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Abstract

Fibre reinforced polymer (FRP) composites have wide applications in the civil engineering infrastructure.  Applications of FRP composites in the bridge construction industry include strengthening of existing bridges with external FRP composite reinforcement; deck replacement of existing bridges with FRP composite decks and construction of new FRP composite bridge superstructures.

Strengthening applications include external bonding of FRP composite sheets and strips to beams and slabs and wrapping of FRP composites for external confinement of columns.  Strengthening applications have been used in Australia for several years, although the use of FRP composites for deck replacements or the construction of new bridge superstructures have only recently emerged as potential applications.  

This paper reviews the applications of FRP composites in bridge decks and superstructures for use in Australia.
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Introduction

Fibre reinforced polymer (FRP) composites have applications in the civil infrastructure industry in the rehabilitation and replacement of existing structures and the construction of new structures.   Examples of rehabilitation applications include external bonding of FRP composite sheets and strips to beams and slabs and external confinement of columns by wrapping FRP composites to increase both strength and ductility. Applications in new construction include pultruded deck sections, concrete-filled girder tubes and reinforcing bars and tendons.

FRP composite materials date back to the early 1940s in the defence industry, for use in aerospace and naval applications. The US Air Force and Navy capitalized on FRP composites high strength-to-weight ratio, high durability, inherent resistance to weather and the corrosive effects of salt air, sea and aggressive chemicals. 

During the early 1980s, the use of FRP composite products was first used in infrastructure bridge projects in Europe and Asia, with the US undertaking projects in the 1990s.  Examples of the pioneering projects include:

· Miyun Bridge, China 1982 - first all FRP bridge deck;

· Ulenbergstrasse Bridge, Germany 1986 - first highway bridge using FRP tendons;

· Aberfeldy, Scotland 1992 - first all FRP pedestrian bridge;

· McKinleyville, WV, USA 1996 - first FRP reinforced concrete bridge deck;

· Russell, KS, USA 1996 - all-FRP vehicular bridge deck. 

Currently composite fabricators and suppliers, along with a large number of researchers and institutions are actively developing and researching products for the civil infrastructure. Concrete repair and reinforcement, bridge deck repair and new installation, composite-hybrid technology (the marriage of composites with concrete, wood and steel), marine piling and pier upgrade programs are just some of the areas that are currently being explored.

The USA is currently leading the research and development of FRP composites for infrastructure bridge projects. The US Government and private institutions have funded many demonstration bridge projects that have been successfully constructed and monitored as part of on-going research. This alternative form of bridge engineering is directly transferable to the Australian bridge market, particularly in the areas of deck replacement of deficient bridges; lift span structures and pre-fabricated bridges in remote areas.

FRP technology has advanced to a sufficient stage over the last 5 years, primarily from USA applications, that it can now be considered as a feasible alternative to conventional bridge materials.  The use of FRP technology is attractive in the strengthening, partial and complete replacement of bridge superstructures for the Australian population of existing bridges.  The introduction of this new technology into Australia, however, must be responsibly managed to ensure that the application is appropriate.

FRP Composites Overview

The mechanical properties of FRP composites depend on many variables such as fibre type, fibre orientation, fibre architecture, resin type, resin additives and the manufacturing processes.  FRP composites are anisotropic materials with their strength being different in different directions.  Their stress-strain curves are linearly elastic to the point of rupture failure. 

Manufacturing

There are four basic manufacturing techniques in producing FRP composite sections, with many variations and patented processes: 

· Pultrusion: which involves a continuous pulling of the fibre rovings and mats through a resin bath and subsequently into a heated die. The elevated temperature inside the die cures the FRP composite matrix into a constant cross-section structural shape.

· Filament winding: which can be automated to wrap resin-wetted fibres around a mandrel to produce circular or polygonal shapes. 

· Layup: which engages a hand or machine buildup of fibre mats that are held together permanently by a resin system. This method enables numerous layers of different fibre orientations to be built up to a desired sheet thickness.  

· Vacuum Assisted Resin Transfer Moulding (VARTM): which uses the negative pressure of vacuum to infuse dry fibres with resin, which are placed in a mould and sealed in an airtight chamber. 

Advantages

FRP composites have many excellent structural qualities and some examples are high strength to weight, material toughness, and fatigue endurance. Other highly desirable qualities are high resistance to elevated temperature, abrasion, corrosion, and chemical attack.

Some of the advantages in the use of FRP composite members for bridge construction include the ease of manufacturing, fabrication, handling, and erection, with the project delivery and installation time being reduced. Composites can be designed for high performance, durability and extended service life. Composites can generally be economically justified as the life-cycle cost of the bridge is reduced over the lifetime of the bridge.

