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ABSTRACT 

There is increasing evidence that the Earth’s climate is changing. These changes can have 

direct impacts on road infrastructure because of their environmental effects. Temperature can 

affect the aging of bitumen resulting in an increase in brittle failure of the surface seals that 

represent more than 90% of the rural sealed roads in Australia. Further, rainfall changes can 

alter moisture balances and influence pavement deterioration. Brittle failure of the bitumen 

causes the surface to crack, with a consequent loss of waterproofing of the surface seal. The 

result is that surface water will enter the pavement causing potholing and will cause rapid 

loss of surface condition. More frequent reseal treatments will overcome the problem, but this 

is at a higher cost to road agencies. Road infrastructure is a long-lived investment. Roads 

typically have design lives of 20 to 40 years.  An understanding of the expected impacts of 

future climate change by road designers, asset managers and planners, could produce 

considerable cost savings in the long term. This research aims to provide an assessment of 

likely effects on climate change for the South East Queensland region in the next 90 years, 

and further identify and assess the likely effects of climate change on road pavement.  
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1. CHAPTER 1. INTRODUCTION 

1.1. Research Background and Context 

The issue of climate change has been recognised globally as an issue of utmost concern and 

the threat of climate change poses problems to all nations of the world (IPCC, 2007). 

Australia is a hot and dry country, and as a result, the continent is particularly vulnerable to 

increases in temperature due to climate change (Garnaut, 2008) with the South East 

Queensland [SEQ] region having been identified as one of six climate change ‘vulnerability 

hotspots’ in Australia (IPCC, 2007).  

The SEQ region is particularly vulnerable because of its coastal location and growing 

population. SEQ, which covers over 22 000 km
2
 and includes 11 regional and city councils, is 

Australia’s fastest growing metropolitan region (SEQ Regional Plan, 2009). Currently the 

region’s population is approximately 3 million and an additional 1.1 million new residents are 

expected by 2026 (Office of Economic and Statistical Research, 2010). Therefore, an 

adequate and efficient road network is amongst the most important infrastructural features of 

SEQ region. Efficient transportation network systems connecting major urban centres are the 

key to stimulating and sustaining industrial development. Road networks provide a wide 

range of development related benefits to a region by playing a crucial role in local, regional 

and national economies.  

The road network in Queensland is about 180,500 kilometres in length. The state-controlled 

network is 33,337 kilometres long and has an estimated replacement value of $54.9 billion as 

of 30 June 2009 (Department of Transport and Main Roads, 2009). This makes it the largest 

publicly-owned physical infrastructure asset in Queensland as well as the largest state-

controlled road network in Australia. This road network is most critical in urban areas where 

access and mobility for transport, freight, and emergency services are vital. 

As road pavement infrastructure is a long-lived investment and roads typically have design 

lives of 20-40 year, an understanding of the localized expected impacts of future climate 

change could engender considerable cost savings in the long term (Austroad, 2004). However, 

relatively little research has been completed to investigate the potential impacts of climate 

change on pavement infrastructure of SEQ despite the dependence of this region’s economic 

and social activity on road transport.  
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This research recognized that road infrastructure in SEQ region will face great challenges 

from climate change because of the implications for the design, construction and maintenance 

of road pavements. Highways and roads are designed based on moisture and temperature 

patterns reflecting the history of the local climate. With projected climate changes to 

accelerate over the next several decades, a pavement could be subjected to very different 

climatic conditions over a design life than was originally expected. Changes in rainfall, 

temperature and evaporation patterns can alter the moisture balances in the pavement 

foundations and also affect the aging of the bitumen road surfacing layers, all accelerating 

pavement deterioration processes (Carrera et al., 2009). Some governments and organisations 

have already started facing the problem by financing studies and projects with the aim of 

finding possible ways to mitigate the impact of these issues. However, the nature and scale of 

climate change impacts on road pavement will depend on a wide range of variables and will 

not be equally distributed across the landscape (McDonald et al., 2010). Therefore, a 

localized comprehensive study of SEQ is required.  

1.2. Research Objectives and Scope 

This research project aims to: 

 Provide a prediction of likely change of climate in South East Queensland region for 

the next 100 years, based on the best scientific assessment currently available; 

 Calibrate Highway Development and Management (HDM-4) pavement deterioration 

models into SEQ specific climate and road pavement conditions; 

 Model pavement deterioration with both the current climate and projected future 

climate of SEQ by using a HDM-4 RD model; 

 Determine the major long-term effect of future climate on flexible pavement 

deterioration rates in SEQ by comparing and analysing current pavement performance 

and projected future performance; 

 Provide better understanding of possible impacts of climate change on pavement 

performance in SEQ and the associated road networks.  

 Develop a relationship between climate and deterioration rates to improve pavement 

performance prediction. 
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 Establish alternative approaches that can be followed for relevant current and future 

research. 

The scope of this study is in line with the objectives. Initially, large bodies of climate data 

from Austroads Climate Tool are analysed in detail. While the Austroads Climate Tool gives 

future climate trends, it cannot predict extreme temperature and rainfall events, which could 

have a major impact on pavement deterioration rates. For the purposes of this project, only 

the general trend in climate changes over a long period of time and the associated effect on 

pavement deterioration rates are examined. Extreme events will occur regardless of climate 

change and have therefore been excluded from this study.  

1.3. Structure of the Report 

The report consists of five chapters. In Chapter 1, a brief introduction is presented where the 

background, objective and scope of the research are highlighted.  

Following this, Chapter 2 provides a comprehensive review of literature relevant to the 

present work. First, a general review of climate change science with a focus on the Australian 

condition is presented. This is followed by a review covering relevant knowledge about 

flexible pavement performance and general theories of the relationship between climatic 

condition and pavement performance, along with the existing pavement performance 

modelling technologies. Finally, previous literature on the Thornthwaite Moisture Index 

(TMI) and Highway Development and Management System (HDM-4) are studied in detail.  

Chapter 3 describes the analysis methods adopted in this research. Chapter 4 presents the 

preliminary research results on climate analysis along with discussions. Chapter 5 and 6 

summarises the works that have been achieved. Chapter 7 is the conclusion of this study. 
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2. CHAPTER 2. LITERATURE REVIEW 

2.1. Introduction 

In this chapter, a literature review is conducted on the effects of climate change on pavement 

performance in South East Queensland. This review is based on a summary of pavement 

deterioration with respect to variations affected by climate condition. Modelling analysis used 

in predicting pavement performance and how it relates to the climate change are presented.   

This chapter consists of six main sections. Following the introduction, initially, the science of 

climate change is presented. The techniques on modelling climate change and the projected 

influence on Australia, particularly South East Queensland is discussed. Next, the concept of 

pavement performance is illustrated by looking at the structure of flexible pavement and the 

most commonly found pavement distresses. Then a consideration of the relation between 

climate change and pavement deterioration is provided. The effect of climate change on the 

pavement of South East Queensland is presented in terms of temperature, precipitation, and 

radiation, for example. . In the fourth section, a review of available pavement deterioration 

prediction methods and models are also given, followed by a detailed description of the 

development and application of an advanced pavement performance model - Highway 

Development and Management system (HDM-4) in Section 5. In the last section of the 

chapter, specific introduction of the Thornthwaite Moisture Index (TMI), which is a critical 

input of HDM-4 indicating the climate factors in pavement deterioration, is presented.  

2.2. Climate change  

2.2.1. Scientific Basis of Climate Change 

2.2.1.1. Understanding Climate Change 

Climate is a statistical description of weather conditions and their variations, including both 

averages and extremes (AAS, 2010). Climate is critical to the world since the landscape, 

plants, and animals in it, are all determined to a large extent by climate acting over long 

intervals of time (Pittock, 2009). In contrast to the weather, ‘climate’ is how the atmosphere 

behaves over long periods of time. Climate is about changes, trends and averages over years, 

decades and centuries (Office of Climate Change, 2010). Climate can be defined for a 

particular place or region, usually on the basis of local rainfall patterns or seasonal 

temperature variations. Climate can also be defined for the entire Earth (AAS, 2010).  
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Climate change refers to a change in the state of the climate that can be identified (e.g., using 

statistical tests) by changes in the mean and the variability of its properties, which persists for 

an extended period, typically decades or longer (IPCC, 2007). Conventionally, the period for 

estimating climate variability is 30 years or more, which is long enough to sample a full 

range of weather conditions to support study (Pittock, 2009). Climate change might be due to 

internal processes and external forcing. Some external influences, such as changes in 

volcanism or solar radiation, can contribute to the total natural variability of the climate 

system. Other externals, for example, human behaviour change the composition of the 

atmosphere especially in the case of the amount of greenhouse gas emissions which have 

increased dramatically since the Industrial Revolution (IPCC, 2007). Among all the changes 

of atmospheric compositions, greenhouse gases have played a significant role in causing 

climate change. Gases such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and 

halocarbons are called greenhouse gases; these gases act like an insulating blanket, keeping 

the Earth’s surface warmer than it would be if they were not present in the atmosphere. 

2.2.1.2. Observed Global Climate Change 

Over many thousands of years, fluctuations in climate have been relatively common and have 

had significant impacts on the Earth’s-atmospheric system. The associated temperature 

changes were triggered by variations in the orbit of the Earth, which changed the distribution 

of solar radiation it received. Over recent decades, scientists have begun to consider the 

possibility of rapid climate change brought about by human activities caused by a global 

population in excess of 6 billion people (Austroad, 2004).  

Scientists from weather services and research laboratories in many countries have started 

reliable observations to examine local, regional and global changes in climate. One of the 

most complete and up-to-date studies on climate change made on a global scale is presented 

in the IPCC’s 4
th

 assessment report (AR4). The IPCC (Intergovernmental Panel on Climate 

Change) is a scientific intergovernmental body, established by the United Nations, whose aim 

is to evaluate the risk of climate change, the current observations of climate change and its 

likely evolution. The AR4 is a collection of all the latest studies related to climate change 

(Carrera et al., 2009). 

Various observations show that the global climate is changing, and has changed dramatically 

since the Industrial Revolution. Global average temperature increase is the most significant 

evidence of this change over the past century. Measurements from hundreds of thermometers 
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around the globe, on land and over the ocean, show that the average near-surface air 

temperature has risen remarkably over a century by more than 0.7°C (IPCC, 2007). The last 

decade reported by IPCC has been the warmest yet recorded (Figure 2.1). IPCC’s AR4 (2007) 

indicated that most of the increases in globally averaged temperatures have occurred since the 

mid-20th century. (Austroad, 2004).  

 

Figure 2.1: Time-series (1850-2010) of annual global mean surface temperature anomalies (BoM, 

2010).  

Note. The black line indicates the running 11-year average.  

Besides the increased global average temperature, other recent changes in climate have been 

observed. Firstly, there has been widespread melting of mountain glaciers and ice caps (Kaser, 

et al., 2006), with sea level rise an inevitable consequence of global warming (Cazenave & 

Llovel, 2010). From 1906 to 2005, global sea levels rose by approximately 17 cm (Garnaut, 

2008). The average water vapour content in the atmosphere has also been increasing at a rate 

of 1-2% per decade since the 1980s (Sherwood et al., 2010). Moreover, there are indications 

of recent changes in the temperatures and salinities of deep ocean currents (Rintoul, 2007).  

2.2.1.3. Climate modelling and projection 

It is almost certain that long term change in global climate, especially increases in global 

temperature will continue with rising greenhouse gas concentrations (OCC, 2009); therefore, 

projection of climate change is necessary. However, predicting how rapidly greenhouse gas 

concentrations will increase over the next 100 years, and projecting how climate may change 
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for any given region or time in the future is not a straightforward undertaking. There are 

many feedback processes in the global climate system which may amplify or suppress any 

external influences on climate. Assessing climate change thus relies upon the use of climate 

models which include all of the relevant physical processes (Austroad, 2004). 

Climate models are numerical representations of various parts of the Earth’s climate system. 

The models simulate the current climate system and use different emission scenarios to 

project how the climate system might respond to natural and anthropogenic changes. Models 

simulate meteorological variables such as temperature, humidity, precipitations and wind 

speed, and direction on a three-dimensional grid of points which extends horizontally and 

vertically on land, the sea and the atmosphere (Barnett & Coauthors, 1999). Most global 

climate models use a grid spacing of approximately 200 kilometres. Regional models operate 

at a finer resolution, for example using a 50 kilometre grid. The accuracy of projections 

depends on the quality of the input data.  

Over the last decade, increasingly reliable regional climate change projections have been 

available for many regions of the world due to advances in modelling. Currently, 

Atmosphere-Ocean General Circulation Models (AOGCMs), which are key components of 

global climate models, are widely applied for weather forecasting, understanding the climate, 

and projecting climate change. IPCC (2007) states that the most powerful tools for assessing 

future climate are fully coupled AOGCM’s. These models require a few months of 

continuous run time on a dedicated supercomputer to perform a climate change integration 

for the 21
st
 century.  

2.2.1.4. Emission scenarios  

When projecting future climate, even with the best climate models, it is impossible to make 

an accurate prediction. Climate change models take into account a range of climate variables 

on the physical environment and project the likely impact of greenhouse gases and other 

forcing on future climate. 

In 2000, the IPCC developed a set of 40 scenarios, known as the Special Report on Emission 

Scenarios (SRES). These scenarios are each based on different population, energy and 

economic models. Scenarios A1B, A1T, A1F1, A2, B1 and B2 represent four families of 

technology-population-economy futures identified by the IPCC (Figure 2.2). According to 

Special report on emission scenarios (IPCC, 2000), The A1 storyline and scenario family 
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describes a future world of very rapid economic growth, global population that peaks in mid-

century and declines thereafter, and the rapid introduction of new and more efficient 

technologies. Major underlying themes are convergence among regions, capacity building 

and increased cultural and social interactions, with a substantial reduction in regional 

differences in per capita income. The A1 scenario family develops into three groups that 

describe alternative directions of technological change in the energy system. The three A1 

groups are distinguished by their technological emphasis: fossil intensive (A1FI), non-fossil 

energy sources (A1T), or a balance across all sources (A1B) (where balanced is defined as 

not relying too heavily on one particular energy source, on the assumption that similar 

improvement rates apply to all energy supply and end-use technologies). The A2 storyline 

and scenario family describes a very heterogeneous world. The underlying theme is self-

reliance and preservation of local identities. Fertility patterns across regions converge very 

slowly, which results in continuously increasing population. Economic development is 

primarily regionally oriented and per capita economic growth and technological change more 

fragmented and slower than other storylines. The B1 storyline and scenario family describes a 

convergent world with the same global population, that peaks in mid-century and declines 

thereafter, as in the A1 storyline, but with rapid change in economic structures toward a 

service and information economy, with reductions in material intensity and the introduction 

of clean and resource-efficient technologies. The emphasis is on global solutions to economic, 

social and environmental sustainability, including improved equity, but without additional 

climate initiatives. The B2 storyline and scenario family describes a world in which the 

emphasis is on local solutions to economic, social and environmental sustainability. It is a 

world with continuously increasing global population, at a rate lower than A2, intermediate 

levels of economic development, and less rapid and more diverse technological change than 

in the A1 and B1 storylines. While the scenario is also oriented towards environmental 

protection and social equity, it focuses on local and regional levels. Among these, the A2 

scenario is one of the higher greenhouse gas emitting scenarios, and B1 is the lower.  
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Figure 2.2: SRES emission scenarios (Giga0tonnes per year) for carbon dioxide (IPCC, 2000) 

2.2.1.5. Projected further global climate change  

According to the 2007 IPCC report, the projection of future climate change shows that for the 

full range of SRES, global warming by 2100 would be in the range 1.1 to 6.4°C, with 

estimates of sea-level rise given as 18 to 59 cm. However, the climate varies naturally from 

decade to decade and this variability compounds the uncertainty of projections (OCC, 2009).  

2.2.2. Climate Change in Australia 

2.2.2.1. Observed Australian climate change  

Observations show that Australia, like most of the world, has experienced significant 

warming over recent decades. At the same time, there is also evidence of significant changes 

to rainfall patterns (Garnaut, 2008b).  

Australia’s average surface temperature has increased by approximately 0.9°C since 1910 

(Figure 2.3). Most of this rise occurred after 1950 (Figure 2.4), with 1998 being the warmest 

year, and the 1990s and 1980s being the warmest and second warmest decades, respectively 

(Collins, 2000). Since 1951, mean temperatures have increased 0.1-0.2°C per decade over 

most of Australia.  These trends are slightly higher than the rising trend in global 

temperatures (OCC, 2009). Associated with increases in average temperatures, occurrences 
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of extreme warm events have generally increased over the period 1957-1996, whereas the 

numbers of extremely cool events have decreased (Plummer et al., 1999).  

 

Figure 2.3. Time-series (1910-2010) of annual Australian mean temperature anomalies (BoM, 2010). 

Note. The black line indicates the running 11-year average. 

 

Figure 2.4. Trends in mean annual temperature (expressed as °C per 10 years) across Australia 

from 1950 to 2007 (BoM, 2010) 

Rainfall has increased slightly over the past century and more so in summer than winter 

(Collins & Della-Marta, 1999; Hennessy et al., 1999). On a continent-wide basis, this trend is 

not statistically significant because of high interannual variability. On a regional and seasonal 

basis, trends in rainfall are clearer (Hughes, 2003). Annual total rainfall has risen by 

approximately 15% over a large proportion of Australia (Hennessy, 2000). However, it is 

worthy to notice that rainfall has been declining over much of Queensland and South-western 

Australia since 1950. Most capital cities, large areas of Australia’s east coast, and parts of 
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Australia’s most productive food-growing regions, such as the Murray Darling Basin, have 

experienced declines in rainfall. Meanwhile, the proportion of total rain fall as a result of 

extreme events has increased slightly. Figure 2.5 shows the long-term trend in Australia’s 

annual rainfall since 1900 and the more recent trend since 1950. Drought is also a feature of 

Australia’s climate, and a drought in south-eastern Australia was one of the country’s most 

severe on record (BoM, 2008b).  

 

Figure 2.5. Trends in annual rainfall (expressed as millimetres per 10 years) for (a) 1900-

2007 and (b) 1950-2007 (BoM, 2010). 

 

In addition to the changes on temperature and rainfall, other climate changes in Australia 

have been observed. Sea level has risen around Australia at a rate of about 1.2 mm per year 

since 1920, resulting in coastal inundation events becoming more frequent (Church et al., 

2006). Sea surface temperatures in many tropical regions have increased by almost 1°C over 

the past 100 years (Hoegh-Guldberg, 1999). Besides this, the number of more intense 

cyclones has increased slightly by 10-20% (Nicholls et. al., 1998).  

 



 

12 

 

2.2.2.2. Skill of models in projecting Australian climate change 

In 2001, CSIRO Atmospheric Research produced a summary of regional climate change 

projections for the next 100 years by using CSIRO’s AOGCM.  CSIRO chose one of the 

higher emissions scenarios, ‘A2’, in its AOGCM, in order to provide for a significant 

increase in greenhouse gas emissions during the 21
st
 century and a strong contrast with 

current conditions. This scenario is predicated on a global population of around 15 billion in 

2100 and has no special status as a likely future. Under the A2 scenario, the rate at which 

carbon dioxide is released into the atmosphere grows steadily over the next 100 years, 

increasing nearly fourfold. The emission in turn provides a strong radioactive forcing signal 

for the establishment of regional climate change patterns over the Australian continent.  

CSIRO’s AOGCM is a comprehensive general circulation model that contains atmospheric, 

oceanic, sea-ice, and biospheric sub-models. For the atmospheric model, the globe is divided 

up into a grid comprised of squares about 300 kilometres wide. For each square, there are 

nine layers extending up into the atmosphere. For each rectangular block, there is a suite of 

parameters such as temperature, air pressure, wind velocity, water vapour content and so on. 

The oceanic model has 12 vertical layers. With a time-step of 30 minutes, the AOGCM 

required three months to run on a supercomputer for the period 1870 to 2100. For each block, 

pressure, temperature, and moisture, plus a suite of surface properties were saved at 6-hourly 

intervals over the 230-year period (Austroad, 2004). Outputs of this modelling were means of 

average, maximum and minimum temperature, precipitation, solar radiation, and potential 

and actual evaporation.  

2.2.2.3. Projected further Australian climate change 

 The Climate Change in Australia report (CSIRO & BoM, 2007) describes climate change 

projections for Australia over various time periods. The projections are based on the results 

of climate modelling undertaken by CSIRO as part of the IPCC AR4 (IPCC Fourth 

Assessment Report: Climate Change 2007). The main findings include:  

• Australia will be generally hotter and drier. Over most of the continent, annual average 

temperatures are projected to be 0.4 to 2°C greater than 1990 by 2030. By 2070, average 

annual temperatures are likely to increase by 1 to 6°C. 

•Decreases in rainfall are likely in south-western Australia, as well as in parts of south-

eastern Australia and Queensland. These decreases are likely to be most pronounced in winter 
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and spring. There are also likely to be more intense tropical cyclones, leading to an increase 

in the number of severe oceanic storm surges in the north. 

•Most parts of Australia are likely to experience more frequent, or heavier, downpours. In 

places where average rainfall increases, there will be more extreme wet years. Conversely, 

there will be more droughts in regions where average rainfall decreases. 

• Warming will not be uniform. Slightly less warming is expected in some coastal areas, and 

slightly more warming in the northwest and interior. More extremely hot days and fewer cold 

days are expected.  

• Evaporation is projected to increase over most of the country, adding to moisture stress on 

plants, and to drought.  

2.2.3. Climate Change in South East Queensland 

2.2.3.1. Climate Change in Queensland 

Queensland has an emission-intensive economy, based on an historic access to cheap fossil 

fuel-based energy sources. Queensland is the highest emitter of greenhouse gases in Australia, 

and they have continued to grow over the last decade (OCC, 2010). To assess the future 

climate change, an understanding of the current climate using historical data and future 

climate scenarios is required. These future scenarios are prepared using data from Global 

Climate Models. Climate change projections for Queensland were developed using the IPCC 

low (B1), medium (A1B) and high (A1FI) greenhouse gas emissions scenarios. The low-

range scenario (B1) assumes a rapid shift to less fossil fuel intensive industries. The mid-

range (A1B) scenario assumes a balanced use of different energy sources. The high (A1FI) 

scenario assumes continued dependence on fossil fuels (OCC, 2010).  Queensland climate 

change projections were produced by the Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) and the BoM based on the results from 23 Global Climate Models. 

Projections were provided for 2030, 2050 and 2070 (OCC, 2010). 

A trend of rising temperature has been observed in Queensland over recent decades. Figure 

2.6 shows the warming trend for Queensland. The average surface temperature has risen by 

almost 0.9°C since early last century, which is slightly higher than the global trend. Annual 

maximum temperatures and minimum temperatures have also increased. Projected 
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temperatures for Queensland regions by 2050 are in the range 1-1.4°C for the low emissions 

scenario and 1.7-2.2°C for the high emissions scenario.  

 

Figure 2.6. Time series (1910-2009) of Queensland’s annual mean surface temperature anomalies 

(BoM, 2010).  

Note. The black line indicates the running 11-year average  

Annual and seasonal rainfall across Queensland varies greatly from the Wet Tropics in the 

north, to semi-desert regions in the south-west (OCC, 2009). However, there has been a 

sustained decrease in rainfall along the east coast of Queensland since the 1950s. There is 

significant uncertainty associated with rainfall projection for Queensland. The lower 

emissions scenario projections range from no change to a decline of 4% in rainfall across 

Queensland. The high emissions scenario projects a decline of 1-7%, while a decrease in 

average rainfall and increases in rainfall intensity are projected for large areas of Queensland 

(OCC, 2010). 

Queensland’s future climate will be an outcome of both human-induced climate change and 

natural variability. While Queensland’s climate is naturally variable, climate change will pose 

new risks beyond historical climate variability (OCC, 2009).  

2.2.3.2. Observed climate change in South East Queensland 

South East Queensland (see Figure 2.7) is home to the state’s capital, Brisbane, which has a 

sub-tropical climate. Rainfall in the region is influenced both by tropical systems from the 

north and fluctuations in the high-pressure ridge to the south. South East Queensland is 

Australia’s fastest growing region. The population of SEQ is heavily urbanised and is 
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generally concentrated along the coast between Noosa and Coolangatta. The metropolitan 

areas of the Brisbane Statistical Division, Gold Coast and Sunshine Coast Statistical Districts 

account for 90 per cent of the region’s population. 

