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 Preface The last 10 to 15 years have witnessed a growing awareness amongst bridge engineers around the world of the need for a properly formulated strategy of bridge management to ensure that the existing stock of road and railway bridges remains in service for as long as possible. Bridges represent a large capital outlay in any road or rail network, and are important not only because of their location, but by virtue of the cost implications if their capacity is impaired or if they fail outright. Proper management is essential if this capital investment is to be protected and begins from the moment the bridge is first conceived until the moment it is replaced. In the past, such management has not been properly perceived and many bridges were constructed with little or no thought given to their inevitable deterioration due to ageing, accidental damage, and overstressing from increased weights and volume of traffic. Bridge inspection of the last decade has revealed an alarming rate of deterioration to the world’s stock of bridges, and the fields of maintenance, repair and strength assessment are growing in importance as the volume of traffic on our roads increases and heavier vehicles are sanctioned by government authorities. This is particularly so on secondary road systems where many older bridges are located and on primary roads which have attracted a density of commercial vehicles greatly in excess of that envisaged in the original design. The management task is a daunting one and very often engineers have worked in isolation to try and provide an adequate programme of Inspection and Repair within strict financial limitations and with little idea of how their counterparts are tackling the problem elsewhere. The aim of the First International Conference on Bridge Management, held at the University of Surrey during March 1990, was to improve communication by providing a focus for the presentation and discussion of the various management tasks facing bridge engineers throughout the world and to help them in the formulation of a sound Bridge Management Strategy at both national and local levels. We believe that this aim was realized and the papers presented provide a wide pool of knowledge from which engineers can now draw in order to develop a management system which will work best within the framework of their own particular constraints. The volume contains 67 papers emanating from more than 25 countries, covering the fields of Inspection, Protection, Structural Assessment and Evaluation, Maintenance, Repair, Strengthening, Rehabilitation and Performance Monitoring as well as important papers on Bridge Management Systems currently operating in several countries. The book provides a very useful reference manual for engineers working with Transportation Departments, Consultants, Contractors, Regional Councils and Local Authorities, who are interested in developing anything from the latest ‘state of the art’ expert system for Bridge Management on a cost effective basis, to the sharp end tasks of
 
 ensuring that bridges are adequately protected against the vagaries of aggressive environments. The editors and conference organisers all come from the University of Surrey which has had a varied interest in bridge design, construction and performance spread over many years. A Master’s Degree course in Bridge Engineering has operated for the last 22 years. The course covers the main areas of analysis, design and construction by means of lectures, tutorials and laboratory sessions. The course structure has recently been remodelled to include design study modules where bridge designs are covered in-depth to latest codes of practice; and elements covering the major Bridge Management tasks have also been introduced. Research in Bridge Engineering at the University has concentrated on the areas of material behaviour and structural assessment. In particular, a novel non-destructive method of determining the residual stresses in pre-stressed concrete bridges was developed here. The method is currently being developed to increase its application to other types of structure and materials such as reinforced concrete and masonry. Research is also in progress into the viability of composite bridge design using concrete and timber. Also in preparation by the editors is a Manual of Bridge Engineering which will be of general use to bridge engineers worldwide, and should provide in one volume a mass of information which at present is very widely spread and often difficult to find. It will include comprehensive chapters on Construction, Analysis, Design, Management and Planning. Finally, we would wish to offer sincere thanks to our sponsors who provided great encouragement and help with the conference; to our Technical Committee for their patience and diligence in poring over the many abstracts which were submitted and the comments and advice which they tendered on each; and last, but by no means least, to our Conference Secretary, Mrs E.Ryan who managed to cope admirably with the typing and administration of the numerous conference documents.
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 MANAGEMENT SYSTEMS
 
 1 The Centenary of the Forth Rail Bridge (1890–1990) DERRICK BECKETT School of Civil Engineering, Faculty of the Built Environment, Thames Polytechnic, Oakfield Lane, Dartford, Kent DA1 2SZ, UK ABSTRACT The Forth Rail Bridge, opened on 4 March 1890, celebrates its centenary at a time when bridge engineers are facing the need to formulate a strategy of bridge management to ensure that the existing stock of road and rail bridges remains in service for as long as possible. The bridge has over 54000 t of steel in its superstructure with a surface area for painting of over 6300000 ft2. This paper describes aspects of the design and construction of the bridge and the current maintenance programme.
 
 HISTORICAL BACKGROUND In the period that Thomas Telford was working on major projects to improve transportation in Scotland—the Caledonian Canal and a network of over 1000 miles of roads—there were two proposals to provide an alternative to ferry boats crossing the Forth between South and North Queensferry. The first, in 1805, was for a double tunnel—one for comers and one for goers. Outline details were produced but nothing further came of the scheme. In 1818 James Anderson, a civil engineer and surveyor, produced a design for a threespan suspension bridge with a main span of 2000 ft, at a location close to that of the present rail bridge. It appears that the design required about 2500 t of iron and Westhofen1 suggests that this quantity of iron, if distributed over the total length, would have given the structure a very light and slender appearance, so light indeed that on a dull day it would hardly have been visible, and after a heavy gale probably no longer to be seen on a clear day either. The project was fortunately abandoned and the same applied to a scheme drawn up by Thomas Bouch some 40 years later to cross the Forth 6 miles to the west of South Queensferry via a series of 500-ft spans with a total length of 2·5 miles. In 1873 the Forth Bridge Company was formed for the purpose of constructing a suspension bridge with two spans of 1600 ft, again to the design of Thomas Bouch. Work on the structure was started, but on the night of 28 December 1879 the bridge over the River Tay, completed by Bouch some 18 months previously, collapsed during a severe
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 gale. This shook public confidence in Sir Thomas Bouch’s design and the suspension bridge project was abandoned. The Bridge Company instructed their engineers, Messrs Barlow, Harrison and Fowler, to examine various forms of construction for both a bridge and tunnel crossing. The tunnel solution was not practical and cantilever construction was wisely preferred to the suspension form. The contract was let on 21 December 1882. DESIGN At the time of construction of the Forth Bridge, the world’s largest span was John Roebling’s Brooklyn suspension bridge (1595 ft), completed in 1883. Nineteenth-century engineers were aware of the problems of maintaining the stability of suspension bridges under heavy moving loads (the test load for the Forth Bridge was two 900-t trains) and thus Fowler & Baker chose the cantilever form of construction with a main span of 1710 ft. It remains the second largest of its type in the world and, apart from James B.Eads’ St Louis bridge (the arch ribs were built out in cantilever), completed in 1873, it was the first major structure to use steel as a replacement for wrought and cast iron. Over 54000 t were used in the superstructure. The principle of the cantilever form of construction was clearly demonstrated by the ‘human cantilever’ devised by Benjamin Baker (see Fig. 1)…. Two men sitting on chairs extend their arms and support the same by grasping sticks which are butted against the chairs. There are thus two complete piers, as represented by the outline drawing above their heads. The centre girder is represented by a stick suspended or slung from the two inner hands of the men, while the anchorage provided by the counterpoise in the cantilever end piers is represented here by a pile of bricks at each end. When a load is put on the central girder by a person sitting on it, the men’s arms and the anchorage ropes come into tension, and the men’s bodies from the shoulders downwards and the sticks come into compression. The chairs are representative of the circular granite piers. Imagine the chairs are a third of a mile apart and the men’s heads as high as the cross of St Paul’s, their arms represented by huge lattice steel girders and the sticks by tubes 12 ft in diameter at the base, and a very good notion of the structure is obtained. The man supported by the two human cantilevers was Kaichi Watanbe, a Japanese student of Fowler & Baker who was invited to participate in the model to remind audiences of the Far Eastern origins of cantilever construction.
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 FIG. 1. Benjamin Baker devised this ‘human cantilever’, which elegantly illustrates the structural principle of the bridge. The principal dimensions of the bridge in elevation are shown in Fig. 2 and the view looking along the bridge from the South Queensferry shore (Fig. 3) clearly indicates the 1 in 7·5 batter of the central towers which gives the structure its lateral stability. The tubular columns to the central towers are spaced 120 ft apart at the bottom and 33 ft at the top. Extensive experimental work led Baker to adopt, with some exceptions, a tubular form for the compression members and open lattice girders for the tension members (see Fig. 4). In order to achieve balance for the dead load of the outer Queensferry and Fife cantilevers, it was necessary to load the ends at the junction with the approach viaducts to compensate for half the weight of the central girder, plus the effects of train loading. The central or Inchgarvie cantilever is balanced for dead load and the out of balance loading due to trains passing over a central girder is allowed for by making the base of the central tower 260 ft long in contrast to 145 ft for the Queensferry and Fife central towers. Thus uplift is avoided under the worst out of balance loading conditions.
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 FIG. 2. General arrangement of the bridge superstructure showing the fixed points and test load positions.
 
 FIG. 3. A view from the South Queensferry shore shows the batter (1 in 7·5) of the central towers.
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 FIG. 4. Details of the cantilevers, tubular construction for the struts and lattice girders for the ties. The loads from the central girders and the internal viaduct carrying the permanent way are transmitted via the cantilevers into the central towers. At the base of each central tower there are four circular masonry piers. A skewback is provided over each pier to transmit loads from five tubular and five lattice members into the foundations. CONSTRUCTION Space permits only a brief outline of the construction of the bridge, which is described in great detail by Westhofen.1 The logistics of the construction work listed at the end of the paper are staggering, even by contemporary standards. About 60 acres were used for workshops, storage areas, etc., on the south side of the river and a 2000-ft jetty was built out to the site of the Queensferry piers. Additional temporary works were required on the Fife shore. Construction of the foundations for the approach viaduct piers and the central towers supporting the cantilever structure required extensive work under water. Ordinary
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 cofferdam work was used whenever possible, but for two of the Inchgarvie and South Queensferry circular piers it was necessary to construct pneumatic caissons. These were built on the shore and towed into position. Each circular pier is 70 ft in diameter at the base, reducing to 49 ft at the top. From low water point upwards the piers have a granite facing to the central mass of Arbroath stone set in cement. The piers were built to a height of about 18 ft above high water level and at this stage erection of the superstructure could begin. The superstructure was built to a height of about 100ft above high water level and then a lifting platform was constructed to allow the towers to be built to their full height. A start was then made on the erection of the bottom members of the cantilevers. As soon as the ‘vertical’ columns had reached their full height, work on the top members of the cantilevers was started. In the meantime, the approach viaduct piers were being raised. The 168-ft span double-lattice girders were erected to a convenient level and then lifted at the same time as the building of the masonry piers. The final stage in the construction was the connection of the 350-ft span central girders to the cantilevers. From Fig. 2 it can be seen that the central girders were fixed at the Queensferry and Fife ends with provision for expansion at the other ends. Since the connection of each half of the central girders was to be made at midspan, both ends were temporarily fixed to the cantilevers until they were joined at the centre of the span. The expansion ends could then be released. A half bay of the central girder was constructed on temporary girders attached to the bottom members of the cantilevers and then moved back and connected to the cantilever. Work on the girders was then continued using cranes which had moved downhill from the top members of the cantilever arms. The connection of the two halves of the central girders depended on the surrounding air temperature. The lengths of the bottom booms were fixed so as to leave a gap of 4 in between the ends at a temperature of 60°F. On 10 October 1889, when the temperature was about 55°F, alignment was achieved with the west boom, but the gap on the east boom was still about 0·25 in. A quantity of waste was soaked in naphtha and placed in the bottom booms for about 60 ft each side of the gap and set on fire. Alignment was achieved and the bolts inserted. The top booms were subsequently connected and the final stage in the construction was to rivet up all the connections which were temporarily bolted. Over 6500000 rivets were required in the superstructure, over half of which were fixed by means of hydraulic rivetting machines. PROVISION FOR MOVEMENT Observations at the time of construction of the bridge1 indicated that expansion or contraction amounted to about of an inch for each degree temperature change for every 100ft of girder length. This is equivalent to a coefficient of expansion of 0·0000052/°F. The various ‘influences’ to which the structure is exposed are: (1) expansion and contraction by changes of temperature acting in the direction of the longitudinal axis of the bridge, and to some extent also transversely upon the circular masonry piers; (2) influence of the sun’s rays to one side or the other of the structure; and (3) wind pressure acting at right angles or nearly so to the centre line of the bridge. The fixed points on the bridge were established as (a) the southeast circular pier of the Fife
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 cantilever, (b) the northeast circular pier of the Inchgarvie cantilever, and (c) the northeast circular pier of the Queensferry cantilever. The connection of the superstructure to the remaining piers was detailed to allow sliding movement in a longitudinal and transverse direction. The fixed points are shown in Fig. 2, and the expansion/contraction lengths are: (1) 825 ft from the fixed point on the southeast circular pier of the Fife cantilever to the south end of the north approach viaduct (3.6 in for 70°F temperature change). (2) 1030 ft from the fixed point on the southeast circular pier of the Fife cantilever to the south end of the north central girder and 680 ft from the northeast circular pier of the Inchgarvie cantilever to the south end of the north central girder. The two movements overlap, giving a total length of 1710 ft (7·5 in for 70°F temperature change). (3) 940 ft from the northeast circular pier of the Inchgarvie cantilever to the north end of the south central girder and 1030 ft from the northeast pier of the Queensferry cantilever to the north end of the south central girder. This gives a total length of 1970 ft (8–6 in for 70°F temperature change). (4) The movement from the northeast circular pier of the Queensferry cantilever to the north end of the south approach viaduct is 825 ft (3.6 in for 70°F temperature change). Thus expansion joints were provided at the south end of the north central girder, the north end of the south central girder, the north end of the Queensferry approach viaduct and the south end of the Fife approach viaduct. Expansion joints are also provided in the approach viaduct girders every second span. TEST LOADING The specification called for the contractor to…test the strength of the girders as directed by the engineer, and if the girders fail to bear satisfactorily such tests as shall have been required, the work so failing shall be rejected and replaced at the cost of the contractor… This onerous task was commenced on 21 January 1890. Two trains, in parallel, entered the bridge from the south end. Each train comprised two 72-t locomotives at the head followed by 50 wagons, each weighing 13·5 t, and a single rear locomotive of 72 t. Each train weighed 900 t in total with a total length of about 1000 ft. The trains were moved forward until the front locomotives were three-quarters through the central girder connecting the Queensferry north cantilever and the Inchgarvie south cantilever (see Fig. 2, test load position
 
 TABLE 1 Observed vertical deflections for test load positions 1 and 2 (see Fig. 2) Test load position
 
 Vertical deflection (in) downward at location 1
 
 1 2
 
 5
 
 2
 
 3
 
 4
 
 The centenary of the fort rail bridge
 
 9
 
 1). This was considered to be the most unfavourable load position for the Queensferry north cantilever. The deflections recorded are shown in Table 1. The train was moved to load position 2 (see Fig. 2) and the deflections recorded are shown in Table 1. The tests (as was the whole of the construction period) were monitored by two Board of Trade engineers, Major Marindan and Major-General Hutchinson. The observed deflections were well within the calculated values. THE WORKFORCE The construction work at its peak involved 4600 men, and working on a 360-ft high superstructure in adverse weather conditions, below sea level and/or in compressed air is a hazardous business and the construction of the bridge cost 57 lives. Surprisingly, not one death can be attributed to working in compressed air.2 Benjamin Baker stated…it was impossible to carry out a gigantic work without paying for it not merely in money, but in men’s lives… He also refers to the Hawes Inn…the Hawes Inn flourishes too well for being in the middle of our works, its attractions prove irresistible for a large proportion of our 3000 workmen. The accident ward adjoins the pretty garden with hawthorns and many dead and injured men have been carried there, who would have escaped had it not been for the whisky of the Hawes Inn… The workforce was in part drawn from the shipyards and engineering works in the surrounding area and large numbers flocked in from England and Ireland. A French engineer, L.Coiseau, who had extensive experience of sinking foundations by means of compressed air, assisted in the substructure works. This attracted Italian, French, Belgian, Austrian and German workers who had experience of deep foundation work. Housing and lodgings were provided at North and South Queensferry, and special trains ran from Edinburgh, Dunfermline and Leith accommodating both the day and night shift. Electric light was used for night work, but there were frequent failures and productivity was not high. A paddle steamer ran between South Queensferry and Fife, and there was a summer service between South Queensferry and Leith calling both ways at Inchgarvie, where accommodation was provided for 90 men during the sinking of the caissons. Westhofen1 refers to…black sheep who were mere birds of passage, who arrived on the tramp, worked for a week or two, and passed on again to other parts, making little use of their hands except for lifting the Saturday pay packet and wiping their mouths clean at the pothouse… A sick and accident club was set up in the summer of 1883 and membership was compulsory with a contribution of 1 hour’s pay per week, the maximum contribution being 8 pence per week. Free clothing was provided for men working on the foundations and those on the superstructure with warm clothing at a nominal charge. Shelters and dining areas were erected on the superstructure, and wages were paid by the contractor until any injured man returned to work. There were several strikes instigated by the organising committees of various trades unions, and an outbreak of smallpox. The Hougomont, originally used to transport and store cement, was converted to a hospital ship and towed to an isolated position.
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 MAINTENANCE It is a tribute to the designers, contractors and subsequent maintenance teams that a century after completion of the bridge no major structural repairs have been necessary. Some bracings and angle-plates, corroded by steam and smoke, have been replaced. It was estimated that the total internal (tubular members) and external surface area to be painted is about 6300000 ft2 (145 acres) and the original procedure was as follows. All the steel components on passing through the fabrication shops or yards were scraped with steel scrapers and wire brushes and then coated with boiled linseed oil applied hot. Prior to, or immediately after erection, they received two coats of red lead paint. This was followed by two further coats (iron oxide)—the first a primary coat of dark chocolate brown and the second a finishing coat of bright Indian or Persian red. The paint suppliers were as follows: at Fife, Craig & Rose’s; at Inchgarvie, Calley’s Torbay; at Queensferry, Carson’s; and for central girders, Wollaston’s Torbay. Internally, the tubular members received one coat of red and two coats of white lead paint. One problem with the batter given to the sides of the structure is that the slope of the lattice girder flanges will allow rain water to collect (see Fig. 4). In locations where rain water is unable to drain, an asphalt-concrete compound was applied to allow water to run off by gravity. Alternatively, holes were drilled and the asphalt was laid to falls to allow water to drain to the holes. Access hatches were provided to all the tubular members. Over 35000 gallons of paint oils and 250 t of paint were required during the erection of the bridge. Access to many parts of the structure has always presented a problem, and the Health and Safety at Work Act has stopped the practice of using bosuns’ chairs and rope ladders. Currently maintenance work is controlled from an office close to Dalmeny Station and the Forth Bridge supervisor, James Sinclair, is responsible for a maintenance team of about 40 men2—16 painters, 4 riggers, 2 platers, 3 welders, 2 woodworkers, 2 drillers, 2 boatmen, 1 bridge examiner’s labourer, 2 watchmen and 6 permanent way men. Considering the risks of working at heights up to 360 ft above water level, the safety record has been excellent. The last fall was in 1970 and the last fatality Mr Sinclair’s predecessor, who was unaccountably dragged along by a train when conducting visitors along the walkway. The author visited the bridge at the end of May 1989 and soon appreciated that the climate can change from a gentle breeze on Dalmeny Station platform to strong winds on the piers at South and North Queensferry. Conditions would be worse on the bridge itself and, for safety, hand-held anemometers are used to check wind speeds. Above a speed of about 40 mph painting is stopped or not started. It is unusual to get more than 100 days a year for painting exposed surfaces. Repainting is currently taking place on the south approach viaduct and a temporary materials hoist has been erected at the junction of the four-span masonry viaduct and the first steel lattice girder. Shotblasting down to base metal is being carried out behind plastic screens. A five-coat paint treatment is currently specified and spray application has now superseded the brush. A primer coat is applied within 4 h of reaching base metal, and for health reasons the use of red lead has been banned. This is followed by two undercoats, a coat of micaceous iron oxide and a final coat of the famous Forth Bridge Red. It is hoped that this specification will lead to a 15-year cycle by 1996. Scotrail is
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 well advanced with improved means of access to the main spans, including suspended platforms to replace ropes, blocks and tackle, and a trolley system over the top of the bridge. Another ongoing maintenance item is the replacement of the longitudinal timbers in trough girders which form an integral part of the internal viaduct. The original design with teak longitudinal sleepers has subsequently been modified. The timbers are now 28ft long oak ‘logs’ and there are about 590 on the bridge. Replacement is carried out on Sunday when trains are worked over a single line. The annual cost of maintaining the bridge, about £600000 (wages and materials), compares very favourably with other major bridges, including the Forth Road Bridge, which employs 90 men to run and maintain it.2 Speed limits on the bridge are 50 mph for high-speed trains and DMUs, 40 mph for standard diesel-hauled passenger trains and 30 mph for freight trains. There is no doubt that the bridge will meet the BS 5400: Part 1 requirement of a useful life of 120 years, with reasonable maintenance, and serve the Scotrail network for decades to come. However, it is of interest to reflect on the fact that the 1983 Review of Railway Finances3 (Serpell Report) included an option containing only 1630 route miles with no line north of Edinburgh. Thomas Telford, John Fowler, Benjamin Baker, William Arrol and all other pioneers of transportation in Scotland would have greeted this proposal with incredulity. LOGISTICS Total Length South approach viaduct (Dalmeny)—4 masonry arches 300 ft, 10 steel spans 1680 ft. Three main cantilevers—South Queensferry-Inchgarvie-Fife—5340 ft. North approach viaduct—3 masonry arches 126 ft, 5 steel spans 840 ft. Total length of bridge=8295 ft. Heights Rail level from high water mark
 
 158 ft
 
 Clear headway for shipping
 
 150 ft
 
 Top of main cantilever towers from high water mark
 
 361 ft
 
 Top of main cantilever towers to lowest foundation
 
 450 ft
 
 Materials Steel
 
 54160 t from the Welsh Landore Works, the Scottish Steel Company, and Dalzells Iron and Steel Works, Motherwell.
 
 Rivets
 
 6500000 (4270 t) made by the Clyde Rivet Company.
 
 Granite
 
 27400 yd3 from Aberdeen and Cornwall.
 
 Ordinary stone
 
 48400 yd3 quarried locally.
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 Concrete
 
 64300 yd3 local aggregate. The Portland cement was manufactured on the Medway, transported by sea and stored in an old hulk, the Hougomont, with a capacity of 1200 t.
 
 Paint
 
 Internal and external surface area 6316200 ft2 (145 acres) paint supplied by Craig & Rose’s, Calley’s and Wollaston’s Torbay, and Carson’s. Craig & Rose’s still supply paint for the superstructure.
 
 ENGINEERS AND CONTRACTORS The engineers to the Forth Bridge Railway Company were Sir John Fowler, Bart, KCMG, CE, and Sir Benjamin Baker, KCB, KCMG, CE, and the contractors were Sir Thomas S.Tancred, Bart, Mr W.Arrol, Mr T.H.Falkiner and Mr J. Phillips. On the contractors’ staff was Mr W.Westhofen, who wrote the authoritative account of the bridge’s construction1 which appeared in Engineering on 28 February 1890. ACKNOWLEDGEMENTS The assistance of the British Steel Corporation, the Director of Thames Polytechnic, the staff of Scotrail and Craig & Rose’s in the preparation of this paper is gratefully acknowledged. REFERENCES 1. WESTHOFEN, W., The Forth Bridge. Engineering, 28 February 1890. 2. GRANT, W.D.F. and DARGUE, L.B., The Forth Bridge: its history, construction and maintenance. Proc. Instn Civ. Engrs (November 1985). 3. SERPELL, SIR DAVID, The Review of Railway Finances and Supplementary Volume. HMSO, London, 1983.
 
 2 Bridge Management—An Overview K.SRISKANDAN Bridge Division, Mott MacDonald Ltd, St Anne House, 20/26 Wellesley Road, Croydon CR9 2UL, UK ABSTRACT Bridge management is a comparatively new concept. This paper attempts to define the term and reviews the actions that constitute bridge management during the various stages in the life of a bridge. It comments on some of the issues and makes recommendations for the future.
 
 INTRODUCTION Bridge management is a term covering all the actions that need to be carried out to ensure that the bridge remains fit for its purpose throughout its design life without the need for excessive maintenance. Generally management has been considered as beginning only when a bridge has been built and is brought into service. However, much can go wrong with a bridge as a result of actions and or decisions taken at the concept, design and construction stages. It is essential therefore that bridge management is brought into play right at the very beginning. In its wider sense, fitness for purpose includes safety, serviceability and durability. This paper will review actions taken to ensure fitness for purpose and comment on improvements that can be made. CONCEPTUAL STAGE Fortunately thousands of bridges have been built successfully in the past and therefore errors in concept are rare if one follows the well-trodden paths. Errors in concept are more likely when producing a new or innovative design. Such cases need to be properly reviewed and tests undertaken where necessary to verify the adequacy of the concept. DESIGN STAGE It is standard practice in this country for the principles of design, including the concept, to be approved, at least from the safety and serviceability viewpoint, and for the design to
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 be then certified and independently checked in appropriate cases. A similar form of review of the design is carried out in many countries. This tends to minimise errors in concept and the design of the structure. These checks are generally concerned with the safety and serviceability of the structure and may not fully cover all aspects of durability. Until a few years ago it was considered that, provided steel in bridges was painted regularly and concrete was of good quality providing adequate cover to the reinforcement, there was no need for any further maintenance to modern bridges. However, recent experience all over the world has shown this to be a fallacy, and that durability and future inspection and maintenance should also be considered at the design stage. This includes the following: (a) Design details that give rise to structural or durability problems. (b) Design details that cause difficulties for inspection. (c) Provision of access for inspection. (d) Aspects of durability that are not covered by ‘deemed to satisfy’ rules in design codes. (e) Use of appropriate materials—whole life cost versus initial cost. (f) Design for maintenance. Typical examples of each of the above are: (a) Welding details that give rise to fatigue cracks, parapet base plates that are fixed in depressions in the concrete plinth, etc. (b) Lack of vertical and lateral space between superstructure and substructure: (i) to inspect bearings, and (ii) to inspect (and paint) ends of steel beams and also to inspect the underside of expansion joints. (c) Inspection and maintenance gantries for large bridges and provision of walkways, etc., or runway beams to provide access; manholes from boxes to top of very tall piers to inspect bearings. (d) Specifying strength, water/cement ratio and cover to reinforcement is not sufficient to ensure durable concrete. Improvements in permeability and resistance to freeze-thaw cycles can be achieved by suitable design of the mix. Designers should specify the mix and associated curing required. (e) Apart from cement replacement materials, it is also possible to use polymers, etc., to improve durability of concrete, and protective coatings on reinforcing steel and concrete to further enhance durability. The value for money of this extra expenditure should be tested by considering whole life cost of the structure, taking account of future maintenance and traffic delay costs, etc., in carrying out the maintenance. (f) It is now accepted that many parts of bridges from bearings, expansion joints, waterproofing, surfacing, parapets, etc., to hangers, cable stays and external prestressing tendons all have to be replaced, some more than once during the lifetime of the structure. Account should be taken of this at the design stage so that replacements can be carried out with ease and with minimum delay to traffic.
 
 Bridge management—an overview
 
 15
 
 CONSTRUCTION STAGE It is necessary to ensure that materials and components manufactured on and off the site, and in fact the whole of the construction process, is carried out in accordance with the specification. The concept of quality assurance (QA), which originated in the manufacturing industries, is being introduced into the construction industry. Quality assurance is not worth doing unless it also includes quality control, which has traditionally, in the UK, been exercised by an independent party, such as the engineer. It is therefore essential that responsibilities are clearly defined if quality assurance is called for within a contract. The extent of the control that can be exercised will depend on the type of contract. In a normal three-part arrangement, aspects of durability which are not specified in codes, etc., can be introduced into the design and specifications following discussions between the client and the engineer. However, in cases where the design is also competitive, such as in a design and build contract, performance specifications may not be adequate for durability requirements. All aspects affecting durability will have to be very closely specified in the design brief. Going one step further to the finance, design, build and operate cases, the client will need to be satisfied that the bridge is maintained adequately during the concession period and will be in good condition when it is handed over at the end of it. Sufficient and suitable clauses need to be written into the contract to ensure this. Whatever the type of contract, every structure will need to be maintained from the time it is brought into service. Invariably the parties concerned with maintenance are different to those who carried out the design and/or construction, even if in some cases they are from the same organisation. It is necessary, therefore, for the maintaining parties to have a full set of the ‘as-built’ drawings and maintenance schedules which will indicate frequency of inspection and maintenance for each part of the structure. It should highlight areas where something has gone wrong during construction and which therefore require special monitoring. In large structures individual parts should be referenced, as should accesses for inspection. IN-SERVICE STAGE Once a bridge is completed and brought into service, it not only starts to carry traffic but is also exposed to the environment. It is subject to wind, rain and temperature changes, and also to chemical and (in some cases) biological attack. In time deterioration may occur and/or the bridge may have to carry heavier traffic loading than it was originally designed for. Bridge management, in order to cope with these problems, not on one but thousands or even tens or hundreds of thousands of bridges, cannot be a haphazard reaction to something that happens. It must be a systematic consideration of all the problems to ensure best value for the money spent.
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 The first requirement is information about all the bridges on the network in the form of a bridge inventory. Most of the developed countries and states/ counties have an inventory of their bridges, some of which are more complete than others. However, the information stored varies from the very basic to many items of information which are peripheral to the bridge structure itself. The aim should be to plan what information is required for use and store only that, and not each and every item which might be thought could become useful in the future. The next requirement is to know the state of the bridges at any given time and this can only be obtained by bridge inspection. Inspection and Testing Until about 20 years ago there was no systematic inspection of bridges. So much so that in the UK inspection was treated as part of bridge maintenance. Following the OECD Report on Bridge Inspection,1 most countries have adopted a strategy based on a hierarchy of bridge inspection as follows: (a) General inspection which is a visual examination at not more than 2-yearly intervals but without the use of special access equipment. (b) Principal inspections which are a detailed examination of all exposed parts of the structure from within touching distance, generally at not more than 6-yearly intervals. (c) Special inspections are again a close examination but of specific parts of the structure following the findings of another inspection or some special loading event such as passage of abnormal loads, floods, heavy wind or mining. In the UK, the Department of Transport has published its requirements for the inspection and records of its bridges2 and also an Inspection Guide.3 Up to now it has been considered that special investigations including non-destructive testing need to be carried out only as part of special inspections. However, recent experience has shown that concrete in structures and the reinforcement and/or prestressing are subject to considerable deterioration due to carbonation, sulphation, chloride ingress from de-icing salts and/or alkali aggregate reaction. It is therefore necessary to undertake some testing as part of the principal inspection. This should include testing dust samples for chloride and sulphate content, half-cell potential measurements, cover metre survey and carbonation tests. Where necessary concrete cores should be obtained for strength tests and also to confirm from thin slices the presence of AAR if any map cracking is observed on the surface. When inspecting steel bridges it is necessary to check whether corrosion is taking place. In some of the older metal (cast iron, wrought iron or steel) bridges the road surfacing is laid on fill material support by troughing or hogging plates or jack arches. In all cases the top flange is hidden and in the last the web is also enclosed. Therefore the road pavement and part of the fill will need to be excavated for a proper inspection. On older bridges and even in many modern bridges, particularly the smaller ones, there is no permanent provision of walkways and the like for inspection. The increased recognition of the need for inspection from close quarters has created a demand for different types of access equipment. There are many types of lorry-mounted aerial platforms capable of carrying two to three people up to heights of 60 m. These are
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 generally used to inspect bridge soffits and facias where standing space is available underneath the bridge. Where this is difficult, such as over water or over railways, over and under platforms with a reach of up to 14 m and more are available. Inspection reports are generally written down on standard forms and then transferred to a computer data bank. It should be possible to produce hand-held data capture devices which would facilitate this process. Maintenance Management Systems The bridge inspection will identify the areas where maintenance is required for all the bridges in the network, but what it cannot do is to identify the most cost-effective remedy in each case and then rank them in order of priority. There are many bridge management systems in operation, but few claim to carry out explicit economic analysis to decide the best maintenance operation. In most management systems the type of maintenance is selected by experience and judgement, and priority between bridges and different maintenance actions is based on rankings for various factors which are assigned subjectively and then added up to give an overall ranking. However, there are certain routine maintenance operations, such as cleaning of drainage channels, washing down bearing seatings, etc., which are obviously good value for money, especially in bridges where chlorides have not permeated into the concrete. This work should be carried out on all bridges. Frequency and extent of each operation should be obtained from trials and a code of practice drawn up for routine maintenance. For other maintenance work such as repair of deteriorating concrete, cost/benefit analysis of different maintenance strategies needs to be carried out to determine the optimum treatment. This is best done on a computer and when associated with the full bridge data base it becomes a proper bridge management system. In order to compare the merits of different maintenance options for a given problem, it is necessary to know the maintenance profile and hence the whole life cost for each option. The whole life cost will be actual costs of maintenance plus the cost of delays and additional operating costs plus the increased costs of accidents, all discounted to present values. The benefits have to be taken as the disbenefits that would accrue if the particular item of maintenance was not done, also discounted to present values. In order to evaluate the various options it is necessary to know the following: (a) The maintenance profile for each option, i.e. the selected maintenance treatment, its cost, its effectiveness, subsequent actions and costs, and so on. (b) Traffic delays and operating costs, and accident costs. Assessments need to be carried out to determine suitable maintenance treatments. Realistic values for costs, etc., can only be obtained from historic records. It is essential that maintenance histories are stored in the computer, along with the bridge inventory and inspection records, to form the total bridge data base. The costs related to traffic and accidents should be obtained after carrying out a traffic redistribution analysis given the extent and duration of closures for a given maintenance action. This again is a very complicated computation. The Department of Transport have
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 written a program (QUADRO)4 which is the ideal tool to use in cases where the trafficrelated costs will be high. Some simplification should be possible for smaller schemes. Structural Deterioration The degradation of paint and other protective treatment and the subsequent corrosion of steel is the most common form of deterioration in structural steelwork. Inspection combined with regular local repair and total repainting before all the paint films break down will reduce the cost of maintenance and preserve the service life of the structure. The other common defect is fatigue cracking. Again regular inspection combined with NDT methods are necessary to detect these cracks. It may be possible to arrest the progress of the cracks temporarily by various means, the simplest of which is to drill a hole at the end of the crack. However, in highly stressed areas proper repairs will be necessary. If the detail is repeated many times in a structure, it is well worth while testing the fatigue life of a proposed repair detail in the laboratory before implementing on site. Cracks due to brittle fracture occur in steels which do not have the necessary notch ductility. Since the much publicised failure of Kings Bridge in Melbourne,5 designers are well aware of this problem. However, there are many old steel bridges in existence which could well fail by this method in very low temperatures. They should therefore be inspected following a severe cold spell. The process of corrosion of steel embedded in concrete is well known, and many papers have been written on the subject.6–8 Corrosion due to carbonation is generally due to lack of cover and/or high water/cement ratios. Testing for depth of carbonation is quite a simple process; however, if early action is not taken, it may result in general corrosion and subsequent spalling requiring repairs over large areas. General corrosion due to chloride attack will also lead to expansion of steel followed by spalling, all of which can be seen before the integrity of the structure is affected. However, local pitting corrosion could result in a significant loss of steel area without any outward sign. For this reason it is necessary to carry out some investigations such as testing dust samples for chlorides at various depths and taking half cut measurements to determine whether there is risk of corrosion in the steel. Unfortunately there are no positive non-destructive means of determining whether corrosion is taking place and if so at what rate. Therefore selective examination will be necessary to determine the extent of the corrosion. The need to repair small areas of concrete has produced a large number of so-called ‘repair materials’. Care should be exercised in the selection of repair materials. Wherever possible it is best to use concrete similar to that in the parent structure. Coarse aggregates could be of smaller size than that in the original concrete. Deterioration due to alkali-silica reaction (ASR) has also been a comparatively recent phenomenon in bridges in the UK. This has created much research, and guidance has been published on the diagnosis,9 avoidance in new structures10 and management of structures affected by it.11 All of this cannot be properly summarised in this overview paper, except to state that ASR is probably not as serious as first thought. Corrosion of tendons in post-tensioned concrete occurs when salt water gets into ungrouted or improperly grouted ducts. There is a paucity of non-destructive methods to
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 detect such corrosion. Radiography can be used to detect whether ducts are fully grouted. However, this method is expensive and has health hazards and cannot therefore be used for routine investigations. If visual surveys and potential measurements indicate that corrosion may be taking place, the prestressing ducts can be exposed by careful drilling at selected places. This again is not recommended as part of routine inspections. Assessments Structural assessments are required if a structure has deteriorated, been subject to accidental damage, and/or is called on to carry a greater loading than it was designed for. The greater loading may be due to a general increase in vehicle weights and/or traffic densities or merely for a single event. In the UK, the recent need for assessments arose from the increase in vehicle weights from 32 to 38 t in the early 1980s and the subsequent increase in European vehicle weights to 40 t. The Department of Transport produces its Standard for Assessment (BD21/84),12 which was later amended to take in the 40-t lorry. It is generally agreed that assessments should be done to some limit state method. In its Standards mentioned above, the Department has advocated the use of the relevant parts of BS 5400 for the assessment of concrete and steel structures. The publication of the Department’s Standards and the deterioration of concrete bridges have generated a whole series of conferences in the UK and their proceedings13–15 contain interesting papers on the subject. International organisations such as CEB and the OECD have also produced publications16,17 on the subject of concrete bridges. It is now considered that the use of design codes may be too conservative for the assessment of existing structures. Some consider that the serviceability limit state need not be considered at all. If the assessment is required due to increased loading, the serviceability limits which are required for new designs should be maintained for existing structures also. If the increased loading included a significant increase in axle weights, the fatigue life of certain details might be affected. Some assessment should be made of the fatigue life that has already been used up so that an estimate can be made of the time when close inspection of the structure for fatigue damage should commence. It is also believed that the uncertainty about material strengths and weights in existing structures is reduced. If records exist of the plates and other members of a steel structure, it may be possible to make a better estimate of its characteristic strength. A large number of cores need to be taken from a concrete structure if its characteristic strength is to be updated. Weighing a whole structure by jacking it off its bearings is one means of determining its true weight and hence reducing the partial factor on self weight for assessment. If upper bound methods and non-linear methods of analysis are used to analyse the load effects, these should be multiplied by a factor greater than 1 (γf3 in BS 5400). Complex equations for the strength of a member are sometimes simplified in design codes. Where necessary the basic equations could be used in the assessment. In deteriorated structures, allowance has to be made for the effects of deterioration. In corroded steel structures, the member size should be measured and the assessment carried out on the basis of the reduced section properties. Judgements need to be made about corrosion of steel in reinforced and prestressed concrete structures.
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 It is also advocated that probability methods be used in the assessment of major structures. In Ref. 16 it is recommended that the safety level for the actual current use of existing structures should be equal to the one generally required for new structures. The economic considerations that apply to the safety level of existing structures are different to the economic considerations that apply for new structures. It is therefore the author’s contention that there could be a difference in safety levels for new and existing structures, especially when existing structures are being called on to carry greater traffic loading. If the assessment shows that the structure is not capable of carrying the full loading, either weight restrictions or lane closures should be introduced to ensure that the total loading that could come on to the bridge does not exceed the assessed carrying capacity. In extreme cases it may be necessary to close the bridge altogether. Increases in Loading From time to time there is pressure, on the grounds of efficiency, from the haulage industry and vehicle manufacturers to increase the gross vehicle weight and also axle weights. The effect of this on highways and bridges are considered before increased weights are permitted. Wherever possible axle loads and spacings are adjusted so that the total effect on bridges is not increased. Clearly general increases in vehicle weights need to be managed in this way if bridges are to remain fit for their purpose. There is, of course, illegal exceedence of vehicle and/or axle loadings Enforcement, using weighbridges at selected spots, can be a deterrent; the resource effort required for total eradication can be quite high. Therefore data should be collected about these overloaded vehicles and allowance made either in the loading or the partial factor on loading. CONCLUSIONS 1. Bridge management covers the whole period from concept to ultimate demolition or replacement. 2. At concept and design stage consideration should be given not only to safety and serviceability but also to durability, inspectability and ease of maintenance, including the replacement of various parts of the structure. 3. At every stage the whole life cost of the various options should be considered. This should include costs of traffic delays and other similar indirect costs. 4. Some investigations should be carried out during the principal inspection. 5. Bridge maintenance management systems should include an explicit economic analysis of the various maintenance options. 6. Routine maintenance is obviously good value for money. There should be a code of practice for routine maintenance which should give frequency and standards for such maintenance. 7. There should be a code of practice for the assessment of existing structures. 8. Axle weights and spacings should be controlled when gross vehicle weights are increased.
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 3 Implementation of Bridge Management and Maintenance Systems (BMMS) in Europe and the Far East ANDERS B.SORENSEN and FINN BERTHELSEN COWIconsult Consulting Engineers & Planners AS, 45, Teknikerbyen, DK-2830 Virum, Denmark ABSTRACT This paper describes the DANBRO bridge management and maintenance system (BMMS) and the aspects of implementing the BMMS at bridge authorities. The system provides a rational and systematic approach to organising and carrying out activities related to bridge management. It consists of: — A database system. — Three modules: • The inventory module. • The inspection and bearing capacity module. • The ranking and budgeting module. — Manuals for all activities. The implementation of BMMS is illustrated by two case studies: the Danish State Railways (2500 bridges) and the Department of Highways in Thailand (10000 bridges).
 
 INTRODUCTION It is the objectives of the BMMS to give the bridge authority a tool that helps to: — Ensure the safety and network capacity. — Ensure objective information on all bridges. — Optimise utilisation of allocated funds. — Ensure technical-economical feedback. The BMMS is run on personal computers and minicomputers.
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 The DANBRO BMMS has been developed in cooperation between the Danish Road Directorate, the Danish State Railways and COWIconsult. CONCEPT OF THE SYSTEM Figure 1 shows the main activities in the system. General Manuals are available for all the activities shown in Fig. 1. Such manuals are especially needed during the inspections in order to ensure objectivity in the inspector’s evaluations. Results from the inspections must obviously be comparable from bridge to bridge if the ranking of structures in need of repair are to be reliable. Information on a bridge is categorised (administrative, geometry, materials, condition, etc.) and associated to a specific element. The elements are arranged in a hierarchic order as shown in an extract from the BMMS in Fig. 2. Elements are selected at the highest level for which the information is representative, e.g. conditions can be given for level 1 (the bridge in general) and/or for an element on a lower level as required by varying conditions (e.g. level 4, element, foundation, if deteriorated to an extent different from the
 
 FIG. 1 Main activities covered by the system.
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 FIG. 2. Hierarchic element structure, extract only. bridge in general). This ensures the minimum amount of information to be entered and stored in the database. The System Modules The inventory module By means of the bridge information in the database, the inventory module facilitates predefined output forms corresponding to routine enquiries. A typical predefined form is shown in Fig. 3. Further, the user may create individual reports comprising selected information. A graphical interface is being implemented to the system. The user will on the screen be able to zoom ‘down’ from a map of all the routes to information on a specific bridge. This facility provides an easy and logical access to the bridge information. The graphical interface is illustrated in Fig. 4. DEPARTMENT OF HIGHWAYS—BRIDGE OVERVIEW, IN GENERAL—THIS DATE: 31/08/02 Area Code: 610 Nakhon Ratchasima Division Route No.: All, Control Section No.: ALL,
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 FIG. 3. Bridge overview (example from the BMMS in Thailand). (The Thai year 2531 corresponds to the Gregorian year 1988.)
 
 FIG. 4. Zoom from a map of all the routes to information on a specific bridge.
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 The inspection and bearing capacity module There are three types of inspections: superficial inspection, principal inspection and special inspection. — The superficial inspection is carried out by the local road or railway personnel with short intervals. They clean the structural members and repair minor damage in accordance with manuals. The maintenance level for each bridge may depend on the importance of the bridge. — The principal inspection is carried out by local well-trained engineers, who typically deal with about 500–1000 bridges. Inspection intervals are normally 3 years with a range of 1–6 years depending on the condition of the bridge. The inspector evaluates the damage and gives a condition mark to selected elements in order to describe the condition of the bridge. Significant damage may be registered if required for documentation. Further, he estimates the remaining life and corresponding repair costs of each element, and recommends the time for the next principal inspection. Finally, it is registered if a special inspection is required. — The special inspection is a detailed investigation of a bridge structure or parts of it, when the condition or load-bearing capacity is about to reach an unacceptable level. This inspection is either initiated on the basis of the recommendations by the principal inspector or on the basis of the ranking list. Laboratory tests will normally be required. The findings in connection with an inspection will normally lead to alternative maintenance strategies for rehabilitation with corresponding budgets (lifetime and repair costs for elements) (Fig. 5). The system comprises a bearing capacity programme for rating of the bridges based on the inventory data, including the inspectors’ reports on current conditions, and for rating of actual trucks (Fig. 6). The bridge rating programme calculates the bearing capacity of a bridge and compares the result with the loading from a standard truck. A bridge-bearing capacity class is given as a percentage of this standard truck loading. Material deterioration, as reflected by the condition mark, will often cause lower material strength and thereby lower bearing capacity. The system includes a facility for adjusting the bearing capacity in relation to condition marks. DEPARTMENT OF HIGHWAYS—SPECIAL INSPECTION—THIS DATE:31/08/02 Route No.: 2, Control Section No.: 0702, Structure No.: 19 Stationing: km 352.630 and km BK Repair Proposal No. 1 Superficial Inspection/Maintenance: Maintenance level (I minimum, II normal, III high): II Yearly budget (1,000 Baht): 5 Repair Works in 1,000 Baht: Year
 
 Element
 
 Method
 
 Estimated repair costs (1,000 Baht)
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 Name
 
 2531 BRIDGE
 
 Bridge
 
 Repair
 
 850
 
 2535 ABUWAL
 
 Abutment walls
 
 Strenghtening
 
 250
 
 2541 EXPJOT
 
 Expansion Joints
 
 Exchange
 
 60
 
 2560 BRIDGE
 
 Bridge
 
 Exchange
 
 3000
 
 FIG. 5. Special inspection report (example from the BMMS in Thailand). DEPARTMENT OF HIGHWAYS—BRIDGE RATING—THIS DATE: 31/08/07 Route No.: 2, Control Section No.: 702, Structure No.: 16 Stationing: km 350.77 and km BK Rating Document Element: 3.10 Carrying Superstructure Last Principal/Special Inspection: 31–08–02 Element’s Condition Mark: 1 Remarks: Load Case 1: —Load factor on Dead Load=1.10 —Load factor on Standard Truck=1.25 Inventory Rating Class: 133% Operating Rating Class: 104% Rating Mark: 0
 
 FIG. 6. Results from the bridge rating on a single bridge (example from the BMMS in Thailand). The vehicle rating programme calculates for an actual vehicle the effects on a set of bridge spans and compares the results with the standard truck’s effects on the same bridge spans. The maximum value expresses the actual vehicle’s class in terms of the standard truck. The system thereby facilitates the administration of heavy transports. By a simple comparison of an actual vehicle’s class with the bridge class, it is checked whether a given truck or a specific truck type can pass over the bridge. The ranking and budgeting module An initial and rough long-term budget calculation is based upon the replacement costs for elements estimated by the principal inspection.
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 The condition marks and the rating mark of each bridge or its elements form the basis of the ranking of bridges in need of repair. The importance of each element for the function and safety of the bridge and the importance of the route is included in a model that calculates the ranking point for the bridge. The rank of each bridge (Fig. 7) thus reflects: — The current condition. — The actual bearing capacity in relation to the required capacity. — The importance of each element for the function of the bridge. — The importance of the route that passes over the bridge. Alternative maintenance strategies are requested to be prepared by a special inspection of the bridges in the top of the ranking list and of all DEPARTMENT OF HIGHWAYS—RANKING OF STRUCTURES—REPORT DATE: 31/09/12 Ranking Point have been calculated Year/Month/Day: 31–09–08 Structures are reported for the following unit(s) only: —Code: 610 Nakhon Ratchasima Division Route No.
 
 Control Section No.
 
 Structure No.
 
 Km
 
 Km BK
 
 No
 
 Ranking Points Total Pr
 
 Cond. Pc
 
 Bear Cap. Pb
 
 Cond. Mark BRIDGE
 
 219
 
 0500
 
 14 14.961
 
 3
 
 49.2
 
 24.6
 
 24.6
 
 3
 
 2057
 
 0100
 
 27 16.117
 
 10
 
 11.0
 
 12.3
 
 0.0
 
 2
 
 2149
 
 0101
 
 28 11.933
 
 43
 
 5.5
 
 6.1
 
 0.0
 
 2
 
 FIG. 7. Ranking of the bridges in need of repair (example from the BMMS in Thailand). bridges with a need for immediate maintenance works in order to prepare an accurate short-term budget. Initial selection among alternative maintenance strategies are normally based on net present value, including possible considerations of traffic costs, imposed on users by the work programme (detours, etc.). The investment schedule for the selected maintenance strategies or inspection estimates from the principal inspection are summarised for all bridges and compared with available budgets (Fig. 8). When discrepancies between available funds and estimated maintenance costs are found, the user indicates from which period and to which period maintenance costs shall be moved. The system then directs the identification DEPARTMENT OF HIGHWAYS—BUDGET—REPORT DATE: 31/09/12 The budget has been accepted Yera/Month/Day: 31–10–01 Budget Report for the following units(s) only:
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 —Code: 610 Nakhon Ratchasima Division Year Cost in mio. Baht Route No.
 
 2531 2532 2533 2534 2535
 
 2536– 2546
 
 2547– 2567
 
 2568– 2593
 
 Contol Section No. 2
 
 0702
 
 0.9
 
 0.2
 
 0.3
 
 0.0
 
 0.3
 
 2
 
 4
 
 2
 
 2
 
 0800
 
 0.0
 
 0.0
 
 0.0
 
 0.0
 
 0.0
 
 1
 
 3
 
 6
 
 2
 
 0901
 
 0.0
 
 0.0
 
 0.0
 
 1.0
 
 0.0
 
 0
 
 0
 
 2
 
 23
 
 0101
 
 0.0
 
 0.4
 
 0.0
 
 0.0
 
 0.2
 
 3
 
 0
 
 0
 
 23
 
 0102
 
 0.0
 
 0.0
 
 0.0
 
 0.5
 
 0.0
 
 0
 
 1
 
 4
 
 23
 
 0103
 
 0.0
 
 0.0
 
 2.4
 
 0.3
 
 0.0
 
 1
 
 0
 
 0
 
 202
 
 0500
 
 1.0
 
 0.5
 
 0.0
 
 0.0
 
 0.0
 
 0
 
 0
 
 0
 
 207
 
 0202
 
 0.0
 
 0.7
 
 0.0
 
 0.0
 
 0.0
 
 0
 
 0
 
 1
 
 207
 
 0300
 
 0.0
 
 0.0
 
 0.0
 
 0.0
 
 0.0
 
 0
 
 0
 
 0
 
 219
 
 0500
 
 2.8
 
 0.0
 
 0.5
 
 0.0
 
 1.0
 
 3
 
 2
 
 3
 
 FIG. 8. Final budget for a field division (example from the BMMS in Thailand). (The Thai year 2531 corresponds to the Gregorian year 1988.) of bridges where alternative maintenance strategies comprises maintenance works in the ‘move to’ period instead of the previously selected ones in the ‘move from’ period. Establishment of the BMMS The outlines for the system were settled by a working group comprising: — Representatives of the future users: • Inspector. • Coordinator of maintenance works. • Technical assistant. • Budget planner. — System planner, who has long-term experience of bridge design and maintenance projects. — Database specialist.
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 The definition of the system was made top-down. The user group defined and described the main items first and detailed later. Preliminary programmes and simple registers were prepared in order to present the ideas: — Firstly, the users decided the modular activities. — Secondly, the following selection of information types was settled by the working group as the typical data set: • Administrative data. • Function/geometric data. • Material data. • Load-bearing data. • Condition data. • Maintenance strategy. — Thirdly, the users decided that all components of the BMMS should be operational immediately after installation and thus be able to perform ranking and budgeting even with limited information. The amount of information that can be stored for old and damaged bridges should, on the other hand, be unrestricted. The above-mentioned data set was therefore used to describe a bridge element as illustrated earlier in the paper. — Fourthly, all activities connected to bridge management were described in detail by the system planner and the database specialist. For each of the activities the following were described: • The contents of the activity. • Which information is needed prior to the activity. • Which information is updated or created during the activity. Implementation of BMMS in the Danish State Railways The Danish State Railways (DSB) is responsible for the maintenance of approximately 2500 bridges on the overall railway network of Denmark. In the past inspections were carried out on all bridges and the reports were held in large manual archives. The DSB decided to set up a BMMS in 1985 in order to secure an updated overview of their bridges, the proper function of the bridges, and to establish a ranking list of maintenance works and a tool for budgeting of maintenance works. The implementation was completed in 1987. The following activities were carried out: — Description of the existing organisation. — Establishment of new routines and teaching in these. — Implementation of EDP system and manuals. — The existing inspection reports were entered into the database. — A preliminary ranking list was calculated in order to select the bridges where special inspections were required. — Special inspections, including a set-up of maintenance strategies, were carried out and an accurate short-term budget was prepared.
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 Implementation in the Department of Highways—Thailand The Department of Highways (DoH) in Thailand is responsible for the maintenance of approximately 10000 bridges on the routes that form the superior road network of Thailand. In the past only the seriously damaged bridges were reported—if identified— and subsequent budgets for the repair works were given. This situation caused the DoH to hold a budget reserve each year, and the unforeseen amount varied from year to year. To manage the maintenance budget in the most effective way and to keep the bridges in good condition, the DoH decided to set up a BMMS. The implementation covers all the modules described in this paper and was initiated in November 1987. From April 1988 to February 1989 a full inventory recording of all the DoH bridges in Thailand took place. Furthermore, a country-wide bridge management and maintenance organisation has been established and the future members have been involved in the design of the system from the very beginning in order to secure its acceptance in the Central Administration as well as in the districts. The majority of the 10000 bridges have now been inspected. The total implementation is planned to be completed early in 1992. The following activities are carried out: — Description of the existing organisation and routines. — Introduction of a new organisation and new routines. — Implementation of EDP system and manuals. — Teaching in new routines in Bangkok and Denmark.
 
 CONCLUSION It is our experience that an early involvement of the users and well-planned educational sessions are of considerable importance to a successful implementation of a bridge management and maintenance system (BMMS). This will be carried out in order to secure the daily use of the system and avoid a return to ‘the old way’. The implementation both from Denmark and Thailand proves that the BMMS will lead to: — Establishment of an efficient up-to-date overview of the bridges. — Consistently updated and objective information on each bridge and easy access to it. — Systematic evaluation of the condition carried out on the bridges but only when needed. — Improved basis for budgeting and maintenance planning by objective ranking of the bridges. — Savings from more reliable and flexible budgeting due to the minimisation of unexpected repair works. — Savings from a more rational administration of the bridge network with a minimised need for inspections and collection of information.
 
 4 Management of the Bridge Stock of a UK County for the 1990s JOHN PALMER and GRAHAM COGSWELL County Engineer Department of Surrey County Council, Highway House, 21 Chessington Road, West Ewell, Epsom, Surrey, UK ABSTRACT The aim of this paper is to show how Surrey County Council has developed a bridge management system in order to improve control of the stock of structures so that optimum use is made of resources and the overall condition is enhanced.
 
 INTRODUCTION The bridge office in Surrey has some 2500 bridges or highway structures to manage. These vary from traditional structures such as masonry arches and walls through the whole spectrum to modern post-tensioned structures (see Fig. 1). Maintenance in the past was the Cinderella of bridge works, often neglected or left until resources were available (or may be just left! If you don’t know there is a problem you can’t deal with it!). However, ignorance has proved not to be bliss but more like a nightmare. There is now a growing requirement for local highway authorities to operate on a business footing and target the limited available cash. The majority of the problems with bridges built over the last few decades or so are material, workmanship or detail related. It is important to record suppliers, types and origins of materials, and details changed on site or during fabrication. The regular inspection process which gathers information means that the facts have to be assessed and action decided on. It is of vital importance that the right information is collected, stored and used in the correct way.
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 FIG. 1. Bridge deck construction materials and date for county road bridge stock (total number 1172). A management system is a tool that will allow the best use of resources to ensure that the aim of effective management is achieved cost effectively. It is important also to develop a culture within the organisation that fully utilises all available resources with a businesslike approach. The paper shows how this has evolved in Surrey and the future strategy. FUNDING An historical look at bridge construction since 1780 in Surrey is shown in Fig. 2. The prosperity of the Victorian age is reflected in the gradual increase in bridge construction, the growth in canal, railway building and eventually roads showing a peak at the turn of the century. The depression between the wars resulted in a reduction in new bridge works although there were some public works using unemployed miners in the Guildford area during this period.
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 FIG. 2. Distribution of new bridge construction dates. The bridge construction programme reached a low point in Surrey during the 1940s and 1950s. The national boom in bridge reconstruction of the 1960s and 1970s was not reflected in Surrey until the 1980s. Assuming a 100–120-year life, then the peak at the turn of the century will be reflected in the next decade’s workload. Since the turn of the century traffic volumes have soared, and larger and heavier lorries are using the roads. This has increased the rate of deterioration of bridges in Surrey. The capital value of the bridge stock of road bridges only, i.e. the cost to replace them, is estimated in 1989 at: Number £(m) Department of Transport structures County structures
 
 400
 
 300
 
 1173
 
 250 550
 
 Assuming an average 120-year life for each structure, then the cost per annum to replace the stock alone is £4·6 m, i.e. 0·84% of the capital value. This does not include any maintenance costs to ensure that the average life is reached, i.e. painting of steel, concrete repairs and other maintenance works. The figures given in the OECD report on bridge maintenance1 in 1989 gave the average amount spent on routine maintenance in the UK at 0·5% of the replacement value, i.e. £2·75 m/annum. The total estimated cost of replacement and maintenance based on the above is therefore £4·6 m+£2·75 m=£7·35 m/year, i.e. 1·4% of capital value. It must be stressed that this does not allow for deterioration due to increases in traffic loads and weights. Many of the older structures are exceeding the estimated design life of 120 years, but many of the newer, larger span and more sophisticated bridges, which are more costly to repair, are not. The average age of those requiring restrictions or reconstruction is 77 years, and if the older and inherently stronger arches are ignored this reduces to a life of
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 63 years. Based on a 77-year life, then the sum required for replacement and maintenance would rise to nearly £10 m per year. CURRENT ALLOCATION IN SURREY At present schemes in the capital programme (Fig. 3) that replace existing structures, i.e. not new development on ‘green field’ sites and not including the cost of associated road works, averages £0·5 m/annum. The maintenance budgets for 1989/90 is: £(m) DTP
 
 0·94
 
 SCC
 
 1·00 1·94 +Capital schemes
 
 0·50 2·44
 
 This represents 0·45% of the capital value of the stock. It compares reasonably well with the OECD figure for the UK in 1981 but well under half of the estimated amount given above to maintain the stock in a reasonable condition. This broad brush approach deals with average figures and average bridges. It assumes that similar sums have been allocated in the past when in
 
 FIG. 3. Expenditure on structures in Surrey (does not include new ‘green field’ construction). reality the level is well below current levels let alone required levels of funding. There is therefore a catching-up process to deal with and fund. This is a very subjective measure of the level of funding required to maintain the stock in good order and is often difficult to use as a persuasive argument when fighting for more funds.
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 What is required is a management system that records actual cost of maintenance in a form that can be easily interrogated and gives a quantitative measure of the condition of the stock so that the right level of funding can be given to increase or maintain their condition. This is one of the main elements of BRIDGIT. MANAGEMENT SYSTEM DEVELOPMENT Prior to 1980 the bridge management system in Surrey was not electronically based. There was a card indexing system and individual bridge files. Maintenance lists and programmes were all manually produced, which was adequate at that time to deal with the relatively small budgets and work involved. As-built drawings were not always properly made and valuable information had been lost, particularly during the various local government reorganisations The inspection cycle was often ad hoc or reactive to need or public demand. This changed in 1977 with BE4/77, which introduced the notion of the principal inspections. Financial control was separate and again largely paper based. The increase in the number of structures to manage consequent upon the opening of the M25 (Fig. 4) and the necessity for some form of discipline in inspection work led Surrey to develop STREG in 1980. STREG is a computer management system which stores information on individual structures. It is a batch system on the Unisys mainframe computer which generates standard or ad hoc reports as required. Inspection forms are prompted to a predefined programme, completed on site, returned, maintenance work decided, prioritised and programmed. Maintenance lists are then produced. There is some degree of very coarse financial recording. The main financial control is at present carried out using separate computer-based systems on a commitment accounting basis. STREG is very much a system for the 1980s, it is electronically based and has the security that goes with that type of system. The next development involved converting STREG to BRIDGIT. It is a more advanced management system, giving the engineer a whole kaleidoscope of information to help him in his decisions on maintenance work in the 1990s. The use of data capture devices that will prompt and record inspections electronically on site will cut out the inefficiencies of the current paper-based system although it will work hand in hand with photography, sketches and other methods of recording defects in the inspection process. The system will be interactive and easily accessible to view, change or update the range of information held. This will be extended to include such things as material type, suppliers and stats information, together with location maps linked to the road network. Financial information will be stored in more detail for better future estimating and forecasting. Site instructions for minor works will be printed by the system direct to the maintenance contractor. A quantitative measurement of the conditions of the individual and total bridge stock will be obtained. The condition of each element of the bridge will be given at the time of inspection on a scale of 1–5, with each classification being well defined. A multiplier is applied to this to obtain the condition factor for each element of the bridge. Each element is given a location factor depending on its structural importance. The bridge itself is given a road factor depending upon class, i.e. motorway, A-class road, etc. These three
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 factors are multiplied together to give a priority rating to that element of the bridge. These are totalled to give a condition factor for the individual bridge and then processed to give the overall stock condition. The key to knowing how the stock is performing is to use a rating system, as from this flows the possibility of making statistical comparisons. By comparing the overall condition factor on a regular basis, probably annually, then a measure of the effect of maintenance work can be obtained. Cash can be more easily targeted to have the greatest effect. ‘BRIDGIT’ will give a good objective measure to present to government committees, etc., of the need for extra funds. Development of ‘BRIDGIT’ for the 21st century involves a link up with CAD for asbuilt drawings, drawings of defects, etc., and distance data access either in the inspector’s van or home via telephone links. Direct financial management will be within the system and direct feed of traffic, accident and other relevant information to assist easier maintenance decisions from the highway database. It will also be linked directly to digitised OS maps. INSPECTION STRATEGY The number of bridges on the register over the past 10 years has increased dramatically with the opening of new motorways and from a concerted effort to find all our bridges (Fig. 4). Unlike other counties, inspections in Surrey are undertaken by technicians throughout the year with support from chartered engineers as required.
 
 FIG. 4. Structures inspected by Surrey County Council, both county and DTp.
 
 Bridge management
 
 38
 
 The county is split into four main areas of operation. Motorway and trunk road bridges are the responsibility of the senior bridge inspector. He arranges the programme and makes sure targets and standards are met. The rest of the county is split geographically between three inspectors/clerks of works who report to the senior inspector. The inspectors/clerks of works are responsible for all bridges in their area and making sure that they are adequately inspected and maintained, and records kept. Principal inspections are undertaken on a 6-yearly cycle with general and superficial inspections in intervening years. The inspection forms are prompted quarterly in an area so that adjacent parishes are done together. This minimises travel costs and time. The individual inspectors plan their work within that quarter. They have to ensure that the work is done to a high standard and target dates met. Within a short time they gain an intimacy and attachment (often sentimental) with individual structures. The backbone of all the inspections is the forms sketches, and most importantly photographs, which can tell more than any amount of written words. The inspectors, who tend to have a practical background, issue instructions to the maintenance contractor for minor works, i.e. pointing, brickwork repairs, timber deck, repairs to parapets, etc., and supervise the works. This continues the philosophy of keeping them involved and committed. We are constantly finding substantial structures on rights of way. Students have been employed for the last two summers to walk the rights of way and pick up qualifying structures they find. This programme will be completed in 1989. The cost effectiveness of the inspection process is constantly appraised. An underbridge unit that gives access to three bridges in a possession (although twice the price) may be more cost effective than a scaffold tower which requires manpower for repeated movement. Annual tenders are let for various categories of inspection plant. ASSESSMENT STRATEGY Surrey made funds available in 1986 for assessments to the new Code of Assessment which takes account of the increased weight and numbers of heavy goods vehicles. Eighty-four out of a possible 650 county structures have been done to date with another 40 programmed for 1989. Acting as agent to the DTp, 44 trunk roads and motorway structures are to be assessed in 1989. This programme presented a great opportunity to thoroughly examine the condition of the bridges. It was decided from the start to combine a thorough inspection and testing programme with the assessment. This gave an intimate knowledge of the structure. This philosophy was proposed to the DTp in 1986. They were unable to pursue the full testing programme recommended because of shortage of funds. It is interesting to note that the condition report of 200 bridges by the DTp on the condition of bridges recommends just such an approach.2 The new Code is conservative in many areas. Structures with no apparent structural distress, only durability problems, are being recommended for heavy restrictions. By using the intimate knowledge gained from this investigation a return to ‘basics’ has been essential. How is the bridge acting? What load is it actually taking? What happens if it collapses? Is further testing required?
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 The bridges assessed to date are the older bridges in the county but are of a range of materials (Fig. 5). While by no means a representative sample because of the way they have been selected (i.e. oldest or known problems first), it is interesting to note that restrictions or recommended works to date are mainly concentrated on metal bridges. The early reinforced concrete bridges fair reasonably well. These are arches or beam and slab constructions with built-in ends, often with no joints and their associated problems. If there are any lingering doubts then load tests can be carried out. Often a cheap practical method of showing that the bridge is capable of carrying
 
 FIG. 5. Bridges assessed to date (under DTp memo BD 21/84). imposed loads. Two have been done to date in Surrey at a cost of £5000. This is not a thorough scientific examination of the structure but a good practical comparison of actual response to expected response. The average cost of assessment to date, which includes a principal inspection, is £1100 for county bridges and £3000 for DTp bridges. Extensive testing has also been undertaken, at an average cost of £1200 for county bridges and £2100 for DTp bridges. Where restrictions have been applied the average costs have been (£/m2): (a)
 
 Weight restriction
 
 (b)
 
 Strengthening works
 
 19 1006
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 Replacement (bridge works only)
 
 3900
 
 The latter high cost of replacement compared with average new works cost of between £1000 and £2000/m2 is due to the substantial costs of dealing with statutory undertakers’ equipment and maintaining traffic flow. MAINTENANCE STRATEGY The thinking in Surrey is for good basic cost-effective schemes which maximise available expertise and resources. The programme is flexible, as is the budget for individual maintenance schemes. Why use a complicated design which can cause future maintenance problems? A maintenance contractor is appointed annually following competitive tendering. Basically a dayworks contract, the rates are usually very competitive. On average three two-man gangs are used, one for each inspector/clerk of works. These can be increased or decreased to suit requirements and the work given to the contractor varies from minor works to fairly substantial emergency works. Larger works are let by quotation, using simplified conditions of contract or normal tender by ICE, 5th edition. A 3-year programme is compiled which allows for replacement, strengthening or maintenance works. Wherever possible existing structures are strengthened, particularly the more traditional types of structures, i.e. Town Bridge and Onslow Bridge, Guildford, and Leatherhead Town Bridge. They are part of our heritage, are often more pleasing and have lasted longer than some more modern forms of construction. If a new bridge is inevitable then the opportunity to widen or improve is taken. Attention to detailing in new structures is encouraged to minimise the durability problems of the past. A minimum cover of 40 mm is used throughout with better quality concrete. For the future the use of epoxy-coated rebars could make for more durable structures. OTHER INFLUENCES The gathering of data via the inspection and assessment process gives the basis for technical decisions for maintenance or strengthening works. Yet more and more of these decisions rely on other influences. The amount of traffic dictates the type of work. The effects on the local economy of a particularly low weight restriction, for instance, can result in rapid reconstruction or strengthening from below. We are about to let our first contract for minor works (£50000), where the contractor will be given a bonus for early completion and penalised heavily for being late. A very simple lane rental approach yet vital in the future if traffic is to be kept moving. The environment is an emotive issue at present and growing in importance. Bridges are invariable landmarks and should be treated accordingly. Political pressures can be hard to accommodate, yet with well thought-out designs, good communication and justification the right scheme will win through. This is tied up
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 with the selling approach—we want people to buy our schemes. All products need marketing, promoting and selling to often highly articulate, well-informed and wellorganised groups. PRIORITIES In Surrey we establish priorities based on the following factors: (a) Need, i.e. condition of bridge. (b) SCC primary routes. (c) Volume of traffic. (d) Cost/benefit (including traffic delay costs and inspection/maintenance costs). (e) Availability of alternative routes. (f) Legal requirements. (g) Environmental impact. There are a range of tools that can be used at any particular site, as follows: (1) Monitoring. (2) Further testing and investigation. (3) Load tests. (4) Weight or width restrictions (money has recently been given to trading standards to appoint staff to ‘police’ these restrictions). (5) Strengthening, local or major. (6) Reconstruction to existing standard. (7) New improved bridge scheme. (8) Closure. We try to assess the end of the life of a structure and then include it on a programme for replacement. Clearly it is no use spending vast sums on a structure with limited life. Whole life costing techniques are used to determine the most cost-effective solution for a particular structure for a particular time in its life cycle. The Department of Transport has recognised this necessity in its publication BD 36/88, which gives average maintenance costs. The use of QUADRO for traffic delay cost is also required. Ten years extra life in a structure may give time to construct that bypass. APPRAISAL It is important at the end of the exercise to take time to reflect. Has the money been well spent, and the aim achieved? Could it have been done better or more cost effectively? What mistakes were made and can these be shared so that others don’t make the same mistakes? Has the targeting exercise been successful?
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 SUMMARY Bridge maintenance has been the Cinderella of bridge work in the past, being overridden by the demands of design work for new structures. This boom in new works, sometimes with poor detailing and over-complex structures and materials, has left many problems. Manifestation of these problems, combined with improved inspection techniques and a need to rectify, has meant that maintenance has thrown off its old rags and is now the belle of the ball to be courted. However, unless funds are made available midnight could strike and Cinderella will be in rags once more. Effective maintenance relies on the gathering of information, an awareness of all the influences and the effects of works so that the right decisions can be made and cash effectively targeted. The management strategy evolving in Surrey is modern and business-like, and will be enhanced considerably once the attractive ‘BRIDGIT’ is up and running. Book early to secure your copy! ACKNOWLEDGEMENT The authors wish to thank Dr J.Bergg, County Engineer of Surrey County Council, for his support over the contents of this report. REFERENCES 1. OECD Bridge Maintenance. A report prepared by an OECD Road Research Group, 1981. 2. WALLBANK, E.J., The Performance of Concrete idges. A survey of 200 highway bridges for the Department of Transport, HMSO, London, April 1989.
 
 5 Bridge Management within the Swedish National Road Administration LENNART LINDBLADH Swedish National Road Administration, Head Office, Borlänge, Sweden ABSTRACT The Swedish National Road Administration is responsible for a bridge stock comprising some 11000 bridges, representing a replacement value of some SEK 25 billion at the 1987 price level. During the coming 10-year period the Administration expects to invest about SEK 1 billion per annum in maintenance, repair, reconstruction and replacement. It is of the utmost importance for these allocations to be utilised efficiently in order to be of maximum benefit from a socio-economic viewpoint. Within the Administration a new aid to systematic administration of the actions required to manage the bridge stock in an optimum manner is currently being developed. Developments hitherto have led to the introduction of an ADP-based information system, Bridge Data, facilitating a number of manual administrative routines during the planning and operating stage. Further developments involve, among other things, an overview and possible computerisation of these manual routines, leading to a complete bridge management system (BMS).
 
 BRIDGE STOCK The Swedish National Road Administration is responsible for the management of around 11000 bridges included in the national road network. In this context, a ‘bridge’ is a structure with a free opening of at least 3·0 m in the longest span. Of these bridges, some 8500 are made of concrete, 1800 of steel and 700 of stone. About 400 of the concrete bridges are made of prestressed concrete.
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 FIG. 1. Bridge age distribution. State and state-municipal bridges. The age composition reveals that about 3200 bridges were constructed before nationalisation of the road network in 1944 (see Fig. 1). As a rule, these bridges have a relatively low bearing capacity. It can also be stated that some 6600 bridges were constructed before the year 1964, when the requirement of air entrainment in the concrete was introduced, resulting in a higher salt-frost resistance. The load-carrying capacity of all bridges has been classified in order to assess their trafficability by actual vehicles and vehicle trains. The classification, which specifies the factual bearing capacity with due regard to damage, etc., is expressed as the permissible axle and bogie loading, A/B(t). The road network is normally capable of carrying A/B=10/16 t, a load which can be carried by 97% of the bridge stock. During 1988 actions have been initiated with the aim of raising the load-carrying capacity standard on the main road network and on the secondary and tertiary road networks in the forest counties. The purpose is primarily to make possible, by reinforcements, reconstruction and new construction, adaptation of the Swedish weight regulations to those ratified by the EC. Roughly 1300 older bridges are affected. FINANCING In the current maintenance plan for 1988–92, SEK 170 million per year has been allocated at planning level in the 1987 price level (0·7% of the replacement value) for bridge maintenance. In addition to this sum is SEK 60 million for reinvestments in small bridges with an object cost of less than SEK 3·0 million. Reinvestment is understood in this context to mean
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 TABLE 1 Annual extent of bridge activities according to current plans Action (financial)
 
 Cost (SEK m/year)
 
 Costa (%)
 
 170
 
 0·7
 
 60
 
 160
 
 0·6
 
 100
 
 320
 
 1·3
 
 80
 
 250
 
 1·0
 
 240
 
 900
 
 3·6
 
 Number of bridges per year
 
 Maintenance Reinvestments Durability Bearing capacity Investments Total a
 
 In relation to replacement value.
 
 reconstruction or new construction solely on account of shortcomings in durability. Major reinvestments and new investments are evident from the 10-year multi-year plan. According to the plan valid for 1988–97, the annual volume of reinvestment on account of shortcomings in durability is about 30 bridges or SEK 100 million (0·4%). New investments total SEK 250 million (1·0%) or about 80 bridges. Over and above the regular plans, a special bearing capacity plan has been drawn up for implementation of the aforesaid commitment to load-carrying capacity. From this it is evident that reinvestments will be made in about 100 bridges per year on account of insufficient load-carrying capacity for the future EC-adapted weight regulations. All in all, the above implies an annual bridge volume during the coming 10-year period as in Table 1. BRIDGE MANAGEMENT The term bridge management is used to describe all the activities, both administrative and productive, required to construct, assign to traffic and demolish a bridge (see Fig. 2). The administrative activities include every stage of economic planning, namely orientation planning, action planning and budgeting, as well as physical planning in the form of preliminary and detailed planning. Also included among the administrative activities is the continuous description of the bridge objects in the form of inspections, condition assessments, classification of load-carrying capacity, etc. Following-up involves an evaluation of the various actions taken from the standpoint of both
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 FIG. 2. Bridge management elements. economy and technique, and forms the basis for formulation and reconsideration respectively of road-keeping goals, strategies, maintenance standards, performance standards, etc. The allocations placed at the disposal of the Swedish National Road Administration for implementation of its road-keeping assignment are and will in all probability continue to be more or less meagre. In view of this, it is essential for the allocations to be used in such a way that they are of the greatest possible benefit to society at the lowest possible cost. The actions to be carried out must be technically correct, and take place at the correct points in time and on the right objects. In order for the optimisation to be carried through all the way, an ADP-based bridge management system (BMS), which will make possible systematic administration of requisite actions on the bridges, is currently being developed within the Swedish National Road Administration. The system is being built up around a database, Bridge Data, containing a large quantity of data necessary for the BMS. Compare the description in the section entitled ‘Bridge Data’. In addition to Bridge Data, a fully developed bridge management system, BMS, should include routines for: — inspections, condition assessment, load-carrying capacity classification; — selection of planned action, optimisation per shortcoming and bridge; — prioritisation, optimisation per road network/bridge stock; — specification of commonly performed maintenance and minor repair tasks; — economic and technical follow-up; — reporting; and — route finding for heavy transports.
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 Hitherto, developments have been concentrated on designing Bridge Data, which is now largely complete. The ADP system also generates a number of fixed and selected reports. The inspection routines may be regarded as ready for use with the introduction of new inspection regulations and a system for assessment and documentation of faults and shortcomings. An aid to the initiation of optimum actions per shortcoming and bridge is also available through the preparation of a standard for assessment of degrees of urgency for requisite actions. BRIDGE DATA Bridge Data is included as a subsystem in the road data bank (RDB). The system is stored on a mainframe computer (Sperry) and is built up largely in databases. This will facilitate the transition to base computer storage (VAX), which is expected to take place in 1991. Bridge Data currently consist of five components, and two new ones are being planned. These components are: — drawing section; — administrative section; — technical section; — load-carrying capacity section; — damage section; — planning section (under planning); and — projecting section (under planning). The bridge register, which describes bridges, road tunnels, ferries and jetties along state and state-municipal roads, contains output from Bridge Data. A brief description of the different sections now follows. Drawing Section The drawing section contains information on about 120000 bridge drawings. Among the stored information, mention may be made of drawing content, format, date of drawing approval, if it has been micro-filmed, and if so, when. Administrative Section The administrative section contains information on about 12000 bridges and about 1500 road tunnels on the state and state-municipal road network (except in the municipalities of Stockholm and Gothenburg). In addition, information is stored on roughly 6000 other bearing structures, including bridges, etc., which have been projected but not yet constructed or bridges which have been reassigned to the private road network or demolished. The administrative data include such things as the bridge name, responsibility for bridge maintenance, year of construction, free distance from underlying road or watercourse, etc.
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 Technical Section The technical information relates to, for instance, type of static system, material in superstructure, spans, waterproofing and paving types, support data, mode of foundation, type of bearings and expansion joints, bridge area, etc. Load-Carrying Capacity Section The load-carrying capacity figures concern, for instance, permissible axle and bogie loadings, trafficability data for certain heavy types of vehicle, carriageway width, bridge being repaired, etc. Damage Section This section contains condition and damage information. The information relates to, for instance, type of inspection, condition class for 15 different structural parts, summary condition class for bridge, type of damage and where it is situated, extent of damage and estimated repair cost, degree of urgency for repair action, etc. Planning Section This section will contain in the first instance information that is necessary for economic planning, such as planned and factual action costs, road-user costs, index tables, discount rates, planned action times, etc. Projecting Section An expansion of the database with information to facilitate the physical design of actions on the bridges has also been discussed. This section could be used, for instance, for storage of work drawings, specifications, etc., which could be used as source material for implementation of maintenance and minor repair actions. INSPECTION SYSTEM Information on the condition of the bridges and any necessary actions comprises the base for the entire management system. The quality of this information is completely decisive for the quality of the result generated by the system, for instance source documentation for plans, transport permits, etc. It is therefore of the utmost importance for regular inspections to be carried out and appropriately documented. To ensure this a new inspection system was introduced within the Swedish National Road Administration in 1987. The rules governing implementation of the inspections are temporary but will become definitive as from 1991. The new rules will cover the following four types of inspection: — superficial inspection, — general inspection,
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 — principal inspection, and — special inspection. With regard to the intervals between different types of inspection, the following will apply in all probability: maximum 6 years between principal inspections and maximum 3 years between a principal inspection and a general inspection and between general inspections respectively. In the normal case, with time intervals of 6 and 3 years respectively, this means alternately principal inspections and general inspections at intervals of 3 years. Superficial inspections will be carried out at least once a year. The principal inspection comprises a new type of inspection with considerably higher requirements as regards extent and quality in relation to the former full inspection. The purpose of the principal inspection is to detect faults and shortcomings which can affect the function or trafficability of the bridge within a 10-year period. Even such faults and shortcomings which, if they have not been dealt with within this period of time, can lead to higher management costs shall be detectable. All free structural elements both above and in the water that are accessible by means of visual methods shall be inspected. Parts adjoining the bridge, such as road embankments, slopes, cones, fillings and erosion protection, shall be inspected. The principal inspection shall be carried out visually at ‘hand-close distance’ and under conditions similar to daylight. Provided that anticipated types of damage are definitely detected, a slightly greater inspection distance, but not more than 3·0 m, may be approved in exceptional cases under extremely good lighting conditions. As a rule, the inspection requirements imply that mobile inspection aids such as bridge lifts, boats and ladders will be required in addition to any fixed devices. Normally divers will be needed for inspection of structural elements in water. In conjunction with the principal inspections, measurements are also carried out in order to determine — bottom profiles (foundation in water), — carbonation depth, — chloride content, — plus heights of edge beams, and — inclinations of supports. These inspections are performed by personnel with thorough knowledge of the design and mode of function of the bridges and of their durability. The personnel should also be thoroughly familiar with the bridge management system used by the Administration and should be particularly qualified to deal with issues relating to choice of actions from both the technical and the financial angle. The general inspection is also a new concept. In terms of extent and quality, this type of inspection corresponds roughly to the former full inspection. Special inspections of structural elements are carried out when so considered necessary in order to investigate more closely any faults, shortcomings or other observations found in conjunction with the aforesaid regular inspections. Special inspections are also carried out on the following structural parts or elements, regardless of their condition: — mechanical and electrical equipment on movable bridges, — welds in certain steel structures,
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 — older bridge deck slabs of concrete, and — foundations in water. Any faults and shortcomings detected in the course of the inspections shall be assessed and documented in accordance with special standards and lists of codes. The results are registered in the Bridge Data information system. All faults and shortcomings are described in terms of location, type, cause and action. A fault or shortcoming shall also be assessed on the basis of the functional requirements valid for the structural part in question. On the occasion of the inspection, each structural component is allocated a condition class, which may vary from 0 to 3. 0 Defective function after 10 years (undamaged on the occasion of the inspection). 1 Defective function within 3–10 years. 2 Defective function within 3 years. 3 Defective function on the occasion of the inspection. Types of damage: corrosion, scaling, spalling Condition class (CC): the highest CC as below is chosen. Reinforcement area The reduction in area (r%) is determined in one section. CC as per table. Bonding The riducton in bonding (r%) is determined in on a length=the hight of the element. CC as per table. Table
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 FIG. 3. Condition standard. Condition classifications are carried out in accordance with a special standard. An example of such a standard is presented in Fig. 3. In conjunction with the inspection, a record shall also be made for each fault or shortcoming of information concerning the planned action, including the degree of urgency and the cost. Compare below under the section headed ‘Planning—Goals’. LOAD-CARRYING CAPACITY CLASSIFICATION All bridges in operation have a load-carrying capacity classification as evident from the Bridge Data information system. This classification reflects the actual bearing capacity of a bridge with due regard to all known faults and shortcomings.
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 The bearing capacity is expressed as the permissible axle and bogie loading, A/B(t), for a number of real classification vehicles. The classification also includes 14 types of heavy vehicles for which the permissible axle loadings and gross weights are specified. If a bridge is classified as belonging to condition class 3 in conjunction with an inspection, an investigation is carried out immediately in order to determine the extent to which it may be necessary to reduce the permissible traffic load, i.e. the classification, of the bridge concerned in view of the faults or shortcomings detected. This investigation may vary from a simple static assessment to a regular control calculation. If the investigation results in an indication that the classification needs to be altered this is done immediately in Bridge Data. PLANNING—GOALS Prescribed in the economic plan is both the orientation road management should have during a period of 10–15 years and the factual actions necessary in order to attain the road management goals. These actions are evident from 10-year investment plans, multiyear plans and bearing capacity plans, for new investments and reinvestments, as well as a 5-year maintenance plan. According to the valid orientation decision from 1986, the following standards and actions shall be aspired to for maintenance in the planning of road management: — The present technical standard of the road network shall be maintained (status quo). — Heavily worn parts of the road network shall be restored to an appropriate technical standard. The lag should largely be recovered by the end of the century. — Severely worn bridges should be replaced by new ones when this is appropriate in view of the costs for replacement investment and future maintenance. When the faults and shortcomings established during the inspections are documented in Bridge Data, the degree of urgency and costs, among other things, shall be specified for the planned remedial actions. The degree of urgency indicates the priority with which a fault or shortcoming shall be remedied in order for the established goals for management of the bridge stock to be attained. The following degrees of urgency are applied: 3
 
 Action required as soon as possible (on the occasion of the inspection).
 
 2
 
 Action required within 3 years.
 
 1
 
 Action required within 3–10 years.
 
 0
 
 Action required after 10 years.
 