Disadvantages

Some of the disadvantages in the use of FRP composites in bridges are high initial cost, and the creep rupture phenomena. 

Design and manufacture require highly trained specialists from many engineering and material science disciplines, and some manufacturing processes do not produce consistent material or structural properties. The composites have a potential for environmental degradation under alkali attack and ultraviolet radiation exposure. 

There are very little or nonexistent design guidance and/or standards and there is a lack of proven efficient connection details. 

Although the lightweight feature may be an advantage for many bridge structures, it could render the structure aerodynamically unstable.

Some of these disadvantages are currently being researched and the information is being disseminated in the wider engineering community.

FRP Composite Issues in Bridge Construction

Although FRP composites have been used for decades within various industries, the application of FRP composites has only recently been expanded to encompass bridge construction.  With this new application, several issues specific to bridge construction require research, such as long-term durability in the field, connections, wearing surfaces and serviceability criteria.

Design Codes

No published design codes are currently available for the design of FRP composite bridges.  Guidelines, produced by the American Concrete Institute exist for both the use of FRP composite reinforcement in concrete structures and for the design of strengthening using FRP composite materials. 

Currently a Load and Resistance Factor Design (LRFD) code for structures using FRP composites is being developed in the USA.   This code will use a practical probability-based limit states design criteria for FRP composite pultruded structures.

The American Society of Civil Engineers (ASCE) currently has a research project engaged in the development of a standard for the design of pultruded FRP composite structures.  It is expected that the ASCE document will be completed and used as a basis for the American Association of State Highway and Transportation Officials (AASHTO) design code for FRP composites.

Design Responsibility

Responsibility for the design of bridges incorporating FRP composites in the USA has changed over the last few years with the increase in the number of FRP bridge projects.  

The designs for the initial demonstration and awareness projects were developed in close collaboration with FRP manufacturers, universities and state highway authorities.   In some instances manufactures carried out research and development with the assistance of the universities.  These demonstration bridge projects were installed on county or state roads and the state highway authorities generally assumed the design responsibility for these initial projects.

With the increasing involvement of bridge design consultants in FRP composite bridge projects, an alternative design model has developed.   In this model, the bridge consultant carries out a design for the bridge with a generic design for the FRP component – usually the bridge deck or the full bridge superstructure.  A performance specification for the FRP component is prepared which includes geometry requirements, load carrying capacity requirements, form of connection of traffic barriers, shear connection requirements between girders and deck together with testing requirements for components, sub assemblages and full components.  

This generic design allows for more than one FRP manufacturer proprietary product.  The design responsibility for the FRP components remains with the FRP manufacturer who provides detail drawings showing how the proprietary product is to be incorporated into the bridge.  The design consultant subsequently carries out a review of these details to confirm that the overall bridge design requirements are satisfied.  

Current Research

To utilise the full advantages of the FRP composites in the bridge construction industry further research is required in several fields.  The research fields include:

· Durability – The durability issues include the performance of FRP bridge deck systems under a realistic fatigue loading; real-time environmental affects on the FRP deck system and a combination of fatigue and degradation effects on bridge deck systems in real-time;

· Connections – The connection details for FRP composite systems require further development to ensure that the on-site deck-to-girder connection functions either as a integral, or non-integral connection, as designed.  The connections require accessibility from the top of the deck and a variable haunch to account for variations in the girder elevations, cambers and cross-fall. The connections should also be structurally efficient and provide fast installation;

· Wearing Surface - Research is required in the bonding of the wearing surfaces to the FRP deck systems; the efficient resurfacing of the wearing surface and the most beneficial wearing surface to be used in specific situations;

· Serviceability Limits - the design of FRP systems to-date has been driven by stiffness requirements rather than strength.  Further research is required to determine allowable serviceability limits that will balance the stiffness of the deck system with the strength capacity.  These serviceability limits include deflection criteria and vibration control.

FRP Composite Bridges

The first application of FRP composites used in the USA for road bridges was the Kansas Structural Composites honeycomb sandwich panel deck in Russell, Kansas in 1996.  Following this time several demonstration bridges were installed throughout the USA, leading to FRP composite bridges now being commercially viable.  

Currently over 40 FRP composite vehicle bridges have been installed in the USA.   Some FRP composite examples include:

Tom's Creek Bridge, Blacksburg, Virginia - Strongwell Product

Constructed in 1997 - 6.1m single span and 7.3m wide.  The bridge was upgraded from a 10-ton to 20-ton (AASHTO HS20-44) capacity after the severely deteriorated steel beams were replaced with the Strongwell 8 ” DWBs spaced at 0.27m and 0.31m centres.  Timber deck and barriers replaced the existing timber deck.   

