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ABSTRACT 
 

Bridges are important links in the road network. Over the years, bridges have been 

designed to various standards as they were built in different periods. The road 

infrastructure grew as the country developed and the population spread out. The 

technology also has significantly developed in structural assessment of bridges, 

resulting in better understanding of bridge structures and their behaviour.  

 

As funds availability is tightened, road authorities around the world are facing 

challenges related to the implementation of optimal bridge management programs 

based on lifecycle cost, remaining life and bridge capacity considerations. This has 

led to public expectation of wise spending of funds which wisdom requires proper 

prioritisation of bridge repair, rehabilitation, maintenance, and replacement projects. 

  

The bridges in the network are checked for capacity only when there is a proposal to 

introduce new operational vehicles or to increase existing legal load limits. This also 

happens when a single operator wants to introduce a truck with new axle 

configuration. A strategy is required to upgrade bridges on sub-networks in a 

proactive way in anticipation of new operational loads or legal limits being imposed. 

 

This PhD research project will investigate the different design standards that have 

been used to design bridges in Australia, and the different operational loads that are 

currently in use on Australian roads. The research will determine service levels that 

can be applied to sub-networks in terms of operational loads, and develop a 

methodology to identify bridges that require upgrading in a sub-network. The options 

for upgrading can be developed based on this methodology; the economic benefits can 

be measured in terms of the cost to upgrade a particular part of the overall network 

from one service level to another and the cost benefit from increased freight 

movement on the upgraded route. While estimating the cost of upgrading, various 

repair and strengthening methods will be considered with special emphasis on bridge 

capacity. 
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Appropriate decision-making tools in route upgrading will be identified and their 

application demonstrated. These tools will assist the bridge planners and managers 

attached to road authorities to analyse their bridge network, identify sub-networks in 

terms of introducing appropriate service levels, and look into the logistics of 

manoeuvring different operational loads from one part of the state to another via 

identified routes 

 

The current network status assigned to roads is based solely on pavement 

management requirements. It is proposed that in this PhD research the network status 

will be extended to bridges as well to determine the required service level of the 

bridges in terms of bridge capacities required for operational loads. 

 

In summary, the primary objective of this research is to develop a strategy that will 

determine required service levels for routes based on service levels and the secondary 

objective is to develop methods, models and identify tools to assess the cost 

effectiveness of alternative bridge management solutions for individual bridges and 

networks. It is more economical to have sub-networks identified with a service level 

for use by certain operational load or loads. This will allow the road authorities to 

make maximum use of the capacities of the existing bridges in that sub-network rather 

than upgrading all the bridges in the whole network to accommodate the highest 

operational load or satisfy a new design standard.  
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Chapter 1  
 

INTRODUCTION 
 
 
1.1 General 
 

The road network in any country originated with roads connecting the capital city 

with regional centres. Next, the rural towns were connected with villages and regional 

centres. The road network grew as the population grew and settled in various parts of 

the country.  

 

Bridges are vital links in the road network system. In the past bridges were considered 

to be permanent ever since they were built and minimum maintenance was carried 

out. Now there is more awareness of the need for bridge maintenance and 

rehabilitation. Road authorities realise the need to allocate sufficient funds for this 

purpose.  

 

Bridges are relatively more expensive to construct than road pavement, and are 

therefore designed for a longer service life. Failure of a bridge has more severe 

consequences than a road failure – none more spectacularly illustrated than by the loss 

of three spans of the Tasman Bridge in Hobart because of ship collision in 1975 

(Bureau of Transport Communications Economics (BTCE), 1997). 

 

As the road network grew over the years, different bridge design standards were used 

at different times of the development of the road network. Therefore the current road 

network in Australia consists of bridges of different standards, i.e. bridges with 

different load capacities and geometric configurations. Bridge Infrastructure Network 

is a collection of bridges in a region connected by a network of roads. These roads are 

identified by route numbers, and the load-carrying capacities of these routes are 

controlled by the individual structural capacities of the bridges. 

 

The range of age and strength in Australia’s bridge infrastructure network reflects the 

longer service life and the increase in mass and number of heavy vehicles. For 
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example, bridges presently in service on national highways were designed and 

constructed more than 50 years ago for loads half the size of those applied by 

contemporary heavy vehicles (BTCE, 1997). It is the strength of these older bridges 

reaching the maximum use of their capacities, owing to increased mass of newly 

introduced heavy vehicles that limits the potential productivity enhancements 

associated with these increases. 

 

Vehicle technology has also developed over the years. So has the demand for 

transportation of goods by road. Settlement of population also has been widely spread 

across the country. Therefore the road network has to be upgraded to meet current and 

future demands. This has not been the case in the past owing to lack of resources 

(Bureau of Transport Economics, 1984). Bridges were built when they were due for 

replacement or when a new route was added to the existing network. 

 

If a new operational load or a new legal load is to be introduced, or if the bridges in 

the network are to be upgraded to a most recent load standard using available funds, a 

clear strategy is not available for implementation. In this PhD research project the aim 

is to propose a strategy to achieve a level of preparedness by the road authorities to 

upgrade the bridges of the network in a systematic and affordable manner.  

 

1.2 Bridge information  

In the past, bridge information such as details of construction drawings and basic 

bridge inventory data were recorded manually. A physical file was created with 

construction information and photographs of the final structure. Bridge inspection 

information and any major repairs or improvements carried out were filed. Many road 

authorities have attempted to update and maintain their records but could not keep up 

with it owing to lack of experienced staff, lack of resources allocated to the task, and 

underestimation of the importance of the task. 

 

Experience to date shows that for many existing bridges construction and maintenance 

records, other design information or even the final work as executed drawings, are not 

available.  

 



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

3

For these bridges it is necessary to carry out detailed structural inspection to 

determine; 

• member sizes 

• spacings of critical elements 

• reinforcement details by use of cover meters 

• material type and strength.  

It may also be possible, using engineering judgement, to assess structural details by 

comparing with a similar bridge, particularly where it is an identical structure of the 

same year of construction. 

 

Owing to changes in administrative zones, and the centralising and decentralising of 

record-keeping and maintenance responsibilities, many bridge records were lost or 

still stored at different locations. Before the downsizing of the public service that 

began in the nineteen-eighties, experienced employees stayed with the road authorities 

for long periods. This helped the authorities in retaining the bridge knowledge within 

the organisation. It also facilitated to some extent the retrieval of this displaced bridge 

information. It is important that information on existing old bridges is retrieved, and 

proper records reconstructed, for use in future maintenance, analysis and strategic 

planning. Recording existing inventory information onto a computerised database for 

retrieval took place in the New South Wales Roads and Traffic Authority (RTA) in 

1982 and in the Department of Transport of South Australia (currently known as 

Transport South Australia (Trans SA)) in 1991. Many of these databases are available 

and are becoming more sophisticated in application to include bridge management 

functions (AUSTROADS, 2002; Pitt & Sherry, 2000; Wallrap, 2000; Fanous et al., 

1995). A summary of results from a survey of Bridge Management Systems (BMS) of 

major road organisations in Australia and New Zealand has been presented in Table 

A1.1.1, Appendix A. 

 

1.3 Status of bridge management systems 

Although there are more sophisticated bridge inventory database systems available 

there has not been much research done in the area of developing bridge asset 

management systems. Bridge and asset management conferences held within 

Australia in recent times have not attracted many papers covering development of 



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

4

management systems (AUSTROADS, 2002). The AUSTROADS 1997 Bridge 

Conference ‘Bridging the Millennia’ included two papers out of a total of 83 

connected to bridge asset management. At AUSTROADS 4th Bridge Conference, 

‘Bridges for the New Millennium’ held in Adelaide in November 2000, there were 

three papers on bridge management, whilst at the 20th ARRB Conference ‘Managing 

Your Transport Assets’, held in Melbourne in March 2001 there was not a single 

paper on the topic. It has been said (AUSTROADS, 2002) that there is considerable 

scope to improve asset management systems within Australasia through research.  

 
1.4 Bridge loading 

It is a common practice in the construction industry to develop design standards to 

accommodate future requirements. The design standards are regularly revised or 

completely replaced by new ones owing to research and development into new 

materials and technology. The situation is the same with bridges; bridges have been 

designed in the past to various different design standards as they became effective and 

these design standards were revised as the transport industry demand grew. A detailed 

record of different design standards used in the past in Australia will be provided and 

discussed in later chapters. It has not been possible to upgrade all of the bridges to the 

newly introduced design standard owing to obvious economic reasons. This research 

aims to develop a strategy to upgrade the bridges in the network to acceptable 

standard in an economical and systematic way. 

 

1.5 Scope 

There is considerable pressure from the transport industry to make the road authorities 

allow heavier loads on the roads. The heavy vehicle technology has developed to a 

level where large and long heavy vehicles can manoeuvre without any difficulties. But 

many of the existing bridge structures do not have adequate load capacity to carry 

these loads. 

 

It has been expressed that there is lack of coordinated planning such as investment in 

roads, railways, ports and terminals (BTCE, 1997). It was said that future demands 

placed on the transport sector are going to be greater than previously expected. The 

primary objective of this research is to develop a strategy that will determine required 

service levels for routes based on service levels and the secondary objective is to 
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develop methods, models and identify tools to assess the cost effectiveness of 

alternative bridge management solutions for individual bridges and networks.  

 

This is to be achieved through: 

1. investigating bridge loading requirements 

2. reviewing of strategies that are currently adopted 

3. analysing the bridge stock currently available in New South Wales and 

categorising these bridges according to their design standards  

4. proposing methods to estimate the cost of options for upgrading these bridges 

to provide acceptable service levels 

5. identifying appropriate tools to evaluate these options and selecting the most 

suitable options for individual bridges and hence for the whole route using 

these tools, and  

6. demonstrating the use of these tools to determine appropriate service levels 

and prioritising upgrading of the selected routes. 

 

These decision-making tools and the demonstrated method of application will then 

assist bridge planners and managers in analysing their bridge network, identifying 

sub-networks in terms of appropriate service levels in terms of operational loads, and 

look into the logistics of manoeuvring different operational loads from one part of the 

state to another via identified routes.  

 
1.6 Objectives 
 

The objectives of this study are to: 

• categorise the existing bridge stock according to their design standards 

• review and establish current and future operational loading requirements 

• determine service level categories in terms of operational loads 

• develop methodology to compare routes for upgrading  

• identify bridge infrastructure management decision-making tools, and 

• demonstrate the application of the tools and the strategy for upgrading. 



 

Chapter 2  
 
LITERATURE REVIEW – BRIDGE CAPACITIES 
 
 

2.1 Introduction 

The advancement of human society around the globe is very much dependent on 

infrastructure development. As the human population grew, the infrastructure also 

grew. The lifestyle changed as the economies of certain regions grew. The capacity of 

the existing infrastructure could not cope with the change in lifestyle, the 

advancement in technology, and the demand for better and improved infrastructure. 

 

This has led to infrastructure problems that have compounded over recent decades for 

the following reasons (Hudson et al., 1997):  

1. under-investment in public works programs 

2. lack of good management systems for infrastructure 

3. failure to recognise the importance to the future economy of maintaining a 

sound physical infrastructure 

4. cutbacks that have slashed public works budgets 

5. failure to replace the infrastructure as fast as it wears out 

6. failure to realise that the lack of infrastructure seriously impacts on the 

services that the government can provide 

7. tendency by national, state and local officials to defer maintenance, and 

8. increased costs to taxpayers to repair and rebuild the obsolescent 

infrastructure. 

One other main factor in building and maintaining infrastructure is global political 

instability. Sadly, the first thing that gets destroyed in a war is a bridge. Valuable 

infrastructure is being destroyed in wars and conflicts around the world putting back 

the progress by many years. At the same time, regions where conflicts have been 

resolved are springing back into development mode and are involved in building more 

sophisticated highway systems. 
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It has been shown that productivity is very much related to government spending on 

infrastructure (Hudson et al., 1997). The main categories of infrastructure assets are 

transportation; water and waste-water; waste management; energy production and 

distribution; buildings; recreation facilities; and communication. Transportation 

infrastructure subgroup consists of ground transportation, air transportation, 

waterways, railways and mass-transit systems. 

 

Essentially, a network of roads and bridges provides ground transport. Bridges are a 

vital link in the road network system. There are approximately 33,500 bridges in 

Australia and 17,000 in New Zealand in public ownership (BTCE, 1997). More than 

800 national, state and local authorities are responsible for managing those bridges. 

For National and State Roads alone, the estimated replacement value of road bridges 

in Australia and New Zealand at June 2002 was approximately A$20b. In 2002/03, 

expenditure on maintenance of bridges on National and State Roads was estimated to 

be in the order of A$100m in Australia and NZ$15m in New Zealand. The challenge 

in bridge management is to ensure that all bridges in a road network remain fit for 

their intended purpose over long periods of time at minimum life cycle cost 

(Austroads, 2004). A large proportion of these bridges carry 25 tonnes or over (NTC, 

2008), although in Table 2.1.1 only 2448 bridges are on roads exceeding 5000 

vehicles per day. 

 

The capacity of the road network is controlled by the structural capacity of the bridges 

on the network to carry the loads. If the bridges on the network are in poor condition 

and do not have the structural capacity to carry the current legal loads, they must be 

upgraded to provide the required structural capacity. 

 

Table 2.1.1 Bridge distribution in the inventory used in the MLR 
 

State  

Route Category NSW VIC QLD SA WA TAS NT ACT Aust 

National Highways 462 255 681 328 105 73 72 0 1976 

Other Primary Roads 209 162 0 0 101 0 0 0 472 

Total 671 417 681 328 206 73 72 0 2448 
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A bridge inventory that was used in the Mass Limits Review (MLR) (National Roads 

Transport Commission (NRTC), 1996) is presented in Tables 2.1.1 and 2.1.2. Table 

2.1.1 shows the distribution of bridges in the states and territories in the selected 

database. This does not accurately reflect the actual bridge distribution across the 

country. Table 2.1.2 shows the percentages of bridges that were built to a specific 

design standard and the year built. The inventory includes roads with traffic exceeding 

5000 vehicles per day on national roads and other primary roads.                             

The bridges included in the inventory represent a total deck area of 1,553,000m2 with 

an estimated replacement cost of $1,900 million in 1996 (BTCE, 1997). 

AUSTROADS member authorities are listed in Table A1.1.2 in Appendix A. 

 

Table 2.1.2 Percentage distribution of bridges based on design standard 
 

Design Standard 
T44 MS18 Pre-MS18 

 

Route Category 

since 1976 Between 1948–1876 Before 1948 

National Highways 43 46 11 

Other Primary Roads 35 44 22 

 

For National and State Roads alone, the estimated replacement value of road bridges 

in Australia and New Zealand at June 2002 (AUSTROADS, 2002) was approximately 

A$20b as in Table 2.1.3 below. The Mass Limits Review Update by the National 

Transport Commission which is the agency that coordinates the MLR periodically 

updates on the status of the review and the implementation in various states. Other 

agencies that are involved in the policy making are; Department of Infrastructure, 

Transport, Regional Development and Local Government and Department of 

Transport and Regional Services. 

 



 

Table 2.1.3 Recognised value of road bridges on National and State Roads 
 

Road Agency 
  

Replacement 
Value 

Accumulated 
Depreciation 

Written 
Down 
Value 

 
Total Annual 
Maintenance 
Expenditure 

  A$b A$b A$b A$m 
Roads and Traffic Authority NSW (RTA NSW) 5.93 1.49 4.44 36.00 
Roads Corporation Victoria (VicRoads) 3.54 1.03 2.52 22.00 
Dept. of Main Roads Queensland (DMR Qld) 2.46 0.59 1.88 NA 
Main Roads Western Australia (MRWA) 1.75 0.39 1.36 11.50 
Transport South Australia (TSA) 0.99 0.44 0.55 4.30 
Dept.of Infr., Energy and Resources, Tasmania (DIER, Tas) 1.18 0.25 0.93 5.00 
Dept. of Infr., Planning and Env. NT Territory (DIPE, NT) 0.17 0.08 0.09 1.50 
Dept. of Urban Services, ACT (DUS ACT) NA NA 0.33 3.10 

Australian Total 16.02 4.27 20.29 100.00 

 



 

2.2 Bridge inventory 

Many road authorities have embarked on setting up bridge information databases to 

maintain and use bridge information. Each authority is required to select an approach 

to bridge management to suit its own circumstances. Several sophisticated programs 

are available for this purpose (Pitt & Sherry, 2000; Wallrap, 2000; Fanous et al., 

1995). Many versions are also available depending on how far the authorities want to 

go in using a database to carry out bridge management tasks. In many cases the initial 

requirement is to have a comprehensive bridge inventory (Roads and Traffic 

Authority, 1982). The systems range from relatively simple databases with data on 

inventory, condition and history to sophisticated systems that can recommend 

programs of works. A summary of results from a survey of Bridge Management 

Systems (BMS) of major road organisations in Australia and New Zealand has been 

presented in Table A1.1.1 in Appendix A. 

 

The computerised bridge inventories or databases were initially populated with 

information that was already available at the time of the creation of the inventories. In 

many cases, road authorities engaged private consultants or sought the help of 

sections with appropriate skills, within the authority, to create the database and to 

input the data available. 

 

It was then realised as the technology developed that computers were much more 

capable of keeping data and this resulted in creating more data fields to keep relevant 

data suitable for bridge management. This in turn created the problem of collecting 

and entering additional data into the database. Once entered, the next task is to 

process the data for use for bridge management purposes.  

 

Bridge data can be categorised into inventory data, structure data, bridge condition 

data and cost data. The inventory data consist of bridge location, type of structure and 

span configuration. The structure data consist of the bridge type, elements, materials, 

etc. The bridge cost data will comprise repetitive maintenance actions, rates, 

construction cost, estimated replacement cost, etc. The bridge condition data contain 

bridge inspection reports, condition ratings, date of next inspection, and any specific 

monitoring requirements. A bridge inventory is distinctively different from a BMS. 
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BMS contains a bridge inventory which is only a database among other management 

tools and modules for specific functions. 

 

2.3 Bridge management systems (BMS) 
 
2.3.1 General 

The bridge management process should be more than an ad hoc or impromptu 

reaction to a series of urgent crises that are a sign of inadequate planning. It should be 

a well-planned proactive process to achieve sound asset management objectives such 

as suitable levels of service at minimum life cycle cost. It is a continuous process for 

which systems should be frequently updated, and better decision-making methods and 

modules should be developed and implemented.  

 

Ideally, a BMS consists of several modules that may be used for the effective 

management of bridge assets either corporately or at the network level. These 

modules can be for developing strategies for different aspects of bridge management 

such as bridge widening, bridge strengthening, bridge replacement, and repainting of 

bridges. A basic structure for a bridge management (Steel et al., 2000) system is 

illustrated in Fig 2.3.1 below and also as Fig A2.3.1 in Appendix A. 

 



 

Activities 

Management Inputs 

Outputs 

Inventory    
 
Inspection                
  
 
Maintenance 
  
 
Construction 
  
 
Traffic Surveys  
 
Accident Reporting
  
 

 
 
D 
A 
T 
A 
B 
A 
S 
E 

Costs: 
Agency 
User 

Bridge 
Condition 

Deterioration 
Prediction 

Funding constraints 
Minimum conditions 

Feasible actions 

BMS 
Analytical 

Process 

Needs 
 
Predictions 
 
Options 
 
Costs 

Engineering Inputs 

Fig. 2.3.1 Structure of a Model Bridge Management System
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It is said that a complete BMS is not just a computer program; it is (Lauridsen et al., 

1999): 

• a set of interrelated activities for managing bridges 

• a set of codes and guidelines for those activities 

• an organisation to manage and carry out those activities 

• a database holding data resulting from those activities, and 

• a set of computer tools for processing the data in the database. 

 

It is proposed that appropriate decision-making tools that will be beneficial to bridge 

managers and planners will be identified and their application will be demonstrated as 

part of this research to upgrade bridge infrastructure network. It is proposed that the 

identified decision-making tools, along with the developed strategy for bridge 

infrastructure upgrading, can become part of a module that can be incorporated into a 

well-developed BMS. 

 

2.3.2 Status of bridge management systems in Australia and New Zealand 

A survey was carried out in May 2000 to determine the status of development and 

usage of BMS by AUSTROADS member authorities. The conclusion of the survey is 

that all AUSTROADS member authorities have some form of a basic database system 

to capture information concerning inventory, inspection management, condition 

monitoring, reporting and recording of maintenance action. A summary 

(AUSTROADS, 2002) of the survey results is provided in Table A1.1.1 in Appendix 

A. Many of them are still being used as a database to obtain information from but not 

as an analytical tool. Modules such as management planning, deterioration model, 

prioritisation and reporting are either being developed, under consideration, or not 

considered for inclusion. The status of Bridge Inventory or Bridge Management 

Systems that have been developed by AUSTROADS member authorities is 

summarised below. 

 

Roads and Traffic Authority of New South Wales has a BMS based upon the 

inspection and condition rating principles of PONTIS. The number of elements and 

condition descriptions has been custom modified to suit their needs. 
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Vic Roads BMS comprises the basic modules of inventory, inspection and 

maintenance recording. Modules to capture bridge condition history and bridge 

capacity assessments are being developed whilst the development of more 

sophisticated modules for maintenance planning, deterioration modelling, 

prioritisation and network performance reporting is being considered. 

 

Queensland Department of Main Roads has a BMS which includes development 

and implementation strategy that is controlled by limited financial and professional 

resources. The outline for load capacity and maintenance prioritisation modules are 

being developed and those modules will be integrated with the development modules 

of inventory, inspection, condition and maintenance. Development and 

implementation of the Bridge Asset Management System was recognised as being a 

staged process. 

 

Transport South Australia has a BMS that has been operating for approximately 15 

years. It was written in the early 1990s and updated in 2000. The system comprises 

the basic modules of inventory, inspection and maintenance planning. 

 

Department of Infrastructure, Energy and Resources, Tasmania has a basic 

management system developed to include inventory, inspection and condition 

modules with reporting facilities. The system is integrated with the road management 

system. 

 

Main Roads Western Australia reported that its BMS was developed in the early 

1980s with basic modules for inventory and condition management. Features include 

bridge inspection, maintenance scheduling and basic heavy load management. Bridge 

maintenance scheduling and prioritisation has continued to be a function of 

experienced bridge staff. 

 

Department of Infrastructure, Planning and Environment, Northern Territory 

possesses a system that came into effect a little before PONTIS but many of the fields 

and items captured are similar in nature. 
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The above systems are basically inventory databases but some with basic modules 

that have the capacity to carry out maintenance planning and management. They do 

not have sophisticated modules that can be used to develop strategies or advanced 

planning functions. 

 

2.3.3 Overseas bridge management systems 

Several forms of bridge management systems have been developed and adopted with 

varying degrees of success around the world. Whilst generally still regarded as large 

databases, bridge management systems have still to be accepted for what they may 

represent: a tool for the most efficient and economical preservation and safety of a 

network of bridge structures. 

 

Two bridge management systems developed in the US, PONTIS and BRIDGEIT, 

appear to be the systems that have been widely adopted by the majority of road 

authorities. A bridge management development program, BRIME, is being 

undertaken by European Economic Community (EEC) (which has now become 

European Union) member countries to establish a comprehensive system to satisfy 

their needs. 

 

Another system that is worth mentioning is the system that has been developed by 

Danish authorities. Denmark has been one of the leaders in bridge management 

systems in Europe. The system, called DANBRO, has been in place for the last 20 

years. It is claimed that the development of the system was controlled by potential 

users and not by computer programmers. DANBRO (Henriksen, 1999) is intended for 

use by four levels of management such as executive level, planning level, 

administration and implementation level. The intended development of a module as 

part of this research can be incorporated into an existing bridge management system 

comprising decision-making tools for upgrading bridge infrastructure network for 

increased service level. Features of other overseas bridge inventory or bridge 

management systems have been well documented elsewhere (AUSTROADS, 2002).  
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2.4 Bridge structure types 
 

2.4.1 General 

The bridges that have been built in the past can be categorised according to the 

structure type and the materials used. Initially, there were timber girder and truss 

bridges, then wrought iron and steel truss bridges followed by concrete bridges of 

different kinds. Once the pre-stressing technique was introduced in the 1950s, 

concrete bridge construction was revolutionised to achieve longer and lighter spans of 

any shape. Bridge structure types that are currently on the NSW road network are 

described below. The interpretation of the inventory that has been discussed in 

Section 2.1 and summarised in Table 2.1.1 has been expanded to provide the structure 

types in terms of span range. These are given in Table A2.4.1 in Appendix A. Table 

shows that on a national basis the majority of the bridges are in the span range of 9-

11m. When the deck area is used as the measurement parameter, the longer spans take 

on more prominence. According to Table A2.4.1, sixty per cent of the deck area of 

Australia’s bridges on national highways spans more than 15m compared with 35 per 

cent of the bridge population. This is quite obvious since the larger span bridges have 

more lanes and wide walkways which constitute a large deck area hence reflecting a 

large percentage of bridges being large span bridges when considering the deck area 

as a measure. 

 

2.4.2 Timber bridges 

Initially, many timber bridges were constructed since there was abundant good quality 

hardwood timber available in Australia. Some of these timber bridges are still in 

operation; they are still being maintained to carry current legal load of 42.5 tonnes 

unless otherwise assessed to be under capacity for legal load. Timber bridges are of 

two types. The first is timber girder bridges with timber plank decking connecting the 

girders transversely and longitudinal sheeting above them to provide a smooth 

running surface. The average span achieved this way is between 10m and 12m. The 

second type is truss bridges with spans up to 30m. Many good examples of timber 

truss bridges are still in operation carrying current legal loads. The designs for these 

bridges started by adopting roof-truss systems and then developed into improved 

engineering designs to carry vehicular loading. Later designs included steel elements 

such as bottom chords and struts to resist the developed tensile forces. Surviving 
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timber truss bridges of heritage significance in NSW have been documented by the 

Roads and Traffic Authority of NSW (RTA, 1998). A typical timber truss bridge is 

shown in Fig. 2.4.1. 

Principle 

Top Chord  

Botto m Chord 

Diagonal 
Bracings 

Running 
Planks  Cross 

Girders  

 
Fig. 2.4.1 Timber truss bridge 

2.4.3 Steel bridges 

When good quality steel became more available, bridges were designed and built in 

steel. The main types of steel bridges are truss bridges, arch bridges and steel girder 

bridges with transverse timber decking. The early steel bridges were short-span steel-

plate girder bridges with girders fabricated from steel plates riveted together to 

produce the girders. Later, large steel trusses similar to timber trusses were used as 

main girders that could span much longer than the plate girder bridges. Some of these 

were constructed as opening bridges as in Fig 2.4.3 to facilitate the navigation of lage 

boats. Some of these bridges are replicated in modern times. A good example of this 

was built recently in Coffs Harbour in Northern NSW (Borelli et al., 2000). The steel 

girder bridges as in Fig. 2.4.2 can be up to 30m long and steel truss bridges can span 

between 60m and 100m. A record of pre-1930 metal bridges has been documented by 

the Roads and Traffic Authority of NSW (RTA, 2001). To achieve even greater spans, 

larger trusses and arch bridges were designed with suspended decks – such as the 

Sydney Harbour Bridge. 

Concrete Slab 

Steel Girders 
 

Fig. 2.4.2 Steel girder-concrete slab composite bridge 
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Lift  Span 

Track Span 

 
Fig. 2.4.3 Steel truss opening bridge 

 

2.4.4 Concrete bridges 

When steel-reinforced concrete was introduced in the late nineteenth century or early 

twentieth century as more durable and maintenance-free material, reinforced concrete 

bridges were introduced. As the design principles were developed different types of 

concrete bridges were introduced. Similar to steel and timber girder bridges, concrete 

bridges were also introduced with the same basic girder-slab combination. The 

advantage in reinforced concrete bridges was that the steel in the concrete resists the 

developed tensile forces whereas the concrete takes care of the compressive forces. 

Then concrete arches were later introduced to reach longer spans representing the 

historic brick and stone arch bridges. Many of these examples are still available and 

the bridges are still in operation. Concrete slab bridges can span up to 12m (a cross-

section is shown in Fig. 2.4.4), concrete slab and beam bridges as in Fig 2.4.5 and 

concrete girder bridges with pre-cast pre-stressed girders (as shown in Fig. 2.4.7) can 

span between 20m and 30m. Concrete arch bridges as shown in Fig. 2.4.6 can span 

between 60m and 100m.  

Cocrete s lab  
deck A butmen t 

s upport 
Strip  bearings 

 
Fig. 2.4.4 Concrete slab bridges 



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

19

Concrete Slab  

Concrete 
Beam 

 
Fig. 2.4.5 Concrete beam and slab bridges 

 
 
 
 
 
 
 
 
 

Fig. 2.4.6 Concrete arches with spandrel columns 
 
2.4.5 Pre-stressed concrete bridges 

When the pre-stressing technique was developed, allowing the use of high-tensile pre-

stressed reinforcement that can produce negative moment to counteract moment 

produced by the dead load, bridge building technology reached a century high which 

opened up more possibilities allowing for much flexibility in bridge building. This 

introduced pre-casting techniques to pre-cast bridge elements such as bridge girders, 

and substructures such as abutments, piers and wing-walls for minor structures in 

factory conditions, thereby achieving high quality strength of concrete.  

 

Pre-cast pre-stressed segmental bridges as shown in Fig. 2.4.8 and Fig. 2.4.9 can span 

up to 200m. These spans are even stretched up to 1000m and over by suspending with 

stayed cable arrangements. This is currently the most popular (Muller et al., 2000) 

form of bridge type in the world. The design and construction techniques are well 

developed (Ganz et al., 2000) and have resulted in better and more economical 

structures. These structures have been designed and built in relatively very short 

periods (Muller et al., 2000). 
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Pre-stressed 
girder 

In-situ 
concrete slab 

 
 

Fig. 2.4.7 Pre-stressed girder bridges with in-situ concrete slab 
 

 

 
Fig. 2.4.8 Pre-cast post-tensioned box girder bridges 

 
 

Individual Pre-cast 
Segments 

 
Fig. 2.4.9 Precast, segmental-box girder bridge 

 
 
2.5 Bridge loading – Design loads 
 

2.5.1 General 

The service level of a bridge depends mainly on its load carrying capacity that is 

controlled by the design standard used at the time when the bridge was designed. This 

has resulted in bridges on the same road having different design standards and hence 
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having different load capacities. The design standard used to build a bridge is a good 

indication of the age and strength of the bridge. The design standards can be grouped 

into three categories to simplify further discussion and analysis. These design 

standards are denoted by the descriptions of the actual design loads that were used as 

standard design loads such as T44, MS18 (which is a metric equivalent of ASHTO 

HS20) and pre-MS18 where the design standards frequently changed depending on 

developments in other parts of the world. All three categories that have been 

described above are summarised in Table 2.5.1.  

 

An inventory of bridges considered as a sample have been categorised into three of 

these groups and provided in Table 2.1.2 (BTCE, 1997). It can be seen that bridges 

built since 1976 are 43% on national roads and 35% on primary roads. The rest of the 

bridges were built before 1976 to various different standards as described in Table 

2.5.1. It has been summarised that the Northern Territory has the highest proportion of 

bridges built after 1976 to NAASRA 1976 standard. Victoria and Tasmania have the 

lowest proportion of modern bridges. South Australia has the lowest proportion of 

pre-1948 bridges (BTCE, 1997). A comparison of selected bridge design loads with 

NAASRA 1976 bridge design load is very well illustrated in Fig B5.8.1 in Appendix 

B describing the effect of these loads on various spans. 

 

Table 2.5.1 Bridge Design Standards used in NSW 
 

Design Standards – Pre-1948 
(i) PWD Pre-1927 Traction Engine Standard 2.5.1 

(ii) 2PWD Pre-1927 Standard UDL 2.5.2 
(iii) 3DMR 1927 Standard UDL + Pt. Loads 2.5.3 
(iv) 4DMR 1938 Standard UDL + Pt. Loads 2.5.4 

Design Standard – MS18 
(i) 5DMR 1948 Standard Truck (MS18) 2.5.5 

Design standards – Post-1976 
(i) 6NAASRA BDS 1976 Standard Truck 2.5.6 

(ii) 7NAASRA BDS 1976 Abnormal Vehicle Standard 2.5.7 
(iii) 8Ordinance 30C 1982 Articulated Vehicle 2.5.8 
(iv) 9AUSTROADS ’92 1992 Standard T44 Truck & HLP 2.5.9 
(v) 0AUSTROADS ’92 1992 HLP 320 & HLP 400 (abn.) 2.5.10 

(vi)  AS 5100 2004 SM1600 2.5.11 
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2.5.2 Design standard – Pre-1948 
 
(i) Public Works Department (PWD) Pre-1927 – Traction Engine Standard 
 

             3.15m 
6.60t                      9.65t        
       Total 16.25t  

 
Fig. 2.5.1 PWD – Pre-1927 – Traction Engine Standard 

 
(ii) Public Works Department (PWD) – Pre-1927 – Standard UDL 
 
 

1.25t/m for 3.05m lane 
Uniformly Distributed Load 

 
 

Fig. 2.5.2 PWD – Pre-1927 – Standard UDL 
 
 
(iii) Department of Main Roads (DMR) – 1927 Standard UDL + Pt. Loads 
 

        1.83m        3.66m           3.66m 
             
            4.53t                   13.61t     Total 18.14t  

1.49t/m for 3.05m lane 
Uniformly Distributed Load 

 
Fig. 2.5.3 DMR-1927 Standard UDL + Pt. Loads 
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(iv) Department of Main Roads (DMR) – 1938 Standard UDL + Pt. Loads 
 

        1.83m        3.66m            3.66m 
             
            5.69t                   17.34t   Total 23.03t  

1.49t/m for 3.05m lane 
Uniformly Distributed Load 

 
 

Fig. 2.5.4 DMR-1938 Standard UDL + Pt. Loads 
 
2.5.3 Design standard – MS 18 

 
(i) Department of Main Roads – 1948 Standard Truck 
 

                        4.27m                   4.27m 
             
            3.67t                   14.67t          14.67t  Total 33.0t  

 
Fig. 2.5.5 DMR – 1948 Standard Truck 
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2.5.4  Design standard – Post-1976 

 
(i) NAASRA Bridge Design Specification – 1976 Standard Truck 

        3.7m     1.2m        3.0m         1.2m 
 
4.89t             19.58t                       19.58t   

 
Fig. 2.5.6 Bridge Design Code 1976 – 44 tonne Vehicle (T44) 
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(ii) NAASRA Bridge Design Specification – 1976 Abnormal Vehicle Standard 
 
 
 
 

       
                                   15m long 
       
        12.23t @ 1.5m          6.0m         12.23t  @ 1.5m  Total 97.8t  
             
               Note:loads shown are half of Abnormal Vehicle 

 
 

Fig. 2.5.7 NAASRA BDS 1976 – Abnormal Vehicle Standard 
 
 
 
 
 
 

(iii) Ordinance 30C 1982 Articulated Vehicle 
 

        4.32m  1.27m    5.7m  1.24m 1.24m 
 
5.6t              15.0t                   18.0t  

 
Fig. 2.5.8 Ordinance 30C 1982 Articulated Vehicle 
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(iv) AUSTROADS ’92 – Standard T44 Truck 
 

        3.7         1.2          3.0            1.2 
 
4.89t             19.58t                       19.58t   

Fig. 2.5.9 AUSTROADS ’92 Standard T44 Truck 
 
 
(v) AUSTROADS ’92 – HLP 320 & HLP 400 

 
Fig. 2.5.10 AUSTROADS ’92 HLP 320 & HLP 400 

 
(vi) AS 5100 – SM 1600 

 
Fig. 2.5.11 AS5100 (2004) - M1600 Moving Traffic Load

16 No. 10.20t @ 1.8m for HLP320 
16 No. 12.75t @ 1.8m for HLP400 

 
Note: loads shown are half of HLP320 & 400 loading 
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2.6 Operational loads 
 
2.6.1 General 

In Australia each state and territory prescribes the maximum legal limits for the 

allowable mass on road vehicles. Limits are placed on each axle, axle group and the 

gross or total laden vehicle mass. Up until 1977, every state and territory had different 

allowable mass limits. Following the NAASRA Economics of Road Vehicle Limit 

(EoRVL) Study (NAASRA, 1976) the eastern and western regions of Australia were 

basically uniform within each region with the western states having higher vehicle 

limits (BTCE, 1997). Only in 1988 were the legal mass limits for heavy vehicles 

made uniform across Australia when the 42.5 tonne gross mass limit was adopted 

across the country (NAASRA, 1985). 

 

Table 2.6.1 Current and proposed operational loads in New South Wales 
 

Service 

Level 

Operational Load Remarks Fig. 

Level 1 Legal Loads 42.5t Current legal load 2.6.1 

Level 2 B-Double – 19m Currently used on approved routes 2.6.2 

Level 3 B-Double 62.5t Currently used on approved routes 2.6.3 

Level 4 B-Double 68t Proposed industry requirement 2.6.3 

Level 5 Road train – 85t Currently used on approved routes 2.6.4 

Level 6 MLR 45.5t Recommended legal load 2.6.5 

  

The types of vehicles have also changed over the recent past. Up until 1976, triaxles 

were rare and the basic long-distance vehicle was either a four- or five-axle articulated 

vehicle. Since 1977, the six-axle articulated vehicle has been the common long-

distance vehicle with double or triple road trains operating in more remote parts of 

Australia. B-Doubles were then introduced in the eighties. Since then they have taken 

an increasing proportion of the long-distance freight and now carry an estimated 15 

per cent of this traffic (BTCE, 1997). A time line summarising the history of heavy 

vehicle introduction and the associated studies has been developed and presented in 

the form of Table 2.6.2 below. Since then a Mass Limit Review (MLR) has been 

carried out to assess the possibility of increasing the legal limit from 42.5 tonne to 

45.5 tonne and is becoming a reality in many states.  
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Table 2.6.2 Time Line of Bridge Loading – Design and Operational Loads 
 

 
Period Year Bridge Loading Introduced Figure

Pre 1927 Introduction of Traction Engine as a Standard for Load Testing (PWD) 2.5.1 
Pre 1927 Introduction of additional UDL (PWD) 2.5.2 

1927 Introduction of Design Standard Standrad UDL + Point Load (DMR) 2.5.3 

 Pr
e 

19
48

 

1938 First Revision of 1927 Design Load (DMR) 2.5.4 
1948 Introduction of  33t Standard Truck 2.5.5  
1975 NAASRA Economics of  Road Vehicle Limit Study (EoRVL) - 
1976 NAASRA Bridge Design Specification Standard Truck (articulated tandem rear) 2.5.6 
1976 NAASRA Bridge Design Specification – Abnormal Vehicle 2.5.7 
1977 Introduction of Separate Uniform Mass Limits in East and West of Australia - 
1977 Introduction of Six Axle Articulated Vehicles in Australia 2.6.1 
1980 Introduction of 19m B-Doubles in urban Australia 2.6.2 
1982 Introduction of Ordinance 30C 1982 Articulated Vehicle in NSW – Design Load 2.5.8 
1986 NAASRA Review of  Road Vehicle Limit Study (EoRVL) - 
1988 Introduction of Uniform Legal Limit to 42.5t across Australia 2.6.1 
1992 AUSTROADS Bridge Design Standard T44 Truck 2.5.9 

 
Pe

ri
od

 1
97

6 
- 1

99
2 

1992 AUSTROADS Bridge Design Code – HLP320 & HLP400 2.5.10 
   

1996 First Revision of AUSTROADS’92 - 
1996 National Road Transport Commission (NRTC) Mass Limit Review (MLR) - 
2000 Draft Release of Bridge Design Code at AUSTROADS 4th Bridge Conference - 

  
Po

st
 1

99
2 

2004 Introduction of SM1600 and AS5100 2.5.11 
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The implications of introducing heavier operational loads can be easily understood by 

comparing the load effects of design loads that were used to design the bridges and 

that of the proposed and current operational vehicles. If the bridges were designed to a 

lower design load from the proposed operational load, the strength of the bridge is 

limited to the design standard of the time. Any introduction of an operational load will 

have to be considered in terms of the cost of upgrading or replacing the bridges that 

are under capacity on the route that is being considered. 

 

2.6.2 Current and proposed operational loads 

The current and proposed operational loads are listed in Table 2.6.1. These loads can 

be used as a measure of service level in relation to the load capacity of the bridges. 

Where, in Column 1, a service level is assigned to the current legal load, and various 

operational loads in Column 2 with appropriate descriptions in Column 3. Column 4 

refers to the figure in the text that describes the actual vehicle configuration. 

 
(i) Level 1 current Legal Load L42.5 

A legal load is the minimum statutory requirement for bridge capacity for the road 

authorities to provide for any structure on the network. That is, any bridge that has no 

load restriction should have the capacity to carry a legal load. The current legal load is 

a semi-trailer with an axle group configuration of 123. That is a prime mover followed 

by a tandem-axle group that is followed by a tri-axle group. The total mass of the 

loaded vehicle is 42.5t. A graphical description of the current legal load is given in 

Fig. 2.6.1. Before 1988, each state and territory in Australia had different maximum 

legal mass limits prescribed for road vehicles. Only in 1988 the legal mass limits for 

heavy vehicles were made uniform across Australia when a 42.5 limit was adopted 

(RoRVL Study, NAASRA, 1985). 
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        3.0         1.2      4.4        1.2    1.2 
 
6.0t              16.5t                         20.0t   

Fig. 2.6.1 Current legal load – L42.5 
 
 
(ii) Level 2 19m B-Double 55.5t 

B-Doubles were first introduced in the eighties. Many operators are still using a 

smaller version of B-Double. This has an axle group configuration of 1222, that is a 

prime mover with a single and tri-axle of 6t and 16.5t respectively, followed by two 

other tri-axles of 16.5t mass each with a total mass of 55t. The total length of a 55t B-

Double is 19 metres. A graphical illustration of a 55t B-Double is given in Fig. 2.6.2. 

        2.13       1.2              5.68             1.2          5.92           1.2 
        3.45       1.2              5.14             1.2          5.14           1.2 
          
6.0t              16.5t                               16.5t                        16.5t          55.5 B- Double 
6.0t              16.5t                               20.0t                        20.0t          62.5 B- Double 
  

Fig. 2.6.2 19m B-Double total mass 55.5t – 62.5t  
 
 
(iii) Level 3 B-Double 62.5t 

The continuous demand by the transport industry to carry heavier loads has resulted in 

more sophisticated vehicle design producing more fuel-efficient articulated vehicles 
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with greater carrying capacity. B-Double trucks are a good example of this. A B-

Double is an extension of a semi-trailer with another tri-axle group linked to the 

existing 123 axle group configuration with articulation provided between both trailers 

by the means of a turntable. This new axle group configuration becomes 1233 with a 

single prime mover with a pulling capacity of an overall load of 62.5t. These vehicles 

are allowed on certain routes having structures that have been checked for structural 

capacity, on routes where the road geometry is acceptable before the route is approved 

for B-Double use. A graphical description of a 25m B-Double is given in Fig. 2.6.3. 

