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1. SYNOPSIS

The use of high performance concrete offers advantages in durability, ease of placement, and reduced creep and shrinkage, as well as increased compressive, shear and tensile strength.  Offsetting these advantages are potentially reduced ductility and fire resistance, and increased unit cost.  In this paper the international use of high performance concrete in bridge decks is reviewed, including reported benefits and problems, and restrictions placed on strength grade.

Case studies are presented of the use of high performance concrete internationally.  Factors affecting the utilisation of high performance countries in different countries are discussed, including code provisions and government/industry initiatives.  Recommendations are given for situations in which the use of high performance concrete is likely to be of overall benefit to the quality and economy of the structure, and for the greater utilisation of this material in Australian bridges.

2.
INTRODUCTION

The use of high performance concrete in bridges is increasing rapidly world wide, in many areas largely driven by durability problems associated with reinforced concrete structures subject to de-icing salts and freeze-thaw conditions.  In Australia typical exposure conditions are not so aggressive and use of high performance concrete in bridges is not common.  In this paper the international use of high performance concrete in bridge decks is reviewed, including reported benefits and problems, restrictions placed on strength grade, and special design provisions required for higher strength grades.

The focus of the paper is on the durability and workability benefits of the use of high performance concrete.  The requirements of Australian codes and specifications relating to high performance concrete are discussed and case studies are presented illustrating the potential benefits from the use of concrete with higher specified performance requirements.

3.
WHAT IS HIGH PERFORMANCE CONCRETE?

The USA Federal Highways Administration (FHA) defines HPC as follows (1):

“A high performance concrete is a concrete in which certain characteristics are developed for a particular application and environments.  Examples of characteristics that may be considered critical for an application are: ease of placement; compaction without segregation; early-age strength; long term mechanical properties; permeability; durability; heat of hydration; toughness; volume stability; long life in severe environments.”

The focus of this paper is on concrete with properties that will enhance durability and ease of placement. These are primarily low permeability and high workability with good resistance to segregation.  In addition, HPC mixes often feature replacement of cement with supplementary cementitious materials, with an associated reduction in greenhouse gas emissions.  Less desirable properties that may be associated with HPC include reduced ductility, reduced fire resistance, and greater susceptibility to early age cracking. 

High performance in the Australian context is here defined as concrete with superior characteristics to the minimum values required by AS 5100 and the standard specifications of the state transport authorities.  Typical values of current requirements, extracted from the RTA document B80(45), are shown in Table 1.  A more general and detailed definition of High Performance Concrete in highway structures is given by Goodspeed (2).


Table 1.  Minimum Requirements for Standard Concrete Grades(45)

	Table B80/3.1 ­ Wet Curing Requirements (Part)

	Exposure 
	Other requirements 

	classification
	Minimum 
	Maximum 
	Minimum 

	
	cement 
	w/c ratio 
	strength for 

	
	content 
	(by mass) 
	durability 

	
	(kg/m 3 ) 
	
	f c.min(d) 

	
	
	
	(MPa) 

	A
	320
	0.56
	25

	B1
	320
	0.5
	32

	B2
	370
	0.46
	40

	C
	420
	0.4
	50

	U
	In accordance with Annexure B80/6 

	w/c denotes total water to total cement ratio 


4.
INTERNATIONAL USE OF HPC IN BRIDGES

4.1
General

HPC was used in Japan as early as 1940 (3) and has been used more widely for particular applications for over thirty years, with the first International Conference on Utilization of High performance Concrete being held in Stavanger, Norway, in 1987, and the most recent of these conferences, the seventh, held in Washington DC in June 2005.  Early developments were centred in northern Europe and focussed on applications in longer span bridges as well as high rise buildings and offshore structures, with more general use becoming mandatory in some countries by the early 1990’s.  These developments were summarised in “High-Performance Concretes, a State-of-Art Report (1989-1994) (4), which remains a valuable summary of HPC technology.  

Over the past 10 years the use of HPC in short to medium span bridges has been actively promoted by government agencies in the USA and Canada, both for improved durability and efficiency in the use of materials.  A wide variety of North American information on HPC is available on the Internet including specifications, design guides, and newsletters.

4.2
Japan

A concrete with a compressive strength of over 100 MPa was developed by Dr. T. Yoshida of the University of Tokyo in 1940 (3).  This material was mainly used for precast concrete tunnel linings in the 1940’s.  These tunnels continue in service, including in undersea conditions, and show no problems after over  60 years without maintenance (3).