 

Figure 2.7. Map of South East Queensland (OCC, 2009) 

Historical temperature records indicate the average temperature in the SEQ region has risen, 

with this increase accelerating over the last decade (1998-2007). The average annual 

temperature was 19.4°C in the 30-year period from 1971-2000, which is a 0.2°C increase on 

the 1961-1990 average. However, over the last decade it has risen by a further 0.4°C, 

suggesting an acceleration rise in temperature. The increase in annual maximum temperature 

is presented in Figure 2.8. The trend over time is represented by the black line in each graph. 

The change in maximum temperatures is greater in the winter, with the average over the last 

decade increasing by 1.3°C (OCC, 2009).  
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Figure 2.8. Annual and seasonal maximum temperature for the SEQ for the period 1950-2007 (BoM, 

2010).  

Note. The black line indicates the 5-year running average. The mean for both the baseline of 1961-

1990 and the last decade 1998-2007 are shown by the green lines and indicates numerically at the right 

of the graph. 

Annual and seasonal average rainfall is strongly influenced by natural variability. The 

variability in annual and seasonal rainfall is outlined in Figure 2.9. The annual rainfall 

averaged over the last decade has decreased by 18% compared to the 1961-1990 average. 

Since 1990, only three years have received rainfall greater than the 1961-1990 average. Over 

the most recent decade, there has been a 32% decline in the average autumn rainfall 

compared to the 1961-1990 average.  This appears to be the most consistent downward trend 

observed over the last 100 years. Summer average rainfall has declined by 16% as well. 
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Figure 2.9: Annual and seasonal total rainfall for the SEQ for the period 1897-2007 (BoM, 2010).  

Note. The black line indicates the 5-year running average. The mean for both the baseline of 1961-

1990 and the last decade 1998-2007 are shown by the green lines and indicates numerically at the 

right of the graph. The difference in rainfall between the baseline and last decade is shown in 

percentages. 

 

Potential evaporation is a measure of the evaporative (or drying) power of the atmosphere. 

The average evaporation (defined as potential evaporation measured by Class-A pan) reflects 

the variation in temperature, humidity and solar radiation in the coastal area (OCC, 2010). 

SEQ has experienced significant increases in evaporation, which has amplified the impacts of 

rainfall decreases (BoM, 2009a).  

2.2.3.3. Projected further climate change in South East Queensland 

The 2030 climate change projections for SEQ are based on mid-range emissions scenarios, 

while the 2050 and 2070 projections are based on low and high emissions scenarios. By 2030, 

the annual mean temperature is projected to increase by 0.9°C. There is little variation across 

seasons. However, the annual rainfall is predicted to decrease by 3%. The largest decrease of 
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5% is for spring and winter. The potential evaporation increases are projected to be around 3-

4%. 

In terms of projection by 2050, the annual temperature is projected to increase by 1.1°C and 

1.8°C under low and high emission scenarios, respectively. Annual rainfall is projected to 

decrease by 3% and 5% under low and high emissions scenarios. The largest seasonal 

decrease of 10% is projected for winter. Under a high emissions scenario, an increase in 

annual potential evaporation of up to 10% is projected.  

The climate changes projected for 2070 show that annual temperature is projected to increase 

by 1.5°C and 2.9°C under the low and high emissions scenarios respectively. Annual rainfall 

is projected to decrease by 4% and 8%. The largest seasonal decrease is for spring and winter. 

Under a high emissions scenario, annual evaporation is projected to increase by as much as 

16%.  

Projected southward shifts in the primary regions of cyclone development through the 

coming century (Abbs et al., 2006; Leslie et al., 2007) could result in a greater cyclone 

impact in the SEQ region. The intensity of future cyclones and sea levels are projected to 

increase (OCC, 2009). Climate change projections for SEQ also show an increase in extreme 

weather events. The frequency of extreme high temperatures is projected to rise in all regions. 

One measure of this is the number of days over 35°C that can be expected each year. Under a 

high emissions scenario in 2070, the number of days above 35°C per year is projected to 

increase from 1 to 6 days in Brisbane. Climate change is also likely to affect extreme rainfall 

in SEQ (Abbs et al., 2007). Projections indicate an increase in 2-hour, 24-hour and 72-hour 

extreme rainfall events for large area of SEQ, especially in the west of Brisbane and the Gold 

Coast. 

2.3. Pavement Performance  

2.3.1. Flexible Pavement 

The movement of people and goods throughout the world is primarily dependent upon a 

transportation network consisting of roadways. Most, if not all, business economies, personal 

economies, and public economies are the result of this transportation system. The surface of 

these roadways, the pavement, must have sufficient smoothness to allow a reasonable speed 

of travel, as well as ensure the safety of people and cargo (Morse & Green, 2003).  
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Pavement is a structure which provides a stable and consistent wearing surface constructed 

over natural soil whose primary aim is to support traffic loads and transmit them to the 

foundation soil after reducing the stresses to a level below the supporting capacity of that soil 

(Punmia et al., 2005; Thagesen, 2005). Pavements with asphalt or concrete surface layers 

have been used all around the world since the 1880s (USDT, 2006). Pavement can be 

categorized based on structural types: rigid, flexible, composite and unpaved. 

In Australia, asphalt flexible pavements represent the majority of the rural sealed roads 

(Austroad, 2004). Flexible pavements consist of the following three components: surfacing, 

pavement structure (base and subbase), and subgrade. The asphaltic surface layer may consist 

of high quality, hot mix asphalt concrete, or it may be some type of lower strength and 

stiffness asphaltic surface treatment (USDT, 2006). These layers can be further divided with 

the surface layer consisting of a wearing course and binder course. The base and subbase may 

also be laid using different materials for an upper and lower base or subbase (Croney & 

Croney, 1991). Figure 2.10 presents a typical flexible pavement section.  

 

Figure 2.10. Typical flexible pavement section 

A flexible pavement system combines layers of generally different materials to withstand the 

cumulative effects of traffic loads and climate for a predetermined design period so that the 

subgrade or foundation is adequately protected and vehicle operating costs, safety and 

comfort of the road user are kept within tolerable limits (O’Flaherty, 2002). A flexible 

pavement has a number of distinct features as follows: 

 Consists of a number of unbound and/or bituminous-bound granular layers that are 

topped by a surface layer, which commonly (but not exclusively), is bitumen-bound 

(O’Flaherty, 2002). 

 Designed to control the strains in the subgrade by placing sufficient layers of base and 

intermediate courses of pavement on top (Brockenbrough, 2009). 
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 Maintains contact with and distributes loads to the subgrade and depends on aggregate 

interlock, particle friction and cohesion for stability (Lavin, 2003). 

 Yields “elastically” (flexes) to traffic loading and derives its strength from a load-

distributing layered system (Bohuslav, 2008). 

 Requires the stiffest layers to be placed at the surface with successively weaker layers 

down to the subgrade (Brockenbrough, 2009). 

2.3.2. Definition of Pavement Performance 

Pavement performance is a common name for describing the in-service condition of the 

pavement. Performance is often expressed in two ways; the first is structural performance 

which is expressed in terms of distress such as cracking and the second is functional 

performance expressed in terms of serviceability, which in turn might be a function of 

distress such as rutting or roughness. Pavement deterioration represents a negative change in 

performance or condition of the pavement, (i.e., an increase in distress or decrease in 

serviceability) (Ali & Tayabji, 1998).  

Pavement performance can be measured by its conditions. It might also be measured by a 

number of other parameters, such as traffic density, compliance with design, environmental 

and safety standards. The choice of measures must be related to the purpose for which the 

pavement was constructed. Measures of pavement performance are used to: 

  Record and characterise pavement condition 

 Monitor efficiency of construction and maintenance work 

 Determine maintenance requirements 

 Establish funding requirements (Austroads, 2009) 

2.3.3. Pavement distress 

2.3.3.1. General 

Flexible pavement deterioration is exhibited in any combination of various pavement 

distresses (Morse & Green, 2003). Pavements continually undergo various types of stresses 

that induce minor defects into the pavement. An asphalt pavement can have various types of 
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distresses that will eventually lead to the pavement’s failure. The environment and the type of 

service the asphalt pavement is in, usually determines the type of distresses it may exhibit. 

Distress can range from surface imperfections to distresses that lead to structural failure of 

the pavement with four major categories of asphalt pavement distresses (Lavin, 2003): 

 Surface defects: ravelling, flushing, oxidation, and polishing 

 Surface deformation: rutting, shoving, settling, and heaving 

 Cracking: transverse, longitudinal, reflective, block, and alligator 

 Potholes  

A composite distress comprising components of deformation due to traffic loading and rut 

depth variation, surface defects from cracking, potholes, and patching, and a combination of 

aging and environmental effects is defined as roughness (Paterson, 1987).  

2.3.3.2. Ravelling  

Ravelling, as shown in Figure 2.11, is the result of loss of small aggregates from the 

pavement surface (Morse & Green, 2003). Small movements of individual aggregate particles, 

caused by traffic or water movement, develop sufficient tensile stresses and strains which 

exceed the breaking strength of the asphalt binder. Slight to moderate ravelling has a loss of 

the fine aggregate, while severe ravelling includes the loss of the coarse aggregate (Lavin, 

2003).  

Ravelling is caused by moisture or solvent-induced stripping of the asphalt binder film from 

the aggregate, oxidation of the asphalt binder, and poor or low compaction during 

construction or insufficient asphalt binder content in the mixture. Ravelling caused by traffic 

is usually during cold weather, when the stiffness of the asphalt binder is high (Whiteoak, 

1991). 
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Figure 2.11. Example of ravelling in flexible pavement 

2.3.3.3. Potholes 

One of the most common problems is the development of potholes (see Figure 2.12). 

Potholes are small, localized, but deep pavement failures characterized by a bowl-shaped hole 

in the pavement surface (Morse & Green, 2003). The diameter of the pothole is usually 1 m 

or less. The pothole will have vertical sides and sharp edges near the top of the hole. This can 

pose a serious safety hazard and vehicular damage and repairing potholes is a major priority 

of transport departments (WSDOT 1998). The pothole will grow in size and depth if water is 

present. Potholes can also occur as irregular shaped depressions in the pavement. Potholes are 

caused by weaknesses in the pavement surface resulting from failure of the base or subgrade, 

poor drainage or structurally deficient pavement structure (Lavin, 2003). 

 

Figure 2.12. Example of pothole in flexible pavement 

2.3.3.4. Rutting  

Rutting (see Figure 2.13) is surface deformation that is a longitudinal surface depression in 

the vehicle wheel path (Lavin, 2003; WSDOT, 1998). Rutting is sometimes called grooving 

or channelling when found only in the uppermost portions of the pavement (Morse & Green, 

2003). Rutting displaces the asphalt mixture in the wheel path, creating channels. In moderate 

or severe rutting, the surface of the pavement experiences uplift along the sides of the channel. 
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Rutting is usually very visible after rainfall, so surface visual evaluations are best completed 

after this.  

Rutting can occur on any type of pavement including high and low volume roads. It occurs 

where vehicles continually drive over the same spots in the roadways (Lavin, 2003). Rutting 

is caused by poor mixture design and lack of stability. Where rutting is deep-seated and found 

throughout the depth of the pavement structure, it is caused by inadequate pavement structure 

above the founding layers or by a weak, wet subgrade (Morse & Green, 2003). 

 

Figure 2.13. Example of rutting in flexible pavement 

2.3.3.5. Longitudinal cracking 

Longitudinal cracking, such as shown in Figure 2.14 are cracks that appear parallel to the 

centreline or laydown direction of the pavement. Longitudinal cracks are either load induced 

or non-load induced. Load induced longitudinal cracks occur in the wheel path or loading 

area of the pavement. Non-load induced longitudinal cracks can occur anywhere throughout 

the pavement, but are typically in the centre or at the edge of the pavement. Load induced 

longitudinal cracks are a form of fatigue cracking (Lavin, 2003). 

Non-load induced cracks usually occur where any longitudinal construction joint is present 

(Morse & Green, 2003). These construction joints occur when lanes or sections of asphalt 

pavement are constructed adjacent to each other. Inadequate bonding of the sections during 

construction causes the crack. Longitudinal cracking close to the edge of the pavement is due 

to insufficient shoulder support, poor drainage, and frost conditions (Lavin, 2003). 



 

24 

 

 

Figure 2.14. Example of longitudinal cracking in flexible pavement 

2.3.3.6. Transverse cracking 

As illustrated by Figure 2.15, transverse cracking is best described by cracks that form across 

the pavement perpendicular to the centreline (Morse & Green, 2003). Transverse cracks are 

usually spaced at routine intervals. They begin as narrow or hairline cracks and will widen 

with age. If wide transverse cracks (6-12mm) are not sealed, secondary and multiple cracks 

will develop parallel to the initial transverse crack. The edges of the wide cracks will 

deteriorate further leading to ravelling of the adjacent pavement. Pavement movement due to 

temperature changes and aging-related shrinkage of the asphalt binder causes transverse 

cracks. (Lavin, 2003). 

 

Figure 2.15. Example of transverse cracking in flexible pavement 

2.3.3.7. Block cracking 

Block cracking is the combination of longitudinal and transverse cracking (Morse & Green, 

2003), as shown in Figure 2.16. It is a non-load related cracking that can also be termed as 

shrinkage cracking. Shrinkage cracks become interconnected, forming a series of large square 

or rectangular blocks. The size of the block is usually from half to three meters on each side 

of the block. The shrinkage blocks are usually caused by a volume change or shrinkage in 

either the asphalt pavement or the base or subgrade underneath. Block cracking mostly 
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develops on low volume roads and parking lots. Pavements undergo thermal contraction and 

expansion and the stiff asphalt binder/fine aggregate combination becomes brittle and breaks, 

forming shrinkage or block cracks (Lavin, 2003). 

 

Figure 2.16. Example of block cracking in flexible pavement 

2.3.3.8. Alligator cracking 

Alligator cracks are interconnecting cracks that form small pieces ranging in size from 25 to 

150mm. The cracks have the same appearance as the pattern on the skin of an alligator (see 

Figure 2.17). Alligator cracking is considered a significant major structural distress. It is a 

symptom of insufficient structural strength in the pavement, weak subgrade, insufficient 

drainage, or overloading of the pavement. Insufficient structural strength is either due to the 

thickness not being adequate for the load being carried or an asphalt mixture deficiency. If 

alligator cracking occurs in areas that typically do not see vehicle traffic or loading, the cause 

is a base or subgrade failure, usually due to improper drainage. Lack of drainage can cause 

the subgrade to ‘wash out’ or disintegrate, leading to excessive deflection of the pavement 

structure, causing alligator cracking. When the cracks are caused by traffic loading, they only 

occur in areas of repeated loading, such as wheel paths. It is also the most commonly 

occurring distress on asphalt pavements serving parking facilities (Lavin, 2003). 
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Figure 2.17. Example of alligator cracking in flexible pavement 

2.4. Impact of Climate Change on Pavement Performance 

2.4.1. General 

In addition to traffic load, the environment is the other criterion that has great effect on the 

life of an asphalt flexible pavement (Lavin, 2003). Flexible pavements are typically designed 

for a 20-year design life; under these timeframes, climate factors interact with traffic, 

construction, structural and maintenance characteristics to influence pavement performance 

(Mills et al., 2007). The measurement of pavement deterioration greatly depends on the 

measurement of the distresses of a real road. While rutting and fatigue cracking are 

attributable to both climatic and traffic effects, longitudinal cracking outside the wheel tracks 

and transverse cracking are only due to climate conditions (Carrera et al., 2009). However, at 

least 50% of road deterioration is due to environmental factors if the pavement has been 

designed adequately (Dore et al., 2005). 

The two most critical climatic factors that affect pavement performance are temperature and 

precipitation. Temperature can affect the aging of bitumen resulting in an increase in 

embrittlement of the surface chip seal, with a consequent loss of waterproofing. In addition, 

rainfall changes can alter moisture balances and influence pavement deterioration (Austroads, 

2004a). Besides this, there are other deterioration-relevant climate factors which could have 

potential effects on pavement performance including solar radiation and extreme weather 

events.   
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2.4.2. Temperature 

Temperature is one of the most important factors affecting the design and performance of 

asphalt flexible pavement. Temperature variations within the pavement structure contribute in 

many different ways to distress and possible failure of that structure. The structural 

performance of pavements is highly dependent on the temperatures to which these pavements 

are exposed. Moreover, the flexible pavement has lower thermal conductivity and heat 

capacity than the rigid pavement and so is subject to greater variation of temperature 

(Rezqallah, 1997). 

In general, the performance of a bituminous-bound flexible pavement deteriorates with rising 

temperature and the resistance to permanent deformation drops rapidly (O’Flaherty, 2002). In 

flexible pavements, asphalt concrete is a viscoelastic material that is closer to being viscous 

at high temperature (Rezqallah, 1997). At higher temperature, the asphalt concrete mixture is 

temporarily heated into a more plastic, deformable state. This has the effect of decreasing its 

binding strength and therefore, over time, repeated heavy loading will cause the mastic to thin 

and stretch. This takes on the appearance of grooves or ruts in the traffic land, hence ‘rutting’ 

(Carrera et al., 2009). Higher temperatures can also increase the rate of ageing of materials 

leading to faster deterioration (Austroads 2004b). 

Temperature influences on the subgrade material is almost negligible (Carrera et. al., 2009). 

However, the structural capacities of underlying unbound granular layers and of the subgrade 

can be affected indirectly by the temperature induced variations in the load distributing 

capability of the bituminous bound asphalt layer (O’Flaherty, 2002).  

2.4.3. Precipitation 

Precipitation is another factor that can strongly affect the pavement’s performance. Water 

plays a major role in pavement deterioration; the major source of water existing in road 

pavements is through precipitation, whether from rainfall or snowfall (Lavin, 2003). While 

temperature influences mostly the asphalt layer, water is one of the main reasons that can 

bring the subgrade to failure. This is because a change in precipitation can change the soil 

moisture content, and thus, its modulus (Carrera et al., 2009). Changes in water content, 

especially excess moisture, in pavement layers combined with traffic loads can significantly 

reduce pavement service life (Dowson, 2008). 
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Mainly, the presence of water in pavements is due to infiltration of rainwater through the 

pavement surfaces through joints, cracks and other older effects, especially in somewhat 

deteriorated, pavements and shoulders. Many pavement failures are the direct result of water 

entering the pavement courses or the subgrade. Water entry in the compacted unsaturated 

material will increase water pressure or decrease suction, and in turn, reduce the effective 

stress. Hence, the strength and the elastic and plastic stiffness of the pavement material and 

the subgrade will be reduced. The rate of traffic-induced deterioration of the road will 

increase during this time. The loss of strength and stiffness can lead to extreme rutting and 

pavement edge failures (Dowson, 2008). Moisture entry can also affect the performance of 

the surface course by causing stripping of bitumen from aggregate, layer separation between 

bound courses, and pothole formation (Dowson, 2008). 

The other very likely responses of asphalt pavement to increased water content is ravelling, 

which is brought upon by a combination of aged brittle asphalt and standing water within the 

voids. As traffic passes over the surface, compressive forces generate pressure, pushing the 

water up and out of the asphalt. As it leaves, this water will break some of the more brittle 

bonds between the aggregate and mastic, leading to aggregate-free asphalt patches on the 

road surface, and thus to a reduced grip for the vehicle. Surface water can enter the pavement 

causing potholing and loss of surface condition (Carrera, 2009). Although ravelling can also 

be caused by premature aging of the asphalt, it is thought that standing water within the 

asphalt, as well as drainage patterns within traffic lanes, have a higher probability to cause 

ravelling damage (Wolters, 2003). 

The most important problem caused by excess precipitation is base and subgrade 

destabilization. In this situation, if water is not properly drained away from the road as it 

seeps through the asphalt and base layer, it can drain into the subgrade layer and increase the 

moisture content, causing the stiffness of the base layers to drop. Also, it can cancel the 

positive effect of the suction very rapidly. Therefore, as traffic passes over the road above, it 

will not be the base and subgrade taking the stresses (as designed) but rather the thin asphalt 

binding and wearing course. This obviously leads to overstressing and cracking of the asphalt 

pavement (Carrera, 2009). 

2.4.4. Radiation 

Solar radiation can affect the premature aging of the asphalt, and further influence the 

pavement performance. Therefore, when investigating the potential climate impact on road 
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pavement in areas with high solar radiation and high temperature, the effect of solar radiation 

is an important factor to be considered.  

Premature binder aging is closely related to oxidation. Although high temperatures aid in 

oxidation, it is solar radiation which is the main driving force behind the process. It must be 

noted that a variation in levels of solar radiation is usually accompanied by a similar variation 

in temperature; however, the temperature trend is slightly delayed compared to that of the 

solar radiation because temperature is mostly a reaction of solar radiance.  At high 

temperatures, a chemical reaction is undergone that combines elements within the bitumen 

with oxygen molecules in the air. This process produces by-product molecules (dependant on 

the binder used) as well as increasing the viscosity of the mastic over time. This leads to the 

onset of micro-cracking as the brittle binder can no longer tolerate the design distresses, and 

later more pronounced stress cracks will begin to appear. These cracks are usually alligator 

cracks (Carrera et al., 2009).  

2.4.5. Extreme weather events 

Extreme weather events are among the most worrying consequences of climate change. The 

increase in frequency and intensity of storm surges and flooding incidences will have an 

enormous negative impact on pavement performance, especially for coastal areas (Koetse & 

Rietveld, 2008). 

Water content contained in materials under flexible pavements is influenced by the amount 

and intensity of rainfall (Dowson, 2008). It seems that single days of heavy rainfall affect the 

moisture content more than prolonged periods of medium-light rainfall. The higher intensity 

rainfalls and storms can lead to two main problems: the erosion of the road platforms and the 

blocking of the drainage system due to the accumulation of debris. The existing road drainage 

structures (curb and channel, stormwater inlets, swales, etc.) may be inadequate to deal with 

future changes in intensity and recurrence of extreme events (Carrera et al., 2009) 

2.4.6. Effects of climate change on SEQ road pavements 

2.4.6.1. Overview of SEQ road network 

Queensland has a vast road network consisting of over 180,500 kilometres of roads. 

Additionally, Queensland has the longest state-controlled network of any Australian state or 

territory, representing 25% of all state-controlled roads across Australia. The state-controlled 
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network includes the major traffic carrying and linking roads across Queensland; 80% of 

Queensland’s road traffic is carried on state-controlled roads (TMR, 2010). The different 

classes of roads are shown in Figure 2.18. These roads are used for a wide range of purposes, 

including freight, tourist trips, daily commutes, access to services, and recreation.  

 

Figure 2.18. Queensland’s state-controlled roads (TMR, 2010) 

South Coast Region covers an area of approximately 6,547km2, or around 0.4% of 

Queensland. It extends from Logan in the north to the New South Wales border in the south, 

and from Southport in the east to Cunninghams Gap in the west. South Coast Region has a 

resident population of approximately 830,144 people and is home to approximately 18.8% of 

Queensland’s total population. The state-controlled road network in the region is 1,050km in 

length, and includes 131 km of the National Network (TMR, 2010). 



 

31 

 

 

Figure 2.19. Queensland south coast’s state-controlled roads (TMR, 2010) 

2.4.6.2. Challenge from climate change 

It’s been shown that SEQ has experienced significant change in climate over the past 50 

years, and the climate is projected to be hotter and drier in the future, along with more 

extreme events, such as intensive rainfall, sea-level rise and storms. Therefore, how to 

maintain a proper performance of road pavements to support a smooth and efficient transport 

network under the impacts of climate change has become a great challenge for engineers and 

the Government.  

The evaluation of the impact that climate changes can have on SEQ road pavement is a 

complex system because of the many variables involved. The final aim is to quantify how 

road pavement life expectancy will change as a consequence of the weather predicted, and 

how it can be improved within the parameters of funding which emphasises the need to 

innovate wherever possible to provide maximum value for the limited funds available. The 

most possible effects of climate change on SEQ pavement are identified as follows: 
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 Increased mean temperature temperatures may cause more evaporation leading to 

drier subgrades, and more rapid ageing increasing embrittlement, with a consequent 

loss of waterproofing of the surface seal. Surface water can enter the pavement 

causing potholing and loss of surface condition. 

 Increased extreme hot temperatures will lead to rutting. 

 Decrease of average rainfalls will result in drier environment. 

 Increased frequency and intensity of heavy rainfalls could induce increased water on 

the road during heavy rain events so pavement is more susceptible to potholing and 

stripping. There will also be increases in subgrade moisture content reducing its 

stiffness, and increases in sedimentation/debris blocking water drainage systems. 

Furthermore, it will cause erosion of road platforms and inadequate culverts.  

 Higher solar radiation will cause reduction of asphalt stiffness and rutting, and also 

the risk of oxidation which is closely related to ageing.  

 Rising sea level can produce high risk of floods and coastal erosion which will 

degrade the road platform.  

