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Abstract 

The first part of the thesis addresses the fatigue performance of concrete bridge decks 

with GFRP stay-in-place structural forms replacing the bottom layer of rebar. The forms were 

either flat plate with T-up ribs joined using lap splices, or corrugated forms joined through pin-

and-eye connections. The decks were supported by simulated Type III precast AASHTO girders 

spaced at 1775mm (6ft.). Two surface preparations were examined for each GFRP form, either 

using adhesive coating that bonds to freshly cast concrete, or simply cleaning the surface before 

casting.  For the bonded deck with flat-ribbed forms, adhesive bond and mechanical fasteners 

were used at the lap splice, whereas the lap splice of the unbonded deck had no adhesive or 

fasteners. All the decks survived 3M cycles at 123kN service load of CL625 CHBDC  design 

truck. The bonded flat-ribbed-form deck survived an additional 2M cycles at a higher load 

simulating a larger girder spacing of 8ft. Stiffness degradations were 9-33% with more reduction 

in the unbonded specimens. Nonetheless, live load deflections of all specimens remained below 

span/1600. The residual ultimate strengths after fatigue were reduced by 5% and 27% for the 

flat-ribbed and corrugated forms, respectively, but remained 7 and 3 times higher than service 

load. 

The second part of the thesis investigates the performance of bridge deck overhangs 

reinforced by GFRP rebar.  Overhangs of full composite slab-on-girder bridge decks at 1:2.75 

scale were tested monotonically under an AASHTO tire pad.  Five tests were conducted on 

overhangs of two lengths: 260mm and 516mm, representing scaled overhangs of 6ft. and 8ft. 

girder spacing, respectively.  The 260mm overhang was completely reinforced with GFRP rebar 

while the 516mm overhang consisted of a GFRP-reinforced section and a steel-reinforced 

section.  The peak loads were approximately 2 to 3 times the established equivalent service load 

of 24.3kN, even though the overhangs were not designed for flexure according to the CHBDC 

but rather with lighter minimum reinforcement in anticipation of shear failure.  The failure mode 
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of each overhang section was punching shear.  The steel-reinforced overhang section exhibited a 

greater peak load capacity (13.5%) and greater deformability (35%) when compared to the 

GFRP-reinforced overhang section. 
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Chapter 1: Introduction 

1.1 General 

The deterioration of bridge and highway infrastructure throughout North America is a 

well-documented problem.  Concrete bridge decks, which are important components of a 

bridge’s superstructure, are exposed to severe environmental conditions and the increased 

frequency of maintenance and disruption of traffic have created an interest in innovative 

construction techniques and materials that will improve durability.  For this reason, Fibre 

Reinforced Polymer (FRP) composites have been considered a viable solution because of their 

corrosion resistant properties and inherent durability.  Also, in bridge deck construction, the 

concept of stay-in-place (SIP) structural formwork has been widely utilized and led to reduced 

construction time and labour costs (Matta et al., 2006).  The SIP structural forms not only replace 

conventional formwork for the concrete slab but also replace the bottom layer of internal 

reinforcement.  FRP SIP structural forms combine the advantages of rapid construction with the 

inherent durability of FRP composites, and have been developed and studied in a number of 

applications. 

A novel system has recently been examined using pultruded corrugated GFRP SIP forms 

with pin-and-eye connections (Fam and Nelson, 2012).  Nelson and Fam (2012) have also 

studied the performance of structural GFRP permanent forms with T-shape ribs for bridge decks 

supported by precast concrete girders, focusing on detailing of the monolithic connection with 

girders.  Results from these tests show that GFRP SIP form systems can outperform traditional 

reinforced concrete decks in terms of stiffness, ultimate load, and deformability.  These studies 

demonstrated the potential of these innovative bridge deck systems under monotonic loading.  

However, bridge decks are subjected to many repeated load cycles and their fatigue performance 

is of great importance as it is possible for failure to occur at a load much less than the ultimate 



Chapter 1 
 

2 
 

static strength.  Limited work has been conducted on the fatigue resistance of FRP SIP formwork 

deck systems. 

1.2 Objectives 

The primary objective of this thesis is to examine the performance of two innovative FRP 

SIP structural form concrete bridge deck systems.  In particular, the fatigue response of these 

bridge decks is investigated as they are subjected to millions of load cycles.  The thesis also 

examines the performance of GFRP bar- reinforced overhangs of a full composite slab-on-girder 

bridge deck without SIP forms within the cantilever region.  Specific objectives include: 

1. To monitor the change in deflection, stiffness, strain levels, and crack widths of the 

FRP SIP form bridge decks as they are subjected to millions of service load cycles 

and compare the results to limits prescribed by common design codes. 

2. To determine the performance and residual strength of each bridge deck when 

statically tested to failure after fatigue cycles are completed and compare the results 

to control tests on identical decks with no fatigue history. 

3. To observe the fatigue performance of bridge decks with simplified construction 

processes (i.e. by eliminating adhesive for FRP-concrete bond and by eliminating 

mechanical fasteners and adhesive at the FRP SIP lap splice connection). 

4. To observe the various failure mechanisms of all bridge deck specimens when tested 

to failure after fatigue loading. 

5. To determine the static strength, deflection and strain responses of bridge deck 

overhangs of two different spans that do not include SIP forms but are  reinforced 

with GFRP rebar, and compare the results to overhangs reinforced with conventional 

steel rebar. 
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1.3 Scope 

The scope of this thesis consists of experimental investigations and comparisons with 

code requirements and control tests.  The experimental programs are designed to address the 

fatigue performance of FRP SIP form bridge deck systems and the static performance of GFRP 

reinforced bridge deck overhangs.  

The experimental work was divided into two phases.  Phase I reports on the fatigue 

testing of concrete bridge decks cast onto two novel FRP SIP structural forms.  The two FRP SIP 

form panels being investigated are: flat plate with T-shaped ribs joined using lap splices and 

corrugated forms joined through pin-and-eye connections.  Four bridge deck specimens were 

constructed and subjected to millions of service wheel load cycles and their stiffness, strain 

levels and cracks were closely monitored and compared to limits prescribed by common design 

codes.  Upon completing the fatigue cycles, each specimen was tested to failure and the results 

were compared to control tests with no fatigue cycles.  This study also includes details on the 

effect of FRP-concrete bond and different lap splice connections on performance. 

Phase II of this thesis includes tests conducted on the overhangs of a scaled full 

composite slab-on-girder bridge deck reinforced with GFRP reinforcing bars.  Five static tests 

were conducted on two overhangs with spans of 260 mm and 516 mm.  No SIP forms were used 

within overhang regions.  One overhang section was reinforced with conventional steel rebar for 

comparative purposes.  Deflection, stiffness, and strain levels were all recorded during testing. 

1.4 Thesis Outline 

Chapter 2: reviews the literature and research on steel-free bridge deck systems including FRP 

SIP structural formwork systems.  The general performance of previously conducted experiments 

on different FRP SIP form systems is summarized. 



Chapter 1 
 

4 
 

Chapter 3: presents the study on the fatigue performance of the two novel FRP SIP bridge deck 

systems.  This includes the full scale cyclic testing and the final static tests to failure of four full 

scale segments of bridge deck specimens.  The results are compared to bridge design code 

requirements and control tests. 

Chapter 4: presents the study conducted on the overhangs of a scaled full composite slab-on-

girder bridge deck reinforced with GFRP reinforcing bars and conventional steel rebar.  This 

includes scaled testing of bridge deck overhang sections under concentrated static tire loads. 

Chapter 5: provides the conclusions of the studies and presents recommended areas of future 

research. 

References: presents the past research referenced in this thesis. 

Appendix A: provides additional figures. 

Appendix B: provides sample calculations. 
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Chapter 2: Literature Review 

2.1 Introduction 

This section introduces some of the background and applications of Fibre Reinforced 

Polymer (FRP) composites in bridge decks.  The concept of steel-free bridge deck sections is 

described.  The use of FRP panels as Stay-In-Place (SIP) structural formwork is discussed. 

2.2 General Background of FRP in Bridge Decks 

One of the major contributors to the deterioration of concrete bridge decks in colder 

climates is the corrosion and accelerated deterioration of reinforcing steel due to chloride 

penetration of de-icing salts.  For this reason, FRP composites have been considered a viable 

solution because of their corrosion resistant properties and inherent durability.  Using corrosion 

resistant FRP reinforcing bars in concrete bridge decks can extend the service life, reduce 

maintenance costs and improve life-cycle cost efficiency. 

FRP composite bars have shown satisfactory laboratory results as reinforcement for a 

concrete deck slab and bridge barrier wall prototypes (El-Salakawy  et al., 2003a; El-Salakawy 

and Benmokrane, 2004).  Also, GFRP reinforcing bars have been utilized in the field for several 

bridge decks that have been recently designed and constructed in North America (El-Salakawy 

and Benmokrane, 2003; El-Salakawy  et al., 2003b; Benmokrane et al., 2006).  The purpose of 

these field applications was to help validate and improve existing design codes and guidelines, 

establish construction details, and evaluate the performance of FRP bars under actual traffic 

loading and environmental conditions.  Overall, these bridge decks performed very well and met 

code requirements. 



Chapter 2 
 

6 
 

2.3 Bridge Deck Overhangs Reinforced with FRP Bars 

Also of interest is the performance of FRP composite bars as the top layer of 

reinforcement for bridge deck overhangs.  Klowak and Mufti (2008) conducted tests on a full-

scale innovative bridge deck with cantilever overhangs with different top transverse reinforcing 

bars, including Glass Fibre Reinforced Polymer bars (#19 GFRP V-Rod), Carbon Fibre 

Reinforced Polymer bars (#13 CFRP V-Rod), and conventional steel bars (20M).  The testing 

scheme was comprised of six different test locations (two tests for each type of top 

reinforcement) (Fig. 2.1).  Each overhang was subjected to one static monotonic test to failure 

and one fatigue cyclic test to failure.  The results indicated that the static and fatigue behaviour 

of an unstiffened bridge deck cantilever overhang may not be completely flexural.  Each 

overhang section exhibited a punching type failure similar to that of an internal panel.  The 

overhangs failed at loads higher than would be expected given their moment capacities.  Static 

and fatigue strain results also indicated that the response may not be completely flexural as the 

maximum strains at higher loads and higher completed number of cycles occurred close to the 

free edge of the overhang near the loading pad.  Additionally, crack behaviour displayed results 

contradictory to what flexural theory would dictate.  During the fatigue tests, the negative 

moment cracks located above the girders did not grow in width as the overhang approached 

failure.  On the other hand, the circumferential cracks located on the top of the overhang and the 

transverse crack, located on the underside under the concentrated load, did grow in width 

throughout the fatigue life, behaviour which is common of an internal panel.  It was concluded 

that the top transverse reinforcing and flexural analysis did not account for the experimentally 

identical static ultimate loads and that there may be some arching-action present in the 

overhangs. 