Three high strength concrete (HSC) bridges built for Japan National Railway in 1973 are of historical importance. The reasons for utilizing HSC were to lower the dead load, to reduce deflection, vibration and noise, and to reduce maintenance costs. After over 30 years of service, the bridges representing the first generation of HSC bridges worldwide have performed according to all the expectations (4).

The durability of concrete structures became a major topic of interest in Japan in the early 1980’s.  Combined with shortages of skilled construction workers, this led to the development of self-compacting concrete, starting in 1986 (43).  By the early 1990’s, a concrete that did not require vibration to achieve full compaction had been developed.  As of the year 2000, the annual amount of self-compacting concrete used in Japan was about 400,000 m3 (5).

4.3
Scandinavia

In Norway the combination of harsh climatic conditions, a long coast line with many structures subject to chloride attack, and the development of concrete off-shore drilling platforms in the North Sea led to the early adoption of HPC.  For instance in 1989 the Norwegian Roads Administration introduced a requirement for a water-binder ratio of less than 0.40, combined with the use of silica fume on all infrastructure projects (4).  In the same year concrete with a characteristic cube strength of 105 MPa was introduced in the Norwegian concrete design code (7).  Lightweight aggregates have been used in many Norwegian structures, particularly balance cantilever structures.  Characteristic strengths are in the range 55 to 70 MPa, with densities in the range 1900 to 1950 kg/m3 (7).

The development of HPC in Denmark and Sweden was driven by the construction of the massive Great Belt and Oresund Link  bridge projects, with construction starting in 1988 (4, 8).  The concrete had to meet high performance requirements, however, the term “high performance concrete” (HPC) is not used in Denmark. Requirements can be high or low, but performance can only be “yes” or “no.” Therefore, per the Danish definition, there is no such thing as HPC. Nevertheless, in reality, concrete for the Link would be described as HPC according to USA terminology. (8)

4.4
France

The first use of the term high performance concrete (HPC) in France goes back to 1983 and the building of a bridge at Melun under the impetus of LCPC and SETRA (Research Agency and Bridge Department of the French Highways Administration, respectively)(9).  The use of HPC in France has been mainly in the bridge, rather than the building sector.  The reasons for this are firstly because high rise building is dominated by steel construction in France, and secondly because of the partnership between bridge owners and the concrete industry, leading to the formation of a joint government/industry group to advance the use of HPC, called BHP 2000 (8).

Concrete with characteristic strengths in the range 70 -80 MPa are now common in France, with significant progress being made in modifying codes and standards to address the use of HPC (10).

According to Virlogeux (11) “The development of high performance concrete is one of the major trends in recent years for concrete construction.  High performance concrete and not only high strength concrete because the increased compactness is a major advantage for the long term durability of concrete structures.”  Virlogeux sees the main benefit for standard and medium span bridges as being in increased durability, because “engineers cannot take a large advantage … from an increased strength” (11), however this opinion is not supported by recent studies on precast girder bridges carried out in the USA, which show significant savings in concrete quantities through the use of high strength concrete in bridge girders.

4.5
North America

The use of high performance concrete has a history of over 30 years in the USA (4), and over the last ten years the use of HPC in bridges has been actively encouraged by owner organisations in partnership with industry groups.

The AASHTO “Task force on Strategic Highway Research Program (SHRP) Implementation” developed and instituted the Lead State Program in 1996 (12).  Seven “high pay off” SHRP technologies (including HPC) had been identified in 1987, and a strategy based on “Lead States” was implemented to encourage the utilisation of these technologies.  The team members represented industry, FHWA, and eight states.  Their mission was to promote the implementation of HPC technology for use in pavements and bridges and to share knowledge, benefits, and challenges with the states and their customers (13).  A FHWA implementation survey published in March 2004 (14) reported that 44 out of the 50 American states had used HPC in specifications in the last 10 years and that the great majority had made changes to curing requirements and specified concrete strengths to allow the efficient use of HPC.

In 1999 the National Council Bridge Council (NCBC) and FHWA came to a cooperative agreement intended to develop and implement means to enhance the use and quality of concrete materials and bridge systems (15).  The three key objectives were:

· Identify needs related to HPC practices and procedures in relation to bridge design and construction

· Develop new and improved HPC practices and procedures related to concrete construction 

· Implement technology transfer, training, and outreach activities on new and improved HPC practices and procedures; and develop partnership opportunities and joint efforts between Federal, State, and local governments, academia, and the private sector.