2.5. Pavement Performance Modelling 

2.5.1. Overview of Pavement Performance Modelling 

2.5.1.1. Pavement Management System (PMS) 

A pavement management system is considered as a programming tool that collects and 

monitors information on current pavement, forecasts future conditions, and evaluates and 

prioritizes alternative reconstruction, rehabilitation and maintenance strategies to achieve 

steady state of system preservation at a predetermined level of performance (Saba, 2007). 

Through proper asset management, governments can improve program and infrastructure 

quality, increase information accessibility and use, enhance and sharpen decision-making, to 

make more effective investments and decrease overall costs (USDT, 1999). 

2.5.1.2. Importance of performance prediction model in PMS 

The accurate prediction of pavement performance is important for efficient management of 

road infrastructure. At the network level, pavement performance prediction is essential for 
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rational budget and resource allocation. At programming level, pavement performance 

prediction is needed for adequate activity planning and project prioritization, while at project 

level; it is needed for establishing and designing the necessary corrective actions such as 

maintenance and rehabilitation (Saba, 2007). 

A predictive forward pavement performance modelling capability can provide the road 

infrastructure manager with a powerful tool for undertaking these functions. The application 

of realistic and sensitive pavement performance models allows the forward projection of 

current condition under a range of user defined scenarios of future loading and maintenance 

(Loizos et al., 2002). 

Performance prediction plays a key role not only in pavement management systems but also 

in pavement structural design. Pavement design involves choice of materials and thickness 

for the various layers based on sound engineering and economic principles. This requires 

comparison of alternative materials and thicknesses, which depends heavily on the ability to 

predict the performance of these alternative materials and thickness combinations (Saba, 

2007). 

2.5.1.3. Requirements for a pavement performance modelling system 

Pavement will deteriorate under influence of loads and climatic effects. The stresses caused 

by heavy loads may result in microcracking in asphalt materials and cause permanent 

deformation in pavement layers. Ideally a pavement performance model should capture this 

deterioration process in a comprehensive manner (considering all influencing factors) (Saba, 

2007). Figure 2.20 illustrates the complexity of the performance prediction problem.  
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Figure 2.20. Factors affecting pavement performance (Haas, 2003) 

Because of the complexity of performance prediction system, pavement performance models 

should be based on fundamentally correct standard engineering principles to be reliable and 

acceptable (Saba, 2007). In any model development process, the major emphasis should be 

placed on the underlying relationships, with minimum effort required for calibrating those 

relationships. In addition, an attention to the details of the modelling is required to ensure that 

it is rational, even in small aspects. This can assist in minimising inconsistencies, unexpected 

outcomes and will enhance the model acceptability (Loizos et al., 2002). It is also important 

that these models are easily adjustable in accordance with available historical data and the 

engineer’s knowledge of local materials, environmental effects, construction and 

maintenance practices, etc. (Saba, 2007). 

2.5.2. Measures of Pavement Performance 

2.5.2.1. General 

Pavement performance has been expressed in terms of individual pavement distress, 

pavement condition index, which is often a composite measure involving both the functional 

and structural condition, and pavement serviceability index, which includes user evaluation 

of the condition of the pavement. At a project level, it might be appropriate to evaluate the 

distresses individually, but at the network level, definition of some kind of composite 

measure of performance (performance indicator) is necessary (Saba, 2007). 
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2.5.2.2. Factors affecting the modelling of performance prediction 

A wide range of factors contribute to the initiation and progression of different pavement 

distress modes and they differ in how they affect performance (Austroads, 2009). They 

comprise general factors which have a significant influence on initial performance. A number 

of these factors require re-specification over time as a result of maintenance or improvement 

works carried out on the network. These factors also form part of the input data (Austroads, 

2009). Typical factors and parameters are listed in Table 2.1.  

Table 2.1. Factors that affect distress and parameters used in modelling during initial 

deterioration phase 

Factors Modelling parameters 

Climate Temperature, rainfall, TMI, etc. 

Geometry/terrain Terrain (flat/rolling/hilly), radius of curvature, grade, etc. 

Traffic loading (including dynamic loads) AADT, ESA or SAR, traffic composition, etc. 

Subgrade type and condition  CBR etc. 

Drainage Type/condition 

Cross section/shoulder/capacity Descriptive 

Pavement composition, material properties and 

surfacing type 

Descriptive, layer thickness and strength, durability 

Structural capacity Structural Number 

Surfacing and age Years or axle repetitions 

Construction practice and quality Descriptive 

Maintenance history Descriptive 

 

To allow comprehensive modelling in the subsequent deterioration phases, the range of 

additional factors which need to be considered include: previous surface and structural 

condition and the definition of the new treatment; new pavement composition; quality etc. 

Resets to current condition, post-treatment roughness and rutting, either through modelling, 

field validation or user defined values, are also required (Austroads, 2004). 

2.5.2.3. Individual Structural and Surface Distress Measures 

Common structural and surface measures of flexible pavement surface performance include 

observable distresses such as rutting, cracking, potholing, surface bleeding and ravelling. 

Other distresses such as local deformations, presence of patching, edge break and edge drop 
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may also be used. Specific measures may be described in terms of their severity and extent 

(Austroad, 2009). 

These individual distress measures can be used as detailed indicators of pavement 

performance, and are extensively used in network and project level planning studies, in 

pavement evaluation and treatment selection (Duffell & Pan, 1994). In addition, they form 

the basis of various pavement performance indices. Definitions of these indices are provided 

in the next section.  

2.5.2.4. Functional Performance Indices 

Functional performance indices such as the Present Serviceability Index (PSI) (Zaniewski et 

al., 1984), various safety-related pavement surface indices (Lytton, 1987) and road roughness 

are used as measures, or indicators, of long-term pavement performance. The definition and 

comments about them are summarised as below: 

 Present Serviceability Index (PSI) is highly correlated to road roughness (Brokaw, 

1973; Granling et al., 1989; Ward et al., 1993) and is often selected as the preferred 

pavement performance index (Zaniewski et al., 1984) because of this correlation. The 

PSI is a performance index based on the individual distresses, being weighted and 

combined. 

 Pavement Condition Rating (PCR) (Saraf & Majidzadeh, 1992) also correlates well 

with road roughness (George et al., 1989), particularly for rigid pavements (Jordan et 

al., 1987). The PCR can be defined in terms of roughness and weighted individual 

pavement distress measures (Jackson et al., 1987). 

 International Roughness Index (IRI) measured in units of m/km, often termed road 

roughness, is the surface profile variation along the road and has the distinct 

advantage of being objectively measured by a standardised measuring device, unlike a 

number of the pavement performance indices noted above. This is definitely the case 

when roughness is measured by a laser profilometer (Prem, 1987) as the measured 

roughness is not influenced by the ride characteristics of the host vehicle. A detailed 

description of the use of IRI in performance modelling will be presented later.  
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2.5.2.5. Structural Performance Indicators 

Some form of structural performance indicator is needed to assess this aspect of pavement 

performance. Visible surface distress is a useful indicator of surface condition, but it does not 

give any direct indication of structural condition. For example, surface cracking is 

indistinguishable from full depth structural cracking and sub-surface cracking is not visible 

from the surface (Eijberson & Zwieten, 1998). Measures of structural capacity include the 

following:  

 Structural number (SN), a parameter for estimating pavement strength developed for 

pavement design and performance purposes. The SN parameter is based on the sum of 

each of the pavement layer strength coefficients (AASHO, 1972) multiplied by its 

respective pavement layer thickness.  

 Modified structural number (SNC) is a modification of the SN parameter by Hodges 

et al. (1975) to include the subgrade contribution, SNsg, to pavement strength. This 

parameter is used to represent various pavement structures and subgrade strengths on 

the basis that identical performance is predicted for flexible pavements which have 

the same value of SNC (Austroads, 2009). 

2.5.3. Pavement Deterioration Modelling Approaches 

2.5.3.1. General 

Realistic and sensitive road deterioration (RD) modelling is a fundamental requirement of 

Road Infrastructure Management System which incorporates pavement performance 

prediction (Robinson & Thagesen, 1999). Good RD models form the underlying foundation 

for the eventual delivery of a useful, believable and economically efficient range of treatment 

solution options, works programme or planning strategies (Loizos et al., 2002).  

Several performance prediction models have been proposed over the years, some of which 

are simple and others complex. The many performance prediction models are normally 

grouped deterministic models and probabilistic models. Deterministic models can be further 

sub-divided into empirical models and mechanic-empirical models (Haas et al., 1994; Lytton 

1987; Mahoney, 1990). 
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2.5.3.2. Empirical Models 

In the empirical models, certain measured or estimated variables such as deflection, 

accumulated traffic loads etc. are related to loss of serviceability or some other measures of 

deterioration and pavement age, usually through regression analysis of experimental or 

observed data (Austroads, 2009; Saba, 2007). 

Various equations based on regression analysis, were developed for predicting pavement 

performance. These models are useful when the mechanism of pavement performance is not 

understood (Austroads, 2009); however, the usefulness of these empirical equations is limited 

by the scope of the database that was used in their development (Lytton, 1987).  

2.5.3.3. Mechanistic-empirical models 

Mechanistic–empirical models, which are based on theoretical postulations about pavement 

performance but are calibrated, use regression analyses, by observational data (Lytton, 1987). 

These models must adhere to known boundary conditions and physical limits. They 

incorporate interactive forms of distress near the end of pavement life, such as the interaction 

of rutting with cracking, when these interactions are well-understood. If these models are 

theoretically sound and correctly calibrated, they may be applied beyond the range of data 

from which they were developed (Austroads, 2009). One of the best-known examples of the 

mechanistic-empirical model is the HDM-4 (Highway Development and Management 

version 4) developed by the World Bank.  

In the mechanistic-empirical models, calculated response variables such as tensile strain at 

the bottom of asphalt layer and vertical strain at the top of subgrade are used in addition to 

other parameters such as traffic loading to predict performance of pavement structure. The 

performance is often expressed in terms of individual distresses. The response, (i.e., the 

strains and the stresses resulting from axle loading), are calculated using linear elastic 

multilayer theory, or, in some cases, finite element method. The material properties, such as 

the elastic module for the various layer materials, are taken into account in the response 

calculation. The environmental effects, such as the effects of temperature and moisture, can 

also be taken into account through their effect on the material properties (Saba, 2007).  
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2.5.3.4. Probabilistic Models 

Pavements often perform better or worse than predicted by a deterministic model (Chua et al., 

1993). The deterioration of pavements is affected by several factors some of which are 

difficult to observe. Furthermore, uncertainties arise from the inspection or measurement 

process and from inability to quantify the factors that affect the deterioration process. 

Probabilistic models attempt to tackle the stochastic characteristics of the pavement 

deterioration process.  

A probabilistic model assigns various probabilities to the future condition of a pavement (the 

dependent variable) based on its current condition. In comparison to deterministic models, 

where the future condition will be defined by an exact value, the output of a probabilistic 

performance prediction model is the probability distribution of the condition attribute at a 

certain point in time. The probability distribution is usually expressed by a vector, which is 

based on the classification of the condition attribute. The classification can be a state, (i.e., a 

descriptive category such as ‘good’), or a numerical value (Austroads, 2009).  

2.5.4. Application of Performance Prediction Models Across the World 

2.5.4.1. General 

The European project, COST 324 Long Term Performance of Road Pavements, reviewed 

performance prediction models that were in use in 11 participating countries. There countries 

were Australia, Belgium, Switzerland, Denmark, Spain, Finland, France, the United Kingdom, 

Greece, Hungary, Ireland, Netherlands, Portugal, Sweden and Slovenia. Most of the countries 

have developed performance models for the various performance indicators. Some of the 

countries use a composite index that combines the various indicators. Besides this, there is 

currently significant international activity in the development of pavement performance 

models in the other countries across the world.  

2.5.4.2. Nordic Countries 

All Nordic countries have been using one or another form of performance prediction models. 

They have implemented simple performance/deterioration prediction models, which are 

based on linear extrapolation of historic data in their PMS.  However, Sweden and Denmark 

have been developing and implementing relatively advanced mechanistic-empirical type 

performance prediction models in their road design systems. In Sweden, research is underway 
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to further develop the performance models in connection with development of a new design 

method known as ‘active design’. Additionally, the response from Finland has been to 

implement a statistical deterioration model in their pavement design system. However, the 

simple models currently used are not suitable for prediction of pavement condition over long 

periods of time. Furthermore, they cannot be used for evaluation of the effect of different 

maintenance measures and material qualities. Thus, there is a need to move from purely 

empirical models to mechanistic-empirical models for prediction of the condition of the road 

network (Saba, 2007). 

2.5.4.3. The United State & Canada 

The Mechanistic-Empirical Pavement Design Guide (MEPDG) has been developed in the 

USA under the National Cooperative Highway Research Program (NCHRP) to assist 

engineers in making decisions about asphalt and concrete pavement design and 

rehabilitations based on the application of state-of-the-practice mechanistic-empirical 

principles (NCHRP, 2004). The Transportation Association of Canada has established a 

pooled fund study, with representation from all provincial departments of transportation, as 

well as several large Canadian municipalities, in order to adapt the MEPDG for Canadian 

conditions since 2007 (Mill et al., 2007).  

MEPDG allows the user to test various assumptions or scenarios concerning the variables. In 

doing so, it provides output concerning the progression of pavement deterioration and the 

adequacy of various pavement designs. In addition to the incorporation of mechanistic 

approaches and the flexible user interface software, a key improvement in MEPDG from past 

design guides is the development of the Enhanced Integrated Climate Model (EICM). The 

EICM is a one-dimensional coupled heat and moisture flow program that simulates change in 

the behaviour and characteristics of pavement and subgrade material in response to climatic 

conditions (ARA Inc., 2004; NCHRP, 2004). This feature permits the calculation of transient 

distresses throughout the life of the pavement that are not tied to one particular test site or 

location (Saba, 2007). 

2.5.4.4. Developing countries 

The Road Transport Investment Model (RTIM) is the first empirical regression-based models 

used in predicting pavement performance over a full life cycle. It was developed for 

developing countries, and later underwent a number of adaptations (Parsley & Robinson, 
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1982). RTIM was derived from empirical data from sealed bituminous roads with crushed 

rock and cement treated bases in Kenya (Hodges et al., 1975). This model was subsequently 

refined to account for pavement/subgrade strength via the modified structural number. It 

found an initial basis for application in developing countries located in tropical and 

subtropical environments (Austroads, 2009).  

2.5.5. Application of Performance Prediction Models in Australia 

2.5.5.1. Time Based Modes 

In the past in Australia, the most commonly used network pavement deterioration model was 

a deterministic model contained within the NAASRA (National Association of Australian 

State Road Authorities) Improved Road Planning Model, NIMPAC, which used roughness as 

the dependent variable and pavement age as the only independent variable (NAASRA, 1981). 

This roughness model of polynomial form with pavement age as the independent variable 

was based on a pavement performance study undertaken by NAASRA’s Economics of Road 

Vehicle Limits (ERVL) study (Stevenson & Serviais, 1975). A later Australian study (Potter, 

1982) suggested the use of an exponential roughness model form with time, or pavement age, 

as the only independent variable. These simplified models were justified on the basis that the 

pavement strength was designed to suit the traffic loading. However, when significant 

changes occur to traffic loading, the above simplified models are not likely to be useful 

predictors for future conditions. It is because under this condition the pavement age cannot be 

a useful predictor of changes to other independent variables that are no longer correlated to it.  

2.5.5.2. Mechanistic-empirical Models 

The World Bank’s Highway Design and Maintenance Standards Model, HDM-III software 

containing pavement prediction models, released in 1987, used these pavement performance 

prediction models in a pavement life-cycle costing analysis (Watanatada et al., 1987). The 

knowledge base which underpins these models has continued to be developed, and updated to 

the model HDM-4 in 2000 (Kerali, 2000). These prediction models are of a structural 

mechanistic-empirical form with separate relationships for the prediction of individual 

distresses. The models are also referred to as incremental, as they predict annual changes and 

allow interaction between variables.  

The HDM-III performance models were widely used in Australia when they were made 

available in 1987 because of their relevance to Australian pavements and conditions. 
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However, the institutional factors which have driven the need to seek cost-effective solutions 

to the whole-of-life performance of road investment have created the need for performance 

models like those offered by HDM-III and HDM-4. A number of Australian road agencies 

have, therefore, adopted the HDM-4 performance models to their PMS (Austroads, 2001).  

2.5.6. Model Limitations and Calibration 

2.5.6.1. Limitations 

Pavement performance models are typically limited to linear models highly correlated with 

time and often a small number of additional independent variables. Significant models can be 

attained, although they often have relatively poor quality fits to the data. However, this 

should not detract from the model predictions in terms of significant independent variable 

identification, as a very good fit to the data is usually not possible from observational data 

obtain from in-service pavement performance (Austroad, 2009).  

2.5.6.2. Calibration 

Performance model calibration is needed in adjusting the expected model prediction to match 

reasonably closely with local conditions, which can vary from those the model was originally 

derived from. Knowledge of the impact sensitivity of various input parameters provides a 

basis for focusing data collection and calibration activities. Such knowledge and practical 

experience related to the conditions which most frequently trigger treatments should be 

employed to identify those parameters which are afforded most attention.  

2.6. Highway Development and Management Tool (HDM-4) 

2.6.1. Overview of HDM-4 

2.6.1.1. Background 

As has been discussed earlier, because the current trend of pavement design is to move from 

purely empirical methods to mechanistic-empirical methods, it is important to further develop 

performance prediction models that are suitable for these methods (Saba, 2007). This has 

produced the Highway Development and Management Tool (HDM-4). 

However, the first move towards producing a road project appraisal model was made as early 

as in 1968 by the World Bank. The first model was produced in response to terms of 

reference for a highway design study.  Thereafter, the World Bank commissioned the 
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Massachusetts Institute of Technology (MIT) to carry out a literature survey and to construct 

a model based on information available. The resulting Highway Cost Model (HCM) 

produced by MIT (Moavenzadeh, 1971) was a considerable advance over other models. 

Following this, the Transport and Road Research Laboratory (TRRL), in collaboration with 

the World Bank, undertook a major study in Kenya, and as a result, produced the Road 

Transport Investment Model (RTIM) for developing countries (Abaynayaka et al., 1977). In 

1976, the World Bank funded further developments of the HCM at MIT that produced the 

first version of the Highway Design and Maintenance Standards model (HDM) (Harral, 

1979). Later, the World Bank developed a more comprehensive model incorporating the 

findings from all previous studies and this led to the release of HDM-III in 1987. 

An international collaborative study known as ‘The International Study of Highway 

Development and Management (ISOHDM)’ was initiated in 1993 to extend the scope of the 

HDM-III models. The revised and improved models are known as HDM-4 first released in 

early 2000.  

2.6.1.2. The Role of HDM-4 in RIM (Road Infrastructure Management) 

When considering the applications of HDM-4, it is necessary to look at the road 

infrastructure management process in terms of the following functions: planning, 

programming, preparation and operations.  

Planning involves the analysis of the road system as a whole, typically requiring the 

preparation of medium to long term estimates of expenditure for road development and 

preservation under various budget and economic scenarios. Predictions may be made of road 

network conditions. Programming involves the preparation of multi-year road work and 

expenditure programmes in which sections of network likely to require maintenance and 

improvement, are selected and analysed. Preparation is the short-term planning stage where 

road schemes are packaged for implementation. Operations cover the on-going operation of 

an organisation (Kerali, 2000). 

2.6.1.3. Analytical Framework of HDM-4 

HDM-4 includes relationships for modelling Road Deterioration (RD) and Road Works 

Effects (WE). These are used for the purpose of predicting annual road condition and for 

evaluating road works strategies. The relationships should link standards and costs for road 

construction and maintenance to road user costs through road user cost models. In HDM-4, 
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this module has been separated in order to address properly the expanded scope of modelling 

Road Deterioration and Works Effects (Odoki & Karali, 2000). 

2.6.2. Computational Logic of HDM-4 RD Model 

2.6.2.1. Pavement distress modes 

In HDM-4, road deterioration in predicted through eight separate distress modes, and can be 

considered under the following three categories: surfacing distress, deformation distress and 

surface texture.  

Surfacing distress comprises cracking, ravelling, potholing and edge-break. The first three 

distress modes are characterised by two phases referred to as initiation and progression. The 

initiation phase is the period before surfacing distress of a given mode or severity develops. 

The progression phase refers to the period during which the area and severity of distress 

increases. Edge-break is modelled only through its continuous progression (Odoki & Karali, 

2000). 

Deformation distress comprises rutting and roughness. Deformation distress modes are 

continuous, and represented by only progression equations. As they are partly dependent 

upon the surfacing distress, they are computed after the change of surfacing distress in the 

analysis year has been calculated (Odoki & Karali, 2000).  

Surface texture distress modes are continuous, and like deformation distress modes are 

modelled only through their progression. Pavement texture is perhaps the most important 

variable which determines the magnitude of longitudinal and lateral forces at the tyre-road 

interface. A road surface exhibits two types of texture classified as macrotexture and 

microtexture. In general, microtexture determines the maximum skid resistance afforded by a 

dry pavement, while macrotexture determines the drainage ability and therefore how effective 

the microtexture will be when the pavement is wet (Odoki & Karali, 2000). 

2.6.2.2. Primary modelling parameters 

The road characteristics at the beginning of the analysis year are initialised either from input 

data if it is the first year of the analysis or the first year after construction, or otherwise from 

the result of the previous year’s maintenance and improvement works. The primary 

modelling variables used from one analysis year to the next in HDM-4 may be grouped into 
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pavement structure characteristics, road condition, road geometry, pavement history, 

environment and traffic.  

Pavement structural characteristics include measures of pavement strength, layer thickness, 

material types, construction quality, and subgrade stiffness. Road condition consists of 

pavement and side-drain condition data. They are required at the beginning of the first 

analysis year or the first year after construction. Road geometry includes carriageway and 

shoulder widths and vertical alignment.  

Pavement history consists of data items referred to as pavement ages. There are four variables 

defining the age of pavement used in the models: AGE1, AGE2, AGE3 and AGE4. AGE1 is 

referred to as the preventive treatment age. AGE2 is referred to as the surfacing age. AGE3 is 

referred to as the rehabilitation age, and AGE4 as the base construction age.  

The required traffic data are the flow of all vehicle axles (YAX) and the flow of equivalent 

standard axle loads (YE4), both expressed on an annual basis in millions per lane. The data 

are calculated for each analysis year based on the user-specified traffic and vehicle 

characteristics. The annual average traffic speed and the average speed of heavy vehicles are 

also required in some RD relationships.  

The environment data required in the HDM-4 HD model will be discussed separately in 

Section 3.  

2.6.2.3. Computational procedure 

The overall computational procedure for modelling the deterioration of each road section in 

each analysis year can be summarised by the following steps: 

1. Initialise input data and the conditions at the beginning of the year 

2. Compute pavement strength parameters 

3. Calculate the amount of change in each surfacing distress mode during the analysis year  

4. Check that the total damaged and undamaged carriageway surface area equals 100% based 

on the limits defined for each distress mode, and determine the amount of each surfacing 

distress mode at the end of the year and the average value for the year. 
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5. Compute the change in each deformation distress mode during the year, and determine the 

amount of the distress mode at the end of the year and the average value for the year. 

6. Compute the change in each surface texture distress mode during the year, and determine 

the amount of the distress mode at the end of the year and the average value for the year. 

7. Store results for use in the following analysis year and in the subsequent modules (that is 

Road User Effects, Road Works Effects, Social and Environmental Effects) (Odoki & Karali, 

2000). 

2.6.3. Climate and environment in HDM-4 

2.6.3.1. General 

HDM-4 recognises that climatic and seasonal effects are significant factors in pavement 

performance so climate is required as an input to the modelling and analysis process. HDM-4 

requires that suitable climates be defined in advance for selection for the various road 

networks. The principal climatic data that is used to model the deterioration of the different 

categories of roads considered in HDM-4 is described in the following sections. 

2.6.3.2. Classification 

It is necessary for the user to define climatic and environment information as per Table 2.2 

and Table 2.3: 

Table 2.2 Moisture classification (Odoki & Karali, 2000) 

Moisture 

classification 
Description 

Thornthwaite 

moisture 

index 

Annual 

precipitation 

(mm) 

Arid Very low rainfall, high evaporation -100 to -61 < 300 

Semi-arid Low rainfall -60 to -21 300 to 800 

Sub-humid Moderate rainfall, or strongly seasonal rainfall -20 to +19 800 to 1600 

Humid Moderate warm seasonal rainfall +20 to +100 1500 to 3000 

Per-humid High rainfall, or very many wet-surface days > 100 > 2400 

 

 

 

 



 

47 

 

Table 2.3. Temperature classification (Odoki & Karali, 2000) 

Temperature 

classification 
Description 

Temperature 

range (
o
C) 

Tropical Warm temperatures in small range 20 to 35 

Sub-tropical-hot High day cool night temperatures, hot-cold seasons -5 to 45 

Sub-tropical-cool Moderate day temperatures, cool winters -10 to 30 

Temperature-cool Warm summer, shallow winter freeze -20 to 25 

Temperature-freeze Cool summer, deep winter freeze -40 to 20 

 

2.6.3.3. Data input definitions 

An example input screen is shown in Fig. 2.21 followed by definitions of the entire climate 

data entered into HDM-4. 

