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ABSTRACT 

FATIGUE BEHAVIOUR OF CONCRETE BRIDGE DECK SLABS 

REINFORCED WITH GLASS FRP BARS 

Bridge deck slabs are one of the most corrosion-vulnerable bridge components due to the 

direct exposure to de-icing chemicals and severe weathering conditions. The use of fibre-

reinforced polymer (FRP) as reinforcement for bridge deck slabs is a promising solution to 

corrosion-related problems. Recently, glass FRP (GFRP) bars have been widely used as 

interna! reinforcement for concrete bridge deck slabs since they are less expensive compared 

to the other kinds of FRPs (Carbon and Aramid). Since bridge deck slabs directly sustain 

repeated moving wheel loads, they are one of the most bridge elements susceptible to fatigue 

failure. However, the performance of FRP-reinforced concrete elements subjected to cyclic 

fatigue loading, which is a critical design limit for bridge decks, has not been fully explored. 

This research is designed to investigate, analytically and experimentally, the fatigue behaviour 

and fatigue life of concrete bridge deck slabs reinforced with glass FRP bars. The 

experimental program includes construction and testing of ten full-size deck slabs. The test 

parameters include reinforcement type, reinforcement ratio in the bottom and top layers, and 

the scheme of fatigue loading. The experimental program was carried out in two phases each 

with five deck slab prototypes. The first phase investigated the behaviour of deck slabs under 

accelerated, variable amplitude, fatigue loads till failure. The second phase investigated the 

behaviour of test prototypes, loaded till failure, under monotonie loading conditions preceded 

by a specified number of fatigue load cycles representing different life-time loadings. Phase 

two helped to verify the residual static capacity as well as the performance and durability of 

the GFRP reinforcement under service loading conditions. The analytical study was conducted 

in two parts. The first part included developing a new fatigue life model, P-N curve, to predict 

the fatigue life of such slabs. This model was extended to evaluate equivalent damage 

relationships between different wheel load cycles and amplitudes. It was also used to calculate 

the fatigue damage accumulated to a bridge deck along its service life. The second part of the 

analytical study included finite element modeling (FEM) to analyze and predict the behaviour 

of bridge decks under static and cyclic fatigue loads. The FEM was carried out using 
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commercially available software, ANACAP. The analytical model was verified against the 

test results and then was used to investigate the effect of different parameters such as concrete 

compressive strength and wheel loads in tandem on the fatigue performance of such structural 

elements. Results are presented in terms of deflections, strains in concrete and GFRP bars, 

mode of failure and crack widths at different levels of cyclic loading. The results showed the 

superior fatigue performance and longer fatigue life of concrete bridge deck slabs reinforced 

with glass FRP composite bars. The proposed fatigue life model and equivalent damage rules 

are in good agreement with test results. The FEM was able to predict the behaviour of FRP-

reinforced concrete bridge decks with high accuracy. Based on the performed experimental 

and analytical study, useful conclusions and recommendations for bridge deck slab design 

were provided. 
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INTRODUCTION 

1.1. OVERVIEW 

The decline in North American infrastructures has never been more prevalent than it is today. 

In particular, highway bridges have been adversely affected as they are continuously subjected 

to significant harsh environmental and loading conditions. The environmental conditions 

include excessive use of de-icing sait, freeze-thaw cycles, wet-dry cycles, and fluctuation of 

temperature. These environmental conditions induce severe cracking and reduce the alkalinity 

of the concrete which results in the corrosion of the reinforcing and pre-stressing steel. The 

loading conditions effects rise mainly from the ever increasing traffic loads and volumes. Due 

to the dual effects of the reinforcement corrosion and the traffic loads, many concrete bridge 

structures suffer from premature structural decay. The physical evidence of this problem is 

certainly visible in the form of cracking and spalling of concrete, and pothole littered deck 

surfaces. 

Repair of these bridges constitutes a major challenge when measured in terms of rehabilitation 

costs and traffic disruption. In the United States, more than 42% of 575,000 bridges are 

structurally deficient and the estimated repair cost is more than $50 billion. In Canada, about 

$44 billion is required just to maintain the current infrastructures. It was reported that the 

overall international infrastructure deficit is in the vicinity of $900 billion (Doncaster and 

Mufti 1997; Bedard 1998; Yost and Schmeckpeper 2001). All the bridge components, 

including abutments, deck slabs and girders, barrier walls, wing walls, piers, and pier caps, are 

vulnerable to corrosion. The structural concrete deck slabs, however, are especially vulnerable 

as they are continuously subjected to the harsh environmental conditions and directly sustain 

the repeated moving wheel loads. In J apan, previous researches showed that the repair cost of 
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bridge deck slabs represents about 36 to 70% of the total repair cost of bridges. According to 

the US Federal Highway Administration, FHW A, 170 million square feet, out of 220 million 

square, of cast-in-place reinforced concrete (RC) bridge deck is classified as structurally 

deficient (Jihang 2003). These statistics indicate that the deterioration of RC bridge deck slabs 

is a very common problem, which deserves more attention with respect to its significant cost. 

Ministries and Departments of Transportation (DOT) had used to mandate some traditional 

requirements to overcome the corrosion related problems. For example, they used to utilize 

increased reinforcement cover and/or galvanized or epoxy-coated steel rebars. However, these 

requirements were not enough to prevent neither the inevitable penetration of the aggressive 

agents nor the corrosion of the reinforcement. With time, the rehabilitation cost of the 

infrastructures becomes so enormous. The transportation agencies in collaboration with the 

academic researchers established research programs to develop more durable and practical 

solutions. Researches have been focusing on using new materials in bridge construction to 

extend service life, reduce maintenance costs, and improve life-cycle cost efficiency. One 

innovative material that has received much interest as concrete reinforcement in infrastructure 

application is fibre-reinforced polymer (FRP) composite material. The non-corrodible nature 

of the FRP composite reinforcement can greatly increase the durability of concrete structures. 

FRP composites also possess several properties that make them attractive as structural 

reinforcement for concrete infrastructures. They have high strength-to-weight ratio, 

lightweight ( ease of field placement), and as a non-corrodible material, they result in low 

maintenance cost. Therefore, FRP reinforcing bars have been lately used in bridge 

applications especially in bridge deck slabs. 

Recently, several codes and design guidelines for concrete structures reinforced with FRP bars 

were introduced such as ISIS-M03-01 design manual for reinforcing concrete structures with 

FRP, CSA-S806-02 code for design and construction of building components reinforced with 

FRP, and ACI-440.lR-06 design guidelines (ISIS 2001, CSA 2002, ACI 2006). Also, Section 

16 of the Canadian Highway Bridge Design Code, CHBDC, CAN/CSA-S6-06, allows the use 

ofFRP reinforcing bars as reinforcement for concrete bridge deck slabs (CSA 2006). Based on 

these design codes and guidelines, several field applications ofFRP reinforced concrete bridge 
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deck slabs have been recently constructed in North America. However, Section 16 of the 

CHBDC is based on modifications of the existing code of practice for the steel reinforced 

concrete bridge decks. Since, FRP reinforcing bars have essentially different mechanical 

properties from those of steel bars. Unlike steel reinforcement, there is no yielding or ductility 

with FRP reinforcement. Moreover, FRPs behave in a linear-elastic manner until failure, 

showing a relatively lower elastic modulus compared to steel bars. Also, FRP reinforcing bars 

have different bond characteristics from those of steel bars. Consequently, the behaviour of 

FRP reinforced concrete elements cannot be extrapolated from that of the steel reinforced 

ones. Therefore, load tests are still needed for concrete bridge decks reinforced with FRP 

reinforcing bars to study their structural behaviour under different loading and environmental 

conditions. 

Since bridge deck slab directly sustain repeated moving wheel loads, it is one of the most 

bridge elements susceptible to fatigue damage. Due to economic development, the traffic 

volume on highways and the population of heavy trucks has been noticeably increasing over 

the past decades. As a result, more highway bridge deck slabs are vulnerable to fatigue 

damage than before. Fatigue damage accumulated in the material under repeated loads, results 

in failure at a stress level lower than the static strength. Consequently, fatigue performance is 

an important limit state that must be considered by designers of bridge decks. 

1.2. RESEARCH SIGNIFICANCE 

The evaluation of the fatigue damage during the service life is an important issue for both new 

construction and maintenance plans of existing bridges. Currently, glass FRP (GFRP) 

reinforcing bars are more attractive to the construction industry in infrastructure applications 

as they are less expensive than other kinds of FRP ( carbon and aramid). They have been 

widely used particularly in newly constructed bridge decks. With the rapid extend ofusing the 

FRP reinforcing bars in bridge deck slabs; there is an increased need to investigate the deck 

slab performance under traffic fatigue loads. In the available literature, many researchers have 

investigated the fundamental mechanical properties of FRP bars developed as reinforcement 

for concrete structures. Also, for FRP reinforced concrete bridge deck slabs, considerable 
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research has been carried out under monotonie loading conditions. However, the performance 

and durability of FRP reinforced concrete bridge deck slabs under fatigue loads have not been 

adequately explored. As the behaviour of FRP reinforced concrete elements cannot be 

extrapolated from that of the steel reinforced ones, research studies and investigations on the 

fatigue behaviour of such concrete deck slabs are needed. Therefore, this research is designed 

to investigate the behaviour of concrete bridge deck slabs reinforced with GFRP composite 

bars under the effect ofwheel fatigue loads (concentrated cyclic loads). 

1.3. RESEARCH OBJECTIVES AND ORIGINALITY 

This research attempts to understand the behaviour of concrete bridge deck slabs reinforced 

with GFRP composite bars under the effect of concentrated cyclic wheel loads. The objectives 

of this research can be summarised as follows: 

1. Investigating the behaviour of bridge deck slabs reinforced with GFRP bars under 

cyclic wheel load, 

2. Check the lifetime performance of such elements under service load conditions, 

3. Investigating the validity/accuracy of the current code provisions for the design ofFRP 

reinforced concrete bridge deck slabs, 

4. Optimizing the design of such deck slabs through investigating the validity of using 

different reinforcement ratios and configurations, 

5. Developing an analytical model to predict the fatigue life of FRP reinforced concrete 

bridge deck slabs and to evaluate the percentage of fatigue damage at any time during 

their service life. 

Based on the research findings, design recommendations will be introduced to improve the 

current design equations and code provisions. 
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1.4. METHODOLOGY 

The main objectives of this research are achieved through experimental and analytical 

investigations. In this research, the experimental program included construction and testing of 

ten full-size GFRP reinforced concrete bridge deck slab prototypes. The experimental 

program is carried out in two phases. The first experimental phase investigates the behaviour 

of test prototypes under fatigue loads till failure. This phase is designed to examine the 

ultimate performance and to evaluate the fatigue life of the GFRP reinforced deck slabs. The 

second phase of the experimental pro gram investigates the behaviour of test prototypes, which 

are loaded till failure, under monotonie loading conditions preceded with certain number of 

fatigue load cycles. According to fatigue life analyses of the test prototypes in the first phase, 

these load cycles are expected to represent lifetime loading on a bridge deck slab. Phase two 

helps to verify the residual static capacity as well as the performance and durability of the 

GFRP reinforcing bars. The experimental program, with its two phases, is designed to 

investigate the parameters that are expected to affect the fatigue behaviour of such deck slabs. 

These parameters are as follows: 

1. Reinforcement type (GFRP and Steel); 

2. Reinforcement ratio in the bottom transverse direction; 

3. Reinforcement ratio in the top reinforcement layer; 

4. Different fatigue loading schemes. 

In the analytical investigation, data from the experimental tests are analyzed. This data is used 

to develop new models to estimate the fatigue life and damage accumulation in GFRP 

reinforced concrete deck slabs. Also, the analytical study includes the development of a finite 

element model (FEM) for the test prototypes. The FEM is used to analyze and predict the 

behaviour of bridge deck slabs reinforced with FRP reinforcing bars under monotonie and 

fatigue wheel loads. The efficiency and accuracy of the FEM are verified against the present 

and previous experimental results from literature as well as data from field load test on real 

bridges. Then, the FEM is used to investigate the effect of different parameters that are not 

covered by the experimental investigation such as wheel-in-tandem loading and the concrete 

compressive strength. 
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1.5. THESIS OUTLINE 

This thesis consists of eight chapters. The following is a brief description of the subsequent 

chapters comprised this work; 

Chapter 1: Introduction 

This chapter includes an overv1ew for the current condition of concrete infrastructures 

especially highway bridges. Motivation, significance, objectives and methodology of the 

present research are described. 

Chapter 2: Literature Review 

In this chapter, the general properties of FRP composite bars are provided. A discussion of the 

factors affecting fatigue performance of plain concrete, steel, and FRP reinforcement under 

fatigue loading conditions are presented. 

Chapter 3: Concrete Bridge Deck Slabs-State of the Art Review 

In this chapter, the behaviour of bridge deck slabs under wheel load is described. Previous 

research on different kinds of reinforced concrete bridge deck slabs under static loads is 

reviewed. A brief review of the design methods and design provisions of concrete bridge deck 

slabs as specified in the North American bridge design codes are presented. Also, the previous 

research on fatigue of different types of concrete bridge deck slabs is summarized in this 

chapter. 

Chapter 4: The Experimental Program 

This chapter presents the details of the experimental work carried out in this research. The 

dimensions and fabrication of the tested deck slab prototypes and the properties of the used 

materials are documented. The test set-up, loading procedure and instrumentation used in the 

experimental program are presented. Details of the applied loading conditions and 

reinforcement details of test prototypes are also included in this chapter. 

Chapter 5: Analysis of the Experimental Results 

This chapter presents and discusses the test results obtained during the two phases of the 

experimental program. These results are introduced in terms of number of load cycles till 
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failure, mode of failure, deflections, cracking behaviour, strains in both reinforcement and 

concrete and ultimate capacity. 

Chapter 6: Fatigue Life Modelling 

This chapter introduces a review and comparisons of the available fatigue life prediction 

models for bridge deck slabs. Based on the experimental results, new models to estimate the 

fatigue life, equivalent fatigue damage, and fatigue damage accumulation in GFRP reinforced 

concrete deck slabs are proposed. 

Chapter 7: Finite Element Modelling 

This chapter presents the non-linear finite element model (FEM). The properties and 

capability of the used software (ANACAP 2004) are discussed herein. The validity and the 

accuracy of the finite element model against test results under fatigue and monotonie loading 

are illustrated. A parametric study, using the FEM, to investigate the effect of different 

parameters on the behaviour ofFRP reinforced concrete bridge deck slabs is also introduced. 

Chapter 8: Summary and Conclusions 

This chapter contains a summary of this study and the conclusions extracted from the findings 

of this work. Sorne suggestions and recommendations for future work are also presented. 
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R 
LITERATURE REVIEW 

2.1 INTRODUCTION 

In the current research, the fatigue performance of concrete bridge deck slabs reinforced with 

GFRP composite bars is investigated. Understanding the fundamental fatigue characteristics 

of the individual materials used in research is a key element to understand their overall 

behaviour when integrated in a structural element. In the following sections, the properties and 

behaviour of the FRP bars as concrete reinforcements are introduced. The performance of 

plain concrete, reinforcing and pre-stressing steel, and FRP bars under fatigue loads are also 

presented. 

2.2 FIBRE-REINFORCED POL YMERS (FRP) 

Rapid advances in construction materials technology have enabled civil engineers to achieve 

impressive gains in the safety, economy, and functionality of structures. Recently, composite 

materials have been the focus of much attention in the engineering community. Composite 

materials are made of fibres embedded in a polymeric resin known as fibre-reinforced 

polymers, FRP. In a composite material, fibres are the main source of strength and stiffness 

while the polymer resin is environmentally resistant. The combination of fibres and resin 

results in a composite material with mechanical properties and durability better than either of 

its constituents alone (Fig. 2.1 ). The cost of FRP materials was initially high, but nowadays it 

is continuously decreasing. Pressure has mounted for the use of these new materials to 

improve infrastructure functionality and to extend their service life. 

FRP materials exhibit several properties that make them suitable altemate to conventional 

steel reinforcement for concrete structures subjected to aggressive environments. Marine 
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structures, bridges, and parking garages are prime examples of these structures. These 

structures are continuously exposed to de-icing salts, combination of moisture, temperature, 

and chlorides that reduce the alkalinity of the concrete. All these factors lead to the corrosion 

of reinforcing and pre-stressing steel and deterioration of concrete. Finally, these factors result 

in loss of the structure serviceability. As FRP materials are non-corrodible, the problem of 

corrosion can be avoided with FRP reinforcement. The main issues that control the selection 

of FRP reinforcements for concrete structures are the tensile strength, mechanical relaxation, 

toughness, fatigue resistance, dimensional stability, and electrical and magnetic properties. 

These properties vary from product to another product as well as vary according to the 

application (Mufti et al. 1991, Neale and Labossière 1992, El-badry 1996, Khennane and 

Me/chers 2000, ACI 1996, ISIS 2001). 

stress 
[MPa] 

180MOC-O 

000-3000 

34-130 
matrix 

strain 
>10% 

Figure 2.1 Composition of Fibre Reinforced Polymers, FRP (ISIS 2001) 

2.2.1 FRP Constituents 

The main constituents used for production of FRP reinforcements are: 

1. Inorganic and organic reinforcing fibres; 

2. Thermosetting and Thermoplasting polymer resins; 

3. lnorganic resin fi.Hers and additives. 
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2.2.1.1 Reinforcing fibres 

Fibres are often the starting point in the design of a composite material. They represent the 

principal source of strength, stiffness, and dimensional stability in FRPs. The performance of 

fibres is affected by their length, cross sectional shape, and chemical composition. Design 

needs require the use of specific fibre depends on the ability of fibres to achieve adequate 

resistance against many factors. These factors include impact, alkaline environments, 

chemicals attack, moisture, thermal expansion, electrical conductivity, radiation, magnetic 

permeability, and cost. Carbon, glass, and aramid fibres are the most common kinds of fibres 

used in production of FRP composite for civil engineering applications. PAN based carbon 

fibres tend to have higher ultimate strain; whereas pitch based carbon fibres have higher 

stiffness. Glass has been the predominant fibre for many civil engineering applications 

because of its economical balance between cost and specific strength properties. The most 

widely used glass fibres is the E-Glass type (E; for electrical grade). Other kinds of glass 

fibres include S-glass (high strength) and ECR-glass (a modified E Glass which provides 

improved acid resistance ). S-glass has higher strength, stiffness, and ultimate strain than E-

glass but is more costly and more susceptible to degradation in alkaline environments. E-glass 

is much more used especially when electrical resistance, acid resistance, and low cost are 

predominant. Table (2-1) gives typical mechanical properties of these fibres (Tsai and Hahn 

1980, Vinson and Taya 1983, Schwartz 1992, Mallick 1993, ACI 1996, ISIS 2001). 

Table 2.1 Mechanical properties of the most commonly used fibres (ACJ 1996, ISIS 2001). 

Aramid 
Glass Fibres Carbon Fibres 

Fibres 

E-Glass S-Glass PAN Pitch Kevlar 49 

Tensile Strength 
3500 4900 2500-4000 3000-3500 2800 

(MPa) 

' Modulus of Elasticity 
74 87 350-650 400-800 130 

(GPa) 

i Elongation (%) 4.8 5.6 0.4-0.8 0.4-1.5 2.3 
l 

! Poisson's Ratio 0.2 0.22 -0.2 0.35 
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2.2.1.2 Resins 

Matrix resin is a polymeric material used to protect fibres from environmental attacks. They 

represent the principal source of the durability of the final product. The matrix resin: 

1. Bonds fibres in the position; 

2. Protects fibres from outside environment; 

3. Trans fers stress from fibre to another fibre; 

4. Transfers inter-laminar and in-plane shear in the composite; 

5. Provides lateral support to fibres against buckling when subjected to 

compressive loads. 

When matrix resin contains defects, such as voids around fibres, fibres may deteriorate due to 

chemical attack. The resin may deteriorate by ultraviolet rays and abrasion. There are two 

types of polymeric matrices widely used for FRP composites. They are called thermosetting 

and thermoplastic resins. Thermoplastic matrix polymers can be reshaped by heating as many 

times as necessary, although this can degrade their mechanical properties. Thermosetting 

polymers are used more often than thermoplastic ones. Their molecules form a rigid three-

dimensional structure that once set, cannot be reshaped by heat or pressure. Sorne commonly 

used thermosetting polymers are polyesters, vinyl esters and epoxies. Table (2-2) gives typical 

physical and mechanical properties of these resins (Agarwal and Broutman 1990, Schwartz 

1992, Bank 1993, Mallick 1993, ACI 1996, ISIS 2001). 

2.2.1.3 Resin fillers and additives 

Filler is used to reduce the volume of the used polymer to reduce the cost without excessively 

degrading the composite properties. Functional fillers go beyond the role of extending the 

matrix in FRPs by attaining extra specific physical properties such as improved strength, 

better surface finish, or a particular colour. Filler weight fraction of up to 50%, equal parts of 

filler and resin, are commonly used. Calcium carbonate is a common filler to reduce cost and 

shrinkage of polyester and vinyl ester. Also clay is used to improve corrosion resistance, 

electrical properties, and surface finish. Many other resin additives are used to enhance the 

resistance of matrices and FRPs to flames, smoke generation, moisture, oxidation, chemicals, 

and ultraviolet radiation (Schwartz 1992, Bank 1993, ACI 1996, ISIS 2001). 
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Table 2.2 Mechanical and physical properties of the most commonly used resins (ISIS 2001). 

Polyester Viny lester Epoxy 

Tensile Strength 
50-75 70-85 60-75 

(MPa) 

Modulus of Elasticity 
3-4 3.3 3-3.5 

(GPa) 

Elongation (%) 0.8-4.0 1.0-4.0 1.0-3.5 

Limit temperature (°C) 80-130 150-180 100-180 

Resistance to water Poor - Fair Good Good - excellent 

Resistance to solvents Poor Fair - Good Good 

Resistance to acids Fair - Good Good Good 

Resistance to alkaline Poor - Fair Good Good 

2.2.2 FRP Reinforcement Products and Manufacturing Methods 

FRP are used as either intemal or extemal reinforcement for concrete structures. When used as 

intemal reinforcement, it could be in shapes of reinforcing bars, pre-stressing tendons, or 

grids. FRP as extemal reinforcement, for rehabilitation, could be in shapes of plates, strips, or 

sheets. FRP reinforcing bars are manufactured from continuous fibres embedded in matrices. 

Similar to steel reinforcement, FRP bars are produced in different diameters. The surface of 

the rods can be spiral, straight, sanded-straight, sanded-braided, or deformed, depending on 

the manufacturing process. The bond of these bars with concrete is as good, or even better 

than that steel bars. Table (2-3) shows the mechanical properties of some commercially 

available FRP reinforcing bars and pre-stressing tendons. There are so widely-used methods 

for producing FRP materials. Sorne of these methods are used for the manufacturing of low-

cost non structural FRPs, while others are used for higher performance FRP. There are three 

common manufacturing processes for FRP materials, pultrusion, braiding, and filament 

winding. Pultrusion is the most common used method in production of FRP composite 

reinforcing bars. The reinforcement materials, fibres, are pulled through a bath of thermoset 

resin through forming guides and a heated die which is usually tapered to achieve both 
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compaction and cure of the FRPs (Bank 1993, Mallick 1993, Mufti et al. 1991, ACI 1996, 

Bakis et al. 2002, ISIS 2001) 

Table 2.3 Mechanical properties of commercially available FRP concrete reinforcements 

(ISIS 2001, ACI2003). 

1 Steel 

[ CFRP 
1 

; GFRP 
i 

i AFRP 
! 

! Steel strands 

CFRPTendon 

1 (Leadline) 
i 

[ AFRP Tendon 
i 

(Technora) 

Ultimate Tensile 

Strength (MJ>a) 

Modulus of Elasticity 

(GPa} 

Reinforcing Bars 

fy=276 - 517 200 

600 - 3690 120-180 

480 - 1600 35 - 51 

1720 - 2540 41 - 125 

Pre-Stressing Tendons 

/y=l 760 195 

2300 160 

1700 53 

Where: h. Ey are the yield stress and strain of steel 

2.2.3 Differences between Steel and FRP Reinforcing Bars 

Ultimate Tensile 

Strain (%) 

Ey=0.14- 0.25 

0.5 - 1.7 

1.2- 3.1 

1.9-4.4 

Ey = 0.6 

1.5 

3.7 

The physical and mechanical properties of FRP differ from those of steel. Therefore, changes 

in the design philosophy of concrete structures using FRP reinforcement have been proposed. 

FRP materials are anisotropie and are characterized by high tensile strength only in the 

direction of the reinforcing fibres. This anisotropie behaviour affects the shear strength and 

dowel action of FRP bars, as well as the bond mechanism of FRP bars to concrete. Factors 

such as fibre volume, type of fibre, type of resin, fibre orientation, and quality control during 

manufacturing play a major role in establishing the characteristics of an FRP bar. The material 

characteristics described here should be considered as generalizations and may not apply to all 
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products (Mufti et al. 1991, Neale and Labossière 1992, AC! 1996, Humar and Razaqpur 

2000, ISIS 2001, Rakis et al. 2002, Benmokrane and El-Salakawy 2002, AC/2003). 

When subjected to longitudinal tensile stresses, FRP bars do not exhibit any plastic behaviour, 

yielding, before rupture. Therefore, design procedures should account for the expected lack of 

ductility in concrete reinforced with FRP bars. The tensile behaviour of FRP is characterized 

by a linearly elastic stress-strain relationship until failure as shown in Figure (2.2). Unlike 

steel, the tensile strength of FRP bars is a function of bar diameter. That is due to shear lag, 

where fibres near the center of the bar cross section are not subjected to as much stress as 

those fibres near the outer surface of the bar. This phenomenon results in reduced strength and 

efficiency in bars with larger diameter. The longitudinal modulus of elasticity of FRP bars is 

much less than that of steel. For CFRP bars, it is approximately 60% that of steel, where for 

GFRP reinforcing bars, it is approximately 25% that of steel. FRP bars are weaker in 

compression than in tension. Until now, it is not recommended to use FRP bars to resist 

compressive stresses. The inter-laminar shear strength is govemed by the relatively weak 

shear resistance of the polymer matrix between layers of fibres. Therefore, the shear strength 

of composites is very low (Saadatmanesh and Ehsani 1991, Pleiman 1991, Bank 1993, 

Rahman et al. 1993, Faza and Gangarao 1993, Kanematsu et al. 1993, Ma/var 1995, Protasio 

and Nicholas 2002). 

For smooth or sand coated FRP bars, bond strength with concrete develops through adhesion 

resistance of the interface ( chemical bond) against slip. While for bars with ribbed or helically 

wrapped surfaces, the bond strength develops through mechanical interlock due to irregularity 

of the interface (mechanical bond). Unlike reinforcing steel, the bond of FRP bars is not 

significantly affected by the concrete compressive strength. Tests showed that sand coated 

FRP bars exhibit bond stress almost the same as that of steel bars (Chaallal and Benmokrane 

1993, Mashima and Iwamoto 1993, Kanakubo et al. 1993, Benmokrane et al. 1996, Achillides 

et al. 1997, ISIS 2001, Benmokrane et al. 2002-b) 

Unlike steel bars, the coefficients of thermal expansion vary in the longitudinal and transverse 

directions. The longitudinal coefficient of thermal expansion is dominated by the properties of 
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the fibres, while the transverse coefficient is dominated by the properties of resin. There is a 

big difference between the transverse coefficient of thermal expansion of FRP bars and 

concrete. The ratios of the transverse coefficients of thermal expansion of GFRP, CFRP, and 

AFRP to that of concrete are about 2, 10, and 7, respectively. This big difference usually 

induced more cracks in concrete due to thermal effects such as high temperatures, freeze-

thaw cycles (Gerritse 1992, Mashima and Iwamoto 1993, ACI 1996, Benmokrane and 

Rahman 1998, Uomoto, 2001, ISIS 2001, Benmokrane and El-Salakawy 2002). 
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Figure 2.2 Tensile properties of commercially available FRP concrete reinforcements 

(ISIS 2001). 

While creep rupture is not an issue with steel bars in reinforced concrete except in extremely 

high temperatures, it is an important issue for FRP. FRP reinforcing bars subjected to a 

constant load over time can suddenly fail due to creep rupture (static fatigue). As the ratio of 

the sustained tensile stress to the short-term ultimate tensile strength of the FRP bar increases, 

the endurance time decreases. The creep rupture endurance time can also irreversibly decrease 

under sufficiently adverse environmental conditions. In general, carbon fibres are the least 

susceptible to creep rupture, whereas glass fibres are the most susceptible. Fatigue properties 
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of CFRP are superior if compared to those of steel. CFRP is generally though to be the least 

prone to fatigue failure among all the FRPs. However, GFRP bars have lower fatigue strength. 

Environmental factors play an important role in the fatigue behaviour of GFRP as it is 

susceptible to moisture, alkaline, and acidic solutions (ACI 1996, Hattori et al. 1996, Dolan et 

al. 1997, Vijay and Gangarao 1998, Benmokrane and Rahman 1998, Uomoto, 2001, ISIS 

2001, Benmokrane and El-Salakawy 2002, Nkurunziza, et al. 2005, Debaiky et al. 2006). 

2.2.4 Durability of Glass FRP as Reinforcement for Concrete Structures 

GFRP has been a preferred material for concrete reinforcement in North America because of 

its economical competitive advantage. GFRP has several favourable properties such as 

electromagnetic immunity, high strength to weight ratio and excellent fatigue performance in 

concrete. However, GFRP was generally considered to be unsuitable in concrete because of its 

susceptibility to degradation by alkalis. Consequently, degradation of GFRP in alkaline 

environments was investigated extensively in laboratory. In accelerated laboratory tests, 

GFRP specimens were in contact with simulated concrete pore water solution with high pHs 

and elevated temperatures up to 80°C. Mechanical tests on specimens from these tests 

suggested a decrease in tensile, shear and bond strengths and the modulus of elasticity (Bank 

et al. 1998, Sen et al. 2002). Based on the results from studies carried out in pure NaOH 

solution, it was recommended that GFRP not be used as reinforcement for concrete. In 

contrast with the results mentioned above, other experiments found no mechanical or physical 

deterioration in the GFRP, (Uomoto 2000). Extensive long-term testing have been carried out 

at University of Sherbrooke to investigate the durability of V-RODTM GFRP (Pultrall Inc. 

2004). The GFRP bars were subjected to both the individual and combined effects of 

temperature, alkaline or water medium, and sustained tension load. The results ofthese studies 

showed that creep strain in the GFRP bars after 10,000 h of sustained tensile loading at 38% 

of the guaranteed tensile strength was less than 5% of the initial value. No single case of creep 

rupture was observed in this study even after 417 days of sustained loading. The maximum 

reduction in the GFRP bars tensile strength after exposure to the combined effect of 60°C 

temperature, alkaline solution and 29% sustained tensile stress was about 11 %, compared to 

the guaranteed strength. The residual tensile strength of the conditioned specimens was at 

least 130% higher than the specified design strength recommended in ACI 440. lR-03 design 
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guidelines. This residual strength was also approximately 4.3 times the currently 

recommended value for creep. Moreover, no significant loss in elastic modulus was observed 

under the severe conditions used. (Benmokrane et al. 2002-a, Nkurunziza et al. 2005, Wang 

2005). 

Canada has invested significantly in building innovative concrete structures that contain 

GFRP as tension reinforcement. Therefore, the Canadian Network of Centres of Excellence on 

Intelligent Sensing for Innovative Structures (ISIS Canada) undertook a project to study the 

performance of the Glass FRP that has been used in several Canadian demonstration structures 

(Mufti et al. 2005-b). The objective of the study was to provide the engineering community 

with the results of the durability performance of GFRPs that have been exposed to a real 

environment in built structures. Cores of GFRP-reinforced concrete were removed from five 

field demonstration structures across Canada. These structures, mainly bridges, have been in 

service for the last five to eight years. They are located across Canada and are subjected to a 

wide range of environmental conditions including marine environment, freeze-thaw cycles, 

de-icing salts, and wide range of temperatures. The cores with GFRP were sent for analysis to 

four independent research teams comprised of material scientists at the Universities of 

Manitoba, Sherbrooke, British Columbia, and Saskatchewan 

Results indicate no deterioration of GFRP took place in any of the field demonstration 

structures included in this study. Also, and no chemical degradation processes occurred within 

the GFRP due to the alkalinity of concrete. The overall conclusion was that the GFRP is 

durable in concrete. Also, it was concluded that the CHBDC was conservative in its first 

edition (CSA 2000) by not permitting GFRP as primary reinforcement. As a result, the second 

edition of CHBDC, published late on 2006 (CSA 2006), now permits GFRP as primary 

reinforcement and tendons. 