        3.0         1.2     5.5 - 6.5      1.2     1.2   5.5 - 6.5  1.2     1.2 
 
6.0t              16.5t                         20.0t                          20.0t              62.5 B- Double 
6.0t              17.0t                         21.5t                          20.5t              65.0 B- Double 
6.0t              17.0t                         22.5t                          22.5t              68.0 B- Double  

 

Fig. 2.6.3 25m B-Double total mass 62.5t – 68.0t 
 

(iv) Level 4 B-Double 68t 

The introduction of B-Doubles with an increased capacity of 68t is being proposed by 

the transport industry. This vehicle has the same axle group configuration of 1233 as 

for a 62.5t B-Double with the tri-axle capacity increased from 20t to 22.5t making the 

total mass 68t with the new axle load configuration of 6t-17t-22.5t-22.5t. This vehicle 

is very much likely to be introduced on certain approved routes where the bridges 

have sufficient structural capacity.  

 

(v) Level 5 Road train 85t 

A road train is defined as a combination, other than a B-Double, consisting of a motor 

vehicle towing at least two trailers (counting a converter dolly supporting a semi-
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trailer as one trailer). It has an initial axle group configuration of 12323 for two 

trailers and a total mass of 85t as shown in Fig. 2.6.4. 

        3.0         1.2         5.2          1.2     1.2          5.2        1.2       5.2       1.2     1.2 
 
 6.0t              17.0t                         22.5t                          17.0t                    22.5t             85.0t 

Fig. 2.6.4 Road train with two trailers – total mass 85t 
 

(vi) Level 6 L45.5t Legal vehicle 

As discussed in Level 1, the current legal load is a semi-trailer with an axle group 

configuration of 123 with a total mass of 42.5t (Fig. 2.6.1). A new legal load was 

considered under the Mass Limit Review (MLR) carried out by National Road 

Transport Commission (NRTC) in 1996. It was proposed that the current legal vehicle 

with the axle group configuration of 123 be retained but allow for the increase of axle 

loads to make the overall mass 45.5t. It can be clearly seen by comparing the axle 

group loads in Fig. 2.6.1 and Fig. 2.6.5 where the second axle group load has been 

increased from 16.5t to 17t and the third axle group load has been increased from 20t 

to 22.5t, a total increase of 3t.  

        3 .0         1 .2   4.4 -10.4   1.2    1.2 
 
6.0t              17.0t                    22.5t   

Fig. 2.6.5 Proposed legal load – L45.5 
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A graphical description of the proposed legal load is given in Fig. 2.6.5. The 

introduction of this new legal load will result in gains for the transport industry by 

simply adding another 3t per trip per vehicle. The introduction of this new legal load 

will depend on whether the existing structures will have adequate capacity to carry 

this load without any strengthening. 

 

2.6.3 Legal load limits and use of bridge formulae 

Bridge formulae and legal limits are the two ways of limiting the probabilities of 

overloading bridges beyond their capacities. The bridge formula attempts to ensure 

that excessive concentrations of mass are not generally permitted on the road network. 

Different states and territories use different axle spacing/mass schedules developed 

based on a bridge formula that is adopted by them. Assuming that the maximum loads 

on single and groups of axles are controlled, then it will be required to control the 

concentration of these axles or axle groups to avoid overloading of bridges. This is 

achieved through the application of a ‘bridge formula’. The bridge formula for a given 

distance between axles ‘L’ limits the combined mass on these axles in accordance 

with the formula. Bridge formulae applied by each state and territory are listed in 

Table 2.6.2 (AUSTROADS, 1994). In addition to overall limitations to external axles, 

Vic and NT used bridge formulae applied to internal axles of vehicle. 

 

Table 2.6.2 Bridge formulae used by different states and territories 
 

Bridge Formulae States 

Overall Internal 

NSW, Vic, Tas, Qld, ACT & FIRS 3.0L + 8.0 ≤ 42.5t 3.0L+14.7 (Vic) 

SA 3.0L + 7.0 ≤ 42.5t - 

WA & NT 3.0L + 7.2 ≤ 42.5t 3.6L+7.2 

Proposed for all states (1st Stage) 3.0L+12.5 3.6L+12.5 

 

Applying a simple bridge formula to external axles only did not provide sufficient 

control over the distribution of laden mass within a vehicle, since it became far more 

complicated when truck-trailer combinations were considered. This has resulted in the 

introduction of additional rules to control distances between certain types of axle 

groups, towbar lengths, and minimum distance between axles within a group. A 
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review of Axle Spacing/Mass Schedules has been carried out by AUSTROADS in 

1994 to develop a National set of Axle Spacing/Mass Schedules and associated rules 

that can be uniformly and consistently applied in all states and territories 

(AUSTROADS, 1994). AUSTROADS have recommended a bridge formula that will 

be common for all the states for introduction in the first stage, and which has been 

given in Table 2.6.2. A second heavy vehicle reform package was developed by the 

NRTC, road agencies and the Road Transport Forum included review of axle spacing 

mass schedules especially the bridge formulae for vehicle above 42.5 tonnes. A 

workshop was held in 1998 and the outcome published. 

  

2.7 Evaluation of bridge capacities 
  

2.7.1 General 

The structural load capacity is the controlling factor in determining the service levels 

of bridges. The ‘Guidelines for Bridge Load Capacity Assessment’ (RTA Road 

Network Infrastructure Directorate, 2000) have been prepared by the AUSTROADS 

Bridge Assessment Group in response to a request from the AUSTROADS Network 

Priority Implementation Group. This is to provide a consistent set of rules to be used 

for assessing the load capacity of bridges throughout Australia. The order of process 

adopted by the Roads and Traffic Authority (RTA) of NSW in determining the load 

capacities is described in Fig.2.7.1  and as Fig C2.7.1 in Appendix C. 

 

The bridge load capacity assessments are required to establish the residual capacity of 

any existing bridge to determine the limitations in carrying any of the operational 

vehicles. This process is also used to check whether the existing bridges have 

adequate capacity to carry the legal load covered by state legislation and also when 

the mass limits are increased by the National Roads Transport Commission (NRTC). 

The guidelines cover a hierarchy of load capacity assessment methodologies as shown 

in Fig. 2.7.1 below from relatively coarse identification of bridge types of concern, to 

sophisticated analytical procedures, to test loading. These guidelines contain 

engineering judgements appropriate to bridge load capacity assessments. Where 

additional judgements are made for particular cases, these judgements should be 

documented and verified as good practice by experienced structural engineers. 
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Determine Priority of Route 

Assess Load 
Capacities 

Determine Rat io of 
Net  Vs  Required  

 Capacity 

Categorise 
Structures 

Select 
Representative 

Structures 

Isolate 
Complicated 
Structures 

If the ratio  or 
Load Factor is less 

than acceptable 
modify structure 

 
 
 

Fig 2.7.1 Order of Process Adopted in Determining Load Capacities 
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2.7.2 Desktop review and analysis 

If a route is to be assessed for suitability for allowing a particular operational load, the 

first step is to identify all the structures on the route and list them from bridge 

inventory. Then bridges of similar design will be categorised in terms of structure 

types, span lengths and the design standards used. Once categorised, a sample bridge 

is selected from these categories. The bending moments and shear forces created by 

the proposed operating vehicle load are compared with the effects of the load that was 

originally used to design the bridge. If the effect of the proposed operational load is 

greater, the bridge is considered to be under capacity for that operational load. A 

desktop review and analysis are required to verify its structural capacity. This is a 

very cost-effective way of identifying the bridges that are under capacity for any 

proposed operational loads on an existing route. The process adopted to assess bridges 

along a route to determine their capacities for their suitability to carry B-Doubles is 

shown in Fig.C2.7.2 in Appendix C. As part of this detailed analysis, final 

construction drawings are obtained for the identified bridges and the load capacity is 

calculated from the information on the construction or the Work as Executed (WAE) 

drawings to include any modifications to the bridge in the analysis. The information 

used includes cross-section and member sizes, material properties and concrete 

strength and reinforcement details. For larger and complicated structures a full 

structural analysis is carried out by modelling the whole structure – initially only the 

superstructure. 

 

2.7.3 Full structural analysis 

Higher order structural analysis is carried out based on complete structural inspection, 

determining actual as-constructed element sizes and confirmation of performance of 

these elements and the whole bridge while in service. A complete 3D model is 

created. Actual size of the elements of the bridge is incorporated into the model by 

field measurements. Material strengths are determined by taking samples and testing 

them to verify the strength. Strain gauges are attached to measure the stresses at 

various locations identified in the modelling to compare the assumed behaviour with 

actual. The process involved in Full Structural Analysis and determining service level 

is described in graphical form in Fig.C2.7.3 in Appendix C. 
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2.7.4 Performance testing – Bridge health monitoring 

This is a system to measure bridge response under predetermined loads to verify 

performance. This is similar to the health monitoring of human beings such as 

carrying out regular medical checkups. The health-monitoring concept has been in 

development for the last 15 years and has been available in various forms. Now it has 

become more sophisticated with the capability of producing results that can be 

interpreted with graphs and animated graphics illustrating the responses on a bridge 

owing to any specified loading.  

 

The concept of the evaluation of in-field performance of bridges is dependent on 

many assumptions including boundary conditions, influence of kerbs, surface 

roughness (Heywood 1996), membrane action and the resistance model such as 

material properties, condition of elements and fatigue damage. These are commonly 

recognised as the sources for differences between theoretical strength and in-service 

strength as demonstrated by proof load testing worldwide. Likewise there are many 

assumptions associated with the loading model and the associated load factors. Bridge 

health monitoring technology provides the opportunity to monitor in-service 

performance of the bridges. 

 

The system has been available for at least the last 10 years and is in use by the Roads 

and Traffic Authority. It has been developed by Infratech, a company that is based in 

Brisbane, Australia. It is capable of monitoring structural responses to loading events 

on bridges such as the passage of a heavy vehicle over a bridge, which allows one to 

quantify the strength of the structure. This is measured by strain, temperature and 

displacement transducers that have been integrated into Infratech’s HMX Bridge 

Health Monitor (Infratech, 1999). The major features of the system are: understanding 

of in-service performance of bridges, diagnosing faults, and assessing the risk of 

failure by identifying the weak elements, which facilitates the overall risk 

management of bridges, developing more realistic ratings, and estimating the residual 

life of bridges as realistically as possible. 

 

A Wireless Sensor Network (WSN) for Structural Health Monitoring (SHM) is 

designed, implemented (Sukun Kim et. al, 2006, 2007) and deployed and tested on the 

42,000ft (12, 802m) long main span and the south tower of Golden Gate Bridge 
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(GGB), Ambient structural vibrations are reliably measured  at a low cost and without 

interfering with the operation of the bridge. Requirements that SHM imposes on WSN 

are identified and new solutions to meet these requirements are proposed and 

implemented. In the GGB deployment, 64 nodes are distributed over the main span 

and the tower, collecting ambient vibrations synchronously. The collected data agrees 

with theoretical models and previous studies of the bridge. The deployment is the 

largest WSN for Structural Health Monitoring. Work on civil infrastructure 

monitoring also has been carried out (Shamim et. al, 2005) using multi purpose 

wireless monitoring. The advancement in information technology combined with 

development in health monitoring techniques enhance the bridge safety especially the 

large single span bridges all over the world. 

 

The system provides statistical presentation of data that allows the average recurrence 

interval of damaging events to be compared with the available strength of the 

structure. This approach integrates condition, behaviour, and loading regime to 

provide quality information for risk assessment and management of the network and 

the loads applied to it. 

 

2.7.5 Proof load testing 

Proof load testing is the measurement of bridge response under significant overload (> 

twice legal) using special vehicles, to enable verification of load factors on legal load. 

Traditionally a bridge’s load carrying capacity has been based upon conservative non-

site specific computations. As a result, many bridge-specific considerations cannot be 

accurately addressed. One method more fully evaluating a bridge’s safe load carrying 

capacity involves field load testing. Owing to technological advances in this area, the 

cost of field-testing bridges is now relatively small. Furthermore, load tests of bridges 

often reveal that the actual load carrying capacity is higher than estimated, thereby 

eliminating the need for costly strengthening or replacement of the bridge. 

 

2.7.6 Test to failure 

This is actually measuring the bridge response under load to failure. Load is applied to 

simulate vehicle loads and in a manner to cause a particular failure mode, to enable 

determination of ultimate load capacity of the structure. Destructive tests have been 

carried out on many bridges around the world. This testing procedure gives insight 
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into the behaviour of structural elements when they are subject to failure. The 

information obtained from these destructive tests is compared with predicted values 

from theoretical assessment. In tests carried out in Victoria on Barr Creek Bridge, the 

results of the static testing program compared well with theoretical predictions (Giufre 

et al., 2000). This type of testing provides sufficient information to optimise bridge 

capacities and hence allows better use of bridges according to their true structural 

capacities. 

  

2.7.7 Heavy load analysis system 

Heavy Load Analysis (DoT of SA, 1990) is a personal-computer-based program 

developed by the Department of Transport of South Australia to analyse the passage 

of heavy vehicles across structures on standard heavy vehicle routes. The routes are 

created from a series of roads between intersections as nodal points, each part of the 

route being defined by start and end points denoted by numbers. A new route can also 

be created by linking portions of other previously defined routes. Heavy vehicles are 

defined in terms of their axle load, axle width, and axle spacing as well as overall 

height and width dimensions. The program, upon specifying the route by the user, 

identifies the bridges on the route and displays their structural capacities. The program 

then analyses the structure using the vehicle information that has been provided. The 

program uses a simple beam analysis method to calculate the bending moments and 

shear forces of the applied vehicle. The values are then compared with the pre-run 

values obtained from the effects of standard vehicles such as the current legal vehicle, 

design vehicle and of the operational vehicles which are already stored in the 

computer database. The program then displays the load factors as a proportion of the 

load effects of the applied vehicle versus the legal/design/operational vehicles. A 

decision to allow a vehicle is made on the basis of achieving an acceptable load factor 

to maintain the safety of the structure in consideration. In a one-off situation a limited 

overstress is considered to avoid temporary propping or redistribution of the loads on 

the axles. 

 

2.7.8 Structural condition and bridge health index 

The theoretical load capacity of a bridge has to be complemented by the physical 

condition of the bridge. To evaluate the service level of a bridge, information on the 

physical condition of the bridge is necessary. The environment – such as acidic, salty 
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or extreme temperatures – can affect the condition of a bridge. The condition of a 

bridge also can be permanently affected by illegal overloading. Impact or fire owing 

to accidents can also affect the structural integrity of the bridge. The RTA Bridge 

Information System (BIS) database has a separate program that evaluates the 

condition of bridges based on the element-specific condition rating and hence the 

overall condition rating of the bridge. The criteria for determining the level of bridge 

health can be varied depending on the desired bridge health level. Once evaluated, the 

program then categorises the bridges as good, fair or poor. This process is called 

Bridge Health Indexing. 

 

2.7.9 Influence of road profile and introduction of user-friendly suspensions 

It is an expectation that introduction of ‘road-friendly suspensions’ will facilitate 

increased load limits on bridges. A considerable number of past researches have been 

carried out to determine the effect of road-friendly suspensions and road profiles 

(AUSTROADS, 2002; Heywood et, al, 1996). Work to date has comprised field 

measurement and analysis of bridge and bridge approach profiles, and the 

development of simple, heavy vehicle computer models to predict dynamic wheel 

forces. Road profile information is collected on a regular basis for the planning of 

road maintenance work. This information is also being used to assess the effect of 

road profiles on bridge impact loading. It has been found that any deformation in the 

road structure, especially in the approaches to the bridge, will induce high levels of 

dynamic wheel force that is speed sensitive. Therefore bridge maintenance strategies 

will have to be developed considering the influence of road profiles on bridge impact 

loading and sufficient measures will need to be taken to prevent this. The use of road-

friendly suspensions will assist in the reduction of impact loading on bridge 

approaches.  

 

2.8. Network analysis and status of routes 
 
2.8.1 General 

Bridges can have a lifespan of 80-100 years. Modern bridges are designed to last more 

than 100 years; and the strength of the bridge does not increase with age. In fact if the 

bridges are not maintained properly the structural capacity of the bridge can decrease 
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owing to durability problems. In the structural analysis of bridge capacities it is 

assumed that the bridges considered are in good condition.  

 

While the legal limits are increasing and continuing to increase owing to pressure 

from the transport industry, they are also continuing to outstrip the earlier design 

loads to which many of the bridges have been designed. It is necessary to analyse the 

network for what is available in structural capacity, and how best the operational 

vehicles can be categorised and manoeuvred, utilising the available bridge capacity in 

the sub-networks by avoiding expensive strengthening and replacements. It is said 

that: 

The answer lies in creating specific purpose routes and areas by differentiating 

road network standards between those of primary and volume routes and those 

of general access routes. The differentiated standards would be to support 

terminal to terminal operations including access to ports, rail terminals etc. 

(AUSTROADS, 1994).  

 

In this way the road authorities can invest in bridge replacement and upgrading to 

accommodate higher load capacity for only the primary routes. This is to avoid being 

burdened with the responsibility of finding funds for upgrading all bridges. Just 

providing flexibility to manoeuvre all types of vehicles freely, border to border, will 

result in very high capital cost. 

 

A network status identification assigned to different routes in the Northern Region of 

NSW based on the usage of the route by normal and heavy vehicle traffic movement 

is presented in Table 2.8.1. For road pavement management reasons the routes have 

been classified into sub-networks (RTA, 1999). It is proposed that in this research 

project similar route identifications can be used, based on operational loads depending 

on the capacity of the bridges on the route and hence in the sub-network. These 

proposed service levels are presented in Table 2.6.1. The sub-network status and the 

Annual Average Daily Traffic (AADT) counts of the routes are summarised in Table 

2.8.1. A map showing the current network status and the proposed status of routes or 

parts of routes in the Northern Region of NSW is available. A portion of the map 

showing a sub-network, with the network status colour coded to differentiate them 

from each other, is included as Fig D2.8.1 in Appendix D. 
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The network status assigned is based solely on pavement management requirements. 

It is proposed that in this PhD research the network status will be extended to bridges 

as well to determine the required service level of the bridges in terms of bridge 

capacities. 

Table 2.8.1 Network status of routes in northern region NSW 
 

AADT Routes Description Network 
Status High Low %HV* 

SH10 Pacific Hwy S6 32,642 6,351 25-27 
SH9 NE Hwy N5 13,739 1,980 17-20 
SH16 Bruxner Hwy S2 19,890 670 10-15 
SH12 Gwydir Hwy S2 2,290 600 18-20 
SH11 Oxley Hwy S2 9,180 515 9-15 
MR76 Waterfall Way S2 5,450 770 8-12 
MR63 Tamworth – 

Warialda 
S2 2,340 860 17 

MR83 Summerland Way S4 4,230 1,370 15-19 
MR72 Kamilaroi Hwy S3 2,660 1,820 27 

* percentage of heavy vehicles in terms of Annual Average Daily Traffic (AADT) 
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Table 2.8.2 Cost to Replace Bridges under Different Scenarios in A$M 
 

Scenario 1 Scenario 2 Scenario 3 Corridor 
Now 98-05 06-20 21-30 Now 98-05 05-20 21-30 Now 98-05 06-20 21-30 

Sydney - Melbourne 4.3 5.9 10.7 8.5 4.3 5.9 26.2 13.7 4.3 5.9 26.2 56.0
Canberra connections 0.0 0.0 0.2 0.8 0.0 0.0 1.2 0.2 0.0 0.0 1.2 3.7
Sydney-Brisbane (New England Hwy) 0.2 0.1 2.2 8.1 0.2 0.1 17.1 4.2 0.0.2 0.1 17.1 41.8
Sydney-Adelaide (Sturt Hwy) 0.1 0.2 4.8 5.3 0.1 0.2 12.4 3.8 0.1 0.2 12.4 38.8
Melbourne-Adelaide 1.3 1.9 6.6 4.4 1.3 1.9 14.1 6.4 1.3 1.9 14.1 37.3
Melbourne-Brisbane (Newell Hwy) 1.2 1.4 3.7 6.6 1.2 1.4 17.4 6.2 1.2 1.4 17.4 37.6
Brisbane-Cairns 1.2 0.8  2.8 10.0 1.2 0.8 47.3 15.5 1.2 0.8 47.3 66.1
Adelaide-Perth 0.1 0.2 0.8 0.7 0.1 0.2 3.2 1.2 0.1 0.2 3.2 5.6
Adelaide-Darwin 2.8 1.7 0.6 0.6 2.8 1.7 7.3 0.5 2.8 1.7 7.3 4.8
Perth-Darwin 1.2 1.2 1.3 1.1 1.2 1.2 12.8 4.5 1.2 1.2 12.8 9.7
Brisbane-Darwin 0.9 0.5 0.3 1.2 0.9 0.5 7.0 1.8 0.9 0.5 7.0 7.7
Hobart-Burnie 10.6 1.1 0.9 0 10.6 1.1 5.5 1.2 10.6 1.1 5.5 12.1
Total 23.9 15.0 34.9 47.3 23.9 15.0 171.5 59.2 23.9 15.0 171.5 321.2
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2.8.2 Evaluation of networks for loading scenarios 

It has now become a reality that what has been recommended (that is the legal limit be 

increased from 42.5t to 45.5t) by the MLR in the study carried out by NRTC in 1996 

is being implemented in other states of Australia and will be effective in NSW. In a 

study titled ‘Roads 2020’ that was carried out by the BTCE in 1997 to make forecasts 

at a strategic level for expenditure needs for investment and maintenance between 

1998 and 2005 and 2005 and 2020, the authors have selected three scenarios for 

bridges. Bridges from a selected database were assessed for their capacity to 

withstand loads under the following three scenarios (BTCE, 1997): 

 

Scenario 1: Gross mass increase from the current 42.5t to 45.5t with no further 

increases. 

Scenario 2: Gross mass increase to 45.5t in 1997 and further increase to 52.0t in 2010 

with no further increases. 

Scenario 3: As for 2 above but with a further increase to 58t in 2020. 

 

The cost comparisons have been tabulated and presented in Table 2.8.2. The analysis 

shows that an immediate expenditure of $24M is needed on the National Highway 

System (NHS) for Scenario 1 and increasing to $47.3M for period 2021-2030. For 

Scenario 2 the cost will be increasing to $59.2M for period 2021-2030 and for 

Scenario 3 for the period 2021 to 2030 the cost will be $321.2M based on 1997 

estimates. It should be noted here that the costs are for replacing bridges that have 

insufficient capacity to meet the load scenarios 1 to 3. The inventory used in the 

analysis includes roads on NHS and other primary roads with traffic greater than 5000 

vehicles per day as shown in Table 2.1.1.  

 

A similar study that has been carried out in New Zealand as part of a Heavy Vehicles 

Limits Project arose out of Transit New Zealand’s (TNZ) Heavy Transport Routes 

(HTR) research project undertaken in the 1992-96 period. As a result of the HTR 

project, TNZ believed that it was not feasible to upgrade the whole network to 

accommodate substantially longer vehicles (Transit New Zealand, 2001). TNZ 

therefore undertook preliminary studies on two scenarios, termed Scenario A and 

Scenario B as detailed below: 
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Scenario A: examined the proposal that the existing vehicle fleet would be allowed to 

operate at different weight limits from those presently permitted on the road network 

but there would be no increase in vehicle dimensions. 

Scenario B: examined the proposal that increases in both vehicle weight and 

dimension limit would be allowed on selected routes only. 

 

The goal of the above project was to evaluate the safety and economic effects of 

altering heavy vehicle weights on the entire road network (Scenario A) and of 

increasing both heavy vehicle weights and dimensions for selected routes only 

(Scenario B).  

 

All of the scenarios mentioned above consider global application of legal limits to 

larger networks but not considering the economies of scale of introducing route-

specific or sub-network-specific service levels or load limits to decrease the overall 

capital investment that is required to upgrade bridges on a global scale. It is necessary 

to introduce integrated management of freight routes and systematic upgrading of 

infrastructure based on available resources and the current and future demand. In 

essence, commercial vehicle traffic is different from private vehicle traffic and it is 

the commercial vehicles that require higher load capacity, and these are operated 

between collection and distribution centres. It is simpler if these routes can be 

identified and designated as commercial vehicle routes with different service levels. 

Not all the structures will require upgrading hence avoiding huge unnecessary 

infrastructure spending. The location of future industrial sites can be decided on the 

basis of transport corridors established on load carrying capacity of these routes.  

  

2.9 Geometric considerations in introducing heavy vehicles 
 

2.9.1 General 

The guidelines for geometric requirement for bridges are set out based on the traffic 

volume of the road where the bridge is located (RTA, 1990). The width requirements 

for the specific traffic volume ranges are provided in Table 2.9.1. The desirable height 

clearance for bridges and other structures is 5.3m. When a structure is under capacity 

the options to provide sufficient capacity are to strengthen the bridge or replace the 

bridge depending on the cost of the options considered. Similarly if the bridge is 
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constrained by its geometry then it has to be physically altered to suit the geometrical 

requirements.  

 

2.9.2 Bridge widening 

The general preference is not to widen a bridge; when a bridge is widened the 

resulting bridge will be of the same design standard unless the proposed renovation 

includes strengthening as well. The cost of widening is usually not documented well 

and varies significantly depending on the situation. A relationship that has been 

developed (BTCE, 1997) is presented in Fig. 2.9.1. The relationship costs presented 

have been normalised against the cost of the equivalent new construction of the same 

structure being widened. It can be noticed that the cost improves with the width of 

widening. The widening cost index Cw is defined as below (BTCE, 1997): 

  

   Cw =          ____Cost of Widening per m2__ …………………………….…..2.9.1 

     Cost of new construction per m2 

 Cw – widening cost index 

 
This cost excludes any upgrading of the bridge to a new design standard. The width 

requirements for bridges are based on the traffic volume they carry. Table 2.9.1 

provides the various width requirements for ranges of traffic volume based on AADT 

(RTA, 1990).  

 
Table 2.9.1 Width requirement based on traffic volume 

 
Traffic Volume 

(AADT) 
Width (m) 

 
<100 4.2 

100-500 8.0 

500-1000 8.5 

1000-2000 10.0 

>2000 11.0 

 
 
It is very costly to widen a bridge; sometimes it is more economical to widen a bridge 

than to replace it if the structure in consideration has sufficient structural capacity. 

The majority of the cost in widening a bridge comes from traffic costs having to 
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maintain the traffic while being built. In addition to that, costs are involved in having 

to break into the existing structure and limited options for economies of scale.  

 
 

Fig. 2.9.1 Cost of bridge widening (BoTCE, 1997) 
 
In urban conditions, duplication of a bridge is considered more favourably than 

widening a bridge. In some cases a duplication bridge is then later connected with the 

existing to make a wider bridge, depending on the compatibilities of structural 

capacities of the new and old. 

 
2.10 Bridge strengthening techniques and maintenance 
 
There is a distinct difference between ‘bridge repair’ and ‘bridge strengthening’. A 

bridge is repaired to restore it to the original shape and structural capacity when it is 

damaged by accident such as vehicle impact, fire or floods; deteriorated owing to 

environment such as corrosion, chemical attack etc.; or lost its components through 

years of neglect and vandalism. Strengthening is required because the bridge is on a 

route where many bridges have been built to a new load standard that can carry 

current legal loads and this bridge has become a bottleneck owing to its inadequate 

structural capacity. With due consideration given to ‘which loads’ act on ‘which 

sections’ and on what span arrangements, the strengthening of structural members can 

be attempted by some of the following means (Raina, 1994): 

 

- replacing poor quality or defective material with better quality and high strength 

material; 

- attaching additional load bearing material; 
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- redistribution of the loading actions through imposed deformation on the 

structural system; 

- using new load-bearing material that will usually be high quality concrete, 

reinforcing steel bars, thin steel plates and straps and various combinations of 

these. 

 

The strengthening methods have been discussed with descriptive Figs C 2.10.1 to C 

10.2.4 in Appendix C. The methods described will be restricted to superstructures 

only. Strengthening methods for substructures are outside the current scope of this 

research project. 

 
2.10.1 Bridge maintenance 

It has been a belief that bridges last a long time and are built to last forever and they 

do not require regular maintenance. This result in expensive repairs carried out on 

them that could have been avoided by performing regular inexpensive routine 

maintenance. But now there is sufficient awareness by road authorities placing greater 

emphasis on regular maintenance and the annual allocation of required funds in their 

budget. The maintenance costs vary from place to place and from region to region. It 

depends on the proximity of suitable labour, plant and material that is required to 

carry out maintenance. It is sometimes the combination of these and also depends on 

the extent of the maintenance work that requires carrying out. For routine 

maintenance that excludes any specific or major repairs, an average cost can be 

calculated per square metre of bridge deck area which will be more accurate, or by an 

average value per bridge considering an average span per bridge. A figure that has 

been obtained based on discussions with road authorities in 1997, assuming that the 

bridges are in good condition, is $600 per bridge per year with an accuracy of ±20 per 

cent (BTCE, 1997). It is possible to obtain bridge-by-bridge maintenance cost per 

square metre of deck area from historical financial records maintained by road 

authorities. This should also be a function of a proper BMS. 

 
2.11 Chapter Summary 

This chapter is used to document the information that has been gathered relevant to 

the research topic especially to bridge capacities during the literature review phase of 

the research. The chapter commences with explaining the relationship of bridge 
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capacities to ground transport of goods and the cost implications to provide the 

required capacity. The chapter then explains how the bridge records are maintained 

and the managements systems that are used by various state road authorities in 

Australia with a brief exposure to systems that are used overseas. The next section 2.4 

describes the bridge structure types and the different materials used in bridge 

construction to provide the reader the background that is required to relate the 

intension of the research as a whole.   Section 2.5 graphically demonstrates the design 

standards which are summarised in Table 2.5.1 that have been used in NSW this is 

followed by in Section 2.6 a full graphical description provided of the loads that are in 

operation in NSW with their axle configuration and axle loadings which are 

summarised in Table 2.6.1. Table 2.6.1 is the bases for introducing the concept of 

Service Levels and identifying them clearly.  Section 2.7 deals with the important 

subject of evaluating bridges for their capacity and this section explains the various 

methods of analysing and calculating bridge structural capacities. Section 2.8 explains 

the analysis of road networks and assessing and identifying the load carrying 

requirements of sub-networks in view of assigning Service Levels. This section 

further relates to the work that has been done is assessing bridges for their capacity for 

different loading scenarios and the cost comparisons between each scenarios. Section 

2.9 looks at the cost implications due to bridge widening to assess the difference in 

cost between total demolition and bridge widening while Section 2.10 compiles the 

information on various methods of bridge strengthening that can increase the existing 

capacities of bridges with a paragraph on bridge maintenance and relative cost. These 

are the additional factors that will have to be considered when assessing the cost of 

upgrading any road network.  

 
 
 



 

 
Chapter 3  
 
LITERATURE REVIEW – COST IMPLICATIONS 
 
 
3.1 Cost implications – General 
 
Owing to heavy public scrutiny of government expenditure for value for money on 

infrastructure development and capital, it is common practice to cost various options 

for bridge upgrading or replacement. When a bridge is proposed to be replaced or 

upgraded, an option study is initially carried out. A Cost Benefit Analysis (CBA) is 

carried out to rank the options. As part of this CBA a Life Cycle Costing (LCC) is 

carried out for each option to include all the recurring and maintenance costs over the 

assumed life of the structure, and a recommendation is made based on cost benefit. 

This recommendation is then taken to the community for consultation and a final 

decision is made by the government or the road authority, depending on the 

availability of funds for that particular route and on political and network priority. 

That is why LCC is very important. The accuracy of LCC very much depends on the 

information that is used to conduct the analysis. The information includes the cost of 

routine maintenance on the bridge, the cost of any anticipated specific maintenance 

that will be carried out, and the frequency or anticipated occurrence and the cost of 

any major repairs that will be required. In this section a few examples will be 

discussed and LCC methods will be explained in detail. 

 

3.2 Cost implications – Life cycle costing (LCC) 
 

3.2.1 Introduction 

Owners, users and managers of assets need to make decisions on the acquisition and 

ongoing use of many different assets, including items of equipment and the facilities 

to house them. The initial capital outlay is usually clearly defined and is often a key 

factor influencing the choice between alternative assets. If other future costs are to be 

considered over the expected life of an asset it is known as Life Cycle Costing. LCC 

is used to evaluate options to compare individual components and mutually exclusive 

projects. LCC is a mathematical method used to form or support a decision and is 
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usually employed when deliberating on a selection of options. The process is generic 

in nature but represents the lifecycle activities of most products and systems. 

Although these activities may vary from one program to another, they reflect the 

process common to all (Fabrycky et al., 1991). 

 

Nearly 80 per cent of the expenditure, and hence cost savings, are made in the pre-

production phases where savings are not made by minimising expenditure; they are 

made by increasing expenditure to improve the design process – such as ongoing 

maintenance costs and flexibility in future salvage, abandonment/demolition etc. The 

opportunity costs are such as whether to invest now or later to allow for managerial 

flexibility. In the case of route selection for upgrading in transport network analysis, 

the options need to be evaluated to decide which routes to choose, which one to 

upgrade now and which one later, and to compare the economies in doing so.  

 

Design solutions that aim to avoid repetitive maintenance, reduce waste, save non-

renewable energy resources or protect the environment through selection of better 

quality materials and systems usually have a higher capital cost and are often rejected 

on the basis of the discounting process (Langston, 2005). LCC is based on the 

assumption that it costs money to operate a product over its lifetime, so its actual cost 

is the purchase price plus the annual operating expenses. In other words, a product 

with the lowest purchase price may not be the cheapest one to own. 

 

While much of the recent promotion of whole-life costing has focused on the role of 

the construction client and the gains to be made on their behalf, it is a beneficial tool 

for organisations involved in all stages in the construction supply chain. A perceived 

key barrier to the use of whole-life costing is the sheer scale of the data collection 

exercise: inconsistencies across data sets, and the level of detail required to make a 

meaningful calculation of whole-of-life costs at the design level, whether considering 

new build or, increasingly, refurbishment.  

 

3.2.2 LCC analysis 

(i) Introduction 

The LCC process is a way to predict the most cost-effective solution. It does not 

guarantee a particular result but allows the decision-maker to make a reasonable 
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comparison between alternative solutions within the limits of the available data. All 

undertakings have a lifecycle cost (LCC) that begins with an upfront cost or initial 

investment, followed by annual operating costs, and ends with salvage value or, at 

times, disposal cost. Several methods are used for evaluating options, including 

simple payback, present worth, benefit-to-cost ratio (BCR) and Internal Rate of 

Return (IRR). 

 

(ii) Option study 

It is in the interest of the decision-maker to evaluate the LCC of different solutions 

before installing major new equipment or conducting a major overhaul. This 

evaluation will identify the most financially attractive alternative. The NSW 

Government Treasury’s requirements for economic appraisal of capital projects are 

given in Table 3.2.1. 

 

Table 3.2.1 NSW Government Treasury requirements 

 

Category 

No 

Project Cost 

Limitation 

Process Requirements 

1 < $0.5M No formal appraisal required, but internal assessment 
procedures or programs to be appraised every 5 years. 

2 > $0.5M but < 
$5M 

A full appraisal required. A CBA needs to be 
undertaken and submission to the Budget Committee 
of Cabinet should include summaries of the results on 
the schedules supplied. The appraisal should not be 
the subject of external review as a matter of course; 
however, the committee may request copies of 
appraisal from time to time. 

3 > $5M A full CBA needs to be undertaken and the 
submissions to the Budget Committee of Cabinet 
should include a copy of the appraisal and summaries. 
A value management study and an analysis of the 
potential for private sector participation in the project 
also need to be included in the submission. Since 
November 1993, risk management measures are 
required. 

 

As part of an option study, each option is costed based on LCC method to include all 

future financial costs that should be listed with the time over which each will occur 

for each strategy option. Alternatives are all the ways one can go about meeting a 

need. It is necessary to develop two to five additional alternatives in addition to the 



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

53

initial idea for analysis. The fact is any given need can be met in an infinite number of 

ways and this is the only chance to determine which ways are worthy of 

consideration. The process for evaluating a group of alternatives is clearly explained 

in Fig. 3.2.1. 

 

Possible candidates for problem 
solution

Alternative B

Alternative D

Identified need 
and problem 

statement

Evaluation of 
alternative 

candidates and 
recommended 

approach

Does
selected

approach satisfy 
need?

Alternative A

Alternative C

Reaccess need and establish new alternative

No

Proceed
Yes

 
Fig. 3.2.1 Process for evaluating a group of alternatives 

 

Since costs incurred early in the life of the product have greater value in today’s 

dollars, this should include the cost of activities such as investigation, design and 

documentation, and surveillance. In addition to economic appraisal there are also 

other requirements for studies to be undertaken for capital projects costing in excess 

of $5M. These are a value management study, an investigation of the potential for 

private sector participation, and risk assessment. 

 

(iii) Other methods used 

Other methods used are simple payback, present worth, benefit-to-cost ratio (BCR) 

and internal rate of return (IRR). A summary of these methods has been provided in 

Table E3.2.1 in Appendix E describing the advantages and disadvantages of these 

methods which are explained below in detail. 

 

(a) Simple payback 

This is a process used in evaluating liquidity to assess how quickly the initial 

investment can be recovered through cost savings. This is an issue for small firms. 
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This method does not consider time value of money or cash flows after the initial 

investment has been recovered. 

Simple payback can be expressed as: 

 

R
IP = ………………………………3.2.1 

Where: 

 P = payback period in years 

 I = capital sum invested 

 R = sum recovered. 

 

(b) Net present worth 

– Present Value 

A cost that is predicted to occur at some years in the future can be converted to a 

present value by multiplying it by a Present Value Factor (PVF) as represented in 

equation 3.2.2. Values for different percentages of depreciation have been calculated 

and presented in Table E3.2.2 in Appendix E. 

 

 Present Value Factor = 1/(1+r)N .............................. 3.2.2 

 

Where: 

  r = rate per annum in percentage 

  N = number of years. 

 

– Net Present Value (NPV): The difference between the Present Value of Benefits 

(PVB) and the Present Value of Costs (PVC); i.e. PVB less PVC. A positive net 

present value indicates that the project has economic merit. 

 

(c) Cost Benefit Analysis (CBA) 

Lifecycle method of costing of preferred options for a proposal whether it is a 

replacement, repair, or rehabilitation will only provide cost comparison of the selected 

options. This will only distinguish the least-cost option. The economic validity can 

only be established by comparing the benefit cost ratio of each option. CBA attempts 
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to provide a measure of the benefits derived from a project compared with the cost of 

the project. 

 

The nature of investment proposals varies, as does their cost and community and 

environmental impact. Thus the scope and scale of an economic evaluation will need 

to vary according to the cost and impact of the proposed investment. For example, a 

small scheme in a remote area is likely to have (fewer) consequences than a large 

scheme in a densely populated or environmentally sensitive area (RTA, 1999). 

 

CBA is an economics-based approach that considers the merits of a project from the 

viewpoint of the community at large rather than that of the organisation responsible 

for the project. CBA often takes into account costs and benefits that have no direct 

market price, and therefore the prices have to be inferred (RTA, 1999). Regardless of 

the scope and scale of the evaluation, the role of the analyst is to provide the decision-

maker with relevant, timely and accurate information. From this, a decision can be 

made considering all aspects of the proposal (RTA, 1999). 

 

Benefit Cost Ratio (BCR): The present value of benefits divided by the present value 

of costs, where benefits refer to present value of road-user benefits, and costs refer to 

present value of initial capital investment and recurring operating and maintenance 

costs in line with the whole-of-life concept. If the project or project option is expected 

to result to reduced maintenance expenditures, this is treated as a reduction in total 

cost in the denominator, while an increase in maintenance cost will increase total 

costs. The BCR is calculated as in equation 3.2.3. 

 

 PV of Road User Benefits 

 BCR =  _________________________________________ .....................3.2.3 

 PV of Capital costs +/- PV of change in O&M Costs 

 

A BCR greater than 1 (one) indicates that the project has economic merit. This means 

that the present value of benefits exceeds the present value of costs. 



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

56

(d) Cost Effective Analysis 

Cost Effective Analysis (CEA) is normally used when it is difficult to quantify the 

benefits or when the benefits are the same for all options. A CEA aims to identify the 

least cost option with costs defined and discounted in the same manner as in a CBA. 

The technique for valuing costs will be the same as for CBA. Benefits are not ignored 

even if they cannot be quantified or valued. For example, CEA could be used when 

the objective is to reduce the level of emissions from motor vehicles. The reduction in 

emissions may be measurable but not subject to valuation in monetary terms. 

However the benefits arising from vehicle emissions reduction need to be identified 

and assessed in relation to quantified benefits and costs (RTA, 1999). 

 

(e) Internal Rate of Return 

The internal rate of return (IRR) is a capital budgeting method used by firms to decide 

whether they should make long-term investments. The IRR is defined as any discount 

rate that results in a net present value of zero, and is usually interpreted as the 

expected return generated by the investment. In general, if the IRR is greater than the 

project's cost of capital the project should be accepted, though there are occasional 

problems in using this rule. 

 
As an investment decision tool, the calculated IRR should not be used to rate mutually 

exclusive projects, but only to decide whether a single project is worth investing in. In 

cases where one project has a higher initial investment than a second mutually 

exclusive project, the first project may have a lower IRR (expected return), but a 

higher NPV (increase in shareholders' wealth) and should thus be accepted over the 

second project. A method called (modified) IRR can be used to adapt the IRR 

methodology to this case. 

A critical shortcoming of the IRR method is that it is commonly misunderstood to 

convey the actual annual profitability of an investment. However, this is not the case 

because intermediate cash flows are almost never reinvested at the project's IRR; and, 

therefore, the actual rate of return (akin to the one that would have been yielded by 

stocks or bank deposits) is almost certainly going to be lower.  
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3.2.3 Major cost components in LCC 

 
(i) Purchase price or cost of construction 

The cost of an asset is the cost of construction plus the annual maintenance cost 

multiplied by the estimated lifetime multiplied by the discount factor. Various 

structure types will have to be considered during the design stage in relation to the 

construction and maintenance cost to get the best value for money. Sophisticated 

computer software is available to select the best product to suit the situation based on 

LCC. Many are developed by the manufacturers to demonstrate how much their 

product is value for money, and some are developed by government authorities as a 

tool for day-to-day evaluation of options based on LCC for procurement. One in 

particular, developed by the National Institute of Standards and Technology, US 

Department of Commerce, is a computer program, Bridge LCC, which allows the 

engineer to go through the process of designing, building, maintaining and eventually 

disposing of two functionally equivalent bridges made of the competing alternative 

materials such as steel and concrete (Ehlen, 1999). 
 