Cawrse (2002) also performed tests on a full-scale bridge deck prototype that included 

GFRP reinforced overhangs.  The purpose of these tests was to verify that the design would 
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resist the loads for which it was designed and validate the effectiveness of the GFRP reinforcing 

bars.  The bridge deck prototype was supported by three steel girders which included two 

overhangs (Fig. 2.2).  No. 5 (transverse) and No. 6 (longitudinal) GFRP reinforcing bars were 

utilized as the top mat of reinforcement while conventional No. 6 (transverse) and No. 4 

(longitudinal) steel bars were used as the bottom mat of reinforcement.  The overhangs were 

tested statically to failure using a typical AASHTO design truck tire pad on the free edge of the 

overhang (Fig. 2.2).  The overhang sections exhibited a punching shear failure at a load much 

higher than predicted.  Overall, the overhangs performed adequately as the deflections, stresses 

in the FRP bars and crack widths at service loads did not violate the allowable limits. 

2.4 FRP Stay-in-Place Structural Forms for Bridge Decks 

2.4.1 Advantages and Limitations 

As stated earlier, the primary motivation for using any FRPs as reinforcement for 

concrete structures has been their durability against corrosion relative to conventional steel 

reinforcement.  There are a number of other specific advantages of FRP SIP formwork: 

1. The SIP structural forms act as permanent formwork for the concrete structure.  This 

significantly reduces labour cost and time related to setting and stripping of conventional 

formwork.   

2. The FRP section also acts as the primary reinforcement for the concrete deck where 

composite action is established.  This reduces the amount of additional reinforcement and 

effectively further reduces the time and cost of installing bridge deck systems. 

3. Several FRP section panels and configurations are commercially available.  FRP SIP 

panels are commonly produced using the pultrusion process which allows for the mass-

production of these sections.   

4. There exists opportunities of custom fabrication of these FRP SIP panels which may lend 
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themselves to optimisations based on their material properties.  The opportunity to 

achieve optimal designs can also help increase efficiency and save costs. 

The FRP SIP form system also has a number of limitations: 

1. One main limitation is that, using SIP formwork of any kind, presents an issue for bridge 

inspections as the underside of the concrete slabs becomes no longer visible. 

2. Water drainage through the concrete slab is also prevented by the SIP formwork. 

3. The costs of these FRP SIP forms may be significant because of their volume and 

specific configurations.  In general, it is important to weigh the material cost against the 

potentially significant savings in labour costs and time. 

4. SIP forms may not work for bridge deck overhangs. 

2.4.2 Applications of FRP SIP Formwork 

FRP SIP structural forms have been developed and studied in a number of applications.  

Early work conducted by Hall and Mottram (1998) utilized commercially available pultruded 

FRP plates stiffened by T-shaped ribs every 50 mm as SIP formwork for one-way slabs (Fig. 

2.3).  The study determined many basic properties of the system such as linear elastic behaviour 

up to serviceability and showed that conventional theoretical assumptions used in reinforced 

concrete design still held valid in such structures.  In addition, the importance of adequate bond 

between the concrete and FRP sections on the capacity of the system was realized.  The failure of 

the systems was governed by shear as there was no shear reinforcement present and the system 

was over-reinforced in flexure. 

Honickman and Fam (2009) examined the application of GFRP SIP forms for concrete 

girders using a commercially available sheet-pile section.  The girders were tested in flexure to 

examine different bond systems, voided and solid cores, and the performance in positive and 
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negative bending.  The bond systems examined were wet adhesive bond to freshly cast concrete, 

adhesively bonded coarse aggregates, and mechanical shear studs.  All bond systems performed 

adequately as there was no slip observed until delamination failure at ultimate.  In wet adhesive 

and bonded aggregate girders, excellent monolithic composite action was observed prior to bond 

failure.  Adhesive bonding to wet concrete was the simplest and quickest method of promoting 

composite action between the FRP and concrete, while resulting in comparable strength to other 

systems as shown in the load deflection plots in Figure 2.4. 

Alagusundaramoorthy et al. (2006) investigated the performance of an FRP SIP structural 

form bridge deck system and compared the results to stringent requirements established by the 

Ohio Department of Transportation.  Tests were conducted on 16 FRP composite decks, which 

included an FRP SIP form system.  The SIP formwork panels were pultruded and consisted of 

double trapezoid and hexagonal components that were bonded and interlocked to form the panel 

deck (Fig. 2.5).  GFRP rebar was provided for crack control and negative moment reinforcement.  

These composite decks were tested to failure under AASHTO MS 22.5 (HS25) truck wheel load 

and their performance was compared to both conventional steel reinforced concrete bridge decks 

and Ohio DOT criteria for flexure, shear and deflection.  The decks easily satisfied the 

performance criteria and exhibited safety factors against failure of at least 3.  Measured strain 

values in the FRP under the flexural loading were also limited to 6% of ultimate and 1.2% of 

ultimate under dead load. 

Recently, two novel FRP SIP structural form systems have been explored (Fam and 

Nelson, 2012; Nelson and Fam, 2012).  The first system utilized pultruded corrugated GFRP SIP 

forms with pin-and-eye connections (Fig. 2.6) and was cast integrally with simulated AASHTO 

Type III girders spaced at 1780 mm (6 ft).  The GFRP panel sections utilized an integral pin-and-

eye joint connection which eliminated the need for adhesives or mechanical fasteners at panel 
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joints.  Top reinforcement, proportioned in accordance with the CHBDC, consisted of an 

orthogonal layer of GFRP bars for control of shrinkage cracks and negative moment cracks over 

the girders.  The study investigated the performance of these GFRP corrugated form systems as 

well as the effects of the GFRP form thickness and bond with concrete on performance when 

statically tested to failure.  All specimens failed due to punching shear and demonstrated 

excellent performance, with safety factors ranging from 3.5 to 4.9, relative to the 122.5 kN 

CL625 design truck service load plus dynamic effect of the CHBDC.  In addition, deflections at 

service loads were all less than the span/1600 limit.  Figure 2.8 shows the load deflection 

performance of this system.  As shown in the figure, the system also displayed significant 

deformability associated with gradual loss of strength beyond punching shear.  Adhesive bond 

improved stiffness but had little effect on strength. 

The second system examined by Nelson and Fam (2012) was utilized GFRP pultruded 

plates stiffened by T-Up ribs (Fig. 2.7) as SIP structural forms.  They span support girders, 

spaced at 1770 mm (6 ft.) and are connected transversely (direction of traffic) using adhesive and 

mechanical fasteners at a lap splice connection.  Again, these systems were supported by precast 

simulated AASHTO Type III girders and a top layer of orthogonal GFRP bars was provided.  

The system was tested to failure where the loading tire pad was positioned directly over the lap 

splice of the GFRP panels.  Punching shear was observed in all cases and the system was found 

to perform well in excess of the US and Canadian code requirements for strength and 

serviceability.  Ultimate strength in all configurations exceeded AASHTO requirements by at 

least a factor of 4.5 while service deflections did not exceed span/1600 for any test.  Figure 2.8 

shows the load-deflection performance in comparison to a standard RC bridge deck and the 

GFRP corrugated panel system.  Remarkable residual deformability was achieved at ultimate, 

beyond punching shear, due to the progressive failure of the lap splice.  This indicates that the 

lap splice panel-to-panel connection can impact the response and strength of the systems.  
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Results from this test show that GFRP SIP form systems can outperform traditional reinforced 

concrete decks in terms of stiffness, ultimate load, and deformability. 

2.4.3 Fatigue Performance of FRP SIP Form Systems 

Bridge decks are subjected to repeated load cycles and their fatigue performance is of 

great importance.  It is required that bridge decks be designed to ensure adequate safety and 

durability during the design life under both static and fatigue considerations (Schlafli and 

Bruhwiler, 1998).   

Cheng and Karbhari (2006) examined the fatigue performance of a steel-free FRP-

concrete modular bridge system consisting of a wet layup FRP-concrete deck panels which act as 

SIP structural forms.  A two-span continuous deck specimen was subjected to a total of 2.36 

million cycles: 2.1 million cycles at the service load (AASHTO HS20 truck load with impact) 

followed by 250,000 cycles at 2 times service and then another 10,000 cycles at 3 times service.  

After the fatigue cycles, the specimen was loaded to failure.  The fatigue test protocol is shown 

in Figures 2.9 and 2.10. The specimen used idealised roller supports at the three girder locations 

and consisted of a novel carbon-epoxy mesh as reinforcement in the negative moment region.  

Quasistatic load tests were conducted before and during the fatigue cycle program with the 

purpose of monitoring stiffness degradation.  No significant stiffness degradation was observed 

during the first 2 million cycles of fatigue service load.  The deflection response of the system 

was less than 0.039 in. at service load which is much less than the AASHTO prescribed 

maximum deflection of span/800.  Cracking was found to be limited to a single hairline crack in 

the negative moment region with a width much less than the 0.012 in. limit set by AASHTO.  

Strains in the FRP plates were monitored as well as strain limits often govern the determination 

of factors of safety related to FRP systems.  The maximum critical strain recorded after 2 million 

cycles at service was only 129 µe, while 2209 µe was reached at ultimate loading, thereby 
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displaying a significant reserve capacity in the system.  Residual displacements at all conditions 

were found to be very small with the overall response being elastic and stable, indicating an 

adequate bond at the concrete-FRP interface.  Overall, it was found that the system as a whole 

compared favourably with conventional reinforced concrete decks in terms of fatigue 

performance. 