 The aforesaid goals have been concretised in the form of a standard, in which the prerequisites for selection of degree of urgency are specified for individual actions in a number of fault situations. The costs for the most commonly performed actions are evident from an established price list.
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 During a second planning stage the actions per bridge are optimised. Various action alternatives, all of which satisfy the requirements imposed on the bridge, are studied both technically and economically, making due
 
 FIG. 4. Functional condition of the bridges. Condition index (mean value of main condition class) per road category. (The main condition class is specified per bridge and refers to weighted mean value of the condition classes of the various structural parts.) allowance also for the road-user costs. The various alternatives are compared economically with the aid of their current values and a discount rate of 5%, The optimum alternative from a socio-economic viewpoint is selected as a line of action for the bridge and registered in Bridge Data, In the case of major actions, the finally developed BMS will indicate at least one further alternative in describing the consequences in cases when it is impossible to choose the optimum solution in view of limited funds. The information registered in Bridge Data as above can, together with other information in the system, be used in different ways as the bridge management process goes on. Such information can, for example, form the basis of prioritisation of objects, drawing-up of new maintenance and multi-year plans, etc. The information can be processed and compiled in accordance with the example in Fig. 4.
 
 6 Local Agency Experience with the Utilization of Bridge Management Systems in Finland and the United States ALLEN R.MARSHALL Cambridge Systematics Incorporated, American Twine Building, 222 Third Street, Cambridge, Massachusetts 02142, USA and MARJA-KAARINA SÖDERQVIST Finland Roads and Waterways Administration, Opastinsilta 12, PO Box 33, SF-00521 Helsinki, Finland ABSTRACT In recent years significant efforts have been made to collect, review, manage and analyse information on bridge structures in many countries. In many cases these data are organized into computerized bridge management systems which usually include additional analytic and programmatic capabilities beyond mere record-keeping for structures. These systems often are intended to define and establish national bridge infrastructure priorities. In many cases local government agencies have been the primary collection agents for the various data maintained in bridge management systems which include inventory, structural conditions and appraisal information. The national uses for bridge management systems tend to focus on network level programming and forecasting of resource utilization and have been widely discussed in a variety of different forums and professional publications. This paper discusses the actual uses that bridge management professionals working at the regional or local level have for BMS data bases. The paper is based on interviews conducted with bridge management staff in a local highway agency and an urban transit authority in the US and with district bridge engineers in Finland. The case study discussion is intended to provide BMS system users and designers with a better understanding of the positive and negative consequences of the elaboration of national bridge management systems at the grassroots level.
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 INTRODUCTION This paper discusses the essential ways that local agencies utilize their bridge management systems (now and in the future) in two government agencies in the United States and in Finnish RWA districts. Both the US government entities and the Finnish districts have direct responsibility for the collection and organization of BMS data as well as actual construction, rehabilitation and bridge maintenance roles. The first discussion will highlight the uses for BMS systems in the US and the latter section will provide an overview of the Finnish situation. Public agencies in many countries are utilizing computers in different ways to manage information about their infrastructure, including bridges. A variety of different information is gathered and maintained according to agency information demands, but the basic set of information is usually consistent to a great degree. The computerized information is used in a variety of ways by different divisions of public infrastructure management agencies. In spite of the growth of computerized management information systems, in many cases the data items defined for inclusion in the computerized systems are not totally suited to the information needs of different bureaucratic hierarchy levels and responsibilities. More often than not this mismatch is a result of the system design created by the original bureaucratic division which provided primary impetus and funding for the system development. US Experience In the United States most computerized bridge management systems have focused at the most basic level on managing the core set of information first defined by the Federal Highway Administration (FHWA). This set of information has been thoroughly standardized for several years. A recent TRB research report on bridge management systems included a bridge database design that incorporates essentially this fundamental set of information. The initial purpose of the FHWA bridge database organization was to create a national inventory with adequate administrative and structure description information as well as basic condition information which would enable all the states to report the nature and condition of their bridges in a consistent fashion and to ensure that regular bridge inspections are performed in all the states. In most state governments there is a department of public works that has direct state level responsibility for performing bridge inspections and transferring updated information to the FHWA. In many cases the state agency also develops needs estimates and sets priorities for the repair, rehabilitation and reconstruction of bridges eligible for federal funds within the state. The inspection reports provided to the federal government usually provide one of the basic means of deciding on bridge infrastructure improvement priorities. It is apparent that more information is required by states to perform actual bridge system management as compared to basic structural inventory and appraisal. The complexity of the most advanced systems in the US (Pennsylvania, North Carolina, etc.) indicates that the information needs defined by the FHWA fall short of the requirements of the states themselves. These systems maintain a great deal of information and perform actual management tasks (for example, overweight permit tracking). The Commonwealth
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 of Massachusetts, for instance, has extended the basic information required by the FHWA to include specific information necessary to perform basic bridge maintenance such as the public works district responsible for the bridge and paint type and area. This reflects a common federal/state bureaucratic hierarchy problem. States have much different information requirements from those of federal agencies. The result in the area of bridge management is that individual states have been forced to take the lead in developing bridge management systems to address their particular bridge management concerns. Finland A somewhat different situation exists in Finland. All management of public bridges is performed by national and regional administrative divisions of the same central government agency, the Roads and Waterways Administration (RWA). The districts and road master subdistricts actually perform construction and rehabilitation while the national administration is responsible for the allocation of public funds for these projects. In many ways the Finnish bridge system administrative hierarchy is comparable in scale at least to a single large US state, such as New York. The districts and central office have always worked together closely in establishing and carrying out bridge management programs and policy. As a consequence, the types of information and reporting needed are relatively consistent at the different hierarchy levels. Both districts and the national office have collaborated in the development of existing bridge information systems and the new system currently being tested in a prototype version. This has led to the happy consequence that the types of information needed at the district level are a core element of the overall information system specification for the national database. CASE STUDIES Metropolitan District Commission—Boston, Massachusetts† The Metropolitan District Commission is a division of Massachusetts state government with ownership and management of 153 miles of parkways and 157 bridges. From 100000 to 120000 vehicles utilize the MDC system of highways on a daily basis since the great majority of the bridges under the aegis of the MDC are located on urban parkways. The MDC bridge stock includes a variety of design types and ages, including some bridges that are exclusively utilized by pedestrian traffic to cross MDC parkways. Many of the bridges are eligible for federal funding for rehabilitation or replacement so there is a strong need within the MDC bridge group to maintain strict compliance with federal inspection standards and to generate regular timely inventory, condition and appraisal reports for federal review. Furthermore, the state mandates a regular inspection of the MDC’s bridges so that Massachusetts as a whole will be in compliance with federal inspection guidelines. As part of the development of a major MDC parkways information system,‡ a simple bridge database system was created to assist the MDC in recording information on their bridges as well as to schedule inspections and perform automatic reporting of federally
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 required information. The system was developed with substantial input by MDC bridge engineers, including specification of information content and reports. The basic organization starts with the federal reporting requirement and extends that data item specification to include several administrative items required by the MDC. The system also includes two additional files of information—a repair project history and an itemization of bridge utilities. These files are intended to help the MDC to track the nature and extent of repairs being performed and to coordinate structural repairs or rehabilitation with utility companies and other joint users of MDC structures such as the local transit authority. MDC engineers are currently utilizing the bridge inventory for two major purposes: recording and reporting bridge condition based on required periodic inspections, and automatic inspection scheduling and program † The authors wish to recognize the assistance of Mr David Lenhardt, chief bridge engineer at the MDC, and Mr Dominic Anidi, project manager for the MBTA Bridge Inspection Program, in preparing this and the following sections respectively. ‡ The MDC parkways system, like the others described in this paper, was developed by Cambridge Systematics Incorporated of Cambridge, Massachusetts, USA (617) 354–0167. The system consists of a comprehensive pavement management system and bridge, traffic signal and street light inventories as well as a capital project development system.
 
 tracking. The MDC employs individuals with specific responsibility for performing bridge inspections throughout the jurisdiction. These individuals have received bridge inspector training from the Massachusetts Department of Public Works (MDPW). They utilize reports from the computer database in the field and mark up the data items, mostly condition items, that may have changed in the interim since the previous inspection. These sheets are processed by an assistant engineer at MDC headquarters and the database is updated to reflect current condition of the bridges. No historical record of inspections is maintained by the MDC other than paper records, although a need has been recognized to extend the current computerized condition inventory to track inspection findings over time. No condition items are collected other than those that are federally required but the system does allow an inspector to enter a paragraph of comments in order to extend and amplify the basic inspection condition report. These comments can be viewed or printed at any time. The inspection scheduling system is quite simple and does not optimize the period of inspection to reflect the condition of different bridges. It allows either a regular 2-year inspection or a more frequent interval to be defined. The type of inspection (regular, indepth, special) can also be assigned for a bridge and this appears on the report. Two years is the current maximum period between inspections required by the FHWA. At any time the inspection interval can be altered to reflect deterioration or rehabilitation/ replacement of bridges. Besides scheduling the inspections, the system can display a completion indicator as well as an estimate of the days or weeks that an inspection is overdue. The MDC is largely satisfied with this simple system but they have planned to add an ability to set a time window for the inspection scheduling. This would enable them to prepare, for example, a 2-week inspection work schedule for the field inspectors at any time. The subfiles for recording repair projects and utility tracking have been used somewhat less than anticipated. This is due to several factors. First, recording repair
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 projects requires a new procedure to be implemented for providing field reports. Currently the tracking is performed intermittently for outside contractors and almost no in-house/own force repair projects are recorded for subsequent review. Through time the MDC management staff hope to develop a solid record of all repairs performed to their bridges, including nature, extent and cost of the repair actions. They want to utilize this information to help them decide whether a bridge should be replaced or rehabilitated, instead of some other bridge in comparable condition because of its historical repair log. The MDC has completed an inventory of all utility fixtures on their bridges as a gradual process over the last 3 years. The information on utilities was collected as part of the regular inspections and where the utilities were not readily visible to the eye the information was taken from bridge drawings. The utility type, owner, approximate location and a comment about each utility is maintained in a computer file. This allows the MDC to easily prepare reports on any bridge that shows all co-users, the number of utilities and any special comments related to the various utilities. The reports can be sorted by bridge, utility type or utility owner. The need for information on utilities is most acute for those bridges undergoing minor repairs or rehabilitation, e.g. shoring where a complete utility survey prior to construction is not likely to be performed. In a total reconstruction or rehabilitation situation a utility survey will always be part of the design/pre-construction work. For minor rehabilitation projects, the MDC can anticipate any utilities that may interfere with the work and proceed accordingly. The comprehensive utility inventory also helps reduce or eliminate potentially problematic situations where the MDC and the utility do not coordinate repair projects. Without an inventory it is conceivable, for example, that a bridge that has undergone deck replacement could have a utility company opening the newly-replaced deck to fix a line or pipe. Massachusetts Bay Transportation Authority—Boston, Massachusetts The Massachusetts Bay Transportation Authority (MBTA) has been a leader in developing computerized bridge management systems for transit, railroad and highway bridges. The MBTA has varying levels of responsibility for over 350 bridges, of which approximately 100 are highway bridges over their tracks or property. The MBTA is one of the nation’s largest transit properties with a subway and surface trolley system of 62·5 track-miles on five lines and a large commuter rail system of 479 track-miles extending over 50 miles out from Boston to the north, south and west as well as a fleet of over 1153 buses. Daily over 420000 people ride on MBTA subway lines and 64000 utilize commuter rail. An additional 435000 daily riders utilize MBTA bus lines. Due to expansion of the state’s infrastructure management responsibilities under the Executive Office of Transportation and Construction, the MBTA has acquired responsibility for many of the bridges and culverts on the commuter rail lines that were formerly owned and maintained by the Boston & Maine railroad (Guilford Industries) as well as a number of bridges formerly maintained and in some cases owned by other state agencies such as the MDPW and the MDC. In many cases, particularly on the commuter rail system, ownership of the structures is questionable at best and the Authority has found out only recently that it actually owns a number of bridges and should be
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 maintaining them. This clarification of responsibility has also affected the MDC. In fact the MDC has recently determined that it is the agency responsible for three bridges of great importance to the MBTA. The acquisition of these bridges and the clarification of ownership responsibilities has fomented a management crisis for the MBTA bridge engineers. A number of deficient bridges have come under MBTA control in the last few years with extensive and expensive implications for the Authority. As a result the MBTA Construction Directorate has launched an extensive bridge inspection and reconstruction program which started in earnest only in the last 2 or 3 years. This program is intended to install a regular program of bridge inspections and initiate construction projects to replace or rehabilitate deficient structures. As part of the bridge management program, the MBTA has developed a computerized database running on a microcomputer to track various types of data related to its bridges. The information is stored in a loosely organized set of computer files tied together by primary bridge identification codes. Each of the files is intended to address specific problems such as tracking bridge inspection contracts or recording construction projects. The differing characteristics of transit and railroad bridges, particularly with respect to operating loadings, as compared to highway bridges has led the Authority to develop new item specifications that are somewhat different from the standard federal data items used for highway bridges. The data files are organized into a menu system that provides an extremely simple means to access the data and print reports but is not comprehensive and does not perform any error checking or house-keeping tasks. No formal database design exists, and the integration of the system is rudimentary. Most use of the database requires a fair degree of sophisticated knowledge of the underlying database software.† As a result the system is utilized almost exclusively in an ad hoc fashion.‡ There are a wide variety of reports that can be generated from the system at present. A partial list of available reports is shown in Table 1. It is apparent that several of the reports are in fact quite similar and differ only in the order in which bridge information is presented, e.g. sorted by line, by type of bridge, or some other ordering criteria. These reports are pre-set and can only be displayed in the order shown. The final BMS will allow different sort criteria and querying. As the system is further developed it is anticipated that summary reports will be developed to show yearly construction figures, † The software used by the MBTA is dBase IV, a product of Ashton-Tate Incorporated. The system operates on a 80386-based microcomputer. ‡ Cambridge Systematics is currently documenting the existing system and will be integrating and extending its capabilities so that users can easily access and update the information and prepare reports. The MBTA project manager is Mr Dominic Anidi, who can be reached at (617) 722–5806 for further information.
 
 TABLE 1 Typical MBTA bridge management system reports—Prototype system Transit bridges listed by line Highway bridges listed by line Highway bridges that are owned by the MBTA and maintained by the MassDPW
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 Transit and highway bridges owned entirely or in part by the MBTA Transit and highway bridges that have questionable ownership or maintenance responsibility Inspection schedule for transit and highway bridges by month Bridges that have not been inspected in the last 2 years Bridges in the MBTA database that have been load rated Transit bridges ordered by condition indicators Highway bridges ordered by condition indicators Rehabilitation program for transit and highway bridges by line by year Rehabilitation program for railroad bridges by line by year
 
 expenditures and other summary indicators needed by MBTA management to document progress in bridge management within the Authority. The type of information stored will also be extended. At present no computerized historical records of any type on previous bridge inspections, maintenance or repair are maintained, nor does the MBTA have a comprehensive utility inventory like that of the MDC. The enhancements to the system will address these and other gaps in the information. In addition to storing more comprehensive information about their bridges, the MBTA is extremely interested in simplifying use of the system at the same time. The current menuing system will be replaced in the near future to allow the project engineers to easily access, update and print out information they need. Capabilities will be provided to sort and browse through the variety of different data items and the system will minimize or eliminate the need for specialized computer knowledge in order to operate the system. It is also expected that a comprehensive inspection and construction project monitoring system will be created as part of the system. All bridges will be programmed automatically for inspection based on their condition and the legally required inspection frequency as well as an inspection priority indicator that will be developed to determine inspection job order. Another subsystem will track the completion of the programmed inspections. A significant portion of bridge inspections are performed by outside contractors for the MBTA and there is a great need to track contractor invoices and performance as well as the inspection work performed bv MBTA’s own force. The MBTA also expects to utilize microcomputers to track bridge construction projects from the design phase through final completion of repairs or structure replacement. The computer will record standard tracking information for each bridge project such as contractor, MBTA project manager/engineer, project scope and budget, milestones and various contractual information, and will particularly emphasize invoice and change order tracking, which are of critical importance to MBTA project managers. The prototype system currently in use at the MBTA will be replaced with a final version by Fall 1989. A clerical staff person will have primary day-to-day responsibility for the system but several MBTA bridge engineers and outside contractors will be drawing information from the databank.
 
 Bridge management
 
 60
 
 Finnish Highway Districts—Finland Road and Waterways Administration The Finnish Roads and Waterways Administration (RWA) is responsible for almost 12000 bridges on public roads in Finland. The maintenance and inspection responsibilities for the bridges lie with 13 local highway districts. These districts are shown in Fig. 1. Because of varying population and road mileage densities in Finland, the types of bridges and bridge materials in districts is variable and the allocations are shown in Table 2. This table also distinguishes between bridges by their functional road classification. For
 
 FIG. 1. Finnish Road and Waterways Administration Highway Districts. TABLE 2 Total bridges and posted bridges, tabulated by road classification and primary construction materiala District
 
 Highway bridges I
 
 II
 
 III
 
 Local roads IV
 
 I
 
 II
 
 III
 
 All public roads IV
 
 All bridges
 
 Local agency experience with the utilization
 
 61
 
 U posted→
 
 770 2
 
 28 1
 
 11
 
 1
 
 143 9
 
 30 10
 
 12
 
 22 14
 
 1017 36
 
 1131 36
 
 T
 
 694 2
 
 51 1
 
 31 1
 
 6 1
 
 224 10
 
 57 5
 
 39
 
 122 12
 
 1224 32
 
 1291 33
 
 H
 
 624 4
 
 20 1
 
 24
 
 19 1
 
 110 1
 
 16 4
 
 12
 
 96 31
 
 921 42
 
 958 44
 
 Ky
 
 322 2
 
 31 3
 
 16
 
 93
 
 18 5
 
 9 1
 
 19
 
 6
 
 508 17
 
 561 17
 
 M
 
 266
 
 19 1
 
 2
 
 1
 
 49
 
 18 3
 
 2 1
 
 35 5
 
 392 10
 
 400 10
 
 PK
 
 260 1
 
 17
 
 3
 
 2
 
 110 5
 
 17 3
 
 2
 
 49 3
 
 460 12
 
 480 13
 
 Ku
 
 385 2
 
 18
 
 6
 
 12 1
 
 80 2
 
 19 2
 
 2
 
 80 3
 
 602 10
 
 619 10
 
 KS
 
 382
 
 24 1
 
 10
 
 5
 
 141 1
 
 24 2
 
 3
 
 53
 
 642 4
 
 664 4
 
 V
 
 431 5
 
 32 2
 
 5 2
 
 9 3
 
 198 27
 
 92 1
 
 2 14
 
 26
 
 795 54
 
 801 54
 
 KP
 
 293 4
 
 7 2
 
 3
 
 120
 
 68
 
 30
 
 521 6
 
 526 6
 
 O
 
 478 1
 
 15 1
 
 3 14
 
 1 4
 
 112
 
 60
 
 58
 
 727 20
 
 736 20
 
 Kn
 
 284 2
 
 13 1
 
 2 3
 
 3
 
 83
 
 22
 
 48
 
 455 6
 
 461 6
 
 L
 
 632
 
 55
 
 3
 
 25 6
 
 142 4
 
 55 19
 
 1037 86
 
 1047 86
 
 Total posted →
 
 5821 18
 
 330 11
 
 119 3
 
 84 10
 
 1605 42
 
 496 95
 
 Road type posted→
 
 6354 42
 
 9301 335
 
 9675 339
 
 2884 263
 
 62 27 83 2
 
 700 124
 
 Material types: I, concrete; II, steel; III, stone; IV, wood. a TVH Tuotanto-Osasto, SILLAT 1.1.89 (annual bridge system summary report); TVH TuotantoOsasto (Road and Waterways Administration Bridge Management Section), Helsinki, 1989, pp. 1, 19.
 
 each district the number of posted or weight limited bridges is also shown in Table 2. It is apparent that the bridge stock composition is somewhat different in the various districts and that the proportion of ‘deficient’ bridges also varies. Lappi (Lapland) district, located as it is in a harsh arctic environment that hinders maintenance and accelerates deterioration, shows the greatest absolute number of posted bridges, while Uusimaa, the Helsinki area district, has a very low number of posted bridges. The relatively small
 
 Bridge management
 
 62
 
 number of posted or weight limited bridges reflects the RWA’s existing policy to minimize or eliminate postings throughout the system. Finland has had a database of bridge information for several years which consists largely of administrative and simple descriptive information. The system is currently being revised both to support a national bridge management system as well as to support the information needs of local bridge engineers. (This database and the Finnish bridge management system as used at the national level is discussed in the paper by Kähkönen and Marshall elsewhere in this volume.) The local engineers will be supporting an elaborate new inspection program which will be collecting a great deal of specific condition information on the nation’s bridges during the next few years. This information will be used at both the national and local levels. In particular, the local engineers will be able to track specific damage on their bridges as well as the completion of repairs to the damage. Their recommendations for structure repairs, rehabilitation or replacement will be incorporated within the national planning optimization system as well as the local level project analysis system. Besides tracking damage, the bridge management system used in the local office will enable bridge engineers to completely inventory their bridges, including all structural elements, bridge fixtures such as railing or signage, and any associated bridge utilities and special uses such as bikepaths. Collecting the latter inventory items enables them to anticipate conflicts with other users during any repair or reconstruction projects and to assist in the design of new structures. Once the inventory of associated uses is complete, particularly public utilities, railroads and forest products users, the RWA expects to formalize the arrangements for bridge use by other parties and possibly share operating costs. Bridge engineers in districts also are required to track their inspection programs. The system will print out inspection reports for all the bridges in the district at any time and a basic report will show the planned schedule for bridge inspections. The inspections are also recorded historically so that an inspector can see the inspection results from a prior bridge visit and also to view the most current inspection. This will help the experienced engineers to highlight any potentially dangerous situations. A major difference in the new bridge management system is the improved access to information for local district managers. Previously all the information was processed and prepared in the national Road and Waterways Administration Office. Now local engineers will have direct access and control over all information related to the bridges in their district. They will be able to analyse data and prepare their own reports and graphs to display patterns in the condition of their bridges. Up to this point all such reports or special tabulations required the local bridge officials to file a request with the national office. In turn this will free the national RWA officials from the work of preparing these reports for the districts. It is expected that every district in Finland will be equipped with a relatively sophisticated personal computer to operate the bridge management system. In most cases the data will actually be stored on a minicomputer within the district office.
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 SUMMARY We have reviewed three different types of bridge management systems ranging from a relatively simple database established to meet federal reporting requirements and manage inspections to a comprehensive nationwide database that has both an inventory and optimization system as major components. A single major finding of this overview is that bridge management systems that are intended to be used at the local level must be designed in close cooperation with bridge management officials. The failure of the federal bridge register to address local needs in the US agencies is apparent and these systems are growing away from the national standard as new local applications for computerized bridge management systems develop. In Finland the close cooperation between the national and district bridge management staff has led to the development of a system that largely satisfies both parties. There is of course still some material being collected by the district engineers that they have little use for in the short run. However, as the network optimization and project development systems that are yet to be developed come on line, these systems that rely heavily on accurate data collection at the local level will have direct utility in assisting local staff to prioritize their bridge projects and effectively utilize the resources available to them.
 
 7 The Pennsylvania Bridge Management System RICHARD M.MCCLURE The Pennsylvania State University, 212 Sackett Building, University Park, Pennsylvania 16802, USA and GARY L.HOFFMAN Pennsylvania Department of Transportation, 1009 Transportation and Safety Building, Harrisburg, Pennsylvania 17120, USA ABSTRACT A Bridge Management Work Group, as researchers for the Pennsylvania Department of Transportation, developed the engineering concepts and requirements and assisted the system contractor in the development of a total bridge management system (BMS). A contractor working for PennDOT provided system design, development, testing, implementation and training on the use of BMS software. The general objective for the BMS was to develop a management tool which will enable a systematic determination of present needs for maintenance, rehabilitation and replacementv of bridges in Pennsylvania, and to predict future needs using various scenarios, along with a prioritization for maintenance, rehabilitation and replacement, which will provide guidance in the effective use of designated funds. The software implementation date was 24 December 1986, with full implementation completed 28 February 1987. The department assumed responsibility for the BMS software on 1 March 1987.
 
 INTRODUCTION Background A seven-member Bridge Management Task Group was convened in 1983–84 to consider the development of a bridge management system for Pennsylvania. In their report, entitled ‘Pennsylvania Bridge Management Systems’, the group unanimously agreed that the development of such a bridge management system is feasible and that it is a very important and urgently needed tool for better management and engineering of the state’s large and antiquated system of bridges.1
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 HPR funding was secured for a work group of ten persons to develop the concepts and technical requirements, to pilot test, and to guide statewide implementation of a total bridge management system (BMS). The group worked in Harrisburg approximately 3 days per week. The work group consisted of six department employees and four outside consultants. The work group prepared a report, entitled ‘Engineering Concepts and Requirements for a Bridge Management System’, which formed the basis for a request for proposal to develop software for the BMS.2 McDonnell Douglas Professional Services was selected to provide the development, testing, implementation and training on the use of EDP software. Software work by McDonnell Douglas was performed using state funding. Needs The Commonwealth of Pennsylvania currently has approximately 54500 bridges on the state and local highway systems. These bridges include 22500 with span lengths of 20 ft or greater and 32000 having a length between 8 and 20 ft. Approximately 30% of the bridges in the state are classified as structurally deficient or functionally obsolete.3 The estimated cost to put these deficient or obsolete highway bridges in a minimum acceptable condition is approximately $4·0 billion. The costs to put the system in a firstclass condition could approach twice this value.2 This information provides a single snapshot of the magnitude of the problem of aging and the accompanying decay of highway bridges in Pennsylvania. To attack the problem, annual funding is generated from federal, state and local sources. The basic management challenge is to make the best use of the available funds in an overall program of maintenance, rehabilitation and replacement. Objective The general objective for the BMS was to develop a management tool which will enable a systematic determination of the present and future needs for maintenance, rehabilitation and replacement of bridges in Pennsylvania using various scenarios, along with a prioritization which will provide guidance in the effective use of designated funds. The specific objectives for a BMS are to develop a system that on demand but at least annually: — Yields recommendations, with associated cost estimates, for activities required to enable all bridges on public highways and roads to perform their functions in the most cost-effective manner. These activities include various levels of maintenance, various modes of rehabilitation and replacement. — Predicts present and future needs and associated costs to perform the above activities for all bridges in at least two scenarios, including ‘minimum acceptable’ and ‘desirable’. — Sets statewide and regional priorities for each of the above activities, based upon functional and physical needs for each highway classification system, and provides a listing of candidate bridges, — Provides a basis for recommending regional distribution of budgeted funds.
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 Overall System The basic parts of the BMS are shown in Fig. 1. The department’s computerized structure inventory records system (SIRS) will form the base
 
 FIG. 1. Flow diagram showing the basic parts of a BMS. for the development of an overall BMS.4 Enhancement of the SIRS data base, integration with other data bases and the development of a structure cost data inventory file will form the complete data base. The two main parts of the BMS will consist of the subsystems for maintenance (BMTS) and rehabilitation/replacement (BRRS), as shown in Fig. 1. DATA BASE Structural Inventory Records System (SIRS) The entire BMS project has been structured under the premise that the Pennsylvania system should basically be a derivative of available information. Therefore the department’s computerized SIRS will form the base or starting point for the development of the overall BMS.4 This system includes other data in addition to the 88 data items required by the Federal Surface Transportation Assistance Act of 1978.3 Significant modifications in the form of enhancements and additions are also required to satisfy the present and future needs of all users. Since the implementation of a SIRS in 1982, the users have recommended numerous changes or enhancements to improve the utility and quality of the system.5 These enhancements can be effectively and efficiently added to the system during extensive software modifications needed for the development of the BMS.
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 Integration with Other Systems The redundant storage of data elements between SIRS and other department systems, along with the fact that the SIRS does not currently interface with other application systems, indicates that a certain amount of duplicate effort is required to maintain the redundant data. This duplicate effort can lead to data inaccuracies between application systems. Therefore the BMS will be integrated with other PennDOT application systems during the development of the BMS. Cost Inventory File Bridge maintenance unit costs for the bridge maintenance activities will be calculated from daily foreman input of labor, materials and equipment. If storage of such data is not provided in the maintenance system, the BMS will be required to provide such storage in the ‘structure cost data inventory file’ for needs projections and other uses. New or replacement costs as well as rehabilitation costs, including widening costs, are also needed to predict needs and priorities for rehabilitation/replacement. The ‘structure cost data inventory file’ will provide storage for these costs which are on the basis of dollars per square foot of bridge deck area. Estimated costs can then be calculated by the system from the square foot costs which are multiplied by the length and width parameters from the SIRS. A bridge manager needs reliable cost data and must be able to track all bridge costs for future use. MAINTENANCE SUBSYSTEM Maintenance Inspection PennDOT has taken steps to expand the inspection effort to more descriptively cover bridge maintenance needs. Seventy-six potential maintenance activities have been identified. SIRS individual bridge data files are being expanded so that the user can include a tabulation of those maintenance needs with each item quantified and prioritized by urgency. This will ensure that routine maintenance needs and their urgencies are adequately documented. A form will be completed by the field inspector giving estimated quantities and priorities for the applicable maintenance activities. A unit price table for the 76 activities is also established. It will be periodically updated based on actual cost experience. The total bridge maintenance needs can be determined from the estimated quantities and unit price values. Maintenance activities completed will also be included in the enhanced SIRS.6 The Subsystem The extent and urgency of overall bridge maintenance needs can be determined and sorting of this work for efficient implementation by either contractor or department forces can be handled automatically by the system. The system will automatically notify the
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 county maintenance manager and monitor the implementation of critical repairs. The work backlog that exists far exceeds that which the department can physically and financially handle. Hence it is important to rationally prioritize this work to apportion limited available funding and manpower, or to relate to non-bridge needs.6 Prioritization Method It is important that guidance be provided to the district and county offices to assist them in selecting the best candidate bridges for maintenance work as well as which activities to perform first. This will help ensure that those deficiencies deemed to be the most critical to the safety features of the bridge, and hence to its users, are brought to the attention of management. A simple prioritization procedure has been developed.6 It considers the effect of the most structurally critical maintenance activity needed on the bridge as well as the individual bridge’s impact on the road system. The components of the procedure are as follows: — activity ranking, — activity urgency, — bridge criticality, and — bridge adequacy. Activity Ranking The bridge maintenance activities themselves vary in their importance to and effect on the structural integrity of the bridge. Activities such as repairing stringers or repairing abutment underscour would generally be performed on a priority basis while activities like applying protective coatings and constructing abutment slopewalls would tend to be deferred. As a general rule, activities that most directly, immediately and positively impact the continued safety and structural adequacy of the bridge would be performed first while those that have minimal immediate impacts would tend to be performed last. The activities have been divided into groups from A to E based on their generalized relative importance to the current structural stability of the bridge. Group A has the highest priority and group E the lowest. The activities repair/replace: steel stringers, floorbeams, girders or truss members could be related to existing or potential fatigue damage. If the needs are indeed fatigue related, they are more important and hence would be given a higher deficiency point assignment. This determination can be made by comparing these maintenance activity needs with the type of fatigue prone member that controls the inventory rating. SIRS data provides space for recording the controlling member type as well as the fatigue and load data related to it. If the activity is fatigue related, it will be assigned as group AF and hence given additional deficiency points. Activity Urgency The severity of a deficiency can be a reason to increase its priority for repair. The urgency factor for each activity need is coded by the district bridge inspection unit. It yields an informed assessment of how soon the work needs to be completed. As such it is
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 also a measure of the severity of the deficiency. It will judgementally define the promptness of action that is needed for each specific maintenance activity need. The priority code used will range from 0 to 5. Priority code 0 is for a critical safety deficiency where prompt action is required and priority code 5 is for routine nonstructural bridge maintenance which can be delayed. Bridge Criticality The importance of a bridge to the road network, as well as the impact of the loss of bridge service to traffic, are other factors that must be considered in deciding the order in which they are to be repaired. It is readily apparent that the road system hierarchy realistically defines importance. That is, if a bridge on the interstate and a bridge on the local access system have similar deficiencies, it is obvious that the interstate highway bridge would be repaired first. However, the impact of a bridge’s closure also needs to be weighed. If the detour length is excessive, and hence intolerable, the priority for repair should be raised. The assessment of the importance of the bridge will be based on the classification of the highway, its ADT and the detour length that would be imposed on traffic if the bridge were to be closed. Multiplying the ADT times the detour length results in a relative measure of this importance. Bridge Adequacy The capability of the bridge to safely carry the loads that traverse the route, and to continue to do so, weigh in a manager’s decision of whether or not repairs should be implemented. The load capacity rating indicates the current strength of the bridge. It does not give any indication of what can be expected in the future. The condition rating of the most critical component of the bridge can be used to generally assess degradation. By considering both the current load capacity and the lowest condition rating of the structure’s components a measure of the inadequacy of the bridge can be obtained. Deficiency Point Assignment Most of the data that will be needed to define the above components of the prioritization procedure are already in the SIRS. The only new items are the maintenance activities themselves and their individually assigned urgency ranking. They are important components of the proposed BMS. Having defined the major parameters that are to be considered, the relative weights to be assigned to them and their elements must be established. To be consistent with the general philosophy of the rehabilitation/replacement prioritization system, a deficiency point concept will be used for the maintenance activity prioritization system. However, it is readily apparent that the factors and methodology being used in each system are quite different. Although it is possible, numerically, for a single bridge to be assigned in excess of 100 deficiency points, the deficiency point assignment will be limited to a maximum of 100. The higher the assignment on a bridge, the higher the priority.
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 Table 1 summarizes the four major components of the prioritization system, defines the elements in their makeup and indicates the initial or trail weights that have been assigned to each. As the procedure is tested, evaluated and refined the weight assignments could and probably will change. The maintenance deficiency point assignment for a bridge will be based on the bridge maintenance activity that has the largest sum of deficiency points for activity rank and urgency. The deficiency point assignment and its ranking within the county will be recorded on the bridge maintenance activity needs screen. Hence, when a manager views the subject screen for individual bridges, he has an immediate indication of the relative priority of the most critical repair needs of one bridge compared to another and compared to the worst possible case (100 deficiency points).
 
 TABLE 1 Maintenance deficiency points assignment Deficiency points
 
 Component
 
 25
 
 Bridge maintenance activity rank (Note: AF=group A activity that is fatigue prone and controls the inventory rating)
 
 25
 
 25
 
 Activity urgency factor
 
 Element
 
 Deficiency point assignment
 
 Group AF
 
 40
 
 A
 
 25
 
 B
 
 20
 
 C
 
 15
 
 D
 
 10
 
 E
 
 5
 
 Code 0
 
 25
 
 1
 
 20
 
 2
 
 15
 
 3
 
 10
 
 4
 
 5
 
 5
 
 0
 
 Bridge criticality Part A: Interstate
 
 5
 
 US numbered highway
 
 4
 
 State highway
 
 3
 
 County highway
 
 2
 
 City, Borough St & Twp Rd
 
 1
 
 Part B: PCN
 
 5
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 PCN/coal haul
 
 5
 
 Agricultural access
 
 3
 
 Industrial access
 
 3
 
 Part C: ADT×detour length ≥30000
 
 15
 
 ≥15000 but 3000 but 5
 
 0
 
 Part B: Load capacity (inventory rating) (H configuration) ≤121
 
 10
 
 (H configuration) >12 ≤20
 
 7
 
 (ML 80 configuration) >20 to ≤30
 
 4
 
 (ML 80 configuration) >30
 
 0
 
 With a deficiency point assignment being stored in the BMS for every bridge, prioritized listings can be easily generated using the particular parameters desired. To facilitate this reporting, friendly programmed report generators with user defined variables are being developed. REHABILITATION/REPLACEMENT SUBSYSTEM The Pennsylvania System The prioritization of bridges for rehabilitation and replacement is based upon the degree to which each bridge is deficient in meeting public needs. Deficiencies are evaluated in three general categories: — level-of-service capabilities, — bridge condition, and — other related characteristics. These deficiencies are then combined to yield a total deficiency rating (TDR) on a scale which ranges from 0 to 100. Basically, the framework for the determination of the TDR was patterned after parts of the Federal Sufficiency Rating System (FSRS)3 and parts of
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 the system developed by North Carolina State University for use by the North Carolina DOT (NCS).7 Level-of-Service Deficiencies There are four characteristics included for the level-of-service capabilities: load capacity, clear deck width, vertical clearance for traffic carried by the bridge, and vertical clearance for traffic passing under the bridge. The level-of-service deficiencies are based on comparisons of the actual load capacity, clear deck width and vertical clearances of the bridge with level-of-service criteria which have been developed for the Pennsylvania Bridge Management System.8 These criteria have been set at three levels: minimum acceptable, minimum design and desirable design. They are primarily dependent upon the functional classification of the highway carried by the bridge, with some additional dependence on volume of traffic. Equations have been developed to calculate load capacity deficiency (LCD), clear deck width deficiency (WD), over clearance deficiency (VCOD) and under clearance deficiency (VCUD).8 Bridge Condition Deficiencies The second category of deficiencies in the Pennsylvania prioritization methodology is based on bridge condition. Bridge condition is included in the Federal Sufficiency Rating System (FSRS),3 and can comprise a total reduction of up to 64 points in the sufficiency rating. On the other hand, in the North Carolina system (NCS),7 bridge condition is addressed only indirectly, through the assignment of up to six deficiency points to the estimated remaining life. In the Pennsylvania system, the evaluation of the bridge condition deficiency (BCD) includes the assessment of the condition of each of the three primary elements of the bridge: superstructure, substructure and bridge deck. The deficiency points for each element, which are directly related to the individual condition ratings, are given by equations.8 Finally, the bridge condition deficiency (BCD) is determined as the sum of the conditions deficiencies for the superstructure (SPD), substructure (SBD) and deck (BDD).8 Other Deficiencies Other deficiencies are related to the remaining life, approach roadway alignment and waterway adequacy. The estimated remaining life entered into the BMS data base is developed by the system as a function of the condition ratings of the superstructure, substructure and bridge deck. The remaining life deficiency (RLD) is then calculated using an equation.8 The approach roadway alignment may be the source of additional deficiency points. This deficiency (AAD), which is directly related to the appraisal rating contained in the BMS data base, is also given by an equation.8
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 The adequacy of the waterway is the final characteristic included as a source of deficiency points. This deficiency (WAD) is directly related to the appraisal rating included in the BMS data base and is also given by an equation.8
 
 Total Deficiency Rating Once the deficiency points of the individual categories have been determined, the next step in the Pennsylvania system is the determination of the total deficiency rating (TDR) for each bridge. This is done by summing the deficiency points of the individual categories, applying limiting conditions to several combinations of deficiency points, and applying a factor which reflects the functional classification of the highway carried by the bridge. The summation of deficiency points is represented by the simple equation
 
 where BCD=SPD+SBD+BDD. The last step in the determination of TDE is to apply the factor
 
 which is
 
 TABLE 2 Functional classification factors Functional classification Interstate
 
 1·00
 
 Arterial
 
 0·95
 
 Collector
 
 0·85
 
 Local
 
 0·75
 
 dependent upon the functional classification of the highway carried by the bridge. Values of are given in Table 2. A tabular representation of the development of the total deficiency rating for bridges is presented in Table 3. Table 3 also shows four combinations of deficiency points which have governing conditions. Prioritization Listings After the total deficiency has been established for all bridges, cost information is needed in order to develop the indexes which will be used in the prioritized listings. Initially two costs will be requested: (1) the replacement cost and (2) the cost of rehabilitation. Also requested will be the number of deficiency points removed by the rehabilitation or replacement. Total deficiency ratings, combined with cost information and other
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 TABLE 3 Development of TDR for bridges Deficiency category Maximum deficiency points in category
 
 Listing conditions (1), (2)
 
 (3)
 
 (4)
 
 ∑≤80 BDD
 
 50
 
 SPD
 
 50
 
 SBD
 
 50
 
 WD
 
 15
 
 15
 
 15
 
 VCOD
 
 15
 
 15
 
 15 ∑x ≥100
 
 RLD
 
 5
 
 5
 
 5
 
 VCUD
 
 10 ∑≤15
 
 15
 
 ∑≤50
 
 WAD
 
 10
 
 AAD
 
 10
 
 10
 
 10
 
 Maximum totals
 
 285
 
 180
 
 140
 
 100
 
 factors, will yield listings of bridge rehabilitation and replacement projects prioritized in order to enable effective management of the bridge system.
 
 The pennsylvania bridge management system
 
 75
 
 RECOMMENDATIONS The Pennsylvania BMS has been operational since December 1986. The following recommendations reflect knowledge gained through the development and operation of the system which could be valuable to others developing similar systems. — The system must have administration and top management support. — Get the users of the system involved early in the development of the system. In Pennsylvania the users were included as members of the bridge management work group during the development of the system. A bridge management coordination has also been set up in the central office and each of the 11 engineering districts to coordinate the operation of the system. Regular meetings are required to discuss problems with the system. — A commitment must be made to the maintenance and enhancement of the system. At least three full-time system people are needed for the Pennsylvania system.
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 8 Data Information System for Structures: DISK M.EL-MARASY Ministry of Transport and Public Works, Rijkswaterstaat, Bridges Department, Voorburg, The Netherlands ABSTRACT The data information system for structures is an automated information system developed by the Dutch Ministry of Transport and Public Works to support the management of bridges and other types of structures. The information stored in the system consists of: • Basic administrative and technical data which are almost unchangeable but have to be updated in case of change. • Changeable information which is related to daily management activities of bridges such as inspection and maintenance. • Financial information about maintenance. Most of the data have been standardised to meet the requirement for uniform description and evaluation of the deficiencies and the possibility to select and analyse the data.
 
 INTRODUCTION Bridges are a very important part of the road infrastructure and lack of maintenance can have far-reaching consequences. The developments in science, in building materials and in electronic computation during the last decades have resulted in highly advanced design and construction methods and in the building of very sophisticated bridges. Environmental pollution, the increase in both traffic intensity and heavy transport and the ageing of existing bridge stock have a significant impact on the bearing capacity and life duration of bridges. The deterioration of the condition of bridges, and the increase in inspection and maintenance costs in view of funding limitations, has in recent years attracted the attention of the highways administration. There is a need for an instrument which can support managers and decision makers in carrying out their work more efficiently and in granting the functionality and safety of bridges in the most reliable and economic way. Therefore it is of great importance to find a model for the management of bridges through which the technical and economic problems related to inspection, maintenance,
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 rehabilitation, strengthening and replacement can be solved. Moreover, it is also required to have an instrument for the assessment of the life duration and the bearing capacity of bridges or bridge components. The Dutch Ministry of Transport and Public Works has recognised the abovementioned needs and therefore developed an automated management system, DISK, for all structures under its management. The development of the system has been completed and the implementation has started. GOALS OF THE DISK SYSTEM The goals of the system are determined by carrying out an information analysis for the daily activities related to the design, construction, inspection and maintenance of structures under the management of the Ministry of Transport and Public Works. The analyses are carried out by representatives of the different disciplines engaged in the above-mentioned activities and have resulted in the following goals: • Easily accessible, complete and up-to-date databank. • Proper planning for the inspection of structures. • Proper planning for the maintenance of structures and estimated budget requirement for a period of 5 years. • Contribution to the effort to predict the functional or economic life of the structures. • Feedback to the designers and other users of the system with relevant information acquired from inspection and maintenance experience. Types of Structures The infrastructures consist of various types of structures having different functions: • Structures for road traffic such as bridges, viaducts, tunnels, etc. • Structures for navigation and water control such as locks, movable bridges, storm surge barriers, etc. The above-mentioned structures are built of various materials such as concrete, steel, wood, etc. Moreover, the movable structures include mechanical and electrical installations. All these varieties in form, material and function of the structures justify the development of several information systems. However, because all these structures fall under the management of the same administration it was preferred to integrate all the information systems in the DISK system, which consists of: • Inventory and administrative information. • Inspection. • Maintenance. • Historical information. • Special transport.
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 INVENTORY AND ADMINISTRATIVE INFORMATION Knowledge of the existing bridge stock is the basic factor for proper management and it will be impossible without it to carry out inspection, maintenance and to plan the required budget and manpower. The inventory program of the DISK system has facilitated the storage of the bridge stock with the relevant information which supports the users on different managing levels. The stored data are almost unchangeable and consist of: Identification • Topographic number related to the topographic map. • The name of the structure. Location • Number of the traffic road or the waterway. • X and Y coordinates. • The municipality and province where the structure is located. Administrative Information • Names of the departments responsible for design, inspection, maintenance and management. • Number and location of structure file. • Dates of construction, modification and demolition of the structure. Technical Information • Type, material and dimensions of the structure. • Relevant members, main members, material, type and manufacturer. Heavy Transport • A number of factors for the calculation of bridges for the dispensation of heavy transport. • Design loading class and actual bearing capacity. • Allowable passable width and height clearances under and above the bridge.
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 INSPECTION Inspection of bridges is a fundamental task for the managers. It is not supposed to be a target but an unavoidable medium to grant the functionality and safety of bridges and necessary activity to supply the decision makers with reliable planning for manpower and budget. The DISK inspection system helps the inspectors by supplying them with several reports and information. Inspection Planning The DISK system produces a list of the structures which have to be inspected in a certain period. This selection can be made from the registration of the last inspection date and the required inspection period. On the report there is valuable information given such as the administrative, expected inspection duration (manpower), the required materials for inspection (crane, boat, etc.) and the possible restrictions for inspection if there are any. Inspection Drawings To support the inspectors in doing their work and to facilitate the inspection activity, the data information system introduced the making of inspection drawings. Each structure must have a number of drawings projecting the elevation, side view, bottom and top view and cross-sections of the structure. All structural members which must be inspected are shown on the drawings. The location of the members is defined by two axes. Each member has its local number. All members which must be inspected are mentioned in a table on each drawing which is adopted as the ‘checklist’. The checklist, the main members to which the members belong, the number of the drawing and the local numbers of the members are stored in the computer. These inspection drawings are made once and they remain valid as long as the structure is not modified. The checklists on the drawings are used as guidelines for the inspector. Deficiencies Report The inspection of the structures can start according to the plan, the technical instruction for inspection and the available documents such as the drawings, general information, technical reports, preceding inspection report, etc. The results of the inspection and the interim recommendations for required maintenance work are stored in the computer. The inspection procedure includes the following steps: • To locate the deficiency of the inspected member according to the method mentioned previously. • To describe the deficiency according to the standard types of deficiencies. • To determine the possible reason for the deficiency according to the standard reasons.
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 • To recommend the necessary maintenance work. • To assess the reliability of the members with respect to safety and functioning. This is expressed in a numerical code 0–6 (see condition rating). • To obtain photos of the deficiencies if the inspector considers this necessary. All this information completed with other general information (identification, location and description of the structure—weather conditions—the inspection directorate—the name of the inspector) forms the interim deficiency report. Together with the inspection drawings and other documents, the deficiency report forms the inspection report. Condition Rating Evidently it is important for the decision maker responsible for maintenance to know the influence of the deficiency on the condition of the member and subsequently on the structure. The condition rating of the member and the structure is expressed in a numerical code for: • Safety. • Functioning. The numerical code of the condition rating is used to get a quick impression of the structure’s condition and to use it as an instrument for the determination of the technical maintenance priorities. There are other factors which may influence the above-mentioned technical priorities, such as the available budget for maintenance and the importance of the structure. The possible numerical codes for safety and functioning are related to a certain period. The period indicates how long the safety and the functioning of the member of the structure is guaranteed. In other words, within which period the maintenance has to be carried out. The possible numerical codes are as follows: 0
 
 Safety or functioning is guaranteed.
 
 1
 
 There are deficiencies but safety or functioning is guaranteed.
 
 2
 
 Safety or functioning is guaranteed for the next 5 years.
 
 3
 
 Safety or functioning is guaranteed for the next 2 years.
 
 4
 
 Safety or functioning is guaranteed for the next 1 year.
 
 5
 
 Safety or functioning is guaranteed for the next 0·5 year.
 
 6
 
 Safety or functioning is in danger.
 
 It is clear that the choice of one of the above-mentioned codes is a matter of experience and knowledge. In order to be able to make a reliable choice the inspector has to consider the following factors: • Deterioration of the quality. • Deviation from the design standards. • Change in the original conditions of the structure.
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 To facilitate the work of the manager, the structural members are grouped into a number of main members (about 20). The relation between members and main members is established in the system via the checklist for each structure. Because of this relation it is possible for the system to produce a short condition rating report for the main members and the whole structure. The system selects automatically for each main member the highest condition rating code given to the members which belong to the main member and subsequently for the structure the highest condition rating code given to the main members. The condition rating for the structure can be adjusted manually, if needed, to avoid undue influence from the bad condition rating of a secondary member reflecting on the main members or on the structure. Evaluation The quality of the inspection results, the recommendations for maintenance and the condition rating depend on the experience and the knowledge of the inspectors. To ensure good inspection results and good quality of information stored in the system and subsequently to supply the users of the system and the managers of the structures with reliable information, it was decided to form a group of experts on design, inspection and maintenance of structures which have to judge the results of inspection. This group is called the ‘evaluation committee’ and is formed for each discipline (concrete bridges, steel structures including electrical and mechanical installations, water control structures). The task of the evaluation committee is: • To judge the results of the inspection such as the deficiencies, the reason and the recommendations for maintenance. • To judge the condition rating of the structures. • To decide if special inspection and more research are needed if the results of the inspection are not satisfactory. • To determine the inspection period. • To determine the technical priority of maintenance. The results of the inspection stored in the system must be adjusted according to the evaluation work. The interim deficiency report, condition rating report and the inspection report will be replaced by the definitive reports. It is also the task of the evaluation committee to expand, delete or adjust the standard information in the system such as: • Structural members and main members. • Types of deficiencies. • Recommendations for maintenance.
 
 MAINTENANCE The inspection procedure is completed after the evaluation of the results and the production of the definitive reports. Then the maintenance procedure can start. The
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 information system can support the maintenance procedure in a quick and efficient way by supplying the following information: • Deficiencies report in priority order. • Report with maintenance units. • Planning of the maintenance units. • Report with maintenance projects. • Planning of maintenance projects and required budget. • Report with postponed maintenance work. Deficiencies Report in Priority Order The condition rating of the structural members for safety and functioning after the observed deficiencies is given in the definitive deficiencies reports. The information system can produce a report with all the observed deficiencies and rearrange them in priority order of the condition rating. It is also possible to produce a report with a certain condition rating or in between two condition ratings. This report is used to select the (similar) deficiencies which can be repaired in one maintenance action. This group of deficiencies is called ‘maintenance unit’. In this report we obtain the administrative information, the identification and the description of the structure, the number of the deficiency, the impaired structure member, description and the reason for the deficiency, the required maintenance work and the final date by which the maintenance has to be carried out. Maintenance Units The deficiencies which form a maintenance unit are grouped manually on the deficiencies priority report. The maintenance cost of each unit has to be estimated. The information system can group the maintenance units per structure or per managing department. These reports contain, besides the administrative information, the description of the maintenance units, the final date for maintenance, the estimated cost, and its state (rough or accurate estimation) and type of budget. Planning of Maintenance Units To support the managing of structures, the system can produce a report with expected maintenance and its estimated cost. The maintenance units per structure are given in the report. The necessary cost is planned for a period of 5 years. This report can be adjusted by the manager for practical reasons and because of the available budget for maintenance. The following information is mentioned in the report: administrative information, maintenance units per structure per managing directorate, estimated cost per maintenance unit, type of budget required per year for a 5-year period and the total budget required per managing directorate.
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 Maintenance Project For practical and efficiency reasons it is possible to combine several maintenance units within one structure to form a maintenance project. In certain circumstances, when the deficiencies are similar or can be repaired by the same contractor, the maintenance units of different structures in a certain area are also combined into one maintenance project. For economic reasons the manager can decide to accelerate the maintenance of certain deficiencies which were planned for later years and combine them with the maintenance project which must be carried out. The report of the maintenance projects contains, besides the administrative information, the project number, the number and the description of the maintenance unit, and the ultimate date for repair. Maintenance and Budget Planning The DISK system can support the various managing directorates of Rijkswaterstaat in the formation of their yearly work and budget planning. The system can produce a maintenance planning report for each department. The report gives the total required budget for a 5-year period divided into the different budget types. Postponed Maintenance All maintenance projects to be carried out must be entered in the system. The real maintenance cost has also to be entered. These projects do not appear in subsequent maintenance projects reports. Other maintenance projects which are not carried out for one reason or another appear in the postponed maintenance report. This report can be produced per directorate. HISTORICAL INFORMATION It is essential for the designers, maintenance staff and the managers to know the history of the structures; therefore there are some activities which are entered and kept in the system, such as: • Each inspection date. • Each maintenance date. • Condition rating of the main structural members after each maintenance. • Inspection period. • Real maintenance cost. All this information is produced on the historical information report. This information accumulates and will never be deleted from the system.
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 REGISTRATION OF THE INFORMATION IN THE SYSTEM The information which has to be entered in the system consists, as mentioned before, of two types: • Constant data. • Variable data. The functioning of the DISK system depends on the registration of the above-mentioned data. To ensure the functioning and the reliability of the system, the following conditions should be met: • The data must be complete and up to date. • The data must be unambiguous. • The results of inspection and maintenance must be registered in the system as quickly as possible. To meet the first condition, an inventory of all structures under the management of Rijkswaterstaat has taken place. The inventory of other information has started and it will be gradually registered in the system. It is expected to be completed within 5 years. The second and third conditions can be met by simplifying the registration method of the data in the system, especially the results of inspection and maintenance. Therefore it was decided to supply the users of the system (spread over the whole country) with personal computers, which can be connected to the central computer located at the bridge directorate, such that they can enter the data directly in the system. The advantages of this method are: • Minimise the administrative work of the users. • The user can directly control his input. • The output is directly available.
 
 HOW CAN THE SYSTEM SUPPORT THE MANAGEMENT? The infrastructure of roads and waterways has great national economic value. The first task of the management is to ensure the safety of these structures for the public. For an efficient and reliable management certain actions need to be taken, such as an inventory of all structures, inspection planning, periodic inspection of the structures, allocation of required maintenance funds and carrying out the maintenance on time. With the development of the DISK information system many of these actions have been realised and others have been started and are in the development phase. The system provides the management with the following information: • All structures under the management of Rijkswaterstaat are inventoried and stored in the system with many administrative and technical data. With this information, which is easily accessible, the manager can do his job efficiently, such as inspection, maintenance and budget planning.
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 • Inspection planning is facilitated by the list of structures which must be inspected in a certain period for a certain region. The manager of the discipline which is to be inspected makes his detailed inspection planning, such as the personal planning, the necessary inspection material and, if any, the required measurements. • The system can supply the inspectors with technical data on the structures which must be inspected, such as identification, location, results of preceding inspection, maintenance carried out and the technical history if needed. • The standardisation of the structural members, main members, types of deficiencies, the reasons, etc., facilitates the work of the inspectors and minimises the administrative work. It also creates uniformity in the inspection and results in uniform reports of all inspection disciplines. • The planning of maintenance depending on the technical priorities given by the inspectors and the expert evaluation group, as well as the planning of the necessary maintenance budget for a period of 5 years, are fundamental to the work plan and the allocation of the necessary funds. • A complete and easily accessible databank is a good source of very useful information for designers and for the maintenance staff. They can observe the behaviour of certain members, certain types of structures or the effectiveness of maintenance undertaken in the past. It will also add basic information to studies on the life of structures and the determination of a suitable inspection period.
 
 9 Optimization of Bridge Maintenance Appropriations with the Help of a Management System—Development of a Bridge Management System in Finland ARI KÄHKÖNEN Viatek Ltd (VIASYS), Ahventie 4A, SF-02170 Espoo, Finland and ALLEN R.MARSHALL Cambridge Systematics Incorporated, American Twine Building, 222 Third Street, Cambridge, Massachusetts 02142, USA ABSTRACT Instead of building new infrastructure components such as bridges and highways, public works agencies nowadays are putting more effort into maintaining and repairing the existing structures under their charge. This also pertains to bridges. A basic management problem is how to direct the budget and in what order of priority repair actions to structures should be done. The priority can be determined based on a variety of different agency objectives. In Finland at present, it is particularly important to set a long-term minimum acceptable condition level for public bridges. As a matter of policy, Finland has sought to eliminate posting on public bridges but this objective is obviously more difficult to achieve as the bridge stock ages. To solve these sorts of management problems many different countries have developed bridge management systems (BMS). Finland is following in these footsteps, drawing on their own experience with BMS and those of other countries such as Sweden, Denmark and the United States. The Road and Waterways Administration (RWA) is developing a two-level bridge infrastructure improvement management system which will serve the RWA and the 13 highway districts in Finland. The new management system necessitates the development of a new database of bridge information (the bridge directory in RWA terms). In order to support an effective deterioration modeling and optimization capability the BMS requires a more thorough bridge inspection system, including the collection of specific damage conditions for individual structural parts, as well as more comprehensive general condition data.
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 INTRODUCTION In Finland the Road and Waterways Administration (RWA) builds and upkeeps bridges on public roads. Presently there are about 12000 bridges on public roads. The bridge stock is quite varied and consists of bridges of stone, wood and more modern construction materials. A basic overview of the bridge stock is shown in Table 1. The present value of the bridges is over 10 billion Finnish marks (Fmk). (There are approximately 4·2 Finnish marks to the US dollar, 6·9 to the £ sterling and 1·5 to the French franc.) Sixty million Fmk are used yearly for the maintenance and repair of the bridges (0·6% of the present value). Another 100 million Fmk/year are used for the rehabilitation (meaning widening, strengthening and replacement) of the bridges, which is 1% of their present value. The weight restrictions on the bridges in Finland will change at the beginning of 1990 in order to conform to EEC requirements. Presently there are 350 bridges with weight restrictions under current posting standards, but due to increasing vehicle weights it has been estimated that weight restrictions will need to be placed on another 560 bridges. If the new weight restrictions are to be removed by strengthening or replacing bridges within the next 5 years, an additional 80 million Fmk/year will be necessary.
 
 TABLE 1 Statistics on Finland’s bridges Number
 
 Length and deck area
 
 9496 bridges 3216 culverts Material
 
 177·1 km 2·2 million m2 Length (km)
 
 Concrete bridges
 
 Average span (m)
 
 Deck (m2)
 
 1501408
 
 106·7
 
 15·0
 
 Reinforced concrete bridges
 
 273055
 
 22·3
 
 46·0
 
 Steel bridges
 
 365501
 
 36·0
 
 41·7
 
 Timber bridges
 
 88004
 
 10·5
 
 12·6
 
 Stone bridges
 
 26081
 
 1·6
 
 7·5
 
 The cost of repairing, upkeeping and rehabilitating bridges in Finland will be in the neighborhood of 240 million Fmk/year. Determining the effectiveness of the current upkeep and repair system of the bridges requires that the following questions should be considered: — What is the present condition of the bridges and what will it be in the future with: (a) no repair actions undertaken? (b) a mix of different action strategies? — What is the optimum level at which bridges should be kept? — What budget level is required so that: (a) bridges remain in their current states?
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 (b) bridges are upgraded to the optimum level? — What are the right targets, actions and timing at a given investment level? — Are the chosen actions correct and economical, and have all alternatives been explored? In order to provide answers to the questions mentioned above, the RWA began the development of a new Bridge Management System (BMS) in 1986–87. Previously the RWA kept detailed inventories of their bridges in a bridge directory, but it was felt that the directory was inadequate as a means to address the questions above. The original bridge directory was a fairly static inventory and did not effectively address changing bridge condition, loading impacts related to damages, repair and maintenance histories, and other crucial factors. The new bridge register is far more extensive and is designed to meet all types of information needs. The function of the management system based on the enhanced directory information is to help decision makers and maintenance personnel to determine those goals and actions by which the safety, the level of service and the condition of bridges can be kept at the desired level. The system can also optimize and allocate correctly the available funding at the network level. On the network level, the system is also able to find the optimum condition level which the bridges should be kept at on a long-term basis. In Finland it has been decided that the complete management system should perform its work at two levels: the network level, where bridges are examined as a system, and the project level, which deals with individual bridges or groups of bridges. The system at the network level will help the RWA and the upper level management in districts. The system can find that optimal condition level where bridges should be kept in the long term. The project level system is a tool for bridge engineers to use in development work programs (1-, 3- and 5-year programs). SYSTEM DESCRIPTION The Bridge Management System is a separate program that works in conjunction with two other modules: a bridge inspection system and a bridge directory. The general interrelationship of BMS components is shown in Fig. 1. When work on the bridge management system in Finland began, we found that the directory did not satisfy the information needs of the management system. The RWA already had a database-type register on their DPS8 mainframe, but only the RWA could use it. The system was batch oriented and not very flexible in the types of reports that could be generated or the type of detailed analysis that could be performed (even if the data were available). Every year a routine report was sent to the districts telling them about the bridges in their own district. The register was composed of 37 different types of data (all of it was basically administrative information). The main problem with the register was the fact that all the information about bridges was centralized in the RWA, it was difficult to use and, in particular, it did not have any information about either the condition or the continuing repair/reconstruction costs of the bridges. These shortcomings have been corrected in the new directory.
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 In Finland there was a regular and thorough bridge inspection system in place long before the management system was even considered. The problem with this system was that during the inspection only subjective condition information was gathered. The system was changed and now objective damage reports are gathered, which the management system can use as is or after they have been converted into condition information. For more objectivity, damage class tables were produced to help the inspector. Bridge
 
 FIG. 1. General description of the Finnish RWA Bridge Management System. damage, necessary repair actions and their costs are estimated with these tables. The basic data for the management system are the damage and condition reports generated from bridge inspections. The inspection information is recorded in the directory, and the management system programs can access this information directly. The directory also contains other information the management system uses, such as traffic information, bearing capacity, repair history, utilities on bridges and other items. BRIDGE INSPECTION PROGRAM (Fig. 2) A systematic program of bridge inspections was initiated in Finland in 1970. The primary purpose of the inspections is to ensure acceptable levels of traffic safety. There are other purposes, too, such as making sure that bridges do not deteriorate unnecessarily and maintaining an acceptable structure appearance. The inspection system includes different kinds of inspections, such as: — Final technical inspection. — Yearly inspection.
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 —General inspection. — Special inspection. — Special control. Final Technical Inspection This is done as soon as the bridge is complete. The inspection rates the construction results, and notes any possible mistakes and damage due to construction. The inspection is done by a bridge engineer. Yearly Inspection This is done for the maintenance and upkeep of the bridge. The inspection is done by sight according to a set of maintenance instructions. This inspection is by the highway resident. The yearly inspections amend the general inspections. General Inspection A major inspection every 4–8 years which: — Checks the condition of the bridge and its parts. The findings/ recommendations of the bridge inspector are the first phase in project level programming for the bridge. — Checks and completes the information in the bridge directory.
 
 FIG. 2. RWA bridge inspection system. The inspection is basically done by sight, but the investigation can be augmented with simple tests performed by specialized machines. This inspection is by a bridge engineer.
 
 Bridge management
 
 92
 
 Special Inspection This is done to fill in general inspections and when a repair plan is being made. Underwater bridge inspections are considered to be special inspections. This type of inspection is done by a bridge engineer and specialist from the RWA and the Technical Research Center, and a consultant also is present in most cases. Special Control Any changes, repairs or damage done to the bridge are checked on a regular basis 2–6 times a year. The purpose of these inspections is to make it possible to go over the calculated bearing capacity of the bridge or a part of it (e.g. if we want the weight restrictions on a bridge to be removed). This inspection is done by the highway resident or by a bridge engineer. This inspection basically deals with any form changes, cracking and erosion. During inspections information is recorded onto a sheet. Each type of inspection has its own sheet, except for special inspections which are always different each time. The forms are quite detailed and will eventually be preprinted with the findings of the previous inspection so that the inspector can simply mark the items (condition items) that have changed between inspections. Information items obtained during a general inspection are shown in Table 2. The information recorded by the district engineers on the field forms is put into the bridge directory by the engineers for later use. The central
 
 TABLE 2 General inspection—Information collected Inspection number
 
 Inspection date
 
 Inspection type
 
 Inspector
 
 Next scheduled inspection Comments
 
 Special equipment needed Special control recommendation
 
 Condition assessment of: Substructure
 
 Railings
 
 Edge beam
 
 Expansion joints
 
 Other substructure
 
 Other fixtures
 
 Surfacing
 
 Other bridge site structures
 
 Other surface structure
 
 General condition
 
 Calculated condition (rule-based) of: Substructure
 
 Railings
 
 Edge beam
 
 Expansion joints
 
 Other substructure
 
 Other fixtures
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 Surfacing
 
 Other bridge site structures
 
 Other surface structure
 
 General condition
 
 Comments on general bridge deficiencies Specific assessment (for certain ‘typical’ bridges) of: Structural part type
 
 Urgency class (inspector’s code for repair urgency)
 
 Structural part material Damage identification
 
 Recommended treatment (action proposal)
 
 Damage version number Cause of damage (coded)
 
 Urgency of repair need
 
 Type of damage (coded)
 
 Unit cost
 
 Extent (area, length, width) of damage
 
 Effect on bearing capacity of damage (yes or no)
 
 Damage location on bridge
 
 Special inspection put into effect
 
 Damage class (slight, moderate, severe)
 
 Photograph of damage Inspector’s comments about damages and treatments
 
 government can obtain copies of the data via network links. The forms and photos are also stored in paper archives. BRIDGE DIRECTORY The bridge directory is where all information about bridges is kept. The directory is composed of technical and administrative information, any information (mainly condition and damage information) gathered during inspections, along with geometric and traffic data which affect the usability of the bridge. The directory is the database of the management system. A good directory, along with its programs for reports, is a useful tool for bridge engineers and any other people dealing with bridges.
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 FIG. 3. The bridge directory information connections. The bridge directory in Finland is being completely redone, both the database structure and the information in it, as well as the user interface and reporting capabilities.* The new directory will be compiled so that it will suit the needs of different types of environments and users. The directory will be placed in all 13 districts and also in the RWA. Information about all the bridges in Finland will be given to the RWA, while the districts will only have information about the bridges in their own districts. The districts and the RWA are connected through a high-speed data network. Highway residences, which are smaller administrative units within districts, are connected to district offices with modems. The connections are pictured in Fig. 3. It is not anticipated that the highway districts will have any access to the system other than to prepare reports and review data. The districts are responsible for updating and other maintenance of the bridge directory * Cambridge Systematics Incorporated of Cambridge, Massachusetts, USA (617) 354–0167, is preparing the new register and transferring the information from the old database. The directory utilizes Oracle database software and operates on a 80286- or 80386-based microcomputer. More information can be obtained by writing to either of the authors of this paper.
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 FIG. 4. The entity attribute relationship of the bridge directory. (except for some bearing capacity and administrative information). This insures that the information is correct and current. The general entity attribute model for the database is shown in Fig. 4. The prototype of the directory is being produced on a microcomputer, but the production version will be on a UNIX mainframe. The prototype is being tested now (June 1989) and the production version will be in place by early 1990. MANAGEMENT SYSTEM General The main purpose of the maintenance and repair of bridges is safety. Bridges must be kept in good condition so that they can be used safely and so that they are not a danger to crossing traffic. After the safety requirements have been fulfilled, one must also think about damage and in what order they should be repaired. The appearance of a bridge is also important, and of course its ability to move traffic. Other problems are brought about by the budget, because there is never enough money for the necessary repair and maintenance actions. There is only a certain amount of money which must be used as effectively as possible. We must find a tool which can help decide what the budget should be, and what effect various spending scenarios would have on the bridge stock on both a long- and on a short-term basis.
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 Network Level System One of the most important things the network level system does is to define the optimum condition level of the bridge system. It is evident that bridges in bad condition are safety risks and cause extra costs for the user (for example detouring the bridge because of weight restrictions) and also for society (higher accident costs, etc.). Operating expenses are higher due to more repairs. On the other hand, it is not cost-effective to maintain all bridges in exemplary condition, because more money would have to be poured into the maintenance of the bridge than would be economically beneficial to the users. The optimum level can be figured out through a benefit/cost analysis with some degree of confidence. In the simplest sense, the collective benefits that bridge users and society obtain from bridges should be equivalent to the bridge maintenance and repair expenses. It is not simple to estimate the user and society costs and benefits, of course, and this poses one of the biggest challenges for the development of the management system. The system must seek to calculate costs and benefits objectively yet maintain a sensitivity to bridge system standards imposed by government policy makers that may make little or no use of formal analysis, e.g. ‘all bridges on major public roads should be free of posting no matter what the cost implications may be’. The implications of the optimization scenarios can be determined and rationalized with respect to the vagaries of bridge ‘politics’ and policies. The network level system analysis will also be geographically sensitive. This makes it possible to differentiate the optimization to recognize RWA district level costs and benefits. The basic principle is that money is put into areas which will generate the highest level of benefits. The network level system mainly serves the RWA and the management of the districts. With this system the RWA will be able to explain the higher budget needs to politicians who decide about such matters. Project Level Systems The project level system is a tool for bridge engineers when they are planning a work and action schedule. It is based on action recommendations received from the bridge system at the network level, condition and damage information gathered during bridge inspections, and on given budget limits. Based on a combination of job experience and help from the system a highway district bridge engineer can draw up a proposal for a repair program for the next year or even prepare a long-term action program. The management system offers good tools for generating work and action programs. The engineer can immediately find out what effects adding, removing or changing an action will have on costs and condition. The system can, if necessary, show the condition and damage information on a particular bridge, information on previously performed actions, bridge aging factors, etc. Other Management Capabilities The programming of bridge inspections is also part of the management system. Historically, particularly in the United States, bridges have been inspected whether there
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 is a need to inspect the bridge or not, for example, every 2 years. This fixed schedule has had some negative consequences for inspection programs, since visits are made to bridges in excellent condition while questionable structures are not seen until their turn in the fixed rotation. The Finnish RWA feels strongly that it is not an effective policy to inspect bridges on a set schedule. Instead the computer system can figure out what kind of inspection should be performed and schedule it based on the time since the last general inspection, the findings of that inspection, structure deterioration models and on aging factors. The management system can also be used to help manage permits and routings for special transport. By determining absolutely critical bridges using high volume heavy transport routes and reviewing possible detour options stored in the register, it is possible to identify bridges that require special attention because of their site and situation. An important part of the management system is the establishment of programs for strengthening and rebuilding bridges to satisfy new transportation system usages. The management system programs can help determine in what order weight restricted bridges, or bridges having some other problem with bearing capacity, should be rebuilt. This capability is very timely and important because of the new axle and total weight restrictions which will be put into effect in Finland at the beginning of the 1990s to meet EEC standards.
 
 10 Highway Bridge Management JOHN W.S.MAXWELL Grampian Regional Council, Woodhill House, Westburn Road, Aberdeen AB9 2LU, UK ABSTRACT Managerial, administrative, financial and technical information must be effectively translated into ‘marketing’ language to persuade client organisations to allocate adequate finance for bridges on the required time schedule. Clients must produce policies and objectives for maintenance, improvement and replacement. Programmes of work and priorities will evolve from inspection and assessment information. Expenditure estimates will then enable programme revision as per financial constraints using relevant database and information systems. Validity of traffic predictions must be checked and quality assurance systems applied to design, specifications and construction. Behaviour monitoring information has an important role to play, hence the urgent need to improve instrumentation and techniques. If bridge management is a coin, ‘heads is the marketing dealt with in this paper and ‘tails’ is the production or inspection, assessment, maintenance and repair work (Fig. 1).
 
 FIG. 1. Bridge management criteria.
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 INTRODUCTION One hundred million pounds corrosion costs identified in 1960 increased to £600 million by 1970. No costs are available for 1980 but the new assessment code has placed severe weight restrictions on older steel, wrought iron and cast iron bridges. Fifteen billion pounds was the estimated cost of replacing 120000 UK bridges 10 years ago. In 1978 the Scottish Development Department suggested that estimated replacement costs of their trunk road bridges was £300 million with annual maintenance expenditure 0·28% of replacement cost. Non-trunk road bridges had a projected £1700 million replacement cost with an annual maintenance expenditure of 0·07%. Continuing deterioration suggests that not enough finance has been made available. The design life for British bridges is 120 years whilst the French claim a 50-year life. Americans, because of salt attack, finance replacement on a 30-year cycle. Hence British bridges over 10 years old with no waterproofing may require an earlier and higher level of investment. Access, inspection and assessment costs are now being addressed but expenditure on actual maintenance, repair or replacement work has not increased. The travelling public, commerce and industry find increasingly unacceptable any disruption to transportation and its associated costs. This paper identifies what needs to be done to ensure that the essential financial resources will be made available when required. The main headings dealt with are as follows: • Highway bridge management flow chart • Policies and objectives • Computerised database and information systems • Technical issues for managers to consider • Summary • Conclusion • References
 
 HIGHWAY BRIDGE MANAGEMENT A flow chart for highway bridge management is given in Fig. 2. POLICIES AND OBJECTIVES Central and local government strategy is to facilitate the transportation of goods and people within and through the highway networks which are their responsibility. Hence the policy that the first priority for road expenditure is to maintain and improve the structural fabric of the existing road network, including bridges, to a safe standard.
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 FIG. 2. Highway bridge management flow chart.
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 Objectives arising from this policy should include the following: (a) achievement of requisite safety standards; (b) reduction in rate of deterioration; (c) cost-effective maintenance and improvement service; (d) effective substantiation and marketing for increased finance; (e) changing from unplanned emergencies to stable planned maintenance; and (f) maximum in-service life from work done. Different organisations will have to determine the policies and objectives for maintenance, improvement and replacement of bridges which are most relevant to their problems and circumstances. These should apply to existing bridges, those currently being designed or constructed, and those proposed for the future. The problems of deterioration now with us suggest a failure in bridge management. A more realistic approach will be required to achieve and sustain optimum operational use of the highway network over the next few decades. Road Engineering Intelligence and Research (July/August 1989) highlighted £800 m to repair Department of Transport concrete bridges over the next 15 years after a 2-year study. Similar sample surveys or studies to this and those previously carried out by the County Surveyors’ Society on different types and size of bridges should be extended to statistically confirm the previous estimates of the scale and cost of the work to be done. Positive management should then implement the policies and objectives by translating the collated technical information from surveys, inspections and assessments into work programmes and estimated expenditure. COMPUTERISED DATABASE AND INFORMATION SYSTEMS Will computerised database and information systems fulfil their intended purpose for highway bridge management? The answer is yes and no. For new bridges built since 1984 which have been subjected to the statutory system of cyclic inspections the answer should be yes. This assumes that reliable basic inventory and inspection data have been made available, checked as being correct, and used to substantiate the case for finance to initiate cyclic and structural maintenance where and when appropriate. In theory this should help to achieve maximum in-service life for the new bridges and safeguard the financial investment which enabled them to be built. Prior to 1984 few systems had been developed and hence data were not necessarily kept in the format now preferred. The cyclic system of inspections introduced in 1978 had not been fully implemented, partly due to access problems and associated costs. Inventory information was either non-existent, incorrect or only partially available, requiring to be checked as valid and updated. Considerable expenditure and time would therefore be required for the collation of basic data before any system could effectively start to contribute to preventing collapse and minimising traffic disruptions, arresting deterioration and restoring bridges to a stable condition. This situation in particular applies to at least 75% of the regional and county bridges in Britain. Most systems developed recently require large quantities of detailed information for the inventory and inspection data. Assessments of carrying capacity are also unlikely to
 
 Bridge management
 
 102
 
 be completed for some years yet. A more streamlined spartan approach is therefore required in the interim to produce draft programmes of work with cost estimates to substantiate the case for increased allocations of finance for bridges now before the deterioration identified for some time develops into an embarrassing crisis in the 1990s. The author initiated a system with Dunsmore Data and Information Ltd some years ago1 which was accepted by the County Surveyors’ Society (Scotland) for their regions and subsequently adapted with the author by the Scottish Development Department for motorway and trunk road bridges.
 
 FIG. 3. Bridges database and information system. In conjunction with Dunsmore Data and Information Ltd, Edinburgh, the author and a colleague, Mr Ron Lee, have now produced a streamlined spartan system more suited to the immediate purposes of the Scottish regions and English counties. It consists of the basic subparts shown in Fig. 3. TECHNICAL ISSUES FOR MANAGERS TO CONSIDER Too many repairs are required too soon or too often to relatively new road and bridge projects. This suggests that something may be wrong with our planning estimates, our
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 design and specification criteria, or construction quality. Behaviour monitoring information is essential in such circumstances. Traffic Volume, mix and weight estimates require checking. Volume The increase in the number of licensed vehicles (UK) this century is as follows: 1900 (0·018 m), 1920 (0·650 m), 1940 (2·325 m), 1960 (9·439 m), 1980 (19·210 m) and year 2000 (>30 m?). New national road traffic forecasts in May 1989 superseding the 1984 figures suggest that growth in the 1988–2025 period will increase previous predictions by somewhere between 83% and 142%. Mix Having determined that the damaging power of commercial traffic was 30% heavier in 1982 than in 1974, predictions for 1990 suggested double for each category!2 British Road Federation (1987) determined an increase in lorry traffic 1977–85 of 10% in rural areas, 37% on motorways and then suggested a further 12% increase by the year 2000.3 Weight Construction and use weight increased recently from 32 to 38 t with the suggestion of 40–50 t by 1996. More information is required on the number and frequency of vehicles exceeding these weights in addition to abnormal load notifications. Design, Specification, Construction and Quality Assurance Where current design and specification criteria may not accommodate the traffic volume, mix or weight, some ‘horses for courses’ intuitive allowance should be added to the computerised optimum solution. Materials and workmanship specifications must not be relaxed with records of compliance kept on database to facilitate any problem identification later. Too many new materials and methods are marketed on the basis of laboratory tests or applications abroad. Properly monitored on-site trials with recommended applicators must form the basis of any specifications written. Construction quality should improve if client organisations are more careful with their start dates and contract periods. Selection of contractors requires a more professional approach also. Carefully control and limit the amount of subcontracting and do not necessarily accept the lowest tenderer. Design or construction firms with accredited and properly implemented quality assurance systems should present less risk of mistakes being made than those without. Clients, however, should not be lulled into a false sense of security. They must continue to strive to satisfy themselves about the attitude of the people they are dealing with, and the pride they take in doing a good job.
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 Bridge Behaviour Monitoring In addition to the foregoing concern expressed about planning, design, construction, etc., the improved braking efficiency of modern vehicles has significantly increased the longitudinal force on highway bridge articulation and substructures, i.e. BS 153 HA maximum load 253 kN, i.e. 100 kN plus 17 kN/m span >3 m. BS 5400 HA maximum load 700 kN, i.e. 200 kN plus 8 kN/m loaded length. Thermal movements of curved or highly skewed decks can also introduce complexities. If unexpected forces, movements or deterioration in condition of materials arise, it seems sensible that instruments be installed to give a case history before, during and after structural distress and remedial works. This information should help confirm the extent to which the bridge is behaving in relation to current design and code parameters. Decisions can then be taken on the need to merely replace ‘like with like’, or strengthen. Such matters will, of course, greatly influence the estimated cost of remedial works. The author has developed computerised systems4 for monitoring (a) deck deflection and temperature with joint movement and column tilt, (b) wind speed and direction, and (c) tide rise and fall, current speed and water quality. Experience has also been acquired on structural vibration of ‘lively’ decks, monitoring retaining walls and load testing arch bridges to destruction. Such experiences confirm the need for the installation of instruments to be dealt with at the design stage to facilitate provision of information, giving advance warning of deterioration or imminent structural distress. SUMMARY The introduction highlights the serious deteriorating magnitude of the crisis now emerging. A method of alleviating this crisis is identified in the highway bridge management flow chart (Fig. 2). Organisational policies to be complied with and objectives to be met are then clarified and confirmed. An interim streamlined database and information system has now been developed to facilitate dealing with the aforesaid to resolve the crisis. In conclusion, the suggestion that something basic may be wrong is raised on technical issues for managers to consider. CONCLUSION Highway bridge management to be effective must include the ‘marketing’ and ‘production’ criteria identified in Fig. 1. Implementation of the Fig. 2 management, administration, finance and technical flow chart guidelines will stimulate the organisations and managers involved to comply with the policies and achieve the objectives required.
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 11 Bridge Management in Cyprus P.H.MAY John Burrow & Partners, Exeter, Devon, UK and S.VRAHIMIS Department of Public Works, Nicosia, Cyprus ABSTRACT An attempt is being made in Cyprus to introduce an objective approach to bridge management through the development and setting up of a computerised bridge inventory system. A schedule of condition inspections has been introduced which picks up overdue routine maintenance and provides data for an objective assessment of repairs required. Work is costed and an order of priority established to assist budget preparation and planning of future work in various time scales. It is anticipated that by centralising responsibility for the condition inspection procedures and bringing the bridge inventory system under the control of a newly formed headquarters-based maintenance management unit the non-availability of skilled technical staff at district level can be overcome. Implementation of the system developed is now proceeding.
 