(ii) Annual maintenance cost 

The first goal, knowing that the smallest of actions today will have an impact on the 

future, is to develop a detailed long-term plan of construction work for each bridge 

and highway segment and related costs (Melewski, 1997). This plan will assist the 

managers in envisioning the future, so that annual programs and short-term project 

scoping for contract and maintenance work are based on ‘lifecycle costs’. In other 

words, the annual programs are the most cost efficient approach for the road 

authorities in the long run. A simple comparison at the New York State Thruway: two 

painting scenarios for its bridges were compared in 1996 to demonstrate the benefits 

of lifecycle engineering. One scenario addressed bridge painting only, while the other 

considered the remaining lives of all major bridge components. The 10-year total 

expenditure differential between the two scenarios was more than US $1M 

(Melewski, 1997). This clearly demonstrates that there are substantial cost savings in 

evaluating whole of life expenditure for alternative solutions using LCC and 

determine the most cost effective one in terms of remaining life and reduced cost of 

maintenance. 
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Investment in a well-built project can in turn achieve significant savings in running 

costs. Money spent on a good design can be saved many times over in the 

construction and maintenance costs.  

 

An integrated approach to design, construction, operation and maintenance with 

input from constructors and their suppliers can improve health and safety, 

sustainability, design quality, increase build ability, drive out waste, reduce 

maintenance requirements and subsequently whole-of-life costs (OGC, 2003). 

 

(iii) Disposal, replacement or upgrade costs 

The disposal cost is a component very often ignored or underestimated. Many old 

buildings contain products that have been used during construction which are 

currently a hazard or environmentally not acceptable. These are building materials 

such as asbestos or toxic preservatives used in timber and that can cause serious 

health problems. In addition, demolition and dismantling is a much more sophisticated 

process that requires prior planning and design owing to increase of population and 

urbanisation, resulting in many safety requirements that need to be met. These works 

are carried out by only a hand full of specialist companies; this adds to the cost owing 

to the use of appropriately trained personnel to carry out this task. The same can be 

said for replacement or upgrade, and hence this cost component will have to be 

carefully estimated and added to the overall LCC. Some disposals will require 

reinstatement of the site by removal of contaminants etc. This can lead to very high 

disposal costs. 

 

(iv)  Salvage costs 

This component is simply the cost of what can be saved during disposal of the facility 

in the way of reusable or recyclable material. At the end of the life cycle the residual 

value of the asset can be estimated and future options for the facility can be 

considered. If the decision is for demolition there is a negative cost, but if it is 

conversion and reuse there is a salvage value that should be considered. 
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(v) Total LCC 

 

Total Life Cycle Cost can be expressed in the following form (Ballesty et al., 2004): 

 

LCC = (AC – TD) + (OC + RC) – RV……………………………3.2.4 

 

 AC = Initial asset acquisition  

 TD = Tax depreciation entitlements 

 OC = Operating and maintenance costs 

 RC = Replacement disposal and upgrade costs 

 RV = Residual salvage value. 

 

3.2.4 Life expectancies 

The most significant and least readily appreciated variable is the need to determine 

appropriate LCC periods for each facility or product considered for replacement or 

construction. Life expectancies and their relative perception may be particularly 

difficult to forecast owing to premature obsolescence related to one or more of the 

following issues interpreted in terms of their applicability to bridges (Ballesty et al., 

2004). 

 

Physical: The physical life of a facility is the period from construction to the time 

when a bridge is physically derelict. In reality, most bridges never reach this point as 

they are demolished or refurbished for various reasons. 

 

Economic: The economic life of a bridge is the span of time after which continued 

use of the bridge is considered to be the least cost effective option. 

 

Functional: The functional life of a bridge is the period from regular use to when it 

ceases to be functionally efficient or ‘fit for purpose’ or becomes under capacity or 

unsafe to use. For many users or occupiers functional reuse or flexibility is a real 

issue. Functional and economic obsolescence are often closely related. 
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Technological: This occurs when a bridge or its components are no longer 

technologically superior to alternatives and replacement is undertaken because of 

expected lower maintenance costs. 

 

Social: Community values or heritage requirements can lead to the need for a bridge 

to be renovated or replaced owing to environmental and social concerns which give 

rise to the obsolescence. 

 

Legal: Revised safety regulations, design standards, compliance issues or emerging 

case law may lead to legal obsolescence.  

 

It is obviously impossible to provide precise rules for assessing the appropriate 

evaluation period. Economic and functional considerations generally predominate, but 

this will vary with client requirements. In a majority of cases economic life is less 

than physical life, i.e. a commodity becomes useless before it falls over (National 

Public Works Conference, 1988). This should be determined on a case-by-case basis, 

and depends on the time of evaluation since the needs and appropriateness will vary – 

and hence the useful life of the asset. 

 

3.2.5 Discounting 

When evaluating building projects in terms of their environmental impact, 

consideration needs to be given to all the costs and benefits that flow from the 

decision over the life of the project. This immediately raises the question of how to 

equate costs and benefits that occur at different time periods. Discounting is a 

technique that has been developed to adjust for the effects of time by recognising a 

preference for events that occur in that far future (Langston, 2005). 

 

The rate of discount is critical to the evaluation process and the validity of the 

outcome. Much therefore relies on the integrity of the discounting process, and its 

further understanding will significantly contribute to knowledge in the field. 

Discounting must facilitate the equitable assessment of both present and future events. 

A discounting conceptual framework depicting the role and the basis of discounting in 

life-cost studies is shown in Fig.E3.2.2 (Langston, 2005). This shows the factors 

involved in determining the percentage of discount. 
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The rates can be related to market interest rates; however, this is questioned as a basis 

that the discounting process is complex, and can involve in taking a view on multiple 

factors such as Consumer Price Index (CPI), inflation rates, equity rates, bond rates, 

taxation rates and affordability rates. Rates as set out by NSW Treasury guidelines for 

economic appraisal of capital works are: 4% p.a. as the rate with a sensitivity analysis 

of 7% and 10%. It should be noted that high rates of discount can lead to the 

escalation of low capital cost and high operating cost because expenditure in future is 

significantly diminished in value. 

 

3.2.6 Capitalisation 

Capitalisation is a process that is used to stocktaking the assets on a network. Bridge 

assets are recorded in square metres of deck area. The capital value of a bridge is 

based on its replacement value that is calculated in terms of the deck area multiplied 

by the cost of replacement per square metre for each type of bridge structure. This is 

an annual process carried out to estimate the current asset value of the bridges. Before 

the capitalisation is carried out, the bridge inventory is updated to have the correct and 

most up-to-date information. This is done by the inputting of information on recent 

improvements and replacements in the network. The strategies adopted to improve the 

network should reflect in the overall capital value of the network. The impact of any 

strategy that is proposed for improvements in the infrastructure can be forecasted and 

a mathematical model can be developed to predict this impact on the total capital 

value of the network. 

 

3.2.7 Summary 

In this section all the components that will be used in LCC have been clearly 

explained. These components are expressed in equation 3.2.4; in summary they are: 

initial asset acquisition (AC), operating and maintenance costs (OC), tax depreciation 

entitlements (TD), replacement disposal and upgrade costs (RC) and residual salvage 

value (RV). The relevance of each component is explained in terms of bridge 

upgrading or replacement. In addition, the discounting process is used to facilitate the 

equitable assessment of both present and future events and to estimate these costs in 

present dollar value. The LCC will be used to cost the upgrading options for 

individual bridges and used to estimate the overall cost of upgrading routes to 

compare alternative routes to decide which route is more economical to upgrade.  
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3.3 Operational Research 

3.3.1 General 

Operations Research (OR) is defined by Morse and Kimball (1951) to be 

a scientific method for providing executive departments with a quantitative 

basis for decisions regarding operations under their control. 

That is,  

all the variations of abstracting a problem and putting it into mathematical form. 

This includes the people who are inclined to be mathematicians who are trying 

to solve these abstract problems all the way down to people who have the real 

problem (Nazareth, 2005).  

The contribution of OR, in particular the mathematical programming involving Linear 

Programming and integer Linear Programming, will be discussed here. Their 

suitability and application, citing examples, and the available software for analysis 

and decision making, also will be discussed. 

 

3.3.2 Algorithm 

An algorithm is a step-by-step procedure that solves a class of problems. In the 

context of mathematical programming, one can define a problem class by explicitly 

specifying its mathematical structure. For example, the class of ‘Linear Programming 

problems’ are all problems in which one maximises (or minimises) a linear objective 

function subject to linear equality constraints where all variables are restricted to be 

non-negative. If, in addition, some (but not all) variables are restricted to being 

integers, then one has the class of ‘mixed integer Linear Programming problems’. If 

all variables are restricted to being integers, the class of problems is ‘pure integer 

programming problems’. 

 

3.3.3 Catalogue of mathematical programming 

A catalogue for mathematical programming consists: Linear Programming (LP), 

Integer Programming (IP), Mixed Integer Programming (MIP) and Dynamic 

Programming (DP) which will be discussed in detail below. 
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Mathematical programming is the study of or use of a mathematical program. It 

includes any or all of the following (Greenburg, 1999): 

 

1 theorems about the form of a solution, including whether one exists 

2 algorithms to seek a solution or ascertain that none exists 

3 formulation of problems into mathematical programs, including understanding the 

quality of one formulation in comparison with another 

4 analysis of results, including debugging of situations such as infeasible or 

anomalous values 

5 theorems about the model structure, including properties pertaining to feasibility, 

redundancy and/or implied relations (such theorems could be to support analysis 

of results or design of algorithms) 

6 theorems about approximation arising from imperfections of model forms, levels 

of aggregation, computational error, and other deviations 

7 developments in connection with other disciplines, such as a computing 

environment.  

 

3.3.4 Linear programming (LP) 

(i) Introduction 

A brief history of Linear Programming (LP) is enlightening (Albright et al., 2003). 

Mathematically, every LP problem optimising a linear function is subject to several 

linear constraints, expressed as linear inequalities or equalities. For example, the 

objective might be making profit or savings and the constraints might be an upper 

limit on resource availabilities. Until World War II (WWII), mathematicians knew a 

great deal, at least theoretically, about systems of linear equations and inequalities. 

They realised that a huge number of arithmetic operations are necessary to solve such 

systems and, without computer power, humans are not able to perform the required 

calculations in a reasonable amount of time. Therefore no-one seriously considered 

their potential usefulness. 

 

During WWII, however, two things fortunately came together (Albright et al., 2003). 

First, complex military logistics problems arose that could be modelled as LP 

problems (although the name ‘Linear Programming’ did not yet exist). Second, 

computers were just being developed. All that was needed was a method for solving 
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this new class of problem – a method that could take advantage of computer power. 

Historically, the general problem of Linear Programming was first developed and 

applied in 1947 by Dantzig, Wood, and their associates of the US Department of the 

Air Force. At that time, this group was called on to investigate the feasibility of 

applying mathematical and related techniques to military programming and planning 

problems (Gass, 1975). It involved a systematic, arithmetic-intensive search through 

the set of all possible solutions for the solution that optimised a given objective. The 

simplex method appeared to work efficiently on the problem he tried and it was not 

too difficult to program on a computer (Albright et al., 2003). 

 

The surprising thing is that Dantzig’s method, with relatively minor modifications, is 

still the most important solution method for LP problems. For reasons that are not 

entirely understood – even by mathematicians – it works quickly on problems that are 

orders of magnitude larger than any problems Dantzig could have imagined in the 

early days. All large companies now own (or have access to) a commercial version of 

the simplex computer code. Recently an entirely different type of solution method, 

developed by Narendra Karmarkar at Bell Labs (Albright et al., 2003), has emerged as 

a competitor to the simplex method, particularly for extremely large problems 

(Albright et al., 2003). 

 

This research in particular concentrates on the need to upgrade bridges in terms of 

their capacity, and estimating the cost of upgrading for various options best suitable 

for repair or collectively for the whole route. The decision will also be influenced by 

the existing heavy vehicle traffic and the location of their manufacturing, supply and 

distribution network, etc. Linear programming is a tool used as part of operations 

research conducted to gain efficiencies. This is used in transport networking in terms 

of volume of goods transported, shortest distance required to travel, and location of 

storage and supply points. This results in the ability to market goods at a lower price. 

There are many cost components in bringing a product to the retailer. This includes 

the cost of manufacturing, marketing, transporting, and making it available at retail 

outlets.  

 

Most of the LP problems solved were transportation problems, which are problems in 

combinatorial optimisation (Lowler et al., 1985). This can easily be explained by a 
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sample problem: the need to ship automobiles arises from the fact that they are 

produced in a limited number of assembly plants – typically only one or two plants 

produce a particular vehicle – and are sold throughout the country. Thus cars need to 

be shipped from assembly plants to dealers for sale to customers (Hall, 2003). By the 

use of LP an efficient solution to the problem of moving manufactured vehicles to the 

supply points can be found considering the constraints involved. 

 

(ii) Stages in linear programming 

In general the complete solution of a problem involves three stages. The first stage is 

to enter all of the inputs, trial values for the changing cells, and nonlinear relating 

these in a spreadsheet. This is called ‘formulating the model’. This stage is the most 

crucial because it is here that all of the ‘ingredients’ of the model are included and 

related appropriately. 

 

In particular, the spreadsheet must include a formula that relates the objective to the 

changing cells, so that if the values in the changing cells vary, the objective value 

varies accordingly. Similarly, the spreadsheet must include expressions for the various 

constraints (usually their left-hand sides) that are related appropriately to the changing 

cells. 

 

After the model is formulated it can be preceded to the second stage that is, invoking 

‘Solver’, routine in MS-Excel. At this point one formally designates the objective cell, 

the changing cells and the constraints, and the Solver can find the optimal solution. If 

the first stage has been done correctly, the second stage is usually very 

straightforward. 

 

The third stage is sensitivity analysis. In most model formulations of real problems, 

‘best guesses’ are made for the numerical inputs to the problem. There is typically 

some uncertainty about quantities such as unit prices, forecast demands, and resource 

availabilities. When the Solver is used to solve a problem, the best estimates of these 

quantities are used to obtain an optimal solution. However, it is then important to see 

how the optimal solution changes as the selected inputs are varied. This third stage is 

very important. Many believe that the work is complete once the model is optimised 

in stage two. However, in many real-world optimisation problems, important insights 
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are obtained from the model only after a thoughtful series of sensitivity analyses 

(Albright et al., 2003). Examples in F3.3.1 and F3.3.2 demonstrating all three stages 

have been included in Appendix F. 

 

(iii) Linear programming model 

A Linear Programming problem is a mathematical model in which one attempts to 

optimise a linear objective function subject to a set of linear constraints. However, in 

numerous applications, it may be necessary to specify that certain variables can only 

assume integer values (Greenberg, 1999). 

 

For example, a Linear Programming model might appear as: 

 

 Maximise profit = 7x1 + 10x2 ...............……………………………….…… 3.3.1 

 

Subject to x1+x2 10≤ …..…………………………………………… 3.3.2 

 

 3x1 –x2 ≥  4……………………………………………….. 3.3.3 

 

 x1 ≥  0 …………………………………..……………… 3.3.4 

 

 x2 ≥  0 …………………………………..……………… 3.3.5 

 

Here, the measure of performance to be optimised is profit, as presented by function 

3.3.1. Such a function is termed the objective function. The rest of the model, 

functions 3.3.2 through to 3.3.5, comprises the constraints. Traditionally, LP models 

have been used for single-objective functions but lately they are used for multi-

objective programming (Ignisio et al., 1994). 

 

(iv) Simplex method 

As mentioned before, mathematically every LP problem involves optimising a linear 

function subject to several linear constraints, expressed as linear equalities or 

inequalities as shown in the above example. For instance, the objective might be 

profit, and the constraints might be upper limits on resource availabilities.  
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During World War II, two things unexpectedly came together. First, complex 

military logistics problems arose that could be modelled as LP problems. 

Second, computers were just being developed. Although based on ideas, 

notions, and work of numerous earlier investigators, the first truly 

comprehensive and effective approach to both the modelling and solving of 

Linear Programming problems was developed by George Dantzig and his 

colleagues in 1947 as mentioned before by introducing a method called the 

simplex method (Ignisio et al., 1994).  

 

The surprising thing is that Dantzig’s method, with relatively minor modifications, is 

still the most important solution method for LP problems (Albright et al., 2003). This 

is a more advanced Linear Programming technique used to solve complex Linear 

Program problems. It involves a systematic, arithmetic-intensive search through the 

set of all possible solutions for the solution that optimises a given objective. This 

model identifies an initial feasible solution and repeats the solution process, making 

successive improvements until the optimal solution is found.  

 

(iv) Disadvantages of LP and ways to overcome 

The disadvantage in LP is that several approximations will have to be made in solving 

a problem. For example, the selling price per unit of a product in a marketing situation 

decreases in a nonlinear fashion as the number of units purchased increases. Thus in 

formulating real-life problems as LPs several approximations need to be made. It has 

been found that most real-life problems can be approached very closely by suitable 

linear approximations. This, and the relative ease with which LPs can be solved, has 

made it possible for Linear Programming to find a vast number of applications 

(Murty, 1983).  

 

The linearity assumptions may not hold exactly in practical applications, but they may 

lead to reasonably good approximation of the actual problem. LP models tend to be 

stable, so small errors in the data lead to small errors in the optimum solution. Also, 

practitioners never really accept the optimum solution from a single run for the model 

as the solution to be implemented. They usually solve the model several times, with 

different likely sets of values for the data, and watch how the optimum solution 

changes. This usually reveals which coefficients are critical, and they can then try to 
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obtain more precise estimates for those coefficients and run the model again. The 

optimum solutions obtained under the various runs provide a guideline for choosing a 

final solution that is the best one to implement, using the practitioner’s knowledge 

about the problem (Murty, 1983). 

 

Linear programming is a powerful and remarkably versatile tool, but it is certainly not 

a cure-all and admittedly there is a host of problems for which it is simply not 

appropriate. Further, there are problems of such size and complexity that although of 

‘proper form’, they exceed the capabilities of the methodology even when 

implemented on the most powerful computers. Such problems are most typically dealt 

with by means of heuristic methods or heuristic programming. Although not 

guaranteeing optimal solutions such procedures do generate (if properly constructed) 

acceptable results (Ignisio et al., 1994). 

 

The important requirement in LP or mathematical programming in general is that all 

the variables will have to be identified. Correct data should be entered into the model 

to get more appropriate solutions. This will involve in a manufacturing, collection and 

distribution situation the collecting or having available correct information such as 

factory outputs, supply centre capacities, and demands at outlets. Theses parameters 

are very likely to vary very frequently, resulting in loss in efficiency. In coordinating 

transporting needs it is necessary to feed accurate information into the mathematical 

models to get the correct output. They are controlled by individual operators or 

manufacturers and very often owing to day-to-day manufacturing problems such as 

plant breakdown, labour shortage, absenteeism, having different company policies in 

terms of holidays, working hours etc. The proposed application of LP in infrastructure 

development and upgrading is not directly similar but the overall requirements at 

manufacturing level, such as cost of transport, distance, and haulage volume need to 

be considered when designing infrastructure networks. 

 

3.3.5 Integer programming  

 

(i) Introduction 

In linear models the decision variables are assumed to be continuous. That is, it is 

assumed that the divisibility assumption holds and non-integer values for the decision 
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variables are acceptable. An integer Linear Programming problem is simply a Linear 

Program in which some or all of the variables are restricted to integer values. 

Typically, these models are called simply integer programming models, because the 

term ‘linear’ is seldom used except to contrast the models with integer nonlinear 

programming models (Greenberg, 1999). 

 

Because of the ease with which the Linear Programming models are solved, it may be 

assumed that integer programming problems can be approached in a similarly 

straightforward manner. However, the integer programming problems are 

combinatorial problems, and generally much more difficult to solve than Linear 

Programming problems. In fact, there is no single algorithm that can be applied to all 

linear integer programming problems as the simplex algorithm was used to effectively 

solve any Linear Programming problem (Ignisio et al., 1994). 

 

If all the variables must assume only integer values, then the problem is called a pure 

integer programming model, whereas if some of the variables are restricted to integer 

values and others remain continuous variables, the problem is referred to as a mixed 

integer programming model (Greenberg, 1999). The software listed in Table F3.3.3 

included in Appendix F contains models in Linear Programming, pure integer 

programming, mixed integer programming, and or combination of these. 

 

Several algorithmic strategies are presented for solving integer programming 

problems. These include branch-and-bound enumeration, implicit enumeration, and 

cutting plane methods, but generally large-scale integer programming problems can 

still only be solved approximately by heuristic methods (Ignisio et al., 1994). A two-

dimensional graphical process illustrated for a pure integer programming model with 

two variables is given below: 
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(Ignisio et al., 1994) 

 

Fig. 3.3.1 Graphical solution 
 

Consider the following pure integer programming problem (Ignisio et al., 1994): 

 

Maximise z = -x1 + 4x2 ………………………………………………………… 3.3.6 

 

Subject to: 

-10x1+20x2 ≤  22………………………………………………………………... 3.3.7 

5x1 + 10x2 ≤  49………………………………………………………………… 3.3.8 

8x1 – x2 ≤ 36 …………………………………………………………………… 3.3.9 

x ≥  0, x integer …………………………………………………………………3.3.10 

 

As shown in Fig. 3.3.1 the feasible region is identified. It can be initiated in the usual 

manner by finding the intersection of the half-planes defined by the linear constraints. 

Although these linear constraints form a convex set, the addition of the integer 

restrictions results in a discrete set of integer points within this convex set. This 

discrete set of points represents the feasible region that yields the maximum value of 

the objective function. As usual, the direction of improving z can be identified by 

examining the gradient of the objective function, z = f (x1, x2) = -x1 + 4x2. 

 

1

2 

4 

3 

1 2 3 4

x 1 

x 2 
5

z = 6 

z = 8.2 

(2, 2) Integer Optimum 

Continuous Optimum (3.8, 3) 
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For the above example, this results in: 
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This gradient vector is illustrated graphically in Fig. 3.3.1. The level curves of the 

objective are normal to this vector. Sliding the level curves in the direction of 

increasing z, it can be seen that the optimal integer solution is: 

 

 x1 = 2 

 x2 = 2 

 z = 6 

 

 

Where as the optimal solution of the LP relaxation is: 

 

 x1 = 3.8 

 x2 = 3 

 z = 8.2 

 

Clearly, the optimal objective of the LP relaxation provides an upper bound for the 

optimal objective of the integer program. Rounding the LP solution results in the 

solution (4, 3), which is not only infeasible, but also nowhere near the optimal integer 

solution of (2, 2) (Ignisio et al., 1994). 

 

(ii) Branch and bound 

Branch and bound, implicit enumeration methods, solve a discrete optimisation 

problem by breaking up its feasible set into successively smaller subsets, calculating 

bounds on the objective function value over each subset, and using them to discard 

certain subsets from further consideration. The bounds are obtained by replacing the 

problem over a given subset with an easier (relaxed) problem, such that the solution 

value of the latter bounds that of the former. The procedure ends when each subset 

has either produced a feasible solution or has been shown to contain no better solution 
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than the one already in hand. The best solution found during the procedure is a global 

optimum. 

 

(iii) Cutting plane 

If an optimal solution to Linear Programming problem exists, the simplex algorithm 

always finds an extreme point optimum. This is the basic motivation for cutting-plane 

methods. Constraints (or cutting planes) are successfully added to the LP relaxation of 

an integer programming problem in such a way that the current integer optimal 

extreme point is cut away or made infeasible. By proceeding in this manner, a new 

convex set is constructed that eventually has an integer point as an optimal extreme 

point. Thus an optimal integer solution can be found by solving a sequence of Linear 

Programming models. 

 

3.3.6 Mixed integer programming 

An integer Linear Programming problem is simply a Linear Program in which some 

or all the variables are restricted to integer values. If some of the variables are 

restricted to integer values and others remain continuous variables, then the problem 

is referred to as mixed integer programming problem. 

 

3.3.4 Dynamic programming 

Dynamic Programming is an approach developed to solve sequential, or multi-stage, 

decision problems – hence the name ‘dynamic’ programming. But, as can be seen, 

this approach is equally applicable for decision problems where sequential property is 

induced solely for computational convenience. Unlike other branches of mathematical 

programming, one cannot talk about an algorithm that can solve all dynamic 

programming problems. For example, George Dantzig’s Simplex Method can solve 

all Linear Programming problems. Dynamic programming, like the branch and bound 

approach, is a way of decomposing certain hard-to-solve problems into equivalent 

formats that are more amenable to solution. Basically, what dynamic programming 

approach does is that it solves a multi-variable problem by solving a series of single-

variable problems. 

 

The recursive technique of dynamic programming has also been applied to the 

Travelling Salesman Problem (TSP) (Bellman, 1962; Held & Karp, 1962). Owing to 
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its enormous storage requirements, dynamic programming can only solve relatively 

small problem instances. However the method has useful theoretical running time 

characteristics and is the basis for an effective bounding procedure in practical routing 

algorithms (Lowler et al., 1985). 

 

3.3.8 Heuristic programming 

Heuristic Programming (HP) involves finding a solution to a problem using 

operations from a given set of basic operations, where such a solution is produced in a 

finite number of steps. However, unlike an algorithm, heuristic programming cannot 

guarantee the optimal solution. Although the simplex method is an efficient tool for 

the solution of large-scale, linear, continuous models, algorithms for networks and 

more general integer programs are not nearly so robust or efficient (Ignisio et al., 

1994). There are of course exceptions – such as the application of the network 

simplex to certain classes of models that may be represented by specific types of 

networks. For real-life massive-size problems it is necessary to move from the use of 

algorithms to the employment of heuristic procedures or heuristic programming 

(Ignisio,1980). This will not be discussed in detail here. 

  

3.3.9 Comparison between linear programming and integer programming 

The related problem of integer programming (or integer Linear Programming, strictly 

speaking) requires some or all of the variables to take integer (whole number) values. 

Integer programs often have the advantage of being more realistic than LPs, but the 

disadvantage of being much harder to solve. The most widely used general-purpose 

techniques for solving IPs use the solutions to a series of LPs to manage the search for 

integer solutions and to prove optimality. Thus most IP software is built upon LP 

software. 

 

The difference in IP and LP can be explained by considering the manufacture of 

television sets. A Linear Programming model might give a production plan of 205.7 

sets per week. In such a model, most people would have no trouble stating that 

production should be 205 sets per week (or even ‘roughly 200 sets per week’). On the 

other hand, suppose one was buying warehouses to store finished goods, where a 

warehouse comes in a set size, then a model that suggests one purchase 0.7 

warehouses at some location and 0.6, somewhere else would be of little value. 
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Warehouses come in integer quantities, and one would like the model to reflect that 

fact. 

 

3.3.10  Application to transport infrastructure network 

 

(i) Introduction 

An efficient transport infrastructure network is required to transport manufactured 

goods to the outlet points. These manufacturing, storage and outlet points can be 

multiple. Suppliers are grouped together into what is called a run: a sequence of 

suppliers which are visited by a truck in a specific order. Traditionally, schedules are 

prepared to connect these manufacturing, storage and outlet points and carry out the 

operation in a specific order to achieve maximum efficiency, which includes complete 

sets of runs for each shift of the transport operator. The runs must be developed and 

then allocated to the points so as to satisfy the demands of each point. This also 

involves assigning a transport truck for each run. Traditionally, schedulers have used 

a large-scale map of their catchment areas, together with coloured pins displaying the 

outlet and distribution points, to manually create schedules for the transport trucks.  

 

These trucks can be of different sizes, the sizes depending on the road network and 

their capacity. Transport companies will always try to maximise the road network 

capacity to increase their transport volume. This is achieved by using the most 

efficient trucks and developing run schedules. The road network capacity is limited by 

the load carrying capacity of the bridges. This will be an added dimension that will 

have to be included in developing most efficient running schedules. Therefore the 

running schedules do not only depend on manufacturing, storage and outlet points but 

also depend on the road network capacity – hence the bridge capacities that are 

directly related to the capacity of the trucks being used between these points.  

 

Some companies have a specific fleet of trucks and their business heavily depends on 

the size and quality of the fleet that they have; and that will need to be regularly 

reviewed and upgraded to maximise transport efficiency. This will involve the amount 

of capital that is required to maintain the fleet at an efficient level. To consider the 

entire variables discussed above and optimise the return for the transport industry as a 

whole, and bring savings to the customers at the receiving end, manual scheduling of 
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delivery runs is not going to help. This is where a mathematical approach is required 

to develop optimum solutions. The transport companies should be able to update this 

on a regular basis to accommodate changing demands. 

 

A simple example explains this (Hall, 2003):  

 

Suppose that between points there are two highways, one of which is broad 

enough to accommodate without crowding all the traffic which may care to use 

it, but is poorly graded and surfaced, while the other is a much better road, but 

narrow and quite limited in capacity. If a large number of trucks operate 

between the two termini and are free to choose either of the two routes, they will 

tend to distribute themselves between the roads in such proportions that the cost 

per unit of transportation, or effective returns per unit of investment, will be the 

same for every truck on both routes. As more trucks use the narrower and better 

road, congestion develops, until a certain point it becomes equally profitable to 

use the broader but poorer highway. 

 

(ii) A real-life situation faced by dairy companies 

The above situation can be related to a real-life situation (Basnet et al., 2005), in 

which New Zealand dairy companies were faced with the question of how to 

efficiently collect milk from their supplier farms, using road milk tankers, and have it 

delivered to their factories for processing. The dairy companies operate one or more 

factories, each of which has daily demand for milk that must be satisfied. They also 

operate fleets of milk tankers over two shifts per day. Each company has contracts 

with hundreds of farmers (suppliers) to supply milk, usually (but not always) daily, to 

the company. The amount of milk produced by each supplier has seasonal and daily 

variations and must be estimated. The company’s vehicle schedulers operate the 

tanker fleet within location, budget and other constraints attempting, among other 

objectives, to minimize the cost per litre of milk delivered to the factories. In this 

situation a PC-based Decision Support System (DSS) called FLeetManager that 

addresses the milk tanker routing scenario in the New Zealand dairy industry, 

incorporating vehicle routing and judgemental models (Basnet et al., 2005). The 

purpose of the system is to help the vehicle schedulers of a dairy company build the 
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schedules using their experiences and preferences. The system can also be used as a 

strategic planning tool. 

 

The solution to this type of problems is two-way where a solution can be found for an 

existing logistic problem, but in terms of road infrastructure where large sums of 

money are involved it is important this type of analysis is done at the planning stage. 

This should be done globally in such a way that even the manufacturing industrial 

estates can be located at pre-planned locations and the road infrastructure can be built 

to coincide with freight terminals such as airports, shipping ports and railway 

terminals. This can be regulated by restricting planning approvals to designated 

industrial areas. It is quite similar to subdivision developments where all the services 

are provided for a housing estate and lots are determined well before they are sold for 

house building. This suggestion is opposite to finding a solution to an existing 

situation. 

 

When one considers the big picture, LP modelling certainly will bring in efficiencies 

resulting in near optimum solutions. This statement is in the context of what is being 

done currently and in comparison with what can be done in a rational way to prioritise 

upgrading requirements and allocate the limited funds in a very efficient way. The 

application of LP will certainly provide greater efficiency at sub-network level, hence 

the combined global benefit. In terms of improvement to transport infrastructure it 

will give the correct answers for upgrading the network, whether it be having bridges 

with adequate capacities or having a vehicle fleet that will suit the capacity 

availability in the transport network. 

 

(iii) Travelling salesman problem 

It was clear at the time of its publication that ‘Solution of a large-scale travelling-

salesman problem’ was a very substantial achievement, even though the authors 

scrupulously and accurately refused to claim the development of a general algorithm 

(Lowler et al., 1985). But it is remarkable, reading it retrospectively, how much of the 

scope and philosophy of later developments of combinatorial optimisation are 

envisaged in this successful attack on one instance of the TSP. TSP is a classical 

problem in Operations Research, and has received considerable attention. It has vast 

applications in sequencing series of jobs or routes. TSP is described as below: 
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Starting from his home town, a travelling salesman wants to visit a series of 

cities just once, and finally return to his home town. The problem is to 

determine the best sequence for visiting these cities so that the total cost (total 

distance or total time travelled) is minimised. Despite the simplicity of the 

problem’s scope, the solution to this problem is very challenging and falls 

among one of the most computationally intensive combinatorial problems 

(Bazargan, 2004). 

 

(iv) Airline operations scheduling 

Airlines have been using Operations Research techniques since the 1950s (Barnhart & 

Talluri, 1997). The vast contribution of these models led to the establishment of OR 

departments in many airlines, saving them millions of dollars (Bazargan, 2004). The 

Airlines Deregulation Act of 1978 in the US paved the way for structural changes in 

the airlines industry. The airlines were no longer protected and if they wanted to stay 

in the market they had to work more intelligently. The operations models have had 

tremendous impact on planning and managing operations within airlines such as flight 

scheduling, fleet assignment, aircraft routing, crew scheduling and manpower 

planning and further extended to problems such as revenue management and gate 

assignment, etc. The advances in computer technology and optimisation models 

resulted in tackling more complex problems and solving them in a much shorter time 

span within the airlines. 

 

(v) Minimum cost network flow models (MCNFM) 

The transportation model is a special case of the Minimum Cost Network Flow 

Models (MCNFM). In general sense, this class of problems entails sending ‘goods’ 

along the arcs of a network at minimal cost when there are capacity restrictions on 

some or all of the arcs. In Fig. 3.3.2 the network setup of typical MCNFM is 

illustrated. 
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Fig. 3.3.2 A typical minimum cost network model (MCNFM)  

 

The circles (called ‘nodes’) indicate locations such as cities. The arrows (called ‘arcs’) 

indicate roads, rivers, rail lines, and so on, on which goods can be transported. The 

nodes can be divided into three groups such as suppliers, demanders, and 

transhipment points. These are denoted in Fig. 3.3.2 by S, D and T. For example, node 

3 is a supplier, and it can supply as much as 300. Node 8 is a demander, and it 

requires at least 200. In contrast, node 5 is transhipment point; goods only flow 

through this node. It can be noted that it is possible for supplier 1 to ship 50 to 

supplier 3 and for supplier 2 to ship 100 to supplier 3, and then for supplier 3 to ship 

as much as 450 out of nodes 5 and 6 (even though only 300 originate at supplier 3). 

Therefore, it is more appropriate to refer to the net supply at any supply node (and 

similarly the net demand at the demand node) (Albright et al., 2003). 

 

(vi) Other applications 

Despite the fact that the TSP model applies directly to a very useful situation where a 

salesman wishes to minimise his travel distance, most of the reported applications are 

quite different – such as vehicle routing, computer wiring, cutting wallpaper, job 

sequencing etc. Linear programming is a mathematical programming and optimisation 

technique which has been widely used in business and industry for many years. It 
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involves allocating scarce resources on the basis of a given criterion of optimality. 

Most often, this criterion is either maximum margin or minimum cost. 

 

(vii) Demonstrating linear programming 

Examples F3.3.1 and F3.3.2 included in Appendix F, very clearly demonstrate the 

benefits of LP. 

 

3.3.11  Software application 

(i) General 

There are many software packages available for decision making using mathematical 

programming. A list of software, in tabulated form, that has been available on the 

market has been prepared and included as Table F3.3.3 in Appendix F. The software 

applications vary from simple spreadsheet programs to more sophisticated programs 

with a chain of solvers to refine the answerers to be more accurate with pre- and post-

solvers. Simple student versions for research purposes are also available via Internet 

and downloadable for immediate use. The choice of software depends on the level of 

refinement required with the output and also depends on the size of the model. 

Actually, LP problems could always be formulated on spreadsheets with the addition 

of Solver add-ins; spreadsheets have the capability of solving LP problems. Item 4, 

‘Excel and Quattro Pro Solvers’ in Table F3.3.3 in Appendix F has built in solvers.  

 

Simple straightforward LP programs can be used but it is more frequent that the 

optimal values are non-integers, such as 38.92. In LP models these values can be 

allowed; however, in reality they do not make much physical sense. While using LP, 

if the levels of some activities are to be integer values, there are two options available: 

 

1 solve the LP model without integer constraints and round the values to integer or 

2 explicitly constrain certain changing cells to contain integer values. 

 

The other option is to use software that includes solvers using integer programming. It 

very much depends on the degree of accuracy and refinement that is required in the 

decision making. Spreadsheet modelling is much simpler for transportation problems 

where the available data can be in spreadsheet format and the location of the data and 

the format can be changed to suit for the solvers to identify. One may then use the 
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solvers to solve the problem. The world is frequently not linear which means that an 

entirely realistic model will typically violate the three properties such as 

proportionality, additive or divisibility conditions which will require the use of an 

integer or nonlinear model. The most widely used general-purpose technique for 

solving IPs use the solutions to a series of LPs to manage the search for integer 

solutions and to prove optimality. Thus most IP software is built upon LP software; it 

is a matter of choosing the right software to suit the application. 

 

(ii) Solver 

Solver is part of a suite of commands sometimes called what-if analysis tools. With 

Solver, one can find an optimal value for a formula in one cell called the target cell on 

a worksheet. Solver works with a group of cells that are related, either directly or 

indirectly, to the formula in the target cell. Solver adjusts the values in the changing 

cells one specifies – called the adjustable cells – to produce the result one specifies 

from the target cell formula. One can apply constraints to restrict the values Solver 

can use in the model, and the constraints can refer to other cells that affect the target 

cell formula. Solver can be used to determine the maximum or minimum value of one 

cell by changing other cells – for example; the amount of projected advertising budget 

can be changed to see the effect on the projected profit amount. 

 

From the list of available software the applicability of spreadsheet-based ‘Excel and 

Quattro Pro Solvers’ for transportation type of problems is notable. The Microsoft 

Excel Solver tool uses the Generalized Reduced Gradient (GRG) nonlinear 

optimisation code developed by Leon Lasdon, University of Texas at Austin, and 

Allan Warren, Cleveland State University. Linear and integer problems use the 

simplex method with bounds on the variables, and the branch-and-bound method, 

implemented by John Watson and Dan Fylstra, Frontline Systems, Inc., USA. It is 

recommended that Linear Programming is the most suitable tool for decision making 

for bridge infrastructure upgrading problems, and spreadsheet-based ‘Excel and 

Quattro Pro Solvers’ is the most appropriate software to solve these problems.  
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3.4 Chapter Summary 

The literature review component of this research thesis has been purposely divided 

into two chapters to demonstrate the importance of bridge capacities and the cost 

implications in developing a strategy for upgrading bridge infrastructure network. 

This chapter commences with a detail assessment of LCC and compares with other 

methods of costing in Section 3.2.2 with a brief explanation on option development 

and option study when comparing for strengthening of bridges and upgrading for 

individual bridges compared to total replacement. Section 3.2.3 clearly explains 

Lifecycle method of costing and explains the factors that influence LCC such as, cost 

components and discounting method which allows equating costs and benefits that 

occur at different time periods. Section 3.3 deals with benefits that are derived from 

upgrading of bridge infrastructure network with its main emphasis on LP, its history 

and its various stages of the method while comparing it with other mathematical 

programming methods such as integer programming and dynamic programming 

methods. Particular attention is given in this section to Simplex method that has been 

developed by George Dantzig and its application to transport infrastructure network 

with various examples illustrating its use. This leads to the use of Solver which has 

been compared and commented in Table F3.3.3 with various other software that uses 

LP which later facilitates the development of Route Option Analysis Model in E7.3.8 

and Bridge Capacity Variance Model in Table E7.4.1.  

 

 



 

Chapter 4  
 
RESEARCH METHODOLOGY 
 
 
4.1 Chapter objective 
 
The objective of bridge management is to allocate and use limited resources in an 

optimal way by balancing bridge reliability and expected life cycle cost. ‘So far this 

has been only a dream for the bridge manager’ (Shirole, 1994). Therefore the primary 

objective of this research is to develop a strategy that will determine required service 

levels for routes based on service levels and the secondary objective is to develop 

methods, models and identify tools to assess the cost effectiveness of alternative 

bridge management solutions for individual bridges and networks, and the objective 

of this chapter is to outline the research methodology that has been adopted to conduct 

this research to achieve this aim. 

 

4.2 Origins of the problem 
 
This chapter outlines the origins of the problem of costly bridge replacements and 

upgrading, and the pressure by the transport industry to introduce larger vehicles to 

carry increased load to reduce transport costs. In the last 60 years or so since WWII 

many of the bridges in use have been stretched to their maximum to satisfy this 

demand to carry heavier loads. More sophisticated methods (Section 2.7) have been 

used to justify or calculate the structural capacities of existing bridges. The bridge 

design standards have been introduced at various stages (Table 2.5.1). These 

standards are a reflection of the new operational loads (Table 2.6.1) that have been 

introduced or in use at that time. These standards are used to design new bridges for 

replacement irrespective of any route priority or network-based cost considerations.  

 

4.3 Establishing the basis of the strategy 

The literature review covers a wide range of information that is required to understand 

the whole process of developing the strategy described in Chapter 5. The literature 

review is covered in Chapters 2 and 3. Chapter 2 focuses mainly on fundamentals 
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such as explaining about bridge inventory systems and total bridge management 

systems, describing different bridge structure types, then goes on to explain the bridge 

design standards that have been previously used in NSW. Section 2.6 is devoted to 

explaining the different types of operational loads that are currently in use which will 

be used to identify service levels. The methods involved in the evaluation of bridge 

capacities have also been explained in Section 2.7, which is a fundamental 

requirement for assessing routes for assigning service levels. Bridge strengthening 

techniques have also been covered in Chapter 2 as support information. The second 

part of the literature review in Chapter 3 is dedicated to explaining the tools that are 

available for cost benefit assessment such as LCC and LP.  

 

4.4 Choosing the research approach 

4.4.1 Introduction 

The following research approach has been taken by the author, who worked for road 

authorities for more than 20 years – especially in the field of bridge design and 

maintenance. Initially his experience with the Highways Department of South 

Australia (1985–1996), now known as Transport SA, later with the Roads and Traffic 

Authority of NSW (1999–2007) as Bridge Maintenance Planner and later as Bridge 

Maintenance Manager. The career span includes a period with overseas authorities 

such as the Department of State Roads, Zimbabwe (1989-1991) and Department of 

Works, Papua New Guinea (1996–1999) as Deputy Chief Engineer Bridge Designs 

and Bridge Maintenance Specialist. He has personally inspected and analysed many 

bridges for load permits and moment capacity during this period. Having been in the 

industry and part of every process of bridge management, he recognised the need for 

such research and has chosen the following approach.  

