Scheme 2 Scheme 1 

Total Number of Cycles 1,418,435 
1,750,000 1,973,278 

Total= 3,723,278 

As previously mentioned, girder G5-2F16-F was tested under two different schemes of 

fatigue loading. No significant damage or crack propagation was observed during testing 

under the variable loading amplitude (Scheme 2) for 1,750,000 cycles. Testing girder G5-

2F16-F continued under a constant loading amplitude (Scheme 1) until fatigue failure. 

Although girder G5-2F16-F experienced 1,750,000 cycles prior to application of the 

constant amplitude fatigue loading, it survived half a million cycles more compared to 

girder G4-2F16-F under the same loading Scheme 1.  

5.5.1 Deflection Characteristics 

The propagation of cracks and the stiffness degradation of the girder under cyclic loading 

resulted in an increased deflection. Variation of the truss girder deflection with the number 
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of fatigue cycles is presented in a logarithmic scale in Figure 5-10. The deflection values 

represent the vertical deformation of the bottom chord at the span quarter points. Girder 

G4-2F16-F experienced a rapid increase in the mid-span deflection through the first 

hundred cycles, after which the deflection increased at a much lower rate (Figure 5-10(a)). 

Two sudden jumps in the deflection took place during the test. The first jump occurred 

after the first 250,000 cycles due to the 50 kN increase of the peak load from 650 kN to 

700 kN as described in the Section 5.4. The second sudden increase occurred due to the 

significant reduction in the girder stiffness when the first diagonal truss element failed at 

the west bottom connection.  

Girder G5-2F16-F experienced a steady rate of increase in deflection in each step of cycling 

under the variable amplitude fatigue loading Scheme 2 (Figure 5-10(b)). Increasing the 

peak of each loading step (every 250,000 cycles) caused a sudden small increase in the 

deflection of the girder; however, the maximum mid-span deflection of the girder did not 

exceed 4.93 mm at the end of the 1,750,000th cycle. Unlike girder G4-2F12-F, a stabilized 

deflection rate was observed during the first one hundred cycles. As the girder approached 

failure, the mid-span deflections began to increase gradually. Variation of the maximum 

deflection with the number of cycles under loading Scheme 1 is shown in Figure 5-10(c). 

Similar to girder G4-2F16-F under Scheme 1, a few thousand cycles before the fatigue 

failure, the mid-span deflection increased significantly due to rupture of the double-headed 

GFRP bars at the connection of the west diagonal element and the bottom chord. After 

failure of this connection, the deflection started to increase rapidly due to a significant 

reduction in stiffness, which continued for about 600,000 cycles.  
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5.5.2 Stiffness Degradation 

The crack growth and increase in crack width, as a result of fatigue loading, led to 

progressive degradation of the girders’ stiffness. Figure 5-11(a) shows the progressive loss 

in the flexural stiffness of the girders during the test. The girder stiffness in each load cycle 

was calculated as the ratio of the load range over the change in mid-span deflection of the 

girder during the fatigue test. Figures 5-11 (b), (c), and (d) also shows a normalized 

stiffness reduction during the life span of the girders. 
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(a) Girder G4-2F16-F (Loading Scheme 1) (b) Girder G5-2F16 F (Loading Scheme 1 and 2) 

(c) Girder G5-2F16 F (Loading Scheme 1) 
(From cycle 1,750,000 - 3,723,278) 

(d) Deflection comparison of the girders 

Figure 5-10: Maximum deflection of the girders under fatigue loading 
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(a) Stiffness degradation of girders G4 and G5  (b) Normalized stiffness degradation of girder G4-2F16-F  

(c) Normalized stiffness degradation of girder G5-2F16-F 

Figure 5-11: Stiffness degradation of the truss girders 
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Girder G4-2F16-F showed a significant reduction in the girder’s stiffness during the first 

hundred cycles with a 15% loss of stiffness in the initial 5% of the girder’s life span. The 

stiffness continued to decrease with a stable behaviour until the diagonal truss element 

connection failed. At the time of the truss element connection failure, the girder’s stiffness 

was close to 75% of its initial value, and dropped to about 58% at the time of ultimate 

fatigue failure.  

Girder G5-2F16-F exhibited a gradual reduction in stiffness during each step of cycling 

under variable amplitude fatigue loading (throughout 250,000 cycles); however, a sudden 

increase in stiffness occurred due to the increase in the peak load at the end of each fatigue 

step. The girder was then tested under fatigue loading with a constant amplitude (Scheme 

1). No rapid stiffness reduction was observed during the first thousand cycles since the 

girder was initially degraded under the variable amplitude fatigue loading. Just before the 

truss element connection failed, the girder’s stiffness was close to 92% of its initial value; 

it fell to 67% right after the connection failed. At the time of ultimate failure, the stiffness 

degradation percentage was about 42% of its initial value. Table 5-5 presents the reduction 

in stiffness of the truss girders during the fatigue test. 

Table 5-5: Stiffness reduction of the truss girders during the test 

Stiffness change  
Initial Stiffness 

K1 (kN/mm) 

Half-life Stiffness 

K50% (kN/mm) 

Final Stiffness 

KFailure (kN/mm) 

G4-2F16-F 128.1 
78.0  

(0.61 K1) 
74.9 

(0.58 K1) 

G5-2F16-F 97.3 
101.4 

(1.04 K1) 
41.4 

(0.42 K1) 
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5.5.3 Strain of the Reinforcement 

Figures 5-12, 5-13, 5-14, and 5-15 show the maximum strain variation with the number of 

cycles in the double-headed bars at the connection of the diagonal truss elements and the 

concrete chords. Strain gauge SG-2 at the west bottom connection recorded the highest 

value of strain in both girders throughout the fatigue test.  

In both girders, the strain variation in all double-headed bars experienced three distinct 

stages during each fatigue loading step (the period that the load amplitude is constant): (1) 

rapid strain increase from the 1st to 1000th cycle, (2) stabilized, continuous, increasing 

pattern from 1000th cycle until the first diagonal double-headed bar failed (local failure) or 

the peak load changed, and (3) the post connection failure behaviour of the girder with a 

significant strain reduction in the double-headed bars and strain increase in the longitudinal 

bars. It should be noted that the diagrams were plotted in a logarithmic scale to clearly 

demonstrate the rapid increase of the strain in the first 1000 cycles. Moreover, multiple 

sudden strain increases in the double-headed bars in girder G5-2F16-F at each 250,000th 

cycles and at the 250,000th cycle in girder G4-2F16-F were due to an increase in the peak 

load limit in the test, as described in Section 5.4. A description of the strain variation with 

the number of cycles in each stage is given below. 

Stage 1: 1st to 1000th cycle 

Table 5-6 presents the percentage of the strain increment, with respect to the first cycle 

strain value, at the connection zones of the diagonal elements and the chords. The average 

strain of the four double-headed bars in each connection zone was used for comparison. 

The value used for girder G5-2F16-F was selected from its second fatigue loading scheme 

(constant load amplitude of 250 kN) to compare with the value from girder G4-2F16-F. 
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Girder G5-2F16-F experienced a lower strain rate compared to that of girder G4-2F16-F 

because girder G5-2F16-F was subjected to 1,750,000 low range load cycles prior to being 

loaded under the constant amplitude fatigue loading. The loading of girder G5-2F16-F 

under the variable fatigue load decreased the initial stiffness of the girder, and therefore, a 

lower strain rate was observed during the first thousand cycles of the constant amplitude 

loading. Table 5-6 shows that the strain continued to increase gradually in a stable manner 

with lower intensity after the first 1000 cycles. 

