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This paper provides an overview of recent international work on climate change impacts on transport 
systems. It describes two alternative frameworks for adaptation to climate change in the planning and 
management of transport systems. Methods and models for including climate and weather factors in 
planning and design are also discussed. Specific attention is given to road transport, including an 
Australian case study on road pavement performance. 

1. INTRODUCTION 

Extreme weather events place constraints on transport operations and sometimes require special 
operations, such as evacuations. Climate change stands to alter the environmental conditions in which 
transportation systems function, and perhaps the frequency and intensity of extreme weather events. 
Modern societies depend on the safe, reliable and efficient operation of their transport systems and 
increasingly demand assurance that this will be the case. While environment and climate conditions 
have been factored in to the planning, design and operations of transport systems, in general this has 
been done using methods that assume static conditions and rely on historical records. If conditions are 
changing, then the design parameters, choice of materials and operating systems may not be 
adequate for future conditions. Transport infrastructure assets generally have service design lives of 
two to several decades, so that environmental changes may well affect the actual in-service 
performance of those assets. Design conditions such as an assumed ‘0.01 annual exceedance 
probability’ for flood levels may be abrogated by changes in climate, and require revision over the lives 
of some assets and facilities. In coastal areas the potential for sea level rise may not only affect the 
performance of asset components, but may also affect the structure, alignment and even integrity of 
transport networks as a whole. 
 
Planning for transport futures must then include consideration of uncertainty about the environment in 
which transport systems will have to operate. Thus planning and design of transport infrastructure and 
the management of future transport networks needs to put more emphasis on the assessment of risk 
and uncertainty in systems planning, design and management. A capability to consider environmental 
changes over the life of an asset, if not the potential failure of the asset due to those conditions, needs 
to be included in planning and design. There will also be new requirements for asset monitoring and 
serviceability assessment over the life of the asset. This paper describes two alternative frameworks 
for adaptation to climate change suggested by major international transport authorities. Methods and 
models for including climate and weather factors in planning and design are discussed, as are those 
for use in transport asset management systems when including risk and uncertainty. Specific attention 
is given to road transport, but the methods are also applicable to other modes. 

2. CLIMATE IMPACTS ON TRANSPORT INFRASTRUCTURE 

Transport infrastructure is ubiquitous and is critical for the economic and social wellbeing of a modern 
society, by providing for personal mobility, accessibility to services and the movement of goods, and 
facilitating economic activity and social interaction. The infrastructure includes ports, harbours and 
airports, road, rail and pipeline networks, the depots and facilities associated with these networks, and 
the public and private transport services that operate on them. The physical components on transport 
infrastructure include bridges, tunnels, pavements, rail tracks, culverts, wharfs, aprons and pipes. 
These elements are located on the ground, or above or below ground level – but always associated 
with or attached to the ground. They may exist in cuttings or embankments, or on the natural surface. 
Thus transport infrastructure is directly affected by local environmental and climate conditions. 



 

 
Transport infrastructure is a valuable asset. For instance, the road network of Australia and New 
Zealand comprises over 900,000 km of roads valued at more than $200 billion, the single largest 
community asset in Australasia (Austroads 2018). Road assets are owned and managed by all levels 
of government, but local government is directly responsible for the lion’s share of this asset. Transport 
assets have engineering and economic life spans ranging from a decade (for road signage), to 2-3 
decades for road pavements and rail tracks, and to several decades (or longer) for bridges and 
tunnels. This means that most road assets will be subject to the impacts of climate change over their 
usable lives, and thus adaptation to changing climatic conditions is necessary in the design, 
management and maintenance or the assets. Transport systems are recognised as one of the major 
critical infrastructure systems in any economy (ASCE 2009) while being subject to adverse impacts 
from extreme weather, climate change, natural disasters and manmade incidents and disasters. 
Climate change can be expected to have transport-specific implications related to design, material 
selection, operations and management; economic costs; planning systems; liability and insurance; 
user behavior, as well as emergency evacuation, transport network and vehicle efficiencies (Taylor 
and Philp 2011). 
 