 

4.4.2 Categorising of bridges 

As the initial part of the research, the bridge designs used previously in NSW have 

been explained and have been categorised to evaluate the structural capacities of the 

existing bridges on the routes that are under consideration, along with the bridge type 

and capacities which is graphically illustrated in Fig. 4.4.1. 
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Categorise Existing Bridge Stock

Design Standard
Table 2.5.1

Bridge Capacity
Section 2.7

Bridge Type
Section 2.4

 
 

Fig. 4.4.1 Categorising the bridge stock  

 
4.4.3 Review and establish operational loads 

After determining the basis for categorising the bridges it is important to determine 

the service levels that will be applied and the operational loads that will represent 

these service levels. The flow chart in Fig. 4.4.2 illustrates this process very well. 
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Legal Load 42.5t
Fig 2.6.1

B-Double 19m
Fig 2.6.2

B-Double 62.5m
Fig 2.6.3

Service Level 1

Service Level 2

Service Level 3

Service Level 4

Service Level 5

Service Level 6

B-Double 68t
Fig 2.6.3

Road Train - 85t
Fig 2.6.4

MLR 45.5t
Fig 2.6.5

Review and Establish 
Current and Future Operational Requirements and Determine Service Levels

 
 

Fig. 4.4.2 Current and future operational requirements  

 
4.4.4 Evaluation of bridge capacities 

A whole section is dedicated to explaining the various methods used to evaluate the 

actual bridge capacities. Accuracy of the structural capacities of existing bridges is 

very important when comparing the routes for upgrading by estimating the cost of 

upgrading individual bridges on the routes that are being compared which it 

influences the decision-making process. The order of process adopted in determining 

load capacities is explained in Figs: C2.7.1, C2.7.2 and C2.7.3 in Appendix C. 
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4.4.5 Strategy development and comparison of routes 

The development of strategy is outlined in Chapter 5, commencing from explaining 

what methods are current. It then explains the proposed method incorporating what 

has been covered in this chapter, in Sections 5.3, 5.4 and 5.5, with a hypothetical sub-

network in Fig. 5.7.1 to illustrate the proposed strategy. In Section 5.8 simplified 

methods have been explained for use in comparing routes for assigning service levels. 

These simplified methods are: 

1. comparison by design standards 

2. comparison by inspection 

3. comparison by computation. and 

4. the use of load ratios in Section 5.8.4. 

 
4.5 Cost and benefit of upgrading a route 

 
4.5.1 General 

As part of the overall research in Chapter 6, the decision-making process has been 

described in Section 5.5.1 and graphically illustrated in Fig. 6.5.1. In Section 6.5.2 the 

reasons for selecting ‘Linear Programming’ and ‘Life Cycle Costing’ have been 

explained. The functions of these decision-making tools and their applicability have 

been described separately in Sections 6.5.3 and 6.5.4.  

 
4.5.2 Selection of LCC for costing options 

The research then continued to establish the best tools that are available for decision 

making. Life Cycle Costing has been found to be the most effective method for 

costing options. It is therefore recommended that LCC be used as one of the most 

suitable tools for decision making when comparing options for bridge infrastructure 

upgrading problems. 

 

4.5.3 Selection of LP for estimating the benefits 

The second part of Chapter 3 covers Operational Research (OR) involving Linear 

Programming (LP). Fig. 4.4.1 illustrates the relationship between the use of LCC and 

OR with emphasis on LP for estimating the benefits in this research. The process of 

cost benefit assessment also has been described in Fig. 4.5.1. The application of these 

tools has been demonstrated in Chapter 7 with MS-Excel spreadsheet mathematical 
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models in Table E7.4.1 for LLC and Table E7.4.2 for LP in Appendix E with the 

application of ‘Solver’.  

 

Cost Benefit Assesment 

Evaluation of Bridge Capacity

Bridge Repair Options
for each bridge

Life Cycle Costing of Repair Options
(application LCC)

Identify Bridge for Upgrading

Overall costing of routes for upgrading 
to different service levels for comparison

Select Most Economical Option

Cost Benefit

Reduced Transport Cost

Reduced Maintenance Cost

Reduced Replacement Cost

Cost of construction
Maintenance Cost
Cost of Disposal
Salvage Cost

Estimate benefits using 
LP in terms of transport 
volume and cost

Increased Haulage

 
 

Fig. 4.5.1 Cost benefit assessment  

 
 

4.5.4 Application and sensitivity analysis 

In Chapters 7 the application of the strategy described in Chapter 5 is demonstrated 

with the same hypothetical sub-network system using the recommended decision-
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making tools: the Life Cycle Costing for estimating the cost and Linear Programming 

for estimating the benefits of selecting of any particular route. A sensitive analysis 

that can be carried out to compare the variation of important parameters is also 

discussed in Chapter 8. 

 

4.6 Expectations 

It is expected that this research will be taken forward in a practical way using the 

strategy outlined for upgrading bridge infrastructure network making maximum use of 

the capacities of the existing bridges. The Bridge Management Systems that are in use 

by road authorities have been described in detail in Section 2.3. A Decision Support 

System (DSS) is proposed in Fig. G6.5.8. in Appendix G which links different 

support modules such as: 

 

1. Bridge Inventory Module (BIM) (Fig G6.5.3, Appendix G) 

2. Maintenance Cost Module (MCM) (G6.5.4, Appendix G) 

3. Moment Capacity Module (MCM) (G6.5.5, Appendix G) 

4. Population Characteristic Module (PCM) (G6.5.6, Appendix G) and 

5. Route Status Module (RSM) (G6.5.7, Appendix G) 

 

4.6.1 Bridge Inventory Module (BIM) 

This is a very basic module that every road authority has in the form of a database or 

as spreadsheets. The various status of the bridge management systems have been 

explained in Section 2.3 and a typical model is described graphically in Fig G6.5.3 in 

Appendix G. The graphical illustration describes the various components that can be 

expected in a standard bridge inventory module comprising inventory information, 

structure information and inspection records. 

 

4.6.2 Maintenance Cost Module (MCM) 

This module is proposed as a major component that can be incorporated into the 

proposed Decision Support System. The information required to populate this module 

is already available in accounting systems with many of the road authorities and are 

being used for costing individual projects but still have not been used in the modelling 

to predict costs for future network improvements. A suggested structure of this 

module is presented graphically as Fig G6.5.4 in Appendix G. 
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4.6.3 Moment capacity Module (MCM) 

Individual moment capacities of the existing bridges are calculated during various 

assessments of routes and individually carried out for specific purposes. The 

information is stored in various places and in individual bridge files which can be 

compiled to form the proposed module for moment capacity. A graphical illustration 

of the proposed module is presented as Fig G6.5.5 in Appendix G which comprises 

components such as bridge design standard that was used to design a particular 

bridge, actual moment capacity of the bridge based on as built details, suggested 

Service Level and a component that can provide the cost to upgrade to higher service 

levels and options to upgrade. While here the emphasis on bending moment capacity 

the consideration of shear and fatigue capacities of steel and steel components of 

concrete bridges that is shear studs etc. will have to be considered when assessing the 

structural capacity of the whole structure. While assessing the bridge capacity for 

bending only considerations should be given when from bridge inspection records it is 

evident that the substructures require detailed structural assessment. This can be 

demonstrated by many cases of deteriorated piles, differential settlement of abutments 

or piers due to mine subsidence or simply the initial design did not take into 

consideration of the potential upgrading of the superstructure for future heavier loads.   

 

4.6.4 Population Characteristic Module (PCM) 

This proposed module can contain the information on population characteristics such 

as population centres, employment centres, manufacturing centres or industrial 

estates, freight terminal locations, storage warehouses, ports and terminals. The 

information is very vital in decision making when Service Levels are determined for 

routes in consideration. A graphical illustration of the proposed module is presented 

as G6.5.6 in Appendix G. 

 

4.6.5 Route Status Module (RSM) 

This module is proposed to compile information on the existing routes that can be 

used to calculate the current cost of transport by the use of vehicle count, distance of 

route and distances between bridges, current haulage capacities, speed limits, road 

condition, road geometry and height restrictions. A graphical representation of this 

proposed module in presented as Fig G6.5.7 in Appendix G. 
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4.6.6 Section Summary 

The information required to populate these modules already exist in various forms 

with most road authorities. The bridge inventory information is with asset managers 

and maintenance cost information can be extracted from the accounting systems. The 

expectations are that these modules are created and the relevant data are transferred or 

imported into these modules to create an integrated master database to form the DSS. 

This requires enormous effort by the road authorities to make it a reality. Once the 

DSS has been created, the decision-making process will be much more direct, and 

quicker, with reports that can be printed with the options presented to the decision 

makers to decide on any funding program. 

 

4.7 Limitations 

The limitations are that many road authorities are inundated with their day-to-day 

management problems of having to balance the maintenance budget, which is being 

reduced at every budget, to allow for huge sums required for more new capital 

expenditure. The availability of collective knowledge and understanding of the bridge 

management process is a limitation compounded by lack of government commitment 

to provide funding for this work. 

 

4.8 Chapter summary 

Finally, the research concludes that there is a need to develop methods, models and 

tools to assess the cost effectiveness of alternative bridge management solutions for 

individual bridges and networks. A strategy is proposed to use moment capacities of 

existing bridges to categorise the routes according to predetermined service levels 

based on operational loads, and to prioritise maintenance funding based on this 

strategy and maximise transport efficiency with minimum cost to taxpayers. The 

benefits of upgrading structures, and hence the routes, can be estimated and even 

optimised using Linear Programming in terms of volume of goods that have been 

transported and hence cost of transport. 



 

Chapter 5  

STRATEGY DEVELOPMENT 

 
 

5.1 Introduction 

There is considerable pressure from the transport industry to make road authorities 

allow heavier loads on the roads. Heavy vehicle technology has developed to a level 

where large and long heavy vehicles can operate without any difficulties in 

manoeuvring. But many of the existing bridge structures do not have adequate load 

capacity to carry these loads. This chapter deals with the development of an 

appropriate methodology to identify routes for use by commercial vehicles and 

determine the appropriate service level for these routes. The developed methodology 

will also include steps to upgrade a route from one service level to another that is 

higher. The overall purpose is to optimise load capacities of existing bridges to satisfy 

transport industry demand to increase their haulage between locations. This will in 

turn minimise the cost of upgrading existing bridges to increase the load capacities 

and thereby avoid expensive bridge replacements and construction cost. 

 

5.2 Current methods 

Currently the bridges on the network are checked for capacity when there is a 

proposal to allow new operational vehicles. This also happens when a single operator 

wants to introduce a truck with new axle configuration that will have much 

commercial benefit to his company resulting from greater haulage. A strategy is 

required to upgrade bridges on sub-networks in anticipation of new operational loads 

being imposed. The other important factor is that the design standards are being 

increased resulting in much heavier design loads required to be used for new and 

replacement bridges. This increases the total cost of building new bridges, and when 

this is applied to the whole nation it will require large sums of money for upgrading 

existing networks. Furthermore, introduction of higher operational loads is initiated 

by the transport industry and has become more of an issue owing to political pressure 

than to a carefully planned, strategically considered infrastructure improvement 

decision.  
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5.3 Proposed method 

The current research will investigate the bridge loading requirements generally in 

Australia, firstly by analysing the current bridge stock in NSW according to their 

design standards. Next, isolate a section of the network, say a particular route to see 

the type and load capacities of the bridges on that route, and determine the suitability 

of that route for each of the selected operational loads representing a service level. 

Conduct an economic analysis to determine the cost to upgrade any load-deficient 

bridges to allow them to carry each of these operational loads. Develop the economic 

options to upgrade that route from one service level to the other where each 

operational load defines a service level. This process can be demonstrated in terms of 

economic benefit, including increase in freight volume, in one section of the network 

and hence, by projecting to a large network, the overall cost benefit can be very well 

demonstrated. Furthermore, this can be controlled by curtailing further increase in 

operational loads by introducing advanced technology in automatic variation of axle 

group spacing for trucks. This will enable them to adjust the load to suit the structure. 

 

As part of this research in the next chapter decision-making tools will be identified to 

demonstrate this process. A module will be proposed comprising these decision-

making tools that can be incorporated into any computer-based Bridge Maintenance 

Management System (BMMS). The module will also include a facility to prepare 

funding strategies to implement any upgrading programs.  

 

This module or a Decision Support System (DSS) is to be proposed comprising these 

decision-making tools, with main emphasis on the application of Linear Programming 

and Life Cycle Costing. The DSS can be incorporated into any computer-based 

Bridge Maintenance Management System (BMMS). The DSS will also include a 

facility to prepare funding strategies to implement any upgrading programs. The end 

product will assist bridge planners in developing their strategies to upgrade bridge 

infrastructure network in Australia, and in other countries, that will satisfy the 

industry demand. The bridge maintenance planners can then assess, plan, budget, 

program and implement bridge network upgrading in an affordable and efficient way. 
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5.4 Categorise bridge stock according to design standard 

The Bridge Information System (BIS) that contains all NSW bridge information has 

the facility to categorise the bridges according to their type and design standard. The 

information in Table 5.4.1 was obtained from the BIS.  

 
Table 5.4.1 Bridge Design Standards – New South Wales 

 
Design Standards – Pre-1948 

(v) PWD Pre-1927 Traction Engine Standard 2.5.1 
(vi) 2PWD Pre-1927 Standard UDL 2.5.2 

(vii) 3DMR 1927 Standard UDL + Pt. Loads 2.5.3 
viii) 4DMR 1938 Standard UDL + Pt. Loads 2.5.4 

Design Standard – MS18 
(ii) 5DMR 1948 Standard Truck (MS18) 2.5.5 

Design standards – Post-1976 
(vii) 6NAASRA BDS 1976 Standard Truck 2.5.6 
viii) 7NAASRA BDS 1976 Abnormal Vehicle Standard 2.5.7 
(ix) 8Ordinance 30C 1982 Articulated Vehicle 2.5.8 
(x) 9AUSTROADS ’92 1992 Standard T44 Truck & HLP 2.5.9 

(xi) 0AUSTROADS ’92 1992 HLP 320 & HLP 400 (abn.) 2.5.10 
(xii)  AS 5100 2004 SM1600 2.5.11 

 

5.5 Review and establish current and future loading requirements 

The current requirement for all the bridges across NSW is to have sufficient load 

capacity to carry a legal load of 42.5t. That is, every road in the network in the 

responsibility of the Road and Traffic Authority should have the capacity to carry a 

legal load as described in Fig. 2.5.1. If this legal load capacity cannot be met, a load 

limit should be displayed at the bridge warning the road users. From Table 5.6.1 it can 

be seen that this legal load has been assigned Service Level 1. This means that all the 

bridges on the network under the responsibility of the Roads and Traffic Authority of 

NSW should have a service level of 1 (one). It has been proposed that the legal load 

be increased from 42.5t as shown in Fig. 2.6.1 to 45.5t as shown in Fig. 2.6.5. The 

consequence of this increase will be discussed later in this section. Any load that is 

greater than the legal load should have a permit to travel that route where the axle 

configuration of that vehicle is submitted to the road authority along with the 

specified route that the road user intends to travel. With the axle configuration, the 

bridges on the specified route are analysed for adequacy of load capacity before a 

permit is issued to travel that route. Specific-term permits are also issued when an 

operator wants to introduce a heavier vehicle during a period where a business 
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proposition requires larger volume of materials per trip to be transported for the 

business to be viable. 

 

The purpose of this research is to have identified routes with assigned service level 

based on the operational loads. As explained above the most minimum requirement 

will be to have a service level of 1 for all routes. Then parts of the network can be 

analysed to see whether they can be upgraded to Service Level 2 which is assigned on 

the basis of an operational load B-Double – 19m. That is, to check the capacity of the 

bridges on any selected route to see whether they have the capacity to carry a B-

Double – 19m as in Table 5.6.1 and described in Fig. 2.6.2. This process can be 

repeated for the same route using other operational loads identified by higher service 

levels. 

 

This way not all the bridges on the network will have to be upgraded to the highest 

service level and the heaviest vehicles can be routed along a specified route or routes 

with bridges already upgraded to carry the required load for that higher service level. 

This questions the current practice of building any new bridge or a replacement bridge 

to the most current design standard. In fact a new replacement bridge can be built to a 

lower design standard if the assigned route requires a lower service level. The options 

for upgrading can be developed based on this methodology and the economic benefits 

can be measured in terms of the cost to upgrade a particular part of the overall 

network from one service level to another and the cost benefit from increased freight 

movement on the upgraded route. 

 

5.6 Determine service level categories in terms of operational loads 

It makes more economic sense to have sub-networks identified with a service level for 

use by certain operational load or loads. This will allow the road authorities to make 

maximum use of the capacities of existing bridges in that sub-network rather than 

upgrading all the bridges in the whole network to accommodate the highest 

operational load or build it to a higher design standard. This way the entire network 

can be synchronised to allow different operational loads to travel from one part of the 

state or country to another via identified routes.  
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Table 5.6.1 Identified operational loads and corresponding service levels 
 

Service 

Level 

Operational Load Axle Group

Confign. 

Axle Group Load  

Configuration 

Fig. 

Level 1 Legal Loads 42.5t 123 6.0;16.5;20.0 2.6.1

Level 2 B-Double 19m  1222 6.0;16.5;16.5;16.5 2.6.2

Level 3 B-Double 62.5t 1233 6.0;16.5;20.0;20.0 2.6.3

Level 4 B-Double 68t 1233 6.0;17.0;22.5.0;22.5 2.6.3

Level 5 Road train 12323 6.0;17.0;22.5;17.0;22.5 2.6.4

 

5.7 Methodology demonstrated using a hypothetical sub-network 

5.7.1 Introduction 

The methodology is demonstrated by selecting a hypothetical sub-network as in Fig. 

5.7.1 with bridges having imaginary capacities. There are 10 bridges on the selected 

route. The structural capacity of each bridge on the route is indicated in terms of a 

service level in Column 2 of Tables 5.7.1 to 5.7.3. The requirements for upgrading 

these bridges to the next service level are also indicated in Columns 3 to 6, based on 

which a service level is proposed for the route. Finally, the number of bridges that 

require upgrading for each route is also determined and a recommendation is made 

based on this information. 

 

 
Fig. 5.7.1 Selection of a hypothetical route 

BRN 01 
BRN 02

BRN 03

BRN 04

BRN 18 
BRN 06 BRN 07

BRN 08
BRN 09 

BRN 10 

BRN 19 

BRN 11 

BRN 12 BRN 16 

BRN 15
BRN 14

BRN 13 

BRN 05 

BRN 17 BRN 20 
BRN 21BRN 22BRN 23 

A 

B 

C 

D 

E

BRN 01 
BRN 02

BRN 03

BRN 04

BRN 18 
BRN 06 BRN 07

BRN 08
BRN 09 

BRN 10 

BRN 19 

BRN 11 

BRN 12 BRN 16 

BRN 15
BRN 14

BRN 13 

BRN 05 

BRN 17 BRN 20 
BRN 21BRN 22BRN 23 

A 

B 

C 

D 

E



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

96

5.7.2 Selection of a hypothetical route 

Initially, a sub-network should be selected for analysis and assessment. Once the 

information on upgrading options and costs involved is available, sections of the 

network can be connected to form the required overall route and to select the most 

economical route for any particular service level. In other words, if a service level is 

assigned to a selected route, the cost of providing and maintaining that service level 

can be determined – hence the funding program. This methodology can be 

demonstrated using a few examples that will follow. The details of the bridges on the 

sub-network are listed in Tables 5.7.1 to 5.7.3. 

 
Table 5.7.1 Details of Route 1 – VIA ADB 

 
Bridge 

No 

Equivalent 

Capacity 

SL2 SL3 SL4 SL5 

01 Level 1 Upgrade  Upgrade Upgrade Upgrade 
02 Level 2 Adequate Upgrade Upgrade Upgrade 
03 Level 3 Adequate Adequate Upgrade Upgrade 
04 Level 4 Adequate Adequate Adequate Upgrade 
05 Level 5 Adequate Adequate Adequate Adequate 
06 Level 3 Adequate Adequate Upgrade Upgrade 
07 Level 3 Adequate Adequate Upgrade Upgrade 
08 Level 4 Adequate Adequate Adequate Upgrade 
09 Level 5 Adequate Adequate Adequate Adequate 
10 Level 2 Adequate Upgrade Upgrade Upgrade 
  Upgrade 1 Upgrade 3 Upgrade 6 Upgrade 8 

 

Table 5.7.2 Details of Route 2 – VIA ACEB 

Bridge 

No 

Equivalent 

Capacity 

SL2 SL3 SL4 SL5 

10 Level 2 Adequate Upgrade Upgrade Upgrade 
11 Level 3 Adequate Adequate Upgrade Upgrade 
12 Level 5 Adequate Adequate Adequate Adequate 
13 Level 2 Adequate Upgrade Upgrade Upgrade 
14 Level 2 Adequate Upgrade Upgrade Upgrade 
15 Level 1 Upgrade Upgrade Upgrade Upgrade 
16 Level 4 Adequate Adequate Adequate Upgrade 
17 Level 2 Adequate Upgrade Upgrade Upgrade 
18 Level 5 Adequate Adequate Adequate Adequate 
19 Level 2 Adequate Upgrade Upgrade Upgrade 
01 Level 1 Upgrade Upgrade Upgrade Upgrade 

No reqd. for upgrade Upgrade 2 Upgrade 7 Upgrade 8 Upgrade 9 
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Table 5.7.3 Details of Route 3 – VIA ACDB 

Bridge 

No 

Equivalent 

Capacity 

Suitability 

For SL2 

Suitability 

For SL3 

Suitability 

For SL4 

Suitability 

For SL5 

10 Level 2 Adequate Upgrade Upgrade Upgrade 
09 Level 5 Adequate Adequate Adequate Adequate 
20 Level 5 Adequate Adequate Adequate Adequate 
21 Level 5 Adequate Adequate Adequate Adequate 
22 Level 5 Adequate Adequate Adequate Adequate 
23 Level 5 Adequate Adequate Adequate Adequate 
17 Level 2 Adequate Upgrade Upgrade Upgrade 
18 Level 5 Adequate Adequate Adequate Adequate 
19 Level 2 Adequate Upgrade Upgrade Upgrade 
01 Level 1 Upgrade Upgrade Upgrade Upgrade 

No reqd. for upgrade Upgrade 1 Upgrade 4 Upgrade 4 Upgrade 4 
 

5.7.3 The methodology 

The above simple analysis is hypothetical only but demonstrates the basic 

methodology very well. Fig. 5.7.1 illustrates a sub-network with three possible routes, 

Routes 1, 2 and 3 comprising a total of 23 bridges. In Column 2 of Tables 5.7.1, 5.7.2 

and 5.7.3 equivalent load capacities have been assumed in terms of operational load-

based service levels. In Columns 3, 4, 5 and 6 the suitability of each route for 

assigning appropriate service levels has been tested based on the assumed capacity of 

the bridges on the route. In Table 5.7.4 these values are compared and a service level 

for each route has been recommended. From this table it can be seen that it is 

economical to assign a service level of 2 for Route 2 by upgrading two bridges only; 

assign service levels of 2 and 3 by upgrading 1 or 3 bridges in route 1; and assign a 

service level of 3, 4 or even 5 by upgrading 4 bridges in route 3. This is a simple 

analysis to demonstrate how economies can be gained using this methodology. Now 

the individual upgrading requirements will have to be looked into in detail to estimate 

the costs involved so that the route options can be closely compared before assigning 

the appropriate service level. The individual upgrading requirements for each bridge 

can be analysed only when more details are available on each bridge. The details of 

the bridges that are required for upgrading based on the recommendation in Table 

5.7.4 are in Table 5.7.5. 
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Table 5.7.4 Comparison of all three routes 

Route 

No 

Description Suitability

For SL2 

Suitability 

For SL3 

Suitability 

For SL4 

Suitability 

For SL5 

Recommend

SL 

1 ADB Upgrade 1 Upgrade 3 Upgrade 6 Upgrade 8 SL 2 & 3 
2 ACEB Upgrade 2 Upgrade 7 Upgrade 8 Upgrade 9 SL 2 
3 ACDB Upgrade 1 Upgrade 4 Upgrade 4 Upgrade 4 SL 3, 4 & 5 

 

Table 5.7.5 Upgrading Requirements based on recommended SL 
 
Upgrade Upgrade Upgrade Bridge 

No 
Bridge 
Type 

Route 
Number To SL2 To SL3 To SL4 & 5 

1 CSLAB 1,2,3 U U U 
2 PPLNK 1 NR* U U 
3 PPLNK 1 NR NR U 
4 PPSBG 1 NR NR U 
5 PPSBG 1 NR NR NR 
6 CSLAB 1 NR NR U 
7 SGIRD 1 NR NR U 
8 STRUS 1 NR NR U 
9 PPLNK 1 NR NR NR 
10 SBOXG 1,2.3 NR U U 
11 PPLNK 2 NR NR U 
12 PPSBG 2 NR NR NR 
13 STRUS 2 NR U U 
14 CCULP 2 NR U U 
15 CCULP 2 U U U 
16 PPLNK 2 NR NR U 
17 PPLNK 2,3 NR U U 
18 PPSBG 2,3 NR NR NR 
19 PPSBG 2,3 NR U U 
20 PSUTG 3 NR NR NR 
21 PSUTG 3 NR NR NR 
22 PSUTG 3 NR NR NR 
23 PSUTG 3 NR NR NR 

 

*NR – Not required; NA – Not applicable; U – Upgrade; PPLNK – PS Plank; CSLAB – RC Slab; PPSBG – 

Precast Segmental Box Girder; SGIRD – Steel Girder; STRUS – Steel Truss; SBOXG – Steel Box Girder; CCULP 

– Concrete Culvert Precast; PSUTG - Super T Girder 
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5.7.4 Select the bridges that require evaluation 

It can be seen from Table 5.7.5 that only five bridges will be required to upgrade in 

the whole stock of 23 bridges. The recommendation for upgrading for the individual 

routes ADB, ACEB and ACDB has been given in the last column of Table 5.7.4. 

Based on this recommendation, Route ADB is recommended for upgrading to Service 

Levels 2 and 3, Route ACEB has been recommended for upgrading to Service Level 

2, and Route ACDB has been recommended for upgrading to Service Levels 3, 4 or 5 

to achieve the most economical outcome. This will require bridges 01 and 10 in Route 

ADB to be upgraded to Service Level 2 or 3; bridges 15 and 01 in Route ACEB to 

Service Level 2, and bridges 01, 17, 10 and 19 in Route ACDB are to be upgraded to 

Service Level 3, 4 or 5. Therefore in all the routes in the total number of 23 bridges, 

bridges 01, 10, 15, 17 and 19 are to be upgraded based on the recommendation in 

Table 5.7.4. Options to repair or replace these bridges can be evaluated based on the 

bridge type as in Column 2 in Table 5.7.5 and hence the costs can be determined to 

outline the overall strategy for the sub-network described in Fig. 5.7.1. 

 

5.8 Estimate the cost of upgrading selected bridges 
 

5.8.1 Introduction 

As discussed earlier, over the years bridges have been designed to different design 

standards. A list of standards that have been used in the past is given in Table 2.5.1. 

The actual capacity of these bridges is based on the final design and the section sizes 

of mainly the girders or superstructure as they were built. The design load is used 

mainly for analysis and once the analysis is carried out the geometry of the bridge is 

decided based on the analysis, and other considerations are made before the final 

drawings are produced. Therefore section sizes that have been used in construction 

are recorded in Work-As-Executed (WAE) drawings. The actual capacity of these 

bridges is calculated based on the WAE drawings. Therefore these capacities are 

generally more than what a design load requires in analysis. The load effects of the 

operational loads are calculated independently for the same bridges according to their 

span configuration. These load effects are then compared with the actual capacities of 

these bridges to see whether they have adequate capacity to carry these operational 

loads. An appropriate load factor is also applied when comparing the load capacity 

with the load effects. Therefore the cost and method of upgrading a particular bridge 
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is based on which operational load is going to be used, based on the assigned service 

level and the available capacities of the bridges on that particular route. 

 
5.8.2  Overview of existing bridge stock in terms of design standard 

It is possible to assess the need for upgrading the network in a very simplistic way 

with available basic information. It has been mentioned earlier that existing bridge 

stock can be categorised, in terms of their design standard, to assume their existing 

structural capacities.  

A bridge inventory that was used in the Mass Limits Review (MLR) (National Roads 

Transport Commission (NRTC), 1996) is presented in Table 2.1.1 and 2.1.2. Table 

2.1.1 shows the distribution of bridges in the states and territories in the selected 

database. Table 2.1.2 shows the percentages of bridges that were built to a specific 

design standard and the year built. The inventory includes roads with traffic greater 

than 5000 vehicles per day on national roads and other primary roads. The bridges 

included in the inventory represent a total deck area of 1,553,000m2 with an estimated 

replacement cost of $1,900 million in 1996 (BTCE, 1997).  

 

The abovementioned information can be obtained for any network that requires 

analysing for any proposed upgrading. Most of the road authorities maintain a 

database that contains this information. The information also can be analysed in terms 

of a sub-network. For the initial approximate global analysis, the design standards of 

the time the bridges were built can be used to identify their capacities for comparison 

with the proposed service levels in order to estimate whether these bridges on a 

particular network need upgrading or have adequate capacity to provide the proposed 

service level. The extent of the upgrading can also be assessed. Once this initial 

analysis is carried out then more detailed analysis can be done for selected bridges 

with accurate assessment of their capacities followed by options for strengthening, 

etc. 

 

5.8.3  Comparison of load effects on bridges between service levels 

(a) Analysis by inspection 

Based on the above argument, the service level categories can be determined as listed 

in Table 5.6.1. The most minimum service level should be the legal load that is 

required by state legislation. The road authority is required under the legislation to 
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make bridges safe for a most minimum load. Then as Service Level 2 – B Double-

19m – can be assigned since it is a heavier vehicle which has a larger load carrying 

capacity but has an axle configuration that has similar load effects to that of a legal 

load which has been assigned as Service Level 1. This can be demonstrated by 

looking at Figs 2.6.1 and 2.6.2 where the legal load has an axle group configuration of 

123 similar to a semi trailer, and a B-Double – 19m, has an axle group configuration 

of 1222. In comparison the legal load has a tri-axle group heavier than any of the 

tandem axle groups in B-Double – 19m even though the total mass is greater than the 

legal load. 

 

Similarly the difference in axle group configuration and the load configuration can be 

compared between Service Levels 2, 3 and 4 where the axle group configurations are 

similar with differences in axle group spacing. But considerable differences can be 

seen in axle group loadings when moving from Service Levels 2 to 3 and from 3 to 4. 

These differences in loadings will translate into higher bridge load capacity 

requirements hence the cost in upgrading or eventual replacement. 

 

The selected operational loads for Service Levels 1 to 5 are those that have been 

introduced on Australian road networks over the years. It is not probable to introduce 

any heavier loads without assessing the long-term capacity of the bridges on the 

network. It is proposed that the legal load be increased from 42.5t as shown in Fig. 

2.6.1 to 45.5t as shown in Fig. 2.6.5. It can be seen that the axle and axle group 

configurations are same but the axle group loadings have been increased by 0.5t for 

the tandem axle group and by 2.5t for the tri-axle group. This proposed change will 

impose enormous burden on the existing network capacity and also will be an 

economic cost to upgrade some bridges to have adequate capacity to carry the 

additional load. This proposal has economic merit since the increase in haulage can 

outweigh the cost in strengthening or replacing the identified bridges under capacity. 

This will not affect the proposed methodology to develop a strategy to upgrade the 

bridges in a systematic way by identifying routes based on operational loads. 

 
(b) Analysis by computation 

Vehicles listed in Table 5.6.1 have been analysed for different fixed span lengths of 

5–50m in steps of 5m and their load effects tabulated in terms of maximum bending 
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moment. The effects have been compared and presented in Tables B5.8.1 to B5.8.8 in 

Appendix B. Ratios have also been calculated and presented in Appendix B in Tables 

5.8.9 to B5.8.12 and plotted in Figs B5.8.9 to B5.8.12. The figures show in what 

proportion the requirement for additional capacity will be when switching from one 

service level to another. In the same analysis the effect of increasing the legal load 

from 42.5t to 45.5t has been demonstrated. A comparison has been made in 

Fig.B5.8.2 in Appendix B. Where all the listed operational loads in Table 5.6.1 have 

been analysed for load effects on different bridge spans. A similar analysis also has 

been carried out for some of the relevant design loads listed in Table 5.4.1 and 

presented in Fig.B5.8.1 in Appendix B. This analysis will demonstrate that if the 

routes are identified in terms of service levels based on operational loads, any 

replacement bridge can be designed to a lower design standard to match the assigned 

service level.  

 

(c) Discussion on load effects 

The computation on load effects has been compiled into one Max Load Envelope as 

shown below in Fig.5.8.2 and as Fig.B5.8.2 in Appendix B. The load effects of all the 

identified operational loads listed in Table 5.6.1 have been analysed for spans from 5-

50m in steps of 5m. It can be seen from the envelope in Fig.5.8.2 that all the loads 

have similar effects in span range of 5-15m. The maximum moments start to increase 

between 20m and 25m spans and vast differences can be seen beyond 25m. This 

demonstrates that as the spans increase above 20m the chances of bridges requiring 

upgrades can be higher and hence the cost of upgrading can be much higher. 

Therefore if a route is selected for upgrading, the cost of upgrading very much 

depends on the number of bridges in the span ranges that are economical to upgrade 

and also the design standards that were used to construct the bridges. For spans 

greater than the span ranges, individual analyses will have to be carried out to 

determine the capacities. The analyses so far conducted were based on simply 

supported conditions for the traversal of a single vehicle. For bridges with larger 

spans multi-presence of vehicles will have to be considered when assessing their 

structural capacities. 
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Max Moment Envelope
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Fig 5.8.2 Comparison of Operational Loads – Max Moment Envelope 
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5.8.4 Use of load ratios in estimating the cost of upgrading 

(a) Introduction 

The analyses were carried out to calculate the load ratios between each of the 

operational loads that have been listed in Table 5.6.1 and selected design loads in 

Table 2.5.1 such as M18 as in Fig. 2.5.5 and T44 as in Fig. 2.5.9. The ratios also have 

been calculated for Legal Load 42.5 as in Fig. 2.6.1 and for the proposed increased 

Legal Load 45.5 as in Fig. 2.6.5. 

 

(b) Load ratio – Operational loads versus Design Load M18 

It can be seen from Fig. B5.8.9 in Appendix B that between spans of 12 and 15m M18 

is adequate for all the operational loads. This is demonstrated by a ratio of around 1.0 

for most of the operational loads. M18 design standard was used between 1948 and 

1976. Therefore bridges built in that era having a span range of 12 to 15m will survive 

most of the operational loads that have been listed in Table 5.6.1. Exact comparison 

of structural capacities can be made with values obtained from the analyses which are 

listed in Table B5.8.9 in Appendix B.  

 

(b) Load ratio – Operational loads versus Design Load T44 

Bridges designed using a T44 design standard where the ratios are below 1.0 for spans 

up to 20-25m can survive most of the operational loads. This can be seen from Fig. 

B5.8.10 in Appendix B for which values were obtained from Table B5.8.10 in 

Appendix B. T44 design standard was used between 1976 and 1992. Therefore 

bridges built in that era in the span range of 20-25m will survive most of the 

operational loads that have been listed in Table 5.6.1. Some of the operational loads – 

such as a 19m B-Double – can be accommodated by bridges designed using a T44 

even up to a span length of 30m. It reduces down to 25m span for a 25m B-Double.  

 

This kind of comparison is a simple way of assessing the global cost of upgrading a 

network or a sub-network based on the number of bridges that require strengthening 

or replacement. Again, square metre rates can be used to estimate the cost of 

strengthening or replacement of individual bridges.  
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(c) Load ratio – Operational loads versus Legal Load L42.5 

Comparisons have also been made to compare the current legal load of 42.5t with the 

effects of operational loads. The comparison here is very simple in the sense that if all 

the bridges are required to carry a legal load of 42.5t, then, if any of the operational 

loads has a load ratio of 1.0 or below, it means that operational load can travel every 

where in the network. Here again from Fig. B5.8.11 in Appendix B it can be seen that 

a 19m B-Double is more critical and has a ratio of greater than 1.0 for all spans. But 

for a 25m B-Double 62.5t it is within the envelope giving a ratio of <1.0 for spans up 

to 20m. This is a clear and simple way of assessing the existing bridges when 

assigning a service load. 

 

(d) Load ratio – Operational loads versus Increased Legal Load 45.5 

An exercise similar to the one in (c) above was also carried out for the proposed 

increased legal load of L45.5, the reason here being that if this legal load is introduced 

in the near future, followed by the assessment of all the bridges for structural 

adequacy, then the effects of operational loads can be compared. This will be in terms 

of the load ratio between the individual operational load and the proposed legal load. 

 

It can be seen from B5.8.12 in Appendix B that the spans that can accommodate the 

operational loads can increase from 20 to 25m when an overstress of 20 per cent is 

allowed. With this concession based on structural adequacy a higher service level can 

be introduced. 

 

5.9 Cost estimate based on freight volume 

5.9.1 Introduction 

The methodology has been explained earlier in this chapter and the cost implications 

and benefits in adopting the methodology have been discussed. A direct cost benefit 

analysis can be carried out based on freight volumes. When discussing load capacities 

and different service levels practically one is considering different commercial 

vehicles with different haulage capacities which are directly proportional to the load 

effects of these vehicles. Each of these vehicles representing a service level has 

individual haulage capacities measured in litres or in cubic metres. If a route is 

restricted by a particular service level that route is restricted to a certain volume of 

freight unless the number of trips is increased. 
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5.9.2 Cost analysis using linear programming (LP) 

Examples have been used in the literature review in Section 3.3.4 to demonstrate how 

the LP works. It can be seen that this process can be used to compare the benefits in 

increased freight volume owing to upgrading service levels for any route, or to 

identify constraints and limitations in haulage owing to reduced capacity of some 

bridges along the route. A technique called Minimum Cost Network Flow Models 

(MCNFM) can be used to balance the network flow of freight volume of any sub-

network or a complete network. A sensitivity analysis also can be performed using 

this method before deciding to assign a service level. This approach also will be 

developed as a tool in Chapter 6, as part of the whole decision-making process. 

 

5.10 Other factors involved in assigning service levels 

5.10.1 Geometry 

When the bridges or networks are assessed for upgrading, various other factors also 

will have to be considered. These factors also can influence the decision-making 

process: the geometry of the bridge; the bridge width; alignment of the road; and even 

having sufficient road reserve to introduce larger vehicles on the network. Turning 

circles are also considered to decide whether the vehicles introduced can manoeuvre 

without much difficulty. 

 

5.10.2 Commercial considerations 

Commercial considerations are also made when upgrading routes for larger 

operational vehicles. The accessibility to ports, terminals, industrial estates and 

railway stations are also considered when assessing routes for upgrading. This will 

include commercial centres or very large businesses and town centres which will have 

a greater impact on haulage of large volumes of commercial goods. Proximity to large 

freight centres, airports and terminals will also be among them. 

 

5.11 Use of cost benefit analysis (CBA) in the evaluation of options 

The use of Cost Benefit Analysis (CBA) and Life Cycle Costing in the evaluation of 

options also has been demonstrated in Section 3.2.2 and 3.2.3 of the literature review. 
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5.12 Chapter summary 

In this chapter the components and methodologies that will be used to create the tools 

required in the decision making in upgrading routes have been explained. Initially, 

starting the chapter with an introduction in Section 5.1 and then explaining the current 

approach in Section 5.2, followed by the proposed method explained in Section 5.3. 

In Section 5.4, the method of categorising the existing bridge stock according to 

design standards, based on those to which they were built, with a summary of design 

standards used at different times was discussed. Section 5.5 reviews all the loading 

requirements in deciding on service levels in Section 5.6 followed by demonstrating 

the methodology with the use of a hypothetical sub-network in Section 5.7. Section 

5.8 explains the cost implications in upgrading and the use of load effects and load 

ratios in the global estimate of the cost of upgrading. Section 5.9 explains the use of 

Linear Programming (LP) in comparing changes in freight volume and achieving 

optimum haulage benefits when comparing upgrading options, followed by, in 

Section 5.10, discussion on other factors that require consideration. Finally, in Section 

5.11 the use of Cost Benefit Analysis (CBA) and the Life Cycle Costing (LCC) in 

option evaluation have also been discussed.  

 

Appropriate decision-making tools will be identified and presented in Chapter 6 based 

on the methodologies explained in this chapter followed by the demonstration of the 

application of these identified tools in Chapter 7.  



 

Chapter 6  

  

SELECTION OF DECISION-MAKING TOOLS 

 
 

6.1 Introduction 

For companies, government authorities and individuals, decisions come in all shades 

of complexity. At one end of the spectrum, a transport company may simply need to 

identify the fastest way to get from one place to the other. When one has a decision 

problem and has to make choices, one is at the proverbial fork in the road: ‘Which 

route should I take to work to minimise the travel time?’ A decision problem requires 

choosing the best solution with the correct tools, the optimal one from among the 

competing alternatives.  

 

If a new operational load is to be introduced, or if the bridges in the network are to be 

upgraded to a most recent design standard, a clear strategy is required for 

implementation even if the funds are made available. The primary objective of this 

research is to develop a strategy that will determine required service levels for routes 

based on service levels and the secondary objective is to develop methods, models 

and identify tools to assess the cost effectiveness of alternative bridge management 

solutions for individual bridges and networks to assist bridge planners and managers.  

 

6.2 Total bridge asset management 

There is a need for total bridge asset management to manage the existing bridge stock 

in the most efficient way in order to balance the economic capacity to upgrade the 

network with the demand for the use of higher loads and improve the service level of 

the network. Total bridge asset management should allow for: 

 

- maintaining a comprehensive bridge data inventory such as structure details, 

location details, element details, maintenance requirements and past maintenance 

records 
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- maintaining bridge records such as construction drawings, past history, reports of 

investigations carried out and records of design and structural capacity 

calculations 

- maintaining a good inspection regime by setting inspection frequencies with 

identifying the type of inspection to be carried out such us routine, underwater or 

under bridge platform inspections, updating bridge condition status by recording 

inspection information into the database 

- overall condition rating and remaining life assessment of each bridge with a an 

approximate replacement date recorded and reviewed periodically 

- prioritising and programming maintenance work, preparing funding request 

reports, securing funding for annual maintenance work, producing final annual 

maintenance works programs and implementing the works program 

- assessing load capacities and geometric requirements for strengthening and 

upgrading the bridges to allow higher loads or lift the network status of any 

particular route 

- processing permit applications for special loads to maintain the structural safety of 

the bridge from overloading; 

- preparing long-term route upgrade strategies through developing forward 

programs and secure funding for bridge replacement, rehabilitation and major 

maintenance programs, and 

- capitalisation of all bridge assets by annually assessing and re-valuing. 