Table 5-6: Change in strain in the first 1000 cycles 

Connection 
Zone 

Period of 
Cycles 

Girder G4-2F16-F Girder G5-2F16-F 

Initial strain 
(0) (x10-6) 

Change*
(%) 

Initial strain 
(0) (x10-6) 

Change*
(%) 

Top-West 
1st–1,000th 

2090 
8.1 

2539 
3.1 

1st-250,000th  18.7 6.1 

Bottom-
West 

1st –1,000th 
2536 

7.7 
2700 

2.9 

1st-250,000th  17.4 7.3 

Bottom-East 
1st–1,000th 

2142 
9.2 

2208 
3.4 

1st-250,000th  20.2 6.6 

Top-East 
1st–1,000th 

2251 
7.5 

2429 
3.7 

1st-250,000th  19.5 7.0 

* The change was calculated with respect to the initial strain at the first cycle 

Stage 2: 1000th cycle to time of rupture of the first bar  

After the first 1000 cycles, the strain increased gradually in a stable manner in all the 

double-headed bars. This gradual increase continued until one of the double-headed GFRP 

bars ruptured or the peak load increased. The chord’s reinforcing bars experienced lower 
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levels of stress than the double-headed bars in the diagonal elements in this stage. In both 

girders, gauge SG-2, located at the longest double-headed bar in the west diagonal truss 

element at the interface of the truss element and the bottom chord, experienced the highest 

strain level during the fatigue load; therefore, the failure first took place in that location. 

The strain gauges mounted on each diagonal double-headed GFRP bar in the truss elements 

stopped working after the GFRP bars ruptured. Gauge SG-2 stopped working after 

1,033,300 cycles in girder G4-2F16-F and after a total of 2,901,578 cycles (1,151,578 

cycles under constant amplitude loading) in girder G5-2F16-F.  

Subsequent to rupture of the first GFRP bar at one connection, the other three bars at that 

connection started carrying more load, which significantly increased the stress in each of 

those bars. Therefore, after a few thousands cycles, the other three GFRP bars started to 

fail in sequence due to the significant increase in their strain rate. Figure 5-16 shows the 

strain variation at the east bottom connection of girder G5-2F16-F at the time of failure 

(between 1.0 and 1.5 million cycles under constant amplitude loading). After the first one 

million cycles, gauge SG-2 suddenly failed because of rupture of the GFRP bar at the 

1,151,578th cycle. Failure of SG-2 caused a significant increase in the strain in SG-4, SG-

6, and SG-8. The large increase in strain in SG-4 initiated failure of the second double-

headed bar during the 1,228,078th cycle. Similarly, SG-6 and SG-8 experienced large 

sudden increase in the strain after failure of SG-4, which resulted in failure of SG-8 after 

1,363,970 cycles. Subsequently, SG-6 failed after a few hundred cycles with a significant 

drop in the strain, and the whole connection lost its load carrying capacity.  
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Stage 3: Post local failure behaviour of the girder 

After failure of the four double-headed GFRP bars at the bottom west connection of the 

girders, the load carrying capacity of the east diagonal truss element dropped significantly. 

This major drop reduced the strain in all of the double-headed GFRP bars at the connections 

of the east truss element. Figure 5-14(b) and (d) shows the strain reduction in the east 

diagonal truss element after failure of the west connection. Furthermore, in absence of the 

west diagonal truss element, stiffness of the whole girder decreased rapidly. A significant 

drop in the strain of the remaining double-headed bars can be observed in Figure 5-14. In 

contrast, the longitudinal GFRP bars in the top and bottom chords experienced a major 

increase in their strain after failure of the diagonal truss element, and the entire load 

carrying capacity of the girders relied on the flexural capacity of the top and bottom chords. 

In this condition, the vertical truss elements transferred the load between the top and the 

bottom chords. Figure 5-15 shows the strain variation in the bottom longitudinal bars in 

the chords of the girders. Figure 5-15(d) shows the magnified strain variation of girder G5-

2F16-F in a normal scale, after one million cycles. As can be seen, a significant increase in 

the strain of the top and bottom chord occurred due to failure of the diagonal truss element 

during the 1,363,070th cycle. Subsequently, a rapid increase in the strain rate occurred as 

the girder approached final failure. The final failure took place by concrete crushing at the 

compression zone in the bottom chord. 
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(a) Strain at the top-west connection (b) Strain at the top-east connection 

(c) Strain at the bottom-west connection (d) Strain at the bottom-east connection 

Figure 5-12: Maximum strain in the double-headed bars in girder G4-2F16-F under fatigue loading 
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(a) Strain at the top-west connection (b) Strain at the top-east connection 

(c) Strain at the bottom-west connection (d) Strain at the bottom-east connection 

Figure 5-13: Maximum strain in the double-headed bars in girder G5-2F16-F under fatigue loading Scheme 2 
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(a) Strain at the top-west connection (b) Strain at the top-east connection 

(c) Strain at the bottom-west connection (d) Strain at the bottom-east connection 

Figure 5-14: Maximum strain in the double-headed bars in girder G5-2F16-F under fatigue loading Scheme 1 
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(a) Strain in the longitudinal bars in girder G4-2F16-F (b) Strain in the longitudinal bars in girder G5-2F16-F (Scheme 2) 

(c) Strain in the longitudinal bars in girder G5-2F16-F (Scheme 1) (d) Strain in the longitudinal bars in girder G5-2F16-F (Scheme 1) 

Figure 5-15: Maximum strain in the longitudinal bars under fatigue loading 
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Figure 5-16: Sequential failure of the double-headed bars at the truss element connection 

 

5.5.4 Crack Characteristics during Fatigue Loading 

During the fatigue loading steps, all the cracks were well marked on the concrete surface 

of the chords. Similar crack patterns were obtained for both girders under fatigue loading. 

During the early stages of fatigue loading no crack propagation was observed in addition 

to the cracks that developed during the pre-fatigue static test. After a relatively stable 

condition, as the number of load cycles or the peak load increased, small cracks developed 

in the radial direction or in an elliptical shape around the connection interface of the 

diagonal truss elements and the chords. Furthermore, for both girders, as the number of 

cycles increased to about one million cycles, a slight separation of the truss elements and 

the concrete chords was observed, resulting in the development of elliptical-shaped cracks 

around the connection zones. Small pieces of concrete or aggregate occasionally spalled as 
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a result of these cracks around the connection interface of the diagonal truss elements and 

the top chord. Figure 5-17 shows the crack development around the top and bottom 

connections after about one million cycles in girders G4-2F16-F and G5-2F16-F (before 

failure of the connections).  

Cracking in the top and bottom chords grew and extended significantly after failure of the 

diagonal truss elements. The earlier cracks became wider and the crack surfaces rubbed 

against each other; as a result, fine sand was observed falling from the cracks. Figure 5-18 

shows the cracks pattern of girder G5-2F16-F at final failure. As can be seen, cracks 

developed through the compression zone in the top and bottom chords a few hundred cycles 

before the ultimate failure of the girder (3.7 million total cycles). Furthermore, extensive 

crack propagation took place around the connection of the truss elements and the bottom 

chord at about 200,000 cycles before the ultimate failure.  
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(a) Bottom chord connection of girder G4-2F16-F (b) Top chord connection of girder G4-2F16-F 

(c) Bottom chord connection of girder G5-2F16-F (d) Top chord connection of girder G5-2F16-F 

Figure 5-17: Crack propagation around the truss element connections 
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(a) Top chord - west of mid-span (b) Top chord crack - east of mid-span 

(c) Bottom connection - west of mid-span (d) Bottom chord - east of mid-span 

Figure 5-18: Crack patterns at ultimate failure of girder G5-2F16-F 
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5.5.5 Mode of Fatigue Failure 

Fatigue failure of the truss girders was initiated when the GFRP double-headed bar in the 

diagonal truss element ruptured at the interface with the bottom chord; the rupture was 

followed by a major crack extension and crack widening in the top and the bottom chords. 