2.3 BEHAVIOUR OF RC ELEMENTS UNDER FATIGUE LOADING 

Fatigue is a process of progressive permanent internai structural change m a material 

subjected to repetitive stresses. During fatigue loading, the structure undergoes local and 
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overall deformations, which lead to continuous redistribution of stresses. Fatigue damage 

accumulates in the material under repeated loads resulting in failure at a stress level that is 

lower than its static strength. It is estimated that structures do not have more than 2 million 

load cycles of the maximum wheel load during their service lifetime. Thus, 2 million cycles 

become a reasonable number of cycles for specifying fatigue life performance (Mallett 1991). 

Biskinis et al. (2004) investigated the properties of steel reinforced concrete members under 

cyclic loading. They found that the shear strength of RC members degrades faster with cycling 

loading than their flexural strength. They summarized the different mechanisms that may be 

cited to explain the degradation of shear strength with cyclic loading as follows: 

1. The graduai reduction of aggregate interlock along diagonal cracks as their interfaces 

are ground and become smoother with cycling; 

2. The degradation of dowel action with cycles of the shear forces and with the 

accumulation of inelastic strains in the reinforcement; 

3. The development of flexural cracks throughout the depth of the member and the 

ensuing reduction in the contribution of the compression zone to shear resistance; 

4. Cracks gradually open up due to bond slippage and accumulation of inelastic strains in 

the stirrups crossing the cracks. This results in reduction of aggregate interlock along 

diagonal cracks; 

5. The softening of concrete in diagonal compression due to accumulation of transverse 

tensile strains. 

Fatigue properties of reinforced concrete elements are related to its constituent materials, 

concrete and reinforcement (steel or FRP). In particular, under fatigue loading, a reinforced 

concrete element can be affected by either strengths of materials or bond strengths between 

dissimilar materials. The bond between the constituent materials can be the critical factor for 

the fatigue life of the structure. From previous experimental investigations, some knowledge 

is now available on the fatigue life and behaviour of plain concrete, and both steel and FRP 

reinforcement. These results are the basic information for systematic investigations of the 

combined response of the reinforced concrete structural members subjected to fatigue loading. 
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2.6.1 Fatigue of Plain Concrete 

Plain concrete is not a homogeneous material and fatigue of concrete is a progressive process 

of micro-crack initiation and propagation. The mechanism of fatigue in concrete starts with 

early age micro-cracks in the cernent matrix at the interface with aggregates. Then, cracks 

propagate further through the mortar. The modulus of elasticity decreases significantly under 

fatigue loads, mainly, due to crack formation at the microscopie level. The fatigue strength of 

concrete that can be sustained for a given number of repetitions is commonly expressed as a 

fraction of the static compressive strength "feu". Figure (2.3) shows typical stress-fatigue life 

curves from experimental data for concrete in compression. This curve is commonly referred 

to as S-N curve (maximum stress against the number of cycles to failure). It can be noticed 

that there is no fatigue limit "stress range" which can be applied an unlimited number of times 

without causing failure for concrete. 
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Figure 2.3 S-N curves for plain concrete (Mallett 1991) 

Holmen (1979) studied the longitudinal strain variations during compression fatigue test (Fig. 

2.4). He found that strain developed in three stages. It started with a rapid increase up to about 

10% of total fatigue life. The second stage was characterised by uniform increase from 10 to 

about 80% while the third stage was a rapid increase up to failure. Saito and !mai (1983) 

studied the cyclic stress-strain curve for concrete in compression shown in Figure (2.5-a). 

They found that the stress-strain diagrams were almost linear. Although their slope hardly 

changed throughout the fatigue life, the residual strain steadily increased. They noticed the 
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increase in the elastic strain and the reduction in the secant modulus with the increase in 

number of load cycles (Fig. 2.5-b ). lt was found that fatigue strength of concrete followed the 

same trends under compression, tension, tension-compression, and flexural fatigue loads. 
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Figure 2.4 Development of longitudinal strain in plain concrete during cyclic loading 

(Ho/men 1979) 
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Hwan (1986) analyzed plain concrete under flexural fatigue loads in particular applications 

such as concrete bridges and concrete pavement slabs. The flexural fatigue strength of 

concrete, for the fatigue life of 10 million cycles, was about 54-58% of the static flexural 

strength. He found that fatigue failure in concrete decks is influenced by crack formation at 

the bottom of the deck. So, he recommended 50% of the modulus of rupture of concrete to be 

the endurance limit of concrete under flexural fatigue. Mallet (1991) studied some factors 

believed to affect the fatigue performance of plain concrete. He reported that moisture content 

and curing method had detrimental effect on fatigue strength. The air-dry concrete was 20% 

weaker than saturated concrete. Rate of loading also had detrimental effect on fatigue strength. 
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High load frequencies resulted in undesirable hysteretic heating effects and overestimated the 

fatigue strength. Loading frequencies between 0.5 Hz and 7.5 Hz was found to have no effect 

on fatigue performance of plain concrete. 
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Figure 2.5 Behaviour of plain concrete under compressive cyclic load (Saito and !mai 1983) 

2.6.2 Fatigue of Steel Reinforcing Bars 

Steel reinforcement could be in shapes of straight bars, stirrups, welded bar mats, or pre-

stressing tendons. The most common type of steel reinforcement used in concrete structures is 

reinforcing bars. The fatigue life and the mechanism of fatigue in steel bars can be 

characterized in the following three stages: 

1. Micro-cracks are initiated in the material; they arise due to stress concentrations at 

different types of discontinuities; 

2. These cracks propagate more and more; 

3. Finally the stress in the remaining part increases to such a high value that ultimate 

failure occurs. 

Jhamb and MacGregor (1974) investigated the different parameters which affect the fatigue 

performance of steel bars. The most important parameters were found to be the geometry of 

the bodies (stress concentrations), the applied stress ranges, and environmental conditions (for 
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example corros10n effects ). Also vanous surface characteristics such as deformation and 

roughness of the reinforcing bars strongly influenced the fatigue resistance. The most 

important difference between smooth bars and deformed bars are the stress concentrations 

which ribs or patterns produce. These ribs were found to reduce the fatigue strength. Welding 

and bending of reinforcing bars also reduced the fatigue strength considerably due to 

discontinuities. Tilly and Moss (1982) reviewed past investigations on the behaviour of steel 

reinforcing bars under tensile fatigue loading and introduced a typical set of S-N curves as 

shown in Figure (2.6). They concluded that, most reinforcing bars had a rather evident fatigue 

limit. It was also noted that fatigue strength failed off with the increase in bar size. The effect 

was found to be not more than 5% for plain round bars from 12 mm to 38 mm. The effect of 

bar size was much greater for deformed bars. An increase in the yield strength and ultimate 

strength of the steel did not generally mean that there is any increase in the fatigue strength. 
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Figure 2.6 S-N curves for steel bars under tensile fatigue loading (Tilly and Moss 1982) 

2.6.3 Fatigue of Pre-Stressing Steel 

Many variables affect the fatigue characteristics of the pre-stressing system such as type of 

pre-stressing steel (wire, strand, or bar), steel treatment, anchorage type, and degree of bond. 

If the compression in a pre-stressed concrete member is sufficient to ensure an un-cracked 

section, the fatigue characteristics of the pre-stressing steel are not likely to be critical design 

factors. Pre-stressing steel can be classified into three basic types: wire, strand, and bars. 

Wires are usually drawn steel and strands are manufactured from wires. Drawing produces a 

grain structure which inhibits crack and provides a smooth surface which reduces stress 
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concentrations. Consequently, the fatigue strengths of wires for a given number of cycles are 

higher than those of rolled steel. The fatigue characteristics of wires vary greatly with the 

manufacturing process, the tensile strength of the wire, and the type of rib. Tests indicated a 

decrease in fatigue strength with the increase in size of wires in the strand. Failure initiated 

where the neighbouring wires rubbed together under the altemating load. Fretting also 

lowered the fatigue strength. Fatigue characteristics, based on tests of single wire or strand, 

were likely overestimated the strength of multi-wire or multi-strand (ACI 2005). 

Pre-stressing steel can be characterized as un-bonded, partially bonded, or fully bonded to the 

concrete. The stronger the bond, the greater the local variation in stress in the pre-stressing 

bars due to cracking. For un-bonded construction, stress changes in the pre-stressing steel are 

transmitted directly to the anchorage. Although most anchorages can develop the static 

strength of the pre-stressing steel, they are unlikely to develop its fatigue strength. Fatigue 

characteristics of the pre-stressing steel in air are different than those of the same steel in 

concrete. This is mainly due to bond, cracking effects and abrasion at the concrete-steel 

interface (Collins and Mitche/11997). 

2.6.4 Fatigue of FRP Composites 

As FRP composites are inherently heterogeneous, this results in a rather complex behaviour 

under cyclic loading. In laminated composites, the state of stress and strain is multi-axial, even 

under a simple tensile load, because of the inter-laminar shear and normal stresses between 

layers. Typical damage mechanisms observed under fatigue loading in FRP's are: matrix 

cracking, fibre-matrix debonding, delamination, void growth, and fibre breakage. Any 

combination of the aforementioned damage mechanisms depends on the materials 

constituents, cyclic frequency, loading and environmental conditions (El/yin and Kujawski 

1992). Fatigue behaviour of composite materials is known to be dependant on many 

parameters related to their constituent materials, the test parameters and configuration. 

Concrete is believed to affect the fatigue behaviour of FRP rod. Friction between the concrete 

and surface of FRP bars results in scratching the rod surface. For FRP rods, either the rod or 

both the rod and the surrounding concrete could be damaged. In the deformed steel, the 

damage is located solely in the surrounding concrete. 
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According to many researchers, FRP bars exhibit good fatigue resistance. It was documented 

that carbon-epoxy composites have better fatigue strength than steel, while the fatigue strength 

of glass composites is lower than steel at low stress ratio. However, GFRP dowel bars showed 

good fatigue resistance in shear when subjected to 10 million cycles. Franke (1981) studied 

the behaviour of GFRP bars under fatigue loading. The GFRP bars were subjected to cyclic 

loading with a maximum stress of 496 MPa and a stress range of 344.5 MPa. The GFRP bars 

resisted more than 4,000,000 cycles of loading before failure was initiated at the anchorage 

zone. Uomoto and Ohga (1996) investigated the fatigue behaviour of FRP composites under 

different loading amplitude and frequency. The highest tensile stress was 20-100% of the 

static tensile strength while the frequency was changed from 1 to 10 Hz. They found that 

fatigue properties of FRP rods depended on the mean stress, amplitude and the type of the 

FRP rods. GFRP under smaller load amplitude showed larger fatigue life. 

Demers (1998-a,b) reviewed all previous tests and data about different factors affecting the 

fatigue behaviour of FRP bars. He found that the magnitude of the test frequency affected the 

internal heating of the composite. As the frequency of fatigue load increased, the internal 

heating of the composite increased and its fatigue life decreased. Frequencies of fatigue 

loading under 5 Hz were found to produce negligible internal heating. He also concluded that 

the E-GFRP composite had lower fatigue life than CFRP-epoxy resin composites for the same 

maximum stress. Katz (2000) studied the bond mechanism of GFRP rebar to concrete under 

cyclic loading. Five different types of GFRP bars were embedded in concrete blocks and were 

subjected to up to 450,000 load cycles at service level. The loading was accompanied by 

immersion in water at 60 and 20°C to accelerate deterioration effects. The results indicated a 

reduction in the bond strength after cyclic loading. The mechanical and physical properties of 

the external layer of the FRP rods were found to have an important effect on the bond of these 

rods to concrete under cyclic loading. From test results, he concluded that, helical wrapping of 

FRP rods can significantly reduce the resistance of the rods to cyclic loading by about 20-30% 

of the ultimate strength. Sand-coating the bar surface improved the bond and assisted in 

maintaining the peak load for relatively long time. 

-24-



Chapter 2- Literature Review 

Adimi et al. (2000) introduced an FRP reinforced concrete beam specimen to evaluate the 

fatigue behaviour of FRP bars in concrete (Fig. 2.7). They studied the effect of many 

parameters, such as stress level, mean stress, frequency, and temperature, on the fatigue 

strength and behaviour of FRP. They found the failure of FRP rod initiated at its surface near 

the constrictions inside the concrete. Due to the friction with concrete, the FRP bars showed 

signs of material de gradation. These signs were in form of matrix cracking at surface resulting 

in sites of stress concentration. The overloaded surface fibres failed under the cyclic load. The 

load then was redistributed among the remaining fibres, and the pattern repeated itself until 

total failure occurs. They reported that, stress level affect the fatigue life of FRP. The number 

of cycles endured increased linearly when the maximum stress decreased. The Fatigue life 

decreased with the increase in temperature, and the loading frequency (between 0.5 and 8 Hz). 

The residual strength increased with the increase in the stress ratio (max/min stress). For the 

same stress ratio, mean stress seemed to have no effect on fatigue life. 
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Figure 2. 7 FRP reinforced concrete specimen for fatigue tests (Adimi et al. (2000) 
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CONCRETE BRIDGE DECK SLABS 

State-of-the-Art Review 

3.1 INTRODUCTION 

The slab-on-girder superstructure is one of the most common structural systems used in North 

America for short and medium span highway bridges. A slab-on-girder bridge usually 

comprises a series of steel or pre-stressed concrete girders supported longitudinally on 

abutments and/or piers. The longitudinal main girders are connected transversally together 

with cross girders (diaphragms) to ensure the load sharing/distribution between girders. A 

reinforced concrete deck slab is continuously supported over the longitudinal girders with or 

without overhangs beyond the outer girders. lt has usually a span/depth ratio less than 15. 

Composite action between the deck slab and the longitudinal supporting girders is 

recommended to enhance stiffness and economy of structures. Steel shear connectors welded 

to the top flange of steel girders or embedded in the top flange of concrete girders are used to 

ensure this composite action. This type of bridges is referred to as composite slab-on-girder 

bridge superstructure system. The focus of the current research is on the fatigue performance 

of concrete bridge deck slabs, of the composite slab-on-girder bridge type, reinforced with 

GFRP reinforcing bars. Previous research findings and current code provisions represent the 

main source of knowledge required to design an effective research program. This chapter 

attempts to introduce a state-of-the-art background on the concrete bridge deck of slab-on-

girder bridge type. In the following sections, previous researches and design codes provisions 

of the deck slabs, of this bridge type, reinforced with FRP bars are reviewed. Also, 

comparisons to bridge deck slabs reinforced with steel bars under both static and fatigue 

loading conditions are presented. 
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3.2 BEHA VIOUR OF CONCRETE BRIDGE DECK SLABS 

The evaluation of the load-carrying capacity of the reinforced concrete deck slab of slab-on-

girder bridge has been the major task of various research studies. According to the flexural 

theory, an applied load on a slab will induce internai compressive force in the concrete. This 

compressive force is equal in magnitude to that of the tensile force in the reinforcement. 

Extensive research studies, on concrete bridge deck slabs, discovered that the primary 

structural action by which these slabs resist concentrated wheel loads is not flexure. It is a 

complex internai membrane stress state referred to as internai arching. This action activated 

after top and bottom cracks, over supports and at mid-span, respectively, penetrate through the 

deck slab depth. The arching action is sustained by in-plane membrane forces that developed 

as a result of lateral confinement. This lateral confinement is provided by the surrounding 

concrete slab, supporting elements (torsional rigidity of the longitudinal girders and axial 

stiffness of the diaphragms ), internai reinforcement, and rigid appurtenances. All of these 

components act compositely with the slab to create internai membrane compressive forces 

forming a dome like shape (Fig. 3.1). The failure of this internai compressive dome (arch) 

usually occurs as a result of overstraining around the perimeter of the wheel footprint. 

Internai Reinforcement 

Compressive Membrane Action 

Cross Girder 
MainGil'der 

Figure 3.1 Compressive membrane force in bridge deck slabs 

Such action has been shown to affect the slab response since the slab panels tend to act as 

arches between the supporting girders. This mechanism enhances the flexural capacity of the 

deck slabs. It explains why experimental results on bridge deck slabs designed for bending 

have shown significantly higher static ultimate strength values well above the predicted 

flexural strength. Furthermore, the resulting failure mode is punching shear although the 
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inclination of the fracture surface is much less than 45°. This is due to the presence oflarge in-

plane compressive forces associated with arching action. The arching action, however, cannot 

resist the full wheel load. There remains a small flexural component for which a specified 

amount of internai reinforcement is more than adequate. The internai reinforcement has a dual 

purpose. It provides both local flexural resistance and global confinement required to develop 

arching (Kinnunen and Nylander 1960; Taylor and Hayes 1965; Criswell and Hawkins 1974; 

Hewitt and Batchelor 1975; Csagoly and Lybas 1989; Fang et al. 1990; Kuang et al. 1994; 

Salim and Sebastian 2003). 

3.3 CONCRETE BRIDGE DECK SLABS REINFORCED WITH STEEL BARS 

Originally, concrete bridge deck slabs were designed usmg the flexural design method 

using assumptions of flexural bending and failure. The effects of any membrane forces were 

thus neglected. Accordingly, concrete bridges deck slabs were designed as transverse beams 

supported transversally on girders. They were assumed to resist the concentrated wheel load 

entirely by flexural. The flexural design method results in concrete deck slabs in which the 

overall steel reinforcement ratio is between 2.0 and 3.0%. The transverse steel reinforcement 

ratio is higher than that in the longitudinal direction which called "orthotropic reinforcement 

pattern" (AASHTO 1989). 

A lot of experimental research had been carried out to investigate the behaviour of concrete 

deck slabs reinforced with steel bars under static concentrated loads (Hawkins and Criswell 

1974, Batchelor and Tissington 1976, Jiang and Shen 1986, Pardikaris et al. 1989, Fenwick 

and Dickson 1989, Jackson and Cope 1990, Kuang and Mor/y 1992, Fang et al. 1994, Azad el 

al. 1986 and l 993, Petrou and Perdikaris l 996, Mufti and Newhook 1998, Graddy et al. 

2002). The main findings ofthese investigations can be summarized as follows: 

• Compressive membrane forces developed in the slabs due to lateral edge restraint. The 

magnitude of strength enhancement depended on the degree of lateral restraint, the 

stiffer the lateral restraint, the greater the enhancement; 
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• The punching shear strength increased with the increase of the concrete compressive 

strength, tensile reinforcement ratio, loaded area, and slab thickness; 

• The compressive reinforcement had no effect on the ultimate punching shear strength 

of the slabs; 

• Cracking of bridge deck slabs due to various causes decrease the punching shear 

capacity. 

Based on the results of the previous research, an isotropie steel reinforcement pattern was 

adopted in the Ontario Highway Bridge Design Code (OHBDC 1983). The isotropie 

reinforcement pattern has equal amounts of steel reinforcement in both transverse and 

longitudinal directions of 0.3%. The deck slab is reinforced with two identical top and bottom 

reinforcement layers. This steel reinforcement arrangements reduced the reinforcement 

content in the deck by up to 60%. As a result of reducing the reinforcement ratio, the 

probability and amount of steel corrosion were also reduced. Therefore, the isotropie 

reinforcement pattern considerably increased the durability of bridge deck slabs. 

The first edition of the Canadian Highway Bridge Design Code, CHBDC (CSA 2000) and the 

2nd edition of AASHTOO LRFD bridge design specifications (AASHTO-LRFD 1998) 

introduced an empirical method for the design of concrete bridge deck slabs on girder type 

bridges. Depending on the internai arching action, the empirical design method leads to a 

significant reduction of the reinforcement. To apply the empirical design method, several 

conditions must be satisfied. In the CHBDC (CSA 2000), these conditions are as follows: 

1. The deck slab is composite with the supporting beams which are parallel to each other. 

2. The lines of supports for the beams, piers, are also parallel. 

3. The spacing of the supporting beams, deck slab span, S < 4.0 m. 

4. The ratio of the spacing of the supporting beams, S, parallel to the transverse 

reinforcement, to the slab thickness, ts ::::;;18. 

5. The deck slab is extended beyond the external beams ( overhang) for a distance 

sufficient to provide full development length of the bottom reinforcement. 
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6. Longitudinal reinforcement in the deck slab in the negative moment reg1ons of 

composite beams is to be provided in accordance with Clause 8.19.4 and section 10, if 

applicable, 

For design purposes, a typical deck slab is divided into two main parts: the cantilever slab 

(overhang) and the slab bounded by the exterior supporting beams. For the first part 

( overhang), there is only one method of analysis, the flexural design method, using the applied 

dead and live wheel loads. While for the remaining part of the slab, both flexural and 

empirical, design methods can be used. According to CHBDC, Clause 8.18, the empirical 

design method permits the use of a minimum steel reinforcement ratio of 0.2%. However, it 

recommended the use of 0.3% reinforcement ratio of isotropie steel reinforcement for both the 

top and bottom reinforcement meshes (CSA 2000). The 3rd edition of AASHTO LRFD, 

( continued from the 2nd edition), recommended a 0.3 % and 0.2 % isotropie reinforcement for 

the bottom and top reinforcement meshes, respectively (AASHTO-LRFD 2004). 

3.4 CONCRETE BRIDGE DECK SLABS REINFORCED WITH FRP COMPOSITES 

It is well documented now that bridge deck slabs always fail in punching shear. Shear in slabs 

is a three dimensional problem. It is resisted by the un-cracked concrete, by residual tensile 

stresses transmitted directly across the cracks, by aggregate interlock along the inclined 

cracks, by dowel action of the reinforcement crossing the inclined cracks, and by the 

contribution of any shear reinforcement (ASCE-ACI 1998). When using FRP bars as 

reinforcement, concrete members will develop wider and deeper cracks than members 

reinforced with the same amount of steel. This is due to the low modulus of elasticity of FRP 

compared to steel bars. Deeper and wider cracks decrease the contribution to shear strength 

from; (1) the un-cracked concrete (compression zone), (2) residual tensile stresses, and (3) 

from the aggregate interlock. Additionally, due to the relatively small transverse strength of 

FRP bars, the contribution of dowel action to shear strength may be negligible. As there is no 

shear reinforcement in bridge deck slabs, the shear strength is provided only by concrete. 

Thus, the overall shear capacity of concrete members reinforced with FRP bars as flexural 

reinforcement is lower than that of concrete members reinforced with the same amount of 
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steel. (Saadatmanesh and Ehsani 1996, Benmokrane and Rahman 1998, Humar and Razaqpur 

2000, Benmokrane and El-Salakawy 2002). 

The elastic modulus, bond characteristics, and mode of failure of FRP are all different from 

those of steel. Thus, the behaviour of FRP reinforced elements cannot be extrapolated from 

those of members reinforced with steel. Therefore, considerable experimental and analytical 

researches have being carried out to investigate the behaviour of concrete bridge deck slabs 

reinforced with FRP bars. Different parameters were investigated such as reinforcement ratios, 

reinforcement types, and reinforcement shapes of FRP composites (Bank and Xi l 996, 

Matthys and Taerwe 1998, Louka. 1999, Hassan et al. 2000, Khanna et al. 2000, Tadros 

2000, Yost and Schmeckpeper 2001, Ospina et al. 2003, El-Gama/ et al. 2005). The results of 

these investigations can be summarized as follows: 

• Concrete deck slabs reinforced with FRP reinforcement displayed the same kinematic 

features observed for steel reinforced ones; 

• Concrete deck slabs reinforced with FRP usmg similar flexural strength obtained 

ultimate static strength and stiffness less than the steel reinforced ones; 

• Only the bottom transverse reinforcement stiffness controlled the ultimate capacity 

rather than its strength. The bottom longitudinal or the top layer reinforcement ratio 

had no effect on the ultimate capacity. 

• Concrete deck slabs reinforced with FRP using the same axial stiffness for bottom 

layer as the steel reinforced slabs obtained almost the same ultimate static strength; 

• Increasing the reinforcement ratio had a minor eff ect on the ultimate capacity; 

• lncreasing the slab depth enhanced cracking behaviour, ultimate load, and stiffness in 

the fully cracked state; 

• The top FRP reinforcement had insignificant effect on the ultimate capacity but helped 

to decrease the slab deflection; 
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3.4.1 Codes and Design Guidelines of FRP-Reinforced Concrete Bridge Deck Slabs 

After satisfactory experimental tests results, design guidelines, manuals, and codes for 

concrete structures reinforced with FRP bars have been recently published. These codes and 

design guidelines include JSCE-97 published by the Japanese Society of Civil Engineering 

(JSCE 1997; Machida 1997); ISIS-M03-01 published by ISIS Canada (ISIS 2001); 

CAN/CSA-S806-02 published by the Canadian Standard Association (CSA 2002) and ACI 

440. lR-03 published by the American Concrete Institute (ACI 2003). This has encouraged the 

construction industry to use the FRP composite reinforcement as intemal reinforcement for 

new concrete infrastructures. In particular, the first edition of the Canadian Highway Bridge 

Design Code, CHBDC, CAN/CSA-S6-00 published by the Canadian Standard Association 

(CSA 2000), included a new section (Chapter 16) on using FRP composite bars as non pre-

stressed and pre-stressed reinforcement for concrete bridges (slabs, girders, and barrier walls). 

The commentary to the CHBDC Clause C.16.8.7 (CSA 2001) notes that, as bridge deck slabs 

act predominantly in arching, the stiffness of some of its reinforcement becomes more 

important than its strength. Accordingly, Clause 16.8.7 permits the steel reinforcement of 

concrete deck slabs designed by the empirical design method, Clause 8.18, to be replaced by 

equivalent FRP bars. The amount of FRP bars is calculated on the basis of equal stiffness for 

bottom transverse reinforcement, and equal strength for all other reinforcement. 

Since the first set of design prov1s1ons for fibre reinforced structures were written, 

considerable research studies have been conducted both in Canada and worldwide. The 

findings of these studies were summarized in what is called Winnipeg Princip les (ISIS Canada 

2005). According to Winnipeg Principles, the inherent arching action is present in concrete 

bridge deck slabs in the transverse direction. In consequence, relevant deck slabs such as those 

reinforced with FRP, should preferably be designed in accordance with such arching action. 

So, the top reinforcement will no longer be required for strength. Accordingly, a significant 

reduction in the amount of the bottom transverse reinforcement will be achieved. 

The technical subcommittee for Section 16 recommended an updated version of the CHBDC 

to the Canadian Standard Association. A second edition of the CHBDC code, containing the 

updated Section 16, published on 2006 (CSA 2006). According to the updated section 16, the 
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FRP reinforced concrete bridge deck slabs are divided into intemally or extemally restrained 

deck slabs. For extemally restrained (also known as steel-free concrete deck), the deck slab is 

confined transversely by means of either straps or a stay-in-place formwork, Figure (3.2). The 

second generation of this type of deck slabs has no intemal reinforcement except a crack 

control orthogonal grid of GFRP bars, placed near the bottom of the slab (Mufti et al. 1993, 

Mufti and Newhook 1999, Hassan et al. 2000, Banthia et al. 2003). 

Figure 3.2 Extemally restraint bridge decks, Steel-Free concrete bridge decks 

(Mufti and Newhook 1999) 

Deck slabs containing intemal FRP reinforcement for strength are referred to in the 2nd edition 

of CHBDC as intemally-restrained deck slabs, also known as FRP reinforced concrete decks. 

This type is the topic of the present research (Fig. 3.3). The code provides provisions for 

designing these slabs either by taking into account their arching action ( empirical method) or 

by assuming them to be acting in flexure. When a cast-in-place deck slab with FRP 

reinforcement is designed by the empirical method, the following conditions have to be 

satisfied, Clause 16.8.7.1, (CSA 2006): 

1. The deck slab contains two orthogonal assemblies of FRP bars with the clear distance 

between the top and bottom transverse bars being a minimum of 5 5 mm. 

-33-



Chapter 3 - Concrete Deck Slab-State of the Art 

2. Longitudinal bars in the bottom assembly, and both the transverse and longitudinal 

bars in the top assembly, are of GFRP, each with a minimum reinforcement ratio of 

0.0035. 

3. For the transverse FRP bars m the bottom assembly, according to CHBDC, 

Commentary C.16.8.7.1 (CSA 2006), the recommended minimum reinforcement 

should have equal axial stiffness, EA, to a steel reinforcement ratio of 0.25% as in 

Equation (3.1). 

A - 0.0025.ds.ESteel 
frp,min. - E 

frp 
(3.1) 

Where; 

Âfrp,min. = The minimum allowed FRP reinforcement in mm2 /mm 

ds = The distance from the top of the slab to the centroid of the bottom transverse 

reinforcement in mm; 

Efrp = The modulus of elasticity of the used FRP reinforcement. 

) For steel bars with Esteel = 200 GPa, Equation (3 .1) yields the following: 

A _ 500.ds 
frp,min. - E 

frp 
(3.2) 

) Figure 3.3 Intemally restraint concrete bridge decks (FRP reinforced concrete bridge decks) 
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3.4.2 Field Applications of FRP RC Bridge Deck Slabs in North America 

Once FRP bars were developed and improved, satisfactory laboratory results were obtained 

(Benmokrane et al. 2002; El-Salakawy and Benmokrane 2004; Nkurunziza 2004; Wang 2005), 

and several design codes were published (ACI 2003, CSA 2000, CSA 2002), the focus shifted 

to field applications to push the technology forward. The NSERC Industrial Research Chair in 

Fibre-Reinforced Polymer Composite Reinforcement for Concrete Infrastructures, Universite 

de Sherbrooke, establishedjoint efforts with the Ministry of Transportation of Quebec (MTQ), 

Canada, and Vermont Agency of Transportation, USA, to implement FRP reinforcement for 

concrete bridges. These collaborative programs have resulted in new field applications 

utilizing the FRP composite bars as reinforcement for the concrete deck slab of six bridges. 

These bridges were constructed in Canada and USA in the period of 2001 to 2005. Sorne of 

these bridges are the first of their type to be entirely reinforced with GFRP bars, on main 

highways with heavy traffic. The six bridges are girder type with the main girders made of 

either steel or pre-stressed concrete. The six bridges have different spacing between girders, 

slab thickness, reinforcement types and ratios. Also, the roads on which the six bridges are 

located have different functional categories and locations. This means different traffic 

volumes and environmental conditions (frequency of using de-icing sait). Sorne geometrical 

and traffic data of these bridges are given in Table 3.1 and Figure (3.4). 

Furthermore, different design philosophies were used in the design of the bridge deck slabs. 

The flexural and empirical design methods were used for the design of Wotton and Magog 

Bridges deck slabs. Based on results of both laboratory tests on full-size bridge deck 

prototypes and field load test on constructed bridge decks, a new design approach was 

proposed. It utilizes a maximum allowable crack width and a tensile stress limit as parameters, 

goveming the choice of reinforcing bars size and spacing. A maximum crack width of 0.5 mm 

was recommended. In addition, tensile stress limits in FRP bars under sustained and service 

loads of 15 and 30% of the ultimate tensile strength, respectively, were selected. This 

approach was used for the design of Morristown, Cookshire, Val-Alain, and Melbourne 

Bridges deck slabs. This design approach led to more economic, yet conservative, design. The 

reinforcement configurations of the deck slabs of these bridges are given in Table 3.2. From 
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this table, the continuous reduction of the used reinforcement ratio from one bridge to the 

following one can be noticed. 

Table 3.1 Innovative FRP-Reinforced Concrete Bridge Deck Slabs Constructed in North 

America 

Total length Deck slab 
Traffic 

Bridge 
x total width Depth Span 

(V/day) Classification Reinforcement 
(m) (mm) (m) 

1 
iWotton 30.6 X 8.90 200 2.60 GFRP bars at Top and < 1,000 Rural 
i 

tMagog 83.7x 14.1 220 2.85 CFRP bars at Bottom 35,000 Highway 
r 
l 

Urban 1 Morristown 43.9 X 11.30 230 2.36 7,000 
l 

Cookshire -
52.0 X 13.6 200 2.70 GFRP bars at Top and 10,000 Urban 

1 Eaton 
Bottom 

!Val-Alain 50.0 X 12.6 225 3.15 40,000 Highway 

Melbourne 89.4 X 12.5 200 3.15 35,000 Highway 

No obstacles to construction were encountered due to the use of the FRP bars in the six 

concrete bridge deck slabs. FRP bars withstood normal on-site handling and placement with 

no problems. Filed load test and monitoring results showed the excellent serviceability 

performance of the concrete deck slab reinforced with FRP bars under real service conditions. 

In terms of strain, cracking, and deflection, they showed very competitive performance to 

concrete bridge decks reinforced with steel. Furthermore, they are performing very well under 

very harsh environments (de-icing salts, freeze/thaw cycles, elevated temperature, and heavy 

traffic). No additional or propagation of cracks, if any, were observed under these severe 

service conditions. The subsequent sections present some details of these bridges. 

3.4.2.1 Wotton Bridge (2001 - Canada) 

W otton Bridge is located in the Municipality of W otton, Que bec, Canada, on the Rang 6 

West, W estem Bank, over the Nicolet-Center River. It is a girder type bridge with four main 

girders simply supported over a span of 30.60 m with a skew angle of 30°. Standard Type IV 
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AASHTO pre-stressed concrete beams were used as main girders. The concrete deck slab is a 

200-mm thickness, continuous over three spans of 2.65 m each with an overhang of 1.15 mon 

each side (measured along the skew). One-half of the bridge deck was reinforced with FRP 

bars while the other halfwas reinforced with steel bars (El-Salakawy et al. 2003). 