Kwon et al. (2003) examined the performance of FRP SIP decks under severe 

environmental conditions and compared the results to conventional reinforced concrete deck 

under identical conditions.  A two-span continuous hybrid FRP-concrete bridge deck was 

constructed on steel girders and subjected to a total of 10 million load cycles under extreme 

temperatures (-30°C to +50°C).  The AASHTO HS20-44 truck wheel load with impact factor 

was applied simultaneously at two points.  Each deck was initially tested to 1 million cycles at 

low temperature and another 1 million cycles at high temperature.  After the initial cycles, each 

deck was subjected to 4 million cycles at -30°C and 4 million cycles at +50°C (Fig. 2.11).  

Quasi-static load-deflection and load-strain response tests were conducted at predetermined 

fatigue cycle levels.  Progressive stiffness degradation was observed over the 10 million cycles 

in all deck specimens.  The hybrid FRP-concrete deck showed more stiffness than the 

conventional reinforced concrete deck at both low and high temperatures and performed 

identically in terms of load-deflection at these temperatures.  Load-strain responses obtained at 

low and high temperatures showed that the temperature had a greater effect on the performance 

than 10 million load cycles.  Overall, the performance of the hybrid FRP-concrete deck was 

similar to that of the reinforced concrete deck under extreme environmental conditions. 

The previous studies described above demonstrate the advantages and successful 

applications of both GFRP reinforced bridge deck systems and GFRP SIP bridge deck systems.  

The work conducted by Honickman and Fam (2009) showed that wet adhesive applied to the 
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GFRP SIP form prior to placing concrete was the simplest and quickest method of promoting 

composite action between the FRP and concrete and at the same time resulting in comparable 

strength.  The research conducted by Fam and Nelson (2012) and Nelson and Fam (2012) 

showed the excellent static performance of two novel GFRP SIP structural forms.  However, 

bridge decks are subjected to repeated loads and may experience failure under loads much less 

than their ultimate static strength.  As a result, the fatigue performance of these GFRP SIP form 

systems as well as the bond at the concrete-FRP interface was of particular interest.  
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Figure 2.1. Overhang test set-up (Klowak and Mufti, 2008) 
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Figure 2.2. Test locations of the bridge deck prototype (Cawrse, 2002). 

 

Figure 2.3. Hall and Mottram (1998) FRP SIP formwork system. 
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Figure 2.4. Load deflection plot from tests on GFRP SIP form concrete girders (Honickman and 

Fam, 2009). 

 
Figure 2.5. FRP SIP form panels utilized by Alagusundaramoorthy et al. (2006). 

 

Figure 2.6.  GFRP corrugated panels with pin-and-eye connections (Fam and Nelson, 2012). 
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Figure 2.7. GFRP panel sections with T-Up Ribs (Nelson and Fam, 2012) 

 

Figure 2.8. Load deflection plots of two novel GFRP SIP systems (Fam and Nelson, 2012; Nelson 

and Fam, 2012). 
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Figure 2.9. The fatigue loading protocol for first 2 million cycles (Cheng and Karbhari, 2006). 

 

Figure 2.10. Loading phases (Cheng and Karbhari, 2006). 

  

Figure 2.11. Loading cycle and temperature history (Kwon et al., 2003).  
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Chapter 3: Fatigue Behavior of Concrete Bridge Decks Cast on 

GFRP Stay-in-Place Structural Forms
1
 

 

3.1 Introduction 

This chapter investigates using full scale testing, the fatigue performance of two types of 

GFRP SIP bridge deck systems supported by precast concrete girders.  Both systems use 

commercially available pultruded GFRP panels.  The first system comprises ribbed flat panels 

joined to each other by lap splices (Fig. 3.1(a, b)), while the second system is corrugated sheet-

pile sections joined through pin-and-eye connections (Fig. 3.1(c, d)). The panel-to-panel 

connection in both systems ensures continuity of the forms in the direction parallel to traffic. The 

decks were cast integrally with the support girders in order to simulate real field applications.  

Each system was tested with two different surface preparation techniques.  The GFRP SIP forms 

acted as permanent formwork supporting construction loads and concrete during pouring and 

completely replaced the bottom layer of internal reinforcement. A top layer of GFRP rebar was 

provided for the negative moment regions over supports and for shrinkage and thermal crack 

control.  The two types of GFRP SIP bridge deck systems were previously tested under 

monotonic loading and showed excellent performance (Fam and Nelson, 2012 and Nelson and 

Fam, 2012).  These promising static results led to the current investigation of fatigue 

performance, which is particularly important with regard to the impact of cyclic loading on the 

bond line at the interface between concrete and GFRP SIP forms. 

 

 

1 This chapter has been submitted as the following invited journal paper: Richardson, P., Nelson, M. and Fam, A. (2013) “Fatigue 

Behaviour of Concrete Bridge Decks Cast on GFRP Stay-in-Place Structural Forms”, ASCE Journal of Composites in 

Construction, Under Review. 
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3.2 Experimental Program 

Four full scale bridge deck specimens built using two different GFRP SIP form systems 

were tested.  The following sections provide details of the experimental program. 

3.2.1 Test Specimens and Parameters 

Table 3.1 summarizes the test matrix. Each specimen consisted of a full scale section of a 

bridge deck supported by concrete girders, spaced at 1775 mm, center-to-center, with a clear 

spacing of 1375 mm.  All the specimens included top orthogonal layers of 12.7 mm diameter 

GFRP rebar spaced at 175 mm longitudinally and 150 mm transversely, designed according to 

section 16 of the CHDBC (CAN/CSA-S6-06, 2006), with a 35 mm clear concrete cover to the 

outermost layer. Specimens D2, S2 and S3 in Table 3.1 represent the control static tests 

conducted on similar specimens by Fam and Nelson (2012) and Nelson and Fam (2012). 

Specimens Z-A and Z-N used the GFRP ribbed panel sections stiffened by T-Up ribs 

(Fig. 3.1(a, b)).  The specimens were 1626 mm in width (traffic direction) and the concrete was 

cast such that the overall depth of the specimens was 186 mm (Fig. 3.2).  Specimen Z-A was 

designed based on the detailing established by Nelson and Fam (2012).  This includes two full 

width GFRP panels that are lap-spliced using epoxy adhesive and 3.2 mm mechanical self-

tapping fasteners spaced at 152 mm along the length of the 51 mm wide lip at panel edge (Fig. 

3.1(a) and Fig. A.2).  The detailing also includes the use of wet epoxy adhesive applied to the 

GFRP panels approximately 30 minutes prior to casting concrete to provide bond at the interface 

(Fig. A.3).  In specimen Z-N, it was decided to simplify construction to the maximum possible 

extent, by eliminating any mechanical and adhesive bond at the lap splice of the two panels (i.e. 

one panel simply resting on the other) and also eliminating adhesive bond at the panel-concrete 

interface (i.e. casting concrete directly on the cleaned panel).   
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Specimens SP-A and SP-N used the GFRP corrugated sheet pile sections (Fig. 3.1(c, d)).  

The specimens were 1605 mm in width in the direction parallel to traffic and the concrete was 

cast such that the total depth of the specimens was 225 mm at the trough and 125 mm at the peak 

of the corrugations (Fig. 3.3).  The effective depth to the centroid of the GFRP form system is 

the same for both types Z and SP.  In specimen SP-A, a wet adhesive was applied to the GFRP 

panel surface prior to casting in order to promote bond at the form-concrete interface of FRP SIP 

form and concrete, whereas in specimen SP-N, construction was simplified by eliminating the 

adhesive bond at the interface (Fam and Nelson (2012). In both cases the pin-and-eye connection 

between panels was used by simply sliding one panel longitudinally into the other.  During 

casting of SP-N the deck was accidently overfilled, resulting in a 27 mm deeper section. This in 

turn resulted in approximately 47% higher flexural stiffness (EI) (59070 kNm
2
) than SP-A 

(40280 kN.m
2
), calculated based on transformed section (B-B) (Fig. 3.3(b)). 

3.2.2 Materials 

Figure A.1 in Appendix A shows a sample stress-strain curve of the materials used in this 

study. 

GFRP SIP forms: The ribbed GFRP flat panels used in Z-A and Z-N decks were pultruded 

using E-glass fibres and polyurethane resin.  The longitudinal ultimate tensile strength and 

modulus are 203 MPa and 16.8 GPa, while these values in the transverse direction are 126 MPa 

and 15.6 GPa, respectively (Nelson and Fam, 2012). The corrugated GFRP forms used in SP-A 

and SP-N decks were pultruded using E-glass fibres and polyester resin. The ultimate 

longitudinal tensile strength and modulus are 344 MPa and 24.5 GPa, while the values in the 

transverse direction are 94 MPa and 9.3 GPa, respectively (Fam and Nelson, 2012). 



Chapter 3 
 

22 
 

GFRP rebar: Number 4 (12.7 mm) sand-coated GFRP pultruded bars were used as top 

reinforcement in all specimens.  The manufacturer reported tensile strength and modulus of 786 

MPa and 46.3 GPa respectively. 

Concrete: The concrete used in the deck slabs was specified as 35 MPa at 28 days, with a 

maximum aggregate size of 19 mm.  The cylinder strengths, measured in accordance with ASTM 

C-39 (ASTM 2010) at the onset of fatigue testing, ranged from 28 MPa to 39 MPa. 

Steel: 10M (11.3 mm) steel bars were used in the support girders.  Tension tests were performed 

in accordance with ASTM A370 (ASTM 2010) and the measured yield strength was 445 MPa. 

Epoxy paste adhesive: Thick structural epoxy paste was used to bond the panel-to-panel lap 

splice of the GFRP ribbed panels.  The manufacturer reported tensile strength and modulus of 

24.8 MPa and 4482 MPa, respectively, and shear strength of 24.8 MPa. 

Wet lay-up adhesive: Low-viscosity structural epoxy was used to promote bond at the FRP-

concrete interface.  The manufacturer reported tensile strength and modulus of 33.1 MPa and 

1700 MPa, respectively, and shear strength of 38.6 MPa. 

3.2.3 Fabrication of Specimens 

Test specimens were fabricated in a practical manner that accurately represents the detail 

of field conditions of the connection between deck slab and simulated AASHTO Type III precast 

girders.  This included protruding 10M steel stirrups spaced at 150 mm along the length of the 

girder to provide anchorage with the concrete deck (Figs. 3.2 and 3.3).  The surfaces of the 

girders were also roughened during their casting in order to promote bond, as per the common 

practice. The GFRP panels were rested on small Styrofoam haunches and grouted underneath as 

per the procedure developed by Fam and Nelson (2012). Surface preparation (in specimens Z-A 
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and SP-A only) was then performed, and concrete was poured and the surface finished. 