In both girders, the first diagonal double-headed bar failed almost at the same number of 

cycles, about 1.2 million cycles, however, girder G5-2F16-F lasted longer until final 

failure. Ultimate fatigue failure occurred due to the extensive crack propagation, which 

resulted in crushing of concrete in the bottom chord.  

Rupture of the double-headed GFRP bars at the connection of the diagonal truss element 

confirmed that the fatigue failure of this bridge system was mainly governed by the fatigue 

behaviour of the GFRP reinforcement. Fatigue mechanisms in FRP composites are 

characteristically complicated. Typical damage mechanisms observed under fatigue 

loading in FRPs are reported as matrix cracking, fibre-matrix de-bonding, and fibre rupture. 

Also, the presence of concrete could affect the fatigue behaviour of FRP bars due to a 

potentially harsh environment and friction between the bar and the concrete, which results 

in erosion of the bar surface (Katz, 2000). Figure 5-19(a) shows the rupture of the double-

headed GFRP bar in the diagonal truss element at the interface of the bottom chord. 

Failure of the diagonal truss elements resulted in significant reduction of the stiffness, and 

therefore, a considerable increase in the deflection was observed. After failure of the 

diagonal truss elements as the main structural component of the girder, the concrete chords 

were the only components resisting the cyclic force. In this case, the fatigue behaviour of 

the system was governed by the remaining fatigue life of the chords. Cracking in the top 

and bottom chords subsequently grew and extended significantly. The cracks propagated 

in the bottom chord mainly at mid-span, and grew to the compression zone of the concrete 
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chord. The top chord experienced more crack widening, and the cracks mostly grew in the 

longitudinal direction. Final failure occurred when the concrete was crushed in the 

compression zone of the bottom chord as can be observed in Figure 5-19(b). 

 
(a) Rupture of the double-headed GFRP bar in the diagonal element 

(Girder G4-2F16-F) 

 
(b) Crushing of the concrete in the bottom chord 

(Girder G5-2F16-F) 

Figure 5-19: Failure modes of the truss girder under fatigue loading 
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5.6 Post-Fatigue Behaviour 

The two girders G4-2F16-F and G5-2F16-F were tested under monotonic static loading 

subsequent to fatigue failure to evaluate the remaining strength and stiffness. A 

displacement-controlled load was applied to both girders at a rate of 1 mm/min from zero 

to final failure. Since the fatigue failure took place at the connection of the truss elements, 

the seven mechanical transducers were mounted on the truss elements again to measure the 

separation of the diagonal truss elements from the concrete chords and the shortening of 

the vertical truss elements. Cyclic loading affected both the strength and stiffness of the 

girder. Table 5-7 presents the remaining strength and stiffness of the girders after fatigue 

failure. 

Table 5-7: Summary of the post-fatigue test results 

 Girder G4-2F16-F Girder G5-2F16-F 

Maximum Sustained Load (kN) 880 668 

Maximum Deflection (mm) 34.34 46.05 

Maximum Diagonal Truss Element 
Separation (mm) 

26.9 26.1 

Initial Stiffness, K0 (kN/mm), 
(Figure 5-2) 

193.0 191.7 

Stiffness Degradation* (%) 19% 43% 

Maximum Top Chord Longitudinal 
Bar Strain (x 10-6) 

4772 9830 

Maximum Bottom Chord 
Longitudinal Bar Strain (x 10-6) 

5484 5842 

Type of Final Failure 
Crushing of the 

concrete chords in 
compression  

Crushing of the 
concrete chords in 

compression  

* The change was calculated with respect to the initial stiffness from the pre-fatigue test 
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5.6.1  Deflection Characteristics 

The post-fatigue load-deflection response of the girders under static loading from zero to 

failure is presented in Figure 5-20. The truss girders performed well in terms of ductility, 

exhibiting large deformation and warning before its ultimate failure. Both girders sustained 

the applied load close to their service load condition after the failure. The two major drops 

in the load-deflection behaviour of the girders were due to crushing of the concrete in the 

both the top and bottom chords. In both girders, the west panel experienced a higher 

deflection in the post-fatigue test due to the fatigue failure of the west diagonal truss 

element connection. 

Figure 5-20(c) and (d) compares the pre- and post-fatigue responses of the girders. The 

stiffness of the girders was calculated for both test conditions. Girder G5-2F16-F sustained 

800,000 cycles more than girder G4-2F16-F, and thus, experienced a significant stiffness 

degradation and higher residual deflection compared to that of girder G4-2F16-F.  

5.6.2 Truss Elements Deformation 

Figure 5-21 presents the behaviour of the truss elements in terms of the separation and 

shortening of the diagonal and vertical truss elements, respectively. Rupture of all the 

double-headed bars in the west diagonal truss element caused an extensive separation of 

the west diagonal truss element from the bottom chord. Moreover, damage developed in 

the west panel of both truss girders, which caused greater shortening in the west vertical 

truss element compared to the shortening in the east vertical truss element.  
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(a) Post-fatigue load- deflection of girder G4-2F16-F (b) Post-fatigue load- deflection of girder G5-2F16-F 

(c) Comparison of load-deflection before and after fatigue 
loading of girder G4-2F16-F 

(d) Comparison of load-deflection before and after fatigue 
loading of girder G5-2F16-F 

Figure 5-20: Deflection of the girder under post-fatigue loading 
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(a) Separation of the diagonal truss elements from the chords 
(Girder G4-2F16-F) 

(b) Separation of the diagonal truss elements from the chords 
(Girder G5-2F16-F) 

 

(c) Shortening of the vertical truss elements  
(Girder G4-2F16-F) 

(d) Shortening of the vertical truss elements  
(Girder G5-2F16-F) 

Figure 5-21: Deformation of truss elements under post-fatigue loading 
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5.6.3 Strain in the Reinforcement 

The load-strain behaviour of the double-headed bars in the diagonal elements are presented 

in Figures 5-22, 5-23, and 5-24. In both girders, the fatigue failure occurred at the 

connection interface of the west diagonal truss element and the bottom concrete chord. All 

four strain gauges at this connection zone stopped working due to rupture of the double-

headed GFRP bars. As a result, higher strain values were observed at the connection of the 

west truss element and the top chord. The load-strain diagrams for the longitudinal bars in 

the top and bottom chords are shown in Figure 5-25. 
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(a) Load-strain behaviour at the top-west connection (b) Load-strain behaviour at the top-east connection 

None of the strain gauges worked. 
(The GFRP double-headed bars failed during fatigue loading) 

(c) Load-strain behaviour at the bottom-west connection (d) Load-strain behaviour at the bottom-east connection 

Figure 5-22: Load-strain behaviour of girder G4-2F16-F under post-fatigue loading 
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(a) Load-strain behaviour at the top-west connection (b) Load-strain behaviour at the top-east connection 

None of the strain gauges worked. 
(The GFRP double-headed bars failed during fatigue loading) 

(c) Load-strain behaviour at the bottom-west connection (d) Load-strain behaviour at the bottom-east connection 