3.4.2.2 Magog Bridge (2002 - Canada) 

Magog Bridge is located over Magog River on Highway 55 North, in the vicinity of Magog 

City, Quebec, Canada. The bridge is a girder type with five main steel girders continuously 

supported on two middle piers. The total length of the bridge is 83.7 m. The two end spans 

are 26.2 m each and the middle one is 31.3 m. The deck is a 220 mm thick concrete slab 

continuous over four spans of 2.85 m each with an overhang of 1.35 m on each side. One full 

end span (26.2 m) was reinforced with FRP bars while the other two spans of the bridge were 

reinforced with steel bars (El-Salakawy and Benmokrane 2003). 

3.4.2.3 Morristown Bridge (2002 - USA) 

The Morristown Bridge crosses Ryder Brook on Route 100 in Morristown, Vermont, USA. 

The bridge has five main steel girders integrally cast with the two end abutrnents over a single 

span of 43.90 m. The deck is, 230 mm thick, concrete slab supported continuously over the 

five main girders. The deck slab has a span of 2.36 m with an overhang of 0.92 m on each 

side. The concrete deck slab was totally reinforced with glass FRP bars at top and bottom 

layers. This is the first bridge deck worldwide, of this size and category, which was fully 

reinforced with glass FRP bars (Benmokrane et al. 2006-b). 

3.4.2.4 Cookshire-Eaton Bridge (2004 - Canada) 

Cookshire-Eaton Bridge is located at the center of Cookshire town, Quebec, Canada, on Route 

108 over the Baton River. The bridge has five main girders (standard AASHTO Type IV pre-

stressed concrete bearns) simply supported over two spans of 26.04 m each. These main 

girders were made continuous by providing tensile reinforcement in the cast-in-place deck 

slab and the diaphragrn over the girder support (middle pier). The deck is a 200-mm-thick 

concrete slab continuous over four spans of 2. 70 m with an overhang of 1.40 m on each side. 

One full span of the bridge was totally reinforced with glass FRP bars as reinforcement for its 

-37-



Chapter 3 - Concrete Deck Slab-State of the Alt 

concrete deck slab. The deck slab in the other span was reinforced with galvanized steel bars 

(El-Salakawy et al. 2005). 

3.4.2.5 Val-Alain Bridge (2004 - Canada) 

Val-Alain Bridge is located on Highway 20 East, crosses over the Henri River near the city of 

Val-Alain, Quebec, Canada. The bridge is a girder type consisting of four steel girders simply 

supported over a single span of 48.89 m. The deck is a 225-mm thick concrete slab, with a 

skew angle of 20°. It is continuously supported over three spans of 3.15 m each with an 

overhang of 1.57 m on each side. The deck slab was entirely reinforced with two identical 

reinforcement mats using GFRP bars at the top and bottom layers. In addition, GFRP bent 

bars were successfully installed in the concrete bridge barrier, Type PL-3, for the first time in 

Canada ( CSA 2000, Benmokrane et al. 2006-a). 

Cf> 
11 lO m 

1 Morristovm Bridge 1 1 1 r-
i ! !2% i l 

,... i 1 ' 1~ l ... 
•••••••• , .... :i; r L.C.-,11 .... -~~· .... - ··- ........ .., .,;'.; ::!.:....:. ·' ' ... -~ 23-&tnr 1n,' -~ 

-- -- -- -- ·au 0.92 2,3,Gm 2.36 m 2.36 m 2,36 m 

a) cp © (F} (F) ... 1.,___..r_, -----~---111.u~ m---I-,-----..::::C.-, --•i 
Cookshire-Eaton Bridge 

1 1 
1 1 

... l 
---------12.!S2m---------

Melbourne Bridge 

Figure 3.4 Cross-Sections of some FRP Reinforced Bridge Decks Constructed in the Field 
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3.4.2. 6 Melbourne Bridge (2005 - Canada) 

Melbourne Bridge is located on Highway 55 North near the city of Melbourne, Quebec, 

Canada. The bridge is a girder type consisting of four prestressed concrete girders (Type 

NETB) simply supported over three spans with a total length of 89.42 m. The two end spans 

are 26.18 and 28.21 m long each and the middle one is 35.03 m. The main girders were made 

continuous by providing tensile reinforcement in the cast-in-place deck slab and diaphragm. 

The deck is a 200-mm thickness concrete slab, with a skew angle of 26.7°. It is continuously 

supported over three spans of 3.15 m each with an overhang of 1.52 m on each side. The 

bridge is entirely reinforced with two identical reinforcement mats using glass FRP bars at top 

and bottom (El-Salakawy and Benmokrane 2004). 

Table 3.2 Reinforcement Details of the Concrete Deck Slab of the Six Bridges 

t 
IBridge 

Bar Transverse Direction · Longitudinal Direction 
r Type Top Bottom Top Bottom 

Steel 
No.15M@150 No.15M@150 No.15M@225 No.15M@225 

1Wotton (1.00 %) (0.85 %) (0.67 %) (0.57 %) 

(2001) No 16@ 150 3 No 10@90 No.16@ 165 No.16@ 165 
FRP 

(GFRP -1.00 %) (CFRP-1.50 %) (GFRP-0.90 %) (GFRP-0.76 %) 

Steel 
No.15M@ 160 No.15M@ 160 No.15M@240 No.15M@240 

,Magog (0.82 %) (0.70 %) (0.55 %) (0.47 %) 

: (2002) No 16@ 150 3 No 10@90 No.16@ 150 No.16@ 150 
FRP 

(GFRP-0.87 %) (CFRP-1.34 %) (GFRP-0.87 %) (GFRP-0.75 %) 

Morristown 1 No 19@ 100 No 19@ 100 No 19@ 150 No 19@ 150 
GFRP 

(2002) (Glass-1.95 %) (Glass-1.65 %) (Glass-1.30 %) (Glass-1.10 %) 

• Cookshire No 19@ 75 No 19@ 100 No 16@ 150 No 16@ 150 
GFRP 

(2004) (Glass-2.8 %) (Glass-1.80 %) (Glass-1.62 %) (Glass-1.33 %) 

Val-Alain 1 No 19@ 125 No 19@ 125 No 19@ 185 No 19@ 185 i 

i GFRP 
(2004) (Glass-1.60 %) (Glass-1.60 %) (Glass-1.08 %) (Glass-1.08 %) 

Melbourne No 16@ 100 No 16@ 100 No16@200 No 16@200 
i GFRP 

(2005) (Glass-1.36 %) (Glass-1.36 %) (Glass-0.68 %) (Glass-0.68 %) 
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3.5 FATIGUE BEHAVIOUR OF RC BRIDGE DECK SLABS 

Due to economic development, the population of heavy vehicles has been noticeably 

increasing over the past decades. As a result, more highway bridges are subjected to repetitive 

action of heavier truck loads. Since bridge deck slabs directly sustain repeated moving wheel 

loads, it is one of the most bridge elements susceptible to fatigue damage. Consequently, 

fatigue performance is an important limit state that must be considered by designers of bridge 

decks. Large number of fatigue tests was carried out on models or prototypes of steel 

reinforced concrete deck slabs. Different fatigue load types were used to simulate the effect of 

travelling trucks on the deck. These fatigue loads types included central, eccentric, or step-

wise moving pulsating loads and running wheel loads. Considerable amount of fatigue tests 

were carried out also on steel-free bridge decks. However, very few fatigue investigations 

were performed on FRP-reinforced concrete bridge decks. 

3.5.1 Fatigue Behaviour of Steel RC Bridge Deck Slabs 

Batchelor and Hewitt (1974) performed experimental studies on the fatigue behaviour of RC 

bridge deck models under stationary pulsating loads. This research program included a total of 

thirty-seven stationary pulsating load tests on 1/8-scale models of composite RC bridge deck 

slabs. The deck specimens were reinforced with either isotropie or orthotropic reinforcement 

patterns. They found that after 2,000,000 load cycles, the endurance limit (deck fatigue 

strength) is about 40% of the static ultimate strength for the orthotropically reinforced deck 

slabs. For the 0.2% isotropically reinforced decks, the corresponding endurance limit level 

was about 50%. Okada, et al (1978) tested seven full-scale deck specimens under static, 

central stationary pulsating, and moving pulsating loads. They observed a radial cracking 

pattern when the deck specimens were subjected to stationary pulsating load. A grid-like 

cracking pattern was observed when the deck specimens were subjected to moving pulsating 

load. The repetitive action of the moving load caused the crack faces to rub together and up-

down. This action reduced the shear rigidity of the deck specimens related to the aggregate 

interlock at the crack interfaces. 

Sonoda and Horikawa (1982) tested seven full-scale and 1/3-scale, orthotropically reinforced, 

bridge deck specimens. They used both stationary pulsating and stepwise moving pulsating 
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loads. They noticed that the flexural and shear resistances of the deck spec1mens were 

remarkably reduced under the stepwise moving pulsating load. They found that the damage 

caused by one passage of wheel-load was equivalent to 80 to 600 cycles of stationary 

pulsating load. The deflections under pulsating loads increased slowly in the beginning but, 

close to failure, there was an abrupt increase of the deck deflection. Perdikaris and Beim 

(1988) studied the effect of the deck continuity and reinforcing pattern on the fatigue strength 

of reinforced concrete bridge decks. They performed a series of direct model tests under static, 

stationary pulsating and moving wheel-load. In their study, a 1/3 and 1/6.6 scale were used to 

model a 50-ft long, 27-ft wide and 8.5-in thick, full-scale bridge deck. The 1/3-scale deck 

models were transversely simply supported on two adjacent steel girders. The 1/6.6-scale 

bridge deck models were simply supported on four steel girders. The constant moving wheel 

load value and the stationary pulsating load peak value were 60% of the ultimate static 

strength of the bridge decks. The fatigue life of the isotropie reinforced bridge decks under 

moving wheel load was about 20 times the fatigue life of the orthotropic reinforced decks. A 

radial cracking pattern was observed under both static and stationary pulsating loading 

conditions. A grid-like cracking pattern was observed under moving wheel loads. 

Tanihira et al (1988) tested a total of forty-seven 1/3-scale bridge deck panels simply-

supported on four steel composite girders under the repetition of a wheel load. they used a 

wheel tracking machine to simulate the running wheel load effect. The steel reinforcement 

ratio varied from 0.87 to 0.94% for the transverse direction and 0.5 to 0.9% for the 

longitudinal direction. Four of the deck panels were without top reinforcement layer. All 

specimens failed in a punching shear mode with ultimate deflections between 14 and 26% of 

the deck depth. The fatigue life of the deck panels with the same static strength and 

reinforcement ratio increased as the effective depth increased. The fatigue life of the deck 

panels with top reinforcement layer was shorter than those without it. Fang et al. (1990) tested 

a full-scale bridge deck detailed according to Ontario-type decks (isotropie reinforcement 

pattern). Half of the 50-ft long and 7.5-in. thick composite bridge deck (in traffic direction) 

was cast-in-place, while the other halfwas built with precast prestressed panels. No significant 

deterioration was observed after the deck was subjected to 5 million load cycles of a stationary 

pulsating load with peak value 25 % higher than the design load. 

-41-



Chapter 3 - Concrete Deck Slab-State of the Art 

Jackson and Cope (1990) noticed from previous studies that, the small scale model had 

successfully predicted the ultimate strength of bridge deck. However, it did not scale well with 

serviceability behaviour, particularly cracking. Therefore, they tested two large-scale bridge 

models, 1/2-scale, up to failure. They concluded that the restraint required to develop the 

membrane action in the critical areas of the deck slab would be created through the portion of 

the deck surrounding those areas. This implied that cracking due to loads previously applied in 

various locations could significantly reduce this restraint level. This explained the aggressive 

effect and the rapid deterioration of bridge decks tested under the running wheel load, 

simulating actual service conditions. Youn and Chang (1998) studied the effect of the position 

of concentrated load on the ultimate static and fatigue strength of bridge deck. They 

constructed and tested a total of five 1/3-scale reinforced concrete bridge decks. These bridge 

decks were supported on two steel girders connected with intermediate diaphragms simulating 

a typical composite bridge deck. Test results showed that the punching strength of the panels 

decreased as the loading position moved longitudinally away from the center line. That was 

mainly due to the decrease in the in-plane compressive force in the longitudinal direction. The 

shear span to depth ratio decreased, when the applied load moved transversally. Therefore, the 

punching shear strength increased as the transverse compressive force increased. The fatigue 

strength was found to decrease as the punching strength decreased. Based on these findings, 

they recommended the determination of the fatigue endurance limit at various loading 

positions using moving wheel load method. 

3.5.2 Fatigue Behaviour of Innovative FRP RC Bridge Deck Slabs 

Although there is a substantial amount of information on the fatigue performance of steel 

reinforced bridge decks, studies regarding fatigue performance of FRP-reinforced concrete 

bridge decks under wheel repeated loads are still lacking. 

Kumar and GangaRao (1998) investigated the fatigue behaviour of four full-size concrete 

bridge decks, 2100 mm x 3660 mm x 200 mm, reinforced with sand coated glass FRP bars. 

Decks #1 and #2 were cast compositely with steel girders. Decks #3 and #4 were cast 

separately and were made composite with the girders by grouting the holes in the concrete 

slab that received the shear studs. Decks # 1 and 2 were provided by transverse post-
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tensioning while deck # 4 had a 50% shorter transverse span (1050 mm) than the other 

prototypes. All the deck slabs were subjected to a cyclic load consisting of two million cycles 

with a frequency of 1 Hz. The test parameters were girder spacing, monolithic versus non-

monolithic casting, and the effect of transverse post-tensioning. After every 100,000 load 

cycles, static load test was conducted for a maximum load of 178 kN. Figure (3.5) shows a 

schematic drawing of the test set-up. Loss of bond was not found between the sand-coated 

GFRP bars and concrete in any of the test specimens. From test results, it was found that, the 

rate of fatigue degradation in decks reinforced with FRP bars compared well with decks 

reinforced with steel bars. The GFRP reinforced decks had a linear variation in stiffness 

degradation even after 2,000,000 fatigue cycles. Thus, 2,000,000 fatigue cycles was 

conservatively assumed as 80% of the fatigue life of these decks. Transverse post-tensioning 

limited the increase of degradation by a factor of five. Closer girder spacing was found to be 

more acceptable and economical than transverse post-tensioning. Fatigue failure in concrete 

decks was found to be influenced by crack formation at the bottom of the deck. Therefore, 

they recommended the span-to-depth ratio be proportion such that the extreme fibre tensile 

stress in the deck will be less than 50% of the modulus of rupture of concrete. 

1 Dvw1dag ROil • Pœt • 
' T~rniooing at 6 H) clc 

200 

Figure 3.5 Fatigue testing of bridge deck slabs using single concentrated cyclic load 

(Kumar and GangaRao 1998) 

Rahman et al (2000) tested a bridge deck slab full-scale model of 6 m long, 6 m wide, and 185 

mm thickness. It consisted oftwo continuous spans, 2.0 m each with 1.0 m cantilevers on both 
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sides. The bridge deck was isotropically reinforced with 0.3% reinforcement ratio using a 

Carbon/Vinylester 2-D NEFMAC grid size CIO. Two static concentrated loads of 150 kN each 

were applied simultaneously at the centre of each span to crack the concrete deck. Then, it 

was loaded cyclically at different locations, in three stages with a total of 4 million cycles at a 

frequency of 5 Hz. The cyclic load varied between zero and 100 kN in the first two stages and 

between zero and 125 kN in the last stage. Finally, the deck slab was loaded monotonically to 

failure. The overall behaviour of the deck slab under the simulated service load was 

satisfactory. The deflection was very small, only about L/800. The maximum stress in the 

NEFMAC reinforcement was about 7% of its ultimate strength. The increase in slab deflection 

and stress in the FRP reinforcement due to the cyclic loading were set as measurements for the 

fatigue damage. The deterioration in the slab structural performance after approximately 

simulated 75 years of service loading was negligible. The residual ultimate load capacity, after 

undergoing 4,000,000 cycles was 534 kNwhich is more than five times the design wheel load 

of 100 kN. 

3.5.3 Fatigue Behaviour of Steel-Free Concrete Bridge Deck Slabs 

Bakht and Selvadurai (1996) tested a full scale FRC bridge deck slab under fatigue loads. The 

fatigue loads consisted of a sequential wheel load system incorporating four stationary load 

pads subjected to cyclic loads (Fig. 3.6). The tested deck specimens were 175 mm thick 

concrete slab supported over two steel girders spaced at 2.0 m with 449 mm cantilever at each 

side. From test results, the behaviour of the deck slab remained inelastic until it has shaken 

down to a stable state after a large number of load applications. The reduction of axial 

stiffuess of the transverse straps did not lead to accelerated fatigue damage. Elimination of the 

straps except the end diaphragms reduce the stiffuess of the deck to a certain extent but the 

arching action was not totally eliminated. Even under several concentrated loads simulating 

the running wheel load, the slab had a high load carrying capacity. 

Matsui et al. (2001) conducted fatigue tests on steel reinforced and steel-free deck slabs in 

Japan under the wheel running machine of Osaka University (Fig. 3.7). The test specimens 

were first subjected to 20,000 wheel load passes of 118 and 147 kN. Thereafter, the wheel load 

was increased to 176 kN. The steel-free deck slab developed longitudinal cracks, on its bottom 
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surface, midway between the girders. Near the girder supports, the longitudinal cracks 

gathered into a Y-shaped pattern. The weakest region of a steel-free deck slab is at the 

junction of the Y-shaped cracks near the transverse edge-stiffening beams. The deck slab 

failed in punching shear at this location. To avoid such kind of cracks, they recommended the 

use of a minimum, crack control, bottom reinforcement grid. 

Figure 3.6 Fatigue testing ofbridge deck slabs using several concentrated cyclic loads 

(Bakht and Selvadurai 1996) 

Raf tWf of Rotatioo 

Figure 3.7 Fatigue testing of bridge deck slabs using running wheel load machine 

(Matsui et al. 2001) 
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Mufti et al (2002 and 2005-a); Memon et al. (2003); Limaye (2004); and Memon (2005) 

studied the fatigue behaviour of steel-free FRC bridge decks. They investigated the fatigue 

behaviour of full scale models of steel-free bridge deck slab of 9.0 m length, 3.0 m width and 

175 mm depth. The deck slab was cast compositely on two steel girders spaced at 2.0 m 

center-to-center. In the longitudinal direction, the deck slab was conceptually divided into 

three segments. The first segment was reinforced with steel reinforcement according to the 

empirical design method of CHBDC (CSA 2000). The second segment was reinforced with 

CFRP bottom crack control mesh with 0.19% and 0.13% reinforcement ratios in the transverse 

and longitudinal directions, respectively. The third segment was reinforced with GFRP bottom 

crack control mesh with 0.48% and 0.36% reinforcement ratios in the transverse and 

longitudinal directions, respectively. Both the second and third segments were restrained 

extemally with steel strap in the transverse direction with a reinforcement ratio of 0.55. 

Accelerated cyclic loading, simulating the effect of truck wheel load, was conducted at peak 

loads of 25 ton and 60 ton at frequency of 1 Hz. Based on the findings ofthese investigations, 

it was obvious that, the presence of CFRP and GFRP crack control mesh bars in the deck slab 

reduced the cracks development chances. At a 25 ton load level, the model deck slab 

completed 1,000,000 cycles without any damage. This fatigue loading schemes satisfied the 

serviceability and lifetime number of axles that a bridge deck would experience. The fatigue 

damage induced at 25 ton, was within permissible limits in terms of deflections, crack width, 

and strains in reinforcements or straps. Ali the three segments failed under cyclic loads at 60 

ton peak load. Tests indicated that the first segment reinforced with steel bars had the least 

favourable fatigue resistance and fatigue life. The second and third segments have the most 

favourable fatigue resistance and fatigue life. The third segment, with GFRP reinforcements, 

provided the best fatigue resistance and fatigue life. 

3.5.4 Fatigue Damage Mechanisms in Bridge Deck Slabs 

As discussed in Chapter 2, fatigue damage originates mainly from discontinuities between the 

different constituent materials in a structural element such as concrete-reinforcement interface. 

Even plain concrete itself is a composite material where small cracks represent points of 

discontinuity within concrete which favour the fatigue damage. Portland cernent concrete 

typically has these small cracks due to a variety of causes, such as lack of concrete 
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consolidation in construction, material shrinkage, etc. Lack of consolidation in construction 

often occurs immediately underneath reinforcement bars because the vibrator does not reach 

these areas easily. This also results in original discontinuities. In girder type bridges, 

shrinkage of the concrete deck slab is restricted in the longitudinal direction by main girders. 

Therefore, residual tensile stress due to shrinkage would occur in the longitudinal direction. 

As a result, some transverse cracks can be seen on slabs even before a bridge is opened for 

traffic. Due to the repetitive action of wheel loads, these discontinuities are gradually 

connected to each other by larger propagation of cracks. Crack patterns developed following 

the reinforcement bars forming the grid-like cracking pattern. Furthermore, when water (from 

rain, snow, or significant moisture in air) is present in the cracks, the situation noticeably 

worsens (Okada et al. 1978, Perdikaris et al. 1988, Matsui and Tei 2001, Jihang 2003). 

According to previous fatigue tests, the deterioration mechanism of the RC slabs of highway 

bridges can be summarized as follows: 

1. When the slab is subjected to wheel loads, a longitudinal flexural crack forms at the 

bottom surface of the deck along the wheel-path, midway between the two adjacent 

supporting beams, which apparently is caused by transverse bending (Fig. 3.8-a), 

2. Then, transverse cracks appear practically at the same spacing as that of the bottom 

transverse reinforcing bars. These cracks originally existed in the deck slab due to 

shrinkage and lack of consolidation, but become wider and noticeable due to the small 

bending moment in the longitudinal direction (Fig. 3 .8-b ), 

Transverse Direction Longitudinal Direction 

a- Longitudinal cracks b- Transverse cracks 

Figure 3.8 Cracks development on the bottom surface due to wheel load (Jihang 2003) 

-47-



Chapter 3 - Concrete Deck Slab-State of the Art 

3. After those transverse cracks occur, the slab becomes an orthotropic plate having less 

flexural bending rigidity in longitudinal direction. Then, more longitudinal cracks will 

develop and propagate. Loading cycles cause, opening and closing of the cracks 

Moreover, under running wheel loads, the bottom transverse cracks not only opened 

and closed cyclically, but also slid up down, as shown in Figure (3.9-a). The reverse 

shear mechanism at the transverse cracks (Fig. 3.9-b) accelerates the deck's 

degradation and forced the cracks to propagate upwards, 

Longitudinal Direction 

/-: Movlng Wheel 
./ 

_,. Transverse Crack 

a- Slid up and down of cracks 

M, [l<Nm] 0.6 .--..-~~-,-~~....,,~~~-,--.-~.--, 
V,[l<N] ;- A 
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b- Altemating shear forces on both sides of crack 

Figure. 3.9 Running wheel load effect (Jihang 2003) 

4. As the number of loading cycles increases, longitudinal top cracks over the supporting 

girders occur and the deck resists the applied loads through the intemal membrane 

compressive forces (arching action). The cracks on the bottom surface and on the top 

surface propagate and join mutually. Cracked surfaces wear out by abrasion 

movements due to vertical shear force and torsional moment, 

5. Finally, shear resistance at the crack sections is provided only by the longitudinal 

reinforcing bars crossing the transverse cracks. Then, due to over loading state, the 

concrete in the compression zone around the loading area crushes and fails by 

punching shear. Even if the failure occurred; all reinforcing bars remain in sound 

without any fatigue failure. 
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3.5.5 Fatigue Design Provisions in Different National Codes 

Fatigue effect is treated in many national codes using different approaches. These include 

limits mainly for the stress range or maximum stress and safety factors for the used materials 

strength. Design codes for RC bridge deck slabs consider that the ultimate load carrying 

capacities of the deck slabs are large enough, too conservative, to require consideration of 

fatigue effects. ACI committee for design and construction of concrete bridges, ACI-343, 

(Clause 8.3.1) states that fatigue stress limits need not be considered for monolithic concrete 

deck slabs satisfying specific conditions. For example, it should have main reinforcement 

perpendicular to traffic designed in accordance with the empirical methods provided that it has 

constant width and thickness (ACI 2005). CHBDC, CAN/CSA-S6-00 (Clause 8.5.3) also 

states that concrete deck slabs reinforced with steel or FRP reinforcement and designed 

according to specific provisions, Clauses 8.18.4 and 16.8.7, need not be checked for fatigue 

limit state. The Japanese society of civil engineering, Clause 3.4.2, recommended the use of 

material strength safety factor between 1.15 and 1.3 when calculating the design fatigue 

strength of FRP reinforcement (JSCE 1997). According to the design guidelines of ACI-

440.lR-03, Clause 8.4.2, the FRP stress should be limited between 0.2 and 0.55 of the 

ultimate capacity depending on the type of FRP (ACI 2003). For steel bridges, AASHTO 

standard specification for highway bridges, 17th edition, Clause 10.3.2, and Table 10.3.2.A, 

recommended 2,000,000 load cycles of HS-20 truck as fatigue life. In this loading type, the 

maximum wheel load is about 60 kN (AASHTO 2002). According to AASHTO-LRFD bridge 

design specifications, Clause 9.5.3, the stresses measured in the concrete deck in slab-on-

girder bridges under service conditions are far below infinite fatigue life. This is most 

probably due to arching action. Therefore, in Clause 9.5.3, it was mentioned that deck slabs 

designed according to AASHTO design methods, have a fatigue limit of approximately three 

times the service level. (AASHTO-LRFD 2004). 
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THE EXPERIMENTAL PROGRAME 

4.1 GENERAL 

The experimental program presented herein was designed to investigate the fatigue behaviour 

of full scale bridge deck slab prototypes reinforced with GFRP bars. Also, the fatigue 

behaviour of steel reinforced concrete bridge deck slabs was investigated for comparisons. 

The experimental program included the construction and testing of ten full-size concrete deck 

slabs. Nine deck slabs were reinforced with glass FRP bars (GFRP), and one deck slab was 

reinforced with steel bars. AU the deck slabs were supported, longitudinally, on two steel 

girders spaced at 2000-mm center-to-center. They were subjected to a stationary pulsating 

concentrated load over a contact area of 600 mm x 250 mm at the centre of the slab to 

simulate the footprint of truck wheel load. Three different schemes of fatigue loading were 

used. The first fatigue loading scheme is an accelerated fatigue loading with variable 

amplitude. The second fatigue loading scheme is constant amplitude fatigue loading 

representing the service loading conditions. The third fatigue loading scheme consisted of 

certain number of constant amplitude fatigue load cycles which is expected to simulate the 

service life-time loading on bridge deck. The test parameters were: 

1. Reinforcement type (GFRP and Steel); 

2. Reinforcement ratio in the bottom transverse direction (Minimum recommended by 

CHBDC code and reduced ratio); 

3. Top reinforcement layer (regular used top reinforcement; minimum top reinforcement, 

and no top reinforcement); 

4. Loading conditions (service fatigue loading conditions, accelerated fatigue loading 

conditions, and monotonie loading conditions preceded with certain number of fatigue 

load cycles) 
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This chapter gives a detailed description of the experimental program. The details of test 

prototypes including dimensions, forms and properties of the used materials are presented. 

The test set-up including the supporting system, loading frame, actuator, hydraulic jack, and 

instrumentations as well as the used data acquisition systems are illustrated. The different 

loading conditions and test procedure are also included. 

4.2 DETAILS OF THE DECK SLAB PROTOTYPES 

4.2.1 Dimension of the Deck Slab Prototypes 

An extensive research program has been carried out at the Universite de Sherbrooke in 

collaboration with the Ministry of Transportation of Quebec (MTQ) to study the behaviour of 

concrete bridge deck slabs reinforced with FRP reinforcing bars under different loading and 

environmental conditions. The first part of this program (2002-2005) was carried out to 

investigate the behaviour and ultimate capacity of FRP reinforced concrete bridge decks under 

monotonie loading conditions (El-Gama! 2005). During that part, it was decided to construct 

full scale bridge deck slab prototypes to avoid any scale or size effects. Also, full-size test 

prototypes will make it easier to compare and correlate the behaviour of test specimen to that 

of a real bridge deck slab. To have comparable results, the second part of this program, the 

current research, which was performed under cyclic fatigue loading conditions, used the same 

test prototype dimensions as in the first part. 

Typical test prototype was designed to represent a portion of an intermediate panel of a full 

scale bridge deck slab as shown in Figure ( 4.1-a). The most common constructed concrete 

deck slabs (slab-on-girder bridge type) in Canada have a span of 1.8 m to 3.0 m with a 

thickness of 175 mm to 230 mm. The deck slab prototype dimensions were chosen to have a 

span of 2.0 m and thickness of 200 mm (span/depth ratio less than 18 to comply with the 

CHBDC provisions, Clauses 8.18.2 and 8.18.4.1, (CSA 2000). To provide sufficient anchorage 

length the reinforcement over the end support, the deck slab prototype's width was chosen to 

be 2500 mm. The length of the deck slab prototypes should account for the effect of wheel 

load. The wheel load effect is characterized by the diameter of the failure zone on the bottom 

surface. This diameter is approximately equal to the span of the deck slab. To account for the 

effect of wheel load, to insure adequate lateral confinement in the longitudinal direction, and 
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to avoid one-way shear failure, the length of the deck slab prototypes, traffic direction, was set 

to 3.0 m. Analytical evaluation using the finite element method was performed to verify that 

the behaviour of deck slabs prototypes with these dimensions would be similar to a full bridge 

deck. The details of the FEM investigation will be discussed later in Chapter 7. Hence, all the 

test prototypes had a width of 2500 mm, a length of 3000 mm and a thiclmess of 200 mm (Fig. 

4.1-b). 

a- Test prototype relative to a real bridge deck 

b- Dimensions of Test Prototypes 

Figure 4.1 Test prototypes 
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4.2.2 Construction of the Deck Slab Prototypes 

In real bridge, the deck slab is continuously supported and act compositely with the supporting 

longitudinal girders. To simulate that behaviour, the test prototypes, single panels, were tied 

down to the supporting girders. Steel bolts, (1 in diameter, 25 .4 mm) were used to partially 

restrain the slab edges, as will be explained later. These bolts played the same role as shear 

studs in real composite bridge. They helped to ensure the composite action and provide part of 

the continuity effects. The deck slab prototypes were designed to have two rows of bolts, on 

each longitudinal side, spaced at 2.0 m center to center (the supported span). In each side, the 

spacing between bolts in the longitudinal direction was set to be 10 in (254 mm). In the 

transverse direction, the spacing was set to be 170 mm (depending on the width of the upper 

steel flange of the supporting steel girder). To install the steel bolts, each deck slab prototype 

had vertical cylindrical holes on its edges. Figure ( 4.2) shows a schematic drawing and a 

photo for the constructed deck slab prototypes. 

1 _J 

a- Schematic drawing of test prototype b- Photo of typical test prototype 

Figure 4.2 Configuration of the test prototypes 

Two wood formworks were fabricated and used for casting the prototypes. Steel and FRP bars 

were eut to the required lengths and were arranged together to form both the top and bottom 

reinforcement layers. Steel wires were used to tie the steel bars together to keep the 

orientation of the bars while plastic tie-wraps were used with the GFRP bars (Fig. 4.3-a). 
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Plastic chairs were used to ensure that the bottom and top concrete cover constant all over the 

slab at 38 mm (1.5 in). Each formwork was provided with two rows of holes at each 

longitudinal side of the form base. These holes were used as a guide to receive plastic tubes 

that induced the holes through the deck slab thickness. To ensure that plastic tubes were 

vertical inside the formwork, two pieces of wood were fixed on the top of the two longitudinal 

edges of the form. They were provided with two rows of ho les identical to those at the bottorn 

platform of the formwork, (Fig 4.3-b ). The plastic tubes were greased well and inserted 

through the holes. Four wooden ties were fixed diagonally at the top corners of the form, to 

support the sides (Fig. 4.3-c). Few hours after casting the concrete, the plastic tubes were 

rernoved. The deck slab prototypes were covered with plastic sheets and cured with water for 

at least two weeks (Fig. 4.3-d). 