3.2.4 Fatigue Test Protocol 

Figure 3.4 presents the fatigue test program for all tests.  For service live load, the 

CHBDC specifies the use of the standard CL-625 truck for bridge analysis (CAN/CSA-S6-06, 

2006). The maximum half axle load of this design truck plus the maximum prescribed Dynamic 

Load Allowance (DLA, 40%) is 122.5 kN.  Tests 1, 3, 4 and 5 included 3 million load cycles at 

this load level to simulate the fatigue experienced by a bridge over its life span. Upon reaching 

various cycle milestones, the cyclic loading was stopped and a monotonic test to the service load 

level was conducted while recording data from a variety of sensors.  After completion of the 3 

million cycles of Test 1 on specimen Z-A, and given that the deck had not deteriorated 

significantly, it was decided to perform a new test, Test 2, on the same specimen by increasing 

the load range to 242 kN and performing an additional 2 million cycles.  The new load range of 

242 kN was specifically selected to induce the same strain level in the GFRP panel that the 

original 122.5 kN service load would induce in a hypothetical deck with a longer span of 2365 

mm (8 ft.), which is 696 µe (Fig. A.4).   

After completing the designated number of load cycles on all test specimens, each 

specimen was loaded monotonically to failure in order to determine its ultimate capacity. The 

results of these static tests were compared to control tests on identical specimens tested statically 

to failure without fatigue (Fam and Nelson, 2012, and Nelson and Fam, 2012). 

3.2.5 Test Setup and Instrumentation 

Loading was applied to the center of the specimens on a 510x255 mm loading pad 

consisting of a thick steel plate placed over a 5 mm thick neoprene pad (Fig. 3.5).  This pad is 

specified by the AASHTO LRFD bridge design guide as a dual truck tire (AASHTO, 2007).  For 



Chapter 3 
 

24 
 

the Z-A and Z-N specimens, the load was applied directly above the panel lap splice (Fig. 3.2(a)) 

while in SP-A and SP-N specimens; the nearest pin-and-eye connection was slightly off-set from 

the center of the loading pad (Fig. 3.3(a)).  Cyclic loading was applied in load control using a 

sine wave with maximum and minimum amplitudes of 122.5 kN (or 242kN in Test 2) and 5kN, 

respectively, at a frequency between 0.4 and 0.9Hz (Fig. 3.4).  The minimum load was kept at 

5kN in order to maintain consistent contact between the loading pad and the deck and in turn 

preventing the loading pad from shifting during the cyclic testing.  Loading was conducted using 

a 2000 kN capacity MTS servo-controlled actuator and monitored through a 2.25 MN load cell.  

At various cycle milestones, the cyclic loading was stopped and a monotonic test was conducted 

to 122. 5kN (or 242 kN) at a rate of 30 kN/min.  All instruments were monitored during 

monotonic loading.  Upon completing the designated number of load cycles, each specimen was 

loaded to failure in stroke control at a rate of 1 mm/min. 

Deflections were measured using linear potentiometers (LPs) at various points along the 

longitudinal and transverse centerlines.  Strains on the GFRP SIP form were measured in the 

longitudinal and transverse directions at various points along the same axes using 5 mm electric 

resistance gauges.  For specimens Z-A and Z-N, additional strain gauges were positioned along 

the critical panel-to-panel lap splice location.  For specimens SP-A and SP-N, additional uniaxial 

strain gauges were placed in the transverse direction near the interlocking pin-and-eye-end 

connection.  Strains in the top mat of GFRP rebar were measured using 5 mm electric resistance 

gauges located on the longitudinal bars in the negative moment region above the girders.  Strains 

on the top concrete surface were measured in the longitudinal and transverse directions using 30 

mm uniaxial strain gauges located adjacent to the loading pad along the centerlines. 
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3.3 Experimental Results 

Tables 3.2 and 3.3 summarize test results for both GFRP systems from the first and last 

monotonic loading cycles conducted before and after the cyclic load regime for each specimen, 

along with the percentage change in order to assess degradation in performance. These values are 

the mid-span deflection, stiffness based on the slope of load-deflection curve, and maximum 

longitudinal and transverse strains in the GFRP forms. The following sections present each test 

in detail. 

3.3.1 Specimens with Flat GFRP Panels with T-Up Ribs 

Specimen (Z-A)-Test 1:  Figure 3.6 presents the load-deflection performance at the centerline of 

specimen Z-A directly under the loading pad after 1, 25000 and 3 million cycles at the 122.5 kN 

service load.  After three million cycles, the maximum deflection at service load was 0.533 mm 

which is well below common US DOT requirements of L/800 (2.2 mm) and L/1600 (1.1 mm).  

A 9% reduction in the slope of the load-deflection curve is observed between the first and the 

last of the 3 million cycles (Table 3.2), suggesting some stiffness degradation due to damage 

accumulation in the deck.  The load-deflection plots after each group of cycles in Test 1 (Fig. 

3.6) are not spaced apart on the horizontal axis, as permanent deflections were not recorded in 

Test 1 after each group of cycles; however, in subsequent Tests 2 to 5 they were recorded.  

The maximum longitudinal (direction of deck span) and transverse (direction parallel to 

traffic) service strains measured in the GFRP SIP forms at any time were 287 µe and 224 µe, 

respectively, which are only 2.4% and 2.8% of their respective rupture strains.  This suggests 

that fatigue damage of the FRP material itself is not a concern for this system. Table 3.2 also 

suggests that the longitudinal strain increase with loading cycles while the transverse strain 

reduces.  After approximately 25,000 load cycles, hairline cracks were observed at the top 

surface of the concrete in the negative moment region, above, and parallel to, the girders.  Figure 
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3.7 presents the load-strain response of a longitudinal GFRP reinforcing bar in the top layer of 

reinforcement in the negative moment region located above the support girder.  The crack 

propagation was observed with the increase in strain in the GFRP rebar as the number of load 

cycles increased.  The crack could be seen opening and closing as the cyclic load was applied, 

however, its width was approximately 0.1 mm, less than the 0.3 mm limit set by AASHTO 

(AASHTO, 2007). 

Specimen (Z-A)-Test 2: An additional 2 million cycles were applied to Z-A specimen at an 

equivalent service load of 242 kN, after Test 1 was completed.  Figure 3.6 presents the load-

deflection responses at cycles 1, 25000, 1 million and 2 million, including the permanent 

deflection of the specimen as shown by the progression of the initial deflection at the start of 

each monotonic response.  After one cycle at 242 kN, the deflection was 1.19 mm which does 

not violates the L(2438 mm)/1600 limit (1.5 mm) and after two million cycles, the deflection 

increased to 1.71 mm, which violates the L/1600 limit but is still less than the L(2438 mm)/800 

limit (3.0 mm).  During the two million cycles, a 33% reduction in flexural stiffness was 

recorded (Table 3.2) and an additional permanent deflection of 0.62 mm was measured.  The 

apparent hardening response of specimen Z-A between the 122.5 and 242 kN load levels (Fig. 

3.6) is a result of the prior fatigue loading in the 122.5 kN range and the associated softening. 

Loading above this range produces an apparent stiffer response as the load enters the 

‘undamaged’ range.   

The maximum longitudinal and transverse strains in the GFRP forms were 596 µe and 

136 µe, respectively, which are approximately 5% and 1.7% of their respective rupture strains, 

suggesting that fatigue damage of the FRP is not a concern at the virtual long span.  Figure 3.7 

presents the load-strain response of the longitudinal GFRP top reinforcement above the girder 

during Test 2. After about 25,000 additional load cycles at 242 kN, the concrete surface crack 
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above the girder propagated across the entire width of the slab.  After the additional two million 

cycles, the crack width increased to about 0.25 mm, still below the AASHTO limit. 

Specimen (Z-N)-Test 3: Specimen Z-N was designed to provide the simplest possible 

construction by eliminating adhesive and mechanical bond at splice and adhesive bond at 

concrete-GFRP interface. Figure 3.8 shows the load-deflection response at the centerline for 

specimen Z-N under 122.5 kN.  After three million cycles, the maximum deflection at service 

load was 0.61 mm (Table 3.2), below the L/800 (2.2 mm) and L/1600 (1.1 mm) limits.  When 

compared to Z-A, Z-N experienced a greater stiffness degradation, 32% versus 9% for Z-A 

(Table 3.2), under service load of 122.5 kN.  In addition, a permanent deflection of 0.89 mm was 

also recorded after three million cycles. 

The maximum longitudinal and transverse strains were 116 µe and -36 µe, respectively, 

which are approximately 1% and 0.5% of their respective rupture strains.  Figure 3.9 compares 

the longitudinal and transverse strain distributions along the span and width, of specimens Z-A 

(Test 1) and Z-N, respectively.  In both specimens, GFRP longitudinal strains are tensile at mid-

span and compressive near the supports, with the magnitudes being significantly higher in 

bonded specimen Z-A (Fig. 3.9(a)).  In the transverse direction, the GFRP strains are tensile at 

mid-span and compressive near the two free sides, only in bonded specimen Z-A, whereas in Z-

N, strains are almost uniform compressive across the width (Fig. 3.9(b)). The strain of the 

longitudinal GFRP reinforcing bar in the negative moment region had a similar response as in 

Test 1 of Z-A (Fig. 3.7), except that the maximum recorded strain after three million cycles was 

31 µe, instead of 65 µe (Fig. A.5).  After 40,000 cycles, small hairline cracking in the negative 

moment region above the girder was observed.  At about 400,000 cycles, cracking had 

propagated across the entire width of the slab.  After three million cycles, the crack width was 

approximately 0.1 mm. 
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Static Tests to Failure and Failure Modes: Figure 3.10(a) presents the load-deflection responses 

of specimens Z-A and Z-N for the static tests to failure after fatigue cycles have been completed.  