 

Figure 2.21. Example of HDM-4 climate definition for QLD base climate (Austroad, 2004) 

• Moisture Index is the Thornthwaite Moisture Index (TMI). It is capable of indicating how 

wet or dry a given climate zone is. It is an indicator of not just precipitation, but also of how 

the soil interacts with the moisture in terms of evaporation etc. As such the TMI is a useful 

indicator for how moisture affects pavements (Austroads, 2004). Wet climate will have a 
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positive moisture index; on the other hand, dry climates will have a negative index (Odoki & 

Karali, 2000). A detailed description of this will be presented in Section 3. 

• Duration of the Dry Season (d) is expressed as the proportion of the year which is in the 

dry season, (i.e., the number of ‘dry’ months divided by the month in a year (12 months)). 

• Mean Monthly Precipitation is the average of the mean monthly rainfalls over a year in 

mm. 

• Mean temperature is the mean of the mean annual maximum temperature and the mean 

annual minimum temperature. 

• Temperature range is calculated by subtracting the lowest monthly minimum temperature 

from the highest monthly maximum temperature. 

• Days T > 32°C is the typical number of days per year where the maximum temperature is 

above 32°C. 

• Freeze index is calculated based on the number of days where the mean daily temperature 

is below 0. Each day below zero is weighted by the number of degrees below zero (Austroads, 

2004).  

2.6.4. Roughness in HDM-4 

2.6.4.1. Importance of Roughness in HDM-4 

Roughness is literally the measure of how uneven or irregular a road surface is (Hunt & 

Bunker, 2001). The total incremental roughness is the sum of several components including 

various pavement distress, disintegration and deformation (Odoki & Karali, 2000). Martin 

(1996) summarises that roughness is the most widely used condition parameter because 

roughness data is relatively inexpensive to capture, it is an objective measure, it correlates 

well with road user costs, and is accepted as the most relevant measure of the long term 

functional behaviour of a pavement network.  

The rate of roughness progression is seen as the most important indicator of pavement 

performance in the HDM-4 RD model.  
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2.6.4.2. Measurement of roughness 

In Australia, both the NAASRA Roughness Measurement (NRM) and the International 

Roughness Index (IRI) are used. 

The vehicle-mounted NAASRA roughness meter has been used since 1972 in Australia, to 

measure road roughness on a network wide basis. The NAASRA meter is classified as a 

Response Type Road Roughness Measuring System (RTRRMS). In general, all systems that 

measure the dynamic response of a mechanical device to longitudinal road profile fall into 

this category (Hunt & Bunker, 2001). 

NAASRA roughness is expressed as a number of counts/km and is usually reported at 

intervals of 100m. It is the accumulated sum of the vertical movements between the vehicle’s 

differential and the body of the vehicle, where 15.2mm of one way movement is equivalent to 

1 count (Austroads, 2000). 

IRI is a calculated index based on the road profile which is measured by laser profilometers. 

It is based on computation of the dynamic response to longitudinal road profile of a much 

simplified vehicle model, the so-call ‘quarter-car’ model (Cairney et al., 1989). By definition, 

the IRI is computed independently for each wheel track.  

Laser profilometers were introduced to Australia in the late 1980s to continuously measure a 

road’s longitudinal profile. The electronic model of the shape of the road surface, which is 

created during this process, can be manipulated to give output that correlates with the 

NAASRA roughness count or IRI (Dowling, 1998). It is hypothesised that a pavement 

subjected to a dynamic load, which induces additional distress on the pavement structure, 

would most likely manifest itself by showing an increased roughness progression rate over 

time (Hunt & Bunker, 2001). 

2.6.4.3. Roughness Progression Modelling 

Roughness progression is predicted in HDM-4 as the sum of five components; structural, 

cracking, rutting, potholing and the environment. Roughness is calculated at the end of each 

year, taking into account the change in condition for each mode of distress sequentially for 

each year of an analysis period. Figure. 2.22 shows an example of the average roughness with 

time based on the M1 motorway. The in-depth theory of roughness progression modelling is 

presented in the next section.   
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Figure 2.22. Example of average roughness with time based on M1 motorway 

2.6.5. HDM-4 Deterioration Modelling Discussion 

2.6.5.1. Crack modelling 

The HDM-4 cracking model considers two components of cracking: structural cracking and 

transverse thermal cracking. 

Separate models are used for each component and they are predicted as a function of the 

factors that are known to contribute to their development and progression. 

Structural cracking 

Structural cracking is load and age/environment associated cracking. Two types of structural 

cracking are considered – all structural cracking and wide structural cracking. In this study 

only all structural cracking was considered. Therefore, models related to wide structural 

cracking are not included here. 

Initiation of all structural cracking 

Crack initiation is assumed to occur when 0.5% of the carriageway surface area is cracked. 

Initiation of all structural cracking depends on the base: 

■ Stabilised base 

If HSOLD = 0 (that is, new surfacing) 
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          ICA = Kcia {CDS2 a0 exp[a1 HSE + a2 loge CMOD + a3 loge DEF + a4 (YE4)  (2.6.1) 

                     (DEF)] + CRT}    

 If HSOLD > 0 (that is, overlays or reseals) 

           ICA = Kcia {CDS
2
 [(0.8KA + 0.2KW) (1+0.1HSE) + (1-KA) (1-KW) a0 * exp [a1                                                                                                                                                                   

HSE + a2 loge CMOD + a3 loge DEF + a4 (YE4) (DEF)]] + CRT                                     (2.6.2) 

■ Other bases 

If HSOLD = 0 (that is, new surfacing) 

          ICA = Kcia {CDS
2
 a0 exp [a1 SNP + a2 (YE4/SNP

2
)] + CRT}                                 (2.6.3) 

If HSOLD > 0 (that is, overlays or reseals) 

                     For all surface materials except CM, SL and CAPE 

          ICA = Kcia {CDS
2
 [max(a0 exp[a1 SNP + a2 (YE4/SNP

2
)] * max(1-                       (2.6.4) 

                     PCRW/a3, 0), a4HSNEW)] + CRT} 

■ For surface materials - CM, SL and CAPE 

ICA = Kcia {CDS
2
 [max (a0 exp [a1 SNP + a2 (YE4/SNP

2
)] *                                            (2.6.5) 

           max (1-PCRA/a3, 0), a4)] + CRT} 

Where: 

ICA = time to initiation of all structural cracks (years) 

CDS = construction defects indicator for bituminous surfacings 

YE4 = annual number of equivalent standard axles (millions/lane) 

SNP = average adjusted structural number of the pavement 

DEF = mean Benkelman Beam deflection in both wheel paths (mm) 

CMOD = resilient modulus of soil cement (GPa) (in the range between 0 and 30 GPa for 

most soils) 



 

52 

 

HSNEW = thickness of the most recent surfacing (mm) 

HSOLD = total thickness of previous underlying surfacing layers (mm) 

PCRA = area of all cracking before latest reseal or overlay (% of total carriageway area) 

PCRW = area of wide cracking before latest reseal or overlay (% of total carriageway area) 

KW = min (0.05 max (PCRW – 10, 0), 1) 

KA = min (0.05 max (PCRA – 10, 0), 1) 

HSE = min (100, HSNEW + (1-KW) HSOLD) 

Kcia = calibration factor for initiation of all structural cracking 

CRT = crack retardation time due to maintenance (years) 

 a0 to a4 = model coefficients, default values are given in Table 2.4.  

Table 2.4. Default coefficient values for initiation of all structural cracking models 

Pavement 

type 

Surface 

material 

HSOLD 

value 
Equation a0 a1 a2 a3 a4 

AMGB 

All 0 A.3 4.21 0.14 -17.1   

All except 

CM 
> 0 A.4 421 0.14 -17.1 30 0.025 

CM > 0 A.5 13.2 0 -20.7 20 1.4 

AMAB All 
0 A.3 4.21 0.14 -17.1   

> 0 A.4 4.21 0.14 -17.1 30 0.025 

AMAP All > 0 A.4 4.21 0.14 -17.1 30 0.025 

AMSB All 
0 A.1 1.12 0.035 0.371 -0.418 -2.87 

> 0 A.2 1.12 0.035 0.371 -0.418 -2.87 

STGB 

All  0 A.3 13.2 0 -20.7   

All except 

SL, CAPE 
> 0 A.4 13.2 0 -20.7 20 0.22 

SL, CAPE > 0 A.5 13.2 0 -20.7 20 1.4 

STAB 

All 0 A.3 13.2 0 -20.7   

All except 

SL, CAPE 
> 0 A.4 4.21 0.14 -17.1 20 0.12 

SL, CAPE > 0 A.4 4.21 0.14 -17.1 30 0.025 

STAP All > 0 A.4 4.21 0.14 -17.1 20 0.12 

STSB All 
0 A.1 1.12 0.035 0.371 -0.418 -2.87 

> 0 A.2 1.12 0.035 0.371 -0.418 -2.87 
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Progression of all structural cracking 

dACA = Kcpa [CRP/CDS] ZA [(ZA a0 a1 δtA + SCA
a1

)
1/a1

 – SCA]                                      (2.6.6) 

Progression of all structural cracking commences when δtA > 0 or ACAa > 0 

Where 

If ACAa > 0 δtA = 1; otherwise δtA = max {0, min[(AGE2 – ICA), 1]} 

If ACAa >= 50 then ZA = -1; otherwise ZA = 1 

ACAa = max(ACAa, 0.5) 

SCA = min[ACAa, (100 - ACAa)] 

Y = a0 a1 ZA δtA + SCAa1                                                                                                (2.6.7) 

If Y < 0 then dACA = Kpca [CRP/CDS] (100 - ACAa)                                                    (2.6.8) 

If Y ≥ 0 then dACA = Kpca [CRP/CDS] ZA (Y(1/a1) – SCA)                                         (2.6.9) 

If ACAa < 50 and (ACAa + dACA) > 50 then 

dACA = Kpca [CRP/CDS] (100 – C1(1/a1) - ACAa]                                                      (2.6.10) 

Where 

C1 = max{[2(50a1) - SCAa1 - a0 a1 δtA], 0]                                                                   (2.6.11) 

dACA = incremental change in area of all structural cracking during the analysis year (% of 

total carriageway area) 

ACAa = area of all structural cracking at the start of the analysis year 

δtA = fraction of analysis year in which all structural cracking progression applies 

AGE2 = pavement surfacing age since last reseal, overlay, reconstruction or new construction 

(years) 

ICA = time to initiation of all structural cracking (years) 

Kcpa = calibration factor for progression of all structural cracking 
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CRP = retardation of cracking progression due to preventive treatment, given by CRP = 1 – 0.12 

CRT 

a0 & a1 = model coefficients, default values are given in Table 2.5. 

Table 2.5 Default coefficient values for progression of all structural cracking 

Pavement type Surface material HSOLD value 
All cracking 

a0 a1 

AMGB 

All 0 1.84 0.45 

All except CM > 0 1.07 0.28 

CM > 0 2.41 0.34 

AMAB All 
0 1.84 0.45 

> 0 1.07 0.28 

AMAP All > 0 1.07 0.28 

AMSB All 
0 2.13 0.35 

> 0 2.13 0.35 

STGB All 
0 1.76 0.32 

> 0 2.41 0.34 

STAB 

All 0 1.76 0.32 

All except SL, CAPE > 0 2.41 0.34 

SL, CAPE > 0 1.07 0.28 

STAP All > 0 2.41 0.34 

STSB All 
0 2.13 0.35 

> 0 2.41 0.34 

 

2.6.5.2. Rut depth modelling 

Rutting is defined as the permanent (unrecoverable) deformation within pavement layers. The 

rut depth model is based on there being four components to rutting: 

■ Initial densification 

■ Structural deterioration 

■ Plastic deformation 

■ Wear from studded tyres. 

The rut depth at any time is the sum of the four components. Rut depth modelling will be 

performed after the values of all the surface distresses (i.e., cracking, ravelling, potholing and 

edge break) at the end of the year have been calculated. 

Initial densification 
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The initial densification depends upon the degree of compaction of the base, sub-base and 

selected subgrade layers, (i.e. COMP). 

The initial densification is: 

RD0 = Krid [a0 (YE4 10
6
)
 (a1 + a2 DEF) 

SNP
a3

 COMP
a4

]                                                        (2.6.12) 

Where 

RD0 = rutting due to initial densification (mm) 

DEF = Benkelman Beam deflection (mm) 

YE4 = annual number of equivalent standard axles (millions/lane) 

SNP = average annual adjusted structural number of the pavement 

COMP = relative compaction in percent 

Krid = initial rut densification factor 

a0 to a4 = model coefficients, default values are given in Table 2.6. 

The initial densification only applies to new construction or reconstruction that involve the 

construction of a new base layer (i.e. from when AGE4 = 0), for a period of time of one year. 

AGE4 is defined as follows: 

AGE4 = age since reconstruction (including base) or new construction (years). 

Table 2.6 Default coefficient values for initial densification model 

Pavement type a0 a1 a2 a3 a4 

AMGB, AMAB, AMSB, STGB, STAB, STSB 51740 0.09 0.0348 -0.502 -2.30 

AMAP, STAP 0 0 0 0 0 

Structural deterioration 

Separate terms are proposed for structural deformation without cracking and structural 

deformation after cracking as follows: 

■ Structural deformation without cracking 

ΔRDSTuc = Krst (a0 SNP
a1

 YE4
a2

 COMP
a3

)                                                                      (2.6.13) 
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■ Structural deformation after cracking 

ΔRDSTcrk = Krst (a0 SNP
a1

 YE4
a2

 MMPP
a3

 ACXa
a4

)                                                        (2.6.14) 

The total annual incremental increase in structural deformation is as follows: 

If ACRA = 0 then ΔRDST = ΔRDSTuc                                                                            (2.6.15) 

If ACRA > 0 then ΔRDST = ΔRDSTuc + ΔRDSTcrk                                                        (2.6.16) 

Where 

ΔRDST = total increment increase in structural deformation in the analysis year (mm) 

ΔRDSTuc = total increment increase in structural deformation without cracking in the 

                    analysis year (mm) 

ΔRDSTcrk = total increment increase in structural deformation after cracking in the 

                      analysis year (mm) 

MMP = mean monthly precipitation (mm/month) 

ACXa = area of indexed cracking at the beginning of the analysis year (% of total 

              carriageway area) 

SNP = average annual adjusted structural number of the pavement 

YE4 = annual number of equivalent standard axles (millions/lane) 

Krst = calibration factor for structural deformation 

a0 to a4 = model coefficients, default values are given in Table 2.7. 

Table 2.7 Default coefficient values for structural deformation model 

 Pavement type a0 a1 a2 a3 a4 

Without cracking All pavement type 44950 -1.14 0.11 -2.3  

After cracking All pavement type 0.0000248 -0.84 0.14 1.07 1.11 
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Plastic deformation 

The plastic deformation model includes a variable, CDS, which indicates whether the 

surfacing is prone to plastic deformation. The general plastic deformation model is given by: 

ΔRDPD = Krpd CDS
3
 a0 YE4 Sh

a1
 HS

a2
                                                                            (2.6.17) 

Where 

ΔRDPD = incremental increase in plastic deformation in the analysis year (mm) 

CDS = construction defects indicator for bituminous surfacings 

YE4 = annual number of equivalent standard axles (millions/lane) 

Sh = speed of highway vehicles (km/h) 

HS = total thickness of bituminous surfacing (mm) 

Krpd = calibration factor for plastic deformation 

a0 to a2 = model coefficients, default values are given in Table 2.8. 

Table 2.8 Default coefficient values for plastic deformation model 

Surface type a0 a1 a2 

AM 2.46 -0.78 0.71 

ST 0 -0.78 0.71 

 

Surface wear 

The surface wear model is applied to environments where vehicles use studded tyres during 

the freezing period. 

ΔRDW = Krsw [a0 PASS
a1 

W
a2 

S
a3

 SALT
a4

 ]           (2.6.18) 

Where 

ΔRDW = incremental rut depth due to studded tyres, in mm 

PASS = annual number of vehicles with studded tyres in one direction, in thousands 

S = average traffic speed in km/h 
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SALT = variable for salted or unsalted roads (2 = salted; 1 = unsalted) 

W = road width in m, (i.e., the carriageway width plus total shoulder width) 

Krsw = calibration factor for surface wear 

a0 to a4 = model coefficients, default values are given in Table 2.9. 

Table 2.9 Default coefficient values for surface wear model 

Pavement type a0 a1 a2 a3 a4 

All pavement types 0.0000248 1.0 -0.46 1.22 0.32 

 

Total rut depth 

If AGE4 <= 1 

ΔRDM = RD0 + ΔRDPD + ΔRDW             (2.6.19) 

Otherwise 

ΔRDM = ΔRDST + ΔRDPD + ΔRDW            (2.6.20) 

Standard deviation of rut depth 

The standard deviation of rut depth is used in the roughness model. It is calculated from the 

mean total rut depth as: 

RDSb = max [0.3, (0.9 – 0.04 RDMb)] RDMb                                 (2.6.21) 

Where 

RDSb = standard deviation of rut depth at the end of the year (mm) 

RDMb = mean rut depth at the end of the analysis year (mm) 

2.6.5.3. Roughness modelling 

The roughness model consists of the predictions for each component of roughness (cracking, 

disintegration, deformation, and maintenance). The total incremental roughness is the sum of 

these components. The surface distress values used in predicting roughness are those that 
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have been adjusted so that the total damaged surface area plus the undamaged area equals 

100% 

Structural 

The structural component of roughness relates to the deformation in the pavement materials 

under the shear stress imposed by traffic loading. 

ΔRIs = ao exp (m Kgm AGE3) (1 + SNPKb)
-5

 YE4           (2.6.22) 

and 

SNPKb = max [(SNPa – dSNPK), 1.5]            (2.6.23) 

and 

dSNPK = Ksnpk a0 {min (a1, ACXa) HSNEW + 

                 max [min (ACXa – PACX, a2), 0] HSOLD                                                    (2.6.24) 

Where 

ΔRIs = incremental change in roughness due to structural deterioration during the analysis 

year (IRI m/km) 

dSNPK = reduction in the structural number of pavement due to cracking 

SNPKb = adjusted structural number of pavement for cracking at the end of the analysis year 

SNPa = adjusted structural number of pavement at the start of the analysis year 

ACXa  = area of indexed cracking at the start of the analysis year (% of total carriageway 

area) 

PACX = area of previous indexed cracking in the old surfacing, i.e. 0.62 PCRA + 0.39 

PCRW 

HSNEW = thickness of the most recent surfacing (mm) 

HSOLD = total thickness of previous underlying bituminous surfacing layers (mm) 
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AGE3 = pavement age since last overlay (rehabilitation), reconstruction or new construction 

(years) 

m = environmental coefficient, values are given in Table 2.10. 

Kgm = calibration factor for environmental coefficient 

Ksnpk = calibration factor for SNPK 

a0 to a2 = model coefficients, default values are given in Table 2.11. 

Table 2.10 Roughness environment coefficient ‘m’ by climate zones 

Moisture 

classification 

Temperature classification 

Tropical Sub-tropical 
Sub-tropical 

cool 

Temperate 

cool 

Temperate 

freeze 

Arid 0.005 0.010 0.015 0.025 0.040 

Semi-arid 0.010 0.015 0.025 0.035 0.060 

Sub-humid 0.020 0.025 0.040 0.060 0.100 

Humid 0.025 0.030 0.060 0.100 0.200 

Per-humid 0.30 0.040 0.70   

 

Cracking 

The incremental change in roughness due to cracking is given by: 

ΔRIc = a0 ΔACRA               (2.6.25) 

Where 

ΔRIc = the change in roughness due to cracking during the analysis year (IRI m/km) 

ΔACRA = incremental area of total cracking during the analysis year (% of total carriageway 

area) 

a0 = model coefficient, default value is given in Table 2.11. 

Rutting 

The incremental change in roughness due to variation of rut depth is given by: 

ΔRIr = a0 ΔRDS               (2.6.26) 
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Where: 

ΔRIr = incremental change in roughness due to rutting during the analysis year (IRI m/km) 

ΔRDS = incremental increase in the standard deviation of rut depth during the analysis year 

(mm) (= RDSb – RDSa) 

a0 = model coefficient, default value is given in Table 2.11. 

Potholing 

The potholing effect depends upon the number of vehicles which actually hit the pothole, 

which in turn depends upon the traffic volume and the freedom to manoeuvre. This is 

predicted using the following equation: 

FM = (max [min {0.25 (CW - 3), 1), 0]) max (1 - AADT/5000, 0)                    (2.6.27) 

Where: 

FM = the freedom to manoeuvre 

CW = carriageway width in m 

AADT = the two-way traffic flow in vehicle/day. 

The change in roughness is calculated as follows: 

■ If nil patching (TFL = 1) or 100% patching policy options is specified, then 

ΔRIt = a0 (a1 - FM) [{NPTa * TLF + (ΔNPT*TLF)/2}
a2

 – NPTa 
a2

]        (2.6.28) 

Otherwise (partial policy options) 

ΔRIt = a0 (a1 - FM) ΔNPT * (NPTa + NPT/2)
a2

           (2.6.29) 

Where: 

ΔRIt = incremental change in roughness due to potholing during the analysis year (IRI m/km) 

FM = freedom to manoeuvre 

CW = carriageway width (m) 

AADT = annual average daily traffic (veh/day) 



 

62 

 

ΔNPT = incremental number of potholes per km during the analysis year 

NPTa = number of potholes per km at the start of the analysis year 

TLF = time lapse factor 

a0 to a2 = model coefficients, default values are given in Table 2. 11. 

Environment 

The environmental component of roughness is due to factors which include temperature and 

moisture fluctuations, and also foundation movements. This is given by: 

ΔRIe = m*Kgm RIa               (2.6.30) 

Where: 

ΔRIe = incremental change in roughness due to environment during the analysis year (IRI 

m/km) 

RIa = the roughness at the start of the analysis year (IRI in m/km) 

Kgm = calibration factor for the environmental component of roughness 

m = environmental coefficient. 

Total change in roughness 

ΔRI = Kgp [ΔRIs + ΔRIc + ΔRIr + ΔRIt] + ΔRIe           (2.6.31) 

Where 

ΔRI = total incremental change in roughness during the analysis year (IRI m/km) 

Kgp = calibration factor for roughness progression. 

The roughness at the end of the year is given by: 

RIb = min [(RIa + ΔRI), a0)              (2.6.32) 

The annual average roughness for a given analysis year is calculated as: 

RIav = 0.5*(RIa + RIb)              (2.6.33) 
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Where 

RIa = roughness of the pavement at the start of the analysis year (IRI m/km) 

RIb = roughness of the pavement at the end of the analysis year (IRI m/km) 

a0 = upper limit of pavement roughness, (default = 16 IRI m/km) 

RIav = annual average roughness of the pavement for the analysis year (IRI m/km) 

Table 2.11 Default coefficient values for roughness component 

Pavement type 
Roughness 

component 
Equation a0 a1 a2 

All pavement 

types 

Structural A.22 134   

dSNPK A.24 0.0000758 63.0 40.0 

Cracking A.25 0.0066   

Rutting A.26 0.088   

Potholing A.28 0.00019 2.0 1.5 

 

2.6.6. HDM-4 RD model calibration  

2.6.6.1. Calibration factors 

The RD models include a number of calibration factors to facilitate calibration of the RD 

models to local conditions. The calibration factors are denoted by the letter ‘k’ together with 

identifying subscripts as illustrated in Table 2. 12.  