Figure 5-23: Load-strain behaviour of girder G5-2F16-F under post-fatigue loading 
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(a) Girder G4-2F16-F (b) Girder G5-2F16-F 

Figure 5-24: Average load-strain behaviour of the girders during the post-fatigue loading test 

(a) Girder G4-2F16-F (b) Girder G5-2F16-F 

Figure 5-25: Load-strain behaviour of the longitudinal bars in the top and bottom chords during the post-fatigue loading test 
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5.6.4 Post-fatigue Crack Characteristics and Failure Mode 

During the post-fatigue loading, cracks started to propagate rapidly. Extensive crack 

extension and widening was observed in the west panels of the girders. As the load 

increased, the cracks significantly developed in the bottom chords of the girders 

surrounding the west diagonal truss elements and the middle vertical truss element 

connections (Figure 5-26(a)). Crack widening around the connection interface was 

followed by crushing of concrete in compression in the bottom chord as can be observed 

in Figure 5-26(b). This figure also shows failure of the longitudinal GFRP bar in the 

compression zone of the bottom chord as well as rupture of the double-headed GFRP bars 

at the connection of the west diagonal truss element. Afterwards, the top chord experienced 

crack widening and diagonal crack propagation to the west side of the loading plate. This 

was followed by the crushing of the concrete in compression under the loading plate 

(Figure 5-26(c)). In the absence of the west diagonal truss element, the west vertical truss 

element was subjected to bending, which caused a rotation in that element. Crack 

development and spalling of the concrete around the truss element connection was 

observed due to this rotation. Figure 5-26(d) shows the rotation of the west vertical element 

during the post-fatigue test. 
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(a) Bottom chord crack extension  
(Girder G5-2F16-F) 

(b) Crushing of concrete in the bottom chord  
(Girder G5-2F16-F) 

(c) Crushing of concrete in the top chord  
(Girder G5-2F16-F) 

(d) Bending of the west vertical element  
(Girder G5-2F16-F) 

Figure 5-26: Failure due to post-fatigue loading

Bending of the 
vertical element 
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5.7 Summary of Fatigue Loading Test Results 

The results of cyclic loading on the two GFRP-reinforced girders, G4-2F16-F and G5-

2F16-F, under two schemes of fatigue loading are summarized below.  

Girder G4-2F16-F was tested under cyclic loading with a constant amplitude (fatigue 

loading Scheme 1). Girder G5-2F16-F was tested under fatigue loading with variable 

amplitude (fatigue loading Scheme 2) for 1,750,000 cycles, and then the test continued at 

a constant load amplitude (fatigue loading Scheme 1) until fatigue failure. 

Fatigue failure of the truss girders began by rupture of the GFRP double-headed bar in the 

connection of the diagonal truss element and the bottom chord. In both girders, the first 

diagonal double-headed bar failed almost at the same number of cycles, about 1.2 million. 

cycles however, girder G5-2F16-F lasted longer until final failure. Ultimate fatigue failure 

occurred due to extensive crack propagation in the top and bottom chords. 

Girder G4-2F16-F showed major reduction in its stiffness during the first hundred cycles 

with a 15% loss of stiffness in the initial 5% of the girder’s life span. The stiffness 

continued to decrease in a stable rate until the diagonal truss element connection failed. 

The girder’s stiffness was close to 58% of its initial value at time of the ultimate fatigue 

failure.  

Girder G5-2F16-F exhibited a gradual reduction in stiffness during each step of cycling 

under variable amplitude fatigue loading. Under the constant amplitude fatigue loading, at 

50% of the girder’s life span, only 12% reduction in stiffness was observed. At the time of 

ultimate failure, the girder’s stiffness was close to 42% of its initial value. 

Strain variation in all the double-headed bars experienced three distinct stages during each 

fatigue loading step: (1) rapid strain increase from the 1st to 1000th cycle, (2) stabilized, 

continuous, increasing pattern from the 1000th cycle until the first diagonal double-headed 
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bar failed (local failure) or the peak load changed, and (3) the post connection failure 

behaviour of the girder with a significant strain reduction in the double-headed bars and 

strain increase in the longitudinal bars. After failure of the diagonal truss element, the entire 

load carrying capacity of the girders relied on the flexural capacity of the top and bottom 

chords. 

The truss girders showed an excellent performance in terms of ductility and residual 

strength in their post-fatigue static response; however, a significant reduction in stiffness, 

about 43%, occurred after fatigue failure. The specimens continued to sustain the static 

load close to 60% of the static ultimate load in the post-fatigue static testing. 
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 Chapter 6: Static Loading Test Results of Slab-on-Girder Specimens  

6.1 General 

In this chapter, the results of the static loading tests on the two slab-on-girder SG6-2F16-

S and SG7-2S12-S, are presented and discussed. Glass FRP and steel reinforcements were 

used for the slab-on-girders specimens SG6-2F16-S and SG7-2S12-S, respectively. Each 

specimen was built up of a truss girder that contained short double-headed bars extending 

from the top chord to connect the girder to a deck slab. The double-headed bars provided 

composite action at the slab-to-girder interface by resisting any possible horizontal or 

vertical separation between the deck slab and the girders.  

The test results include the static behaviour of the slab-on-girder specimens in terms of 

deflections, truss element deformations, strain variations in the GFRP and steel double-

headed bars, the GFRP tubes, the longitudinal bars, and the stirrups, as well as the crack 

patterns.  

6.2 Concrete Strength 

A standard compressive strength test and standard tensile splitting test were conducted to 

evaluate the strength of the concrete used in the truss elements, the chords of the girders, 

and the deck slab. The average strengths obtained from testing three control cylinders under 

compression and tensile splitting on the 28th day after casting and on the day of testing are 

presented in Table 6-1.  
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Table 6-1: Average strength of the concrete at age 28 days and on the day of testing 

Average Concrete Strength SG6-2F16-S SG7-2S12-S 

Compressive 
Strength 
(MPa) 

Truss 
Elements 

28 days 74.2 72.6 

Day of the test 74.0 73.3 

Chords 
28 days 64.1 67 

Day of the test 65.4 71.5 

Slab 
28 days 40.8 40.8 

Day of the test 40.6 40.9 

Tensile 
Strength 
(MPa) 

Truss 
Elements 

28 days 5.2 5.0 

Day of the test 5.2 5.0 

Chords 
28 days 4.5 4.8 

Day of the test 4.5 5.0 

Slab 
28 days 2.8 2.8 

Day of the test 2.8 2.8 

 

6.3 Summary of the Testing Procedure 

Two slab-on-girder specimens were fabricated and tested under monotonic loading up to 

failure. Each specimen included a truss girder connected to a deck slab. specimen SG6-

2F16-S was reinforced with GFRP bars, while specimen SG7-2S12-S was reinforced with 

steel bars. Short double-headed GFRP or steel bars protruding from the top chord of the 

girder were used as shear studs to connect the girder to the slab. The GFRP and steel short 

double-headed bars were 12 mm and 12.7 mm in diameter, respectively. The two long 

double-headed bars in the middle vertical and the diagonal truss elements were modified 

to have longer embedment lengths protruding from the top chord of the girder into the slab. 

The reinforcing details of the specimens are presented in Figures 3.9 to 3.14. 
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A vertical load was applied at mid-span of the slab using a 2.0 MN capacity Enerpac 

hydraulic jack. The jack did not provide a precise load or displacement controlled system, 

and the load was manually increased during the test. None of the specimens failed during 

the test, and the jack reached its maximum capacity of 2040 kN without any significant 

sign of failure. Figure 6-1 shows the slab-on-girder specimen in the loading frame ready 

for testing. 