 BACKGROUND Cyprus is the third largest island in the Mediterranean with an area of 9250 km2. It has an intense climate with very hot, dry summers (when the inland temperatures frequently exceed 40°C) and cooler, rainy, rather changeable winters, separated by short spring and autumn seasons. Snow falls frequently every winter in the Troodos mountains on ground over 1000 m above sea level. These falls usually commence in December and continue through until the end of April. The island’s population is currently estimated to be 673000, of whom 77% are Greek Cypriots, 19% Turkish Cypriots and 4% other minorities. The political situation is complex and outside the scope of this paper, but it is sufficient to state that since the Turkish invasion of 1974 the Republic of Cyprus has effective control over only the southern portion of the island, representing some 63% of the land mass. The Cyprus Department of Public Works (under the Ministry of Communication and Works) is responsible for the preparation and development of the government’s road improvement programme as well as the design, construction and maintenance of roads, airports, fishing shelters, coastal protection works and government buildings throughout
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 the island. In 1987 these responsibilities included the maintenance of 1898 km of bituminous-surfaced roads and their associated bridges and culverts in the southern portion of the island. Of this total, 209 km were within designated municipal areas. The diverse history of Cyprus over the last 500 years has resulted in a fascinating variety of bridge and culvert forms and material types being used. Inevitably, on an island where workable limestones and calcareous sandstones predominate, traditional masonry arches are common. Several of these date back to the Lusignan and Venetian periods of Cypriot history (AD 1192–1571), and though not now taking heavy loads some are still in service on minor roads. There are, of course, many examples of masonry arches constructed more recently (particularly during the British colonial era), when skilled craftsmen were more readily available. Most of these are still giving excellent service even on roads carrying quite heavy traffic. More recent bridges have favoured beam and slab-type concrete construction (both reinforced and prestressed), and there are many composite structures of in-situ concrete decks on steel girders and, in some cases, on steel trough deck sections. Since the mid-1970s considerable emphasis has been placed on the need to
 
 FIG. 1. Extent of current expressway development. improve and extend the road network. Using financial assistance provided under four World Bank highway projects, as well as help from the Kuwaiti Fund and using internal resources, much of the primary trunk road network either has been or is being strengthened and/or upgraded to international standards. An indication of the present situation is shown in Fig. 1. In 1984, under the Third Highway Project, attention was directed towards the need for improved road maintenance and a project was funded to develop and implement a computerised road maintenance management system. The system implemented adequately covered the department’s requirement for inventory and condition information on road pavements and drainage but did not cover bridges or culverts in any detail.
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 Accordingly, under the Fourth Highway Project, the same consultants were appointed to develop a complementary bridge inventory system which could cover these additional aspects. ORGANISATION AND BUDGET ARRANGEMENTS The Department of Public Works acts through a Nicosia-based headquarters and five operational district offices, each under the direction of an experienced qualified engineer. Though not all districts are of similar size (due to the present divided nature of the island), a typical district organisation is shown, together with the headquarters arrangements, in Fig. 2. The establishment of a road maintenance unit in 1987 under the control of a senior executive engineer confirms the department’s commitment to improve maintenance of roads and bridges. Though initially established to operate the road maintenance management system, it is now being developed to include responsibility for the bridge inventory system. The construction of new roads and their associated bridges and culverts, together with the periodic maintenance of road pavements (resealing, overlaying, etc.), is carried out by private contractors from designs prepared by the department at headquarters level, sometimes with the assistance of external consultants. Only routine maintenance is, therefore, undertaken by the department’s own direct labour force. The district engineers have the dual responsibility of supervising works being undertaken by private contractors and operating a small, but by no means insignificant, direct labour establishment. This is reflected in the organisation shown in Fig. 2. No separate budget provisions are made for the maintenance of bridges and culverts (as distinct from the maintenance of roads). In 1987 the provisions for road maintenance were as follows: Routine maintenance
 
 $1700000 (equivalent)
 
 Periodic maintenance
 
 $2800000 (equivalent)
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 FIG. 2. Typical district organisation and headquarters arrangements. Of the above figures, though no detailed breakdown of expenditure on bridges is available, less than 5% of the provision for maintenance is believed to have been spent on minor routine maintenance of bridges and culverts. This low level of expenditure reflects the priorities for attention perceived by engineers at the district level on the basis of only irregular reports on bridge condition given by district technicians (from inspections carried out during the course of their other duties). It is not an indication of the true condition of those structures. Until establishment of the bridge inventory system no objective surveys to establish bridge condition had been undertaken. Undoubtedly many of the district engineers had wished for some time to carry out such surveys but had found a shortage of skilled technical staff at the district level a major barrier. It is anticipated that the establishment of the bridge inventory system under a central road maintenance unit will circumvent this problem by centralising the staffing requirement and hence making better use of the trained personnel available. INSPECTION PROCEDURES It was known that in the UK, where skilled technical resources can perhaps be more readily assigned to the monitoring of bridge conditions, management is based on a cycle of ‘general’ inspections (from ground and deck level) at 2-year intervals with ‘principal’, more detailed, inspections at 6-year intervals. (More frequent inspections are required for bridges with cast iron members but these do not exist in Cyprus.) Similar inspection
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 cycles appear to be adopted by other industrialised countries, though in several cases ‘general’ inspections are carried out on an annual rather than biannual basis. The less developed countries of the world, on the other hand, have the combined problem of (i) not having sufficient skilled technical resources available to carry out routine inspections, and (ii) having generally adverse climatic conditions (high temperature variations and concentrated rainy seasons) which necessitate some form of inspection being carried out at least annually and in many countries at 6-monthly or quarterly intervals. These problems may (arguably) be mitigated, to some extent, in the less developed countries by the reduced economic (and possibly social) consequences of bridge failure. The Department of Public Works in Cyprus has a significant shortage of skilled technical staff brought about by factors outside their control. It was considered, therefore, essential that the time of those skilled technical staff that were available should be reserved for inspection of bridges which had been screened by less skilled staff for likely defects of importance. In addition, it was felt desirable, in view of the aggressive climatic conditions on the island, to carry out some form of quarterly checking procedure to pick up damage to bridges and culverts resulting from seasonal and, indeed, daily expansion/contraction cycles, from the effects of winter rains and from the spring thaw, which results every year in considerable erosion problems on rivers leading south from the Troodos mountains. An inspection cycle has therefore been set up which provides for — quarterly bridge and culvert checks (by district-based foremen from the direct labour force in the course of their other maintenance duties); — follow-up bridge and culvert checks (by district technicians in response to a quarterly check showing the need for immediate further inspection); — annual routine condition inspections (by headquarters-based trained technicians); and — detailed condition inspections (by headquarters-based bridge engineers in response to routine condition inspections showing the presence of significant defects). Initially resources will be allocated to enable routine and detailed condition inspections to be carried out on bridges but not culverts, the separation being taken at a combined clear span of 4 m. Eventually it is hoped that resources can be made available to extend this to include all crossroad highway structures irrespective of span, since the difference between bridges and culverts is often quite arbitrary. Quarterly bridge checks are considered adequate to keep track of routine maintenance works which may be overdue or have been overlooked, and to pick up channel blockages or bank erosion before and after the winter rains. In addition, these frequent checks ensure that no bridge condition requiring urgent attention (to keep road users and general public safe or to preserve the structural integrity of the bridges and culverts concerned) goes unnoticed for any length of time. Responsibility for this element of the overall bridge management process is retained entirely at district level and is not computerised. The format for routine and detailed condition inspections is basically the same, differing only in the extent of data collected. The format used is similar to that developed by the Northern Ireland Roads Service and includes identification of defects by codes
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 according to the type of defect, the part, area and position affected, the extent of deterioration and its severity. Structures are inspected in a strict order to ensure no elements are forgotten and no defects overlooked. Concrete, steel, masonry and timber structures or a combination of these materials can all be accommodated. The level of decision making required for the routine condition inspections is not considered beyond the scope of trained technicians and, indeed, such staff are preferred. The survey requirements for the detailed condition inspections are extended to include decisions on the type of treatment required to correct observed defects, the time scale within which the work should be undertaken, the degree of relief the repairs will provide and the estimated costs involved. This latter item can be either in the form of broad bands of cost (less than $1000, $1000–$3000, etc.) or in terms of a more exact estimate. It is intended that these decisions should be made by experienced engineers, wherever possible, on site. BRIDGE MANAGEMENT APPROACH The management approach adopted in Cyprus is based on the following sequence: (i) bridge inventory collection, (ii) quarterly checks (for urgent and overdue routine maintenance),
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 FIG. 3. Logic diagram of bridge management approach. (iii) annual routine condition inspections, (iv) detailed condition inspections (where required), (v) prioritisation procedures, (vi) repair works programming, (vii) sufficiency assessments, (viii) bridge rating procedures, and (ix) bridge replacement programming. A logic diagram showing the above approach is shown in Fig. 3.
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 From the outset there appeared a sound basis on which all the above could be computerised with the exception of the quarterly checks (the analysis of which, as outlined in Fig. 3, is best held at district not headquarters level and which cannot therefore be sensibly computerised in the Cyprus context at the present time) and the sufficiency assessments which form the basis of the bridge rating procedure and replacement programming. The sufficiency assessments, if done correctly, involve comprehensive investigations into the geometric, hydraulic and structural adequacy of the bridges concerned. At present these assessments appear better undertaken manually. In looking round at available computerised systems which could handle the inventory and condition inspections, prioritisation procedures and repair works programming, it became apparent that the work undertaken by the Northern Ireland Roads Service was very much consistent with the approach it was intended should be adopted in Cyprus. The availability of this system on an IBM PC microcomputer proved to be an added attraction. In the event, the system made available from Northern Ireland was considerably amended and extended for use in Cyprus to the extent that complete rewriting of the software became necessary. None the less, the system being implemented in Cyprus is based on almost identical inventory collection and condition inspection procedures to those used in Northern Ireland and a senior engineer from the Roads Service was made available in Cyprus to assist with the training of local staff in the techniques of bridge condition inspection. SYSTEM DETAILS The bridge inventory system as developed for use in Cyprus is a computerised database of bridge information with associated interrogation and analysis programmes. The database contains (i) a static library of bridge records which does not change with time, (ii) a dynamic library of condition inspection records updated annually, and (iii) an archive of repair records giving historical details of various works carried out. These three elements of the database are linked by a common referencing system which allocates a unique reference number for each bridge and culvert in the network. Interrogation programs included in the bridge inventory system allow the static and dynamic libraries of bridge and condition inspection records to be sifted and sorted according to a variety of procedures. These enable the user to obtain — district bridge registers, — individual bridge details, — lists of bridges with specific physical characteristics, — lists of bridges constructed within specified years, — lists of bridges with load or height restrictions, and — lists of bridges with defects that require monitoring. The analysis programs allow prioritisation of defects noted in the routine and detailed condition inspections on the basis of the part of bridge affected, the type of defect observed, the importance of the defect (measured
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 FIG. 4. Typical bridge record data sheet.
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 FIG. 5. Inspection record data sheet. in terms of its extent and severity), the value for money the repair will represent (obtained from the degree of relief the work is likely to provide and the expected cost involved) and the importance of the bridge in the network (a function of road class). The user can then obtain a costed list of urgent work, or of works to be carried out in the next financial year, or of work for longer term action in (say) the next 3 years each in order of priority. These listings can form the basis of objectively assessed budget requests and can be used for longer term financial planning. By defining budget cut-off limits ‘scalped’ priority lists can be obtained of all works within the budget limit rearranged so as to be listed in bridge number order. Such listings are prepared to assist work planning. Examples of typical system data sheets and some of the reports are given in Figs 4–7. IMPLEMENTATION The system developed is now complete and the programs have been installed on a computer in the Department of Public Works. Testing on a trial of about 40 bridges and culverts near Nicosia proceeded smoothly and preparations are now being made for wider implementation.
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 CYPRUS PUBLIC WORKS DEPARTMENT
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 FIG. 6. District bridge register. CYPRUS PUBLIC WORKS DEPARTMENT
 
 Date: 8/6/89
 
 BRIDGE INVENTORY SYSTEM
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 FIG. 7. Defect listing in bridge number order.
 
 Bridge management in Cyprus
 
 119
 
 ACKNOWLEDGEMENTS The bridge inventory system prepared for use in Cyprus is based on a similar system developed by the Northern Ireland Roads Service under its Director, Mr I.Joiner. The assistance of the Roads Service in allowing use of the system and in providing the services of a senior engineer to assist with the training of local staff is gratefully acknowledged. The authors also wish to thank the Director of the Department of Public Works in Cyprus, Mr M. Christodoulides, for his support during the course of the project and permission to publish this paper.
 
 MAINTENANCE STRATEGIES
 
 12 Bridge Rehabilitation: Department of Transport’s Fifteen-Year Strategy D.A.HOLLAND and P.H.DAWE Department of Transport, London, UK ABSTRACT The Department of Transport has embarked on a 15-year programme for the rehabilitation of motorway and other trunk road bridges in England. This paper gives the background to the programme and describes the different types of remedial work to be carried out. It outlines the various studies which have been undertaken to determine the extent of the problems and the research and development work which is being undertaken to support the remedial work. The organisation and management of the programme is described. Finally, the paper looks at the problems which face a major public bridge owner seeking to keep an important stock of bridges in a serviceable condition in the face of everchanging demands and with limited resources.
 
 INTRODUCTION In November 1987 the Minister for Roads and Traffic announced a 15-year programme for the rehabilitation of bridges on motorways and all-purpose trunk roads. This is an indication of the importance which is now being given to maintaining our existing and ageing facilities and systems in the face of ever-increasing demands. It is a problem which affects all parts of our infrastructure and which is being faced by the developed countries throughout the world. This paper describes the background to the 15-year rehabilitation programme for the highway bridges belonging to central government in England and gives details of the various items in the programme. The paper does not aim to provide a model of bridge management to be followed by other bridge owners but shows how one country with its own particular problems and circumstances is setting about the task of managing its stock of bridges. Moreover, the programme is still in its early stages so there is much to be learnt about the best ways of tackling the various tasks. In particular, the problems associated with the assessment and strengthening of existing structures, some often quite old, are entirely different from those connected with new design and construction. The paper also gives details of the studies which have been undertaken to determine the size
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 and scope of the programme, and the research which is being carried out to assist in the efficient and effective execution of the programme. CENTRAL GOVERNMENT BRIDGES The transport departments of England, Scotland and Wales are responsible for 9500 miles of motorways and other trunk roads. Although these represent only about 4% of the total road network in Great Britain, they carry 30% of all traffic and 60% of all heavy goods traffic. They are therefore heavily used routes and vital components of the country’s road network. The Department of Transport in England owns about 8500 highway bridges and about 3000 other structures, including retaining walls, sign/ signal gantries and tunnels. About 75% of the bridges are concrete, 15% steel (mainly steel/concrete composite) and 10% masonry arches. They range from the Severn Bridge with a main span of 988 m down to small culverts with spans of 3 m. A large number of the bridges are over 100 years old, the oldest being built in 1185, though the majority are modern bridges built within the last 20–30 years. Details of all the department’s structures are held on a computerised data base, which also holds information from inspection reports and details of maintenance expenditure. There are about 100000 highway bridges altogether in the UK. The majority belong to local authorities although British Rail owns over 10000 highway bridges. About 50% of these are concrete, 15% steel (or steel/ concrete composite) and 35% masonry arches. Since most masonry arches were built over 100 years ago, there is thus a high proportion of older structures within the national bridge stock, most of these being on local roads. FIFTEEN-YEAR REHABILITATION PROGRAMME The various items of work included in the programme have been grouped under the following main headings: (a) Steady-state maintenance. (b) Assessment and strengthening. (c) Upgrading substandard features. Steady-State Maintenance This forms the core of the ongoing programme of repair and replacement of the various elements of bridges which have deteriorated or been damaged as a result of time or use. It includes such things as the repair of reinforced concrete, painting of steel structures, replacement of bearings, expansion joints, etc. Most of this work is carried out under agreement by agent authorities and their annual bids for this work have risen considerably over recent years, reflecting increasing rates of deterioration, particularly of concrete structures.
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 Assessment and Strengthening This part of the programme is concerned with structures which were designed for loading criteria which are no longer adequate for current traffic. A programme for assessing the older short span structures has started and is mainly concerned with bridges which were built before the introduction of national loading standards in 1922. Many of these bridges are masonry arches built in the late 1800s. A subsequent programme will deal with long span bridges, with spans greater than 50 m, where traffic loading has increased due to the increased numbers of heavy goods vehicles on the roads. It may also be necessary to look at some of the more modern short/medium span bridges which could be deficient in shear resistance. Upgrading Sub-standard Features This is concerned with rectifying deficiencies in certain structures where current design standards and specifications are not being met, mainly those involving safety and durability. It is also intended to deal with particular problems which have been identified for prestressed concrete bridges. The following are some of the topics to be dealt with under this heading: (i) Waterproofing unprotected bridge decks. (ii) Rehabilitation of post-tensioned psc bridges. (iii) Repairs to prestressed precast concrete beams with deflected tendons. (iv) Replacement of sub-standard vehicle parapets. (v) Countermeasures (structural) to the ‘bashing’ of low headroom bridges. (vi) Strengthening of piers and columns to resist higher impact forces. (vii) Health and safety aspects of access to structures. It should be noted that some of these items, although of a ‘one-off’ nature, can be carried out as part of the on-going steady-state maintenance programme. Programme A comprehensive 15-year programme has been developed to cover all the items of work identified above. The length and formulation of the programme has been determined by the need to even out the demands on resources and to avoid too much disruption to the road network at any one time. But this has had to be balanced by the need to complete certain items of work where safety is at risk in a reasonable time. It is estimated that the total cost of the programme will be between £1000 m and £1500 m (1987 estimate). Other bridge owners have similar problems to those of the department and will need to take similar steps to restore the state of their bridges. However, the total costs of their work cannot be estimated at present.
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 BACKGROUND STUDIES By the late 1960s it had become clear that the great expansion of road transport which had taken place as a result of post-war economic development was putting the UK’s bridge stock under considerable strain. ‘Operation Bridgeguard’ was an interim programme to identify and deal with a limited number of the weakest bridges, pending implementation of a more thorough programme of assessment and strengthening. ‘Bridgeguard’ commenced around 1970 and by the early 1980s the bulk of the work had been completed. Preparations were then put in hand for the basis of the present 15-year programme. The first problem was the need to assess and strengthen the older short span bridges as a result of the introduction of a new Bridge Assessment Code in 1984. The code was produced by a working party representing all the major public bridge owners and was to replace an earlier code which had allowed the use of reduced margins of safety. There was also a need to organise, in a rational way, the work necessary to tackle a number of diverse bridge problems which had by then come to light. Bridge Assessment Code This is a comprehensive document which covers all aspects of the assessment of the loadcarrying capacity of a highway bridge. It comprises a mandatory standard which is supported by a complementary advice note. The code adopts the limit state format and deals with inspection, loading and strength assessment. The code is intended to be used with a rationalised system of weight limit signing for those structures which are found to be incapable of carrying the full traffic loading. The code at present makes reference to existing design codes for the strength assessment of the various structural elements. Because it is intended for older structures the code deals with such materials as cast iron, wrought iron and early steel. It also contains an empirical method for assessing the capacity of masonry arch bridges. In addition, it has simplified, but conservative, methods for the assessment of beam and slab-type bridges. The loading was re-derived from scratch and takes account of overloading and lateral bunching of vehicles and is intended to be fully representative of the effects of current traffic. Bridge Census and Sample Survey In order to assess the implications of applying the code to the UK stock of bridges a study was undertaken with the help of the other major bridge owners. This consisted of a census to determine the number of bridges likely to be affected by the code together with the assessment of a sample of about 550 structures randomly selected to be representative of the bridge stock as a whole. The results of the study showed that about 50000 bridges in the UK were likely to be affected by the code, of which about 11000 would need strengthening to meet current standards. No DTp bridges were included in the study but from the results and knowledge of the DTp stock it was estimated that about 2000 trunk road bridges would need to be assessed, of which about 1000 might need strengthening or replacement.
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 Long Span Bridges The loading developed for the assessment code has been adopted as the basis for a revision to the short span end of the loading for design. At the same time a new loading for long span (greater than 50 m) bridges has been developed since it was realised that the existing loading did not fully represent the effects of current traffic which now contains a much higher proportion of heavy goods vehicles than originally assumed. The loading was derived using probabilistic methods operating on up-to-date vehicle and traffic data and showed that the design loading needed to be doubled for the longer spans. There is therefore a need to carry out fairly urgently a programme of assessment of existing long span bridges to the new loading, though it must be remembered that for these structures the dead load provides a fairly high proportion of the total load. There are about 150 long span bridges belonging to the department which need investigation. The first of these is the Severn suspension bridge, which is nearing the end of an extensive repair programme to bring it up to current standards. Condition of Concrete Bridges Over the last 5–10 years most bridge owners will have become aware of the increasing signs of deterioration being exhibited by fairly modern concrete bridges. Much of the deterioration can be attributed to the widespread use of deicing salt causing chloride damage. Other causes include carbonation, alkali-silica reaction, sulphate attack and frost damage. Deterioration can also be due to poor design and detailing, poor materials, poor workmanship or inadequate maintenance. The department owns about 6500 concrete bridges and these are subject to a general inspection every 2 years and a more rigorous principal inspection every 6–10 years. However, such inspections involve close visual inspection and thus only record damage or deterioration which has manifested itself. Such inspections can only give a snapshot view of the state of the bridge stock at any moment and do not give a clear picture of potential deterioration and future maintenance needs. In order to obtain better information on the overall condition of its concrete bridges the department commissioned a study by consultants of 200 randomly selected but representative concrete bridges. Besides a visual examination of each structure, half-cell potentials, depths of cover and depths of carbonation were measured. Samples were taken for analysis of the cement, chloride and sulphate contents, and cores were examined petrographically to check for the presence of or susceptibility to alkali-silica reaction. The study did not reveal any new problems but indicated that the general state of the concrete bridge stock was worse than had been anticipated. The report estimates the level of maintenance funding likely to be needed to tackle these problems over the next 10–15 years. The report also recommends a programme of maintenance works, including a crash programme to replace or repair damaged expansion joints and the impregnation with a hydrophobilising material of some existing structures. Much of the work identified in the report had been allowed for in the 15-year rehabilitation programme but some adjustments have had to be made to ensure that the recommendations are covered on a priority basis.
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 RESEARCH AND DEVELOPMENT The studies described above have been mainly concerned with identifying the extent of various bridge problems and developing assessment criteria. Other work is taking place which will help in finding solutions to the problems or help to avoid them in the future. For instance, there is a comprehensive programme of research being conducted by the Transport and Road Research Laboratory concerned with concrete repair methods and materials. This is complemented by work which is aimed at improving the durability of reinforced concrete in new construction. The assessment of the carrying capacity of existing structures is a much more difficult and demanding task than the design of new structures, since the financial consequences of any decision can be serious. It is a matter which demands the application of considerable judgement by the engineer, especially when dealing with older structures whose forms of construction are very different from modern practice. TRRL have nearly completed a comprehensive investigation into the real strength of masonry arch bridges. This has involved full-scale collapse tests as well as model tests and the development of analytical methods. The outcome will be a more realistic method for assessing the safe carrying capacity of this form of structure which represents about a third of the UK bridge stock. Further full-scale testing is being done on structures incorporating steel trough decking and on beam bridges with brick jack arches between the beams. Work is also being done on testing elements such as precast beams salvaged from existing structures. All this work will enable the real strength of existing structures to be determined with greater confidence and prevent them from being unnecessarily replaced or strengthened. In assessing the strength of the elements in existing structures it is realised that design codes may not provide the most appropriate criteria, even though modern codes are based on the latest research. Very often the criteria in design codes have been subject to simplifying and conservative adjustments which are of little consequence in the design but may be critical for assessment. Design code models may also be associated with a partial safety factor which is intended to give the required margin of safety over a range of element sizes and dimensions, whereas for the structure in question the margin may be greater than intended. The department has therefore sponsored the production of an assessment version of the national concrete bridge design code, BS 5400: Part 4. This has involved a clause by clause examination of the code and the production of alternative assessment clauses where appropriate and worthwhile. It is intended to carry out a similar procedure for the steel design code, BS 5400: Part 3. Here the main problem is that detailing practices, provision of stiffeners, etc., in the older structures may not be covered by current codes. In 1987 a post-tensioned prestressed concrete segmental bridge in Wales collapsed due to corrosion of the prestressing tendons. The corrosion originated from the use of deicing salts which had percolated into the joints between the segments. As a result TRRL have instigated a study of nine typical segmental bridges to see whether there are similar signs of corrosion. The study will also develop procedures for the inspection of this type of bridge so that if it is felt necessary to examine all post-tensioned bridges the programme can be instituted without delay.
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 MANAGEMENT OF PROGRAMME The maintenance of the department’s bridges and roads is coordinated, programmed and funded by the Highway’s Maintenance Division. The work is supervised by staff in the nine regional offices and is normally carried out by agents acting for the department. These maintenance agents are usually the local authorities (county or metropolitan) although British Rail and private consultants act as agents in some cases. The maintenance agents are also responsible for handling the annual round of bridge inspections. Based on the results of these inspections each agent prepares, for the region’s approval, bids for the work it proposes to undertake in the following year. The bids are assigned priorities according to a fairly crude and subjective five-point rating system and the available funds allocated accordingly. Through the use of a system of standard forms all this information is stored in the structures database and can be interrogated as desired. Many of the items identified in the 15-year programme will be handled under the procedures described above for steady-state maintenance. For instance, a certain amount of replacement of sub-standard parapets will be carried out each year as part of the general maintenance cycle. However, other items require a separately identified programme and dedicated funding, as for the assessment and strengthening of the older short span bridges. Here the bridges concerned have been identified and programmes prepared to complete their assessment in 3–5 years. Any strengthening work found necessary will be carried out on a priority basis and the aim is to complete all the assessments and strengthening work on trunk road bridges within about 10 years. Completion of this work is expected to have been achieved prior to the admission of the heavier ‘European’ lorries, both domestic and from other community countries, in 1999. With the possibility of a structure suffering from more than one shortfall it will be important to ensure that all the required work is carried out at one go. This will be coordinated at a local level by the regional offices, who will also determine priorities based on advice produced by HQ divisions. The recent announcement by the government of an expanded road programme includes the widening of many existing heavily used routes. It is expected that a good number of the structures earmarked for remedial work under the 15-year programme will also be affected by the widening programme. The regional offices are also likely to be required to liaise with the local authorities over the assessment and strengthening of the older bridges on local roads. The object would be to provide a comprehensive network of the more important roads for use by the heavier vehicles from 1999. MANAGING A STOCK OF BRIDGES Although this paper has concentrated on the department’s 15-year bridge rehabilitation programme it has in a sense just been describing some of the typical problems faced by the owner of a large stock of highway bridges. Because bridges are long-life structures it is difficult to forecast accurately the loading they will be required to carry throughout their entire life. Design standards may change as the results of new research become available. Public expectations in terms of safety and reliability may change. Procedures for ensuring the free movement of traffic in all weathers may have unforeseen effects on
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 rates of deterioration. Thus, in addition to the normal on-going maintenance required to keep structures exposed to the elements in good condition, the owner also has to be prepared for discrete programmes of work to bring his stock up to current standards. The problems of the owner are exacerbated by the need to minimise traffic disruption while he carries out this work. In the case of the department’s bridges the problem is even more severe due to the heavy volumes of traffic carried on the national roads. The owner also has limited resources at his disposal and the nature of the work is often time consuming and labour intensive. All this demands great professionalism and expertise from the bridge owner in looking after his bridge stock. He needs to be sure that the money spent on remedial work is spent in the most cost effective manner, taking account of traffic delay costs, and that repairs are carried out at the opportune time without compromising public safety. In order to improve the way that it tackles its bridge management the department is undertaking a study of the economics of bridge maintenance. Part 1 of the study has been completed and has reviewed the present structures management procedures. The report has recommended the development of a computerised bridge management system which would optimise maintenance strategies based on best value for money and rank maintenance activities according to benefit/cost ratios. The BMS would be based on the existing structures data base and would be operated by the regional offices and agent authorities on a network basis. The report contains a specification for a proposed system which will form the basis of the development work to be carried out in Part 2 of the study. At the time of writing, it is expected that the work will be started in 1989 for completion in 1990. Meanwhile, management decisions are continuing to be made on the basis of the existing evaluation system. Besides optimising the effectiveness of bridge maintenance expenditure, the system will provide the information necessary to justify the bids made for bridge maintenance funding in competition with the other demands upon the government’s purse.
 
 13 Comparative Maintenance Costs of Different Bridge Types DAVID LEE Chairman, G.Maunsell & Partners, Yeoman House, 63 Croydon Road, London SE20 7TP, UK ABSTRACT Absolute maintenance costs, excluding those for routine cleaning, painting and resurfacing activities, are not generally available. In practice maintenance of bridges is virtually non-existent and bridge owners are only driven to take action when serious deterioration becomes apparent. This paper discusses aspects of bridge design and construction which from experience have an impact on deterioration. It is important to take stock of these aspects so that both maintenance strategies and design in future are improved. (See The Assessment of Highway Bridges and Structures. Bridge Census and Sample Survey, Department of Transport, January 1987; Report on the State of Roads and Bridges in the United Kingdom—The Case for Action. The Institution of Civil Engineers, January 1988.)
 
 INTRODUCTION This paper attempts to review various problems of maintenance in different bridge types and the related costs involved. Inevitably the obtaining of maintenance cost information is difficult.1 Some of the comments made must therefore be subjective in nature with the expectation that discussion of the subject may be enriched by the experience of maintenance engineers willing to support or, in some cases, refute some of the assertions in the paper. In general, there are three main maintenance aspects arising from different types of bridge structure. (a) Those designed and built in the hope that maintenance costs will be non-existent or very low. (b) Those low first cost structures built without regard for ongoing maintenance issues. (c) Structures of either (a) and (b) above but which are let down by design deficiencies and construction defects.
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 It follows that for the three types (a), (b) and (c) noted above there is a different maintenance cost involved in each class. In some cases the long-term application of experience is necessary to improve structures for the future. At the present time many maintenance programmes require an element of firefighting action to refurbish as well as maintain structures in a reasonable condition. Whilst there may be exceptions it is a fair generalisation, in the author’s opinion, to say that bridges were not designed in the past to be maintained and even if a maintenance schedule was prepared it was never followed. The painting of steelwork generates a sense of realism, normally through the appearance of ugly rust on bridge steelwork. Repainting is skimped by not properly removing corrosion material and in some cases painting over dirt and bird droppings. The lack of maintenance on expansion and rotation joints in bridges is particularly noticeable. In these and many other details it is better to spend more up front to achieve quality to reduce maintenance costs. To expect inferior products to perform well over a long life is usually expensive. THE DE-ICING PROBLEM For concrete bridge decks, columns and abutments the primary form of attack in the UK is by de-icing salts which lead to an irreversible chloride degradation of the concrete.2 The maintenance cost of a structure has to balance the cost of de-icing damage by chlorides. The alternative of using urea is ten times the cost of salt. The additional cost can be justified when in highly significant areas of the road system. Urea is being used on the Midland Links Viaducts and the Severn and Avonmouth Bridges, for example. It is difficult to imagine that the increase in the cost of de-icing material is acceptable where there are only limited numbers of bridges per kilometre of road. Another alternative is the use of calcium magnesium acetate, which is in fact 40 times the cost of salt. THE WATERPROOFING PROBLEM Much damage follows from inadequacy of the waterproofing membrane on the bridge deck. In some cases relatively efficient waterproof membranes are subject to faulty application or damage. Currently spray-applied plastic waterproof membranes are coming into favour and certainly offer the advantage of full bonding over the whole deck without the seam joints. The drainage of bridge decks usually suffers from the difficulty of sealing membranes around gullies. This country has been very slow to adopt the use of concrete surface treatments and with hindsight it can be seen that if these had been applied at the time of construction much of the maintenance costs now arising might have been substantially reduced.
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 PERFORMANCE OF CONCRETE BRIDGES The Department of Transport is responsible for about 8900 bridges on the motorway and trunk road network in England. Some 5900 of these are nominally of concrete with a span of at least 3 m and excluding masonry arches. Over 75% of them have been built since 1960. Two hundred bridges were chosen at random and the maintenance costs of concrete in them has been studied.3 By establishing the performance of the concrete in service the potential repair and preventative maintenance costs have been estimated. Of the 200 sampled, 30% were classified as in good condition, 50% as fair and 20% as in poor condition. In the next 10 years at present-day prices some £21 million needs to be spent on the 200 bridges in the survey. The good bridges indicate that investigation, surface treatment and repair of joints requires on average £16150 per bridge. For bridges in fair condition it is necessary to monitor condition as well as the above items, leading to a mean cost of approximately £69150 per bridge. For the bridges in poor condition maintenance strategies would also embrace cutting-out and repair, cathodic protection where appropriate and replacement of whole or part of the bridge, leading to a mean cost of £314950 per bridge. The average cost of a typical unit bridge would be approximately £600000 at present-day prices. Concrete bridge repairs expenditure has been running in England at the rate of about £20 million per annum but the study recommends that an average rate of £60 million per annum be implemented over the next 10–15 years, with a peak expenditure in any one year of nearly £140 million. The rate of expenditure is thus very approximately £10000 per bridge per annum. MAINTENANCE STRATEGIES An enormous influence on dealing with actual or potential maintenance costs is how one determines the past, present and future strategies. It has been previously stated that much maintenance was ignored which might be termed the ‘do nothing’ strategy. Such a strategy is just one of the options which may be set out in a form of array table where the maintenance option can be selected on one axis and the time and date runs along the other. This technique has been used in an unpublished joint working paper for the Midlands Links Motorway Viaducts. In view of the assistance this array method gives to optimising maintenance costs and the date they are carried out, a brief description will be given below for a particular reinforced concrete portal frame. There are five potential classifications. 1. Uncorroded—no sign of deterioration. 2. Corroding but not delaminated. 3. Corroding with delamination of cover. 4. Severe corrosion with delamination. 5. Delamination under the main steel causing loss of bond and structural integrity.
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 It is possible to split each classification into sub-categories. For example, item 2 might have a division into the percentage of area of the element contaminated by chlorides such as 25%, 50% or 75%. For structural integrity conditions 1, 2 and 3 might lead to no action. Condition 4 is not satisfactory, however, and a condition 3 element requires maintenance or refurbishment to ensure it does not deteriorate to 4 or 5. In classification 1 there will be some elements which have been contaminated by chloride and are therefore suspect but which can be determined to be unlikely or likely to further deteriorate seriously in the future. The maintenance cost must be applied to each option such as in the following example for a concrete crossbeam. (a) Do nothing, apart from inspection. The maintenance costs are therefore related to inspection and access costs. (b) The application of surface coating or impregnation. This option may be adopted if the crossbeam is not already deteriorating and can be of surface coating such as urethane or acrylic paint types or silane or siloxane impregnations. (c) Application of cathodic protection.4 There is possibly still a reluctance to take this method of protection seriously but the trials and tests that have been carried out over a number of years suggest that it has a use in arresting further deterioration. The cost of cathodic protection is substantially less than options (d) and (e). (d) Repair of concrete (including patching). (e) Replacement of the structural member. The costs of such maintenance options have been estimated for various
 
 TABLE 1 Maintenance option
 
 Number of cost units
 
 Remarks
 
 Inspection only and no action
 
 1
 
 Application of coating
 
 3
 
 Maintenance of coating—10 years 2 units
 
 Apply impregnation
 
 1
 
 Maintenance not known
 
 Install cathodic protection
 
 30–40
 
 Install cathodic protection
 
 210–360
 
 Props required (one use only)
 
 Install cathodic protection
 
 110–260
 
 (ten re-uses)
 
 Maintenance of CP
 
 5
 
 Replacement of concrete 25%
 
 200
 
 100%
 
 340
 
 Propping not required
 
 Over 10 years
 
 elements of the Midland Links Viaducts and for work on the Tees Viaduct. The quotation of costs is fraught with misinterpretation. To consider the order of magnitude, assume that one unit represents approximately £1000 and Table 1 suggests the units that various options will generate. Similar figures can be evaluated from strategies of strengthening and repair, and cathodic protection in combination.
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 For larger viaducts (such as the Tees Viaduct) the crossbeam replacement figures have been estimated to increase by 100–150 units per item. Such estimates indicate that refurbishment may require the expenditure of sums commensurate with or exceeding the first cost of construction. DESIGN STRATEGIES The following suggestions are offered to improve the design of bridgeschemes. Durability, Simplicity and Cost There is room for improvement in many bridge designs by adoption of simple solutions. Examples include the greater use of simple, straight right spans rather than unnecessarily curved and skewed. The saving in cost of building simple structures which act and flex in a predictable fashion have to be measured against any theoretical saving of a difficult design. Spans and Articulation Where appearance allows it is preferable to use larger spans to reduce the number of intermediate columns. Given a free choice every additional column detail is a recipe for additional maintenance costs. Continuity is preferable provided the potential shrinkage and creep cracking in concrete decks is adequately combatted. Greater consideration could be given to simply supported spans if they are linked over the column supports by a continuity detail of the deck which would resist leaking. The use of continuous bridge decks has always been a useful criterion to assist waterproofing and by minimising the number of expansion joints in a bridge deck. In the case of the Tees Viaduct the simply supported composite steel spans are being changed in the refurbishment contract to allow continuity over each pair of spans with an improved joint between the pairs. Maintenance as a Design Criterion We do not put on one shirt and wonder what to do when it needs laundering. Yet this is precisely what we do for bridges. Much greater provision for inspection and access for maintenance is required. All bridges require adequate safe access. Expensive scaffolding is frequently necessary and the cost of providing this often delays and deters inspection programmes. The cliche that prevention is better than cure is particularly forcefully demonstrated in the maintenance of bridge construction.
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 Prestressed Bridges It seems that external tendons for prestressing will be preferred in the future to ducts within the concrete section to facilitate simple inspection and maintenance. Internal ducting will presumably follow the design of concrete nuclear pressure vessels where tendons are protected with special grease and also provide the non-bonded action. Prestressed concrete bridge beams produced on the long line system have a relatively good record with high durability. Owing to the low capital investment in our prestressed concrete factories, however, there have been instances of poor quality through lack of adequate quality control. In reviewing composite steel construction this paper mentions the use of cathodic protection but with prestressed concrete this is not recommended in case the generation of hydrogen leads to hydrogen embrittlement of the prestressing tendons. The quality of long line precast beams should be matched by a higher quality of erection and on-site completion. Cable-supported Bridges The primary support of cable-stayed bridges is naturally the cables themselves and it is logical to locate these so that inspection, maintenance or replacement can be performed clear of any traffic on the deck. A similar consideration would be applied to the hangers of suspension bridges. The current state of the art for cable-supported bridges has not established a particular standard method of tower design and the cables connected to it. It would seem logical to splice cables at the tower in appropriate cases so making them easier to replace. Of course, in other smaller bridges continuity of the cable stays may not present an access or weight problem. Composite Steel Bridges Steel beams are supplied from the fabricator and he is not generally involved in the quality of erection and completion of the composite deck and other details. The danger of such division of responsibility is usually compounded if alternative elements or designs are accepted whether in steel or concrete. Many steel details in existing bridges have not properly identified the requirement of water-shedding and weathering. It is fair to claim in principle that with a proper painting schedule and an allowance for loss of parent metal owing to corrosion a steel bridge can be brought back to the as-new condition. This is a lesson that should also be applied to concrete elements of bridges. One of the dramatic features of the current maintenance and refurbishment programme is the realisation that concrete elements very often perform extremely well and are virtually maintenance free but that many suffer from chloride attack or cracking and in these cases it is extremely difficult to bring the structure back to an as-new condition. At the very least protective coatings should be considered far more seriously.
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 For composite construction the development of a glass-reinforced plastic system to enclose the steelwork, and at the same time provide access, is generating considerable interest currently on the refurbishment contract for the Tees Viaduct. Bridge Furniture It would seem logical to provide more space to allow robust detailing and maintenance of parapets and bridge edges, lighting masts and sign gantries. The detailing of safety barriers to allow tidal flow, repair lanes and access of that type has not had any attention. With major routes having at least four lanes in each direction, investigation should proceed on intermediate safety barriers between groups of lanes. Regional Influences The international nature of much bridge design is self evident. Each region of the UK should have design criteria to enhance robustness and durability. The British weather requires designs which reflect a response to the service conditions. It is important to clarify attitudes before the free for all onslaught of post-1992. BRIDGE PROCUREMENT On bridge construction in the UK it is somewhat unfortunate that contractors have fallen into the habit by the competitive tendering and claims procedures of only aiming at the lowest possible standard of construction that could possibly be approved by the client or his agents. This is abetted by the nature of the standards being used which encourage the notion of only just requiring them to be exceeded to achieve compliance. It is not economical to demand high quality when it is not required but equally when engineers demand a certain standard of quality there is usually an outburst by the suppliers and contractors in that unnecessary restrictions are being placed and unnecessarily high quality is being requested. Whilst good relations between contractors and site supervision is the rule rather than the exception this happy state of affairs seems to be only due to the essential good nature of personal working relationships. In reality these relationships are strained because contractors do not expect to supervise their own work; they leave it to the resident engineer and his staff to do all the enforcing of the specification. This accounts for the negative image consultant site staff present to many workmen on site. Another adverse feature of bridge construction contracts is that frequently the time programme is paramount and with the lowest possible cost puts quality well into third place. These remarks may be regarded as over-critical but the upshot is not conducive to lowering maintenance costs during service life of bridges.
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 CONCLUSION It will be seen that in the author’s view maintenance costs for bridges are similar to estimating the length of a piece of string. Thorough inspection will elucidate the quality of the materials of the string and a rough idea of its length but costs would clearly not be reportable in an absolute manner. For this reason this paper has attempted to indicate areas where maintenance costs may be both increased or reduced according to type and detailed design of the bridge, and with the ultimate aim of seeking bridge designs which may have a forecastable maintenance cost in the future. REFERENCES 1. Evaluation of maintenance costs in comparing alternative designs for highway structures. Departmental Standard BD36/88 and Departmental Advice Note BA28/88, Department of Transport, 1988. 2. BOAM, K.J., Concrete Highway Structures—Current Experience of Investigation and Repair. Concrete Repair—Problems, Questions and Answers. Palladium Publications, London, March 1988. 3. WALLBANK, E.J., The performance of concrete in bridges. A Survey of 200 Highway Bridges. HMSO, London, April 1989. 4. BOAM, K.J., Impact of cathodic protection on civil engineering. Second International Conference on Cathodic Protection, Stratford upon Avon, June 1989.
 
 14 Programmed Maintenance of Motorway Bridges: Italian Experience in the use of ‘Expert Systems’ G.CAMOMILLA,a A.DRAGOTTI,a G.NEBBIAb and M.ROMAGNOLOa a
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 Autostrade SpA, Via A.Bergamini, 50–00159 Rome, Italy SPEA—Ingegneria Europea, Via Cornaggia 10, Milan 20123, Italy
 
 ABSTRACT The maintenance management program is designed to provide the motorway network manager with the tools needed to program maintenance of an entire aggregate of structures of widely varying structural, environmental and ‘generational’ characteristics. Using specially designed management software one can then develop overall assessments of structure reliability and thus obtain a classification on the basis of their state of conservation. The reliability assessment automatically expressed by the computer (the ‘expert’ system) is of a global nature, i.e. aimed at creating an objective list of intervention priorities for the entire population of the structures under management.
 
 INTRODUCTION The Autostrade Company of the IRI-ITALSTAT Group, responsible for managing some 3000 km of motorway containing around 3000 bridges and viaducts exceeding 10 m in length, utilises a series of control and maintenance systems coordinated within the framework of the partially automated SAMOA program (surveillance, auscultation, maintenance of structures). Under this program, which requires classification and recording of motorway structures according to their different structural components, one can obtain either a detailed analysis of their construction characteristics or an accurate survey of the defects present, selected according to ease of identification or their importance in assessing the state of health of the structure. To avoid subjective interpretations by different inspectors, data forms are compiled according to codified methods spelled out in special operator manuals, and then input into a system of compatible computers located throughout the territory covered by the Autostrade network. The maintenance works are always of a preventive nature, ranging from ordinary ‘conservative’ maintenance to more elaborate repair interventions. In some cases this
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 may be preferable to the effect of complete restoration or a functional improvement, to upgrade the existing structure to cope with increased load conditions or to implement antiseismic protection utilising dissipative systems of more recent development. At this point one can also assess the advisability of modifying the original static configuration, with the advantage of extending the presumable working life of the structure. AUTOMATED MANAGEMENT PROGRAM The Autostrade Company has organised its maintenance of motorway bridges and viaducts within the framework of the so-called SAMOA project, which is aimed at developing the tools to achieve completely programmed operations. The high average age of the structures and their growing numbers have reached such a point that surveillance based solely on visual inspection of the state of the structures and diagnosis based on individual inspector experience has become increasingly unreliable. It thus became necessary to devise specific criteria to ensure more uniform and sound assessment of the state of ‘health’ of certain structures, but also to predict the probable evolution of this state over time. Starting from this global assessment or diagnosis of the entire ‘population’ of structures under surveillance, it is possible to extract three distinct subgroups of structures (or structure components): — certainly reliable; — certainly requiring maintenance; and — not perfectly defined in terms of reliability. The two subgroups in precarious or suspect condition, presumably comprising a very limited number of items with respect to the total ‘population’, are then subjected to more detailed inspection (and thence diagnosis) using instruments and tests more sophisticated than simple visual inspection. The specific aims of the SAMOA program are as follows: (a) creation of a data base and related software for the management of the morphological data on the structures and the maintenance interventions performed on them; (b) research and development of rapid, non-destructive control systems for automatic acquisition of such data; and (c) development of structural verification programs to assess the level of safety and need for intervention. Implementation of this project permits, starting from the comparative analysis of the various data contained in the data base, the rational definition of intervention needs and priorities. The flow chart of this procedure (which constitutes the entire SAMOA project) is shown in Fig. 1. The first part of management activity consisted in recording the registration data on all the structures in the network. Drawing on design and cost data from existing files, combined with information obtained on possible site visits, the next step was to compile special ‘morphological records’ for each of the structural elements comprising the structure. Various type groupings were defined such as, for example, piers, foundations
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 and all other elements making up the structures, indicating the dimensions and compositions occurring in the individual structure in question. Each structure was thus sub-divided into its constitutive elements and these latter reported, case by case, on the number of records required. General summary records refer to these latter and combine them with other information either pre-existing or acquired subsequently such as, for example, general data on the environment where the structure is situated, the construction methods employed, static tests conducted, subsequent maintenance and repair interventions. These data, subsequently memorised on computer, constitute the historical data base of the structures. Employing software able to select/sort on the basis of the historical data, the structures can then be classified on the basis of element types in such a way as to visualise the appearance in the manner in which the human operator is more accustomed to viewing it. As far as inspections are concerned, the surveillance is performed essentially by means of close visual examination or binoculars of the individual structural parts, to spot and take note of any defects which may be present, with particular care to observe the development of those already noted previously. Visual checks, despite their limitations with respect to the difficult but not always impossible task of identifying hidden defects or accessing parts concealed from view (e.g. parts below ground level, inaccessible heads of prestressed concrete beams, etc.), remain the fundamental method of surveillance able to provide at least general indications of the overall state of conservation of the structures. In the case of those structures for which further detailed examination is considered advisable, however, recourse is made to more sophisticated methods based essentially on local and/or global non-destructive type tests.
 
 FIG. 1. Flow chart.
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 Considerable advances are occurring and are under study in this sector, but there already exist a number of different well known and widely utilised techniques, which will be described in a following section. In order to guarantee the greatest possible uniformity in classifying the different types of defects and the most important parameters for their description and control, use is made of ‘defect charts’ on which such characteristics are defined in univocal fashion. In fact the inspections are conducted in accordance with a special manual on damage survey methods containing not just the record forms for recording the defects but also detailed explanations of these defects (including descriptions and photographs), as well as instructions on how to fill out the forms reporting the locations and extent of the deterioration observed. By breaking down the structure into its individual structural components it is possible to conduct an accurate survey of all the defects present, using precise and codified methods such as to limit subjective interpretations by the inspectors. The record forms, as can be seen from the example shown in Fig. 2 of a deck consisting of sliding cable prestressed reinforced concrete beams, are organised in such a way as to divide the structural parts into further specific elements to which the defects observed are referred. In the case in question, the deck is first divided into its constitutive elements (beams, crossbeams and slab) and each of these is then divided into fields: for each beam, for example, a field consists of a section located between two consecutive crossbeams. After the forms have been compiled in the field, the data are then entered into the computer, where they are processed according to special interpretative algorithms. The resulting output can take the form of an overall but at the same time objective assessment of condition of the single element, of the single structural component or of the structure as a whole, depending on the information desired. The processing software contains defect assessments of varying degrees of seriousness in relation to the type of structure involved (supported beam, continuous beam, framework, arch, etc.), the component materials (reinforced concrete or prestressed reinforced concrete, steel, masonry, etc.), as well as the extent and location of the deterioration. This is combined with instrument measurements and/or considerations regarding the evolution of certain physical parameters measured geometrically (e.g. inertia moments) or instrumentally (e.g. measuring vibration modes or using other nondestructive methods) on the structures themselves. The processing criteria are such as to permit a ‘global assessment’ of the state of the structure or of its single component parts, which serves as the basis for establishing criteria for intervention priority. In fact the global assessment, which is quick to use and yet reasonably accurate, serves to
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 FIG. 2 separate the certainly reliable structures from those which require more detailed examination. These latter must be examined with special attention (measurements, determination of restoration measures to be undertaken) and hence will be subject to more frequent surveillance or, if necessary, constant monitoring. The reliable structures, on the other hand, will only be subjected to ordinary routine surveillance, save for the repetition every 2 years of the reliability inspection related to the ‘global assessment’. Before examining the data processing methods in detail, it would be advisable to look first at the special techniques employed in structure surveillance and the criteria employed in determining restoration interventions, so as to have a better understanding of the procedures followed in coping with the various problems of structure management. SPECIAL TESTS In presenting the surveillance methods it was mentioned earlier that, contrary to visual inspection procedures, the specialised control techniques are employed on an ad hoc basis when the need arises to have more detailed information on a single structure or on those located on a particular section. Such needs may be dictated by different circumstances: (a) visual inspection and subsequent data processing may leave room for various interpretations as to the actual state of the structure and the seriousness of the situation;
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 (b) planning maintenance or restoration operations may require more specific measurements; and (c) special research projects. Examples of situations (a) and (b) are quite similar insofar as the problem is to define either the intervention priority or the manner of intervention; in the case of point (c), however, the situation is much more varied, and we shall limit ourselves here simply to a few references. In all cases, however, it is advisable to deal with the subject starting from the single tests or, better, from the description of the criteria for the utilisation of these in an integrated manner, without lengthy treatment of the single methods. Proper integration of the various methods used is fundamental for valid interpretation of the data measured; indeed only in this way is it possible to effect a type of iteration which, taking into account the various approximation factors proper to each of the systems, permits one to obtain a realistic ‘quantification’ of the state of conservation. In particular, for type (a) and type (b) situations the following tests are normally conducted either on specific parts or sample areas. — Ultrasonic: for the following purposes: • to supply indications of the homogeneity of the concrete by means of transparency and/or indirect tests; • to provide indications of the depth of cracks with indirect tests across the cracks or alongside them; and • to determine, via correlation of the data obtained, the ultrasonic transmission velocities along with the recoil index obtained at the same points using sclerometric tests, concrete compression strength values. — Sclerometer: this traditional non-destructive test provides information on the compression resistance correlated with the recoil index, but if used by itself it is limited to providing information tied very closely only to the ‘cortical’ layer. For this reason it must always be used in conjunction with ultrasonic tests. Such integration has proven to be optimal in ‘filtering’ the results from the influence of a number of variables (granulometry, moisture, binder dosage, type of aggregate) which in many instances register contrary values with the two methods. — Pull-out: this is utilised mainly in cases where it is impossible to effect ultrasonic tests by transparency (on ‘chunky’ elements), or where it is deemed useful to obtain compression strength data for comparison with that obtained from other nondestructive tests; these data are always combined with pacometer data regarding the position of the superficial reinforcing, so as to ensure that the piece is inserted in a suitable position such that extraction is not blocked by possible presence of reinforcing rods or mesh. — Windsor probe test: in using this test the same applies as was said in the case of the pull-out test; the combination of this test with the preceding one is always useful, especially if there is a lack of information regarding the aggregate grain size and characteristics. —Measurement of carbonation depth: this test is always employed, as it provides an important index of the aggressivity of a particular environment on a given composition of concrete, and thus provides extremely useful information for detailed studies of mix
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 design for durable concretes; it is superfluous to stress the value of a test which permits the designer to know whether or not one can still hypothesise passivation around the reinforcing. — Measurement of chloride penetration: this is used generally only on exposed parts: pulvinos, heads of beams, heads of crossbeams. It may be direct (samples taken from the structure) or indirect, based on electrochemical potential measurements conducted on accessible structure surfaces and linked together by isopotential curves (mapping). Obviously this list of tests is far from complete, but mention is made here only of those which constitute part of the routine system which, as set out above, automatically comes into play once certain ‘alarm thresholds’, defined in assembling the visual inspection data, are exceeded. Besides these tests, which can be defined as ‘local’ insofar as they provide punctual results on the state of the structure, we also utilise global-type systems which yield information on the characteristics of the structure as a whole, obtained from static loading tests or measurements under dynamic excitation. Dynamic analysis is the most commonly used test, aimed at determining the vibration modes of the various parts of the bridge under a known source of vibration. The method is not very sensitive to deterioration of the structure itself and cannot, at the present time, be used to assess the actual state of structures. It can, however, be used to memorise the state of the structure at a certain moment, so as then to draw a comparison with the results of other dynamic tests conducted subsequently in time. Certain recent developments in survey systems and finite element modelling would seem to be promising for the practical use of this method. Besides their use in maintenance design, these measurements can provide new criteria for assessing ‘sample defects’ which can subsequently be incorporated in the global assessment and applied in expert systems to determine SAMOA intervention priorities. In this way the bridge management system is continually improved over time: constantly increasing its data base and consequently improving the work of the human operators who continue to manage well the more traditional tasks; thus we have surveillance, auscultation and intervention as integrated moments of a single process, with the substantial but hardly ‘tyrannical’ assistance of the computer. In concluding this section, mention should be made of the various research objectives we will be aiming at in the use of the above tests and others. On the one hand, we will be trying to understand better the limits of the various systems utilised and obtain more detailed information on those not routinely used and, on the other hand, we will also attempt to develop hypotheses regarding the process of deterioration with respect to predetermined types of environment and structure. In the case of the first of these two aspects we are already conducting careful analyses of the data as they are gathered, so as to improve design and programming of interventions, also by increasing the number and distribution of these tests and checking the results by means of destructive tests and controls employed during partial demolitions conducted in the course of repair operations. So as to gain a better understanding of other systems (e.g. potential mapping, release of tensions, etc.), trials are conducted in conjunction with both destructive and nondestructive tests on a case by case basis in specific situations.
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 Work continues toward the development of ‘deterioration curves over time’ (a sort of measurement of the speed of deterioration under standard conditions—of crucial importance for a company responsible for the maintenance of such a large number of structures) as a function of the environment and the structural and technological characteristics. We have begun to conduct on-site tests to determine the depth of carbonation on sample elements of selected structures of particular significance. These tests will naturally be repeated at regular intervals (around every 2 years, as already stated), so as to construct curves of the type indicated, also with a view toward future projections. INTERVENTIONS ON STRUCTURES Starting with the list of priorities provided automatically by the computer program, and following whatever specialised testing may be required, we proceed to the design of the intervention in accordance with defined general reference criteria. Distinctions are made among different possible interventions, which can be grouped as follows: — Ordinary or extraordinary maintenance: these are distinguished according to the type and importance of the intervention to be performed, and are intended to maintain the structure at full efficiency in accordance with its original design characteristics. — Static restoration: when one wishes to restore the original bearing capacity of the structure. — Retrofitting (functional maintenance): when one decides to maintain unchanged the original geometry and static scheme while at the same time permitting the structure to be subjected to actions either greater or differing from those for which it was initially designed. — Restructuration: this entails the alteration of the original static scheme of the structure and/or its geometric characteristics so as to restore or increase its bearing capacity. Naturally the last two items can be adopted also where the state of conservation of the structure is judged to be good. At this point we shall illustrate several special intervention techniques employed on various parts of a bridge structure. With regard to protective techniques (to restore the protective function of certain parts of the structure, which may have deteriorated or not have been supplied in the first place), the following may be employed: For piers: — plating with metal mesh and rheoplastic mortars to restore protective covering of exposed reinforcing; — light hooping where it is necessary to provide a certain additional strength to columns (the reinforcing is rendered continuous by suitable overlapping beyond the edges); and — localised repairs, followed by application of protective paint to prevent carbonation of the concrete cover layer over the reinforcing. For slabs:
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 — surface repairs with stuccos or small castings and/or waterproofing of the deck with synthetic membranes or other systems; — more extensive repairs and waterproofing of specific points (drains, heads of prestressed beams, etc.); and — diffuse anode cathodic protection of outer reinforcing to eliminate chlorine ions present in the existing concrete. For beams: — application of protective paints with or without repairs of unfilled sheaths. In the case of repairs to restore bearing or bonding function which has been lost or not suitably provided initially, on the other hand, operations might include the following: For piers: — substitute lining (new castings which by themselves support the total load on the pier) of columns with reinforcing and form casting using non-shrink rheoplastic concretes; — transverse strengthening of piers with additional septa; and — upgrading according to more strict criteria to better resist transversal seismic action. For slabs: — reconstruction of the upper layers of the slab, including elimination of degraded material by high-power hydrodemolition, application of new reinforcing and substitution with non-shrink rheoplastic concrete. For beams: — strengthening with steel plate elements glued and/or bolted to the existing structure (thin plate reinforcing); and — addition of external cables to existing prestressed or non-prestressed structures to restore lost prestressing or provide it anew (positioning of the cables with respect to the beam cross-section, and that of anchor and drawing points, will vary depending on the space available). The preceding provides an overview of possible interventions normally adopted. It must be stressed, however, that in the majority of cases the aim is essentially to obtain a functional improvement of the structure as a whole, as well as of its component parts. Types of intervention which could be cited as particularly successful examples are integral decks (jointing of decks), the introduction of special unidirectional and multidirectional bearing devices as well as seismic protection devices, and lastly the installation of breakthrough-proof guardrails capable of dissipating impact energy. The problems faced by the designer of maintenance interventions on existing structures are considerably more complex than is the case with the design of new ones. Some of the additional constraints encountered include the need to operate in the presence of traffic; the need to select materials which yield reliable results within a very short period of time and in the presence of traffic-induced vibrations; the very strict limits on intervention time; the need to assess material strengths in situations where degradation is present; and the need to achieve higher performance standards than those adopted in the original design of the structure.
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 It is easy to see from the above considerations that the concept of maintenance thus assumes the more ‘noble’ connotations of the term ‘project’ (i.e. that of ‘projecting the mind into the future so as to foresee in advance’ what the work will require), thus superseding the rather simplistic notion of those who see no need for a specific design stage in the concept of maintenance. DATA PROCESSING METHOD At this point we would like to provide an example of how one goes about setting up an expert system of classification for purposes of controlling the state of the art of the structures under management. Given the fact that the assessment is conducted separately for each component part of the structure, we shall concentrate our attention on a specific application, in this case that of a deck. As shown in the attached sample flow chart for decks (see Figs 3 and 4), starting from the analysis of the morphological characteristics, the processing algorithm performs different specific tasks depending on the type of deck itself. Selecting as our example the case of a deck consisting of simply supported beams of prestressed reinforced concrete (form E3) with sliding cables (a structure quite common on the Autostrade network), we now proceed to a detailed description of the procedure.
 
 FIG. 3
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 FIG. 4 The steps followed are not always the same but will depend on the objective one wishes to achieve. The choice among the different analysis viewpoints takes the form of a selection from among the distinct ‘viewpoints’ presented: structural safety, state of conservation, waterproofing, etc. It is necessary to select the viewpoint (VP) at the very beginning, as in this way the processing operation can be carried out automatically without interruption.
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 At this selection level it is also possible to choose whether one wishes to have only the final output, or also the intermediate outputs corresponding to the various partial processing stages. The intermediate outputs constitute a partial processing of the codified defects reported on the forms compiled during the site inspections. These partial outputs, e.g. the ‘table of defects by beam’ (or by crossbeam or by slab element) provide, in the case of each element (beam, crossbeam or slab field), a ‘photograph’ of the associated defects and related intensity/extent parameters. The assemblies of the various elements are more complex, as they will differ for each of the above-mentioned viewpoints, and will provide data strings indicating a level of ‘seriousness’ and function parameters of the intensity/extent of the defects for all of the beams, crossbeams or slab elements taken together. Another important partial output useful for further assessment of a non-automatic nature is the schematic diagram, which summarises the defect distribution of an entire span (beams plus crossbeams plus slab). The final partial output consists of the aggregation of all the spans of a structure. These are sub-divided into groups, each of which is distinguished by appropriate separation thresholds. These latter serve to filter the parameters defined in processing each of the spans, even where these are not morphologically similar (simple reinforced concrete beams, prestressed reinforced concrete beams, box girders, etc.). The groups associated with each span are organised according to two different output possibilities: — aggregation of spans by single structure, with related indication of group; and — aggregation of spans by group, with related indication of the structure to which they belong. These outputs provide a sufficiently complete indication of the state of the structure, always in accordance with the viewpoint selected. In this case, to obtain a more synthetic unit view, we have opted here for assembly of all the spans of each structure. In fact the final output is represented by an overall assessment of the conditions of all the decks of a structure, and the ranking of this latter in a condition classification in relation to the condition ratings of various structures of a selected population. The assembly operation takes into account spans having different structural characteristics, and hence different processing procedures. ‘Homogenisation’ of the spans is achieved by attribution of thresholds which are different for each type of record form; the thresholds thus constitute the point of equivalence in comparing spans of different types. The operation proceeds as follows for the different viewpoints: ‘Safety’: The group of spans of a structure is classified in a determined order equivalent to the preceding groups. If at least one span is classed as group 1, the whole group of spans is of first order, and so on. Furthermore, each order is attributed percentages relating to the spans contained in each group, with respect to the total number of spans in the structure as a whole. ‘Conservation’: The group of spans of a structure is classified in a determined order resulting from processing the data on the groups to which each span belongs. First, the frequencies of the groups are calculated. The order of a given structure corresponds to the mean of the groups present weighted according to their relative frequencies as in the following expression:
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 (1) The order value is linked to a second parameter consisting of the variance of the frequency distribution, calculated as follows: (2) Depending on the viewpoint, each structure thus remains associated with an order and certain percentages or a variance. In classifying all the structures of a selected population, these are first sorted in descending rank, from those of highest order to those of lowest order. In the case of the safety VP the ranking is determined by relative percentages in reference to the order, whereas for the conservation VP the position is determined by the variance, in inverse proportion to the value.
 
 15 Engineering Management of the Tamar Bridge W.I.HALSE Bridges Division, Mott MacDonald Civil Ltd, 20/26 Wellesley Road, Croydon, Surrey CR9 2UL, UK and R.L.C.STEPHENS County Surveyor’s Department, Cornwall County Council, County Hall Truro, Cornwall TR1 3BE, UK ABSTRACT The Tamar Bridge (Fig. 1) was constructed within the period 1959–61 as a private toll crossing for the Tamar Bridge and Torpoint Ferry Joint Committee, comprising representatives of the Cornwall County Council and the Plymouth City Council. Since the end of the maintenance period, the engineers responsible for the design and supervision of construction (Mott, Hay and Anderson) have been retained by the joint committee to undertake an annual inspection of the bridge and its immediate approaches, and to report and make recommendations on any necessary maintenance. Apart from small or ad hoc items arranged through the joint engineers, the county surveyor of Cornwall and the City Engineer of Plymouth, subsequent works have invariably been arranged and supervised by those same consultants who, through close liaison with the bridge owners and their staff, have effectively provided a professional service for the long-term management of maintenance activities by forecasting financial commitments and arranging the operations around the increasingly restrictive limitations imposed by traffic densities.
 
 INTRODUCTION When opened to traffic on 24 October 1961 the Tamar Bridge (Fig. 1), with its 335 m main span, became the longest span road bridge in the UK and 26th equal in the league table for ‘suspension bridges of the world’. Since then it
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 FIG. 1. Tamar Bridge. has been successively relegated in the UK by the Forth, Severn and Humber road bridges, and has disappeared without trace from world rankings. However, the joint enterprise with the Torpoint Ferry still maintains a unique record amongst UK tolled estuarial crossings,1 with no capital debts (discharged by 1981), a regular operating surplus without subsidies and the lowest tolls.2 Since 1980 tolls on the bridge have been payable in one direction only, and whereas the charge per car was 3 shillings (15p) each way in 1961 the current cost is 40p cash to east-bound travellers, effectively reducing to 20p for regular users taking advantage of the concessionary vouchers available for pre-purchase. PRE-CONSTRUCTION Vehicular ferry crossings of the River Tamar existed at Torpoint and Saltash from the early 19th century, but by the 1920s local agitation had already begun for a fixed crossing to supplement or replace those increasingly inadequate facilities and as early as 1931 a scheme for a high-level bridge between Torpoint and Devonport was prepared but abandoned on objection from the Admiralty. The post-war boom in traffic produced further impetus and in 1950 the Cornwall County Council and the Plymouth City Council formed a committee to pursue the matter with the Ministry of Transport. By 1955 it became obvious that, despite a favourable report the previous year from the technical panel appointed by the minister, the matter was unlikely to be pursued in the immediate future and the two councils determined to investigate a private joint enterprise. The consultants, appointed in September 1955, reported on bridge and tunnel alternatives in April 1956, recommending a fixed crossing on the present alignment, and
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 a firm decision to proceed was taken by the councils in July. Such was the considered degree of urgency and of the cooperation afforded by all parties that the consultants and parliamentary agents prepared and deposited a bill in Parliament by November 1956 and Royal Assent was obtained at the end of July 1957. Unfortunately the then current financial climate delayed Treasury consent to even private borrowing, and it was not until the autumn of 1958 that the engineers were appointed to prepare the design, following which, continuing the afore-mentioned cooperation, tenders were invited in March, a contract was let in June and work commenced on site on 7 July 1959. The construction details have been described elsewhere.3 Suffice it to state that the 152 mm thick deck in 43 N/mm2 concrete is supported on steel stringers carried on crossgirders at 9·17 m centres slung by suspenders from the main cables spaced at 15·24 m centres, with traditional steel Warren truss stiffening girders. Extensive use was made of box sections in high tensile (BS 968) steel, shop-fabricated by welding, with site connections made with friction-grip Torshear bolts. The 10·06 m wide three-lane carriageway and twin 1·83 m footways were surfaced in hand-laid mastic asphalt at 38 and 20 mm thickness respectively. TRAFFIC CONDITIONS Hindsight is a wonderful gift and a golden opportunity to the local media, who from time to time, prompted by some traffic delay through accident or other, pontificate on the folly of the planners in building a three-lane bridge. Figure 2 provides a histogram of recorded annual traffic flows across the Tamar Bridge, rising sharply and inexorably from 1·8 million vehicles in 1962 (the first full year of trafficking) to the anticipated total of 12 million vehicles in 1989. The authors venture to suggest that had the engineers included such a prediction in their original report then at very least their professional judgement would have been called into question, if not their report rejected outright. The effect of the surprisingly regular increment of some 375000 vehicles per annum exhibited every year for 27 years, although marginally alleviated overall by the introduction of tidal flow in 1974 and one-way toll collection
 
 FIG. 2. Histogram of annual traffic flows.
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 in 1980, has increasingly contributed to problems in arranging maintenance works requiring lane possessions. Whereas up to the late 1970s it was possible to consider and implement closure of one lane for up to a week, for example to construct and cure replacement epoxy nosings at damaged deck joints, a decade later lane closures for the major refurbishment works subsequently described had to be stringently restricted to avoid traffic chaos and maintain reasonable public relations. These latter operations had to be executed outside the commuter peak hours, within working sessions from 09.30 to 15.30 hours and again after 18.30 hours, on weekdays. The main opportunity for progress ostensibly lay on Saturdays and Sundays when a dawn-to-dusk lane closure was acceptable, unless Plymouth Argyle were playing at home (most of their supporters appear to reside in Cornwall) and the returning fans merged with their compatriots returning from Saturday shopping in Plymouth at around 16.30 hours, or unless Sunday morning dawned dry and sunny, at which a substantial proportion of south Devon residents travelled to Cornwall, spreading their departures through the morning but always reappearing at the west end of the bridge around teatime. Again, come the first weekend in July, the summer visitors arrive in droves and it becomes impossible to even consider lane closures until school holidays end in midSeptember but latterly extended into early October by a high proportion of senior citizens. Recuperating from the combination of grandchildren and school holidays? Any work during January, always a hostile month weather-wise, can be discounted. Leave out 10 days at Easter and a week each at the May Day and spring bank holidays to cater for local holiday-takers and a proportion of early tourists, mix in a few wet weekdays in east Cornwall, when shopping in Plymouth becomes an attraction to those early visitors, and garnish, as in 1987, with the wettest June for 70 years and the overall mixture becomes a recipe for ulcers to the programmers charged with limiting traffic disruption to a bare minimum. ROUTINE INSPECTION A longitudinal walkway is provided each side of the bridge immediately below deck level extending to some 600 m from back-to-back of the anchorages and two more at bottom chord level across the suspended structure. These, supplemented by hand ropes along the main cables, ladders from deck level up to the saddles and down to the caissons inside both main towers and ready access at both river banks for low tide inspection and binocular viewing, provide adequate permanent facilities for the routine annual inspections carried out by the engineers. A reduction in the main span camber became apparent early on, and in 1964 an extensive set of annual measurements was instituted to record relative levels of ‘fixed’ points, e.g. anchorages, side and main towers; cambers of the side and main spans; outof-plumb of the main towers (by nearly 70 m long plumb lines, permanently installed within the north legs); and relative dimensions between the ends of the suspended structure steelwork and the concrete faces of the towers. After a decade and with the only significant recorded variations being a continuing loss of main span camber and inward leaning of the main towers, it was concluded that the effect was due, despite repeated prestressing by the
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 FIG. 3. Creep-time relationship (locked-coil ropes). rope makers prior to delivery, to permanent stretch (creep) under load in the locked coil wire ropes forming the main cables and suspenders. Little published data were available, but such as could be obtained appeared to agree in reasonable measure with these early observations. The effect has continued but at a reducing rate, as illustrated by the derived creep-time relationship plotted in Fig. 3, together with comparable data.4 ROUTINE MAINTENANCE Apart from weekly sweeping, quarterly gulley cleaning and 6-monthly charging of the grease nipples to the pins of the suspended structure, arranged by the joint engineers, repainting of the structure has been undertaken every 7 years (1968, 1975, 1982 and 1989) on the recommendation of the engineers, virtually as a routine maintenance operation. The choice of the initial protection system, consisting of grit-blasting, zinc metal spray, PVB etch primer followed by two undercoats and one gloss coat (each of phenolic white lead), had to be made at an early stage of the trials, which eventually resulted in the development of the ‘Forth Bridge’ system and which subsequently reigned unchallenged in bridgeworks protection for over a decade. Unfortunately, despite a good early performance in these trials, the white lead coats proved less impermeable than the eventually chosen micaceous iron oxide top coats, and by 1968 some considerable areas of the steelwork had to be blast cleaned to remove the underlying zinc corrosion from the metal spray coating. These and defective areas in subsequent repaints were two-coat primed with zinc epoxy initially and latterly zinc phosphate, followed by two coats of MIO, and completed in 1968 and 1975 with white lead undercoat and finish, varied in 1982 to an alkyd medium and in 1989 to a silicone alkyd.
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 As a result of this regular sequence, repainting has largely become cosmetic, and the cost of remedial treatment of isolated defective areas, principally on the north side below deck through lack of exposure to drying by the sun, does not normally exceed 10% of the total contract sum. The close proximity of houses and parked cars at each end of the bridge and moorings in the river beneath preclude spray application of paint, but the extensive use of box sections in the construction allows under- and finish-coating to some 90% of the area of the suspended structure to be applied by roller, reducing time and hence labour and scaffold hire cost. Conversely, the successive repaints have highlighted the increasing pressure for enhanced safety measures in the construction industry. The cost of providing and maintaining the necessary scaffolding and safety nets below deck, expressed as an oncost percentage to other (labour, plant and materials) charges, has risen from 15% in 1975, through 47% in 1982 to 64% in 1989, and actually reached 91% in one unsuccessful tender for the latter. 1960s The early years proved free of major problems other than that of zinc corrosion, affecting the 1968 repaint. By this date the annual traffic density had already more than doubled and preliminary consideration was given to some upgrading of the facility. A widening of the carriageway would be restricted to 11·6 m by the main tower legs, providing 2·9 m wide substandard lanes, and there seemed little advantage in any alteration on the bridge without attention to both approaches, in the responsibility of Cornwall and Devon County Councils. 1970s Various schemes were pursued, none of which proved acceptable to all three parties. Eventually a tidal flow system was introduced on the bridge in 1974, controlled by signals on new overhead gantries, more acceptable than sub-standard lanes, equally effective in commuter peak hours and less expensive. By 1978 densities had again more than doubled in a decade and thoughts were directed to further alleviation. The toll booths formed a restriction but tolls had to be maintained to pay off the (rapidly diminishing) construction loan, provide for maintenance and subsidise the uneconomic unified toll charges on the Torpoint Ferry. Accordingly an enabling act was prepared, receiving Royal Assent in 1979, by which in 1980 toll collection was limited to one way (eastbound), thus relieving afternoon congestion on the Plymouth side which, on occasion of accident or other mishap, had been known to back up some 5 miles to the city centre. Over the first half of this decade the 60 no. air-gap articulation joints in the concrete deck of the suspended span, closed by rubber bitumen filler in the depth of the surfacing, began to cause increasing problems with local asphalt break-up. In 1975 the worst affected areas were cut out and provided, in lane widths, with nosings in a recently developed epoxy mortar (Febplate SLS), which proved more durable than traditional
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 rigid mortars. The remainder were similarly treated within a 3-year programme, completing in 1979. The severe winter of 1978/79 created some problems with kerb and asphalt damage, and raised attention to the not-too-distant need for resurfacing. Soon after, coinciding with the onset of ASR problems in the South-West, a series of some 60 cores were cut from the deck. When tested these demonstrated that, as a result of the use of sea-dredged coarse and fine aggregates in the construction, the reactive content was too high to sustain an alkali reaction under normal conditions but that chloride contamination from de-icing salt had already penetrated some millimetres into the concrete, although not yet to top reinforcement level. Both conclusions indicated the need to provide an effective waterproof membrane below any future resurfacing. THE EARLY 1980s These were marked by the continuing incidence of local damage to the surfacing and a resurgence of earlier problems at the joints, although generally to localised areas within wheel-tracks, not directly through failure of the epoxy mortar but as a result of damage in the underlying concrete under the ever-increasing speeds and shear gross weight of traffic. The former was checked in 1983 by a surface dressing with chippings and the latter contained by virtually biannual spring and autumn ad hoc repairs, effectively ‘buying time’ before the now obvious major refurbishment could be programmed. In May 1981 one such repair was undertaken using a magnesium phosphate concrete (Febset 45) on a trial basis and this appeared encouraging. Without coarse aggregate its flow characteristics obviated traditional compaction operations and its fast curing under exothermic reaction subsequently proved it capable of direct trafficking within 2·5 h. By extending its use in subsequent patch repairs, often under conditions and by procedures not encouraged by the manufacturers, it was demonstrated to be virtually idiot-proof, subject to rigid control of water content and mixing time, which was simplified by the purchase of domestic stainless steel measuring jugs and a cooking timer from a local branch of Boots. In late 1983 the engineers were formally instructed by the joint committee to prepare a report which eventually provided detailed proposals and estimates for a staged refurbishment of the bridge. These comprised, at Phase 1, the permanent reconstruction by break-out and reconcreting over a 600 mm width of each of the 64 no. deck articulation joints including, as a result of the reducing rate of cable creep, the ‘closing up’ of two in every three over the suspended deck sections. Phase 2 would then comprise carriageway resurfacing and provision of a deck waterproof membrane and include attention to the footways and kerbing, and drainage improvements. Following discussion with the joint treasurers on finance availability, these phases were programmed around February to June working in 1987 and 1988, within the lane possession limits previously outlined, and the work extended to include, at Phase 3, the repaint due in 1989. The package dovetailed into the projected mid/late 1988 completion data for adjacent DTp works on the Saltash and St Budeaux bypasses immediately either side of the river.
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 Fortuitously, the preparation of this report was aided firstly by the cooperation and practical experiences of the Forth Road Bridge Joint Board and their consultants, then engaged on a resurfacing of the side spans of that bridge, including the provision of a sprayed MMA acrylic membrane (Eliminator) originally developed by British Rail and applied to some 200 of their bridges before its existence became more widely known. Secondly, by an unexpected and sudden deterioration of the main articulation joint at the western side tower at Tamar, requiring the rapid arrangement of a permanent full-width reconstruction of that joint in late 1984. This interruption was unwelcome at the time but in the event provided a valuable insight into procedures, materials, plant and labour content of such reconstruction, leading to proven recommendations and more realistic estimates for the Phase 1 operations. A MAJOR REFURBISHMENT The report was presented in May 1985 and formally accepted by the joint committee in July, with a commission to proceed with arrangement of the necessary contracts on an unusual basis, as subsequently described. As recommended in the report, three 9·17 m bays of one-lane width and the adjacent footway were stripped of surfacing for a trial in the autumn of 1985, overlain with the acrylic membrane, regulated with a nominal 20 mm of dense bitumen macadam and surfaced with 20 mm of pervious bitumen macadam. The membrane was continued up the back-of-kerb and across the footway area, which was then treated with four alternative proprietary ‘thin’ surfacings. Although not previously used on a full-scale road surfacing in the UK, pervious macadam wearing course had a long-standing track record on airport runways and was then being laid extensively on highways in Hong Kong. Its reduced spray characteristic and virtual freedom from risk of aqua-planing were proven, but perhaps of more immediate advantage to the maintenance operation was the lack of need for a chipping spreader, the charging of which always disrupts traffic in the adjacent lane and the machine itself inevitably appears prone to breakdown or other malfunction, disrupting the whole surfacing operation. The joint committee then accepted a recommendation by the consultants to undertake, under a pilot works in April 1986, reconstruction of eight joints in the Saltash side span. This was principally to relocate the starting end of the 1987 (Phase 1) works some 80 m further eastwards, isolating them from works adjacent to the west end of the bridge, due to commence in March of that year under the Saltash bypass scheme. After consultation, it was agreed that this work should be executed under the direct control of the engineer, by the same ‘bridge gang’ from Cornwall DLO as had undertaken most of the previous ad hoc deck repairs. This large-scale ‘trial’ added further realism to the assessment of optimum sequences, methods, plant and labour requirements for the main works in the following year, and incidentally provided sites for trials of three proprietary types of continuous joint surfacing then being considered for use in Phase 2. Movement joints are a perpetual headache to maintenance engineers. There is no universal solution, as witnessed by the multiplicity of proprietary types on offer at any one time which inevitably go off the market within a decade or so. The authors believe
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 that for small movements the asphaltic plug joints as finally used in Phase 2 are currently the best value for money, despite some defects which occurred during the maintenance period and which may recur. Laid with reasonable care the riding quality is superb, they are relatively inexpensive compared with any alternatives on offer and, more importantly, defective areas can be cut out and replaced within a matter of a few hours. The joint reconstruction and the resurfacing works subsequently followed as planned. The Phase 3 repaint is in progress at the time of drafting and it is a matter of some satisfaction that the overall refurbishment cost is anticipated to be just less than the 1985 estimate, after adjustment for subsequent price fluctuations by published indices.5 THE APPROACH TO MAINTENANCE Maintenance works can be tedious and to some engineers may not be as attractive as heading-up some multi-million pound scheme, but can provide job satisfaction if approached in the right manner. A differing degree of involvement is required from that for new works in a green field. The engineer must become more deeply concerned with minor details, operational planning and in site supervision. He should be prepared to consult with the contractors, but must specify the programme in some detail and maintain a rigid control. Where the works are on a time-and-materials basis, he must go further by providing and insisting on compliance with a detailed operational programme to make the most efficient and economic use of plant and operatives. By avoiding sophistication and limiting site works to simple, clearly defined operations in a strict sequence, small contractors relatively inexperienced in bridgeworks can be used to advantage and with economy. Common sense and a near instinct to foresee potential problems are a prerequisite, along with an ability to adapt and improvise as difficulties are encountered. With a lesser degree of supervisory assistance than is normal in new works, he must be prepared to spend time when problems are encountered, observing and suggesting alternative sequences, procedures or plant. In maintenance works it is neither acceptable nor economic for the engineer to sit back and wait for a contractor to put forward solutions. With new works there is some scope for the engineer to drive the contractor to provide a superior job at no extra over the contract sum, but in maintenance this will rarely happen and the client will only get what he is prepared to pay for. What the engineer cannot fully see, he cannot describe and quantify, and what is not fully specified in the tender document cannot be fairly priced by a tenderer, leaving a potential for later, expensive, claims. Hence much of the work must be on a time-and-materials or provisional sum basis, and the experience and judgement of the engineer will be critical in providing realistic assessments of the appropriate amounts to be included in the document. Competitive tendering should and can be financially advantageous but for maintenance it can also be disastrous. Wherever possible the contractors should be locally based, and preference should always be given to those who have previously worked on the site to the satisfaction of the engineer.
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 CONTRACT PROCEDURES Over the years and on the basis of results, the joint committee has gradually accepted the somewhat unusual procedures recommended by the engineer. Competitive tendering on a national basis has been restricted to repainting and even then the same local firm has won the contract on the last three occasions. Selective tendering by a few local contractors has been limited to types or extent of works not previously or recently undertaken on the bridge, and on a time-and-materials basis where appropriate. More often negotiated tenders have been arranged with single contractors, either with specialists after adequate trials or with those of previous proven ability and experience of working conditions on the bridge. For the recent refurbishment, the joint committee further extended this enlightened approach, in acknowledgement of their public responsibility to road users. With the certain knowledge of the level of traffic due on the first weekend in July, extensions of time were not permissible and contracts had a completion date rather than a commencement and a contract period. Whilst under a normal arrangement the main contractor would take contractual responsibility for any overrun, the issue would as usual be clouded by alleged defaults of his subcontractors, weather, deliveries and myriads of other excuses, and meanwhile traffic chaos could still ensue. Accordingly, the joint committee determined that the works should be arranged around individual contracts, with the engineer effectively undertaking the contract management and the resident engineer being additionally charged with responsibility for ensuring the works were finished on time each year. The contractual implications vis-à-vis one contractor’s work and another’s, or due to default or poor workmanship, were daunting. The logistics were no less so. The Phase 2 works finally involved 25 separate contracts ranging in value from £600 to nearly £300000. Of these, eight (after selective or negotiated tender) were sealed and bonded under modified ICE Conditions of Contract whilst the remainder were against written order following prior quotations. Six were for the supply of specialist materials, leaving the engineer directly responsible for ensuring that 80-odd operatives from the other 19 contractors were present on site at the right time and executing the work in order and to programme, between mid-February and end of June 1988. MAINTENANCE COSTS Expenditure on all maintenance has been researched, separately accounting the costs of repainting, other contract works and a combined allowance for minor works, fees and supervision costs, which latter has been averaged for simplicity. These have been expressed in histogram form in Fig. 4 as a percentage of the then current bridge valuation, being the original construction cost of £1·8 m at 1959 prices annually updated by output price indices,5 which has also been plotted for information on a separate scale. These do not include ‘running costs’, e.g. cleansing, lighting, insurance, etc., nor special items such as maintenance of toll equipment or buildings.
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 From the histogram it can be deduced that the mean annual cost of minor maintenance initially increased but over the past decade has remained constant at some 0·35% of the annual bridge valuation; that the corresponding cost of repainting on a 7-year cycle has been 0·3% per annum; and that other contract maintenance, including a major refurbishment after more than a quarter of a century, has amounted to some 0·5% per annum. It should perhaps be noted that these percentages have been related to the updated construction cost rather than the annual insurance valuation,
 
 FIG. 4. Maintenance costs and bridge valuation. which includes allowance for demolition, fees and supervision, and which in the instance of Tamar is assessed some 40% higher. AN OVERVIEW Above all else, experience over the 28 years of life of the bridge has demonstrated the value of long-standing relationships between the owners, operators, contractors and the engineer in executing, managing and financing maintenance works. This sharply contrasts to difficulties encountered elsewhere, arising through the alternative of regularly seeking competitive tenders for all works, where the sole criterion for acceptance is on the basis of minimum cost in the short term, and where successful tenderers have little interest and no incentive to provide a good working relationship. Previous mention has been made of such cooperation in respect of the short gestation period between the first serious initiatives in 1955 and commencement on site in mid1959. Subsequently the joint committee has almost invariably accepted the recommendations of the consultant, which have always been formulated after close, often informal, consultation with the joint engineers and the bridge and ferry manager. Again the joint committee has always been prepared to authorise expenditure on trials of new or
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 unfamiliar materials and has actively encouraged use of more expensive products or procedures where these would lead to a lessening of traffic disturbance. Over the years this rapport has extended down through the engineers to the various contractors and their operatives, and the permanent bridge staff. The toll collectors are at the ‘sharp end’ when any traffic problems occur and can then be subject to verbal, and sometimes physical, abuse. Invariably their reaction has been to laugh it off rather than shift the blame to the engineers and contractors. Problems can and do arise from time to time during any works but always, within the harmonious environment that has evolved, these have been overcome. The number of persons who, through past involvement, now feel they have a personal stake in the success of the Tamar Bridge is legion. ACKNOWLEDGEMENTS The authors wish to acknowledge the cooperation afforded them in preparation of this paper by the joint engineers, Mr B.W.Mansell, County Surveyor of Cornwall, and Mr R.Fairclough, Acting City Engineer of Plymouth, and the bridge and ferry manager, Mr A.R.Warren, together with members of their respective staffs. REFERENCES 1. Tolled Crossings, Second Report from the Transport Committee, Session 1985–86. House of Commons 250–1. HMSO, London. 2. TRUSCOTT, R.P. and WARREN, A.R., The Tamar crossings. Highways and Transportation, 35(5) (May 1988) 83–8. 3. ANDERSON, J.K., Tamar Bridge. Proc. Instn Civ. Engrs, 31 (August 1965) 337–60. 4. MOSER, K., Time-dependent response of suspension and cable stayed bridges. Proc. 8th Congress IABSE, New York, 1968, Final Report, pp. 119–29. 5. DEPARTMENT OF THE ENVIRONMENT, Housing and Construction Statistics Part 2, Quarterly, HMSO, London.
 
 16 Modelling and Predicting Bridge Repair and Maintenance Costs MOHAMED BOUABAZa and R.MALCOLM W.HORNERb a
 
 Department of Civil Engineering, b Department of Engineering Management, University of Dundee, Dundee DD1 4HN, UK
 
 ABSTRACT Rational decisions about cost-effective bridge designs, optimum replacement ages and recurrent cost budgets are hampered by the absence of reliable data on which to base forecasts of repair and maintenance costs. Research into simple models for predicting the newbuild cost of bridges has led to the development of equally simple models for predicting the costs of repair contracts exceeding £10k in value. These models, based on the principle of cost-significance, contain only 17 or 18 elements yet are accurate to within 10%. Analysis of historical data has allowed us to propose a tentative relationship between the area of a bridge deck and the cost of repairs. The results lend weight to the view that repair and maintenance costs for masonry bridges are less than those for reinforced concrete bridges.
 