Water in its many manifestations – e.g. sea level rise, tidal surge, flooding, rain storms and wash outs, 
ponding, seepage, freezing, thawing, corrosion and drying – is the major natural element that 
degrades the performance and integrity of transport assets. While natural disasters such as 
earthquakes can have immediate and serious local impacts on the assets, the insidious impacts of 
water in inappropriate locations over time is an ongoing universal threat to transport infrastructure. 
This is of particular concern for road pavements, which form the majority part of the transport 
infrastructure asset. Water penetration into and under road pavements has serious impacts on the 
structural integrity (and hence usability) of pavements and can significantly decrease the engineering 
life of the asset. 
 
Climate ‘stressors’ are those climate variables including temperature (average, extremes and 
amplitude), humidity, precipitation and wind that either directly or indirectly affect the siting, design, 
construction, operation or maintenance of transport infrastructure (ITF 2016). These stressors may be 
linked to gradual changes in prevailing conditions or may come about suddenly in the context of 
extreme events. Climate change will shift average climate variables and is likely to increase the 
magnitude and severity of natural phenomena. The former includes changes in temperature, 
precipitation and soil humidity, while the latter includes storms, storm surges, flooding and blizzards. 
Changes in average values are generally expected to impact infrastructures in the mid and long run, 
while shifts in the intensity and severity of weather events can already have direct catastrophic effects 
on transport infrastructure. By way of example, increased scouring of bridge abutments could result 
from a change in longer-term precipitation, runoff and streamflow patterns, although this is expected to 
occur over longer time periods. At the same time, a severe flood resulting from extreme rainfall could 
lead a bridge to collapse in a matter of minutes. Such a categorisation is critical for deploying adaptive 
measures; while catastrophic events require mostly short- and mid-term actions (including preparation 
of emergency response services, infrastructure repair and retrofitting), adaptation to longer-term 
changes in weather patterns may require design and construction of new transportation infrastructures 
or re-location decisions (ITF 2016, PIARC 2017). Climate stressors for changes average values and in 
the intensity and severity of weather events are listed in Table 1. 
 
Table 1 Climate change stressors for climate change and extreme weather events [source: ITF (2016)] 

 
Changes in average values Changes in intensity and severity of weather events 
Change in average temperature 
Change in precipitation 
Change in humidity 
Sea level rise 
Melting of permafrost 

Severe storms 
Storm surge 
Extreme rainfall 
Blizzards 
Flooding 
Drought 
Cyclones/typhoons/hurricanes 
Heat waves 

3. ADAPTATION FRAMEWORKS 

Given the worldwide, national and local importance of transport networks, a systematic approach to 



 

transport infrastructure management is required in all circumstances, including consideration of 
climate change adaptation. A number of frameworks have been proposed to enable proper 
consideration of climate change adaptation in the planning, design and management of transport 
networks and systems. Two prominent examples of these frameworks are those proposed by the 
World Road Association (PIARC 2015) and the US Federal Highways Administration (FHWA 2018). 
 
The PIARC framework is summarised in Figure 1. This framework is intended to guide road authorities 
through the process of identifying relevant assets and the risks they face from climate change to the 
incorporation of adaptation responses and assessment findings in decision-making. It has four stages: 

1. Identification of the scope, variables, risks and data requirements 
2. Assessment and prioritization of risks 
3. Development and selection of adaptation responses and strategies 
4. Integration of findings into decision-making processes. 

 

Stage	  1:	  identify	  scope,	  
variables,	  risks	  and	  data

Establish	  assessment	  
scope,	  aims,	  task	  and	  a	  
delivery	  plan

Assess	  vulnerability	  and	  
adaptive	  capacity

Assess	  climate	  change	  
projections	  and	  scenarios

Stage	  2:	  assess	  and	  
prioritise	  risk

Assess	  impact	  probabilities Assess	  impact	  severities Establish	  risk	  scores	  and	  
risk	  register

Stage	  3:	  develop	  and	  
select	  adaptation	  
responses	  and	  strategies