4.2.3 Curing and Storage of the Deck Slab Prototypes 

Previous studies indicated that the cracking status significantly affect the fatigue response of 

concrete deck slabs. Azad et al (1993) studied the loss of punching capacity of bridge deck 

slabs due to crack damage. In their study, crack damages were introduced to the test specimen 

by embedding flaws in the form of metallic conical frustums. For the design of such slab, they 

recommended to take into consideration the sever cracking of bridge deck slabs due to various 

causes. Hwan (1986) analyzed plain concrete in particular applications such as concrete bridge 

decks and concrete pavement slabs under flexural fatigue loads. It was found that fatigue 

failure in concrete decks was influenced by crack formation at the bottorn of the deck. Hence, 

he recornmended that 50% of the modulus of rupture of concrete could be the endurance limit 

of concrete under flexural fatigue. Also, one of the main problems that are associated 

particularly with fatigue testing of concrete elements is the scattering of the test results. This 

scattering arises mainly from the non-uniformity of the concrete properties either for all the 

test specimens or even all over the same specimen. Furthermore, as fatigue tests usually take a 

long tirne, the mechanical properties of concrete have the tendency to change with time if the 

concrete elements were tested within a short time after casting. 
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a- Reinforcement layers inside the form b- System to install the plastic tubes 

c- Forms ready for casting of concrete d- Indoor curing of slab prototypes 

Figure 4.3 Construction of test prototypes 

One of the significances of this research is that all the test prototypes, after cured in controlled 

environment, were stored for more than one year before tested. This storage period helped to 

stabilize the concrete mechanical properties ( compressive strength and modulus of elasticity) 

to avoid any possible scatter of test results. Moreover, the test prototypes were stored out-

doors under real environmental conditions (Fig. 4.4). During this one year storage period, the 

deck slabs prototypes were subj ected to the same environment conditions that a real bridge 

would undergo. This allowed the formation of concrete cracking that arise mainly from 

environmental conditions. According to the environment and weather records during this 

-55-



Chapter 4 -The Erpen'.mental Wo1k 

period (Environment Canada 2005), the deck slab prototypes were exposed to more than 25 

freeze-thaw cycles, wide fluctuation of temperature between -40 to +35°C (Fig 4.5-a) and 

about 20 wet-dry cycles (Fig. 4.5-b ). 

a- during summer time b- During winter time 

Figure 4.4 Outdoor storage of test prototypes 

The construction of test prototypes started in July, 2004 and finished in November, 2004. 

Twelve standard cylinder specimens (150 x300 mm) from each concrete patch were prepared 

during concrete casting. The standard cylinders were subjected to the same environmental 

conditions as their correspondent slabs. Compressive and tensile splitting strengths as well as 

modulus of elasticity evaluation tests had been carried out on the concrete cylinder specimens 

to verify the actual concrete mechanical properties. These tests were carried out periodically 

during the storage period on specimens of different concrete ages to monitor the variation of 

concrete mechanical properties with time. 

4.2.4 Materials Properties 

4.2.4.1 Concrete 

All deck slab test prototypes were constructed using normal weight, ready-mixed concrete 

(Type V, according to the specifications of the Ministry of Transp01iation of Que bec, MTQ). 

The concrete had a targeted 28-day concrete compressive strength of 3 7 MPa. The concrete 

mix composition for one m3 of fresh concrete is given in Table 4.1. 
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Figure 4.5 Weather conditions during the storage period 
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Table 4.1 Mix composition of the used concrete 

Monitoring the concrete mechanical properties during the storage period showed that the 

mechanical properties of concrete had stabilized after about 12 months. Both the concrete 

modulus of elasticity and compressive strength stabilized at 34 GPa and 42 MPa, respectively 

after about 1 year (Fig. 4.6). Consequently, fatigue test was started on July, 2005. The age of 

test prototypes at the time of testing varied between 12 to 16 months. 

4.2.4.2 Reinforcement 

Two types of reinforcing bars were used in this study; sand-coated GFRP rods and CSA-

Grade 400 steel bars. The GFRP bars, V-ROD™, (Pultrall Inc. 2004) are manufactured by 

combining the pultrusion process with an in-line coating process for the outside sand surface. 

These GFRP bars are made of continuous E-glass fibres with a minimum volume fraction of 

65% with a modified vinyl ester resin, additives, and fillers. According to ASTM testing 

method, E-1131, the fibre content was found to be 73% by volume. These GFRP bars were 

used as main reinforcement for the deck slabs in several bridges that have been recently 

constructed in North America (El-Salakawy et al. 2005; Benmokrane et al. 2006-a,b). 

The mechanical properties of the GFRP and steel bars were obtained from standard tests, 

which were carried out according to CAN/CSA-S806-02 (CSA 2002) or ASTM A370-05, 

where appropriate (Fig. 4.7). Table 4.2 summarizes the mechanical properties of the 

reinforcing materials used in this research. 
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Figure 4.6 Monitoring concrete properties during the storage period 
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Table 4.2 Mechanical properties of the reinforcing bars used in this study. 

12.7 127 

44± 1.0 727 ± 10 1.65 ± 0.03 
15.9 198 

[41.0]# [697] # [1.56] # 

44 ± 1.3 637 ± 15 1.37 ± 0.03 
19.1 285 

[40.1]# [592] # [1.28]# 

11.3 100 200 fy=453 êy =0.2 

Where: 
# = Guarantee value = Ultimate value -3 x standard deviation 

h and êy = Steel yield stress and yield strain, respective/y. 

a- GFRP bar under direct tension on MTS machine b- Brittle tensile fracture of GFRP 

Figure 4.7 Standard tensile tests on the GFRP reinforcing bars 
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4.3 DETAILS OF THE TEST SET-UP 

4.3.1 The Supporting System 

A test set-up had been developed at the University of Sherbrooke and had been used in the 

first phase of the research to investigate the static behaviour of FRP reinforced bridge deck 

slabs (El-Gama! 2005). The same test set-up was used in the present investigation. In this test 

set-up, the deck slabs were supported, over their two longitudinal edges, on two built up steel 

main girders. The built-up section consists of top and bottom flanges, web plate and stiffeners. 

The size of the girders was adequate for resisting the maximum applied load without 

exceeding the permissible stresses and deflection. The main girders were spaced at 2.0 m 

centre-ta-centre. The two girders were connected together by three cross frames, spaced, at 1.5 

m, to prevent the two girders from lateral displacement and rotation. Each cross-girder (frame) 

is an X-shape truss with diagonals composed of steel angles. Another two steel beams spaced 

at 3.0 m (in the longitudinal direction) were used to support the two main girders. The load 

was transferred to the laboratory strong floor through four short steel columns at the corners 

(Figure 4.8). 

a- Main girders and cross frames b- Load transfer to the strong floor 

Figure 4.8 Components of the supporting system 

In real bridges, the deck slab acts compositely with the supporting girders and are restrained 

against rotations and displacement through the shear connectors and continuity effects. To 
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simulate this action when using single isolated bridge deck panels as test prototypes, new 

mechanism, similar to the shear studs in real bridge, was developed. The deck slab prototypes 

were tied to the two main steel girders through 25.4 mm diameter high strength steel bolts. 

These steel bolts were fitted into the hales which had been formed in the deck slab prototypes 

during casting of concrete (Fig. 4.9). These bolts also passed through identical hales which 

were fabricated on the top flange of the main girders. The steel bolts were hand-tied using 

constant torque moment of 120 N m to ensure equal and uniform edge clamping force. A steel 

channel section was used at the top face of the concrete to prevent stress concentration on the 

concrete slab edge. Two, 10 mm thick, neoprene strips were placed between the concrete top 

and bottom surfaces and the steel sections to ensure full contact during the test. 

a- Steel bolts and upper steel channel b- Deck slab tied clown to the steel girders 

Figure 4.9 Applying partial restraint conditions to the deck slab edges 

4.3.2 The Loading System 

All the deck slab prototypes were tested up to failure under either monotonie or cyclic loading 

using one concentrated load at the centre of the clear supported span, 2000 mm. This load was 

applied through a 75-mm thick steel plate that measures 250 x 600 mm. These dimensions 

simulate the footprint of the standard CL-625 Truck wheel load, as specified by clause 3.8.3.1 

in the CHBDC (CSA 2000). A 20-mm thick neoprene sheet was used between the steel plate 

and the concrete surface. A 500 kN capacity MTS actuator with +/- 250 mm stroke was used to 
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apply the cyclic fatigue loading. The actuator was powered by a closed loop, automated 

hydraulic system. It was monitored by a computer to apply the programmed fatigue loads in a 

load control mode. The monotonie loading was applied using a 1000 kN capacity hydraulic 

jack controlled by a manually operated pump. Both the actuator and the hydraulic jack were 

mounted vertically at the centre of a 3.5 m span stiff steel cross beam of a heavy steel loading 

frame. The actuator was fastened transversely using steel wires to the steel frame columns to 

keep it in a vertical position, centred with the deck slab and the loading plate, during the entire 

test (Fig 4.10-a). 

During fatigue loading of the first tested slab, S5, significant movements of the loading frame, 

in-plan and out-of-plan were observed. This movement might lead to dissipation of part of the 

applied load so that the actual applied load was less than the recorded value. Four inclined 

steel struts were provided in the lateral directions to prevent any in-plane or out-of-plane 

movements (Fig 4.10-b ). 

a- The actuator tied to the frame columns b- Out of plan supports for the loading frame 

Figure 4.10 Loading system and special arrangements during the fatigue test 

Figures (4.11 and 4.12) show a general view of the test set-up during both fatigue and static 

tests. 
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Figure 4.11 Test set up for the fatigue test 
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Figure 4.12 Test set up for the static test 

4.3.3 Instrumentations 

For each slab, several electrical strain gauges were used to measure the strains in reinforcing 

bars and at the top surface of the deck slab around the loaded area. Also many linear variable 

displacement transducers (L VDTs) were installed to measure the deflections at different 

locations of the deck slabs as well as crack widths. A data acquisition system was used to 

record the readings of the strain gauges, L VDTs, and the load cell. The instrumentations used 

during the test were as follows: 

4.3.3.1 Electric strain gauges for the reinforcing bars 

For each slab, twenty electrical resistance strain gauges, ESG, were used to measure the 

strains in the reinforcing bars. 10-mm long strain gauges with a nominal resistance of 120.0 ± 

0.4 .Q and a gauge factor of 2.10 ± 1.0% were used. They were glued on the transverse and 

longitudinal reinforcement, of both the top and bottom layers, at different locations of the 
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expected maximum strains. Figure ( 4.13) shows photos for the electrical strain gauges on 

reinforcing bars as well as the layout of the strain gauges. 

a- ESG glued on the bars surfaces b- ESG wires protected inside the form 

c- Layout of ESG for bottom layer d- Layout of ESG for top layer 

Figure 4.13 Electrical strain gauges for reinforcement 
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4.3.3.2 Fibre optic sensors (FOS) for the GFRP reinforcing bars 

Fibre optic sensors (FOS) are currently being introduced to the structural engmeermg 

applications (bridges and other structures) as an attractive alternative to electrical strain 

gauges. The Bragg-Grating fibre optic sensors (FBG) are the latest innovation in the optical 

field and are viewed to be a very attractive technology. FBG sensors have been recently 

introduced as an integrated part of the FRP reinforcing bars; this is made during the 

fabrication of the bars. 

In the present research, FBG sensors planted in GFRP bars were used in some test prototypes 

to evaluate their durability under fatigue loading conditions. The Bragg-grating, FBG, FOS 

were hand-laid in a grove made on the surface of some bars and fixed in place using special 

adhesive (Fig. 4.14-a). The groove and the sensor in it were exactly in the direction of the bar. 

These bars were of the same length and diameter as the transverse or the longitudinal 

reinforcing bars of the prototype where they were installed. Six GFRP bars with three 

different bar diameters, No 13, No. 16, and No. 19, were installed in six different deck slab 

prototypes. They were integrated in either the bottom or the top reinforcing mesh as a regular 

reinforcing bar. Figure (4.14-b) shows a photo for one of the GFRP bars instrumented with 

FBG-FOS sensors. 

a- Bar cross section with Groove for 

the FBG sensors 

i . . . 

b- GFRP Bar instrumented with FBG sensor 

integrated with the reinforcement cage 

Figure 4.14 Fibre optic sensors for reinforcement 
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4.3.3.3 Electric strain gauges for the concrete 

Six electrical resistance strain gauges were used for each slab to measure the concrete 

compressive strains at the top surface of the deck slabs. 70-mm long gauges with a nominal 

resistance of 120.0 ± 0.4 Q and a gauge factor of 2.10 ± 1.0% were used. They were 

distributed in different directions around the loading area. According to Kinnunen and 

Nylander (1960), the punching shear failure occurs in concrete slabs when the concrete 

compressive strain at a distance equals to (B/2+y) from the center of loading reached a value 

of 1900 micro-strain. Where, B is the diameter of the circle that has the same perimeter as the 

rectangular loaded area and y is a distance equals to 10% of the thickness of the slab. In the 

current research, two strain concrete gauges were glued at B/2+y (285.0 mm) away from the 

center of the loading area. The readings of these two gauges were used to validate the 

applicability of the punching shear failure criterion proposed by Kinnunen and Nylander for 

steel reinforced concrete slabs to the GFRP reinforced ones. Figure ( 4.15) shows the layout of 

the used concrete compressive strain gauges. 

; 

' i - ·- ·-· - ·-··-···•·····-·cs '--',---'-~~~ . - ··-·-•-•·- ·- •-·- . 

CS6 .,.. , 

Figure 4.15 Electrical concrete strain gauges on the deck slab top surface 
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4.3.3.4 Deflection and crack width instrumentation 

Six linear variable displacement transducers (L VDTs) were used to measure the slab 

deflection at different locations around the loaded area and at the supports. Also, a high 

accuracy (± 0.001 mm) LVDT was installed at the position of the first crack to measure the 

crack width. Figure (4.16) shows the layout of the used LVDTs. 

LV2 ' 
~----------c= -0 

Figure 4.16 Lay-out of the LVDTs for deflection measurements 

4.3.4 The Data Acquisition Systems 

Three different data acquisition systems were used during testing. The first one is a scanner 

module unit, System 6000, (VISHAY 2003). It has 35 channels that received different types of 

input signal conditioners ( cards ). The System 6000 was used for simultaneous and acquisition 

digitization of the electrical strain gauges, L VDTs, and load signals (Fig. 4.17). The system 

6000, incorporates full-featured software to provide flexible graphie presentation along with 

data reduction and scanning intervals. The system was programmed to record data for 1 

second each 120 second at frequency of 24 Hz during the cyclic loading. During the 

monotonie loading, it was programmed to record data continuously each 5 seconds at 

frequency of 0.2 Hz. 

-69-



Chapter 4 -The Erpeninental Wod( 

The second system is an MTS controller monitored by MTS PC and software that were used 

to program and control the actuator during the cyclic and monotonie loading (Fig 4.18-a). The 

third data acquisition system is a one channel FOS scanner module, type CGTl 000-1 CH-4S, 

(AVENSYS Inc. 2004). This channel accommodates one optical wire connecting up to 4 FBG-

FOS in parallel This one was used to record and digitalized the signal from the FOS 

(wavelength) during the cyclic loading at frequency of 300 Hz (Fig 4.18-b ). 

a- the 6000 scanner system monitored by a PC b- Wires connected to the scanner system 

Figure 4.17 Data Acquisition System for electrical strain gauges, L VDTs, and load cell data 

a- MTS actuator controller and PC interface b- FBG FOS data acquisition system 

Figure 4.18 MTS actuator controller and FBG FOS data acquisition system 
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4.4 DETAILS OF THE APPLIED LOADING CONDITIONS 

To investigate the effect and damage that traveling vehicles induce on concrete bridge deck 

slabs, they should be investigated under different loading conditions. Bence, this research 

includes experimental testing of full-size GFRP reinforced concrete deck slabs carried out in 

two phases. The first experimental phase investigated the behaviour under fatigue loading till 

failure. In this phase, the ultimate performance of the deck slabs and their constituents 

( concrete and GFRP bars), was tested under extremely high and long fatigue loading duration. 

This phase was also designed to evaluate the fatigue life and failure mode of such elements 

under fatigue loads. The second phase of the experimental program was designed to 

investigate the behaviour of the test prototypes, loaded till failure, under monotonie loading 

conditions preceded with certain number of cyclic loads. During this phase, the cyclic loading 

scheme was designed, based on the findings of the first phase, to be equivalent to the lifetime 

loading that a real bridge may undergo. The second phase helped to verify the residual static 

capacity of GFRP reinforced bridge decks as well as the performance and durability of the 

GFRP reinforcement after the predicted lifetime loading. 

4.4.1 The Repeated Fatigue loading 

In this study, moving vehicular loads were simulated by stationary concentrated load varying 

cyclically in magnitude. Three schemes of fatigue loading were used, accelerated fatigue 

loading with variable amplitude cyclic loading (Scheme I), service condition fatigue loading 

with constant amplitude cyclic loading (Scheme II) and equivalent life-time loading with 

constant amplitude cyclic loading (Scheme III) 

4.4.1.1 Scheme I - acceleratedfatigue loading 

One of the loading patterns used in this investigation is the accelerated fatigue loading, 

Scheme J It consisted of variable amplitude fatigue loading. Sorne test prototypes were 

subjected to sinusoïdal waveform fatigue load cycles between a minimum load level and 

variable maximum load levels (Fig. 4.19) till failure. The accelerated fatigue loading approach 

was adopted during the first phase of the experimental program to obtain failure within 

reasonable time frame. The minimum load level was set constant at 15 kN to prevent any 

impact effect during cyclic loading. It also represented the effect of the superimposed loads on 

-71-



Chapter 4 -The Expen'mental Work 

bridges (pavement, insulation, etc). Different peak loads were selected as multiples of the 

fatigue limit state specified by the CHBDC (CSA 2000). This fatigue limit state, Pfls, was 

calculated using the maximum wheel load of 87.5 kN with 40% dynamic allowance and a live 

load factor of 1.0 (PJls = 87.5xl.4xl.0 = 122.5 kN according to CHBDC, Clause 3.5.1). The 

used peak loads were l.5Pfls, 2Pfls, 3Pfls,, 3.67Pfls and 4Pfls which correspond to 183.75, 245.0, 

367.5, 450, and 490.0 kN, respectively. Each of the fatigue loading steps (for example, 15 kN 

minimum load and 183.75 kN peak load) was applied for 100,000 cycles at a frequency of 2 

Hz ( duration of about 14 Hours for each peak load). If the failure occurred during cycling, the 

test was stopped immediately. If the test prototype completed the last 100,000 cycles at the 

largest peak load ( 490 kN) without failure, the test continued at the same load level till failure. 

490 
Last Step 

4th Step 

122.5 

100,000 100,000 100,000 100 000 To F ailure 
' 

No. of Cycles 

Figure 4.19 The variable amplitude fatigue loading (scheme I). 

It should be noted that, during the 4th fatigue load step at peak load level of 450 kN, large 

deflections occurred in all deck slab prototypes. Due to limitation of the hydraulic pump 

system in the laboratory, the target peak load level at this fatigue load step, 450 kN, could not 

be reached during cycling at 2 Hz. This was mainly due to other experimental tests that were 

carried out in the laboratory at the same time, which consumed part of the hydraulic pump 
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power. A little lower peak load was obtained for each slab. At the last fatigue load step with 

target peak load of 490 kN, the difference between the target peak load and the actual obtained 

peak load was large. To reach the target peak load at the same frequency of 2 Hz, it was 

necessary to increase the minimum load level to 50 kN (instead of 15 kN). However in some 

cases, such as slab S3, the maximum reached peak load during the last fatigue loading step 

was 425 kN. In addition to the previously mentioned equipment limitations, some problems 

related to the test set-up occurred during the testing of the first tested slab, slab S5. At load 

levels higher than 367 kN, many steel bolts that tied the slab down to the steel girders failed. 

They were failed in fatigue due to longitudinal shear force between the concrete slab and the 

steel girder. This resulted in a loss of some of the transverse restraint till these bolts were 

replaced. 

4.4.1.2 Scheme II - Service fatigue loading 

This loading pattern was chosen to represent the service loading conditions. It consisted of 

cyclic loading peaking at the real service fatigue load level. This loading scheme consisted of 

4,000,000 load cycles of constant amplitude loading between a minimum load of 15 kN and a 

peak load of 122.5 kN (corresponding to Pfls), It was applied at frequency rate of 4 Hz 

(duration of about 12 days). This fatigue loading scheme represents about twice the fatigue 

life recommended by some researchers and design codes for bridge deck slabs (Kumar and 

GangaRao 1998, AASHTO 1998). Scheme 11 fatigue loading (Fig. 4.20) was used in the first 

phase of the experimental program and was applied to one deck slab prototype. 

4.4.1.3 Scheme Ill -Equivalent life-timefatigue loading 

According to the results of the first phase of the experimental programme (presented in 

Chapter 5), an analytical study to evaluate the fatigue life of the tested prototypes and damage 

equivalence are presented in Chapter 6. An equation to predict the fatigue life of such 

elements is presented. In addition, a mathematical expression based on this equation to 

calculate the equivalent damage of different wheel loads, is introduced. Accordingly, it was 

possible to convert all the traffic volume and loads a real bridge may experience during its 

expected service life to an accelerated fatigue loading at constant amplitude that is expected to 

produce the same damage. Sorne statistical data on the traffic volumes and loads on bridges 
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are available now. Based on that, 200,000 load cycles peaked at constant peak load of 245.0 

kN was found to be equivalent in damage to all the traffic volume and amplitudes on real 

bridge during 75 years service life. 

Total of 

p 122.5 kN 4,000,000 Cycles 
-

\._.J \._ '----' '----' 
' ' ' ' 

250,000 250,000 250,000 250,000 250,000 

No. of Cycles 

Figure 4.20 Service fatigue loading (scheme II). 

Consequently, Scheme III fatigue loading consisted of 200,000 load cycles of constant 

amplitude loading between a minimum load of 15 kN and a peak load of 245.0 kN, 

corresponding to twice the fatigue service load P.fls, as explained earlier (Fig. 4-21). lt was 

applied at a rate of 2 Hz ( duration of about 27 .8 hours ). This fatigue loading scheme was used 

during the second phase of the experimental program. Scheme III fatigue loading was applied 

to some test prototypes to verify the behaviour and the residual strength after lifetime 

equivalent loading. 

4.4.2 The Monotonie loading 

In the second experimental phase of the current research, the test prototypes, after they had 

been subjected to the fatigue loading scheme III, were subjected to monotonie loading till 

failure. This Joad combination was designed to verify the residual static capacity and the 
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performance of the deck slabs and their constituents after lifetime equivalent loading. The 

monotonie load was applied at a load rate of 5 kN/min using the manually-operated hydraulic 

jack; described earlier. 

2P 245kN ... _ ......... _200,000 Cycles_ ... _. 

' 100,000 100,000 

No. of load cycles 

Figure 4.21 Equivalent lifetime fatigue loading (Scheme III). 

4.4.3 The Test Procedure 

Since a cracked deck slab represents the worst scenario when compared to an un-cracked one, 

all the slab prototypes were pre-cracked prior to applying the fatigue loading. Two monotonie 

load cycles were applied before any fatigue load cycles. These monotonie load cycles were 

conducted to determine the cracking loads, to initiate cracks from mechanical loads, and to 

assess the pre-cracking and post-cracking stiffness and behaviour of the test prototypes. Each 

cycle included loading till 183.8 kN (corresponding to 1.5 Pfis) and unloading to zero. During 

scheme I of fatigue loading, a similar monotonie load cycle was performed at the end of each 

fatigue load step (after 100,000 cycles at the specified peak load). This loading was conducted 

to assess the degradation that may occur in the deck slab due to fatigue loading. The previous 

procedure was repeated till failure. Fatigue loading scheme II, was applied on steps, each of 

250,000 cycles. After each step, a similar monotonie load cycle includes loading till 183 .8 kN 

and unloading to zero was performed to monitor the deck slab degradation. Fatigue load 

scheme III was also performed on two steps, 100,000 cycles each spanned also by a similar 
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monotonie load cycle up to 183.8 kN. All these monotonie load cycles spanning different 

fatigue loading steps were performed using the load actuator in a displacement control mode 

at a rate of 0.8 mm/min. 

4.5 DESIGN OF THE EXPERIMENTAL PROGRAM 

A total of ten full-scale deck slabs of 3000 mm long, 2500 mm wide and 200 mm thick were 

constructed and tested to failure. The deck slab prototypes were subjected to different 

combinations of fatigue and monotonie loads conditions. The test parameters were the loading 

conditions, reinforcement type, bottom transverse reinforcement ratio, and effect of top 

reinforcement. The tested slabs were divided into six main groups to investigate the effect of 

these test parameters. Table 4.3 summarizes the reinforcement details and test parameters of 

the ten deck slab prototypes in the six groups. The sub-sequence sections provide more details 

about the six test groups. 

4.5.1 Group (I) 

This group included one slab prototype, designated as SO, reinforced only with steel bars as a 

control specimen. The control slab, SO, was designed according to the empirical design 

method of the CHBDC, Clause 8.18.4.2. This clause recommends the use of an isotropie steel 

reinforcement ratio of 0.3% in all directions (CSA 2000). This approach resulted in using No. 

1 OM steel bars spaced at 210 mm for both bottom and top layers in both directions. Figure 

( 4 .22) shows the steel reinforcement details of the control deck slab, SO. · The deck slab 

prototype, SO was tested till failure under fatigue loading scheme I (accelerated fatigue 

loading condition). 

l#lOM. , 210mm l#IOM @ 210mm 

'"=----=----=------=----=----=------=----=----=----1._-=----=------=----=----=------=----=----=------=----=----=------=-----i---=----=-----i---=----=-----=---=----=-----=----=------=------=--, 1 "' 
..=-...:::--...:::-...:::-...:::--...:::-...:::-...:::--...:::-...:::-_ç...:::-...:::-_ç...:::-...:::-...::::-...:::-...:::-...::::-...:::-...:::-...::::-_::;r~...::::-...:::-...:::-...::::-...:::-...:::-~...:::-...:::-~~ 1 t 

1#10!\'l @ 21_0m_m~~ J#lOM @210mm 

Cross Section - Slab .SO 

Figure 4.22 Reinforcement details of deck slabs prototypes of Group (1) . 
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4.5.2 Group (II) 

This group included three test prototypes, designated as SI, S3, and S4, that were totally 

reinforced with GFRP bars. They were tested till failure under fatigue loading. The test 

parameter investigated in this group was the effect of top reinforcement layer on the fatigue 

behaviour. The three slabs have identical bottom reinforcement layer (the same reinforcement 

type, ratio, and configuration). The main bottom transverse GFRP reinforcement for the three 

GFRP reinforced deck slabs, SI, S3, and S4 was calculated based on the empirical design 

method recommended by the updated version of Section 16 of the CHBDC, ( detailed earlier in 

Chapter 3, Section 3.4.1, Equation 3.2). This approach resulted in using No.19 GFRP bars 

spaced atl 50 mm in the bottom transverse direction with a reinforcement ratio of 1.2%. The 

longitudinal bottom reinforcement for the three slabs consisted of No.16 GFRP bars spaced at 

200 mm with a reinforcement ratio of 0.6%. 

It seems that there is a big difference between the GFRP and steel reinforcement ratios used in 

the test prototypes in groups (I) and (JI). However, the axial stiffness is actually very close and 

comparable. The GFRP reinforcement has axial stiffness, EA, equal to steel reinforcement 

ratio of 0.25% (as detailed in Chapter 3, Section 3.4.1, Eq. 3.1). In order to compare the code 

provisions, it was decided to use the 0.3% minimum steel reinforcement ratio, recommended 

by the CHBDC code, for the control slab. With simple calculation, the axial stiffness, EA, of 

the used steel bars is 1.2 times that of the used GFRP bars for bottom transverse 

reinforcement. 

For the top reinforcement layers, different configurations and reinforcement ratios were used. 

For slab Sl, No.16 GFRP bars spaced at 200 mm was used in both directions with a 

reinforcement ratio of 0.6%. For slab S3, a minimum reinforcement ratio of 0.35% was used 

in both directions, as recommended by the updated version of Section 16 of the CHBDC. This 

resulted in using No.13 GFRP bars spaced at 300 mm in each direction. Slab S4 had no top 

reinforcement. Figure (4.23) shows the GFRP reinforcement details of the deck slabs 

prototypes ofthis group, Sl, S3, and S4. 

The three slabs were tested till failure under fatigue loading scheme I ( accelerated fatigue 
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loading condition). It should be noticed that, for slab S3, the fatigue loading scheme J was 

started at lower peak load levels. Additional 300,000 cycles at lower peak loads (100,000 

cycles at each of 122.5, 153.125, and 214.375 kN corresponding to Pfls, 1.25 Pfls, l.75 Pfls, 

respectively) were applied first to slab S3. Then, the test was continued as mentioned before 

for fatigue loading scheme 1. This was done to assess the effect of cycling at lower peak load 

levels on the performance of bridge deck slabs. 

1#16@200mm 1#16@200mm 
;_ 

~:::: 
- . .1 . 

·1 
1#16@~ 1#19@150mm ·"' 

Cross Section - Slal1 S1 

1#13@300mm 1#13(1.~J00mm 

"" i l ,J: 
! 
I ~-

1#16@~ 
( ' t 1#19~ 

Cross Section - Sluh S3 

{ 
[ --: 

1#16@200111111 1#19@150ni111 
~ -

Cross Section - Slab S4 

Figure 4.23 Reinforcement details of deck slabs prototypes of Group (11). 

4.5.3 Group (III) 

This group included one test prototype, designated as S5, which was totally reinforced with 

GFRP bars. The main objective of this group was to investigate the effect of different bottom 

transverse reinforcement ratios on the fatigue behaviour in comparison with slab S 1 in Group 

(JI). Slab S5 has reinforcement identical to slab S 1 in all direction except the bottom 

transverse reinforcement. The bottom transverse reinforcement was designed to have the same 

axial stiffness as the lower-bound of steel reinforcement ratio recommended by the CHBDC 

code (0.2%, Clause 8.18.4). This resulted in using No.19 GFRP bars spaced at 180 mm in the 

bottom transverse direction with a reinforcement ratio of 1.0%. Slab S5 was subjected to 

fatigue loading scheme J (service fatigue loading condition). 
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4.5.4 Group (IV) 

This group included one test prototype, designated as S2, which was totally reinforced with 

GFRP bars. Slab S2 has bottom and top reinforcement layers identical to slab S 1. The main 

objective of this group is investigating the effect of different fatigue loading schemes on the 

fatigue behaviour in comparison with slab S 1 in Group (11). Slab S2 was subjected to fatigue 

loading scheme II (service fatigue loading condition). As slab S2 did not fail after fatigue 

loading scheme II (4,000,000 at service load as peak level), it was loaded till failure under 

monotonie load as specified in section 4.4.2. 

4.5.5 Group (V) 

This group included two test prototypes, designated as S3C and S4C which were totally 

reinforced with GFRP bars. The two slabs prototypes, S3C and S4C, have reinforcement 

identical to slabs S3 and S4, respectively, in all directions, top and bottom. The main 

objectives of this group are investigating the residual static capacity and check the 

performance of the deck slabs and their constituents after lifetime equivalent loading 

compared to the test prototypes of Group (JI). They were subjected to fatigue loading scheme 

III ( equivalent lifetime loading). Thereafter, they were loaded till failure under monotonie 

load as specified in section 4.4.2. 

4.5.6 Group (VI) 

This group included two test prototypes, designated as S-Cok and S-Mel. They were totally 

reinforced with GFRP bars identically as the deck slabs of two bridges recently constructed in 

Quebec, Canada. These two bridges are Cookshire-Eaton Bridge located at Cookshire town, 

Quebec and Melbourne Bridge located on highway 55 North, Quebec (more details about the 

two bridges were provided in Chapter 3 section 3.4.2). 

The bending moments in these deck slabs were calculated according to the flexural design 

method specified in the CHBDC (CSA 2000, CSA 2006). A new approach was used in the 

design of the GFRP reinforced deck slab. This approach, which has been recently proposed by 

the Ministry of Transportation of Quebec (MTQ), uses the calculated bending moments to 

select the required FRP reinforcement ratio based on satisfying a specific maximum crack 
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width and stress limits, rather than transformation of steel reinforcement to FRP bars based on 

stiffness and strength equivalences. A maximum crack width of 0.5 mm and stress limits of 

30% and 15% of the GFRP ultimate tensile strength under service and sustained loads, 

respectively, were used. Since the calculations of the crack width depend on the bond 

coefficient, kb, using two different values of kb results in two different reinforcement ratios. A 

value of kb equals 1.2 and 0.8 was used for slabs S-Cok and S-Mel, respectively. 

The deck slab prototype S-Cok had a top and bottom concrete covers of 60 and 38 mm, 

respectively. It had a bottom transverse reinforcement ofNo.19 GFRP bars spaced at 100 mm 

with a reinforcement ratio of 2.0%. The top transverse reinforcement consisted of No.19 

GFRP bars spaced at 75 mm with a reinforcement ratio of 2.8%. The top and bottom 

longitudinal reinforcement consisted of No.16 GFRP bars spaced at 150 mm with 

reinforcement ratios of 1.62 and 1.33 %, respectively. The deck slab prototype S-Mel had top 

and bottom concrete covers of 3 8 mm each. It was reinforced with two identical top and 

bottom reinforcement layers. Each layer consisted of No.19 GFRP bars spaced at 140 mm in 

the transverse direction and No.16 GFRP bars spaced at 200 mm in the longitudinal direction 

with reinforcement ratios of 1.30% and 0.60%, respectively. Figure (4.24) shows the GFRP 

reinforcement details of the deck slabs prototypes of this group, S-Cok and S-Mel. The two 

deck slabs were subjected to fatigue loading scheme III ( equivalent lifetime loading), then 

they were loaded till failure under monotonie load as specified in section 4.4.2. 