“HPC Bridge Views”, a bi-monthly newsletter on implementation of HPC usage and associated technical issues, was the first product of this agreement.  This publication is now up to issue 42, and all issues are available for free download on the Internet.

In Canada extreme climatic conditions and problems with durability led to the conclusion that the impenetrability of concrete cover was of paramount importance, and the development of HPC as the key element to achieve this aim (6).  A network of centres of excellence on HPC, funded under the Federal Government “Centres of Excellence Programme”, commenced in 1990.  In 1994 the network became known as Concrete Canada, and by 2000 network researchers had published over 400 papers (4).  The majority of HPC bridges constructed in Canada to date have had concrete strengths in the range 50-60 MPa, however the Canadian Standards Association (CSA) concrete code (A23.3-94) covers compressive strengths up to 80 MPa, and the Canadian Highway Bridge Design Code (CSA S6, 2000) has a compressive stress limit of 85 MPa, unless otherwise approved (6).

The Cement Association of Canada’s review of HPC Structures in Canada (6) provides further detailed information on Canadian structures and code requirements.

5.
USE OF HIGH PERFORMANCE CONCRETE IN AUSTRALIA

The use of high performance concrete in Australia has been led by the building industry where competition in the high-rise building sector has led to the use of concrete with strengths of 100 MPa and higher for highly loaded columns.  

Until the introduction of the Australian Standard Bridge Code (AS 5100) (16) in 2004 the maximum strength of concrete in bridges was limited to 50 MPa, and use of HPC in bridges has been mainly limited to structures in particularly aggressive environments.  An example of the use of HPC for durability reasons is the Sorrell Causeway Bridge in Tasmania, where high performance concrete with a low w/c ratio and high slag and silica flume content was used to minimise shrinkage and reduce the ability of surface chlorides to diffuse (17).

Whilst many documents relevant to the specification, production and use of HPC, particularly with reference to concrete durability, have been produced by organisations such as The Concrete Institute of Australia (18-23), and Austroads (24-27), it is fair to say that there has not been a coordinated strategy to implement HPC use in bridges, such as has occurred in North America and France.  This is not to say that there has been no activity in HPC research and development.  The use of higher strength grades has been actively researched by Australian universities (for instance 28-32), and revisions to the Australian Standard Concrete Code (AS 3600) (33) covering the use of concrete with compressive strengths up to 100 MPa are in hand.  However there has been little published research examining the economic and durability benefits of the use of High Performance Concrete in Australian Bridges, and there is no national coordination or implementation programme for High Performance Concrete.

6.
AS 5100 PROVISIONS FOR HIGH PERFORMANCE CONCRETE

With the introduction of AS 5100 the Australian Bridge Design Code was extended to cover the low range of high strength concrete (compressive strength up to 65 MPa) for the first time, and maintained compatibility with the Concrete Structures Code, AS 3600-2001.  In addition to the characteristic compressive strength requirements the following clauses are relevant to the design of high strength and high performance concrete bridges:

1.5.1
Materials not specifically referred to in the code are not prohibited.

This clause has been retained from the previous bridge code, and allows the use of higher strength concrete than that covered by the Code, subject to approval of the client and adequate justification of design parameters.

2.5.2
“The maximum concrete compressive stress under the fatigue design loading specified in AS 5100.2 shall be limited to the smaller of 0.45 f ′c and 18 MPa.”

This clause appears to place an unrealistically low compressive stress limit on high strength concrete in prestressed structures subject to fatigue loading.

6.11 
Deflection limits

Where high strength concrete is used to increase girder spacing or reduce girder depth it is possible that deflections under live load will increase and may become critical. 

6.1.1 (b)(ii)
“f'ct may be: … (ii) determined statistically from flexural strength tests carried out in  accordance with AS 1012.11.”

Increased tensile strength provides some increased bending capacity with no increase in prestressing force, which may be further enhanced if testing shows higher tensile strength than that given by the code.

6.1.7., 6.1.8
Determination of shrinkage and creep strains

6.4.3.3
The loss of prestress due to creep of the concrete shall be calculated from an analysis of the creep strains in the concrete. …”

High performance concrete has significantly less long term creep deflection than lower strength grades, and may have lower long term shrinkage, but the default shrinkage strain given in AS 5100 does not vary with concrete strength, and the creep factor is constant for strengths over 50 MPa.  It may therefore be worthwhile to use measured creep and shrinkage parameters, and to carry out a detailed creep and shrinkage analysis, to reduce design prestress losses. 