Identify	  adaptation	  
responses	  and	  strategies

Select	  and	  prioritise	  
adaptation	  responses	  and	  
strategies

Develop	  Adaptation	  
Action	  Plans	  or	  Strategies

Stage	  4:	  integrate	  
findings	  into	  decision-‐
making	  processes

Incorporate	  
recommendations	  into	  
decision-‐making	  processes

Education,	  awareness,	  
training	  and	  effective	  
communication

Develop	  business	  case	  
and	  future	  planning	  and	  
monitoring	  programs

 
 

Figure1: The PIARC (2015) framework for incorporation of climate change adaptation in transport 
infrastructure planning 

 
The FHWA framework, shown in Figure 2, presents a decision-making process in which feedback from 
ongoing monitoring and review of transport system performance is used to reset and revise the 
objectives and scope.  
 
Both frameworks are concerned with assessment and prioritisation of risk (defined broadly as the 
product of the probability of an event and the impact of that event) and the identification of vulnerable 
assets and features in the transport system. The FHWA framework is explicitly concerned with both 
analysis and modelling and stakeholder feedback (as part of a political process in decision-making) 
and highlights the needs for quantitative assessment, through both economic analysis and multicriteria 
analysis. This issue is discussed in ITF (2016). The vulnerability of transport assets and networks 
involves the assessment of critical locations in networks and the likely impacts of degradation or 
failure of network assets on the operation of the network and on the socio-economic systems served 
by the network. Vulnerability analysis for transport networks is described in depth in Taylor (2017). 
 
The PIARC and FHWA frameworks have found a number of international applications, with the FHWA 
framework applied in an extensive set of case study investigations by US state transportation 
agencies (FHWA 2018). Australian equivalents may be seen in Standards Australia (2013) and 
Transport for NSW (TfNSW 2017). 
 



 

 
Figure 2: The FHWA vulnerability assessment and adaptation framework [source: FHWA (2018)] 

4. INFRASTRUCTURE DESIGN AND ASSESSMENT 

Life cycle design of transport assets and system components is an inherent part of the planning and 
management of transport systems. Engineering design models are widely employed in the design 
process, largely to assess how a specified asset (design) will cope with an assumed traffic load and to 
assess the requirements for ongoing maintenance of the asset over time and its eventual 
replacement. In a road system, the road pavement itself provides the bulk of the system assets, even 
if more spectacular assets such as bridges and tunnels may be the focal points for consideration of 
network performance. 
 
Road pavement design methods have always included an environmental component, albeit implicitly, 
relating to the location of individual road sections by geographic area. Austroads (2010) described a 
method for explicit inclusion of local environment and climate in its pavement design model, using the 
Thornthwaite Moisture Index (TMI) as a composite index of climate. TMI includes data on patterns of 
rainfall and temperature variations over the months of the year, and the Austroads research included 
nation-wide modelling of the expected changes in TMI until 2100 under three alternative of climate 
change scenarios. Taylor and Philp (2015, 2016) extended the Austroads model to examine potential 
impacts of climate change on sealed road pavements over time, from which policy implications for the 
design and maintenance of road assets in the face of expected climate change could be determined. 
TMI has applications for climate change adaptation studies involving other physical infrastructure 
assets that are located on or just below ground level (such as pipelines, slabs and foundations), as 
described in Taylor and Philp (2016). 
 
In the case of road pavements, overall pavement degradation may be expressed in terms of the 
International Roughness Index (IRI), R(t) (m/km) at time t, where R(t) is given by  

	   (1)	  

	  
and R0 is the initial pavement roughness index. The time to pavement failure, tmax, is then given by  

	   (2)	  
The overall roughness of a sealed pavement is made up of considerations of rutting and surface 
cracking, which are affected by traffic load and climate, and this can be assessed in terms of changes 



 

in R(t). Taylor and Philp (2015) developed scenario planning model for road pavement performance 
(measured by R(t)) on the basis of the results given in Austroads (2010). This model uses the TMI as 
a composite indicator of climatic conditions at a location, and in compass with a climate scenario 
projection model for TMI (developed by CSIRO for Austroads, see Austroads (2010)) enables the 
study over time of pavement performance under different climatic conditions. A case study application 
of the scenario planning model is presented in the following section. 