Included in this figure also is the load-deflection response of control test D2, which is identical 

to Z-A, and was tested monotonically to failure without any cycles (Nelson and Fam, 2012).  

Generally, the responses are all very similar with the exception of reduced stiffness in the initial 

linear part. Specimens Z-A and Z-N reached peak loads of 902 and 865 kN, respectively, which 

are only 1 and 5% less than control specimen D2. The peak loads of Z-A and Z-N are at least 

seven times higher than the service load of 122.5 kN.  Similar to the control test D2, the failure 

modes of Z-A and Z-N were punching shear (Fig. 3.11(a)).  Contrary to punching shear failure of 

a conventional reinforced concrete deck where a sudden loss of strength occurs, specimens D2, 

Z-A and Z-N continued to gain strength after punching shear that occurred at 600-700 kN, but at 

a reduced stiffness (Fig. 3.10(a)).  Peak load was then governed by tearing or separation at the 

GFRP lap splice (Figs. 3.11(b, c)).  The load then drops gradually and progressively as various 

fasteners tear through the GFRP panel at the splice (Fig. 3.11(b)). At failure GFRP strains 

remained well below their ultimate rupture strains. 

It is very clear that specimen Z-N without any splice adhesive or mechanical bond, or any 

concrete-to-GFRP adhesive bond, performed extremely well. It was quite comparable to its 

bonded counterpart Z-A in terms of fatigue behavior and to its bonded counterpart D2 in terms of 

ultimate strength.  

Performance of GFRP Lap Splice: In a previous study conducted by Fam and Nelson (2012b), 

on control deck D2 (identical to Z-A), failure of the adhesively bonded and mechanically 

fastened lap-splice was carefully examined and it was concluded that a reversal in the GFRP 

transverse strain at the seam, from a peak tension of 300-700 µe towards compression, at a load 

of 300-400 kN indicates peeling at the splice.  For this reason, during the cyclic testing of Z-A, 
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the transverse strains at the lap splice were closely monitored. Figure 3.9(b) shows that the 

maximum transverse strain at the seam was 224 µe at first cycle under 122.5 kN.  After three 

million cycles, it dropped to 121 µe, but remained in tension, indicating that the splice had not 

peeled. This is further confirmed by the transverse strain performance at the seam during the 

final monotonic loading to failure of Z-A (Fig. 3.10(b)), where the complete strain reversal 

occurred as expected at about 400 kN and switched from tension to compression suggesting 

peeling at the joint. This is a clear indication that the splice has survived the total of five million 

cycles applied to Z-A. As for unbonded Z-N specimen, Figs. 3.9(b) and 3.10(b) clearly suggest 

that joint opening was evident instantly upon loading as the initial transverse strains measured at 

the lap splice were very small compressive strains.  After the three million cycles, the transverse 

strains in Z-N had not changed (Fig. 3.9(b)). It is interesting that upon peeling of splice in 

bonded Z-A specimen during the monotonic loading to failure and occurrence of the transverse 

strain reversal, the strain converges to that of completely unbonded specimen Z-N (Fig. 3.10(b)). 

3.3.2 Specimens with Corrugated GFRP Panels 

Specimen (SP-A)-Test 4:  Figure 3.12 presents the load-deflection responses at various intervals 

of cyclic loading of specimen SP-A.  After three million cycles, SP-A had a maximum live load 

deflection of 0.65 mm and thus still satisfied deflection limits of L/1600 (1.1 mm) and L/800 (2.2 

mm). At the end, SP-A experienced a total stiffness reduction of approximately 30% (Table 3.3) 

and a permanent deflection of 1.4 mm. 

The maximum longitudinal and transverse strains in the GFRP SIP forms were 295 µe 

and 179 µe, respectively, measured directly under the loading pad, which are 2.1% and 1.8% of 

their respective rupture strains.  As fatigue cycles were applied, the strain of the longitudinal top 

GFRP bar increased as negative moment cracking progressed across the width of the slab in a 

manner similar to specimens Z-A and Z-N (Fig. 3.7) with a maximum strain of 38 µe.  Hairline 
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cracking on the surface of the concrete deck in the negative moment region was first observed at 

about 150,000 load cycles.  After approximately 1.3 million cycles, the surface cracks had 

progressed extensively across the width of the slab. At three million cycles, the crack width was 

approximately 0.15 mm. 

Specimen (SP-N)-Test 5:  Figure 3.12 presents the load-deflection responses at various intervals 

of cyclic loading of specimen SP-N.  SP-N was constructed with no adhesive bond at GFRP-

concrete interface, and had the same pin-and-eye connections as in SP-A.  As indicated earlier, 

SP-N was accidentally 27 mm deeper than SP-A, and as a result, was much stiffer and showed 

little degradation over three million cycles (Fig. 3.12). The maximum deflection after three 

million cycles was 0.28 mm and the reduction in stiffness was 11% (Table 3.3).  No surface 

cracking was observed in the negative moment region of SP-N. 

The maximum longitudinal and transverse strains in the GFRP SIP forms were 107 µe 

and 91 µe, respectively, measured directly under the loading pad, which are 0.8% and 0.9% of 

their respective rupture strains.  Figure 3.13 compares the transverse GFRP strain distributions 

across the widths of SP-A and SP-N.  It is worth noting that after three million cycles, transverse 

strain in bonded SP-A specimen reduced significantly, whereas in unbonded SP-N specimen did 

not change.   

Static Tests to Failure and Failure Modes: Figure 3.14(a and b) presents the load-deflection 

responses of SP-A and SP-N for the static tests to failure after fatigue was completed.  Included 

in each figure are the load-deflection responses of identical control specimens S2 and S3 

conducted by Fam and Nelson (2012) without any fatigue history.  Figure 3.14(a) shows that the 

maximum load of SP-A has dropped from 596 kN of control S2 specimen to 432 kN, 27%. 

However, the reduced strength remains 3.5 times higher than the 122.5 kN service load. Figure 

3.14(b) shows that SP-N exhibited a much stiffer response than control S3 specimen and no 
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reduction in residual strength, however, this behavior is misleading given that SP-N was 27 mm 

thicker than S3.  In order to compare the two specimens, the ultimate strengths were normalized 

to obtain the peak shear stresses due to punching failure, by dividing the loads by the punching 

shear cone area.  A shear crack angle of 18° was observed and used to determine the punching 

cone area. The resulting shear stresses for SP-N and S3 were 1.03 and 1.38 MPa, respectively, 

suggesting a 25% reduction in residual strength, which is somewhat comparable to that observed 

in bonded specimens SP-A and S2 (27%). The estimated ultimate load of SP-N then would be 

386 kN, which is 90% of bonded specimen SP-A and 3.1 times the 122.5 kN service load.   

Failure of all four specimens was by punching shear. In bonded specimens SP-A and S2, 

the load declined gradually after the peak (Fig. 3.14(a)), while in unbonded specimens SP-N and 

S3, the load dropped rapidly (Fig. 3.14(b). In all four specimens, ultimate failure occurred by 

gradual tearing of the GFRP forms that initiated with punching shear (Fig. 3.15).  The tearing 

initiated near the edge support girder at the corner between the bottom flange and the inclined 

web and progressed diagonally into the web (Fig. A.6).  The tearing originated at this location 

due to stress concentration associated with the abrupt change of geometry. 

Performance of GFRP Pin-and-Eye Connection: In both SP-A and SP-N specimens, the pin-

and-eye connections between GRP sections remained fully intact at the end of fatigue testing. 

The maximum transverse strain measured near the pin-eye connection was a very small 

compressive strain of -93 µe. Even during subsequent monotonic loading to failure no evidence 

of joint failure was observed.   

3.3.3 Comparison of the Two GFRP Systems 

Both the GFRP corrugated forms and ribbed flat forms performed extremely well in 

fatigue, in that the decks survived at least three million cycles in both cases, whether forms were 

bonded or unbonded to concrete. Also, at the end of all fatigue testing and after stiffness 
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degradation, deflections under service load were consistently below the strictest requirement of 

span/1600.  Nonetheless, the GFRP ribbed flat forms outperformed the corrugated forms in 

certain aspects. First, the ultimate deck strength in control specimens without any cyclic history 

was 50% higher in the case of flat-ribbed forms (Fig. 3.10(a) versus Fig. 3.14(a)).  Second, the 

fatigue and residual strength tests showed that the corrugated forms are much more susceptible to 

fatigue than the ribbed panels, in terms of both higher stiffness degradation (Table 3.2 versus 

Table 3.3) and reduction in ultimate residual strength (Fig. 3.10(a) versus Fig. 3.14(a)).  

Nonetheless, the minimum residual strength in any case remains at least three times the service 

load.  

The superior performance of the flat-ribbed forms is attributed to two factors, namely the 

depth of the concrete slab, which governs the punching shear failure, and the GFRP cross-

sectional area.  In specimens with flat-ribbed forms, the depth of the concrete slab is 175 mm 

continuously throughout the whole deck while in corrugated form decks the depth of the concrete 

varies from 120 mm to 220 mm. As such, certain regions of the perimeter of the punching cone 

are governed by the shallower depth.  Also, the flat-ribbed forms are considerably heavier 

sections than the corrugated ones, leading to a flexural stiffness of the flat ribbed panel (1260 

kN.m
2
) more than twice as much as the corrugated panel (588 kN.m

2
). 
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Table 3.1: Test Matrix for the GFRP SIP form bridge deck tests. 

Spec ID 
Test 
ID 

GFRP SIP 
Form 

Connection 
detail 

Wet 
adhesive 
for bond 

Stiff. 
(EI) 

(kNm
2
) 

Z-A 
1 

T-Up Ribbed 
Adhesive + 

screws 
Yes 17720 

2 

Z-N 3 T-Up Ribbed  
No adhesive 
+ no screws 

No 17720 

SP-A 4 Sheet-pile Pin-and-eye Yes 40820 

SP-N 5 Sheet-pile Pin-and-eye No 59070 

Control (D2)* 6 T-Up Ribbed 
Adhesive + 

screws 
Yes 17720 

Control (S2)* 7 Sheet-pile Pin-and-eye Yes 40820 

Control (S3)* 8 Sheet-pile Pin-and-eye No 40820 

*Control static tests from Fam and Nelson (2012) and Nelson and Fam (2012) 

Table 3.2: Monotonic test results for specimens Z-A and Z-N. 