The main objective of this group is investigating the effect of reinforcement ratios on the 

residual static capacity and performance of the deck slabs and their constituents after lifetime 

equivalent loading in comparison with the test prototypes of group (V). 
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Figure 4.24 Reinforcement details of deck slabs prototypes of Group (VI). 
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ANALYSIS OF THE EXPERIMENTAL RESULTS 

5.1 INTRODUCTION 

The deterioration of the deck slab, if any, would be evident from increasing of strains in 

concrete and reinforcement, crack widths, as well as elastic and residual (plastic) deflections. 

The loss of deck stiffness with the increase of the number of load cycles or the peak load 

would also be an evidence for the deterioration of bridge deck slabs due to fatigue loads. This 

deterioration will be referred to as damage and the overall progressive deterioration due to the 

total number of load cycles will be referred to as accumulated damage. Therefore, the test 

results are presented in terms of number of load cycles to failure, deflections, strains in 

reinforcing bars and concrete, crack widths as well as crack propagations, and cracking 

patterns. These parameters were measured either during cyclic loading or during the 

monotonie loading steps that were carried out at the end of each fatigue loading step. In the 

following text, the serviceability and the fatigue design limit states are defined according to 

CHBDC, Clause 3.5.1, (CSA 2000). Accordingly, the service load level, Psts, equal to 110.25 

kN (Psts = 87.SxI.4x0.9) and the service fatigue load level, Pfls, equals 112.50 kN (Pfls = 

87.Sxl.4xl.0). 

5.2 TEST RESULTS AND OBSERVATIONS DURING EXPERIMENTAL PHASE (1): 

FATIGUE LOADING TILL FAILURE 

Phase (I) of the experimental pro gram included testing of five deck slab prototypes (S0, S 1, 

S3, S4, and SS) under fatigue loading scheme (I) till failure, Table 4.3. The experimental 

results of these slabs are presented in this section. In addition, the results of the deck slab 

prototype S2 that was subj ected to fatigue loading scheme (Il) is also presented for 

companson purposes. 
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5.2.1 N umber of Load Cycles to Failure 

Table 5 .1 summarizes the number of cycles that each slab sustained under fatigue loading till 

failure. Figure ( 5 .1) shows the graphical representation of Table 5 .1. The fatigue life of the 

tested slabs and the total number of load cycles at all different peak loads to failure, are shown 

in Figure (5.2). It can be noticed that the steel reinforced slab, S0, has the shortest fatigue life 

among all the tested slabs. It sustained 300,000 cycles at the first three fatigue loading steps 

and failed after 120 cycles at a peak load of 450 kN. Slabs S1, S3, and S4 have consistent 

results although they have different top reinforcement ratios. It should be noted that, for slab 

S3, the extra 300,000 cycles at lower peak loads (100,000 at each peak load of Pfls, 1.25 Pfls, 

and 1. 7 5 P fis), did not affect its performance. Slab S3 sustained almost the same number of 

load cycles during different fatigue loading steps compared to the other two slabs (S1 and S4). 

So it can be concluded that wheel loads with amplitude up to 1.75 Pfls has insignificant effect 

on the fatigue performance of the GFRP-reinforced concrete deck slab prototypes. It should be 

also noted that after being subjected to 4,000,000 load cycles at the peak load of 122.5 kN, 

slab S2 did not fail. This slab was loaded monotonically, during the experimental phase (II) 

till failure to verify its residual capacity. 

400000 

300000 / 

/ 

200000 / 

0 
1st Step 2nd Step 3rd Step 4th Step last Step 

so 100000 100000 100000 120 0 
S1 100000 100000 100000 100000 1140 
S3 400000 100000 100000 100000 3306 

DS4 100000 100000 100000 100000 920 
D S5 100000 100000 100000 300000 309287 

Figure 5.1 Number of load cycles at each fatigue loading step sustained by each slab 
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Figure 5.2 Total number ofload cycles to failure 

The problems related to the test set-up during the testing of the first tested slab, S5, (the failure 

of some steel bolts and the in-plan and out-of-plan movement of the loading frame, described 

before in Chapter 4) might be the reason for the higher number of load cycles recorded for this 

slab till failure ( especially at load levels above than 367 kN). Therefore, the total number of 

load cycles to failure for Slab S5 was not included in comparisons with those of other slabs. 

5.2.2 Mode of Failure 

The five slabs failed in punching shear after sustaining a different number of load cycles at the 

final peak load level, Table 5 .1. The failure was sudden and was accompanied by a big noise. 

No rupture of any GFRP bars was noticed after failure of the deck slabs prototypes in 

punching shear (Fig. 5.3-a). The concrete pieces that fell down from the slab at failure had a 

rough surface with smooth prints where the GFRP reinforcements were in contact with 

concrete. This was due to the abrasion between the sand coating layer of the GFRP bars and 

concrete during cyclic loading (Fig. 5 .3-b ). In some slabs and due the load controlled mode, 

the loading actuator continued loading on the slab for few seconds after the deck slab failed in 

punching shear. In these cases, the load was carried totally by the reinforcement and some 
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GFRP bars ruptured, in bending, directly under the actuator head. This means that, at failure, 

the GFRP bars still had good bond with concrete outside the failure zone, no anchorage loss 

(Fig. 5.3-c and d). 

a- Punching failure without rupture of GFRP bars b- Smooth concrete/GFRP interface 

' 

C) ·:, . • 

c- The actuator punch-out thought the slab d- Rupture of GFRP bars under the actuator load 

Figure 5.3 Punching shear failure characteristics of the GFRP reinforced deck slabs 
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Table 5.1 Total Number of Load Cycles to Failure for the Deck Slab Prototypes in the Experimental Phase (1) 

Fatigue Load N umber of Cycles at each Fatigue Load Step 

Load Step Designed Peak Load Slab S0 Slab S1 Slab S2 Slab S3 Slab S4 Slab S5 

_ Pfls (122.5 kN) 4,000,000 100,000 

P' Step 
1 1.25 Pfls (153.1 kN) 100,000 

; 1.50 Pfls (183.7 kN) 100,000 100,000 100,000 100,000 100,000 

1. 75 Pfls (214.3 kN) 100,000 

2nd Step 2.0 Pfls (245.0 kN) 100,000 100,000 102,250 100,000 100,000 

3rd Step 3.0 Pfls (367.5 kN) 100,000 100,000 100,000 100,000 100,000 

4th Step 
100,000 100,000 100,000 300,000 

1 - 3.67 Pfls(450.0 kN) 120 
(435)* (400)* (415)* (385)* 00 

-::i 
1 

3,500 (380) 650 (450) 
309,287 

LastStep 4. 0 Pfls ( 490.0 kN) 1,140 + + 
3,660 ( 425) * 270 

(415)* 

Total No. of Cycles to Failure 300,120 401,140 4,000,000! 709,410 400,920 909,287 

· Note that slab S2 did notfail after 4,000,000 cycles 

* The maximum reached peak load which was less than the target peak load 
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For the deck slab reinforced with steel bars, SO, the concrete pieces fell down the slab at 

failure had a surface with ribbed-deformed prints of the steel reinforcing bars (Fig. 5.4-a). 

Sorne cracks were observed around these prints due to bearing stress, mechanical bond 

(interlock), between the concrete and the steel bars. These prints were in very good condition 

which indicates that there was no bond slip. When the loading actuator punched out from the 

slab, the steel bars directly under the actuator head, resisted the whole load. These bars, which 

were already yielded before punching failure as will be explained later, ruptured in tension. 

This also indicates that they were still well anchored with the concrete outside the failure zone 

(Fig 5.4-b ). 

a- Concrete/steel interface b- Failure of steel bars under the actuator load 

Figure 5.4 Punching shear failure characteristics of the steel reinforced deck slab 

The failure zone at the top surface of the slab had an elliptical shape around the corners of the 

loading plate where the concrete was crushed due to the high compressive stresses. The 

bottom surface had approximately a circular shape with a diameter equal to the spacing 

between the two supporting girders. Figure (5.5) shows the typical failure shape at the top and 

bottom surfaces of the tested deck slabs. 

5.2.3 Deflection Characteristics 

The degree of fatigue damage can be estimated by the increase of strains in reinforcement or 

concrete, crack widths, elastic deflections and residual (plastic) deflections. However, since 

the failure mode observed in the experiments was punching failure; strains in reinforcement 

are not appropriate to evaluate the degree of damage. The magnitude and variation of crack 
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width is similar to those of the deflection ( corresponds to the degradation of flexural rigidity). 

However, they are inferior in accuracy as the variation is comparatively small. Consequently, 

Sonoda et al. (1986) considered the magnitude of residual deflection (related to the energy 

dissipation of the slab) to be a proper measure to estimate the degree of damage. Hence, more 

attention will be directed to deflection measurements in the following discussion. 

a- Bottom Surface b- Top Surface 

Figure 5.5 Bottom and top surfaces of tested deck slabs at failure (punching shear failure) 

The deflection values were measured during both the cyclic fatigue loading and the monotonie 

loading steps at the end of each fatigue loading step. It should be noted that the monotonie 

loading was up to 1.67 Psis• From the layout of the L VDTs used to measure the deflection 

(Chapter 4, Fig. 4.16), it is expected that the maximum deflection should be recorded from the 

L VDT placed at location LV 4. Unfortunately, due to the size of the actuator head, it was not 

feasible to place L VDT at this location during the entire cyclic loading test. Therefore, the 

maximum measured deflection value was obtained from the L VDT at location L V2 which was 

slightly higher than the deflection measured at location L Vl (Chapter 4, Fig. 4.16). It should 

be noted that the test data for slab S5 will be considered only till the third fatigue step, 367 kN 

fatigue peak load. All the data collected from S5 after this step will not be taken into account 

in any comparisons due to the problems listed before(Section 5 .2.1) during testing of this slab. 

Similar deflection behaviour and results were obtained for the five test prototypes (SO, Sl, S3, 

S4, and SS) during the monotonie loading steps following each of the different fatigue loading 

steps. Figure (5.6) shows the static load-deflection behaviour of slab S 1 recorded at the end of 
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each fatigue loading step. Note that Sl-00 and Sl-01 refer to the two static loading and 

unloading steps that were carried out before applying the fatigue load cycles. Also, the three 

digits following the letters S 1- refer to the peak load at which the slab S 1 completed 100,000 

cycles. For example, Sl-183 refers to the static loading and unloading cycle after completing 

100,000 cycles at 183 kN peak load. 
250 ...-----------------------------~ 

S2 - 4,000,000 

200 SI-Oil-:: Sl-00 S1-245 

150 

100 

50 

Q l 2: 3 Il 
!4········ .. ···""···" llp ·····················t····················· e ..................... . 

4 5 6 7 8 9 

Deflection (mm) 

Figure 5.6 Static responses of slabs S 1 and S2 after different fatigue loading steps 

Figure (5.6) also shows the increase in both the plastic (residual) deflection ('1p) and the 

elastic deflection ('1e) with the increase of the peak load and the number of cycles. The 

progressive decrease of flexural stiffness can also be noticed. The load-deflection response of 

the concrete deck slab was linear up to a peak load level of 245 kN, after a total of 200,000 

load cycles. Following that load level, the load-deflection response was bilinear as shown in 

the S1-367 and S1-450 curves. This figure also shows the result of the monotonie load test on 

slab S2, which had identical reinforcement to slab S1, after completing 4,000,000 load cycles 

at service load level, Pfls=l22.5 kN. The value of the residual deflection would be used as a 

measure for the degree of fatigue damage. Accordingly, it can be concluded that slab S2 after 

being subjected to twice the lifetime fatigue loads (as specified by AASHTO 2002 and Kumar 
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and GangaRao 1998) had almost the same accumulated fatigue damage as slab S 1 after being 

subjected to only 100,000 load cycles at the 183 kN peak load level. In terms of the flexural 

stiffuess, it seems that slab S2 had higher stiffuess than slab S 1. 

Figures (5.7 and 5.8) show comparisons of the static responses of the five tested slabs after 

two different fatigue load steps, 245 kN and 367 kN, respectively. Following the 245 kN 

fatigue loading step (Fig. 5.7), it is clear that the accumulated damage and the flexure stiffuess 

of slabs S 1 and S5 were similar. Slab S 1 had 11p only 0.25 mm greater than that of S5 which 

could be considered negligible, although S5 had 20 % bottom transverse reinforcement less 

than S 1. The extra 300,000 load cycles applied on slab S3 did not increase its residual 

deflection but decreased its flexural stiffuess compared to slab S 1. The steel reinforced slab, 

S0, was the most affected one in terms of the residual deflection. Slab S2 after being subjected 

to 4,000,000 load cycles had the lowest residual deflection and the highest stiffuess among all 

the GFRP reinforced slabs. This indicates an excellent performance of the GFRP reinforced 

slabs under lifetime service fatigue loads. 

250 -.------------------------------, 

200 

150 

-g 
= 
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0 

S2-4,000,000 

2 3 
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4 5 6 

Figure 5. 7 Comparison of static responses of test prototypes after the 245 kN fatigue loading 
step 
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Following the 367 kN fatigue loading step, all the GFRP-reinforced slab had the same fatigue 

damage. They had almost the same residual deflection and stiffuess, although they all had 

different reinforcement ratios in the top and bottom layers (Fig. 5.8). For the steel-reinforced 

slab SO, although it was subjected to the same fatigue loading scheme, it had much more 

damage. This was mainly due to the big difference between the modulus of elasticity of steel 

and concrete and the linear behaviour ofFRP without any yielding. Also, the mechanical bond 

mechanism of steel bars to concrete ( depending on ribs at the surface of the steel bars) 

generated more cracks in concrete during cyclic loading. These cracks contributed to the 

higher damage accumulated to the steel reinforced deck slab. From the magnitude of the 

residual deflections, it can be seen that the damage accumulated to the steel reinforced slab 

was about three times greater than that accumulated to the GFRP reinforced ones. 

250 ------------------------------~ 

200 S5 
so 

150 --"0 
Q 100 

50 

0 -----.-........ --------------------------------......i 
0 2 4 6 8 10 12 14 16 

Deflection (mm) 
Figure 5.8 Comparison of static responses of test prototypes after the 367 kN fatigue loading 

step 

Typical load-deflection behaviour under cyclic fatigue loads is shown in Figure (5.9). The 

response under fatigue loading was measured during testing at different peak loads. Note that 

the designation on the curves (for example 1.5P, 2P, etc) refers to the peak load at which the 

-92-



Chapter 5-Analysis of the Experimental Results 

response was measured. Each curve represents the load-deflection relationship during the last 

cycle at each fatigue loading step (the 100,000th cycle). Also, the post cracking static response 

of the slab prototype before applying the fatigue loading (curve Sl-01) is included. The 

decrease in the deck slab stiffness with the increase in number of load cycles and peak load 

levels can be noticed from the increase in both the residual and elastic deflection during cyclic 

loading. From curves Sl-01 and 1.5P, the measured deflection during cyclic loading is about 

three times that measured under monotonie loads, at the same load level. The dashed line 

connecting the peak load-deflection points shows the three stages of typical fatigue damage 

illustrated before in Chapter 2, Section 2.6.1, Fig. (2.4). 
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Typical Fatigue Damage Stages / 

500 / 
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Figure 5.9 Dynamic responses of slab S 1 during different fatigue loading steps 

Figure ( 5 .10) presents a comparison of the load-deflection behaviour of slab S2 at different 

cycles during fatigue loading. The increase of the residual deflection after 4,000,000 cycles 

due to the cumulative fatigue damage was only about 1.0 mm. The maximum deflection after 

4,000,000 at service load level was 1.8 mm, which is less than the allowable limit 
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recommended by AASTHO, L/800 = 2.5 mm, (AASHTO 2002). This indicates that, even after 

being subjected to fatigue loading of more than twice the expected lifetime of a real bridge, 

concrete deck slabs reinforced with GFRP bars still have excellent performance in terms of 

load-deflection response. 
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Figure 5.10 Dynamic responses of slab S2 during different fatigue loading steps 

Figure ( 5 .11) shows comparisons of the response of the five tested slabs under fatigue loads 

during the 100,000th load cycle in the 367 kN fatigue load step. The deflection response under 

fatigue loads shown in Fig. ( 5 .11) is similar in its characteristics to the static response of the 

deck slab prototypes shown in Fig. (5.8). All the GFRP reinforced slabs had the same fatigue 

response in terms of load- deflection behaviour. Slab S4 without top reinforcement seems to 

have the lowest flexural stiffness among the GFRP reinforced deck slabs while slab S0 had the 

largest accumulated damage (about 3 times that of the GFRP reinforced slabs). Slab S3 with 

extra 300,000 load cycle at lower peak load level and slab S5 with reduced bottom transverse 

reinforcement showed similar response under cyclic loading as slab S 1. 
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Figure 5.11 Comparison of dynamic responses of test prototypes at the end of the 367 kN 

fatigue loading step 

5.2.4 Strain Measurements in the GFRP and Steel Reinforcement 

Generally, during the second and third fatigue load step, at 245 and 367 kN peak loads, many 

strain gages glued on the reinforcing bars malfunctioned. Strain data could not be collected 

from many gauges during these loading steps. This was due to the repetitive opening and 

closing of cracks, larger crack widths, and intemal friction between concrete and the 

reinforcing bars. The maximum measured strain in the bottom transverse reinforcement was 

recorded in the reinforcing bar at the edge of the loading plate (at strain gauge # 2 and # 4 as 

shown in Chapter 4, Fig. 4.13). Moving away from the loading area, strains in reinforcing bars 

significantly decreased away from the loading area (i.e. at location of strain gauge # 5). 

Strains became negligible reaching the end of the deck test prototype (i.e. at location of strain 

gauge # 6). 
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Figure (5.12) shows comparisons between the maximum measured strains in the reinforcing 

bars in the transverse direction for different slab prototypes during the monotonie loading after 

the 183 kN fatigue load step. As the axial stiffness of the bottom transverse steel 

reinforcement of slab S0 is 20% higher than those of the GFRP bottom transverse 

reinforcements of slabs S1, S3, and S4, the strain in the steel reinforcement of S0 was 

expected to be lower than that of the GFRP reinforcement of other slabs at the same location. 

The strain measurements shown in Figure (5.12) are in good agreement with the difference in 

the axial stiffness of the reinforcing bars. Although slab S3 had completed 300,000 cycles (at 

lower peak load levels) more than slab S 1, the difference in the measured strains in the GFRP 

bars did not exceed 10%. For the GFRP bars, the maximum recorded strain was 

approximately 2400 microstrains at a load level of 1.67 Psts (183.8 kN). These strains, 

however, are still less than 20% of the ultimate strain of the GFRP material. For steel bars, 

this value was 1700 micro-strain ( approximately 85% of the yield strain of the steel). Also, the 

maximum residual measured strain in slab S 1 was about three times that of slab S2 after 

4,000,000 load cycles. As slab S5 had an axial stiffness of 20 % less than those of S 1 and S3, 

it recorded the maximum strain in the bottom GFRP reinforcement ( about 2500 microstrains ). 

The post cracking strain response of S 1 before applying any fatigue load cycles ( curve S 1-01) 

is also included in Fig. (5.12). As S1 and S2 were identically reinforced, applying 4,000,000 

load cycles at fatigue service load level results in an increase in the bottom reinforcement 

residual strain of only about 150 microstrains (curves S1-01 and S2 4,000,000). 

Following the 245 kN fatigue loading step, the maximum bottom transverse reinforcement 

strain measured for slab S3 (with 0.3% top reinforcement ratio) was about 1.35 times that of 

slab S1 (with 0.6% top reinforcement ratio) as shown in Fig. (5.13). However, at the 183 kN 

fatigue loading step, these strains were almost the same; which means that at higher peak 

fatigue load levels, the effect of the top reinforcement ratio was significant. 
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Figure 5.12 Comparison of the static maximum strains in the bottom transverse reinforcing 

bars after 183 kN fatigue loading steps 
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Figure 5.13 Comparison of the static maximum strains in the bottom transverse reinforcing 

bars after 245 kN fatigue loading steps 
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The strains measured during the last load cycle at the 183 kN fatigue load step are shown in 

(Fig. 5.14). The strain values measured during cyclic loading are similar to those measured at 

the same load lev el during the monotonie loading (Fig 5 .11 ). Therefore, it could be concluded 

that after being subjected to the same patterns of fatigue loading, the reinforcement strains 

response was not affected by the loading condition, monotonie or cyclic. 
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Figure 5.14 Comparison of the maximum strains in the bottom transverse reinforcing bars 

measured during at the end of the 183 kN fatigue loading step 

The readings from the FBG-FOS and ESG during the fatigue loading were compared for 

accuracy and durability evaluation of the FBG. For slab S2, the data acquisition systems for 

both ESG and FOS were set to capture reading at the same sampling rate for a specific period 

of time for comparison purposes. Figure (5.15-a) shows an excellent agreement between the 

FBG and the ESG readings during cyclic loading. These readings were recorded after 

completing over 1,000,000 cycles at service load level. This indicates the durability of the 

FOS against fatigue loading and the adequacy of the installation method. In other slabs, there 

was a difference between the sampling rates of each data acquisition system. Therefore, only 

the data recorded at the same time from both data acquisition systems was compared. Figure 
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(5.15-b) shows comparison of the FBG-FOS and ESG readings during the first fatigue loading 

step (183 kN) for slab S4. It is worth mentioning here that many of the ESG have failed under 

cyclic loading. However, the FBG-FOS, planted in groves inside the FRP bars, was 

functioning flawlessly until the slab completely failed. This is particularly important for 

structural health monitoring where the sensors should be able to withstand the failure 

mechanism of the structure. 
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Figure 5.15 Comparison of the FBG-FOS and ESG measurements 
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5.2.5 Strain Measurements in Concrete 

Figure ( 5 .16) shows comparisons between the maximum concrete strains measured on the top 

surface of slabs in the transverse direction near the loaded area (location CSl, Fig. 4.15, 

Chapter 4). The curves present the maximum measured concrete strain during the monotonie 

loading cycle following the 367 kN fatigue loading step. The largest strain of approximately 

1250 microstrain was measured for the steel reinforced slab, S0. The GFRP-reinforced slab 

without top reinforcement, S4, recorded the lowest value of about 400 microstrains. During 

the last monotonie loading step following the 450 kN fatigue step, slab S4 had the largest 

concrete strain of about 1300 microstrain. This value was 1100 and 800 microstrain for S 1 and 

S3, respectively, as shown in Fig. (5.17). At the load level of 183.8 kN, these compressive 

strain values were higher than those obtained from identical deck slabs subjected to the same 

load magnitude (about 500 microstrains) but in a static condition (El-Gama/ et al. 2005). This 

reflects the deterioration of the concrete mechanical properties due to the extensive cracking 

as a result of the fatigue loading. It is worth mentioning that the degradation of the concrete 

mechanical properties represents the main portion of the fatigue damage accumulated to 

concrete deck slabs . 
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Figure 5.16 Comparison of transverse concrete strains at top surfaces of the deck slabs after 

the 367 kN fatigue loading step 
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Figure 5.17 Comparison of transverse concrete strains at top surfaces of the deck slabs after 

the 450 kN fatigue loading step 

5.2.6 Cracking Characteristics and Mode of Failure 

When the tensile stresses in the extreme fibre of the concrete deck exceed the tensile strength 

of concrete, cracks initiate. These cracks tend to occur well in advance under fatigue loading 

when compared to static loads intensities (Kumar and GangaRao 1998). Before applying any 

loads, either static or dynamic, a mesh of haïr line cracks was observed at the bottom face of 

all deck slabs. These cracks might be due to shrinkage and environmental eff ects during the 

one year storage. At the end of each fatigue loading step, all the cracks were well marked on 

the surface of the deck slab. At early stages of fatigue loading, cracks were observed on the 

bottom face of the deck. Sorne major cracks propagated in the longitudinal direction parallel 

to the supports similar to flexural cracks of simply supported one-way slabs. Few cracks were 

observed at the midspan in the transverse direction beneath the loaded area. With the increase 

in number of load cycles, more cracks developed in the transverse and radial direction forming 

a grid-like pattern. The cracks propagated and grew (became wider) with the increase in the 

number of load cycles and the peak load. When a relatively stable condition was reached, 

-101-



Chapter 5-Analysis of the Experimental Results 

approximately after the 245 kN fatigue loading step, the crack growth and propagation 

reduced considerably. However, crack widths and depths continued to increase. This cracking 

mechanism is similar to that observed by other researchers (Perdikaris and Beim 1988, Kumar 

and GangaRao 1998, Rahman et al. 2000). During cyclic loading, crack surfaces rubbed 

against each other and sand was observed falling from cracks. Moreover, with the increase in 

number of load cycles, small pieces of concrete or aggregate occasionally delaminated from 

the bottom surface from cracks. 

Figure ( 5 .18) shows typical crack patterns at different fatigue loading steps on the bottom face 

of the slab prototypes. Longitudinal top cracks over the supporting girders were observed at 

higher fatigue peak loads and number ofload cycles (starting from the 367 kN fatigue loading 

step ). No cracks were observed around the periphery of the loading plate. Few cycles before 

failure, some circumferential cracks with large diameters, circle or arc shape, appeared around 

the loading plate. Figure ( 5 .19) shows that the presence of the top reinforcement in slab S 1 did 

not affected the cracking pattern or the failure shape compared to slab S4 without top 

reinforcement. Figure (5.20) shows comparisons between the maximum measured crack 

widths in different slab prototypes. As shown, the residual crack width after the 183.8 kN 

fatigue loading step was between 0.7 to 1.0 mm for slabs S1, S4, and S0. The elastic crack 

width due to static loading up to 1.5 Pt1s was about 0.2 mm. For slab S2, subjected to 

4,000,000 fatigue load cycles, there was insignificant increase in the residual crack width, 

only 0.1 mm, due to cyclic loading at Pt1s peak load. The elastic increase in the crack width 

due to static loading up to 1.67 Psis was about 0.4 mm. This crack width is less than the 

recommended maximum crack width, 0.5 mm, at Psts (CSA 2000, Nanni and Faza 2002, El-

Salakawy et al. 2005). This indicates that a FRP reinforced bridge deck slabs, designed 

according to Section 16 of the 2nd edition of the CHBDC (CSA 2006), satisfy the serviceability 

requirements even though it was subjected to more than twice the lifetime traffic loading. 
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a- After the 245 kN fatigue loading step b- After the 367 kN fatigue loading step 

c- Intensive and wider cracks under the load d- Before failure 

Figure 5.18. Typical crack patterns on the bottom surface of test prototypes 
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a- Slab Sl (min. top reinforcement) b- Slab S4 (no top reinforcement) 

Figure 5.19. Comparison of the effect of top reinforcement on crack patterns and failure 

shape at bottom surfaces of deck slabs 
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Figure 5.20 Comparison of crack widths measured at bottom surfaces of the deck slabs after 

the 183.8 kN fatigue loading step 
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A relatively stable condition was reached, at the end of the 245 kN fatigue loading step. Slab 

S4 had the maximum measured residual crack width of 1.3 mm compared to about 0.9 and 1.1 

for slabs S1 and S0, respectively (Fig. 5.21). The maximum measured elastic crack width 

during the monotonie loading was about 0.4 and 0.2 mm for S 1 and S4, respectively. This 

indicates that the presence of top reinforcement increased the residual crack width due to 

cyclic loading (negatively affect the fatigue performance). However, top reinforcement helped 

to reduce the elastic increase in crack width under static loading. 
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Figure 5.21 Comparison of crack widths measured at bottom surfaces of the deck slabs after 

the 245 kN fatigue loading step 

5.3 TEST RESULTS AND OBSERVATIONS DURING EXPERIMENTAL PHASE (Il): 

-MONOTONIC LOADING PRECEDED BY CYCLIC FATIGUE LOADING-

Phase (Il) of the experimental program included testing of five deck slab prototypes (S2, S3-

C, S4-C, S-Cok, and S-Mel). Slab S2 was subjected to fatigue loading scheme (li) while the 

other deck slab prototypes were subjected to fatigue loading scheme (Ill). Following the 
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fatigue loading, all the five deck slab prototypes were loaded monotonically till failure. The 

experimental results of these slabs are presented in this section. 

5.3.1 Deflection Characteristics 

Figure (5.22) shows the load-deflection behaviour of the five deck slab prototypes recorded 

during the first monotonie load cycle that was performed before applying any fatigue loads. 

This loading step, which is referred to as ST-00 step, included loading till a maximum load 

level of 183.5 kN (represents 1.5 Pfls) then unloading to zero. It can be noticed that slabs S2, 

S3-C and S4-C had the same stiffness and load-deflection curve. All these slabs have the same 

bottom reinforcement but with different top reinforcement ratios. The loading and unloading 

response was almost linear without a distinguished cracking point. The other two slabs, S-Cok 

and S-Mel showed a noticeable reduced stiffness and therefore larger deflections at the same 

load level. Slab S-Mel had the same bottom reinforcement as the first three slabs while slab S-

Cok had bottom transverse and longitudinal reinforcement 50% and 33%, respectively, more 

than those of slabs S2, S3-C and S4-C. Also, both the S-Cok and S-Mel had high 

reinforcement ratios in the top layer of 2.8% and 1.2% in the transverse direction, 

respectively. During the storage period, the deck slab prototypes were subjected to real 

environmental conditions such as freeze-thaw cycles and temperature fluctuations. Due to the 

significant difference in the transverse coefficient of thermal expansion between the GFRP 

bars and concrete, internai micro-cracks were expected in the concrete. Although all the deck 

slab prototypes were subjected to the same environmental conditions, the internai concrete 

cracking status would become more severe when using higher reinforcement ratios. This in 

turn decreases the effective cross section and results in a reduced overall stiffness as noticed 

under mechanical loads in step ST-00. This might explain why those heavily reinforced deck 

slabs prototypes had lower stiffness than the first three deck prototypes with low 

reinforcement ratios. These internai cracks also decreased the mechanical properties of the 

concrete, mainly compressive and tensile strengths. Therefore, slabs S-Cok and S-Mel showed 

a cracking load of about 110 and 125 kN, respectively compared to about 150 kN for the slabs 

S2, S3-C and S4-C. 
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Figure 5.22 Comparison ofload-deflection response under ST-00 monotonie load cycle. 

Another monotonie load cycle, ST-01, was also performed on the five deck slabs before 

applying any fatigue load cycles to asses the post cracking behaviour of the deck slab 

prototypes. As shown in Fig. (5.23), the post cracking responses of the five slab prototypes 

were linear with a reduced stiffness for slab prototypes with higher reinforcement ratio. 

Previous researches also indicated that the cracking status significantly affected the static and 

fatigue response of concrete deck slabs (Hwan 1986, Azad et al. 1993). 

After being subj ected to the cyclic fatigue loading scheme II or III, the test prototypes were 

subjected to a third monotonie load cycle, ST-02, similar to ST-01. The load cycle ST-02 

aimed at assessing the fatigue damage and the degradation in the deck slabs after fatigue 

loading. Figure (5.24) shows comparisons of the responses of the five deck slabs under ST-02 

monotonie loading cycle. 
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Figure 5.23 Comparison ofload-deflection response under ST-01 monotonie load cycle. 
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Figure 5.24 Comparison of load-deflection response under ST-02 monotonie load cycle. 
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From Fig. (5.24), it can be noticed that slabs S3-C and S4-C had the same residual deflection 

and stiffuess after being subjected to the same loading conditions. This indicates that they 

have the same fatigue damage, although S4-C had no top reinforcement at all. Also, slab S2 

after being subjected to 4,000,000 load cycles at Pfls peak load had the lowest accumulated 

fatigue damage. Slabs S-Mel and S-Cok showed the largest residual deflections and lowest 

stiffuess which indicated that they received the highest fatigue damage. This was mainly 

because of their higher content of reinforcement compared to the other tested slabs. As 

internai reinforcement represents points of discontinuity inside the concrete, higher 

reinforcement ratio results in more fatigue damage. This phenomenon was also noticed by 

other researchers (Batchelor and Hewitt 1974, Perdikaris and Beim 1988), who found that the 

fatigue life of the isotropie steel reinforced bridge decks was about 20 times that of the 

orthotropic reinforced ones under moving wheel-loads. In addition, slabs S-Mel and S-Cok 

had higher reinforcement ratios than the other tested slabs S2, S3-C and S4-C particularly in 

the top reinforcement layer. This is also similar to the observation of Tanihira et al. (1988) for 

steel reinforced concrete decks. They found that the fatigue life of the deck slabs with 

compressive reinforcement was shorter than those without it. 