 

6.3 The need for decision-making process 

Bridges are a considerable part of road infrastructure. The total value of 4000 state-

owned bridges on state road network in New South Wales alone is more than $2.5 

billion (Roads and Traffic Authority of NSW, 2000). When the asset value of bridges 

on local and regional roads that are the responsibility of local councils and shires is 

included, the total value of bridge assets will be much greater than the above figure. 

Therefore, it is necessary to manage these assets in the best possible way by adopting 

strategies that will satisfy the transport demands of the public and the transport 

industry by giving best value for money.  
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6.4 Network status 

A road network comprises sub-networks and the sub-networks are the links in the 

main network. Each sub-network requires different commercial vehicle usage. But 

since some of these sub-networks feed into the main network they also require the 

same loading requirements. Therefore, it is important to identify these sub-networks 

according to their commercial vehicle use and assign a network status or service level 

based on the operational load. Once the sub-network is identified for a specific service 

level in terms of operational load, the bridges along the sub-network can be assessed 

for their load carrying capacity and selected for upgrading and strengthening. Once 

the upgrading is complete, the network status of the sub-network can then be 

confirmed. If adequate structural capacity is available the network status can be 

increased to a higher service level to carry a higher operational load. 

 

In this day and age of continuous globalisation it is important to look at networks at 

sub-network and global network levels to ensure that regional, national and global 

networks are consistent enough to navigate by road and air traffic – especially heavy 

vehicles that are used for the haulage of manufactured goods. This is becoming very 

evident and needs to be addressed in terms of transport policy in light of massive 

expansion and industrialisation of countries like India and China, notwithstanding 

medium sized countries such as Malaysia and Thailand. A similar situation is faced by 

many countries in Eastern Europe in light of the formation of the Greater European 

Union. The most important thing is that savings made in optimising resources stretch 

the capacity to financially accommodate more expansion of services and building of 

better infrastructure bringing more economic prosperity. 

 

6.5 Decision-making tools  

 

6.5.1 Decision-making process 

The intention of this research is to develop a strategy to assess the available 

infrastructure resources specifically in relation to bridges and their load capacity, 

analyse the requirements for the future development, and make decisions on a 

structured way to advise governments on funding priorities for upgrading existing 

infrastructure. Once the strategy is well defined, tools are identified and designed to 

suit global or local infrastructure planning requirements. The resulting plan will be in 
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line with global requirements eliminating any duplication and overlapping or redoing 

of infrastructure development.  

 

The overall decision-making process is very well illustrated in Fig. 6.5.1. Here the 

process commences from selecting a sub-network for route evaluation for upgrading 

with the application of the methodology described in Chapter 5. Additional costs 

owing to widening and overhead restrictions are included in the overall costing of the 

routes for upgrading to each service level for comparison. For the whole of this 

process for costing options LCC is used and then the benefits are estimated using LP 

followed by the determination of service levels for each sub-route before presenting 

the whole strategy for upgrading the sub-network. 
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Select Subnetwork for Route Assesment

Apply Methodology in Chapter 5

List bridges in sub routes

Evaluate bridge capacities

Identify bridges with deficient capacities

Estimate Overall cost for
 each route for different service Levels

Determine Service Level
for each route Estimate benefits using LP

Deficient width?

Overhead Restrictions?

Estimate additional
cost

Cost Options using
LCC

Present Route Strategy

Decision Making process

 
 

Fig. 6.5.1 Decision-making process 
6.5.2 Select decision-making tools 

In the literature review in Chapter 3 all different methods of analyses used for project 

evaluation were discussed. These analyses include Life Cycle Costing (LCC), Cost 

Benefit Analysis (CBA) and various others. In addition to these two, Linear 

Programming (LP) also has been explained with examples. All of these methods have 

been listed in Table E3.2.1 in Appendix E with their description, advantages and 

disadvantages.  
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6.5.3 Application of LCC to current research 

An introduction to LCC has been made and the factors influencing the life cycle costs 

such as expected life of the asset, discount rate, and the cost components have been 

discussed. Other methods that are used to evaluate and compare projects or alternative 

solutions for selection also have been discussed. Table E3.2.1 in Appendix E 

compares LCC with other available methods. These methods can be used in 

combination or individually to compare the merits and demerits of the available 

options. 

 

The primary objective of this research is to develop a strategy that will determine 

required service levels for routes based on service levels and the secondary objective 

is to develop methods, models and identify tools to assess the cost effectiveness of 

alternative bridge management solutions for individual bridges and networks. This 

involves evaluating the individual structures on each route for their structural 

capacity, and compares the routes to select the best suitable route for the appropriate 

service level as described in Fig. 6.5.1. As part of the evaluation process some 

structures will be found to require strengthening or modification to bring them in line 

with other suitable structures on the route. This process will require coming up with 

options and costing them to decide which option to select on the basis of economy for 

repair, strengthening, or even replacement, hence the overall cost of upgrading a route 

to a required or assigned service level can be estimated. 

 

LCC has been found to be the most suitable method for costing the options. The most 

important factors in working out the lifecycle costs are: 

 

1. the expected life of the options 

2. discount rate to be used over that period 

3. maintenance actions required and their frequency during the life 

4. cost of maintenance of these actions, and finally 

5. the cost of disposal.  

 

This can be done for the upgrading options of the identified individual structure and 

hence for the overall route for comparison with other alternative routes to decide on 
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the service level. Other methods discussed in this paper can be used to confirm, or as 

a parallel check, depending on circumstances. 

It is therefore recommended that Life Cycle Costing be used as one of the most 

suitable tools for decision making when comparing options for bridge infrastructure 

upgrading problems. It can be supplemented by a check done by comparing the BCR 

or IRRs for each of these options using the costing obtained by using LCC. The 

Simple Payback method can also be used as a quick check. 

 
6.5.4 Applicability of LP to current research 

 
(i) General 

It can be seen from Fig. 6.5.1 that the decision-making process involves two major 

components: the actual costing of the options by the use of LCC and then estimating 

the benefits using LP. The application of both of these tools has been explained in 

Chapter 7. A brief description and the main features of LP are explained in this 

section. 

 

(ii) Stages in linear programming and use of ‘Solver’ 

In general the complete solution of a problem involves three stages. The first stage is 

to enter all of the inputs, trial values for the changing cells, and formulae, relating 

these in a spreadsheet. This is called ‘formulating the model’. This stage is the most 

crucial because it is here that all of the ‘ingredients’ of the model are included and 

related appropriately. 

 

In particular, the spreadsheet must include a formula that relates the objective to the 

changing cells, so that if the values in the changing cells vary, the objective value 

varies accordingly. Similarly, the spreadsheet must include expressions for the various 

constraints (usually their left-hand sides) that are related appropriately to the changing 

cells. 

 

After the model is formulated it can be preceded to the second stage that is invoking 

the ‘Solver’ routine in MS-Excel. At this point formally designate the objective cell, 

the changing cells and the constraints, and the Solver can find the optimal solution. If 
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the first stage has been done correctly, the second stage is usually very 

straightforward. 

 

The third stage is sensitivity analysis. In most model formulations of real problems, 

‘best guesses’ are made for the numerical inputs to the problem. There is typically 

some uncertainty about quantities such as unit prices, forecasted demands, and 

resource availabilities. When the Solver is used to solve a problem, the best estimates 

of these quantities are used to obtain an optimal solution. However, it is then 

important to see how the optimal solution changes as the selected inputs are varied. 

This third stage is very important. The work is not complete once the model is 

optimised in stage two.  

 

6.6 Allowance to uncertainty in bridge condition 

There are many instances where the bridges on a route that is considered for 

upgrading are technically of certain capacity but physically the condition of the 

bridges are less than acceptable. In this case bridge inspection records will have to be 

reviewed to assess the condition of the bridge and allowance will have to be made for 

any deterioration of the bridge components that can contribute to lowering of the 

bridge capacity. For example if a bridge is of steel girder with concrete composite 

deck and according to bridge inspection records the girders have corroded with say 

10% of section loss, a reduction in the actual capacity that has been calculated from 

the information from the drawings in a desk top study will have to be made to allow 

for the reduction in capacity.  The uncertainty in the bridge condition can be 

eliminated by carrying an inspection of the bridges on the route that is being 

considered to update the existing inspection records and make an up to date 

assessment of the condition of the bridges on the route. The calculated capacities can 

then be fine tuned to match the actual condition of the bridges. 

   

6.7 Chapter summary 

As part of the overall research, in this chapter the decision-making process has been 

described in Section 6.5.1 and graphically expressed in Fig. 6.5.1. In Section 6.5.2 the 

reasons for selecting ‘Linear Programming’ and ‘Life Cycle Costing’ have been 

explained. The functions of these decision-making tools and their applicability have 

been described briefly in Section 6.5.3 and 6.5.4.  
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A module or a Decision Support System (DSS) is proposed comprising these 

decision-making tools, with main emphasis on the application of Life Cycle Costing 

and Linear Programming and is illustrated in Fig.G6.5.8 in Appendix G. The DSS can 

be incorporated into any computer-based Bridge Maintenance Management System 

(BMMS) as illustrated in Fig. 6.5.2.  

 

The BMMS comprises five modules which are: 

 

1. Bridge Inventory Module (Fig. G6.5.3, Appendix G);  

2. Maintenance Cost Module (Fig. G6.5.4, Appendix G);  

3. Moment Capacity Module (Fig. G6.5.5, Appendix G);  

4. Population Characteristics Module (Fig. G6.5.6, Appendix G); and  

5. Route Status Module (Fig. G6.5.7, Appendix G).  
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Maintenance Cost Module Moment Capacity Module Route Status ModuleBridge Inventory Module

Bridge Management System

BRIDGE MAINTENANCE MANAGEMENT SYSTEM

Decision Support System

Population Chracteristics Module

 
Fig. 6.5.2 Bridge maintenance management system 

 

The DSS facilitates the preparation of funding strategies to implement any upgrading 

programs. The practical application of these decision-making tools and the entire 

methodology will be demonstrated in Chapter 7. The end product will assist bridge 

planners in developing their strategies to upgrade bridge infrastructure network in 

Australia and in other countries that will satisfy the industry demand. Bridge 

maintenance planners can then assess, plan, budget, program and implement bridge 

network upgrading in an affordable and efficient way. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Chapter 7  
 

APPLICATION 

 
 

7.1 General  

 
The previous chapters provide the background information that is required to assist a 

clear understanding of the entire methodology that has been developed in this 

research. The practical application of this methodology will be demonstrated in this 

chapter step-by-step using the selected decision-making tools.  

 

7.2   Application of the methodology  

It is important that methodology described in Chapter 5 is revisited to have continuity 

in explaining the whole process. Initially it can be commenced with the re-

introduction of Fig. 5.7.1 from Chapter 5 which describes the hypothetical route. 

From Fig. 5.7.1 the details of the bridges on the sub-network are listed in Tables 5.7.1 

to 5.7.3 along with their upgrading requirements based on the service level to which 

the routes are to be upgraded. Tables 5.7.1 to 5.7.4 have also been reproduced here. 

 

 
Fig. 5.7.1 Selection of a hypothetical route 

BRN 01 
BRN 02

BRN 03

BRN 04

BRN 18 
BRN 06 BRN 07

BRN 08
BRN 09 

BRN 10 

BRN 19 

BRN 11 

BRN 12 BRN 16 

BRN 15
BRN 14

BRN 13 

BRN 05 

BRN 17 BRN 20 
BRN 21BRN 22BRN 23 

A 

B 

C 

D 

E

BRN 01 
BRN 02

BRN 03

BRN 04

BRN 18 
BRN 06 BRN 07

BRN 08
BRN 09 

BRN 10 

BRN 19 

BRN 11 

BRN 12 BRN 16 

BRN 15
BRN 14

BRN 13 

BRN 05 

BRN 17 BRN 20 
BRN 21BRN 22BRN 23 

A 

B 

C 

D 

E



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

119

Table 5.7.1 Details of Route 1 – VIA ADB 

 
Equivalent Bridge 

No 
Capacity 

SL2 SL3 SL4 SL5 

1 Level 1 Upgrade  Upgrade Upgrade Upgrade 
2 Level 2 Adequate Upgrade Upgrade Upgrade 
3 Level 3 Adequate Adequate Upgrade Upgrade 
4 Level 4 Adequate Adequate Adequate Upgrade 
5 Level 5 Adequate Adequate Adequate Adequate 
6 Level 3 Adequate Adequate Upgrade Upgrade 
7 Level 3 Adequate Adequate Upgrade Upgrade 
8 Level 4 Adequate Adequate Adequate Upgrade 
9 Level 5 Adequate Adequate Adequate Adequate 
10 Level 2 Adequate Upgrade Upgrade Upgrade 

No req’d for upgrade  Upgrade 1 Upgrade 3 Upgrade 6 Upgrade 8 

 
 

Table 5.7.2 Details of Route 2 – VIA BECA 
 

Equivalent Bridge 
No Capacity 

SL2 SL3 SL4 SL5 

10 Level 2 Adequate Upgrade Upgrade Upgrade 
11 Level 3 Adequate Adequate Upgrade Upgrade 
12 Level 5 Adequate Adequate Adequate Adequate 
13 Level 2 Adequate Upgrade Upgrade Upgrade 
14 Level 2 Adequate Upgrade Upgrade Upgrade 
15 Level 1 Upgrade Upgrade Upgrade Upgrade 
16 Level 4 Adequate Adequate Adequate Upgrade 
17 Level 2 Adequate Upgrade Upgrade Upgrade 
18 Level 5 Adequate Adequate Adequate Adequate 
19 Level 2 Adequate Upgrade Upgrade Upgrade 
1 Level 1 Upgrade Upgrade Upgrade Upgrade 

No req’d for upgrade Upgrade 2 Upgrade 7 Upgrade 8 Upgrade 9 
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Table 5.7.3 Details of Route 3 – VIA ACDB 

Equivalent Suitability Suitability Suitability Suitability Bridge 
No Capacity For SL2 For SL3 For SL4 For SL5 
10 Level 2 Adequate Upgrade Upgrade Upgrade 
9 Level 5 Adequate Adequate Adequate Adequate 
20 Level 5 Adequate Adequate Adequate Adequate 
21 Level 5 Adequate Adequate Adequate Adequate 
22 Level 5 Adequate Adequate Adequate Adequate 
23 Level 5 Adequate Adequate Adequate Adequate 
17 Level 2 Adequate Upgrade Upgrade Upgrade 
18 Level 5 Adequate Adequate Adequate Adequate 
19 Level 2 Adequate Upgrade Upgrade Upgrade 
1 Level 1 Upgrade Upgrade Upgrade Upgrade 

No req’d for upgrade Upgrade 1 Upgrade 4 Upgrade 4 Upgrade 4 

 
Table 5.7.4 Comparison of all three routes 

Route 

No 

Description Suitability

For SL2 

Suitability 

For SL3 

Suitability 

For SL4 

Suitability 

For SL5 

Recommend

SL 

1 ADB Upgrade 1 Upgrade 3 Upgrade 6 Upgrade 8 SL 2 & 3 
2 ACEB Upgrade 2 Upgrade 7 Upgrade 8 Upgrade 9 SL 2 
3 ACDB Upgrade 1 Upgrade 4 Upgrade 4 Upgrade 4 SL 3, 4 & 5 

 
Now the details of the bridges that are required for upgrading are summarised in 

Table 5.7.4. They are simply the total number of bridges that require upgrading from 

the last row of Table 5.7.1 for Route 1, Table 5.7.2 for Route 2, and Table 5.7.3 for 

Route 3 summarised in Table 5.7.4 with the recommendation to upgrade in the last 

column in Table 5.7.4.  

 
 
7.3 Application of LCC 

  
7.3.1 General 

The methodology described in Section 5.3 has led to the identification of bridges that 

require upgrading and they have been listed in Table 5.7.1 to 5.7.3; and the total 

number of bridges that require upgrading in each route has been summarised in Table 

5.7.4. It is now required to cost each option available for upgrading and what these 

options can offer after upgrading in terms of specified service levels listed in Table 

2.6.1. The steps required to cost the options using LCC will be explained clearly in 

the sections that will follow.  
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7.3.2 Maintenance activities 

The cost of maintenance varies depending on the type of bridge. This cost depends on 

the maintenance activities that are performed on bridges in general and in particular 

for the bridge under consideration. A comprehensive list of maintenance activities that 

are being carried out on all types of bridges is provided in Tables E7.3.1a and E7.3.1b 

in Appendix E. In the tables Column 2 provides the activity codes, Column 3 provides 

the description of each activity, Columns 4, 5 and 6 provide the rates that have been 

used in NSW regions of North, South, and South-West, and Column 7 provides the 

units that are used to measure these activities. Therefore the maintenance cost per 

bridge that has been used for each option can be calculated using an extended version 

of Tables E7.3.1a and E7.3.1b which are presented as Tables E7.3.2a and E7.3.2b. 

These two tables include in Columns 8 and 9, the quantity and cost. 

 

7.3.3 Calculation of cost of maintenance per year 

The maintenance activities depend on the bridge types that have been selected. The 

maintenance cost for each year can be calculated based on when these maintenance 

activities take place and in which year of the bridge life cycle they take place. There 

are two types of maintenance activities: one is routine maintenance which involves 

sweeping, scupper cleaning, greasing of bearings etc., and then the specific 

maintenance such as replacement of bearings, expansion joints, resurfacing the deck 

and approaches, spot painting of steel components of the bridge. Therefore the 

calculation of cost of maintenance per year can be carried out using Tables E7.3.3a 

and E7.3.3b where Column 1 provides the activity code, Column 2 provides the 

description of each activity, Columns 3, 4 and 5, the rates, units and the quantities 

applicable, Column 6 the cost of each activity, and from Column 7 onwards each 

column represents each year in the life cycle of the bridge considered in the option. 

The option selection process has been well described in Fig. 3.2.1. 
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7.3.4 Calculation of other cost components 

The components of the whole-of-life cost are clearly explained in the form of 

equation 3.2.4 which is re-presented here. 

 

LCC = (AC – TD) + (OC + RC) – RV……………………………3.2.4 

 

 AC = Initial asset acquisition  

 TD = Tax depreciation entitlements 

 OC = Operating and maintenance costs 

 RC = Replacement disposal and upgrade costs 

 RV = Residual salvage value 

 

As part of the concept design and option development all other cost components will 

be estimated by the consultant that has been engaged with the responsibility. This is a 

well defined process, is well established in the industry, and so does not require 

inclusion here in this report. 

  

7.3.5 Calculation of cost of each option 

Two examples have been provided in Appendix E describing an exercise that has 

been carried out for Galston Gorge Bridge in NSW to estimate the maintenance cost 

and operating costs. These are presented in the form of Table E7.3.4 for maintenance 

cost and E7.3.5 in Appendix E for road user or operating cost. A similar example is 

also presented in Appendix E in the form of Tables E7.3.6 and E7.3.7 describing an 

exercise that has been carried out for St Albans Bridge in NSW. The examples 

mentioned here have been prepared as part of cost evaluation of options for each 

bridge in isolation. It is intended to use these examples to demonstrate the application 

of LCC. The accuracy of these examples depends on the values that have been used in 

the cost evaluation. If any particular route is selected for any particular service level 

then the bridges that will require upgrading can be listed along with the cost for 

upgrading for each route option. This will be clearly demonstrated in Section 7.3.7. 

 

7.3.6 Selection of preferred option 

It has been explained in Section 7.3.4 how cost of various options for upgrading can 

be calculated using LCC. This has been demonstrated by using two examples which 
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have been included in the form of Tables E7.3.4 and E7.3.5 for Galston Gorge Bridge 

and Tables E7.3.6 and E7.3.7 for St Albans Bridge in Appendix E. The details of the 

bridges such as their span configuration, bridge type etc and the options that have 

been considered are described below: 

 

Galston Gorge Bridge: This is a McDonald timber truss single 20m span with 4.6m 

wide single lane bridge built in 1892 which requires routine maintenance every two 

years and major maintenance every 5-8 years which required natural hardwood timber 

for replacement of truss elements. The bridge is located on a sharp bend with poor 

road geometry but it is a heritage listed bridge. 

 

St Albans Bridge: This a Deburg timber truss bridge which was built in 1902 with 4 

spans 9.4x35.96x10.66x9.14 2 with a single truss span of 35.96m located on a poor 

road geometry which requires routine maintenance every two years with major 

maintenance every 5-8 years this one of two remaining timber bridges in the Sydney 

Region. It is one of the heritage listed Deburg truss bridges in NSW. The original 

timber deck has been replaced with a stress laminated deck which requires periodicall 

restressing. 

 

Both of the above bridges have been considered for the following options: 

Case A - Maintain as in current configuration of span and lane widths etc. which will 

limit its ability to carry current legal loads of 42.5t with substandard barrier system 

that remains as an accident risk and subject to bridge closures due to poor road 

geometry causing trucks getting stuck between barriers.

 

Case B - Rebuild by replacing major truss components with extended life and 

maintain still with limitations to carry legal loads. The bridge will still be subject to 

closures for maintenance and due to accidents. 

 

Case C - Strengthen and rebuild to allow carrying legal loads with upgraded barriers 

and reduce frequent closures due to maintenance.  

 

Case D - Replace Bridge to current standards 
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The above information is provided to allow the reader gauge the significance of 

scenarios considered 

 

Based on the costs and the constraints that come along with the options such as the 

load limits, expected life, maintenance cost etc., a preferred option is selected. This 

preferred option status changes based on the conditions that are placed on selecting a 

route for upgrading. In Section 7.3.7 in the tables provided the cost of these preferred 

options can be inserted to calculate the overall cost of upgrading any selected route to 

any preferred service level. 

 
7.3.7 Calculation of cost for upgrading to any service level 

In calculating the overall cost of upgrading of the whole route hypothetical values can 

be inserted for the preferred options to any preferred service level.  

 

Table 7.3.1 Details of Route 1 – VIA ADB 
 

Equivalent Bridge 
No Capacity 

SL2 SL3 SL4 SL5 

01 Level 1 $1,000,000 $1,200,000 $1,200,000 $1,200,000 
02 Level 2 $0 $1,200,000 $1,200,000 $2,800,000 
03 Level 3 $0 $0 $1,800,000 $2,000,000 
04 Level 4 $0 $0 $0 $2,000,000 
05 Level 5 $0 $0 $0 $0 
06 Level 3 $0 $0 $1,500,000 $2,500,000 
07 Level 3 $0 $0 $1,500,000 $2,500,000 
08 Level 4 $0 $0 $0 $2,500,000 
09 Level 5 $0 $0 $0 $0 
10 Level 2 $0 $1,600,000 $1,800,000 $2,000,000 
    Upgrade 1 Upgrade 3 Upgrade 6 Upgrade 8 

  $1,000,000 $4,000,000 $9,000,000 $17,500,000 
 
 

When these hypothetical values are put in Tables 5.7.1 to 5.7.3 for routes 1 to 3 the 

total cost will be summed at the foot of these tables. As explained before, these values 

are to be calculated using LCC for individual options. 
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Table 7.3.2 Details of Route 2 – VIA ACEB 

Equivalent Bridge 
No Capacity 

SL2 SL3 SL4 SL5 

10 Level 2 $0 $1,600,000 $1,800,000 $2,000,000 
11 Level 3 $0 $0 $2,400,000 $2,600,000 
12 Level 5 $0 $0 $0 $0 
13 Level 2 $0 $2,200,000 $3,000,000 $2,800,000 
14 Level 2 $0 $2,400,000 $2,400,000 $2,800,000 
15 Level 1 $2,200,000 $2,200,000 $2,800,000 $3,200,000 
16 Level 4 $0 $0 $0 $2,400,000 
17 Level 2 $0 $1,800,000 $3,200,000 $3,200,000 
18 Level 5 $0 $0 $0 $0 
19 Level 2 $0 $1,600,000 $2,800,000 $3,200,000 
01 Level 1 $1,000,000 $1,200,000 $1,200,000 $1,200,000 

No req’d for upgrade Upgrade 2 Upgrade 7 Upgrade 8 Upgrade 9 

  $3,200,000 $13,000,000 $19,600,000 $23,400,000 
 

Table 7.3.3 Details of Route 3 – VIA ACDB 
 

Equivalent Bridge 
No Capacity 

SL2 SL3 SL4 SL5 

10 Level 2 $0 $1,600,000 $1,800,000 $2,000,000 
9 Level 5 $0 $0 $0 $0 
20 Level 5 $0 $0 $0 $0 
21 Level 5 $0 $0 $0 $0 
22 Level 5 $0 $0 $0 $0 
23 Level 5 $0 $0 $0 $0 
17 Level 2 $0 $1,800,000 $3,200,000 $3,200,000 
18 Level 5 $0 $0 $0 $0 
19 Level 2 $0 $1,600,000 $2,800,000 $3,200,000 

1 Level 1 $1,000,000 $1,200,000 $1,200,000 $1,200,000 
No req’d for upgrade Upgrade 1 Upgrade 4 Upgrade 4 Upgrade 4 

  $1,000,000 $6,200,000 $9,000,000 $9,600,000 

 
 
7.3.8 Calculation of cost of route option 

When selecting a route as a whole there are constraints involved. The most important 

constraint is the cost of upgrading bridges. Others will be such as geometrical 

requirements, accessibility to commercial centres etc. These factors will be clearly 

discussed in Chapter 8. 

 



 A Strategy for Upgrading Bridge Infrastructure Network  
 

 
 

126

If one considers the cost of upgrading the bridges only when looking at the selected 

routes in Tables 7.3.1 through to 7.3.3 for the following two route options: 

 

• compare Routes 1, 2 and 3 for upgrading to a Service Level 5 

• compare Routes 1, 2 and 3 for upgrading to a Service Level 4. 

 

The cost of upgrading the routes can be summarised as in Table 7.3.4. 

 
Table 7.3.4 Route option versus route 

 
Route 
Option 

Description Route 1 Route 2 Route 3 

1 Service Level 4 Upgrade 6 Upgrade 8 Upgrade 4 

    $9,000,000 $19,600,000 $9,000,000 

2 Service Level 5 Upgrade 8 Upgrade 9 Upgrade 4 

    $17,500,000 $23,400,000 $9,600,000 
 
It can be seen from Table 7.3.4 that it is more economical to upgrade Route 3 to 

Service Levels 4 and 5 than Route 2 or Route 1. This leaves Route 1 for upgrading to 

Service Levels 2 and 3 and Route 2 for upgrading to Service Level 2. The entire 

application described above in Tables 7.3.1 to 7.3.4 has been fed into an Excel 

spreadsheet and included in Appendix E as Table E7.3.8 titled ‘Route Option 

Analysis Model’ which automatically chooses the cheapest option. 

 

The spreadsheet mathematical model mentioned above automatically selects the most 

economical route in the part called ‘Comparison’ once the cost of upgrading of the 

individual routes to different service levels has been input into tables titled ‘Route No 

1 – VIA ADB’, ‘Route No 2 – VIA ACEB’, and ‘Route No 3 – VIA ACDB’ in the 

model. The model also highlights the geometrical restrictions owing to height and 

width in the part called ‘Constraints’ along with the routes with shortest distance and 

high haulage. The outcome is listed under the title ‘Lowest Cost Upgrade’’ with the 

values of each upgrade and the recommended service level. It is intended to develop 

this model further with much more sophistication and integration with the master 

databases incorporated in the Decision Support System (DSS). 
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7.4 Application of LP to estimate benefit 

 
7.4.1 General 

It has been mentioned previously that Linier Programming (LP) will be used as a tool 

to estimate the benefits of route upgrading. This section will demonstrate the 

application of LP for this purpose. 

 
7.4.2 Route option analysis and application of Solver 

(i) Application of Solver 

As described in Section 3.3.4 (ii) ‘Stages in Linear Programming’, the following three 

stages are involved in using solver: 

 

• formulating the model 

• invoking ‘Solver’ 

• sensitivity analysis. 

 

A spreadsheet model has been formulated in MS-Excel for the hypothetical route that 

has been discussed in Section 5 and included in Appendix E as Table E7.4.1. The 

model demonstrates a relationship between the traffic volume and the cost of 

upgrading. Here the cost of upgrading is input into Sub-Table C from Tables 7.3.1 to 

7.3.3 and the actual Annual Average Daily Traffic is input into Row 6 of Sub-Table E 

and the desired maximum traffic volume (Col. 1) and the load capacity (Col. 2) in 

terms of a service level is input into Sub-Table F. Solver distributes the traffic volume 

according to the set load capacity on all three routes in Columns 2 to 6 in Sub-Table E 

and the transport cost per unit is calculated in the last column of Sub-Table F. The 

most minimum total cost of upgrading for all three routes is displayed in Sub-Table 

A. 

 

(ii) Sensitivity analysis 

A sensitivity analysis can be carried out using this model which has been explained in 

Appendix E in the attachment to Table E7.4.1 as ‘Interpretation of Exercise in Table 

E7.4.1’. In this attachment the purpose of each sub-table from A to F is explained 

with the objective function in Sub-Table A; the list of constraints in Sub-Table B; 

input of upgrading costs estimated using LCC in Sub-Table C; display of cumulative 
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traffic volumes in Sub-Table D; optimum values of traffic volume distributed by 

Solver displayed in Sub-Table E and, finally, the comparison of unit cost owing to 

upgrade calculated in Table F. This is further explained in Chapter 8, Section 8.4.2. A 

sensitivity analysis can be performed by varying the load capacity and the desired 

traffic volume in Sub-Table F, and the optimum traffic volume values will be 

determined by ‘Solver’ in Sub-Table E and hence the unit cost of upgrade is displayed 

in Column 4 of Sub-Table F. 

  

7.5 Chapter summary  

The chapter commences with the description of the selected routes in Fig. 5.7.1 and 

the costing of upgrading individual bridges using LCC as described in Section 7.3 

with examples in Tables E7.3.4 and E7.3.5 in Appendix E. The cost of upgrading the 

selected routes are summarised in Tables 7.3.1 to 7.3.3 with hypothetical values to 

demonstrate the process, with the overall summary of costs in Table 7.3.4. It can be 

seen from Table 7.3.4 that it is more economical to upgrade Route 3 to Service Levels 

4 and 5 than Route 2 or Route 3.  

 

Two individual mathematical models have been developed: one to demonstrate the 

use of LCC presented as Table E7.3.8 Route Option Analysis in Appendix E to 

estimate the cost of upgrading and to select the most economical upgrading option, 

and an independent model also has been developed applying Linear Programming 

(LP) presented as Table E7.4.1 in Appendix E using MS-Excel Solver. The purpose of 

the application of LP here is mainly to estimate the benefits of route upgrading in 

terms of improved haulage and hence the unit cost of upgrade.  

 

Again, the expectation from this research is to further develop these models from just 

demonstrating the principles of the proposed strategy to a fully functioning integrated 

model incorporated into a DSS. Here the clear distinction between the current practice 

with the road authorities and the methodology that has been demonstrated in this 

research is that currently the bridges are analysed individually as in examples in 

Appendix E in Tables E7.3.4 and E7.3.5, or when a particular route is assessed for the 

introduction of a heavier vehicle, but the entire network is not assessed for 

comparison for the most economical upgrade with the use of an integrated Decision 

Support System (DSS). 



 

Chapter 8  
 

SENSITIVITY ANALYSIS 

 
 

8.1 The factors that influence the cost of upgrading  

The factors that influence the cost of upgrading are: 

1. number of height restrictions 

2. number of width restrictions 

3. moment capacity of the existing bridges 

4. road alignment and ride-ability 

5. condition of road, and 

6. future potential to improve the road. 

 

8.1.1 Height restriction 

The number of height restrictions in the selected route is a factor to consider. The 

height restrictions occur because of electricity transmission cables or any other utility 

installation that has to be lifted to provide the required overhead clearance and or the 

necessary insulation. This can be a costly exercise which has to be priced accordingly 

by liaising with the appropriate authority. The overhead restriction also can be caused 

by other overpasses and bridges, especially pedestrian bridges crossing the proposed 

route which may have been built in a period when the overhead clearance 

requirements were lower. The cost of lifting these bridges will need to be estimated 

for each crossing and considered with the overall cost of the upgrading. 

 

8.1.2 Width restriction 

Bridges that have adequate capacity may not satisfy the width requirements. A 

nominated heavy vehicle route will be required to satisfy width requirements in terms 

of safety and speed of travel. Once the route is selected based on cost considerations, 

the route will have to be checked to see whether it satisfies the width and alignment 

requirements for heavy vehicles to travel at required speed to maintain the overall 

time of travel. While doing this, the number of bridges that will require widening will 
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have to be identified, and the cost of widening will have to be estimated and 

considered with the overall cost of upgrading the entire route. This is also applicable 

to overhead restrictions that have supports too closely positioned that will cause width 

restriction. If a bridge that has been identified for upgrading for lack of capacity it will 

obviously be upgraded for capacity as well as for geometric requirements. Section 2.9 

in Chapter 2 especially subsection 2.9.2 clearly describes a simple relationship 

between cost of widening and the equivalent cost of replacement in the form equation 

2.9.1 and Fig. 2.9.1, here the difference in design standard has not been considered. 

When considering different route strategies the cost of widening will have to be 

closely considered with the cost of total replacement depending on the circumstances. 

A replacement bridge can eliminate other issues such as providing greater capacity, 

better road alignment and pedestrian access at the same time a simple innovative 

widening option can provide the solution that is fit for the purpose and can be 

relatively economical. 

  

8.1.3 Moment capacity of existing bridges 

Bridge capacity is the important factor in deciding on route strategies. It is important 

that the assessment of structural capacities of the existing bridges is  carried out 

thoroughly considering the physical condition, remaining life, available technical 

information such as the as built drawings and materials used. The technique to be 

used to assess the capacity will also play an important role. There are more 

sophisticated methods available currently to evaluate bridge capacities. Section 2.7 in 

Chapter 2 summarises these methods in detail along with flow charts describing the 

processes in Fig.2.7.1 and Figs. C2.7.2 and C2.7.3 in Appendix C. Simple 

strengthening methods have also been described in Section 2.10 in the form of Figs; 

C2.10.1 to C2.10.4 which can make considerable difference to the capacity of bridges 

and hence the decision on route strategies. A strengthened bridge can be a lot cheaper 

option than a total replacement considering the traffic and road alignment costs that 

are associated with replacement bridges. 

 

8.1.4 Road alignment and ride-ability 

The road alignment and ride-ability is an important factor to be considered in 

selecting a heavy vehicle route. This very much depends on the overall alignment of 

the route. A route can be shorter and can have all the bridges on that route with the 
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required capacity to provide the highest service level but it will not be suitable if it 

does not have the rideable qualities to provide adequate safety and speed of travel for 

the heavy vehicles. The cost of the improvements will have to be considered in the 

overall costing of the route upgrade including the cost of land acquisition and 

property alterations that will be required to achieve a good route alignment. 

 

8.1.5 Condition of road 

The overall condition of the road pavement is a factor to be considered in upgrading a 

route. The cost of improving the road pavement will have to be included or 

considered in selecting a route for upgrading. The type of pavement structure – 

whether it is concrete, gravel, bitumen or just a dirt route – plays a part in costing a 

route upgrade. This can influence the speed of travel, the cost of fuel consumption and 

the cost of maintenance of the vehicles due to poor road conditions. 

 

8.1.6 Future potential for improvement 

The available road reserve, that is the width of the overall road corridor, also needs to 

be considered in selecting a route for upgrading. There will be land acquisition costs 

involved when an additional lane is to be provided in the future depending on the 

transport demand. It is wiser to upgrade a route that has a few more bridges that 

require upgrading in terms of structural capacity and which has good potential for 

future upgrading in terms of road alignment than a route that has fewer bridges with 

inadequate structural capacity. 

 

8.2 Sensitivity analysis  

 
8.2.1 Sensitivity analysis – Life cycle costing 

The factors influencing the LCC of upgrading have been explained in Section 8.1. 

The circumstances relating to each route are different. It is important that these factors 

are clearly identified at the initial stage and also the extent of the influence of these 

factors in any particular case. Geometrical restrictions require serious consideration, 

especially height restrictions; this can be owing to overhead power cables which are 

very costly to relocate or to be laid underground. Width restrictions on bridges can be 

accommodated with the alterations required for bridges requiring increased load 

capacity. The other important factor is road alignment; this in many cases can be 
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costly owing to land acquisitions required for widening to fit the truck turning circles, 

to provide safety to other road users, and delays that can be caused in slowing down 

the vehicle to manoeuvre in tight corners. The spreadsheet model in Appendix E as 

Table E 7.3.8 which allows for a number of restrictions put in for comparing the 

routes in the sub-network in consideration. The actual cost of these individual 

restrictions will have to be added to the overall cost of the options when comparing in 

order to select the most economical route. A comprehensive bridge and road 

inventory database that is incorporated into the Bridge Maintenance Management 

System and its individual modules described in Chapter 4 that can hold sufficient 

information which can prevent any underestimation of costs owing to these 

restrictions. 

 

8.2.2 Sensitivity analysis – Linear programming 

The process of cost benefit assessment has been described in Section 4.5 in particular 

in Fig. 4.5.1. The use of LCC to estimate the cost of upgrading the routes and the use 

of LP to estimate the benefits have been explained. The sensitivity analysis in the 

application of LP can be carried out in the model explained in Section 7.4.2 and in 

Sub sections (i) and (ii) and the spreadsheet model presented as Table E7.4.1 in 

Appendix E, by varying the desired service level in Sub-Table F, Column 2 and the 

actual traffic volume in Sub-Table E, unit cost of upgrading will be determined in 

Table F, Column 4. Appropriate cost of upgrade for each option will have to be input 

in Sub-Table C which was derived from model presented as Table E7.3.8 in Appendix 

E titled ‘Route Option Analysis’ using LCC. The intention is to develop an integrated 

model using models in Table E7.3.8 and E7.4.1 and incorporate them in to the overall 

Decision Support System (DSS) described in Fig G6.5.8. 

 

8.3 Chapter summary  

This chapter deals with the sensitivities due to various factors on the costing of 

different route options. The factors that influence the cost of upgrading have been 

summarised in Section 8.1 and individually explained in the subsections. Section 2 

describes the use of LCC in the estimation of cost of upgrading and the use of LP in 

the estimation of benefits in terms of cost of transport. The models that have been 
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created to demonstrate these tools have also been explained.  In the proposed Bridge 

Maintenance Management System, various modules have been created to capture 

adequate information to be used in carrying out the costing of options. The Route 

Status Model proposed and described in the form of Fig. G6.5.7 in Appendix G is 

supposed to contain this information on factors described in Section 8.1. The overall 

objective of this chapter is to make the reader aware of the factors that influence the 

decision making process in deciding on route strategies in terms of cost of upgrading 

and in terms of estimating the benefits. 



 

Chapter 9  
 

CONCLUSION 

 
 

9.1 General  

In this research the following work has been covered: 

 

1. categorise the existing bridge stock in NSW according to their design standards 

2. review and establish current and future operational loading requirements 

3. determine service level categories in terms of operational loads 

4. determine criteria to compare routes for upgrading and to select best options 

5. develop bridge infrastructure management decision-making tools, and 

6. demonstrate the application of the strategy and the tools. 

 

The overall research has provided a comprehensive view of bridge loading and total 

bridge asset management. While Chapter 1 covers an introduction to bridge 

engineering as a whole, it clearly describes the purpose and the aim of the research. In 

Chapters 2 and 3 a thorough literature review into all related subjects, and on the work 

that has been done in the past, has been covered. Since the research topic is unique 

and very much related to practical aspects of bridge route strategy development, there 

was a lot of information gathered from sources related to the author’s past experience. 

This has been discussed in Chapter 4 where the research methodology describes how 

this topic was chosen and the need for the research in this area. Strategy development 

is described in Chapter 5 with step-by-step explanation of the whole process followed 

by, in Chapter 6, the description of decision-making tools and the selection of LCC 

and LP for option selection and cost benefit assessment. The application of the 

methodology in Chapter 7 is demonstrated using two mathematical models: one for 

LCC in costing of upgrade options and the other for LP estimating the unit cost of 

upgrade. The factors influencing the costing of options and sensitivities of load 

capacity on traffic volume are also discussed in Chapter 8.  
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9.2 Contribution to industry  

It has been explained that existing bridge infrastructure networks have bridges 

designed at different stages of the development of the network. Therefore these 

bridges have different structural capacity to carry loads. There are several operational 

loads such as semi-trailers, B-Doubles of various axle configurations, road trains and 

unconfined vehicles of various axle configurations. 

 

If the bridge infrastructure network is to be efficiently used, the transport industry 

should have the flexibility to move its goods in the most efficient way by reducing the 

unit cost of transport. This can only be achieved by upgrading the existing network to 

allow the operational loads that are very commonly used by transport operators. To 

achieve this, the network will have to be analysed for the variation in structural 

capacity of bridges in each sub-network and upgrade the sub-network to a required 

standard to allow a particular, or a few, operational vehicles. This research satisfies 

that need by proposing a methodology to upgrade the existing routes in the most 

economical way by making use of the existing bridge load capacities by identifying 

the routes with a service level. 

 

9.3 Contribution to body of knowledge  

Previous work has concentrated on analysing existing individual bridges or bridges on 

any individual route for structural capacity in view of introducing a particular 

operational load. The aim of MLR that was carried out by NRTC was to increase the 

legal mass limit from the current 42.5t to 45.5t to achieve increased productivity by 

transport companies (Section 2.5.1). This can only increase the structural capacity 

requirement of the existing structures that will reduce the chances to allow for further 

increase without any upgrade or modifications.  

 

A heavy load analysis system, described in Section 2.5.8, that was developed by the 

Department of Transport of South Australia (DoT of SA, 1990) uses a nodal-based 

network with stored bridge structure information that is compared with the moment 

and shear developed by a proposed vehicle. This approach also can be extended to 

identify the required service level for sub-networks based on existing structural 

capacities. There are also individual studies carried out on individual bridges to 

analyse the load carrying capacities of large and complicated bridges. The information 
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obtained from these individual studies can also be used in completing the capacity 

requirement of a sub-network of bridges. Advances have also been made in other 

areas of bridge assessment such as proof load testing, bridge health monitoring, etc. 

These have been described in Sections 2.5.5 and 2.5.6. 

