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ABSTRACT

In the context of the state of deterioration of North America’s bridges, researchers have been working on improving the performance of current designs. All-FRP bridge slabs have attracted increased interest since the mid 90s. These slabs offer notable advantages over traditional reinforced concrete slabs. These advantages include lighter weight, better durability and faster installation among others. This research focuses on the development of a thermoplastic fiber reinforced polymer (FRP) bridge slab for the replacement of wood logs that are part of the deck structure of a popular steel/timber bridge design. Different structural profiles have been explored through finite element analysis and two slab prototypes have been fabricated. These full-scale prototypes have dimensions of approximately 3200mm×1200mm×250mm and cover two lateral spans. Both prototypes were tested under concentrated static loading and one was subjected to above two million cycles of loading. The slab deflection and FRP laminate stress levels under loading were recorded. The retention of the slab rigidity was monitored at regular intervals during cyclic fatigue loading. No significant rigidity loss was observed during this period.
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1. INTRODUCTION
The U.S. Federal Highway Administration estimated that close to 30% of the 588 288 bridges in the United States either have a deficient structure or their capacity is obsolete (Busel, 2002). Some of these bridges are located in regions prone to harsh weather conditions, particularly Nordic regions where de-icing salts are commonly used to keep roads functional. As a result, these bridges tend to deteriorate faster. FRP materials are known to be immune to corrosion that affects steel rebars present in reinforced concrete bridge slabs. Along with resistance properties in the same range as steel, FRP composites represent a better alternative for bridge materials. The concept of all-FRP bridge slabs in place of reinforced concrete slabs has been investigated by various researchers and companies (Market Development Alliance, 2000). Many field projects have been realized in the United States since the mid 90s. These slabs had different section profiles composed of FRP laminates either produced by pultrusion, hand lay-up or vacuum assisted molding. This project focuses on the development of an FRP replacement bridge slab for a steel/timber bridge application where the current deck structure includes staggered timber logs. These timber logs need replacement after about 15 years. With the actual deck design, the steel girders are also exposed to fluid spillage from the bridge surface and this increases their rate of deterioration.
2. DETAILS OF THE EXPERIMENTAL PROGRAM
2.1 Design Parameters
The replacement slab is to be installed in similar conditions as the existing timber logs; hence the span length (L) was kept to 1450 mm for this design. It has been observed through experimentation on this bridge type that the wheel load of a truck axle is supported by three consecutive timber logs. To mirror this, the width of the FRP slab was set to an equivalent of 1200 mm. The thickness of the new slab would match the timber log at 203 mm if the actual wearing surface is kept or it may be increased if a thinner wearing surface is chosen, up to a total of 299 mm including the wearing surface. The prescribed truck axle service load is established from the Canadian Highway Bridge Design Code at 110.25 kN per wheel (CHBDC, 2000). The length of the slab was chosen as to cover two spans to reproduce continuity. The truck axle load is to be applied in two concentrated areas (2×110.25 kN) separated by 1800 mm center to center as prescribed by the code. The loads are centered from the middle support, in this way creating the maximum negative moment over this support. The maximum deflection criterion under the service load was set to L/400, and maximum stress in the FRP to 30% of its ultimate strength.

[image: image12.jpg]-

i



  [image: image2.jpg]Floor Beams
96x203= 1800 min.

Transverse Beams
197%203x4268

at 406 c/c

Diaphragm




Figure 1  Actual Steel/Timber Bridge Deck.

2.2 Structural Design and Prototype Fabrication
Glass fiber reinforced polypropylene was chosen as a candidate material for a bridge slab. It was used in the form of commingled glass and polypropylene fibers 0º/90º weaved fabrics sold under the commercial name TwinTex® (Saint-Gobain Vetrotex, 2006). Its properties are listed in Table 1.