Troutville Weigh Station, Troutville, Virginia- Strongwell 

Constructed in 1999, this bridge deck consists of standard EXTREN® structural shapes and plate of 4.65m width and is supported on steel I-girders, and experiences traffic of over 13,000 fully loaded trucks per day. Virginia Tech has installed a data acquisition monitoring system to collect and report real data to FHWA.

Laurel Run Road Bridge, Somerset County, PA – Creative Pultrusions

Constructed in 1998 - 8.66m single span and 10.01m wide.  The bridge consists of the Superdeck TM supported on galvanised steel I-girders spaced at 0.9m centres with a conventional reinforced concrete substructure.  The wearing surface is an epoxy polymer concrete.  The bridge has been designed for AASHTO HS25-44 live loading.  The traffic barriers are independent of the deck and are connected directly to the steel I-girders.  The kerbs are manufactured from FRP square tubes.

Laurel Lick Bridge, Lewis County, WV – Creative Pultrusions

Constructed in 1997 - 6.10m single span and 4.88m wide.  The bridge consists of the Superdeck TM supported on Pultex FRP wide flange beams spaced at 0.76 m centres with FRP pile sections, FRP abutment facing panels and a conventional reinforced concrete pile cap. The wearing surface is a polyester polymer concrete. The bridge has been designed for AASHTO HS25-44 live loading.  The kerbs are manufactured from FRP square tubes.

Tech 21 (Smith Road) Bridge, Butler Count, OH – Martin Marietta Composites

Constructed in 1997 - 10.1m single span and 7.3m wide.  The bridge consists of the DuraSpanTM deck bonded compositely with three ‘U’-shaped FRP composite trough girders with a conventional reinforced concrete substructure.  The deck panels span longitudinally and act compositely with the girders.  The bridge has been designed for AASHTO HS25-44.  The traffic barriers are connected to the deck using through bolts.

Mill Creek Bridge, Wilmington, DE – Hardcore Composites

Constructed in 1999 - 11.7m single span and 5.2m wide.  The bridge consists of the Hardcore Composites 30 degree skewed deck supported on painted steel I-girders, with a conventional reinforced concrete substructure.   The bridge has been designed for AASHTO HS25-44 live loading.  The traffic barriers are connected to the top of the deck with embedded bolts.

Five Mile Road Bridge, Hamilton County, OH – Hardcore Composites

Currently under construction - 14.6m single span and 8.5m wide.  The bridge consists of the Hardcore Composites 39 degree skewed deck supported on AASHTO Type II Modified PSC (Prestressed Concrete) Girders spaced at 2.2m centres, with the existing conventional reinforced concrete substructure.   The bridge has been designed for AASHTO HS20-44 live loading.  The traffic barriers are connected directly to the deck using through bolts.

Salem Ave, Dayton, OH – Creative Pultrusions, Hardcore Composites, Kansas Structural Composites.

Constructed in 2000.  This project consisted of redecking an existing steel bridge with four different FRP deck systems supported on steel girders.  The decks are designed for AASHTO HS25-44 live loading.  

Lessons Learned From The Salem Ave Bridge

During the early service life of the FRP composite decks cracking and blistering was observed.  The owner was concerned with the maintenance and serviceability issues and this lead to initial investigations, which developed into a third party evaluation team to investigate potential problems.

The team consisted of a bridge group, an installation group and a FRP composite materials group.  The investigation results indicated:

· Delamination of panel skins, which occurred due to manufacturing defects;

· Deck-to-girder connections indicated that the haunch on the steel girders did not have a uniform contact bearing area under the FRP decks;

· Joints between different deck systems were open, as the stiffness of the different systems vary.  The unsupported panel ends could be damaged due to variable deflection.

The lessons learned from this bridge include the need for more detailed procedures for development and approval of shop drawings; clear specification of responsibility for the deck-to-girder connections; the need to consider composite action between the deck and the girder; need for diaphragms for end support at non-structural joints and careful detailing of the seating of the FRP deck on the girder to ensure full contact bearing.

Capabilities in the FRP Composite Industry in Australia

Australia has established capabilities in research, design and manufacturing of FRP composites for the bridge industry.  

Research

Research is being undertaken at the University of Southern Queensland (USQ); the University of NSW (UNSW) and the University of Western Sydney (UWS).  The research areas include: development of FRP composite plank beams; FRP reinforcement in concrete and the development of an integral connection between existing beams and FRP composite decks.