These factors are multiplicative and are used to change the scale of a particular distress. The 

default value for all the ‘k’ factors is 1.0. For example, increasing the calibration factor of the 

progression of all structural cracking to 2.0 implies that the pavement will deteriorate, in 

terms of the rate of crack progression, twice as fast as predicted by the default calibration in 

HDM-4 

 

 

 

 



 

64 

 

Table 2.12Calibration factors used in the HDM-4 RD model (Austroads, 2008) 

Deterioration model Calibration factor 

Wet/dry season SNP ratio 

Drainage factor 

Kf 

Kddf 

All structural cracking – initiation 

Wide structural cracking – initiation 

All structural cracking – progression 

Wide structural cracking – progression 

Transverse thermal cracking – initiation 

Transverse thermal cracking – progression 

Kcia 

Kciw 

Kcpa 

Kcpw 

Kcit 

Kcpt 

Rutting – initiation densification 

Rutting – structural deterioration 

Rutting – plastic deformation 

Rutting – surface wear 

Krid 

Krst 

Krpd 

Krsw 

Ravelling – initiation 

Ravelling – progression 

Kvi 

Kvp 

Pothole – initiation 

Pothole – progression 

Kpi 

Kpp 

Edge break Keb 

Roughness – environmental coefficient 

Roughness – SNPK 

Roughness – progression 

Kgm 

Ksnpk 

Kgp 

Texture depth – progression Ktd 

Skid resistance 

Skid resistance – speed effects  

Ksfc 

Ksfcs 

 

2.6.6.2. Calibration procedure 

Generally, there are three levels of calibration of HDM-4 involving low, moderate and major 

levels of efforts and resources (Chai et al., 2010): 

 Level 1 – Basic Application: determines the values of required basic input parameters. 

During the level 1 study, many default values are adopted and the most sensitive 

parameters are calibrated using the guidelines give in the HDM-4 manual. 

 Level 2 – Main Calibration: this level of calibration requires measurement of 

additional input parameters and moderate field surveys to calibrate key predictive 

relationships to local conditions. Level 2 of calibration will be accomplished for the 

parameters having quality historical data (e.g., roughness, cracking and rutting).  
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 Level 3 – Adaptation: this involves the undertaking of major field surveys and 

controlled experiments at LTPP sites to enhance the existing predictive relationships 

or to develop new and locally specific relationships for substitution in the source code 

of the model.  

Specifically, calibration of the HDM-4 RD model involves the following steps (Austroads, 

2008). 

1. Estimate the underlying rate of deterioration for roughness on pavement segments using 

the observed time series pavement distress data.  

2. Exclude the pavement segments that experience negative deterioration in any of the 

distresses. 

3. For each segment considered for calibration, identify the period (may be defined as 

‘deterioration period’) for which the rate of deterioration was estimated as well as identify the 

pavement condition at the start of the deterioration period. 

4. Estimate the input parameters to run the HDM-4 models.  

5. Run HDM-4 models to predict pavement condition with the input parameters. Calculate 

the predicted rate of deterioration for the ‘deterioration period’ and compare it with the 

estimated underlying rate of deterioration. 

6. Adjust the calibration coefficients for the RD model and repeat step five. Continue this 

process until the predicted rate of deterioration matches closely with the underlying rate of 

deterioration.  

2.6.6.3. Previous calibration for South East Queensland 

In 2008, calibrations of the coefficients for the HDM-4 RD models for roughness were 

undertaken for the Queensland sealed and asphalt road network by the Queensland 

Department of Main Roads (QDMR). The data set held more than 28,600 road sections of 1 

km in length with roughness, pavement characteristics, traffic, climate and inventory data up 

to 2005. Four categories of road type were identified in the Queensland road network. These 

were National Highway (NH), State Strategic (SS), Regional Roads (RR) and District Roads 

(DR) (Austroads, 2008).  
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The results indicated that the Kgm values were generally less than the default HDM-4 value of 

1.0 and varied only moderately across various groups. Figure 2.23 plots the relationships 

between the calibration coefficients and their corresponding roughness deterioration rate of 

0.50 (R
2
 = 0.50).  

 

Figure 2.23. Relationship between rate of deterioration and RD model coefficients for 

Queensland road network (Austroads, 2008) 

Another in-depth research study had been carried out in 2010 to establish the calibration 

factors for a pavement roughness deterioration model for six local council regions in South 

East Queensland (Chai et al., 2010). In this study, a large number of long-term pavement 

performance (LTPP) test sites were set up throughout the six SEQ regions. Pavement 

condition data were collected from the LTPP test sites over a period of five years. The aim 

was to determine the most appropriate HDM-III roughness deterioration factors for the six 

regions covered in the study (Chai et al., 2010). On comparing the results of the calibrated 

models of HDM-III and HDM-4, it was concluded that both cases furnished similar values. 

Therefore, HDM-III can be regarded as the equivalent model of HMD-4 in terms of 

deterioration factor calibration (de Solminihac et al., 2003).  

In the calibration undertaken for this study, three statistical techniques including linear rate of 

roughness deterioration, regression analysis and statistical t test approach were used in 

analysing the roughness data obtained from the LTPP sites. The pavement distresses 
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predicted by HDM-III were presented in spreadsheets and the predictions compared with the 

observed field data. Any necessary adjustment was then made to the calibration factors to 

make the HDM-III predictions more reasonable. The systematic steps in the calibration 

process are shown in Figure 2.24. 

 
 

Figure 2.24. HDM-III calibration process adopted for the SEQ regional study 

 

2.6.7. Important application of HDM-4 in Australia 

2.6.7.1. Background of Project 

In 2004, Austroads collaborated with several other Australian research organizations to carry 

out a project which aimed to assess the likely impacts of climate change on road 

infrastructure across Australia. The general effects of climate change on population and 

settlement patterns, road transport demand, pavement performance, and salinity in the 

Murray-Darling Basin were investigated based on the major parts of different states.  

During this study, the pavement modelling was undertaken using two approaches. The first 

was the ARRB TR pavement life-cycle costing (PLCC) model and the second using the 

HDM-4 model. The former was used to assess pavement performance at a network level and 

the latter to assess selected road lengths at a more detailed level.  
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2.6.7.2. Application of HDM-4 

Eight road segments, one from each state and territory, located in or near a metropolitan area, 

were analysed using the HDM-4 model in this study. The road segments selected are 

summarised in Table 2.13. As shown, these segments include road sections where the climate 

change is consistent with the trend over the whole continent (i.e., hotter and drier) and 

sections where the climate includes an increase in rainfall (for example, the NT_01 and 

QLD_15 road sections).  

Table 2.13 Road segments used in HDM-4 analysis 

Site State Long. Lat. 
Change 

in TMI 

Change in 

Temperature 

(deg C) 

Change in 

mean monthly 

rainfall (mm) 

ACT_04 

Australian 

Capital 

Territory 

149.14 
-

35.24 
-25.31 4.18 -10.55 

NSW_03 
New South 

Wales 
150.52 

-

34.38 
-26.04 4.73 -10.15 

NT_01 
Northern 

Territory 
131.07 

-

12.57 
58.45 5.40 64.12 

QLD_15 Queensland 145.74 
-

17.02 
45.65 5.36 46.85 

SA_29 South Australia 138.61 
-

34.92 
-15.24 4.38 -6.47 

TAS_05 Tasmania 147.25 
-

41.66 
-15.35 2.72 -2.98 

VIC_14 Victoria 145.06 
-

37.22 
-26.64 3.06 -10.40 

WA_01 
Western 

Australia 
116.03 

-

31.90 
-31.34 5.55 -17.98 

 

The HDM-4 detailed analysis of selected road segments is under the same climate change and 

transport demand scenarios as used in network PLCC models. However, HDM-4 uses road 

deterioration algorithms that are interdependent and which have detailed data requirements. 

The algorithms are similar to those used in HDM-III. Because of the data requirements, 

HDM-4 was used in this study to review the expected changes to pavement performance and 

maintenance funding at a more detailed level using small road lengths of 1 to 2 km.  

The HDM-4 analysis assumes a minimum periodic maintenance case (the base case), which 

is essentially an estimation of the routine maintenance costs required to keep the pavement in 
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sound operational condition. The HDM-4 analysis was undertaken at a strategic level (for the 

selected short road lengths) to estimate total life-cycle costs that include road user costs and 

agency costs.  

2.6.7.3. HMD-4 road segment analysis results 

HDM-4 was used to examine maintenance costs for selected road sections in this study. The 

outputs are presented as a works program over a 20-year period in terms of pavement 

performance and road expenditure primarily.  

Pavement Performance: The HDM-4 analysis results indicated changes in pavement 

roughness over time, for each selected road segment of different states, under a base 

treatment alternative, including the combined effects of changed climate and changes in 

traffic loading resulting from the projected transport demand in 2100. 

There results estimated a marked increase in roughness (compared with the year 2000 climate 

and traffic parameters) for the road segment located in Queensland. Figure 2.25 illustrates the 

change in pavement roughness over time for the road segment QLD_16 located in 

Queensland. It is clear that the roughness progresses much more rapidly under the future 

(year 2100) climate and traffic scenario than under the base conditions.  

 

Figure 2.25. Average roughness (IRI) with time for a road segment in Queensland 
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Road Expenditure: HDM-4 produces both road agency and road user cost projections as 

well as the costs of alternative treatment interventions. In this project, however, the major 

concern is the road agency costs for the National Highway System, and so a ‘free flow’ 

traffic flow pattern was used within HDM-4. The results of the analyses for the selected road 

segments included both climate change effects and the transport demand effects for the ‘base 

alternative’ maintenance program.  

The outcomes indicated that the changes in road user costs are primarily due to the significant 

increase in transport demand (driven by changes in population settlement patterns). The 

HMD-4 analyses also suggested that the regional variation in climate change may lead to 

changes in road agency costs in the range from -2% to +2%.  

In conclusion, this project states that, as noted previously, the generally hotter and drier 

climate experienced over much of Australia in the future has a beneficial effect in terms of 

pavement performance. However, there are significant regional variations in the extent of 

climate change and the HDM-4 software that was used to examine specific locations based on 

the magnitude of the climate change effect indicated the need for more detailed analysis. 

2.7. Thornthwhaite Moisture Index (TMI) 

2.7.1. Theoretical Background of TMI 

CW Thornthwaite, a consulting climatologist working in the United State of America, first 

presented the Thornthwaite Moisture Index (TMI) in 1948 (Thornthwaite, 1948).  

Thornthwaite observed that when adjustment is made for variation in length of daylight, there 

is close correlation between potential evapotranspiration (the combined evaporation from the 

soil surface and transpiration from plants) and mean monthly temperature. It follows that 

when average values of rainfall and temperature are known for a particular locality an 

estimate can be made of the average annual deficit or surplus of rainfall at that locality. 

Broadly, the ratio of the net annual deficit or surplus to the potential evapotranspiration for 

the locality is known as the Thornthwaite Moisture Index (Fox, 2002). High positive TMI 

values indicate a net surplus of water (humid or wet climate) with higher soil moistures while 

negative values indicate a net deficit of water (an arid climate) with dry soils. Continual 

change of TMI values, from positive to negative, is known as “desertification”. Zero TMI 

indicates that the soil moisture is in balance with environmental conditions (Lopes & Osman, 

2010). Table 2.14 shows the climate classifications for different ranges of TMI values.  
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Table 2.14 Climate Classification based on TMI (Thornthwaite, 1948) 

Climatic Type                           Moisture Index (TMI) 

A Perhumid 100 and above 

B4 Humid 80 to 100 

B3 Humid 60 to 80 

B2 Humid 40 to 60 

B1 Humid 20 to 40 

C2 Moist Subhumid  0 to 20 

C1 Dry Subhumid -20 to 0 

D Semiarid  -40 to -20 

E Arid -60 to -40 

 

2.7.2. TMI and Climate Change 

Since TMI is calculated from annual averages over a long period, they are a reliable 

indication of recent conditions and future soil moisture trends. Sustained significant TMI 

change may indicate a change in climate (Lopes & Osman, 2010). Thus, recent attention has 

been focused upon the significance of climate change for the application of the TMI as a 

useful predictor (McManus et al., 2004).   

Whilst the changes in climate should be evaluated, such an evaluation raises issues that must 

be addressed. One of the increased difficulties that arise is from subdividing climatic history 

into short periods of presumed consistent behaviour. The foregoing discussion has already 

alluded to the difficulties in sourcing sufficiently long climatic/data records at a statistically 

significant number of locations. If the already limited data is further broken down into 

different time intervals, even fewer data points become available as a basis for interpolation. 

This reduces the confidence in any spatial prediction, and makes the significance of climatic 

variations even harder to evaluate. If changes in the TMI are to be used to evaluate the effects 

of climate changes, the comparisons should be limited to actual TMI values calculated for the 

same locations, not interpolations. It is likely that the difference in TMI values arising from 

climate change will be smaller than the differences arising from the use of different PE 

prediction models (Fityus & Buzzi, 2008). 

The calculated TMI values for certain regions based on the specific weather data over certain 

period can be used to produce a map of TMI isopleths for the region. This TMI isopleths map 

can be the basis for the allocation of climatic zones throughout this region (Fox, 2000). These 

climatic zones facilitate the rational estimation of the changes of climate in various specific 
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locations of one region, which in turn can be used in the estimation the potential impact to 

road infrastructure.  

2.7.3. TMI Calculation Method 

2.7.3.1. General 

There are two different methods to calculate the TMI. One technique uses annual average 

values for climate data, and a single calculation of average TMI for the locality. The second 

technique, termed “year-by-year” by Fityus et al. (1998), uses annual climate data and a TMI 

calculation for each year of record, with the mean of all annual TMI figures being the stated 

locality TMI. The former method is more simply calculated but very sensitive to assumed 

values of initial ground water storage and maximum storage. The latter method is much less 

sensitive to these parameters, particularly for long term periods of record. As values of water 

storage for a particular locality are too different to know with confidence, the annual average 

method was deemed too inaccurate, and the year-by-year method is adopted for the present 

exercise (Fox, 2002).  

2.7.3.2. Major Parameters for TMI Calculation 

There are two major components to the calculation of TMI (McKeen, 1993): 

1. Determination of the potential evapotranspiration 

2. Computation of a moisture balance to determine allocations of water deficit and surplus. 

The potential evapotranspiration (PET) of a site is the amount of water that would 

evaporate from the soil and transpire from vegetation if unlimited water was continuously 

available in the soil. Thornthwaite (1948) identified four factors that influence the rate of 

evapotranspiration: climate, soil moisture supply, plant cover and land management. 

Obviously the latter of these two, soil moisture supply, is a major factor, as 

evapotranspiration clearly can only occur if water is present. The importance of the former 

factor, climate, becomes apparent when one recognises that evapotranspiration depends on 

the amount of energy available to provide the latent heat of vaporisation required for 

evaporation to occur (Blight, 1997). Specifically, the critical parameters that affect the PET 

are the amount of solar radiation, which in turn depends on the period of daylight, and the 

mean temperature. The unadjusted monthly PET is defined in Equation 2.7.1-2.7.3 
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I = Sum of monthly heat index values 

49239.001792.00000771.0000000675.0 23  IIIa                                       (2.7.3) 

Where:  

t     mean monthly temperature in Celsius 

I    annual heat index 

i    monthly heat index 

a   coefficient provided by Equation 2.7.3. 

The annual PET is given by the sum of the adjusted monthly PET values as shown in 

Equation 2.7.4 and 2.7.5. 
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PETffamPET  21                                                                                                    (2.7.5) 

 

f1       the fraction of the number of days in a month divided by the average days in a month 

f2       the fraction of the number of daylight hours in a day divided by the base of 12 hours 

Thornthwaite (1948) provides a table of latitudes and daylight correction factors for 

determining f2. Willmott et al. (1985) defines f2 as the duration of daylight in hours on the 

15th (middle) of the month divided by 12 hours. 

Surplus occurs when a precipitation even (for example, extended rainfall) results in water on 

the surface beyond what can be absorbed into the ground because the soil has reached its 

capacity. This surplus will run off and be lost to the local system (Fox, 2002).  



 

74 

 

Deficit occurs when there is less precipitation in the subject period (in the present case, a 

month) than moisture loss through evaporation from the soil and transpiration form 

vegetation. The deficit will reduce, at least initially, the amount of water held in storage in the 

soil (Fox, 2002).  

The calculation of runoff and deficit is based on the water budget concept, which is discussed 

in detail by Strahler (1969) and Mather (1978). The water budget concept is used to 

determine the disposition of water at the locality on a month-by-month basis. For example, 

evapotranspiration will proceed until the water in storage is fully depleted, and the locality 

thereafter will be in deficit until further precipitation occurs; precipitation will replenish 

water storage until storage capacity is achieved and then will run off, producing surplus. 

These figures are calculated for each month and accumulated for the annual TMI calculation. 

The final storage figure for one year becomes the start figure for the succeeding year, and this 

continuity provides the robustness of this year-by-year calculation method (Fox, 2002). 

 

2.7.3.3. Calculation of TMI 

When calculating TMI, of importance are the humidity index (Ih) and aridity index (Ia). 

Expressed as a percentage, the humidity and aridity indexes are respectively defined in 

Equations 2.7.6 and 2.7.7. 
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                                                                                            (2.7.6) 
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AEPET

PET

D
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)(100100 



                                                                                      (2.7.7) 

Where  

S     water surplus,  

D    water deficit 

PET   annual potential evapotranspiration  

AE   actual evapotranspiration 
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Note that potential evapotranspiration is the amount of water that would be returned to the 

atmosphere in a given climate if the soil and vegetation were provided with an unlimited 

supply of freely available water. Note also that actual evapotranspiration is the observed 

amount if moisture is limited, and this will be lower than the potential rate.  

Thornthwaite (1948) found that in an over-all moisture index the humidity index has more 

influence than the aridity index, the latter having only six-tenths the value of the former. 

Therefore, the Thornthwaite Moisture Index (TMI) is defined as in Equation 2.7.8. This 

formula was later revised by Thornthwaite and Mather (1955) to exclude the 0.6 factor to 

give Equation 2.7.9.  

IaIh
PET

D

PET

S
TMI 61.0

60100






 .                                                                               (2.7.8) 

IaIhTMI                                                                                                                      (2.7.9) 

Based on Equation 2.7.9 and assuming that there is no long-term net change in soil storage; 

Mather (1974) developed Equation 2.7.10. Where P is the annual precipitation and PET is the 

annual potential evapotranspiration. This simplification is useful as it avoids the need to 

calculate surpluses and deficits. 









 1100

PET

P
TMI                                                   (2.7.10) 

There have been further revisions of TMI; however Equations 2.7.8 to 2.7.10 are the most 

commonly used.  

2.7.4. Application of TMI Methods in Australia 

Fityus and Buzzi (2008) point out that despite the simplifications of Thornthwaite’s revised 

equation (Thornthwaite & Mather 1955) and Mather (1957) (Equation 2.7.9), most authors of 

TMI isopleth maps of Australia adopt Aichison and Richards (1965) original values or 

calculate new TMI values based on Thornthwaite’s original 1948 Equation 2.7.8, and hence 

the issues arising from assumptions of initial and limiting storage values remain. Fityus and 

Buzzi (2008) further state that major differences in predicted TMI values may arise from the 

many differences in calculation methods used to estimate the potential evapotranspiration and 

also interpolation inconsistencies between data points on TMI maps. 
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Fityus and Buzzi (2008) point out that a significant potential issue arises from the process of 

calculating TMI values using the water balance approach due to the need to employ initial, 

minimum and maximum soil profile storage values. This data seldom if ever exists for a site 

and values must be assumed. Another criticism is the fact that Thornthwaite’s PET Equation 

2.7.1 was based on watershed observations of water loss and measurements from a lysimeter 

in central and eastern United States and therefore may not always give good results elsewhere 

in the world ( Chang, 1959; Mather & Ambroziak, 1986; Oliver, 2005). 

Aitchison and Richards (1965), using monthly rainfall and potential evaporation data, have 

used the Thornthwaite climatic index (see Figure 2.26) to delineate the climatic zones of 

Australia by assuming a hypothetical soil profile with water storage of 100 mm Other 

assumptions made by Aitchison and Richards (1965) were that there was zero runoff and that 

evaporation was equal to potential evapotranspiration (PET) over the whole year. Also of 

note was that potential evapotranspiration was not calculated using Thornthwaite’s method; 

instead methods by Prescott (1949) and Tucker (1954) were used to determine values of TMI 

for more than 600 meteorological stations in Australia. The resulting climatic index map of 

Australia is shown below. 

 

Figure 2.26 TMI map of Australia: taken from Austroads (2004), originally by Aitchison and 

Richards (1965) 

Fityus et al. (1998) used the Thornthwaite Index to provide improved estimates of the depth 

of design moisture change for estimating reactive clay movement in the Hunter Valley in 

New South Wales. Fityus et al. state that the actual calculation method of the TMI has been 

poorly defined and a considerable amount of investigation was needed to get reliable results. 
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Fityus et al. (1998) suggested two approaches to calculate TMI over a given period of time. A 

‘year-by-year’ analysis which uses the average of the calculated unique TMI values for every 

year of the study; or an ‘average year’ analysis which assembled the monthly average 

temperatures and monthly average rainfalls using all existing data and calculated the TMI for 

this single, average year. The study compared Thornthwaite’s 1948 and 1955 equations along 

with different initial soil storage capacities using both approaches. Further, these two 

approaches were then compared with a simplified form of the ‘average year’ analysis using 

the TMI equation outlined by Mather (1974). The results indicated a number of important 

findings: 

 the ‘average year’ analyses are very sensitive to the assumed initial storage with the degree of 

variations in the TMI considered unacceptable and that this approach should be avoided. 

 the ‘year-by-year’ analyses are not significantly affected by assumptions of maximum storage 

and so the approach could be adopted for consistent estimates of TMI. 

 that Thornthwaite’s 1948 and 1955 equations cannot be used interchangeably as the later 

equation predicts more arid conditions.  

 the simplified analysis using Mather’s 1974 equation is very useful as it avoids the need to 

calculate surpluses and deficits meaning the whole water balance approach is avoided.  

While the 1948 equation is the most popular, Fityus et al. state there is no reason to suggest 

that it gives a better climatic index from the revised 1955 equation. Fityus et al. (1998) 

ultimately adopted the 1955 and Mather’s 1974 equation for the primary advantage of 

removing the limitation that only sites with corresponding temperature and rainfall records 

can be analysed. They concluded that TMI has several interpretations and, since the index is 

based on empirical correlations, it is important that the choice of approach is consistent. 

2.7.5. Thornthwaite Moisture Index and Pavement Deterioration 

The influence of climate on the geology is significant enough that engineering geologists 

have established relationships between climatic conditions and the behaviour of soils. Most 

common examples of climatic indices include those developed by Thornthwaite (1948) and 

Weinert (1980). Both these indices express the climate as a function of the rainfall, 

evaporation and the temperature. For pavement, engineering it is a popular method to classify 
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geological regions in terms of climatic conditions rather than pure geology formation 

classifications. The climate is, therefore, a good moderator for the behaviour of material. 

It is widely accepted by highway engineers that the ingress of water to the pavement structure 

of a road is detrimental to its performance.  This is readily apparent in regions that have 

distinct wet and dry seasons, where it is commonly seen that there is a rapid deterioration of  

pavements during  the wet  period with  little  or  no  surface  disintegration during  the  dry  

season. As a result, many road maintenance strategies are aimed at reducing water 

penetration either through the surface or directly into the lower pavement layers. The effect 

of changing moisture  content  on  the  strength  and  other  properties  of  road building  

materials  has  been  the  subject  of  a  great  deal  of  research,  particularly  on laboratory 

samples.  There appears to have been far less study of the in-situ conditions that govern the 

moisture content in different pavement layers and effects on pavement performance of 

strength loss in individual layers. 

Austroads (2004) assesses the impact of climate change on road infrastructure in Australia 

and outlines both 1931 and 1948 Thornthwaite methods ultimately adopting the latter. 

Austroads (2004) adopts the Thornthwaite Moisture Index climate map of Australia from 

Aitchison and Richards (1965) (see Figure 2.7.1) as the base climate. In order to assess the 

future climate for Australia, Thornthwaite index values were calculated from 2010 to 2100 

utilising the CSIRO climate projections, and then interpolated for locations on the National 

Highway System (Cechet, 2007). 

When calculating TMI for Australia, Austroads (2004) uses Russam and Coleman’s (1961) 

assumption of 100 mm initial soil moisture content and assumes an average soil moisture 

capacity (AWC) of 100 mm. The methodology, based on the water balance approach, is 

similar to Thornthwaite and Mather (1957) and is outlined below: 

Step Determinant  

1 Adjusted monthly PET  

2 Monthly precipitation minus adjusted monthly PET (P-PET).  

- Negative values of P-PET represent a potential deficiency of water 

and indicate the amount by which the precipitation fails to supply the 
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potential water needed.  

- Positive P-PET values represent a potential surplus of water and 

indicate the amount of excess water which is available during certain 

periods of the year for soil moisture recharge and runoff. 

3 Accumulated Potential Water Loss (APWL) (the accumulated sum of the 

monthly negative P-PET values in a year. This sum represents the total 

amount of unsatisfied potential evapotranspiration of which the soil has 

been subjected and aids in the computational steps that follow). 