Following the monotonie loading step ST-02, all the five deck slabs were loaded till failure 

under monotonie load. Figure (5.25) presents comparisons of the load-deflection behaviour of 

the five slabs. Slabs S2 and S3-C had the highest residual ultimate capacity of about 719 and 

700 kN respectively and the lowest deflection of about 15 mm. Slabs S4-C, S-Mel and S-Cok 

had approximately the same residual ultimate capacity of about 640 kN although they had 

different top and bottom reinforcement ( even no top reinforcement for slab S4-C). As S-Cok 

was the most affected deck slab by fatigue loading, it had the highest deflection of 19 mm 

compared to 17 mm for S-Mel and S4-C. The higher deflection in S4-C compared to S3-C 

may be due to the deeper top longitudinal cracks over the supporting girders at higher loads in 

slab S4-C (without top reinforcement). However all the deck slab prototypes showed 

deflection values less than 2.2 mm, at service load level, which is less than the allowable limit 

recommended by AASTHO (L/800 = 2.5 mm). Figure (5.26) presents comparisons between 

the FEM predicted behaviour of virgin and the experimentally measured one of the pre-

fatigued deck slabs (Finite element analyses on virgin test prototypes under monotonie loads 
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only, no fatigue cyclic loads, are presented in Chapter 7). Figure (5.26) shows that the 

maximum loss in the ultimate capacity of the deck slabs after being subjected to fatigue loads 

(which are expected to be more than the lifetime loading) did not exceed 15%. This loss in the 

ultimate capacity increased with the increase of internai reinforcement ratio, especially the top 

reinforcement ratio. Moreover, in terms of deflection, the ultimate deflections of the pre-

fatigued slabs were about 30% more than that of the virgin slabs which also reflected the 

deterioration in the deck stiffness. Generally, the deterioration in the deck stiffness increased 

as a dual effect of the environmental conditions and the increase in the internai reinforcement 

ratio. 
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Figure 5.25 Comparison ofload-deflection response for pre-fatigued slabs under monotonie 

load till failure. 
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Figure 5.26 Comparison ofvirgin and pre-fatigued deck slabs. 
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5.3.2 Failure Mode and Cracking Characteristics 

Ali the pre-fatigued deck slabs failed in punching shear mode under the monotonie load. 

Figure (5.27) shows the failure shapes on the bottom surface of three different slabs. The final 

crack pattern had a fiat fan shape. Slab S-Cok, which had high bottom reinforcement ratio, 

had more cracks intensities (the cracks approximately have the same reinforcement spacing). 

a- Slab S3-C b- Slab S4-C c- Slab S-Cok 

Figure 5.27 Comparison of failure shapes and crack patterns on the bottom surface. 

Figure ( 5 .28) shows the cracks pattern at bottom surface after fatigue loading compared to that 

at failure under monotonie load. It is clear that neither new cracks were developed nor existing 

cracks propagated under final monotonie loading. However, the existing cracks increased in 

width and penetration depths during the monotonie load. 

a- After fatigue loading, slab S-Cok b- After monotonie loading, slab S-Cok 

Figure 5.28 Comparison of crack patterns on the bottom surface after different loading 
conditions. 
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Figure ( 5 .29) compares the failure shapes and cracks pattern of deck slabs in experimental 

phases I and II. The punching failure circle under the monotonie loading was clearer than in 

case of punching failure under fatigue load. The cracking pattern tended to take the fan shape 

under monotonie loads. In case of loading till failure under fatigue loads, a grid-like shape 

cracks pattern with extensive cracks occurred. 

a- Under fatigue and monotonie loading, S4-C b- Under fatigue loading, S4 

Figure 5.29 Comparison of failure shapes and crack patterns on the bottom surface for pre-

fatigued slabs loaded till failure under monotonie or cyclic loading. 

Figure (5.30) shows the relationship between the measured crack width and the applied 

monotonie load. It should be mentioned that the L VDTs for measuring crack width were 

removed prior to failure so that the crack widths were not recorded till failure. At service load 

level, all the deck slabs had crack widths less than 0.5 mm. Slab S2 recorded the lowest crack 

width at this load level. Although it was the most affected slab prototype by fatigue loading, 

slab S-Cok had a crack width comparable to slab S4-C due to the high bottom reinforcement 

ratio. At higher load level, slab S4-C (without top reinforcement) had the largest crack width 

on the bottom surface due to the deeper longitudinal top cracks over the supports. 
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Figure 5.30 Comparison of crack widths on the bottom surface for pre-fatigued slabs loaded 

till failure under monotonie. 

5.3.3 Reinforcement Strain Measurements 

Figures (5.31) and (5.32) present comparison between the maximum measured strains in the 

bottom and top reinforcement in both the transverse and longitudinal directions. As they had 

the same bottom transverse reinforcement ratio, the bottom transverse strain in slabs S3-C, S2, 

and S-Mel were similar at service load level, although they had different top reinforcement. 

The maximum recorded strain at service load level was about 550 microstrains which is less 

than 4% of the ultimate strain, (Fig 5.31-a). These values for similar virgin slabs tested under 

monotonie loads were about 600 microstrains. This indicates that the reinforcement strain can 

not be used to assess fatigue damage and the deterioration of bridge deck slabs under fatigue 

loading is mainly attributed to the concrete deterioration. Slab S3-C has approximately the 

same load-reinforcement strain relationship till failure as that of slab S2. Slab S-Cok had the 

lowest strain as it had the highest reinforcement ratio. The recorded strain in slab S4-C was 

not compatible with the other slabs data due to, perhaps, the malfunctioning of the gauges 

because of the cyclic loading. The ultimate recorded strains at failure varied between 4700 to 

5200 microstrains which is still less than 32% to 37% of the ultimate strain of the FRP 
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material. As the failure mode was punching shear, it was expected that no rupture of the FRP 

would have occurred. The strains in the bottom longitudinal direction at service load level 

were very small, about 200 microstrains (Fig. 5.31-b). At higher load levels, it became 

approximately equal to the strains in the transverse reinforcement, which indicated a load 

sharing mechanism at higher load levels. The maximum strains in the top transverse 

reinforcement were measured over the supporting girder due to the partial end restraints. At 

service load level, these strains were less than 250 microstrains. At higher load levels, they did 

not exceed 4000 microstrains in slab S3-C with minimum top reinforcement (Fig 5.32-a). The 

same values were recorded also in the top longitudinal reinforcement at service and failure 

loads, less than 2% and 25%, respectively of the GFRP ultimate strain (Fig 5.32-b). This 

explains that the contribution of the top reinforcement in the load resistance is negligible 

especially at low load levels. 

5.3.4 Strains in Concrete 

Figure (5.33) shows the transverse concrete strain measured on the top surface of the slabs 

near the loaded area (Location CS-1 as in Fig. 4.16, Chapter 4). At the same load level, the 

measured concrete strains in the pre-fatigued slabs were about 20% higher than those in 

identical slabs tested under monotonie loads only. At service load level, the recorded 

compressive strains were about -400 microstrains compared to about -220 microstrains for the 

virgin slabs. This is mainly due to the degradation of the concrete deck slab due to the cracks 

generated from the fatigue loads. Fatigue loads resulted in deeper and wider concrete cracks 

which reduced the effective concrete compression zone. lt can be noticed that the recorded 

concrete strains in slabs with higher top reinforcement ratio, S-Cok and S-Mel, were always 

less than those with lower top reinforcement ratio, S3C and S4C. The presence of top 

reinforcement resulted in more damage under fatigue loads however, under monotonie loads it 

provided more confinement to the concrete in compression zone which, enhanced its 

performance. Figure (5.34) shows the transverse concrete strain measured on the top surface 

of the slabs at location CS-6 (Fig. 4.16, Chapter 4). According to Kinnuin and Nylander's 

failure criterion under monotonie loading, the concrete compressive strain at this point should 

be 1900 microstrains at failure. lt can be noticed that the recorded strains at this point were 

between of900 and 1200 microstrains. 
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Figure 5.31 Comparison ofbottom reinforcement strains for pre-fatigued slabs loaded till 

failure under monotonie loads. 
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Figure 5.32 Comparison of top reinforcement strains for pre-fatigued slabs loaded under 

monotonie loads till failure. 
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Figure 5.33 Comparison of transverse concrete compressive strain, near the loaded area, for 

pre-fatigued slabs loaded under monotonie loads till failure. 
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Figure 5.34 Comparison of transverse concrete compressive strain, at B/2+y from the loaded 

area, for pre-fatigued slabs loaded under monotonie loads till failure. 
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T 
FATIGUE LIFE MODELLING 

6.1 INTRODUCTION 

Fatigue modelling aims to estimate the fatigue life of a structure under certain applied stress. 

This is referred to as. Damage due to fatigue is usually identified by its rate of increase per 

unit cycle. In order to account for the different stress amplitudes and average stresses, a law 

for accumulation of damage must be defined. Fatigue modelling is then generally the 

prediction of fatigue life under a known stress level and an assumed damage rule. Theoretical 

approaches evaluated by test results as well as empirical relations based on extensive series of 

tests are usually considered the main source of such models. 

6.2 FATIGUE LIFE EVALUATION MODELS FOR BRIDGE DECK SLABS 

The first approach developed for fatigue assessment in general is represented by stress-fatigue 

life curves, referred to as Wohler curves or S-N curves (Hamdy 1997). This is a semi-log 

representation of stress, S, along the ordinate versus number of load cycles, N, in logarithmic 

scale along the abscissa. S-N curves could be used for constant amplitude stress histories only. 

In case of fatigue of bridge deck slabs, the dominate factor is the wheel load, P. Therefore, the 

fatigue life prediction models for bridge deck slab are fonctions of the ratio of the applied 

wheel load to the ultimate static strength of the deck (PIPs) which is generally called P-N 

curves. Any P-N curve is a semi-log representation of PIPs along the ordinate versus number 

of load cycles Nin logarithmic scale along the abscissa. There are many fatigue life prediction 

models for steel reinforced and steel-free concrete bridge deck slabs. These are empirical 

models based on test results that were carried out on scaled and/or full-size deck slabs. The 

following section presents a summary of the fatigue life models for bridge deck slabs 

available in the literature. In this summary: 
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R = the ratio of the applied wheel load to the ultimate static capacity of the deck, PIPs 

N = the number of load cycles or wheel load passage till failure. 

6.2.1 Batchelor and Hewi(t Model (1974) 

Batchelor and Hewitt (1974) conducted fatigue tests on five 1/8 scale direct models of a single 

span composite steel/concrete bridge. The bridge model was a 0.87 in. concrete deck slab 

supported continuously over three spans of 1 ft each, with an overhang of 0.5 ft on each side. 

The bridge models were reinforced with different reinforcement ratios of either orthotropic or 

isotropie steel wires of 0.0915 in diameter. The test specimens were tested under fixed point 

pulsating load till failure. For the orthotropic steel reinforced bridge decks, they suggested the 

following equation to predict the fatigue life: 

R = 1.0 - 0.102 log N - 0.006 (log N)2 Eq(6.l) 

6.2.2 Sonoda and Horikawa Model (1982) 

Sonoda and Horikawa (1982) tested twenty 1/3 scale models of reinforced concrete bridge 

decks under fixed point pulsating and moving fatigue loads. The deck slab specimens, 90 cm 

wide, 260 cm long (traffic direction), and 6.0 cm thick, were simply supported along the four 

sides and were reinforced with different reinforcement ratios of either orthotropic or isotropie 

steel bars of 6 mm diameter. From test results, they obtained the P-N curves for different 

loading and reinforcement configurations as follows: 

Fixed point load 

Moving Load 

Isotropie Reinforcement 

R = 1.08- 0.086 Log N 

Eq. 6.2.1 
················· T0.2 

No.2 =lxlO 

R = 0.93 - 0.076 Log N 

Eq. 6.2.3 
:60 No.2 =lxlO 
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Orthotropic Reinforcement 

R = 1.14-0.093 Log N 

Eq. 6.2.2 
.............................. 10:101· 
No.2 =lxlO 

R = 0.99-0.102 Log N 

Eq. 6.2.4 
:74 No.2 =lxlO 
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For comparisons, the fatigue life, N0_2, at a load ratio R = 0.2, was calculated for each case. 

From the values of N0_2 for each load and reinforcement type, it can be noticed that the fatigue 

life under the same load level is shorter in case of moving wheel load than in pulsating load. 

Moreover, the fatigue life of bridge deck slabs with orthotropic reinforcement pattern is 

shorter than those with isotropie reinforcement. 

6.2.3 Y oon and Chang Model (1998) 

Yoon and Chang (1998) studied the effect of the position of concentrated load on the ultimate 

static and fatigue punching strength of bridge decks. They constructed and tested a total of 

five 1/3-scale concrete panels reinforced with orthotropic steel reinforcement. The test 

prototypes were supported and laterally restrained by two steel girders. They proposed the 

following expression for the fatigue life of deck slabs: 

Log R = Log 1.4461- 0.066 Log N Eq (6.3) 

6.2.4 Matsui et al. Model (2001) 

Matsui et al. (2001) are the only researchers who provided a P-N relationship based on rolling 

wheel tests on full size simply supported concrete bridge decks reinforced with steel bars. 

They suggested the following equation for the fatigue life evaluation of such elements: 

Log R = Log 1.52 - 0.07835 Log N Eq. (6.4) 

They also tested full size steel-free concrete bridge decks until failure under running wheel 

loads. The steel-free concrete bridge deck slabs were confined using steel straps and cast 

monolithically with the steel girders. They found that the relation was also valid for steel-free 

bridge deck slabs under running wheel loads. 

6.2.5 Mufti et al. Model (2002) 

Mufti et al. (2002) conducted compress10n fatigue tests on several standard concrete 

cylindrical specimens. Interpretation of test results led to the following model as a 

modification to Matsui et al. model: 
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R = l.0-0.0333 Ln N Eq. (6.5) 

Limaye (2004) carried out fatigue tests on full-scale prototypes of steel-free concrete bridge 

deck under concentrated cyclic load. The steel-free deck slab prototypes were provided by a 

bottom mesh of either steel bars or GFRP bars to control cracking. The test results validated 

Eq. (6.5) to such kind of deck slabs. 

6.2.6 Memon Model (2005) 

Memon (2005) conducted another fatigue test on full scale model of steel-free bridge deck at 

the University of Manitoba, Manitoba, Canada. The test prototype contained a bottom crack 

control mesh of either GFRP or CFRP bars. Based on test results, he proposed some 

modifications to Eq. (6.5) as follows: 

For GFRP crack contra! mesh: 

For CFRP crack contrai mesh: 

Log N =5.737 

Log N 

Eq. (6.6-1) 

Eq. (6.6-2) 

From Eqs. (6.6), it can be noticed that the fatigue life under the same load level is much longer 

in case of deck slabs containing GFRP bars than those containing CFRP bars. 

6.2. 7 Comparisons between Fatigue Lif e Models for Bridge Deck Slabs 

A graphical representation of the six models is shown in Figure ( 6.1 ). It should be noted that 

these curves were based on experimental data covering a relatively small range of load cycles. 

A simple test is usually applied to check any fatigue life model using the criteria of static 

failure. In case of static failure, N = 1.0, and R (P/Ps) = 1.0. If the value of N = l is substituted 

in each expression, Batchelor and Hewitt, Mufti et al., and Memon, (Eq 6.6-1), models yield 

the values of R equal to 1.0. However, Youn and Chang, Sonoda and Horikawa, Eq. (6.2-1), 

and Matsui et al. models yield the values of R equal to 1.446, 1.08, and 1.52 respectively. 
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Matsui et al. had clarified that their expression is valid for N greater than 10,000. The 

difference between the six expressions diminishes as the number of load cycles increases. 

Although these fatigue life models are for either steel-free, steel-free with FRP crack control 

mesh, or steel-reinforced concrete deck slabs, they give close fatigue life predictions when the 

number of load cycles is more than 100,000 (Except for Batchelor and Hewitt and Memon 

models). 

1.6 ........-------------------------------, 

1.4 

1.2 

_,._ Batchelor and Hewitt (1974) 

-- Sonoda et al (1988) 

-- Yoon and Chang (1998) 

--Matsui et al. (2001) 

--Mufti et al. (2002) 

--Memon et al. (2005) 

eE c. 0.8 

0.6 

0.4 

0.2 

0 ----""T"""-----r-------.-------..-----.----.-------t 
1.00E+00 l.00E+02 l.00E+04 l.00E+06 l.00E+08 1.00E+lO 1.00E+l2 1.00E+l4 

No. of Cycles 

Figure 6.1 Bridge Deck Slabs Fatigue Life Prediction Models 

Two million load cycles have been widely accepted as the required minimum fatigue life of 

the deck slabs (AASHTO 2002). The ratio PIPs for 2 million cycles of fatigue life derived by 

each expression is: Batchelor and Hewitt = 0.59, Sonoda and Horikawa = 0.54, Youn and 

Chang= 0.55, Matsui et al= 0.48, and Mufti e. al. = 0.52, and Memon = 0.45. From previous 

research results, the ultimate static strength of a bridge deck is about 6 times the service load 

level. Therefore, the ratio of the service load to the ultimate deck slab capacity, PserlPs, is less 
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than 0.20. At this range of service loads, all these models predict that the deck slabs have 

infinite fatigue life. It should also be noticed that, up till now, there is no fatigue life model to 

estimate the fatigue life of FRP reinforced concrete bridge deck slabs which are reinforced 

entirely in the bottom and top reinforcement layers with FRP reinforcing bars (referred to as 

internally-restrained bridge decks in the 2nd edition of CHBDC, CSA 2006). This type of 

bridge deck slabs depends entirely on internai reinforcing bars to resist the applied loads. 

6.3 DAMAGE EVALUATION OF VARIABLE AMPLITUDE FATIGUE LOADS 

The S-N curves as well as P-N curves could be used only for constant amplitude loading 

histories. In reality, structures, especially bridges, are seldom subjected to constant amplitude 

loading during their service life. They are often subjected to random loading. These loading 

schemes can be transformed into block loading with the aid of statistically based counting 

methods (Fig. 6.2-a, b ). To account for the different load amplitudes, equivalent constant 

amplitude load may be used. This load should produce the same damage as the summation of 

the different amplitude loads, (Fig 6.2-c ). A damage accumulation rule, which accounts for the 

percentage of damage developed by each load amplitude, is necessary to develop the 

equivalent loading scheme. 

TIMECYCLE 

a- Random loading 

TIMECYCLE 

b- Block loading 

Time Cvcles 

c- Constant amplitude loading 

Figure 6.2 Types of Cyclic Loads (Hamdy 1997). 

6.3.1 Damage Accumulation Rules 

The damage accumulation rule can be linear or non-linear in its evaluation as well as in its 

accumulation. A damage law is linear in accumulation if the damage evaluation rule is the 
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same for all stress levels and loading histories. That is, at each stress level the evolution of 

damage follows the same rule. If damage evaluation rule is variable according to the stress 

levels or loading histories then the damage accumulation will be non-linear (Hamdy 1997). 

The following sections present the most common damage accumulation models used for RC 

elements: 

6.3.1.1 Linear damage accumulation mode[, P-M rule 

The most common hypothesis for damage accumulation is the linear damage accumulation 

developed by Palmgren and Miner (1954), known as Palmgren-Miner rule or P-M rule. This 

linear damage rule is very simple, and can be used in everyday calculations. The method 

assumes that the variable amplitude stress history is separated into a series of constant 

amplitude stress histories. The effect of the original variable amplitude stress history is the 

same as the combined effects of the entire constant amplitude stress component. P-M rule, 

which is based on S-N curves, describes the sum of damage due to each of the individual 

constant amplitude cycles. The method assumes that if a structure can tolerate a certain 

amount of damage, D, and will experience damages D; (i=l, ... , m) from m different fatigue 

load patterns, the failure might be expected to occur if: 

i=m D I-i =I 
i=l D 

Eq. (6.7) 

Where D/D is the fractional damage accumulated from the ;th fatigue load pattern. This 

concept can be used in fatigue life modelling of bridge deck slabs subjected to variable 

amplitude fatigue loading. Considering the situation where a deck slab is subjected ton; cycles 

at wheel load P;. According to P-M rule, this loading will produce certain damage D;, which is 

linearly proportioned to n/N; as follows: 

D. = ni 
l N. 

l 
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Where N; is the expected number of load cycles to failure at this stress level, predicted from 

appropriate fatigue life model, P-N curve. Then, the fatigue failure criterion given in Eq. (6.7) 

can be expressed as: 

i=m '°' n. D = LJ - 1 = I (atfailure) 
i=I Ni 

Eq. (6.9) 

It was proved experimentally and analytically that the P-M rule reasonably predicts the mean 

value of the fatigue life of structures under variable amplitude loading. This linear model has a 

shortcoming that the load levels are independent and the load sequence is irrelevant. While the 

validity of the P-M rule is in question, its simple format makes it suitable in everyday 

calculations. It is, therefore, widely used in many fatigue design and evaluation studies of 

concrete structures under cyclic loading. 

6.3.1.2 Non-Linear damage accumulation rules 

To overcome the deficiencies of the Palmgren-Miner rule, a number of nonlinear damage 

accumulation hypotheses have been proposed. Macro and Starkey (1954) proposed the first 

nonlinear load-dependent damage model, presented in the following analytical form: 

D = LDi =iI (!!.i_Jx = 1 (atfailure) 
i=l Ni 

Eq. (6.10) 

Where the exponent x is a fonction of the ;th load level (P;) associated with the damage 

fraction D; 

Jihang (2003) introduced another non-linear damage accumulation rule derived based on 

continuum damage mechanism and fracture mechanics as in the following expression: 

(atfailure) Eq. (6.11) 
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Where a is a material parameter obtained by statistical regression of fatigue test data. Based 

on Eq. (6.11), Jihang (2003) introduced the damage accumulation curve shown in Figure 

(6.3), for steel reinforced concrete bridge deck slabs. It is obvious that the damage increases 

steadily when the fatigue life is below 80% of the total fatigue life. The damage starts to 

increase faster between 80 and 95% of the bridge deck total fatigue life. Afterwards, it 

accelerates very fast until failure. This behaviour is similar to the strain accumulation in plain 

concrete under fatigue loading (Chapter 2, Section 2.6.1, Fig. 2.4). This model also conforms 

fairly well to the observed phenomenon process of RC deck fatigue damage accumulation in 

real bridge deck slabs. This damage phenomenon has usually signs of distress and fine cracks 

appear at earlier fatigue loading. These cracks grow gradually in size and intensity depending 

on a number of factors, such as the load spectrum and the environmental conditions. Then, a 

rapid deterioration process is observed during the final stage of the fatigue damage process, 

which is unstable. As this portion of fatigue life is relatively small compared to the entire 

fatigue life, Jihang (2003) recommended excluding this stage from the analysis and prediction 

of fatigue life. By doing so, the remaining damage accumulation relationship could be 

simplified using a linear model similar to Palmgren-Miner rule, Eq. (6.9). 

o.s 
0.8 

0.7 

0.6 

a 0.5 

0.4 

0.3 

0.2 
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0 
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0 0.1 

---•·'" 
--~-· »<••-----····· ~-•·---

·--·>,·••·•--,. .. 
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Figure 6.3 Non-Linear Damage Accumulation Model (Jihang 2003) 
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Accordingly, Jihang (2003) assumed that when RC deck fatigue damage reaches a critical 

value, De (threshold), the deck will be treated as reaching the end of its fatigue life. From 

Figure (6.3), he assumed that the fatigue damage reaches De when the number of load cycles, 

n, is 95% of the total number of load cycles to failure, N. From Eq. ( 6.11 ), the critical damage 

De when the bridge deck life reaches 95% of its total life is 15% of the total damage at failure. 

6.3.2 Equivalent Damage Approach 

Mufti et al. (2002) considered the situation where a bridge deck is subjected to a wide range of 

wheel load amplitudes and cycles. They considered two different fatigue loading schemes of 

constant amplitude loading as n1 cycles at wheel load P1 and n 2 cycles at wheel load P2. From 

the P-N curve suitable to the bridge deck type, one can find the number of cycles to failure, N 1 

and N2, at those two loads. If these two fatigue loading schemes produce the same damage to 

the deck slab, they found the following relation valid for any linear or non-linear damage 

accumulation rule: 

Mufti et al. (2002) fatigue life model, Eq. (6.5), can be re-arranged as follows; 

N _ 30.(I.O-R1) 
i-e 

Using the relation in Eq. (6.12), the previous two equations can be expressed as: 

N n e30.(I.0-R2 ) 2_ 2 ____ _ 

N - -n - 30.(1.0-R1) 
1 1 e 

Eq. (6.12) 

Eq. (6.13-1) 

Eq. (6.13-2) 

Eq. (6.14) 

Therefore, based on Eq. (6.14), the equivalent damage rule, EDR, (equivalent number of 

cycles at two different loads levels to produce the same damage) is: 

Eq. (6.15) 
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6.4 FATIGUE LIFE MODEL FOR FRP REINFORCED CONCRETE BRIDGE DECK 

SLABS 

Four of the previously mentioned fatigue life models, Section (6.2), will be used to predict the 

fatigue life of FRP-reinforced bridge deck slabs. The chosen four fatigue life models are 

Sonoda and Horikawa model (Eq. 6.2.2), Matsui et al. Model (Eq. 6.4), Mufti et al. model 

(Eq. 6.5), and Memon model (Eq. 6.6.1 ). Matsui et al., Mufti et al. and Memon models are 

based on the results of testing full size bridge deck slabs as the current research, so there is no 

size effect. Moreover, Matsui et al. model is based on results of testing both steel reinforced 

and steel-free (with crack control bottom mesh) deck slab prototypes under rolling wheel load 

which simulate the traffic loads fairly well. Sonoda and Horikawa model is the only fatigue 

life model which account for different fatigue loading types (fixed and moving load) and 

reinforcement patterns ( orthotropic and isotropie). The other two models are not included as 

they are based on either very small scale models reinforced with steel wires (Batchelor and 

Hewitt model) or eccentric fatigue loading (Yoon and Chang Model). 

The equivalent damage rule, EDR, discussed in the previous section, was adopted in the 

analysis. It was used to convert the number of load cycles applied in each fatigue loading step 

till failure ( during the first phase of the experimental program) to an equivalent number of 

cycles at constant amplitude load. The EDR given in Eq. (6.15) is based on Mufti et al. (2002) 

model. Similar equivalent damage rules for the other three fatigue life models can be predicted 

as follows: 

From Sonoda and Horikawa model Eq. (6.16) 

From Matsui et al. model Eq.(6.17) 

From Memon model Eq. (6.18) 
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The total number of load cycles till failure for slab S3 at the different variable amplitude 

fatigue loading steps, were 709410 cycles. Using the EDR in Eq. (6.17), this fatigue loading 

scheme were found equivalent in damage to 75,026,787 and 66,371 load cycles at 245 and 

425 kN peak loads in constant amplitude fatigue loading, respectively. Table (6.1) shows 

different fatigue loading schemes, at different peak loads, which are expected to be equivalent 

to the test fatigue loading on slab S3. Following the same technique, the equivalent numbers 

of load cycles to failure for slabs S 1, S4, and S0, at different peak loads of constant amplitude 

loading were obtained. Figure (6.4) shows the graphical representation of the equivalent 

number of load cycles for each slab at different peak load levels. Also, Matsui et al. (2001) 

fatigue life model is plotted. 

Mufti et al. (2002) fatigue life model and EDR, Eqs (6.5) and (6.15), were also used to 

construct different equivalent damage fatigue loading schemes. Table (6.2) shows the 

equivalent fatigue loading schemes, for slab S3 based on Mufti et al. model. Figure (6.5) 

shows the graphical representations of the equivalent number of load cycles for slabs S 1, S3, 

S4, and S0 at different peak load levels. Also, Mufti et al. (2002) fatigue life model is plotted. 

Following the same technique, the equivalent numbers of load cycles to failure for slabs SI, 

S3, S4, and S0, at different peak loads of constant amplitude loading were obtained using the 

other two fatigue life models, Sonoda and Horikawa (1988) and Memon (2005). Figures (6.6) 

and (6.7) show the graphical representation of the equivalent number of load cycles for each 

model. It should be noted that, to apply any of the previous EDR, the ultimate static capacity 

of the test prototypes should be known. The ultimate static capacity of the bridge deck slab 

test prototypes was obtained using the finite element analysis. It was found to be equal to 

about 750 kN for all test prototypes. More details about the finite element modelling are 

provided in Chapter 7. 
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Table 6.1 Equivalent numbers of load cycles to failure at constant amplitude fatigue loading 

for slab S3 according to Matsui et al. (2001) fatigue life modelling. 

100000 1.72E+06 9.75E+03 2.48E+02 2.0 1.0 
100000 1.768E+07 1.00E+06 2.54E+03 1.4E+0l 3.0 
100000 6.873E+07 3.88E+05 9.88E+03 5.6E+0l 9.0 
102250 7.10E+08 3.92E+06 1.02E+065 5.76E+02 9.lE+0l 

100000 1.22E+ 11 6.95E+068 1.76E+07 1.00E+05 1.56E+04 

100000 3.62E+ 11 2.05E+09 5.21E+067 2.95E+05 4.61E+04 

3500 6.59E+09 3.72E+07 9.48E+065 5.36E+03 8.39E+02 

3660 2.87E+10 1.62E+08 4.13E+06 2.34E+04 3.66E+03 
5.21E+ 11 2.95E+09 7.50E+07 4.24E+05 6.63E+04 

2.31E+12 1.31E+10 3.33E+08 1.88E+06 2.94E+05 

1.6 -------------------~ 

1.4 

1.2 

0.6 

0.4 

0.2 

;!( so 
o Sl 
.._ S3 

• S4 
- Matsui et al. (2001) 

0 -+---..------....-----------------....-----1 
100 10000 1000000 1E+08 lE+lO 1E+l2 1E+l4 

Number ofLoad Cycles (N) 

< 1.0 

< 1.0 

< 1.0 

< 1.0 

1.92E+02 

5.65E+02 

1.1 E+0l 

4.5 E+0l 

8.13E+02 

1.62E+03 

Figure 6.4 Equivalent numbers of load cycles to failure at constant amplitude fatigue loading 

according to Matsui et al. (2001) fatigue life modelling 
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Table 6.2 Equivalent numbers of load cycles to failure at constant amplitude fatigue loading 

for slab S3 according to Mufti et al. (2002) fatigue life modelling. 

: 

100000 1.00E+05 

100000 3.40E+05 2.94E+04 
l.16E+06 l.00E+05 
2.64E+06 2.28E+05 

102250 l.37E+07 l.18E+06 

100000 1.80E+09 1.55E+08 

100000 6.61E+09 5.71E+08 
l.04E+08 8.98E+06 

3660 6.58E+07 5.68E+07 
8.61E+09 7.94E+08 

edby ' 7.95E+10 6.86E+09 .$q(q.S);'/ , 

1.2 

0.8 

0.4 

0.2 

2.53E+03 

8.63E+03 
1 

1.97E+04 
l.02E+05 

1.34E+07 

4.93E+07 
7.75E+05 

4.90E+06 
6.85E+07 

5.92E+08 

l.90E+0l 1.00 
6.4E+0l 2.00 

l.50E+02 6.00 
7.45E+02 2.75E+02 

l.00E+05 3.68E+03 

3.66E+05 l.35E+04 

5.77E+03 2.13E+02 

3.65E+04 l.34E+03 

5.10E+05 1.90E+04 

4.41E+06 1.62E+05 

o Slab - S 1 
.., Slab - S3 
• Slab - S4 

- Mufti et al. (2002) 

0 -+------------.-----------------1 

<l.00 
<1.00 

6.00 

7.45E+02 

2.73E+03 

4.30E+0l 

2.72E+02 
3.80E+03 

3.28E+04 

1.00E+00 1.00E+02 1.00E+04 1.00E+06 1.00E+08 1.00E+ 10 1.00E+ l'. 

Number ofLoad Cycles (N) 

Figure 6.5 Equivalent numbers of load cycles to failure at constant amplitude fatigue loading 

according to Mufti et al. (2002) fatigue life modelling 
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1.6 
0 Slab - SI 

1.4 ... Slab - S3 

1.2 Slab - S4 
- Sonoda et al (1988) 

1 
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Figure 6.6 Equivalent numbers of load cycles to failure at constant amplitude fatigue loading 

according to Sonoda and Horikawa. (1988) fatigue life modelling 
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Figure 6. 7 Equivalent numbers of load cycles to failure at constant amplitude fatigue loading 

according to Memon (2005) fatigue life modelling 
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If any of the investigated fatigue life model is valid for FRP reinforced concrete deck slabs, 

the points representing the equivalent number of cycles must be located directly on the curve 

of the model used in the analysis. Consequently, one can notice from Figures (6.4) to (6.7) 

that none of the four models is valid to predict the fatigue life of FRP reinforced concrete 

bridge decks. Matsui et al., Mufti et al, and Sonoda and Horikawa models over estimated the 

fatigue life of test prototypes while Memon model underestimated it. The ratio between the 

predicted numbers of cycles till failure using different fatigue life models to the equivalent 

numbers of test load cycles differs from one model to another model. This ratio is almost 

constant, for each fatigue life model, for all the deck slab prototypes regardless of the 

equivalent load level. However, Matsui et al. (2001) and Memon (2005) models seem to give 

the closest fatigue life predictions to test results. This was expected as they were the only 

models predicted based on tests on full scale prototypes either reinforced with steel or steel-

free decks provided with FRP crack control mesh. 