Design

Design capabilities include several engineering consultants and universities: for example USQ, Cardno MBK, Connell Wagner and MPN.  Design capabilities range from strengthening of structural members, to the design of FRP composite bridge superstructures.

Manufacturing

Australia has several developed FRP composite manufacturing capabilities using the four main manufacturing techniques.  The manufacturers include:

· ADI – the supplier of the FRP composite Huon Class Minehunters for the Royal Australian Navy, development and prototype manufacture of an FRP composite “people-mover” vehicle.  ADI is currently investigating teaming arrangements with proven USA based manufacturers of pultruded FRP composite deck systems.

· Pacific Composites – produce pultruded structural profiles for 80% of the FRP composite Australian market.  These profiles include structural “I” beams, angles and closed sections.

· Wagners Composite Fibre Technologies – are currently manufacturing the prototype FRP composite plank for the USQ and Main Roads Queensland project.

Australian Bridge Population

Australia has a large number of timber, steel and concrete bridges that require on-going maintenance and rehabilitation.  As an example of numbers, the approximate numbers of timber bridges around the states are as follows:

· NSW – local council owned 4000

· NSW – state road authority owned 150

· NSW – state rail authority owned 700

· QLD – local council owned 3000

· QLD – state road authority owned 500

· WA – local council owned 3000

· VIC – local council owned 600

· VIC – state road authority owned 25

· TAS – local council owned 100

These figures indicate that there are a large number of timber bridges within the local government regions.  The serviceability of these bridges is affected due to the age and the minimum level of maintenance of these bridges.

The Australian Bridge Design Code is being revised for issue early next year as an Australian Standard.  This code formally nominates the SM1600 vehicle as the design live load, which corresponds to a 72 tonne vehicle over a 10 m span bridge.  This live load has increased significantly from the typical original design loading of a 20 tonne truck.   The new vehicle live load affects the strength of many of the Australian existing bridges.   

The strength and serviceability issues are creating an urgent maintenance and safety issue for the owners.

FRP offers the following advantages for bridges:

· High strength to weight ratio;

· Durable material (corrosion resistant);

· Ease of fabrication (modular);

· Ease and high speed of installation;

· Ease of transportation;

· Reduced overall life cycle costs.

These advantageous characteristics provide practical benefits for bridges in Australia, with possible applications, apart from strengthening being identified as:

· Deck replacement of deficient bridges;

· Deck replacement of lift span bridges;

· Pre-fabricated bridges in remote areas;

· Increased live load capacity on historical bridges.

Survey Results

Cardno MBK recently undertook a survey of local councils, Roads and Traffic Authority (RTA) and Rail Infrastructure (RIC) in NSW to ascertain the level of knowledge and interest in the use of FRP in bridge construction.  The survey was also developed to identify the potential application of FRP in bridge engineering.

The results indicate the approximate annual cost of maintenance of bridges and the approximate annual bridge replacement and refurbishment programs in place.

Bridge Type
Local Councils
RTA
RIC

timber
$6m
$8m
$5m

steel
$0.35m
$1.3m
$5m

concrete
$1.5m
$9m
$0.5m

Approximate annual maintenance cost of bridges


Local Councils
RTA
RIC

replacement
40 / Yr
8 / Yr
10 / Yr

refurbishment
55 / Yr
32 / Yr
10 / Yr

Approximate annual replacement and refurbishment programs

The important criteria identified for assessing materials for use in bridge construction, in order of significance, were: life cycle cost, maintenance required, design life and initial cost.  Although initial cost was not seen as the most important criteria it is recognised as a critical factor given the limited maintenance funds that are available.

Conclusion

There has been a great deal of development of FRP composite technology in bridge construction in the US in recent years. Both the US Government and private institutions are funding many demonstration bridge projects to show that FRP composite materials can be applied advantageously to bridge projects.

There is, however, still a lot to be learned about FRP composites in the civil infrastructure field.  Although FRP composites have been used for decades within various industries, the application of FRP composites has only recently been expanded to encompass the bridge engineering sector.  With this new application, several issues specific to the bridge engineering sector require research, such as long-term durability in the field, connections, wearing surfaces and serviceability criteria.

The US experience in this new form of bridge construction is also directly transferable to the Australian bridge market, particularly in the areas of deck replacement of deficient bridges, lift span structures and pre-fabricated bridges for remote areas.  

Sufficient understanding of the FRP technology exists to allow the responsible introduction in Australian bridges.  It is thus the ideal time for technology and information transfer to Australian manufacturers, contractors and consultants.
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