 

4 Soil moisture storage which is less than or equal to AWC.  

- If P-PET is positive, the new soil moisture value is found by 

adding this P-PET term directly to the preceding month’s soil moisture 

value.  

- When the maximum value of AWC is reached, positive P-PET 

values represent excess rainfall available for runoff. 

 

5 Change in Soil Moisture (ΔS). This can be positive or negative but is only 

recorded when the soil moisture is less than AWC. 

 

6 Calculate actual evapotranspiration (AE) as follows: 

a. AE = PET if Precipitation P + ΔS is greater than or equal to PET.  

Or 

b. AE = P + ΔS if Precipitation P + ΔS is less than PET. 

 

7 Moisture surplus S.  

- If monthly precipitation (P) is greater than monthly actual 

evapotranspiration (AE) then use S = P – AE 

 

8 Moisture deficit D. Deficit equals the monthly potential evapotranspiration 

(PET) minus the actual evapotranspiration for a month (AE) (i.e. D= PET 

– AE) 

 

9 Humidity index and aridity index and finally Thornthwaite Moisture Index  
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The above procedure follows Thornthwaite and Mather (1957) which contains a much more 

explicit and clearer outline with the reasoning behind each step explained.  

Fox (2002) calculated the Thornthwaite Moisture Index for 154 sites throughout Queensland 

based on meteorological records for an average period of eighty-eight years and plotted the 

results to give a map of TMI isopleths for the state. The purpose of this was to allocate 

climate zones for the estimation of design depth of soil suction change, which in turn is used 

to calculate surface movement under AS 2970 Residential slabs and footings code. Fox (2002) 

used Thornthwaite’s 1948 equation and mentions the two methods ‘year-by-year’ and 

‘average year’ outlined by Fityus et al. (1998) and adopts the ‘year-by-year’ analysis. The 

assumptions of Aitchison and Richards (1965) regarding runoff and evaporation equalling 

potential evapotranspiration have been avoided. Fox (2002) concludes that using full weather 

data and limited assumptions ensures TMI values are comprehensive and accurate as is 

practical and that TMI values based on limited periods of weather records (less than 20 years) 

should be avoided because of substantial year to year variation. 

2.8. Research Questions 

Given the above information, the research questions that this study seeks to address are: 

What is the prediction of likely change of climate in South East Queensland (SEQ) region for 

the next 100 years? 

How can Highway Development and Management (HDM-4) pavement deterioration models 

be calibrated into SEQ specific climate and road pavement conditions? 

How can pavement deterioration with both the current climate and projected future climate of 

SEQ by modelled by using HDM-4 RD? 

What is the major long-term effect of future climate on flexible pavement deterioration rates 

in the SEQ region?  

What are the possible impacts of climate change on pavement performance in SEQ and the 

associated road networks?  

What is the relationship between climate and deterioration rates for pavement performance? 
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3. CHAPTER 3. RESEARCH METHODOLOGY 

3.1. Introduction 

In this chapter, the methods adopted to study climate change trends and their impacts on 

pavement deterioration rate are described in detail. This chapter consists of four sections. 

After the introduction, the procedure of obtaining climate data is presented in the second 

section. A newly developed Excel based software – Climate Tool is introduced along with the 

procedure of interpreting and processing the climate data initially extracted from the Climate 

Tool for the purpose of this study. This Climate Tool was developed by Austroads in 2010. In 

the third section, an in-depth description of pavement deterioration modelling by using 

HDM-4 is illustrated. Following the definition of the long-term pavement performance 

(LTPP) sites used in this study at present, the model set-up is demonstrated in terms of 

pavement structural, traffic and climate data input required by HDM-4. Next, the modelling 

of deterioration based on current roughness progression and future roughness prediction is 

introduced. In the fourth section, the method of calibrating the most sensitive deterioration 

factor into a local condition of SEQ is presented.  

3.2. Climate Definition  

3.2.1. Climate Tool 

3.2.1.1. General 

An essential first step in this study is the construction of a plausible range of future climate 

conditions as they are one of the main inputs for pavement deterioration models that are 

responsible for calculating the potential impacts of climate change. Therefore, quality climate 

data play a significant role in this study by providing a fundamental basis for investigating 

the impact of future climate on road pavement performance. With access to complete 

historical data, the road pavement/climatic interaction can be better understood. High quality 

climate data is also essential to building, validating and calibrating pavement performance 

models. Quality predictions of future pavement performance are impossible without this 

knowledge of future climatic conditions. However, climate information is inherently difficult 

to collect. Since historical climate data is traditionally obtained at weather stations located 

sporadically around Australia, it is complicated to identify climate data for a point along a 
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road. A more difficult problem is forecasting or simulating future trends due to climate 

change (Austroads, 2010).  

In this study, Austroads Climate Tool is used to obtain historical and projected climate data 

of selected locations in SEQ. In 2010, Austroads developed an Excel based program – 

Climate Tool - which provides easier access to both historical and simulated future data from 

1960 to 2099. The historical data of Climate Tool was retrieved from the Bureau of 

Meteorology database and arranged into a format that allows query retrieval based on GPS 

information. The future climate data is from CSIRO’s prediction based on advanced CSIRO 

Atmospheric Research and various severity scenarios (Austroads, 2010).  

3.2.1.2. Range of Climate Tool Data 

Climate Tool was designed to extract the most common climate data required by a typical 

user. The user can query GPS co-ordinates anywhere from 114.00 to 154.00 for longitude and 

-10.50 to -43.50 for latitude, covering the whole of Australia including Tasmania and 

surrounding islands (Austroads, 2010). 

The selection of common data in Climate Tool was based upon typical pavement 

performance models and climate data highlighted by experts to have an impact on pavement 

performance or design. The full range of data available for extraction is listed as follows: 

    • Thornthwaite Moisture Index (TMI) 

    • Mean daily temperature (ºC) 

    • Mean minimum daily temperature (ºC) 

    • Seasonal minimum daily temperature (ºC) 

    • Monthly minimum daily temperature (ºC) 

    • Yearly maximum daily temperature (ºC) 

    • Seasonal maximum daily temperature (ºC) 

    • Monthly maximum daily temperature (ºC) 

    • Total yearly rainfall (precipitation) (mm) 

    • Total seasonal rainfall (mm) 
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    • Total monthly rainfall (mm) 

3.2.1.3. Climate Data Scenarios 

Climate change scenarios are plausible projections of future climate conditions. As such, they 

contain two major sources of uncertainty: the differences between the projections of different 

climate models, which reflect our incomplete understanding of all of the physical processes 

involved; and the wide variation in predictions of the future amount of greenhouse gases in 

the atmosphere (Walsh et al., 2002). Thus all climate change scenarios give a range of 

projections.  

The range of climate projections from the Austroad Climate Tool are presented as three levels 

of simulated severity. This severity is based on the CSIRO estimates of query of the effects of 

climate change on rainfall and temperature. The three severity levels are lower, average and 

upper. In this study, the upper severity has been chosen in order to investigate the worst case 

of impact of climate on pavement deterioration. Although the severity of climate may have 

relatively small effects on individual pavement performance, it can have a significant effect 

on a road network over its life (Austroads, 2010).  

3.2.2. Climate Data Extracting 

3.2.2.1. Defining GPS locations 

The climate data can be only extracted based on specific GPS co-ordinates. Therefore, the 

GPS locations of different LPTT sites for climate analysis purpose have to be defined firstly.  

Due to the fact that the differences of GPS co-ordinates among the LTPP sites within the 

same city region are minor, an average GPS value of LTPP sites located in the same region is 

adopted for climate analysis of corresponding regions.  

3.2.2.2. Defining Historical Climate 

The historical climate data provided by Climate Tool is between 1960 and 2007. Climate tool 

provides four time periods (1960-2007, 2008-2040, 2041-2070, 2071-2099). This research 

started in 2014 and the available climate data provided by Bureau of Meteorology were 

between 1960 and 2007. The historical data used for this study were calculated by taking 

average of data from 1960 to 2007 so as to define the ‘current’ climate.  
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3.2.2.3. Defining Future Climate 

The simulated climate data given by Climate Tool is from 2008 to 2099. For the purpose of 

this research, the ‘future’ climate will be defined by analysing projections of climate based on 

three different time series in 30-year increments. Climate in a narrow sense is commonly 

defined as the ‘average weather’ over a long period of time. The classical averaging period is 

30 years, as defined by the World Meteorological Organization (WMO) (IPCC, 2007). 

Therefore, these three future climate periods are 2008 to 2040, 2041 to 2070, and 2071 to 

2099.  

3.2.3. Climate Data Processing  

3.2.3.1. General 

With regard to the analysis of road pavement deterioration by using HDM-4 in the later stage, 

the climate data extracted from Climate Tool have to be processed into proper forms as input 

of HDM-4. The major climate inputs required by HDM-4 are: Thornthwaite moisture index 

(TMI), mean annual temperature (MAT), mean monthly precipitation (MMP), and average 

monthly temperature range (MTR). The procedure of climate data processing is described in 

the following sections.  

3.2.3.2. TMI and MAT 

TMI and MAT data can be obtained from Climate Tool database directly. Historical TMI and 

MAT were calculated by taking averages of data from 1960 to 2007. The simulated future 

TMI and MAT were calculated by taking averages of data in 30-year increments from 2008 

to 2099. 

3.2.3.3. MMP 

MMP data requires further processing. Historical monthly precipitation data are presented 

based on every single month of each year from 1960–2007. Therefore, the historical MMP is 

calculated by taking the average of monthly precipitation data from January to December of 

every single year. The simulated future MMP is not provided but only the annual 

precipitation data so that the future MMP is calculated by taking the average of the annual 

data.  
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3.2.3.4. Average Monthly Temperature Range 

MTR is not provided by Climate Tool directly. It is calculated based on maximum mean 

monthly temperature and minimum mean monthly temperature extracted from Climate Tool. 

Firstly, the average of maximum monthly temperature and minimum monthly temperature of 

12 months of every single year from 1960-2007 is calculated respectively. Secondly, the 

difference between maximum and minimum monthly temperature from 1960-2007 is 

calculated based on previous results. The final range of mean monthly temperature is the 

average value of the second step. As the monthly temperature data are only available for 

historical years in the Climate Tool database, the calculated historical mean monthly 

temperature range is also adopted for defining future climate.  

3.2.3.5. Other climate data 

In addition to the above climate data, the HDM-4 deterioration model also requires the 

number of days greater than 32ºC, the duration of the dry season, and the percentage of time 

driven on water-covered roads. These data are not provided by Climate Tool. By applying the 

extreme input data on these items, one can observe that these inputs have very minor effects 

on the deterioration rate. Therefore, a default value of 90 days greater than 32 ºC, 6 months of 

dry season, and 5% of time driven on water-covered roads is adopted for this study.  

3.3. HDM-4 Deterioration Modelling 

3.3.1. General 

The HDM-4 model predicts pavement deterioration as a function of pavement condition, 

traffic loading, environmental effects, and maintenance impacts. In this study, the modelling 

analysis is repeated for road sections with different traffic levels and various initial pavement 

conditions in South East Queensland (SEQ), thereby identifying the deterioration of 

pavements representing different levels of road hierarchy. The pavement condition is 

expressed in terms of pavement strength. The traffic level is expressed in terms of the annual 

average daily traffic (AADT) and the composition of traffic.  

3.3.2. Road Section Characteristics 

A number of different flexible pavement road sections within the SEQ region have been 

selected for HDM-4 pavement deterioration modelling. There, road sections are part of the 

long term pavement performance (LTPP) sites used by Queensland Department of Transport 
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and Main Roads (QTMR) and Local City Councils for their own management purposes. 

Current available data covers LTPP sites in 7 main areas across SEQ including: the Gold 

Coast, Logan, Ipswich, Redland, Brisbane, Caboolture, and Caloundra. Figure 3.1 illustrates 

the locations of these areas in SEQ.  

 

Figure 3.1. Map of SEQ 

These chosen LTPP sites represents a range of typical road hierarchy including highway, 

arterial and local roads. They are defined by a unique set of locations, age, geometric 

characteristics, environmental conditions, traffic loading, and pavement conditions 

respectively.  

Four QTMR LTPP sites located on the Gold Coast and Brisbane have been chosen for 

pavement deterioration analysis as representatives of highway and arterial roads. In addition, 

twelve LTPP sites within the Gold Coast, seventeen LTPP sites within Logan, fifteen LTPP 

sites within Ipswich, nine LTPP sites within Redland, eight LTPP sites within Caboolture, 

and seven LTPP sites within Caloundra have been selected as representatives of local roads 
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throughout the SEQ region. Part of the information of all of these LTPP sites collected from 

QTMR and corresponding local City Councils is summarized and shown in Table 3.1 to 

Table 3.7 below. 

Table 3.1 QTMR LTPP Sites 

LTPP No. Road Name Block Length (m) 

QTMP 1 
Pacific Motorway, Southbound (Smith St 

Interchange, Gold Coast) 
500 

QTMP 2 Samford Sub-Arterial Road (Brisbane) 250 

QTMP 3 Moggill Sub-Arterial Road (Brisbane) 280 

QTMP 4 Mount Cotton Road (Brisbane) 785 

 

Table 3.2 Gold Coast City Council LTPP Sites 

LTPP No. Road Name Block Length (m) 

GCCC 1 Helensvale Road 346 

GCCC 2 Johnston Road 270 

GCCC 3 Dudgeon Drive 650 

GCCC 4 Xanadu Court 435 

GCCC 5 Shaws Pocket Road 1320 

GCCC 6 Robina Parkway 1520 

GCCC 7 Tallai Road 1214 

GCCC 8 Lords Avenue 340 

GCCC 9 Cheltenham Drive 941 

GCCC 10 Studio Drive 860 

GCCC 11 Tallebudgera Drive 386 

GCCC 12 Larch Street 400 

Table 3.3 Logan City Council LTPP Sites 

LTPP No. Road Name Block Length (m) 

LCC 1 Chambers Flat 439 

LCC 2 Browns Plains 556 

LCC 3 Middle 542 

LCC 4 Station 674 

LCC 5 Watland 522 

LCC 6 Service 398 

LCC 7 Passerine 580 

LCC 8 Lawnton 417 

LCC 9 Vansittar 470 

LCC 10 Sports 320 

LCC 11 Demeio 528 

LCC 12 Crest 974 

LCC 13 Muchow 446 

LCC 14 Jalan 328 

LCC 15 Federation 282 

LCC 16 Conifer 458 

LCC 17 Shailer 464 
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Table 3.4 Ipswich City Council LTPP Sites 

LTPP No. Road Name Block Length (m) 

ICC 1 Aster 253 

ICC 2 Commercial 280 

ICC 3 Salsibury 385 

ICC 4 Briggs 298 

ICC 5 Thagoona-Haigslea 295 

ICC 6 Russells 300 

ICC 7 Reif 400 

ICC 8 Southern Amberley 350 

ICC 9 Purga School 550 

ICC 10 Augusta 410 

ICC 11 Roland 605 

ICC 12 Lawrie 255 

ICC 13 Ash 304 

ICC 14 Peak Crossing 250 

ICC 15 Duncan 255 

 

Table 3.5 Redland Shire Council LTPP Sites 

LTPP No. Road Name Block Length (m) 

RSC 1 Starkey 299 

RSC 2 Ney 383 

RSC 3 Ney 303 

RSC 4 Wimbourne 305 

RSC 5 Panorama 434 

RSC 6 Callaghan 367 

RSC 7 Redruth 262 

RSC 8 Shore St. West 483 

RSC 9 Zipfs 476 

 

 

Table 3.6 Caboolture Shire Council LTPP Sites 

LTPP No. Road Name Block Length (m) 

CSC 1 Bruce Hwy East. Service Road 851 

CSC 2 Caboolture River Road 250 

CSC 3 Creek Road 380 

CSC 4 Old Toorbul Point Road 553 

CSC 5 Laver Street 295 

CSC 6 Coolgarra Avenue 273 

CSC 7 Avon Avenue 358 

CSC 8 Pringle 637 
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Table 3.7 Caloundra City Council LTPP Sites 

LTPP No. Road Name Block Length (m) 

CCC 1 Koala 342 

CCC 2 Main 333 

CCC 3 Old Gympie 531 

CCC 4 Bowman 320 

CCC 5 Queen 430 

CCC 6 Burys 346 

CCC 7 Buccleugh 219 

 

3.3.3. HDM-4 Data Input and Initial Model Set-up 

3.3.3.1. Climate data input 

For modelling of any of the above LTPP sites, a series of climatic data are required as the 

input of HDM-4. They are obtained by using Austroads Climate Tool based on specific GPS 

locations and periods of time as described in the previous sections of this chapter. The 

climatic inputs required by HDM-4 are listed as follows: 

• Thornthwaite Moisture Index (TMI) 

• Moisture classification & Temperature classification based on TMI 

• Duration of dry season in months 

• Mean monthly precipitation (MMP) in mm 

• Mean annual temperature (MAT) in ºC 

• Average monthly temperature range in ºC 

• Number of days greater than 32ºC 

• Freeze index (not applicable for SEQ) 

3.3.3.2. Pavement structure and traffic data input 

Input data is required to enable the definition of pavement structure. The data can be 

considered as two categories: pavement strength, and pavement configuration. Besides this, 

several inputs representing the traffic composition must also be taken into account. In this 
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study, despite some of the data being obtainable directly from QTMR and city councils 

without further process, some of them require calculation based on proper equations or 

reasonable judgments. These procedures will be described in detail in Section 5. All the 

pavement structural and traffic inputs generally required are summarized as below: 

• Falling weight deflection (FWD) central deflection at 700kPa load 

• Structural Number (SN) 

• California Bearing Ratio (CBR) 

• Initial roughness 

• Current or last measured roughness 

• Year of construction 

• Vehicle fleet 

• Speed limit 

• Length of the road section  

• Carriageway width  

 • Shoulder width  

• Number of lanes 

• Surfacing thickness 

• Surface type 

• Base thickness (stabilised base only) 

• Resilient modulus of road base (stabilised base only) 

• Annual average daily traffic (AADT) 

• Percent heavy vehicle (%HV) 
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Input for Pavement Strength  

SNP 

Pavement strength is a primary determinant of many pavement structural condition indicators. 

HDM-4 recognises this need through the use of the Adjusted Structural Number (SNP) as a 

modelled measure of pavement strength, but a means is still required for the derivation of 

SNP from FWD deflection data (Loizos et al., 2002). 

The concept of Structural Number (SN) as a parameter for estimating pavement strength was 

developed from the American Association of State Highway and Transportation Official 

(AASHO) Road Test (Highway Research Board, 1961) for pavement design and performance 

purposes. The SN parameter is based on the sum of each of the pavement layer strength 

coefficients (AASHO, 1972) multiplied by its respective pavement layer thickness.  

Modified Structural Number (SNC) is a modification of the SN parameter to include the 

subgrade contribution, SNsg, to pavement strength. The SNsg component estimates a 

negative contribution to pavement strength when the subgrade Californian Bearing Ratio 

(CBR) is less than 3%, and a positive contribution when it exceeds 3%, and is therefore equal 

to the SN when the subgrade CBR is 3%. The SNC was used in the HDM-III to represent the 

pavement strength in predicting performance (Watanatada et al., 1987).  

The SNC was further refined into the adjusted structural number, SNP, in the HDM-4 

(Morosiuk et al., 2001). The parameter SNP uses a weighting factor (Parkman & Rolt, 1997) 

that reduces the contribution to pavement strength of the sub-base and subgrade with their 

increasing depth. This weighting factor was introduced because the strength contribution of 

each layer in the pavement system is independent of depth, with the SNC parameter resulting 

in over-estimates of SNC.  

The SNP can be estimated from pavement surface deflection data measured by any of the 

following typical pavement surface deflection testing devices: Benkelman Beam (BB), 

Falling Weight Deflectometer (FWD), and Deflectograph (DEF). In HDM-4, pavement 

strength can be input as three different forms: 

● FWD data 
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● SN and CBR 

● BB deflection 

Since pavement strength is described in terms of SNP in HDM-4, inputs on any of the above 

forms will be adjusted into SNP by the system.  

In this study, FWD central deflection at an FWD load pressure of 700 Kpa is used for 

majority of the LTPP sites based on the available data. For those sites which do not have the 

FWD data, SN and CBR data are used for analysis.  

Input for Pavement Condition (IRI) 

The pavement condition is expressed in terms of International Roughness Index (IRI). As an 

input for HDM-4 deterioration modelling, the initial IRI are based on NAASRA roughness 

counts. This research referred to Yeaman’s (2002) guideline for pavement roughness which is 

shown in Table 3.8.  

Table 3.8. Guideline for pavement roughness (Yeaman, 2002) 

Type of pavement Traffic Roughness (NAASRA counts) 

New construction Arterial < 50 

New construction Residential < 60 

 

These NAASRA counts were then converted into the IRI values by using the following 

equation: 

               NAASRA = 26.49 × IRI – 1.27                                                                              (3.1) 

Where: 

           NAASRA = Roughness level measured by NAASRA model (counts/km) 

           IRI = International roughness index in m/km 

The initial roughness for this study adopted a 50 NAASRA for arterial road and a 55 

NAASRA for residential road. They are calculated into IRI value as 1.93 and 2.13 

respectively.  

Input for Traffic 
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Vehicle fleet 

The vehicle fleet is a list of vehicles that could be expected to be found on a road network. 

Various detailed vehicle operating information is required for each vehicle which effectively 

describes how the vehicle will behave and interact with the road (Austroads, 2004a). In 

defining the vehicle fleet, four categories are used in the HDM-4 analysis. That is: 

• 3 axle vehicles (trucks and buses) 

• 6 axle vehicles (articulated trucks) 

• B-Double (road trains) 

• Passenger cars 

Based on the fact that the number of heavy vehicles is the most critical since they contribute 

much more to pavement deterioration than passenger cars, the above categories could be 

further classified into two traffic types: heavy vehicles and passenger cars by combining the 

sum of 3 axle, 6 axle and B-Double vehicles as heavy vehicle.  

AADT 

In HDM-4 the traffic flow pattern is represented in terms of the Average Annual Daily 

Traffic (AADT) which is defined as the amount or percentage of traffic expected over a 

certain amount of time per day. The collected AADT data involving multiple lanes were 

measured at approximately 10 to 20 year after the construction of the roads. For the purpose 

of this study, the AADT data need to be further processed based on the traffic growth rate and 

traffic lane distribution factor. 

All of the chosen LTPP sites are located at the outer lane of a road section, while the AADT 

data represent the total traffic of all lanes. Therefore, the AADT data as an input of HDM-4 

need to be distributed into the traffic volume over the outer lane according to the lane 

distribution factors. Table 3.9 shows the Lane Distribution Factor provided by Austroads  

Pavement Design Guide (2004b), within which, the left lane data are adopted as the outer 

lane traffic.  
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Table 3.9. Typical Lane Distribution Factors for carriageways (Austroads, 2004b) 

Lane Distribution Factor (LDF) 

Location Lanes each direction Left lane Centre lane Right lane 

Rural 
2 lane 1.00* N/A 0.5 

3 lane 0.95 0.65 0.30 

Urban 
2 lane 1.00* N/A 0.5 

3 lane 0.65 0.65 0.5 

Note. *This value is the suggested limit for a lane and may be reduced 

Moreover, the outer lane AADT data have to be back calculated to the initial AADT data 

which represents the traffic volume when the road section was first constructed. The initial 

AADT data are needed as the input for modelling the pavement deterioration of road sections 

from the first year after they were opened to traffic. As the collected traffic volume data are 

measured at some time after construction, traffic growth per year is required for the back 

calculation. The provided traffic growth data for different LTPP sites are tabulated as below: 

Table 3.10. Traffic Growth Rate per year (%) ( QTMR, ; DTMR, 2004; Soward, 2005) 

LTPP Site M1 Samford Moggill Mt Cotton Other local roads 

Traffic Growth 8.5 -0.57 3.9 5.3 3 

 

3.3.4. Modelling of Roughness Progression 

After definition of all the inputs for each pavement, a dynamic model system is established 

incorporating inter-action between pavement strength, pavement condition, surface condition, 

traffic loading etc. This model predicts pavement performance over a continuous period of 

time in accordance with the many various inter-active influences.  

The investigation of current pavement roughness progression is carried out based on the 

average current climate from 1960 to 2007. The prediction of future roughness progression is 

carried out based on three different periods between 2008 and 2099. As outlined in the 

previous section, the future climate was projected for every 30 years in terms of the definition 

of climate and the typical pavement life cycle. However, when considering pavement 

performance and maintenance cost, the first 15 years of pavement life is the most crucial as it 

is the period before pavement condition deteriorates to fair condition. A focus on the first 15 
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years of pavement life cycle leads to reduced cost and extended use of life of pavement 

(Akyildiz, 2008). Therefore, the future pavement deterioration was analysed for the first 15 

years of every 30-year period, (i.e., 2008 to 2025, 2041 to 2055, and 2071 to 2085).  