 

Figure 6-1: Slab-on-girder SG7-2S12-S in the loading frame 

6.4 Static Loading Test Results 

The deck slab works as an additional load carrying member for the girder. To have a fully 

composite behaviour between the slab and the girder, the composite interface bond must 

remain intact and the composite structure (the slab and the top chord of the truss girder) 

should deform as a single beam when loaded. The strength of the composite chord may be 
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considerably reduced if the slab and the chord are not acting as a uniform member. In this 

experimental program, the top chord interface had a smooth finish, and the horizontal shear 

stresses were transferred across the interface via the short double-headed bars extending 

across the girder’s top chord. If the load were to exceed the horizontal shear stress capacity 

of the connectors, the bond would have been compromised, and the slab would have started 

sliding relative to the chord. Two mechanical transducers were utilized to measure relative 

slippage of the top chord and the concrete deck slab during the test. Both the slab-on-girder 

specimens exhibited a slip value of zero during the test with no differential movement 

between the slab and the girder top chord indicating fully composite behaviour of the 

specimens. 

6.4.1 Load-deflection Characteristics 

In a similar manner to the previous tests, the deflections of the specimens were measured 

at mid-span and two mid-panel points using three laser transducers (LTs) placed under the 

bottom chord of the girders. 

The load-deflection responses of the slab-on-girder specimens under static loading from 

zero to the maximum load capacity of the Enerpac are presented in Figure 6-2. Both 

specimens exhibited a nearly bilinear response under loading. The load-deflection 

behaviour of the slab-on-girder specimens at the initial stage of loading, before flexural 

cracking, was governed mainly by the gross section properties of the specimens; however, 

the steel-reinforced slab-on-girder SG7-2S12-S showed a slightly higher pre-cracking 

stiffness due to the higher modulus of elasticity of the steel compared to the GFRP-

reinforcement. This stiffness significantly decreased after cracking occurred. The steel-

reinforced specimen experienced a softer linear behaviour with a stiffness loss of about 



207 

47% after cracking up to the first yielding of the diagonal double-headed bars after about 

1700 kN. The GFRP-reinforced specimen showed a 62% reduction in stiffness in the post-

cracking stage of loading. Also, the lower stiffness of the GFRP-reinforced slab-on-girder 

led to a 50% higher mid-span deflection at the maximum load compared to the steel-

reinforced specimen. 
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(a) Slab-on-girder SG6-2F16-S  (b) Slab-on-girder SG7-2S12-S  

(c) Stiffness comparison of Slab-on-girder specimens SG6-2F16-S and SG7-2S12-S  

Figure 6-2: Load-deflection behaviour of the slab-on-girder specimens under static loading 
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6.4.2 Truss Elements Deformation 

For each specimen, four mechanical transducers were used to measure separation of the 

diagonal truss elements from the concrete chords due to the tension force. A single, vertical 

mechanical transducer measured the shortening of the middle vertical truss element under 

compression. The vertical mechanical transducer stopped working properly after the 

Enerpac reached its maximum load capacity.  

Figures 6-3(a) and (b) represent the deformation of the middle vertical truss elements under 

the compression force. A smaller shortening of vertical element was observed in the slab-

on-girder specimens compared to that of the truss girders without slab. 

Figures 6-3 (c) and (d) present the separation of the diagonal elements from the chords. 

The diagonal truss elements of the slab-on-girder specimen SG6-2F16-S experienced a 

greater separation than the elements the slab-on-girder specimen SG7-2S12-S due to the 

lower modulus of elasticity of the GFRP double-headed bars in the diagonal tubes. 

Although all the double-headed steel bars in the diagonal truss elements had yielded during 

the test, the diagonal truss elements did not exhibit large deformation and separation during 

the test.  
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(a) Shortening of the middle vertical truss element  
(Slab-on-girder SG6-2F16-S) 

(b) Shortening of the middle vertical truss element  
(Slab-on-girder SG7-2S12-S) 

(c) Separation of the diagonal truss elements from the chords  
(Slab-on-girder SG6-2F16-S) 

(d) Separation of the diagonal truss elements from the chords  
(Slab-on-girder SG7-2S12-S) 

Figure 6-3: Truss element deformations during the static loading test  
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6.4.3 Strain in the Diagonal Double-Headed Bars  

Similar to the previous specimens, sixteen strain gauges, SG-1- to SG-16, were used to 

measure the strain in the eight diagonal double-headed bars at the interface of the diagonal 

elements and the top and bottom chords. The location and the name designation of the 

strain gauges are presented in Figure 3-32. In the slab-on-girder specimens, the two middle 

double-headed bars in the diagonal truss elements were modified to have longer 

embedment lengths, which extended from the top chord of the girder to the deck slab. The 

extended part of the double-headed bars worked as a shear connector between the girder 

and the deck slab. Strain variation in these bars at the interface of the deck slab and the 

girder is presented in Section 6.4.7 of this chapter.  

None of the double-headed bars failed during the test. The load-strain behaviour of the 

double-headed bars in the diagonal elements are presented in Figures 6-4 and 6-5. Figure 

6-6 shows the average value of the strain in the four double-headed bars in each connection.  

The longer embedment length of the two middle double-headed bars in the top connections 

of the diagonal truss elements did not show any significant effect on the stress distribution 

among the double-headed bars. The average load-strain behaviour of the double-headed 

bars in the diagonal elements showed a higher stiffness in the diagonal truss elements for 

the steel-reinforced slab-on-girder specimen before yielding compared to the GFRP-

reinforced slab-on-girder specimen. 

The steel-reinforced specimen experienced yielding in all the double-headed bars as the 

strain exceeded 3500 µε (Table 3-11). After yielding, the stiffness of the truss elements 

significantly decreased and the strains increased with the increase in load. Large local 

strains were recorded in the bottom-west connection in the steel-reinforced specimen. 
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(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 6-4: Load-strain behaviour of the diagonal GFRP double-headed bars in the slab-on-girder specimen SG6-2F16-S  
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(a) At the top-west connection (b) At the top-east connection 

(c) At the bottom-west connection (d) At the bottom-east connection 

Figure 6-5: Load-strain behaviour of the diagonal steel double-headed bars in the slab-on-girder specimen SG7-2S12-S  
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(a) Slab-on-girder specimen SG6-2F16-S 

 
(b) Slab-on-girder specimen SG7-2S12-S 

Figure 6-6: Average load-strain behaviour of the slab-on-girder specimens  
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6.4.4 Strain in the Longitudinal Bars  

Four strain gauges measured the strain variations at mid-span of the longitudinal bars in 

the top and bottom chords. Figure 6-7 presents the strain values measured by these gauges.  

Contrary to the truss girder specimens without slab, the top chord experienced higher strain 

value during the test. In the slab-on-girder specimen SG7-2S12-S, the top chord’s 

longitudinal bars experienced yielding at a load above 1717 kN, after yielding of the 

double-headed bars occurred in the diagonal truss elements. The limited load capacity of 

the Enerpac did not allow the longitudinal steel reinforcement in the bottom chord to fully 

exhibit yielding during test.  