 

This research provides a strategy which will contribute to the existing body of 

knowledge by providing a systematic way to cost options for upgrading to increase 

the volume of goods transported between population centres with the aim of reducing 

the cost of transport to the industry, and hence to the community. This approach will 

benefit policy makers by aiding effective use of available funds for infrastructure 

development based on industry demand. A structure has been proposed for a Bridge 

Maintenance Management System comprising individual modules with a Decision 

Support System which will become the ultimate tool for efficient decision-making 

process for infrastructure development in terms of bridges. 

 

9.4 Contribution to research and recommendation for future work 

The current research has opened doors for further research, especially further 

developing the mathematical models that have been introduced in Tables E7.3.8 and 

E7.4.1 in Appendix E and integrating them into one single model to analyse various 

route options. There is scope for development of the Bridge Maintenance 

Management Systems (BMMS) that has been proposed and illustrated in Fig. 6.5.2 

along with the accompanying modules for bridge inventory, maintenance cost, 

moment capacity, population characteristics and route status. It is recommended that 

the Decision Support System that has been proposed in this research is developed 

further and incorporated into the overall Bridge Maintenance Management System 

which can be carried out in stages.  
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Maintenance Cost Module Moment Capacity Module Route Status ModuleBridge Inventory Module

Bridge Management System

BRIDGE MAINTENANCE MANAGEMENT SYSTEM

Decision Support System

Population Chracteristics Module

 

Fig. 6.5.2 Bridge maintenance management system 
 

It is hoped that in the future advanced IT techniques will facilitate the transfer of data 

from different sources and processing them to be integrated into a DSS that is 

incorporated into an overall BMMS. This effort should be made by a central body that 

is involved in infrastructure management decisions to avoid duplicating work by 

various regional authorities which can result in wastage of resources. Additional data 

gathering can also be made easy by utilising more sophisticated GPS technology and 

also remote access to systems to transfer field data to a central computer. Further 

research can also be carried out in integrating regional network to national and further 

into international bridge infrastructure network. It will be convenient to conduct this 

research in parallel to road network study in which many advances have already been 

made but which is not covered in the literature review since it is outside the scope of 

this research. 

 
9.5 Study limitations  

The overall study is limited by the amount of time required to analyse large quantity 

of data and also is limited by available data to analyse real-life situations. This is 

owing to political sensitivity to the access of data from road authorities and acquiring 

permission to publish them. That is the very reason the author used hypothetical 

situations and values to demonstrate the methodology and illustrate the models that 

have been developed, which has limited the demonstration of real-life examples. 
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9.6 Conclusion  

In summary the primary objective of this research is to develop a strategy that will 

determine required service levels for routes based on service levels and the secondary 

objective is to develop methods, models and identify tools to assess the cost 

effectiveness of alternative bridge management solutions for individual bridges and 

networks.  

 

This research has achieved the primary objective of developing a strategy by 

categorising the existing bridge stock in NSW according to their design standards in 

which the design standards over the past have been very well defined and documented 

in Chapter 2, the current operational loads have been reviewed and documented, 

service level categories have been recommended and defined and a criteria has been 

determined to compare routes which is very well described in Chapter 5 as part of the 

strategy development. The secondary objective of developing decision-making tools 

has been achieved by recommending the use of Lifecycle costing and the Linear 

Programming in Chapter 6 and their application is demonstrated in Chapter 7 along 

with the application of the developed strategy to assess the cost effectiveness of 

alternative bridge management solutions for individual bridges and networks which is 

the primary objective of this research. 

 

It is concluded that a proper strategy is needed for bridge infrastructure management 

taking into consideration existing bridge capacities based on cost of upgrading 

alternative routes to assigned service levels. The proposed methodology allows bridge 

planners and strategists to evaluate existing heavy vehicle routes for upgrading to 

different service levels and simplifies the decision-making process using appropriate 

tools, thus bringing huge savings in bridge replacement and upgrading costs. 
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Table A1.1.1 Summary of Results from a Survey of Bridge Management Systems - Australia and New Zealand 

 
Member Authority RTA NSW Vic Roads T SA DMR Qld MR WA DIPE NT DUS ACT DIER Tas Transit NZ 
Has a System? Yes Yes Yes Yes Yes Yes Yes Yes No 
Commercial Model Yes Yes No No No No No No No 
Model Name PONTIS4 PONTIS - - IRIS 2 - -  
BMS Modules          
 - Inventory E E E E E E E E  
 - Inspection E E E E E B E E  
 - Assessment C C E B E B E B  
 - M’tce Records D E E D E A E B  
 - Condition E C E E B E3 E E  
 - Safety Assessment C B D B B A E B  
 - M’ment Planning D B E B B A A C  
 - Det’n Model A B A A A B A B  
 - Prioritisation A B A B B A A B  
 - Reporting E B E1 B E D E E  
 
Notes:  1 Reports on overall condition, and on overall repairs with priority grouping and target from last inspections. 

2 System in place before PONTIS but captures similar detail. 
3  Not very effective because there is no evidence behind the notional condition ratings. 
4  A modified version of PONTIS is used for element condition rating. 
5  Transit NZ has normal BMS for management of bridge asset, but manages its bridges through guidelines and manuals. 

 
Legend: A Module not considered for inclusion in the bridge management system 
 B Module under consideration 
 C Module being developed 
 D Module developed 
 E Module populated and working 
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A1.1.2 List of AUSTROADS Member Authorities 
 
 
 

State and Country Member Authority 
New South Wales (NSW), Australia Roads and Traffic Authority 
Victoria (Vic), Australia Road Corporation (Vicroads) 
Queensland (QL), Australia Department of Transport 
Western Australia (WA), Australia Main Roads Department 
South Australia (SA), Australia Transport South Australia 
Tasmania (TAS), Australia Department of Infrastructure, Energy and Resources 
Northern Territory (NT) Department of Infrastructure, Planning and Environment 
Australian Capital Territory (ACT), Australia Department of Urban Services 
Commonwealth Government, Australia Department of Transport and Regional Services 
Australia wide Australian Local Government Association 
New Zealand Transit New Zealand 
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Table A2.4.1 Percentage of Bridge Span Range State by State based on Length and Deck Area 
 

 
 

Span NSW VIC QLD SA WA TAS NT Aust NSW VIC QLD SA WA TAS NT Aust
Range (m) % of Bridge Span Range based on length % of Bridge Span Range based on Deck Area 

≤5 0 7 1 7 3 11 0 5 0 2 0 4 1 1 0 1 
5 - 7 9 7 4 6 25 14 0 9 4 3 1 2 13 4 0 3 
7 - 9 10 5 6 9 11 14 0 9 6 1 3 4 10 8 0 5 
9 - 11 20 15 22 6 21 22 70 22 13 12 14 4 14 18 50 15 
11 - 13 8 11 14 6 5 7 1 9 4 11 11 4 6 6 1 7 
13-15 7 7 19 15 3 5 8 10 5 9 18 7 2 7 3 9 
15 - 20 16 16 14 19 30 12 11 15 16 21 16 18 49 22 11 19 
20-30 21 12 18 22 2 12 7 15 21 27 27 31 5 23 28 24 
>03 9 9 2 10 0 3 3 5 31 14 10 26 0 11 7 17 

Unknown - 11 - - - - - 1 - - - - - - - - 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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Fig B5.8.1 Comparison of Bridge Design Loads with 1976 Bridge Design Load 
 
 



A Strategy for Upgrading Bridge Infrastructure Network 

 157

 
Table B 5.8.1 Load Effect of Current Legal Load L42.5t 

   
Load Configuration 

 

        3.0         1.2      4.4        1.2    1.2 
 
6.0t              16.5t                         20.0t   

 
Fig. 2.6.1 Current legal load – L42.5 

 
Axle no. Axle loads Distance to next axle 

 kN m 
1 6 3 
2 8.25 1.2 
3 8.25 4.4 
4 6.66 1.2 
5 6.66 1.2 
6 6.66   

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 22.08 20.12 22.00 
10 55.08 28.47 36.12 
15 113.75 36.22 42.19 
20 178.15 40.11 44.50 
25 241.00 42.15 45.61 
30 302.55 43.33 46.17 
35 363.03 44.04 46.45 
40 422.61 44.49 46.57 
45 481.45 44.76 46.59 
50 539.66 44.94 46.57 

* results from spans 5 to 50m by the traversal of L42.5 in Fig 2.6.5 including impact to NAASRA 1976 
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Table B 5.8.2 Load Effect of Proposed Legal Load L45.5t 

 

Load Configuration 

        3 .0         1 .2   4.4 -10.4   1.2    1.2  
 
6.0t              17.0t                    22.5t   

Fig. 2.6.5 Proposed legal load – L45.5 
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 3 
2 8.5 1.2 
3 8.5 4.4 
4 7.5 1.2 
5 7.5 1.2 
6 7.5   

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 24.86 22.23 24.57 
10 61.52 30.97 38.17 
15 120.75 39.51 44.85 
20 188.80 43.49 47.41 
25 256.06 45.57 48.65 
30 321.95 46.75 49.29 
35 386.71 47.46 49.61 
40 450.51 47.90 49.76 
45 513.53 48.17 49.80 
50 575.88 48.33 49.79 

• results from spans 5 to 50m by the traversal of a 45.5t truck  in Fig 2.6.5 including impact to NAASRA 1976 
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Table B 5.8.3 Load Effect – 19m B Double Total Mass 55.5t 

 
Load Configuration 

        2.13       1.2              5.68             1.2          5.92           1.2 
        3.45       1.2              5.14             1.2          5.14           1.2 
          
6.0t              16.5t                               16.5t                        16.5t          55.5 B- Double 
6.0t              16.5t                               20.0t                        20.0t          62.5 B- Double 
  

Fig. 2.6.2 19m B-Double total mass 55.5t – 62.5t  
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 2.13 
2 8.25 1.2 
3 8.25 5.68 
4 8.25 1.2 
5 8.25 5.92 
6 8.25  1.2 
7 8.25  

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 21.62 21.07 23.27 
10 58.18 25.44 33.79 
15 105.51 33.30 46.25 
20 164.74 39.57 51.61 
25 248.50 44.98 54.45 
30 330.21 48.32 56.10 
35 410.28 50.52 57.11 
40 489.01 52.04 57.75 
45 566.65 53.14 58.16 
50 643.36 53.94 58.42 

* results from spans 5 to 50m by the traversal of a 55.5t truck in Fig 2.6.2 including impact to NAASRA 1976 
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Table B 5.8.4 Load Effect – 19m B Double Total Mass 62.5t 

 
Load Configuration 

        2.13       1.2              5.68             1.2          5.92           1.2 
        3.45       1.2              5.14             1.2          5.14           1.2 
          
6.0t              16.5t                               16.5t                        16.5t          55.5 B- Double 
6.0t              16.5t                               20.0t                        20.0t          62.5 B- Double 
  

Fig. 2.6.2 19m B-Double total mass 55.5t – 62.5t  
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 3.45 
2 8.25 1.2 
3 8.25 5.14 
4 10.0 1.2 
5 10.0 5.14 
6 10.0  1.2 
7 10.0  

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 25.15 22.83 22.88 
10 57.87 32.03 42.06 
15 119.03 40.76 54.50 
20 204.94 48.88 59.90 
25 297.19 54.04 62.72 
30 388.98 57.20 64.32 
35 478.95 59.25 65.29 
40 567.44 60.65 65.87 
45 654.70 61.64 66.23 
50 740.95 62.35 66.44 

* results from spans 5 to 50m by the traversal of a 62.5t truck  in Fig 2.6.2 including impact to NAASRA 1976 
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Table B 5.8.5 Load Effect – 25m B Double Total Mass 62.5t 

 
Load Configuration 

        3.0         1.2     5.5 - 6.5      1.2     1.2   5.5 - 6.5  1.2     1.2 
 
6.0t              16.5t                         20.0t                          20.0t              62.5 B- Double 
6.0t              17.0t                         21.5t                          20.5t              65.0 B- Double 
6.0t              17.0t                         22.5t                          22.5t              68.0 B- Double  

Fig. 2.6.3 25m B-Double total mass 62.5t – 68.0t 
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 3 
2 8.25 1.2 
3 8.25 5.5 
4 6.67 1.2 
5 6.67 1.2 
6 6.67  5.5 
7 6.67 1.2 
8 6.67 1.2 
9 6.67  

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 22.11 20.12 22.00 

10 55.08 26.53 35.19 
15 101.55 34.13 49.73 
20 171.81 41.40 56.40 
25 262.82 48.17 59.97 
30 355.10 52.37 62.07 
35 445.50 55.17 63.38 
40 534.37 57.12 64.23 
45 621.98 58.53 64.78 
50 708.54 59.58 65.16 

* results from spans 5 to 50m by the traversal of a 62.5t truck in Fig 2.6.3 including impact to NAASRA 1976 
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Table B 5.8.6 Load Effect – 25m B Double Total Mass 65t 

 
Load Configuration 

 

        3.0         1.2     5.5 - 6.5      1.2     1.2   5.5 - 6.5  1.2     1.2 
 
6.0t              16.5t                         20.0t                          20.0t              62.5 B- Double 
6.0t              17.0t                         21.5t                          20.5t              65.0 B- Double 
6.0t              17.0t                         22.5t                          22.5t              68.0 B- Double  

Fig. 2.6.3 25m B-Double total mass 62.5t – 68.0t 
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 3 
2 8.5 1.2 
3 8.5 5.5 
4 7.17 1.2 
5 7.17 1.2 
6 7.17  5.5 
7 6.83 1.2 
8 6.83 1.2 
9 6.83  

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 23.77 21.25 23.49 

10 58.72 27.92 37.29 
15 106.22 36.17 52.19 
20 182.03 43.12 58.99 
25 276.74 50.14 62.63 
30 372.64 54.50 64.76 
35 466.58 57.40 66.09 
40 558.94 59.43 66.94 
45 650.00 60.89 67.50 
50 739.96 61.97 67.87 

* results from spans 5 to 50m by the traversal of a 65.0t truck in Fig 2.6.3 including impact to NAASRA 1976 
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Table B 5.8.7 Load Effect – 25m B Double Total Mass 68t 

 
Load Configuration 

        3.0         1.2     5.5 - 6.5      1.2     1.2   5.5 - 6.5  1.2     1.2 
 
6.0t              16.5t                         20.0t                          20.0t              62.5 B- Double 
6.0t              17.0t                         21.5t                          20.5t              65.0 B- Double 
6.0t              17.0t                         22.5t                          22.5t              68.0 B- Double  

Fig. 2.6.3 25m B-Double total mass 62.5t – 68.0t 
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 3 
2 8.5 1.2 
3 8.5 5.5 
4 7.5 1.2 
5 7.5 1.2 
6 7.5  1.2 
7 7.5 5.5 
8 7.5 1.2 
9 7.5  

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 24.86 22.23 24.57 

10 61.42 28.66 39.02 
15 110.43 38.15 54.63 
20 190.83 46.20 61.73 
25 289.60 53.31 65.54 
30 389.94 57.72 67.77 
35 488.23 60.65 69.15 
40 584.86 62.68 70.04 
45 680.13 64.14 70.63 
50 774.25 65.24 71.01 

* results from spans 5 to 50m by the traversal of a 68t truck in Fig 2.6.3 including impact to NAASRA 1976 



A Strategy for Upgrading Bridge Infrastructure Network 

 164

Table B 5.8.8 Load Effect – Road Train with two trailers Total Mass 85t 

 
Load Configuration 

        3.0         1.2         5.2          1.2     1.2          5.2        1.2       5.2       1.2     1.2 
 
 6.0t              17.0t                         22.5t                          17.0t                    22.5t             85.0t 

Fig. 2.6.4 Road train with two trailers – total mass 85t 
 

Axle no. Axle loads Distance to next axle 
 kN m 
1 6 3 
2 8.5 1.2 
3 8.5 5.2 
4 7.5 1.2 
5 7.5 1.2 
6 7.5  5.2 
7 8.5 1.2 
8 8.5 5.2 
9 7.5 1.2 
10 7.5 1.2 
11 7.6  

 
Maximum Moment, Shear and Reactions* 

 
Span Max. M Max. V Max. R 

m kNm kN kN 
5 24.86 22.23 24.57 

10 61.52 29.72 40.17 
15 112.94 37.93 56.04 
20 195.70 46.33 68.16 
25 288.45 54.29 74.83 
30 402.71 61.81 78.88 
35 526.25 67.06 81.51 
40 647.69 70.78 83.29 
45 767.37 73.52 84.53 
50 885.59 75.60 85.42 

* results from spans 5 to 50m by the traversal of a 85t truck in Fig 2.6.4 including impact to NAASRA 1976
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Fig B5.8.2 Comparison of Operational Loads – Max Moment Envelope 
 



A Strategy for Upgrading Bridge Infrastructure Network 

 166

Table B 5.8.9 Maximum Moment Ratio – Operational Loads/M18 
 

Span 
m 

19m 
55.5t 

19m 
62.5t 

25m 
62.5t 

25m 
65t 

25m 
68t 

RT 
85t 

5 0.92 1.07 0.94 1.01 1.06 1.06 
10 0.99 0.98 0.94 1 1.04 1.04 
15 0.95 1.08 0.92 0.96 1 1.02 
20 1.03 1.28 1.07 1.13 1.19 1.22 
25 1.19 1.42 1.26 1.32 1.39 1.38 
30 1.29 1.52 1.38 1.45 1.52 1.57 
35 1.35 1.58 1.47 1.54 1.61 1.73 
40 1.4 1.62 1.53 1.6 1.67 1.85 
45 1.43 1.66 1.57 1.65 1.72 1.94 
50 1.46 1.68 1.61 1.68 1.76 2.01 
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Fig B5.8.9 Comparison of Ratios - Operational Loads/M18 
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Table B 5.8.10 Maximum Moment Ratio – Operational Loads/T44 
       

Span 
m 

19m 
55.5t 

19m 
62.5t 

25m 
62.5t 

25m 
65t 

25m 
68t 

RT 
85t 

5 0.88 1.02 0.9 0.96 1.01 1.01 
10 0.76 0.75 0.72 0.77 0.80 0.8 
15 0.73 0.82 0.7 0.73 0.76 0.78 
20 0.78 0.97 0.81 0.86 0.90 0.92 
25 0.9 1.07 0.95 1.0 1.04 1.04 
30 0.97 1.14 1.04 1.09 1.14 1.18 
35 1.02 1.19 1.1 1.16 1.21 1.3 
40 1.05 1.22 1.15 1.2 1.26 1.39 
45 1.08 1.24 1.18 1.24 1.29 1.46 
50 1.1 1.26 1.21 1.26 1.32 1.51  
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Fig B5.8.10 Comparison of Ratios - Operational Loads/T44 
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Table B 5.8.11 Maximum Moment Ratio – Operational Loads/Legal 42.5t 
       

Span 
m 

19m 
55.5t 

19m 
62.5t 

25m 
62.5t 

25m 
65t 

25m 
68t 

RT 
85t 

5 0.98 1.14 1.0 1.08 1.13 1.13 
10 1.06 1.05 1.0 1.07 1.12 1.12 
15 0.93 1.05 0.89 0.93 0.97 0.99 
20 0.92 1.15 0.96 1.02 1.07 1.1 
25 1.03 1.23 1.09 1.15 1.2 1.2 
30 1.09 1.29 1.17 1.23 1.29 1.33 
35 1.13 1.32 1.23 1.29 1.34 1.45 
40 1.16 1.34 1.26 1.32 1.38 1.53 
45 1.18 1.36 1.29 1.35 1.41 1.59 
50 1.19 1.37 1.31 1.37 1.43 1.64 
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Fig B5.8.11 Comparison of Ratios - Operational Loads/L42.5 
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Table B 5.8.12 Maximum Moment Ratio – Operational Loads/Legal 45.5t 

       
Span 

m 
19m 
55.5t 

19m 
62.5t 

25m 
62.5t 

25m 
65t 

25m 
68t 

RT 
85t 

5 0.87 1.01 0.89 0.96 1 0.87 
10 0.95 0.94 0.9 0.96 1 0.95 
15 0.87 0.99 0.84 0.88 0.91 0.87 
20 0.87 1.09 0.91 0.96 1.01 0.87 
25 0.97 1.16 1.03 1.08 1.13 0.97 
30 1.03 1.21 1.1 1.16 1.21 1.03 
35 1.06 1.24 1.15 1.21 1.26 1.06 
40 1.09 1.26 1.19 1.24 1.3 1.09 
45 1.1 1.27 1.21 1.27 1.32 1.1 
50 1.12 1.29 1.23 1.28 1.34 1.12 
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Fig C2.7.2 Bridge Evaluation for B-Doubles 
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Fig C2.7.3 Structural Analysis and Determination of Service Level 
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Fig C2.10.1 strengthening with reinforcement 
 

The strengthening of structural elements of a bridge such as girders and slabs with 

additional reinforcement subject to tensile force be it due to flexure or shear can be 

achieved. This is by mechanically tying-in additional reinforcement in the old cross 

section with stirrups well anchored into the compression flange as shown in Fig 

C2.10.1. 
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(b) Replace K – frame with new girder 

 

Fig C2.10.2 Adding supplementary members 
 

Placing additional stringers or floor beams between the existing members can 

strengthen an existing structural system. Installation of a new member is from below 

the structure by jacking as shown in Fig C2.10.2. Any gap between the top flange of 

the new additional beam and underside of the deck slab can be filled by drilling holes 

through the deck slab and pressure grouting. 

 

 

 
 

Fig C2.10.3 Strengthen by external pre-stressing 
 

Prestressing here is the application of a predetermined straight or eccentric force to a 

steel member so that an external loading will be counter-balanced. One of the 

common methods of prestressing is to place draped tendons below the centroid of the 

beam or even below the beam with hold-downs and anchor the tendons at each end of 

the beam as shown in Fig C2.10.3. Another way is a simple straight post-tension 

tendon attached to the bolted anchor brackets that are attached few inches above the 

Introduce 
new girder 

Grout in-fill

C-channel 
stiffeners 

Saddle to 
hold p.s cable  
in place 

Pre-stressing 
cable 

Anchorage 
Girder 
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bottom flange. The moments developed by the variable eccentric prestressing force 

will cancel out some of the moments produced by the external loads. 

 

 
(a) tension faceplates 

 
(b) side plates 

 
( c ) combination 

 

Fig C2.10.4 Strengthen by externally bonded steel plates 
 

This technique is applied to strengthen existing concrete structures in both buildings 

and bridges. Two fundamental types of strengthening repairs are possible with epoxy 

resin adhesives. One is by increasing the section depth of a structural element by 

adding a new layer of concrete on top of an existing cross-section and bonding the 

two with epoxy resin adhesive. The other is enlarging the total reinforcement cross-

section by bonding on additional steel plates for flexural strength and even for shear 

strength (Ohlers, 2000) as shown in Fig C2.10.4. 

 

Plates can be attached to any surface of the beam. In practice the most common 

positions are the tension faces of the beam or slab. Mechanically this is a highly 

efficient position as the plate is at the furthest extremity from the compression region. 

However as the cross-sectional area of the plate is increased, the beam ductility 
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reduces resulting in the beam going from a position of under-reinforced to over-

reinforced. Hence ductility requirements can limit the effectiveness of tension face 

plating. The plates can be attached to the sides of the beam to overcome this problem. 

It has been shown (Ohlers, 2000) that deep side plates can increase the strength 

without loss of ductility. Furthermore it has been shown that side plates can 

substantially increase both the flexural and shear capacities whereas tension faceplates 

are generally used only for flexure. 
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Fig D2.8.1 Map showing a sub-network with the network status colour coded 
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Table E3.2.1 Comparison of Methods Available 
 

No Method Description Expressed as Advantage Disadvantage 
1 Life Cycle Costing 

(LCC) 
Life Cycle Costing is a 
mathematical method used to form 
or support a decision and usually 
employed when deliberating on a 
selection of options. All 
undertakings have a lifecycle cost 
(LCC) that begins with an upfront 
cost or initial investment, followed 
by annual operating costs, and ends 
with salvage value or at times, 
disposal cost. 

LCC = (AC – TD) + (OC + RC) – RV 
 
Where; 
 
AC = Initial asset acquisition  
TD = Tax depreciation entitlements 
OC = Operating and maintenance costs 
RC = Replmnt. disposal and upgrade costs 
RV = Residual salvage value 
 

It is more accurate and 
does not guarantee a 
particular result but 
allows the project 
manager to make a 
reasonable comparison 
between alternative 
solutions within the 
limits of the available 
data. 

A perceived key barrier 
to the use of whole-life 
costing is the shear 
scale of the data 
collection exercise, 
inconsistencies across 
data sets and the level 
of detail required to 
make a meaningful 
calculation. Certain 
assumptions can differ 
when it comes to 
maintenance activities 
due to change in 
technology and new 
methods. It does not 
provide a simple factor 
to compare. 

2 Simple Payback This is a process used in evaluating 
liquidity to assess how quickly the 
initial investment can be recovered 
through cost savings. This is an 
issue for small firms.  
 

R
IP =  

where; 
 
P = payback period in years 
I  = capital sum invested 

Simple and straight forward 
for a quick measure of 
return over investment and 
the payback period. 

This method does not 
consider time value of 
money or cash flows 
after the initial 
investment has been 
recovered. 

3 Net Present Value 
(NPV) 

The nett present value (NPV) of a 
flow of cash is a system proposed 
by many as the best for evaluating 
building related options. The 
systems take into account all the 
apparent variables acting upon a 
cash stream. 

Present Value = 1/(1+r)N  
 
where; 
 
r = rate per annum in percentage 
N = number of years 
 
NPV = PV(Benefit) – PV (Cost) 
 

NPV is, above all else, a 
comparator between 
competing schemes that 
gives the decision taker a 
financial decision to select 
alongside other ranking 
decisions. 

The method can only 
be used as a tool in the 
design process to 
evaluate the financial 
differences between a 
finite number of 
mutually exclusive 
schemes. 



A Strategy for Upgrading Bridge Infrastructure Network 

 182

Table E3.2.1 Comparison of Methods Available 
 
No Method Description Expressed as Advantage Disadvantage 
4 Internal rate of 

Return (IRR) 
The internal rate of return (IRR) is a 
capital budgeting method used by 
firms to decide whether they should 
make long term investments. The 
IRR is defined as any discount rate 
that results in a net present value of 
zero, and is usually interpreted as 
the expected return generated by the 
investment. 

The IRR is defined as any discount rate 
that results in a net present value of 
zero, and is usually interpreted as the 
expected return generated by the 
investment. 

Despite a strong academic 
preference for NPV, 
surveys indicate that 
executives prefer IRR over 
NPV. Apparently, 
managers find it intuitively 
more appealing to evaluate 
investments in terms of 
percentage rates of return 
than dollars of NPV. 
 

Only useful for 
construction promoters 
when it is used to 
compare range of sites 
with competing 
incomes. It presents 
difficulties in the 
construction context, in 
that it assumes that an 
investment generates 
income. 

5 Cost Benefit 
Analysis (CBA) 

CBA attempts to provide a measure 
of the benefits derived from a 
project compared with the cost of 
the project. 

  
                     PV of Road User Benefits 
 BCR =  ______________________________ 
 PV of Capital costs +/- PV of O&M Costs 
 

CBA is an economic 
based approach that 
considers the merits of a 
project from the view 
point of the community 
at large rather than that 
of the organisation 
responsible for the 
project. 

More useful when 
comparing grander 
schemes such as 
developing townships 
and new capital 
projects which involves 
considering community 
and stakeholder 
benefits. 
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Table E3.2.2 Present Worth Factors (PWF) for % of Discount Rate 

       
Percentage 5% 7% 10% 

Year Single Cumulative Single Cumulative Single Cumulative 
1 0.95 0.95 0.93 0.93 0.91 0.91 
2 0.91 1.86 0.87 1.8 0.83 1.74 
3 0.86 2.72 0.82 2.62 0.75 2.49 
4 0.82 3.54 0.76 3.38 0.68 3.17 
5 0.78 4.32 0.71 4.09 0.62 3.79 
6 0.75 5.07 0.67 4.76 0.56 4.35 
7 0.71 5.78 0.62 5.38 0.51 4.86 
8 0.68 6.46 0.58 5.96 0.47 5.33 
9 0.64 7.1 0.54 6.5 0.42 5.75 
10 0.61 7.71 0.51 7.01 0.39 6.14 
11 0.58 8.29 0.48 7.49 0.35 6.49 
12 0.56 8.85 0.44 7.93 0.32 6.81 
13 0.53 9.38 0.41 8.34 0.29 7.1 
14 0.51 9.89 0.39 8.73 0.26 7.36 
15 0.48 10.37 0.36 9.09 0.24 7.6 
16 0.46 10.83 0.34 9.43 0.22 7.82 
17 0.44 11.27 0.32 9.75 0.2 8.02 
18 0.42 11.69 0.3 10.05 0.18 8.2 
19 0.4 12.09 0.28 10.33 0.16 8.36 
20 0.38 12.47 0.26 10.59 0.15 8.51 
21 0.36 12.83 0.24 10.83 0.14 8.65 
22 0.34 13.17 0.23 11.06 0.12 8.77 
23 0.33 13.5 0.21 11.27 0.11 8.88 
24 0.31 13.81 0.2 11.47 0.1 8.98 
25 0.3 14.11 0.18 11.65 0.09 9.07 
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Table E3.2.3 Capital Recovery Factor (CRF) for % of Discount Rate 

       
Percentage 5% 7% 10% 

Year Single Cumulative Single Cumulative Single Cumulative
1 1.05 0.95 1.07 0.93 1.1 0.91 
2 0.54 1.49 0.55 1.48 0.58 1.49 
3 0.37 1.86 0.38 1.86 0.4 1.89 
4 0.28 2.14 0.3 2.16 0.32 2.21 
5 0.23 2.37 0.24 2.4 0.26 2.47 
6 0.2 2.57 0.21 2.61 0.23 2.7 
7 0.17 2.74 0.19 2.8 0.21 2.91 
8 0.15 2.89 0.17 2.97 0.19 3.1 
9 0.14 3.03 0.15 3.12 0.17 3.27 
10 0.13 3.16 0.14 3.26 0.16 3.43 
11 0.12 3.28 0.13 3.39 0.15 3.58 
12 0.11 3.39 0.13 3.52 0.15 3.73 
13 0.11 3.5 0.12 3.64 0.14 3.87 
14 0.1 3.6 0.11 3.75 0.14 4.01 
15 0.1 3.7 0.11 3.86 0.13 4.14 
16 0.09 3.79 0.11 3.97 0.13 4.27 
17 0.09 3.88 0.1 4.07 0.12 4.39 
18 0.09 3.97 0.1 4.17 0.12 4.51 
19 0.08 4.05 0.1 4.27 0.12 4.63 
20 0.08 4.13 0.09 4.36 0.12 4.75 
21 0.08 4.21 0.09 4.45 0.12 4.87 
22 0.08 4.29 0.09 4.54 0.11 4.98 
23 0.07 4.36 0.09 4.63 0.11 5.09 
24 0.07 4.43 0.09 4.72 0.11 5.2 
25 0.07 4.5 0.09 4.81 0.11 5.31 
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Table E3.2.4 Summary of BC Ratio for Stockyard Bridge 
 

Option No Option Transport 

Cost ($) 

Increment  

Benefit ($) 

Option 

Cost ($) 

BC 

Ratio 

Comments 

1  Replace 2,900,000 5,800,000 323,000 18 Solution is to build a new bridge to 
latest standards. First rate bridge 
replacement will not suit road. 

2  Removal 8,700,000 0 50,000 0 Lowest cost option, but with 
significant financial and political/ 
implications. Other nonqualified 
community impacts are likely to occur 
including incentives to public. 

3  Posting at 25t 2,500,000 0 181,000 0 Option not realistic as option 2 is more 
practical so transport increment is 
based on 2. Effectively the same as 
closure to HCVs. Cheaper for them to 
use alternative route rather than to do 
multiple trips. 

4  Ongoing Maintenance 2,900,000 5,800,000 295,000 24 Reasonable and conventional solution. 
Substantial risk of  cost over-runs and 
supply of materials could also become 
as an issue. 

5  Upgrade 2,900,000 5,800,000 197,000 30 Has the benefits of new lower 
maintenance materials without the 
added cost of a structure built to 
modern highway standards. 
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Fig E3.2.1 Life Cycle Costing Example 

 

Life Cycle Costing Example 
 
To illustrate life cycle costing, consider a 35-year old timber bridge having three spans of 6m wide and a width of 7m. A detailed inspection 
showed that the piles on the two piers were rotted at ground level and needed to be repaired the following year while some of the timber corbels 
were split and needed banding as soon as possible. The inspection showed that the timber deck was reasonably sound but would benefit from a 
concrete deck overlay in ten years.The estimated cost of each activity at present is shown in table below together with the present value (PV) 
factor, assuming a 10% discount rate and the PV of the costs. The total PV of the costs is $47,900. 
 

Example of PV for future maintenance expenditures 
 

Maintenance Activity Period (years) Estimated Present Cost ($) PV Factor Present Value ($) 
Repair Corbels 0 5000 1.00 5,000
Repair Piles 1 15000 0.91 13,650
Concrete Overlay 10 75000 0.39 29,250
  $47,900

 
The expected life span after the concrete overlay is 20 years making the total expected life span 30 years. The capital recovery factor for 30 
years at an interest rate of 10% per annum is 0.11. The equivalent annual uniform cost is therefore $5,269 per year, (ie, $47,900x0.11). To this 
must be added an annual maintenance cost of $1,200, making a total cost of  $6,469 per year (ie $5,269 + $1,200). 
 
This may be compared with replacement by concrete box culverts at an estimated construction cost of $85,000 with no expected rehabilitation 
actions over an expected life span of 60 years and requiring an estimated annual maintenance of $400. The total present value of costs is simply 
the construction cost of $85,000. The equivalent annual uniform cost is $8,500. This is based on capital recovery factor of 0.10 (ie $85,000 x 
0.10). Add to this the annual maintenance cost of $400 making the total annual maintenance cost of $8,900. 
 
From this economic analysis it is evident that it is better to maintain the existing bridge to a satisfactory level of service than to replace it with 
concrete box culverts. 
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Table E7.3.1a Maintenance Activity Details – Various Regions of NSW 
No Activity Code Activity Description Rate-Nth Rate-Sth Rate-SW Unit
1 202 M9 Surface Correction Repair [Bridge 1800 1800 500 m2
2 203 M9 Surface Texture Repair [Pot holes, rutting 500 500 1000 each
3 301 M9 Tree and/or Bush Control 1000 1000 5000 each
4 480 M480 Amenities, bridge and tunnel cleaning  1200 1200 15000 Each
5 480.01 M480 Amenity maintenance 500 500 15000 Each
6 480.02 M480 Remove graffiti and banners 500 500 10000 Each
7 480.03 M480 Sweep bridge deck and tunnel roadway 500 500 1000 Each
8 480.04 M480 Clean scuppers 100 100 1000 Each
9 480.05 M480 Clean public thoroughfares 500 500 1000 Each
10 480.06 M480 Clean tunnel walls 1200 1200 180 Each
11 480.07 M480 Clean tunnel holding tanks 1200 1200 1 Each
12 600 M9 Delineators (per structure) 1200 100 1000 each
13 611 M9 Reactive Sign Maintenance (per sign) 500 1 5000 each
14 700 M700 Other Bridge and Tunnel Repairs 1200 1200 1 Each
15 701 M700 (Reserved) 1 1 1 Each
16 702 M700 Bearing Maintenance, Minor 250 250 4500 Each
17 703 M700 Joint Maintenance, Minor 250 250 1000 m
18 704 M700 (Reserved) 1 1 1 m
19 705 M700 Clean Steelwork 100 100 180 m
20 706 M700 Clear Waterway, Minor 1000 1000 5000 Each
21 707 M700 Scour Protection, Minor 1200 1200 10000 Each
22 708 M700 Bolt Tightening and Replacement, Timber 6000 2000 10000 Structure
23 709 M700 Deck and Footway Repairs, Minor 500 500 1000 m2
24 710 M700 Timber Element Maintenance, Minor 1200 1200 1 Structure
25 711 M700 Termite Treatment 5000 5000 1 Structure
26 712 M700 Paint Repairs, Minor 200 200 1 m2
27 713 M700 Concrete Repairs, Minor 500 500 1600 m2
28 714 M700 Masonry / Brick Repairs, Minor 500 500 700 m2
29 715 M700 Railings / Traffic Barriers Repair, Minor 500 500 500 m
30 730 M730 Bridge and Tunnel Inspection 1000 1 500 Each
31 730.11 Level 1 Inspection (Monitoring) 750 1 500 Each
32 732 Waterway and Culvert Clearing, Major 5000 5000 1000 m3
33 733 Repair Scour Protection, Major 30000 30000 1000 Each
34 734 Provide Scour Protection, Major 30000 30000 1000 Each
35 735 Structural Repair to Culverts 3000 3000 1825 Each
36 735.01 Item 1 (Structural Repair to Culverts) 3000 1 1 Each
37 736 Waterways / Culverts, Other Specific 1200 1200 1000 Each
38 741 Monitoring of Cathodic Protection Works 2500 2500 1 Each
39 743 M743 Surface preparation and priming 300 300 250 m2
40 744 M743 Application of Stripe, Build and Topcoats 150 150 250 m2
41 745 Repaint Timber Truss 350 350 3500 m2
42 746 Repaint Timber Railings / Kerbs 180 180 150 m2
43 747 Repaint / Galvanise Traffic Barrier / Railings (non- 200 200 150 m2
44 748 Barrier Coating Treatments (Anti-Graffiti / Silane / 200 200 1 m2
45 752 M752 Temporary Sub-Structure / Stabilisation 10000 10000 1 Each
46 753 M752 Temporary Bailey Bridge Support 99999 99999 1 Each
47 754 M752 Tempoary Pier / Abutment Support 50000 50000 1 Each
48 755 M752 Temporary Support Systems, Other 50000 50000 1 Each
49 757 M757 Replace Timber Truss Elements 99999 99999 1 Each
50 757.01 M757 Replace Principals / Chords (TPCH) 99999 99999 20000 Each
51 757.02 M757 Replace Steel Bottom Chords (TSBC) 99999 99999 50000 Each
52 757.03 M757 Replace Struts & Ties (TSTT) 99999 99999 10000 Each
53 757.04 M757 Replace Ties (Steel, Wrought Iron) (TTIE) 10000 99999 10000 Each
54 757.05 M757 Replace Brace, Undertrussing (TSBR) 99999 10000 1000 Each
55 757.06 M757 Replace Metal Shoe (TSHO) 99999 99999 5000 Each  

Note: Units for maintenance rates are A$/m2  where the values are either 1 or 99999 the information is not available 
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Table E7.3.1b Maintenance Activity Details – Various Regions of NSW 
No Activity Code Activity Description Rate-Nth Rate-Sth Rate-SW Unit
56 757.07 M757 Replace But / Jack Block (TBJB) 15000 99999 10000 Each
57 757.08 M757 Replace Truss Cross Girder (TTCG) 15000 20000 30000 Each
58 757.09 M757 Replace Stringer (TSTR) 10000 10000 7000 Each
59 759 M757 Strengthen Timber Truss Element 30000 30000 25000 Each
60 760 M757 Timber Truss Elements, Other Specific 20000 1 1 Each
61 762 M762 Replace Other Timber Structural Elements 10000 10000 1 Each
62 762.01 M762 Replace Girder / Cross Girder (TGCG) 15000 15000 15000 Each
63 762.02 M762 Replace Cap/ Head / Sill (TCHS) 10000 10000 7000 Each
64 762.03 M762 Replace / Splice Pile (TPIL) 10000 10000 8575 Each
65 762.04 M762 Replace Corbel (TCOR) 10000 10000 10000 Each
66 762.05 M762 Replace Wale / Brace (TWBR) 5000 5000 5000 Each
67 763.01 M762 Replace Abutment Sheeting / Gravel 500 500 3000 m2
68 763.02 M762 Replace Transverse Deck Plank (TTDK) 500 500 260 m2
69 763.03 M762 Replace Longitudinal Sheeting / Decking 400 400 160 m2
70 763.04 M762 Replace Stress Laminated Deck (TSLD) 1000 1000 1 m2
71 764 M762 Replace Kerb / Rail / End Post 500 500 250 m
72 765 M762 Strengthen Timber Element 5000 1 1 Each
73 766 M762 Rehabilitate and/or Preserve Deck 500 500 100 m2
74 767 M762 Other Timber Structural Elements, Other 5000 5000 1000 Each
75 769 M769 Rehabilitation Concrete Structural 1200 1200 3340 m2
76 769.01 M769 Rehab Concrete - Post-tensioned Girder 1500 1 1 m2
77 769.05 M769 Rehab Concrete - Pier Headstock (CPHS) 1200 1 1 m2
78 769.06 M769 Rehab Concrete - Pier (excl. any 1200 1 1 m2
79 769.07 M769 Rehab Concrete - Abutment and 1200 1 1 m2
80 769.08 M769 Rehab Concrete - Pile (CPIL) 1200 1 1 m2
81 769.09 M769 Rehab Concrete - Deck Slab (CDSL) 1500 1 1 m2
82 769.1 M769 Rehab  Concrete - Culvert, Cast-in-place 1000 1 1 m2
83 770 M769 Replace Concrete Structural Elements 2000 2000 4000 m2
84 770.09 M769 Replace Concrete - Deck Slab (CDSL) 1500 1 1 m2
85 770.11 M769 Replace Concrete - Culvert, Precast 2000 1 1 m2
86 771 M769 Concrete Structural Elements, Other 1200 1200 600 Each
87 778 M778 Rehabilitate Structural Steel Element 750 750 5000 m2
88 779 M778 Replace Structural Steel Element 1200 1200 11000 m2
89 781 M778 Steel Structural Elements, Other Specific 3000 3000 1 Each
90 783 M783 Reset Bearing 1800 1800 4500 Each
91 784 M783 Rehabilitate Bearing 2500 2500 5000 Each
92 784.02 M783 Rehab Metal Expansion (Roller, Sliding, 5000 1 1 Each
93 784.04 M783 Rehab Enclosed / Concealed Bearing 5000 1 1 Each
94 785 M783 Replace Bearing 5000 5000 1 Each
95 786 M783 Bearings, Other Specific Maintenance 250 250 1 Each
96 788 M788 Rehabilitate Joint 400 400 2000 m
97 788.01 M788 Rehab Pourable / Cork Joint Seal (JPOS) 300 400 250 m
98 788.02 M788 Rehab Compression Joint Seal (JCOS) 500 1 500 m
99 788.03 M788 Rehab Assembly Joint / Seal (JASS) 1200 1 500 m