 INTRODUCTION Repair and maintenance now account for more than 50% of the construction industry’s turnover, yet very little data are available on which to base predictions of future costs. Local authorities with large building stocks have therefore considerable difficulty in justifying maintenance budgets. Nowhere is this more true than in the roads and bridges departments. In many cases historical records are incomplete or non-existent, especially before local government reorganisation. Even when records do exist they are not consistently structured. The inability to quantify maintenance and repair costs, however, has further ramifications. First, it makes the prediction of total life cycle costs impossible. Thus investment decisions are based solely on the criterion of initial capital cost, a particularly dangerous practice when the authorities responsible for capital and recurrent costs may not be one and the same party. Second, there is no rational basis on which to choose between replacing and repairing a road or bridge. This paper describes some first faltering steps towards the identification of those elements of a bridge which give rise to the majority of repair work and towards the prediction of its cost. Eventually it is hoped that the work will lead to a better
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 understanding of the relationship between capital and recurrent costs. Tentative relationships between deck size, repair costs and age are also reported. PREDICTING NEW-BUILD COSTS Recent work at Dundee University has demonstrated the feasibility of developing a simpler model of the new-build costs of bridges than those which currently exist.1 The models are based on the principle of cost-significance. It has been known for many years that 80% of the value of a bill of quantities is contained within only 20% of the items; those which are ‘cost-significant’. The cost-significant items are easily identified as those whose value is greater than the mean. The relationship between value and
 
 TABLE 1 Cost model for feasibility design stage (bridges) (cost model factor=0·73) CSWP number
 
 CSWP description
 
 Unit
 
 1 Supply and driving and load testing of piles for main piling, including establishment and moving of piling equipment
 
 Item
 
 2 Vertical (85–90°) formwork >300 mm wide for end supports and intermediate support
 
 m2
 
 3 Horizontal (0–5°) formwork >300 mm wide for deck
 
 m2
 
 4 Curved formwork at any inclination >300 mm wide for intermediate supports
 
 m2
 
 5 In-situ concrete
 
 m3
 
 6 Precast concrete members for deck
 
 m3
 
 7 Bar reinforcement
 
 t
 
 8 Paving in paved areas to surfaces >10° to the horizontal
 
 m2
 
 9 Waterproofing on surfaces >300 mm sloping up to 45° to the horizontal
 
 m2
 
 10 Supply of parapets
 
 Lin. m
 
 number of the cost-significant items is closely approximated by a Pareto curve. Analysis of several hundred bills has shown that projects can be categorised in such a way that the cost-significant items within any one category are more or less the same. Moreover, the cost-significant items can frequently be grouped into packages exhibiting two important features: (1) they closely resemble a contractor’s site operation; and (2) a single unit rate can be applied to them.
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 Thus, within each category of project, cost-significant work packages (CSWPs) can be identified whose value is a constant proportion (typically 80% or thereabouts) of the total project cost. This has spawned the development of a new-build cost model containing only ten elements which
 
 TABLE 2 Cost model for detailed design stage (bridges) (cost model factor=0·82) CSWP number
 
 CSWP description
 
 Unit
 
 1 Establishment of piling equipment for piles in the main piling
 
 Item
 
 2 Moving piling plant for piles in the main piling
 
 No.
 
 3 Supply and driving of piles for main piling
 
 m3
 
 4 Load testing of piles in main piling
 
 No.
 
 5 Vertical (85–90°) formwork >300 mm wide for end supports
 
 m2
 
 6 Vertical (85–90°) formwork >300 mm wide for intermediate supports
 
 m2
 
 7 Horizontal (0–5°) formwork >300 mm wide for deck
 
 m2
 
 8 Curved formwork at any inclination >300 mm wide for intermediate supports
 
 m2
 
 9 In-situ concrete for end supports
 
 m3
 
 10 In-situ concrete for intermediate supports
 
 m3
 
 11 In-situ concrete for deck
 
 m3
 
 12 Precast concrete members for deck
 
 m3
 
 13 Bar reinforcement for end supports
 
 t
 
 14 Bar reinforcement for intermediate supports
 
 t
 
 15 Bar reinforcement for deck
 
 t
 
 16 Paving in paved areas to surfaces >10° to the horizontal
 
 m2
 
 17 Waterproofing on surfaces >300 mm sloping up to 45° to the horizontal
 
 m2
 
 18 Supply of parapets
 
 Lin. m
 
 19 Drainage of end supports
 
 Item
 
 20 Imported fill deposited adjacent to structures, including around structural foundations
 
 m3
 
 21 Void formers
 
 m2
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 can be used at the feasibility design stage to predict the cost of a new bridge to 10%. Refinement of the model to include an additional 11 elements allows the cost of a bridge at the detailed design stage to be predicted with an accuracy of 5%. The feasibility and design stage models for reinforced concrete bridges are shown in Tables 1 and 2 respectively. The ratio of the value of packages in the model to the total bill value is known as the cost model factor (CMF). On behalf of the Scottish Development Department, and in collaboration with Babtie Shaw and Morton, the model has been built into a computer package called BRIDGET which allows the price of a new bridge to be calculated in less than 15 min.2 BRIDGET is now available to all Scottish Regional Councils. MODELLING REPAIR COSTS Success in modelling new-build costs encouraged us to investigate the possibility of modelling maintenance and repair costs using similar techniques. Earlier work3 had shown that the system was most likely to work on bills of quantities containing at least 50 and preferably over 100 items. Accordingly our study was confined to repair contracts worth more than about £10k. From our experience of new-build bills we decided to divide repair work into three categories: masonry arches, masonry concrete arches (i.e. masonry arches with an infilled concrete deck) and reinforced concrete bridges. Bills of quantities were obtained from Tayside and Lothian Regional Councils. The total number of bills available were for masonry arches 14, masonry concrete arches 13 and for reinforced concrete bridges 24.
 
 FIG. 1. Predicted versus actual bill value for masonry bridges.
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 TABLE 3 Unit rates for rolled asphalt wearing courses of different thicknesses Thickness (mm)
 
 Unit rate (£/m2)
 
 Unit rate (£/m3)
 
 40
 
 4·10
 
 102·50
 
 50
 
 5·00
 
 100·00
 
 60
 
 6·24
 
 104·00
 
 Methodology The methodology was similar to that used in the new-build analyses. Cost-significant items were identified for each bill, and the results for bills within each category were inspected for consistency. A variety of techniques were then used to determine the minimum number of cost-significant work packages which represented a constant proportion of the total bill value. Changing units of measurement In some cases it was found that the unit rate was linearly proportional to a unit of measurement different from that recommended in the Method of Measurement for Road and Bridge Works (MMRB). For instance, typical items for rolled asphalt wearing courses are shown in Table 3. The unit of measurement for rolled asphalt wearing courses was therefore changed to cubic metres. Minor differences in unit rates Differences in rates for items of marginally different specification were known from our earlier work to be statistically insignificant. Table 4 shows typical rates for formwork providing different qualities of surface finish. Trial and error The cost-significant work packages contributing the smallest average
 
 TABLE 4 Unit rates for horizontal formwork of different classes Class
 
 Unit rate (£/m3)
 
 F1
 
 15·28
 
 F2
 
 16·19
 
 F3
 
 16·53
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 proportion of the total bill value were progressively deleted from the models until a balance was struck between size and accuracy of the model. In general, an accuracy of 10% was our goal. Rates applied to the model The accuracy of an estimating system depends on two factors: the accuracy of the cost model itself and the accuracy of the rates applied to the model. Because in the first instance our objective was to test only the accuracy of the model, the rates used to develop and test the models were abstracted from the bills of quantities. In those cases where items with slightly differing rates were combined into a single work package the weighted mean unit rate was used. Testing The models were developed from an analysis for 37 bills of quantities and tested on a further 14. RESULTS Models The cost-significant work packages for masonry and masonry concrete arches proved to be identical, so the two were combined into one single category, ‘masonry’. The resulting models for masonry and reinforced concrete bridges are shown in Tables 5 and 6 respectively. Accuracy For each bill the ratio of the value of the cost-significant work packages to the total bill value was calculated. The results for masonry bridges are shown in Table 7. The mean value of the ratio (value of CSWPs)/(total bill value) is the cost model factor (CMF). The CMF for masonry bridges is thus 0·76. Similar analysis of reinforced concrete bridge projects yields a CMF of 0·82 with a standard deviation of 0·08. Testing Table 8 shows the results of testing the cost model for masonry bridges on the seven bills retained for that purpose. Figure 1 shows the results of linearly regressing predicted on the actual bill value. For reinforced concrete bridges the mean error of prediction was 2·27%, with a standard deviation of 8·66%. The coefficient of correlation for the regression of predicted on actual bill value was 0·98.
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 TABLE 5 Cost model for repair of masonry bridges CSWP number
 
 CSWP description
 
 Unit
 
 1 Preliminaries
 
 Item
 
 2 Excavate any material except rock or reinforced concrete on bridge superstructure
 
 m3
 
 3 Rolled asphalt wearing course in carriageway
 
 m3
 
 4 Dense bitumen macadam base course in carriageway
 
 m3
 
 5 Precast concrete
 
 Lin. m
 
 6 Horizontal formwork more than 300 mm wide
 
 m2
 
 7 Vertical formwork more than 300 mm wide
 
 m2
 
 8 In-situ concrete
 
 m3
 
 9 Gunite 40 N/mm2 to soffit and vertical surfaces
 
 m3
 
 10 Repair of concrete surfaces
 
 m3
 
 11 Bar reinforcement of any diameter
 
 t
 
 12 Tie bars of any diameter
 
 No.
 
 13 New masonry with battered or vertical face
 
 m3
 
 14 New general random rubble masonry previously set aside
 
 m3
 
 15 Existing general random rubble masonry
 
 m3
 
 16 Hand pointing on arch and soffit
 
 m2
 
 17 Waterproofing more than 300 mm wide
 
 m2
 
 18 Dayworks
 
 Sum
 
 TABLE 6 Cost model for repair of reinforced concrete bridges CSWP number
 
 CSWP description
 
 Unit
 
 1 Preliminaries
 
 Item
 
 2 Excavate unsuitable material in flexible surfacing on bridge deck
 
 m3
 
 3 Disposal of unsuitable material in tips off site
 
 m3
 
 4 Rolled asphalt wearing course in carriageway
 
 m3
 
 5 Dense bitumen macadam in carriageway
 
 m3
 
 6 Horizontal formwork more than 300 mm wide
 
 m2
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 7 Cut out and scabble off unsound concrete in deck
 
 m3
 
 8 Application of epoxy bonding aid to reinforced concrete
 
 m2
 
 9 In-situ concrete in screeds
 
 m3
 
 10 In-situ concrete
 
 m3
 
 11 Precast prestressed beams
 
 m3
 
 12 Movement joints to bridge (expansion joints)
 
 No.
 
 13 Waterproofing more than 300 mm wide
 
 m2
 
 14 Dayworks
 
 Sum
 
 TABLE 7 Percentage value of cost-significant work packages for masonry bridges Project number
 
 Actual value (£)
 
 Value of CSWPs (£)
 
 Value of CSWPs Actual value (%)
 
 1
 
 21709·70
 
 14159·50
 
 65·22
 
 2
 
 7631·55
 
 6242·75
 
 81·80
 
 3
 
 20240·00
 
 15351·00
 
 75·84
 
 4
 
 20087·12
 
 14161·21
 
 70·50
 
 5
 
 50725·90
 
 32208·00
 
 63·50
 
 6
 
 20437·92
 
 14827·66
 
 72·55
 
 7
 
 54884·50
 
 44550·00
 
 81·17
 
 8
 
 20600·00
 
 14480·31
 
 70·29
 
 9
 
 51070·60
 
 38302·80
 
 75·00
 
 10
 
 15900·00
 
 11426·00
 
 71·86
 
 11
 
 18152·35
 
 15388·05
 
 84·77
 
 12
 
 53285·00
 
 35661·95
 
 66·93
 
 13
 
 49592·00
 
 43770·67
 
 88·26
 
 14
 
 16632·87
 
 13196·81
 
 79·34
 
 15
 
 23621·50
 
 21016·00
 
 88·97
 
 16
 
 30401·15
 
 20386·86
 
 67·06
 
 17
 
 13621·75
 
 10362·00
 
 76·07
 
 18
 
 22595·82
 
 18509·44
 
 81·91
 
 19
 
 27269·00
 
 24205·00
 
 88·76
 
 20
 
 14670·95
 
 12210·25
 
 83·23
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 Mean
 
 76·00
 
 Standard deviation
 
 8·10
 
 TABLE 8 Model tests on masonry bridges (CMF 0·76) Project number
 
 Value of CSWPs (£)
 
 Predicted value (£)
 
 Actual value (£)
 
 Difference (£)
 
 1
 
 29196·90
 
 38415·78
 
 45796·90
 
 −7381·12
 
 −16·11
 
 2
 
 16841·80
 
 22160·26
 
 22231·79
 
 −71·54
 
 −0·32
 
 3
 
 16267·09
 
 21404·06
 
 19625·96
 
 1778·10
 
 9·05
 
 4
 
 13032·15
 
 17147·56
 
 18791·25
 
 −1643·69
 
 −8·74
 
 5
 
 13600·00
 
 17894·73
 
 15391·50
 
 2503·23
 
 16·26
 
 6
 
 17266·63
 
 22719·25
 
 21421·49
 
 1297·76
 
 6·05
 
 7
 
 27011·30
 
 35541·18
 
 34283·30
 
 1257·88
 
 3·66
 
 Mean
 
 Percentage difference (%)
 
 1·40
 
 Standard deviation
 
 10·94
 
 DISCUSSION The average number of items in the bills of quantities analysed was 40. The simple models developed for repair work therefore represent a reduction in model complexity of some 60%. Their accuracy, however, is still of the order of 10%. This is of the same order as the accuracy of quantity surveyors’ estimates of the cost of new construction, which is reported to be about 13% (Ref. 4). If the models are to be used to predict the cost of future repairs, the estimator will be obliged to insert a single unit rate against each item. The extent to which this is possible, and the resulting change in accuracy, are still to be tested. Nevertheless, there is reason to believe that no great loss of accuracy will ensue. Clearly the estimator will not be able to calculate the weighted mean rate for, say, formwork of classes F1 and F3, since the quantities of classes F1 and F3 formwork will not be differentiated. However, preliminary tests using the arithmetic rather than the weighted mean unit rates indicate no significant loss of accuracy. We anticipate that the central limit theorem will work to our advantage, and that positive and negative errors will cancel out. ALTERNATIVE MODELS It would clearly be an advantage if the cost of bridge repairs could be predicted before any detailed design was executed. Figure 2 shows the relationship between costs per
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 square metre of deck area and deck area for the two categories of bridges studied. Best fit curves were derived from linear regression analyses of the logarithms of the variables. The coefficient of correlation for masonry bridges was −0·96 and for reinforced concrete −0·84. The geometry of only 22 bridges was available to us, but although much more data would be required before predictions could be made with certainty, the curves do provide at least a starting point for the prediction of the cost of repairs expected to exceed £10k in value. It is of interest to note that whilst the average age of the masonry bridges at the time of repair was 63 years compared with 18 years for the reinforced concrete bridges, the cost per square metre of repairing masonry bridges, since we know that each bridge in our sample underwent major repairs only once in its life, is no different from the cost for reinforced concrete bridges. This is further confirmation that maintenance costs of masonry bridges are less than for reinforced concrete bridges, a belief which led Tayside Regional Council to specify in 1987 the first masonry arch to be built in Scotland for more than 50 years.
 
 FIG. 2. Relationship between repair cost and area of deck for masonry and reinforced concrete bridges.
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 CONCLUSIONS 1. It is imperative that the movement by local authorities to record repair and maintenance costs on a consistent basis is sustained. Without good quality historical data it is impossible to justify repair and maintenance budgets or to make rational decisions about the cost effectiveness of new bridge designs or about the optimum time at which old bridges should be replaced. 2. Bridges can be categorised in a way which reduces by 60% the number of elements in the repair cost model and yet which still allows the cost of repairs to be predicted to an accuracy of about 10%. 3. The tentative relationship between repair cost and surface area of bridge deck proposed in the paper may provide the basis of an even simpler way of predicting the costs of repairs expected to exceed £10k in value. 4. Our data lend further support of the view that the repair and maintenance costs of masonry bridges are significantly less than those for reinforced concrete bridges. There is therefore good reason to thoroughly reappraise the relative merits of masonry and reinforced concrete for new bridges of small spans. 5. Much work remains to be done before the relationship between the age of a bridge and the cost of maintenance and repair can be reliably established.
 
 REFERENCES 1. HORNER, R.M.W. and ASIF, M., Economical designs using simple cost models. Proc. 4th Int. Conf. on Structural Faults and Repair, London, 1989 (in press). 2. MURRAY, M., HORNER, R.M.W. and MCLAUGHLIN, A., BRIDGET—a cost estimating suite for highway structures. J. Inst. Highways and Transportation (in press). 3. DULAIMI, M.F., Towards simple contracting and estimating procedures. MSc thesis, University of Dundee, 1986. 4. ASHWORTH, A. and SKITMORE, R.M., Accuracy in estimating. CIOB Occasional Paper No. 27, 1983.
 
 17 Bridge Operation and Maintenance Costs HANS INGVARSSON* Swedish National Road Administration, S-781 87 Borlänge, Sweden ABSTRACT Within the frame work of the Swedish Commission on Maintenance and Costs (DKU), an autonomous alliance between six city authorities, a comparison study with regard to maintenance costs has been carried out by the bridge committee of the commission. The comparison study was concerned with operation and maintenance costs, and their relation to the following parameters: — amount of de-icing salts spread out. — climatic and geographical conditions, — age and size of bridge stock, and — traffic intensity. An explicit analytical function was found which estimates the annual operation and maintenance costs probably needed with respect to the parameters mentioned above.
 
 INTRODUCTION Within the framework of the Swedish Commission on Maintenance and Costs (DKU), an autonomous alliance between six city authorities, a comparison study1 of bridge maintenance costs has been carried out by the bridge committee of the commission. Members of this committee were * Adjunct Professor at the Royal Institute of Technology, Department of Structural Engineering, S100 44 Stockholm, Sweden.
 
 Messrs J.Gustavsson (Gothenburg), I.Karlsved (Västerås), A.Malmberg (Stockholm), C.H.Silfwerbrand (Stockholm), W.Skottke (Solna) and G. Wegrell (Västerås). In order to make the cost comparison study by the committee more comprehensive, not only the street authorities of Stockholm, Gothenburg, Västerås and Solna participated in the commission but also the Swedish National Road Administration was included. The author of this paper was therefore requested to join the committee, which also acted as an
 
 Bridge management
 
 174
 
 advisory group to Ingvarsson and Westerberg2 when this state-of-the-art report on operation and maintenance of bridges was prepared. This paper comprises a brief summary of the committee report1 mentioned above and its conclusions. This report, comprising cost statistics from 1977 to 1984, was published in 1986. In this paper corresponding statistics from 1985 to 1988 are also included on behalf of the committee. RECORDED OPERATION AND MAINTENANCE COSTS In the study of bridge operation and maintenance costs,1 it was stated that the following parameters were of interest: — Total bridge deck area, D (m2). — Age of bridge stock on average, A (years). — Average number of freeze-thaw cycles per year (F). In this case F denotes the number of days during which the maximum and minimum temperatures recorded are above and below the freezing point (0°C) respectively. — Amount of de-icing salt (sodium chloride) spread out per year, S(g/m2). — Traffic intensity (T), described as total amount of vehicle-kilometres per m2 street area. — Percentage (P) of bridge deck area constructed before 1965. This year is of special interest from the Swedish point of view as previously no air-entraining agents were used and the typical bridge concrete had a water-cement ratio of about 0·6. After 1965 this ratio was normally about 0·5 and the concrete was air-entrained. Accordingly, it can be noted that the durability of the concrete with regard to freezing and thawing was significantly increased in 1965. For each city, as well as the Swedish National Road Administration (SNRA), the parameters listed above are shown in Tables 1(A) and 1(B). With these basic facts as a background the annual bridge operation and maintenance costs recorded, from the year 1977 until 1988, are shown in
 
 TABLE 1(A) Size of bridge stock and other basic facts City Solna
 
 Number of bridges
 
 Total bridge deck Age on average, Number of freeze-thaw area, D (m2) A (years) cycles per year (F)
 
 83
 
 81000
 
 18
 
 37
 
 Västerås
 
 177
 
 57000
 
 19
 
 30
 
 Gothenburg
 
 580
 
 260000
 
 20
 
 34
 
 Stockholm
 
 745
 
 677000
 
 27
 
 37
 
 11600
 
 2780000
 
 27
 
 37b
 
 a
 
 SNRA a b
 
 SNRA=Swedish National Road Administration. Average value for the whole of Sweden.
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 TABLE 1(B) Size of bridge stock and other basic facts City
 
 Amount of sodium Traffic intensity, T chloride spread out per (vehicle-kilometres per year, S (g/m2) m2 street area)
 
 Percentage of bridge deck area constructed before 1965 (P%)
 
 Solna
 
 260
 
 240
 
 9
 
 Västerås
 
 200
 
 90
 
 37
 
 Gothenburg
 
 765
 
 170
 
 22
 
 Stockholm
 
 600
 
 230
 
 40
 
 220
 
 60
 
 67
 
 a
 
 SNRA a
 
 SNRA=Swedish National Road Administration.
 
 Fig. 1. In this figure all costs are adjusted in order to correspond to the 1988 price level. DISCUSSION From Fig. 1 it is rather difficult to draw any firm conclusions concerning the maintenance costs as these vary considerably because of different circumstances. In order to solve this problem it may be convenient to define a bridge maintenance cost index as described below. The recorded operation and maintenance costs are primarily due to maintenance and repair of concrete bridge deck slabs suffering from waterproofing systems no longer being watertight. Consequently, if the
 
 FIG. 1. Annual maintenance and operation cost per m2 bridge deck area
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 (SEK/m2) for each city between 1977 and 1988 (1988 price level, 1 SEK≈0·15 US$). concrete is not air-entrained, it will be damaged by freezing and thawing. Bearing this typical deterioration mechanism in mind, the following bridge deterioration index (BDI) is proposed in (1): BDI=AFSTP/100 (1) where A, F, S, T and P are defined as described above. In Table 2 the resulting bridge deterioration index for each city as well as that of the Swedish National Road Administration (SNRA) are shown. In order to make it possible to compare this index with the recorded operation and maintenance costs the average costs (CA) valid for 1983– 87 are also shown (see Table 2 and Fig. 1). As found by DKU,1 the expected annual maintenance cost (SEK/m2 bridge deck area) can be calculated as follows: (2) This cost refers to the 1984 price level. In order to correlate it to 1988 it must be increased by 15%, obtaining the bridge maintenance cost index (3) As can be seen from Table 2, where this index is shown, the bridge
 
 TABLE 2 Bridge deterioration and maintenance cost indices City
 
 BDI (×106)
 
 (SEK/m2)
 
 CA (SEK/m2)
 
 Solna
 
 3·7
 
 28·7
 
 12·5
 
 0·44
 
 Västerås
 
 3·8
 
 30·0
 
 42·7
 
 1·42
 
 Gothenburg
 
 19·4
 
 76·3
 
 88·8
 
 1·17
 
 Stockholm
 
 55·1
 
 94·8
 
 110·6
 
 1·17
 
 8·8
 
 58·6
 
 65·7
 
 1·12
 
 SNRA
 
 BDI=Bridge deterioration index (eqn (1)). =Bridge maintenance cost index (eqn (3)). CA=Average recorded operation and maintenance cost 1983–87.
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 maintenance cost index (SEK/m2 bridge deck area) roughly represents the need for annual funding for operation and maintenance of bridges, if the recorded costs are regarded as the proper level of funding. The results obtained by DKU1 can probably be used by other local or national authorities in the financial planning of operation and maintenance of bridges in other municipalities. This can be done either by strict use of the bridge maintenance cost index or by modification thereof if the typical bridge deterioration is different from that in Sweden. If, for example, the major problem being dealt with is reinforcement corrosion, the parameter P can be defined based on a critical age or service life with respect to this phenomenon. Furthermore, the parameter F is perhaps irrelevant in this case. CONCLUSION Through the cost comparison study1 carried out by the bridge committee of the Swedish Commission on Maintenance and Costs (DKU) an explicit analytical function was found which estimates the annual operation and maintenance costs probably needed with respect to the following parameters: — total bridge deck area, — age of bridge stock on average, — average number of freeze-thaw cycles per year, — amount of de-icing salt spread out per year, and — traffic intensity. The results of this study can thus probably be used by other local or national authorities in the financial planning of operation and maintenance of bridges in other municipalities. REFERENCES 1. DKU/7, Driftkostnadsutredningens konstbyggnadsgrupp, Specialrapport Maj 1986. Kommunförbundet, Stockholm (in Swedish). 2. INGVARSSON, H. and WESTERBERG, B., Operation and maintenance of bridges and other bearing structures. Publ. No. 42 from the Swedish Transport Research Board, Stockholm, Sweden, 1985 (in English).
 
 18 Clifton Suspension Bridge: An Historic Monument that Earns its Keep DAVID MITCHELL-BAKER Howard Humphreys and Partners, Thorncroft Manor, Dorking Road, Leatherhead, Surrey KT22 8JB, UK and STUART CULLIMORE Clifton Suspension Bridge Trust, 66 Queens Square, Bristol BS1 4JB, UK ABSTRACT Completed in 1864, the Clifton Suspension Bridge now carries annually over 3·6 million vehicles at speeds not then envisaged. It is as much an important communications link as part of Bristol’s heritage. As the integrity of the design, materials and construction have become more fully understood and appreciated, the Clifton Suspension Bridge Trust have evolved a policy of, in effect, indefinite preservation. The main historic events of damage and repair are described, together with various tests and analyses which have encouraged the trust to their present policy. The origins and organisation of the trust itself are also of interest, offering a solution particularly suited to such a responsibility as this bridge.
 
 INTRODUCTION The foundation stone to a bridge designed by Isambard Kingdom Brunel was laid in 1837, almost a century after a bequest of £1000 by William Vick in 1753. It remained unfinished at Brunel’s death in 1859 and shortly after the Institution of Civil Engineers led a commercial initiative to complete it to remove ‘what was considered a slur upon the engineering talent of the country’. They appointed Hawkshaw and Barlow to design and construct a bridge on Brunel’s abutments using ironwork, bought at a favourable price, from Brunel’s footbridge across the Thames at Hungerford. The Clifton Bridge was finally opened in 1864 and was operated by a company financed by tolls. After 80 years, accrued dividends were used to redeem the shares and the bridge was vested under the 1952 Clifton Suspension Bridge Act1 in the present Clifton Suspension Bridge Trust, comprising up to 12 trustees. One trustee is appointed by each of the riparian local authorities—currently Avon County, Bristol City and Woodspring District; the remainder have to reside within 20 miles of the bridge. They bring to the direction of its affairs a wide range of responsible experience in management, commerce, engineering and public service.
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 Because of the bridge’s historic importance, its basic integrity and a growing interest in its conservation, the trust has developed a policy of indefinite preservation. The objectives of this policy may be summarised as follows. Technical Maintain the bridge to a high standard by — regular and frequent inspection, — careful protection against corrosion and rot, — protection against overload, impact and fire, — timely and careful repair and maintenance, — analysis and testing using latest techniques, and — application of experience from elsewhere.
 
 FIG. 1. Organisation of Trust. Financial Provide adequate resources to maintain and replace by — efficient toll collection, — effective financial and investment management, and — insurance against external risks. The organisation set up by the trust to achieve these objectives is shown in Fig. 1.
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 EARLY HISTORY The construction of the bridge, which skilfully incorporated the chains and saddles from the original Hungerford bridge, is well described by Barlow.2 It has been possible, without serious problems, to keep what is virtually the original structure in a serviceable condition because of the inherent soundness of the original design and construction procedures, the low stresses in most members, and the high quality and nature of the wrought iron.
 
 FIG. 2. Suspender rod connection to longitudinal girder. The only serious damage ever reported was caused by extreme wind conditions in 1877 and again 10 years later, when a total of five suspender rods failed between the turnbuckle and eye connection to the longitudinal girder (Fig. 2). The transverse timber planks on the deck were replaced in 1884, in 1897 when the deck was first surfaced with mastic asphalt and again in 1948. Some longitudinal baulks
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 were replaced at various times and the whole deck was replaced in 1958. Concern about the strength of the anchorages led to reinforcement with additional chains in the Leighwoods anchorages in 1925 and in the Clifton anchorages in 1939. Corrosion of the chain links at ground level in the days of horse-drawn transport made necessary strengthening at the land saddles in 1932. These and subsequent major works are more fully described by Mitchell-Baker and Cullimore.3 THE POST-WAR PERIOD Use during the Second World War by heavy vehicles, over the 6-t limit set under the 1861 Act, exacerbated damage to the already deteriorating deck surfacing and timbers. Continuing restrictions on labour to maintain the bridge and the shortage of replacement timber led Howard Humphreys & Sons, who had been responsible since 1910 for engineering inspections of the bridge, to place limits of t per axle and 4 t maximum vehicle load on traffic but keeping the overall distributed load of 28 t unchanged from the 1864 value. The former was based on the poor conditions of the deck timbers and was vigorously resisted by the company. It was at this stage that the present trust assumed responsibility for the bridge and ordered the major inspection which was carried out in 1953 and supported by an extensive testing programme, which has been described by Flint and Pugsley.4 Concern over the extent of corrosion of the lattice cross-girders resulted in the end lattice girders, which were the worst affected because of inaccessibility of the back face, being replaced by rolled steel joists. These lattice girders were then tested to failure in the laboratory at Bristol University, with the result that the earlier fears regarding loss of strength from corrosion were allayed. The extent of corrosion on the remaining cross-girders, which with the timber had been coated with pitch, was easily determined when they were grit blasted in 1955 by Bristol Metal Spraying Company preparatory to zinc metal spraying. The extent of corrosion was found to be less than expected and not to be significant. The trustees then considered alternatives to timber for the deck. These included the concept of an aluminium deck which would have eliminated the problem of providing a waterproof running surface on the timber deck and so remove the problem of rot and generally reduce maintenance. The resulting reduction in self-weight of the deck might have allowed an increase in the permitted vehicle weight. This was, however, rejected in favour of an improved timber deck, without increasing the permitted traffic loading. A number of important benefits have resulted from this decision—repairability by locally available building industry tradesmen has been retained and the character and original design of the bridge has not been compromised. It is believed that the damping imparted by interface friction in the heavy timber deck, by limiting vibration under dynamic loading caused by wind and traffic, reduces fatigue damage to the ironwork. A small number of longitudinal baulks and cross-planks on the Leighwoods end of the deck, thought to have been damaged by water penetrating through the mastic asphalt, were replaced in 1988. In relaying this section of the surfacing a polymer-modified mastic asphalt was used. It was considered that this material would be more resistant to the continual flexing of the deck under traffic and assist in maintaining a waterproof seal.
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 FIG. 3. Revised bolt assembly on suspender rod. Longitudinal differential movement between the chains and the deck is taken by bending of the longer suspender rods and by rotation at the upper and lower bolts of the shorter ones. The resulting wear in the bolts, rod eyes and suspender straps which led to replacement of bolts at various times had by 1970 become serious in the shorter rods. Following extensive experiments the revised arrangement, shown in Fig. 3, was adopted for fixing on the 33 shorter rods on each catenary spanning the centre of the bridge. An important, and unexpected, environmental benefit has resulted from the retention of the weight restriction. This limits traffic to private cars and light commercial vehicles, compelling heavier through traffic to use the alternative Cumberland Basin and other routes. The ‘Clifton Village’ has therefore been largely spared the effect of such traffic, a significant factor in maintaining its character.
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 OPERATION Toll collection provides an effective means of traffic control, limiting the total number of vehicles on the bridge and, with a weighbeam system identifying overweight vehicles, is a crucial factor in preserving the bridge. The automated toll collection system installed in 1975 was based on widely used car park control barrier equipment, using electromechanical coin rejector ‘slug’ mechanisms. These were very satisfactory as they could operate in exposed conditions, so avoiding unacceptable canopies near the listed structure. As electronic replaced electromechanical devices, severe operating problems developed. New coinage with recessed faces, as opposed to embossed detail, adhered to plastic chutes in the presence of even light rain. Minor dimensional variations in coins, such as between earlier silver and later cupronickel 10p pieces, led to high rejection rates and ingress of small amounts of dirt and foreign matter caused unacceptably frequent cleaning of chutes. Festoon lighting has illuminated the bridge for many years. Originally used only for festive occasions, it is now provided every evening as a contribution to local civic amenities. The life of the tungsten robust filament lamps used in a horizontal position and subjected to vibration in these exposed conditions is well below the rated value. The labour costs for replacing lamps, particularly in positions in the upper parts of the structure, is high and forms a significant part of the overall maintenance labour costs. In recent years there has been a considerable investment in new equipment to improve safety and increase efficiency of maintenance operations. This has included two demountable cradles to traverse the chains and these and the cradle for underbridge inspection are now electrically driven. Steel cables on each chain for use with a running harness now greatly improve safety for those inspecting and painting the chains. Gantries and cradles for work on faces of towers and abutments have been improved for safety of operatives and the structure. Improvements in access arrangements to the anchorage chambers are in progress. TESTING AND ANALYSIS The consulting engineers, in advising the trustees on major repairs and maintenance, have been able to base their recommendations on extensive programmes of testing and analysis commissioned by the Trust. The first of these, reported by Flint and Pugsley,4 comprising the load testing of the bridge deck together with tests to destruction of two cross-girders removed from the bridge, followed the major survey of the bridge in 1953. It yielded information about the structural action of the superstructure which confirmed the interim weight limit and was useful in designing fixings for the new timber deck. A thorough investigation of the foundations of the masonry abutment on the Leighwoods side was ordered in 1969 as a precautionary measure because of reported ‘slips’ in other parts of the Avon Gorge and of the geological conditions which were known to exist in the area. Such possible risks as were found to exist were extremely small and considered to be negligible.
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 An appraisal of the risk of fatigue failure, initiated in 1972, was later extended to examine susceptibility to brittle fracture and, subsequently, to the propagation of existing cracks by fatigue. The work, extending over some 12 years, is described by Cullimore and Mason.5 It included strain and deflection measurements on the bridge under controlled loading, laboratory testing of specimens and of full-size replicas of elements of the structure and a fracture mechanics-based research programme supported by the Science and Engineering Research Council. The most fatigue-sensitive element of the structure was found to be the eye of the chain link joined to the tower saddle and regular inspection of this area by fibre-optic endoscope was instituted. It was concluded that there was a satisfactory margin of safety against fatigue crack initiation in the chain eye and a negligible risk of the propagation of a pre-existing crack. In reaching this conclusion account was taken of the compressive residual stresses resulting from the initial proof loadings of each chain link to over thrice its design load and, after construction, by 500 t of stone distributed over the deck. Encouraged by these results, and bearing in mind the increasing pressure of conservation interests, the Trust has adopted the policy based, in effect, on achieving indefinite preservation described above.
 
 FIG. 4. Vehicle crossings 1976–88. The traffic over the last 13 years, during which the toll equipment has permitted accurate records to be kept, is shown in Fig. 4 and reflects the growth in size and population of the local catchment areas and of vehicle use generally. The drop in 1981 coincides with the opening of the Avonmouth Bridge on the M5 to the west of Clifton. Prior to this the trend was upward, the peaks corresponding to periods when the A4 portway was closed for remedial works necessitated by rock falls in the Avon Gorge. There were 3·7 million crossings in 1988, up 7% on 1987 and up 12% on 1986.
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 These increases, and particularly the peak hour throughputs, now over 1200 vehicles in one lane, have causes the trustees to examine the adequacy of the traffic control in these conditions. Consequently Howard Humphreys have undertaken a large deflection analysis of the bridge using the LUSAS finite element program. This method of modelling the behaviour of the structure gives a better assessment of the actions in its component elements than was previously possible. This is confirmed by the comparisons (Table 1) with Flint and Pugsley’s 1953/54 measurements. It is noted that the linearised deflection theory calculations, which although not as close, still give reasonable values. Having obtained a satisfactory calibration of the model with isolated loads, the most severe lengths of distributed live load have been identified and a quasi 3D analysis has been adapted to model the more heavily loaded of the two chain/girder systems under eccentric loading. All analyses are being carried out with total working loads and their effects will be assessed against the strength, rotation and deflection capacities of the relevant components of the structure.
 
 TABLE 1 Comparison of measured and calculated deflections Location of symmetrical load
 
 Deflection measured at
 
 Deflection in main girders caused by vehicle (mm) Large deflection analysis
 
 Flint and Pugsley 1953/54 Measured
 
 Calculated
 
 81
 
 84
 
 78
 
 span
 
 span
 
 span
 
 span
 
 55
 
 55
 
 62
 
 mid-span
 
 mid-span
 
 58
 
 66
 
 54
 
 CONCLUSIONS Because of its splendid setting and its historical associations with Brunel the Clifton Suspension Bridge has become an object of local pride and national interest. It is a tourist attraction and a symbol for the promotion of Bristol commerce. Its importance as a working element of Bristol’s communication system is confirmed by the large and steadily increasing usage. For these reasons it is incumbent on the trustees to keep the structure fully functional and, as far as possible, in its as-built condition. Therefore in repairing or replacing a component its form is retained and the original material used whenever possible. Structural quality wrought iron is no longer obtainable and mild steel is used instead. Similarly, in repairing a joint, bolts might have to replace rivets but arc welding would not be used. In the event of major structural damage, making the bridge unserviceable, it is considered that conservation interests would strongly favour the replacement of the bridge in its present form. Consequently the trustees have insured the bridge against
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 accidental damage in a sum which would provide for building a replica using modern materials. The trustees are able to practise such policies because they have financial autonomy and, unlike a public authority, they lack competing demands on their resources. Income is buoyant and capital reserves, although insufficient to build a new bridge—a duty laid on the original trustees—are adequate to provide a very high standard of maintenance and to carry out major repairs. The prestige of this part of the local and national heritage attracts as trustees persons who are able to bring to its affairs a high level of relevant expertise and, being locally resident, are inescapably accountable for the engineering and environmental effects of their decisions. Over the years therefore an active and responsive organisation has evolved to manage and maintain this unique civil engineering structure, providing an interesting example of how an important, useful and historic structure, taken out of direct public control, may be effectively maintained for public benefit and in the public’s interest. ACKNOWLEDGEMENTS The authors wish to thank the trustees of the Clifton Suspension Bridge for allowing them access to the Trust’s records and Howard Humphreys and Partners for assistance in preparing the paper. The views expressed in the paper are wholly those of the authors. REFERENCES 1. Clifton Suspension Bridge Act 1952. 2. BARLOW, W.H., Description of Clifton Suspension Bridge. Mins Proc. Instn Civ. Engrs, 26 (1867) 243–57. 3. MITCHELL-BAKER, D. and CULLIMORE, M.S.G., Operation and maintenance of the Clifton Suspension Bridge. Proc. Instn Civ. Engrs, Part 1, 84 (April 1988) 291–308. 4. FLINT, A.R. and PUGSLEY, A.G., Some experiments on Clifton Suspension Bridge. Correlation between calculated and observed stresses and displacements in structures. Institution of Civil Engineers, London, 1955, Preliminary Vol., pp. 124–34. 5. CULLIMORE, M.S.G. and MASON, P.J., Fatigue and fracture investigation carried out on Clifton Suspension Bridge. Proc. Instn Civ. Engrs, Part 1, 84 (April 1988) 309–29.
 
 19 A Systematic Approach to Future Maintenance A.VAN DER TOORN and A.W.F.REIJ Department for Structural Research, Ministerie van Verkeen en Waterstaat, Rijkswaterstaat, PO Box 20.000, 3502LA Utrecht, The Netherlands ABSTRACT If bridge management is the art of ensuring a good connection between two opposite sides, the technical aspects are just a small (but essential) part. One of these technical aspects is the prediction of the future behaviour of the structure in the light of ageing mechanisms, and a second related aspect is how to react to this in the form of preventive or corrective maintenance measures. This paper deals with models which take into account the ageing of the structure, the possible consequences of failure and the maintenance required to return the bridge back to an acceptable condition.
 
 INTRODUCTION Up until 10 years ago the maintenance of civil engineering structures was a low-profile requirement based on experience without any theoretical background and executed by technician engineers working with small financial budgets. Forced by the fast-growing number of structures which have fundamental and costly maintenance problems, nowadays there is a strong push to upgrade our knowledge about maintenance or, even broader, to have a good overall bridge management system in which all relevant factors are presented and can be weighted to assist in taking the right decisions. In Holland the Rijkswaterstaat (State Public Works) is responsible for the maintenance of about 4000 structures that vary from simple viaducts to huge infrastructural works like tunnels, bridges across the River Rhine and storm surge barriers along the North Sea. All these structures together represent a replacement value of about 10 billion US$. Assuming a maintenance budget of about 1% of the original cost, the future maintenance budget will be of the order of 100 million US$. With the aid of a good bridge management system this amount of money will be spent rationally, so that short-term economies do not give long-term problems.
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 BRIDGE MANAGEMENT In general, bridge management should contain the following basic topics: 1. Registration and description of the individual structures. 2. Initial determination of their actual condition. 3. Judgement of (some) structures in terms of safety, etc. 4. Prediction of their future behaviour resulting from ageing. 5. Definition of specific maintenance strategies. 6. Allocation of the (limited) budget to specific structures. 7. Execution of these strategies with adequate men and means. 8. Registration and evaluation of findings. 9. Back coupling with maintenance strategies and design. 10. Scenarios for the replacement of structures for economical, technical or other reasons (increased traffic, new demands). Although for the management of 4000 structures each of these ten topics is a problem in itself, in this paper particular attention will be given to points 4 and 5. MAINTENANCE MODELS Maintenance models are intended to predict the time and scope of future maintenance actions such as inspection, repair or replacement. In the first instance these actions follow from an historically based maintenance strategy, but later these models give the opportunity to come up with a more or less optimised maintenance strategy. Maintenance models need the following structure-related inputs: 1. A characterisation of the actual condition. 2. A prediction of future behaviour. 3. An estimation of maintenance-related costs such as inspection, repair, replacement, loss of production and damage. With the help of maintenance models the life cycle cost for a (historically) given maintenance strategy can be determined.
 
 FIG. 1. Qualitative decision tree for maintenance strategies. The right choice of maintenance strategy (see Fig. 1) and, within that strategy, the right adjustment of steering variables (inspection intervals, action boundaries, cluster size and time of replacement) make it possible to optimise the strategy by minimising the cost.
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 Depending on the period of use, the cost can be expressed as cost in a fixed period of time, per life cycle, per unit of time or as ‘market value’. Sometimes decisions about the maintenance strategy are not based on a pure economical weighting but also on external demands such as a minimum serviceability level, regulations, aesthetics, etc. So far on this global level all maintenance models are the same, but as soon as one is predicted for specific categories of structure the models diverge. A basic difference occurs between the civil technical and electromechanical parts of the bridge structure. Civil technical parts are long-term (50–100 years), usually complete elements, and their lifetime can only be estimated if the underlying ageing mechanism is known and described parametrically. Electromechanical parts have a medium life span (10–50 years) and are more or less standard components with a known rate of failure but without a precise or measurable underlying ageing mechanism. So the future behaviour of these two categories of construction are organised differently in the maintenance models (see Fig. 2). For both types of component (civil technical and electromechanical) there
 
 FIG. 2. Ageing of civil and electromechanical parts. are now computer models which give the life cycle cost for a single ageing element which has only one renewal maintenance action (see Appendix). Although sometimes the degeneration of a structure can be simplified to that level (by considering only dominant mechanisms), most of the practical situations are more complicated: 1. There are more different elements in one structure. 2. There is more than one ageing mechanism working. 3. The ageing mechanism is not directly affecting the function of the element but has two stages. 4. Malfunctioning of an element does not always lead to malfunctioning of the system as a whole because of redundancy. 5. There is more than one repair action possible, varying from a limited local repair to total replacement of the element or structure.
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 When there are more ageing elements in a structure, the maintenance strategy for the structure as a whole will normally differ from the sum of the individual maintenance strategies. On the one hand, inspection and repair actions clustered together will give lower cost (less mobilisation cost, less production loss, etc.), but alternatively individual elements are not always optimally maintained. In many civil technical structures the load-bearing construction is protected against the aggressive environment by some form of protection layer. For example, coatings on a steel structure, the concrete cover on the reinforcement and the asphalt wearing layer on a bridge deck provide protection. The necessity of maintenance in the first stage of ageing is not because of the threat of production loss or the cost of damage but for prevention of extra maintenance cost in the next stage. Although for a single element an optimal repair cycle can be found, the way in which an individual element which is part of a system is maintained depends on the redundancy, the condition of the accompanying elements and the savings that can be achieved by joint action. To find the real optimum is very difficult. APPLICATION To check the validity of maintenance models and assess their shortcomings, an attempt was undertaken to apply the models on a 25-year-old steel bridge crossing the River Rhine (see Fig. 3). First of all, an analysis was undertaken considering the present maintenance costs. After a considerable amount of work the cumulative
 
 FIG. 3. Bridge used for maintenance analyses. maintenance level seemed to be between 1% and 2% of the initial cost of the structure (see Fig. 4). A second analysis was done of the different ageing mechanisms relative to the amount of money spent to maintain the structure. In the top 12 maintenance categories, the repainting of the bridge was first, followed by repair of the wooden deck adjacent to the movable part of the bridge. The third highest category was replacement of the expansion joints. If the use of maintenance models can reduce cost, it is clear that the most benefit can be expected for the highest absolute contribution to the total maintenance cost. It was therefore decided to first model the painting of the bridge.
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 Ageing Mechanism Considering a small area of the bridge structure, the ageing mechanism consists of two stages. First, the degeneration of the paint layer occurs without further consequences for the functioning of the bridge. Secondly, the corrosion of the underlying steel structure results, which leads to a decrease in structural safety. Considering the total bridge structure, elements with different degradation velocity can be distinguished. There are three main parts with their own paint system: 1. The carriageway (Total bridge area 80000 m2.) 2. The arches (Total bridge area 80000 m2.) 3. The basculing bridge (Total bridge area m2.) Within the main parts degradation differences are caused by: sharp edges and bolt nuts have minimal layer thickness; vertical web plates can easily
 
 FIG. 4. Development of the maintenance cost.
 
 FIG. 5. Elements with different degradation velocity. dry; horizontal plates can accumulate (salt)water; welded joints have less suture, etc. (see Fig. 5). Actual Condition Although there are some techniques for measuring the initial condition (layer thickness, etc.), in practice the condition or damage parameters in the second stage are used, namely the percentage of corroded area and if needed the loss of material in a cross-section.
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 Maintenance-related Cost The cost related to the painting of the bridge consists of the cost of scaffolding, inspection, (blast) cleaning if a certain degradation is detected, cost of environmental measures, the paint itself, application, the processing of the waste and the replacement of steel parts if considerable degradation is detected. Maintenance Model Because of the number of different elements and the different but correlated ageing mechanisms considered, the maintenance model used here was based on Monte Carlo simulation. Inspection of the condition (corrosion percentage and loss of steel) could take place after a ‘certain’ period of time. Local painting was prescribed if inspection of an element gives a ‘certain’ percentage of corrosion, and total painting was prescribed if the group of elements which needed painting exceeded a ‘certain’ level. Replacement of heavily corroded construction parts took place if a ‘certain’ safety level was exceeded. By varying the ‘certain’ values of the steering variables in the Monte Carlo simulation a few optimal strategies were selected (see Fig. 6). For the first strategy the aim is to prevent the high cost of (blast) cleaning and cost of other measures by means of frequent inspection and considerable local intermittent painting.
 
 FIG. 6. Total maintenance cost versus inspection period. The second strategy is directed at prevention of the replacement of steel parts by means of low cycle inspections coupled with the total painting of the bridge, including blast cleaning, etc. Although the second strategy is somewhat better, there is only a small difference between the schemes. The cumulative effect of steel loss during the lifetime of 100 years is not critical.
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 CONCLUSIONS 1. Modelling of maintenance procedures to optimise a maintenance strategy for a given structure is possible out still needs to be extended when there are more elements and ageing mechanisms. 2. Maintenance models force decisions to be made which were not previously considered by inspectors. 3. Maintenance models require condition parameters as input data which demand good measuring instruments and protocols. 4. Maintenance models demand the consideration of maintenance alternatives and require consideration of their price and period of effectiveness. 5. Maintenance models allow consideration of the consequences of bad maintenance, or alternatively ‘doing nothing’.
 
 APPENDIX: MAINTENANCE MODELS On the basis of a knowledge of the undisturbed future behaviour of an element in a structure (input by means of ageing mechanisms or failure
 
 FIG. A1 rates), these models account for the probability of failure and rejection within certain time intervals, depending on the maintenance strategy. Failure-based maintenance E(c)=(Cv+Cs)/tL where tL=tmean Use-based maintenance E(c)=(Cv+Cs×Pf)/tL where Pf=∑pf(i) for i=0→t0
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 and tL=∑{pf(i)×i}+{1−∑pf(i)}×t0≈t0 Condition-based maintenance E(c)=(Cv+n×Ci+Cs×Pf)/tL where tL=∑{pa(i)+pf(i)}×i for i=0→∞ in which Cv=the cost of repair or replacement of the construction (part), Ci=the cost of an inspection, Cs=the cost of damage (direct or indirect), E(c)=the cost assessment parameter, pf(i)=the probability of failure in the ith interval, pa(i)=the probability of rejection in the ith interval, tL=the expected value of the lifetime, tmean=the lifetime in case of mean ageing, t0=the previously determined moment of maintenance, and n=the number of inspections during the lifetime.
 
 20 Management of Bridgeworks Maintenance in the UK N.J.SMITH Project Management Group, Department of Civil and Structural Engineering, University of Manchester Institute of Science and Technology, PO Box 88, Manchester M6O 1QD, UK ABSTRACT This paper reviews current methods of managing the process of bridgeworks maintenance in the UK at a time when there is a national movement in the allocation of construction funds away from new works towards maintenance. Bridgeworks maintenance has been the subject of particular attention in recent years with the combined effects of increased deterioration in recent concrete structures and the recent increases in the permissible loadings for highway vehicles. These demands outstrip the available budget and hence many owners of bridgeworks stock have adopted formal bridge management systems and cooperated in research programmes.
 
 INTRODUCTION Bridges form a key part of the infrastructure of the United Kingdom (UK), which facilitates the movement of people, goods and services vital to the national economy. The total UK bridgeworks stock, probably one of the most diverse bridge stocks in the world, is estimated to be about 150000, of which about 8900 are the responsibility of the Department of Transport (DTp)1 and 129000 the responsibility of the local authorities. In general terms, the stock consists of about 70000 masonry and brick arch and culvert structures, mostly constructed prior to 1922, and about 60000 concrete and 25000 metal bridges, largely constructed post-1922. Over 90% of the bridgeworks stock consists of small bridges with a span of less than 10 m, although due to the motorway and trunk road networks the majority of the major structures are within the DTp stock. The major bridges tend to have more serious maintenance problems and in terms of percentage of initial capital cost require higher maintenance expenditure.2 Bridges have traditionally been designed to operate for long periods of time without requiring major maintenance, indeed the current design life for concrete and steel road bridges is 120 years.3 However, bridges which were constructed before 1922, and several which were constructed shortly afterwards, were not designed to standards which would be acceptable today. These older structures are now subjected to much greater loadings
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 than could have been envisaged at the time of their design. In addition, they are subjected to the same problems as all other bridges, for example poor workmanship, poor materials and accidental damage, which accelerate the need for maintenance work. The design of bridges is a process of development and new structural forms, new materials, new codes of practice and new methods of maintenance all influence the final structure. Consequently the bridge stock contains many structures which would not be constructed in a similar way today, and which are disproportionately expensive to maintain using current techniques. Many of these structures are unique and some are listed buildings, hence the materials, working procedures and workforce skills required to undertake maintenance are specialised and costly. Indeed the cost of reconstruction has been shown to exceed the cost of initial construction by a factor of between 1·5 and 8·0.4 Further to these existing maintenance problems, the decision to permit by 1999 increased maximum vehicle loading in line with other European countries5 has caused new problems. In 1987 the DTp announced a programme of strengthening works for the 38-t vehicle lasting 15 years and costing £2000 m. It is estimated that the increase from 38 t to 40 t would cost an additional £100 m for DTp trunk roads and £600 m for local authority roads. Although the total vehicle weight has been the subject of political attention, it is the axle weight that is important for bridge loading. Therefore the existing 30·5-t four-axle vehicle provided a maximum axle loading of 10·5 t and more recently a partially loaded 38-t vehicle would provide an axle load of 11·5 t, which exceeds the axle loading for the 40-t vehicle and causes the maximum load case for short span structures. Research work into the causes of deterioration and alternative methods of physical repair has been undertaken by academia and the industry for many years. In 1981 the OECD Report6 divided bridgeworks maintenance into the objectives of safety, serviceability and economy. For public safety it is estimated that in the UK the chances of a fatality due to a bridge failure are 1 in 10000000. Serviceability is defined as the optimal amenity for traffic with minimal interference and the economy consideration is a measure of financial decision of the trade-off between an existing structure with high maintenance costs and the capital cost but predicted low maintenance costs of a new structure. The Maunsell Report published in 19897 was the most recent attempt to try to determine the causes and the extent of the deterioration of the concrete bridgeworks stock. This report investigated some 200 concrete bridges, many of which were less than 25 years old, demonstrating considerable deterioration due to chloride attack, alkali-silica reaction and carbonation. However, the increasing pressures on maintenance budgets and the new requirements have concentrated current research on the investigation of the management of the maintenance of the bridge stock. EXISTING SITUATION A bridgeworks maintenance programme has to meet certain objectives, one of the most important being the statutory requirements for public safety. This has to be achieved by making the most effective use of limited resources, by efficient planning and selection of priorities, and by using the most appropriate contract strategy, and all within strict budgetary constraints.
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 Bridgeworks maintenance can be defined as ensuring the safe, unrestricted passage of people, animals and vehicles as specified in the construction and use regulations without limitations.8 The work is a combination of planned maintenance, refurbishment, replacement and the repair of accidental damage. The first three items are regarded as traditional bridgeworks maintenance and would usually be funded from the annual budget. However, the last item is often regarded as a special case, sometimes requiring immediate action, and therefore special funding arrangements usually exist for these cases. The expenditure on bridgeworks maintenance can be divided into costs for structural elements, physical access elements and elements associated with continued usage of the bridge during maintenance. The structural elements are not always easy to quantify precisely as many abutments form part of large retaining walls and substructure foundation works may not be immediately adjacent to the structure. Access to the bridge is often a major item of expenditure and sometimes inspections have been combined with routine maintenance work. OECD indicate that the maintenance costs should be of the order of 3% of the asset value whereas recent UK local authority bridgeworks maintenance budgets have been about 0·3%,1 however these figures are too global to be of much value for assessing the maintenance cost of a particular bridgeworks stock. Maintenance work could be regarded as the action taken to prolong the useful life of a bridge at a minimum cost with least interference to its operational function. This approach contains contradictory aims as the minimum cost of maintenance is often only achievable if the bridge is closed. Frequently the cost of diversions of pedestrians and vehicles exceeds the cost of the physical bridge repair. The expertise in the management of the maintenance process is in deciding upon cost-effective minimum works which permit the bridge to be used without restrictions. It appears that the rate of deterioration of bridges is not standard or uniform. Although there are few published data to justify this statement, there are many examples of arch bridges over 200 years old in good condition whilst some bridges less than 25 years old require extensive refurbishment or replacement.9 It is suspected that the relatively old and relatively new bridges account for a higher proportion of the maintenance budget than would be expected. In the case of the older bridges, particularly pre-1922, this could be due to poor materials, but the introduction of the DTp’s new loading code means that all 70000 of the pre-1922 masonry and brick arch bridges and culverts, and about 30% of the 15000 pre1922 metal bridges, require attention or loading restrictions.10 The more recent bridges, post-1960, were constructed at a time when the specification had been revised and alternative bids were allowed. This system, used in conjunction with tendering procedures which concentrated on one parameter, the minimum capital cost, may have affected durability adversely. Additionally, more sophisticated designs were being produced with novel uses of prestressed concrete, leading to minimum weight and hence low priced bridge decks but with a tendency for high maintenance costs if problems should arise.11 The implication of these factors is that more attention should be given to the consideration of the life cycle cost of the bridge. A bridge which is easily and costeffectively maintained is not likely to be the bridge with the lowest capital cost at tender stage. This raises the question as to whether or not the cost of maintenance should be treated as capital or revenue expenditure.
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 MANAGEMENT STRATEGY Traditionally maintenance has been regarded as an ‘after-the-fact’ activity and was something done in response to an unacceptable condition arising. However, the life cycle costing approach includes the total management of the maintenance process, consisting of maintenance planning, design maintenance considerations, maintenance in construction and maintenance in operation.12 For new structures it is possible to consider the complete cycle, but for the existing bridgeworks stock only maintenance in operation can be implemented. The fundamental requirement for the management of the maintenance in the operation stage is relevant base data. These data are largely obtained from visual general and principal inspections, and it is the frequency of these inspections and hence the cost of collecting the data, and the reliability and accessibility of the data, which influence the effectiveness of the management process. There are a number of existing computer-based maintenance databases operated by the DTp and several local authorities and consultants,13 however it should be noted that a database records the data available at the time of inspection or works and cannot be completely up to date. There are also several computer-based maintenance management systems for bridgeworks;14 these mainly originated in the United States but are being adopted in the EC countries in increasing numbers. These systems provide instant access to bridge data to monitor rates of deterioration, or assess damage, or consider the maintenance spend profile on a structure over time to assist in the decision-making process and also to facilitate feedback to develop the database as work progresses. On the basis of the bridge record data one of the key management decisions is to determine the level of intervention, which can be described as the appropriate time for particular types of maintenance work: repair, refurbishment or replacement. This aspect is the central problem for management and illustrates the difficulties of decision making under conflicting constraints. The decisions are influenced by the quality of data available, by the experience and expertise of the staff of the maintenance section, and by the importance of the route using the bridge. The budget will not allow all the works identified to be treated at the same time and hence the expenditure has to be made in such a way as to produce the ‘outcome of least regret’. The importance of knowledgeable staff should be emphasised because in order to save money on site and use the budget efficiently the expertise must be available. Apparently similar problems may occur on two bridges. The decision has to be made as to which can be patched and which requires major work. This decision should reflect not only which structure is a priority due to structural safety considerations but also if a temporary repair is carried out whether the structure is likely to deteriorate rapidly, incurring excessive maintenance costs in future years. The cost of employing qualified engineers is relatively small compared with the magnitude of the cost savings in maintenance work which can be achieved through good pre-planning and assessment of the works. The interrelationship between the available budget and priority spending, the age and type of the bridgeworks stock, statutory requirements and the vehicular flows using the bridges is not well defined. Detailed planning is difficult as, particularly on the older bridges, the full extent of the maintenance works required may not become known until the work has started on site. Problems can also occur on some of the minor elements of
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 the structure, which whilst not serious for the structural safety of the bridge can block or obstruct footpaths or highways, thus necessitating immediate action. These types of uncertainty mean that management has to be flexible in the scheduling of routine maintenance work and will need additional funding from time to time. IMPLICATIONS FOR NEW BRIDGES Maintenance procedures have significant implications for the design of new works, design being considered in its widest sense, incorporating feasibility, technical assessment and detailing. There are two main areas of interest: first, design which prolongs the life of the bridge and prevents deterioration, and secondly, design features which make routine inspections and routine maintenance, such as replacing bridge bearings, simple and low cost operations. The main conceptual design is usually well prepared and considers the 120-year design life, however it is in poor detailing, usually carried out by junior engineers, that the source of future maintenance problems can be found. A particular problem in recent years has been adequate drainage and waterproofing of decks, a problem which becomes more serious in box beam bridges.15 The cost of including features in a bridge design to facilitate maintenance are small if these requirements are identified early in the design process. Many of the larger bridges have included access ways, lighting, water and other services in the original designs.16 Recent sophisticated structural designs, frequently using new materials, have been successful in reducing the initial capital cost of the bridge but are now seen to be absorbing a disproportionate amount of the repair and maintenance budget, and causing problems in the operation of the facilities. Two factors may be of significance: first, there has been a trend to separate the bridge design from bridge maintenance, with different firms being responsible for each phase. This has the disadvantages of a lack of feedback to the designers of the maintenance performance and of a lack of maintenance considerations during the construction on site phase. CURRENT RESEARCH The increasing problems of the management of bridgeworks maintenance and strengthening programmes required for the 40-t vehicle are reflected in the growing investment into research in this area. A major study is being carried out by UMIST funded by the Repair, Operations and Maintenance Programme of the Science and Engineering Research Council. The research work at UMIST is concerned with the management of the maintenance process for bridgeworks and gives particular attention to information from a specific subdivision of this sector, the bridge maintenance sections of Sheffield City Council and Manchester City Council. The research will commence in 1989 and is due for completion in 1991. The principal objectives of the work involve four main areas of interest, which are described below:
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 (a) To investigate the existing management procedures, particularly the organisation, planning and priority, contract strategy and legal requirements associated with bridgeworks. (b) To examine the criteria used in the decision-making process to determine the level of intervention, which can be described as the appropriate time for particular types of maintenance work: repair, refurbishment or replacement. (c) To study maintenance budgets, the cost breakdown of maintenance work into structural elements, physical access elements and elements associated with continued usage of the bridge during maintenance. The specific problem of mechanisms for the funding of emergency maintenance work would also be included. (d) To consider methods of assessing potential maintenance requirements in both the technical appraisal of a design of new works and in the evaluation of contract tender bids for new works.
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 21 Crack Bridging by Surface Treatments to Concrete J.G.KEER and B.H.LE PAGE Department of Civil Engineering, University of Surrey, Guildford, Surrey GU2 5XH, UK ABSTRACT Cracks offer an easy path for the ingress of water and chlorides into concrete. In certain situations on bridge structures, coatings which are capable of bridging over cracks and maintaining a continuous film are desirable. Although the relationship between crack width and corrosion has been the subject of debate, it is argued that a crack-bridging coating is preferable in critical situations. Current tests in the UK which can be used to assess crack-bridging ability are reviewed. West German tests and specifications are also summarised and form a good basis for the development of better UK test methods and specifications for crack bridging. The need for further work on the effect of cracks on hydrophobic surface treatments is highlighted.
 
 INTRODUCTION Surface treatments are applied to a concrete structure to improve its appearance or to protect the structure from potentially aggressive agents. In the latter case, past emphasis has perhaps been on the protection of concrete against chemical attack when concrete is used in non-typical, rather special situations.1,2 In recent years, however, attention has focused on the application of surface treatments to improve the performance of concrete structures in typical environments which form common uses of concrete. The principal objective has been to reduce the occurrence of reinforcement corrosion and associated damage. In bridges, the depth of cover and concrete quality is normally sufficient to eliminate problems due to carbonation, although corrosion initiated by carbonation has been observed.3 The main corrosion problem in concrete bridge structures results from the ingress of deicing salt solutions. The distinction in the source of the problem is important, because some treatments may be effective only as anti-carbonation coatings, others only as anti-water/chloride treatments. There are two principal types of treatment. Coatings/sealers rely upon the formation of a pinhole-free film of finite thickness over the concrete surface, which can act as a barrier to the diffusion into concrete of CO2 and/or solutions. Those materials described as
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 sealers claim some penetration into the pores of the concrete. Coatings would normally have a dry film thickness of 150–500 µm, although thicker ‘high-build’ coatings are also used. Pore-lining treatments are hydrophobic materials which line surface pores of the concrete and repel moisture. The most widely used materials are commonly called silanes, a term which embraces monomeric silane and oligomeric siloxane formulations. Whilst among coating materials both anti-carbonation and anti-water/chloride treatments can be found, the pore-lining materials are not effective as anti-carbonation coatings, only for keeping water/chloride out. Preventing carbonation and water/chloride ingress is clearly beneficial for the durability of concrete bridge structures. Keeping concrete in a dryish state is also beneficial in restricting ASR and freeze-thaw damage. Equally clearly, cracks which cause breaks in coatings or which locally reduce water repellency of the surface become paths for the ingress of moisture and
 
 TABLE 1 Parameters affecting coating selection4 Protection
 
 Durability
 
 Diffusion of CO2, chloride, O2, sulphate
 
 Proven use on concrete
 
 Acid resistance
 
 Ability to span over passive cracks
 
 Water vapour permeability
 
 Ability to seal live cracks
 
 Water permeability
 
 Durability under strong UV, rain/wind condensation, temperature and immersion cycles, freeze/thaw, salt crystallisation
 
 Case histories
 
 Application
 
 Cost
 
 Tolerance to surface preparation, moisture on application and during cure
 
 Special application needs
 
 Resistant to alkaline conditions
 
 Ease of recoating
 
 Relative cost/benefit at applied thickness Maintenance period
 
 Ease of application, toxicity, flammability
 
 potentially destructive agents. A crack-bridging ability is therefore among the many parameters influencing coating selection in Table 1 suggested by Browne.4 It is, however, worth reviewing the role of cracks in corrosion of reinforcement and concrete deterioration to establish the necessity of crack-bridging ability. Crack bridging is a term generally applied to coatings when the film spans across a crack, but the term is used here to include the ability of hydrophobic treatments to repel water from penetrating down cracks.
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 THE NEED FOR CRACK BRIDGING The role of cracks in the corrosion of reinforcement has been debated for many years. Beeby has argued that the checks carried out on crack width intended to control corrosion are based on ‘no sound foundation of data relating crack width to corrosion’.5 While crack width may have an effect on the time it takes for the depassivating agents (CO2 or chlorides) to reach the steel, once corrosion has started, the rate of corrosion is not very sensitive to crack width. If the difference in time to initiation of corrosion between cracked and uncracked concrete is small compared to the design life of the concrete, crack width can have an insignificant role in corrosion damage. The reason why the role of corrosion may not be sensitive to crack width is that the corrosion process may be controlled by the cathodic reaction requiring the diffusion of oxygen and water to steel in sound concrete and by the electrical resistance of the path between cathode and anode. In this respect treatments which are non-crack bridging may nonetheless be beneficial in restricting oxygen and moisture penetration between cracks. Another point in the argument about the influence of crack width is that the crack widths referred to are surface crack widths. Crack widths decrease toward the bar surface and the width at the bar surface can be considerably less than at the external concrete surface. The argument above applies to cracks running perpendicular to the reinforcing bar and is about the influence of crack width, not of the presence of cracks. Thus crack-bridging coatings which negate the presence of cracks, irrespective of width, are likely to be beneficial, particularly if the protection is such that the initiation period is significantly extended beyond the design life of the structure. Also, as Table 1 suggests, a continuous film will enhance the durability of the film itself, preventing peeling at the edges, such that the vital role of the coating between cracks is maintained. For cracks parallel to reinforcing bars, both anodic and cathodic regions may be more easily accessible and such cracks are potentially very dangerous.6 It may be true again, however, that the danger is not very sensitive to crack width (e.g. whether the crack is 0·1 or 0·3 mm wide), merely to whether a crack is present or not. It is worth remembering that a loading crack perpendicular to one reinforcing bar is likely to run along another. Also cracks resulting from plastic shrinkage and settlement may follow the lines of reinforcement. If it is then beneficial to use surface treatments which are capable of crack bridging, the engineer must be able to relate his requirements for crack bridging in practice to the results of laboratory tests which effectively assess crack-bridging ability. TEST METHODS FOR CRACK BRIDGING OF COATINGS The crack-bridging ability of a coating is principally related to the extensional characteristics of the coating material, the film thickness and the adhesion to the substrate, all of which may change with ageing. While these parameters can be measured independently (for example the extensibility of a free film of coating can be assessed using ASTM D23707), their complex interaction means that tests modelling films bridging cracks in mortar/ concrete substrates are essential. Tests can be broadly divided into three types: static tests which measure the crack width at which coatings ‘fail’;
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 dynamic tests which subject the coating to cycles of measured crack movement; compliance pass/fail tests where the crack widths at failure are not explicitly measured. UK Tests 8
 
 In a test developed at BRE, a coating is laid on a mortar block with a weak section at its centre (Fig. 1). The block is slowly extended until a crack forms, and is controlled so that the initial crack width does not exceed
 
 FIG. 1. BRE crack-bridging test.8 0·02 mm. The extension is then continued until the film cracks or small splits develop. The crack width at failure is recorded. This approach has been used by the British Board of Agrement to assess masonry paints for extensibility, although MOAT No. 339 refers only to specimens of the coating on aluminium strips which are extended in a tensile testing machine such as an Instron. The coating is examined microscopically for signs of failure. By either method extensibility is determined on unaged and artificially weathered specimens. A styrene acrylate copolymer textured coating breaks at a crack width of 1·0 mm when tested in the unweathered condition in the BRE test. The crack width at coating failure is reduced to 0·5 mm after a period of artificial weathering. In MOAT No. 24,10 for plastic renderings drawn up by a body including the British Board of Agrement, the test piece substrate comprises three fibre cement segments carefully aligned and clamped so that the substrate has two ‘cracks’ less than 0·1 mm wide. After application and curing of the coating, the clamp is removed and the cracks are widened by the introduction of a wedge between the segments. The crack width at failure of the coating is recorded. A laboratory test was developed by TRRL to assess the resistance of waterproofing membranes for concrete bridge decks to substrate cracking.11 The membrane is laid on a small reinforced slab, which is then loaded to produce cracking (Fig. 2). Loading is increased to widen the crack width, with pauses of 30 min at crack widths of 0·25 and
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 0·60 mm to allow for delayed fracture and at other stages where there were indications that fracture of the material was commencing or developing. Three test temperatures, 20, 3 and −10°C, were used. A satisfactory performance for a membrane was withstanding a crack width of 0·60 mm. The basis of this requirement was that the membrane should withstand fracture at the permitted crack width of 0·25 mm factored by 1·2 to allow for widening under repetitive load and 2·0 to allow for variability in membrane performance and for some crack widths in excess of 0·25 mm. (The maximum observed width of crack has been reported to be approximately double the average crack width.12) There are proposals to update this test to include a dynamic effect.
 
 FIG. 2. TRRL crack-bridging test.1 West German Tests The protection of concrete by surface treatments is popular in West Germany. In the very harsh climate of Berlin, bridges are given a protective covering including a polymer deck membrane, silane or siloxane on soffits and an elastic crack-bridging coating on abutments and columns which can be subject to salt spray. Crack movements of 0·4 mm over a 12-h period have been recorded.13 The Federal German Institute for Materials Testing (BAM) have developed tests to assess the crack-bridging ability of coatings
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 FIG. 3. Crack-bridging test to West German specifications.14 (a) Specimen type and (b) specimen under static test crack width ≈0·5 mm. over static and dynamic cracks in concrete. The test procedures have largely been incorporated into regulations introduced by the Federal German Transport Ministry for bridge surfacings on concrete and for the protection and maintenance of concrete structures generally.14 The specimen used is a small concrete prism reinforced centrally in which a crack is induced (Fig. 3(a)). One face of the prism is coated. The prism is cracked by a tensile
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 load applied through the ends of the steel bar. Figure 3(b) shows a specimen during a static test at the University of Surrey. Cyclic loading/unloading in tension results in crack opening/closing. The test is carried out at −20°C and coatings may be subjected to accelerated weathering prior to test. Another specimen design used in West Germany allows greater widths of coating to be examined.15 The coating is applied to a layer of mortar, itself laid on top of two abutting steel plates. The plates are moved apart gradually, inducing a crack in the mortar over which the coating bridges. Static and dynamic tests can be carried out. Draft German proposals classify coatings according to their performance under a number of test regimes which relate to crack movement caused by temperature cycles or temperature and load cycles. The lowest class of coating, to cover a crack subject to thermal cycling only, would have to withstand 1000 cycles at 0·03 Hz between crack widths of 0·1 and 0·15 mm, i.e. 0·05 mm movement. The highest class is required to resist 105 cycles at high frequency (5 Hz) to simulate traffic effects superimposed on the low frequency thermal movement, with a maximum crack movement of 0·3 mm. Also, under static conditions, a crack opening of 1·0 mm must be accommodated without film failure. It is suggested that these approaches should be the basis of improved test procedures and specifications in the UK. The specimens in Refs 14 or 15 have advantages over larger reinforced slab specimens in ease of manufacture, handling and testing, particularly when tests are conducted at low temperatures and when specimens are to be artificially aged prior to test. CRACKS AND HYDROPHOBIC TREATMENTS There is little published literature on the effects of cracks on the performance of hydrophobic surface treatments in keeping moisture from penetrating below surface layers. The Department of Transport Advice Note BA 23/8616 suggests that cracks up to 0·3 mm wide may be treated by impregnation of the concrete surface with a silane treatment to prevent chloride ingress. The basis of the 0·3 mm width is not clear, but it may be some US research17 in which a silane and a methyl methacrylate treatment provided added protection for embedded bars in cracked reinforced concrete slabs. It was suggested that these two materials penetrate existing cracks and could provide added protection for bridge surfaces containing cracks of up to 0·25 mm. There is likely to be a significant difference in performance between horizontal and vertical treated surfaces, since the possibility of ponding in the former is likely to be influential. A simple technique has been used at the University of Surrey based on specimens of fibre-reinforced mortar in which fine cracks (25 mm
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 composite materials in prestressed structures and also in the monitoring of concrete loadbearing structures and prestressing tendons. According to the glass, carbon or aramide fibre composition, and with full exploitation of the individual material characteristics (Table 1), fibre composite materials open a possibility for the fulfilment of the most differing requirements. Previous utilisation of fibre composite materials mainly concerned the glass fibre composite material which had till then been applied in the form of prestressing tendons for prestressed structures, tensioned mast bracing and as tie-rods for the rehabilitation of arches. Further monitoring of the performance of the structure is made possible by integrating optical fibre and copper wire sensors in the tensioning bars. THE PRESTRESSING TENDONS (HLV TENDONS) Two companies—Strabag Bau-AG, Köln, and Bayer AG, Leverkusen—have been working on the development of glass fibre composite bars since 1978. These bars (trade name ‘Polystal’) have a diameter of 7·5 mm and comprise 60000 E-glass fibres embedded in unsaturated polyester resin with a thickness of just a few microns strictly oriented along the direction of the bar. The fibre content is around 68%. The tensile strength of the Polystal bars is comparable to that of high-grade prestressing steels, roughly 1670 N/mm2, but in the other properties Polystal shows significant advantages. The composite prestressing elements are considerably lighter than their steel equivalents (Polystal has a density of 2 g/cm3 versus 7·85 g/cm3 for that of steel), are electromagnetically neutral and can be used in aggressive environments. Protection of the glass fibre against chemical attack and mechanical damage has been assured by a specially developed coating technique.
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 FIG. 1. Stress-strain diagram of a Polystal® bar in comparison with steel. At 51000 N/mm2 the modulus of elasticity is only a quarter that of steel; tension force losses arising from creeping and contraction of the concrete drop correspondingly to onequarter. In contrast to conventional steel, the composite glass fibre material has no plasticity limit; the stress/strain behaviour of Polystal is linear practically up to the point of failure (Fig. 1). In the case of structural elements which are prestressed with steel, high degrees of plastic deformation occur when the plasticity limit is exceeded, providing the desired warning prior to the incidence of failure. Trials on structural elements have shown that, as a consequence of the low modulus of elasticity, a structural element prestressed with Polystal bars possesses a high degree of elastic expansion when permitted loads are exceeded. These deformations also give a prewarning of failure (Fig. 2). A total of 19 of these glass fibre bars are bundled to form one prestressing
 
 FIG. 2. Load-deformation relation of a prestressed concrete structure.
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 tendon with a working load of 600 kN. In the field of anchorage engineering completely new solutions had to be found because the composite glass fibre material will only bear transverse pressure to the extent of 10% of its longitudinal tensile strength. Thus the lack of cold workability rules out the utilisation of upset heads, rolled-on threads or even the utilization of steel wedges ‘biting’ directly into the ‘soft’ composite glass fibre bar material. The relatively low interlaminar shearing strength of the resin matrix requires a comparatively greater anchorage length than would be the case with steel prestressing tendons. Anchorage elements specific to the material had therefore to be developed for the anchorage of this new material.
 
 FIG. 3. Anchor head of a composite glass fibre prestressing tendon. The development of a tubular grouted anchorage (Fig. 3) by Strabag Bau-AG heralded a breakthrough for the anchorage of HLV composite bars. The composite bar is set inside a sectional steel tube in an artificial resin-based grouting mortar which has been specially developed for this purpose. The use of these grouted prestressing tendons covers the entire spectrum of the lightweight and mediumweight prestressing tendons (up to 1000 kN working load) and the complete field of soil and rock anchoring.
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 THE SENSORS Nowadays increasingly high demands are made on monitoring methods for the assessment and control of the stress/strain behaviour of concrete structures. With the use of glass fibre composite bars it is possible, for the first time, to integrate sensors capable of indicating the stress state for the monitoring and control of the whole structure. Today two different methods of monitoring (based on two different types of sensors) are carried out successfully. Optical Fibre Sensors (Fig. 4) This type of sensor is a specially coated optical fibre covered with a spiral of thin wire. The pitch of the spiral is so dimensioned that, if there is axial stretching of the sensor, the wire spiral will press on to the optical fibre and generate micro-bendings in it. These influence the permeability of light, which is directly proportional to the sensor’s tensile strain. These circumstances also allow the localisation of a failure, which up to now was not possible with the employment of load cells. The sensor, which is approximately 2 mm thick, is either embedded in the centre of a glass fibre bar or directly in the concrete, or both. Copper Wire Sensors (Fig. 5) The individual bars of the prestressing tendons are permanently monitored by copper wire sensors incorporated in the cross-section of the composite bars, with four copper wires in each bar. As with a capacitor, an electric field is thereby generated between the respective wires located in the centre and one of the wires arranged externally. The glass fibre material between the wires (a dielectric) is defined by the dielectric constant. Assessment of the change in strain in the prestressing tendons is now based
 
 FIG. 4. Diagrammatic illustration of the measuring and monitoring system using optical fibre sensors.
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 FIG. 5. Sketch showing the principle for the monitoring of prestressing tendons using copper wire sensors. on the principle of the change in capacity produced by means of the central copper wire relative to the others; the change in capacity and the change in strain have a mutually proportional behaviour. PRACTICAL EXAMPLES The Ulenbergstrasse Bridge in Düsseldorf (Fig. 6), the first prestressed concrete bridge designed worldwide for extremely heavy road traffic loads (bridge class 60/30), is a demonstration construction project for the new material Polystal. Its outline design provides for a 15 m wide two-span solid slab bridge with spans of 21·30 and 25·60 m, and a slab thickness of approximately 1·44 m. In the longitudinal direction the bridge is prestressed by the use of 59 heavy-duty composite prestressing tendons (working load 660 kN each) with 19 heavy-duty composite bars per tendon. The bridge is prestressed by post-bonding achieved by means of an artificial resin-based grouting mortar specially converted for this purpose. With regard to bridges, the next application was the construction of the pedestrian bridge to Marienfelde leisure park in Berlin in 1988 (Fig. 7). This is a two-span doublewebbed slab/beam bridge with spans of 22·98 and 27·61 m; its superstructure has an overall height of 1·10 m and a slab width of 4·80 m. This bridge was executed with partial prestressing without bond for the first time in Germany. A total of seven prestressing tendons with a working load of 600 kN each run underneath the spans, around each of the two transverse beams in the bay section, and then upwards along the central column and over the transverse beam.
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 FIG. 6. Ulenbergstrasse Bridge, overall view.
 
 The most recent application to date has been the stabilisation of the arch of the ‘Marie d’Ivry’ metro-station in Paris (Fig, 8). Excavation in the vicinity of the tunnel tube resulted in ground settlement, which in turn caused the arch of the station’s cross-section to crack. In order to improve the safety required for the arch, the client decided on a tierod comprising glass fibre composite prestressing tendons. A total of 36 tendons with a working load of 650 kN each were installed in April 1989.
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 FIG. 7. Berlin-Marienfelde Bridge, overall view.
 
 FIG. 8. ‘Marie d’Ivry’ metro-station in Paris, tie-rod view.
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 36 Bridge Capacity Assessment and Control of Posting, Permit and Legal Vehicle Loads FRED MOSES Department of Civil Engineering, Case Western Reserve University, Cleveland, Ohio 44106, USA ABSTRACT Several recent projects conducted by the author have concerned new methods for bridge evaluation, including strength capacity and safe life assessment. These projects have led to new AASHTO proposals for capacity evaluation and flexible methods for regulating safe loads on bridges. Economic pressure to revise truck weight regulations have also been considered. Proposals for evaluating permit trucks for different highway classifications have been reported. A comprehensive study of optimal truck weight regulations to balance vehicle productivity with increased costs for bridge repairs and replacement have been studied. These projects have been supported by the US Transportation Research Board and various state agencies.
 
 INTRODUCTION The emphasis for the highway industry in the United States has shifted to maintenance, rehabilitation and conserving the existing road network. Bridges are a vital link in the highway system and, in part, because of their conservative design, bridges have been allowed to deteriorate over many years because of deferred maintenance and repairs. There are some 600000 bridges in the United States under a wide variety of ownerships and control. The Federal Highway Administration now estimates that more than 200000 bridges are inadequate and lists over 125000 as structurally deficient on the National Bridge Inventory System. There are some 5000–8000 replacements per year, so that for the foreseeable future the inventory of bridges in the United States will contain numerous structures incapable of carrying today’s standards of truck weight. In the present bridge inventory, about half the structures are more than 50 years old, which partly explains why so many are deficient. During recent decades, truck weights and volumes have grown enormously, while funds for inspection, maintenance, repair and rehabilitation were often not available. Despite this situation, bridges have maintained relatively high safety records because traditionally engineers used conservative methods of design which produced high levels of reserve strength. With
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 increasing truck loadings, these reserves are eroded and many bridges must be replaced or else load posted for restricted traffic usage. At the same time that budgetary pressures are restricting the upgrading of the bridge system, there are numerous proposals to allow increased demand on the system. Although the US Interstate System allows a legal load of 80000 lb (356 kN), many states permit heavier loads. This is either done through a liberal permit system or else a ‘grandfather’ exemption clause which allows higher loading for certain classes of vehicles. A review of state regulations indicates over half utilize exemptions to allow vehicles on a routine basis up to 140000 lb gross weight (623 kN). Requests for special permits for truck movements even above 300000 lb (1330 kN) have also become relatively routine. Two important aspects of bridge safety are impacted by these heavy vehicles, including the overall capacity of the structure to withstand the heaviest load combinations and also the reduced remaining life that may occur due to repetitive loadings which induce a cumulative fatigue damage. Because of the wide variety of structure type, span, material, geometry, age and design level the response of bridges to new truck demands will vary. In recognition of both the increasing safety risk in bridges and the larger demand being placed on the system, there has been considerable research sponsored in recent years to promote better understanding of bridge loads, response analysis and strength capacity, and fatigue life. This research had led to improved methods of load capacity evaluations and bridge management policy to optimize utilization and conserve resources. This paper reviews recent work by the author in several of these areas. The topics to be covered include: (a) guidelines for load capacity evaluation, (b) guidelines for estimating safe remaining lives, (c) evaluating heavy vehicle permits, and (d) impact analysis of proposed truck weight regulations.
 