Spec 
ID 

Test 
ID 

 Load (kN) Measurement 
1 

Cycle 
3M 

Cycles 
% of ult. 

strain 
% Total 
Change 

Z-A 

1 
122.5 

 

CL Deflection (mm) 0.495 0.533  12% 

Flex. Stiff. (kN/mm) 235 214  - 9% 

Long. FRP Strain (µe) 275 287 2.4% 4% 

Trans. FRP Strain (µe) 224 121 2.8% - 46% 

2 242 

CL Deflection (mm) 1.19 1.71*  44% 

Flex. Stiff. (kN/mm) 198 132*  - 33% 

Long. FRP Strain (µe) 504 596* 5.0% 18% 

Trans. FRP Strain (µe) 136 39* 1.7% - 71% 

Z-N 3 122.5 

CL Deflection (mm) 0.418 0.610  46% 

Flex. Stiff. (kN/mm) 287 196  - 32% 

Long. FRP Strain (µe) 98 116 1.0% 18% 

Trans. FRP Strain (µe) -22 -36 0.5% 64% 

*Test 2 was 2 million cycles. 
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Table 3.3: Monotonic test results for specimens SP-A and SP-N. 

Spec 
ID 

Test 
ID 

Service 
Load (kN) 

 
Measurement 

1 
Cycle 

3M 
Cycles 

% of ult. 
strain 

% Total 
Change 

SP-A 4 122.5 

CL Deflection (mm) 0.44 0.65  48% 

Flex. Stiff. (kN/mm) 261 184  - 30% 

Long. FRP Strain (µe) 193 295 2.1% 53% 

Trans. FRP Strain (µe) 179 20 1.8% - 89% 

SP-N 5 122.5 

CL Deflection (mm) 0.26 0.28  6% 

Flex. Stiff. (kN/mm) 484 429  - 11% 

Long. FRP Strain (µe) 102 107 0.8% 5% 

Trans. FRP Strain (µe) 89 91 0.9% 2% 

 

 

Figure 3.1: GFRP ribbed panel section (a, b) and GFRP corrugated sheet-pile section (c, d). 

 

Figure 3.2: Details of bridge deck systems with GFRP ribbed SIP forms. 

 



Chapter 3 
 

35 
 

Figure 3.3: Details of bridge deck systems with GFRP corrugated sheet-pile SIP forms. 

 

 

Figure 3.4: Fatigue cyclic test program. 
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Figure 3.5: Test setup for the GFRP SIP form bridge deck tests. 

 

Figure 3.6: Load deflection results for monotonic tests of Z-A. 

 

Figure 3.7: Top rebar strain results for monotonic tests of Z-A. 
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Figure 3.8: Load deflection results for monotonic tests of Z-N. 

 

Figure 3.9: Panel strain profiles for Z-A and Z-N in the (a) longitudinal and (b) transverse 

directions. 

 

 

Figure 3.10: (a) Load deflection and (b) FRP panel strain results from Z-A and Z-N static tests to 

failure. 
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Figure 3.11: Failure modes of specimens Z-A and Z-N. 

 

Figure 3.12: Load deflection results for monotonic tests of SP-A and SP-N. 

 

Figure 3.13: Panel strain profile for SP-A and SP-N in the transverse direction. 
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Figure 3.14: Load deflection results from static tests to failure for (a) SP-A and (b) SP-N. 

 

Figure 3.15: Failure modes of specimens SP-A and SP-N. 
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Chapter 4: Tests on Bridge Deck Overhangs Reinforced with GFRP 

Bars 

4.1 Introduction 

The purpose of this chapter is to investigate the performance of concrete bridge deck 

overhangs reinforced with GFRP bars as the top layer of reinforcement, without SIP forms in the 

cantilever region.  The bridge deck overhang sections of a full composite slab-on-girder bridge at 

1:2.75 scale were subjected to concentrated wheel loads.  There were two lengths of overhangs 

in this bridge deck: 260 mm and 516 mm.  The 260 mm overhang was completely reinforced 

with GFRP rebar while the 516 mm overhang consisted of a GFRP-reinforced section and a 

steel-reinforced section, for comparison purposes.  Three independent tests were conducted on 

the 260 mm overhang while two tests were conducted on the 516 mm overhang in order to 

evaluate the response of these overhang sections. 

4.2 Experimental Program 

This study involves the testing of the overhangs of a full composite slab-on-girder bridge 

at 1:2.75 scale.  The original full scale bridge was designed for a 12.5 m span in accordance with 

the CHBDC (CAN/CSA S6-06, 2006).  It includes a composite concrete deck cast onto four 

CPCI 1200 (AASHTO Type III equivalent) girders on neoprene bearing pads.  For the scaled 

bridge specimen, individual bridge deck tests were conducted as part of a separate test, in order 

to examine the performance of a novel FRP Stay-in-Place (SIP) formwork system used to 

provide reinforcement and formwork to the concrete slab spanning across the girders.  Due to the 

localized nature of the deck failure mode, between girders, the bridge deck overhangs, which are 

the subject of this study, were left unaffected by the previous tests.  The overhangs did not 

include SIP forms. 



Chapter 4 
 

41 
 

4.2.1 Materials 

The bridge deck overhangs were constructed using two concrete mix designs, steel 

reinforcing bars and GFRP reinforcing bars.  Their properties are described in the following 

sections. 

GFRP Reinforcing Bars: V-Rod number 2 (6.36 mm) GFRP bars were used as top 

reinforcement.  The manufacturer reported tensile strength and modulus of elasticity of 784 MPa 

and 46.1 GPa, respectively. 

Steel Reinforcing Bars: 6 mm diameter deformed steel wire was used for the steel 

reinforcement.  In a previous study, tensile testing conducted in accordance with ASTM A370 

(ASTM 2010) had determined a yield stress of 462 MPa with modulus of elasticity of 194.5 GPa 

and ultimate strain of 0.033. 

Concrete: The concrete mix used in the composite girders was specified at 45 MPa at 28 days 

and the measured strength was 46.9 MPa.  The mix used in the deck overhangs was designed for 

35 MPa, using high early strength and the measured strength was 40.4 MPa at 90 days.  The 

maximum aggregate size in both mixes was 10 mm.  The concrete strength was measured using 

cylinder tests in accordance with ASTM C-39 (ASTM 2010). 

4.2.2 Test Specimens and Parameters 

Figure 4.1 shows a top view layout of the 75 mm thick overhangs of the bridge.  

Overhangs X1, X2, X3 and Y1 consist of a top layer of 6.36 mm GFRP reinforcing bars spaced 

at 120 mm centre-to-centre in both the longitudinal and transverse directions.  Overhang Y2 is 

built using a mat of 6 mm conventional steel reinforcing wire spaced at 80 mm centre-to-centre.  

The bridge deck is designed to have overhangs with lengths of half the adjacent girder spacing.   

As a result, overhangs X1, X2, and X3 have are 260 mm in length while overhangs Y1 and Y2 
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have are 516 mm in length.  The loading in overhangs X1, X2 and X3 is applied at the edge of 

the overhang (i.e. the farthest distance from the edge of the support girder) while the loading in 

overhangs Y1 and Y2 is applied at the farthest possible point assuming a 145 mm wide barrier 

exists (Fig. 4.2). 

The minimum amount of top reinforcement, determined using the empirical formula for 

the internal deck sections, was simply carried over into the deck overhang sections (Fig. 4.2, 

4.3).  Had the cantilever overhangs been designed according to CHBDC (CAN/CSA-S6-06, 

2006), the top reinforcement ratio would have been larger by 105 %, hence making the obtained 

test results on the conservative side (Appendix B). 

4.2.3 Design and Fabrication of Specimens 

Previous research conducted at full scale by Nelson and Fam (2012) was used as a basis 

for establishing the design bridge.  A full scale bridge was first designed with a span of 12.5 m in 

the traffic direction and a width of 8.7 m, including 715 mm and 1419 mm overhangs.  The 

bridge was designed as a composite slab-on-girder bridge utilizing four CPCI 1200 (AASHTO 

Type III equivalent) girders. 

Upon designing the full scale bridge, it was scaled geometrically by a factor of 1:2.75 to 

establish the test bridge.  The scale factor was selected based on the available size of FRP SIP 

formwork panels used in the internal deck sections.  As a result, the test bridge specimen has a 

span of 4350 mm in the traffic direction and a deck width of 3250 mm, including 260 mm and 

516 mm overhangs.  For practical reasons, scaled composite steel-concrete girders were used to 

simulate the full scale CPCI 1200 precast concrete girders as they were similar in flexural and 

torsional stiffness.  The girders consisted of protruding stirrups to provide a properly detailed 

connection between the deck and the girder.   In addition, the surfaces of the girders were 

roughened in order to promote bond with the concrete deck as in typical precast girders. 



Chapter 4 
 

43 
 

The construction and detailing process was specifically developed to replicate the actual process 

that would take place in the field.  Concrete abutments were fabricated and neoprene bearing 

pads were installed and leveled.  The prefabricated girders were then lifted into place and then 

cast integrally with end diaphragms.  Conventional wood formwork was constructed for the deck 

overhangs.  The orthogonal top layers of steel and GFRP reinforcing bars were set and tied.  

Concrete was cast using a hopper and a handheld vibrator for consolidation.  Final leveling was 

completed using a laser level and the deck was cured for seven days using wet burlap.  Once the 

28 day strength was achieved, the overhang formwork was stripped. 