100 788.04 M788 Rehab Joint - No Seal (JNOS) 300 1 250 m
101 789 M788 Replace Joint 1000 1 1000 m
102 789.01 M788 Replace Pourable / Cork Joint Seal (JPOS) 500 1 300 m
103 789.03 M788 Replace Assembly Joint / Seal (JASS) 2000 1 200 m
104 790 M788 Joints, Other Specific Maintenance 1200 1200 1 Each
105 837 R106 Reseal bridge surface 10 25 1000 m2
106 873 R116 Resurface Asphalt Wearing Course 30 35 500 m2  
Note: Units for maintenance rates are A$/m2  where the values are either 1 or 99999 the information is not available 
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Table E7.3.2a Calculation of Maintenance Cost per Activity 
No Activity Code Activity Description Rate-Nth Rate-Sth Rate-SW Unit Quantity Cost
1 2 3 4 5 6 7 8 9
1 202 M9 Surface Correction Repair [Bridge 1800 1800 500 m2
2 203 M9 Surface Texture Repair [Pot holes, rutting 500 500 1000 each
3 301 M9 Tree and/or Bush Control 1000 1000 5000 each
4 480 M480 Amenities, bridge and tunnel cleaning  1200 1200 15000 Each
5 480.01 M480 Amenity maintenance 500 500 15000 Each
6 480.02 M480 Remove graffiti and banners 500 500 10000 Each
7 480.03 M480 Sweep bridge deck and tunnel roadway 500 500 1000 Each
8 480.04 M480 Clean scuppers 100 100 1000 Each
9 480.05 M480 Clean public thoroughfares 500 500 1000 Each

10 480.06 M480 Clean tunnel walls 1200 1200 180 Each
11 480.07 M480 Clean tunnel holding tanks 1200 1200 1 Each
12 600 M9 Delineators (per structure) 1200 100 1000 each
13 611 M9 Reactive Sign Maintenance (per sign) 500 1 5000 each
14 700 M700 Other Bridge and Tunnel Repairs 1200 1200 1 Each
15 701 M700 (Reserved) 1 1 1 Each
16 702 M700 Bearing Maintenance, Minor 250 250 4500 Each
17 703 M700 Joint Maintenance, Minor 250 250 1000 m
18 704 M700 (Reserved) 1 1 1 m
19 705 M700 Clean Steelwork 100 100 180 m
20 706 M700 Clear Waterway, Minor 1000 1000 5000 Each
21 707 M700 Scour Protection, Minor 1200 1200 10000 Each
22 708 M700 Bolt Tightening and Replacement, Timber 6000 2000 10000 Structure
23 709 M700 Deck and Footway Repairs, Minor 500 500 1000 m2
24 710 M700 Timber Element Maintenance, Minor 1200 1200 1 Structure
25 711 M700 Termite Treatment 5000 5000 1 Structure
26 712 M700 Paint Repairs, Minor 200 200 1 m2
27 713 M700 Concrete Repairs, Minor 500 500 1600 m2
28 714 M700 Masonry / Brick Repairs, Minor 500 500 700 m2
29 715 M700 Railings / Traffic Barriers Repair, Minor 500 500 500 m
30 730 M730 Bridge and Tunnel Inspection 1000 1 500 Each
31 730.11 Level 1 Inspection (Monitoring) 750 1 500 Each
32 732 Waterway and Culvert Clearing, Major 5000 5000 1000 m3
33 733 Repair Scour Protection, Major 30000 30000 1000 Each
34 734 Provide Scour Protection, Major 30000 30000 1000 Each
35 735 Structural Repair to Culverts 3000 3000 1825 Each
36 735.01 Item 1 (Structural Repair to Culverts) 3000 1 1 Each
37 736 Waterways / Culverts, Other Specific 1200 1200 1000 Each
38 741 Monitoring of Cathodic Protection Works 2500 2500 1 Each
39 743 M743 Surface preparation and priming 300 300 250 m2
40 744 M743 Application of Stripe, Build and Topcoats 150 150 250 m2
41 745 Repaint Timber Truss 350 350 3500 m2
42 746 Repaint Timber Railings / Kerbs 180 180 150 m2
43 747 Repaint / Galvanise Traffic Barrier / Railings (non- 200 200 150 m2
44 748 Barrier Coating Treatments (Anti-Graffiti / Silane / 200 200 1 m2
45 752 M752 Temporary Sub-Structure / Stabilisation 10000 10000 1 Each
46 753 M752 Temporary Bailey Bridge Support 99999 99999 1 Each
47 754 M752 Tempoary Pier / Abutment Support 50000 50000 1 Each
48 755 M752 Temporary Support Systems, Other 50000 50000 1 Each
49 757 M757 Replace Timber Truss Elements 99999 99999 1 Each
50 757.01 M757 Replace Principals / Chords (TPCH) 99999 99999 20000 Each
51 757.02 M757 Replace Steel Bottom Chords (TSBC) 99999 99999 50000 Each
52 757.03 M757 Replace Struts & Ties (TSTT) 99999 99999 10000 Each
53 757.04 M757 Replace Ties (Steel, Wrought Iron) (TTIE) 10000 99999 10000 Each
54 757.05 M757 Replace Brace, Undertrussing (TSBR) 99999 10000 1000 Each
55 757.06 M757 Replace Metal Shoe (TSHO) 99999 99999 5000 Each  
Note: Units for maintenance rates are A$/m2  where the values are either 1 or 99999 the information is not available 
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Table E7.3.2b Calculation of Maintenance Cost per Activity 
No Activity Code Activity Description Rate-Nth Rate-Sth Rate-SW Unit Quantity Cost
1 2 3 4 5 6 7 8 9
56 757.07 M757 Replace But / Jack Block (TBJB) 15000 99999 10000 Each
57 757.08 M757 Replace Truss Cross Girder (TTCG) 15000 20000 30000 Each
58 757.09 M757 Replace Stringer (TSTR) 10000 10000 7000 Each
59 759 M757 Strengthen Timber Truss Element 30000 30000 25000 Each
60 760 M757 Timber Truss Elements, Other Specific 20000 1 1 Each
61 762 M762 Replace Other Timber Structural Elements 10000 10000 1 Each
62 762.01 M762 Replace Girder / Cross Girder (TGCG) 15000 15000 15000 Each
63 762.02 M762 Replace Cap/ Head / Sill (TCHS) 10000 10000 7000 Each
64 762.03 M762 Replace / Splice Pile (TPIL) 10000 10000 8575 Each
65 762.04 M762 Replace Corbel (TCOR) 10000 10000 10000 Each
66 762.05 M762 Replace Wale / Brace (TWBR) 5000 5000 5000 Each
67 763.01 M762 Replace Abutment Sheeting / Gravel 500 500 3000 m2
68 763.02 M762 Replace Transverse Deck Plank (TTDK) 500 500 260 m2
69 763.03 M762 Replace Longitudinal Sheeting / Decking 400 400 160 m2
70 763.04 M762 Replace Stress Laminated Deck (TSLD) 1000 1000 1 m2
71 764 M762 Replace Kerb / Rail / End Post 500 500 250 m
72 765 M762 Strengthen Timber Element 5000 1 1 Each
73 766 M762 Rehabilitate and/or Preserve Deck 500 500 100 m2
74 767 M762 Other Timber Structural Elements, Other 5000 5000 1000 Each
75 769 M769 Rehabilitation Concrete Structural 1200 1200 3340 m2
76 769.01 M769 Rehab Concrete - Post-tensioned Girder 1500 1 1 m2
77 769.05 M769 Rehab Concrete - Pier Headstock (CPHS) 1200 1 1 m2
78 769.06 M769 Rehab Concrete - Pier (excl. any 1200 1 1 m2
79 769.07 M769 Rehab Concrete - Abutment and 1200 1 1 m2
80 769.08 M769 Rehab Concrete - Pile (CPIL) 1200 1 1 m2
81 769.09 M769 Rehab Concrete - Deck Slab (CDSL) 1500 1 1 m2
82 769.1 M769 Rehab  Concrete - Culvert, Cast-in-place 1000 1 1 m2
83 770 M769 Replace Concrete Structural Elements 2000 2000 4000 m2
84 770.09 M769 Replace Concrete - Deck Slab (CDSL) 1500 1 1 m2
85 770.11 M769 Replace Concrete - Culvert, Precast 2000 1 1 m2
86 771 M769 Concrete Structural Elements, Other 1200 1200 600 Each
87 778 M778 Rehabilitate Structural Steel Element 750 750 5000 m2
88 779 M778 Replace Structural Steel Element 1200 1200 11000 m2
89 781 M778 Steel Structural Elements, Other Specific 3000 3000 1 Each
90 783 M783 Reset Bearing 1800 1800 4500 Each
91 784 M783 Rehabilitate Bearing 2500 2500 5000 Each
92 784.02 M783 Rehab Metal Expansion (Roller, Sliding, 5000 1 1 Each
93 784.04 M783 Rehab Enclosed / Concealed Bearing 5000 1 1 Each
94 785 M783 Replace Bearing 5000 5000 1 Each
95 786 M783 Bearings, Other Specific Maintenance 250 250 1 Each
96 788 M788 Rehabilitate Joint 400 400 2000 m
97 788.01 M788 Rehab Pourable / Cork Joint Seal (JPOS) 300 400 250 m
98 788.02 M788 Rehab Compression Joint Seal (JCOS) 500 1 500 m
99 788.03 M788 Rehab Assembly Joint / Seal (JASS) 1200 1 500 m
100 788.04 M788 Rehab Joint - No Seal (JNOS) 300 1 250 m
101 789 M788 Replace Joint 1000 1 1000 m
102 789.01 M788 Replace Pourable / Cork Joint Seal (JPOS) 500 1 300 m
103 789.03 M788 Replace Assembly Joint / Seal (JASS) 2000 1 200 m
104 790 M788 Joints, Other Specific Maintenance 1200 1200 1 Each
105 837 R106 Reseal bridge surface 10 25 1000 m2
106 873 R116 Resurface Asphalt Wearing Course 30 35 500 m2  
Note: Units for maintenance rates are A$/m2; where the values are either 1 or 99999 the information is not available 
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Table E7.3.3a Calculation of Maintenance Cost per Year for each Option 
No Code Activity Description Rate-Nth Unit Quantity Cost Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20

1 2 3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
1 202 M9 Surface Correction Repair [Bridge 1800 m2
2 203 M9 Surface Texture Repair [Pot holes, rutting 500 each
3 301 M9 Tree and/or Bush Control 1000 each
4 480 M480 Amenities, bridge and tunnel cleaning  1200 Each
5 480.01 M480 Amenity maintenance 500 Each
6 480.02 M480 Remove graffiti and banners 500 Each
7 480.03 M480 Sweep bridge deck and tunnel roadway 500 Each
8 480.04 M480 Clean scuppers 100 Each
9 480.05 M480 Clean public thoroughfares 500 Each
10 480.06 M480 Clean tunnel walls 1200 Each
11 480.07 M480 Clean tunnel holding tanks 1200 Each
12 600 M9 Delineators (per structure) 1200 each
13 611 M9 Reactive Sign Maintenance (per sign) 500 each
14 700 M700 Other Bridge and Tunnel Repairs 1200 Each
15 701 M700 (Reserved) 1 Each
16 702 M700 Bearing Maintenance, Minor 250 Each
17 703 M700 Joint Maintenance, Minor 250 m
18 704 M700 (Reserved) 1 m
19 705 M700 Clean Steelwork 100 m
20 706 M700 Clear Waterway, Minor 1000 Each
21 707 M700 Scour Protection, Minor 1200 Each
22 708 M700 Bolt Tightening and Replacement, Timber 6000 Structure
23 709 M700 Deck and Footway Repairs, Minor 500 m2
24 710 M700 Timber Element Maintenance, Minor 1200 Structure
25 711 M700 Termite Treatment 5000 Structure
26 712 M700 Paint Repairs, Minor 200 m2
27 713 M700 Concrete Repairs, Minor 500 m2
28 714 M700 Masonry / Brick Repairs, Minor 500 m2
29 715 M700 Railings / Traffic Barriers Repair, Minor 500 m
30 730 M730 Bridge and Tunnel Inspection 1000 Each
31 730.11 Level 1 Inspection (Monitoring) 750 Each
32 732 Waterway and Culvert Clearing, Major 5000 m3
33 733 Repair Scour Protection, Major 30000 Each
34 734 Provide Scour Protection, Major 30000 Each
35 735 Structural Repair to Culverts 3000 Each
36 735.01 Item 1 (Structural Repair to Culverts) 3000 Each
37 736 Waterways / Culverts, Other Specific 1200 Each
38 741 Monitoring of Cathodic Protection Works 2500 Each
39 743 M743 Surface preparation and priming 300 m2
40 744 M743 Application of Stripe, Build and Topcoats 150 m2
41 745 Repaint Timber Truss 350 m2
42 746 Repaint Timber Railings / Kerbs 180 m2
43 747 Repaint / Galvanise Traffic Barrier / Railings (non- 200 m2
44 748 Barrier Coating Treatments (Anti-Graffiti / Silane / 200 m2
45 752 M752 Temporary Sub-Structure / Stabilisation 10000 Each
46 753 M752 Temporary Bailey Bridge Support 99999 Each
47 754 M752 Tempoary Pier / Abutment Support 50000 Each
48 755 M752 Temporary Support Systems, Other 50000 Each
49 757 M757 Replace Timber Truss Elements 99999 Each
50 757.01 M757 Replace Principals / Chords (TPCH) 99999 Each
51 757.02 M757 Replace Steel Bottom Chords (TSBC) 99999 Each
52 757.03 M757 Replace Struts & Ties (TSTT) 99999 Each
53 757.04 M757 Replace Ties (Steel, Wrought Iron) (TTIE) 10000 Each
54 757.05 M757 Replace Brace, Undertrussing (TSBR) 99999 Each
55 757.06 M757 Replace Metal Shoe (TSHO) 99999 Each

Cost per Year  
Note: Units for maintenance rates are A$/m2; where the values are either 1 or 99999 the information is not available 
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Table E7.3.3b Calculation of Maintenance Cost per Year for each Option 

 
No Code Activity Description Rate-Nth Unit Quantity Cost Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 Year 21 Year 22

1 2 3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
56 757.07 M757 Replace But / Jack Block (TBJB) 15000 Each
57 757.08 M757 Replace Truss Cross Girder (TTCG) 15000 Each
58 757.09 M757 Replace Stringer (TSTR) 10000 Each
59 759 M757 Strengthen Timber Truss Element 30000 Each
60 760 M757 Timber Truss Elements, Other Specific 20000 Each
61 762 M762 Replace Other Timber Structural Elements 10000 Each
62 762.01 M762 Replace Girder / Cross Girder (TGCG) 15000 Each
63 762.02 M762 Replace Cap/ Head / Sill (TCHS) 10000 Each
64 762.03 M762 Replace / Splice Pile (TPIL) 10000 Each
65 762.04 M762 Replace Corbel (TCOR) 10000 Each
66 762.05 M762 Replace Wale / Brace (TWBR) 5000 Each
67 763.01 M762 Replace Abutment Sheeting / Gravel 500 m2
68 763.02 M762 Replace Transverse Deck Plank (TTDK) 500 m2
69 763.03 M762 Replace Longitudinal Sheeting / Decking 400 m2
70 763.04 M762 Replace Stress Laminated Deck (TSLD) 1000 m2
71 764 M762 Replace Kerb / Rail / End Post 500 m
72 765 M762 Strengthen Timber Element 5000 Each
73 766 M762 Rehabilitate and/or Preserve Deck 500 m2
74 767 M762 Other Timber Structural Elements, Other 5000 Each
75 769 M769 Rehabilitation Concrete Structural 1200 m2
76 769.01 M769 Rehab Concrete - Post-tensioned Girder 1500 m2
77 769.05 M769 Rehab Concrete - Pier Headstock (CPHS) 1200 m2
78 769.06 M769 Rehab Concrete - Pier (excl. any 1200 m2
79 769.07 M769 Rehab Concrete - Abutment and 1200 m2
80 769.08 M769 Rehab Concrete - Pile (CPIL) 1200 m2
81 769.09 M769 Rehab Concrete - Deck Slab (CDSL) 1500 m2
82 769.1 M769 Rehab  Concrete - Culvert, Cast-in-place 1000 m2
83 770 M769 Replace Concrete Structural Elements 2000 m2
84 770.09 M769 Replace Concrete - Deck Slab (CDSL) 1500 m2
85 770.11 M769 Replace Concrete - Culvert, Precast 2000 m2
86 771 M769 Concrete Structural Elements, Other 1200 Each
87 778 M778 Rehabilitate Structural Steel Element 750 m2
88 779 M778 Replace Structural Steel Element 1200 m2
89 781 M778 Steel Structural Elements, Other Specific 3000 Each
90 783 M783 Reset Bearing 1800 Each
91 784 M783 Rehabilitate Bearing 2500 Each
92 784.02 M783 Rehab Metal Expansion (Roller, Sliding, 5000 Each
93 784.04 M783 Rehab Enclosed / Concealed Bearing 5000 Each
94 785 M783 Replace Bearing 5000 Each
95 786 M783 Bearings, Other Specific Maintenance 250 Each
96 788 M788 Rehabilitate Joint 400 m
97 788.01 M788 Rehab Pourable / Cork Joint Seal (JPOS) 300 m
98 788.02 M788 Rehab Compression Joint Seal (JCOS) 500 m
99 788.03 M788 Rehab Assembly Joint / Seal (JASS) 1200 m

100 788.04 M788 Rehab Joint - No Seal (JNOS) 300 m
101 789 M788 Replace Joint 1000 m
102 789.01 M788 Replace Pourable / Cork Joint Seal (JPOS) 500 m
103 789.03 M788 Replace Assembly Joint / Seal (JASS) 2000 m
104 790 M788 Joints, Other Specific Maintenance 1200 Each
105 837 R106 Reseal bridge surface 10 m2
106 873 R116 Resurface Asphalt Wearing Course 30 m2

Cost per Year  
Note: Units for maintenance rates are A$/m2; where the values are either 1 or 99999 the information is not available 
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Table E7.3.4 Life Cycle Costing of Options for Galston Gorge Bridge 

 

 
Timber Truss Bridge Management
Cost  Analysis - Bridge on Galston Rd ov Pearces Crk Galston (BN 390)
Case A Maintain as is - Limitations - may not be able to carry current legal loads, Substandard barriers,some bridge closures Steel Area 9139 sqm

Case B Rebuild as is and maintain - Limitations - may not be able to carry current legal loads , Substandard Barriers, occasional bridge closures Deck area 1650 sq m

Case C Strengthen and rebuild - Advantages - able to carry legal loads, Upgraded barriers Remaining value after 30 year $0

Case D :  Replace Bridge to cuirrent standards Remaining value of the new bridge after 30 year - 72% 

of construction cost.

Year Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D
Factor Factor Factor

0 $500,000 $9,000 $9,000 $9,000 1.0000 $500,000 $9,000 $9,000 $9,000 1.0000 $500,000 $9,000 $9,000 $9,000 1.0000 $500,000 $9,000 $9,000 $9,000
1 $9,000 $9,000 $9,000 $9,000 0.9615 $8,654 $8,654 $8,654 $8,654 0.9346 $8,411 $8,411 $8,411 $8,411 0.9091 $8,182 $8,182 $8,182 $8,182
2 $9,000 $9,000 $1,250,000 $1,750,000 0.9246 $8,321 $8,321 $1,155,695 $1,617,973 0.8734 $7,861 $7,861 $1,091,798 $1,528,518 0.8264 $7,438 $7,438 $1,033,058 $1,446,281
3 $250,000 $1,000,000 $9,000 $1,000 0.8890 $222,249 $888,996 $8,001 $889 0.8163 $204,074 $816,298 $7,347 $816 0.7513 $187,829 $751,315 $6,762 $751
4 $9,000 $9,000 $9,000 $1,000 0.8548 $7,693 $7,693 $7,693 $855 0.7629 $6,866 $6,866 $6,866 $763 0.6830 $6,147 $6,147 $6,147 $683
5 $9,000 $9,000 $9,000 $1,000 0.8219 $7,397 $7,397 $7,397 $822 0.7130 $6,417 $6,417 $6,417 $713 0.6209 $5,588 $5,588 $5,588 $621
6 $9,000 $9,000 $9,000 $1,000 0.7903 $7,113 $7,113 $7,113 $790 0.6663 $5,997 $5,997 $5,997 $666 0.5645 $5,080 $5,080 $5,080 $564
7 $9,000 $9,000 $9,000 $1,000 0.7599 $6,839 $6,839 $6,839 $760 0.6227 $5,605 $5,605 $5,605 $623 0.5132 $4,618 $4,618 $4,618 $513
8 $250,000 $9,000 $9,000 $1,000 0.7307 $182,673 $6,576 $6,576 $731 0.5820 $145,502 $5,238 $5,238 $582 0.4665 $116,627 $4,199 $4,199 $467
9 $9,000 $9,000 $9,000 $1,000 0.7026 $6,323 $6,323 $6,323 $703 0.5439 $4,895 $4,895 $4,895 $544 0.4241 $3,817 $3,817 $3,817 $424
10 $9,000 $9,000 $9,000 $1,000 0.6756 $6,080 $6,080 $6,080 $676 0.5083 $4,575 $4,575 $4,575 $508 0.3855 $3,470 $3,470 $3,470 $386
11 $9,000 $9,000 $9,000 $1,000 0.6496 $5,846 $5,846 $5,846 $650 0.4751 $4,276 $4,276 $4,276 $475 0.3505 $3,154 $3,154 $3,154 $350
12 $9,000 $9,000 $9,000 $1,000 0.6246 $5,621 $5,621 $5,621 $625 0.4440 $3,996 $3,996 $3,996 $444 0.3186 $2,868 $2,868 $2,868 $319
13 $9,000 $9,000 $9,000 $1,000 0.6006 $5,405 $5,405 $5,405 $601 0.4150 $3,735 $3,735 $3,735 $415 0.2897 $2,607 $2,607 $2,607 $290
14 $250,000 $250,000 $250,000 $1,000 0.5775 $144,369 $144,369 $144,369 $577 0.3878 $96,954 $96,954 $96,954 $388 0.2633 $65,833 $65,833 $65,833 $263
15 $9,000 $9,000 $9,000 $1,000 0.5553 $4,997 $4,997 $4,997 $555 0.3624 $3,262 $3,262 $3,262 $362 0.2394 $2,155 $2,155 $2,155 $239
16 $9,000 $9,000 $9,000 $1,000 0.5339 $4,805 $4,805 $4,805 $534 0.3387 $3,049 $3,049 $3,049 $339 0.2176 $1,959 $1,959 $1,959 $218
17 $9,000 $9,000 $9,000 $1,000 0.5134 $4,620 $4,620 $4,620 $513 0.3166 $2,849 $2,849 $2,849 $317 0.1978 $1,781 $1,781 $1,781 $198
18 $250,000 $9,000 $9,000 $1,000 0.4936 $123,407 $4,443 $4,443 $494 0.2959 $73,966 $2,663 $2,663 $296 0.1799 $44,965 $1,619 $1,619 $180
19 $9,000 $9,000 $9,000 $1,000 0.4746 $4,272 $4,272 $4,272 $475 0.2765 $2,489 $2,489 $2,489 $277 0.1635 $1,472 $1,472 $1,472 $164
20 $9,000 $9,000 $2,000 $1,000 0.4564 $4,107 $4,107 $913 $456 0.2584 $2,326 $2,326 $517 $258 0.1486 $1,338 $1,338 $297 $149
21 $9,000 $9,000 $9,000 $1,000 0.4388 $3,950 $3,950 $3,950 $439 0.2415 $2,174 $2,174 $2,174 $242 0.1351 $1,216 $1,216 $1,216 $135
22 $9,000 $9,000 $9,000 $1,000 0.4220 $3,798 $3,798 $3,798 $422 0.2257 $2,031 $2,031 $2,031 $226 0.1228 $1,106 $1,106 $1,106 $123
23 $500,000 $9,000 $9,000 $1,000 0.4057 $202,863 $3,652 $3,652 $406 0.2109 $105,473 $1,899 $1,899 $211 0.1117 $55,839 $1,005 $1,005 $112
24 $9,000 $250,000 $9,000 $1,000 0.3901 $3,511 $97,530 $3,511 $390 0.1971 $1,774 $49,287 $1,774 $197 0.1015 $914 $25,381 $914 $102
25 $9,000 $9,000 $9,000 $1,000 0.3751 $3,376 $3,376 $3,376 $375 0.1842 $1,658 $1,658 $1,658 $184 0.0923 $831 $831 $831 $92
26 $9,000 $9,000 $9,000 $1,000 0.3607 $3,246 $3,246 $3,246 $361 0.1722 $1,550 $1,550 $1,550 $172 0.0839 $755 $755 $755 $84
27 $9,000 $9,000 $9,000 $1,000 0.3468 $3,121 $3,121 $3,121 $347 0.1609 $1,448 $1,448 $1,448 $161 0.0763 $686 $686 $686 $76
28 $9,000 $9,000 $9,000 $1,000 0.3335 $3,001 $3,001 $3,001 $333 0.1504 $1,354 $1,354 $1,354 $150 0.0693 $624 $624 $624 $69
29 $9,000 $9,000 $9,000 $1,000 0.3207 $2,886 $2,886 $2,886 $321 0.1406 $1,265 $1,265 $1,265 $141 0.0630 $567 $567 $567 $63
30 $500,000 $250,000 $9,000 $1,000 0.3083 $154,159 $77,080 $2,775 $308 0.1314 $65,684 $32,842 $1,182 $131 0.0573 $28,654 $14,327 $516 $57

Totals $1,654,705 $1,353,119 $1,447,979 $1,651,033 $1,281,517 $1,102,268 $1,296,274 $1,556,530 $1,068,119 $940,137 $1,181,884 $1,471,154
Cost of a replacement bridge

30 $6,000,000 $7,000,000 $6,000,000 -$4,200,000 0.3083 $1,849,912 $2,158,231 $1,849,912 -$1,294,938 0.1314 $788,203 $919,570 $788,203 -$551,742 0.0573 $343,851 $401,160 $343,851 -$240,696

Net RTA costs after 30 years $3,504,617 $3,511,350 $3,297,891 $356,095 $2,069,719 $2,021,838 $2,084,477 $1,004,788 $1,411,970 $1,341,297 $1,525,736 $1,230,458
0

Road user costs as a resut of not having a bridge to current standards
Traffic volum 3000 Annualised Cost 166,792               162,933                167,981               80,973                 
% heavy 5% (assume)
Assume that no of vehicles affected by the existing Bridge 150

Option 1: Additional distance 50kms
VOC 6,240$                
Travel Time Cost 6,949$                

13,189$              

Costs Assumptions for Discount Rate 4% - Discounted Costs Discount Rate 7% - Discounted Costs Discount Rate 10% - Discounted Costs
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Table E7.3.5 Life Cycle Costing of Options for Galston Gorge Bridge – Road User Costs 

 

 
*Assume that one year before a major repair bridge is not available for heavy vehicles over 15 tonnes

Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D
year Factor Factor Factor

0 $4,813,894 $2,637,750 $2,637,750 $2,637,750 1.0000 $4,813,894 $2,637,750 $2,637,750 $2,637,750 1.0000 $4,813,894 $2,637,750 $2,637,750 $2,637,750 1.0000 $4,813,894 $2,637,750 $2,637,750 $2,637,750
1 $4,813,894 $4,813,894 $4,813,894 $4,813,894 0.9615 $4,628,744 $4,628,744 $4,628,744 $4,628,744 0.9346 $4,498,966 $4,498,966 $4,498,966 $4,498,966 0.9091 $4,376,267 $4,376,267 $4,376,267 $4,376,267
2 $0 $4,813,894 $4,813,894 $4,813,894 0.9246 $0 $4,450,715 $4,450,715 $4,450,715 0.8734 $0 $4,204,641 $4,204,641 $4,204,641 0.8264 $0 $3,978,425 $3,978,425 $3,978,425
3 $4,813,894 $2,637,750 $2,637,750 $2,637,750 0.8890 $4,279,534 $2,344,950 $2,344,950 $2,344,950 0.8163 $3,929,571 $2,153,190 $2,153,190 $2,153,190 0.7513 $3,616,750 $1,981,781 $1,981,781 $1,981,781
4 $4,813,894 $0 $0 $0 0.8548 $4,114,937 $0 $0 $0 0.7629 $3,672,496 $0 $0 $0 0.6830 $3,287,954 $0 $0 $0
5 $0 $0 $0 $0 0.8219 $0 $0 $0 $0 0.7130 $0 $0 $0 $0 0.6209 $0 $0 $0 $0
6 $0 $0 $0 $0 0.7903 $0 $0 $0 $0 0.6663 $0 $0 $0 $0 0.5645 $0 $0 $0 $0
7 $2,637,750 $0 $0 $0 0.7599 $2,004,473 $0 $0 $0 0.6227 $1,642,658 $0 $0 $0 0.5132 $1,353,583 $0 $0 $0
8 $0 $0 $0 $0 0.7307 $0 $0 $0 $0 0.5820 $0 $0 $0 $0 0.4665 $0 $0 $0 $0
9 $0 $0 $0 $0 0.7026 $0 $0 $0 $0 0.5439 $0 $0 $0 $0 0.4241 $0 $0 $0 $0
10 $0 $0 $0 $0 0.6756 $0 $0 $0 $0 0.5083 $0 $0 $0 $0 0.3855 $0 $0 $0 $0
11 $0 $0 $0 $0 0.6496 $0 $0 $0 $0 0.4751 $0 $0 $0 $0 0.3505 $0 $0 $0 $0
12 $4,813,894 $0 $0 $0 0.6246 $3,006,744 $0 $0 $0 0.4440 $2,137,426 $0 $0 $0 0.3186 $1,533,855 $0 $0 $0
13 $4,813,894 $0 $0 $0 0.6006 $2,891,100 $0 $0 $0 0.4150 $1,997,595 $0 $0 $0 0.2897 $1,394,414 $0 $0 $0
14 $0 $0 $0 $0 0.5775 $0 $0 $0 $0 0.3878 $0 $0 $0 $0 0.2633 $0 $0 $0 $0
15 $2,637,750 $2,637,750 $0 $0 0.5553 $1,464,649 $1,464,649 $0 $0 0.3624 $956,042 $956,042 $0 $0 0.2394 $631,456 $631,456 $0 $0
16 $0 $0 $0 $0 0.5339 $0 $0 $0 $0 0.3387 $0 $0 $0 $0 0.2176 $0 $0 $0 $0
17 $0 $0 $0 $0 0.5134 $0 $0 $0 $0 0.3166 $0 $0 $0 $0 0.1978 $0 $0 $0 $0
18 $0 $0 $0 $0 0.4936 $0 $0 $0 $0 0.2959 $0 $0 $0 $0 0.1799 $0 $0 $0 $0
19 $2,637,750 $0 $0 $0 0.4746 $1,251,988 $0 $0 $0 0.2765 $729,360 $0 $0 $0 0.1635 $431,293 $0 $0 $0
20 $2,637,750 $0 $0 $0 0.4564 $1,203,835 $0 $0 $0 0.2584 $681,645 $0 $0 $0 0.1486 $392,085 $0 $0 $0
21 $0 $0 $0 $0 0.4388 $0 $0 $0 $0 0.2415 $0 $0 $0 $0 0.1351 $0 $0 $0 $0
22 $0 $0 $0 $0 0.4220 $0 $0 $0 $0 0.2257 $0 $0 $0 $0 0.1228 $0 $0 $0 $0
23 $0 $2,637,750 $0 $0 0.4057 $0 $1,070,205 $0 $0 0.2109 $0  $0 $0 0.1117 $0 $294,579 $0 $0
24 $0 $0 $0 $0 0.3901 $0 $0 $0 $0 0.1971 $0 $0 $0 $0 0.1015 $0 $0 $0 $0
25 $0 $0 $0 $0 0.3751 $0 $0 $0 $0 0.1842 $0 $0 $0 $0 0.0923 $0 $0 $0 $0
26 $0 $0 $2,637,750 $0 0.3607 $0 $0 $951,408 $0 0.1722 $0 $0 $454,209 $0 0.0839 $0 $0 $221,322 $0
27 $0 $0 $0 $0 0.3468 $0 $0 $0 $0 0.1609 $0 $0 $0 $0 0.0763 $0 $0 $0 $0
28 $0 $2,637,750 $0 $0 0.3335 $0 $879,630 $0 $0 0.1504 $0 $396,723 $0 $0 0.0693 $0 $182,910 $0 $0
29 $4,813,894 $0 $0 $0 0.3207 $1,543,582 $0 $0 $0 0.1406 $676,654 $0 $0 $0 0.0630 $303,465 $0 $0 $0
30 $4,813,894 $2,637,750 $0 $0 0.3083 $1,484,213 $813,268 $0 $0 0.1314 $632,387 $346,514 $0 $0 0.0573 $275,877 $151,166 $0 $0

Discounted Disbenefit $32,687,692 $18,289,911 $15,013,568 $14,062,160 $26,368,695 $15,193,826 $13,948,756 $13,494,547 $22,410,893 $14,234,334 $13,195,544 $12,974,222

(User + RTA ) costs $36,192,309 $21,801,261 $18,311,459 $14,418,254 $28,438,415 $17,215,664 $16,033,232 $14,499,335 $23,822,862 $15,575,631 $14,721,280 $14,204,681
Annualised user + RTA cost 2,291,757    1,387,353      1,292,065     1,168,453    -               

2,124,965      1,224,420       1,124,084      1,087,481      

Road user cost Discount Rate 10% - Discounted CostsDiscount Rate 7% - Discounted CostsDiscount Rate 4% - Discounted Costs
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Table E7.3.6 Life Cycle Costing of Options for St Albans Bridge 
 
 

Timber Truss Bridge Management
Cost  Analysis - St Albans Bridge ov Macdonald Rvr at St Albans (BN 413)
Case A Maintain as is - Limitations - may not be able to carry current legal loads, Substandard barriers,some bridge closures Steel Area 9139 sqm

Case B Rebuild as is and maintain - Limitations - may not be able to carry current legal loads , Substandard Barriers, occasional bridge closures Deck area 1650 sq m

Case C Strengthen and rebuild - Advantages - able to carry legal loads, Upgraded barriers Remaining value after 30 year $0

Case D :  Replace Bridge to cuirrent standards Remaining value of the new bridge after 30 year - 72% 

of construction cost.

Year Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D
Factor Factor Factor

0 $1,500,000 $53,800 $53,800 $53,800 1.0000 $1,500,000 $53,800 $53,800 $53,800 1.0000 $1,500,000 $53,800 $53,800 $53,800 1.0000 $1,500,000 $53,800 $53,800 $53,800
1 $53,800 $53,800 $53,800 $53,800 0.9615 $51,731 $51,731 $51,731 $51,731 0.9346 $50,280 $50,280 $50,280 $50,280 0.9091 $48,909 $48,909 $48,909 $48,909
2 $53,800 $2,500,000 $3,500,000 $3,500,000 0.9246 $49,741 $2,311,391 $3,235,947 $3,235,947 0.8734 $46,991 $2,183,597 $3,057,036 $3,057,036 0.8264 $44,463 $2,066,116 $2,892,562 $2,892,562
3 $1,000,000 $2,000,000 $2,500,000 $4,000,000 0.8890 $888,996 $1,777,993 $2,222,491 $3,555,985 0.8163 $816,298 $1,632,596 $2,040,745 $3,265,192 0.7513 $751,315 $1,502,630 $1,878,287 $3,005,259
4 $53,800 $53,800 $53,800 $5,720 0.8548 $45,988 $45,988 $45,988 $4,889 0.7629 $41,044 $41,044 $41,044 $4,364 0.6830 $36,746 $36,746 $36,746 $3,907
5 $53,800 $53,800 $53,800 $5,720 0.8219 $44,220 $44,220 $44,220 $4,701 0.7130 $38,359 $38,359 $38,359 $4,078 0.6209 $33,406 $33,406 $33,406 $3,552
6 $53,800 $53,800 $53,800 $5,720 0.7903 $42,519 $42,519 $42,519 $4,521 0.6663 $35,849 $35,849 $35,849 $3,811 0.5645 $30,369 $30,369 $30,369 $3,229
7 $53,800 $53,800 $53,800 $5,720 0.7599 $40,884 $40,884 $40,884 $4,347 0.6227 $33,504 $33,504 $33,504 $3,562 0.5132 $27,608 $27,608 $27,608 $2,935
8 $750,000 $53,800 $53,800 $5,720 0.7307 $548,018 $39,311 $39,311 $4,180 0.5820 $436,507 $31,312 $31,312 $3,329 0.4665 $349,881 $25,098 $25,098 $2,668
9 $53,800 $53,800 $53,800 $5,720 0.7026 $37,799 $37,799 $37,799 $4,019 0.5439 $29,264 $29,264 $29,264 $3,111 0.4241 $22,816 $22,816 $22,816 $2,426
10 $53,800 $53,800 $53,800 $5,720 0.6756 $36,345 $36,345 $36,345 $3,864 0.5083 $27,349 $27,349 $27,349 $2,908 0.3855 $20,742 $20,742 $20,742 $2,205
11 $53,800 $500,000 $53,800 $5,720 0.6496 $34,947 $324,790 $34,947 $3,716 0.4751 $25,560 $237,546 $25,560 $2,718 0.3505 $18,857 $175,247 $18,857 $2,005
12 $53,800 $53,800 $53,800 $5,720 0.6246 $33,603 $33,603 $33,603 $3,573 0.4440 $23,888 $23,888 $23,888 $2,540 0.3186 $17,142 $17,142 $17,142 $1,823
13 $1,000,000 $53,800 $53,800 $5,720 0.6006 $600,574 $32,311 $32,311 $3,435 0.4150 $414,964 $22,325 $22,325 $2,374 0.2897 $289,664 $15,584 $15,584 $1,657
14 $53,800 $53,800 $53,800 $5,720 0.5775 $31,068 $31,068 $31,068 $3,303 0.3878 $20,865 $20,865 $20,865 $2,218 0.2633 $14,167 $14,167 $14,167 $1,506
15 $53,800 $53,800 $500,000 $5,720 0.5553 $29,873 $29,873 $277,632 $3,176 0.3624 $19,500 $19,500 $181,223 $2,073 0.2394 $12,879 $12,879 $119,696 $1,369
16 $53,800 $53,800 $53,800 $5,720 0.5339 $28,724 $28,724 $28,724 $3,054 0.3387 $18,224 $18,224 $18,224 $1,938 0.2176 $11,708 $11,708 $11,708 $1,245
17 $53,800 $53,800 $53,800 $5,720 0.5134 $27,619 $27,619 $27,619 $2,936 0.3166 $17,032 $17,032 $17,032 $1,811 0.1978 $10,644 $10,644 $10,644 $1,132
18 $1,000,000 $500,000 $53,800 $5,720 0.4936 $493,628 $246,814 $26,557 $2,824 0.2959 $295,864 $147,932 $15,917 $1,692 0.1799 $179,859 $89,929 $9,676 $1,029
19 $53,800 $53,800 $53,800 $5,720 0.4746 $25,536 $25,536 $25,536 $2,715 0.2765 $14,876 $14,876 $14,876 $1,582 0.1635 $8,797 $8,797 $8,797 $935
20 $53,800 $53,800 $1,000,000 $5,720 0.4564 $24,554 $24,554 $456,387 $2,611 0.2584 $13,903 $13,903 $258,419 $1,478 0.1486 $7,997 $7,997 $148,644 $850
21 $53,800 $53,800 $53,800 $5,720 0.4388 $23,609 $23,609 $23,609 $2,510 0.2415 $12,993 $12,993 $12,993 $1,381 0.1351 $7,270 $7,270 $7,270 $773
22 $53,800 $53,800 $53,800 $5,720 0.4220 $22,701 $22,701 $22,701 $2,414 0.2257 $12,143 $12,143 $12,143 $1,291 0.1228 $6,609 $6,609 $6,609 $703
23 $1,500,000 $53,800 $53,800 $5,720 0.4057 $608,589 $21,828 $21,828 $2,321 0.2109 $316,420 $11,349 $11,349 $1,207 0.1117 $167,517 $6,008 $6,008 $639
24 $53,800 $1,500,000 $53,800 $5,720 0.3901 $20,989 $585,182 $20,989 $2,231 0.1971 $10,606 $295,720 $10,606 $1,128 0.1015 $5,462 $152,288 $5,462 $581
25 $53,800 $53,800 $53,800 $5,720 0.3751 $20,181 $20,181 $20,181 $2,146 0.1842 $9,913 $9,913 $9,913 $1,054 0.0923 $4,966 $4,966 $4,966 $528
26 $53,800 $53,800 $53,800 $5,720 0.3607 $19,405 $19,405 $19,405 $2,063 0.1722 $9,264 $9,264 $9,264 $985 0.0839 $4,514 $4,514 $4,514 $480
27 $53,800 $53,800 $2,500,000 $5,720 0.3468 $18,659 $18,659 $867,041 $1,984 0.1609 $8,658 $8,658 $402,326 $921 0.0763 $4,104 $4,104 $190,694 $436
28 $53,800 $53,800 $53,800 $5,720 0.3335 $17,941 $17,941 $17,941 $1,907 0.1504 $8,092 $8,092 $8,092 $860 0.0693 $3,731 $3,731 $3,731 $397
29 $53,800 $53,800 $53,800 $5,720 0.3207 $17,251 $17,251 $17,251 $1,834 0.1406 $7,562 $7,562 $7,562 $804 0.0630 $3,392 $3,392 $3,392 $361
30 $1,500,000 $1,500,000 $53,800 $5,720 0.3083 $462,478 $462,478 $16,588 $1,764 0.1314 $197,051 $197,051 $7,068 $751 0.0573 $85,963 $85,963 $3,083 $328

Totals $5,848,172 $6,496,110 $7,872,955 $6,980,500 $4,512,823 $5,265,789 $6,528,186 $6,482,276 $3,731,496 $4,511,179 $5,680,987 $6,040,227
Cost of a replacement bridge

30 $6,000,000 $7,000,000 $6,000,000 -$4,200,000 0.3083 $1,849,912 $2,158,231 $1,849,912 -$1,294,938 0.1314 $788,203 $919,570 $788,203 -$551,742 0.0573 $343,851 $401,160 $343,851 -$240,696

Net RTA costs after 30 years $7,698,084 $8,654,340 $9,722,867 $5,685,561 $5,301,025 $6,185,358 $7,316,389 $5,930,534 $4,075,347 $4,912,339 $6,024,839 $5,799,532
0