The slab-on-girder specimen SG6-2F16-S showed an almost bilinear load-strain behaviour 

under loading. The first branch of the load-strain diagram represents the behaviour of the 

longitudinal bars before cracking. The post-cracking behaviour of the bars (second branch 

of the diagram) showed a softer linear behaviour with significant reduction in the stiffness 

of the specimen compared to the behaviour before cracking occurred.  
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(a) Slab-on-girder specimen SG6-2F16-S  

 
(b) Slab-on-girder specimen SG7-2S12-S  

Figure 6-7: Load-strain behaviour of the longitudinal bars in the top and bottom chords 
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6.4.5 Strain in the Stirrups  

Four strain gauges, SG29 to SG32, were attached to the four stirrups close to the connection 

of the diagonal elements and the chords. The location of these strain gauges is shown in 

Figure 3-32. Table 6-2 presents the maximum strain and the equivalent stress in the stirrups 

during the test. Contrary to the static test results of the girders presented in Chapter 4, the 

stirrups in the top chord connections of the slab-on-girder specimens experienced a higher 

strain value than that of the truss girder specimens without slab.  

The strain readings in the stirrup legs were sensitive to the location of the stirrup with 

respect to the diagonal cracks. Large strains were observed in the two stirrups in the top 

chord; the location of the two stirrups was crossed by a diagonal crack. The strain value at 

these points suddenly increased at the late stage of loading, subsequent to the formation of 

major diagonal shear cracks. Figure 6-8 presents the shape of the diagonal cracks close to 

the connection of the top chord and the truss elements. The bottom connections produced 

an insignificant amount of stress during the test, indicating that the efficiency of the 

transverse reinforcement is highly dependent on its relative location with respect to the 

crack pattern. 

Table 6-2: Maximum strain and stress values in the stirrups at each connection 

Slab-on-girder 
specimen 

SG6-2F16-S SG7-2S12-S 

Connection 
Strain 
(x10-6) 

Stress 
(MPa) 

Strain 
(x10-6) 

Stress 
(MPa) 

Top-West 155 9.3 280 56.3 

Top-East 207 12.4 Did not work - 

Bottom-West 50 3 14 2.3 

Bottom-East 239 14.3 34 7.1 
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(a) Diagonal shear cracks in the top-west connection of  
the slab-on-girder specimen SG6-2F16-S 

(b) Diagonal shear cracks in the top-east connection of  
the slab-on-girder specimen SG6-2F16-S 

(c) Diagonal shear cracks in the top-west connection of  
the slab-on-girder specimen SG7-2S12-S 

(d) Diagonal shear cracks in the top-east connection of  
the slab-on-girder specimen SG7-2S12-S 

Figure 6-8: Diagonal cracks at the top connections of the slab-on-girder specimens  
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6.4.6 Strain in the Vertical Truss Elements  

Based on the test results of the girders under static loading, the strain gauge locations were 

modified for the slab-on-girder specimens. Fourteen strain gauges, SG33 to SG46, were 

mounted on the outer surfaces of the GFRP tubes of the vertical elements to measure the 

longitudinal and circumferential strain. The locations of these strain gauges are presented 

in Figure 3-32. The strain gauges in the longitudinal direction were used to measure the 

vertical strain in the middle tube and also to show any possible bending at the end 

connections of the vertical elements. The strain gauges in the circumferential direction 

monitored the transverse expansion of the vertical tubes due to compression of the concrete 

core. 

Figures 6-9 and 6-10 illustrate the strain variation in the vertical truss elements. The middle 

vertical element experienced significantly lower longitudinal and circumferential strain 

values in the slab-on-girder specimens compared to those of the truss girder specimens 

without slab. The lower strain values could be due to the presence of the slab as an extra 

load carrying member, which reduced the stress concentration on the middle vertical 

element under the vertical load. Similar to the truss girder specimens without slab, the 

longitudinal strain gauges on the top of the end vertical elements experienced a tension 

force as the load increased. This tensile strain indicates the presence of bending at the top 

ends in the vertical truss elements. No evidence of bending was observed at the bottom 

ends of the tubes. Also, circumferential and longitudinal strains were observed to be more 

critical in the bottom end connections of the tubes compared to the strain either at mid-

height or top end connections of the vertical tube.  
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(a) Longitudinal strain at the end connections (b) Circumferential strain at the end connections 

(c) Longitudinal strain in the middle vertical element  (d) Circumferential strain in the middle vertical element  

Figure 6-9: Load-strain behaviour of the vertical truss elements in the slab-on-girder specimen SG6-2F16-S 
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.  
(a) Longitudinal strain at the end connections (b) Circumferential strain at the end connections 

(c) Longitudinal strain in the middle vertical element  (d) Circumferential strain in the middle vertical element  

Figure 6-10: Load-strain behaviour of the vertical truss elements in the slab-on-girder specimen SG7-2S12-S 
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6.4.7 Strain in the Short Double-Headed Bars  

Distribution of the strain along the main short double-headed bar connectors, determined 

using strain gauges, were recorded during the test. Thirty-four strain gauges were used to 

monitor the behaviour of the slab-to-girder connectors. These gauges were mounted on the 

eight short double-headed bars near the two heads and at the interface of the slab and girder 

to investigate the efficiency of the heads and to measure the strain variation along the 

interface of the slab and the girder, respectively. Two strain gauges, SG-63 and SG-64, 

were mounted on the long double-headed bars in the middle vertical truss elements at the 

slab-to-girder intersection. The two middle double-headed bars in each diagonal truss 

element had longer embedment lengths, which extended from the top chord of the girder 

to the deck slab. Eight strain gauges, SG-47 to SG-50 and SG-77 to SG-80, were placed on 

these extended diagonal double-headed bars close to the top head and also at the slab-to-

girder interface. The locations and name designations of the strain gauges used in the slab-

on-girder specimens are given in Figures 3-32 and 3-33. 

Figures 6-11 and 6-13 present the strain values in the short double-headed bars at the slab-

to-girder interface. Also, Figures 6-15 and 6-16 depict the possible strain distribution along 

the slab-to-girder interface based on the strain values of the six double-headed bars. None 

of the steel double-headed bars experienced yielding during the test. The GFRP short 

double-headed bars reached a maximum stress value of 460 MPa during the test. This 

maximum stress is slightly higher than the recommended design value in the Schöck 

technical report (2013), which limits the design value tensile strength,	 , to 445 MPa for 

the GFRP bars. In both specimens, the highest level of strain was found to be in the two 

short double-headed bars close to mid-span of the girder. The strain in those bars increased 
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after cracks grew through the slab section of the specimen around the mid-span. The two 

short double-headed bars at both ends of the chords did not show a considerable strain 

value until the diagonal tension cracks occurred. After the diagonal cracks formed close to 

the connection of the truss elements and the top chords, the strain value significantly 

increased, and the short double-headed bars actively contributed to crack control and shear 

resistance in the chord. The two extended vertical double-headed bars at the middle vertical 

tube exhibited negative strain value because the bars carried compressive load, together 

with the middle vertical tube. 

The strain values at the top and bottom heads of the short double-headed bars are illustrated 

in Figures 6-12 and 6-14. A considerable amount of strain near the heads signified the 

efficiency of the heads in bearing against the concrete. The heads allowed the short double-

headed bars to develop the required strain along the bar without experiencing slippage. 