 SAFETY METHODOLOGY In the applications that follow, a consistent safety strategy is needed for analysis. This is necessary because traditional calculation methods by bridge engineers have widely varying levels of conservativeness contained within their design procedures. This variability in the safety level may be due to selection of load criteria, analysis techniques or assessment of safety factors for structure components and systems. Unlike pavement or roadway management programs which optimize only the economic components of the pavement, bridge management must relate to safety as well as economy. It is well recognized that traditional ‘safety factors’, whether in bridges or other structures, are not absolute criteria for safety. A major development for structural codes in recent years has been the introduction of structural reliability concepts to assist code writers to formulate safety checking models and derive appropriate safety factors. These reliability models recognize the uncertainties in modeling extreme load events, inexact analysis predictions, and the variability in material and system strength capacity. The goal is to establish a reliability or safety index which incorporates the actual safety margins and the uncertainties or randomness in the strength, load and analysis procedures. Safety margins
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 are calibrated to ensure that target reliability indices are satisfied. To the practising engineer, such reliability based codes retain the traditional format of tabulated safety factors. Although instituted worldwide for design codes, reliability is also being used for evaluation procedures for existing structures. The uncertainties in evaluation are naturally different from those encountered in design situations. Currently, guidelines for evaluating existing bridges are provided in the AASHTO Manual for Maintenance Inspection of Bridges.1 Recommendations for introducing flexibility into the evaluation procedures are given in general qualitative terms. Quoting directly from the manual, ‘…a higher safety factor for a bridge carrying a large volume of traffic especially if it includes many heavy loads…’. Similarly, ‘factors of safety used in rating must provide for reasonably possible overloads…and lack of knowledge as to the distribution of stresses’. Those quotes demonstrate the awareness of differences between design and rating, and that the latter should recognize that an existing structure should be influenced by observations and analysis that can directly be made. Nevertheless, the checking procedures in the manual are deterministic and do not take advantage of the apparent data base of the actual structure. The intent of structural reliability theory is to characterize the uncertainties in load intensity, load effect analysis and strength capacity, and then allow for consistent and rational codified safety decisions. These methods have been adopted in many codes in the United States where it is known as load and resistance factor design (LRFD), in Canada and the United Kingdom where it is known as limit state design (LSD) and in other countries where it is called a partial safety factor format. To make it feasible for implementing reliability in rating a large number of structures, it is necessary (a) that the structures will be analysed by conventional methods and (b) that load and resistance factors be tabulated in a form that the engineer need not be concerned with probability or reliability theory in performing the checking equation. The opportunity to introduce a comprehensive reliability approach to evaluating existing bridge structures is due to several circumstances. Recent code changes, such as the Ontario Highway Bridge Design Code introduced in 1979,2 demonstrated that formal reliability methods can be used to calibrate safety factors based on uncertainty levels for all components in the design and evaluation process. Further, extensive field performance on bridges is available ranging from in-service weigh-in-motion (WIM)3 to full-scale ultimate capacity determination.4 These data show that current design and evaluation parameters represent idealizations and approximations that, while broadly applicable to design, do not necessarily apply to specific conditions of the bridge being evaluated. The flexibility of acquiring and using site-specific inspections, and statistical loading and analysis information, during the evaluation calculations become readily apparent. LOAD CAPACITY EVALUATION In the United States, all existing bridges must be load evaluated on a frequent periodic basis and recorded in the national inventory. This evaluation or rating follows a physical inspection of the bridge’s condition. Following the evaluation, a bridge found deficient may be posted for reduced legal traffic loads or else scheduled for rehabilitation or replacement. The AASHTO manual allows evaluations at an inventory level
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 corresponding to the design stress condition (55% of yield stress) or at a higher operating level, typically 75% of yield stress. The latter is used by many but not all jurisdictions in its posting decision. The selection of rating stress level is usually fixed for all structures by an agency and does not provide flexibility to account for the actual condition of the structure or to quantify other important site or engineering efforts that might be considered in the rating process. As a consequence of these limitations, the author and his colleagues introduced a reliability based LRFD oriented rating procedure.5,6 These have recently been approved by AASHTO as a guide specification.7 The procedures utilized reliability theory and an existing data base to calibrate load and resistance factors which are intended to achieve a uniform and consistent evaluation procedure. Resistance factors ranging from 0·55 to 0·95 are affected by the bridge condition survey or level of deterioration noted, inspection and maintenance effort, and especially by the presence of redundant load paths. Dead load factors are influenced by direct field determination of overlay thickness. Live load factor selection ranging from 1·3 to 1·8 is based on traffic volume, sources of overload or control of heavy truck traffic and structural analysis method used. Impact values depend on deck roadway roughness and range from 0·1 to 0·3. Bridges with computed rating factors below 1·0 must be load posted. With the factors tabulated in the guide specification, bridges may reach or even exceed previous operating ratings for those bridges which receive frequent qualified inspection and have adequate maintenance programs and loads corresponding to reasonable levels of traffic and enforcement. Conversely, bridges which do not maintain these conditions or have nonredundant components will find their ratings falling possibly to inventory levels or even lower. Evaluators will find options in these guidelines by which ratings can be improved by recommendations for more frequent and detailed inspection and maintenance, improved structure analysis and especially control of heavy overweight vehicles. In all instances, it is expected that the use of the tabulated factors will provide rating evaluations which meet the target reliability levels. The target levels used in establishing the factors were calibrated to reliability analysis with specific field performance experience.8 SAFE REMAINING BRIDGE LIVES In most specifications, fatigue checking provisions are given in the form of allowable stresses which must be satisfied by a designated loading case. Such provisions do not indicate how to calculate the remaining life of an existing bridge which is needed to make cost effective decisions regarding inspection, repair, rehabilitation and replacement. Many agencies indicated in a survey that remaining life calculations are needed especially to assess rehabilitation options and in some cases to assist in making bridge posting decisions. The author and his colleagues recently presented methods for assessing remaining life of steel bridges which were accepted by AASHTO as a guide specification.9–11 The procedures in these guidelines used probabilistic concepts which provide realistic description of the fatigue conditions in a bridge. Appropriate target reliabilities were calibrated for both redundant and nonredundant categories. Further recommendations
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 were given to quantify the effect of different levels of effort in reducing uncertainties (analysis or site data acquisition) and thereby improve the predictions of remaining life. To simplify implementation, definitions of detail categories were the same as present AASHTO rules. The options available to the evaluator if the computed remaining life is inadequate include; (1) calculating fatigue life more accurately with recommended procedures; (2) restricting traffic on the bridge; (3) repairing the bridge; or (4) instituting periodic detailed inspections. The advantages of the procedures developed in the remaining life study include: (1) Methods which realistically reflect actual fatigue stress conditions in bridges. (2) Consistent procedures for both design and remaining life evaluation. (3) Suitable flexible procedures for using site data. (4) Allow record keeping of remaining life to be periodically updated. (5) Extensive use of recent traffic and fatigue research. (6) Reliability targets calibrated from current performance. (7) Use of appropriate levels of analysis depending on application. (8) Do not significantly depart from current methods of fatigue design. Numerous examples and illustrations of the fatigue evaluation (as well as corresponding design provisions) were provided. PERMIT REVIEW Permits for overloaded vehicles are frequently issued by highway agencies in the United States and elsewhere. Most states face increasing pressures to allow heavier and greater numbers of overweight truck permits. This raises questions regarding bridge safety and management policy and especially the methods for reviewing bridges for permit loads. Typically, permit checks utilize the stress levels corresponding to operating levels (75% of yield) in the AASHTO specifications or, in some cases, agencies permit even higher stress levels. It is clear that such simple allowable stress checking methods may not produce uniform reliability due to considerations of bridge dead load, bridge geometry and normal truck traffic. Reliability based load factors offer advantages for more uniform permit checking rules. Presently, AASHTO is reviewing reliability based load and resistance factor methods as a possible alternative in its bridge design manual, and as stated above has reviewed favorably its use in bridge evaluation methods. A project conducted by the author and his colleagues is under way to derive appropriate load factors for permit decisions.12 Among the situations considered are permits for (a) single passage (no control of movement), (b) single passage with speed and lane position control, and (c) routine overloads with no restrictions on frequency of movements. The maximum load effect may occur with a permit vehicle simultaneously on the structure with one or more adjacent random heavy vehicles. The occurrence probability of such multiple presence events depends on traffic volume, bridge span and geometry,
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 speed and control of permit vehicles. Vehicle arrival simulation models have been developed to predict the maximum loading response and the corresponding distribution of load effects (fatigue life impact is considered separately in the permit study). Using target reliability levels calibrated from other bridge safety studies, it is possible to determine appropriate live load factors for permit checking. These permit review methods are being currently put in a specification format for appropriate review. The aim is to maintain within a bridge management system options for assisting in moving special loads without introducing unacceptable bridge risk levels. TRUCK WEIGHT REGULATIONS Many industrialized countries face increasing political pressures to raise current allowable legal vehicle loads. The economic incentives in terms of increased productivity appear to be large since for a small percentage increase in fuel consumption a much greater percentage increase in payload and profit is possible. The considerations for increased truck loads are based on safety, pavement damage and risk to bridges. One proposal in the United States which minimizes pavement damage is the so-called Turner proposal. This plan increases the number of vehicle axles which distributes the load and reduces pavement damage (since the latter is approximately proportional to axle weight raised to the fourth power). The effect on bridges of spreading the load is minor, and unless overall truck lengths are increased bridges will be adversely impacted by any heavier truck loadings. Length increases usually are restricted by problems of vehicle maneuverability and safety. It is possible, however, that Turner vehicles will provide enough savings in pavement damage to offset the larger bridge costs. In an effort to define the bridge costs, the author and his colleagues have participated in a recent TRB and FHWA study.13 The main goal was estimating bridge costs that are likely to be incurred by state agencies following the introduction of new vehicle regulations. Sensitivity studies to compute costs if agencies adopted new bridge evaluation methods such as described above were also considered and are discussed below. Bridge costs were divided into four categories. These include (a) overstress—new bridges, (b) overstress—existing bridges, (c) remaining lives—new bridges and (d) remaining lives—existing bridges. Over ten different proposed truck weight regulations (or scenarios as they are called) have been studied, including Turner configurations (increased weight with increased number of axles), as well as other variations of proposed weight rules such as the Canadian interprovincial proposal, the TTI model, extensions of the existing federal highway bridge formula and proposals suggested by various trucking associations. In each scenario, the costs were evaluated for each of the cost categories. For new bridges, an estimate was made that $3 billion per year is now needed for new bridge replacements and this sum would be affected by any new regulations. That is, design loads would have to be increased which would raise costs. For example, we found that increases from present HS20 design load to HS25 (25% increase in loads) would raise average new bridge costs by about 4%. Applying such extrapolations to the load impact of each proposed regulation gave an estimate of increased bridge costs for new structures.
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 The major cost item, however, proved to be the impact on existing bridges. Using the FHWA computerized NBIS, a breakdown was performed of the almost 600000 existing bridges to produce distributions by category of span, material, type (single or continuous) and by current operating load capacity. The present deficiencies under current weight laws were first identified. The next step in each scenario was to compare for each category the live load effect for the new scenario with that of existing weight regulations. Hence, the number of additional bridge deficiencies was estimated and the corresponding replacement costs computed. (In a survey, states indicated that replacement is often more economical than rehabilitation whenever strength upgrading is required.) The costs for the replacement of deficient existing bridges provide a major part of the overall cost impact. It was found that steel bridges incurred about two-thirds of the total cost impact (although they are a lower percentage of the population) with reinforced concrete and prestressed concrete the remainder. Continuous span bridges were a significant component of the cost, especially for truck vehicle proposals, which tend to cause large increased moments in the negative moment regions. In general, it was found that the important factor in any new weight regulation was the proposed gross weight and the corresponding vehicle length (exclusive of distance from steering axle to drive axle). Some of the scenarios were found to more than double the existing number of structural deficiencies (currently about 125000 out of the total population) with corresponding increases in bridge replacement costs. Breakdowns of impact by interstate and primary routes and also nonprimary routes was also done. A sensitivity study also found that any deterministic changes in bridge evaluation procedures are not likely to cause significant reduction or mitigation of the impact of new weight regulations. For example, more liberal stress levels in evaluation rules will reduce the number of currently deficient bridges but many of these same bridges will then become deficient under the proposed new regulations. The above-cited study used a distribution of current operating load capacity levels as a measure of evaluation. These are, in current practice, deterministic stress criteria. A study now under way by Dr Michel Ghosn of the City University of New York with the assistance of the author is looking at modeling the bridge population according to a distribution of reliability indices.14 Hence, bridges would be replaced under either present truck regulations or the new regulations only if their reliability level was deficient. As described above, the bridge reliability index depends on traffic volume, methods of analysis, and bridge condition and maintenance. It appears possible to create a new truck weight formula which trades off increased reliability for shorter span bridges (where most deficiencies now occur) with lower reliability levels for longer span bridges. The latter structures have high dead/live load ratios and have been found in reliability studies to often exceed required target reliability levels.8 Such a trade-off in formulating truck weight guidelines could produce a new truck weight regulation which has relatively small cost impact on bridges but does increase truck productivity, i.e. longer vehicles may be allowed heavier loads than presently allowed with some reduction in gross weight for shorter vehicles. These studies are still under way but some preliminary results support these conclusions. The other two cost items mentioned above were in the fatigue life areas. A model of the distribution of steel span bridges was created which reflects their fatigue life. The model was calibrated to the present annual expenditures on fatigue related problems and
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 associated damage costs in steel bridges. New weight regulations (both weight and volume changes are needed for fatigue) were used to find the expected corresponding future costs in fatigue life. The impact of these fatigue costs was studied with different discount factors and other variables. The overall cost impacts, although significant, were generally small compared to the cost effect on the strength capacity of existing bridges. Similarly, the last cost item, namely cost impact of fatigue rules on new steel bridges, was small. That is, required strength increases to carry heavier vehicle loads also implicitly increases fatigue life so that this additional cost item appeared small. Further study, however, is under way of possible impacts on acceptable fatigue details under heavier loading conditions. CONCLUSIONS A variety of bridge studies are discussed above related to bridge safety, evaluation, fatigue life estimation, review of heavy overload permit requests and consideration of new truck weight regulations. Details of these studies are contained in the references and guideline specifications that have arisen out of this work. A common thread in these studies is a need for a systematic and defensible approach to bridge safety. Risk analysis has now become an accepted tool for code writers and reliability based design procedures a technique for implementing uniform safety criteria. Such work needs to be elaborated on so that confidence by users is increased. Risk criteria or corresponding reliability indices become an important basis for a rational bridge management policy. Otherwise, engineers are continually being asked to stretch the limits of the bridge system by permitting heavier permit loadings or even expanded truck weight regulations. Allowable stress procedures fail as criteria for bridge safety management since proponents of higher loads are aware of the conservative nature of these stress calculations. Bridge tests have shown that predicted stresses are often much lower than measured stresses. Also, proponents of higher loads claim that if a high stress is acceptable in one instance it should be acceptable in all cases. A reliability approach serves to incorporate all aspects of the load-capacity equation and identify the uncertainties which merit the requisite safety margins to avoid undue risk. Applications of reliability analysis described herein for load capacity evaluation, assessment of safe remaining life, permit review and recommendations for truck weight regulations have reinforced past engineering judgment but also allow recent research and test findings to be incorporated. Recent developments in the United States and Canada in reviewing and adopting load and resistance factor formats for both bridge design and evaluation show the promise of such procedures being incorporated within a bridge management system. ACKNOWLEDGEMENTS The author wishes to acknowledge colleagues and associates who participated in these efforts. In particular, at Case Western Reserve University, Dr D.Verma assisted with the load capacity studies, K.S.Raju with the fatigue life assessment and Dr G.Fu with the permit studies and truck weight regulations. Dr Michel Ghosn also helped in the basic
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 37 The Use of Reliability Analysis in the Assessment of Existing Bridges CAMPBELL Department of Engineering, Cambridge University, Trumpington Street, Cambridge CB2 1PZ, UK and ANGUS Low Ove Arup & Partners, 13 Fitzroy Street, London W1P 6BQ, UK ABSTRACT As part of a contract for the UK Transport and Road Research Laboratory the authors have developed procedures for assessing the reliability of some common types of concrete bridges. Initially upper-bound plastic assessment techniques were developed which could be used as an alternative to lower-bound elastic or nonlinear finite element methods to estimate the collapse strength of a bridge. However, this deterministic technique makes no provision for the many uncertainties facing an engineer when assessing an existing structure. These could concern the strengths of materials used, the deterioration of these materials, the load history and the form of hidden parts of the structure. Structural reliability theory allows the effects of such uncertainties to be assessed rationally. An advanced level II reliability procedure following the method outlined in CIRIA Report No. 63 (The Rationalisation of Safety and Serviceability Factors in Structural Codes, 1977) was applied to the plastic collapse analysis to determine the notional probability of failure of a range of bridge types and dimensional configurations.
 
 1 INTRODUCTION Reliability theory has not as yet been widely used for the assessment of bridges. The complexity of the computations, limitations in the theory and general unfamiliarity have all been constraints on its use. With recent extensions in the theory5 and readily available computing power it may now be possible to develop practical procedures to complement the more traditional methods used in the assessment of existing bridge structures.
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 In this work a number of possible plastic collapse modes were examined for each of the chosen bridge types. This provided a deterministic calculation of the strength of the bridge in relation to the specified loading and predicted the most likely collapse mode geometry. The probability of this failure occurring was then derived using reliability theory which examined the statistical variability of each of the basic parameters that contributed to the loading on the bridge and its strength to resist the applied loads. The notional probability of failure for a bridge (typically 10−5–10−25) has little relevance to the real likelihood of collapse as most actual failures relate to gross errors or catastrophic events. However, the relative values can be used to rank the safety of a number of bridges and thus provide a basis for assessing the priorities for remedial work or bridge replacement in relation to different bridge configurations of deck type, span length and width. In addition, by using these methods an engineer assessing a complex bridge can explore the sensitivity of its reliability by making allowances for his knowledge or ignorance of the strengths and variability of individual components. The methods described here are applicable for use in assessing both newly designed and existing structures, provided some details of the dimensions, material types and reinforcement are known.
 
 FIG. 1. Dual two-lane portal slab bridge. All dimensions in metres.
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 FIG. 2. Single two-lane M-beam bridge. All dimensions in metres. 2 BRIDGE TYPES AND DIMENSIONS Two of the most common forms of highway bridge structures were selected for detailed examination. These were in-situ reinforced concrete portal slab bridges and simply supported, precast, prestressed M-beam bridges with in-situ reinforced concrete deck slabs (see Figs 1 and 2 for typical examples). By reference to the Department of Transport’s bridges database and departmental standards for cross-section design, a number of different span lengths, cross-section widths and span/depth ratios were selected as representative of the current and likely future stock of these types of structures in the UK. These cross-sections included single two-lane, dual two-lane and dual three-lane structures with span lengths ranging from 6 to 28 m and span/depth ratios from 11 to 30. 3 REINFORCEMENT DETAILS The reinforcement details required for use in the collapse and reliability analysis were obtained by designing a new bridge corresponding to each of the selected dimensional configurations. Equally these details could have been obtained from existing bridges by reference to design plans or by site measurement. Longitudinal and transverse reinforcement in the slabs, as well as prestress details and shear links in the M-beams, were designed using standard design practice based on elastic design moments and code provisions for shear reinforcement.
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 4 LOADING In addition to dead and superimposed dead loads, two live loadcases from BS 5400: Part 2 were considered in the collapse analysis. These were the various lane loading combinations (HA with knife edge) and the heavy vehicle load (HB with 25 units). The most severe combination of HA lane configuration and HB vehicle location was found by the automated computer procedures in the collapse analysis and subsequently used in the reliability analysis. 5 COLLAPSE ANALYSIS A number of possible plastic collapse mode shapes were selected as being appropriate for the bridge deck types examined. A set of geometric parameters describing these failure modes were optimised to give the lowest load factor against failure based on minimum energy assumptions:
 
 5.1 Portal Slab Failure Modes Two geometric yieldline failure modes were considered for each of the portal slab bridges: Mode Full-width (FW) transverse yieldlines across midspan and both supports perpendicular to 1 the traffic direction (Fig. 3). Mode Partial-width (PW) yieldline failure mode with variable geometric failure mechanism 2 parameters to define the apex angle (AL) of the triangular plate and width of failure across the deck (CC) (Fig. 4).
 
 5.2 M-beam Failure Modes An M-beam deck comprises a number of discrete beams connected by an in-situ deck slab. At collapse each individual beam will be either intact or failed. The method of analysis adopted in the collapse program considered a progressive failure of adjacent beams across the deck. It allowed the edge beam to collapse first and then continued calculating the load factor for the specific failure geometry after each successive beam failure until all beams had failed to form a full-width collapse mode. Two failure modes were considered for the M-beam deck bridges (see Figs 5 and 6). Mode 3: Combined shear and bending failure (Fig. 5) This failure resulted from propagation of an inclined crack, the location of which was defined by points A and B, as shown in Fig. 5.
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 FIG. 3. Full-width portal slab failure mode.
 
 FIG. 4. Partial-width portal slab failure mode.
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 FIG. 5. M-beam failure mode 3, combined shear and bending.
 
 FIG. 6. M-beam failure mode 4, shear. For the work/energy evaluation a unit virtual displacement (δ=1) from point B to B′ was assumed in the top of the failed beam.
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 Initially the program introduced a vertical crack on one edge beam, resulting in a pure flexural failure. The crack was then inclined by increasing dimension LB and the same progressive failure across the deck assessed. This procedure of optimising crack inclination and the number of failed M-beams was repeated for the crack initiating at the support, span, span and midspan in order to find the lowest load factor for this collapse mode. For modes with an inclined crack (LB>LA, BE120
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 Insufficient data for full assessment but expected value >120 years. Surfacing cracked over web.
 
 The lives given in Table 1 do not take account of damage sustained prior to resurfacing but would apply to repaired joints or to similar connections on a new bridge. It can be seen that, for the unsurfaced deck, none of the details meet the 120-year design life required by the code. Some of the assumptions in Method 2 were chosen to give a conservative (low) estimate of fatigue life. For two of the connections the data obtained were at an insufficient range of temperatures to enable overall fatigue lives to be calculated. Nevertheless, the data suggest that both these joints would have fatigue lives in excess of 120 years on the surfaced deck. Data for the Method 2 calculation were obtained within 6 months of resurfacing the strain gauged area. Collection of data for the Method 3 calculation began 12 months after resurfacing, by which time a longitudinal crack had developed over the web of the box. This explains the loss of effectiveness of the surfacing for this connection and the estimated life similar to that for the unsurfaced deck in this case. Effect of Surfacing The influence lines in Fig. 2(b) illustrate the large reduction in stress in the steel deck due to the bridge deck surfacing. They also show the effect of the variability of the properties of the surfacing with temperature. Table 1 shows that, for most connections, very short fatigue lives calculated for the unsurfaced deck are increased to above the 120-year design life by the surfacing. One exception is the trough to crossbeam connection where the stiffening effect of the surfacing has only a small influence on the stresses at the apex of the trough. Failures of this connection have occurred in service. The results suggest that failure of the trough to deck plate connection should not occur within the lifetime of the bridge (strictly there is a calculated 2·3% probability of failure within 94 years) surfaced with mastic asphalt on an epoxy waterproofing layer. It should be noted that this surfacing system is stiffer than that originally used on the Severn Crossing and this difference may account for the fact that cracks have occurred in this connection after less than 20 years in service. The results also show that the effectiveness of the surfacing can be completely lost if cracks develop in the surfacing over the welded connection. On some bridges it is quite common for cracks to develop over the web of the box within weeks of resurfacing. These are normally controlled by sawcutting the surfacing and sealing the joint with a flexible bituminous material. Cracks can also develop over other hard spots, such as the troughs and crossbeams, that is at the very connections the surfacing should be helping. This partly explains the difficulty of incorporating a surfacing factor in the codes. The search continues for a surfacing material with high stiffness (preferably at high and low temperatures) and a long fatigue life at the cold/brittle and hot/high strain extremes.
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 Transverse Position of Traffic The transverse influence line shown in Fig. 2(a) illustrates the very localised effect of the wheel load on the stresses at a typical connection near the deck plate. Consequently, the fatigue life is very sensitive to the transverse position of the traffic. Using the fatigue assessment program it can be shown that the fatigue life of the web of box to deck plate connection on Wye Bridge could be increased from 12 to 80 years (unsurfaced deck, weld class F) by moving the traffic lanes 300 mm towards the centre of the bridge. Consideration may be given at the design stage to the relative positions of the traffic lanes and connections such as the web of box to deck and the longitudinal deck plate butt welds. For more frequently occurring connections, such as the trough to deck plate connection (300 mm intervals on Wye Bridge), there is little scope for improvement by this method. CONCLUSIONS The analysis of stresses and classification of details in orthotropic decks is complex and beyond the scope of current codes of practice for fatigue. Tests are TRRL and elsewhere have produced fatigue data for the classification of most of the welded connections. Test procedures have been used to obtain stress spectra for these connections on a number of bridges from which fatigue lives have been calculated. The data have been used to quantify the effect of the bridge deck surfacing and to show the sensitivity of the calculated fatigue life to the transverse position of the traffic. The results suggest that few connections close to the wheel tracks meet the 120-year design life if the effect of the surfacing is ignored. The difficulty of incorporating a surfacing factor in the codes is recognised. ACKNOWLEDGEMENTS The work described in this paper forms part of the programme of the Transport and Road Research Laboratory and the paper is published by permission of the director. The work was carried out in the Fatigue Section of the Bridges Division, TRRL. The leadership and guidance of Mr D.E. Nunn is gratefully acknowledged. REFERENCES 1. BS 153, Specification for steel girder bridges. Part 3B: Stresses. British Standards Institution, London, 1958. 2. BS 5400, Steel, concrete and composite bridges. Part 10: Code of practice for fatigue. British Standards Institution, London, 1980. 3. MORRIS, S.A.H., Stresses under dynamic wheel loading in a surfaced steel orthotropic deck with V-stiffeners. TRRL Report SR237, Transport and Road Research Laboratory, Crowthorne, 1976.
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 42 Assessment and Rehabilitation of Suspension Bridges PETER G.BUCKLAND Buckland and Taylor Ltd, 1591 Bowser Avenue, North Vancouver, BC, Canada V7P 2Y4 ABSTRACT The upgrading of suspension bridges, if required, is an extremely costly procedure. It is therefore worth some considerable effort on the part of the engineer to determine if rehabilitation is in fact really needed for the safety of the bridge or whether it is only required in order to satisfy a code. The importance is emphasized of taking a critical look at criteria, including traffic and wind loads, aerodynamic stability and seismic response. Recent developments in wind tunnel testing are presented, with observations on long-term cable stretch, reliability of temperature measurements and the use of limit states design. Three examples are taken from suspension bridges ranging in span from under 200 m to over 800 m.
 
 INTRODUCTION Suspension bridges are no more immune to the ravages of time and the need for upgrading than other bridges—but they are potentially far more expensive to renovate. Worse than that, suspension bridges are usually on major routes where any interruption of service can have a huge effect on the community. It is therefore necessary to be doubly sure about a suspension bridge before committing to repair it. Is repair really necessary? How best to do it? Techniques have been evolved over the last few years to answer these two questions with more certainty than before. LOADING The first item might best be to take a hard look at the loading. Is it really what the code says? What conventional wisdom says? Is it more? Less? Since the only function of a
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 bridge is to support safely and effectively the loads imposed on it, particularly traffic loads, this is a useful starting place. When the Lions’ Gate Bridge in Vancouver, BC, was examined in the mid-1970s it was noticed that although it was designed for two lanes it was in fact carrying three lanes of densely packed traffic—about 60000 vehicles/day. At first sight this appeared to be a 50% overload. Instead of closing the bridge it was decided to take a new look at the loading. The trick is in formulating and then solving the probabilistic equations which describe the maximum loading expected to occur during the lifetime of the bridge—or some other defined period—with a certain degree of probability. This work has been reported elsewhere.1,2 The results for the Lions’ Gate Bridge are shown in Fig. 1. The interesting points here are that for the major components of the
 
 FIG. 1. Traffic loading for Lions’ Gate Bridge. ‘Design loading’ based on ‘observed load’ was used for evaluation. The bridge was originally designed for ‘normal’ and ‘congested’ loads. bridge—towers and cables—which are governed by long loaded lengths, the original designers’ loading was in fact adequate. Such is not the case for shorter loaded lengths such as affect the design of the stiffening truss. Whether or not this situation is
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 acceptable, it is at least the right way round; failure of the stiffening truss would be far less catastrophic than failure of the towers or cables (or anchorages). Wind loading should not escape scrutiny either. The wind force is a function of several parameters, including expected wind speed, wind direction, turbulence of the wind, the shape of the bridge cross-section and the dynamic properties of the bridge. The cost of determining these factors is tiny compared to the cost of modifying the bridge. Although the bridge engineer is trained to accept wind loadings from the codes, this is an instance where the engineer’s involvement with criteria may pay handsome dividends to the client. ANALYSIS AND SURVEY Having decided with at least some confidence on the loads to be applied to the bridge, the next significant step is to check the condition of the bridge. Some aspects of this are obvious and relatively easy: looking for corrosion and fatigue cracking, measuring the tension in cable-band bolts, and even inspecting some of the cable itself. Some other areas are virtually impossible to inspect with today’s technology: embedded steel in the anchorages, for example, and the insides of spiral strands. However, the real key to success comes in determining the dead load stresses in the structure. The technique is as follows, and it depends on the creation of a computer program that will accurately model the effects of changes on a suspension bridge. Suspension bridges are difficult to analyse. They are non-linear in their behaviour and it is not possible, even theoretically, to have a condition in which all members are stressless at the same time. This makes the use of conventional non-linear analysis programs clumsy, at best. For the examples herein the program SABER was developed. SABER not only calculates the effects of loading, it also allows the structure to be changed. Each loading or change is calculated directly from the preceding condition in a step-by-step manner. The steps are: (a) Model the structure in the computer as it was built, which is not necessarily as it was designed. (b) Impose on the model all known changes that have occurred to the bridge—extra dead load, strengthened members, settlement of the foundations, drag of the anchorages, and so on. (c) At this stage the computer will predict the expected geometry of the bridge. (d) The bridge is also surveyed, at least for the key points such as elevations of midspans and tower-top deflections. The surveyed geometry, corrected for temperature effects, should be identical to that predicted by the computer. Experience with about a dozen suspension bridges suggests that such is almost never the case. (e) The reasons for discrepancies between the predicted and observed geometries must now be sought. They will be caused by all those changes to the bridge that have occurred but which were not known. Apart from those suggested in (b), these could include long-term stretch of the cables or hangers, slippage of cables in saddles, errors in the construction of the bridge and incorrect information having been given to the evaluating engineer.
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 In some cases the causes of discrepancies cannot be pinned down exactly, but so far experience has shown that the effects of the causes can be bracketted so that there are upper and lower limits. (f) Finally, when all permanent effects on the bridge are known, the resulting stresses can be calculated and added to the stresses from the various live and other loadings to obtain a complete picture of the real condition of the bridge. The benefits of this powerful technique will be shown in the examples presented. In some cases it is useful to supplement the information gained by site measurements. For example, if the polygon representing the cable geometry is known, all cable and hanger forces in a span can be determined by measuring the tension in one hanger. TEMPERATURE EFFECTS Surveying a suspension bridge only yields information if the temperature of the bridge is uniform, known and constant during the time of the survey. Conventional wisdom has been to survey the bridge during an overcast windless night, typically around 02:00 hours when the ambient temperature is fairly constant. An interesting study on the Lions’ Gate Bridge, however, revealed that the bridge continued to experience radiant cooling even though its temperature was 5°C below ambient. The measurements taken are shown in Fig. 2.
 
 FIG. 2. Temperature variation with time, Lions’ Gate Bridge.
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 SAFETY FACTORS To this point, no mention has been made of safety factors. Since this question is addressed in another paper,3 only two points will be made here. Safety margins are provided to allow for all the unknowns in a situation, and limit states design reflects this philosophy by providing larger load factors for the loads that are least well known. Most major suspension bridges now in existence were not designed by limit states design, however, and it is possible to derive some benefit from this situation when considering the main members, which carry mostly dead load, and to which the smallest load factors usually apply. As a caveat, note that the safety factors should also reflect the importance of the members considered. The second point is that if safety margins reflect ignorance then, when the ignorance is reduced by the methods described herein, perhaps the safety margins may also be reduced. Sensible judgement is required. EXAMPLES To illustrate the points made some examples of their use are given. Lions’ Gate Bridge, Vancouver, BC, Canada (Fig. 3) In 1975 the concrete deck on the 670 m approach viaduct was replaced by a lighter, wider steel orthotropic deck in a series of
 
 -hour closures at night.
 
 FIG. 3. Lions’ Gate Bridge, Vancouver, BC, Canada.
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 By making the deck act compositely with the steel girders their ultimate capacity was enhanced. This technique was later used on the George Washington Bridge, the Golden Gate Bridge and others, and has even been patented (not by the originators of the idea) in the USA! But the most interesting aspects of this study were the research into loading mentioned earlier, and the first use of the analysis-and-survey technique. In this case the following known changes were modelled: (i) unstressed lengths of members as per shop drawings; (ii) settlement of the north tower foundation and the north cable bent (side tower) as surveyed; (iii) some addition to the dead load; and (iv) no movement of the anchorages as observed initially from a measurement of expansion joints and confirmed later by triangulated survey. The geometry surveyed could only be attained in the computer model if the following changes were also added: (v) long-term stretch of the main cables of about 0·038%; (vi) long-term stretch of the hangers of about 0·075%; and (vii) slippage of the cables through the north cable bent saddles of 60 mm. Stretch of the main cables (a hexagonal arrangement of helical wound structural strand) induced deflections to the tower tops, which added to the P−δ effects. By using limit states design, even with conservative factors, the towers were deemed capable of carrying the induced moment. Stretch of the hangers is most pronounced where the hangers are long, next to the towers, and throws extra load on to the bearings. This was later confirmed by measuring the bearing reactions, which were double what they were intended to be under dead load only. A solution is to lower the bearings when the bridge is next renovated, to throw more load back on to the hangers. Slippage of the cables through the cable bent saddles was known to have occurred during construction in 1938, but was thought to have been stopped. Its continuance imposed some alarmingly high stresses on the cable bent legs. Those stresses could not have been revealed by any other method and in fact had been missed in an evaluation of the bridge 4 years earlier by a different firm of suspension bridge engineers. The solution to the cable bent problem (Fig. 4) was to rotate the two foundations. This was mostly done under traffic by cutting through the mass concrete footings and inserting 3 m long rocker bearings (Fig. 5). At the south end of the bridge a short rocker bisects the angle of the cables (Fig. 6). There was no slippage here, but the long-term lengthening of the cables must have caused the tops of the rockers to move towards the centre of the bridge. Close inspection, however, yielded no evidence that the pin had ever rotated. The 20-year-old paint film was still intact. The stresses in the rocker were thus indeterminate, depending on when the cables stretched and when the rocker last moved
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 FIG. 4. Distortion of north cable bent Lions’ Gate Bridge.
 
 FIG. 5. The north cable bent footing, formerly of mass concrete, was cut and ‘pinned’ to allow straightening of the bent.
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 FIG. 6. South rocker posts with cover plates added. . Jacking up the cable in order to attend to the rocker pin would have been very expensive. The pin had a half-shell bronze bushing but its bearing pressure was ten times the allowable pressure of the 1970s. Instead it was decided to add plates to the flanges of the rocker so that its ultimate capacity would be greater than that of the bronze bushing. This way, if failure should occur, it would be a non-catastrophic failure of the bushing rather than catastrophic failure of the rocker itself. Also on Lions’ Gate Bridge, an exhaustive study was made of the natural frequencies, mode shapes and damping values of the bridge.4 It was interesting that the initial measurements gave frequencies of up to 1·38 times the predicted values. Since this ratio
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 is close to √2 and frequency is proportional to √(K/M), where K is the stiffness and M the mass, it was thought that an error of 2 had been made. Such was not the case, however. The main reason was that the breather joints in the deck were not ‘breathing’ at the small amplitudes measured. This significantly altered both the lateral and torsional frequencies, which were found to be coupled, and showed up the danger of relying on measurements alone, which in this case would predict, for example, a critical velocity for aerodynamic instability of about 38% greater than the true expected value. Tacoma Narrows Bridge, USA In professional collaboration with Arvid Grant and Associates, Buckland and Taylor Ltd used the analysis and survey technique to evaluate the Tacoma Narrows Bridge (Fig. 7) in 1984. The bridge has been well maintained, but what the evaluation showed was that the hangers have, as expected, elongated and thus increased shears in the stiffening trusses near the towers. There was another learning experience in the survey. The bridge profile was surveyed from end to end and back during one night with no traffic on the bridge while readings were taken. The survey did not close by 1 ft and a simple error of one digit was suspected. More careful analysis, however, revealed that the bridge temperature had been changing slightly while the survey was conducted. Thus the elevation of each point changed slightly between successive readings at that point. When a correction was made for this the survey closed. Belgo Bridge, Quebec, Canada This little suspension bridge, which carries logs on a conveyor over a span of 183 m, was built in 1917 and examined in 1982. By using the techniques just described it was found that because of increases in dead load, seizing of rollers supporting cable saddles and differential settlement of foundations some tower members were carrying 2·5 times their calculated allowable loads under dead load only.
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 FIG. 7. Tacoma Narrows Bridge, WA, USA. Because steel entering the anchorages, buried under a newsprint mill building, was known to be corroded but was not fully inspectable, it was decided to transform the suspension bridge into a cable-stayed bridge, apparently the first time this has been done. The project took place during two closures of the bridge in successive summers and has been described in more detail elsewhere, but one of the critical aspects was the necessity of having the bridge partly carried by the old suspension system and partly by the new cable-stayed system with a central tower for almost a year (Fig. 8).
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 FIG. 8. Belgo Bridge in transition from a suspension bridge to a cable-stayed bridge. During the hot summer months the suspension bridge sheds its load to the cable-stayed system, thus tending to overload the stiffening trusses in shear at the temporary end of the cable-stayed system. In the harsh Quebec winter the opposite occurs: the suspension bridge tries to take all the load, including that added for the cable-stayed system. This would overload the suspension system. Tuning the bridge to be always within these limits took some careful engineering! Another comment on safety factors is appropriate here. If it had been decided that the stresses in the tower must be limited to about 0·6 of theoretical capacity, as is normal, the bridge would have had to be closed. As the bridge is the only feed of logs to the mill for 8 months of the year, this would have had a disastrous effect on the economy of the mill and the town. In fact some stresses were at least 50% greater than the theoretical capacities (i.e. 2·5 times normal allowable) under dead load alone. A temporary prop was installed at midspan which reduced the critical stresses by 10%, and the bridge operated with the stresses at least 35% above theoretical capacity (i.e. 2·25 times normal allowable stress) for 2 years. The argument was that the bridge had, in essence, survived a load test, and that reducing the load by 10% would be satisfactory for the short term. The client was made aware of the risks and the consequences of the alternatives. It was an informed client who made the decision as to which alternative to accept. The benefits of continued operation were the client’s. It was not desirable for the risks to belong to the engineer.
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 AERODYNAMICS Several existing suspension bridges have been deemed to be inadequate for aerodynamic stability. Some bridges, such as Golden Gate and the Bronx-Whitestone Bridge, have been modified to improve performance, and for one (the original Tacoma Narrows) modifications came too late. It has been found that by using the most sophisticated wind tunnel techniques and by testing in turbulent wind flow with full aeroelastic models, taut strip or taut tube models, the expense of solving a problem that does not really exist can be avoided. Once again, Lions’ Gate Bridge provides a good example. Following movement during a hurricane in 1962, section model wind tunnel tests were performed the following year. The bridge was given a clean bill of health, but interpretation of the results was open to doubt. Based on the test results, this author estimated a critical velocity of only 55 mph (25 m/s). Such a number was consistent with incipient motion recorded in winds gusting to 72 mph (32 m/s) as these gusts would coincide with a mean wind of 50–60 mph (22–27 m/s). What became apparent from the full model test in turbulent flow—believed to be the largest model tested in turbulent flow—was that the observed motion was in fact buffeting response and not the onset of instability.5 SUMMARY Suspension bridges are expensive and disruptive to repair. Before embarking on a repair programme it pays to be very sure about the condition of the bridge, including those conditions that cannot be determined by routine inspection. For this purpose the analysisand-survey technique is indispensable. It also pays to take a careful look at all design criteria, including loads and safety levels. These conclusions are based on experience gained on a dozen existing suspension bridges. The examples in this paper represent a variety of sizes and degrees of rehabilitation required. ACKNOWLEDGEMENTS The figures relating to Lions’ Gate Bridge originally appeared in two papers published in 1981 by the Canadian Journal of Civil Engineering. Permission to reproduce them here is gratefully acknowledged. REFERENCES 1. BUCKLAND, P.G., MCBRYDE, J.P., NAVIN, F.P.D. and ZIDEK, J.V., Traffic loading of long span bridges. Proceedings of Conference on Bridge Engineering, St Louis. TRB Transportation Research Record 665, Vol. 2, Washington, DC, 1978. 2. BUCKLAND, P.G., NAVIN, F.P.D., ZIDEK, J.V. and MCBRYDE, J.P., Proposed vehicle loading of long span bridges. J. Struct. Div. ASCE (April 1980).
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 3. BUCKLAND, P.G., Canada’s advanced national standard on bridge evaluation. In Proceedings International Conference on Bridge Management, ed. J.E. Harding et al., Elsevier Applied Science Publishers, Barking, 1990, pp. 575–583. 4. BUCKLAND, P.G., HOOLEY, R., MORGENSTERN, B.D., RAINER, J.H. and VAN SELST, A.M., Suspension bridge vibrations: computer and measured. J. Struct. Div. ASCE (May 1979). 5. IRWIN, H.P.A.H. and SCHUYLER, G.D., Experiments on a full aeroelastic model of Lions’ Gate Bridge in smooth and turbulent flow. National Research Council of Canada Laboratory Technical Report LTR-LA-206, Ottawa, 1977.
 
 43 Structural Assessment of a Bridge with Transversal Cracks CHARLES ABDUNUR Laboratoire Central des Ponts et Chaussées, Paris, France and JEAN-LOUIS DUCHÊNE Laboratoire Régional des Ponts et Chaussées, Le Bourget, France ABSTRACT To estimate the influence of cracks on the mechanical behaviour of a bridge, these discontinuities are assimilated to a series of elastic or plastic hinges, alternating with sound beam segments and jointly setting up a new system in equilibrium. The main difficulty resides in the calculation of the hinge residual flexural stiffness, which is a function subject to various parameters and assumptions. To offer a practical solution and facilitate realistic modelling, we developed an experimental method based on the relationship between bending moment and resulting curvature. Under a test load the measured curvature redistribution reflects the new mechanical response of the structure and leads to the actual stiffness functions of the hinges. These are introduced into a program of structural analysis. The new statical system, thus defined, enables the real stresses and residual strength to be estimated. In the technological field, prototype inclinometry instruments of high accuracy had to be developed. This method was tested in the laboratory then successfully applied on site.
 
 INTRODUCTION Flexure cracks are among the main structural defects observed while inspecting reinforced or prestressed concrete bridges. To assess the relative residual strength and optimise the strengthening of such defective structures, it is first necessary to explore their new statical systems. The actual stresses can thus be predicted under a given loading.
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 BASIC ASSUMPTION The statical system may be obtained by the following basic assumption illustrated in Fig. 1: the cracked sections and their disturbed vicinities are assimilated to a series of elastic or plastic hinges H, alternating with sound beam segments B and jointly setting up a new system in equilibrium.
 
 FIG. 1. Modelling assumptions of cracked sections of a bridge. The resulting stress redistribution depends on the reduction in the flexural stiffnesses of the cracked sections and on the positions of these discontinuities with respect to the initial moment diagram. EVALUATION OF FLEXURAL STIFFNESS The sound beam segments B can generally be assumed to retain their initial flexural rigidities [EI]0, which are theoretically given. For concrete bridges the calculation of [EI]0 sometimes remains approximate, because of the varying modulus and the random contribution of non-structural elements to the deck moment of inertia. However, as the relative effect of cracking is under discussion, a reasonable value for intact sections can be adopted for both the initial and new mechanical systems. The main difficulty obviously resides in the realistic calculation of the residual stiffness [EI]H for the cracked sections or hinges. In reinforced or prestressed concrete bridges, this quantity greatly depends on the extent and geometry of cracks, the constitutive laws of materials under cyclic loads, the redistribution of bond stresses, and the sense and ‘viscosity’ of crack movement. The Experimental Option Prior to theoretical modelling, it is essential to find an accurate experimental method for evaluating the flexural stiffness of a cracked section. Three main reasons can be given:
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 (a) Several variables of the complex function of residual stiffness are subject to assumptions which can only be verified by experiment. (b) Rapid applications are often required to assess, in pragmatic terms, the actual mechanical behaviour of a structure. (c) A specific metrology is at present being successfully developed for this purpose. The Assessment Principle The proposed experimental evaluation of stiffness, at a point x along the bridge, is based on the simple relationship between the bending moment M(x), corresponding curvature θ′(x) and flexural rigidity EI(x). If, under a convenient test loading, the measured curvature diagram of the bridge is established, and if the stiffnesses [EI]0 of the sound beam segments are given, then the actual bending moments and the cracked section stiffnesses [EI]H can be deduced through a chain application of the classical beam equation. The procedure is explained below. Adopted Rotation Measurements Curvature variation is usually obtained from the strain profile, measured with strain gauges in a sound section and with additional displacement sensors in a cracked section. This extensometry technique is obviously inconceivable for most bridges concerned, with multiple cracks and inaccessible residual sections. To cope with the nature of the problem, we turned to broader aspects of measurement as provided by inclinometry, where substantial technological progress has recently been achieved: 10−6 rad accuracy, miniaturisation, robustness, simplicity and movability. These rotation measurements enable the detection of discontinuities in the bridge profile, thereby obtaining main angular deformations and sieving out local disturbances. From a theoretical viewpoint, the following expressions of curvature θ′(x) are equivalent for a sound beam section of height h and position x, with a bending moment M(x) and a strain difference ∆ε between the extreme fibres:
 
 For a cracked section the extensometry expression is very difficult to apply, owing to stress concentration and complex strain redistribution. The inclinometry expression remains reasonably valid. Procedure and Interpretation A test load cycle is applied and the resulting rotations are measured, at sufficiently close paces, to detect discontinuities and deduce curvature throughout the bridge spans. Figure 2 outlines the interpretation of results at a given discontinuity or hinge. For a convenient load configuration producing a moment M(x), and at every rotation
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 discontinuity ∆θ, the curvature variation θ′(x) is plotted over a length covering the hinge H and the near parts of both adjacent sound beam segments B1 and B2, conserving their initial stiffnesses [EI]0.
 
 FIG. 2. (a) Moments M and stiffnesses EI in cracked sections H and sound segments B. (b) Redistribution of curvature θ′ and stiffness EI. The curvature response, in its redistributed form, reflects the new mechanical behaviour of the structure. Applying the beam equation in B1, H and B2 leads easily to the relative residual stiffness of the hinge or cracked section:
 
 the right-hand expression being deduced from the plotted curve. This quantity is not only a function of position within the hinge but may also depend on the applied moment M(x) if the hinge is plasticised. With a reliable value of [EI]0 the residual stiffness can be expressed in absolute form, [EI]H(x). THE NEW STATICAL SYSTEM The relative or absolute stiffness function of each cracked or plasticised section is scrutinised from a durability viewpoint then inserted into a computer program of structural analysis. The new statical system, thus defined, enables — the prediction of the real stresses in the structure under any given loading, and — the assessment of the load-bearing capacity and the optimal needs for strengthening. The procedure can be repeated at a later stage to verify the effectiveness of eventual repairs or simply to follow up a time-dependent mechanical change.
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 PRELIMINARY FIELD INVESTIGATION Two identically constructed bridges, one with transversal cracks and one apparently sound, were scrutinised under loading to test the feasibility and sensitivity of the proposed method as regards instrumentation and adopted criteria. Under the same load system of a convoy, the observed rotations and deflections were respectively 25% and 30% greater in the damaged bridge (Fig. 3). Extensometry measurements, simultaneously carried out for mere comparison, confirmed the same percentage difference between the strain profiles of corresponding sound sections of the two structures. A third damaged bridge of a similar three-span configuration was tested by inducing a controlled vertical fluctuation at one end support. Section rotations θ and crack gap δ remained linear with level change, except for a short interval around zero (Fig. 4). The instantaneous crack width and strain responses to flexure are more pronounced on opening the crack than on closing it (Figs 4 and 5). These general observations show the feasibility of consistent rotation measurements on site and their aptitude to detect crack effects.
 
 FIG. 3. Effect of cracks on the rotation influencc line for a bridge section X under a passing convoy.
 
 FIG. 4. Gap δ and rotation θ of a cracked section due to level change ±∆y at an end support.
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 FIG. 5. Influence of the sense of flexure on strain redistribution in a cracked section. LABORATORY TESTS The influence of cracks on curvature and stiffness redistribution is examined in the laboratory, under a gradually increasing number of parameters, to explore further possibilities of rotation measurements and to verify or modify certain assumptions in view of a more realistic modelling. Strains and displacements were also measured but strictly for confirmation purposes of test results. Research began on the preliminary model of a slotted steel section and continued on a prestressed concrete beam. The Preliminary Model A simply supported steel I-beam was subjected to a four-point flexure producing a constant moment over the span centre. Rotations θ0 and deflections y0 were measured. A vertical slot was then cut at midspan, starting from the tension flange (Fig. 6). Under the same loading, the same measurements were repeated and completed by rotations θi and θs, respectively along the intact and slotted flanges, taken at close intervals throughout the span. The results, summarised in Fig. 7(a), show the aptitude of rotation
 
 FIG. 6. Slotted steel rolled section under four-point bending.
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 FIG. 7. (a) Measured rotation redistribution around the slot in a loaded steel I-beam. (b) Deduced curvature redistribution. measurements to define the stiffness redistribution zone around the slot. Rotations θi at the intact flange, can be differentiated (Fig. 7(b)) to obtain the curvature or the inverse stiffness function (since the moment is constant). Rotations θs, at the slotted flange, evidently have a load-dependent discontinuity. The theoretical model of the slotted beam, using the new stiffness function, yielded a mechanical behaviour in perfect agreement with direct measurements such as deflections and strain profiles of sound sections. The Concrete Beam We proceeded in the same way to test a simply supported micro-concrete T-beam prestressed with an unbonded tendon and lightly reinforced (Fig. 8). Before cracking convenient four-point bending was applied. Rotations and deflections were measured to determine the actual initial stiffness [EI]0 of the beam. Three flexure cracks were induced under a temporary, cautiously increasing, point load at midspan. The cracked sections were instrumented with strain gauges and displacement sensors.1 At one crack, after a minimum removal of the concrete cover, strain gauges were also fixed on both the unbonded tendon and the reinforcement bars to estimate the tensile forces actually developed.
 
 FIG. 8. Instrumented cracks of a prestressed beam.
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 Direct determination of curvature The initial four-point bending was resumed. Corresponding differential rotations were recorded by two coupled inclinometers at close intervals along the intact upper flange of the cracked sections and their vicinities. Other measurements were maintained. The curvature redistribution thus obtained, under a constant bending moment, leads to the inverse relative stiffness [EI]0/[EI]H as a function of position x over the influence length of the three cracks. The experimental diagram is shown in Fig. 9. Comparison with other data As in the previous steel beam, the theoretical model based on the present stiffness redistribution was used to calculate the increase in midspan deflection, support rotations and normal fibre strain. These computed increments, owing to cracking, fully agree with direct parallel measurements. Moreover, the curvature-deduced residual stiffness (Fig. 9) coincides with that estimated from the combined response of strain gauges and displacement sensors at each crack.
 
 FIG. 9. Redistribution curve of the inverse relative flexural stiffness over a beam segment with three cracks.
 
 FIG. 10. Strain profiles and strain point values for concrete and steel at a
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 cracked section. The rotation-deduced curvature coincides with strain data. Figure 10 shows the logical yet complicated concrete strain profile obtained at a cracked section, hence the impracticality of classical extensometry for operational use in similar cases. It can be seen, however, that strain measurements on the upper remaining concrete section, combined with those on reinforcement bars, do confirm the curvature deduced from rotations. Other Parameters To study the effects of statical indeterminancy and bond redistribution, research is being extended respectively to continuous spans with a similar concrete section and to simply supported beams with various reinforcement patterns. FIRST APPLICATIONS ON SITE The rotation method is now being used on reinforced and prestressed concrete bridges with transversal cracks. At damaged sections the deduced relative residual stiffnesses confirm the bell-shaped distribution obtained in the laboratory and shown in Fig. 9. For the same relative height of cracks, field and laboratory stiffness values are very close at corresponding positions. Over damaged segments the optimal spacing of rotation readings varies from 0·1 to 0·5 of the beam height. In some cases a simplified version of the method may be sufficient, as in the following example. At a flexure crack of an inspected bridge, the actual rotation discontinuity ∆θ, measured by coupled inclinometers on either side, is represented in Fig. 11 as a function of bending moment, applied by a test load. This relationship is generally non-linear but can be linear for cracks already open under dead load. Hence the non-linear deviation, at the
 
 FIG. 11. Crack angular opening (measured on a bridge by two inclinometers) versus applied moment.
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 extremity of the curve, marks the advance of the crack tip under critical loading. We can therefore replace the residual flexural stiffness [EI]H(x) by another experimental coefficient, k=M/∆θ, which in this case is constant. As already explained, the coefficients thus obtained for similar cracks enable the bridge to be recalculated on a more realistic basis. CONCLUSION An experimental method was developed to determine, under a test load, the curvature redistribution throughout the spans of a damaged bridge. This redistribution leads to the evaluation of the actual residual stiffnesses of the cracked sections. The new statical system of the structure can thus be defined to enable — the prediction of the real stresses in the bridge under any given loading, and — the assessment of the load-bearing capacity and the optimal needs for strengthening. The whole procedure can be repeated at a later stage to verify the effectiveness of repairs or simply to follow up a time-dependent mechanical change. Supported by numerical techniques, this experimental approach is suitable not only for operational ends but also in research as a means to tackle the various parameters involved and to establish a more realistic theoretical model. REFERENCES 1. CHATELAIN, J., BRUNEAU, J. and DUCHÊNE, J.-L., Estimation par des essais de chargement du défaut de résistance à la flexion de certains tabliers en béton précontraint. International Conference on Inspection, Maintenance and Repair of Road and Railway Bridges, Brussels-Paris, 1981. 2. GODART, B. and DUCHÊNE, J-L., Intervention sur le Pont de Champigny/Yonne. Conference on the Inspection and Testing of Structures, EPNC, Paris, 1987. 3. GODART, B., Approche par l’auscultation et le calcul du fonctionnement de ponts en béton précontraint fissurés. Euro-American Conference on the Rehabilitation of Structures, CEBTP, Saint-Rémy-lès-Chevreuse, France, 1987. 4. ABDUNUR, C. and DUCHÊNE, J.-L., Mesures de rotations pour le schéma statique d’un ouvrage fissuré. International Conference on Measurements and Testing on Civil Engineering, Lyon, 1988. 5. CHATELAIN, J. and GODART, B., Evaluation de l’état mécanique réel de ponts en béton précontraint. IABSE Symposium, Helsinki, 1988.
 
 44 Reliability Analysis Applied to Deteriorating Bridge Structures JONATHAN G.M.WOOD, R.ASHLEY JOHNSON Mott MacDonald Special Services Division, 20–26 Wellesley Road, Croydon, Surrey CR9 2UL, UK and CHARLES ELLINAS Advanced Mechanics and Engineering, 4 Frederick Sanger Road, Surrey Research Park, Guildford, Surrey GU2 5YT, UK ABSTRACT Reliability analysis techniques developed for steel bridges and offshore structures provide a methodology which can also be used to evaluate the safety of substandard or deteriorating reinforced concrete structures and arch bridges. This is illustrated by reference to cases of structures with alkali aggregate reaction and chloride-induced corrosion damage. The shortage of data on the statistics and deformation characteristics of concrete failure limits the quantitative application and highlights the necessity for more testing of deteriorated reinforced concrete. Consideration of overall reliability must include assessment of risks inherent in road closures for inspection and remedial work, the uncertainties of inspection procedures, and the reliability of repair and corrosion control.
 
 INTRODUCTION In the UK the CIRIA Report 631 has provided the framework for probabilistic methods for calibrating partial factors for loads and strength to achieve more consistent reliability in design. This partial factor approach, in a somewhat simplified form, has been incorporated in British Standards like BS 81102 for reinforced concrete and BS 54003 for bridges with widespread, but not universal, support in the engineering profession. Neither code provides a margin for deterioration. This approach was used more rigorously in the aftermath of the steel box girder failures in the UK, Germany and Australia for design of remedial works, and to guide the major Merrison programme4,5 of research and testing on steel box girders which led to the simplified BS 5400: Part 3 steel bridge code.
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 The methodology has since been further developed and refined in the UK offshore industry, predominantly for steel structures in the North Sea.6 The logical framework provided by a probabilistic approach to determining the reliability of structures is tailormade for resolving the major problems which arise when deterioration in bridges creates uncertainty about their current and future safety. In this paper we outline how techniques used in the design and appraisal of steel bridge structures and offshore structures are being applied to the particular problems of deterioration in reinforced concrete bridges with substandard details, alkali aggregate reaction and/or chloride-induced corrosion, and the potential for their application to other structures like arch bridges. It is our view that reliability analysis must be based on a thorough knowledge and understanding of those factors which actually lead to
 
 FIG. 1. The cycle of appraisal and reliability assessment. structural failure as distinct from the convenient oversimplifications of structural behaviour in design codes. The analysis of well-recorded cases of structural failure7–9 provides the first source of data. However, it soon becomes clear that actual failures are fortunately too infrequent to provide statistical data on loading, strength or the reliability of inspection.
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 As there are not enough case studies we must use site measurements and laboratory tests to provide us with the statistical data on the variability of loading and strength that is needed for proper analysis. Data on the reliability of inspection and monitoring techniques in detecting the severity and rate of structural deterioration will also be required. While general corrosion produces spalling and AAR produces cracking as warning signs, pitting corrosion is not easily detectable. Many of the most structurally sensitive parts of structures are not readily accessible for inspection. Determination of actual construction details and ground conditions provides another area of substantial uncertainty, especially for arch bridges. Because the methodology of reliability analysis has been well established in other disciplines10,11 it is not necessary to reinvent the framework of analysis when applying it to concrete structures (Fig. 1). RELIABILITY IN DETERIORATING STRUCTURES The majority of deteriorating reinforced concrete structures are old enough to have been analysed for design without benefit of a computer, often for smaller loads and temperature ranges than currently required. Some of their designers used robust over design as a substitute for precision. Others, without benefit of current knowledge, provided inadequate designs, particularly in shear, corbel design and in reinforcement detailing. Inadequate provision for articulation and thermal effects is a frequent source of massive overstress in appraisals but with a small serviceability risk and no collapse hazard. The application of reliability approach to determining the rising risks associated with a deteriorating structure, which may also have been built to a lower design standard, identifies these types of uncertainty: (a) Inherent uncertainties of variability of loading and strength. (b) Uncertainties in our knowledge of loads, structural response, ground conditions, initial strength and deterioration which can be reduced by control analysis or testing. (c) Uncertainties in the risks to the public arising indirectly from highway restrictions during inspection or remedial works and directly from falling spalled concrete or collapse. Loading Dead load can be determined more accurately for a built structure. Increases in the weight of services and surfacing can be controlled to enable loads and partial factors to be reduced. The most severe traffic loadings on short span structures often arise from short special vehicles (e.g. cranes) in the 50–100 ton range, not from the variability inherent in normal C&U commercial lorry traffic. Traffic control of these ‘over 50 ton’ vehicles and lane restrictions, evaluated from load effects from the most adverse actual vehicle combinations, enable more accurate and reduced loadings to be adopted for substandard structures. However, reliability becomes very sensitive to the ability of police and highway authorities to enforce controls. For reliability analysis HA and HB loading are
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 completely inappropriate. Garages of onerous real vehicles with associated frequencies of occurrence must be used. In normal design a simplified approach to environmental loads (wind, overall temperature and differential temperature) is possible. For reliability analysis these must be considered explicitly with the refined traffic load analysis, particularly where probability of coincidence is high (e.g. high winds and/or cold increase the risk of accidents, which cause high load conditions of close-packed slow-moving vehicles on long span bridges). Impact loading from overheight or crashing vehicles, which is poorly represented in standards, gives a substandard risk of damage from overloading and must be considered. When considering members in which AAR is developing the effects of restrained expansion must be considered as ‘loads’ in a similar way to thermal expansions. Analysis of Overall Structural Response Because most deteriorating structures predate computer analysis a detailed elastic appraisal inevitably shows areas of substantial over-provision of strength and areas of underprovision. Typically in bridge decks longitudinal flexural steel is overprovided except at the edge, while there is underprovision of transverse flexural steel. However, concrete is not as elastic as computer elements. Creep and cracking permit redistribution, provided ductility is available from suitably detailed reinforcement which has not been degraded by deterioration. The initial reserves of strength and ductility enable many deteriorating structures to continue in service without undue risks, despite severe local deterioration away from critical structural elements. The risks arising from localised deterioration in a structure are very sensitive to the availability of alternative load paths due to structural redundancy. The non-linear analysis of the structure from the local distress ‘serviceability’ stage through to the ‘collapse’ limit state enables this to be evaluated. It also provides an indication of potential cracking conditions which inspections may detect as a record of overloading and/or distress. When comparing the result of detailed computer analysis with simplified code analysis the implicit assumptions of concrete design codes must be considered. The writers of codes carefully exclude all difficult analytical problems by placing limits on the detailing and proportioning of structures to ensure that (a) strength calculations are based on simplified rules which do not relate to the actual mechanism of failure; (b) structures are sufficiently ductile so that even if the idealised distributions of forces and stresses that come from structural analysis do not occur in the real structure the ductility will enable them to be redistributed before the ultimate limit state is reached; and (c) many second-order effects like differential temperature and locked-in stresses from early thermal effects can be discounted due to the ductility provided. This characteristic of concrete structural codes mirrors the detailing requirements for proportioning stiffeners and plates in steel codes to prevent the initiation of buckling before yield has occurred. The lessons learned from
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 FIG. 2. Loss of ductility and strength in reinforced concrete with chloride ingress. steel structures (in particular box girders) is that when buckling is initiated collapses occur suddenly without warning. The embrittlement of concrete structures (Fig. 2) by corrosion of steel or concrete deterioration produces the same type of rapid, catastrophic failure mode as buckling. Inspection and/or proof loading provide no warning of impending failures. It is the embrittlement from deterioration in concrete structures which provides the greatest increase in risk, not just change in strength. EFFECTS OF ALKALI AGGREGATE REACTION ON MATERIAL PROPERTIES AND CONSTITUTIVE MODELLING Our knowledge of the structural effects of alkali aggregate reaction has increased substantially since the early 1980s. AAR is probably the most difficult deterioration phenomenon to be analysed in concrete. In 1983 initial results of the effects of simple uniform AAR expansion in the finite element analysis of a pile cap were presented.12 Following a review of those results and the research literature we stopped finite element analysis of alkali aggregate reaction until sufficient data on the actual stiffness, expansion and strength characteristics of concrete with AAR were available for a valid constitutive model to be evolved for finite element analysis. Over the last two years we have restarted finite element analysis work on AAR using data now available13 This detailed evaluation is only appropriate to the most severely expansive and sensitively detailed parts of structures as identified using the Institution of Structural Engineers’ approach.14 Firstly, it has been necessary to evaluate the expansive characteristics of the concrete and the extent to which this is restrained by the reinforcement. It is now clear that the forces generated by restraint of a severe reaction can be sufficient to yield the steel in most reinforced concrete members and it can produce compressive failures at expansion joints. Therefore these forces must be evaluated and considered as explicit forces in the analysis. In some structures they serve to prestress the concrete and have a beneficial effect. In other structures it is the magnitude of these forces combined with the reduction in strength which damage the structure. The magnitude of forces developed are very
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 sensitive to the reactive aggregate and gel characteristics and to the conditions of exposure. It has become clear that there is substantial variability in expansion at all levels, ranging from that around individual reactive particles up to the variation between adjacent pours. Even between nominally identical concrete pours this variability is high. The expansion is randomly generated by the variations in reactive aggregate concentration and alkali concentration within the materials. The local rate of expansion is very sensitive to moisture supply. It is this variability of expansion which gives rise to the characteristic map cracking in AAR. At its smallest scale it gives rise to the microcracking which changes the Young’s modulus, tensile strength and compressive strength of concrete. The stiffness changes in concrete with AAR are probably the most sensitive measure of microcracking. It is a simpler and more quantitative test and more representative of a structural volume of material than the qualitative techniques of petrography which help us understand the
 
 FIG. 3. Effect of AAR on stiffness of concrete. deterioration. Figure 3 shows the change in load deformation characteristics of concretes with alkali aggregate reaction for a normal concrete and a severely deteriorated concrete. It can be seen that there is a reduction in the Young’s modulus, a development of increased hysteresis and a progressive packing down of the core. This approach and its correlation with strength changes is described in Ref. 15. In evaluating the tensile strength of concrete our understanding has been hampered by the difficulties of sample preparation and testing. The Brazilian splitting test is simple but unrepresentative of normal structural behaviour. It is sensitive to the inaccuracy of normal coring from existing structures. Its only merit seems to be that lots of people have done it before. Gas pressure testing is an interesting measure of tensile strength but difficult to relate to normal structural behaviour. Because the mode of failure of most concern in structures with alkali aggregate reaction is shear the torsion testing of cores15 as illustrated in Fig. 4 gives us a much better measure of the changed
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 FIG. 4. Torsion testing of concrete cores.
 
 FIG. 5. Compressive strength test comparison, southwest concrete (5% reactive chart). strength for evaluation of shear and bond behaviour. Results related to the microcracking as indicated by reduced Young’s modulus are shown in Fig. 5. The growing train of strength below the design characteristic substantially increases failure risk. Having identified the changes in concrete properties from AAR we can consider structural forms which will be sensitive to these changes.
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 PUNCHING SHEAR An example is a flat slab bridge deck, with developing AAR, reinforced only in its top and bottom faces and supported on discrete columns. The rules for the evaluation of punching shear strength of normal concretes are largely empirically based on a limited series of tests. We were surprised to find in a review of the literature, and in discussions with those who carried out the work, that until recently none of these tests determined the load displacement characteristics to failure. Testing we have recently carried out shows that (a) this punching shear failure mode is extremely brittle, as shown in Fig. 6; there is no inspectable warning of failure; (b) the softening and unloading part of the curve is influenced by detailing of the flexural reinforcement but not sufficiently to make it ductile; and (c) compressive membrane action can have a beneficial effect on punching strength in tests but in structures the high flexural stresses in adjacent concrete will limit this.
 
 FIG. 6. Effects of reinforcement slabs on punching shear response. Testing to determine changes in behaviour in slabs with AAR is in progress.16 Overall analysis shows that the deformation prior to fracture at a column head is not sufficient to significantly redistribute load to neighbouring columns. Once the ultimate strength is exceeded the residual strength capacity is well below the dead load component for concrete structures. This is the classic situation for progressive collapse. The normal ductility inherent in concrete frame design is no longer present. This type of progressive collapse from punching shear failures has occurred in the USA. One instance was precipitated by corrosion damage to a slab in a car park.
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 CORRELATION OF DETERIORATION WITH STRESS STATE Another aspect of reliability analysis that needs to be considered is the correlation of deterioration rate with areas of high stress. In a bridge slab the reliability of waterproofing is sensitive to any cracking in the concrete deck. Cracking is most likely to occur at the most highly stressed locations and waterproofing breakdown can then preferentially supply water and salt to accelerate the AAR or corrosion. The basic reaction of alkali aggregate reaction continues in dry conditions and then can swell very rapidly with this subsequent introduction of water. The crosslinking of highly stressed areas with cracking leads to water ingress which then generates further cracking and creates a substantially more serious reduction in reliability than a random development of damage.
 
 FIG. 7. Half-joint corrosion. Similar phenomena occur with chlorides where cracking in highly stressed components permits preferential channelling of chlorides to the most highly stressed steel. This aspect needs particular consideration in assessment for reliability. A classic example of this is the half-joint shown in Fig. 7. Here the structural effects of the corrosion are further aggravated by damp, low oxygen conditions which favour the development of localised pitting corrosion. Recent research into corrosion in cracks suggests general rules on acceptable crack widths may underestimate their effect on the corrosion rates where chlorides are present.
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 DETERIORATION RATE MODELLING The modelling of the reliability of deteriorating structures must introduce the third element, which is the predictive modelling of the deterioration phenomena and their rate of development.17 That brings us round the circle to new design where the failure to consider durability and deterioration phenomena explicitly, and to provide a margin on initial strength to offset for deterioration, has been a major factor contributing to the problems we face in many structures today. The corrosion rate is strongly influenced by environment (oxygen supply, humidity, pH, chloride concentration and temperature). Similar AAR damage rates can be related to temperature and moisture conditions for a specific aggregate type. Reliability analysis shows that the control of the environment to limit deterioration rates, where this is possible, is one of the most effective methods of maintaining safety. This attention to detailing and maintenance of expansion joints and waterproofing is essential for safety. CONCLUSION The challenge for the coming years must be (i) to build on our experience of reliability methods for steel structures; (ii) to carry out testing to evaluate changes in the physical strength properties and the way in which deterioration phenomena change them; (iii) to model the mechanisms of deterioration in terms of chloride ingress rates, corrosion rates or rates of development of alkali aggregate reaction; and (iv) to ensure that a proper quantification of durability phenomena is introduced into the design process. If one compares the number of concrete structures which are being demolished because of deterioration and lack of durability and those which have given rise to problems because they are under strength, it is clear that the main emphasis of education in the last 20 years has been too preoccupied with matters of structural analysis and too little attention has been given to durability. To answer the client’s question ‘How long will it safely last?’ we must adopt reliability analysis methods, extend our body of test and case study data, and hope we can learn faster than the corrosion and alkali aggregate reaction progresses. REFERENCES 1. CIRIA Report 63, Rationalisation of Safety and Serviceability Factors in Structural Codes. CIRIA, London, 1977. 2. BS 8110, Structural Use of Concrete. British Standards Institution, London, 1985.
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 45 Computer-Aided Sketching of Load paths: An Approach to the Analysis of Multi-span Arch Bridges W.J.HARVEY and F.W.SMITH Department of Civil Engineering, The University, Dundee DD1 4HN, UK ABSTRACT Single-span masonry arches are notionally three times redundant. This neglects the fact that the abutments are not rigid, so the degree of redundancy is actually greater. In multi-span bridges the problem is compounded. Direct analytical techniques based on a study of deformation are of limited value in these circumstances. Arches naturally release their redundancy by pushing the abutments outwards. They become three hinge structures. This approach does not allow closed solutions to the problem but rather indicates limits to the engineer’s knowledge and understanding of the structure. Some details of the approach are described, using Robert Stephenson’s Royal Border Bridge at Berwick-upon-Tweed as an example.
 
 INTRODUCTION Thrust Lines and Elastic Analyses In 1676 Robert Hooke1 found a solution to the problem of the most important statically indeterminate structure then known. He kept his finding secret for fear of academic rivalry from those whose stature should have precluded such plagiarism. Of course we now know that his solution was of limited value because it provided only understanding, not a scheme of computation. This paper aims to show that understanding can be more useful than essentially meaningless calculated results. In 1879 Castigliano2 provided engineers with a computational scheme for indeterminate structures. In various guises his method has held engineers in thrall, and incidentally terrified students, ever since. Many of us recognise that elastic studies may obscure the true behaviour of a structure, but they do allow us to carry out closed-form calculations on structures which might otherwise be intractable.
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 Castigliano’s theorems are particularly inappropriate for masonry structures. Masonry is hardly elastic, and arches in particular are very susceptible to small movements of their foundations, movements which must take place. It is of course possible to use an elastic analysis in an exploratory way. That is to investigate the effect of movements of the supports and cracking, and different distributions of stiffness. Unfortunately this is rarely done because it requires too much effort on the part of the engineer. Load Path Analysis Engineers use load path analysis to assist in the conceptual design of complex structures. The relative stiffness of different paths from point of application to point of support is assessed on the basis of experience. The results are checked by more ‘rigorous’ methods as the design proceeds. The method proposed here allows the engineer to ‘sketch’ load paths very quickly on a computer screen. He receives quantitative feedback as to the implications of the load distribution he is assuming. The Zone of Thrust Hooke’s line of thrust is of course a load path. The line of thrust ignores material strength, but it can be enhanced to show the material which would be required to support the thrust concerned.3 In a two-dimensional structure, that is to say when studying the arch in elevation only, it is assumed that stress is uniform into the depth of the paper and so only the width of the thrust zone on the paper need be considered. This is obviously a very rapid process. Graphical Indeterminacy 4
 
 Barlow gave a fine graphical representation of the indeterminacy of arch structures. He demonstrated with a physical model that there are many potential lines of thrust within an arch, any one of which may represent the actual performance of the structure. The freedom to investigate all the possible thrust lines in a structure may allow the engineer the flexibility he needs to understand its behaviour. THE INDETERMINATE ARCH Arches are notionally three times statically indeterminate. In modern structures engineers habitually release these indeterminacies by introducing hinges at the springings and the apex of the arch. Pippard and Chitty5 showed that real arches will approach the threehinged condition as they deform after the removal of their centring. Having demonstrated that masonry arches are not elastic rings they proceeded to use Castigliano to produce the MEXE analysis beloved of British bridge engineers. More recently considerable effort has been invested6,7 in developing complex finite element programs for arch analysis. These still assume that the arch is supported on rigid foundations, which is manifestly untrue.
 
 Bridge management
 
 460
 
 A force-based analytical technique is much more readily adapted to the problem of arches. The flexibility method consists in releasing indeterminate resultants until the structure becomes statically determinate, then analysing the effect of unit resultants. The stiffness method is the converse of this. All ‘joints’ are made rigid in space and the fixity reactions computed. Unit displacements are considered in order to find the ‘true’ deformed shape of the structure. Stress resultants (forces) are computed from the displacements. A structure which tends to release its redundant reactions after construction may be best analysed by the flexibility method. This is especially true if a path can be opened to the exploration of the effect of reactions which cannot sensibly be computed. We will endeavour to demonstrate that such a technique is not just possible but actually easier than some others to implement. THE RELEASED STRUCTURE Natural Release: The Minimum Thrust View A masonry arch deflects towards a three-hinge structure on release of the centring. This must be the case because the arch ring will shorten under stress and the abutments will deflect outwards. The shorter ring will no longer fit perfectly into the springings. As this deformation takes place, the horizontal component of thrust in the arch will reduce towards a minimum value. The minimum corresponds to the maximum possible rise of the zone of thrust within the arch ring (Fig. 1). Analysis of the three-hinged arch, which is the limit of this process, is very simple. It involves writing and solving two linear simultaneous moment equations. This structure may sensibly be regarded as the released form for the application of redundant actions. Forced Release: The Maximum Thrust Case It is of course conceivable, and was demonstrated in practice by Chettoe and Henderson,8 that the springings may be forced together by external effects. This might be caused by the approach of a heavy vehicle. The limit
 
 FIG. 1. Arch with minimum thrust.
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 FIG. 2. Arch with maximum thrust. case of this movement is when the arch begins to lift in a three-hinged jacking mechanism (Fig. 2). The result is still a stable structure which can be analysed as described above. In this case the rise of the zone of thrust is the minimum possible within the arch ring. The horizontal component of thrust in the arch is thus maximised. The two cases described are exactly analogous to the limiting active and passive pressures exerted by soil on moving walls. RESTORING REDUNDANCY A Favoured Case: Minimum Stress Having produced a released structure, we must now restore its redundant actions and reactions to model the real behaviour. Heyman9 used the mechanism analysis to compute the line of thrust, which had a minimum deviation from the curve of the arch. Both Heyman and Harvey3 chose to follow the curve of the intrados of the arch, but the arch centreline might equally well be used. This approach yields a line or zone of thrust which is wholly contained within the arch ring, thus implying the fully redundant structure (Fig. 3). A gross error is made in assuming that this is the correct solution. Heyman clearly did not fall into this trap. The implication is of minimum value of maximum compressive stress, which is not the form a structure naturally seeks.
 
 FIG. 3. Arch with minimum stress.
 
 Bridge management
 
 462
 
 The Infinity of Real Solutions The line of thrust defined by the above method lies at a point between the two extremes already discussed. Barlow4 showed that these three solutions are only three of the infinite possible set which exist in an arch which is not on the point of failure. The Importance of Reactions The reactions which result at the supports of an arch are important because they control the behaviour of both arch and abutments. In some load cases a larger thrust will be needed, in others the interaction will lead to smaller values. If gross movements are excluded, the arch can deliver whatever reactions are required within the bounds set above. The two limits are reached with a range of abutment movements of less than 0·1% of the arch span.10 Exploratory Analysis The illustrations presented thus far have all been produced using microcomputer software developed at the Wolfson Bridge Research Unit in Dundee. We have a program in commercial use based on the minimum stress theme. We have recently developed the maximum and minimum thrust models which were used for the diagrams. The final step has been to allow the user to alter the location, direction and value of the reactions for the arch. This encourages the engineer to explore the effect of redundancy by observing the relationship between reactions and the thrustline. Because the only computation involved is vector addition, results are presented as a relatively smooth animation even on an IBM PC AT. MULTIPLE REDUNDANCY Most real structures have rather more redundancy than the simple arch described above. It is perfectly practicable to use the exploratory technique on multiple spans.
 
 FIG. 4. Double span—both arches falling.
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 A two-span arch is the next step in complication. Figure 4 shows two adjacent spans of Stephenson’s Royal Border Bridge at Berwick. Here there are three reactions and six redundancies. The statically determinate release structure will have both arches descending (Fig. 4). It will be necessary to investigate the interaction of two resultants and so they must
 
 FIG. 5. Load to left—right span propping.
 
 FIG. 6. Two spans with reactions adjusted. be changed in turn. Each arch is dealt with separately. Reactions are adjusted to produce an acceptable zone of thrust. The two arches are then combined and the path of the resultant force down the pier is traced. If the two arches are analysed separately, the combined picture can be displayed adequately on a Hercules screen, and very attractively on VGA. The figures presented here are screen grabs from VGA using Word Perfect 5. Figure 5 shows the effect of a heavy load in the left-hand span of Fig. 4. In Fig. 6 the reactions in the right-hand arch have been adjusted to produce stability. Note that the maximum propping action has not been used.
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 Extension of the process The graphical quality available on microcomputers is still somewhat limited. When two spans are being worked on it is usually advantageous to treat them individually before combining the graphics on the screen. A similar approach will of course be possible for a viaduct. Each arch can be treated as a separate entity and then the structure combined to show the effect at the piers. As screen resolution improves it will be possible to work on multiple spans on screen. THE VALUE OF THE OUTPUT No doubt many of the readers who have borne with us thus far will wish to ask the question ‘so what?’ What does a picture of the polygon of forces offer the engineer? Our view is that it allows him to explore the limits within which his structure is actually working. It will not give an absolute solution to the analytical problem, but the problem is not susceptible to analysis in that way. So many of the parameters concerned can only be defined in terms of limits. It is foolhardy to rely on even a few analytical solutions which do not clearly show what the implications are throughout the structure. THE NEXT STAGES This approach has been developed in a two-dimensional sense dealing with a very specific type of structure. The computation is based on a vectorial representation of the load path within the structure. As such it is definitely not limited to two dimensions. We hope to find the resources to develop the approach, first for complex three-dimensional masonry structures and then to structures where bending plays an important part in performance. The complexity in this latter stage is in representing the load path. The traditional approach of bending moment and shear force diagrams in different orthogonal axes is quite inappropriate and a major part of the development effort will be in finding more appropriate representations. CONCLUSIONS 1. Slender gravity structures are fundamentally different from modern continuous structures and demand unique analytical tools. 2. The line of thrust view has long been popular and load path analysis is its modern descendent. 3. The flexibility method provides a basis for a semi-automatic form of load path analysis for masonry structures. 4. The method is capable of considerable development, especially as computers become faster and as display techniques improve.
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 46 The Assessment of Masonry Arch Bridges— The Effects of Defects CLIVE MELBOURNE Department of Civil Engineering and Building, Bolton Institute of Higher Education, Bolton, Lancashire, UK ABSTRACT A large number of the existing stock of masonry arch bridges in the UK suffer from a variety of defects. The paper considers two of these defects— ring separation and spandrel wall separation. Ring separation in multiring arches is the loss of bond between successive rings. A series of laboratory tests on 1, 3 and 6 m span arch bridges is described. The significance of soil/structure interaction is discussed and the importance of defects quantified. The relative importance of the various parameters influencing the mode of behaviour and strength of the arch is discussed, thus allowing the engineer to formulate a mathematical model of the arch bridge to be assessed.
 
 INTRODUCTION Presently, in Britain, a programme of research is being undertaken to study the behaviour of masonry arch bridges under load. The programme is being funded primarily by SERC, British Rail and the Department of Transport. The aim of the research is to improve the methods of assessing the load-carrying capacity of this type of bridge as present methods appear overly conservative.1,2 The Bolton Institute Arch Research Team has been studying the behaviour of masonry arch bridges for some years as part of the national research programme. The work has encompassed small- and large-scale laboratory tests (up to 6 m span) as well as field tests. Much of the earlier work related to the importance of the soil structure interaction and spandrel wall stiffening. However, an integral part of any assessment is an appraisal of the significance of defects which exist within the structure. Recent work at the Bolton Institute has concentrated on the significance of these defects on the load-carrying capacity. Initially two types of defect have been considered, ring separation in multi-ring brick arches and spandrel wall separation. Both types of defects have been identified by the industry as being commonplace and significant although, to date, engineers have only been able to take cognisance of them in the form of a subjective condition factor.
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 Ring separation occurs in multi-ring brick arches and is associated with the loss of bond between successive rings caused by weathering and/or stress cycling of the mortar. MODEL TESTS The models were of a parabolic profile with a span of 1000 mm, span/rise ratio of 3:1 and a width of 500 mm. The arch ring comprised two rings or courses of brickwork, either bonded or unbonded, around the full arc of the arch. In total the ring thickness was approximately 110 mm. The models were constructed using half-scale fletton bricks with an average compressive strength of 30 N/mm2. They were constructed without spandrel walls. Because there were no spandrel walls the fill was contained by the perspex and wooden sides of the test rig. Prior to laying the bed face, each brick was coated with oil in order to minimise the effects of the bond strength on the model behaviour. A 1:1:6 (cement: lime: sand) mortar was used, it was mixed by volume and achieved an average 28-day compressive strength of 4N/mm2. Sand was used as backfill and compacted by vibration. A knife edge load (KEL) was applied incrementally and monotonically up to failure at either the 1/4 or crown point. Table 1 presents the results of the tests. Arches 1–3 were built such that
 
 TABLE 1Model test results Arch number
 
 Inter ring bed-joint material
 
 Loading position
 
 Experimental ultimate load (kN)
 
 1
 
 Mortar
 
 1/4
 
 13·2
 
 2
 
 Mortar
 
 1/4
 
 18·6
 
 3
 
 Mortar
 
 Crown
 
 31·0
 
 4
 
 Sand
 
 1/4
 
 6·9
 
 5
 
 Sand
 
 1/4
 
 8·1
 
 6
 
 Sand
 
 Crown
 
 8·8
 
 the two rings of brickwork were fully bonded together using a mortar. (By bonding it is meant adhesion rather than brick bonding using ‘headers’.) Arches 4–6 were built with the mortar between the rings, being replaced by damp sand to simulate loss of adhesion. All of the models which were loaded at the 1/4 span failed due to the formation of a four-hinge mechanism. For those models loaded at the crown, failure was due to the development of a ‘classical’ five-hinge mechanism. At failure in the ‘bonded’ arches no or little ring separation occurred and formation of the hinges was as a monolithic ‘single’ ring. In the ‘unbonded’ arches, other than in the region of the applied load, the unbonded rings were measured by embedment strain gauges as separating with increasing load. Development of the hinges in the models with initial ring separation was such that two thrust lines developed, one in each of the inner and outer rings. Hinges in the two rings
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 were coincident and developed simultaneously. Collapse was sudden and caused by almost total physical separation of the two rings and full development of the hinges. THREE-METRE SPAN BRIDGE TESTS Two 3-m span bridges were built and loaded to failure in the institute’s large-scale testing laboratory. The segmental arch barrel (radius 1875 mm) consisted of two rings of brickwork using class A engineering bricks. The brickwork was built in a ‘stretcher’ bond with no bonding between the rings other than through the mortar in the ‘bonded’ case and damp sand in the ‘ring separation’ case. The spandrel, wing and retaining walls were built in English bond using concrete commons. The walls were not attached to the arch ring. An average gap of 10 mm was provided between the spandrel walls and the arch ring. This ensured that both the effects of ring separation and spandrel wall separation could be studied. Compaction of the ‘graded 50 mm’ limestone backfill was achieved using 100 mm layers and a vibrating compacting ‘wacker’ plate. The bridge was filled to 300 mm above the crown. Both bridges were subjected to three loading conditions. Firstly, a 25·7 kN KEL was applied at 250 mm centres across the span to simulate a rolling load. Secondly, a 50 kN KEL was incrementally applied at the north quarter point, crown and south third point. Finally, a KEL was applied incrementally at the quarter point through to collapse. The elastic tests confirmed that the structure responded to the loading as a local effect, with soil pressure and brickwork strain changes being confined to the vicinity of the loading. This has been observed in field studies.3 Both arches failed by the formation of four-hinge mechanisms. In each
 
 FIG. 1. Three-metre span arch barrel— ring separation.
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 case the spandrel walls cracked in the vicinity of the crown and rotated about the abutment remote from the KEL (Fig. 1). The sequence of hinge formation is given in Table 2. In the bonded arch some ring separation occurred at the crown but the hinges formed at intrados and extrados. On the other hand, the unbonded arch produced extensive ring separation shortly after the formation of the second hinge. It is significant to note that the first hinge formed at approximately the same load in each test. As no ring separation cracking had occurred at this stage, it confirmed that the two arches were comparable. The unbonded arch deteriorated more rapidly after the formation of the first hinge and carried an ultimate load of 360 kN—a 33% reduction in carrying capacity compared with the bonded arch.
 
 TABLE 2 Sequence of hinge formation Hinge number
 
 Position
 
 Load (kN) Bonded arch
 
 Unbonded arch
 
 1
 
 Under load point, north quarter point
 
 240
 
 220
 
 2
 
 South quarter point
 
 300
 
 240
 
 3
 
 South abutment
 
 400
 
 320
 
 4
 
 North abutment
 
 480 (540 max.)
 
 320 (360 max.)
 