AS 5100 contains no specific provisions regarding super-workable concrete, but recommendations for manufacture, testing and use of this material are given in the CIA Recommended Practice Z40 (43) .

7.
SPECIFICATION OF HIGH PERFORMANCE CONCRETE

The Concrete Institute of Australia (CIA) publications: Recommended Practice Z13; “Performance Criteria for Concrete in Marine Environments”(23), and Z07; “Durable Concrete Structures”(34), whilst not specifically related to HPC, contain much valuable advice regarding the specifying and production of high quality concrete.  Recommended Practice Z13 emphasises the need to differentiate between performance criteria which are applicable to the design stage, those that are used for concrete pre-qualification, and criteria for quality control at the construction stage.  It states “Importantly, the consequences of non-compliance should be carefully thought through and documented by the specifier. The specifier for instance, may require the rejection of all concrete since the recording of the last acceptable result. If this is not explicitly stated, significant debate will ensue as to the actual consequences of non-compliance.”  This may be thought something of an understatement!  

Merretz et. al. (35) review this document with regard to chloride diffusion tests, and conclude that published correlations between chloride ion permeability test results and concrete permeability are misleading.  They recommend that compressive strength is currently the only acceptable criterion for concrete pre-qualification and quality control purposes.
8.
CASE STUDIES

The following case studies illustrate the potential for achieving improved durability and/or more efficient construction through the use of HPC.  Difficulties experienced in the use of HPC and potential barriers to more widespread use, are also described.

8.1. Higashi-Oozu Viaduct, Japan – Self Compacting Concrete
Precast, prestressed T-girders were used for main girders of the Higashi-Oozu Viaduct (36). Conventional concrete with slump of 80mm was originally planned for the girders, however it was found that conventional concrete was not capable of providing a satisfactory surface finish, and there were complaints associated with noise and vibration from the plant. For these reasons Self Compacting Concrete (SCC) was used.  Mix proportions (Table 2) and results of quality control (Table 3) are shown below.

It was found that material cost increased 4%, and labour cost decreased 33%, giving a total cost decrease of approximately 7%. The main reasons for the low cost are that fly ash of low cost could be obtained, and the SCC was manufactured in a precast concrete factory. It is concluded that SCC can be effective in reducing the fabrication and total cost in a precast factory situation.

Table 2: Mix Proportions of SCC (37)

[image: image1.emf]
Although it is apparent that SCC offers many advantages to precast factory or cast-in-place production, in many cases SCC in Japan is still regarded as a special concrete because of its higher cost, and additional quality control requirements. Therefore, for advanced expansion of SCC, it is important to establish a new system that recognises other values, such as life-cycle-cost and environmental issues (36).

Table 3; Results of quality control of SCC (37)
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Figure 1: Concrete finish achieved on the Higashi-Oozu Viaduct girders

8.2 Stolma Bridge, Norway, High Strength Lightweight Concrete (9)
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Figure 1: Stolma Bridge

The Norwegian concrete industry started to combine the technology of HSC/HPC with that of lightweight aggregate concrete (LWAC) in the mid 1980’s. The first pilot project was constructed in 1987. The spans of two later free cantilever bridges— Raftsundet at 298-m and Stolma at 301-m—represent world records. The motivation for using LWAC was to not only to reduce dead load but also to allow the designer a greater freedom in the choice of pier locations.

The structures are designed with concrete characteristic cube strengths of 55 and 69 MPa and densities in the range of 1900 to 1950 kg/cu m. Aggregates are made from expanded clay or shale. The specified water/binder ratio requirements have been less than 0.40, while actual ratios have been as low as 0.33. Silica fume has been used in all structures.

During the last 15 years, extensive research has been carried out in Norway to verify the LWAC’s performance in a marine environment. This research includes the development of a service life model and laboratory and field-exposed test specimens. Typically, a number of test elements have been cast at the bridge sites and exposed in the tidal and splash zones as a part of the construction project. The results have given confidence that LWAC will withstand the design life of more than 100 years with comfortable margins(38)

8.3
The Confederation Bridge, Canada, HPC for Durability (39)

The Confederation Bridge is an 8.1-mile (13-km) long bridge across the Northumberland Strait between Prince Edward Island and New Brunswick, Canada. Opened in 1997, it was constructed under a design-build-operate- transfer contract in which the developer operates the bridge for 35 years. 

The aggressive environment of the Northumberland Strait includes significant amounts of annual ice that are constantly moving, high winds that result in splash and spray zones on the piers, and frequent cycles of freezing and thawing. 