Similar to the strain distribution at the interface of the slab, the short double-headed bars 

experienced the highest value of strain at the heads close to the mid-span.  
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(a) At the west panel (b) At the east panel 

(c) At the extended vertical double-headed bars in the middle vertical truss element 

Figure 6-11: Strain variation in the double-headed bars at the slab-to-girder interface  
(Slab-on-girder specimen SG6-2F16-S) 
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(a) At the top heads of the double-headed bar in the west panel (b) At the top heads of the double-headed bar in the east panel 

(c) At the bottom heads of the double-headed bar in the west panel (d) At the bottom heads of the double-headed bar in the east panel 

Figure 6-12: Strain variation at the heads of the short double-headed bars 
(Slab-on-girder specimen SG6-2F16-S) 
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(a) At the west panel (b) At the east panel 

(c) At the extended vertical double-headed bars in the middle vertical truss element 

Figure 6-13: Strain variation in the short double-headed bars at the slab-to-girder interface 
(Slab-on-girder specimen SG7-2S12-S) 
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(a) At the top heads of the double-headed bar in the west panel (b) At the top heads of the double-headed bar in the east panel 

(c) At the bottom heads of the double-headed bar in the west panel (d) At the bottom heads of the double-headed bar in the east panel 

Figure 6-14: Strain variation at the heads of the short double-headed bars 
(Slab-on-girder specimen SG7-2S12-S) 
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Figure 6-15: Strain distribution along the interface of the top chord and the deck slab 
(Slab-on-girder specimen SG6-2F16-S) 
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Figure 6-16: Strain distribution along the interface of the top chord and the deck slab 
(Slab-on-girder specimen SG7-2S12-S) 



230 

6.4.8 Crack Characteristics 

In both slab-on-girder specimens, the first crack occurred in the top chord; it was a single 

crack, which developed from the bottom fibre of the top chord. The cracking continued to 

develop and grow in the top chord as the load increased. The first crack in the bottom chord 

appeared after a few increments of loading about 35% higher than that of the top chord. 

All the cracks were marked on the concrete surface during the test. The loads corresponding 

to the first cracks in the top and bottom chords and the slab were recorded and are presented 

in Table 6-6. 

Table 66-3: First cracking load  

 
Slab-on-girder 
SG6-2F16-S 

Slab-on-girder 
SG7-2S12-S 

Top Chord First Cracking 
Load (kN) 

415 500 

Bottom Chord First 
Cracking Load (kN) 

585 660 

First Cracking Load in 
the Slab (kN) 

680 890 

Figures 6-17 and 6-18 show the crack patterns in the top and bottom chords, as well as the 

deck slab. Similar to the results of the truss girders, further crack propagation and wider 

cracks were observed in the GFRP-reinforced slab-on-girder specimen due to the lower 

stiffness of the GFRP reinforcement compared to that of the steel.  

Cracks developed in an elliptical shape around the connection interface of the diagonal 

truss elements and the chords when the load was increased beyond about 1100 kN and 

1350 kN for the GFRP-reinforced and steel-reinforced slab-on-girder specimen, 

respectively. [Figures 6-19(c) and (d)]. Furthermore, slight separation of the diagonal truss 

elements and concrete chords was observed in the GFRP-reinforced specimen resulting in 
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an elliptical-shaped spalling of the concrete around the diagonal truss element connections 

[Figure 6-19(d)]. 

A major diagonal tension crack developed when the load was increased above 1620 kN 

and 1900 kN for the GFRP and steel-reinforced specimens, respectively. The combination 

of shear stresses and flexural tensile stresses produced principal tension acting at an 

inclination of approximately 45 close to the end connections of the truss elements and the 

top chords. This type of crack usually happens in deep beams when shear is critical and 

before sufficient bending moment develops to produce failure in flexure. For both 

specimens, the diagonal tension crack extended to the top of the slab-on-girder interface 

when the Enerpac jack reached close to its final capacity of 2040 kN. However, the vertical 

transverse reinforcement actively contributed to crack control and shear resistance within 

the chord. 
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Figure 6-17: Crack pattern in the slab-on-girder specimen SG6-2F16-S  
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Figure 6-18: Crack pattern in the slab-on-girder specimen SG7-2S12-S  
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(a) Propagation of cracks in the slab  
(Slab-on-girder specimen SG6-2F16-S) 

(b) Propagation of cracks in the slab  
(Slab-on-girder specimen SG7-2S12-S) 

(c) Spalling of concrete around the diagonal element connection 
(Slab-on-girder specimen SG6-2F16-S)  

(d) Elliptical crack propagation around the diagonal truss 
element connection (Slab-on-girder specimen SG7-2S12-S) 

Figure 6-19: Crack propagation in the slab-on-girder specimens  
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6.5 Summary of the Static Loading Test Results 

The results of the static tests on the two full-scale slab-on-girder specimens are summarized 

and discussed below.  

The short double-headed GFRP or steel bars protruding from the top surface of the girder 

were used as shear studs to connect the supporting girder to the deck slab. None of the 

specimens failed during the test and the Enerpac jack reached its maximum capacity of 

2040 kN without a sign of failure in the specimens. 

Relative slippage of the top chord and the concrete deck slab was measured during the test; 

the slip value was zero with no differential movement between the slab and the top chord, 

indicating fully composite behaviour of the specimens. 

The GFRP-reinforced slab-on-girder specimen exhibited a 50% higher mid-span deflection 

at the same maximum load compared to the steel-reinforced specimen due to the lower 

stiffness of GFRP bars. In both specimens, the chords’ reinforcements experienced lower 

levels of stress than the headed bars in the diagonal elements. The steel-reinforced 

specimen initially experienced yielding of the double-headed bars inside the diagonal 

elements, followed by yielding of the longitudinal bars within the top chord. However, the 

limited capacity of the Enerpac jack did not allow the specimen to reach yielding of the 

longitudinal bars in the bottom chord. The vertical elements experienced considerably 

lower strain and deformation values in the slab-on-girder specimens compared to those of 

the truss girder specimens, indicating that ultimate failure of the slab-on-girder specimens 

would not be caused by failure of the vertical elements. 

Both slab-on-girder specimens exhibited diagonal tension cracks running from the truss 

element connection region through the slab during the late stage of loading when the load 

was increased above 1620 kN and 1900 kN for the GFRP and steel-reinforced specimen, 
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respectively. Strains in the short double-headed bars were highly dependent on the relative 

location of the reinforcement with respect to the crack pattern. In both specimen, the 

highest level of strain was in the two short double-headed bars close to mid-span of the 

girder. The strain in those bars increased after cracks propagated through the slab section 

of the specimen around the mid-span. Also, the test results indicated the efficiency of the 

heads of the short double-headed bars in developing the required strain along the bar 

without experiencing slippage inside the concrete. 

 

 

 



237 

Chapter 7: Summary, Conclusions, and Recommendations for Future Work 

7.1 Summary 

Recently, an innovative hybrid FRP-concrete bridge system for short and medium span bridges 

has been developed at the University of Calgary by El-Badry, 2007. The bridge system is 

composed of a cast-in-situ concrete deck slab on top of precast, prestressed concrete truss girders. 

The girders consist of pre-tensioned top and bottom concrete chords connected by vertical and 

diagonal truss elements made of GFRP tubes filled with concrete. The top and the bottom chords 

provide the flexural capacity of the system, while the truss elements guarantee the shear strength 

of the girder. The GFRP tubes provide confinement to the concrete core and increase the load 

carrying capacity and ductility of the truss components. Glass FRP double-headed bars are used to 

connect the truss elements to the chords. All the chord reinforcements, including stirrups and 

longitudinal bars, are made of GFRP. The truss girders can comprise short double-headed bars 

protruding from the top chord to connect the girder to the deck slab. The short double-headed bars 

provide composite action between the deck slab and the girder. 

The hybrid bridge system is lighter and more durable than conventional steel or concrete girders. 

The light weight of the bridge system reduces the required amount of prestressing, allows for 

longer spans, and results in smaller sizes of substructures and fewer supporting piers in multi-span 

bridges (El-Badry 2007). The light weight also reduces the transportation cost and allows for easier 

field installation close to the bridge construction site compared to that of conventional bridges. 