3.4. Calibration into Local Condition  

Due to the significant differences in traffic, economic, and environmental conditions during 

different time periods and between the specific regions, the HDM-4 model is calibrated into 

the region where it is to be used to ensure the model represents the actual deterioration as 

accurate as possible. In this study, the calibration is carried out at level I for basic application 

(Bennett & Paterson, 2002). The most sensitive factor in road deterioration, (i.e., the Kgm) 

will be calibrated for the chosen LTPP sites. The initial deterioration factors applied for 

current roughness progression modelling are based on the latest study for the SEQ region 

conducted by Chai et al. (2010), and shown in Table 3.11.  

Table 3.11. Initial deterioration factors for SEQ (Chai et al., 2010) 

Calibration factor Kci Kcp Krv Kgm Kpp Krp Kgp 

 1.10 0.20 6.00 1.10 0.80 1.00 1.00 

 

The calibration procedure primarily involves comparing the last measured roughness with the 

predicted roughness corresponding to the year of the last measurement produced from the 

HDM-4 deterioration modelling carried out at the previous step. As IRI is the indicator of 

pavement deterioration rate, the modelled IRI is adjusted by changing the initial Kgm 

repeatedly until it is identical or utmost close to the actual IRI. The actual IRI is calculated by 

equation 3.2 based on provided pavement data.  

                                                                              (3.2) 

3.5. Summary of Research Procedure 

After the calibration, the adjusted deterioration factor, Kgm, is applied to the model based on 

future climate again so as to refine the pavement deterioration progression analysis. Figure 

3.2 illustrates the procedure of this research in a flow chart.  
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Figure 3.2. Flow chart of research method procedure 
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4. CHAPTER 4. CLIMATE DATA RESULTS 

4.1. Introduction 

In this chapter, some preliminary results related to climate are presented by summarised data 

and graphs with necessary discussion. The climate analysis was achieved by studying the 

historical climate record and projected future climate data based on Austroads Climate Tool. 

Seven different locations across SEQ typically representing SEQ area were chosen for this 

study. This chapter consists of four sections. Following the introduction, the current climatic 

situation identified based on historical climate from 1960 to 2007 is described in Section two. 

Next, the projected climate change trends up to 2099 are illustrated in the third section. In the 

last section, the general long-term trend of climate change in SEQ for the next 100 years is 

illustrated by graphs.  

4.2. Current Climate Analysis Results 

In order to obtain historical climate data by using Austroads Climate Tool, GPS co-ordinates 

of targeted locations are required. A summary of GPS co-ordinates identified at the first stage 

of this study are shown in Table 4.1; these were also used for projecting future climate trends.  

Table 4.1. GPS Co-ordinates of LTPP Sites 

GPS Longitude Latitude 

Gold Coast 153.346 -27.946 

Logan 153.090 -27.769 

Brisbane 152.900 -27.500 

Ipswich 152.758 -27.614 

Redland 153.215 -27.623 

Caboolture 152.963 -27.079 

Caloundra 153.124 -26.804 

 

Table 4.2 shows the current climate of SEQ in terms of Thornthwaite Moisture Index, annual 

rainfall, annual temperature, mean monthly maximum and mean monthly minimum 
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temperatures. Corresponding graphs of current climate analysis are illustrated in Appendix A. 

This result was obtained based on the historical climate data between 1960 and 2007. 

According to the Thornthwaite Moisture Index classifications by Thornthwaite (1948) and 

HDM-4 (Odoki & Kerail, 2000), the historical climate study results indicate the current 

climate of SEQ as being humid.  

Table 4.2. Summary of SEQ Current Climate (1960-2007) 

 
Gold 

Coast 
Logan Brisbane Ipswich Redland Caboolture Caloundra 

Thornthwaite 

Moisture Index 
52.3 44.60 63.20 62.37 53.19 68.89 68.01 

Mean Annual 

Temperature 

(°C) 

20.08 20.70 20.06 19.89 20.43 20.81 21.15 

Mean Monthly 

Precipitation 

(mm) 

112.5 107.85 127.10 124.95 115.78 137.92 138.24 

Mean 

Temperature 

Range (°C) 

9.75 8.17 9.54 9.84 8.62 9.34 7.64 

 

4.3. Future Climate Analysis Results 

Table 4.3 to Table 4.9 demonstrate the summaries of future climate of the seven targeted 

locations during the period from 2008 to 2099 in 30-year increments. Appendix B shows the 

relevant graphs of future climate results.  
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Table 4.3. Gold Coast Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
52.3 26.7 14.9 4.0 

Mean Annual 

Temperature (°C) 
20.08 21.5 22.5 23.5 

Mean Monthly 

Precipitation (mm) 
112.5 81.64 57.5 34.9 

Mean Temperature 

Range (°C) 
9.75 9.75 9.75 9.75 

 

Table 4.4 Logan City Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
44.60 15.84 7.21 -1.16 

Mean Annual 

Temperature (°C) 
20.70 21.93 23.39 24.79 

Mean Monthly 

Precipitation (mm) 
107.85 71.38 50.94 31.80 

Mean Temperature 

Range (°C) 
8.17 8.17 8.17 8.17 

 

Table 4.5 Ipswich City Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
62.37 41.07 20.15 -0.11 

Mean Annual 

Temperature (°C) 
19.89 21.13 22.65 24.12 

Mean Monthly 

Precipitation (mm) 
124.95 93.83 62.72 34.00 

Mean Temperature 

Range (°C) 
9.84 9.84 9.84 9.84 
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Table 4.6. Redland Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
53.19 38.70 24.68 11.09 

Mean Annual 

Temperature (°C) 
20.43 21.73 23.16 24.59 

Mean Monthly 

Precipitation (mm) 
115.78 91.26 64.63 38.85 

Mean Temperature 

Range (°C) 
8.62 8.62 8.62 8.62 

 

Table 4.7. Brisbane Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
63.20 51.20 28.10 6.40 

Mean Annual 

Temperature (°C) 
20.06 21.27 22.80 24.20 

Mean Monthly 

Precipitation (mm) 
127.10 102.36 68.90 37.53 

Mean Temperature 

Range (°C) 
9.54 9.54 9.54 9.54 

 

Table 4.8 Caboolture Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
68.89 62.77 42.60 17.76 

Mean Annual 

Temperature (°C) 
20.81 21.48 22.56 23.64 

Mean Monthly 

Precipitation (mm) 
137.92 118.30 74.14 42.47 

Mean Temperature 

Range (°C) 
9.34 9.34 9.34 9.34 

 

 

 

 

 



 

101 

 

Table 4.9 Caloundra Climate Summary 

 
Current Climate 

(1960-2007) 

Future Climate 

(2008-2040) 

Future Climate 

(2041-2070) 

Future Climate 

(2071-2099) 

Thornthwaite 

Moisture Index 
68.01 61.85 41.45 21.72 

Mean Annual 

Temperature (°C) 
21.15 21.88 22.91 23.89 

Mean Monthly 

Precipitation (mm) 
138.24 113.22 77.41 43.86 

Mean Temperature 

Range (°C) 
7.64 7.64 7.64 7.64 

 

It should be noted that mean temperature range is the area of temperature variation between 

upper temperature and lower temperature limits. In this study, it is assumed that the mean 

temperature range is as same as historical mean temperature range. Table 4.3 to 4.9 showed 

that climate change has significantly affected mean annual temperature, but the temperature 

range do not depends on the mean annual temperature. 

According to the above results, the values of the future Thornthwaite Moisture Index of all 

the seven targeted locations indicate a decreasing trend in overall moisture conditions, with a 

decreasing trend in mean monthly precipitation, which could further confirm the decrease of 

Thornthwaite Moisture Index.  

4.4. Trends of Climate Change of SEQ 

Once the current climate is identified and future climate is analysed, the general trend in 

climate changes over a long period of time can be determined. As shown in Figure 4.1, 4.2 

and 4.3, the future trends indicate a move from humid to drier sub-humid conditions within 

the next century. The trend in mean temperature is slowly increasing. This confirms the 

literature review findings of expected increases in temperature and decreases in precipitation 

for South East Queensland.  
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Figure 4.1. Mean Monthly Precipitation trends of SEQ from 1960 to 2099 

 

 

Figure 4.2. Mean Annual Temperature trends of SEQ from 1960 to 2099 
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Figure 4.3. Thornthwaite Moisture Index trends of SEQ from 1960 to 2099 
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5. CHAPTER 5. ROAD DATA COLLECTION 

5.1. Introduction 

Chapter 5 provides the procedure for road rating system. This part introduced the main types 

of pavement defect (Cracking, Rutting…) and how to rate defect condition. In my planning of 

future study, I would like to compare the data variation between real road and HDM-4 

modelling and analysis the causes. The structure of the research is to determine the climate 

data and pavement defect data to discuss the linkage between them. It required additional 

time to collect further data. Due to the time constraint in the candidate’s program of study, 

the rate pavement defects is recommended to be completed it in future study. The following 

equipment is required in this study: 

 Vehicle.  

 GPS 

 Road rating forms 

 Tape measure 

 

Figure 5.1. The vehicle for this study 
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The location of start and end points for each rating segment is described by reference to the 

ROADLOC system. 

ROADLOC comes from ROAD LOCATION. It is locating system for the Roads and Traffic 

Authority’s (RTA) classified roads. In the ROADLOC system, every road has a road number 

and prescribed direction. 

5.2. Procedure for rating 

The road is first driven and divided into segments that are uniform along their length but may 

vary in treatment history and current condition across their width. Using the ROADLOC 

system, this information is coded and entered in the “Identification Data” area on the Data 

Entry Form. The defined segments are then rated separately to assess their average condition. 

Within individual segments, each “Rated Lane Group” (either one or two) is then driven in a 

slow-moving vehicle to rate those items assessed over the total trafficable area of the group. 

Information is recorded on the appropriate field worksheet for calculation and transfer to the 

“Condition Data” area on the Data Entry Form. 

It is recommended that the condition of items in each “Rated Lane Group” be assessed on one 

side of the roadway at a time. The side being travelled should be the one assessed and the 

opposite side assessed on the return pass. This enables more accurate condition assessment, 

calculation of affected areas and is safer. 

It is suggested that initially, a number of passes be undertaken to assess the condition of items 

rated over the total trafficable area of the “Rated Lane Group”. However, with experience and 

depending upon pavement condition and traffic volumes, a “Rated Lane Group” can be 

properly rated with a single pass in each direction. 

The items rated in this way are: 

 Patches 

 Local Surface Defects 

 Pavement Cracking 

 Pavement Rutting 

Where a Uniform (U) segment has been driven slowly in both directions, a single lane 50 m 

gauging length, representative of the average condition of the “Rated Lane Group”, can be 

selected with more objectivity. When the single lane 50 m gauging length is selected, 
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information is gathered and calculated for entry into the “Descriptive Data” area on the Data 

Entry Form. 

The descriptive data includes: 

 Pavement Type (F/R) 

 Surface Type (FS/US/AC/C) 

 Total Segment Length  

 Width:  

 Formation (FW) 

 Pavement (PW) 

 Trafficable (TW) 

 Trafficable Area (TW×L) 

5.2.1. Patches 

5.2.1.1. General 

For rating purpose, a patch is defined as a successfully executed permanent repair. It provides 

a surface condition equivalent to the surrounding pavement surface and provides a waterproof 

seal over its surface and around its perimeter. A road with a patch has no defects and can be 

rated as being brand new. However, a repaired road is probably older and more likely to fail 

again than a brand-new road. Therefore, to rate the successful patches could improve the 

understanding of the likely life of the remainder of the pavement in that segment. There is no 

limit to the size of a patch which means that all sizes of patch should be rated. 

5.2.1.2. Method 

The total area of patching is assessed over the total trafficable area of each “Rated Lane 

Group” (RLG). The patching is rated according to the areas affected within the trafficable 

area over the total trafficable area of each “Rated Lane Group” (RLG) and expressed as a 

percentage. The following equation describes the method to calculate the road condition data. 
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The appropriate condition score is then assigned 

Condition 

Score 
Description 

1 <1% affected area in the Rated Lane Group total trafficable area  

2 1 - <5% affected area in the Rated Lane Group total trafficable area 

3 5 - <10% affected area in the Rated Lane Group total trafficable area 

4 10 - 20% affected area in the Rated Lane Group total trafficable area 

5 >20% affected area in the Rated Lane Group total trafficable area 

-1 Not Applicable (i.e., when assessing a rigid pavement) 

 

5.2.2. Local Surface Defects 

5.2.2.1. General 

Local surface defects are localised failures which contribute to the breakdown of the surface 

condition. This includes temporary or unsuccessful patches, shoving, localized rutting or 

cracking, potholes or any other localised condition which will contribute to surface and 

pavement failure. Many of the rated defects will be fixed in a matter of weeks and the rated 

defects condition will indicate important information for long-term determination of 

maintenance strategies. It provides a good indication of the general health of the pavement. 

5.2.2.2. Method 

The total area of surface defect is assessed over the total trafficable area of each “Rated Lane 

Group” (RLG). These surface defects are rated according to the areas affected within the 

trafficable area over the total trafficable area of each “Rated Lane Group” and expressed as a 

percentage. The method to calculate the road condition data is as same as the methods of 

patches. 
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5.2.3. Pavement Cracking 

5.2.3.1. General  

Cracking is the indicator of surface failure in flexible pavements. Road pavements are 

designed assuming that the moisture content will remain constant. However, moisture will 

enter the cracked pavement surface and the design assumption will be void. It should be 

noted that the deterioration of pavements will be accelerated when the road is cracked. 

Cracking is one of the most frequent forms of distress and one of the most significant. It is 

therefore important to measure the cracking of a road. 

5.2.3.2. Method 

Pavement cracking in the selected lane is inspected on foot and rated according to three 

factors: 

 The predominant type of cracking 

 The severity of distress as indicated by crack width 

 The extent of distress as indicated by the affected area 

The predominant type of cracking should be recorded as one of three types of cracking: 

Longitudinal Cracking, Transverse Cracking and Crocodile Cracking. 

Longitudinal Cracking is cracking running longitudinally along the pavement. It may be 

wandering in planned locations to some extent, but is approximately parallel to the road 

centreline and does not exhibit strongly developed transverse branches. 

Transverse Cracking is cracking running transversely across the pavement. The length of 

such cracks should exceed 0.6m in order to be significant for rating purposes. 

Crocodile cracking is the cracking consisting of interconnected or interlaced cracks forming a 

series of small polygons resembling a crocodile hide. 

The codes used to identify cracking types are shown below. 
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Cracking Type Cracking Code 

Longitudinal Cracking L 

Transverse Cracking T 

Crocodile Cracking C 

 

Severity of cracking is rated according to the predominant average crack width as measured 

with Crack Width Scale and using the Flexible Pavement marks. 

The severity of distress scale is: 

Severity Severity Code Description 

Slight S < 2mm average crack width 

Moderate M 2mm - 5mm average crack width 

Extreme X > 5mm average crack width 

 

Extent of cracking is rated according to the total area of cracking within the gauging length 

over the total area of the 50m gauging length of each “Rated Lane Group” and expressed as a 

percentage. 

Total Area of Cracking= Longitudinal Cracking + Transverse Cracking +Crocodile Cracking 

Longitudinal Cracking=L×0.3 

Transverse Cracking=W×0.3 

Crocodile Cracking= L×W 

                    
                           

                             
     

 
                           

                              
      

The appropriate distress score is then assigned 

The extent of distress scale is: 
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Distress Score Description 

0 
Insignificant area affected, less than 1% affected area in the 50m 

gauging length area 

1 1 - 5% affected area in the 50m gauging length area 

2 5 - 15% affected area in the 50m gauging length area 

3 >15% affected area in the 50m gauging length area 

-1 Not Applicable (i.e., when assessing a rigid pavement) 

 

5.2.4. Pavement Rutting 

5.2.4.1. General  

Rutting is defined as a longitudinal depression that forms in the wheel paths of a road under 

traffic loading. It is sometimes associated with shoving of the adjacent pavement. Rutting is 

one of the principal ways in which a road fails. Measurement of rutting gives a direct 

indication of the structural condition of the road. A rutted road will usually require a major 

treatment.  

5.2.4.2. Method 

Severity of rutting is rated according to the average rut depth. The average rut depth can be 

calculated by the following equation. 

                       
                   

                    
 

The severity of distress scale is: 

Severity Severity Code Description 

Slight S < 10mm average rut depth 

Moderate M 10mm - 20mm average rut depth 

Extreme X > 20mm average rut depth 

 



 

111 

 

To rate the extent of distress, the area within the 50m gauging length which is affected by 

rutting equal to or greater than 5mm is expressed as a percentage of the 50m gauging length 

total area.  

To simplify the calculation of extent, it is assumed that rutting extends over the 10m length 

between measurements and that the wheel path is 1.2m in width and the lane sampled is 

typically 3.6m wide. On the basis of the gauging length being five 10m segments, these 

dimensions result in a coefficient of 6.6% which converts the number of rut measurements 

used in the calculation to a percentage of rutting over the 50m gauging length area. 

Extent of Rutting=Number of readings≥5mm ×6.6% 

The appropriate distress score is then assigned 

The extent of distress scale is 

Distress Score Description 

0 
Insignificant area affected, less than 10% affected area in the 50m 

gauging length area 

1 10 - 15% affected area in the 50m gauging length area 

2 15 - 20% affected area in the 50m gauging length area 

3 >20% affected area in the 50m gauging length area 

-1 Not Applicable (i.e., when assessing a rigid pavement) 
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6. CHAPTER 6. HDM-4 RESULTS ANALYSIS AND 

DISCUSSION 

6.1. General 

This chapter presents the results of:  

 The HDM-4 deterioration model calibration for all 16 LTPP sites;  

 The projected climate change trends for South East Queensland up to the year 2099; 

 The changes in the rate of pavement deterioration under projected future climate of 

SEQ up to the year 2099 without increases in traffic; 

 The changes in the rate of pavement deterioration under projected future climate of 

SEQ up to the year 2099 with increases in traffic; 

 A relationship between Thornthwaite Moisture Index and flexible pavement 

deterioration rates derived from this study;  

 Extreme rainfall events on pavement deterioration. 

These results and associated discussion will meet the project objectives of: 

 Calibrating deterioration models to SEQ road conditions; 

 Modelling pavement deterioration with both the base climate and projected future 

climate of SEQ; 

 Determining the effect of future climate on flexible pavement deterioration rates, 

 Improving pavement performance prediction due to extreme rainfall events;  

 Providing better understanding of expected climate changes in SEQ and associated 

impact on road networks. 

6.2. Calibration results under current climate 

Calibration of deterioration models within HDM-4 representing the 16 LTPP sites was 

achieved by altering the most sensitive, heavily weighted calibration factor Kgm. 

Theoretically a linear relationship exists between Kgm and the rate of deterioration (IRI/year). 

Table 6.1 and 6.2 show the Kgm factors used to achieve the desired deterioration rate of each 

LTPP site. Figure 6.1 then plots these factors with their respective deterioration rates. 
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Table 6.1 QTMR LTPP site Kgm calibration values 

QTMR LTPP site Deterioration rate (IRI/year) Calibration factor Kgm 

M1 Pacific Motorway 0.038 0.4 

Samford Road 0.084 1.08 

Moggill Sub-Arterial Road 0.057 0.89 

Mt Cotton Road 0.105 1.3 

 

Table 6.2.GCCC LTPP site Kgm calibration values 

GCCC LTPP site Deterioration rate (IRI/year) Calibration factor Kgm 

Helensvale Road 0.117 1.3 

Johnston Street 0.154 1.48 

Dudgeon Drive 0.141 1.32 

Xanadu Court 0.161 1.76 

Shaws Pocket Road 0.124 1.15 

Robina Parkway 0.018 0.13 

Tallai Road 0.151 1.58 

Lords Avenue 0.124 1.43 

Cheltenham Drive 0.071 0.63 

Studio Drive 0.048 0.43 

Tallebudgera Drive 0.095 1.17 

Larch Street 0.175 1.65 

 

 
Figure 6.1. QTMR and GCC LTPP site HDM-4 calibration to SEQ current climate 

For this project, an R
2
 value of 0.9432 indicates good and acceptable calibration results. 

6.3. Climate Results 

Appendix C shows the output graphs from the Austroads Climate Tool of Thornthwaite 

Moisture Index, annual rainfall, annual temperature, mean monthly maximum and mean 
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monthly minimum temperatures. A summary of the required inputs to define climate in 

HDM-4 are provided in Table 6.3 and 6.4. 

Table 6.3. Gold Coast Current and Future Climate Inputs from Austroads Climate Tool data 

GPS: Long: 153.34, Lat: -27.94 
Current 

Climate 
Future Climate 

Gold Coast Climate Periods 1960 – 2007 2008 – 2040 2041 – 2070 2071 - 2099 

HDM-4 Moisture Classification Humid Humid Sub-humid Sub-humid 

Thornthwaite Moisture Index 52.3 26.7 14.9 4 

Mean annual temperature (°C) 20.08 21.5 22.5 23.5 

Mean monthly precipitation (mm) 112.5 81.64 57.5 34.9 

Mean temperature range (°C) 9.75 9.75 9.75 9.75 

 

Table 6.4. Brisbane Current and Future Climate Inputs from Austroads Climate Tool data 

GPS: Long: 152.90, Lat: -27.50 
Current 

Climate 
Future Climate 

Brisbane Climate Periods 1960 – 2007 2008 – 2040 2041 – 2070 2071 - 2099 

HDM-4 Moisture Classification 63.2 Humid Humid Sub-humid 

Thornthwaite Moisture Index 20.06 51.2 28.1 6.4 

Mean annual temperature (°C) 127.1 21.27 22.8 24.2 

Mean monthly precipitation (mm) 9.54 102.36 68.9 37.53 

Mean temperature range (°C) 63.2 9.54 9.54 9.54 

 

The future values of Thornthwaite Moisture Index for both Brisbane and Gold Coast indicate 

a decreasing trend in overall moisture conditions, confirmed by the decreasing trend in mean 

monthly precipitation. Thornthwaite Moisture Index classifications by Thornthwaite (1948) 

and HDM-4 (Odoki & Kerali, 2000) indicate that the historical climate (1960–2007) of the 

Gold Coast and Brisbane is humid and that future trends indicate a move to drier sub-humid 

conditions within the next century. The trend in mean temperature is slowly increasing. This 

confirms the literature review findings of expected increases in temperature and decreases in 

precipitation for South East Queensland. 

6.4. Future pavement deterioration due to climate only 

Once calibration of deterioration models under current SEQ climate is achieved and future 

climate data is determined, the analysis of deterioration rates under future climate can 

proceed. For the first analysis, future pavement deterioration rates due to climate changes 

only will be examined. The analysis for each LTPP site is started at the year of completed 

construction (age 0) and run 15 years from this year for each climate period. Traffic volumes 
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have been back calculated based on measured current AADT and annual growth rates. The 

traffic volumes and growth for each 15-year period under each climate period remains the 

same. The analysis is run four times under current and future climate periods up to the year 

2099.  