Table (6.3) shows comparisons of the statistical calibrations of the ratio of each fatigue life 

predicted number of cycles to failure and the equivalent number of test load cycles to failure. 

The standard deviation and coefficient of variation values, shown in Table (6.3), show that 

both Matsui et al. (2001) and Me mon (2005) models result in more consistent and less 

scattered results. Therefore, these two models represent a good start point to develop fatigue 

life model for FRP reinforced concrete bridge deck slabs. 

Table 6.3 Comparison of the ratio of each fatigue life predicted number of cycles till failure to 

the equivalent number of test load cycles to failure for the test prototypes. 

1.095 3.024 0.362 

2.608 5.576 0.468 

1.156 3.082 0.375 
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Iterations of regression analysis and curve best fitting technique of equivalent number of load 

cycles to failure, based on modifications to Matsui et al. (2001) and Memon (2005) models, 

were carried out using MATLAB software. The following model, P-N curve, was found 

suitable to predict the fatigue life of FRP reinforced concrete deck slabs: 

R = 0.0034(LogN) 2 
- 0.11873(LogN) + 1.0752 Eq. (6.19) 

Or; 

Log(N) = 7.4883R2 
- 21.984R + 14.936 Eq. (6.20-a) 

For fatigue life estimation of steel reinforced concrete bridge decks, Eq (6.20-a) should be 

modified to be: 

Log(N) = 7.4883R2 -21.984R + 13.993 Eq. (6.20-b) 

Figure (6.8) shows that the proposed equation predicts the fatigue life of GFRP reinforced 

concrete bridge deck slabs in good agreement with test results. Moreover, it yields an error of 

only 7.5% for the static failure load case (N=l, PIPs = 1.075). Figure (6.9) also shows that the 

proposed equation is in good agreement with the fatigue life models predicted by other 

researchers. 

An equivalent damage rule, EDR, can also be derived based on the proposed equation to 

calculate the number of load cycles at two different peak load values for the same damage as 

in Eq. (6.21): 

Eq. (6.21) 
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1.2 ~----------------------------~ 
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Figure 6.8 Comparison between the proposed fatigue life model and test results 

1.6 ~---------------------------~ 

1.4 -+- Matsui et al. (2001) 
-- Mufti et al. (2002) 

1.2 -- Memon (2005) 
- Proposed Eq. 

0.6 

0.4 

0.2 

0 ----------r----......... -----,------,-----.------1 
1.E+00 l.E+02 l.E+04 l.E+06 1.E+0S l.E+lO I.E+ 12 1.E+14 

No. of Cycles 

Figure 6.9 Comparison of the proposed fatigue life model and previous models 
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6.5 LIFETIME EQUIVALENT FATIGUE LOADING FOR BRIDGE DECKS 

6.5.1 Statistical Data of Lifetime Wheel Loads on Bridge Decks 

Among the available statistical traffic data for bridges, the CHBDC specified the Average 

Daily Truck Traffic (ADTT), for Class-A Highway Bridges, as more than 1,000 trucks per 

lane (CSA 2000, Table 1.5.2.2). The AASHTO LRFD bridge design specifications estimated 

the maximum ADTT equal to 3,400 trucks. It defines a truck as any vehicle with more than 

either two axles or four wheels. It conservatively assumed the average number of axles per 

truck equal to four, Clause 3.6.1.4 (AASHTO-LFRD 2004). Thus, according to CHBDC and 

AASHTO specifications, more than 27 or 93 million trucks, respectively, could travel on such 

bridge during its 75 years design service life. This number of trucks results in more than 109 

or 372 million wheel load pass (load cycle) on the bridge deck over its lifetime. These wheel 

loads, however, are not the standard design ones. Rather, they are widely varied wheel loads, 

usually much lower than the standard truck wheel load. Neither the CHBDC nor AASHTO 

codes had specified the number of standard truck wheel load that are equivalent to the volume 

of actual traffic for fatigue considerations. Sorne researchers concluded that it is not visible for 

any structure, including bridges, to receive more than 2,000,000 load cycles at maximum load 

(Mallet 1991). That is why 2,000,000 load cycles at maximum allowed wheel load was 

recommended and adopted in many fatigue investigations as fatigue life. 

Matsui and Tei (2001) have provided a histogram of axle weights observed on 12 bridges in 

Japan (Fig. 6.10-a). They noticed that the maximum wheel load observed is 313 kN. Fu et al. 

(2003) have also introduced a similar sample truck weights histogram based on weigh-(truck)-

in-motion (WIM) technology (Fig. 6.10-b ). From figure (6.10), it is clear that passes of lighter 

wheels are very large in number, whereas those of the heavier wheels are fewer. Also wheel 

population on a bridge seems to be similar in both Japan and North America. 
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Figure 6.10 Histograms of different wheel loads populations on bridge deck slabs. 

6.5.2 Lifetime Equivalent (Accelerated) Fatigue Loading Scheme for Bridge Deck Slabs 

During its lifetime, a bridge deck slab is subjected to a very large number of travelling wheels 

of different magnitudes, i.e. random variable amplitude loading. However, the laboratory 

investigations on fatigue resistance of bridge deck slabs are usually conducted under large, 

constant magnitude wheel loads. This is mainly to achieve failure during a reasonable time 

frame due to economic and time restraint issues. Any fatigue load investigation should include 

the effect of all the vehicles wheel loads, amplitude and frequencies, that a real bridge may 

undergo during its lifetime as shown in (Fig. 6.10). Previous statistical data along with the 

equivalent damage rules, EDR, could be used to construct accelerated, fixed amplitude fatigue 

loading schemes equivalent to actual lifetime truck traffic. 

Memon et al. (2003) generated the data shown in Table (6.4) using Matsui and Tei (2001) 

histogram for the population of the 3 72 million wheel loads, corresponding to the upper bound 

of lifetime wheel passes by AASHTO-LRFD (2004). They also provided, as shown in Table 

6.4, the equivalent number of wheel passes for wheel loads of 25 and 50 ton, predicted using 

Mufti et al. (2002) EDR given in Eq. (6.15). This accelerated fatigue scheme was expected to 

be equivalent in damage to the effect of wheels of various magnitudes on steel-free deck slab 

with static failure, Ps, equal to 84.4 ton. Based on the experimental results of the current 

research and the proposed fatigue life estimation model for FRP reinforced concrete bridge 
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deck slab, an EDR model was developed as in Eq. (6.21). The EDR, proposed in Eq. (6.21), 

was also used to formulate specific accelerated fatigue load schemes to be used in phase (JI) 

of the experimental programme in the current research. These accelerated fatigue loading 

schemes, fatigue schemes II and III, were calculated to be equivalent in damage to the 

statistically evaluated lifetime loads. The ultimate static capacity of FRP reinforced deck 

required for the calculation was evaluated using the finite element analysis to be equal to 750 

kN (Chapter 7). 

Two peak load levels were chosen to apply the accelerated, life-time equivalent, fatigue load 

schemes (II) and (III) used during the second experimental phase. The first peak load is the 

wheel load specified at fatigue limit state by CHBDC, Pfls=122.5 kN. The second one is two 

times the fatigue limit state load, 2 Pfls=245 kN. It is worth mentioning that the 2 Pfls load is 

about 17% higher than the ultimate wheel load specified by CHBDC for ultimate limit state, 

(Pfis = 87.5xI.4xI.7 = 208.5 kN according to CHBDC, Clause 3.5.1, Table 3.5.1.a.) 

From Table (6.4), only 24 cycles at peak load level of 50 ton (490 kN) will induce the same 

damage on bridge deck as all loads during its life, according to Mufti et al. (2001) EDR. 

Regarding the test results of the first experimental phase, slabs S 1, and S4 were able to resist 

more than 1000, and 250 load cycles at 490 kN (in addition to several hundreds cycles at 

lower peak loads) before failure. With simple comparison, one can conclude that the fatigue 

loading scheme (I) represented an extremely severe loading condition that a bridge deck is 

hardly subjected to during its life (in the visible future). However, the performance of the FRP 

reinforced concrete deck prototypes was excellent up to very high load levels. According to 

the proposed EDR, about 3,000,000 load cycles at peak load level of 122.5 kN seem to be 

equivalent to life-time loading on bridges. Thus, an accelerated fatigue loading scheme, 

scheme (JI), consisting of 4,000,000 load cycles at peak load of 122.5 kN was adopted during 

the second experimental phase. From Table (6.4), 173,800 and 80,293 load cycles at peak load 

level of 25 ton ( about 245) were found to be equivalent to the lifetime loading on bridges 

according to Mufti et al. (2001) and the proposed EDRs, respectively. Therefore, in the current 

research, it was decided to use an accelerated fatigue loading scheme, scheme (III) which 

consisted of 200,000 load cycles at peak load of 245 kN. It is obvious that both fatigue loading 
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schemes (II) and (Ill) are expected to induce fatigue damage to bridge deck slab test 

prototypes larger than that produced by their lifetime loading. 

Table 6.4 Statistical data of lifetime loading on highway bridges and equivalent fatigue 

loading at different peak load level (for FRP reinforced concrete decks). 
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6.6 FATIGUE DAMAGE MODELLING 

From the discussion of the experimental results and conclusions of previous investigations, the 

loss of deck stiffness with the increase in number of load cycles seems to be an effective 

measure of the degradation rate of a bridge deck under fatigue loads. The increase in 

deflection is accounting for the effective deck thickness, stress in FRP reinforcement and 

concrete, and spacing between the supporting girders as a global parameter. Therefore, Kumar 

and GangaRao (1998) had studied the stiffness loss of deck slabs by analyzing the rate of 

increase in the deck deflection. The details of their experimental investigation are provided in 

Chapter 3, Section 3.5.2. they concluded that the fatigue response of concrete decks may 

generally be divided into three continuous stages. These three stages represent fatigue crack 

initiation, fatigue crack propagation, and fracture or instability as shown in Figure (6.11). The 

deck slabs fatigue responses shown in Figure ( 6 .11) had the same characteristics of plain 

concrete response under compressive fatigue loads presented in Chapter 2, Section 2.6.1, Fig. 

(2.4). 
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Figure 6.11 Fatigue life stages of concrete bridge deck slabs (Kumar and GangaRao 1998). 

Tests by Kumar and GangaRao (1998) were limited to the first two stages of fatigue response 

and they were found to be adequate to establish the design and serviceability criteria. The 

-141-



Chapter 6 - Fatigue lifè M odeUing 

effective central deck deflection in all his test prototypes increased in a linear manner within 

the fatigue crack propagation zone. they expressed the effective deck deflection as a fonction 

of fatigue cycles. The best fit straight lines were obtained by regression analysis (Fig 6.12). 
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Figure 6.12 Deck slab deflection as a fonction of number of cycles during stage II of deck 

slabs fatigue life (Kumar 1995). 

The slopes of these lines were used to establish the rate of degradation, which in turn would 

be used as a measure of loss in deck stiffness. The deck degradation slope was determined to 

be 10.67, 8.77, and 47.86 for prototypes #1, #2, and #3, respectively. This can be interpreted 

as decks #1 and #2, which had almost the same fatigue performance, showed almost five times 

better performance than that of deck #3. 

The previous analysis can only be applied to fatigue loading at constant, fixed amplitude. To 

apply such analysis to the deck slab prototypes in the first experimental phase of the current 

research, the total number of cycles endured by each slab at each fatigue load step should be 

converted to an equivalent number of cycles in a constant amplitude fatigue loading. Using the 

EDR proposed in Eq. (6.21), the total number of cycles till failure of slab SI under fatigue 

loading scheme (1) were transformed into equivalent number of cycles at either 183 kN or 245 

kN peak loads of a constant amplitude fatigue loading (Table 6.5). The residual deck slab 

deflections at the end of each fatigue load step were used as measurements of the increase in 

deflections (as shown in Fig. 5.6, Chapter 5). Figure (6.13) presents the relationship between 

the residual deflection and the logarithm of the equivalent load cycles in Table 6.5. 
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Only the points near failure, at 490 kN, were not considered in the graphical representations. 

The residual deck deflection in all the deck slabs increased approximately in a linear manner 

during the second fatigue stage under either the 183 or the 245 kN equivalent load. The best 

fitting techniques were used to obtain the equations describing these lines as following: 

tir = O. 58 Log n - Const . Eq. (6.22) 

Where: 

Llr = The residual deflection 

From figure ( 6.13 ), it is obvious that the slope of the straight lines, rate of fatigue 

deterioration, is constant regardless of the equivalent peak load. This might support the 

validity of predications by utilizing the proposed EDR. 

Table 6.5 Constant amplitude fatigue loading at two different peak load levels equivalent to 

Scheme (I) fatigue loading on slab S 1. 

245 100000 1.89 2791004 100000 

367.5 100000 3.1 1.09 E+09 3.9 E+07 

435 100000 4.48 1.97 E+lO 7.07 E+08 

490 1140 6.29 1.94 E+09 6.93 E+07 
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Figure 6.13 Deck slab S 1 residual deflection as a fonction of number of cycles 

The total number of load cycles till failure for the other slabs, S3, S4 and S0, were analyzed in 

a similar manner to slab Sl. The rates of stiffness degradation (the slope of the straight lines) 

during stage II of the test prototypes fatigue life are shown in Figure (6.14). As the slopes of 

the straight lines representing slabs Sl and S3 equals approximately 0.58 and 0.41, the rate of 

fatigue damage in slab Sl would be about 40% (the ratio between the slopes of Sl and S3) 

more than that of slab S3. Therefore, fatigue performance of slab S3 could be rationally 

concluded to be 40% better than slab S 1. In a similar manner, the fatigue performance of both 

S 1 and S3 is about 1.17 and 1.65 times better than slab S4, without top reinforcement. 

Comparisons of the straight lines slopes of the steel reinforced slab (equals 1.83) and the 

GFRP reinforced slabs (equals 0.41, 0.58, and 0.68) show that the fatigue degradation rate of 

the steel reinforced slabs is about three to four times higher than that of GFRP reinforced 

ones. This reflects the excellent performance of the GFRP reinforced concrete bridge decks 

under fatigue loads. 
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Figure 6.14 Comparison of the degradation rate of test prototypes under fatigue loads. 

6.7 EVALUATION OF FATIGUE DAMAGE AFTER LIFETIME LOADING 

It will be interesting if there is a rational method to evaluate the damage accumulated to 

bridge deck from mechanical loads during its service lifetime. The aforementioned analysis 

will be extended, using the statistical data of traffic on bridge decks along with the 

experimental and analytical results of the current research. Mufti et al. (2001) noted that the 

maximum lifetime axle load anywhere in Canada is 345 kN compared to about 313 kN in 

Japan. The close correspondence between the maximum axle loads in Japan and Canada 

indicates similarity between other different axle loads in the two countries. They justified that 

the statistical data of population of truck loads on Japanese bridges provided by Matsui and 

Tei (2001), is suitable to be applied to bridges in Canada. Therefore, in the absence of data on 

Canadian truck load populations on bridges, the data provided by Matsui and Tei (2001) will 

be used. 
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The test results of Slab S3, reinforced according to the provisions of the second edition of 

CHBDC (CSA 2006), will be used. Different numbers of load cycles of different constant 

amplitude loading schemes, equivalent to fatigue test loads of S3, were calculated. Sixteen 

wheel loads were used as peak load for the equivalent constant amplitude loading. They varied 

in magnitude between 10 to 160 kN, as observed by Matsui and Tei (2001) for actual loads on 

bridges. Figure (6.13) shows the relation between equivalent numbers of cycles at some of 

these load levels (10, 50, 90, 120, and 160 kN wheel loads) and their residual deflections. The 

best straight line fitting at each load level results in the equations shown in Table 6.6. From 

Figure (6.13) and Table (6.6), it is clear that the relation is linear with constant slope for all 

different peak loads. The constant value in each equation in Table (6.6) was found to vary in 

linear manner with the variation of the equivalent peak load according to Eq. (6.23). 

Consequently, the equation which best describe all the straight lines in (Fig. 6.15) and all 

other lines at different peak loads can be expressed as in Eq. (6.24) 

Const. = 2.6864 - 8.4136 _l!_ 
ps 

L1 = 0.4145 Log n + 8.4136 _E_ - 2. 6864 
r ps 

Eq. (6.23) 

Eq. (6.24) 

Note that, at each peak load, there is a specific value for the number of load passes, n, below 

which Eq. (6.24) yields a negative value for the accumulated residual deflection. For example, 

this limiting value of "n" which can be called "neJl' (effective number of wheel passes) equals 

466803, 11100, and 1711 for wheel loads of 30, 90, 120 kN, respectively. This indicates that 

any number of wheel passages below this limiting value, is participating in the development of 

the first fatigue life stage, cracks initiation stage, without any permanent damage to the deck 

slab. 
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Figure 6.15 Comparison of the equivalent loading at different peak load levels. 

Table 6.6 Best fitting equations for the linear relationship between the residual deflection and 

the number of load cycles at different peak load levels. 

Li,, = 0.4145 Log n - Const 2.117 

Li,, = 0.4145 Log n - Const 1.662 

Li,, = 0.4145 Log n - Const 1.332 

Li,, = 0.4145 Log n - Const 0.908 
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Once the number of passes of a specific wheel load is known, the corresponding residual 

deflection of the deck slab can be calculated using Eq. (6.24). Accordingly, the residual 

deflection accumulated to a bridge deck, which has ultimate static capacity of Ps, from "n/' 

passes of"P1" kN wheel load, "n/' passes of "P/' kN wheel load, and "nm" passes of"Pm" kN 

wheel load can be expressed as in Eq. (6.25). 

Llr = 
1f [o.4145 Log n; + 8.4136 f!_J_ - 2.6864] 
i=I ps 

Eq. (6.25) 

Using the population of different truck wheel load on a bridge deck in 75 service year 

(provided by Matsui and Tei (2001) as shown in Table 6.4, third column), Eq. (6.25) can be 

used to predict the total residual deflection accumulated to the deck slab at any time during its 

service life due to the effect of traffic loads only. The variation of this residual deflection 

along the service life of a bridge deck is given in Fig. 6.16. Figure (6.16) shows that the 

maximum expected residual deflection accumulated to FRP reinforced bridge deck slab, with 

span/ depth ratio less than 15, is about 13 mm after a 7 5-year service life. Figure ( 6.16) shows 

that here is a rapid increase in the residual deflection at early age of bridge deck slabs. About 

60% of the total residual deflection at 7 5 years occurred after the first 10 years of service life. 

Then, a steady increase dominates till the end of the target service life. 
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Figure 6.16 Maximum expected residual deflection accumulated to bridge deck from all 

wheel loads during its service life. 
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7.1 INTRODUCTION 

It is difficult to investigate experimentally the effect of all possible parameters and load 

conditions that can exist in the field and affect the behaviour of bridge deck slabs. The 

complexity arises from both economic issues and laboratory equipments. Recently, Computer-

aided structural analysis of reinforced concrete structures using the finite element analysis 

(FEA) represents a suitable solution for most of these problems. The finite element modelling 

(FEM) off ers a powerful and universal numerical tool for studying the behaviour of reinforced 

concrete members. This chapter presents the details of the numerical study carried out using 

the FEA. 

The numerical study was performed using the commercially available software, ANACAP, 

which utilizes the finite element analysis technique. The analytical program was conducted 

through three phases. Phase I was carried out to verify the applicability and accuracy of the 

software to predict the behaviour of concrete deck slabs reinforced with FRP bars. Previous 

experimental results, on similar test prototypes under monotonie loads, were used to calibrate 

the FEM outputs. The FEM was also verified using the results of field load tests on real 

bridges with FRP reinforced concrete deck slabs. Thereafter, the FEM was used to check the 

adequacy of the test prototype properties (dimensions and boundary conditions) to simulate a 

real bridge deck intermediate panel. In phase II, the FEM was used to analyze and predict the 

ultimate static capacity of the tested deck slab prototypes under monotonie loads only. In 

addition, the validity of the FEM to predict the behaviour of the test prototypes under fatigue 

loads was verified against test results. In phase IIL following the necessary verifications, a 

parametric study was carried out using the FEM. The parametric study investigated the effect 

of some parameters on the fatigue behaviour of FRP-reinforced concrete bridge deck slabs. 
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These parameters included the effect of wheel-in-tandem loading and the concrete 

compressive strength. 

7.2 THE FINITE ELEMENT ANALYIS SOFTWARE, ANACAP 

ANACAP is a commercial structural analysis software developed for 2D and 3D analysis of 

plain, reinforced, and pre-stressed concrete structures. ANACAP is especially formulated for 

the highly nonlinear material response associated with concrete structures due to cracking, 

creep and aging, crushing, reinforcement yielding and bond failure. The software can be 

applied over the entire range of analysis including static or dynamic response, design 

acceptance/verification, construction optimization, ultimate load prediction and failure 

determination. This software has gained the acceptance and approval by many researchers 

working in the area of FRP-reinforced concrete elements (Mohamed and Rizkalla 1999, 

Hassan et al. 2000, Mufti and Hassan. 2005, El-Ragaby et al. 2005). 

7.2.1 Capability of the Software: 

ANACAP can model the non-linear behaviour of concrete such as cracking, tension stiffening 

and aggregate interlock. Reinforced or pre-stressed concrete can be modeled, with explicit 

reinforcement modelling, including bond slip and anchorage failure capabilities. The two-

dimensional- models can include plane stress, plane strain, or axi-symmetric formulations for 

four- or eight-node quadrilateral and three- or six-node triangular elements. For three-

dimensional models, solid elements with eight- or 20-node hexahedral bricks or 15-node 

prisms can be used. Reinforcing bars can be incorporated into any of the elements within a 

concrete material. The response to loading capabilities of the program include static and 

dynamic structural response, thermal response, coupled- thermal and structural response, and 

seismic or impact analysis. The software can also be used to simulate incremental 

construction, giving predictions of the cracking and residual stresses that occur during the 

construction phase. Evaluation of structures with existing cracks or construction joints can 

also be performed (ANA CAP 2004). 
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7.2.2 Modelling of Concrete 

As the behaviour of concrete is highly nonlinear, the modelling of concrete material requires 

advanced and detailed constitutive models. The main components of concrete constitutive 

models are tensile cracking, post-cracking shear performance, and compressive softening. The 

ANACAP concrete model includes a compressive plasticity model to simulate concrete 

crushing and post critical damage modelling. It has built-in relations for the compressive 

behaviour that allows for linear behaviour under compressive stresses less than approximately 

50% of the concrete compressive strength. This linear behaviour is followed by strain 

hardening behaviour until the compressive strength is reached. The compressive stress-strain 

curve is followed up to the ultimate strength and into the strain softening region. The uniaxial 

behaviour is generalized to multi-axial behaviour, through Drucker-Prager surface to 

represent the loading surface under multi-axial compression. In the ANACAP concrete model, 

cracking and all other forms of material nonlinearity are mathematically treated at the element 

integration points. Cracks are assumed to form perpendicular to the directions of largest 

tensile strains utilizing the smeared cracking approach. Multiple cracks are allowed to format 

each material point, but they are constrained to be mutually orthogonal. When crack occurs, 

the normal stress across the crack is gradually reduced to zero to account for the concrete 

tension stiffening (Fig. 7.1-a). The distribution of stresses around the crack is recalculated 

through equilibrium iteration. This allows stresses redistribution and load transfer to 

reinforcement or other load paths in the structure. Once a crack forms, it can close under 

compressive loads and re-open, under load reversais but it can never heal. This crack memory 

feature is essential for analysis involving cyclic loading where opening and closing of cracks 

lead to further degradation of properties. When cracks close under compressive load, the shear 

capacity can partially be recovered across the crack. 

The most important feature of concrete modelling, especially for loads causing extensive 

damage, is the ability to capture the shear capacity in cracked concrete. In ANACAP, the 

shear modulus and shear stress in the plane of a crack becomes functions of crack opening 

strain. This way, it accounts for the effects of aggregate interlock for tight cracks and the 

reduced shear capacity as the cracks widen. The shear modulus in the plane of the crack is 

immediately reduced by 60% when a crack forms. The shear modulus is further reduced using 
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a hyperbolic variation with the opemng strain normal to the crack (Fig. 7 .1-b ). Another 

important property of concrete material is the response under cyclic load, particularly under 

high compressive loads. Figure (7.2-a) illustrates the compressive stress-strain behaviour of 

concrete under cyclic loading. The concrete does not unload and reload linearly but exhibits a 

continually degrading stiffness and strength. Figure (7 .2-b) shows the simulation of this 

hysteretic behaviour in the ANACAP model, which exhibits the cyclic dependent degradation. 
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Figure 7.1 ANACAP constitutive models for the nonlinear properties of concrete 

(ANACAP 2004) 
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Figure 7.2 Concrete responses under cyclic loads in ANACAP (ANA CAP 2004) 
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7.2.3 Modelling of Reinforcement 

The reinforcement is modeled as individual sub-elernents within the concrete elements. The 

reinforcement bars neither need to be defined with separate nodes nor along the nodes used to 

define the concrete elernents. The user defines the reinforcernent cage in global coordinates 

and the mesh generator will autornatically sort and incorporate the rebar sub-elements into the 

appropriate concrete elements. The stress and stiffness of the rebar sub-elernents are 

superirnposed on the concrete elernent in which the rebar resides. The rebar material 

behaviour is handled with a separate constitutive rnodel that treats the steel plasticity, strain 

hardening, and bond-slip behaviour. Yielding in the rebar rnaterial is treated using the 

VonMises plasticity formulation with isotropie hardening. This formulation uses the effective 

stress and effective strain for defining increasing yield stress with plastic strain. For general 

isotropie rnaterials, elasticity, plasticity, and strain hardening capabilities can be included 

through user-defined functions. 

The rebar modelling in ANACAP includes capabilities to sirnulate both bond slip and 

anchorage-loss. The bond slip is captured in the rnodel by rnodifying the elastic unloading 

behaviour of the steel constitutive rnodel (Fig. 7.3-a). The effect of anchorage loss is modeled 

by monitoring the concrete ( dilatational) strain normal to the rebar and degrading the rebar's 

effective yield strength for increasing dilatational strain (Fig. 7.3-b). 
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a- Bar response with bond-slip effects b- Bar strength reduction factor for anchorage loss 

Figure 7.3 ANACAP constitutive models for the reinforcernent rnaterial (ANA CAP 2004) 
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7.3 PHASE(/): VALIDATION OF THE FINITE ELEMENT MODEL 

7.3.1 Comparison of FEM and Experimental Test Results 

The FEM model was first evaluated against experimental test results. The results of 

monotonie loading on test prototypes, having identical dimensions and test set-up (El-Gama! 

2005) as those in the current research, were used to calibrate the proposed FEM of the test 

prototypes. Two concrete deck slab prototypes, one reinforced with steel and one with GFRP 

bars were selected to verify the numerical model. The average concrete compressive strength 

of these two slabs was 49.5 MPa. Table 7.1 shows the reinforcement details and the properties 

of the reinforcing bars for these two slabs. 

Table 7.1 Reinforcement properties and configurations of the previously tested slabs 

15.9 No.16@ 125 mm No.16@200 mm 

h and Çy are the yield stress and strain, respectively, of the steel bars. 

Due to symmetry in geometry, loading and boundary conditions, only one-quarter of the 

concrete slab and supporting system was modeled. The thiclmess of the slab was divided into 

three unequal thickness elements where the top element thickness is approximately the same 

as the thiclmess of the concrete compression zone. A fine mesh with smaller size of elements 

was used at critical locations where a concentration of stresses is expected (in the loading 

area). The continuum elements for 3D modelling are the 8-node or 20-node brick and the 15-

node prism elements, each with quadratic iso-parametric displacement interpolation. The 

concrete slab, supporting steel girders, and the top steel channel were modeled using 20-Node 

iso-parametric brick elements (Fig. 7-4.a). By default, these elements use reduced integration 

with 2x2x2- Gauss points for the brick (Fig. 7-4.b). To account for mid side nodes 

displacements, the 3x3x3 Gauss integration points configuration was adopted in the FEM. 

Steel bolts, cross girders, and the neoprene sheets between the concrete slab and the 
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supporting system were modeled using spring elements. The stiffness of each spring was set 

equal to the actual axial stiffness of its corresponding element either in tension or in 

compression. 

Reinforcing bars were modeled using embedded rebar element provided with user defined 

actual stress-strain curve for each reinforcement type. The steel bars were modeled as a plastic 

bi-linear material (Fig. 7-4.c), while the FRP bars were modeled as a perfectly linear material 

with sudden failure (Fig. 7-4.d). To account for bond slip and/or anchorage loss ofreinforcing 

bars, the software offers two parameters which control the bond-slip model. The first 

parameter is called "Bond" which may be set to (bond=full or slip) for full bond strength, no 

slip, or to activate the built in bond-slip model, respectively. The second parameter is called 

"Confinement" which accounts for the confinement provided to the rebar from different 

sources such as the concrete cover. This parameter may be set to ( confinement=full, good, or 

poor) to account for full; normal; or poor confinement, respectively. During testing of the 

bridge deck slab prototypes, as well as from results of previous similar investigations (Kumar 

1995, Mohamed and Rizkalla 1999, Hassan et al. 2000, Ospina 2003, El-Gama/ 2005), no 

anchorage loss or bond-slip were observed between the reinforcing bars and the concrete. 

Therefore, this was incorporated in the FEM by setting the bond and confinement parameters 

to the full bond and confinement status. 

The load was applied as a uniformly distributed pressure over the loaded area. Incremental 

loading process consisted of 120 load steps including preloading, unloading, and reloading up 

to failure simulating the original test procedure, was used. Small load increments were used at 

the load level in the proximity of the expected cracking and failure loads to closely capture the 

behaviour and to increase the accuracy of the analysis. Failure of test prototypes in the FEM 

was verified using Kinnunen and Nylander failure criterion. This criterion states that punching 

shear failure occurs when concrete compressive strain at a distance equals to (B/2+y) from the 

center ofloading reached a value of 0.0019. Where Bis the diameter of the circle that has the 

same perimeter as the rectangular loaded area; and y is a distance equals to 0.1 of the 

thickness of the slab. Figures (7.4.e and f) show the fini te element model of the test prototype 

and test set-up. 
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Table 7.2 g1ves summary of the experimental and the numerical results. For the steel 

reinforced concrete slab, the predicted failure load was only 0.4% higher than the measured 

value. While the maximum predicted deflection was 13.5% less than that measured 

experimentally. For the GFRP-reinforced concrete slab, these values were 0.8% higher and 

2% less than those experimentally measured, respectively. Also, the predicted cracking load 

and concrete strain at service load limit were close to the measured values (15 % difference at 

cracking load and 8% difference at service load). 

Table 7.2. Summary of some experimental and analytical results 

125 110 691 694 1.22 0.56 28.8 24.9 -217 -226.6 

115 110 740 746 0.81 0.55 24.5 24.0 -121 -130.8 

Figures (7.5) and (7.6) show comparisons of the maximum measured load-deflections and 

load-concrete compressive strains and those predicted by the finite element model (FEM). The 

maximum measured concrete compressive strain was in the top transverse direction near the 

loaded area. Also, the predicted concrete strain at a distance equals to B/2+y measured from 

the center of the applied load is also presented. Compared to the test results, the FEM 

predicted the load-deflection and the load- concrete strain behaviour very well. For the two 

slabs, the predicted and measured strains in the reinforcing bars at failure were less than the 

ultimate and yield strain values of GFRP and steel bars, respectively. The failure was by 

crushing of concrete after reaching a compressive stress of about 1. 7 times higher than the 

specified concrete compressive strength. In addition, the concrete strain at a distance (B/2+y) 

from the center of loading reached a value of approximately 0.0019 at failure which indicates 

that the punching shear failure criterion of Kinnunen and Nylander is also valid for FRP-

reinforced concrete slabs. 
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7.3.2 Comparison of FEM and Field Load Test Results 

Three bridges that have been recently constructed using glass or carbon FRP bars as internal 

reinforcement for the concrete deck slab were chosen to verify the FEM. These bridges are 

Morristown Bridge (USA), Magog and Cookshire-Eaton Bridges (Canada). The three bridges 

have been tested in the field using calibrated truck loads traveling over different load paths. 