 As with the model tests, once ring separation occurred each ring formed its own pattern of hinges which interacted with each other. An assessment of the bridge using the presently accepted ‘MEXE’ method1,2 gave a modified axle load of 200 kN. This represents a load which is 85% of that required to cause the formation of the first hinge. The soil/structure interaction was monitored using pressure cells, not only in the extrados but also in the spandrel walls and the backfill. The overall picture which emerged was one of a compacted backfill exerting pressure greater than earth pressures at rest and which restrained the arch and dispersed the applied KEL. Additionally, there was a frictional/cohesive resistance between the backfill and the spandrel walls and the extrados, which restrained the arch initially and which increased as the arch swayed into the backfill as hinges formed. This movement into the backfill not only increased the longitudinal horizontal soil pressure but also the deviatoric stress, as on the back of the spandrel walls and hence the resistance to movement. A mechanism analysis using methods developed by Pippard and Baker4 and Heyman,5 and modified to incorporate the above factors, was used to predict an ultimate loadcarrying capacity of 470 kN.
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 SIX-METRE SPAN BRIDGE TEST The bridge was built and loaded to failure at the institute’s large-scale testing laboratory and represented one of a series of full-scale tests coordinated by the TRRL. It had a span of 6 m with a rise of 1 m and an overall width of 6 m. The two-ring brickwork arch was constructed using solid engineering class concrete bricks. The brickwork was built in a stretcher bond with no bonding between the rings other than the mortar bed joint. The total thickness of the arch barrel was 220 mm. This represented quite a slender arch with a span:ring thickness ratio of 27. The spandrel walls were built in an English bond. A 50 mm graded limestone was used for the backfill material compacted in 100 mm layers to 200 mm above the crown; this was surfaced with a 100 mm thick bituminous layer. The overall length of the bridge was 14 m. Throughout the construction process and subsequent testing instrumentation was provided to monitor all aspects of the bridge behaviour. Two separate series of load tests were conducted on the bridge. Full details of the tests are given elsewhere.6 The first comprised the application of a point load at various positions across the width and span of the bridge; these tests were carried out to simulate a wheel loading. Initially it had been hoped to apply a point load of 100 kN; however, during the initial loading cycle adjacent to the spandrel wall at the quarter span, cracking was recorded at 70 kN. Loading caused separation of the spandrel wall and arch ring, and the cracking manifested itself inside the arch barrel as ring separation along the line of the quarter point, detected by strain gauges embedded in the brickwork. Further point loading cycles at different locations on the bridge caused the initial crack to open and close as the load increased and decreased respectively. Following the point loading tests, the bridge was subjected to a KEL at the quarter span; loading was applied monotonically through to collapse. Separation of the spandrel/barrel interface commenced on the east side at 360 kN. Further loading caused the cracking to spread around the arch barrel. At 400 kN the first hinge in the barrel was observed underneath the load point. At 640 kN cracking of the spandrel walls was observed. Failure of the bridge was due to the formation of a four-hinge mechanism at a total applied load of 1173 kN. The spandrel walls were lifted and rotated, as shown in Fig. 2. Extensive ring separation was coincidental with failure and the arch barrel/spandrel wall was almost completely separated around the full arc of the barrel. It is worth noting that the mode of failure was similar to that of model tests previously reported by the author and others.7 Typical graphs of deflection, soil pressure and brickwork strain are given in Fig. 3. Formation of the first hinge under the KEL at 400 kN can be clearly deduced from the load/deflection graph, which shows a marked change in stiffness from the initial elastic behaviour. At the quarter point, remote from the loading, little movement took place until 800 kN, at which stage there was a rapid increase in deflection corresponding to extensive cracking of the arch and further hinge formation. Surface-mounted vibrating wire strain gauges confirmed the stiffening
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 FIG. 2. Crack pattern at failure. effect of the spandrel wall, which confined the thrust line to within the middle third at the three-quarter span. Ring separation was monitored and propagation of the local ring separation (caused during the point load test) commenced at 400 kN. Soil pressures were monitored not only on the extrados of the arch but also on the spandrel walls. Upon completion of construction the soil pressures were comparable with earth pressure at rest/unloading (i.e. K0γh or Krγh, Kr=1/K0). The oil pressures under the KEL increased as the load was
 
 FIG. 3. Typical graphs. applied and were compatible with a dispersal angle of 45°. There was a significant increase in the lateral pressure against the spandrel wall in the vicinity of the loading beam as the load increased. This was a contributory factor to the cracking in the wall. More significantly, there was little change in the soil pressure elsewhere in the bridge until the load exceeded 600 kN, at which stage there was a general increase in pressure
 
 Bridge management
 
 472
 
 on the side remote from the load caused by the arch barrel trying to ‘sway’ into the fill. It is important to note that even at failure the soil pressures did not reach passive pressures but did provide significant restraint to the arch. Using a modified mechanism analysis adopting Kr pressures, together with the stiffening effects of the spandrel wall and cohesive/frictional resistance, an ultimate load capacity of 1010 kN was predicted and a load of 730 kN for the onset of mechanism behaviour. CONCLUSIONS (1) If free to do so, an arch bridge will fail due to the formation of a four-hinge mechanism. (2) Using a modified mechanism analysis incorporating the lateral backfill pressures, spandrel wall stiffening and backfill cohesion/friction structural interaction, the onset of mechanism behaviour and the collapse load can be predicted. The prediction of the onset of mechanism behaviour could be used to set a serviceability limit state. (3) At all stages of loading consideration must be given to the possibility of local failure (e.g. punching shear, ring separation, snap-through) and adequate factors of safety applied. (4) Ring separation caused a reduction of between 56% and 33% in the ultimate loadcarrying capacity of the model and full-scale two-ring brick arch bridges respectively. (5) Passive soil pressures were not observed in any of the tests, even at gross deformation. (6) Surface strain measurements indicated that the spandrel wall stiffening delayed hinge formation and influenced hinge positions. (7) Where spandrel wall separation exists the cohesion/friction resistance on the back of the wall makes a significant contribution to stiffening the arch.
 
 ACKNOWLEDGEMENTS The author wishes to acknowledge the financial support of SERC, British Rail, TRRL and NAB, also the encouragement and support from the staff of the Department of Civil Engineering and Building at the Bolton Institute of Higher Education. REFERENCES 1. The Assessment of Highway Bridges and Structures. Department of Transport Roads and Local Transport Directorate, Departmental Standard BD21/84, Department of Transport, March 1984. 2. The Assessment of Highway Bridges and Structures. Department of Transport Roads and Local Transport Directorate, Advice Note BA 16/84, Department of Transport. HMSO, London, March 1984. 3. MELBOURNE, C., The construction of mass concrete arch bridges. Structural Faults and Repair Conference, London, June 1989, Engineering Technics, 1989.
 
 The assessment of masonry arch bridges
 
 473
 
 4. PIPPARD, A.J.S. and BAKER, J.F., The Analysis of Engineering Structures, 2nd edn. London, 1943. 5. HEYMAN, J., The Masonry Arch. Ellis Horwood Ltd, London, 1982. 6. MELBOURNE, C. and WALKER, P.J., Load test to collapse of a full-scale brickwork masonry arch. TRRL Contractor’s Report (to be published). 7. MELBOURNE, C., QAZZAZ, A. and WALKER, P.J., Load testing to collapse of model and full-scale brickwork masonry arches. SERC, Repair Maintenance and Operation in Civil Engineering Conference, London, June 1989.
 
 47 Theoretical and Experimental Investigations on Railway Bridges Dating from 1856 to 1895 F.MANG and Ö.BUCAK Versuchsanstalt für Stahl, Holz und Steine (Testing Centre for Steel, Wood and Stone), Universität Karlsruhe, Kaiserstrasse 12, D-7500 Karlsruhe, FRG ABSTRACT When assessing the residual service life of old bridge structures, the question arises whether they can be still used after having exceeded the theoretical service life, or if they should be replaced by a new structure after having been newly classified, or if they are still usable after reinforcement or on the basis of shorter service intervals. The determination of the residual service life of a bridge results in the difficulty of recording the exact history of the loads and the state of the bridge. Insufficient knowledge about the strength and fatigue behaviour of old steels and constructions applied aggravate the above decision. This paper deals with experimental investigations on a complete bridge structure of the ‘museum railway’ of the community of Blumberg as well as with two developed bridge structures of the Federal Railways. The results of these component tests are compared with data known from literature as well as with other results of similar investigations performed at the institute.
 
 INTRODUCTION Today structures subjected to fatigue loads, for example railway bridges, are usually designed for a certain service life. The reason for this is the knowledge that after exceeding a critical number of load cycles with a sufficiently high loading level fatigue fractures occur. This calculated failure is covered with a corresponding ‘safety factor’. For older iron and steel structures, design ‘for a set time’ was not usual.
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 FIG. 1. General view of Koblenz/Waldshut railway bridge.
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 FIG. 2. Detail of the Koblenz/Waldshut railway bridge. There are numerous structures which have been subjected to fatigue loading for more than a century. After reaching and exceeding the ‘standard service life’, fatigue-loaded structures often cannot be reliably assessed with regard to possible residual life. One reason for this is insufficient knowledge about the behaviour of the static and fatigue strength of steels (wrought iron, puddled steel) and the structures used in the 19th century. The oldest railway bridge, the Koblenz/ Waldshut between the Federal Republic of Germany and Switzerland, which is in the charge of the Versuchsanstalt für Stahl, Holz und Steine, dates from 1858 and is still in operation today. This bridge is shown in Figs 1 and 2.
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 FIG. 3. Local rust formation. Extensive measurements under traffic load and investigations on the material allow the operation of this bridge to continue—at least for the next few years. Presently the gap in single elements due to rust formation (Fig. 3) seems to be a problem. After complete removal of the rust these areas are filled with a flexible lute (Fig. 4). The original values of the forces caused by the rust formation are being investigated and will be reported on later. Since the design and strength of joints substantially influence the load-bearing behaviour of the total structure, such joints from old steel bridges have to be investigated
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 more precisely. When assessing old existing bridges, material specimens have been taken from the braces or from less stressed
 
 FIG. 4. Flexible lute. areas of the construction for examination. The data obtained were and still are subjected to very high safety factors since a safe assessment is required. The aim of recent investigations in Karlsruhe is to obtain real residual service life by studies on original joints and structural members or full structures, and comparison with
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 data on simple specimens already tested in the institute or which are available from literature. Some characteristics may have to be newly determined. GENERAL Knowledge of the residual service life of old bridge structures is required by their operators, or by people who need to know how much longer these structures can be operated under present and projected loading conditions. The protection of historical monuments and economic considerations are the decisive factors. One recent project was the so-called gun railway, also called ‘pig-tail railway’ (museum railway), which runs in the area of the Wutach Valley in the south of Germany. Figure 5 shows one of the bridge structures of the museum railway. Until recently the question of residual service life has been tackled by gathering the following information: (1) Survey of the bridge by visual inspection (state of corrosion). This was the determining factor for some of the bridges. (2) If static calculations are available, determination of the peak stressed areas. (3) Sampling of less critical but representative areas of the structure. (4) Test investigations, for example chemical analysis, tensile tests and fatigue tests on original material. (5) Additional calculations based on actual material properties. (6) Determination of the previous loading on the bridge and expected future loading (load spectrum). (7) Application of the Miner rule (linear damage accumulation hypothesis) for the determination of the residual service life as well as the safety factor for this particular bridge. (8) Fracture mechanics investigations, for example COD tests. Sufficient data for material properties have been established by preliminary surveying of various highly dynamically stressed structures which can be used for initial assessment. Significant investigations need only be done in the final phase for the purpose of confirming the assumptions made. Presently there is still a gap in knowledge about the behaviour of such bridges as a total system or on the bearing capacity of complete structural members in the original state. Questions about the rivet slip, the rivet initial load, the displacement under shear stress and load distribution with various elements of a structural member are still unknown. These parameters influence the fatigue behaviour. For this reason checks on full-scale structural members typical of an actual bridge are needed.
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 FIG. 5. A bridge structure of the museum railway. For this purpose a complete bridge with a length of 4·50 m dating from 1877 has been selected from various bridges of the museum railway together with the longitudinal girders and cross-girder joints of a further bridge system dating from 1895 with a span of 4·8 m which have been investigated in the Versuchanstalt für Stahl, Holz und Steine. INVESTIGATIONS ON THE MATERIAL Samples have been taken from five specimens of three bridges of the museum railway and three specimens have also been taken from the Stahringen Bridge. With the exception of one specimen, which was taken from a base plate made of cast iron, investigations were carried out on semi-finished products made from puddled steel. The purpose of the investigations on these specimens was to find out whether the intensive investigations made on older materials from other bridges of the same period is possible. The results of the tensile tests carried out on specimens from various parts of the bridge confirm the material data obtained from other similar structures.
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 PERFORMANCE OF FATIGUE TESTS Tests on the Museum Railway Bridge The bridge (Fig. 6) was installed in the 50 MN press of the institute. The photograph of Fig. 7 shows the installation corresponding to the critical load configuration LF1. Stress results of static tests under both load configuration 1 and load configuration 2 compared well with calculated values (σ=135 N/mm2 calculated, 137 N/mm2 measured). Calculations carried out with the actual bridge dimensions before testing indicated that LF1 was the critical load configuration. For this reason a fatigue test was performed with this load configuration.
 
 FIG. 6. Test specimen and loading arrangements.
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 FIG. 7. Bridge in the 50 MN testing machine. The test load was twice the maximum load expected with a limiting stress ratio R=+0·35. Under this load an edge stress of σ=137 N/mm2 existed on the main girder. The stresses have been calculated with the loads applied and the net iron section calculated according to the normal assumptions of static behaviour. Flexible bearings were used in order to allow for possible irregularities of the bridge. To determine the stress state on the main girder important areas were monitored by strain gauges. With a load cycle of 108070 the test was terminated since a correct load application was not possible because of the occurrence of a large crack. The crossgirder/main girder joint was where the failure occurred. This is shown in Fig. 8. The bridge was cut into small pieces in order to investigate individually the main girders, longitudinal girders and the cross-girder/main girder joints (Fig. 9). Tests on both Main Girders and Longitudinal Girders The tests on the main girders with a span of 3300 mm were performed as a four-point bending test. The distance between points of load application was
 
 Theoretical and experimental investigations
 
 483
 
 FIG. 8. Cross-girder/main girder joint—cracked web plate. 800 mm. With this arrangement a constant bending stress occurred in the central area of the main girder (Fig. 10). The load for the first main girder was selected to induce a tensile stress of σ=137 N/mm2 and later 165 N/mm2 at the extreme fibre. The limiting stress ratio was R=0·2. After 10000000 load cycles with an edge stress of 135
 
 FIG. 9. Blumberg Bridge— classification of the test specimens after dismantling.
 
 Bridge management
 
 484
 
 FIG. 10. The central area of the main girder. N/mm2 and without any discernible cracking, the load was increased to σ= 165 N/mm2. Under this load a crack in the web of the main girder occurred with a load cycle of 1534000. With this the load could be sustained despite the crack in the main girder. For this reason the test was continued until both angles and the chord plate of the main girder’s tension flange were also broken. This occurred at a total load cycle of 1572600. The girder therefore took an additional 38600 load cycles from the clearly visible incipient crack of the web up to the total failure of the main girder (Fig. 11). The web was first to break followed by the angle section and last the chord plate. The cracks were random and not on a line.
 
 FIG. 11. Rupture portions in main girder 1 after the test.
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 FIG. 12. Comparison of results of the tests on structural members of the Blumberg Bridge with former investigations on members with drilled holes. With the second main girder, approximately 100000 cycles were needed from the clearly visible incipient crack in the web up to total failure. Three further test specimens were taken from the unbroken area of the main girder and tested in the three-point bending test with a span of 1500 mm. The upper loads were 450 or 600 kN, and the corresponding limiting stress ratio was R=0·35 or +0·1. Four test specimens were taken from the longitudinal girders and tested in a threepoint bending test with a span of 1500 mm. With two specimens the upper stress was 165 N/mm2 and with the others 135 N/mm2. The tests were performed with a limiting stress ratio of R=+0·1. As with the tests on the main girder specimens, the cracks start from the bearing point and run diagonally through the web. Afterwards cracks occurred at the angle sections of some specimens.
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 TABLE 1 Results of the tests on dead-end transverse girder joints
 
 Test number
 
 State
 
 P0 (kN)
 
 Pu (kN)
 
 Load cycles
 
 Remarks
 
 3
 
 Dead-end transverse girder
 
 450·0
 
 157·5
 
 2560400 Crack in the web between main girder 2 and longitudinal girder 7
 
 4
 
 Dead-end transverse girder
 
 300·0 450·0
 
 105·0 157·5
 
 11479500 No crack 3366400 Diagonal crack on the web plate between 1 and 5
 
 8
 
 Non-broken joints screwed together
 
 450·0
 
 157·5
 
 27237400 Crack in the web between main girder 2 and longitudinal girder 7
 
 7
 
 Change of load arrangement so that broken area is not stressed
 
 450·0
 
 157·5
 
 25375400 No crack
 
 The results of these investigations were compared with older test data on puddle steel specimens with drilled holes existing in the institute. It is evident that the results from tests on the main girder and longitudinal girder are within the scatter range of the tests on small specimens (see Fig. 12). Since the failure of the cross-girder joints occurred under test on the full bridge of the museum railway and investigations on such joints did not exist or rather were unknown from literature, emphasis has been placed on this type of failure in these investigations. At first both ends of the bridge were tested with a limiting stress ratio of +0·35 (as with the test on the complete bridge) with various shearing forces, both as the three-point bending test and as the four-point bending test. The results with the corresponding test data are given in Table 1. Afterwards the ends of the dead-end transverse girders were screwed together to a new specimen to enable joints with larger dimensions to be tested. Figure 13 shows the test specimen after failure. From the second bridge a girder was subjected to bending with four cross-girder joints, and to a fatigue test. The limiting stress ratio was +0·1. The results are given in Table 2.
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 Tests on Wind Bracing Parts of the Bridge of the Museum Railway as well as on Small Specimens taken from the Bridge Structures From both wind bracings of the bridge the central areas were kept in the
 
 FIG. 13. Cracked cross-girder joint.
 
 FIG. 14. Results of investigations on webs with drilled holes and on members with original rivets.
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 TABLE 2 Test number 1
 
 State
 
 P0 (kN)
 
 Pu (kN)
 
 Load cycles
 
 Remarks
 
 Connection
 
 350·0
 
 35·0
 
 15083712 No crack
 
 Cross-girder to main girder
 
 600·0
 
 60·0
 
 73440 Crack under the load application
 
 original state (with rivets) and subjected to a fatigue test with a pulsating machine. Two tests with a nominal upper stress of 250 and 200 N/mm2 were performed. The results are plotted in Fig. 14 and compared with the results on punched webs of previous bridge investigations existing at the institute. It can be seen that the results are on the favourable side of the scatter range. At the same time it should be pointed out that the scatter is relatively high, as is usual with old structures. Residual material from the bracings with newly drilled holes of 20 mm diameter was removed and subjected to fatigue tests under various stress levels. From the results plotted in Fig. 14 good correlation with old test data is evident. Several small specimens from the L-sections and chord plates of the main girders were taken and tested in fatigue. They also show good correlation with previous test values. With all specimens the incipient fatigue crack started from the rivet hole, as expected. Figure 15 shows the fracture surface of test specimens after failure.
 
 FIG. 15. Rupture surface of a solid rod—polished section on a rivet.
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 48 Structural and Material Damage to Concrete Highway Bridge Decks in Saudi Arabia M.Y.AL-MANDIL, A.K.AZAD, M.H.BALUCH, A.M.SHARIF and D.PEARSON-KIRK Department of Civil Engineering, King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia ABSTRACT A seemingly large number of concrete highway bridges in Saudi Arabia are suffering signs of cracking, deterioration and, in some cases, localized failures to their deck slabs. Several reasons are believed to have contributed to these phenomena, including low quality materials, poor construction practices, lack of control over vehicular loads and the severe environmental factors. A research programme has been initiated to categorize the types of damage to bridge decks and to identify the prevailing causal factors. Based on detailed in-situ and laboratory investigation of several defective bridge decks around the kingdom, damage may be broadly classified into (i) structural damage resulting from overloading and (ii) material damage resulting from environmental impact on the durability of concrete. This paper presents a typical bridge case study for each type of damage. Each case study involves a detailed description of damage inflicted on the bridge deck, along with the investigative approach adopted by the authors to determine the major causal factors. The paper is concluded by a ‘damage likelihood chart’ for the various types of bridge decks around the kingdom. The chart accounts for variations in the bridge geometry as well as its geographic location.
 
 INTRODUCTION Over the past two decades several hundred concrete highway bridges have been built in Saudi Arabia as part of the development of a modern highway network. Some of these bridges have suffered prematurely from excessive cracking, deterioration, loss of serviceability and failure. Several reasons are believed to have contributed to these phenomena, among which are low quality of concrete constituents, poor construction practices, lack of control over vehicular loads and the harsh environmental factors. The impact of the harsh environmental factors on the durability of concrete structures in the Arabian Gulf region is well recognized in the literature.1–3 Although
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 these.durability problems and the causal factors for deterioration which are applicable to a concrete structure are equally applicable to concrete bridges, the severity and unpredictability of bridge loadings and the direct exposure of the bridges to hostile environments have together paved the way for an aggravated assault on durability of bridge decks. Realizing the seriousness and the scope of deterioration of concrete bridge decks, the Ministry of Communications (MOC) in association with King Fahd University of Petroleum and Minerals (KFUPM) have embarked on a national project to study the bridge deck cracking phenomenon in the kingdom of Saudi Arabia. The project was sponsored in 1984 by the King Abdulaziz City for Science and Technology (KACST) for a duration of 4 years. As part of this national project, in-depth studies were conducted on 21 defective bridge decks around the kingdom. These bridges were selected as representative examples of the types of damage identified to be most prevalent in short-span bridge decks. Damage to the deck system has been broadly classified into (i) structural damage and (ii) material damage. Structural damage to girder-slab bridges evinces itself as localized failure in the form of potholes resulting from punching shear or combined shear flexure failure. Damage in slab-type decks, with slab thickness appreciably greater than that in girder-slab decks, manifests itself in the form of a rectangular grid pattern of cracks in the soffit, with crack widths up to 2–3 mm. Material damage in the form of corrosion of deck slab reinforcement occurred in the presence of a chloride and sulphate contaminated environment, hypothesized to have transpired either due to lack of control of mix ingredients and curing water or due to a subsequent ingress by the aggressive salts in the coastal regions. This paper presents a representative bridge deck case study for each type of damage identified to be prevailing in short-span bridges in the kingdom, i.e. structural damage and material damage. The D2 bridge deck is a vivid example of localized failures inflicted on girder-slab bridge decks by the grossly overweight trucks. The EP2 bridge deck, on the other hand, presents an example of the concrete degradation in the environmentally hostile regions of eastern Saudi Arabia. The paper concludes with a damage likelihood chart for the various types of existing bridge decks in Saudi Arabia. The chart is derived from the extensive surveys and inspections of damaged bridges around the kingdom. STRUCTURALLY DAMAGED BRIDGE DECKS: AL-DARB BRIDGE CASE STUDY General Description This bridge is located on the Al-Darb to Abha road, 12 km northwest of Al-Darb Village. The MOC reference number is 081-0035-0211 and is code named D2. The bridge spans over a deep wadi and has three simply supported spans of 16 m and a skew angle of 30°. The deck has a road width of 8·0 m for two traffic lanes. The bridge consists of a reinforced concrete slab cast monolithically over four main girders. The girders are
 
 Bridge management
 
 492
 
 connected transversely by three cross diaphragms in each span. A plan view and a crosssection of the bridge are given in Figs 1 and 2 respectively.
 
 FIG. 1. Plan view of desk slab for bridge D2.
 
 FIG. 2. Cross-section of deck slab for bridge D2.
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 FIG. 3. Plate showing localized failures (potholes) in the deck slab of D2. At the time of our inspection there were two existing potholes in the deck slab where concrete has completely fractured and disintegrated, leaving the rebars exposed (Fig. 3). The position of the potholes is shown in Fig. 1. Numerous grid pattern cracks are noted on the soffit of the deck. Crack widths in the slabs ranged from 0·4 to 1·1 mm. This bridge had been abandoned due to the localized failures in the deck slab, and was bypassed by a road across the wadi. Assessment of Concrete Quality and Strength Twelve cores were selected from various locations on the deck slab (as shown in Fig. 1) for determination of concrete compressive strength. These core strengths ranged from 11·5 to 20·6 MPa with a mean of 17·4 MPa and a standard deviation of the mean of 2·7 MPa. Four extra cores were taken for crack-depth determination and all of these cores exhibited full-depth cracking. The design specification required a minimum cover to reinforcement of 40 mm for top reinforcement and 30 mm for bottom reinforcement. The cover to the top reinforcement averaged 46 mm and the cover to the bottom reinforcement averaged 30 mm. Cover to the steel was clearly adequate. The coarse aggregate gradation results showed a relatively oversanded mix. The ratio of coarse to fine aggregate (CA/FA) was 1·5:1.
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 Structural Analysis A finite element analysis using ICES package program ‘STRUDL’ was carried out for bridge D2 to determine the service load moments, and to assess the flexural stresses in the deck slab as caused by truck loadings. Three
 
 FIG. 4. (a) Bridge design vehicle DPK No. 1; (b) bridge design vehicle DPK No. 2.
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 loadings were considered: (i) AASHTO HS20-44+10% truck loading, which was the prescribed design loading; (ii) DPK vehicle No. 1; and (iii) DPK vehicle No. 2. The last two truck loadings (Fig. 4) represent some of the high vehicular loadings as observed from the axle load measurement study.4,5 Table 1 presents the results of the final analysis of the deck for the three different loadings. The maximum moments are listed for the deck slab and girders. Only the positive slab moment in both directions (x and y) are listed in order to check the stresses in the bottom reinforcement. The reinforcements in the deck slab are running orthogonal to each other and parallel to the x and y axes, as shown in Fig. 5.
 
 TABLE 1 Live load analysis for bridge D2 Type of loading
 
 Slab maximum positive moment (kNm/m)
 
 Maximum girder moment (kNm)
 
 Mx
 
 My
 
 AASHTO+10% H20
 
 17·67
 
 12·18
 
 454
 
 DPK No. 1
 
 31·15
 
 16·65
 
 823
 
 DPK No. 2
 
 33·09
 
 17·65
 
 1120
 
 The stresses in the bottom reinforcement of the deck slab were checked in both directions due to the maximum positive moment. In the transverse direction, the maximum positive moment is due to DPK No. 2 vehicle, Mx= MDL+(MLL+I)=48·74 kN m/m, where MDL=5·72 kN m/m. Taking a slab width of 1 m and effective depth=180−38=142 mm, the depth of the neutral axis from the top of the slab=46 mm. This gives a steel stress (fs) of 220·4 N/mm2 (i.e. 0·64fy if fy=345 N/mm2), which is not critically high. Thus the transverse moment would produce a number of fine longitudinal tension cracks since the stress level is moderate. In the longitudinal direction, the maximum positive moment is also due to DPK No. 2 vehicle, My=MDL+(MLL+I)=31·06 kN m/m, where MDL= 8·11 kN m/m. Taking a slab width of 1 m and effective depth=180−53= 127 mm, the depth of the neutral axis from the top of the slab=49 mm. This gives a steel stress of 252·0 N/mm2 (i.e. 0·73fy), which will cause severe transverse tension cracks.
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 FIG. 5. Steel arrangements in the deck slab of bridge D2. Discussion of D2 Case Study The deck slab of bridge D2 is characterized by the presence of two potholes, with the soffit exhibiting signs of extensive structural cracking, often in grid form. The crack widths in the slabs ranged from 0·4 to 1·0 mm. The assessment of the strength of the cores does reveal that the concrete was indeed below specified strength. The core strengths ranged from 14 to 20 MPa with a mean of 17·2 MPa, whilst the design specification called for 24·6 MPa. It may be argued that core strengths will be lower than the in-situ concrete strengths as a result of the coring process; nevertheless, the concrete strength definitely falls short of the design specified strength, not only on an average strength basis but also because over 50% of the cores had strengths which were less than 75% of the design specified strength. The cement content of the concrete estimated from chemical analysis of the cores was 255 kg/m3, which is some 32% below the current MOC specification requirement of 375 kg/m3 for 21 MPa strength concrete. The ratio of coarse to fine aggregate was 1·5:1, which is acceptable but does indicate slight oversanding. The larger aggregates were extremely elongated, some exceeding 60 mm in linear dimension, and thus were far from being ideal materials for concrete. The detailed structural analysis of the deck system for D2 did not provide us with conclusive evidence as to the causes of the formation of the two potholes. It does, however, vividly illustrate that deck overloading is the main cause for the shear and
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 flexural cracks in the deck slab. Such high steel stresses under service loads (fs=0.73fy) would most certainly lead to extensive flexural cracking. However, at such high stress levels the linear elastic FE model as used herein becomes merely an indicator of the actual situation rather than a true index of stress distribution. A more appropriate criterion for structural behaviour in this seriously cracked deck would be in-situ monitoring of strain distribution under a vehicle of known load. Results of such a test would indicate the nature of redistribution of stresses in the deck system, and a more realistic evaluation of the actual situation could be made. Hypothesized Mechanism for Pothole Formation Turning our attention towards the assessment of the nature and mechanism of the spalling and the pothole formation, it is noted that most potholes are formed in the severely cracked regions as a consequence of a punching shear type of failure, where pieces of concrete are pushed through the slab reinforcing bars. A quick check on the deck’s punching shear capacity reveals that this deck entertains a high margin of safety against punching shear type of failure on the basis of the ACI punching shear formula.6 Therefore a punching shear design deficiency can be discounted. However, it has been shown in a relevant study7,8 that the punching capacity can be impaired by the existence of a flaw within the slab intricately developed by the active process of crack growth and crack nucleation. A deck slab will normally be subjected to two types of cracking: (i) non-structural cracking related to environmental factors such as plastic settlement, shrinkage and thermal effects, and (ii) structural cracking caused by the tensile stresses from the vehicular load action. Superimposed crack prints of these two represent the current state of cracking, which is continually being altered by the progressive crack growth due to dynamic overloading effects. This may lead to the formation of a concrete zone which is separated from the surrounding body along an enclosed perimeter of the nucleated crack surface. This separation along a closed perimeter constitutes, in effect, a flaw. Existence of random cracking at the slab soffit is conducive to the formation of such a flawed zone, which may be dangerous from the punching viewpoint. MATERIALLY DAMAGED BRIDGE DECKS: EP2 BRIDGE CASE STUDY General Description This bridge is located in the Dammam district of the eastern province along the AbuHadriyah-Dammam road. The MOC reference number is 023–0093–0234 and is code named EP2. The bridge has three spans of continuous slab type with a central span of 13·45 m and two end spans of 8 m. The bridge deck is a voided slab system with a slab thickness of 110 cm. The voids are circular, 20 in number across the section, with each void being 70 cm in diameter. Shown in Fig. 6 is a typical cross-sectional view of the bridge deck.
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 FIG. 6. Cross-section of deck slab for bridge EP2.
 
 FIG. 7. View of asphalt cracking in EP2. Attention was drawn to distress in the deck slab by evidence of severe cracking in places in the asphalt road surface (Fig. 7). The asphalt cover was stripped in such cracked regions in order to expose the concrete deck slab. The concrete slab itself showed few signs of cracking, but sounding a hammer on the concrete surface indicated delamination of the slab. Figure 8 shows the extent of the delamination in certain zones. Since all indications pointed to corrosion-induced damage in the bridge deck, field measurements centred around corrosion-related parameters. Initially concrete was chiselled away in the delaminated zones and steel exposed at these sites. The reinforcement showed definite signs of corrosion and in some places the reinforcement had disintegrated entirely.
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 FIG. 8. Close-up view of delaminated concrete on deck slab of EP2.
 
 FIG. 9. Chloride profile in top 20 cm of EP2 deck slab. Calomel half-cell potential measurements were made and all readings indicated a state of active corrosion. In addition, cores 5 cm in diameter and 20 cm in depth were taken from the bridge deck for chloride profile determination. It was not felt advisable to take fulldepth cores due to the presence of the voided pipes. Figure 9 shows the chloride profiles
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 for the top concrete depth of 20 cm. Bridge EP2 shows an extremely high gradient of Cl− level, with maximum measured values of 9·12 lb/yd3 (5·42 kg/m3). Discussion of EP2 Case Study −
 
 The threshold level of Cl to activate corrosion depends on the cement content, but for the normal range of cement content (from 335 to 490 kg/m3) the threshold level of Cl− varies from 1·13 lb/yd3 (0·67 kg/m3) to 1·65 lb/yd3 (0·98 kg/m3), with lower threshold values for lower cement content. Thus the Cl− level far exceeds the threshold level throughout the top 20 cm region in EP2, which indicates that the top reinforcement is susceptible to corrosion. What is of great interest is the fact that there is a definite indication of chloride ingress into the deck from the top surface. If the chloride contamination were only to be from aggregate contamination and/or mix water, the gradient would not have been as pronounced. One can only hypothesize the source of this ingress, which includes the following: (i) Chloride-contaminated curing water. (ii) Airborne-contaminated pollutants deposited on the deck surface periodically, which are then washed into the permeable deck with condensation of moisture. (iii) Periodic passage of transport vehicles loaded with saline water dropping on to the bridge surface. Presence of contaminated aggregates and mix water would only serve to aggravate the problem further. Inasmuch as up to 36 bridges in this sector are involved and several are showing similar symptoms it appears that items (i) and/or (ii) mentioned above may be plausible explanations. Item (ii) is considered a possibility because the entire region is identified as a Sabkha region and the likelihood of chloride-contaminated curing water (item (i)) should never be discounted in a dry and arid region. It may be that the mechanism of thermal incompatibility of concrete components (TICC), as identified in the laboratory research component of this project,9 is playing a role in increasing the permeability of the concrete decks over a period of time under repeated thermal cycling. This effect is known to exist in concretes made with limestone aggregates (as in the eastern province) due to the difference in the coefficient of thermal expansion of the aggregate and the cement paste. Diurnal and seasonal temperature variations induce microcracking in the concrete structure over a period of time, making it easy for chloride to ingress into the deck slabs. Conclusions of EP2 Case Study At this stage, based on analysis conducted thus far, it appears that there is a very good probability that top reinforcement in the EP2 bridge is in an active state of corrosion. Nothing can be said about the bottom reinforcement in the absence of full-depth cores for the chloride profile. In view of the fact that the bridge is continuous, corrosion of top steel in negative moment regions can have very serious implications. In terms of what needs to be done, one cannot say for certain that removal of delaminated sections of the
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 deck with subsequent corrosion-associated repair would solve the problem. The reason for this is that there has been a substantial build-up of Cl− level (at least in the top 20 cm of the slabs), to a level above the threshold deemed necessary for activating galvanic corrosion. In addition, there is a definite possibility that chemical corrosion may also be present in view of the dangerously high levels of sulphates. In retrospect, it may be stated that there is an urgent need for detailed investigations of all affected bridges in this region. This should include full-depth chloride and sulphate profiles, and half-cell potential contour plots. Based on these results, the mode of repair can be decided, which could include conventional corrosion repair in decks where the Cl− level has not built up excessively with chlorides and sulphates. Performance of cathodic protection in
 
 -related chemical corrosion is not well known. CONCLUDING REMARKS
 
 During the course of the national project,5 21 bridge deck systems have been subjected to detailed investigations. These bridges cover a wide spectrum of varying parameters, as they not only differ in their geographic locations within the kingdom but their deck types, span lengths and deck widths also vary. The common denominator amongst these bridges is that they were undergoing a certain degree of distress to their decks at the time of investigation. Each of these bridges was treated as a unique case study and was diagnosed independently of other bridges in its region or of its own deck type. The objective of this section is to seek inferences from the case studies so as to help identify certain global parameters common to the observed damage phenomena in an effort to minimize the probability of such occurrences in the future. It may be concluded, in retrospect, that the shape and form of damage most likely to occur in a given situation is a function of bridge geometry, proportioning and environment. Shown in Table 2 is a damage likelihood chart based on the evidence collected as a result of the detailed study of the 21 bridges in the kingdom. In order to minimize the likelihood of the occurrence of the most common forms of damage as identified during the tenure of this project, certain precautionary steps need to be exercised in order to avoid damage
 
 TABLE 2 Damage likelihood chart for bridge decks in the kingdom of Saudi Arabia Type of bridge deck (i) Girder/slab (ii) Box girder
 
 Environment Nonaggressive
 
 Possible mode of damage
 
 Causal factors
 
 (i) Pothole in slab
 
 (i) Overloading
 
 (ii) Rectangular-grid cracking on slab soffit
 
 (ii) Low-strength concrete
 
 (iii) Shear/flexural cracking in girder
 
 (iii) Under-design
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 (iii) Slab
 
 Nonaggressive
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 Rectangular-grid cracking on slab soffit
 
 (i) Overloading (ii) Low-strength concrete (iii) Under-design (iv) Thermal effects
 
 All types of concrete bridges
 
 Aggressive
 
 Reinforcement corrosion
 
 (i) Chloride-contaminated materials and/or mix, curing water (ii) Improper mix design
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 49 Traffic Load Simulation Programme DIETRICH LEBEK Kollwitzweg 11, D-5000 Köln 91, FRG ABSTRACT Most existing bridge codes are almost exclusively orientated towards bridge design=to-be-built bridges. The reliability degree is not the same for decisions on to-be-built bridges and existing bridges. A ‘service concept’ must be put at equal rank side by side with the ‘design concept’. Both concepts complement each other. Neither can replace the other one. A traffic load simulation programme is an integral part of the ‘service concept’, allowing the evaluation of the individual bridge for its actual everyday traffic load. The summarised general considerations and a stateof-the-art review in brief underline the need for a ‘service concept’. The aim of a simulation programme is defined and the basic requirements for its development are described. A proposal is presented for a complete traffic simulation programme and guidance given for its usage.
 
 INTRODUCTION Maintenance of road bridges in a condition to provide safe and uninterrupted traffic flow is the primary aim of every transportation agency. A growing task facing bridge engineers in the near future is the rational assessment of existing bridges and optimum allocation of resources among decisions regarding unqualified acceptance, restricting traffic, rehabilitation or closing existing bridges. Primary among the considerations is the safety aspect. The need is for flexible evaluation options which recognise the site-specific behaviour and account for the frequency and configuration of everyday traffic. The everyday safe load-carrying capacity serves as a basis for many keynote decisions about the bridge. A powerful tool for achieving this goal is a flexible traffic load simulation programme which is easily adjustable to the specific site conditions of the individual bridge.
 
 Traffic load simulation programme
 
 505
 
 SERVICE CONCEPT General Considerations Bridges are designed as structures with a potential for long service life. Bridge design is based upon codes and standards valid at the time of design. However, codes and standards must be reviewed, changed or adapted to changing requirements from time to time, i.e. the duration of their validity is limited as compared with the expected service life of a bridge. At present we experience a rather rapid change of service conditions and a principal change of our basic safety concept from a predominantly deterministic to a predominantly probabilistic safety concept. The level of safety of a bridge and its components is determined by the ratio of the sum of acting service loads and the resistance. The resistance is not necessarily a timeindependent value. Frequently there exists an interrelationship between the resistance and the kind and duration of service loads and service conditions (e.g. fatigue problems). In addition, experience has shown that most technical products suffer from decreasing ‘reliability’ (Rt) with time. There are strong indications that bridges are no exception to this general rule. Such a decrease could be conveniently expressed as an exponential where t=number of years of the bridge in service and function in the general form λi=function of failure mode and maintenance intensity.
 
 FIG. 1. Decrease in bridge ‘reliability’ over the years with regard to loadcarrying capacity.——, Decrease of the reliability due to wear and tear and other factors; – – –, erratic decrease due to overloading;———, due to complete omission of maintenance.
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 The failure mode will be influenced by parameters such as live load intensity and frequency, structural defects, fatigue, damage, deterioration, change of assumed structural system, etc. Figure 1 illustrates possible trends by a few examples of bridges in service. The starting point of curves, R(t)=1, corresponds to the original reliability according to design assumptions and a basically sound structure. The four cases, randomly chosen, may illustrate the likelihood of the general validity of a function of failure mode and maintenance intensity for bridges in service and typify what may be called the ‘creeping’ or the ‘erratic’ change of the reliability of a bridge affecting its load-carrying capacity. Figure 1 also provides an indication of the ‘individuality’ of bridges in service. State of the Art In the federal road system (i.e. motorways and federal roads), the Federal Republic of Germany has a relatively new and modern bridge stock. The first ‘official’ bridge census was made in 1965. Tables 1–3 illustrate the development of the bridge stock over more than two decades. Table 1 shows that about half of the present bridge stock has a service life of 25 years or more. Prestressed concrete bridges represent the youngest kind of bridge within the entire bridge stock. Only a marginal number of new steel and composite bridges have been built in the last 15 years. About 90% of all bridges presently in service are reinforced or prestressed concrete bridges. Table 1 also indicates that the mean service age of the total bridge stock will increase more rapidly in the future since new construction has reduced. Table 2 indicates the tendency within the last two decades to adapt bridge
 
 TABLE 1 Development of bridge stock (federal road system only) (percentage based on total number of bridges in service in 1987) Year
 
 Kind of bridge Steel
 
 Concrete
 
 Prestressed concrete
 
 1965
 
 76
 
 55
 
 68
 
 15
 
 49
 
 1970
 
 95
 
 79
 
 80
 
 32
 
 63
 
 1975
 
 93
 
 a
 
 87
 
 54
 
 76
 
 1980
 
 a
 
 a
 
 94
 
 75
 
 88
 
 100
 
 100
 
 100
 
 100
 
 1987 a
 
 Composite
 
 Total bridge stock
 
 103
 
 100
 
 109 103
 
 Between 1975 and 1987 some steel and composite bridges have been replaced by other kinds of bridge structures, foremost by prestressed concrete bridges.
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 TABLE 2 Development of the statistical mean bridge dimensions in metres (federal road system only) Year
 
 Kind of bridge Steel
 
 Composite
 
 Concrete
 
 Total bridge stock Prestressed concrete
 
 Span Width Span Width Span Width
 
 Span
 
 Width
 
 Span
 
 Width
 
 1965
 
 51·9
 
 11·3
 
 83·2
 
 18·4
 
 14·5
 
 13·1
 
 64·1
 
 15·1
 
 25·1
 
 13·7
 
 1970
 
 49·4
 
 13·5
 
 88·9
 
 18·7
 
 15·0
 
 13·1
 
 69·1
 
 15·4
 
 29·4
 
 14·5
 
 1975
 
 51·4
 
 14·8
 
 82·2
 
 18·9
 
 14·7
 
 14·7
 
 74·9
 
 18·0
 
 34·6
 
 16·7
 
 1980
 
 47·6
 
 15·7
 
 94·3
 
 18·8
 
 14·5
 
 16·3
 
 76·2
 
 18·0
 
 37·5
 
 17·4
 
 1987
 
 46·6
 
 17·5
 
 101·1
 
 18·7
 
 14·2
 
 17·2
 
 75·6
 
 17·8
 
 39·6
 
 17·7
 
 dimensions to modern traffic requirements. One criterion is the development of the bridge deck width. With the exception of composite bridges, the statistical width of the bridge deck increased from about 11 to 14 m in 1965 to about 17 and 18 m in 1987. This fact has implications as regards the total amount of design live load moment. The design live load consists of two components: an axle load configuration and a uniformly distributed live load. In the German bridge design code, the axle load configuration is independent of the bridge deck width. The amount of uniformly distributed live load is directly proportional to the bridge deck width. Taking the total design live load moment for the mean bridge in 1965 as unity, i.e. equal to 1·0, the total design live load moment for the mean bridge in 1987 would be 1·09, or about 10% greater. However, both bridges have to carry the same daily traffic service loads since the actual number of truck lanes remained unchanged for both bridges. Another interesting aspect is: the present-day valid code would require a factor of 1·35 for the same bridge, or a 35% greater total design live load moment. This underlines the statement made above about the limited duration as compared with the expected service life. Table 3 indicates that about three-quarters of the existing bridge stock belongs to the range of bridge lengths between 5 and 100 m, i.e. the range of small to medium span bridges. This is the range mainly affected by modern truck traffic. Intensive measurements have revealed interesting facts. As regards directional traffic on motorway bridges, 75% have to cope with a yearly transport volume of 10 million t or more, 50% with 20 million t or more, 15% with 30 million t or more and 1% with 40 million t or more. This again
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 TABLE 3 Range of bridge lengths (federal road system only) (percentage based on total number of bridges in service in 1988) Length range between
 
 Kind of bridge Steel Composite Concrete
 
 Prestressed concrete
 
 Total bridge stock
 
 5 and 30 m
 
 30
 
 26
 
 61
 
 26
 
 45
 
 30 and 100 m
 
 12
 
 45
 
 9
 
 61
 
 29
 
 5 and 100 m
 
 42
 
 71
 
 70
 
 87
 
 74
 
 underlines the ‘individuality’ of bridges in service. Between 1978 and 1984 the mean gross vehicle weight increased about 10% for a representative truck traffic configuration. The damage equivalent value, used for fatigue loading, increased by about the same amount. This corresponds to an average increase rate of more than 1·5% pa at present. Predictions made public recently indicate an increase of 30% for truck traffic intensity in the European Community in the near future. SIMULATION PROGRAMME The Aim of a Traffic Simulation Programme The primary aim of a traffic simulation programme is the evaluation of the safety (or reliability) of road bridges and their components under the action of ‘everyday service loads’, taking into consideration the actual condition of the bridge and its components. The expression ‘everyday service loads’ includes the following service conditions: — ‘Normal’ traffic conditions, i.e. free-flowing truck traffic in the usual configuration at the bridge site. — ‘Specific’ traffic conditions, i.e. truck traffic flow influenced by specific measures or conditions such as specific road alignment conditions, access to industrial or harbour areas, etc. — Conditions caused by specific infrastructure conditions or requirements, either limited to a certain duration or unlimited in time. — Conditions caused by construction measures or structural requirements. The evaluation of the safety (or reliability) should include static as well as dynamic aspects and, if required, fatigue aspects for the entire structure, giving due consideration to redundancy aspects. Another essential objective is the usage of the traffic simulation programme as an everyday tool by the practising engineer (foremost in the fields of public service and consultant engineering). Expertly used, this tool can provide the much needed data serving as a basis for many keynote decisions about the bridge.
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 Principles of a Simulation Programme and a Design Load Concept A traffic simulation programme and a design load concept are based upon quite different principles. It is essential that this fact is clearly understood for the development of a simulation programme as well as for its proper usage. This fact is completely independent of the underlying basic philosophy on which the design load concept is based, e.g. on working stress design, on load factor design and on a basically deterministic or basically probabilistic concept. — The principle of a simulation programme is the individuality. — The principle of a design load concept is the general validity. In consequence of this, the following statements can be made: — The design of a bridge orientated towards a long service life should be based upon the principle of the general validity. — An effective management for bridges should be based upon the principle of individuality. — Design codes or standards and a traffic simulation programme should be viewed as sensible complementary principles rather than competitive or, even worse, contradictory principles. — Design codes or standards can be based upon the regulation principle whereas a simulation programme must not be based upon the regulation principle. Basis and Requirements for the Development of a Traffic Simulation Programme The development of a traffic simulation programme is dependent upon certain requirements. The following list of general requirements may not be complete in every detail. However, the list contains the more important items. The requirements concern such main items as load characteristics, traffic composition, traffic flow characteristics, calibration of basic data, accuracy of the models, and hardware and software requirements. — Distinction between types of truck (see also Fig. 2). Twenty-one types of truck form the basis for the simulation programme.
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 FIG. 2. Classification of truck types. — Acquisition of accurate and sufficient data—preferably at sites which are representative of normal traffic flow—for the following items: • vehicle gross weight (separate for each lane) • axle load (separate for each truck type) • axle spacing (separate for each truck type) • vehicle speed (separate for each truck type) • distance between vehicles (separate for each lane) — The load functions can be described for each type of truck by parameters that are independent of the location. — The distribution functions of the load function parameters can be transformed into mathematical functions with sufficient accuracy. — Verification and recalibration of the above data are required at suitable intervals (preferably measurements should be made at intervals not exceeding 10 years). — Traffic composition and traffic frequency must be assessed separately at each bridge site and be verified at suitable intervals. — Specific traffic conditions must be assessed at each bridge site and transformed into suitable mathematical models.
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 — Structural models are required that reflect the actual condition of the bridge at the time of the investigation. It is essential that the accuracy of the structure’s model(s) and the accuracy of the load models are compatible. — Each module of the simulation programme should be developed with regard to the practical capacity of a suitable type of personal computer. Consideration should be given to the possibilities offered by modern hardware to guide the user by including a suitable form of diagram or ‘pictures’ in the programme for the various modules. — The resulting strains and stresses should be given in the form of distribution functions independent of the kind or the form desired, e.g. stresses, moments, forces, etc. Only distribution functions can make it possible to evaluate extreme values and their likely frequency of occurrence, and thus assist in a reliable assessment of the bridge and its components.
 
 LAYOUT OF A SIMULATION PROGRAMME The need for flexibility has been stressed repeatedly above. Flexibility is an essential element for every possible form of a suitable layout. The number of modules to be included in the programme is not a decisive item as long as the programme is capable of achieving its desired objective. Two general ways appear to be possible for a layout: — A clear definition of a desired objective resulting in a programme that suits this objective only, As a consequence each objective would require a specific programme. — A complete layout for a simulation programme that is built up step by step whereby the necessary number and sequence of modules can be chosen to suit the desired objective(s). In the following, the second method will be illustrated. However, the first may offer advantages for certain conditions. The proposed layout considers the step-by-step method. The modules 1–3 and 6 are devoted to modelling traffic loads and traffic conditions. Module 1 is the ‘foundation’ for all traffic loads and conditions, Module 6 is of similar importance if fatigue is considered as an essential item. Module 2 covers the traffic stream for normal conditions. Module 3 is intended to cover specific traffic conditions. Module 4 should be interpreted as a summary of the model(s) needed to describe the structural characteristics. This module will only suit certain conditions, i.e. in general each bridge will require its own specific built-up module. Nevertheless, specific elements could be programmed in this module in such a way as to be applicable for more general use. Module 5 is reserved for the superposition of traffic loads with other defined loads or load combinations. This module will be needed for more in-depth investigations. Defined loads or load combinations could be, for example, prestressing, creep, shrinkage, temperature, stress redistribution, uneven settlement, etc. Finally, module 7 summarises all the modules needed to give final results for a given objective in the form of distribution curves of whatever is required, e.g. stress, strain, moments, forces, etc. The proposed layout in Fig. 3 shows a possible arrangement of the seven modules briefly described above. Table 4 sums up the modules in a descriptive manner.
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 FIG. 3. Proposed layout for a complete traffic simulation programme.
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 TABLE 4 Description of the modules forming the simulation programme Module
 
 Descriptive remarks
 
 Dependent on, independent of
 
 1
 
 Load characteristics of each type of truck: distribution function of gross vehicle weight, axle load and geometry
 
 Dependent on development in course of time, independent of site
 
 2
 
 Traffic flow (Qi) in each lane for normal traffic conditions, Q1 in truck lane and Q2 in passing lane(s); Q1 reflects the local traffic composition and its linear distribution functions, i.e. constant speed and distance between vehicles according to distribution functions
 
 Traffic composition dependent on local conditions, speed and distance, independent of local conditions
 
 3
 
 Traffic flow for specific conditions not included in Dependent on location, on module 2, e.g. specific infrastructure, gradients and repair specific situation; variable or constant with time
 
 4
 
 Structural model, e.g. influence lines for moments, shear, torsion or their combined actions; FE models, grid models, etc.
 
 Dependent on structural characteristic, material, condition, etc.
 
 5
 
 Superposition of loads; load combinations, including temperature, creep, shrinkage and stress redistribution, could be of importance
 
 Dependent on structural characteristic, material property, time and condition
 
 6
 
 Fatigue loads and/or fatigue conditions for fatigue-prone components
 
 Dependent on traffic composition and density, kind of material and detail
 
 7
 
 Summary of resulting stresses, strains, moments or forces Same as for modules 5 and 6 in the form of distribution functions
 
 USAGE OF A SIMULATION PROGRAMME The scope of usage is largely dependent upon the imagination and flexibility of the user. An extension of the number of modules is just as possible, as is the enlargement of an individual module by introducing submodules. In any case further development of the simulation programme is most desirable. An interrelationship with management systems should be planned as a further step of development. The following list of possible usage is meant as guidance to some practical applications, which may range from the individual bridge to a set of bridges up to the network level. Individual bridge — Safety of the structure and its components — Redundancy and critical sensitivity — Suitability and/or sensitivity to heavy transport
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 — Urgency and scope of special investigations — Scope of repair, rehabilitation or strengthening — Necessary load reductions, but also possible upgrading in allowable loads — Possible change in inspection intervals Route level or set of bridges — Kind, degree and scope of critical ‘weak points’ in a route — Degree of load-carrying capacity of a route — Suitability for heavy transport (route criterion) — Kind, scope and justification for measures to be taken (rehabilitation, strengthening, upgrading or downgrading) — Sensitivity to possible changes of the route infrastructure Network level — Number and location of the ‘safe’, ‘critical’ and ‘unsafe’ bridges — Kind and degree of changes with time in the level of safety in certain types of structure and in certain structures designed on the same principle — Strong and weak points of comparable types of structure — Implications of changes in the legally allowed loads — Implications of changes in the traffic infrastructure
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 50 Canada’s Advanced National Standard on Bridge Evaluation PETER G.BUCKLAND Buckland and Taylor Ltd, 1591 Bowser Avenue, North Vancouver, British Columbia, Canada V7P 2Y4 ABSTRACT With time bridges deteriorate but traffic loads increase. There is insufficient money available to replace all deficient bridges, so in the last decade efforts have been under way in Canada to identify with more accuracy than before which bridges are deficient, which parts are critical and by how much they fall short. In a simple step-by-step procedure several ‘firsts’ are accomplished for a bridge evaluation code. The safety index β is selected as a function of the expected behaviour of a member and the consequences of its failure. Load factors reflect the confidence with which the loads can be predicted. A bridge on an ore haul route in the Yukon Territory serves as an example.
 
 INTRODUCTION There are two reasons for evaluating a bridge, either the loads are increasing or the bridge is deteriorating—sometimes both. The only loads over which mankind can exercise control are loads caused by traffic. But unfortunately for the bridge engineer there are all sorts of pressures to keep increasing the allowable traffic loads. Because strengthening of bridges is a very costly business and there is never enough money anyway, it was decided in Canada to develop a more accurate method of deciding when a bridge really needs to be upgraded and when, even though it does not meet the provisions of the design code, the bridge is in fact adequate. The result is known as clause 12, ‘Existing Bridge Evaluation’, of Canadian Standard CAN/CSA-S6-88: ‘Design of Highway Bridges’. In order to determine the reasonableness of answers given by the theory, it was calibrated against a series of bridges which had previously been evaluated by other means.
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 PROCEDURE Clause 12 is in typical limit states format. That is to say, (1) where R=resistance L=live (traffic) load effects I=dynamic load allowance D1=effects of all dead loads except unmeasured asphalt D2=effect of unmeasured asphalt α=the appropriate factor α R=
 
 where
 
 is the resistance factor given in the code and U is an adjustment
 
 factor to ‘fine tune’ the values of to increase their accuracy. It is common to consider only dead and live loads when using clause 12, but if it is thought necessary other loads, such as wind or earthquake, may be included. The difference between clause 12 and other codes is that the load and resistance factors are selected within clause 12, and are not the same as those in the main body of the standard. The reason for this is that because of the high cost of upgrading a bridge it pays to be more exact in the calculation of factors. The basic equation (1) is often written in the form (2) where LLRF, the live load rating factor, is equal to 1·0 if the element of bridge being considered can exactly carry the load required and more than 1·0 if there is spare capacity. If it is less than one, the element being considered is substandard. It can be seen that the LLRF is sensitive to the difference in two large numbers, the factored resistance and the factored dead loads. This explains the value of fine tuning with the modifier U. LIVE LOAD FACTORS Live load factors depend on three things: (1) How well the live load is known. Factors are large when loads are uncertain and smaller when loads are well known. This is in keeping with limit states philosophy. (2) The amount of warning likely as collapse is approached; a sudden failure in a nonredundant structure commands a larger factor than a ductile failure in a multiple-path system, for example.
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 (3) The consequences of failure. The failure of a deck element is a nuisance but not catastrophic; the failure of the main compression chord of a truss is far more serious and a greater safety margin is appropriate.
 
 TRAFFIC LOADS Clause 12 defines four kinds of traffic: — NP (non-permit), normal ‘legal’ traffic; maximum loads are not known with confidence. — PS (permit, single-trip), an overload for which a special permit is required, normally a large indivisible load with axle loads exceeding legal limits; loads often not well known. — PM (permit, multiple-trip), a series of overloaded vehicles on a special permit, usually a bulk haul from a mine, for example; individual legal axle loads are not exceeded; loads are usually well controlled. — PC (permit, controlled), an unusually heavy load, escorted; no other vehicles on the bridge; load often weighed and therefore accurately known. The significance of these traffic groupings can be understood conceptually by reference to Fig. 1. Figure 1(a) shows a nominal resistance and nominal load. They are separated by a ‘safety factor’. In fact the actual resistances and the actual loads can be described by curves representing probability density functions: most, but not all, resistances are greater than the nominal; most, but not all, loads are less than the nominal. The shaded area where curves overlap is the area where the resistance can be exceeded by the load, which would lead to failure. The probability of this occurring must be kept sufficiently small as to be an acceptable risk (which will never be zero so long as the curves have no limits). Seen graphically, the ‘safety factor’ in Fig. 1(a) must be sufficiently large that the shaded area is acceptably small.
 
 FIG. 1. The relationship between ‘safety factor’ and variability of loads
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 and resistances with the real safety (i.e. probability of failure) kept constant. The probability of failure, demonstrated by the shaded area and usually represented by β, the safety index, is chosen in clause 12 as a function of structural behaviour (e.g. redundant or not) and the importance of the consequences of failure. This is done by simple reference to tables and it requires some intelligent engineering judgement. Figure 1(b) represents the case where the traffic load is well known—for example an escorted weighed vehicle at crawl speed with no other traffic on the bridge. In this case the safety factor can be reduced without changing the shaded area or the probability of failure. In other words, despite the reduction of the ‘safety factor’, the risk is unchanged and the bridge’s safety is not altered from the condition in Fig. 1(a). EXAMPLE—THE YUKON TERRITORY One of the eight bridges evaluated in the Yukon Territory will serve as an example. The Yukon has an area more than double that of the United Kingdom and a population of 28000. The two main industries are tourism and mining. The few roads are vital to the economy. Lead zinc concentrate from the territory’s largest mine is trucked 300 miles (500 km) to tidewater along the only north/south road through the mountainous wilderness. In order to stay competitive the mine wished to increase the amount it could carry on each truck. A truck leaves the mine every 20 min on average. The trucks are defined by clause 12 as category PM (permit, multiple-trip) and the loads are well regulated. Figure 2 shows a PM truck from Curragh Mine at Faro passing over the Pelly River Bridge.
 
 FIG. 2. A bulk haul truck with overload permit (PM) on the Pelly River Bridge at Faro, Yukon Territory.
 
 Canada's advanced national standard on bridge
 
 519
 
 Figure 3 compares the global distribution of the heaviest 10% of non-permit trucks with the distribution of the PM trucks from the mine. It can clearly be seen that to cover the range of vehicles a larger load factor is appropriate for the NP (typical) traffic than for the PM traffic. Clause 12 is in fact built around the distributions of ‘annual maxima’, as shown in Fig. 4. Since one would expect the nominal loads to be exceeded at least once per year, it is not surprising that the entire distributions are greater than the nominal. But here again it can be seen that NP traffic should be given a greater load factor than the better regulated PM traffic. Selecting the Safety Index and Load Factors Table 1, which is a reproduction of Table 47A of CAN/CSA-S6, demonstrates how the safety index is chosen. INSP1, INSP2 and INSP3
 
 FIG. 3. Measured distributions of gross vehicle weight for NP and PM traffic (1000 lb= 4·45 kN).
 
 FIG. 4. Distribution of annual maxima of gross vehicle weights for NP and PM traffic (1000 lb=4·45 kN).
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 denote the levels of inspection to which the bridge has been subjected. It is assumed that all bridges have routine inspection. INSP1 refers to elements that are not inspectable, INSP2 is routine inspection and INSP3 is for critical or substandard elements that have been inspected by the evaluator (who may notice clues about structural performance). S1, S2 and S3 relate to system behaviour. S1 is where failure of one element can lead to total collapse, S2 is where one element failure will probably not lead to total collapse (e.g. multiple load paths) and S3 is where element failure leads to local failure only. E1, E2 and E3 refer to behaviour of the element being considered as it fails. An E1 element is subject to sudden failure with little or no warning. An E2 element also fails suddenly but will retain post-failure capacity. An E3 element is subject to gradual failure with warning of failure probable.
 
 TABLE 1 Target reliability index β for NP, PM and PS traffic System behaviour
 
 Element behaviour
 
 S1
 
 S2
 
 S3
 
 Inspection level INSP1
 
 INSP2
 
 INSP3
 
 E1
 
 3·75
 
 3·50
 
 3·50
 
 E2
 
 3·50
 
 3·25
 
 3·00
 
 E3
 
 3·25
 
 3·00
 
 2·75
 
 E1
 
 3·50
 
 3·25
 
 3·25
 
 E2
 
 3·25
 
 3·00
 
 2·75
 
 E3
 
 3·00
 
 2·75
 
 2·50
 
 E1
 
 3·25
 
 3·00
 
 3·00
 
 E2
 
 3·00
 
 2·75
 
 2·50
 
 E3
 
 2·75
 
 2·50
 
 2·25
 
 TABLE 2 Live and dead load factors Load
 
 Load factors
 
 Target reliability index β 2·25
 
 2·5
 
 2·75
 
 3·00
 
 3·25
 
 3·50
 
 3·75
 
 NP
 
 αL
 
 1·31
 
 1·37
 
 1·43
 
 149
 
 1·56
 
 1·64
 
 1·71
 
 PM
 
 αL
 
 1·01
 
 1·05
 
 1·09
 
 1·14
 
 1·19
 
 1·25
 
 1·31
 
 PS
 
 αL
 
 1·13
 
 1·18
 
 1·23
 
 1·29
 
 1·35
 
 1·41
 
 1·47
 
 PC
 
 αL
 
 1·05
 
 1·09
 
 1·14
 
 1·18
 
 1·23
 
 D1
 
 1·05
 
 1·07
 
 1·08
 
 1·09
 
 1·10
 
 1·12
 
 1·13
 
 D2
 
 2·32
 
 2·51
 
 2·70
 
 2·90
 
 3·09
 
 3·28
 
 3·47
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 Once β has been selected, the load factors are selected from Table 2. There is in fact an intermediate step which depends on the analysis method used, omitted here for simplicity. Evaluating the Pelly River Bridge at Faro, Yukon Territory The Pelly River Bridge at Faro, Yukon Territory (Fig. 2), provides an example of the use of clause 12. The bridge was evaluated for the heaviest allowed non-permit (NP) ‘legal’ vehicle, a truck with a gross vehicle weight (GVW) of 140000 lb (63500 kg) on eight axles, and for bulk haul trucks operating on a multiple-use overload permit (PM) and a GVW of 170000 lb (77000 kg) on eight axles. Interestingly, it was found that in virtually all cases the lighter NP vehicle governed because of the large load factors it commanded. The figures following are for a top chord member in compression and for an interior floorbeam in bending: Chord Floorbeam Inspection level
 
 INSP2
 
 INSP2
 
 Element behaviour
 
 E1 (failure sudden)
 
 E3 (failure ductile)
 
 System behaviour
 
 S1 (single load path)
 
 S3 (multiple load paths)
 
 3·5
 
 2·5
 
 αL—NP
 
 1·61
 
 1·37
 
 αL—PM
 
 1·23
 
 1·05
 
 1·12
 
 1·07
 
 3·28
 
 2·51
 
 1·00
 
 1·06
 
 Safety index β (from Table 1) Appropriate factors (from Table 2)
 
 U
 
 When these numbers were inserted into the formula (2) for live load rating factor, they yielded Chord
 
 Floorbeam
 
 LLRF=0·56–1·29
 
 for NP traffic
 
 =0·62–1·35
 
 for PM traffic
 
 LLRF=1·08
 
 for NP traffic
 
 =1·27
 
 for PM traffic
 
 From this it can be seen that: (1) NP traffic has a lower live load rating factor than PM traffic even though the nominal applied load is less. (2) Some chords (those with LLRF less than 1·0) must be strengthened or, in some cases, braced to reduce the slenderness ratio. Both are fairly simple operations.
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 (3) The floorbeams do not need strengthening, which avoids an expensive procedure. However—and here is the important point—if conventional load and resistance factors had been used the LLRFs would have been 0·92 and 1·08 for NP and PM traffic respectively, and strengthening would have been required. (4) For chords with an LLRF of 1·0 or greater the annual probability of failure is 0·00023, corresponding to β=3·5. For the floorbeams the annual probability of failure, without modification, is about 0·0014. In other words, by accepting a lower value of β for the floorbeams the cost of strengthening now is avoided, but a 1 in 750 chance per year is accepted that the floorbeams may yield in bending, an event that will cause only inconvenience. The philosophy of clause 12 is that the preferable choice for the taxpayers’ money is to not strengthen the floorbeams.
 
 SUMMARY (1) Clause 12 of CAN/CSA-S6-88 provides a simple to use method of evaluating bridges which takes account of the type of traffic and the expected warning and consequences of a failure. (2) Using the Pelly River Bridge in the Yukon Territory as an example, it is shown that because multiple-trip bulk haul vehicles are better controlled than random ‘legal’ traffic higher nominal vehicle weights may be permitted without reducing the real safety levels. (3) By accepting a higher probability of failure for members which give warning of failure and have multiple load paths which, if they should fail, will not cause failure of the bridge, expensive strengthening can be avoided. For those having difficulty with this concept the question to be answered, at least qualitatively, is: would you prefer to have a floorbeam yield in bending or a main chord fail by compression buckling? If the former, by how much more would you prefer it? ACKNOWLEDGEMENTS The author wishes to express his appreciation to Mr Eric Gibson, manager of technical services, Yukon Transportation and Community Services, for permission to reproduce information about the Pelly River Bridge and for the opportunity to evaluate the eight bridges in the Yukon Territory, and to the Canadian Standards Association and Mr Lorne J.Hamblin, chairman of the Technical Committee of CAN/CSA-S6, for permission to reproduce parts of the standard. Clause 12 is a supplement to CAN/CSA-S6-88 and is available with its commentary from Canadian Standards Association, 178 Rexdale Boulevard, Rexdale, Ontario, Canada M9W 1R3. The author is greatly indebted to F.Michael Bartlett, formerly of Buckland and Taylor Ltd, for his assistance in developing clause 12 and in the preparation of this paper.
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 APPENDIX: CHOICE OF TARGET RELIABILITY INDEX β The target reliability index β is a function of the notional target annual probability of failure P. Note that clause 12 uses an annual probability, not a lifetime probability. P is based on life safety criteria and is defined as P=AK/(W√n) where A=activity factor, a measure of the risk associated with the activity (i.e. driving a car) =3·0 for NP, PM and PS traffic =10·0 for PC traffic K=a calibration factor=10−4 W=a warning factor =1·0 for no warning of failure expected n=the number of people at risk =10 for NP, PM and PS traffic on spans up to 100 m =1 for PC traffic (other traffic kept off the bridge). For elements supporting larger or more important bridges, n can be increased but β is insensitive to n and a value of 10 was chosen as a typical value for most bridges. These values lead to: For NP, PM and PS traffic For PC traffic
 
 P≈9·5×10−5
 
 β≈3·75
 
 −3
 
 β≈3·25
 
 P≈1·0×10
 
 These values of β are then reduced in a systematic way to account for improved warning of failure (which comes from inspection and from ductile behaviour) and for consequences of failure that are other than catastrophic.
 
 51 Serviceability Assessment of Masonry Arch Bridges Using Vibration Tests A.J.PRETLOVE and J.C.A.ELLICK Department of Engineering, University of Reading, Reading, UK ABSTRACT Over the last 5 years an extensive programme of research at the University of Reading has explored the use of vibration methods in the assessment of the serviceability state of masonry arch bridges. Bridges in Derbyshire, West Sussex, Hampshire and Berkshire have been tested in the studies. Not only has a variety of methods of excitation been used but also a range of measurement and analysis techniques. The results from this work have been compared with the standard MEXE method of assessment and with building vibration damage criteria such as those contained in the German Standard DIN 4150. An account of the techniques which have been developed and used is given here. Some of them have been shown to be of no significant value whilst others are seen to be more promising. The better methods can, at the least, give additional information which can be considered alongside the present standard method. Recommendations are made as to their use. These methods require some development and verification before they can become suitable for routine assessments.
 
 INTRODUCTION There is considerable concern that some masonry arch bridges in Britain may be deteriorating rapidly as a result of increasingly heavy traffic and axle loads. An accurate assessment of the structural condition of these bridges is known to be extraordinarily difficult because of the wide range of configurations and materials that have been used in their construction. There is also a wide range of ages and, indeed, some of these bridges are classified as ancient monuments. Accurate methods of structural condition assessment are required if timely and cost-effective maintenance is to be achieved. If this cannot be done with sufficient precision then, in some cases, these structures may deteriorate increasingly rapidly as a result of developing structural faults, not only in the pavements but also in the arch structure itself. However, this is not to say that they will immediately fall down. The static strength of masonry arches is generally very much higher than the applied traffic loads, as has been shown by some recent tests to destruction.1 The real
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 problem is the progressive wear and tear of the structure. This can take many forms and some frequently observed ones are: (a) mortar decay and erosion leading to arch barrel deformation or cracking; (b) separation of spandrel walls, together with the outer parts of the barrel, from the rest of the arch barrel; (c) fill deformation leading to an uneven pavement with consequent increases in dynamic wheel loads and possible damage to services, such as gas pipes; and (d) foundation settlement. The problem is to determine accurately which structures have reached a point at which they require maintenance or major repair. If the methods used in this determination are not accurate then, on the one hand, money may be needlessly spent on structures which are in adequate condition whilst, on the other, structures on the point of collapse may not be detected. A simple empirical method for assessing the capacity of masonry arches to carry traffic was developed by the Military Engineering Experimental Establishment (MEXE) in the 1940s. It was based on Pippard’s theory2 and various experimental studies. Details of the method, as currently used, are set out in Ref. 3. In the method a provisional axle load is calculated from the span, ring thickness and depth of fill using a nomogram. This value is then modified by a series of factors which takes into account the actual shape of the arch, the type and condition of the materials, joints and workmanship, and the presence and position of cracks. This leads to a permissible axle load. Generally the method is reckoned to be conservative and it only assesses the load-carrying capacity of the arch barrel. In this programme of work a variety of vibration techniques have been studied with the aim of supplementing the information given by a MEXE assessment and hence providing a more accurate indicator of state of serviceability. The principle behind the use of vibration techniques is simply that the vibration properties may change if the structural condition deteriorates. Thus the following properties have been studied: (a) natural frequencies, (b) damping, (c) comparisons of time traces, (d) non-linear behaviour, and (e) response values to given inputs. The earliest work made use of vibration excitation by normal traffic because this had the obvious advantages of zero traffic disruption, However, the wide variability of this excitation, depending as it does on axle loads, speeds and lines of action, precluded its further use. This was followed by work using standard vehicles to provide excitation but this was also unsatisfactory because response measurements made on the bridge included the dynamic properties of the vehicle as well as those of the bridge. A fresh approach was required: a test was needed that would give a repeatable response that was characteristic of that bridge and of no other. For this purpose an impact device was developed which dropped a mass through a fixed height on to the bridge surface. This has the disadvantage of requiring more equipment on the bridge, However, not only could spectral techniques be applied to the data but also the response traces could be subjected to various forms of
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 analysis. A series of tests on a number of arches showed that each one produced a distinctly characteristic response. In the latest work the impact test technique has been exclusively used with a standard drop weight which is designed to apply a known and fixed impulse to the bridge structure. This is described in more detail in the next section. A previous article on this work4 has described the full range of work on the various vibration response quantities listed above. The most promising indicators of condition were found to be: (a) Peak-to-peak velocity in response to a standard impulse. This ties in with the German Standard DIN4150,5 which gives criteria for building damage due to vibration in terms of velocity. (b) Fundamental natural frequency. The fundamental mode of vibration has in these tests always consisted of vertical motion coherent across the arch width and is thus termed ‘bending’, This paper concentrates on the analysis of these two features. A wide range of tests has been made on arch bridges in England. Most of these arches are in a reasonably sound structural state but one or two are known to be reaching the point where maintenance or repair is needed. In this work the aim is to show that the two vibration methods listed above can pick out these less sound structures. DESIGN OF THE IMPACT DEVICE In the latest version of the impact device a mass, which can be varied from 12·5 to 75 kg in six steps, is lifted by pulley and held by a bomb release on a tripod system. It is dropped through 1 m on to a thin bed of damp sand that has been placed on the bridge pavement. The purpose of the sand is to prevent bounce and hence provide a known and repeatable impulse. Some care is needed with the dampness and thickness of the sand if repeatable results are to be achieved. This impact device is not as complicated as the force instrumented type developed recently by Bruel and Kjaer, and for this purpose does not need to be. The impulse time has been made short (10 ms) compared with the fundamental period for this type of structure, usually about 50 ms. The movement resulting from the impact is measured using a seismometer. In most tests the impact is applied at the arch crown adjacent to one parapet and the measurement is made adjacent to the opposite parapet. This offers not only minimal disturbance of the traffic flow but also simultaneous excitation of bending and torsion modes of the arch ring. The seismometer output is recorded on tape, and is taken back to the laboratory for digitisation and computer analysis. The 75 kg drop test has been shown in earlier tests to give a bridge response roughly equivalent to that obtained from the passage of a 10-t lorry. It has therefore been used in these tests as it will give realistic values for response, particularly necessary in the analysis of vibration velocities.
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 TEST MEASUREMENTS AND ANALYSIS A typical response time trace is shown in Fig. 1 complete with its calibration marker. The results of a Fourier analysis of this trace can be seen in Fig. 2, giving information on the natural frequencies of the structure. In this case the fundamental (bending) frequency is at 12 Hz. The torsion frequency can also be detected though it is beyond the edge of the measurement range of the instrumentation used, which is from 1 to 50 Hz. The basic results from this procedure are shown for bridges numbered 1–11 in Table 1. For the purpose of comparison the table also shows the modified axle load (MAL) calculated using the MEXE procedure. This gives some indication of the state of serviceability of the bridge because it includes a condition factor (CF) which is obtained by visual inspection of the structure.
 
 FIG. 1. Velocity-time trace for bridge 1.
 
 FIG. 2. Frequency spectrum for bridge 1, derived from Fig. 1.
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 TABLE 1 Summary of the major dimensions and results obtained for the bridges included in this study Bridge
 
 d (mm)
 
 c (mm)
 
 Span S (m)
 
 CF
 
 MAL (t)
 
 P-P6 velocity (mm/s)
 
 Natural frequency (Hz)
 
 1
 
 405
 
 862
 
 8·38
 
 0·9
 
 18 1a
 
 12
 
 2
 
 355
 
 1064
 
 5·26
 
 0·9
 
 38 3·33
 
 28·9
 
 3
 
 457
 
 737
 
 940
 
 0·9
 
 14 4·92
 
 11·8
 
 4
 
 470
 
 800
 
 8·28
 
 1·0
 
 12 3·60
 
 —
 
 5
 
 405
 
 1230
 
 6·70
 
 0·65
 
 12 2·27
 
 14·6
 
 6
 
 335
 
 830
 
 6·03
 
 0·7
 
 12 1·96
 
 17·4
 
 7
 
 565
 
 785
 
 8·62
 
 0·7
 
 7·5 5·51
 
 15·3
 
 8
 
 340
 
 760
 
 6·57
 
 0·8
 
 12 3·41
 
 15
 
 9
 
 353
 
 648
 
 6·55
 
 0·8
 
 11 4·69
 
 15
 
 10
 
 340
 
 740
 
 6·55
 
 0·6
 
 8·5 1·34
 
 15
 
 11
 
 432
 
 686
 
 6·71
 
 b
 
 a
 
 b 5
 
 22
 
 For a definition of the dimensions see Fig. 3. a This figure has been estimated. b Figures not available; bridge demolished 1987.
 
 VIBRATION VELOCITY MEASUREMENTS The peak-to-peak velocity values for a 75 kg drop test are shown in Table 1. It can be seen that there is not, in general, a clear relationship between peak-to-peak velocities and the modified axle load (MAL) obtained by the MEXE assessment method. However, there are some useful remarks which can be made. Bridge 7 has not only the highest measured velocity (5·5 mm/s) but also the lowest MAL (and there are strong grounds for weight restriction here). Bridges 3 and 9 have the next highest velocity values and both have relatively low MAL, particularly so in the case of bridge 9. The peak-to-peak values can be directly compared with the DIN 4150 guideline limit of 3–8 mm/s. Several bridges are seen to have responses in this band, but not beyond it. These bridges are therefore close to the boundary of vulnerability. Values quoted here have come from drop tests only. It would be useful to verify these results using real traffic excitation. This would require the measurement of peak-to-peak vibration levels during busy times of the day for a large number of arch bridges. The data so obtained could be used not only as an indicator of the state of the structure but also as a measure of the current rate of damage (and hence the prospective serviceability). Studies of this kind would confirm the relevance of drop-weight tests to serviceability assessment.
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 FUNDAMENTAL NATURAL FREQUENCIES The values given in the last two columns of Table 1 may be referred to as ‘raw’ data. They take no account of the different dimensions of the various arch bridges. In the case of natural frequencies this has to be taken into account if valid comparisons are to be made. This can be done by determining the mass and stiffness of an arch in relation to its dimensions. Figure 3 shows the symbols used for the relevant dimensions of an arch bridge. In the fundamental (bending) vibration of the structure the major movement is confined to a volume near the crown. It is therefore the mass in this area which is important in the vibration. It is estimated that the generalised mass M is proportional to bcS. The shallowness, or otherwise, of the arch will only play a secondary part. The stiffness at the crown to a vertical force can be derived from Pippard’s theory for the elastic action in
 
 FIG. 3. Arch bridge nomenclature: b (not shown)=arch/roadway width; c=crown depth including the arch ring; d=arch ring thickness, assumed constant; and S=span. the arch ring as given in Ref. 1. In summary, the deflection at the central point of load is given by Castigliano’s theorem: δ=∂U/∂W With strain energy
 
 For the arch ring
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 I0=bd3/12 The arch ring bending moment
 
 Evaluation of the elastic deflection δ in this way shows that the stiffness K is proportional to bd3/S3. The fundamental natural frequency is
 
 and this will therefore be approximately proportional to d3/2/S2c1/2. We have called this quantity the bending frequency factor (BFF). Table 2 shows, for the bridges considered here, the calculated BFF, the test natural frequency from Table 1 and R, the ratio of the two. One would expect this ratio to be constant. If it is less than the general norm then it suggests that the test natural frequency is low and this may be an indicator of poor structural condition. For most of the bridges the ratio R is remarkably consistent at a value of about 3 (in the mixed units used), indicating that the theory above is
 
 TABLE 2 Test frequencies and calculated factors for bending BFFa
 
 R=TBF/BFF
 
 1 12
 
 3·95
 
 3·0
 
 2 28·9
 
 7·41
 
 3·2
 
 3 11·8
 
 4·07
 
 2·9
 
 4 —
 
 5·25
 
 —
 
 5 14·6
 
 5·18
 
 2·8
 
 6 17·4
 
 5·85
 
 3·0
 
 7 15·3
 
 6·45
 
 24
 
 8 15
 
 5·27
 
 2·8
 
 9 15
 
 6·07
 
 2·5
 
 10 15
 
 5·37
 
 2·8
 
 11 22
 
 7·61
 
 2·9
 
 Bridge
 
 a
 
 Test bending frequency (TBF) (Hz)
 
 BFF is defined in the text.
 
 appropriate and reasonably accurate. Bridges 7 and 9 fall significantly below the mark. These bridges also were shown to have high velocity values and, in the case of bridge 7,
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 the lowest modified axle load. There is, therefore, a consistency about all of these results which supports the view that these tests provide valuable indicators of serviceability state. CONCLUSIONS This work has concentrated on the use of impulsive tests on masonry arch bridges and analysis of the consequent vibration to assess the serviceability states of these structures. Two features have proved to be consistent and promising indicators of structural condition. First, the measured peak-to-peak velocities (see Table 1) have shown that the highest value (bridge 7) corresponds to the least permitted axle load from the MEXE assessments. This value (5·51 mm/s) is not above the guideline band recommended in DIN4150 for structures in this class (3–8 mm/s). Second, the measured fundamental (bending) frequency of vibration has been found in all cases to be close to a prediction based on f1=K(d3/2/c1/2S2) Hz where the dimensions and their units are defined in Fig. 3 and Table 1. The constant K is consistently close to a value of 3. The bridge which falls most short of the prediction given by this formula is again bridge 7, with a constant of 2·4. This indicates a possible lack of stiffness in this structure. Two tests are therefore recommended for common use which may supplement the information given by a MEXE assessment. (1) To measure the peak-to-peak vibration velocity at centre span in response to a dropweight test using 75 kg dropped from a height of 1 m on to a 50 mm sand bed on the bridge at its centre span. The mass is to be dropped near one parapet and the measurement to be made near the other parapet. Any result in excess of 8 mm/s will give rise to concern about the serviceability state of the structure. (2) The fundamental natural frequency of the structure f1 (Hz) is to be measured by any suitable and available means. A drop-weight test on a 50 mm sand bed on the bridge at its centre span, as described here, is recommended. The constant K in the above formula is then to be calculated using measured values of c (mm), d (mm) and S (m). A value of K less than 2 will give rise to concern about the serviceability state of the structure. It is an advantage to local authorities that these proposals are for relatively simple one-off tests. However, there is a need to develop standard procedures and software for the analysis of results. These developments should be pursued in further work. In some respects the value of these recommended procedures requires some supporting verification. In the case of procedure 1 it would be useful to compare dropweight velocity values with those caused by normal traffic. The case for procedure 2 would be strengthened if a comprehensively accurate method can be developed for distinct definition of the bending natural frequency. It is proposed that this could be achieved by means of simultaneous measurement using two seismometers, one at each
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 parapet, and dropping the weight on the bridge centreline. However, this will unfortunately involve stopping the traffic in order to make the test. ACKNOWLEDGEMENTS The authors are grateful for help and advice from the County Surveyors Departments of Berkshire, Derbyshire, Hampshire and West Sussex County Councils. Various colleagues at Reading and Dr D.W.Cullington and Mr R. Eyre at TRRL have contributed to the work with discussions and physical assistance. The work was carried out under contract to TRRL and is published by permission of the Director, TRRL, Crown Copyright 1990. Any views expressed are not necessarily those of the Department of Transport. REFERENCES 1. PAGE, J., Load tests to collapse on two arch bridges at Strathmashie and Barlae. TRRL Research Report RR201, 1989, 2. HEYMAN, J., The Masonry Arch. Ellis Horwood, London, 1982. 3. DEPARTMENT OF TRANSPORT, The Assessment of Highway Bridges and Structures: Advice Note BA 16/84 and Departmental Standard BD 21/84, 1984. 4. PRETLOVE, A.J. and ELLICK, J.C.A., Vibration techniques to assess the structural condition of masonry arch bridges. Proc. Inst. Acoust., 10(2) (1988) 501–8. 5. German Standard DIN4150, Part 3: Structural Vibrations in Buildings; Effects on Structures, 1986.
 
 52 Assessing the Dynamic Properties of Existing Bridge Structures by Hammer Testing J.R.MAGUIRE Lloyds Register (Industrial Division), Lloyds Register House, 29 Wellesley Road, Croydon, Surrey, UK. ABSTRACT This paper describes the use of hammer testing to assess the dynamic properties of existing bridge structures. After a brief reference to the background theory, data acquisition and processing considerations are examined. One case history is then presented relating to bridge beams at Basingstoke. The natural frequencies, mode shapes and damping values of the beams are summarised. It is concluded that hammer testing provides a quick and accurate method of assessing as-built structural dynamic properties, and it is envisaged that this technique could be successfully used on many existing bridge structures.
 