Using GFRP materials enhances the durability and reduces the susceptibility of the bridge system 

to deterioration. Reducing susceptibility to deterioration can reduce the life cycle cost in relation 

to other conventional bridge systems. 
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The experimental program presented in this study is part of an extensive research program in 

progress at the University of Calgary to evaluate the performance of the hybrid GFRP-concrete 

bridge system reinforced with GFRP bars under static and fatigue loading. The effect of several 

parameters, such as type and size of the long double-headed bars in the diagonal truss elements, 

on the performance of the hybrid bridge girder under static loading were studied. Furthermore, the 

performance of the proposed slab-to-girder connection and the efficiency of the short double-

headed bars as shear connectors were investigated. 

The experimental program consisted of fabricating and testing seven full-scale, two-panel truss 

girders. Three of the truss girder specimens were tested under monotonic loading until failure to 

determine the best GFRP bar size to be used in future designs. Two of the truss girders reinforced 

with GFRP were tested with different load amplitudes to simulate the effects of live load over the 

bridge lifespan and evaluate the fatigue life of the truss girder. The last two truss girders comprised 

short double-headed bars protruding from the top surface of the girder to connect the top chord to 

a one-meter wide deck slab. The performance of the double-headed bars in terms of resisting the 

shear and composite behaviour of the slab-on-girder system was studied under monotonic loading.  

7.2 Conclusions 

Based on the results of the experiments performed on the new bridge system, the following 

conclusions can be drawn: 

1. Initial failure in the GFRP-reinforced truss girder under the static load began by crushing 

of the concrete in the top chord resulting a sudden drop in the load capacity of the girder 

to about 84% of the maximum applied load. 
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2. The overall load capacity of the steel-reinforced truss girder was governed by yielding of 

the steel double-headed bars in the diagonal truss elements and longitudinal bars in the 

chords, followed by the crushing of the concrete in the middle vertical tube. 

3. The ultimate failure of the truss girder under static loading was governed by the crushing 

of the concrete in the middle vertical tube, followed by the GFRP tube rupture. The failure 

was brittle with a dramatic drop in the load carrying capacity of the truss girder. 

4. The load carrying capacity of the vertical truss elements beyond the unconfined concrete 

strength was governed by the circumferential stiffness and strength of the GFRP tubes 

under tension.  

5. Under the same static load, the GFRP-reinforced girder with 12 mm double-headed bars in 

the diagonal truss elements experienced about a 60% higher deflection compared to the 

deflection experienced by the GFRP-reinforced girder with 16 mm double-headed bars. 

This result confirmed the significant effect of the cross-sectional area of the double-headed 

bars in the diagonal truss elements on the performance of the girders. 

6. The steel-reinforced girder demonstrated a higher post-cracking stiffness and load capacity 

with a lower mid-span deflection compared to that of the GFRP-reinforced girders.  

7. Under large static loading, the truss girders experienced bending moment in the two end 

vertical truss elements at the connections to the chords. This bending was observed to be 

considerably higher at the top chord’s connections compared to the bending at the bottom 

chord’s connections. The GFRP tubes provided adequate reinforcement to sustain this 

bending. 
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8. No significant damage was observed in the connection of the diagonal truss elements under 

static loading, indicating that the heads performed well and that there was an adequate 

embedment length of the long double-headed bars in the concrete chords. 

9. The girder performed well under fatigue loading and could sustain more than 1.9 million 

cycles under a constant 125 MPa stress range as specified by the Canadian Highway Bridge 

Design Code (CSA S6-06). 

10. The fatigue life of the GFRP-reinforced truss girder was mainly governed by the 

performance of the long double-headed bars in the diagonal truss elements. The heads of 

the double-headed bars exhibited sufficient anchorage strength under fatigue loading 

without a sign of slippage of the bar from the head; failure occurred at the interface of the 

truss element and the chord. 

11. Failure in the GFRP-reinforced truss girder under the fatigue load began when the GFRP 

double-headed bars at the interface of the bar and the bottom chord fractured, leading to 

significant reduction in the stiffness of the girder. No major stiffness degradation was 

observed before failure of the double-headed bars occurred.  

12. After failure of the double-headed GFRP bar under fatigue loading, the load carrying 

capacity of the girder became dependent on the strength of the concrete chords and the 

vertical truss elements. Subsequently, ultimate fatigue failure of the truss girder under 

fatigue loading was caused by crushing of the concrete at mid-span of the bottom chord. 

13. Subsequent to the fatigue failure, the girders continued to sustain a static load close to its 

serviceability load limit, displaying excellent ductile behaviour. However, a significant 

reduction in stiffness, about 60%, occurred after fatigue failure.  
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14. Using short double-headed bars as shear connectors between the deck slab and the 

supporting girder is a viable solution to achieve full composite behaviour between the 

girder and the slab.  

15. The overall load capacity of the steel-reinforced slab-on-girder specimen was governed by 

yielding of the steel double-headed bars in the diagonal truss elements, followed by 

yielding of the longitudinal bars in the top chord.  

16. Strain level in the short double-headed bars was highly dependent on the relative location 

of the reinforcement with respect to the crack pattern. The highest level of strain was in the 

two short double-headed bars close to mid-span of the girder. 

17. The proposed truss-girder system is an efficient corrosion-free superstructure with 

excellent performance in terms of strength and stiffness, which can offer significant savings 

in weight and maintenance costs in relation to other conventional bridge systems. 

7.3 Recommendations for Future Work 

Further studies on the development of the proposed bridge system are required. The proposed 

system is still being investigated, and the following recommendations can be considered for future 

work: 

1. The truss girders tested in this study are categorized as a deep bridge girder with a short 

span of 2.3 m and depth of 1.32 m. Deep girders are critical under shear forces. The small 

span-to-depth ratio of the girders tested does not represent the intention of using this bridge 

system in medium span bridges. Long span truss girders are being tested for better 

understanding of the behaviour of girders with high span-to-depth ratios under static and 

fatigue loading. 
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2. Carbon FRP tendons can be used as an alternative to conventional steel tendons to achieve 

a fully corrosion-free bridge system. Carbon FRP tendons are still being investigated and 

require special consideration, such as a proper anchoring system. Further studies need to 

be conducted to investigate the load transfer mechanism, bond with concrete, and required 

transfer lengths of the CFRP tendons.  

3. A numerical program should be developed and verified to optimize the design of the truss 

girder for different span lengths.  

4. Short double-headed bars used as shear connectors in this study had an inclined 

arrangement. A push-off test can be conducted to investigate the behaviour of short double-

headed bars in a vertical arrangement with different spacing.  

5. The work presented in this study is based on the short-term properties of the GFRP 

reinforcement. A further investigation into the effects of environmental conditions, such as 

moisture, alkaline or acidic conditions, freeze-thaw cycles, and temperature on the long-

term performance of GFRP reinforcements, is required. 

6. It would be of interest to study the cost efficiency of the proposed bridge system over its 

life cycle. High initial costs of the FRP materials is a major limitation in the construction 

industry. However, there are other costs beyond the initial costs that should be considered 

in the cost estimation of bridge structures. A life-cycle cost analysis is required to show the 

economic viability of the new bridge system.  

7. A sustainable development study has gained a lot of attention from bridge authorities due 

to today's extensive resource consumptions. The possible environmental impact of the 

proposed system, including energy consumption and carbon dioxide emissions in the life-

cycle of the bridge system should be studied. 
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