The three bridges have different span length, deck slab thickness, type and spacing of main 

girders, and reinforcement ratio. Morristown Bridge has one span integrally cast to the end 

abutments with the deck slab totally reinforced with GFRP bars. Magog Bridge consists of 

three equal spans continuously supported on two middle piers ( one span is reinforced with 

FRP bars, glass in the top and carbon in the bottom, and the other two are reinforced with 

galvanized steel bars). Wh.ile Cookshire-Eaton Bridges consists of two equal spans continuous 

over a middle pier ( one span is reinforced with GFRP bars and the other is reinforced with 

galvanized steel bars). This gives an excellent opportunity to make direct comparison between 

the behaviour of FRP and galvanized steel reinforced concrete deck slabs in real bridges. 

More details on the three bridges are given in Chapter 3, Section 3.4.2. Table 7.3 summarises 

the geometrical and structural characteristics of the three bridges. The FEM outputs were 

verified against the field load test results. 

Table 7.3. Summary of some geometrical and structural characteristics of the three bridges 

1 X 43.9 4 2.36 230 Steel 
GFRP GFRP GFRP GFRP 

1.34 0.87 0.87 0.75 
3 X 27.9 4 2.85 220 Steel 

CFRP GFRP GFRP GFRP 

2.00 1.33 3.25 1.62 
2 X 26.0 4 2.70 200 Concrete 

GFRP GFRP GFRP GFRP 

-161-



Chapter 7 - Finite Element Analysis 

The three bridges were modeled and analyzed using FEA. For each bridge, one full span was 

modeled. The deck slab was divided into three equivalent segments in the longitudinal 

direction. The middle segment was divided into a fine mesh with small size elements to be 

able to apply any combinations of loads at any position in this segment with an acceptable 

accuracy. In the other two segments of each span, away from loading zone, a gross mesh with 

larger element size was used to reduce the time required to run the analysis. The thickness of 

the slab was divided into three elements with unequal thicknesses. The supporting steel or 

concrete girders and the corresponding intermediate cross-girders were modeled with their 

actual dimensions, location, and shape as shown in Figure (7.7). Iso-parametric brick elements 

with 20-Nodes each were used to model the deck slab and girders. Reinforcement was 

modeled as individual sub-elements; rebar elements, embedded in concrete with their actual 

material properties, spacing, and size. The finite element mesh was dimensioned to be able to 

locate the different truck paths in identical manner to the field testing. The full truck load 

(multi axle truck) was modeled with actual transverse and longitudinal spacing between truck 

axles as used in the field (Fig. 7.8). The load was applied as a uniformly distributed pressure 

over the loaded area through an incremental process (Elragaby et al. 2005-a,b). 

Figure (7.9) shows the maximum measured strain values, from FOS, during the entire field 

load tests on the three bridges compared to those predicted by the FEM. It can be seen that 

the maximum measured tensile strains in the bottom transverse GFRP bars for Cookshire-

Eaton and Morristown Bridges were about 30 microstrains while for the bottom transverse 

CFRP bars for Magog Bridge was about 20 microstrains. Using the FEM, these values were 

26, 28, and 22 microstrains, respectively. Also, the maximum measured tensile strains in the 

top transverse bars for the three bridges were 16, 8, and 9 microstrains while the FEM 

predicted ones were 17, 7.5, and 12 microstrains, respectively. This indicates that the FEM 

can be used to predict the behaviour of bridge deck slabs reinforced with different types of 

FRP bars with an acceptable degree of accuracy (approximately 87 to 94%). Since the 

maximum wheel load during field testing was less than the specified wheel load at service 

load level (110.25 kN, Clauses 3.5 and 3.8 of CHBDC), the FEM was used to check the 

strains in the FRP bars at the specified service load level. As shown in Figure (7 .9), the 

expected tensile strain under service load level in the bottom transverse GFRP bars of 
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Cookshire-Eaton and Morristown Bridges is about 75 microstrains and for the bottom 

transverse CFRP bars of Magog Bridge is about 58 microstrains. These strain values are less 

than 0.5% of the ultimate strain of the used CFRP and GFRP bars. 

a- FEM of full bridge span 

b- FEM mesh 

c- Bridge cross section modelling 

Figure 7. 7. FEM of full bridge span, Cookshire-Eaton Bridge 
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Figure 7.8. Sorne details of field load testing of bridge deck slabs 
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Figure 7.9 - Comparison between field test data and FEM predictions 

7.3.3 Validation of Test Prototype Dimensions and Boundary Conditions 

The FEA was utilized to validate the selected dimensions (slab length, width, and thickness) 

and boundary conditions of the test prototypes to represent a real bridge deck slab panel. A 

virtual segment of an intermediate panel of the real bridges was modeled and analyzed using 

the FEA. These virtual segments simulated an intermediate span of Cookshire-Eaton and 

Morristown bridges with dimensions of 2.7 x 4.05 x 0.2 m and 2.36 x 3.54 x 0.23 m, 

respectively. Identical loading and boundary conditions to those used for the experimental test 

setup (Section 7.3.1 above) were applied to these segments. The FEM results of the virtual 

bridge segments were compared to those of the corresponding full-span bridges, as shown in 

Figures (7.10) and (7.11). 

It can be seen that, for the two bridges, Cookshire-Eaton and Morristown, the FEM for the 

full-span and the virtual deck segment yielded the same ultimate capacity for the deck slab of 

about 750 and 900 kN for the two bridges, respectively. The FEM for the virtual segment gave 

approximately the same deflection and GFRP strain results as the full-span bridge up to 300 
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kN wheel load level (this represents about 1.4 times the ultimate wheel design load). 

However, at higher load levels, the virtual deck segment yields deflection values 20% higher 

than the full-span bridge. This is mainly attributed to the effect of continuity in the transverse 

direction. Therefore, it was concluded that the dimensions and boundary conditions adopted in 

the experimental program are adequate to provide enough end restraint to achieve ultimate and 

service behaviour comparable to a full bridge deck cross section. 

7.4 PHASE (Il): FEM OF TEST PROTOTYPES 

This section presents the results of FEM of the test prototypes as well as comparisons with 

experimental results. The FEM was used first to investigate the ultimate strength and 

behaviour of test prototypes under the effect of monotonie loads only. The ultimate static 

capacity was used in the fatigue life analyses of these bridge deck slabs, as in Chapter 6. The 

behaviour of test prototypes under monotonie loads (without any loading history) was 

compared to that of prototypes with a fatigue loading history (phase II of the experimental 

program - monotonie loads preceded by cyclic loading under fatigue load schemes II and III). 

7.4.1 FEM Results of Test Prototypes under Monotonie Loading Conditions 

The nine GFRP-reinforced test prototypes in both phases of the experimental pro gram had six 

different reinforcement patterns. They were designated as slabs S 1 +S2, S3+S3C, S4+S4C, S5, 

S-COK, and S-MEL. The finite element modelling of these slabs was carried out as described 

in Section 7.3. Figure (7.12) shows different comparisons of the load-deflection behaviour of 

virgin test prototypes under monotonie loading. A virgin test prototype means the test 

prototype that had no prior loading histories. Figure (7.12-a) shows the load-central deflection 

relationship, while Figure (7 .12-b) shows the load-deflection relationship at location LV-1 

(Fig. 4.16, Section 4.3.5, Chapter 4) for comparisons with test results. 
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Figure 7.10 - Comparisons of the load-deflection behaviour of full bridge decks and virtual 
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From Figure (7.12), it is clear that all the virgin deck slab prototypes had approximately the 

same ultimate capacity although they have different reinforcement ratios in the bottom and top 

layers. The ultimate capacity varied between 763 kN for S-Cok to 742 kN for S4. Slabs S-

Cok, S-Mel, and S5 which contain 2.8%, 1.2%, 1.0% bottom transverse reinforcement ratios, 

respectively, and top reinforcement ratios .:: 0.6% have almost the same ultimate static 

capacity and deflection. Reducing the top reinforcement ratio to 0.35%, Slab S3, reduced the 

ultimate capacity by about 5% only, while increased the ultimate central deflection by about 

15%. The deck slab prototype without top reinforcement, S4, had ultimate capacity and 

deflection of about 0.94 and 1.2 times those of slab S 1 with 0.6% top reinforcement ratio, 

respectively. Up to a load level of 235 kN (about 15% more than the 208 kN ultimate design 

wheel load), all the test prototypes showed the same deflection. These comparisons show that 

the deck slab prototypes, with different reinforcement ratios especially in the top 

reinforcement layer, have similar performance under monotonie loading. This point 1s 

especially important to be able to compare the deck slabs performance under fatigue loads. 

7.4.2 Comparisons of FEM and Test Results of Test Prototypes un der Fatigue Loading. 

The FEM was extended to investigate the degradation and damage accumulated to test 

prototypes after being subjected to fatigue loads. The experimental results of two of the slabs 

(S3-C and S4-C) that were tested during the second phase of the experimental program will be 

used for comparisons with the FEM results. The two slabs were subjected to 200,000 fatigue 

load cycles with a peak load of 245 kN (fatigue loading scheme III). This fatigue loading 

scheme was found to produce more fatigue damage to the deck slabs than the service lifetime 

loading (as explained in Chapter 6). Using the FEM, these slabs were subjected to equivalent 

fatigue loading with higher peak load level and fewer number of load cycles to eliminate the 

time required to perform the solution. Using the EDR proposed in Chapter 6, the 200,000 

fatigue load cycles at a peak load of 245 kN were found to be equivalent in damage to about 

9,000 fatigue load cycles at a peak load of 306 kN; 25 % higher load level. A powerful 

desktop computer would need about 300 hours (more than 12 days) to apply the 200,000 load 

cycles while it took only 16 hours to apply the 9,000 load cycles. Therefore, it seems more 

practical to use the 9,000 fatigue load cycles at 306 kN peak load to simulate the fatigue 
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loading on slabs S3-C and S4-C. This also represents a good opportunity to validate the 

accuracy of the proposed EDR. 

In the FEM, the loads were applied in an identical manner to the test. Two monotonie load 

steps up to 183 kN load level were carried out at the beginning followed by the cyclic loading 

schemes. Thereafter, following each fatigue peak load cycles, a monotonie load step up to 183 

kN load level was applied to evaluate the fatigue loading damage. Then, following the 

completion of the fatigue loading schemes, a monotonie load was applied till failure. 

Table 7.4 presents summary of both FEM and test results after the completion of the fatigue 

loading schemes and the monotonie loading till failure. From these comparisons, it can be 

concluded that the FEM is capable to predict the fatigue behaviour and fatigue damage 

accumulated to GFRP-reinforced concrete deck slabs with good accuracy (difference of about 

+ 15% between the FEM and the test results was obtained). 

Table 7.4 Comparisons of FEM and test results of deck slabs after monotonie and cyclic 

loading. 

FEM/Test = 0.95 FEM/Test = 0.85 FEM/Test = 1.08 FEM/Test = 0. 96 

2.46 2.87 5.4 6.3 15.2 16.9 643 607 
f. •s4-c 

FEM/Test = 1.16 FEM/Test = 1.16 FEM/Test = 1.11 FEM/Test = 0.94 

Figures (7-13) and (7-14) show compansons of the load-deflection behaviour of test 

prototypes predicted by FEM and measured during the test. Figure (7 .15) shows comparisons 

of the FEM predicted central deflection of test prototypes ( which could not be measured 

during testing). 
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7.5 PHASE (III): PARAMETRIC STUDY 

7.5.1 Effect of wheel-in-Tandem loads on the Behaviour of GFRP-Reinforced Concrete 

Bridge Deck Slabs. 

Previous experimental fatigue investigations on bridge deck slabs showed that rolling wheel 

loads produced fatigue deterioration more than concentrated pulsating loads at fixed location 

(Perdikaris et al. 1989, Matsui et al. 2001). In moving wheel loads, load application at 

different points reduced the rigidity of the deck slabs in the longitudinal direction and 

consequently reduced the confinement. Graddy et al. (2002) concluded that when a line load 

or group of closely spaced loads is applied, it extends the tension hoop, which maintains the 

arching action of the deck. This results in a more flat arch ( dome) and reduces the 

effectiveness of arching action, (Fig. 7.16-a). A standard CHBDC truck has variable axle 

spacing as shown in Figure (7 .16-b) for CL-625 standard truck type ( CSA 2000). The 

relatively large axle spacing allows arching action to develop, but wheel-in-tandem loads, 

axles 2 & 3, spaced at close distance may influence the effectiveness of the arching action. 

How the static and fatigue performance of bridge decks is affected when loads are applied 

simultaneously at multiple locations is not completely understood. 

The FEM was used to investigate the static and fatigue effect of wheel-in-tandem loads on the 

behaviour of GFRP reinforced concrete decks. Figure (7 .17) shows the details of the FEM and 

wheel-in-tandem loading. The length of the modeled deck in the longitudinal direction was 

increased by 600 mm each side to keep the confinement level in the longitudinal direction, 

under wheel-in-tandem loads, the same as single wheel load. Three deck slab prototypes 

identically reinforced as test deck slab prototypes Sl, S3, and S4 were subjected to monotonie 

and fatigue loads of wheel-in-tandem loading. The fatigue loading consisted of 9,000 load 

cycles of 306 kN load, for each wheel, (the same fatigue load used in Section 7.4.2). 
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Figure 7.17 -FEM for Wheel-in-tandem loads on test prototypes 

7.5.1.1 Monotonie effect of the wheel-in-tandem loading on bridge deck slabs 

The wheel-in-tandem load was monotonieally applied until failure on the three bridge deek 

prototypes S1, S3, and S4 using the FEM as shown in (Fig. 7.17-b). Figures (7.18) and (7.19) 

show the monotonie effeet of wheel-in-tandem loads eompared to the single wheel load 

predieted by the FEM. In general, the wheel-in-tandem monotonie loading redueed the deek 

slab ultimate capaeity and inereased the defleetion. The reduetion in the ultimate eapaeity 

inereased with the deerease in top reinforeement. The ultimate wheel load in wheel-in-tandem 

loading for slab S4 was 80% ofthat of single wheel load. This value was approximately 93%, 

for slabs S1 and S3. All the deck slabs had approximately the same load-deflection behaviour 

under single and wheel-in tandem loading up to about 200 kN wheel load level. This load 
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level is 1.8 times the specified service load level (110.25 kN) and approximately equal to the 

ultimate design wheel load (208 kN). The deflections at service wheel load level were well 

below the allowable limits. The increase in the ultimate deflection at failure also increased 

with the decrease in the top reinforcement ratio. The failure was also by punching shear for all 

slabs. 
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Figure 7.18-FEM comparisons of the monotonie effect of single and wheel-in-tandem loads 

on GFRP reinforced bridge decks (Cont.) 
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Figure 7.19- FEM comparisons of the monotonie effect ofwheel-in-tandem loads on GFRP 

reinforced bridge decks 

7.5.1.2 Fatigue effect of wheel-in-tandem loading on bridge deck slabs 

The three deck slab prototypes SI, S3, and S4 were subjected to 9,000 cycles of wheel-in-

tandem fatigue loading peaked at 306 kN load, for each wheel, (the same fatigue load used in 

Section 7.4.2). Then they were loaded in monotonie mode till failure to verify the degradation 

of the deck slabs due to fatigue damage. Figures (7.20) and (7.21) show FEM comparisons of 

the deck slabs behaviour after being subjected to a single wheel or wheel-in-tandem fatigue 

loading. From these figures, it can be noted that the wheel-in-tandem fatigue loading resulted 

in more fatigue damage in bridge decks than the single wheel load. Both the residual 

deflection after cyclic loading and the elastic deflection under static loading were larger in 

wheel-in-tandem loading than in single wheel load. The slope of the static load-deflection 

curve in wheel-in-tandem fatigue loading was less than that under single wheel fatigue loading 

which indicated higher rate of fatigue damage in the first case. 
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on GFRP reinforced bridge decks (Cont.) 
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Figure 7.20 - FEM comparisons of the fatigue damage of single and wheel-in-tandem loads 

on GFRP reinforced bridge decks 
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Figure 7.21-FEM comparisons of the fatigue damage ofwheel-in-tandem loads on GFRP 

reinforced bridge decks 
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Following wheel-in-tandem fatigue loading, each deck slab was loaded monotonically under 

single concentrated wheel load, at slab center, until failure. Figure (7 .22) shows the 

relationship between the applied load and the deflection at the center of the deck slab in both 

cases. lt can be noticed that, the wheel-in-tandem fatigue loading resulted in 15% decrease in 

ultimate capacity and 200% increases in the deflection compared to the single wheel load. 

Although slab S1 has approximately 50% more top reinforcement than slab S3, the obtained 

ultimate capacity and deflection for both slabs were very similar. At the same service wheel 

load level, the deflection of slabs fatigued by wheel-in-tandem loading was about twice that of 

the slabs fatigued by single wheel load. The CHBDC takes into account the effect ofwheel-in-

tandem loading through reducing the maximum wheel load for wheel-in-tandem loading to 

62.5 kN compared to 87.5 kN in single wheel loading, about 30% reduction (Fig. 7.16-b). The 

deflections at service load levels for these two wheel loads, at 78.75 (62.5 kN x 1.4 x 0.9 = 
78.75 kN) and 110.25 kN (87.5 kN x 1.4 x 0.9 = 110.25 kN), respectively, are almost the 

same. 

The mode of failure for all deck slabs loaded under the wheel-in-tandem loads was by 

punching shear. Figures (7.23) and (7.24) show both the deflection and concrete strain (at top 

surface) profiles at failure due to monotonie loading on slab Sl following different loading 

histories. The dashed-lines rectangular shapes highlight the areas of maximum deflections or 

maximum concrete compressive strain. lt can be noticed that the affected area of the deck slab 

(the area of higher deflections and concrete strains) is larger due to wheel-in-tandem fatigue 

loading than due to single wheel fatigue loading. 
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Figure 7.22-FEM comparisons of the degradation on GFRP reinforced bridge decks due to 

wheel-in-tandem and single wheel loads 
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Figure 7 .23 - FEM deflection profiles at failure under monotonie single concentrated load 

after different fatigue loading conditions- Slab S 1 

a- Virgin b-after single wheel fatigue loads c-after wheel-in-tandem fatigue 

Figure 7 .24 - FEM concrete strain profiles ( at top surface) at failure under monotonie single 

concentrated load after different fatigue loading conditions- Slab S 1 
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7.5.2 Effect of Concrete Compressive Strength on the Fatigue Behaviour of Bridge Deck 

Slabs. 

From the analysis and discussion of test results in Chapter 5, it is evident that the deterioration 

of bridge deck slabs under fatigue loads is mainly attributed to the deterioration of the 

concrete itself. lt is well known that all the mechanical properties of plain concrete are 

dependant on its compressive strength. The higher the compressive strength of concrete, the 

higher its elastic modules. However, high strength concrete is more brittle than low strength 

concrete especially under fatigue loading. Consequently, Kim and Yang (1996) found that the 

fatigue life decreased with increasing the concrete strength. Moreover, at low concrete 

strengths, the indirect tensile strength (splitting strength) is as high as 10% of the compressive 

strength but at higher concrete strengths it may reduce to 5%, Clause 5.6, ACI 363R-92, (ACI 

2005). Recently, there has been some efforts towards developing high strength concrete with 

suitable characteristics to be used with the high strength FRP reinforcing materials. As high 

strength concrete and FRP composite reinforcements become widely used now in bridge 

constructions, it is important to investigate the effect of concrete compressive strength on the 

fatigue performance of bridge deck slabs reinforced with FRP bars. All the tested deck 

prototypes had a concrete compressive strength of about 40 MPa at the time of test. The FEM 

was used to investigate the effect of two concrete compressive strengths, 60 and 80 MPa, on 

the behaviour of test prototype, S3 (which is reinforced according to the updated chapter 16 in 

CHBDC 2nd edition, CSA 2006). 

7.5.2.1 Effect of concrete compressive strength on the monotonie behaviour of bridge decks 

Figure (7.25) shows the effect of concrete compressive strength on the monotonie behaviour 

of bridge deck slab prototype S3. Three different concrete compressive strengths of 40, 60, 

and 80 MPa were used. The load-deflection curves are bilinear with the first part representing 

the pre-cracking behaviour. The main difference within this part between the three curves is 

the cracking load. The second part of the curve represents the post cracking behaviour, which 

shows stiffer behaviour for higher concrete strength. Increasing the concrete strength from 40 

to 80 MPa increased the ultimate capacity by about 15% and decreased the deflection at the 

same load level by about 25%. 
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Figure 7.25-FEM comparisons of the effect of concrete compressive strength on the load-

deflection behaviour of bridge deck slabs under monotonie loads. 

7.5.2.2 Effect of concrete compressive strength on the fatigue behaviour of bridge decks 

To investigate the effect of the concrete compressive strength on the fatigue behaviour ofFRP 

reinforced concrete bridge deck slabs, 9,000 fatigue load cycles at 306 kN were applied to slab 

S3 using concrete compressive strengths of 40 and 80 MPa. The residual deflection of the 

deck slab with 80 MPa concrete strength was about 15% less than that with 40 MPa concrete 

strength, Figure (7 .26). When the slab was monotonically loaded to 183 kN load level, the 80 

MPa deck slab showed an elastic deflection of about 10% less than that of the 40 MPa slab. 

This slight improvement in the deck slabs fatigue performance with the increase in the 

concrete strength from 40 to 80 MPa reflects that the fatigue performance of high strength 

concrete in bridge deck slabs is almost the same as that of lower strength concretes. The ACI 

subcommittee 363 State-of-the-Art report on high-strength concrete supports the findings of 

the FEM, ACI 363R-92, Clause 5.7, (ACI2005). 
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Figure 7.26-FEM comparisons of the effect of concrete compressive strength on the fatigue 

behaviour of bridge deck slabs. 

-188-



SUMMARY AND CONCLUSIONS 

8.1 SUMMARY 

With the rapid extend of using the FRP composite materials in infrastructures applications; 

there is an increased need to investigate the behaviour of structural elements reinforced with 

these new materials under different loading and environmental conditions. In the available 

literature, many researchers have investigated the fondamental mechanical properties of FRP 

products developed as reinforcement for concrete structures. For FRP reinforced concrete 

bridge deck slabs, considerable research has been carried out under monotonie loading 

conditions. However, the performance and durability of FRP reinforced concrete bridge deck 

slabs under fatigue loads have not been adequately explored. Hence, research studies and 

investigations on the fatigue behaviour of such concrete deck slabs are needed. Therefore, this 

research is designed to investigate the behaviour of concrete bridge deck slabs reinforced with 

glass FRP (GFRP) bars under the effect of concentrated cyclic loads. The main objectives of 

this research are reached through experimental and theoretical investigations. The subsequent 

sections summarize the outline of the research pro gram. 

8.1.1 The Experimental Study 

In this work, the experimental program included the construction and testing of ten full-size 

concrete bridge deck slab prototypes under different fatigue loading conditions. The 

experimental program was carried out in two phases. The first experimental phase investigated 

the behaviour of test prototypes subjected to fatigue loads till failure. It consisted of six deck 

slab prototypes, which were designated as S0, Sl, S2, S3, S4, and SS. Only slab S0 was 

reinforced with steel bars ( as control) while the other five slabs were reinforced with GFRP 

bars. The difference between the five GFRP reinforced deck slabs was the reinforcement ratio 

in both top and bottom assemblies. Slabs Sl, S2, S3, and S4 had identical reinforcement ratio 
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in the bottom assembly and 0.6, 0.6, 0.35, and 0.0 % reinforcement ratios in the top assembly, 

respectively. Slab S5 had similar reinforcement to S 1 except in the bottom transverse direction 

where 20% less reinforcement was used compared to S 1. All the deck slab prototypes, except 

S2, were subjected to an accelerated fatigue loading, Scheme I Scheme I fatigue loading 

consisted of variable amplitude fatigue loading between a minimum load level and variable 

maximum load levels till failure. This experimental phase was designed to examine the 

ultimate performance of the deck slabs and their constituents (concrete and GFRP bars) under 

fatigue loading. The fatigue loading scheme utilized in this phase is extremely higher in 

magnitude and damage than service load conditions. In addition, it was designed to evaluate 

the fatigue life and failure mode of such elements under fatigue loads. Slab S2 was subjected 

to 4,000,000 load cycles peaking at the fatigue limit state load specified by the CHBDC to 

evaluate the life-time service performance of such slabs (fatigue loading Scheme II). 

The second experimental phase investigated the static behaviour of pre-fatigued test 

prototypes. The bridge deck slabs prototypes were first subjected to certain number of cyclic 

loading which was expected to cause equivalent damage to the lifetime loading. This fatigue 

loading type could be referred to as accelerated life-time equivalent fatigue loading (fatigue 

loading Scheme III). Then, they were loaded till failure, under monotonie loading conditions. 

The accelerated, lifetime equivalent fatigue loading was designed based on the outcomes of 

the first experimental phase. It consisted of 200,000 load cycles of fixed amplitude fatigue 

loading peaking at two times the service load level. This phase consisted of four deck slab 

prototypes, which were designated as S3-C, S4-C, S-Cok, and S-Mel. The two slab 

prototypes, S3-C and S4-C, had identical reinforcement to that of slabs S3 and S4 in the first 

experimental phase, respectively. S-Cok and S-Mel were identically reinforced as the deck 

slabs of two bridges that have been recently constructed in Quebec, Canada. These two 

bridges are the Cookshire-Eaton Bridge (2003) located at Cookshire town, Quebec and the 

Melbourne Bridge (2005) located on Highway 55 North, Quebec. This phase also included 

monotonie loading till failure on deck slab S2 which was subjected to 4,000,000 service load 

cycles during phase I of the experimental program. Phase two of the experimental program 

was devoted to investigate the effect of reinforcement ratio, the performance and durability of 

the GFRP reinforcement, and to verify the residual static capacity after being subjected to a 
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lifetime equivalent loading. 

8.1.2 The Analytical Study 

The theoretical investigation was also carried out in two parts. In the first part, data from 

experimental tests were analyzed. These data were used to develop a new model for fatigue 

life prediction and damage accumulation of concrete deck slabs under fatigue loading. The 

fatigue life evaluation model, P-N curve, is the first model derived especially for GFRP 

reinforced concrete bridge decks. An equivalent damage rule based on the proposed fatigue 

life model was developed to correlate between two diff erent cyclic wheel loads at two 

different number of wheel load cycles. This model is used in the evaluation of damage 

accumulated to GFRP bridge deck all over its service life. 

In the second part of the theoretical study, a commercial software (ANACAP) utilizing the 

finite element modelling (FEM) was used to analyze and predict the behaviour of FRP-

reinforced bridge deck slabs. The efficiency and accuracy of the FEM were first verified 

against available test results from literature as well as data from field load test on real bridges. 

After the necessary verifications, the FEM was used to analyze test prototypes under 

monotonie loads. The ultimate static capacity, predicted by the FEM, was essential for fatigue 

life and fatigue damage analysis carried out in the first part of the analytical study. The results 

of the second experimental phase was used to verify the capability of the FEM to simulate the 

fatigue behaviour and fatigue damage accumulated to GFRP reinforced bridge deck slabs. It 

was also important to validate the proposed equivalent damage rule using the FEM through 

applying relatively high peak loads for less number of cycles. Then the FEM was used to 

investigate the eff ect of diff erent parameters that were not covered by the experimental 

investigation such as; wheel-in-tandem loads and the concrete compressive strength. These 

parameters are thought to influence the fatigue performance of FRP-reinforced concrete 

bridge deck slabs. 

8.2 CONCLUSIONS 

Based on the experimental and analytical studies carried out during the current research, the 
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following conclusions can be drawn: 

1. Deterioration of concrete deck slabs subjected to fatigue loads can be assessed through 

the cumulative damage to the deck slab observed from the increase in the residual 

deflection. 

2. The GFRP-reinforced concrete bridge decks had a better fatigue performance and longer 

fatigue life (about 3 times) compared to those reinforced with steel. This is mainly due 

to the close value of the modulus of elasticity for GFRP composite bars and concrete, 

the linear-elastic behaviour of GFRP up to failure, and uniform bond of GFRP bars to 

concrete. 

3. Punching shear is the mode of failure of concrete bridge deck slabs reinforced with steel 

or GFRP composite bars under fatigue loading. 

4. Deterioration of GFRP reinforced concrete deck slabs under fatigue loads was mainly 

due to fatigue damage and degradation of the concrete properties. No rupture or loss of 

anchorage of GFRP was noticed before deck failure. The maximum strains in the GFRP 

bars after being subjected to fatigue loads in excess of the lifetime loading were less 

than 25% of their ultimate strain. For the similarly loaded steel-reinforced control deck 

slabs, the steel bars reached the yield stress. 

5. The proposed FRP reinforcement ratio adopted by the 2nd edition of the CHBDC (CSA 

2006) is adequate to meet the fatigue performance and fatigue life requirements of 

concrete bridge decks. However, as indicated by test results, no significant effect on the 

bridge deck fatigue performance was noticed when using 20 % less GFRP reinforcement 

ratio than the ratio recommended by CHBDC, 2nd edition, in the bottom transverse 

direction. 

6. Cyclic loading at lower peak load levels (up to 1.75 the service load limit, Pfls) produces 

insignificant damage to concrete bridge decks reinforced with the sand coated GFRP 

reinforcing bars using bottom transverse reinforcement ratio of 1.0% to 1.2%, 

7. Bridge deck slabs reinforced with lower reinforcement ratios (up to 1.2% for bottom 

transverse and up to 0.6% for top transverse) of GFRP bars showed better fatigue 
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performance and less fatigue damage than those containing higher reinforcement ratios 

(from 1.3% to 2.0% for bottom transverse and from 1.3% to 3.25% for top transverse). 

8. Although reducing the reinforcement ratio of GFRP bars in deck slabs enhance their 

fatigue performance, bridge deck slabs without top reinforcement showed higher fatigue 

damage than those with top reinforcement especially at higher peak load levels. 

Therefore, the use of minimum top reinforcement ratio (i.e. 0.35% as recommended by 

CHBDC) improves the bridge deck slab fatigue performance. On the other hand, at 

service load level, the fatigue performance of bridge deck slabs without top 

reinforcement was comparable to bridge decks with top reinforcement. 

9. The storage of test prototypes for one year, between casting and testing, helped to 

stabilize the mechanical properties of concrete which results in eliminating the scatter of 

test results. 

1 O. The proposed fatigue life prediction model, for GFRP-reinforced concrete bridge decks, 

showed good agreement with test results and with others models proposed by different 

researches for different types of bridge decks. 

11. During its service lifetime, a bridge deck slab is subjected to different number of wheel 

passes of different magnitudes. An equivalent damage rule has been presented to obtain 

the number of cycles of an accelerated, fixed amplitude fatigue loading such that its 

induced fatigue damage is equivalent to the cumulative damage induced by a given 

population of wheels on a bridge deck over its service life, 

12. From the magnitude of the residual deflections, the accelerated fatigue loading schemes, 

used in the second phase of the experimental program (schemes, II and III), produced 

more fatigue damage to the GFRP-reinforced bridge deck prototypes than the expected 

service lifetime loading, 

13. GFRP-reinforced concrete bridge deck prototypes subjected to accelerated fatigue 

loading, causing equivalent damage to that of the lifetime service loading, have a 

residual ultimate static capacity of more than 85% of their ultimate capacity in virgin 

state (without any loading history). 
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14. The maximum loss in the residual static capacity (equivalent to largest fatigue damage) 

was obtained for deck slabs that contained higher reinforcement ratio. In addition to the 

adverse effect of higher reinforcement ratio under fatigue loads, this may be also 

attributed to the storage period of the prototypes. Since the test prototypes were kept 

under real environmental conditions (freeze-thaw cycles, wet-dry cycles, and 

temperature fluctuations) for one year before testing. Deck slabs prototypes with higher 

GFRP reinforcement are valuranable to interna! cracking due to the difference in the 

coefficient of thermal expansion between concrete and GFRP bars. 

15. The non-linear finite element modelling, using the ANACAP software, is able to predict 

the behaviour and ultimate capacity of GFRP reinforced bridge deck under static and 

fatigue loads, 

16. Wheel-in-tandem loading affected the static and fatigue response of bridge decks. It 

results in reduction of the ultimate capacity and increase in deflections compared to the 

same magnitude single wheel load. However, as specified by CHBDC, reducing the 

maximum allowable wheel load for wheel-in-tandem to 62.5 kN instead of 87.5 kN for 

single wheel reduces the effect of wheel-in-tandem loading. 

It should be noted that these conclusions were obtained based on results of experimental tests 

carried out on isolated, single panel bridge deck prototypes tested over a short period of time 

under certain loading and boundary conditions. Previous conclusions are limited to bridge 

decks with similar conditions. 

8.3 RECOMMONDATIONS FOR FUTURE RESEARCHS 

To fully understand the behaviour of bridge decks under wheel loads, the author suggests that 

future investigation should be carried out on full bridge deck segment representing a real 

bridge cross section (A continuous, Multi-span deck slab in the transverse direction with 

cantilever and barrier walls). Sorne factors which rnay affect the fatigue performance of bridge 

decks should be adequately covered such as axle and wheel-in-tandern effect, behaviour of the 
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cantilever, and effect of exposure to the environmental conditions for extended periods of 

time. 
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