 NOTATION c
 
 Damping coefficient (% critical)
 
 c(n)
 
 nth damping coefficient (% critical)
 
 E
 
 Young’s modulus
 
 f
 
 Frequency (Hz)
 
 f(t)
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 Fourier transform of f(t)
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 Linear differential operator
 
 H(ω)
 
 Frequency response function
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 INTRODUCTION Developments in the use of computers for structural design and analysis have indicated1 an urgent need for the knowledge of material properties and the actual behaviour of asbuilt structures, which can only be provided by tests carried out on those structures. Such tests which make use of applied static loads are often difficult and expensive to carry out, whereas the application of dynamic loads, whether steady-state or transient, is relatively simple; although it has to be said that the collection and processing of the response data require skill and experience if pitfalls are to be avoided. Dynamic testing also usually operates at low input force levels, producing low amplitude vibrations, usually in the elastic range of behaviour. The dynamic force applied to the structure under test can be basically of two types: first, steady-state forces such as are produced by rotating eccentric mass exciters or hydraulic actuators; second, transient dynamic forces which are produced by wind, explosions or direct impact. Steady-state studies have been previously reported.2 This paper describes the use of transient forces, input to the structure by an instrumented hammer, to assess the dynamic properties of existing bridge structures, and it presents one case history of the use of this technique. The vibration of a linear elastic structure may be described by the combination of different modes of vibration, each of which has the modal characteristics of frequency, mode shape and damping. Once these parameters are known the dynamic behaviour of the structure subjected to a known input may be predicted. The method of modal analysis3–5 can be used to derive these modal parameters from a hammer test, as has been successfully demonstrated in the aerospace and automobile industries.6,7 This method is extended here to the bridge engineering field. BACKGROUND THEORY One of the main objectives of modal analysis is to break down a signal measured from a vibrating structure into its components at various frequencies. This is usually carried out using Fast Fourier Transform (FFT)
 
 FIG. 1. Time domain representation of a linear SDOF system.
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 FIG. 2. Frequency domain representation of a linear SDOF system. techniques,8 based on the theory that any periodic signal may be looked on as a combination of a number of pure sinusoidal curves with harmonically related frequencies.9 It may be demonstrated that any system (and signal) in the time domain (Fig. 1) has an equivalent representation in the frequency domain (Fig. 2). The theory of dynamic systems is well known and described elsewhere.10–13 DATA ACQUISITION AND PROCESSING CONSIDERATIONS A full discussion of modal analysis and digital signal processing is outside the scope of this paper but is covered comprehensively by specialised textbooks.11,13 However, a few of the more important practical considerations will now be briefly mentioned. Digital Spectral Analysis Accurate practical evaluation of spectral functions involves considerable computation and manipulation and is, therefore, ideally suited to digital computer analysis. It should be noted, however, that the digitisation procedure possesses a number of fundamental constraints (such as aliasing, leakage and noise) which can severely limit the quality of results and lead to wrong interpretation. Resolution The single most important factor affecting the accuracy of calculated modal parameters is the accuracy of the frequency response evaluation. It is not possible to extract the correct values of the modal parameters when there is inadequate and/or insufficient information to process. Adequate selection of frequency resolution, sampling interval and record length is therefore of prime importance. Aliasing A decision on the sampling rate for digital data acquisition is dependent on the analysis of the structure and is usually performed at equally spaced time intervals. One task is to determine this interval; too short an interval will lead to more data than can be economically processed, whereas too long an interval will lead to confusion between low and high frequency components in the original data. This latter problem is known as
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 aliasing, and the preferred method of solving it is to filter the data before digitisation, using low pass filters which cut out unwanted high frequency components. Leakage and Windowing To convert from the time domain to the frequency domain, the FFT is used. One of the greatest sources of error in any digitally computed spectrum results from the fact that the measured signal is probably not periodic in the measurement period chosen and, therefore, violates a prime requirement of the FFT. Spectral estimates may consequently be modified by power leaking from other frequency components. A number of undesirable properties are exhibited, namely a broadening of peaks and the appearance of side lobes. In a spectrum containing a number of closely packed frequency components, leakage may smear together peaks and mask important detail. Leakage can be significantly reduced by taper-windowing the sampled time-domain record—that is, shaping it to become periodic in the measurement period chosen. Noise and Averaging One of the major characteristics of any modal testing system is that extraneous noise from a variety of sources is always measured along with the desired excitation and response signals. By taking a number of power spectrum averages, it may be shown4 that the measured frequency response function estimates more accurately the true frequency response function, assuming the noise has a zero mean value and is uncorrelated to the measured input signal. The Coherence Function To determine the quality of the frequency response function, it is not sufficient to know only the relationship between input and output;3 a major question is the degree to which the system output is caused by the system input. Noise and/or non-linear effects can cause large outputs at various frequencies, thus introducing errors in estimating the frequency response functions. The influence of noise and/or non-linearities, and thus the degree of noise contamination in the frequency response function, is measured by calculating the coherence function denoted by γ2, where
 
 The coherence function is easily calculable on a digital Fourier analyser (spectrum analyser) when frequency response functions are being evaluated. As the coherence function indicates the degree of noise in a frequency response function, it has two very important uses: first, it can be used qualitatively to determine how much averaging is required to reduce measurement noise; second, it can serve as a monitor on the quality of the frequency response function measurements.
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 Illustrative Example A typical hammer testing setup is shown in Fig. 3. The hammer has a force transducer attached and is used to impact the structure. Excitation occurs with a nearly constant force over a limited frequency range. The effect of different types of hammer head is to alter this frequency range, as shown in Fig. 4. A very soft head will concentrate a high density of energy in a narrow
 
 FIG. 3. Typical hammer testing setup.
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 FIG. 4. Hammer autopower spectrum. frequency range, whereas a very hard head will spread energy evenly across a wide frequency range. Typically, a large sledgehammer with a rubber tip will excite uniformly over a range of 0–100 Hz, whereas the same sledgehammer with a hard plastic tip will excite uniformly over 0–400 Hz. Details of the sledgehammer used during the prototype testing are given in the Appendix. If there is no mains supply near to the test structure, power required for the setup shown in Fig. 3 may be provided by a small portable generator. TESTS ON BRIDGE BEAMS AT BASINGSTOKE Hammer tests were conducted15 during November 1983 on four simply supported precast post-tensioned concrete bridge beams at Basingstoke (shown in Fig. 5). Each beam weighed approximately 40 t and effectively spanned 27·6 m over timber (sleeper) supports. Prestressing was by three tendons, two straight and one draped, designed for a total force of 573 t. Each tendon (consisting of twelve 15·2 mm strands) was soundly grouted into its own corrugated duct. These beams were left over at the end of the Basingstoke ringway construction and were to be demolished as they were excess to requirements. The first three modes of vibration for the undamaged beams were determined, and their frequencies and damping values are given in Table 1. A limited number of mode shape measurements (at mid- and quarter-span points) showed that these three modes corresponded to the expected classical mode shapes for a simply supported beam.20 Also given in Table 1 are theoretical frequencies based on the concrete crosssection, including the tendons (modular ratio=15), which show close agreement with the measured values. The dynamic Young’s modulus for the concrete15 was taken as 43 kN/mm2. Hammer tests were also carried out during tendon exposure and cutting, and results for beam 3 are presented in Fig. 6. The effect of damage may be
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 FIG. 5. Basingstoke beams (all dimensions in mm). TABLE 1 Basingstoke beam tests (undamaged state) (a) Measured and theoretical frequencies (Hz) f(1)
 
 f(2)
 
 f(3)
 
 Beam 1 (measured)
 
 4·32
 
 14·88
 
 27·48
 
 Beam 2 (measured)
 
 440
 
 15·20
 
 28·10
 
 Beam 3 (measured)
 
 4·28
 
 15·12
 
 28·52
 
 Beam 4 (measured)
 
 4·40
 
 15·56
 
 29·64
 
 Beams 1–4 (theoretical)
 
 4·06
 
 16·26
 
 36·60
 
 c(1)
 
 c(2)
 
 c(3)
 
 Beam 1
 
 1·85
 
 1·21
 
 1·97
 
 Beam 2
 
 1·99
 
 148
 
 1·95
 
 Beam 3
 
 1·87
 
 1·06
 
 1·68
 
 Beam 4
 
 1·59
 
 1·41
 
 1·69
 
 (b) Measured damping (% critical)
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 FIG. 6. Change in frequency during tendon exposure and cutting: (a) mode 1; (b) mode 2; (c) mode 3. seen to affect the frequencies in two different ways: first, the effect of exposing the tendons (removing concrete and thereby removing stiffness) is to decrease the frequency;
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 second, the effect of cutting the tendons (reducing axial load and thereby increasing stiffness) is to increase the frequency. It may be seen from the above that integrity monitoring is possible using hammer testing. CONCLUSIONS This paper has described the use of hammer testing to assess the dynamic properties of existing bridge structures and has presented one case history. It has been found that, given sensitive instrumentation, hammer testing is able to determine the structural dynamic characteristics of bridge beams. It is felt that hammer testing provides a quick and accurate method if assessing as-built structural dynamic properties, and it is envisaged that this technique could be successfully used on many existing bridge structures. REFERENCES 1. SCIENCE AND ENGINEERING RESEARCH COUNCIL, Long-term R and D in Civil Engineering. London, June 1982, Memo P:BG:123. 2. ELLIS, B.R. et al., Forced vibration tests and theoretical studies on dams. Proc. Instn Civ. Engrs, Part 2, 69 (Sept. 1980) 605–34; 71 (June 1981) 575–95. 3. RAMSAY, K.A., Effective measurements for structural dynamics testing. Sound and Vibration (Nov. 1975) 24–35. 4. RICHARDSON, M. and POTTER, R., Identification of the modal properties of an elastic structure from measured transfer function data. 20th Int. Symp. on Instrumentation, Albuquerque, New Mexico, May 1974, pp. 239–46. 5. WALGRAVE, S.C. and EHLBECK, J.M., Understanding modal analysis. American Society of Automobile Engineering, West Coast Meeting, August 1978, Technical Paper Series 780695. 6. KNAUER, C.D. et al., Space vehicle experimental modal definition using transfer function techniques. American Society of Automobile Engineering, National Aerospace Engineering and Manufacturing Meeting, Culver City, LA, November 1975. 7. RICHARDSON, M. and KNISKERN, J., Identifying modes of large structures from multiple input and response measurements. American Society of Automobile Engineering, National Aerospace Engineering and Manufacturing Meeting, San Diego, November–December 1976, Paper 760875. 8. COOLEY, J.W. and TUKEY, J.W., An algorithm for the machine calculation of complex Fourier series. Math. Comput., 19(90) (1965) 297–301. 9. FOURIER, J.B.J., The Analytical Theory of Heat. Didot, Paris, 1822 (in French). 10. BENDAT, J.S. and PIERSOL, A.G., Random Data Analysis and Measurement Procedures. John Wiley, New York, 1971. 11. CLOUGH, R.W. and PENZIEN, J., Dynamics of Structures. McGraw-Hill, New York, 1975. 12. RANDALL, R.B., Application of B and K Equipment to Frequency Analysis. Bruel and Kjaer, Hounslow, 1977. 13. MEIROVITCH, L., Elements of Vibration Analysis. McGraw-Hill, New York, 1975. 14. BEAUCHAMP, K. and YEN, C., Digital Methods for Signal Analysis. Allen and Unwin, London, 1979. 15. MAGUIRE, J.R., The dynamic characteristics of elevated piled tanks and other selected prototype structures. PhD thesis, University of Bristol, May 1984.
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 16. MAGUIRE, J.R. et al., Assessing the dynamic properties and integrity of structures by the use of transient data. Proc. 8th World Conf. on Earthquake Engineering, San Francisco, 21–28 July 1984. 17. BATHE, K. et al., SAPIV—a structural analysis program for static and dynamic response of linear systems. Earthquake Engineering Research Centre, University of California, June 1973 (revised April 1974). Report to the National Science Foundation, No. EERC-73–11. 18. RICHART, F.E. et al., Vibrations of Soils and Foundations. Prentice-Hall, Englewood Cliffs, New Jersey, 1970. 19. HOUSNER, G.W., The dynamical behaviour of water tanks. Bull. Seism. Soc. Amer., 53(2) (Feb. 1963) 381–7. 20. BROCH, J.T., Application of B and K Equipment to Mechanical Vibration and Shock Measurement. Bruel and Kjaer, Hounslow, 1972.
 
 APPENDIX: SLEDGEHAMMER USED DURING BRIDGE BEAM TESTING The sledgehammer used during the bridge beam testing was a PCB type (GK291B50) and is shown in Fig. A1. The sledgehammer mass was 5·4 kg, providing a maximum impact force of 22 kN (typically 17 kN during testing). The shape of the force pulse generated by the hammer was approximately that of a half sine wave, of 5 ms duration when hitting a concrete structure through a soft plastic tip. The sledgehammer required no power supply, although the signal from the quartz force transducer was amplified by a battery-operated charge amplifier supplied with the sledgehammer.
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 FIG. A1. Outline drawing of instrumented sledgehammer.
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 53 Serviceability Performance of a Steel Highway Bridge I.ROSENTHAL and M.ITZKOVITCH Faculty of Civil Engineering, Technion—Israel Institute of Technology, Haifa 32000, Israel ABSTRACT The response behaviour of a steel single span highway bridge (45·60 m long) was examined because of complaints of heavy vibration. The study consisted of field measurements under conditions of regular and controlled motor traffic as well as under forced vibration induced by a vibration generator. The data yielded the dynamic characteristics of the bridge. The peak acceleration (0·25 g), and vibration velocity (150 mm/s), obtained were compared with various code serviceability requirements.
 
 INTRODUCTION The steel bridge over the Kishon River (leading to Haifa airfield) was observed to vibrate heavily under motor traffic. In view of the almost total absence of pedestrians, the problem was not one of discomfort but rather whether or not this vibration could endanger the structure itself. Accordingly, the local authority sponsored an investigation on the serviceability performance of the bridge, including various field measurements. THE BRIDGE AND TESTING PROGRAMME The 15-year-old bridge is a 7 m wide (two-lane), 45·60 m long single span composite structure comprising of six 2·50 m deep welded steel girders and a 0·20 m r.c. deck; because of the small volume of pedestrian traffic a 1·50 m wide single sidewalk was included in the design (Fig. 1). The test programme included field measurements using the instrumentation described in Table 1 so as to ensure coverage of the entire possible (and still unknown) range of vibration. Three separate series were run: Series A. Vibration measurements under regular traffic over 4 days, mainly during the morning and afternoon rush hours.
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 Series B. Vibration measurements under a controlled regime, for which purpose the bridge was closed to regular traffic for 7 h at night. The regime consisted of running convoys comprising two 32-t trucks and a 62t semitrailer in various sequences (the 126-t total being equivalent to the design load) across the bridge at four specified speeds, 10, 30, 50 and 70 km/h.
 
 FIG. 1. The bridge viewed from its northeastern corner.
 
 FIG. 2. The vibration generator mounted on the bridge deck.
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 TABLE 1 Measuring instruments (installed on third girder) and their locations (l=45·60 m, length of bridge) Measuring point 1
 
 2
 
 Distance from southern support
 
 Instruments
 
 6·90 m(0.15l) Accelerometer
 
 Range
 
 Recorder channel
 
 2g
 
 9
 
 Vertical geophone
 
 +1 mm
 
 1
 
 LVDT (southern riverbank)
 
 ±50 mm
 
 7
 
 22·80 m (0·50l) Accelerometer
 
 2g
 
 10
 
 Vertical geophone
 
 ±3 mm
 
 2
 
 Horizontal geophone
 
 ±3 mm
 
 3
 
 Strain gauge
 
 ±2000 µm
 
 6 4
 
 3
 
 30·30 m (0·66l) Vertical geophone
 
 +3 mm
 
 4
 
 34·80 m (0·76l) Accelerometer
 
 2g
 
 11
 
 Vertical geophone
 
 +1 mm
 
 5
 
 LVDT (northern riverbank)
 
 ±50 mm
 
 8
 
 Series C. Forced vibration (sweep sine) applied to the bridge immediately following Series B, by means of a vibration generator attached to the deck at measuring point 4, so as to yield both the first and second vibration modes (Fig. 2).
 
 RESULTS All readings were recorded on magnetic tape and by a multichannel recorder, as illustrated for Series A in Fig. 3. Under large vibration all vertical geophones went off the scale but operated again after passage of the vehicle in the vibration-free stage. This yielded the fundamental frequency of the bridge (2·6 Hz) as well as its critical damping ratio (1·1%). The vertical velocities calculated from the accelerations were throughout about ten times higher than those in the horizontal direction. The tensile strain and displacement plots over the river banks (channels 6–8) represented the static component due to the load, on which the vibration induced by the inertia forces was superimposed. Their sum yielded the maximum stress while the ratio of the dynamic component to the static one yielded the impact of the moving vehicle or the dynamic increment. It can be seen that although high levels of acceleration were
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 measured the tensile stresses in the girders were low. Table 2 lists some of the peak results of Series A.
 
 FIG. 3. Analogue recording of traffic vibration in Series A: heavy truck (left
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 peak), semi-trailer tanker (middle peak) and bus (right peak). TABLE 2 Peak midspan vibration results obtained in Series A Vehicle Speeda Girder tensile stresses Impact Acceleration (km/h) (MPa) ratio (g)
 
 Velocities (mm/s)
 
 Static deflectionc (mm)
 
 Verticalb Horizontal
 
 Static Dynamic Total Heavy truck
 
 84
 
 17·4
 
 2·9
 
 20·3
 
 0·17
 
 0·14
 
 84
 
 11
 
 14
 
 Semitrailer, tanker
 
 72
 
 16·5
 
 3·9
 
 204
 
 0·24
 
 0·10
 
 60
 
 8
 
 13
 
 Bus
 
 84
 
 3·8
 
 1·9
 
 5·7
 
 0·50
 
 0·08
 
 48
 
 5
 
 3
 
 a
 
 Calculated according to traverse time from points 1 to 4. Calculated from acc./2πf, with f=2·6 Hz. c Average value calculated from static displacement components measured at both river banks. b
 
 TABLE 3 Main midspan vibration results obtained in Series B Sequence Moving Speeda of load (t) (km/h) vehicles
 
 Girder tensile stresses (MPa)
 
 Impact Acceleration ratio (g)
 
 Velocities (mm/s)
 
 Static deflectionc (mm)
 
 Verticalb Horizontal
 
 Static Dynamic Total T+SM+T
 
 126
 
 10
 
 18·5
 
 1·0
 
 19·5
 
 0·05
 
 0·06
 
 36
 
 3
 
 21
 
 T+SM+T
 
 126
 
 30
 
 194
 
 1·9
 
 21·3
 
 0·10
 
 0·09
 
 54
 
 4
 
 20
 
 T
 
 32
 
 50
 
 9·7
 
 1·9
 
 11·6
 
 0·20
 
 0·15
 
 90
 
 7
 
 6
 
 SM+T
 
 94
 
 50
 
 13·6
 
 3·9
 
 17·5
 
 0·29
 
 0·17
 
 102
 
 7
 
 13
 
 T
 
 32
 
 70
 
 9·7
 
 1·9
 
 11·6
 
 0·20
 
 0·20
 
 120
 
 11
 
 7
 
 SM+T
 
 94
 
 70
 
 11·6
 
 3·9
 
 15·5
 
 0·34
 
 0·25
 
 150
 
 12
 
 13
 
 Notes: See Table 2 above. T=truck; SM=semi-trailer.
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 FIG. 4. Analogue recording of vibration of convoy in Series B running at 10 km/h (left) and 30 km/h (right).
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 FIG. 5. Analogue recording of vibration of convoy in Series B
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 running at 50 km/h (left) and 70 km/h (right). The traffic volume during rush hours was about 1500 vehicles per hour. The percentage of heavy-duty vehicles (buses, trucks, etc.) was 15–25% in the mornings and 8% in the afternoons; the remainder were small vehicles (vans, private cars, etc.). The main results of Series B are given in Table 3 and Figs 4 and 5, indicating that the traffic vibration—directly proportional to speed—reached acceleration levels as high as 0·25g. On the other hand, girder stresses due to the moving loads again did not exceed 21 MPa. At the lower speeds (10 and 30 km/h, Fig. 4) each convoy ran close together, creating the effect of a single load, while at the higher speeds (50 and 70 km/h, Fig. 5) the vehicles were spaced, creating the effect of two distinct loads. The results in Table 3 are therefore arranged accordingly. The Fourier spectrum of the accelerograms for points 1, 2 and 4 in the 70 km/h test is shown in Fig. 6. It clearly yields the first and second
 
 FIG. 6. Fourier amplitude spectra of accelerations at points (a) 1, (b) 2 and (c) 4 from 70 km/h test (Series B).
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 FIG. 7. Accelerograms recorded at points 1 (top), 2 (middle) and 4 (bottom) during sweep sine forced vibration test (Series C). frequencies of the bridge, 2·6 and 9·0 Hz respectively, and indicates the third frequency at around 19 Hz. The amplitudes obtained at 2·6 Hz, lower at the extremities of the bridge (points 1 and 4) and highest at midspan (point 2), describe the first mode of vibration shaped as a half sine wave. The second mode, at 9·0 Hz, has the form of a complete sine wave as amplitudes exist at points 1 and 4 but none at point 2. In Series C the bridge went into first resonance at 2·6 Hz, which is its fundamental frequency according to the accelerograms at points 1, 2 and 4 (Fig. 7). The second resonance state, at 9 Hz, could not be reached because of the mechanical limitations of the generator (maximum rotational speed 380 rpm or 6·3 Hz). Significantly, the three amplitudes at points 1, 2 and 4 at 2·6 Hz were all of the same phase, with the peak at point 2 (midspan), indicating the half sine wave of the first mode, while those at points 1 and 4 at 6·3 Hz had opposite phases with an almost zero amplitude at point 2, indicating the complete sine wave of the second mode. With the first frequency established beyond doubt the stiffness of the bridge was found from K=(2πf)2W/g=76·6 kN/mm, with f=2·6 Hz and W=282 t, the total dead load of the bridge. DISCUSSION The vibration components, measured in the present study under regular and controlled traffic, exceeded all known relevant standards. Insofar as dynamic behaviour is referred to, if at all, in highway bridge codes, no detailed treatment is given, but only to footbridges, where the approach is physiological.1–3 In some codes emphasis is on prevention of damage in structures, by limiting the velocity component to 20 or 30 mm/s in the frequency range up to 30 Hz,4–6 while the US Bureau of Mines criterion for structural safety against damage from blasting limits velocity to 50 mm/s up to 3 Hz, and
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 acceleration to 0·10g in the range between 3 and 100 Hz.7 By contrast, the Ontario Bridge Code8 allows for the serviceability limit state by limiting the maximum static deflection due to factored highway live load (including the dynamic load allowance) as a function of the first flexural frequency and the anticipated degree of pedestrian use. For the bridge in question, with f=2·6 Hz and hardly any pedestrian traffic, this code would limit the static deflection to about 23 mm. However, as the latter refers to a standard loading vehicle, there is no common basis for comparison with the actual 21 mm deflection of Series B, obtained with a convoy of vehicles. In spite of the heavy vibration observed in the bridge (acceleration 0·25g or velocity 150 mm/s), the problem is not yet one of structural safety, due to the fact that the girder stresses are low. The traffic causes 21 MPa including the dynamic component and, together with 65 MPa from the dead load, yield a maximum stress of 86 MPa, namely 60% only of the allowable level for steel. As a result this case may be considered a fatigue problem, particularly regarding the connections, which are mainly welds.9 If the present situation continues—with vehicles running at 70 km/h at 2-s intervals during most of the day (and with the already large traffic volume likely to increase further in the future)—cumulative damage is bound to endanger the structure in the long run. CONCLUSIONS At first an attempt was made to reduce vibration by imposing a speed limit of 40 km/h, but this proved unenforceable and the attempt was abandoned after a trial period of 6 months. As an alternative design measures were recommended for moderating the response of the bridge, mainly with the aid of vibration dampers,10 so as to improve the presently very low damping ratio (1·1%). REFERENCES 1. THE STANDARDS INSTITUTION OF ISRAEL, Loads on Bridges: Highway Bridges: IS 1227, Part 1, 1985. 2. BRITISH STANDARDS INSTITUTION, Steel, Concrete and Composite Bridges: BS 5400, 1978. 3. National Standard of Canada: CAN 3-S6-M78: Design of Highway Bridges, 1978. 4. GERMAN INSTITUTE FOR STANDARDS, DIN 4150: Vibration in Civil Engineering—Part 3: Effects on Structures, May 1986. 5. INSTITUTION OF SWISS HIGHWAY ENGINEERS (VSS), Swiss Standard SN 640312: Vibration Effects on Structures, 1978. 6. GDR CHAMBER OF TECHNOLOGY, Directive KDT 046/72: Effects of Blasting Operations on Buildings, East Berlin, 1972. 7. ESHELMAN, R.L., Vibration standards. In Shock and Vibration Handbook, 2nd edn, ed. Harris and Crede, Chapter 19 (Fig. 19.8, p. 19–12). McGraw-Hill International, New York, 1976. 8. ONTARIO MINISTRY OF TRANSPORTATION AND COMMUNICATIONS, Ontario Highway Bridge Design Code, OHBDC, 1983 (updated 1985). 9. TILLY, G.P. (ed.), Dynamic behaviour of concrete structures—report of the RILEM 65 MDB Committee, Chapter 5.1: Bridges. Elsevier, Amsterdam, 1986, p. 225.
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 10. JONES, R.T. and PRETLOVE, A.J., Vibration absorbers and bridges. The Highway Engineer, 26(1) (January 1979) 2–9.
 
 54 Monitoring of Traffic Induced Strain in the Steel Reinforcement of a Concrete Bridge Deck JOHN CAIRNS Department of Civil Engineering, Heriot-Watt University, Edinburgh, UK ABSTRACT This report describes measurements undertaken on a steel/concrete composite bridge to determine the range of stress to which reinforcement in the deck slab of the bridge is subject under vehicle loading. The study was prompted by the proposal that a fatigue classification for unwelded reinforcement be included in the Code of Practice for Fatigue. Measurements were undertaken with a vehicle of known weight prior to opening to general traffic and under service loading after 10 months of use. Measured strains were well below the level at which fatigue damage might occur, and were also below values that would be calculated for design purposes. The influence of surfacing and of oscillations of the bridge deck are discussed.
 
 INTRODUCTION In 1980 the Code of Practice for Fatigue, BS 5400: Part 10,1 a part of the Code of Practice for Bridges, was published. The bulk of its requirements affected steel construction, for which cumulative damage calculations deemed to satisfy equivalent rules were specified. Although a classification for butt-welded reinforcement was included in the detailed rules, normal reinforcement was covered by a limiting stress range only. Subsequently the intention to establish a full classification for unwelded reinforcement was declared.2 This paper describes measurements taken on a highway bridge structure to examine the need for such a rule. Measurements were considered necessary because of imprecise assumptions made in analysis in respect of load dispersion, impact factors, material properties, etc. An earlier study in which an M-beam type bridge was instrumented found measured strains in deck slab reinforcement to be considerably lower than anticipated.3
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 DESCRIPTION OF BRIDGE DECK Milton Bridge No. 1 is a composite steel and concrete bridge on the M74 at Lesmahagow, approximately 15 miles to the south of Glasgow. Two independent bridges carry northbound and southbound carriageways over the River Netham in three continuous spans of 47, 54 and 31 m. Each carriageway comprised hard shoulder, two traffic lanes and a 1 m safety strip. A section through the deck is shown in Fig. 1.
 
 FIG. 1. Milton Bridge—section through deck. The reinforced concrete deck slab of the bridge is supported on and acts compositely with twin longitudinal plate girders and a central stringer member, itself supported off the plate girders by cross-bracing spaced at intervals of between 6 and 7 m along the length of the bridge. Depth of the slab varies from 320 mm over the plate girders to 200 mm over the stringer. The deck slab was cast in five sections during August/September 1986 and opened to traffic during October that year. Transverse reinforcement is 20 mm bars at 150 mm centres in the bottom and 32 mm diameter bars at 125 mm centres in the top of the slab. Longitudinal reinforcement is 16 mm diameter bars at 150 mm centres top and bottom within the spans, increasing to bottom reinforcement of 25 mm diameter bars at 150 mm centres in hogging regions near piers. Total depth of surfacing to the deck including waterproofing membrane was 120 mm. Grade 37·5 structural concrete with 40 mm minimum cover to reinforcement was specified for deck slab concrete. INSTRUMENTATION OF BRIDGE DECK Instrumentation to monitor reinforcement strains was installed during construction of the deck slab. Two sets of gauges were installed within the 47 m end span of the bridge. One set, denoted R1, was positioned 16·5 m from the southern abutment in a region where the deck is subject to sagging moments and the concrete deck slab will be maintained in longitudinal compression. Gauge set R2 was positioned 2·7 m from the centre of pier B,
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 where loading will tend to place the deck slab in longitudinal tension. In both cases gauges were approximately midway between cross-bracings, as the greater flexibility of support to the slab from the stringer away from the cross-bracing was expected to give greater strains in reinforcement. Gauges were centred 2·0 m from the centreline of the plate girder and 1·5 m from the stringer, under the nearside lane. Preliminary calculations showed the maximum stress range to occur with the nearside wheel line around 2·0 m from the plate girder. BS 5400 rules for fatigue assessment require the nearside wheel line to be between 1·4 and 2·0 m from the line of the plate girder. There were three gauge units within each of the two sets of reinforcement gauges R1 and R2. At both locations two gauge units measured strains of longitudinal and transverse reinforcement in the bottom mat. The third gauge unit at R1 gave a repeat measurement of bottom transverse reinforcement strains. At location R2 the third gauge unit measured strains in the top layer of transverse reinforcement directly over the transverse gauge unit on the lower mat. The position of the neutral axis of the slab for transverse bending could be found from the results of the top and bottom transverse pair to determine whether compression membrane action was occurring and if surfacing had a significant stiffening effect on deck behaviour. Gauge units were made from a section of welded wire fabric to which electrical resistance gauges were fixed (Fig. 2). The technique therefore did not require any treatment or modification to the main reinforcement, nor interfere with the contractors’ programme. Gauge units were fully calibrated in the laboratory prior to installation. Two full strain gauge bridges were fixed to each unit, one set providing a back-up in case of damage. Values measured on first and back-up gauges were in good agreement. Crack inducers 40 mm high×300 mm long were also installed directly under and perpendicular to each gauge unit to persuade the slab to crack at gauge locations. Strains measured on a gauge unit cast in a slab constructed and tested in the laboratory showed satisfactory agreement with calculated values and with strains measured on instrumented reinforcement. After suitable conditioning, signals from the various gauges were
 
 FIG. 2. Detail of reinforcement gauge unit.
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 recorded to tape on a seven-channel portable instrumentation recorder for analysis in the laboratory. Six channels recorded data from the six reinforcement gauges. The seventh track was used for an audio recording under the expansion joint at the southern abutment, and could be used to trigger a logging sequence. Noise level recorded was equivalent to a strain of 8×10−6. THEORETICAL CALCULATION OF DECK STRAINS Analysis of Deck For design purposes, the behaviour of the deck slab of beam and slab bridge decks under concentrated loads is usually split into local and global components. Local moments arise from behaviour of the slab under individual wheel loads between beams, global components arise from overall longitudinal and transverse flexing of the whole deck under vehicle loading. A grillage model consisting of two longitudinal members continuous over three spans and neglecting the central stringer was used to calculate global moments. To this were added the results of a local analysis using a finite element model consisting of plate elements for the slab and offset beam elements for the stringer. Cross-bracing was represented by beam or spring elements, the stiffness of which was determined from a substructure analysis. Maximum moment in a deck slab under a concentrated load depends on the area over which the concentrated load is applied. BS 5400 specifies wheel loads and contact pressures for a standard fatigue vehicle, and the manner in which the load may be assumed to disperse through surfacing and concrete to the neutral axis of the deck slab. The finite element model could not model load dispersion without refining the mesh to a much higher degree than otherwise necessary. It was therefore necessary to correct values calculated by the finite element model for the deck by deducting an allowance for loads applied to an area of finite size. The deduction was calculated as the difference between moments calculated using Westergaard’s charts4 for a point load on a thin slab and that for a loaded area determined by the BS 5400 rules and the appropriate span/depth ratio. Only vehicle live loads were considered in the analysis, as it is only stress range that is of importance for fatigue. Reinforcement Strains Strains in reinforcement were calculated for slab bending moments determined from the structural analysis above. Analysis was carried out on the assumption that concrete had no tensile strength, representing concrete cracked in flexure, and on the assumption that the concrete was uncracked. Poisson’s ratio was taken as 0·2 for uncracked concrete and 0·0 for cracked concrete. Strains were calculated at the centroid of the appropriate reinforcement. Where concrete was to be considered uncracked, reinforcement and concrete strains were assumed to be the same. A linear variation of strain through the depth of the section was assumed in both cases.
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 Vibrations of Bridge Deck A further analysis of bridge deck behaviour was carried out to estimate the natural frequency of the deck. The deck was modelled as a three-span beam continuous over two internal supports. Two analyses were carried out, with section properties based on the full composite section throughout the three spans in one case and using values for steel only over supports (to allow for cracking of the deck slab in these areas) in the other. Lowest frequencies were determined as 2·20 and 1·74 Hz, respectively, bounding the measured value of 2·0 Hz. TEST PROGRAMME Measurements Four sets of measurements were undertaken: sets 1–3 used a measured vehicle load and were conducted prior to opening of the road to general traffic, while set 4 readings were taken with the bridge in service. Measurements taken were: 1. Static measurements prior to surfacing of the deck (R1 only), taken 20 days after completion of deck concreting. 2. Quasi-static measurements of surfaced deck, 42 days after completion of deck concreting. 3. Dynamic measurements with vehicle travelling at approximately 30 km/h (20 mph) and 60 km/h (40 mph). The load vehicle used in 1–3 was a Leyland Atlantean double-deck bus. Details are: Wheelbase: 4·95 m Front axle loading: 3·28 t, single tyres, 2·05 m c/c Rear axle loading: 6·37 t, double tyres, 1·85 m c/c of pair Tyre pressures: 0·7 N/mm2 (100 psi) all round; tyre size 1000×20. 4. Continuous monitoring of strains with bridge in service. Analysis Analysis of reinforcement strains was carried out using the procedure described earlier for both the load vehicle used in sections 1–3 and the standard fatigue vehicle described in BS 5400: Part 10.1 RESULTS Load Tests 1–3: Measured Vehicle Loads The maximum value of strain recorded in tension reinforcement as the load vehicle moved at walking pace across the deck along successive transverse lines is shown in Fig. 3. Maximum values occurred with the rear axle in line with respective gauges. Strains
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 calculated analytically are also shown in Fig. 3 for the load vehicle at corresponding locations. The values are for the slab in the uncracked condition. Measured strains in longitudinal reinforcement at R2 near pier B were around double the longitudinal values measured at R1 near midspan. It appears likely that the concrete section near the pier was at least partially cracked due to tensile stresses arising from deck surfacing loading and restrained shrinkage of the deck slab. Loads from deck surfacing at midspan gauges would tend to place the slab in compression and offset shrinkage stresses. Transverse strains measured at the two sets of gauges are in closer agreement although differences may be noted, particularly with the compressive strains recorded at R2 with wheel loads on the far side of the stringer from the gauges. The difference may be attributable to increased stiffness of support from the stringer to the deck slab from a slightly heavier cross-bracing over the pier and from resistance to lateral movement of bearings under the plate girder. A comparison of strains in top and bottom transverse reinforcement at R2 showed that the neutral axis of the slab lay around 120 mm from the top surface, an x/h ratio of 0·45. An x/h value of just under 0·5 would be expected for an uncracked slab. The measured value is in close enough agreement for it to be concluded that the slab behaved as if uncracked transversely.
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 FIG. 3. Variation of strain with transverse position of load vehicle. It is considered unwise to attempt detailed comparison of measured and theoretically calculated strains in view of the very low levels of strain. A strain of 12×10−6, the largest measured value, is equivalent to a reinforcement stress of only 2·5 N/mm2. It was anticipated that surfacing of the deck might reduce strains on two counts. Greater dispersion of local wheel loads through the thickness of the surfacing will
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 increase the effective contact area of the wheel and reduce its intensity, thus reducing local moments; and composite action of concrete slab and asphalt surfacing may create a slab of increased section modulus, thus reducing measured strains under a given loading. Lower strains were recorded in the surfaced slab, but the position of the neutral axis was not altered. It follows that the surfacing did not alter the flexural stiffness of the slab. Strains on transverse reinforcement were approximately 35% less on the surfaced deck. Longitudinal strains, however, showed a reduction of only 10%. Using Westergaard’s method for calculation of moments under concentrated loads and dispersion allowances in BS 5400, the difference between surfaced and unsurfaced conditions would not be expected to exceed 10%. Bearing in mind the possible development of transverse cracking and its influence on longitudinal strains, and the increase in modulus of elasticity of concrete between the two sets of readings, it is difficult to draw significant conclusions from these results. Studies on fatigue of steel bridge decks have shown that the dispersion characteristics of the surfacing are temperature and rate of loading dependent. No significant difference was found between quasi-static values measured in series 2 and corresponding values measured with the vehicle at speed in series 3. Service Loadings Results of measurements during service are summarised in the histograms of frequency of occurrence of stress range in Fig. 4. Number and intensity of the stress range in longitudinal and in transverse reinforcement was similar at both locations. It is apparent from Fig. 4 that measured strains are low.
 
 FIG. 4. Histograms of measured strain range. The largest strain range recorded was less than 60×10−6, equivalent to a stress of 12·5 N/mm2. BS 5400: Part 10 requires that the range of strain to which high yield
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 reinforcement is subject should not exceed 325 N/mm2. Measured strains therefore did not exceed 4% of this value. Longitudinal reinforcement showed greater numbers of greater stress ranges at both midspan and near the pier than did the corresponding transverse gauges. A detailed section of the complete record is presented in Fig. 5, showing variations in strains as two articulated vehicles with three-axle trailers crossed the bridge at around 1·5 s apart. Only the variation in strain is of significance, as it was not possible to determine true datum values.
 
 FIG. 5. Typical strains recorded by reinforcement gauges R2 near pier B for the passage of three-axle trailer articulated vehicles. Traces for the longitudinal gauges clearly show strains arising from longitudinal oscillations of the deck at a frequency of approximately 2 Hz. Subjectively, it had been noticed that the deck was ‘bouncy’ enough to have an unsteadying effect while walking. The vibrations accounted for the much larger number of events recorded for longitudinal gauges (Fig. 4), and constructive reinforcement of the pattern of strains arising directly from wheel loads and from oscillation may also account for the higher stress ranges recorded overall on longitudinal gauges. Readings from the pair of transverse reinforcement gauges at R2 were compared for several of the larger events recorded. The measurements indicated a neutral axis depth of 85 mm, against 120 mm determined from measurements 9 months earlier. Using an elastic section analysis for a cracked slab assuming zero concrete tensile strength, the neutral axis was estimated at 65 mm from the top surface of the concrete. The measured value of 85 mm would therefore be reasonable if either the concrete were assumed to have a small tensile strength or if some compression membrane behaviour were occurring.
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 TABLE 1 Calculated strain ranges for standard fatigue vehicle Calculated strains (×10−6) R1 Transverse Cracked section Uncracked section
 
 R2 Longitudinal
 
 Transverse
 
 Longitudinal
 
 250
 
 130
 
 250
 
 130
 
 53
 
 11
 
 53
 
 12
 
 Strain range calculated for the BS 5400 standard fatigue vehicle by the methods outlined in section 4 are listed in Table 1. Vehicles using the bridge could (legally) have been up to 25% heavier in both overall and individual axle loadings. A comparison of Table 1 values with maximum values in Fig. 4 shows transverse reinforcement strains were smaller than calculated, even if the concrete slab were assumed to be uncracked. Measurements at R2 made it appear that the section was cracked. Measured values of longitudinal strain lie between those calculated for the slab in the cracked and uncracked condition. SUMMARY OF FINDINGS 1 Measured stress ranges were less than those calculated analytically. 2. Oscillations of the bridge deck served to increase the number and intensity of measured stress range on longitudinal reinforcement. 3. Surfacing does not influence the stiffness of the deck but does assist in dispersion of the contact load over a wider area. 4. Fatigue of deck slab reinforcement is unlikely to be a problem unless accompanied by other deterioration.
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 55 Cracks in Steel Orthotropic Decks PIERRE MEHUE Service d’Etudes Techniques des Routes et Autoroutes, Bagneux, France ABSTRACT Many cracks have been discovered in steel orthotropic decks during the past 12 years. They occurred either at the rib-to-deck plate junction or at the rib-to-floor beam junction, depending on local facts. Frequent inspections on a large number of decks allowed observation of their appearance and progress in order to set up a plan of action and repair. In the light of finding this damage certain measures can be recommended to ensure good structural behaviour of orthotropic decks, such as using thicker plates and making edge preparation compulsory.
 
 INTRODUCTION Orthotropic decks were introduced in France towards the end of the 1960s on long-span highway bridges and on movable bridges because of the dead-weight savings they made possible in the designs. It is for the same reason they were used on span units for the temporary flyover viaducts which were erected in the early 1970s as a provisional solution to traffic problems at many urban crossroads all over the country, with a total area of approximately 120000 m2 from 1970 to 1976. Several of these latter units, which carried heavy traffic, were found to have cracked a few years after they were put in service, showing a repetitive character in damage. Lately similar cracks have also been discovered in the deck of a motorway bridge built in 1966. In both cases cracks occurred (1) at the rib-to-deck plate junction and (2) at the rib-tofloor beam junction, just in the zones where the wheels of trucks pass, which made people wonder about the reliability of some construction details of such structures. MAIN CHARACTERISTICS OF BRIDGES Temporary Flyover Viaducts The span units for demountable viaducts, which range in length from 6 to 30 m for a single width of 3·50 m and a depth of 1 m, consist of two main plate girders with an orthotropic deck employing closed trapezoidal longitudinal ribs and transverse floor
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 beams. They are joined end to end according to the crossing conditions, and can be used separately for single-lane viaducts or assembled side by side in order to form two- or three-lane viaducts with one-or two-way traffic (Fig. 1).
 
 FIG. 1. Cross-sections of span units and location of cracks. The span units are generally one of two types, which only differ basically in the distance between girders, the number and size of ribs, and the depth of floor beams. Type I structures are used most frequently. Both types have a floor beam spacing of 3 m and use a 10 mm thick deck plate with a skid-resistant thin surfacing, and are entirely shop manufactured so as to be as light as possible and easy to lift and handle. The ribs, which are made of 630×6 mm folded plates for type I and 570×7 mm for type II, are generally continuous through the floor beams, except for some curve on plan span units in which they are cut at the floor beams to be welded to the webs in order to accommodate the curvature of the road. The rib-to-deck plate junction is made by one-sided fillet welds. Steel grade A 52 S was used for all the components, only the deck plate of the span units under 20 m long being made of steel grade A 42 S. Richemont Bridge This is a three-span continuous 52·65–58·00–52·65 m bridge which was built over the Moselle River in 1966 to carry a one-way two-lane roadway of
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 FIG. 2. Cross-section of Richemont Bridge and location of cracks. the A31 motorway with an overall clear width of 10 m. It consists of twin plate girders 9·50 m apart and approximately 2·80 m deep, and comprises an orthotropic deck employing longitudinal closed ribs (Fig. 2). The 12 mm thick deck plate is supported by trapezoidal ribs spaced 0·66 m and floor beams spaced 3·625 m in the centre span and 3·51 in the two end spans, with a 50 mm thick wearing surface. The ribs, which are made of 550×6 mm folded plates, are discontinuous and welded to the floor beam webs by fillet welds, the connection with the deck plate being also made by one-sided fillet welds. The structure is fully welded, using steel grade A 52 S except for the deck plate, which is fabricated from steel grade A 42 S. CRACKS AT THE RIB-TO-DECK PLATE JUNCTION The cracks were found either in the deck plate or in the fillet welds at the top of the trapezoidal ribs, depending on the bridges and the structure concerned. Cracks in the Deck Plate These cracks have been discovered only on span units for temporary viaducts which were subjected to heavy traffic. They are exactly located above the weld lines of ribs and affect sometimes one side sometimes both sides, with a relatively symmetrical disposition on straight single-lane unit spans (mark A). On two-way viaducts they are slightly shifted towards the axis of the roadway (mark B), and the shift is more evident towards the left on one-way two- or three-lane viaducts, and towards the inner edge of the deck on curved on plan units (mark C).
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 Over 500 cracks were checked within the past 12 years, both on short and long spans, between floor beams or right above them, in steel grade A 42 S and in steel grade A 52 S, with no regularity in occurrence. Investigations carried out on a sample of deck taken from a damaged unit showed that these cracks resulted from fatigue phenomena initiated by local poor welding and lack of penetration, due to no edge preparation and excessive gap between rib and deck plate, which led to a notch effect in the root of the fillet weld. So the cracks start at the underface of the deck plate inside the rib, where they cannot be seen, coming out under the road surfacing which is quickly damaged. This obviously means that water can infiltrate into the cracks and soon fill the ribs (Fig. 3). Under such circumstances these cracks
 
 FIG. 3. Crack in deck plate. are relatively easy to find, positioned at the bottom of a scar or a crevice in the road surfacing whenever they are over 40 mm long. Most of the time the water drained into the rib maintains a permanent humidity between the lips of the cracks and, even in summer, oozes at its lower end, accompanied in very hot weather by a constant bubbling. The first cracks were found in 1977 on two viaducts erected in 1971 which supported a very heavy traffic load (800–1500 trucks per lane per day), but as the cracks were already long (420–560 mm) it is likely that they were then at least 1 year old. Many other cracks have been discovered later in the deck plate of many viaducts 8, 10 or 12 years after their construction, depending on the intensity of loading imposed on the structures. The way in which cracks progress from the moment they have been detected is difficult to estimate because any accurate investigation requires the traffic to be stopped, which is politically difficult, particularly on single-lane viaducts. However, it was possible on a few occasions to undertake some measurements (as shown in Table 1) which gave three examples of crack growth with quite different rates of extension. The width of the crack is generally about 0·5 mm but it may reach 1 or 2 mm at the central part of long or old cracks, and mostly with roughly bevelled edges. At the same time a slight difference of level (1–4 mm) between the cracks lips can be observed, due to deck plate deformation under heavy
 
 TABLE 1 Evolution of cracks in deck plate Viaduct
 
 Cracks
 
 Length (mm) and date of measurement 17/2/81
 
 29/4/81
 
 1/6/81
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 310
 
 350
 
 440
 
 2
 
 350
 
 350
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 3
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 600
 
 4
 
 480
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 22/6/82
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 24/5/84
 
 1
 
 130
 
 240
 
 240
 
 2
 
 190
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 270
 
 3
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 320
 
 410
 
 4
 
 240
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 370
 
 16/11/84
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 10/10/86
 
 1
 
 120
 
 200
 
 240
 
 2
 
 120
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 460
 
 3
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 550
 
 4
 
 270
 
 500
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 wheel loads (Fig. 4). Finding the first cracks created some concern with the viaduct owners, but due to frequent inspections it was evident there was no danger to users as long as the cracks were few in number, rather short and fine, and grew at a slow gradual rate. Consequently it was generally possible to wait for fair conditions to undertake repairs, after careful examination of risks and possibilities. As a matter of fact the situation only became worrying when separated successive cracks were growing towards each other to form a single crack, longer and wider, or when several parallel cracks were rapidly progressing in line and slit the deck plate into strips, about 300 mm wide and over 1 m long, which were likely to sag considerably under heavy loads or bow up with thermal effects. In those cases, fortunately infrequent, trucks were obviously no longer allowed on the viaducts. Lastly, attention must be drawn to the fact that, in spite of severe inspections when the wearing surface was removed in order to renew the surfacing, no cracks have been found in the 12 mm thick deck plates of four long-span bridges 14 and 17 years after construction. Cracks at Welds In this case the cracks are located at the lower toe of the fillet weld at the
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 FIG. 4. Crack in a 10 mm thick deck plate. junction of the rib and the deck plate, or very near the toe in the weld (Fig. 5). These cracks are generally difficult to find because of the dim light under the bridges, the dark colour of paint coatings and the poor state of finish, and also because of difficult access to the bridge soffit. However, about two dozen cracks were found on temporary overpass bridges, 8 years after erection for the first ones, ranging in length from 40 to 350 mm and with an opening of less than 1 mm. Although only a few growth measurements were made, it seems that cracks are able to extend rapidly, reaching 1·50 m over a 2-year period. For example, the crack in the photograph shown in Fig. 6 was 300 mm long on 8 July 1988 and 500 mm on next 12 September. In most cases cracks progress by running along the weld toe, but it may happen that they propagate into the rib wall following a curved line. As before, these cracks are likely due to the thinness of the deck plate, which causes high transverse flexural stresses, and to poor weld penetration, which makes the junction rather unsymmetrical.
 
 FIG. 5. Crack in fillet weld.
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 FIG. 6. Crack at the toe of a fillet weld. In 1984 a dozen similar cracks were observed on Richemont Bridge (shown as mark A in Fig. 2). In 1987 fifteen cracks of varying lengths from 570 to 2240 mm had occurred in the bridge. Because a previous inspection in 1981 had revealed no damage, it would seem to be evident that crack growth progressed very quickly. The early investigations carried out to try to determine the reason for these failures showed that the fillet welds were thin and poorly made at many locations, and also that the ribs were very economically designed. CRACKS AT THE RIB-TO-FLOOR BEAM JUNCTION The cracks were found with both continuous and discontinuous ribs, being more widespread in the latter disposition. Continuous Ribs About a dozen cracks have been discovered on span units in temporary viaducts within the past 8 years. These cracks were located at the toe of the junction weld to the rib wall close to the floor beam web. The cracks propagated at the lower end of the weld, on both sides, and were 30–60 mm long when they were discovered. The cracks generally progressed slowly towards the deck plate and in only two cases were found to affect the whole length of the weld (Fig. 7).
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 FIG. 7. Crack at the continuous rib-tofloor beam junction. Discontinuous Ribs The cracks developed in the fillet welds joining the ribs positioned between the webs of the floor cross-beams. They started at the lower end of the round outline, at or very near the toe of the weld, close to the floor beam web (Figs 8 and 9), then they gradually propagated into the rib-to-deck plate and floor beam-to-deck plate welds. Most of the time they occurred on one side of the rib and the floor beam, but in some cases they were discovered on each face of the web, or on both sides of the ribs. In these latter cases a crack rapidly appeared at the bottom weld, which made the end of the rib quite free. Finally, it may happen that the cracks in the fillet weld escape from the round outline, into the web of the floor beam, or into the bottom flange of the rib. About a hundred of these cracks have been found on span units of temporary bridges, the first ones in 1978 with a viaduct erected in 1971 (Fig. 10). In 1987 ninety cracks were repaired on Richemont Bridge (shown as mark B in Fig. 2) and twenty new cracks have appeared subsequently, growing at a rate of 5–10 mm per month (Fig. 11). The causes of this damage may be due to both weld shrinkage and fatigue effect, together with the rib discontinuity generating high residual stresses due to the welding arrangement and severe stresses due to live loads, being transmitted through poorly made fillet welds.
 
 FIG. 8. Crack in the weld of discontinuous ribs.
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 FIG. 9. Propagation of cracks in the welds of discontinuous ribs.
 
 FIG. 10. Crack in the weld of a discontinuous rib of a temporary viaduct.
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 FIG. 11. Crack in the weld of a discontinuous rib of Richemont Bridge. REFLECTIONS AND COMMENTS The damaged bridge structures previously described could give the impression that orthotropic steel bridge decks are unwise for bridge designers to consider. So it is important to draw attention to the point that damage affects only a very low proportion of welds—for example the cracks in the deck plate of span units for overpass bridges account for less than 0·2% of the whole length of the rib fillet welds. Moreover, as interesting as they may be from a pathological angle, the cracks described above generally neither damaged the structural integrity of the decks nor endangered the user’s safety, and most of the time they can be easily repaired. It is also important to mention that when the Richemont Bridge and the span units for the temporary viaducts were designed, in 1965 and 1969 respectively, information about the behaviour of orthotropic decks was limited. With regard to the span units, which were to be used successively on several viaducts, they were, contrary to widespread opinion, designed and fabricated according to the same rules as permanent bridges, except for the thickness of the deck plate. Due to early damage in the wearing surface it soon became apparent that the deck plate was at fault. At this time the deck plate of orthotropic decks was always considered by the steel designers and fabricators to be redundant. Several lessons were drawn from this experience in the early 1980s, and it was strongly advised that designers ensured that (1) the deck plate is not thinner than 12 mm, a minimum thickness of 14 mm is recommended to minimise deflections; (2) the edges of the plates forming the ribs are bevelled in order to improve penetration of fillet welds; (3)
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 the ribs are continuous, crossing the floor beams through appropriately shaped cutouts; and that welding procedures are specified and monitored to ensure high quality performance. Although several bridges have been built since 1980 in compliance with these specifications, it must be stated that most of the time fabricators are reluctant to use a deck plate thicker than 12 mm and to bevel the rib edges. They argue that there is no proof that this work is absolutely necessary and that, in addition, it will make the deck more expensive. In conclusion, as there has been no damage of the kind observed, on many orthotropic decks built since 1971, it can be considered that the cracks described above, which affect the two oldest orthotropic steel decks built in France, are due to inappropriate technical details. Consequently there should be no reason to be concerned about the reliability of well designed and properly detailed orthotropic bridge decks.
 
 56 An Analysis of the Behaviour of Reinforced Concrete Beams Following Deterioration and Repair JOHN CAIRNS Department of Civil Engineering, Heriot-Watt University, Edinburgh EH14 4AS, UK ABSTRACT Results of a study of the redistribution of stress in reinforced concrete beams following repair are presented. A non-linear analytical model which permits removal and replacement of parts of a reinforced concrete section has been set up, and is used to compare the performance of repaired and equivalent ‘as new’ beams. The effects of relieving dead loads during a repair are considered.
 
 INTRODUCTION Corrosion of reinforcement is the main cause of deterioration of structural concrete. In some instances loss of section of the reinforcement requires provision of additional or replacement bars. At present little guidance is available to the engineer on the redistribution of stresses within a member following repair, on the effectiveness of replacement reinforcement, and on the structural integrity of repaired members. The aim of this paper is to report findings of an analytical study of this problem, in which relative deformations and stresses at sections of ‘as new’ and ‘repaired’ reinforced concrete beams were examined. Where deterioration of a member is of a severity to require that additional reinforcement be provided, current practice is generally to prop the member during the repair.1 These temporary props may perform either or both of two functions: (a) to support a member in order that it can continue to carry the loads imposed despite loss of section and hence of strength, and (b) to unstress a member while a repair is carried out. The support role (a) may not be required if the member has adequate reserves of strength, or if the loads the member is required to support can be reduced for the repair period. Provided props are relatively stiff, it will be adequate if they are initially placed in contact only with the member, and take up load as the member deflects.
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 The object of unstressing a member (b) is to ensure that replacement or supplementary reinforcement provided as part of the repair will assist in carrying dead load. Unless dead loads are relieved by propping the member during the repair and while the replacement concrete gains strength, new reinforcement and concrete cast in during the repair will be unstressed when the member carries dead load. For props to be effective in this role they must actively impose a load on the member to counteract dead loads. Hydraulic jacks with pressure gauges to monitor applied prop forces will generally be required. Even under carefully controlled propping it is possible that the load may not be fully removed from a member. The nature of the structure may be such that the prop force is shared between the member under repair and other parts of the structure. It will then be difficult to ensure that a member is unstressed without resort to stress relief strain measurement techniques. Cracks in reinforced concrete members may become filled with fine detritus or crystalline growth which wedges a crack open and prevents closure on unloading.2 Reinforcement crossing such wedged cracks will then be unable to shed load when prop forces are applied. Concrete is not a linear elastic material. Loading and unloading relationships are different, as is apparent from the short-term stress-strain plot in Fig. 1. Creep will accentuate the difference between the loading and unloading portions. Shrinkage of concrete also occurs over a period of time. It is evident that even if the member can be unstressed by propping it cannot be unstrained. It becomes clear that even in the best controlled work similarity between ‘as new’ and ‘repaired’ members will be imperfect, and that any assumption of structural integrity on this basis is questionable. Is propping to counteract dead loads necessary for a repair? An analogy
 
 FIG. 1. Short-term stress-strain relationships for concrete loading and unloading. with composite construction would suggest that although stresses and deformations at service loads would differ, ultimate strength would not. The analogy is imperfect, however, and there are differences between composite construction and structural repairs that must be borne in mind. For example, a precast concrete beam supporting an in-situ composite slab will be relatively young when the slab is cast, and differential shrinkage
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 will be less than that between the original concrete of a member under repair and the replacement concrete, unless shrinkage-compensated repair materials are to be used. This paper describes the first stage of a study to examine behaviour of structurally repaired members. The term structurally repaired is intended to denote repairs to members that have been significantly weakened by deterioration. The repair area will generally be larger than patch size, defined as 0·25 m2. A mathematical model has been constructed to analyse stresses at a section of a reinforced concrete beam in a constant moment region at various stages of its history, through long-term deformations, loss of section, cutting out of concrete and casting in of supplementary reinforcement, etc. The analyses reported here assume the beam to be free of external restraints. Results presented in the report relate only to cases of deterioration where compression reinforcement is affected. Results of an analysis relating to deterioration of tension reinforcement have previously been reported.3 The model is being used to design test specimens and procedures for physical tests in the laboratory, results of which will be reported in due course. GENERAL DESCRIPTION OF MATHEMATICAL MODEL The mathematical model is largely based on methods of analysis of reinforced concrete sections outlined in BS 8110.4 Two variations of the model are used, one for serviceability and one for ultimate behaviour. Both consider only bending behaviour and are based on the assumption that plane sections remain plane. It is assumed that an adequate anchorage length is provided to supplementary reinforcement to realise the assumption that plane sections remain plane. Non-linear stress-strain relationships are used for concrete and reinforcement. The models are based on a finite element type approach. The model allows parts of the section of a beam or column member to be removed, to represent spalling of concrete, loss of reinforcement section due to corrosion or cutting out of contaminated concrete, and subsequently to be reinstated, to represent replacement or supplementary reinforcement and replacement concrete. The ultimate strength analysis uses the rectangular parabolic stress-strain curve for concrete of BS 8110 (reproduced in Fig. 2) and the bilinear stress-strain curve for reinforcement (reproduced in Fig. 3). The tensile strength of concrete is ignored. This model is used in calculations for reinforcement stress at all loads and for all calculations at reinforcement stresses at or above the characteristic yield strength.
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 FIG. 2. Stress-strain curve for concrete.4 Creep and shrinkage were taken into account by the use of an effective modulus method and an equivalent force method respectively. Short-term unloading/reloading follows the slope of the initial tangent modulus up to the short-term curve. Coefficients of thermal expansion are fairly similar for steel and many concretes, and changes in temperature will produce negligible changes in stress in members that are not externally restrained. Thermal strains have therefore been neglected in the analysis. Cracks in reinforced concrete may become filled with fine detritus or crystalline growth.2 On unloading of the member, the cracks attempt to close but
 
 FIG. 3. Stress-strain curve for reinforcement.4
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 FIG. 4. Alternative stress-strain curve for concrete.4 remain wedged open. The analysis can allow for this by effectively reducing the width of an open crack. The model for serviceability behaviour differed from that for ultimate behaviour in that a different stress-strain relationship was used, and allowance was made for tension stiffening of the concrete. The stress-strain relationship was again taken from BS 8110 and is reproduced in Fig. 4. Where stress in the concrete at the level of tension reinforcement would exceed a value of 1·0 N/mm2 in the short term or 0·55 N/mm2 under long-term loading, stresses in the tension zone were calculated on the assumption of a triangular stress distribution varying from zero at the neutral axis to 1·0 or 0·55 N/mm2 at the centroid of tension reinforcement in short and long term respectively. Chloride-contaminated concrete must be removed from around the reinforcement before replacement concrete can be cast. A compression bar not confined by surrounding concrete will be a slender compression member, and its contribution to member strength will be limited by elastic instability considerations. For simplicity the model assumes that compression reinforcement carries no stress unless it is confined by concrete. ASSESSMENT PROCEDURE The performance of a ‘repaired’ beam with supplementary reinforcement is assessed by comparison with the performance of an identical beam in an ‘as new’ condition subjected to similar long-term loading. In making the comparison it has been assumed that both original and replacement concrete and reinforcement in the repaired beam have the same
 
 Bridge management
 
 584
 
 properties as those in the original. It is also assumed that the repaired member will be rebuilt to the same section profile as the old. These assumptions will frequently not hold in practical situations, as a repaired member may need to be of greater dimensions than the original where cover was inadequate, and replacement concrete will differ from original, often with reduced shrinkage properties and greater strengths. These differences would improve the performance of a repaired beam. Service loads were calculated by first determining the ultimate bending strength of the section under consideration, with all partial safety factors on material strengths included in calculations. Partial safety factors of 1·5 on concrete strength and 1·15 on steel strength were used. This ultimate bending strength was divided by a load factor of 1·5 to obtain the service bending moment, on the assumption that dead and imposed loads are of similar magnitude. Permanent loads used in the calculation of long-term deformations were taken to be full dead load plus a proportion of imposed load, usually taken as 25% in results presented here. Partial safety factors were taken as 1·0 in all further calculations. The procedure followed in analyses of ‘as new’ sections was: (a) Apply permanent load, long term. (b) Apply increment to full service load, short term. (c) Increase load to ‘first yield’ of reinforcement. (d) Increase load to ultimate, taken to occur when the maximum compressive strain in concrete reaches a value of 0·0035. The procedure for analysis of ‘repaired’ sections was: (e) Apply permanent load, long term. (f) Allow loss of section from corrosion of reinforcement. A 25% general loss of reinforcement section along a bar has been assumed throughout. (g) Allow for any crack wedging. (h) Apply increment to full service load, short term. (j) Reduce load to level at which repairs are conducted, short term. This load was taken as full dead load, equivalent to 50% of service load, for unpropped repairs and 10% of service load for propped repairs. (k) Cut out concrete around bars. (l) Install supplementary reinforcement and replacement concrete. (m) Apply load increment to permanent load, long term. (n) Apply load increment to full service load, short term. (o) Increase load to first yield of reinforcement. (p) Increase load to ultimate. The assessment of the performance of beams by this analysis is based on a limit-state approach. Bending strength is compared at the ultimate limit state, stages (p) and (d) above for ‘repaired’ and ‘as new’ beams respectively. Crack width and deflection are compared at service load, determined as described above. Section curvature calculated in the analysis is used as the basis for deflection, and mean strain in the extreme tension fibre of the concrete is used for crack width comparisons. In addition, the stiffness of sections as the load is increased from permanent load to full service load are compared, based on the secant to the moment/curvature relationship
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 between (m) and (n) for the ‘repaired’ section and between (a) and (b) for the ‘as new’ beam. This comparison is introduced as a better measure of the deformability of a member during service than total deflection. Figure 5 shows a schematic stress-strain history for concrete at a point in the compression zone of a repaired beam. The notation of Fig. 5 follows the stages outlined above for a ‘repaired’ beam. Initial elastic deformation is followed by creep and shrinkage, with little change in stress under sustained application of load. As load is briefly increased to full service load, the stress-strain plot follows a line parallel to the initial tangent modulus until it reaches the short-term stress-strain curve, at which point it turns to follow that curve. Unloading as imposed load is removed and props are inserted follows down a route parallel to the initial tangent modulus. Stresses may, under certain circumstances, go negative, although strains will remain positive. On reloading/removal of props, the line rises parallel to the initial tangent modulus until the short-term curve is reached, when that curve is followed until ultimate load is reached.
 
 FIG. 5. Stress-strain history for element of concrete in compression zone. An analysis was carried out for a rectangular beam section under different environments and loading conditions. Creep and shrinkage strains are influenced by the relative humidity of the environment to which the beam is subject. While dead loads act permanently, the proportion of imposed load which should be considered as permanent will depend on the nature of the use of the structure. Each analysis was run for a member in ‘as new’ condition and for a member repaired under propped or unpropped conditions. The section used had 2·4% tension reinforcement and 0·9% compression reinforcement
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 when ‘new’. Ratio of effective to overall depth of section was 0·92. Corrosion was taken to reduce the area of compression reinforcement by 25%. This loss was balanced by supplementary reinforcement installed at repair. All reinforcement was taken to have a characteristic strength of 460 N/mm2. Concrete was taken to have a characteristic cube strength of 30 N/mm2. When analysed with partial safety coefficients taken as unity, the neutral axis of the section at ultimate load was at 42% of the effective depth. Concrete was taken to be removed to a depth of 0·10 times overall section depth, equivalent to removal of 75 mm depth of concrete from the compression zone of a beam of 750 mm overall depth. Results are presented in Tables 1–3 as the ratio of values for ‘repaired’ beams, either propped to relieve dead load or unpropped during repair, to corresponding values for beams subject to similar long-term loading, creep and shrinkage, but in otherwise ‘as new’ condition. Unpropped conditions assume 50% of service loads carried during repair; propped conditions assume 10% of service load at repair.
 
 TABLE 1 Ratio of calculated deformations and loads for ‘repaired’ versus ‘as new’ sections: influence of permanent load Permanent load
 
 Propped/ unpropped
 
 Ratio for‘repaired’/‘as new’ Service load Curvature Crack Reinforcement Stiffness width stress
 
 DL+25% IL
 
 First Ultimate yield
 
 P
 
 1·13
 
 1·04
 
 1·04
 
 1·01
 
 0·98
 
 1·00
 
 UP
 
 1·35
 
 1·10
 
 1·09
 
 1·04
 
 0·96
 
 1·00
 
 P
 
 1·12
 
 1·04
 
 1·05
 
 1·02
 
 0·98
 
 1·00
 
 UP
 
 1·40
 
 1·12
 
 1·11
 
 1·06
 
 0·95
 
 1·00
 
 DL+75% IL
 
 Environment: temperate. No crack wedging.
 
 Table 1 shows results for beams subject to varying proportions of permanent load. Dead load, taken to be 50% of service load throughout these analyses, is always in place, but the proportion of imposed load that may be considered to be permanent will depend on the nature and use of the structure. The analysis used a creep factor of 1·0 and a shrinkage strain of −110×10−6, values appropriate to outdoor conditions in a temperate climate. Cracks were assumed free to close on unloading. At the serviceability limit state, Table 1 shows that the curvature, and hence the deflection, will be greater following repair, particularly if the beam was not propped. However, it may be seen that repaired beams are slightly stiffer as the load is increased from permanent to full dead+imposed load. If the load is subsequently cycled between these limits, repaired and new beams will have the same stiffness. The greater curvature of the repaired beam is therefore attributable to deformations of the member in the deteriorated state and not to a reduction in stiffness following repair. If sag is likely to be
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 of concern visually. steps could generally be taken to repair the member to a flatter profile. Crack width is closely related to reinforcement stress, and both are greater in the repaired beams. In the past, crack widths have been regarded as of importance for durability, but this is now questioned.5 Given the random nature of cracking, the calculated reduction of around 5% gained from propping during repair would not be noticeable. The increase in reinforcement stress at service load in the repaired beams is brought about by movement of the centre of compression away from the compression face of the member, and consequent reduction of the lever arm between tension reinforcement and the centre of compression. The movement is greater in unpropped repairs, where new concrete is less highly stressed. The movement also accounts for the reduction in the load at which tension reinforcement starts to yield. Load at first yield still comfortably exceeded service load, however. As the load on the beam increases towards the ultimate and stresses reach a plateau, new concrete attains the same stress as the old, although it is still less highly strained. Table 1 shows ultimate bending strength to be unaffected by the repair. A similar comparison is made in Table 2 for beams subjected to different climates. A creep factor of 2·0 and shrinkage of −350×10−6 have been used in the calculations for members in a ‘hot and dry’ climate. These values are also reasonable for indoor conditions in the UK. The performance of repaired beams relative to ‘as new’ beams is slightly worse in the less humid environment. The difference is principally due to shrinkage of concrete used for reinstatement. As mentioned earlier, ordinary concrete was assumed for repair although shrinkage-compensated mixes would often be specified.
 
 TABLE 2 Ratio of calculated deformations and loads for ‘repaired’ versus ‘as new’ sections: influence of creep and shrinkage Climate Propped/unpropped
 
 Ratio for ‘repaired’/‘as new’ Service load Curvature Crack Reinforcement Stiffness width stress
 
 T
 
 H and D
 
 First Ultimate yield
 
 P
 
 1·13
 
 1·03
 
 1·04
 
 1·01
 
 0·98
 
 1·00
 
 UP
 
 1·35
 
 1·11
 
 1·09
 
 1·04
 
 0·96
 
 1·00
 
 P
 
 1·18
 
 1·03
 
 1·06
 
 1·05
 
 0·96
 
 1·00
 
 UP
 
 1·53
 
 1·14
 
 1·13
 
 1·07
 
 0·94
 
 1·00
 
 Permanent load: DL+25% IL. No crack wedging. T, temperate; H and D, hot and dry.
 
 Table 3 shows the effect of cracks becoming blocked and prevented from full closure. The crack wedging value in the table represents the proportion of the width of a crack at stage (g) that has filled with other material. A value of 100% denotes a crack that has
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 completely filled; a value of 0% denotes perfect closure of the crack. Tension reinforcement is unable to release some of the stress carried as prop forces are applied if cracks are wedged open.
 
 TABLE 3 Ratio of calculated deformations and loads for ‘repaired’ versus ‘as new’ sections: influence of crack wedging Crack wedging (%)
 
 Propped/ unpropped
 
 Ratio for ‘repaired’/‘as new’ Service load Curvature Crack width
 
 Reinforcement Stiffness stress
 
 First Ultimate yield
 
 0
 
 P
 
 1·13
 
 1·03
 
 1·04
 
 1·01
 
 0·98
 
 1·00
 
 25
 
 P
 
 1·13
 
 1·03
 
 1·04
 
 1·01
 
 0·98
 
 1·00
 
 50
 
 P
 
 1·19
 
 1·05
 
 1·04
 
 1·03
 
 0·98
 
 1·00
 
 75
 
 P
 
 1·21
 
 1·06
 
 1·05
 
 1·05
 
 0·98
 
 1·00
 
 100
 
 P
 
 1·22
 
 1·07
 
 1·05
 
 1·07
 
 0·98
 
 1·00
 
 0
 
 UP
 
 1·35
 
 1·11
 
 1·09
 
 1·04
 
 0·96
 
 1·00
 
 Permanent load: DL+25% IL. Environment: temperate.
 
 Stress in tension reinforcement at repair was calculated to increase from 25 N/mm2 where ‘perfect’ crack closure would occur to 112 N/mm2 where the crack was fully wedged open. Ratios for the beam repaired unpropped are shown in the table for comparison. Crack wedging had no effect on ‘unpropped’ repairs at values of crack wedging below 75%, under the loading regime used. The effect of crack wedging is to reduce the effectiveness of propping as a means of destressing a member for repair. CONCLUSIONS An analysis of the behaviour of repaired members suggests that the ultimate bending capacity of a beam will not be reduced by failure to relieve dead load on the beam. Total deflection will increase if dead load is not relieved although the stiffness of the repaired beam does not reduce. The bending moment at onset of yield of reinforcement will reduce and crack widths will increase. Experimental work is being carried out to verify the analytical results reported here.
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 57 An Investigation into the Effectiveness of Silane for Reducing Corrosion Activity in a Chloride-Contaminated Reinforced Concrete Bridge Structure GUY P.HAMMERSLEY, MICHAEL J.DILL Laing Technology Group Limited, Page Street, Mill Hill, London NW7 2ER, UK and JOHN J.DARBY Oxfordshire County Council, Speedwell House, Speedwell Street, Oxford OX1 1NE, UK ABSTRACT An investigation was undertaken on the A34 Wolvercote Viaduct into the effectiveness of silane for reducing chloride-induced corrosion activity. Concrete patch repairs were undertaken in areas of cracking and spalling on two crossbeams, but visibly intact chloride-contaminated concrete was left in place. The upper surface of the beams was waterproofed and the sides and soffits treated with silane. Permanent Ag/AgCl reference electrodes and resistivity electrodes were installed to monitor the performance of the remedial measures. Preliminary results after 1 year show a general small increase in resistivity and reduction in electrode potentials, indicating that some drying out of the concrete has occurred.
 
 INTRODUCTION In concrete bridge structures suffering from reinforcement corrosion induced by the penetration of deicing salt, the removal and replacement of all severely chloridecontaminated concrete is often difficult, structurally or technically undesirable and economically unviable. Of the alternatives, one possible approach is to repair only cracked or spalled concrete and leave visibly undamaged but chloride-contaminated concrete in place, relying on a surface treatment to maintain the concrete at a sufficiently low moisture content to minimise corrosion activity. The treatment used should not only prevent the ingress of further water and chlorides but should permit water vapour to pass out, hence allowing the concrete to dry out. Water-repellant surface impregnations such
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 as silane have been promoted as having the desired qualities, but there is a lack of published data on their use in this particular remedial application. A trial was undertaken1 with the objective of investigating the effectiveness of this remedial treatment for reducing corrosion activity in a typical chloride-contaminated highway bridge structure. The trial comprised three stages: 1. Survey. 2. Remedial work and installation of instruments. 3. Monitoring.
 
 DESCRIPTION OF STRUCTURE The structure chosen was the Wolvercote Viaduct, which carries the A34 Oxford Ring Road over the A40, the Oxford Canal, a British Rail main line and a stream. The viaduct, completed in 1962, consists of two separate structures carrying the north- and southbound carriageways, each
 
 FIG. 1. General view of the Wolvercote Viaduct. comprising 12 spans consisting of six precast post-tensioned beams supporting a cast insitu reinforced concrete deck slab. The spans are supported by trestle piers (Fig. 1). The trial was carried out on the crossbeams of piers 7 and 8 beneath the northbound carriageway.
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 SURVEY The survey was undertaken during May 1988 and consisted of the following: 1. Visual inspection and hammer sounding. 2. Cover survey. 3. Half-cell potential mapping using a silver/silver chloride (SSCE) reference electrode. 4. Sampling by drilling and analysis of the dust for chloride content. 5. Carbonation testing. The survey revealed the local deep penetration of chloride ions in areas of the beams subjected to ponding or run-down of water leaking down the deck joint above. The original design detail consisted of a small dam around the top of the beams with a number of short drainage spouts. Inadequate falls and blocked spouts resulted in considerable ponding of salt-contaminated
 
 FIG. 2. South face of pier 8 crossbeam.
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 FIG. 3. Large breakout on the south face of pier 8 crossbeam showing localised pitting corrosion of the reinforcement.
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 FIG. 4. Small spalls over corroding reinforcing bars with low cover. Note the location of the drainage spout above the spalls. water on top of the beams. Water emitted from spouts ran down the sides of the beams. In affected areas chloride contents in the medium to high category of BRE Digest 2642 were frequently present at the depth of the reinforcement (30–60 mm). The chloride contents reduced with depth into the concrete, confirming the external source. Half-cell potential mapping (Fig. 2) showed a wide variation in electrode potential around the beams with a number of localised ‘high spots’ characterised by steep potential gradients and electrode potentials reaching −540 mV (SSCE). These ‘high spots’ could be correlated with areas of medium to high chloride contents and subsequent breakouts revealed pitting corrosion (Fig. 3). In areas of lower cover (less than about 20 mm) corrosion inevitably resulted in spalling (Fig. 4). However, where the cover was higher the pitting corrosion did not always result in surface damage, and was only revealed by breakouts.
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 The original quality of the concrete was judged to be reasonable, as evidenced by generally low carbonation depths of less than about 5 mm. REMEDIAL WORK The remedial work was undertaken between June and August 1988, and consisted of the following principal operations: 1. Cutting out cracked and spalled concrete, and grit blasting reinforcement. 2. Repairing the above areas with proprietary cementitious repair mortar or concrete appropriate to the size of the breakout. 3. Cutting away of the dam around the top of the beams and removal of the existing drainage spouts. 4. Steam cleaning of concrete surfaces. 5. Application of silane to the sides and soffits of the beams. 6. Application of an acrylic waterproof coating to the upper surface of the beams. 7. Fixing flashings, gutters and downpipes around the top of the beams. All the materials used complied with Department of Transport Standard BD 27/863 or the Department of Transport Specification for Highway Works,4 as appropriate. The materials are detailed in the Appendix. INSTRUMENTATION In order to monitor the effectiveness of the remedial measures, the instruments were installed in the two beams during the course of the
 
 TABLE 1 Instruments installed in the beams Host material Original concrete
 
 Repair concrete
 
 Total Repair mortar
 
 Pier
 
 7
 
 8
 
 7
 
 8
 
 7
 
 8
 
 Silver/silver chloride reference electrodes
 
 5
 
 10
 
 –
 
 1
 
 2
 
 2
 
 20
 
 Resistivity electrodes
 
 3
 
 5
 
 –
 
 1
 
 1
 
 –
 
 10
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 FIG. 5. Detail of half-cell potential reference electrode.
 
 FIG. 6. Detail of resistivity electrodes.
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 FIG. 7. Part of the south face of pier 8 crossbeam showing the large concrete repair patch, new drainage gutter and permanent instrumentation consisting of 2Ag/AgCl reference electrodes and one set of resistivity electrodes (covered by the plastic trunking). remedial work (Table 1). In addition, the air temperature and relative humidity were monitored in the vicinity of the beams. The distribution of the instruments on the south face of pier 8 is shown in Fig. 2 and details of their installation are illustrated in Figs 5 and 6. Figure 7 shows part of the south face of pier 8 on completion of the remedial works and instrumentation. The instruments were monitored by two battery-powered data loggers, one being dedicated to each beam. The loggers were located in traffic counter boxes on top of the viaduct on the narrow pavement between the parapet fence and Armco barrier. HALF-CELL POTENTIAL SURFACE MAPPING In addition to the fixed instruments, it was decided to take available opportunities to carry out a half-cell potential mapping exercise on the south face of pier 8. As it was uncertain whether half-cell potential measurements could be taken satisfactorily through a silane impregnated surface, measurements were made on a fixed grid shortly before and after
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 the silane treatment. This revealed that the silane itself did not significantly affect the measurement of half-cell potentials.
 
 FIG. 8. Average weekly electrochemical potential measurements for selected electrodes (pier 8).
 
 FIG. 9. Average weekly electrochemical potential
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 measurements for selected electrodes (pier 8).
 
 FIG. 10. Average weekly resistivity measurements for selected electrodes (pier 8).
 
 FIG. 11. Average weekly temperature and relative humidity.
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 PRELIMINARY EVALUATION OF RESULTS Equipotential Contour Mapping In those areas where patch repairs were undertaken the electrode potential in the new patch materials, as might be expected, were appreciably lower than in the original concrete replaced. This can be clearly seen in Fig. 2 by comparing the equipotential contour maps before and after the remedial work. Electrode potentials have generally reduced slightly (become less negative) since completion of the remedial work. Some areas immediately adjacent to repair patches are now local potential ‘high spots’ and consequently may become future anodic corrosion sites, as is often observed adjacent to patch repairs in chloride-contaminated concrete. Permanent Instrumentation A preliminary evaluation of the permanent instruments after approximately 1 year from completion of the remedial work has revealed a reduction in electrode potentials for all but one of the reference electrodes of between 50 and 150 mV. Electrode P12, installed in a large concrete repair patch on pier 8, has reduced from −560 to −150 mV. Plots for individual instruments from the south face of pier 8 are shown in Figs 8 and 9. Two of the ten resistivity electrode sets have failed. The remaining instruments have revealed a general increase in resistivity of about 2–4 kohm/cm (Fig. 10). The data recovered from the resistivity electrodes have generally exhibited greater fluctuations between readings than those obtained from the silver/silver chloride reference electrodes. Temperature and relative humidity data are presented in Fig. 11. DISCUSSION The observed increase in resistivity is indicative of drying out of the concrete and the general reduction in electrode potentials is probably a consequence of this. Figures 8–11 show that the above effects appear to be independent of the surrounding air temperature and relative humidity with a similar trend during winter as well as summer months. Although the observed changes in resistivity and electrode potential have not been large and locally there is still a high risk of active corrosion, the preliminary results do at least indicate a trend in the right direction. It was anticipated that any significant drying out of the concrete would only be observed in the long term (years rather than months) and it is too soon to draw any conclusions on the success of the remedial measures in reducing corrosion risk. However, it can be concluded that some drying out of the concrete has already occurred. As a spin-off, useful experience has also been gained in monitoring the effects of full-scale concrete repairs.
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 APPENDIX Contract Details Agent: Oxfordshire County Council Remedial design, supervision and monitoring Consultant: Laing Technology Group Limited Remedial design, survey instrumentation and monitoring Contractor: Hertfordshire Concrete Repairs Limited Remedial works Materials Replacement concrete (for large repairs) SBD Five Star Repair Concrete Repair mortar (for small repairs) SBD Mulsifix Acrylic Repair Mortar DG351 Water repellant (for sides and soffit) SBD Silane Waterproofing (for upper surface) Stirling Lloyd Eliminator Instruments Half-cell reference electrodes Ag/AgCl general-purpose reference electrode manufactured by Silvion Resistivity electrodes
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 Wenner electrode arrangement using 6 mm diameter Hilti HSA 303M6×40 stainless steel anchors Environmental monitoring SKH 103 temperature and humidity probe supplied by Campbell Scientific and located in a Gill radiation shield Data logging Campbell Scientific CR 10 data loggers
 
 58 Bridge Strengthening Using Load Relieving Techniques BRIAN PRITCHARD W.S.Atkins Consulting Limited, Transportation Engineering Division, Woodcote Grove, Ashley Road, Epsom, Surrey KT18 5BW, UK ABSTRACT The paper describes several new techniques for strengthening existing bridges to withstand increased loading by imposing dead load relief or load sharing. The techniques cover external prestressing, the installation of extra shear connectors and the use of shock transmission units. They all benefit from requiring minimum, if any, traffic disruption.
 
 INTRODUCTION Strengthening of the world’s bridge stock is a growth industry. This is inevitable as the years pass because existing bridges are expected to carry traffic of increasing loading and intensity for which they were not originally designed. The same passage of time also means that existing bridges are increasingly subjected to weakening environmental hazards, ranging from winter de-icing salt to polluted atmosphere carbonation. Strengthening of an existing bridge may become necessary because of increasingly apparent overloading or because major repairs are required and the opportunity is taken to strengthen the bridge to higher standards while traffic restrictions are in operation. The traffic restriction aspect is usually dominant and often precludes straight bridge replacement. It also strongly influences the method of strengthening and those methods which involve little or no traffic restriction are strongly favoured. Three recent techniques for strengthening existing bridges by load relief or load sharing with minimum, if any, traffic disruption are described. DECK BENDING RELIEF BY EXTERNAL PRESTRESSING General Conventional prestressing of a bridge deck imposes a permanent direct compression together with a bending moment which counters, or relieves, the applied dead load moments. The two effects can be most beneficial to tension-weak concrete decks and together they allow the prestressed concrete bridge deck to carry further superimposed
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 dead and live load moments without exceeding the permissible bending stresses or load factors. The bending moment reduction effect of added prestressing can also be used to advantage in relieving dead load bending in existing overloaded decks of reinforced concrete, steel or composite concrete deck/steel girder structures. This dead load bending relief can be sufficient to reduce the deck bending under full dead and live loading to permissible limits. Alternatively, a bridge deck can be upgraded to carry increased superimposed dead and/ or live loading. In general, the direct compression effect of the added prestressing is not helpful. Reinforced concrete allowable compressive stresses are usually lower than with prestressed concrete and extra compression in steel structures can lead to plate stability problems. It is therefore beneficial to mobilise as much of the prestressing bending moment reduction as possible and there is every advantage in locating the prestressing tendons at the beam extremities, or even beyond. External Prestressing Applied to an Existing Composite Deck Rakewood Viaduct carries the M62 motorway between Lancashire and Yorkshire across a 36 m deep valley (Fig. 1). The 256 m long six-span
 
 FIG. 1. Rakewood Viaduct.
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 FIG. 2. External prestressing. continuous deck, completed in 1969, consists of ten 3 m deep steel plate girders carrying and composite with an in-situ reinforced concrete deck slab. DTp (NWRO) required upgrading to cater for a proposed increase in traffic lanes carried and the more onerous requirements of the newly introduced BS 5400 bridge code. The main shortfall was identified as an approximate 40% overloading in the steel girder compression flanges over the piers. Upgrading by ‘unloading’, using external prestressing, was found to provide an economical strengthening procedure with minimal disruptions on this heavily trafficked motorway. Figures 2 and 3 indicate the strengthening
 
 FIG. 3. Prestressing anchorages. procedure, which first requires the attachment of fabricated steel anchors to the locally stiffened underside of each steel beam bottom flange by HSFG bolting. Three pairs of 50
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 or 36 mm diameter Macalloy prestressing bars of overlapping lengths are then attached under each flange between piers. Upon stressing, hogging bending is set up in the midspan regions of the beam. However, it is the parasitic sagging moment over the piers, caused by deck continuity, which performs the required ‘unloading’ to acceptable stress limits in the bottom girder flanges over the piers. The prestressing anchorages apply high local loading to the in-service deck girders. They are therefore attached at non-critical global bending and shear locations where the additional local stresses can be readily accommodated. The dispersion of these high anchorage loads into the girder flanges and webs and the associated local design had been examined using three-dimensional finite element techniques. Special consideration has also been given to the provision of anti-corrosion protection and intermediate supports to prevent wind vibration of the stressing bars. The completed deck strengthening is shown in Fig. 4. It so happens that a similar deck unloading procedure is being applied to an understrength three-span composite girder viaduct in Iowa State, USA, this year. Prior experimental work on large-scale models has already been undertaken and covered in several recent papers by Professor F.W.Klaiber and his colleagues at Iowa State University. It has been proposed that both parties undertake and compare monitoring of prestressing bar loads during and after construction.
 