4.2.4 Test Setup and Instrumentation 

Figure 4.4 shows the test setup for the overhang tests.  The loading was applied to each 

overhang section through a 91 mm (traffic direction) by 182 mm (transverse direction) thick steel 

loading plate contacted through a 12.7 mm neoprene pad.  This pad was specified by the 

AASHTO LRFD bridge design guide as a dual truck tire (AASHTO, 2007) and was scaled down 

using the scale factor of 1:2.75.  Loading was conducted using a 50 ton hydraulic ram and 

measured using a 50 kN flat load cell.  As shown in Figure 4.4, loading was applied through a 

large spreader beam in order to prevent the bridge from overturning.  For the 260 mm overhang 

sections (X1, X2 and X3), loading was applied at the edge of the overhang.  For the 516 mm 

overhang sections (Y1 and Y2), loading was applied adjacent to the footprint of an envisioned 

barrier wall (Fig. 4.3).  Deflections were measured using linear potentiometers (LPs) at various 

points along the longitudinal and transverse centrelines.  The deflections of interest were usually 

of the overhang deck itself, without the superstructure included, and therefore an additional LP 

was positioned under the girders for each test and the local deflection of the girders was 

subtracted from the measured overhang deflections.  Unless otherwise mentioned, deflections 
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measured on the overhang have been corrected in this manner.  Concrete strains were obtained 

using several 100 mm 350 Ω Pi gauges (strain gauge based transducers). 

4.2.5 Establishing Service and factored Loads at Scale 

The maximum half axle load of a CL-625 design truck plus the maximum prescribed 

Dynamic Load Allowance (DLA) is 122.5 kN (CAN/CSA-S6-06, 2006).  For the scaled tests, an 

equivalent service load level of 24.3 kN was established by correlating flexural strains and 

curvature results from previous full scale and small scale tests of another study.  As a result, this 

load level was used as the service load for the overhang tests. 

4.3 Experimental Results 

Table 4.1 presents a summary of results of the overhang tests including peak loads, 

deflections and strains.  In general, peak loads were between 2 and 3 times the established 

service load level of 24.3 kN. 

4.3.1 Load-Deflection Performance 

260 mm Overhangs with GFRP Top Rebar: This section presents the load and deflection results 

for the three tests conducted on the 260 mm overhang of the scaled bridge (Overhangs X1, X2 

and X3).  The deflection was measured at various points along the longitudinal (traffic) and 

transverse centrelines.  Figure 4.5 presents the load versus maximum deflection measured at the 

free edge of the overhang for the three tests.  Overhang X1 reached an ultimate load of 71 kN 

while overhangs X2 and X3 both reached loads of 48 kN.  The reason for the decrease in 

strength in overhangs X2 and X3 is likely due to the fact that overhang X1 was tested first and 

caused damage to the entire deck overhang reducing the ultimate strength of the following tested 

overhang sections.  As shown in the figure, all overhangs X1, X2 and X3 showed similar 

precracking stiffness of 24.8 kN/mm, 19.2 kN/mm and 25.4 kN/mm, respectively.  Transverse 

deflection profiles at various loads are shown in Figures 4.6.   
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AASHTO LRFD Bridge Design Specifications prescribe an overhang deflection limit at 

service load of length of the overhang section divided by 300 (L/300 = 0.87) (AASHTO, 2007).  

At the service load of 24.3 kN, overhangs X1, X2 and X3 had deflections of 1.00 mm, 1.20 mm 

and 0.95 mm, respectively, each of which slightly violates the allowable limit. 

516 mm Overhang with GFRP Rebar and Steel Rebar: This section presents the load and 

deflection results for the two tests conducted on the 516 mm overhang of the scaled bridge 

(overhangs Y1 and Y2).  As stated earlier, overhang Y1 consisted of a top layer of GFRP rebar 

while Y2 consisted of top and bottom layers of conventional reinforcing steel.  The deflection 

was measured at various points along the longitudinal (traffic) and transverse centrelines.  Figure 

4.5 presents the load-deflection at the free edge of the overhang (maximum deflection).  

Transverse deflection profiles at various loads are shown in Figures 4.7.  Overhang Y1 reached a 

peak load of 66.8 kN while overhang Y2 reached a peak load of 75.8 kN.  As shown in the 

figure, overhangs Y1 and Y2 exhibited very similar precracking stiffnesses of 13.3 kN/mm and 

13.7 kN/mm, respectively.  After cracking, however, the steel reinforced overhang section (Y2) 

experienced a stiffer response when compared to the GFRP reinforced overhang section (Y1).  

The reason for this is because the flexural stiffness of the steel reinforced section is much greater 

than the GFRP reinforced section.  After the steel reinforcement yields, the stiffness of the 

section reduces and the overhang exhibits greater flexural deflections. 

At service load, Y1 and Y2 produced deflections of 1.83 mm and 1.88 mm, respectively, 

both of which are slightly greater than the allowable limit of L/300 (1.72 mm) (AASHTO, 2007).  

It is worth noting that both overhang sections, experienced cracking at loads slightly greater than 

the 24.3 kN service load and the deflections increased significantly after cracking. 
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4.3.2 Negative Moment Strain Responses 

Pi gauges were positioned above the girders for the purpose of capturing the negative 

moment strain (negative moment cracks) during the overhang tests. 

Overhangs X2 and X3: The maximum negative moment strains recorded at failure for overhangs 

X2 and X3 were 7390 µe and 10960 µe, respectively.  Figure 4.8 presents the load-strain 

responses of overhangs X2 and X3 in the negative moment region above the girder.  The figure 

shows that flexural cracking in the negative moment region occurred at approximately 32 kN in 

both overhangs. 

Overhangs Y1 and Y2: Figure 4.8 presents the load strain responses of Y1 and Y2 in the 

negative moment region.  As shown in the figure, flexural cracking in the negative moment 

region of Y1 and Y2 occurred at approximately 27 kN and 24 kN, respectively.  The negative 

moment strains in Y1 and Y2 were much greater than X1, X2 and X3, which is expected as the 

overhangs were approximately twice as long and therefore exhibit a more flexural response.  The 

maximum negative moment strain measured at failure in overhang Y2 (58780 µe) was 

approximately twice as large as that of the GFRP reinforced overhang, Y1 (29490 µe).  A 

possible reason for this is that after the steel reinforcement yields (yield strain = 2375 µe), the 

overhang produces a ductile response that results in larger flexural deflections and therefore 

greater negative moment strains.  It should be noted that the Pi gauges were mounted to the deck 

using screws such that it was 10 mm above the concrete surface.  Therefore, the measured strains 

are slightly an overestimation from the true strains at concrete surface and certainly higher than 

the strain at the rebar level below cover. 

4.3.3 Crack Patterns 

Figures 4.9 to 4.13 show the crack patterns of each overhang test.  For all overhang tests, 

surface cracking was first observed in the negative moment region above the support girder and 
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was quickly followed by cracking along the transverse centreline on the underside of the 

overhang directly beneath the loading pad.  Surface cracking progressed extensively from the 

edge of the girder in a semi-circle type shape and curved towards the free edge of the overhang.  

The final crack to develop was one of the circumferential cracks initiating at the edge of the 

loading pad right before punching occurs.  This is typical of the behaviour of an internal deck 

section subjected to a concentrated wheel load.  This further suggests that the failure and strength 

of these bridge deck overhangs is governed by punching shear not flexure as the overhangs 

exhibit punching type cracks prior to failure even though they were not designed with the 

required flexural moment capacity prescribed by the code. 

For overhangs X1, X2 and X3 (260 mm), longitudinal negative moment cracks were first 

observed at approximately 30 kN to 33 kN, which is consistent with the strain and deflection 

data which indicates that cracking initiated at 26 kN to 32kN.  For overhangs Y1 and Y2 (516 

mm), longitudinal negative moment cracks were first observed at approximately 28 kN and 24 

kN, respectively.  This is also consistent with strain and deflection data that captures cracking at 

27 kN and 24 kN.  Overhangs Y1 and Y2 exhibited more negative moment cracking as the 

negative moment cracks progressed along the edge of the girder more before curving towards the 

free edge as shown in Figure 4.11.  The steel reinforced overhang, Y2, produced a visibly larger 

negative moment crack when compared to the GFRP reinforced overhang, Y1 (Fig. 4.15(a)(b)).  

This, along with the greater recorded negative moment strain, is likely due to the greater 

deformability of the steel-reinforced overhang section when compared to the GFRP-reinforced 

section.  Extensive transverse cracking was also observed on the underside of the overhang (Fig. 

4.14 (a), (b)). 
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4.3.4 Failure Modes 

All overhang tests exhibited a punching type failure.  The shape of the punching cone 

was approximately a half circle or oval (Fig. 4.10, 4.11) compared to the full circle punching 

cone typical of an internal panel.  For every test, the underside of each overhang section punched 

at the edge of the girder.  The punching failure on overhangs X1 and X2 resulted in a large 

punching shear crack along the edge of the overhang (Fig. 4.12).  It is noted that the cracks from 

the test on overhang X3 intercepted the previously tested overhang X2 prior to failure and 

therefore did not result in a large shear crack along the edge when punching occurred.  

Overhangs Y1 and Y2 (516 mm) did not produce a shear crack on the edge of the overhang after 

punching failure.  A possible reason for this is that the longer overhangs experienced a partial 

flexural and partial punching shear type failure.  The steel reinforced overhang, Y2, exhibited a 

more gradual failure as the final punching was less sudden when compared to the GFRP 

reinforced overhangs.  This further suggests a more flexural response and failure of the longer 

steel reinforced overhang sections.  All bridge decks overhangs exhibited a punching type failure 

even though they were not designed with the flexural requirements prescribed by the CHBDC 

(the reinforcement ratio was 105% less than code requirements). 

Table 4.1: Summary of the overhang test results. 

Spec. 
ID 

Rebar 
Overhang 
Span (mm) 

Peak 
Load 
(kN) 

Factor 
of 

Safety 

Max. Def. at 
failure (mm) 

Max. Def. at 
service load 

(24.3kN) 
(mm) 

L/300 limit 
(AASHTO) 

Max 
Negative 
Moment 

Strain (µe) 

X1 GFRP 260 71.1 2.9 11.3 1.00 0.87  

X2 GFRP 260 48.2 2.0 7.68 1.20 0.87 7360 

X3 GFRP 260 48.3 2.0 8.47 0.95 0.87 10960 

Y1 GFRP 516 66.8 2.7 25.1 1.83 1.72 29490 

Y2 Steel 516 75.8 3.0 33.8 1.88 1.72 58780 

 

 



Chapter 4 
 

49 
 

 

Figure 4.1. Overview of the bridge deck overhang tests. 