Table 6.5 QTMR Pavement and Traffic Data 

LTTP Site Name 
Pacific 

Motorway 

Samford 

Sub-

Arterial 

Road 

Moggill 

Sub-

Arterial 

Road 

Mt 

Cotton 

Road 

QTMR No 1 2 3 4 

Region South Coast Metro Metro Metro 

Chainage 46.80-47.30 4.25-4.50 11.34-11.62 2.80-3.585 

Age at 2010 (years) 10 12 11.5 2 

Length of test section (m) 250 250 250 250 

Carriageway width (m) 3.5 3.5 3.5 3.5 

Shoulder width (m) 1 1 1 1 

Speed limit (km/hr) 110 70 80 80 

Surfacing thickness (mm) 235 125 175 115 

Surface Type 
Asphaltic 

Concrete 

Asphaltic 

Concrete 

Asphaltic 

Concrete 

Asphaltic 

Concrete 

FWD central deflection at 700 kPa 

(mm) 
- 0.6 0.3 0.62 

Year of Construction 2000 1998 1999 2008 

Base type Stabilised Granular Granular Granular 

CBR (%) 10 - - - 

Base thickness (mm) 200 - - - 

Resilient modulus of road base (GPa) 1 - - - 

Initial roughness (IRI) 0.67 1.70 1.50 1.00 

Current roughness (IRI) 1.05 2.71 2.16 1.21 

AADT at 2010 (one direction) 65 600 12930 5785 5774 

Heavy Vehicles (%) 8.7 3.76 8.88 5.33 

Traffic Growth (%/year) 8.5 -0.57 3.9 5.3 
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Table 6.6 QTMR1 Pacific Motorway deterioration 

 

 
Figure 6.2. QTMR1 Pacific Motorway deterioration rates under current and future climate 

periods (traffic growth and volumes same for current and future climates) 
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Year Current 2008-2040 2041-2070 2071-2099 

0 2000 0.67 0.67 0.67 0.67 

1 2001 0.73 0.73 0.73 0.73 

2 2002 0.8 0.8 0.8 0.8 

3 2003 0.83 0.83 0.82 0.82 

4 2004 0.85 0.85 0.84 0.84 

5 2005 0.88 0.88 0.87 0.87 

6 2006 0.91 0.91 0.9 0.89 

7 2007 0.94 0.94 0.93 0.92 

8 2008 0.98 0.97 0.95 0.95 

9 2009 1.01 1.01 0.99 0.98 

10 2010 1.05 1.04 1.02 1.01 

11 2011 1.09 1.08 1.05 1.05 

12 2012 1.13 1.12 1.09 1.08 

13 2013 1.17 1.16 1.13 1.12 

14 2014 1.22 1.21 1.17 1.16 

15 2015 1.27 1.26 1.21 1.2 
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Table 6.7 QTMR2 Samford Sub-Arterial Road deterioration 

 

 
Figure 6.3. QTMR2 Samford Sub-Arterial Road deterioration rates under current and future 

climate periods (traffic growth and volume same for current and future climates) 
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Year Current 2008-2040 2041-2070 2071-2099 

0 1998 1.7 1.7 1.7 1.7 

1 1999 1.8 1.8 1.8 1.79 

2 2000 1.94 1.93 1.93 1.92 

3 2001 2.02 2.02 2.01 1.99 

4 2002 2.1 2.1 2.1 2.06 

5 2003 2.19 2.19 2.19 2.13 

6 2004 2.28 2.28 2.28 2.21 

7 2005 2.38 2.37 2.37 2.28 

8 2006 2.47 2.47 2.46 2.36 

9 2007 2.57 2.57 2.56 2.45 

10 2008 2.68 2.68 2.67 2.53 

11 2009 2.79 2.79 2.78 2.62 

12 2010 2.9 2.9 2.89 2.71 

13 2011 3.02 3.02 3.01 2.81 

14 2012 3.15 3.14 3.13 2.9 

15 2013 3.27 3.27 3.25 3 
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Table 6.8 QTM3 Moggill Sub-Arterial Road deterioration 

 Year Current 2008-2040 2041-2070 2071-2099 

0 1999 1.5 1.5 1.5 1.5 

1 2000 1.56 1.56 1.56 1.56 

2 2001 1.65 1.65 1.65 1.64 

3 2002 1.7 1.7 1.7 1.68 

4 2003 1.75 1.75 1.75 1.73 

5 2004 1.81 1.81 1.81 1.77 

6 2005 1.86 1.86 1.86 1.82 

7 2006 1.92 1.92 1.92 1.86 

8 2007 1.97 1.97 1.97 1.91 

9 2008 2.03 2.03 2.03 1.96 

10 2009 2.09 2.09 2.09 2.01 

11 2010 2.16 2.16 2.16 2.06 

12 2011 2.22 2.22 2.22 2.11 

13 2012 2.29 2.29 2.29 2.16 

14 2013 2.36 2.35 2.35 2.22 

15 2014 2.43 2.43 2.42 2.28 

 

 
Figure 6.4. QTM3 Moggill Sub-Arterial Road deterioration rates under current and future 

climate periods (traffic growth and volume same for current and future climates) 
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Table 6.9.QTM4 Mt Cotton Sub-Arterial Road deterioration 

 Year Current 2008-2040 2041-2070 2071-2099 

0 2008 1 1 1 1 

1 2009 1.09 1.09 1.09 1.09 

2 2010 1.22 1.22 1.21 1.2 

3 2011 1.29 1.28 1.28 1.26 

4 2012 1.36 1.36 1.35 1.32 

5 2013 1.44 1.43 1.43 1.39 

6 2014 1.52 1.52 1.51 1.45 

7 2015 1.61 1.6 1.6 1.53 

8 2016 1.7 1.69 1.68 1.6 

9 2017 1.8 1.79 1.78 1.68 

10 2018 1.9 1.89 1.88 1.77 

11 2019 2.01 2 1.99 1.86 

12 2020 2.13 2.12 2.11 1.95 

13 2021 2.26 2.25 2.23 2.05 

14 2022 2.39 2.38 2.36 2.16 

15 2023 2.53 2.52 2.5 2.27 

 

 
Figure 6.5. QTMR4 Mt Cotton sub-arterial road deterioration rates under current and future 

climate periods (traffic growth and volume same for current and future climates) 
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Figure 6.6. GCCC current climate deterioration 

 
Figure 6.7. GCCC year 2008-2040 climate deterioration 
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Figure 6.8. GCCC years 2041-2070 climate deterioration 

 
Figure 6.9. GCCC years 2071-2099 climate deterioration 
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Figure 6.10. GCCC1 Helensvale local road deterioration rates under Gold Coast current 

and future climate periods (traffic growth and volume same for current and future climates) 

 

Figures 6.2-6.9 show the trend of deterioration rates under future 30-year climate periods up 

to the year 2099 for selected LTPP sites. Lords Avenue was chosen from the GCCC LTPP 

sites as a representative average showing deterioration rate trends up to 2099 in Figure 6.10. 

An analysis period of 15 years was chosen as this is the critical period in the pavement life 

where the application of preventive maintenance will be most cost effective and extend the 

life of the pavement (Hicks et al., 1997). Figures 6.2-6.10 show a decrease in flexible 

pavement deterioration rates due to projected future climate in SEQ for highways, sub-

arterials and local roads. The differences in pavement roughness after 15 years due to 

projected climate change of each of the 16 LTPP sites are in the order of 0.02 to 0.48 IRI 

depending on progression rates. The results of the Austroads (2004a) study indicate 

decreasing Thornthwaite Moisture Index or moisture conditions will result in decreasing 

deterioration rates. This is confirmed for SEQ by this study. 

An important observation of Figures 6.2-6.9 is the shift in deterioration rates between certain 

30-year climate periods. This is due to changes in HDM-4 moisture classifications, Different 

values of TMI and precipitation within a moisture classification produce small changes (in 

the case of GCCC8: Lords Avenue, no changes) in deterioration. Once the moisture 

classification changes to suit new TMI and precipitation values, a larger shift occurs in 
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deterioration rates. This is because moisture classifications are rigidly defined in HDM-4 and 

progression between two different classifications is not well-modelled. 

6.5. Future pavement deterioration rates due to climate and traffic 

The second analysis conducted will examine future pavement deterioration rates due to 

climate changes and increases in traffic. For this analysis, traffic volumes will continue their 

annual growth rates 15 years into the future from last measured AADT. If the estimated 

capacity of the road section is reached within this time, capacity volumes will continue to be 

used for each year. Because the typical design period of flexible pavement is 20-40 years 

(Austroads, 2004b), it is expected that the road capacity will be reached within each 30-year 

climate period. Therefore, while traffic growth will continue from present volumes for the 

15-year analysis period, volumes will reset at the beginning of each 30-year climate period to 

simulate lane widening or reconstruction works. The analysis is run four times under current 

and future climate periods up to the year 2099. 

Table 6.10 QTMR1 Pacific Motorway deterioration with future traffic growth rate 

 

 Year Current 2008-2040 2041-2070 2071-2099 

0 2000 0.67 0.67 0.67 0.67 

1 2001 0.73 0.74 0.74 0.74 

2 2002 0.8 0.84 0.84 0.83 

3 2003 0.83 0.89 0.88 0.88 

4 2004 0.85 0.94 0.93 0.92 

5 2005 0.88 0.99 0.98 0.97 

6 2006 0.91 1.05 1.03 1.03 

7 2007 0.94 1.12 1.09 1.08 

8 2008 0.98 1.18 1.15 1.14 

9 2009 1.01 1.25 1.22 1.2 

10 2010 1.05 1.32 1.28 1.26 

11 2011 1.09 1.39 1.34 1.33 

12 2012 1.13 1.47 1.41 1.39 

13 2013 1.17 1.55 1.48 1.46 

14 2014 1.22 1.63 1.55 1.53 

15 2015 1.27 1.71 1.63 1.6 
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Figure 6.11. QTMR1 Pacific Motorway deterioration rates under current and future climate 

periods (traffic growth 8.5% continued for 15 years) 

Table 6.11 QTMR2 Samford Sub-Arterial Road deterioration with future traffic growth rate  

 Year Current 2008-2040 2041-2070 2071-2099 

0  1.7 1.7 1.7 1.7 

1 1999 1.8 1.8 1.8 1.79 

2 2000 1.94 1.93 1.93 1.91 

3 2001 2.02 2.01 2.01 1.98 

4 2002 2.1 2.1 2.09 2.05 

5 2003 2.19 2.18 2.18 2.13 

6 2004 2.28 2.27 2.27 2.2 

7 2005 2.38 2.37 2.36 2.28 

8 2006 2.47 2.46 2.46 2.36 

9 2007 2.57 2.56 2.55 2.44 

10 2008 2.68 2.66 2.66 2.52 

11 2009 2.79 2.77 2.76 2.61 

12 2010 2.9 2.88 2.87 2.7 

13 2011 3.02 3 2.99 2.79 

14 2012 3.15 3.12 3.11 2.89 

15 2013 3.27 3.24 3.23 2.99 
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Figure 6.12. QTMR2 Samford Sub-Arterial Road deterioration rates under current and 

future climate periods (traffic growth 5.3% continued for 15 years) 

Table 6.12  QTM3 Moggill Sub-Arterial Road deterioration with future traffic growth rate 

 

 Year Current 2008-2040 2041-2070 2071-2099 

0 1999 1.5 1.5 1.5 1.5 

1 2000 1.56 1.57 1.57 1.56 

2 2001 1.65 1.66 1.66 1.65 

3 2002 1.7 1.71 1.71 1.69 

4 2003 1.75 1.76 1.76 1.73 

5 2004 1.81 1.82 1.81 1.78 

6 2005 1.86 1.87 1.87 1.83 

7 2006 1.92 1.93 1.93 1.87 

8 2007 1.97 1.99 1.99 1.92 

9 2008 2.03 2.05 2.05 1.97 

10 2009 2.09 2.11 2.11 2.02 

11 2010 2.16 2.17 2.17 2.07 

12 2011 2.22 2.24 2.24 2.13 

13 2012 2.29 2.31 2.31 2.18 

14 2013 2.36 2.38 2.38 2.24 

15 2014 2.43 2.45 2.45 2.3 
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Figure 6.13. QTM3 Moggill Sub-Arterial Road deterioration rates under current and future 

climate periods (traffic growth 5.3% continued for 15 years). 

Table 6.13 QTMR4 Mt Cotton sub-arterial road deterioration with future traffic growth rate 

 Year Current 2008-2040 2041-2070 2071-2099 

0 2008 1 1 1 1 

1 2009 1.09 1.1 1.1 1.1 

2 2010 1.22 1.25 1.24 1.23 

3 2011 1.29 1.33 1.33 1.3 

4 2012 1.36 1.42 1.42 1.38 

5 2013 1.44 1.52 1.51 1.46 

6 2014 1.52 1.62 1.61 1.55 

7 2015 1.61 1.74 1.72 1.64 

8 2016 1.7 1.86 1.84 1.74 

9 2017 1.8 1.99 1.97 1.85 

10 2018 1.9 2.13 2.11 1.97 

11 2019 2.01 2.28 2.25 2.09 

12 2020 2.13 2.44 2.41 2.22 

13 2021 2.26 2.62 2.58 2.36 

14 2022 2.39 2.81 2.76 2.51 

15 2023 2.53 3.01 2.96 2.67 
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Figure 6.14. QTMR4 Mt Cotton sub-arterial road deterioration rates under current and 

future climate periods (traffic growth 5.3% continued for 15 years) 

Table 6.14. GCC8 Lords Avenue deterioration rates under Gold Coast current and future 

climate periods 

 Current 2008-2040 2041-2070 2071-2099 

0 1.93 1.93 1.93 1.93 

1 2.01 2.01 2 2 

2 2.14 2.14 2.12 2.12 

3 2.24 2.24 2.2 2.2 

4 2.34 2.34 2.28 2.28 

5 2.45 2.45 2.37 2.37 

6 2.56 2.56 2.46 2.46 

7 2.67 2.67 2.56 2.56 

8 2.79 2.79 2.65 2.65 

9 2.92 2.92 2.75 2.75 

10 3.05 3.05 2.86 2.86 

11 3.19 3.19 2.97 2.97 

12 3.34 3.33 3.08 3.08 

13 3.49 3.49 3.2 3.2 

14 3.65 3.64 3.32 3.32 

15 3.81 3.81 3.45 3.45 
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Figure 6.15. GCCC8 Lords Avenue local road deterioration rates under Gold Coast current 

and future climate periods (traffic growth 3% continued for 15 years) 

 

Figures 6.11-6.15 show the trend of deterioration rates under combined climate changes and 

traffic increases up to year 2099 for selected LTPP sites. The role of traffic increases on 

deterioration rates is significant. For QTMR1 Pacific Motorway in Figure 6.11, the higher 

traffic volumes and high annual traffic growth lead to traffic dominating deterioration rates in 

the future. The effect of climate change can still be seen later in the century as drier climate 

reduces deterioration rates; however, these are still higher than current rates. QTMR2, 

QTMR3 and QTMR4 Mt Cotton sub-arterial road shows almost a balancing of increasing 

deterioration rates due to traffic and decreasing rates due to climate. GCC8 Lords Avenue in 

Figure 6.15 shows no effect of increased traffic on deterioration rates due to such low traffic 

volumes and growth. 

It can be concluded that, while climate change does play a role in lower deterioration rates, 

traffic will have the most impact of future deterioration rates for higher trafficked roads. 

Road pavement with traffic greater than 10,000 AADT and medium to high annual traffic 

growth rates (4 to 8%) will experience increases in deterioration rates from current levels. 

The deterioration of local roads with small volumes (<1000 AADT) and growth rates will 

primarily be governed by climate. 
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6.6. Thornthwaite Moisture Index and deterioration rate relationship 

An objective of this study is to relate climate and climate changes to flexible pavement 

deterioration rates. As outlined in Section 2.4.2 of this report and Bennett and Paterson 

(2000): 

    
    

     
                                                                                                                         (6.1) 

                                                                                                                          (6.2) 

If km, the environmental coefficient for road construction and drainage effects is equal to one, 

then: 

    
 

     
                                                                                                                         (6.3) 

and the result is Figure 6.16. 

 
Figure 6.16. HDM-4 environmental coefficient ‘m’ and deterioration rate relationship 

Martin (1996) outlines a relationship between climate represented by Thornthwaite Moisture 

Index (TMI) and HDM-III’s environmental coefficient ‘m’. This relationship is based on 

deterioration data from 77 national highways and rural arterials roads in Australia used to 

relate ARRB deterioration models to HDM-III with a regression analysis of R
2
 = 0.94 

(Martin, 1996). This relationship can be used for HDM-4 as HDM-III and HDM-4 ‘m’ is 

identical. Relating ‘m’ to TMI, the result is Figure 6.16. 

The linear TMI and IRI/year relationship developed in Figure 6.17 has been extended to 

cover all values of TMI from -100 to +100 in Figure 6.18. Axes have been swapped in Figure 

6.18 for reading ease. Figure 6.18 can be used to determine deterioration rates based on 

y = 0.2218x + 0.0023 
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climate represented by TMI at a road network level (i.e., average deterioration rates). 

Changes in deterioration rates due to climate changes can also be determined. Equation 8 is 

developed from Figure 6.17 and graphed in Figure 6.18. 

 
Figure 6.17. Thornthwaite Moisture Index and deterioration rate relationship. 

 
Figure 6.18. TMI and IRI/year relationship 

         
          

      
 

It should be noted that as the ‘m’ and TMI relationship is based on Australian data and 

climate, the TMI – IRI/year relationship developed is only applicable for Australian humid 

and subhumid climates as classified by HDM-4. 

6.7. Extreme rainfall events 

Annual TMI values are calculated by summing up monthly TMI values based on mean 

monthly temperatures, precipitation and actual evapotranspiration (Thornthwaite, 1948). 

Although not its original purpose, the effect of an extreme short term rainfall event on 

monthly TMI can be calculated by adjusting Thornthwaite’s 1948 formula: 

y = 1430.9x - 112.09 
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                                                                                                             (6.4) 

Where: 

Surplus (S) = precipitation (P) - actual evapotranspiration (AE) 

Deficit (D) = potential evapotranspiration (PET) - actual evapotranspiration (AE) 

During extreme rainfall events, evaporation and evapotranspiration are not significant 

compared to precipitation (Gulliver et al., 2010). Extreme rainfall events produce surplus 

moisture conditions and therefore P is much larger than AE. For the purposes of determining 

rough estimates of monthly TMI, actual evapotranspiration is assumed to be zero and 

therefore Surplus = Precipitation; Deficit = Potential evapotranspiration. 

This then changes the TMI equation to: 

    
     

   
                                                                                                                   (6.5) 

Potential evapotranspiration is a function of mean monthly temperature only and precipitation 

is measured as the mean monthly rainfall. A study by Hopkins and Holland (1997) showed 

that for South East Queensland, peak daily rainfalls from extreme rainfall events in the form 

of low pressure systems exceeded 250mm and that total daily rainfall during an extreme 

event can exceed monthly averages. With high monthly precipitation values, using Equation 

10, monthly values of TMI greater than 100 are very likely and values over a 1000 possible. 

HDM-4 is designed for long term performance analysis under long term climate. Through 

experimentation during this project, it was found that short term extreme events cannot be 

defined through HDM-4 climate inputs. Extreme rainfall events are characterised by a greater 

intensity and volume of rainfall within a short period of time and these values cannot keyed 

into the climate inputs. It was decided that the best way to model such an event in HDM-4 is 

through increasing the environmental calibration factor Kgm. By increasing this factor, the 

environmental contribution to roughness progression increases simulating an extreme 

environmental event. 

In order to link very high values of TMI back to HDM-4 calibration factor Kgm, Equation 6 

and 7 can be combined to produce: 

                                                                                                            (6.6) 
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HDM-4 only allows values of Kgm between 0 and 20 which represent a range of TMI between 

approximately -127 and 2840. Figure 23 shows the effect of an extreme rainfall event (Kgm = 

20) on pavement deterioration rates for QTMR3 Moggill. As expected, roughness levels 

increase rapidly to the point of failure within a very short period of time. 

Table 6.15.Simulation current climate and extreme weather events on Lords Avenue 

 Current IRI/year current Extreme IRI/year extreme 

0 1.93 0 1.93 0 

1 2.01 0.08 2.03 0.1 

2 2.14 0.13 2.19 0.16 

3 2.24 0.1 2.32 0.13 

4 2.34 0.1 2.46 0.14 

5 2.45 0.11 2.61 0.15 

6 2.56 0.11 2.76 0.15 

7 2.67 0.11 2.93 0.17 

8 2.79 0.12 3.1 0.17 

9 2.92 0.13 3.29 0.19 

10 3.05 0.13 3.48 0.19 

11 3.19 0.14 3.69 0.21 

12 3.34 0.15 3.91 0.22 

13 3.49 0.15 4.14 0.23 

14 3.65 0.16 4.39 0.25 

15 3.81 0.16 4.65 0.26 

 

 
Figure 6.19. Simulation current climate and extreme weather events on Lords Avenue 
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7. CHAPTER 7. CONCLUSION 

7.1. Summary of Climate Data 

There is an increasing body of evidence that the climate is changing and that this can have 

impacts on road infrastructure due to the effects of the changed environment (Austroad, 

2004). The primary objective of this project was to investigate the impacts of projected 

climate changes in the next 100 years in the South East Queensland region on flexible 

pavement performance. The preliminary works have been carried out according to the 

proposed research objectives to simulate the climate data to make contribution to this study. 

Extracted climate data from the Austroads Climate Tool for SEQ GPS locations indicate 

increases in mean annual temperatures and decreases in mean annual precipitation for the 

next 90 years. Future climate represented by the Thornthwaite Moisture Index indicates a 

decrease in moisture conditions resulting in drier, more arid conditions for SEQ in general.

These are summarised as below:  

 Precipitation and temperature are the major climatic factors affecting the pavement 

deterioration.  

 Analysis of the trends of climate change based on seven typical locations of South 

East Queensland indicates an average 1.1°C increases in mean annual temperature 

from 2007 to 2040, 2.4°C by 2070, and 3.7°C by 2099.  

 Mean annual precipitation is projected to decrease by approximately 22% by 2040, 

32% by 2070, and 42% by 2099. 

 Significant decrease of Thornthwaite Moisture Index indicates a drier and more arid 

condition for the SEQ region.  

Due to the uncertainty about future human behaviour and some aspects of climate science, 

precise predictions of climate change are uncertain and will remain so (Austroad, 2004; AAS, 

2010). To reduce uncertainty and improve confidence of future climate projections for the 

purpose of this study, effort is made by adopting a more reliable projection method.  

The Austroad Climate Tool has been chosen for climate projection. Although the confidence 

of projections has improved during the past few years, some disagreement between the 

projections of different climate models still exists. The Austroads Climate Tool provides 

future scenarios based on advanced CSIRO Atmospheric Research by using the latest version 
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of the CSIRO climate model, the Coupled Model Intercomparison Project 3 (CMIP3) 

developed based on 23 global climate models, which has a greatly improved stimulation of 

the climate. The simulated patterns of future climate show reasonable agreement with 

observations over Queensland (Austroad, 2010; CSIRO, 2007).  

It is to be noted that the greatest uncertainty lies on the projection of precipitation because of 

the natural variability of precipitation where model agreement could not be reached on the 

direction of change (CSIRO, 2007). Uncertainty is expected in all scientific experiments and 

models. Having uncertainty, however, does not make scientific results useless. It is the 

magnitude of uncertainty that is important (Scientific uncertainty, 2011). As such, in this 

study it will not be possible to make definitive statements of the prediction of precipitation. 

However, the uncertainty can be reduced by comparing the existing result with the latest 

CSIRO outcome. As it is shown in CSIRO’s 2007 report (CSIRO, 2007), the decrease of 

annual precipitation could reach up to 40% under a high emission scenario in eastern area of 

Australia by 2070, which validates the preliminary climate result of this study.  

Despite the uncertainty of climate prediction, projection of future climate in this research has 

an important role to play in providing the best possible knowledge of climate outcomes and 

assessing the long-term impacts on road pavement system in SEQ region.  

7.2. Summary of HDM-4 Modelling 

The HDM-4 calibration of all 16 LTPP site pavement deterioration models to current SEQ 

climate conditions was completed with an R
2
 value of 0.9099. This indicates good and 

acceptable calibration results. 

Flexible pavement deterioration rates due to the effects of projected climate change in SEQ 

will decrease as a result of drier, warmer conditions. Taking into account increases in future 

traffic volumes, deterioration rates will increase from present levels for higher trafficked 

roads (AADT>10,000). For lower trafficked roads (local and residential roads), small 

increases in traffic will have no effect and deterioration rates will likely decrease from 

present levels. 

Based on the HDM-4 calibration of LTPP sites, a relationship between Thornthwaite 

Moisture Index and average flexible pavement deterioration rates in IRI/year has been 

developed. This can be used for improving pavement performance prediction at a network 

level due to climate changes represented by changes in the Thornthwaite Moisture Index. 
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This project has examined the effects of long term climate changes on pavement deterioration 

in SEQ and presents the results of the general trends expected. The findings suggest that 

decreasing rainfall (decreasing TMI) will slow flexible pavement deterioration. However, 

increases in temperature are likely to cause materials to expand; the bitumen binder to 

become more viscous; and deformation susceptibility to increase i.e. rutting. Solar radiation 

increases are likely to increase surface degradation through asphalt oxidation, embrittlement 

and cracking. This suggests further research is needed to fully understand how climate 

variables affect individual pavement distresses. The project can be further researched to 

include other aspects such as: 

While this project has touched briefly on the modelling of the impact of extreme events, there 

is still a research gap on the impact of storms and floods combined with future climate on 

pavement layers, materials and foundations. The approach developed in this study can be 

further investigated.

Flexible pavement construction techniques, design standards and pavement strengths are 

assumed to remain unchanged for this project. With deterioration rates gradually increasing 

for higher trafficked roads, road authorities would be expected to improve pavement 

strengths over time. 
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