 FIG. 4. Strengthened Rakewood Viaduct.
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 FIG. 5. External prestressing of reinforced concrete bridge beam. External Prestressing Applied to a Reinforced Concrete Deck Figure 5 shows how a similar external prestressing technique was used to ‘unload’ the rectangular beams of an understrength two-span continuous reinforced concrete deck in South Wales. In this case prestressing was by cables located on the sides of the beams and anchored and deflected by steel assemblies attached by epoxy grouted bolts passing through the beams. SUBSTRUCTURE TRACTION AND BRAKING LOAD RELIEF USING SHOCK TRANSMISSION UNITS (STUs) General A large number of our existing stock of viaducts feature long sequences of simply supported deck spans, often carried on a series of high and substantial piers. This is particularly evident in major river crossings where high navigation clearances require long approach viaducts (Fig. 6). The piers under each simply supported span inevitably carry fixed bearings for one span alongside free bearings for the adjacent span. This means that the design longitudinal traction and braking must be individually applied to each deck span throughout the viaduct. Main resistance is offered by the pier carrying the fixed bearings of that particular span. Current integrity assessments of a number of these viaducts often indicate that the piers are understrength due to increases in the deck longitudinal
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 FIG. 6. Substructure strengthening using STUs. loading since the original design, sometimes accompanied by damage generated by road salt, carbonation or ASR. A substructure of this type with, say, ten equal height piers has a total resistance capacity of approximately ten times the original deck design traction and braking longitudinal loads. This total resistance capacity can be mobilised by providing load transfer STUs across the deck joints. Shock Transmission Units (STUs) STUs are mechanisms which are connected across movement joints between structural elements. They transmit slow acting joint movements like temperature and shrinkage with negligible resistance and, when required, transmit momentary impact forces like traction, braking and earthquake with negligible movement. A simple, economical and minimum maintenance bridge STU was developed in the UK some years ago. Instead of oil the STU utilises the peculiar properties of ‘bouncing putty’, a silicone compound which will readily deform under slow pressure but becomes rigid under impact. The unit consists of a steel cylinder containing a loose-fitting piston fixed to a transmission rod, the void round the piston being filled with the silicone putty. Under slow movement this putty is squeezed around the piston and displaced from one end of the cylinder to the other (Fig. 8).
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 FIG. 7. Docklands Light Railway strengthening and Canary Wharf building in progress. Load Relief Using STUs for Viaduct Piers of the London Docklands Light Railway The newly completed viaducts carrying London’s Docklands Light Railway (Fig. 7) were designed for a train service which, due to a breath-taking increase in adjacent development at Canary Wharf, will now require considerable expansion before 1990. This will mean heavier and
 
 FIG. 8. Detail of STU and mounting.
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 more frequent trains, which will add braking and traction effects in excess of those originally catered for. Figure 8 shows a typical as-built seven-span deck unit continuous between expansion joints. Train traction and braking loads are currently shared among the slender piers, which generally support the deck via rubber bearings. STUs are being installed at rail level between joints such that, when the new increased longitudinal traction and braking loading is applied to one particular seven-span unit, load is beneficially transmitted and shared with adjacent seven-span decks sufficient to require no pier and foundation strengthening in any substructure. This simple procedure represents a tremendous saving in cost and interference with the existing train service. COMPOSITE DECK FATIGUE RELIEF USING ADDITIONAL SHEAR CONNECTORS General Existing composite bridge decks, like the two described earlier, often require strengthening or fatigue life enhancement of the shear connection between the concrete deck slab and steel girders. This can be undertaken by installing additional new shear connectors, ideally from the underside of the slab/girder interface to minimise traffic interference. Fatigue Life Enhancement of Viaduct Decks of the London Docklands Light Railway The existing new viaduct decks, completed in 1987, are generally of continuous composite construction with an in-situ reinforced concrete deck slab supported by and composite with twin steel universal or plate girders. The original design of the decks to BS 5400 established that fatigue considerations were a critical factor, particularly in the deck shear connectors. As a result of the increase in weight and frequency of trains after 1990, mentioned earlier, the fatigue life would suffer considerable reduction. Strengthening measures to restore the fatigue life back to the originally designed 120 years were required. Additional shear connectors installed between the original 19 mm welded stud connectors would relieve the loads on these connectors sufficiently to accomplish this. Technically, the easiest solution was to drill out holes through the deck slabs from above and install new stud connectors, in clusters of three or four, to optimise the hole size and economies of installation. Practically, this would be extremely disruptive and costly to undertake with a live service in operation. The provision of new shear connectors by drilling-in from under the top
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 FIG. 9. 20 mm spring steel pins. flange of the steel girders was also examined. Several types of connectors were considered, including 20 mm diameter spring steel pin fasteners. These offered the advantage of a readily achieved force fit into the hole drilled through the steel flange and lower section of the concrete deck slab with no requirement for grouting, glueing or welding. The benefit of causing no interference to the train service had to be balanced against the unknown shear and fatigue parameters of such a previously untried system. Strength and fatigue testing were carried out on push-out samples by the Welding Institute at Cambridge. Two types of 20 mm spring pin were shown to have superior strength and fatigue properties to the 19 mm studs. These are shown in Fig. 9.
 
 FIG. 10. Jacking-in ‘Spirol’ spring pins.
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 Both pins obtain their force fit by jacking the lead-in chamfer into drilled holes with slightly smaller diameters (Fig. 10). In one, the pin slot closes as the pin diameter reduces during driving. In the other, the spring mechanism is generated by the compression of a turn spirally coiled strip of steel. Good interface shear connection is established with a degree of pull-out resistance afforded by the spring-loaded friction between the pin and the hole face. In the event, the spiral pins were successfully installed with no interruption to the train services.
 
 59 The Integrated Construction and Conversion of Single and Multiple Span Bridges MARTIN P.BURKE JR Burgess & Niple Limited, 5085 Reed Road, Columbus, Ohio 43220, USA ABSTRACT In the United States and Canada, integrated bridge construction is becoming one of the bridge engineer’s primary responses to joint related bridge damage caused by the use of deicing chemicals and the restrained growth of rigid pavements. The relative success that has been experienced with integral bridges—bridges without deck joints—is now being reflected, not only in the increasing numbers of longer integral bridges but also in the integral conversion of existing jointed bridges. As revealed in a recent survey made during the development of the National Cooperative Highway Research Program’s Synthesis ‘Bridge Deck Joints’, the use of integral conversion techniques for existing jointed bridges is generating widespread interest but as yet only a moderate number of tentative applications. It appears that the initial success of such techniques will see an accelerated use of integrated conversion as an effective alternative to bridge joint rehabilitation.
 
 INTRODUCTION Integral bridge construction may be defined as the practice of constructing bridges without deck joints. When using such construction to eliminate intermediate joints in multiple span bridges, it is accepted that the continuity achieved by such construction will subject superstructures to secondary stresses. These stresses are due to the response of continuous superstructures to thermal and moisture changes, and gradients, settlement of substructures, post-tensioning, etc. When such construction is used to eliminate deck joints at abutments, it is likewise accepted that such structures will, in addition, be subjected to secondary stresses due to restraint provided by abutment foundations and backfill against the cyclic movement of bridge superstructures. The justification for such construction is based on the recognition that for small and medium span bridges of moderate lengths significantly more damage and distress has been caused by the use of deck joints than by the secondary stresses they were intended to prevent. In addition, elimination of costly joints and bearings, and the details and procedures necessary to permit their use, generally result in more economical bridges. Consequently, more bridge engineers are now willing to relinquish some of their control of secondary stresses,
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 primarily to achieve simpler and less expensive bridges with greater overall integrity and durability. CONTINUOUS SUPERSTRUCTURES Current design trends received their primary impetus and direction almost six decades ago. In May 1930, a brief ten-page paper published in the Proceedings of the American Society of Civil Engineers generated considerable discussion in academia. It also created a minor revolution in the design and construction of small and medium span bridges. The paper, ‘Analysis of continuous frames by distributing fixed-end moments’ by Hardy Cross,1 presented a simple and quick method for the analysis of integral type structures such as continuous beams and frames. The method was quickly adopted by bridge engineers and the bridge practice of many transportation departments began to change. Prior to Hardy Cross’ moment distribution, multiple span bridges were generally constructed as a series of simple spans. Following the introduction of moment distribution, bridge engineers began eliminating troublesome deck joints at piers by providing continuous superstructures. Line A in Fig. 1 shows the beginning of the routine use of continuous construction in the United States and Canada, and the per decade increase in the number of transportation departments that have adopted the use of continuous construction. As shown, 26 of 30 departments responding to a recent mail survey,2 or 87% of responding departments, now routinely use continuous construction for short and medium span bridges. Currently the state of Tennessee appears to be leading the way in constructing long continuous bridges. For example, the Long Island Bridge at Kingsport, Tennessee, was constructed in 1980 with 29 continuous spans without a single intermediate transverse joint. The total length of this bridge is about 2700 ft center to center of abutment bearings. Deck joints and movable bearings have been furnished, but only at the two abutments. It has been aptly named ‘The Champ’.
 
 FIG. 1. Design trends for continuous bridges.
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 Approximately 50% of transportation departments in the United States and Canada limit maximum bridge length without intermediate transverse deck joints to 600 ft or less. However, almost half of the departments responding to a recent mail survey2 allow the unjointed bridge length to exceed 1000 ft. INTEGRAL BRIDGES During the past 2–3 decades, many bridge engineers have become acutely aware of the relative performance of bridges built with deck joints at abutments and those built without them. In most respects, bridges without joints, integral bridges, have performed more effectively since they remain in service for longer periods of time with only moderate maintenance and occasional repairs. Some of this experience was forced upon bridge engineers by circumstances beyond their control. Due to the growth and pressure generated by jointed rigid pavements, many bridges built with deck joints at abutments have been and are being severely damaged. Many abutment backwalls have been fractured. Other abutments have been split from top to bottom. In longer bridges with intermediate deck joints, piers have been cracked and fractured as well. In geographical areas with low seasonal temperatures and an abundance of snow and freezing rain, the use of de-icing chemicals to maintain dry pavements throughout the winter season has also had a significantly adverse effect on the durability and integrity of bridges built with deck joints. Open joints and sliding plate joints of shorter bridges and open finger joints of longer bridges have allowed deck drainage, contaminated with deicing chemicals, to penetrate below deck surfaces and wash over supporting beams, bearings and bridge seats. The resulting corrosion and deterioration have been so serious that some bridges have collapsed while others have had to be closed to traffic to prevent their collapse. Many bridges have required extensive repair; and most of the bridges that have remained in service have required almost continuous maintenance to counteract the adverse effects of these chemicals. To help minimize or eliminate these corrective efforts, a whole new industry was created. Beginning in the early 1960s, the first elastomeric compression seals were installed in bridges in the United States to seal deck joints. Since these first installations, numerous types of elastomeric joint seals have been developed and improved in an attempt to achieve a joint seal design that would be both effective and durable. Most designs have been disappointing. Many leaked. Some required more maintenance than the original bridge built without seals. By and large, the many disappointments associated with various types of seals have caused bridge engineers to consider other options. Costs of various types of bridges showed marked differences. For two bridges built essentially the same, except with one provided with separate abutments and deck joints and the other provided with integral abutments, the jointed bridge was usually more expensive. In addition, bridges with integral abutments suffered only minor damage from pavement pressure, were essentially unaffected by de-icing chemicals, and functioned for extended periods without appreciable maintenance or repair. Consequently, more bridge engineers began to appreciate the merits of integral bridges for short to moderate bridge lengths. Gradually design changes were made and longer integral bridges were built and
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 evaluated. In 1946, Ohio’s initial length limitation for its standard continuous concrete slab bridges was 175 ft. In a 1973 study of integral construction,3 four states responded that they were using steel bridges and 15 states were using concrete bridges in the 201– 300-ft range. In a 1982 study of integral abutment bridges,4 even longer bridges are reported: Continuous steel bridges with integral abutments have performed successfully for years in the 300-ft range in such states as North Dakota, South Dakota, and Tennessee. Continuous concrete structures 500 to 600 feet long with integral abutments have been constructed in Kansas, California, Colorado, and Tennessee. Currently 11 states are building continuous bridges with integral abutments with lengths in the 300-ft range. Missouri and Tennessee report even longer lengths. Missouri reports steel and concrete bridges in lengths of 500 and 600 ft, respectively, while Tennessee reports lengths of 400 and 800 ft for similar bridges. Finally, line B of Fig. 1 shows that 20 of 30 transportation departments, or 67% of survey responding departments, are now using integral construction for continuous bridges. The attributes of integral bridges have not been achieved without cost. Parts of these bridges operate at very high stresses, stresses that cannot easily be quantified. These stresses are significantly above those permitted by current design specifications. In this respect, bridge engineers have become rather pragmatic. They would rather build cheaper integral bridges and tolerate these higher stresses than build the more expensive jointed bridges with their vulnerability to destructive pavement pressures and deicing chemical deterioration. In a 1985 magazine article,5 Clellon Loveall, then engineering director for the Tennessee Department of Transportation, reflects this attitude when he writes: In Tennessee DOT, a structural engineer can measure his ability by seeing how long a bridge he can design without inserting an expansion joint…. Nearly all our newer (last 20 years) highway bridges up to several hundred feet have been designed with no joints, even at the abutments. If the structure is exceptionally long, we include joints at the abutment but only there…. Joints and bearings are costly to buy and install. Eventually they are likely to allow water and salt to leak down onto the superstructure and pier caps below. Many of our most costly maintenance problems originated with leaky joints. So we go to great lengths to minimize them. Even though bridge engineers have conditioned themselves to tolerate higher stress levels in integral bridges, occasionally their design control is not sufficient to prevent these high stresses from resulting in structural distress and structural fracture. STRUCTURAL DISTRESS Responses to an early survey about the construction of continuous bridges with integral abutments indicated a rather widespread concern by bridge engineers for the potentially
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 high stresses that would be present in longer bridges.3 This concern, more than any other, appeared to be responsible for the early lack of enthusiasm for using integral abutments for longer continuous bridges (line A, Fig. 1). Although the great majority of bridges with integral abutments perform adequately, many of them operate at high stress levels. For instance, an abutment supported on a single row of piles is considered flexible enough to accommodate longitudinal thermal cycling of the superstructure and dynamic end rotations induced by the movement of vehicular traffic. Nevertheless, the steel piles of such an abutment are routinely subjected to axial and flexural stresses approaching, equaling or exceeding yield stresses.4,6 Occasionally a combination of circumstances results in visible distress. Responding to a 1973 survey, a number of bridge engineers said that some wingwalls of their integral abutments had minor cracks.3 This problem was corrected with the use of more generous wingwall reinforcing steel. Other engineers reported pile cap cracking which appears to have been eliminated by rotating steel H-piles to place the weak axis normal to the direction of bridge movement. In a number of other instances, primarily in cast-in-place construction, columns, stringers and bridge seals have cracked and fractured when integral construction was used without proper allowance for the restraint produced by rigid supports. Currently precast concrete or prefabricated steel superstructures are generally replacing small cast-in-place bridges in many states and provinces. Consequently, problems associated with initial shrinkage are gradually being eliminated. However, where cast-in-place construction continues to be used, flexibility of substructures remains a critical part of bridge design. For example, in Clellon Loveall’s recent Civil Engineering article,5 he says: Structural analysis of our no joint bridges indicates that we should have encountered problems, but we almost never have. Once we tied the stub abutment of a bridge into rock, and the structure cracked near its end, but we were able to repair the bridge and install [a] joint while the bridge was under traffic. The public never knew about it. That was one of few problems. Development of new forms of construction will be accompanied by instances of structural distress, and this has certainly been true for continuous bridges with integral abutments. However, as is shown by line A of Fig. 1, the increased use of integral abutments suggests that 60% of transportation departments are satisfied with the performance of integral construction and are using such construction in one form or another for longer and longer bridges. With continued care and consideration, the trend shown by line A no doubt will continue. INTEGRAL BRIDGE DETAILS Illustrated in Figs 2 and 3 are integral abutment details for six transportation departments. It is probably not accidental that a fair amount of similarity is evident in these designs since structural details from early successful designs are adapted by other bridge
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 engineers for use by their departments. Even though there are similarities, there are also differences which reflect the types of bridges being built and the care and concern being given to the choice and development of specific details. It should also be realized that these sketches are ‘bare bones’ presentations. They do not reflect other important design aspects such as skew, construction procedures, etc., that are considered in the application of these details for specific bridges. These aspects cannot be illustrated and properly described in a paper as brief as this one. Nevertheless, since these aspects can have a considerable effect on the performance, integrity and durability of integral designs, it is appropriate to mention some of them for those engineers considering such designs for the first time. Passive pressure, pile stresses and cycle control joints are three topics under which these aspects may be considered. (A) Passive Pressure To minimize passive pressure developed in abutment backfill by an expanding integral bridge, design engineers have used a number of controls, devices and procedures. Including but not limited to the following, they have: limited bridge length, structure skew and the vertical penetration of abutments into embankments; used select granular backfill and uncompacted backfill; provided approach slabs to prevent vehicular compaction of backfill or to permit the use of backfill voids behind abutments; used embankment benches to shorten wingwalls and used suspended turn-back wingwalls; and they have used semi-integral abutment designs to eliminate passive pressure below bridge seats. (B) Pile Stresses Knowing that longitudinal forces in superstructures are somewhat directly related to the resistance of abutment pile foundations to longitudinal movement, design engineers have: limited the foundation of integral bridges to a single row of slender vertical piles; limited the pile types; oriented the weak axis of H-piles normal to the direction of movement; used prebored holes filled with fine granular material for piles; provided an abutment hinge to control pile flexure; limited structure skew; and used semi-integral abutment designs for longer bridges to minimize foundation restraint to longitudinal movement. (C) Cycle Control Joints Figure 4 illustrates design details being used by four states to provide for the cyclic movement of integral bridges, and for the cyclic movement of approach slabs where the slabs are attached to integral bridges. A number of other states are using similar details, but most states do not appear to have developed special approach pavement designs to accommodate the cyclic movement of integral bridges.
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 FIG. 3. Integral abutments.
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 FIG. 4. Integral bridge approaches.
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 The purposes of all of the designs shown in Fig. 4 are the same although specific details of each design are substantially different. Each recognizes cyclic bridge movement and, where the approach slab is attached to the bridge, cyclic approach slab movement as well. Each contains a reinforced concrete approach slab for spanning the abutment backfill, and each provides for the growth and pressure generated in rigid approach pavements. All but one provides a sealing system for the cycle control joints. The initial appropriateness of these designs will be reflected in project costs, and in the stress levels developed in response to cycling of bridges and growth of approach pavements. Their actual effectiveness or success will ultimately be measured by their ability to function for long periods under traffic without periodic maintenance or major modifications. An evaluation of these designs and a background for that evaluation is given in Ref. 7. The importance of the bridge/approach pavement interface design is emphasized by a recent decision of the California Department of Transportation to reconsider its use of longer integral bridges. Apparently cycle control joint seal failures have been responsible for substantial erosion of abutment backfill. A number of questionnaires about integral bridge practices have been circulated in recent years. The responses reflect the policies, attitudes and opinions of those engineers responsible for bridge design policies. They also show how some of those attitudes and opinions have changed during the last decade.2–4,8,9 References 4,8 and 9 also contain valuable bibliographies for those interested in a more in-depth study of current research on integral bridge behavior and abutment piling performance. INTEGRAL CONVERSIONS (RETROFIT) Following the trend toward the use of continuous construction and the use of integral abutments, as illustrated by lines A and B of Fig. 1, transportation departments are also beginning to convert existing multiple span bridges from simple to continuous spans. Line C shows that this effort began in the 1960s and has gathered strength in the past two decades. Presently 11 of 30 departments, or about 37% of the transportation departments, have converted one or more bridges from multiple simple spans to continuous spans. Although line C of Fig. 1 suggests considerable activity, it actually shows only the relative number of departments that have made such conversions. It is not indicative of the number of bridges that have been converted. For example, when asked the question ‘In recent years, have you converted any bridges from multiple simple spans to continuous spans to eliminate intermediate deck joints?’, positive responses were received from only two departments. The Ontario Ministry of Transportation and Communications responded: We are modifying a few structures from simple spans to continuous spans, eliminating the intermediate deck joints in the process… The Texas Department of Highways and Public Transportation responded: In recent years, we have eliminated numerous intermediate joints. Generally, this is done while replacing the slab. We simply place the slab
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 continuous across the bents. On a few occasions, we have removed only the joint and surrounding deck area, added reinforcing, and replaced that portion of the deck, thus tying the adjacent spans together. The Tennessee Department of Transportation also has been actively converting simple span bridges to continuous spans. To describe some of this work, Edward Wasserman, the engineering director of structures, presented a recent paper on ‘Jointless bridges’ in which he describes and illustrates a number of such conversions.10 To give this movement some direction, the Federal Highway Administration has issued a Technical Advisory on the subject.11 That advisory in part recommends that a study of the bridge layout and existing joints be made ‘…to determine which joints can be eliminated and what modifications are necessary to revamp those that remain to provide an adequate functional system…. [Where] feasible, develop continuity in the deck slab. Remove concrete as necessary to eliminate existing armoring, and add negative moment steel at the level of existing top-deck steel sufficient to resist transverse cracking [Figure 5a]’. The detail shown in Fig. 5(a) reflects the procedure described by Texas. Note that the detail shows only the slab portion of the deck is being made continuous. The simply supported beams remain simply supported. For such a construction it is important to ensure that one or both of the adjacent bearings supporting the beams at a joint are capable of allowing horizontal movement. Providing for such movement will prevent horizontal forces from being imposed on bearings due to rotation of the beams and continuity of the slab. The state of Utah also has converted some simple span bridges to continuous ones by using a design similar to the one shown in Fig. 5(b). For deck slabs with a bituminous overlay, a waterproofing membrane can be used to waterproof the new slab section over the piers. With a design like this, it is understood that the deck slab would be exposed to longitudinal flexure due to rotation of the beam ends responding to the movement of vehicular traffic. However, for short and medium span bridges, the deck
 
 FIG. 5. Integral conversions at piers.
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 cracking associated with such behavior is preferred by some over the long-term adverse consequences associated with an open joint or a poorly executed sealed joint. In a new construction, conversion of simple spans to continuous spans is rather commonplace. Figure 5(c) shows the design detail used by the state of Wisconsin for prestressed I-beam bridges. A substantial concrete diaphragm is placed at the piers between the ends of simply supported prestressed beams of adjacent spans. It extends transversely between parallel beam lines. Then a reinforced concrete deck slab is placed to integrate the beams and deck slab, thereby providing a fully composite continuous structure. This type of prestressed I-beam construction appears to be standard for many transportation departments. Figure 5(d) shows the standard design detail used by the state of Ohio to achieve continuity for simply supported prestressed box beams. These box beams are placed side by side and then transversely bolted together. Finally, continuity reinforcement is placed and the concrete closure placement is made. A 1969 paper by Clifford L.Freyermuth gives a rather complete description of the considerations necessary to achieve continuity in a bridge composed of a continuously reinforced concrete deck slab on simply supported precast prestressed beams.12 Conversion of existing bridges either by a complete deck replacement or by replacing portions of the deck adjacent to deck joints over piers can be accomplished by following the procedures developed for new structures. Obviously, for existing bridges, creep effects will be negligible. Shrinkage effects for other than complete deck slab replacements should also be negligible. Such continuous conversion not only eliminates troublesome deck joints but the continuity achieved also results in a slightly higher bridge load capacity since positive moments due to live load are reduced by continuous rather than simple beam behavior. The details and methods described above provide either partial or complete continuous behavior for live loads and superimposed dead load. If justified, continuity and composite behavior can be achieved for all loads by providing temporary intermediate supports which are then removed after all of the structural elements have been completed. Although too recent to consider in terms of a design trend, conversion of nonintegral to integral or semi-integral abutments for both single and multiple span bridges has begun. Figure 6 illustrates design details used for two recent conversions by the Ohio Department of Transportation. Reconstruction of these abutments was made necessary by the substantial damage induced by pavement growth and pressure, by de-icing chemical deterioration, or by both. Instead of replacing backwalls and joints, and in some cases bearings and bridge seats as well, it was decided to pattern the reconstruction after the design details used by the department for its new integral bridges. In this way subsequent concern about the effects of pavement pressure and de-icing chemical deterioration has been minimized.
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 FIG. 6. Integral conversions at abutments. Lastly, a number of transportation departments have begun to retrofit multiple span steel beam or girder bridges constructed with intermediate hinges under unsealed deck joints. For one such example, end span hinges and deck joints (originally intended to accommodate embankment consolidation and abutment settlement) are being replaced with bolted splices and a continuous concrete deck. Since this particular structure is 20 years old, the embankments are essentially fully consolidated and the original justification for deck hinges no longer exists.
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 60 Inspection and Rehabilitation of Steel Trusses for Highway Bridges A.G.LICHTENSTEIN A.G.Lichtenstein and Associates, Inc., Consulting Engineers, Fair Lawn, New Jersey, USA ABSTRACT Steel trusses played an important role in the development of highway transportation in the United States between 1870 and 1940. In this period of time, numerous patented structural steel (and wrought iron) structures were designed and constructed by engineers/contractors on major state highways and rural county roads. Many of these structures have been replaced over the years but still a sufficient number remain today. The subject of this paper is to describe the methods and procedures involved in extending the useful life and upgrading of these older truss bridges into structures that can safely support modern and heavier loadings. The author has selected three types of trusses for a detailed presentation.
 
 INTRODUCTION Old bridges should not be allowed to die. They should be rehabilitated and put back into service. This is particularly true for trusses on the county roadway systems, where rural conditions still prevail and traffic has only increased moderately over the years. Three examples will be presented as follows: 1. A pin-connected Baltimore truss erected in 1899 by the Berlin Bridge Company of Berlin, Connecticut. This bridge is located at Stuyvesant Falls, Columbia County in the State of New York. 2. A pin-connected eye-bar deck truss bridge constructed in 1896 by the Canton Bridge Company of Canton, Ohio, and first strengthened in 1920. This bridge is located in Boonton, Morris County, New Jersey. 3. A Phoenix truss with patented compression members built in 1894 by the Stagg Company. It is located on Elm Street in Oradell, Bergen County, New Jersey.
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 STUYVESANT FALLS BRIDGE Two steel trusses 34 ft (10·4 m) high, top to bottom chord, and 19·4 ft (5·9 m) CLCL carry a 17 ft (5·2 m) wide roadway over Kinderhook Creek in one simple span 202 ft (61·6 m) long. A 4·7 ft (1·4 m) sidewalk is cantilevered off the upstream truss. The trusses and floorbeams were of the original construction; however, longitudinal steel stringers and a grating deck had replaced the original timber beams and floor planks. An in-depth inspection of the bridge was undertaken by our firm and identified the following structural deficiencies: 1. The bottom chord was so severely corroded at the south bearing that it became discontinuous and the truss member and shoe moved outward longitudinally, and the rocker tilted in a vertical direction. 2. The connections of three vertical members of the truss to the floorbeams, at the panel points, were extensively corroded and non-functioning. 3. Many roadway stringers were rusted and cracked in the last panels at the abutments, where salt and dirt accumulated around them. 4. All floorbeams were in good condition but only capable of safely carrying a 7-t (AASHTO H) live load. 5. The trusses computed well except for 16 subpanel verticals, whose rating was 91. 6. Other elements of rehabilitation were required, such as restoration of the twisted rocker, repairs to some sidewalk and railing areas, and cleaning and painting of the entire bridge. The county superintendent of highways then decided to repair and upgrade the bridge with county forces. The county had an abundance of steel members stored in its yard and these could be tapped for use on this project. The first order of business was to jack up the south end of the trusses approximately 1 ft (0·3 m) and relieve the pressure on the twisted shoe. This completed, the truss member and rocker were pushed horizontally by another jack to a calculated point and a chord mending device was installed to keep them there permanently. The jacks and auxiliary beams were removed. Then the verticals and floorbeams were reconnected with permanent type details, and the subverticals of the two trusses reinforced with special ‘horseshoe’ collars (see Fig. 1).
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 FIG. 1 Next in line was the strengthening of the floorbeams. Without removing the grating (fair condition) and stringers, a platform was erected under each floorbeam. Four angles were bolted onto the webs of the beam as close to the flanges as possible. The corroded stringers were left in place, but new beams of similar depth were set alongside the bad ones and shimmed into place. The railing and sidewalk were repaired in spots where needed. Cleaning and painting, however, was deferred for next season. The bridge was reopened to traffic with a capacity of 15 t (inventory), which is adequate to handle local traffic including buses, fire engines, ambulances and other community type vehicles. For the occasional runaway heavy truck, the operating rating of the bridge is over 20 t. The time necessary to complete this work was 4 months. The county solved the Stuyvesant Falls Bridge problem by doing most of the work itself and gained a great deal of satisfaction at a reduced cost of construction and restoration of a historic structure. The superintendent and Columbia County received awards from state and national organizations commemorating their achievements on the Stuyvesant Falls Bridge. THE BOONTON BRIDGE The 90-year-old Boonton Bridge carries Washington Street over the Rockaway River and the Jersey City Reservoir. In 1920 the bridge was strengthened by the addition of intermediate chords and new deck, and other structural work. The original bridge consisted of four pin-connected deck truss spans providing a total structure length of approximately 470 ft (143·3 m). The floor system was constructed of steel plate girder floorbeams and steel stringers, which supported an asphalt-filled metal pan deck. The deck provided a 23 ft 6 in (7·2 m) roadway and was flanked by a 5 ft (1·5
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 m) cantilever sidewalk. The substructure consisted of stone masonry abutments and three non-reinforced concrete piers (Fig. 2). A.G.Lichtenstein and Associates, Inc., made an in-depth inspection, and prepared a rating and feasibility study for upgrading. An underwater investigation by AGLAS found the piers in good condition. The superstructure was determined to be substandard, however, and was posted for 3 t loading. The study recommended that the bridge can be economically rehabilitated to a 15 t capacity. The rehabilitation project included the following: 1. Replacement of the asphalt pan deck with a concrete-filled grating floor. 2. Upgrading the steel stringers and floorbeams. 3. Repair and strengthening of truss members, shoes and connections.
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 Total construction cost for the complete bridge and approaches was approximately $2600000, which compared favorably with an estimated cost for a new bridge of $7000000. Because of its historic nature, as well as its location over a reservoir, the acquisition of permits from state and federal agencies would have taken approximately 5 years. The obtaining of permits and the preparation of bid documents for the rehabilitation project required a little more than 1 year. The actual construction was also completed in about 1 year. It is interesting to note that the Federal Government contributed 90% of the cost of construction, while the remaining portion was jointly provided by the State of New Jersey and Morris County. The Morris County engineer was Mr George E.Burke and the general contractor was Karl Koch Erecting Company of Carteret, New Jersey. Our firm prepared the bid documents and checked all the working and shop drawings, while the New Jersey Department of Transportation supervised the contractor’s operations and provided a full-time resident engineer. A modern bridge crossing over the Rockaway River for heavy interstate traffic was constructed within 2 miles of the bridge site. The Boonton Bridge services county type of traffic and will be providing the community with excellent service for many years to come. ELM STREET BRIDGE The Elm Street Bridge over the Hackensack River is a single span, simply supported, half-through (pony) truss. The truss consists of five panels, each 15 ft (4·6 m) long for a total length of 75 ft (22·9 m). The trusses are spaced 23 ft (7·0 m) between centerlines and are 10 ft (3·0 m) high. The roadway accommodates two lanes of traffic, one in each direction, and a 5 ft (1·5 m) sidewalk was cantilevered off the west truss. This structure is known as a Phoenix bridge, wherein the end posts, verticals and upper chord members are composed of Phoenix columns of wrought iron. These patented columns were fabricated utilizing four channels which were turned by machine into quarter round sections, riveted together, to result in a circular member. The open grating deck was found to be in good condition with only light to moderate rust. The stringers supporting the deck were found in generally good condition. However, they rated 6 t. The floorbeams were found to have moderate rust but had a computed live load capacity of 6 t. The truss appeared in fair condition with some members showing evidence of impact from vehicles. However, the capacity of the truss to carry live load was only 2 t. The two abutments were composed of ashlar stone masonry and were found to be in good condition, except that many joints needed remortaring (Figs 3–5). The assignment was to upgrade this 90-year-old bridge to a live load capacity of at least 12 t, which would permit the safe crossing of school vans and small buses. The deck and the stringers could economically be replaced. The floorbeams, on the other hand, were strengthened by the addition of four angles which were riveted just under the top and bottom flanges. The main concern was how to reinforce the historic truss without dismantling it or distorting its architectural appearance. The solution proposed was to add two 36 in steel beams on the outside of the floorbeams under the trusses, which beams would span from abutment to abutment. Each floorbeam was then connected into these
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 two auxiliary beams, creating a live load system wherein the old truss and the new beams were sharing the load (Fig. 6).
 
 FIG. 3
 
 FIG. 4
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 FIG. 5 To replace this historic Phoenix bridge would have required many years of negotiations at a substantially increased construction cost for limited serviceability. In this way Bergen County has retained and restored a historic
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 FIG. 6 property and, with normal maintenance and no overloading, the Elm Street Bridge will provide this community with many years of customized usage. The three examples described above show that, under favorable circumstances, bridges can be retrofitted and placed into the transportation systems with much success. The additional benefit of preserving the American heritage of bridge construction is an unexpected bonus.
 
 61 The Renovation of a Victorian Swing Bridge BRIAN SIMPSON and MICHAEL F.BLYTH Husband & Co., Consulting Engineers and Architects, Alliance House, 12 Caxton Street, London SW1H 0QP, UK ABSTRACT Cross Keys Bridge is an iron and steel swing bridge carrying the A17 Newark to King’s Lynn trunk road over the River Nene. Built in 1897 to carry a railway line and single lane road, it was converted to two lanes of highway in 1963 after the railway line was closed. In 1982 renovation of the old bridge for a limited future life was the most economic option for providing a route for the proposed Long Sutton and Sutton Bridge bypass over the River Nene. It also enabled the bridge, by then a class II* listed structure, to be ‘preserved’ in working condition. Deterioration of some parts of the substructure and the mechanical wedging system was so advanced that an early contract was let to deal with these urgent works. The subsequent main renovation contract included — replacing deck to improve loading capacity, — repairs and repainting of existing metal work, — increasing headroom for road users, — separating pedestrians from road traffic, — modernising the mechanical drives and control systems, and — fendering to reduce risk of shipping collision. The paper describes these works and the repairs which were devised after the full state of corrosion damage had been revealed. The repairs, including replacement of the bridge deck in stages, were undertaken without interruption to the navigation requirements to swing the bridge and, with the exception of a few weekend closures, single way working for road traffic was maintained throughout winter periods.
 
 HISTORY OF THE BRIDGE In 1827 part of the work of improving the Fens included a new man-made cut confining the River Nene at its mouth to provide a more direct and reliable navigation channel northward to the Wash. This work included the first Cross Keys Bridge. In 1864 the expansion of railway ventures brought a rail track crossing this channel at Sutton Bridge utilising an existing movable bridge, the second such crossing at this
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 location. The present structure was constructed by the railway company in 1897 to carry a single track of railway. A roadway and footpath were accommodated alongside the railway track and separated from it by the middle of three longitudinal girders. Road users were obliged to pay a toll and there is a commemorative plaque celebrating the abolition of this toll in 1903. In 1963, after closure of the railway (in 1959), the bridge was redecked to accommodate two lanes of road traffic separated by the central girder system. The present bridge was therefore constructed with railway use and railway clearances in mind and then converted to road use. The appearance of the control cabin for the swing span located over the carriageways reflects its original additional function as a signal box for the railway. A feasibility study in 1963 for improving the A17 to bypass the villages of Long Sutton and Sutton Bridge included a proposal to replace the swing bridge with a new bascule bridge. This scheme did not proceed at the time and the question of crossing the river as part of Sutton Bridge bypass was re-examined in 1982. By this time there was increasing interest in industrial archaeology and the bridge and the associated building nearby housing the hydraulic accumulator were listed as class II* buildings. Under this category a public enquiry would be necessary to obtain approval for demolition.
 
 FIG. 1. Location of site. OPTIONS FOR FUTURE ROAD TRAFFIC Three options for the river crossing were considered. 1. A new single-leaf bascule bridge on the published line of the then preferred route for the bypass. 2. A new swing bridge to provide a skew crossing adjacent to the existing bridge. 3. Refurbish and strengthen the existing bridge, improving clearances and separating pedestrians from vehicular traffic.
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 The preferred route for the bypass produced a crossing about 300 m south of the existing bridge and the navigation authority required the demolition of the existing bridge as part of the scheme unless the new opening bridge gave virtually no obstruction to navigation. This arose from the navigation requirements peculiar to this site where, because of distances from the mouth of the river and the berths at Wisbech and the presence of a sand bar at the mouth of the river, ships’ movements in both directions generally occur at high flood tide. An additional navigation hazard is a small bend in the channel at the bridge site. If the existing bridge were demolished, pedestrians would have a considerably longer journey to cross the river and it may have been necessary to provide an additional pedestrian bridge close to the existing bridge site to meet this need. A site for a new swing bridge immediately upstream of the old was found which could be accommodated within the restrictions imposed by the existing fendering system. With this option it would have been possible to
 
 FIG. 2. Cross Keys Bridge before renovation. retain the old bridge in either an operational condition or swung clear of the channel and kept for possible occasional use. With a new bridge close to the site of the existing crossing, special provisions for pedestrians would not be necessary. The third option was to repair and improve the existing bridge to give it a further, if limited, useful life. The three options were compared and estimates of cost prepared. It was decided to proceed with the refurbishment and strengthening of the existing structure and this was executed in two stages. Prior to this consideration the existing bridge had been inspected and shortfalls identified.
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 SHORTFALLS IDENTIFIED The structure was inspected in 1982 and the following shortfalls identified: 1. Generally the structure was corroding and in need of structural repair and repainting. 2. The overhead girders supporting the control cabin and the overhead bracing trusses restricted vehicular headroom. 3. Through girder configuration of the swing and approach spans physically restricted the road to two narrow single lane carriageways with substandard side clearance. 4. Pedestrians were at risk from adjacent traffic lanes because of narrow footpaths and shallow kerbs. 5. The water hydraulic machinery was old, worn and costly to maintain. 6. Electrical wiring and electrical components were obsolete. 7. Access and lighting for operators and maintenance staff were unsatisfactory. Following an assessment of the load capacity of the structure it was found that road decks were not capable of carrying 45 units of type HB abnormal loading required for this route. A separate assessment of the risk of shipping collision found the existing fendering systems inadequate to protect the structure from accidental damage. URGENT WORKS CONTRACT The inspection identified the substructure subject to tidal action as in urgent need of repair and it was decided to deal with this aspect of the renovation in advance of the main strengthening and improvements. The wedging system operated by a low pressure water hydraulic system was replaced by a new high pressure hydraulic system. The rotational drive system remained on the water system until the main renovation contract. To house the new hydraulics and the associated electrical control system, a new pumphouse was installed below road deck level between the turntable and the tail end of the swing span. The main elements of the urgent works contract were — repairs to the substructure, — new pumphouse and access, — new wedge gear, — new control system, and — cleaning and painting substructure. The turntable on which the bridge rotates is supported on nine piles cased in cast iron and braced together. The floor of this turntable is comprised of arched iron plates between an arrangement of radial and circumferential box girders on which the roller track of the turntable carriage is supported. The arched plates had a concrete infill to give a reasonably level floor. At high tides the water level is higher than the underside of this turntable floor and the iron work had suffered considerable corrosion. The lower part of the main box girders had been inundated at high tides with similar consequences.
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 The contract included removing the concrete infill and all the arched steel floor plates to assess the extent of loss of material and decide on remedial measures. Although the floor plates were corroded beyond repair it was found that the supporting structural members were in reasonable condition so the floor was reinstated using new arched floor plates connected to the existing steel framework. The original floor plates had been riveted but the replacements were bolted using grade 8·8 bolts. A bituminous sealing compound was used to bed the plates and caulk the joints. MAIN RENOVATION CONTRACT The main renovation contract required the repair and repainting of the structure, provision of new steel trough stiffened decks surfaced with epoxy bauxite, a new footpath attached to the outside of the existing north truss and plate girders, and the provision of greater headroom beneath the cross-bracing and control cabin. Also included within the contract was abutment strengthening, the completion of the refurbishment of the mechanical and electrical drive system, and the provision of a new control cabin together with major extensions to the existing fendering system. The structure is on the main A17 trunk road, and road traffic flow had to be maintained except for limited weekend closures. The bridge had to be operational at all times to allow the passage of waterborne traffic on the River Nene on their trips to and from Wisbech. The A17 is a busy route for holiday traffic to and from the East Anglian coast with peak traffic flows during summer, particularly at weekends. For this reason it was only possible to close one lane of traffic during the winter months from October to April. Because of the amount of work to be undertaken during such a partial road closure period, the contract was programmed to run over two winter periods with lane closures during consecutive winters. It was also necessary to let the contractor have complete possession of both carriageways for a few weekend winter periods in order to carry out operations that could not be done safely with traffic on the bridge. An example of this was raising the control cabin and its supporting framework to increase vertical headroom over the carriageways. During the first major closure period in the winter of 1987/88 the contractor raised the control cabin and the overhead bracing, repaired and part painted the north truss and part of the centre truss and approach span plate girders along the north carriageway, and installed the new footpath. A limited amount of work was carried out to the centre truss and the north face of the centre plate girders. It was not possible to complete all the work planned for this period but it was possible to reopen the north carriageway to road traffic in time for the summer holiday period. Details of repairs to the existing corroded structure could not be determined in advance of letting the contract except in general terms because the full extent of corrosion damage could not be revealed until the existing deck had been removed and the old metalwork blast cleaned. The provision of access for dismantling, cleaning and repair was also essential for inspection and assessment of damage. The areas of difficult access below deck level were those which had not had the benefit of routine painting and were the most corroded. The existing road deck protected the centre sections of the crossgirders and the intermediate longitudinal members but the ends of these girders and the
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 lower gusset plate connections on the trusses were vulnerable to attack from road salted surface water and consequently were in extremely poor condition. The sequence of operations was dictated by the nature of the redecking work. The old deck was taken up sequentially in panels starting from the approach spans at the east end. Cleaning, inspection and repairs to the structural members supporting the deck were then undertaken before the new deck panels were introduced, again starting from the east end. Once deck panels had been removed access to the area of activity was limited and careful organisation was needed to ensure progressive repair and reinstatement. Work on the swing span required an additional degree of control to maintain the swing span in a state of balance whilst deck panels were removed and replaced. Furthermore, the addition of the footpath on the north side of the structure meant progressive counterbalancing transversely to keep the centre of gravity of the whole rotating structure reasonably close to the centre of rotation at all times. This was necessary to ensure safe operation and to maintain the loading pattern on the pile group under the roller path. Two methods of counterweighting were tried. For the replacement of the first lane of road deck, water tanks were used but simple weights were adopted for the second lane because the water tanks were found to impede access. To check the balance of the bridge, an attempt was made using strain gauges but these were frequently damaged and the method eventually employed entailed checking levels at the extreme ends of the swinging span, enabling quite small variations in the state of balance to be monitored. In the winter of 1988/89 work on the south truss and approach span plate girders together with the centre truss and plate girders was completed. Work on the centre truss was achieved by providing a timber sheet barrier bolted to the north side of the truss, which allowed work to continue without interference to traffic flow. At the end of the second major lane closure period outstanding work in the first (north) lane closure was completed. Work not affecting the free passage of vehicles was carried out throughout the contract period. Complete road closures were allowed to enable the ends
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 FIG. 3. View illustrating restricted traffic lanes. of the swinging span to be repaired and painted, and to enable the mechanical and electrical equipment to be tested. UNUSUAL ASPECTS OF REPAIR WORK Some unusual aspects of the renovation work relate to the standards for health and safety introduced since the bridge was built. Reference has been made to box girders with access manholes. Many of these are now regarded as too small and exceptional measures had to be taken to deal with internal surfaces. It was first thought that because of these difficulties a sprayed grease paint, which could be used without a high standard of surface preparation, would be employed inside the boxes. However, access to the inside of some box members was better than anticipated because large areas of web and bottom flange had corroded completely away. Previous repairs in the turntable area had compensated for this loss of material with additional web and external flange plates. Another difficulty related to the age of the structure was the uncertainty of the material used in its construction and its weldability. Samples of material were taken from a number of locations and identified by micro examination and chemical analysis. This investigation by Messers Sandberg revealed a mixture of wrought iron and low carbon steel with sulphur and phosphorus content higher than would be permitted to current standards for weldable structural steels. As welding was a technique that was being considered as an option for certain repairs, welding procedure trials were undertaken on the samples which established satisfactory procedures for field use.
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 Although the composition of some of the existing paint system was known, there was doubt about other paints. An investigation of paint samples did not initially reveal the presence of lead but when large-scale paint removal started it was found that the existing paint system contained lead and it was necessary to take the normal precautions to deal with this potential health hazard. To minimise airborne lead pollution most of the thicker coats of paint were removed by hand chipping prior to blasting to clean metal. The lower chords of the lattice girders and the lower gusset plated connections had suffered quite badly from corrosion. As the deck was removed from each carriageway these areas were cleaned and inspected before a repair scheme for each connection was devised. These repairs were rendered more difficult because the bridge had to be kept operational and the loads in the members being connected were subject to variations due to bridge openings and live load on the adjacent carriageway as well as variations from thermal effects. Wherever it was necessary to remove rivets these were replaced by high strength fitted bolts and anti-vibration nuts. When gusset plates were reduced in thickness, part of the plates were replaced and butt welded to the remaining sound material. These welds were executed before bolting up the repair. These particular repairs were often a question of doing what was feasible rather than what would be done for a new construction and considerable ingenuity had to be used by all concerned to make an effective repair. For example, the general advice that welding should not be ‘mixed’ with riveting or bolting had to be tempered to produce a repair sequence in which the effects of welding (particularly welding shrinkage) could be accommodated before bolting. It was also found expedient to secure rivets which had virtually lost their heads from corrosion but which were otherwise sound and tight in their holes by placing a bead of weld around the perimeter of the exposed shank. ACKNOWLEDGEMENTS The work described in this paper was undertaken for the Director of Transport, East Midlands Regional Office of the Department of Transport, and the Director of Highways and Planning of Lincolnshire County Council. The authors gratefully acknowledge the permission of the Chief Highway Engineer of the Department of Transport to publish this paper.
 
 62 Cost-Effective Strategies in Bridge Management R.S.REEL and C.MURUGANANDAN Bridge Management Section, Structural Office, Ministry of Transportation, Ontario, Canada M3M 1J8 ABSTRACT This paper assesses rehabilitation projects in an economic framework. Two techniques are outlined. The first is the present value analysis which compares alternatives at the project level. The second is the incremental benefit/cost ratio analysis which prioritizes the cost-effective rehabilitation alternatives at the project and network levels. Various parameters required for the analysis are discussed. Computer programs utilizing Lotus 1–2–3, Version 2.01, required for the analysis are described. The application of the techniques is illustrated by examples of bridge rehabilitations.
 
 INTRODUCTION An economic evaluation is an important step in the decision-making process for work that involves major expenditures. At the project level, the costs for alternative levels of improvements to a bridge are compared to determine the most economical option for the bridge based on either the present value analysis or the incremental benefit/cost ratio analysis. At the network level, the costs for different levels of improvements for all the bridges in the network are compared to prioritize work based on the incremental cost/ benefit ratio analysis. PRINCIPLES OF COST-EFFECTIVE STRATEGIES Theory of Present Value Analysis The present value analysis involves the calculation of the cost of alternative schemes in present-day monetary terms, i.e. the amount that is required in today’s value to obtain goods and services at any future date. It allows for the comparison of alternative schemes on an equitable basis.
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 The present value of an expenditure C in year n at a discount rate r is
 
 The present value of a number of expenditures C1n, where n=1, 2,…, N1 for a period of N1 years, is
 
 Incremental Benefit/Cost Ratio Analysis1 The incremental benefit/cost ratio is the ratio of the additional benefits realized in moving from one improvement alternative to another divided by the corresponding difference in costs. This method not only optimizes the selection of alternatives efficiently but also ranks the projects beginning with the most net beneficial. It is used both at the project and network levels.
 
 FIG. 1. Total benefits and first cost. Figure 1 shows the total benefit and first cost curves plotted for the various alternatives for a bridge. Initially the increment of benefit is higher than the increment of cost. As costs increase the incremental benefits decline and are less than the incremental costs. The slopes of these benefits and first cost curves support the theory of diminishing returns. For a particular level of improvement there exist points on the benefit and cost curves where the slopes of the two curves are equal, i.e. IB=IC. At this level of improvement the net benefit is a maximum. This is evident from Fig. 2. Any option below this level where IB/IC>1 is a desirable option. The procedure is to list rehabilitation alternatives in the order of increasing costs and calculate the incremental benefit/cost ratios. Alternatives for which the incremental benefit/cost ratios fall below one are discarded. Usually, as the level of cost increases the incremental benefit/cost
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 FIG. 2. Net benefits. ratio decreases. However, if the ratio IB/IC increases with increase in cost an adjustment is made to that particular option. The incremental benefit/cost ratio is calculated by considering the previous option but one instead of the previous option. The options are sorted in descending order of IB/IC. For an unlimited budget the most net beneficial alternative is the one with the largest initial cost and whose incremental benefit/cost ratio>1. For a limited budget the order of preference is the order from the highest to the lowest incremental benefit/cost ratio. PARAMETERS REQUIRED FOR COST-EFFECTIVE ANALYSIS Parameters Required for Present Value Analysis2 The following parameters are required to perform the present value analysis for each alternative: — capital cost, — maintenance cost, — life cycle, — residual life, and — discount rate. Capital Cost The following should be estimated for each alternative in constant monetary terms: — engineering design cost, — construction cost, and — miscellaneous costs such as demolition, right-of-way, approaches, utilities, stream diversion, detours, etc. Maintenance Costs Costs associated with maintenance are the routine maintenance costs. These would include minor repairs, maintenance, touch-up painting, etc., carried out on a regular basis.
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 Life Cycle The life cycles for the treatments should be estimated. Usually it is the time between two successive replacements or rehabilitations. Residual Life and Value The various alternatives considered may have useful lives at the end of the time frame. This is termed as the residual life. There are no specific methods of assessing this. A thorough knowledge of the performance of past rehabilitations and experienced engineering judgement are probably the best way of assessing the useful residual life. From the residual life the residual value of the structure for the particular alternative can be determined. There are several methods available for determining the residual value. The method used here is the second cycle replacement method.
 
 TABLE 1 Residual value Option
 
 Year of replacement (2nd cycle)
 
 Replacement Residual Value Differential cost years at year value (option 1 N1 as base)
 
 1
 
 N1
 
 C
 
 0
 
 C1
 
 CD1
 
 CR1
 
 2
 
 N2
 
 C
 
 N2−N1
 
 C2
 
 CD2
 
 CR2
 
 Residual value at year 0
 
 r=discount rate C=replacement cost C1=C CD1=C1−C=0 CR1=0 CD2=C2−C
 
 Table 1 shows the residual value calculations for options 1 and 2, whose second cycle replacement will be in years N1 and N2. Discount Rate The discount rate for government projects depends on several factors,3 such as the magnitude of investment return, tax rates, capital market conditions, preferences for current and future consumption, methods used to finance projects, etc. A discount rate of 6% is recommended for projects owned by government agencies. These rates may be different for other agencies. Sensitivity analysis may be carried out by varying these rates.
 
 Cost-effective strategies in bridge management
 
 649
 
 Parameters Required for Incremental Benefit/Cost Analysis For the incremental benefit/cost analysis, the following additional parameters are required: — agency costs, — user costs, — agency benefits, and — user benefits. Agency costs Agency costs are the same as for the present value analysis. Agency benefits Maintenance and various types of rehabilitations extend the useful life of the bridge. These expenditures would postpone major expenditures for replacement. The difference between the discounted future cost of a rehabilitation option and that of a replacement option is the agency net benefit. The agency net benefit plus the initial cost is the agency total benefit: Agency benefit=PVR−PV1+C1 where C1 is the initial cost of the rehabilitation option, PV1 is the discounted present value of costs associated with a rehabilitation option and PVR is the discounted present value of costs associated with the replacement option. User costs User costs are costs incurred by the user due to deficiencies or substandard conditions at the bridge. The following are the user costs. Accident costs. Accident costs resulting from bridge width restrictions, poor approach alignment, etc. Functional restriction costs. Functional restriction costs due to load restrictions and detours for certain classes of vehicles increase the travel time, and hence operating costs. These vary for different locations and countries. User benefits User benefits of a bridge rehabilitation option are the reduction in costs to the users due to the rehabilitation. In determining user benefits it is assumed that deficiencies will be eliminated when the bridge is replaced. The reduction in the number of accidents due to a certain type of improvement is used as a measure of user benefit for that type of improvement. The dollar value placed on
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 different types of accidents is crucial in estimating user benefits. These may vary for different countries: Annual benefits=(change in accident rate)×(ADT)×(365)×(accident cost) The change in accident rate is measured by the difference in the number of accidents per million vehicles. The accident cost depends on the severity of the accident. It is very difficult to place monetary values on accidents. Several attempts have been made to quantify these. The two common methods are (a) human capital approach and (b) willingness to pay approach. The human capital approach takes into consideration the direct and indirect costs. This approach does not consider the intangibles offered to the society and the loss in the quality of life. The willingness to pay approach includes the value of life in the estimates. As such the willingness to pay is more conservative.
 
 FIG. 3. User benefits. Figure 3 illustrates the method used in determining user benefits. The user benefit is the present value of the annual benefits of (C1−C2) for years n1 to n2 and C1 from n2 to N:
 
 where N is the period considered for life cycle analysis, C1 is the annual user costs associated with the bridge, n1 is year of rehabilitation which would extend the life, C2 is user costs after rehabilitation and n2 is year of replacement.
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 Present Value Analysis Using PRVAL Program PRVAL is a template overlay developed to perform financial analysis for bridge rehabilitation projects using Lotus 1–2–3, Version 2.01, on a worksheet format. There are four different options available to carry out the financial analysis at different levels of sophistication. Incremental Benefit/Cost Ratio Analysis Using COSBEN Program COSBEN is a program developed to perform incremental benefit-cost analysis for bridge rehabilitation projects using Lotus 1–2–3, Version 2.01, on a worksheet format. At the project level the analysis can be carried out with or without user costs. The output from the project level analysis is used to perform the network analysis. EXAMPLES OF COST-EFFECTIVE ANALYSIS The application of the techniques at the project and network levels are illustrated by the following examples (in $1000). Example 1: Present Value Analysis at the Project Level Select the most economical option from the three options given in Table 2 using the PRVAL program. (a) Using the present value analysis technique the PRVAL04 program gives the output shown in Table 3. The analysis in Table 3 shows option 3 is the preferred choice. Example 2: Incremental Benefit-Cost Analysis at the Project Level Select the most economical option from the three options given in Example 1(a) using the COSBEN01 program.
 
 TABLE 2 Cost data Years
 
 Option 1 0
 
 Option 2
 
 Option 3
 
 1000
 
 200
 
 100
 
 1000
 
 300
 
 5 15 20 30
 
 1000 200
 
 100
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 35
 
 100
 
 45
 
 200
 
 TABLE 3 Years
 
 Option 1 Cost 0
 
 Option 2 PV
 
 Cost
 
 Option 3 PV
 
 Cost
 
 1000
 
 1000
 
 200
 
 200
 
 100
 
 42
 
 1000
 
 417
 
 PV
 
 300
 
 300
 
 1000
 
 312
 
 100
 
 13
 
 5 15 20 30
 
 200
 
 35
 
 100
 
 17
 
 35 45
 
 200
 
 15
 
 Total PV
 
 1077
 
 649
 
 625
 
 Total PV*
 
 1109
 
 642
 
 612
 
 * The present values adjusted for residual value and uncertainty in costs.
 
 TABLE 4 Total benefits Options
 
 Net benefit
 
 Cost
 
 Benefit (total)
 
 1
 
 0
 
 1000
 
 1000
 
 2
 
 458
 
 200
 
 658
 
 3
 
 489
 
 300
 
 789
 
 TABLE 5 Incremental benefit-cost ratio Options
 
 Net benefit
 
 Cost
 
 Benefit (total)
 
 IC
 
 IB
 
 IB/IC
 
 2
 
 458
 
 200
 
 658
 
 200
 
 658
 
 3·29
 
 3
 
 489
 
 300
 
 789
 
 100
 
 130
 
 1·30
 
 1
 
 0
 
 1000
 
 1000
 
 700
 
 210
 
 0·30
 
 TABLE 6 Order of priority (with limited budget) Priority
 
 Options
 
 Net benefit
 
 Cost
 
 IB/IC
 
 1
 
 2
 
 458
 
 200
 
 3·29
 
 2
 
 3
 
 489
 
 300
 
 1·30
 
 3
 
 1
 
 0
 
 1000
 
 0·30
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 TABLE 7 Input data Bridge number
 
 Option number
 
 Net benefit
 
 First cost
 
 IB/IC
 
 1
 
 2
 
 950
 
 100
 
 10·5
 
 1
 
 4
 
 1550
 
 500
 
 2·5
 
 1
 
 5
 
 2450
 
 2000
 
 1·2
 
 2
 
 2
 
 1100
 
 200
 
 6·5
 
 2
 
 3
 
 1925
 
 750
 
 2·5
 
 3
 
 5
 
 800
 
 250
 
 4·2
 
 3
 
 2
 
 1400
 
 500
 
 3·4
 
 3
 
 4
 
 1580
 
 800
 
 1·6
 
 4
 
 2
 
 1640
 
 200
 
 9·2
 
 4
 
 4
 
 2660
 
 500
 
 4.4
 
 4
 
 5
 
 2810
 
 1000
 
 1·3
 
 5
 
 2
 
 2300
 
 200
 
 12·5
 
 5
 
 3
 
 3620
 
 500
 
 5·4
 
 5
 
 5
 
 4520
 
 750
 
 40·6
 
 6
 
 3
 
 2320
 
 400
 
 6·8
 
 6
 
 2
 
 3020
 
 600
 
 4·5
 
 6
 
 4
 
 3710
 
 900
 
 3·3
 
 7
 
 2
 
 1725
 
 250
 
 7·9
 
 7
 
 3
 
 2425
 
 450
 
 4·5
 
 7
 
 5
 
 3235
 
 1200
 
 1·3
 
 8
 
 2
 
 4380
 
 300
 
 15·6
 
 8
 
 3
 
 5395
 
 650
 
 3·9
 
 8
 
 5
 
 5695
 
 850
 
 2·5
 
 8
 
 4
 
 6865
 
 1600
 
 1·2
 
 TABLE 8 Output Priority
 
 Bridge number
 
 Option number
 
 Net benefit
 
 First cost
 
 IB/IC
 
 1
 
 5
 
 5
 
 4520
 
 750
 
 4·6
 
 2
 
 6
 
 4
 
 3710
 
 900
 
 3·2
 
 3
 
 1
 
 4
 
 1550
 
 500
 
 2·5
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 4
 
 8
 
 5
 
 5695
 
 850
 
 2·5
 
 5
 
 2
 
 3
 
 1925
 
 750
 
 2·5
 
 6
 
 3
 
 4
 
 1580
 
 800
 
 1·6
 
 7
 
 7
 
 5
 
 3235
 
 1200
 
 1·2
 
 8
 
 4
 
 5
 
 2810
 
 1000
 
 1·2
 
 Budget spent=$6750000. Balance=$250000.
 
 It is evident that options 2 and 3 are cost-effective options. If there are no limitations on the budget then option 3 would yield the maximum benefits. The advantage of this method is that it ranks the projects. Example 3: Network Analysis For a budget limitation of $7000000, prioritize the various options for the preceding eight bridges using the COSBEN03 program. The bridges are individually analysed to obtain the cost-effective options as shown in Example 2 using either COSBEN01 or 02 programs. These results are used as input for COSBEN03. The program arranges them in the order of decreasing incremental benefit/cost ratio and allocates the funds to obtain the best cost-effective combination. REFERENCES 1. FEDERAL HIGHWAY ADMINISTRATION, Bridge management systems. Draft Report No. FHWA-DP-71–01, Washington, DC, 1987. 2. MINISTRY OF TRANSPORTATION, Structural Financial Analysis Manual. Ontario, 1988. 3. HAVEMAN, R. and MARGOLIS, J., Public Expenditure and Policy Analysis, 3rd edn. Houghton Mifflin Company Ltd, Boston, Chapter 12, 1983.
 
 63 Tension Drop in Cable-Band Bolts on Suspension Bridges YUJI KAGAWA Bridge Technical Affairs Division, Honshu-Shikoku Bridge Authority, 45th Mori-Bldg, 1–5 Toranomon 5-Chome, Minato-ku, Tokyo 105, Japan and AKIHIRO FUKUSHI Bridge Engineering and Construction Department, Kobe Steel Ltd, 2–8 Iwayanakamachi 4-Chome, Nada-ku, Kobe 657, Japan ABSTRACT The tension (axial force) in cable-band bolts on suspension bridges decreases with time. Conventionally bolt tension was measured periodically and bolts were retightened when the measured tension was lower than that specified. The authors undertook a survey of the bolt tension on several suspension bridges and analysed the data. The results indicated that the bolt tension decrease has a certain tendency and, in particular, tension drop decreases markedly after retightening. This paper describes the method of investigation which the authors used to determine the tension in cable-band bolts together with the analysis of the data. In addition, proposals are given on how to determine the optimum bolt tightening time and an appropriate bolt tension value to use as criteria.
 
 INTRODUCTION Cable-bands play an important role in transmitting the tension of hanger ropes to the main cable, and the cable-band is held to the main cable with the tension of the cableband bolts. The cable-band bolt tension generally decreases with the passage of time. Consequently bolt tension control becomes very important as it is necessary to retighten cable-band bolts which have lost their original tension. To date, however, bolt tensions have been measured several times at optional intervals and retightened as required. The authors have carried out measurement, retightening and monitoring of cable-band bolt tension on five suspension bridges under the control of the Honshu-Shikoku Bridge Authority (Fig. 1 shows the twin bridges, which are the Minami Bisan-Seto Bridge and Kita Bisan-Seto Bridge). Figure 2 shows a general view of the Minami Bisan-Seto Bridge, showing the overall suspension bridge shape and the cable-band position and shape.
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 This paper reports the results of measuring the cable bolt tension, explains the tendency of bolt tension to decrease with time, and proposes a concept for determining the optimum bolt tension and a procedure for determining the proper retightening time.
 
 FIG. 1. Minami Bisan-Seto Bridge and Kita Bisan-Seto Bridge.
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 FIG. 2. General view of Minami Bisan-Seto Bridge.
 
 FIG. 3. Measuring equipment for bolt tension (example: Minami Bisan-Seto Bridge). MEASURING METHODS AND EQUIPMENT In the study cable bolt tension was obtained by measuring the elastic extension of the bolts and converting this measured value into a tension. To measure the elastic extension of the bolts, the electromagnetic digital micrometer shown in Fig. 3 was used. The micrometer was equipped with a portable microcomputer which can store data such as
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 bolt number and initial length in memory on micro-cassette tapes. A length measuring flow chart, criteria for accepting or rejecting the data and calculating equations were input to the computer. If length is measured properly, bolt length is immediately converted to tension and output.
 
 FIG. 4. Cable inspection vehicle. As a means of transporting workers, the length measuring equipment and other materials to the cable-band positions, the cable inspection vehicle shown in Fig. 4 was used.1 The cable inspection vehicle was developed by the Honshu-Shikoku Bridge Authority and is a type of movable scaffold that travels along the main cable using hand ropes as travelling rails. For the drive method, in place of a conventional wire rope winching take-up system, frictional force is generated by strongly squeezing the hand rope with two pairs of caterpillars incorporating special rubber shoes. Travelling force is then generated by rotating and driving the caterpillars, thereby ensuring excellent mobility and travel stability. RESULTS OF MEASUREMENT Tendency of Tension Drop Table 1 lists the bridges for which the drop in cable-band bolt tension with time was investigated, together with the investigation time. Figure 5 shows the relationship between the mean bolt tension and time for each of the six bridges investigated. From Fig. 5 it can be seen that: (1) The higher the tightening torque, the higher the residual tension.
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 (2) A similar tendency of tension drop with time is observed in all bridges. (3) The drop in cable-band bolt tension with time can apparently be plotted as a straight line on a semi-logarithmic coordinate paper with time as the abscissa. Figure 6 illustrates the residual rate of bolt tension in one band of the Innoshima Bridge.4 This bridge, selected as an example, is a very typical case, but virtually all bridges showed similar behaviour. The figure shows that in one cable-band a smaller tension drop occurs with the upper bolt than with the lower bolt, and with the edge bolt more than with the intermediate bolt. For the Kanmon and Innoshima bridges, cable-band bolts were retightened and later checked for bolt tension transition. Figure 7 shows the results and proves that the rate of bolt tension drop after retightening markedly decreases when compared with the rate before retightening. Tightening Torque and Tension Drop Rate Factors in the bolts’ tension drop with time are thought to include: (1) Decrease in the cable diameter caused by increase in the dead load of the bridge.
 
 TABLE 1 Measured bridges and investigation time (elapsed time: days) Name of bridge
 
 After bridge completion 1st
 
 2nd
 
 3rd
 
 500
 
 1200
 
 —
 
 1000
 
 1400
 
 1000
 
 Shimotsui-Seto
 
 Year
 
 1st
 
 2nd
 
 3rd
 
 4th
 
 —
 
 10
 
 800
 
 —
 
 —
 
 1973
 
 1800
 
 2100
 
 90
 
 240
 
 400
 
 700
 
 1983
 
 1700
 
 —
 
 —
 
 500
 
 —
 
 —
 
 —
 
 Kita Bisan-Seto
 
 600
 
 —
 
 —
 
 —
 
 1988
 
 Minami Bisan-Seto
 
 500
 
 —
 
 —
 
 —
 
 1988
 
 Kanmon2,3 Innoshima
 
 4
 
 Ohnaruto
 
 4th
 
 After retightening
 
 1985 Not yet retightened
 
 1988
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 FIG. 5. Decrease in mean bolt tension of each bridge (before retightening).
 
 FIG. 6. Comparison of residual tension rate in bolts of one band (Innoshima Bridge).
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 FIG. 7. Reduction of mean tension in bolts before and after retightening.
 
 FIG. 8. Residual rate of tension in cable-band bolts. (2) Rearrangement of the cable wires within the cable-band caused by movement of the bridge from fluctuations in the live load.
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 (3) Compressed creep of the zinc layers of galvanised cable wires. Replotting Figs 5 and 7, choosing the tension residual rate as the ordinate, results in Fig. 8. This shows the following: (1) Though some variations are found in each bridge, generally the bolt tension decreases after bridge completion by about 25–35% in 500 days and 30–40% in 1000 days. (2) The tension drop after retightening is noticeably lower than before retightening, demonstrating that retightening has a great effect on suppressing the tendency for tension drop to increase with time.
 
 DISCUSSION Effects of High Tightening Torque Figure 8 indicates that the conditions of increasing tension drop fall into one of two groups: firstly, those of the Kanmon Bridge and, secondly, all of the other five bridges. Table 2 shows the differences in design. Figure 8 and Table 2 show that tightening the bolts with high torque (stress) during both construction and retightening effectively prevents an increase in tension drop over a period of time. Safety Factors and Retightening Time The design standard of the Honshu-Shikoku Bridge Authority specifies that the cableband slip safety factor v must ensure v≥3 even if the bolt tension reduces to 70% of that at the time of tightening.5,6 That is,
 
 where µ=coefficient of friction, η=number of bolts, T=force of designed bolt tension, Th=vertical force created by hanger rope, and =inclination of cable at the cable-band installation point. Consequently it is evident that the proper retightening time should be when v=3. Judging from Fig. 8, the retightening time is about 1·5 years after bridge completion (except for low design bolt tension, which is represented by the Kanmon Bridge). However, a slip safety factor of less than 3 does not directly mean band slippage and, in reality, retightening is only required
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 TABLE 2 Difference in bolt design between Kanmon and other bridges Name
 
 Diameter of bolts (mm)
 
 Designed tension of bolts (t)
 
 Kanmon
 
 50
 
 40
 
 Others
 
 45
 
 65~74
 
 within the period from 1·5 to 3 years after completion. It can be seen from Fig. 8 that after retightening any further retightening would not be required for the time being. CONCLUSION The authors repeatedly measured the tension in cable-band bolts for several suspension bridges and subsequently retightened bolts on parts of the bridges depending on the results obtained. They also measured the bolt tension after retightening. Analysing this measurement data indicated the following: (1)Retightening the bolts at the correct time definitely decreases the tension drop rate thereafter, eliminating fears of bolt tension drop indefinitely (for more than 10 years, or semi-permanently if prevention of cable-band slip is the only requirement). (2)It was also seen that tension drop is smaller when the bolt is tightened to a high torque. (3)With the foregoing description the authors suggest the following methods in designing cable-band bolts and controlling bolt tension in the long suspension bridges which will be constructed in the future: (i) Design for as high a bolt tightening tension as possible. (ii) Retighten bolts during the period from 1·5 to 3 years after construction. During this period it is not at all necessary to check bolt tension. (iii) After retightening, check the tension at intervals of about 10 years and decide the necessity of further retightening from the results.
 
 REFERENCES 1. FUKUSHI, A., Cable inspection vehicle, KOBELCO Technology Review, No. 4, Kobe Steel Ltd, Kobe, August 1988, p. 41 (in Japanese). 2. On Kanmon Bridge Cable-Band Retightening Works, Japan Highway Public Corporation, Kobe Steel Ltd, March 1977 (in Japanese). 3. Investigation on cable-band tension of Kanmon Bridge, Japan Highway Public Corporation, Kobe Steel Ltd, November 1978 (in Japanese). 4. MATSUI, T., HIRANO, S. and KANEKO, M., Shape measurement and axial force research of cable-band bolts on Innoshima Bridge. Honshi Technical Report, Vol. II, No. 44, HonshuShikoku Bridge Authority, Tokyo, October 1987, pp. 26–34 (in Japanese). 5. Review on suspension bridge cable, Honshu-Shikoku Bridge Authority, March 1978, pp. 168–73 (in Japanese).
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 6. HIRAI, A., Steel Bridges (III), Gihodo, 1967, pp. 719–22 (in Japanese).
 
 64 The Design of a Flexible Surface Mix for Use at Bridge Expansion Joints A.R.WOODSIDE and W.D.H.WOODWARD Department of Civil Engineering and Transport, University of Ulster, Newtownabbey, County Antrim BT37 0QB, UK ABSTRACT Leakage at bridge joints causes corrosion and enhanced by rock-salts has caused major structural problems in the infrastructure. Development of a flexible surfacing material was considered to be a possible alternative to restrict the ingress of water, i.e. the material could accommodate the changes in movement experienced without cracking. This paper reports the work carried out in designing a flexible surfacing mix known as ‘HMAC’. It initially summarises the requirements of bridge joints and the use of conventional surfacing methods. Using the limitations of existing materials and the structural requirements of the joint, the development of the flexible mix is outlined. Comparative laboratory testing is discussed using various binder types and aggregate gradings. These resulted in a single sized 6·3/3·35 mm mix using 23% Icosit Membrane Has a binder. Bridge joint trials were carried out using this prototype mix and the results reported.
 
 INTRODUCTION In the UK roads network there are about 50000 concrete bridges. These can be considered as being of two groups—those built before World War Two and those built after. The first are mostly 50–60 years old, reinforced with plain mild steel and have simple structural forms. The second and more recent group are constructed with high strength materials and many have more complex structural forms demanded by larger spans and more ambitious requirements. For the 90 years or so since they were introduced concrete bridges have performed well and there were few problems until the 1970s. During the 1960s the use of rock-salt was introduced for deicing. It was not until some years later than the deleterious effect of salting became apparent through the development of corrosion of the steel reinforcement bars and carbonation of the concrete. These problems tend to occur more often with modern bridges. Studies have shown that it is not due to modern concrete being less durable. Instead modern bridges on
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 motorways and trunk roads are designed with more ambitious structural forms and so are plagued by leaking expansion joints, resulting in piers and crossheads exposed to chlorides in a manner not experienced in many of the older bridges. The leakage of bridge joints causing corrosion and enhanced by deicing salts has created a major problem. Considerable research is now being carried out into early detection and preventive methods, and repair of affected bridges. Development of a flexible surfacing material was seen as a possible alternative to restricting the ingress of water, i.e. the material could accommodate the changes in movement experienced without cracking. This paper reports the work carried out in developing such a surfacing and known as ‘H-MAC’. FAILURE OF SIMPLE EXPANSION JOINTS Expansion joints are used in bridges to accommodate movements due to deformation of the bridge deck caused by changes in temperature, the passage of traffic, and in concrete structures, creep and shrinkage. The type of bridge joint used depends on the structural materials as well as the span of the bridge. In Northern Ireland most of the bridges requiring expansion joints are made of reinforced concrete and have individual spans of less than 20 m. For this type of structure simple expansion joints can accommodate the full range of expansion and contraction under normal conditions. A simple expansion joint consists of a vertical gap between the end of a section of a bridge deck and an abutment, or between two sections of deck. The end of the deck is therefore able to move horizontally and the gap will open and close accordingly. The expansion joint is usually covered by a layer of paving material to provide a continuous smooth surface for vehicles and pedestrians. It also prevents the ingress of water and dirt. However, it has been found that normal bitumen-based surfacing materials deteriorate and must be replaced within a period of 1–3 years. This is caused by the constant movement across the joint and probably occurs
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 FIG. 1. Typical highway bridge. (Detail shows expansion joint where pavement has cracked.) most rapidly at lower temperatures when the bitumen becomes stiff and brittle. Alternative materials such as polymer modified bitumens have been used instead of bitumen as the binder but they are expensive and must be applied at carefully controlled temperatures. Figure 1 illustrates a typical reinforced concrete bridge with expansion joints at either end. It can be seen how surface water, which may contain corrosive materials such as deicing salts, is able to penetrate down into the structure so leading to unsightly staining and deterioration of the concrete structure. MOVEMENTS EXPERIENCED AT SIMPLE EXPANSION JOINTS Movement at expansion joints is mainly due to cyclic thermal expansion and contraction, and occurs throughout the life of the structure. Shrinkage and creep will also cause movement in concrete structures but 50% of the total movement will probably occur within the first month before the joint is covered. In addition, vertical and rotational deflections may be caused by vehicles crossing the bridge but these are generally small enough to be ignored.
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 Simple expansion joint systems may be designed for a 20-year return period as they would have to be replaced if the highway was resurfaced. The movement and corresponding temperature changes for a bridge constructed over the M5 motorway in England was recorded. Movement occurred in daily cycles; expansion during the day and contraction at night. Daily movements of 2 mm were common and the surfacing had to accommodate movements of up to 4 mm over a week. Also much larger movements occurred over an annual cycle with 12·4 mm of movement recorded between February and June. In developing a flexible surfacing, movements such as these would have to be accommodated if cracking is to be avoided. DEVELOPMENT OF A FLEXIBLE SURFACING In developing a flexible surfacing, the following criteria had to be met: (i) Accommodate changes in expansion of ±5 mm or greater. (ii) Provide a durable impermeable surface. (iii) Be relatively easy to manufacture and lay. (iv) Be cost effective. (v) Be mixed at ambient temperatures (5–25°C). The investigation may be summarised as follows. Materials Aggregate— For all mixes Castlenavan Quarry gritstone was used. Binder— (a) 200 binder supplied by Tennants Tar Distillers. (b) Icosit Membrane H—a hand-applied two-pack solvent-free fast-curing polyurethane resin combination used for the production of elastic crack bridging coatings.
 
 Types of Mix Code
 
 Binder (%)
 
 Binder type
 
 Mix type
 
 B5.1/234
 
 5·1 200 pen
 
 14 mm dense macadam
 
 H5.1/234
 
 5·1 Membrane H
 
 14 mm dense macadam
 
 H7. 1/234
 
 7·1 Membrane H
 
 14 mm dense macadam
 
 H7.1/235
 
 7·1 Membrane H
 
 14 mm open macadam
 
 H23/3.35
 
 23·0 Membrane H
 
 6·3/3·35 mm single sized
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 Manufacture of Test Mixes For testing purposes slabs 40×90×300 mm were made. This size of mould is used for the wheel tracking test and was thought to be suitable to simulate in the laboratory a model bridge joint. All moulds manufactured were allowed to ‘cure’ for 14 days before testing. An exception was the 6·3/3·35 mm single sized wheel tracking mould, which was tracked after 23 h in order to simulate early trafficking. Types of Test Model joint test This is a non-standard test in which the prepared specimen is bonded to steel plates through which load is applied on an Instron machine and pulled apart at a constant rate. Test carried out at 20°C (Fig. 2). Flexural test This is a non-standard test in which the specimen is clamped at both ends and a vertical load is applied at the centre of the span by a Dartec until failure. Test carried out at approximately 20°C (Fig. 3). Wheel tracking test This is a simulation test in which a rubber wheel is repeatedly dragged
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 FIG. 2. Elongation plotted against strength for the model joint test.
 
 FIG. 3. Deflection plotted against strength for the flexural test. across the surface of the specimen contained in a water bath at 40°C to assess susceptibility to concentrated trafficking or rutting.
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 Testing The following tests were carried out: Code
 
 Model joint test
 
 Flexural test
 
 Wheel tracking test
 
 B5.1/234 H5.1/234
 
 —
 
 H7.1/234
 
 —
 
 H7.1/235
 
 —
 
 —
 
 H23/3.35 Note:
 
 denotes test carried out.
 
 Results Model joint test The model joint test results are shown below: Code B5.1/234
 
 Strength (N/mm)
 
 Elongation (ductility) (mm)
 
 Stiffness (secant modulus) (N/mm2)
 
 0·6 (1·0)
 
 3·4 (1·0)
 
 0·18 (1·0)
 
 H5. 1/234
 
 15·9 (26·5)
 
 1·3 (0·38)
 
 12·2 (67·9)
 
 H7. 1/234
 
 27·6 (46·0)
 
 1·8 (0·53)
 
 15·3 (85·2)
 
 H7.1/235
 
 37·0 (61·7)
 
 2·5 (0·74)
 
 14·8 (82·5)
 
 H23/3.35
 
 22·4 (37·3)
 
 8·9 (2·62)
 
 2·52 (14·0)
 
 Notes: The elongation is that occurring between the two backing plates, which were 50 mm apart. The figures in parentheses have been normalised to results for B5.1/234.
 
 The following observations may be made: (a) If the Membrane H-based macadam mixes are compared to the 200 pen/14 mm dense macadam mix they are 26–62 times stronger and 68–83 times stiffer at 20°C (testing temperature). (b) For Membrane H, elongation and strength are increased by 38% and 74% respectively if the binder content is increased by 2% for the 14 mm dense macadam mixes. (c) For Membrane H, elongation and strength are increased by 39% and 34% respectively when an open textured macadam (7·1% binder) is used instead of a dense macadam (7·1% binder).
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 (d) The single sized 6·3/3·35 mm mix with a binder content of 23% gave an elongation of 8·9 mm, which is 2·6 times that of the 200 pen macadam, a strength 37 times stronger and a stiffness 14 times greater. Flexural test The flexural test results are shown below: Code
 
 Strength (N/mm)
 
 Deflection (mm)
 
 Stiffness (secant modulus) (N/mm2)
 
 B5. 1/234
 
 0·74 (1)
 
 17·9 (1)
 
 0·041 (1)
 
 H5.1/234
 
 4·5 (6·08)
 
 6·0 (0·34)
 
 0·75 (18·3)
 
 H7. 1/234
 
 9·82 (13·3)
 
 6·6 (0·57)
 
 1·49 (36·3)
 
 H23/3.35
 
 13·9 (18·8)
 
 37·5 (2·09)
 
 0·37 (9·02)
 
 Note: The figures in parentheses have been normalised to results for B5.1/234.
 
 The following observations may be made: (a) If the Membrane H macadam mixes are compared to the 200 pen/ 14 mm dense macadam mixes they are at least 6–13 times stronger and 18–36 times stiffer. (b) For Membrane H a 5·1% 14 mm dense macadam is 2·2 times stronger and gives 10% more deflection than a 7·1% binder mix. (c) The 6·3/3·35 mm single sized mix with 23% binder gave a deflection of 37·5 mm before failure and was 18 times stronger than the 200 pen binder macadam. Wheel tracking test The 6·3/3·35 mm single sized 23% Membrane H mix was compared to the 200 pen/14 mm dense macadam. The comparison test was carried out in its most severe form, i.e. at 40°C with the tyre trailed across the surface. The results are as follows: Code Test assessment B5.1/2.34
 
 Rut 10–20 mm resulted
 
 H23/3.35
 
 Rut					    

		

            

	        	    
    		
    		    

    		    

    		

		    			
    
		
	    
		
		Machinery Component Maintenance and Repair

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge Engineering: Construction and Maintenance

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge and Highway Structure Rehabilitation and Repair

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge and Highway Structure Rehabilitation and Repair

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Maintenance Management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Machinery component maintenance and repair, Volume 3

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Budgeting for facilities maintenance and repair activities

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		PC Repair and Maintenance: A Practical Guide

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge Management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Two-Stroke Engine Repair and Maintenance

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Preoperative Assessment and Management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Building maintenance management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Mel Bay Guitar Setup, Maintenance & Repair

	    
	

	
	    Read more
	

    



		    					    			
    
		
	    
		
		Bike Repair & Maintenance For Dummies

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Building Maintenance Management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge Management (2nd Edition)

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge Engineering: Construction and Maintenance (Principles and Applications in Engineering)

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Automobile Mechanical and Electrical Systems: Automotive Technology: Vehicle Maintenance and Repair (Vehicle Maintenance & Repr Nv2)

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Cancer Pain: Assessment and Management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Risk Assessment and Risk Management

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Sustainable Landscape Management: Design, Construction, and Maintenance

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		The acoustic guitar: adjustment, care, maintenance, and repair

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		The Complete Guide to Metal Boats: Building, Maintenance, and Repair

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Handbook of maintenance management and engineering

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge Engineering: Rehabilitation, and Maintenance of Modern Highway Bridges

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Sustainable Landscape Management: Design, Construction, and Maintenance

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Engineering Maintenance Management (Industrial Engineering)

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Bridge Engineering: Rehabilitation, and Maintenance of Modern Highway Bridges

	    
	

	
	    Read more
	

    



		    			
    
		
	    
		
		Practical Machinery Management for Process Plants: Machinery Component Maintenance and Repair

	    
	

	
	    Read more
	

    



		        	    
 
	            

	
	    
		
	    
            
                
                    Recommend Documents

                

		
		    						    
    
	
	    
	
    

    
	
	    
		Machinery Component Maintenance and Repair	    
	
	
	    Practical Machinery Management for Process Plants Volume 3, Third Edition

Machinery Component Maintenance and Repair

...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Bridge Engineering: Construction and Maintenance	    
	
	
	    

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Bridge and Highway Structure Rehabilitation and Repair	    
	
	
	    Bridge and Highway Structure Rehabilitation and Repair

 About the Author DR. MOHIUDDIN A. KHAN is a consulting enginee...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Bridge and Highway Structure Rehabilitation and Repair	    
	
	
	    Bridge and Highway Structure Rehabilitation and Repair

 About the Author DR. MOHIUDDIN A. KHAN is a consulting enginee...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Maintenance Management	    
	
	
	    First Edition, 2009

ISBN 978 93 80075 70 9

© All rights reserved.

Published by: Global Media 1819, Bhagirath Palace,...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Machinery component maintenance and repair, Volume 3	    
	
	
	    SECOND EDITION

Practical Machinery Management for Process Plants Volume 3

..

.

Turbomachinery Overhauls Foundations ...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Budgeting for facilities maintenance and repair activities	    
	
	
	    About this PDF file: This new digital representation of the original work has been recomposed from XML files created fr...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		PC Repair and Maintenance: A Practical Guide	    
	
	
	    

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Bridge Management	    
	
	
	    Bridge Management

 This Page Intentionally Left Blank

 Bridge Management M. J. Ryall

OXFORD

AUCKLAND

BOSTON

JOHAN...

	

    

    

    



						    
    
	
	    
	
    

    
	
	    
		Two-Stroke Engine Repair and Maintenance	    
	
	
	    Two-Stroke Engine Repair & Maintenance

 This page intentionally left blank

 Two-Stroke Engine Repair & Maintenance Pa...

	

    

    

    



					    		

            

        


    





    
	
	    
		
		    ×
		    Report "Bridge Management : Inspection, Maintenance, Assessment and Repair"

		

		
		    
			Your name
			
		    

		    
			Email
			
		    

		    
			Reason
			-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint


		    

		    
			Description
			
		    

		    
			
			    

			

		    

		    
		

		
		    Close
		    Send
		

	    

	

    




	
	    
		Copyright © 2024 EPDF.PUB. All rights reserved.
		
		    About Us | 
		    Privacy Policy |  
		    Terms of Service |  
		    Copyright | 
		    DMCA | 
		    Contact Us | 
		    Cookie Policy 
		

	    

	    

	
	
	    
		
		    
			×
			Sign In

		    

		    
			
			    
				Email
				
			    

			    
				Password
				
			    

			    
				
				    
					
					 Remember me
				    
				    Forgot password?
				


			    

			    Sign In
			

		    

		

	    

	

	
	
	
	

	
	

	

	
	
	    Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & close
	

	
	
    