After extensive review and consideration of the various factors affecting corrosion, it was concluded that the most effective way to protect the structure against corrosion was to utilize high performance concrete in combination with increased concrete cover to the reinforcement. No epoxy-coated reinforcement or corrosion inhibiting admixtures are used due to a perceived high cost-to-benefit potential.

Diffusivity tests conducted on concrete specimens made in the field using the actual mixture and using field placement techniques yielded diffusion coefficients as low as 4.8 x 10-13 m2/s at a maturity of six months. This value is 10 to 30 times lower than the diffusion coefficients of conventional concretes. 

A series of theoretical chloride ion profiles were generated using the test results and Fick’s Second Law of Diffusion. For the case of concrete located in the splash or tidal zones, the generally accepted chloride ion threshold level of 0.4 percent of the cement content, or 1.6 kg/ m3, is not expected to be exceeded until an approximate age of 60 years with 75 mm of concrete cover to the reinforcement. The high concrete resistivity in itself will result in a rate of corrosion that is potentially less than 10 percent of the corrosion rate for conventional concretes. This could extend the duration from depassivation to initial spalling from three years, which is typically assumed for conventional concretes, to over 30 years.  Taking all these factors into account, it was felt that the specified HPC, in conjunction with the inspection and maintenance program, should efficiently protect the embedded reinforcement from corrosion during the 100-year design life. 
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Figure 3: The Confederation Bridge

8.4
Virginia Department of Transport, Specifying for Durability (40)

The Virginia Department of Transportation (VDOT) consider the concept that strength, cementitious material content, and w/cm requirements will ensure durable concretes to be misleading, believing that even when satisfactory strengths are achieved, low permeability is not always attained.

The VDOT is attempting to obtain low permeability concrete by testing concretes for their resistance to chloride penetration. Permeability decreases with concrete age, and the rate of reduction depends on the type of cementitious material, therefore, a four week accelerated curing method is specified, giving results similar to those obtained after six months of curing at 73°F (23°C). The specified maximum Coulomb values are between 1,500 and 3,500.  These requirements were adopted for all HPC projects after 1997 (41).

The low-permeability provisions will become a part of an end-result specification (ERS). In the ERS, limits on air content, slump, and temperature are specified as screening tests. Acceptance will be based on concrete properties such as strength and permeability as determined by the rapid permeability test, and construction practices such as concrete cover, deck thickness, and surface smoothness. The new specifications addressing durability directly are expected to result in long-lasting and cost-effective bridge decks (40).

9.
CONCLUSIONS

The history of the introduction of HPC in bridges in Japan, Europe and North America shows a clear correlation between the extent to which government and bridge owner organisations have actively promoted the use of HPC and the penetration into the bridge market.  In all cases the superior durability of dense high performance concrete has been the original motivation for the active support of HPC, but in many cases, particularly in North America, the use of higher strength grades has been found to give a significant direct economic benefit in reduced materials and transportation cost and/or reduced bridge construction depth.  Studies in the USA have found the optimum strength grade using existing standard bridge beams to be in the range 60 – 90 MPa, based on cost of initial construction.  These strengths have been found to be achievable in practice provided due attention is paid to the special requirements of HPC.  Consideration of improved durability and whole of life costing would show further substantial cost savings.  Optimisation of beams to allow higher prestress forces may result in concrete of still higher strengths proving economical.

In Australia code restrictions on design strength have resulted in HPC only being specified where a particularly aggressive environment demands special attention be paid to durability.  Case studies using typical Australian precast bridge girders and composite bridge construction show the potential for similar savings to those found in the North American studies (42).  The use of rapid chloride diffusion testing as an acceptance criterion remains controversial, and higher strength requirements are seen as a more practical way to control concrete quality.  The following actions are recommended to encourage the greater use of high strength, high performance concrete in Australia:

· 65 MPa to be considered the standard concrete grade for use in precast pre-tensioned bridge girders and post tensioned bridge decks.

· Mix designs to be optimised to ensure maximum benefit from higher strength grades.

· The use of super-workable concrete to be encouraged, especially where proper compaction of cover concrete may be difficult to achieve.

· The use of 80-100 MPa concrete to be considered where benefit can be shown.

· AS 5100 to be revised to allow strength grades up to 100 MPa..

· Optimisation of standard Super-T bridge girders for higher strength grades to be investigated.

· Investigation of HPC for bridge deck slabs to enhance durability.

· Integrated action by government and industry bodies to ensure education of designers, pre-casters, and contractors in the requirements for producing high quality high performance concrete bridges.
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