Road user costs as a resut of not having a bridge to current standards
Traffic volu 400 Annualised Cost 427,192            498,457            589,603            477,922            
% heavy 5% (assume)
Assume that no of vehicles affected by the existing Bridge 20

Option 1: Additional distance 50kms
VOC 832$                   
Travel Time Cost 927$                   

1,759$                
Assume that one year before a major repair bridge is not available for heavy vehicles over 15 tonnes

Discount Rate 4% - Discounted Costs Discount Rate 7% - Discounted CostsCosts Assumptions for Discount Rate 10% - Discounted Costs

 



A Strategy for Upgrading Bridge Infrastructure Network 

 196

Table E7.3.7 Life Cycle Costing of Options for St Albans Bridge – Road User Costs 
 
 
 

Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D Discount Case A Case B Case C Case D
year Factor Factor Factor

0 $641,853 $351,700 $351,700 $351,700 1.0000 $641,853 $351,700 $351,700 $351,700 1.0000 $641,853 $351,700 $351,700 $351,700 1.0000 $641,853 $351,700 $351,700 $351,700
1 $641,853 $641,853 $641,853 $641,853 0.9615 $617,166 $617,166 $617,166 $617,166 0.9346 $599,862 $599,862 $599,862 $599,862 0.9091 $583,502 $583,502 $583,502 $583,502
2 $0 $641,853 $641,853 $641,853 0.9246 $0 $593,429 $593,429 $593,429 0.8734 $0 $560,619 $560,619 $560,619 0.8264 $0 $530,457 $530,457 $530,457
3 $641,853 $351,700 $351,700 $351,700 0.8890 $570,605 $312,660 $312,660 $312,660 0.8163 $523,943 $287,092 $287,092 $287,092 0.7513 $482,233 $264,237 $264,237 $264,237
4 $641,853 $0 $0 $0 0.8548 $548,658 $0 $0 $0 0.7629 $489,666 $0 $0 $0 0.6830 $438,394 $0 $0 $0
5 $0 $0 $0 $0 0.8219 $0 $0 $0 $0 0.7130 $0 $0 $0 $0 0.6209 $0 $0 $0 $0
6 $0 $0 $0 $0 0.7903 $0 $0 $0 $0 0.6663 $0 $0 $0 $0 0.5645 $0 $0 $0 $0
7 $351,700 $0 $0 $0 0.7599 $267,263 $0 $0 $0 0.6227 $219,021 $0 $0 $0 0.5132 $180,478 $0 $0 $0
8 $0 $0 $0 $0 0.7307 $0 $0 $0 $0 0.5820 $0 $0 $0 $0 0.4665 $0 $0 $0 $0
9 $0 $0 $0 $0 0.7026 $0 $0 $0 $0 0.5439 $0 $0 $0 $0 0.4241 $0 $0 $0 $0
10 $0 $0 $0 $0 0.6756 $0 $0 $0 $0 0.5083 $0 $0 $0 $0 0.3855 $0 $0 $0 $0
11 $0 $0 $0 $0 0.6496 $0 $0 $0 $0 0.4751 $0 $0 $0 $0 0.3505 $0 $0 $0 $0
12 $641,853 $0 $0 $0 0.6246 $400,899 $0 $0 $0 0.4440 $284,990 $0 $0 $0 0.3186 $204,514 $0 $0 $0
13 $641,853 $0 $0 $0 0.6006 $385,480 $0 $0 $0 0.4150 $266,346 $0 $0 $0 0.2897 $185,922 $0 $0 $0
14 $0 $0 $0 $0 0.5775 $0 $0 $0 $0 0.3878 $0 $0 $0 $0 0.2633 $0 $0 $0 $0
15 $351,700 $351,700 $0 $0 0.5553 $195,287 $195,287 $0 $0 0.3624 $127,472 $127,472 $0 $0 0.2394 $84,194 $84,194 $0 $0
16 $0 $0 $0 $0 0.5339 $0 $0 $0 $0 0.3387 $0 $0 $0 $0 0.2176 $0 $0 $0 $0
17 $0 $0 $0 $0 0.5134 $0 $0 $0 $0 0.3166 $0 $0 $0 $0 0.1978 $0 $0 $0 $0
18 $0 $0 $0 $0 0.4936 $0 $0 $0 $0 0.2959 $0 $0 $0 $0 0.1799 $0 $0 $0 $0
19 $351,700 $0 $0 $0 0.4746 $166,932 $0 $0 $0 0.2765 $97,248 $0 $0 $0 0.1635 $57,506 $0 $0 $0
20 $351,700 $0 $0 $0 0.4564 $160,511 $0 $0 $0 0.2584 $90,886 $0 $0 $0 0.1486 $52,278 $0 $0 $0
21 $0 $0 $0 $0 0.4388 $0 $0 $0 $0 0.2415 $0 $0 $0 $0 0.1351 $0 $0 $0 $0
22 $0 $0 $0 $0 0.4220 $0 $0 $0 $0 0.2257 $0 $0 $0 $0 0.1228 $0 $0 $0 $0
23 $0 $351,700 $0 $0 0.4057 $0 $142,694 $0 $0 0.2109 $0  $0 $0 0.1117 $0 $39,277 $0 $0
24 $0 $0 $0 $0 0.3901 $0 $0 $0 $0 0.1971 $0 $0 $0 $0 0.1015 $0 $0 $0 $0
25 $0 $0 $0 $0 0.3751 $0 $0 $0 $0 0.1842 $0 $0 $0 $0 0.0923 $0 $0 $0 $0
26 $0 $0 $351,700 $0 0.3607 $0 $0 $126,854 $0 0.1722 $0 $0 $60,561 $0 0.0839 $0 $0 $29,510 $0
27 $0 $0 $0 $0 0.3468 $0 $0 $0 $0 0.1609 $0 $0 $0 $0 0.0763 $0 $0 $0 $0
28 $0 $351,700 $0 $0 0.3335 $0 $117,284 $0 $0 0.1504 $0 $52,896 $0 $0 0.0693 $0 $24,388 $0 $0
29 $641,853 $0 $0 $0 0.3207 $205,811 $0 $0 $0 0.1406 $90,221 $0 $0 $0 0.0630 $40,462 $0 $0 $0
30 $641,853 $351,700 $0 $0 0.3083 $197,895 $108,436 $0 $0 0.1314 $84,318 $46,202 $0 $0 0.0573 $36,784 $20,155 $0 $0

Discounted Disbenefit $4,358,359 $2,438,655 $2,001,809 $1,874,955 $3,515,826 $2,025,843 $1,859,834 $1,799,273 $2,988,119 $1,897,911 $1,759,406 $1,729,896

(User + RTA ) costs $12,056,443 $11,092,995 $11,724,676 $7,560,516 $8,816,851 $8,211,202 $9,176,223 $7,729,807 $7,063,466 $6,810,250 $7,784,244 $7,529,428
Annualised user + RTA cost 710,521     661,713     739,481       622,919     -            

283,329       163,256       149,878       144,997       

Discount Rate 10% - Discounted CostsDiscount Rate 7% - Discounted CostsDiscount Rate 4% - Discounted CostsRoad user cost
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Table E7.3.8 Route Option Analysis 

 
Route Option Analysis

Constraints

Route Constraint
Least Height Restrictions Route No1 - VIA ADB 0
Least Width Restrictions Route No1 - VIA ADB 0
Shortest distance Route No1 - VIA ADB 310
Shortest travel time Route No1 - VIA ADB 4
Maximum Traffic Volume Route No1 - VIA ADB 511

Lowest Cost Upgrade
Service Level 2 Route No1 - VIA ADB $1,000,000
Service Level 3 Route No1 - VIA ADB $4,000,000
Service Level 4 Route No1 - VIA ADB $9,000,000
Service Level 5 Route No3 - VIA ACDB $9,600,000

Comparison

Service Restrictions Cost of Upgrade Distance Average Travel Traffic
Level Height Width Level 2 Level 3 Level 4 Level 5 (km) Speed (km/h) Time (hrs) Volume

Route No1 - VIA ADB 1 0 0 $1,000,000 $4,000,000 $9,000,000 $17,500,000 310 80 3.88 511
Route No2 - VIA BECA 1 0 0 $3,200,000 $13,000,000 $19,600,000 $23,400,000 365 80 4.56 710
Route No3 - VIA ACDB 1 0 0 $1,000,000 $6,200,000 $9,000,000 $9,600,000 340 80 4.25 672

Route No1 - VIA ADB

Bridge Eqv. Service Restrictions Cost of Upgrade Distance Average Travel Traffic
Level Height Width Level 2 Level 3 Level 4 Level 5 (km) Speed (km/h) Time (hrs) Volume

BN 01 1  1,000,000    1,200,000    1,200,000    1,200,000    
BN 02 2 -                   1,200,000    1,200,000    2,800,000    50           80                    0.63 200        
BN 03 3 -                   -                   1,800,000    2,000,000    40           80                    0.50 1,000     
BN 04 4 -                   -                   -                   2,000,000    40           80                    0.50 500        
BN 05 5  -                   -                   -                   -                   30           80                    0.38 400        
BN 06 3 -                   -                   1,500,000    2,500,000    30           80                    0.38 200        
BN 07 3 -                   -                   1,500,000    2,500,000    30           80                    0.38 350        
BN 08 4 -                   -                   -                   2,500,000    25           80                    0.31 450        
BN 09 5 -                   -                   -                   -                   25           80                    0.31 500        
BN10 2 -                 1,600,000  1,800,000  2,000,000  40         80                    0.50 1,000   

1 0 0 $1,000,000 $4,000,000 $9,000,000 $17,500,000 310 80 3.88 511

Route No2 - VIA BECA

Bridge No Eqv. Service Restrictions Cost of Upgrade Distance Average Travel Traffic
Level Height Width Level 2 Level 3 Level 4 Level 5 (km) Speed (km/h) Time (hrs) Volume

BN 10 2 -                   1,600,000    1,800,000    2,000,000    
BN 11 3 -                   -                   2,400,000    2,600,000    50           80                    0.63 1,000     
BN 12 5 -                   -                   -                   -                   40           80                    0.50 1,100     
BN 13 2 -                   2,200,000    3,000,000    2,800,000    30           80                    0.38 750        
BN 14 2 -                   2,400,000    2,400,000    2,800,000    25           80                    0.31 600        
BN 15 1 2,200,000    2,200,000    2,800,000    3,200,000    40           80                    0.50 500        
BN 16 4 -                   -                   -                   2,400,000    25           80                    0.31 400        
BN 17 2 -                   1,800,000    3,200,000    3,200,000    30           80                    0.38 600        
BN 18 5 -                   -                   -                   -                   35           80                    0.44 700        
BN 19 2 -                   1,600,000    2,800,000    3,200,000    50           80                    0.63 700        
BN 01 1 1,000,000  1,200,000  1,200,000  1,200,000  40         80                    0.50 750      

1 0 0 $3,200,000 $13,000,000 $19,600,000 $23,400,000 365 80 5 710

Route No3 - VIA ACDB

Bridge No Eqv. Service Restrictions Cost of Upgrade Distance Average Travel Traffic
Level Height Width Level 2 Level 3 Level 4 Level 5 (km) Speed (km/h) Time (hrs) Volume

BN 10 2 -                   1,600,000    1,800,000    2,000,000    
BN 09 5 -                   -                   -                   -                   40           80                    0.50 800        
BN 20 5 -                   -                   -                   -                   30           80                    0.38 700        
BN 21 5 -                   -                   -                   -                   40           80                    0.50 600        
BN 22 5 -                   -                   -                   -                   35           80                    0.44 500        
BN 23 5 -                   -                   -                   -                   40           80                    0.50 600        
BN 17 2 -                   1,800,000    3,200,000    3,200,000    50           80                    0.63 700        
BN 18 5 -                   -                   -                   -                   45           80                    0.56 700        
BN 19 2 -                   1,600,000    2,800,000    3,200,000    35           80                    0.44 650        
BN 01 1 1,000,000  1,200,000  1,200,000  1,200,000  25         80                    0.31 800      

1 0 0 $1,000,000 $6,200,000 $9,000,000 $9,600,000 340 80 4 672  
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Objective Function:  Cost of Upgrade Schedule ($'000s)
Min Total Cost ($'000) $16,200 Route 1 2 3

Level 1 0 0 0
Level 2 1,000 3,200 1,000
Level 3 4,000 13,000 6,200
Level 4 9,000 19,600 9,000

No Level 5 17,500 23,400 9,600
1 3700 <= 3700
2 2000 = 2000
3 1000 = 1000
4 500 = 500
5 200 = 200
6 0 = 0 Cumulative Traffic Flow ('000s)
7 C29:G31 >= 0 Route Level 1 Level 2 Level 3 Level 4 Level 5
8 1000 <= 1000 1 350 571 1,000 1,000 1,000
9 1100 <= 1200 2 340 1,100 1,100 1,100 1,100
10 1600 <= 1600 3 1,310 1,329 1,400 1,600 1,600

* Cumulative values of traffic from Table E determined by "Solver"

Route Total Max Traff Vol. Cost of Upgrade Unit Cost
Level 1 Level 2 Level 3 Level 4 Level 5 All

1 350 221 429 0 0 1000 1000 3 300 4,000$                 4.00$      
2 340 760 0 0 0 1100 1200 2 200 3,200$                 2.91$      
3 1,310 19 71 200 0 1600 1600 4 400 9,000$                 5.63$      

Total 2000 1000 500 200 0 3700 * Input desired traffic volume and load capacity per route 
Total Cost $9,757 $3,203 $2,115 $1,125 $0

Table E 7.4.1 Bridge Capacity Variance Model

Route Capacity

Table A - Minimum Total Cost Table C - Cost of Upgrade*

Table D - Cumulative Traffic Flow*

Annual Average Traffic Flow ('000s)

Table E - Annual Average Traffic (AADT)* Table F - Comparison of Unit Cost*

* Input values from Tables 7.3.1 to 7.3.3

* AADT distributed by "Solver"

Constraint

Table B - Constraints

Level 3

Level 2

Level 4
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Table A

Objective function - the objective fuction in this exercise is to deretmine the minimum cost of upgrading of the sub-network consiting all three routes
T able A provides the most minimum cost of upgrading of all three routes.

Table B

Constraints - the following constraints have been in put in to this exercise:

1. The volume of traffic determined by "Solver" in Table F should add up to the total value of traffic volume in alla the routes.
2. The total volume of Level 1 traffic in all the routes is limited to the input value in Table E, Col 2 - second last row.
3. The total volume of Level 2 traffic in all the routes is limited to the input value in Table E, Col 3 - second last row.
4. The total volume of Level 3 traffic in all the routes is limited to the input value in Table E, Col 4 - second last row.
5. The total volume of Level 4 traffic in all the routes is limited to the input value in Table E, Col 5 - second last row.
6. The total volume of Level 5 traffic in all the routes is limited to the input value in Table E, Col 6 - second last row.
7. Ensure all traffic values determined by "Solver" for each route are greater than 0 in Table E Col 2 to 6: rows 3 to 4 from top.
8. The total traffic volume in Table E Col 7 for each route as determined by "Solver" is less than the set input traffic volume in Table F, Col 1. 

Table C

Cost of Upgrade - Input of values from tables 7.3.1 to 7.3.3 estimated using LCC.

Table D

Cummulative Traffic Flow - Cumulative values of traffic from Table D determined by "Solver"

Table E

Annual Average Traffic Flow (AADT) - optimum values distributed by "Solver"

Table F

Comparison of Unit Cost - Input desired traffic volume in Col 1 and load capacity in Col 2 per route to determine unit cost per vehicle.

Interpretation of Exercise in Table E 7.4.1
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Fig E3.2.2 Discounting Conceptual Frame Work 
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Definitions: 
 
Algorithm: An algorithm is a step-by-step procedure that solves a class of problems. 
 
Branch and Bound: Branch and bound method solves a discrete optimisation 
problem by breaking up its feasible set into successively smaller subsets, calculating 
bounds on the objective function value over each subset, and using them to discard 
certain subsets from further consideration. 
 
Cutting Plane: Constraints (or cutting planes) are successfully added to the LP 
relaxation of an integer programming problem in such a way that the current no 
integer optimal extreme point is cut away or made infeasible. 
 
Decision Support System: The term decision support system refers to the use of 
computers to store, analyse, and display information that is used to support decision 
making. 
 
Dynamic Programming: Dynamic Programming is an approach developed to solve 
sequential, or multi-stage, decision problems; hence, the name "dynamic" 
programming. 
 
Heuristic Programming: Heuristic Programming (HP) involves finding a solution to 
a problem using operations from a given set of basic operations, where such a solution 
is produced in a finite number of steps. However unlike an algorithm heuristic 
programming cannot guarantee the optimal solution. 
 
Integer Programming: An integer linear programming problem is simply a linear 
program in which some or all of the variables are restricted to integer values. 
 
Linear Programming: Is a mathematical model where a linear objective function is 
to be optimised subject to linear equality and inequality constraints and restrictions. 
 
Mathematical Programming: It is a branch of mathematics dealing with methods for 
optimising either maximising or minimising an objective function of “n” decision 
variables subject to specified constraints on these variables. 
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Mixed Integer Programming: If some of the variables are restricted to integer 
values and others remain continuous variables, the problem is referred to as a mixed 
integer programming model. 
 
Operations Research: A scientific method for providing executive departments with 
a quantitative basis for decisions regarding operations under their control which is, all 
the variations of abstracting a problem and putting it into mathematical form. 
 
Pure Integer Programming: If all the variables must assume only integer values, 
then the problem is called a pure integer programming model. 
 
Simplex Method: It involves a systematic, arithmetic-intensive search through the set 
of all possible solutions for the solution that optimised a given objective. This model 
identifies an initial feasible solution and repeats the solution process, making 
successive improvements until the optimal solution is found. 
 
Travelling Salesman Problem: Starting from his home town, a travelling salesman 
wants to visit a series of cities just once, and finally return to his home town. The 
problem is to determine the best sequence for visiting these cities so that the total cost 
(total distance or total time travelled) is minimised. 
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Example F3.3.1: Post Office Scheduling Problem 

A post office requires different numbers of full time employees on different days of 

the week. The number of full time employees required each day is given in Table 

F3.3.1 in Appendix F. Union rules state that each full time employee must work 5 

consecutive days and then receive 2 days off. For example, an employee who works 

Monday – Friday must be off on Saturday and Sunday. The post office wants to meet 

its daily requirements using only full time employees. Its objective is to minimise the 

number of full time employees that must be hired, (Albright et. al., 2003). 

 

Solution F3.3.1: An Excel spreadsheet model has been created here the total number 

of employees is minimised subject to having enough employees available to meet the 

minimal daily requirements. The optimal solution using the “Solver” function of 

Excel appears in Table F3.3.1 in Appendix F to be 19 employees required considering 

that the number of employees starting work their 5-day shift on each day of the week, 

number of working each day and the total number of employees.  

 
Example F3.3.2: Distributing Tomato Products at the Red-Brand Company 

The Red-Brand Company produces tomato products at three plants. These products 

can be shipped directly to their two customers or they can first be shipped directly to 

their two customers or they can first be shipped to the company’s two warehouses and 

then to the customers. A network presentation of Red-Brand’s problem appears in Fig. 

F3.3.2. The nodes 1, 2 and 3 represent the plants (suppliers), nodes 4 and 5 represent 

the warehouses (transhipment points), and nodes 6 and 7 represent the customers 

(demanders). The possibility of some shipments among plants, among warehouses, 

and among customers is allowed. 
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The cost of producing food at each plant is the same; Red-Brand is concerned with 

minimising the total shipping cost incurred in meeting customer demands. The 

production capacity of each plant (in tonnes per year) and the demand of each 

customer are shown in Table F3.3.2. The objective is to use LP to find a minimum 

cost method for distributing the product from plants through warehouses and 

eventually to the customers, (Albright et. al., 2003). 

 
Fig. F3.3.2 Network for Red-Brand Example  

 

Solution F3.3.2: It is necessary to keep track of the amount shipped along each arc of 

the network, total amount shipped into each node (the inflow), total amount shipped 

out of each node (the outflow) and the total shipping cost. A spreadsheet model has 

been developed and presented in Table F3.3.2 in Appendix F. Enter the common arc 
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capacity, plant capacities, and customer demands in the corresponding cells in the 

model. The optimal solution using the “Solver” function of Excel appears in Table 

F3.3.2 to be that Red-Brand’s customer demand can be satisfied with a shipping cost 

of $3,260,000. The solution appears graphically in Fig. 3.3.3. Note in particular that 

plant 1 produces180 tonnes (under capacity) and ships it all to point 3, not directly to 

warehouses or customers. Also note that all shipments from the warehouses go 

directly to customer 1, (Albright et. al., 2003). 

 

 

 
Fig. F3.3.3 Optimal Flows for Red-Brand Example  
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Table F3.3.1 Post Office Scheduling Problem 

 
        
        

Number starting their five day shift on various days    
        

Mon 5.00       
Tue 4.00       
Wed 0.00       
Thu 3.00       
Fri 0.00       
Sat 1.00       
Sun 6.00       

        
        

Number working on various days (along top) who started their shift on various days 
(along side) 

        
 Mon Tue Wed Thu Fri Sat Sun 

Mon 5.00 5.00 5.00 5.00 5.00   
Tue  4.00 4.00 4.00 4.00 4.00  
Wed   0.00 0.00 0.00 0.00 0.00 
Thu 3.00   3.00 3.00 3.00 3.00 
Fri 0.00 0.00   0.00 0.00 0.00 
Sat 1.00 1.00 1.00   1.00 1.00 
Sun 6.00 6.00 6.00 6.00   6.00 

Totals 15.00 16.00 16.00 18.00 12.00 8.00 10.00 
 >= >= >= >= >= >= >= 

Min required 17.00 13.00 15.00 19.00 14.00 16.00 11.00 
        

Total employees 19.00       
        
        
        



A Strategy for Upgrading Bridge Infrastructure Network 

 208

Table F3.3.2 Minimum Cost Network Flow Models  
 

Common arc capacity 200            
              

Network formulation        Node balance constraints   
Origin Destination Unit Cost Flow  Arc Capacity  Plant constraints    

1 2 $5.00  0  200  Node Net outflow  Capacity 
1 3 $3.00  180  200  1 180  200 
1 4 $5.00  0  200  2 300  300 
1 5 $5.00  0  200  3 100  100 
1 6 $20.00  0  200       
1 7 $20.00  0  200  Warehouse constraints  Required 
2 1 $9.00  0  200  Node Net outflow  0 
2 3 $9.00  0  200  4 0  0 
2 4 $1.00  120  200  5 0    
2 5 $1.00  0  200       
2 6 $8.00  180  200  Customer constraints    
2 7 $15.00  0  200  Node Netflow Demand 
3 1 $8.40  0  200  6 400  400 
3 2 $8.00  0  200  7 180  180 
3 4 $1.00  80  200       
3 5 $0.50  200  200       
3 6 $10.00  0  200       
3 7 $12.00  0  200       
4 5 $1.20  0  200       
4 6 $2.00  200  200       
4 7 $12.00  0  200       
5 4 $0.80  0  200       
5 6 $2.00  200  200       
5 7 $12.00  0  200       
6 7 $1.00  180  200       
7 6 $7.00  0  200       

Total cost $3,260.00                  
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Table F3.3.3 Comparison of Available Software 
 

No Name of Software  Mathematical 
Programming Type 

Capability Algorithm Availability 

1 BPMPD   Linear programming.  The main features of the package are the 
highly flexible sparsity handling, fast and 
robust linear algebra based on super-nodal 
elimination and advanced pre-solve 
techniques. BPMPD accepts the standard 
MPS format, but its use as callable library is 
also possible. 

It is a state-of-the-art implementation 
of the primal-dual interior point 
algorithm for linear and convex 
quadratic programming problems. 

BPMPD is freely available in source code 
form for academic purposes. A 
Windows95/NT executable and a callable 
library as Windows 95/NT DLL are also 
available. 

2 CPLEX  Linear and integer 
programming.  

CPLEX products are designed to solve large, 
difficult problems where other linear 
programming solvers fail or are 
unacceptably slow. CPLEX algorithms are 
exceptionally fast and robust, providing 
exceptional reliability even for poorly scaled 
or numerically difficult problems. Typical 
application areas include large models in 
refining, manufacturing, banking, finance, 
transportation, timber, defence, energy, and 
logistics.  

The network algorithm is much more 
efficient than LP algorithms where 
pure network structures can be 
identified.  The Barrier Solver 
implements a primal-dual interior-
point algorithm, incorporating a 
predictor-corrector strategy to speed 
convergence. This algorithm is 
especially useful for large problems. 
The Barrier solver includes a 
crossover algorithm to convert mid-
face solutions to basic, vertex 
solutions. 

Available on most popular 
hardware/software environments, including 
personal computers (all IBM compatibles), 
UNIX workstations (Sun, HP/Apollo, DEC, 
IBM, MIPS, and others), mainframes (IBM, 
DEC, Unisys, and others), and 
supercomputers (Cray, Convex). 

3 C-WHIZ  Linear programming 
models.  

C-WHIZ is the general purpose linear 
simplex optimizer for Ketron's mathematical 
programming system, MPSIII. It is also 
known as WHIZARD lp. There is a stand-
alone version OML. The C-WHIZ Presolve 
looks for redundancies, degeneracy, 
singleton rows, singleton columns, transfer 
columns, duplicate rows, non-constraining 
rows, infeasibilities, ... Of equal importance 
is the C-WHIZ Post-solve that restores all of 
this structure and extends the optimal basis. 

The linear programming algorithms 
are: primal simplex, dual simplex, 
and network simplex. Matrix super-
sparsity is uniquely exploited to 
minimize memory consumption; this 
lets you solve a larger problem in a 
smaller machine. An automatic pre-
solve process reduces a model to its 
essential core. C-WHIZ chooses 
between two factorization algorithms, 
P4 or Markowitz, depending on the 
size and difficulty of the model. 

C-WHIZ runs on Pentium and compatible 
PC's, many workstations, and IBM 
mainframes. The C-coded C-WHIZ runs on 
all of these platforms; the original 
mainframe.  
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Table F3.3.3 Comparison of Available Software 
 

No Name of Software  Mathematical 
Programming Type 

Capability Algorithm Availability 

4 Excel and Quattro 
Pro Solvers  

 Spreadsheet based 
linear, integer and 
nonlinear programming.  

A general-purpose optimizer for small-scale 
linear, integer and nonlinear programming 
problems. Models are automatically 
translated, in a manner similar to algebraic 
modeling languages, and solved by the 
spreadsheet optimizer software.  

 

Linear programming problems in the 
Microsoft Excel and Quattro Pro 
optimizers are solved using a dense 
Simplex method with bounds on the 
variables. Nonlinear programming 
problems are solved with a variant of 
Lasdon & Waren's GRG2 
(Generalized Reduced Gradient) 
code, described in the references. 
Integer linear and nonlinear 
programming problems are solved 
with a Branch & Bound method 
which uses the Simplex or GRG2 
method for its subproblems. 

Microsoft Excel under Windows 3.1, 
Windows 95 and Windows NT  

5 FortMP Linear and mixed integer 
quadratic programming.  

FortMP is a state of the art optimisation 
system designed to solve Large Scale Linear 
Programming problems, Variable Separable 
Programming problems, Mixed integer 
programming problems with zero-one as 
well as general integer variables. FortMP 
has been successfully deployed in a number 
of Transportation, Scheduling, Chemical 
Engineering Product Blending, Economic 
Modelling, Energy Systems and Networks, 
Industrial Scheduling Applications.  

In its basic configuration, FortMP is 
suitable for Linear, and (Mixed) 
Integer Programming, but it is also 
available in extended configurations 
for (Integer) Quadratic Programming, 
and Stochastic Programming.  
 

DOS, Win95/NT, Most variants of UNIX 
and Linux 

6 HS/LP Linear 
Optimizer  

Linear programming 
with OMNI language.  

HS/LP Linear Optimizer can solve large-
scale LP problems and interfaces with 
OMNI to provide a complete model 
management dependent system. Handles 
problems with up to 8000 rows and 16000 
columns.  

Information not provided. It runs on 386 / 486 PCs with at least 4 
MB RAM. It can interact with Lotus 1-2-3 
spreadsheets. 

 

 
 
 



A Strategy for Upgrading Bridge Infrastructure Network 

 211

 
Table F3.3.3 Comparison of Available Software 

 
 

No Name of Software  Mathematical 
Programming Type 

Capability Algorithm Availability 

7 KORBX   Linear programming.  Features include Dual and Primal-Dual 
Cholesky Solvers (for maximum 
performance across a wide range of problem 
sizes and structures), Dual Conjugate 
Gradient Solver (for the largest, most 
complex linear programming problems), 
Linear Equation Solver (for additional 
building block value for sparse matrix 
computation), Separable Quadratic Solver, 
which can be used as a building block for 
solving nonlinear programming problems. 

Include Dual and Primal-Dual 
Cholesky Solvers, Dual Conjugate 
Gradient Solver, Linear Equation 
Solver and Separable Quadratic 
Solver for solving nonlinear 
programming problems. 

Available for a wide variety of platforms, 
including Sun, DEC, HP, Convex, Cray, 
IBM machines. 

8 LAMPS   Linear and mixed 
integer programming. 

LAMPS is designed for the solution of large 
problems, although it will operate efficiently 
on small- and medium-sized problems. Most 
standard input formats are acceptable, and 
output (solution) reporting is very flexible. It 
also provides sensitivity analysis in terms of 
parametric variation of the right-hand side or 
objective function.   

A primal and a dual simplex 
algorithm for the solution of linear 
programs, and a branch-and-bound 
algorithm for mixed integer 
programs. Algorithms of LAMPS are 
also available for direct use with 
MAGIC (a matrix generation and 
reporting system) and GAMS.  
 

Versions are available for 80386/486 MS-
DOS machines, most Unix workstations, 
VAX, Prime, Convex, and Cray. 

9 LINDO Callable 
Library  

Linear, mixed integer 
and quadratic 
programming. 

LINGO is a comprehensive tool designed to 
make building and solving linear, nonlinear, 
and integer optimization models faster, 
easier, and more efficient.  

 

The LINDO Callable Library is 
available with a set of powerful 
solvers for linear and integer 
optimization. The base version 
includes Primal and Dual Simplex 
solvers. There is also an optional 
Barrier solver for linear models that, 
depending upon the size and 
structure, may offer speed advantages 
over the Simplex based solvers.  

Free trial versions of the LINDO Callable 
Library for Windows and Linux are 
available from the LINDO Systems 
website. They have all of the functions and 
features of our regular version, but the 
problem capacity has been limited. 
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Table F3.3.3 Comparison of Available Software 

 
No Name of Software  Mathematical 

Programming Type 
Capability Algorithm Availability 

10 LINGO  Linear, integer, nonlinear 
programming with 
modeling language.  

LINGO is a comprehensive tool designed to 
make building and solving linear, nonlinear, 
and integer optimization models faster, 
easier, and more efficient. LINGO provides 
a completely integrated package that 
includes a powerful language for expressing 
optimization models, a full-featured 
environment for building and editing 
problems, and a set of fast built-in solvers. 
LINGO includes an integer solver that works 
in conjunction with the linear and nonlinear 
solvers. 

The base version includes the Primal 
and Dual Simplex solvers, which 
incorporate numerous enhancements 
for maximum speed and robustness. 
The optional Barrier solver provides 
an alternative means of solving linear 
models. The Barrier option utilizes a 
barrier or interior point method to 
solve linear models. LINGO's 
optional nonlinear solver is based 
upon a Generalized Reduction 
Gradient (GRG) algorithm.  

Not provided. 

11 LOQO   Linear programming, 
unconstrained and 
constrained nonlinear 
optimization.  

LOQO is designed to handle thousands of 
constraints and variables. The prefered 
interface is via the AMPL modeling 
language. There is also a subroutine library 
for the motivated user. Alternatively, if the 
problem is linear or quadratic, problem data 
can be input using MPS files. There is also a 
MATLAB interface for such problems. 

A primal-dual interior-point method 
is used. For convex problems a 
globally optimal solution is obtained. 
For non-convex ones a locally 
optimal solution near a given initial 
solution is found. 

LOQO is distributed directly over the 
internet. Time-limited (typically 6 months) 
trial versions are available here. Academic 
researchers may use these versions as 
much as they like. Commercial users are 
required to purchase a license after their 
first trial period expires. Click here for the 
current price sheet. 

12 MINOS  Linear programming and 
nonlinear optimization.  

It is designed to handle thousands of 
constraints and variables. Constraint data 
may be input from MPS files or via 
subroutine parameters. Nonlinearities are 
specified by Fortran subroutines. (Ideally 
these should provide both functions and 
gradients. Missing gradients are estimated 
by finite differences.) The GAMS and 
AMPL systems may be used as alternative 
user interfaces.  

For Linear programming a primal 
simplex method is used. For 
Nonlinear objective, linear 
constraints a reduced-gradient 
algorithm is used. For nonlinear 
constraints a projected augmented 
Lagrangian algorithm is used.  

MINOS is distributed on floppy disk. 
Fortran 77 source code is provided, along 
with test problems and makefiles for Unix, 
VMS and DOS systems. 
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Table F3.3.3 Comparison of Available Software 

 
 

No Name of Software  Mathematical 
Programming Type 

Capability Algorithm Availability 

13 MOSEK  Linear programming and 
convex optimization.  

Solves large-scale linear, convex quadratic, 
conic quadratic, and smooth convex 
optimization problems of unlimited size 
(limited by computer memory only). Handles 
integer variables for linear, quadratic, and 
convex quadratically constrained 
optimization problems.  

Interior-point optimizer: Is available 
for all supported problem classes 
including optional basis identification 
for linear problems. Primal simplex: 
Is available for linear problems. 
Mixed integer: Is available for linear, 
quadratic and quadratically 
constrained optimization problems.  

Windows 95/98/ME/NT/2000/XP; Linux 
Intel ;Solaris Sparc and Intel. 

14 OML  Linear and mixed integer 
programming. 

OML is a complete toolkit for linear and 
mixed-integer optimization as well as model 
management in a callable library. 
Optimization is provided by the library 
version of WHIZARD. The model database 
is compatable with DATAFORM and is 
managed by the same database manager; it 
can hold a family of problems, each one can 
have a matrix, data tables, and optimal 
solutions.  

Not provided. OML runs on Pentium and compatible 
PC's, many workstations, and IBM 
mainframes. The C-coded library supports 
a number of different C and FORTRAN 
compilers; alternatively, you can get the 
Windows DLL version that is callable 
from just about anything. There is a 
GAMS-OML interface and an AMPL-
OML interface. 

15 OSL  Linear, quadratic and 
mixed integer 
programming. 

The quadratic programming solver uses two-
phase approach. In the first phase, 
successive linear programming 
approximations to the actual problem are 
used to generate approximate solutions. 
When these solutions are sufficiently close, 
the second phase --- a standard active-set 
technique --- is activated. An extension to 
the regularized LP solver is available to 
provide interior point algorithms for solving 
quadratic programming problems. 

A branch-and-bound technique is 
used for mixed integer programming. 
A simplex method is used to solve 
the linear programming sub-
problems. The stochastic 
programming solver provides the 
capability to specify, store and 
retrieve, and modify stochastic 
scenarios and distributions, and to 
invoke an L-shaped Bender's 
decomposition solver, then to access 
and retrieve the solution.  

 

OSL is available for a variety of hardware 
environments, from IBM compatible PCs 
with Windows NT or 95; to workstations 
from IBM, Hewlett-Packard, Silicon 
Graphics, and Sun; to IBM mainframes. 
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Table F3.3.3 Comparison of Available Software 

 
No Name of Software  Mathematical 

Programming Type 
Capability Algorithm Availability 

16 PROC LP  Linear and integer 
programming.  

The LP procedure solves linear, integer, and 
mixed-integer programming problems and 
provides interactive control of the solution 
process and printing.  It handles both sparse 
and dense data input formats and enables 
you to perform ranging, objective, and right-
hand-side sensitivity analysis and parametric 
programming. In addition, the software 
saves intermediate results for "warm-starts." 
 PROC LP can be used interactively as well 
as in batch mode. 

Revised simplex algorithm with LU 
factorization of the basis (Bartels, 
1971); Branch and bound algorithm 
for integer variables; Sparse column 
representation to reduce memory 
needs and limit arithmetic 
computation; Crash routine to 
identify advanced starting basis; 
Special ordered sets numerous 
pricing algorithms to choose from 
(Greenberg, 1978). 

The SAS System is supported on all major 
personal computer, workstation, and 
mainframe operating systems. 

17 QPOPT  Linear and quadratic 
problems.  

QPOPT uses a two-phase, active-set method 
based on an inertia-controlling method that 
maintains a Cholesky factorization of the 
reduced Hessian. QPOPT treats all matrices 
as dense and is not intended for sparse 
problems. The QPOPT package contains 
approximately 14,700 lines of Fortran, of 
which about 75% are comments. 

where A is an mL x n matrix (mL may 
be zero) and f(x)is one of the 
following: with c an n-vector. In QP1 
and QP2, there is no restriction on H 
apart from symmetry. If the quadratic 
function is convex, a global minimum 
is found; otherwise, a local minimum 
is found. 

The code was developed on a DECstation 
3100 using the MIPS f77 compiler and has 
been installed on most types of PC, 
workstation, and mainframe. The source 
code and example program for QPOPT are 
distributed on a floppy disk. The code is 
also available via Internet using ftp. A 
MATLAB interface for QPOPT is also 
available. 

18 SQOPT  Large scale linear and 
convex quadratic 
programming problems. 

SNOPT and MINOS are both general-
purpose optimizers, designed to find locally 
optimal solutions for models involving 
smooth nonlinear functions. They are often 
more widely useful. Ideally, users should 
provide gradients. Unknown components are 
estimated by finite differences. 

The algorithms used are significantly 
different. Both methods solve a 
sequence of sub problems in which 
the constraints are linearised. In 
SNOPT the objective is quadratic, in 
MINOS, the objective is a 
Lagrangian (involving all nonlinear 
functions). 

They can also be used as stand-alone 
packages, reading data in the MPS format 
used by commercial mathematical 
programming systems. The software is 
maintained by research personnel at the 
University of California, San Diego and 
Stanford University.  
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Table F3.3.3 Comparison of Available Software 

 
 

No Name of Software  Mathematical 
Programming Type 

Capability Algorithm Availability 

19 XPRESS-MP  Linear and integer 
programming. 

XPRESS-MP is a complete Linear and 
Integer Programming modelling and 
optimisation system built around a state-of-
the-art model builder and Simplex and 
Interior Point optimisers. XPRESS-MP 
offers: Model Builder - An algebraic model-
building language which allows users to 
specify models as they were formulated. The 
model builder can read and write data to and 
from most popular spreadsheets and 
databases, can read and analyse solutions 
and allows data to be re-exported back to the 
original data source.  

XPRESS-MP uses innovative linear 
and integer problem pre-processing 
algorithms which can dramatically 
reduce model size and complexity 
and make linear and mixed-integer 
problems much easier to solve. By 
means of tightening constraints, 
bounds and coefficients, solutions 
can be obtained for many mixed-
integer problems that were previously 
intractable. Fully functional post-
solve routines ensure that the 
solutions given are always those of 
the model specified. 

XPRESS-MP is available on a wide range 
of platforms and operating systems. 
Versions are available to run on IBM 
compatible PCs under DOS, Windows, 
and Windows 95, and on Apple Macs. 
XPRESS-MP is also available to run on 
most popular UNIX-based workstations 
such as the RS6000, Sun, HP, SGI and 
Dec Alpha. Other platforms supported are 
OpenVMS, various Japanese DOS PCs, 
and several mainframe and supercomputer 
systems.  
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Maintenance Cost Module Moment Capacity Module Route Status ModuleBridge Inventory Module

Bridge Management System

BRIDGE MAINTENANCE MANAGEMENT SYSTEM

Decision Support System

Population Chracteristics Module

 
Fig.G6.5.2 Bridge Maintenance Management System  
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Inventory Information

Bridge Number Bridge Name Bridge Location Structure Type Bridge Plans

InspectionRecords

Structure Information

Bridge GeometryIdentification Photos

Inspection Reports Special Reports

Inspection Photographs

Maintenance Action

Monitoring Information Plans of Modifications

Bridge Inventory System

BRIDGE INVENTORY MODULE

Determine Remaining Lifeand 
and ReplacementDate

 
Fig.G6.5.3 Bridge Inventory Module  
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Miantence Records

Minor Specific Maintenance Major Upgrade ReplacementMajor RehabilitationRoutine Maintenance Activity

Frequency

Cost per Activity

Annual Overall Cost

Frequency

Cost per Activity

Annual Overall Cost

W idening Strengthening

MAINTENANCE COST MODULE

 
Fig.G6.5.4 Maintenance Cost Module  
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Categorise Bridges based on
Design Standards

Review and Update 
Current Operational Load Requirements

Determine Service Level Categories
in terms of Operational Loads

Asses Moment Capacity Determine width Requirements

Pre Determine Cost of Upgrade
to Each Service Level

Moment Capacity Module

 
 

Fig.G6.5.5 Moment Capacity Module  
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Population Characteristics

Population Centres

Employment Centres

Manufacturing Centres

Feight Terminals

Ports

Storage & Warehouses

Input of Volume of Goods
Between Nodal Points

POPULATION CHRACTERISTICS MODULE

  

Fig.G6.5.6 Population Characteristic Module  
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Route Distance

Road Asset Management System
(RAMS)

ROUTE STATUS MODULE

Traffic Counts& Vehicle Spectrum

Volume of Goods
Carried Between Nodal Points

Route Haulage

Haulage per Vehicle Type Height Restriction

Road Geometry

Road Condition

Current Speed Limits
Between Nodal Points

Average Speed
Between Nodal PointsOverall Route Distance

Overall Time of Travel

Distance Between Bridges

Cost of Transport

 
Fig.G6.5.7 Route Status Module  
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Apply Decisiom aking Tools

Costs to Rem ove Height Restriction Distance Between Bridges

Overall Route Distance

Current Speed Lim its
Between Nodal Points

Average Speed

Cost to im prove Road A lignm ent

Mom ent Capacity Module

Maintenance Cost Module

Bridge Inventory Module

Route Status Module

Decision Support System  (DSS)
for Optim um  Route Selection

Determ ine Criteria to Com pare Route Options

Determ ine Volum e of Goods
Carried Between Nodes

Establish Route Priority and Service Level

Select Route Options

Insert Current Capacity

Insert Upgrade Costs to Each Level

Determ ine Cost of Freight

Assess O ther Route restrictions

Determ ine Current Service Level

Determ ine Travel Tim e

DECISION SUPPORT SYSTEM

Population Characteristics Module

 
Fig.G6.5.8 Decision Support System  