Table 1  TwinTex® 60% Mass Fiber Material Properties (Robert, 2006).
	Tensile Modulus
	Tensile Strength
	Flexural Modulus
	Flexural Strength

	12 GPa
	229 MPa
	11 GPa
	189 MPa


Different section profiles made of shaped FRP panels were considered with regard to structural efficiency and ease of fabrication. It was chosen to fill the hollow spaces in the section with polyurethane foam to increase rigidity and help prevent buckling of the FRP laminates in the profile. The polyurethane foam considered had a density of about 3.5lbs/ft3 for a modulus of elasticity taken at 10 MPa. These section geometries were modeled for finite element analysis with the SAP2000® software (Computers and Structures, 2006). The FRP laminates were approximated as straight line where needed and the laminate junctions were idealized as fixed (no slip). The model used linear 4-node shell elements for the FRP laminates and linear 8-node elements for the polyurethane foam. From the simulation results, two section geometries were chosen to be fabricated as prototype slabs for testing (Figure 2). These geometries produced satisfactory deflection results for 4-5 mm thick laminates and were judged suitable for simple fabrication. These prototype slabs were made as an assembly of FRP components joined together by bolts. The FRP components were fabricated by vacuum bag molding in an oven at 180ºC. Electrical strain gages were installed on the FRP laminates at various locations in the slabs. Once all the FRP components were assembled (Figure 3), one end of the slab was blocked and the liquid polyurethane foam mix was poured in the cavities by gravity for foaming.
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Figure 2  Section Profile Geometries Chosen for Prototype Fabrication.
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Figure 3  Prototype #2 During Construction.

2.3 Test Set-up and Cyclic Fatigue Loading Regime
Both prototypes were subjected to a static loading in the laboratory using a 500 kN hydraulic jack. Strains in the FRP laminates were recorded and linear variable differential transformers (LVDT) were used to measure the slab deflection. The slabs rested on three I-beams separated by 1450 mm reproducing the bridge girders. The load was applied equally on two 600 mm × 250 mm steel plates lying on rubber pads. Prototype #2 was further subjected to cyclic loading using two 500 kN hydraulic jacks. The load cycles had a sinusoidal pattern with amplitude from 15 kN to 110.25 kN at a rate of 1 Hz for an initial two million cycles. After these two million cycles the top load limit was doubled to 220.5 kN until failure after 1500 cycles. Figure 4 shows the fatigue test set-up and loading regime.
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Figure 4  Fatigue Test Set-up and Cyclic Fatigue Loading Regime.
3. TEST RESULTS AND OBSERVATIONS

Both prototype supported a load of 500 kN without any major visible damage resulting. Recorded FRP strains were low with both prototypes, with the maximum representing 25% of ultimate capacity. Prototype #1 had a deflection of L/180 at the service load which was greater than the design criteria. Lower than initially planned polyurethane foam rigidity with excessive local deflection around the loading areas were identified as the cause of this defect in rigidity. The slab was then loaded to failure with two 500 kN hydraulic jacks and supported an ultimate load of 780 kN. The failure mode was punching in the loading area. Prototype #2 had a better deflection of L/382 under service load, which is in the range of the L/400 design criteria. It was therefore chosen for fatigue testing. The test was stopped every 100,000 cycles to perform a recorded static loading whose results are presented in Figure 5. The results show that there was little rigidity loss due to fatigue cyclic loading. Alteration of the polypropylene texture was slightly visible in small regions of the top FRP panel close to the loading areas. After about 300,000 cycles of loading this alteration gradually became more apparent. It later developed into small cracks in the polypropylene matrix. At about the 1,500,000 cycle mark the top FRP panel locally kinked in the region of one of these cracks, close to the end of the slab. We evaluate that these cracks were promoted by the initial static loading, which went up to 2.3 times the service load. When the cyclic load upper limit was doubled, a crack opened in the whole FRP top panel, with fiber ruptures, and developed. The slab failed in a punching style due to this crack after 1,500 cycles.
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Figure 5  Prototype #2: (a) Slab Deflection Under Static Loading During the Fatigue Test; (b) Failure Mode.

4. CONCLUSIONS

The experiments conducted in this research lead to the following conclusions:
1. Stress levels remain low in the FRP laminates for all practical loading conditions and the designed slabs are able to withstand a load higher than the factored design load.
2. Deflection under the service load for prototype #2 is L/382 and is in the range of the design criteria.
3. No significant loss of rigidity was recorded on prototype #2 during the two million cycles of load at 2×110.25 kN.
4. The mode of failure of the slabs is punching in the loading area and this doesn’t represent a catastrophic failure.
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