 

Figure 4.2. Cross-section of the GFRP reinforced overhangs. 
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Figure 4.3. Cross-section of the steel reinforced overhangs. 

 

Figure 4.4. Test set-up for overhang tests. 
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Figure 4.5. Load-deflection plots measured at the free edge of all overhang tests. 

 

Figure 4.6. Transverse load-deflection profiles for overhangs (a) X1,(b) X2, and (c) X3. 
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Figure 4.7. Transverse load-deflection profiles for overhangs (a) Y1 and (b) Y2.  

 
Figure 4.8. Load-strain plots measured in the negative moment region. 
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Figure 4.9. Surface crack patterns and punching shear type failure of overhangs (a) X1,(b) X2, (c) 

X3. 

 

 

(a) 

(b) 

(c) 
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Figure 4.10. Surface crack patterns and punching shear type failure of overhangs (a) Y1 (b) Y2. 

 

 

Figure 4.11. Punching shear crack on the free edge of overhangs (a) X1 and (b) X2. 

(a) 

(b) 

(a) 

(b) 
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Figure 4.12. Cracks and punching failure of underside of overhangs (a) X1, (b) X2, and (c) X3. 

 

Figure 4.13. Cracks and punching failure of underside of overhangs (a) Y1 and (b) Y2. 
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Figure 4.14. Negative moment cracks in overhangs (a) Y1, (b) Y2. 
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Chapter 5: Conclusions 

5.1 Fatigue performance of two FRP SIP structural form bridge decks 

This study investigated the fatigue performance of concrete bridge decks with GFRP 

stay-in-place forms of two types, namely flat-ribbed forms with an overlap splice, and corrugated 

forms with pin-and-eye connections.  Both bonded and unbonded GFRP forms were tested.  

During fatigue cycles, monotonic tests were carried out to service load level periodically, and at 

the end of fatigue, monotonic tests were carried out to failure. The following conclusions can be 

drawn: 

1. Both bonded and unbonded deck systems, with GFRP flat ribbed panels or corrugated 

panels, which were supported by Type III AASHTO girders spaced at 1775 mm (6ft.) 

survived at least three million (3M) cycles with excellent performance under the 123 kN 

service load of the CHBDC design truck, including a 40% dynamic effect. 

2. For the 6 ft. span flat-ribbed-form deck; stiffness degradation after 3M cycles was only 

9% in the deck with adhesive bond at concrete-form interface and lap splice, which also 

had mechanical fasteners. Live load deflection at the end of the fatigue cycles was less 

than span (L)/1600. The lap splice remained intact at end of fatigue. 

3. When adhesive bond and mechanical fasteners were eliminated completely from the 6 ft. 

span flat-ribbed-form deck (i.e. the easiest and fastest to build), stiffness degradation at 

3M cycles was 32%; nonetheless, deflection remained less than L/1600, indicating 

excellent performance.  

4.  After the 3M cycles, the bonded flat-ribbed-form deck survived an additional 2M cycles 

at a higher load (242 kN) simulating an equivalent larger (8 ft.) girder spacing. During 

the 2M cycles, an additional 33% stiffness degradation occurred and live load deflection 

of the 6 ft. span exceeded L/1600 but remained below L/800. 
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5. The ultimate residual strengths of the bonded and unbonded flat-ribbed-form decks were 

only 1-5% lower than that of a non-fatigued control deck, and were at least 7 times higher 

than the 122.5 kN service load.  Peak loads were higher than the punching shear load, and 

were governed by GFRP lap-splice peeling, tearing and/or opening. 

6. In the corrugated-form deck; stiffness degradation after 3M cycles was 30% in the 

bonded deck, however, deflection remained less than L/1600. The unbonded one suffered 

only 11% stiffness reduction but note that it was accidentally built 15% thicker. 

7. The ultimate residual strengths of the bonded and unbonded corrugated-form deck were 

25-27% lower than that of a non-fatigued control deck, but were at least 3 times higher 

than the service load. Upon punching shear, tearing between GFRP flange and web 

occurred. The pin-and-eye connection survived both the fatigue and ultimate load tests. 

8. In all decks tested, the maximum longitudinal or transverse GFRP strains measured at the 

end of fatigue were only 0.5-5% of ultimate material strains. Also, the maximum top 

surface crack width in negative moment zone was below the AASHTO limit of 0.3 mm. 

5.2 Tests on GFRP reinforced bridge deck overhangs 

This study investigated the performance of GFRP bars as the top layer of reinforcement 

in concrete bridge deck overhangs without SIP forms subjected to a truck tire load.  Five static 

tests to failure were conducted on the overhangs of a full composite slab-on-girder bridge at 

1:2.75 scale.  Two lengths of overhangs were examined: 260 mm and 516 mm.  The 260 mm 

overhang consisted of a top layer of GFRP reinforcing bars while the 516 mm overhang 

consisted of a section with a top layer of GFRP reinforcing bars and a section with top and 

bottom layers of conventional steel reinforcing bars.  The following conclusions can be drawn 

from this experimental study: 
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1. In general, the peak loads of the five overhang tests were approximately 2 to 3 times the 

established service load of 24.3 kN. 

2. Current analysis and design of bridge deck overhangs, according to the CHBDC, is based 

on the assumption that the response of the overhangs to induced loads is flexural; 

however, the peak load capacity and failure of each overhang test was governed by 

punching shear despite the fact that they were not designed with the flexural requirements 

of the code; i.e. the overhang moment capacities did not meet code requirements. 

3. Each overhang test initially exhibited a flexural response as cracking initiated in the 

negative moment region above the support girders.  This was followed by a transverse 

cracking on the underside of the overhang directly below the loading pad.  The final 

crack to develop was one of the circumferential cracks initiating at the edge of the 

loading pad right before punching occurs, typical behaviour of internal deck sections. 

4. Flexural stiffness and moment capacity governs the serviceability performance of the 

bridge deck overhangs.  Each overhang test slightly violated the deflection limit (L/300) 

at service load (24.3 kN).  The reason for this was that the overhangs were not designed 

according to the flexural requirements of the code. 

5. The steel-reinforced overhang section, Y2, exhibited a greater peak load capacity (13.5%) 

and greater deformability (35%) when compared to the GFRP reinforced overhang 

section, Y1. 

5.3 Future Research  

Further research should be conducted to support the conclusions reached in these tests 

and verify the advantages of GFRP SIP structural form bridge deck systems.  At Queen’s 

University, in Kingston, further studies on the durability of these novel GFRP SIP form bridge 

decks are in progress. A program is underway to test the performance of scaled GFRP ribbed 
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panel decks when subjected to freeze-thaw cycles.  In particular, the effect on the interface bond 

conditions between the GFRP forms and concrete as well as the lap splice will be examined.  In 

addition, work on the detection of bond damage and delamination at the FRP-concrete interface 

using thermal imaging is underway.  Also, given the successful fatigue performance of the lap 

splice connection of the GFRP ribbed panels, optimization of this splice should be examined.  

With the new proposed state-of-the-art facilities including a moving load simulator soon to be 

constructed at Queen’s University, it is recommended that these GFRP SIP form bridge decks 

undergo cyclic testing using a moving wheel load, to simulate actual loading conditions.  

Furthermore, implementation of these systems in the field could also demonstrate their 

performance under realistic loading and environmental conditions. 

Further research is required to confirm the behaviour of GFRP reinforced bridge deck 

overhangs subjected to concentrated wheel loads.  Typically, bridges decks have traffic barriers 

located on the extreme edge of the overhang.  Therefore, it is recommended that additional tests 

be performed on overhangs stiffened by a traffic barrier wall and compare the results to 

unstiffened overhangs.  In addition, the fatigue performance of these overhangs should be 

examined when they are subjected to many repeated load cycles. 
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Appendix A: Extra Figures for Chapter 3 

 
Figure A.1. Material properties. 

 
Figure A.2. Lap splice detail for flat GFRP panels with T-Up ribs. 

Figure A.3. (a)Wet adhesive applied to the FRP surface prior to (b) casting of concrete. 
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Figure A.4. Steps to determine the equivalent load level for an 8 ft. span. 

 
Figure A.5. Strain gauge locations for GFRP SIP bridge deck specimens. 
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Figure A.6. Top rebar strain results for the monotonic tests of Z-N. 

 

 
Figure A.7. Failure of corrugated GFRP SIP form. 
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Appendix B: Sample Calculation of Design of Overhang Sections 

Sample calculation of 516 mm (1419 mm) overhang: 

 

Figure A.8. Cross-section of overhang section. 

Reinforcement ratio for tested bridge deck overhangs (full scale): 

  
    

  
 

     

           
               

This section presents the design of the overhangs if they were designed in accordance with the 

CHBDC: 

Overhang Section at Full scale: 

h = 206.25 mm 

d = 156.25 mm 

b = 1000 mm 

fc’= 40 MPa 

ffrpu = 784 MPa 

Efrp = 46100MPa 
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   = 0.79 

   = 0.85 

   = 0.6 

     = 0.75 

    = 0.0035 

      = 0.017 

Factor Moment Capacity Required: 

Cl. 5.7.1.6 CHBDC 

For truck wheel load of 87.5 kN, the intensity of the transverse moment,   , equals: 
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To obtain the design moment intensity, multiply   by the dynamic load allowance (1.4). 
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Design for concrete crushing therefore use reinforcement ratio >     : 

         

  

    

  
 

     
(

   
         

) 

                 
     

      

    

     
(

      

            
)                 



Appendix B 
 

69 
 

Use: 

                          

                       

Equilibrium equations: 

        
      

               

Where: 
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Set C = T to solve for c (depth to neutral axis): 
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Check Cl. 16.8.2.2: 
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Check Serviceability: 

Cl. 16.8.3 states that the maximum allowable stress in the FRP reinforcement at service load is 

                . 

Check stress in FRP at service load of 87.5 kN (unfactored). 
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Assume the section is cracked.  Over the lifespan of the overhang, it is likely that the section will 

crack due to repeated service load cycles. 

Analyze transformed crack section: 

  
    

  
      

               

Take 1
st
 moment of areas to find depth to neutral axis     : 
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Therefore:                           works. 

Compare the reinforcement ratio given to the required: 

              
             

      
           