5. CASE STUDY 

Taylor and Philp (2015) investigated the condition of the road network in regional South Australia, 
using a north-south transect line to establish a base line inventory as a reference for future research 
on adaptation. This provided a case study analysis of the potential impacts of climate change on road 
condition, using the pavement degradation model introduced in the previous section. The transect line 
is shown in Figure 3. The transect line is located in the Mid North/Adelaide Hills region of the state of 
South Australia, and runs from Hawker (138o 25’ E, 31o 53’ S) at the northern end to Goolwa (138o 47’ 
E, 35o 30’ S) at the southern end, a road distance of about 460 km. These two towns as well as other 
major towns along the route are shown in Figure 3. In terms of the Thornthwaite Moisture Index, 
climate conditions along the transect (in 2000) varied from (type v) semi-arid in the north to (type iii) 
dry temperate in the south. The climate types are those defined in Australian Standard AS2870 
(Standards Australia 2011). Taylor and Philp (2015) used this case study to test the effects of forecast 
climate changes on road degradation and to indicate the needs for policy direction in terms of road 
asset maintenance programs under different climate change scenarios. 
 
The road route along the transect is two-lane two-way rural road with a surface sealed, granular road 
pavement, and as such represents the large majority of the Australian regional road network. This is 
the road type for which the pavement degradation model was expressly developed. Traffic along the 
transect is relatively light over most of its length, reflecting the sparse population density of much of 
the region it serves, especially in the north. Figure 4 shows the Annual Average Daily Traffic (AADT) 
and Annual Average Daily (AAD) heavy vehicle traffic volumes along the transect, from Hawker 
(chainage 0.0 km) in the north to Goolwa (chainage 456.2 km) in the south. The peaks in the AADT 
distribution occur at the major towns along the route, while heavy vehicle proportions tend to be higher 
on the lower AADT sections. Heavy vehicle traffic and hence axle load repetitions are the main traffic 
driver of pavement degradation. 
 
The CSIRO-Austroads climate projection tool for Australia was used to examine past, current and 
future climatic conditions along the transect (for the time period from 1990 to 2049). The historical data 
covers the period 1990-2007. The model includes three climate change scenarios for the period 2007-
2049: low, average and high climate change scenarios. Figure 5 summarises the climate model 
outputs for the transect. It shows the TMI values for 1990, 2000, 2007, 2029 and 2049. The historical 
data up to 2007 shows clear indication of a changing climate, basically a drying and warming of 
climatic conditions along the transect seen as decreasing values of the index from 1990 to 2007. The 
2029 and 2049 values are forecasts for each of the three climate scenarios and as such are seen as 
two bands each of three curves. The general trend of the forecasts is for a decrease in TMI (indicating 
a drier climate) along the transect, except at the southern end where the forecasts are for slight 
increases in the index. Decreasing values of the index should lead to a potential reduction in 
pavement degradation as indicated by R(t), depending also on traffic volume forecasts. 
 
Modelling of the International Roughness Index R(t) along the transect was undertaken using the 
model introduced in Section 4 above (and described in detail in Taylor and Philp (2015, 2016)). The 
modelling was for the 50 year period 2000-2049 and included four climate scenarios (base case no 
climate change after 2007 and the three CSIRO climate change scenarios (Low, Average, High), 
along with projected traffic growth along the corridor and a set of alternative maintenance regimes. 
The extremes of the maintenance regimes were (top) systematic annual maintenance with resealing 
and reconstruction every 15 years and (bottom) only ‘patch and repair as necessary’. Figure 6 
summarises the model results for the two extremes in maintenance. The modelling results are 
described in detail in Taylor and Philp (2015), but the general findings were: 



 

 
• confirmation that higher levels of maintenance provide for better pavement performance 
• climate change can have significant effects on pavement performance, with the direction of the 

performance depending on the trends in the Thornthwaite Moisture Index – drier climate (lower M 
values) leading to slight improvement in performance, wetter climate (higher M values) leading to 
slight deterioration in performance 

• these changes occur across a range of traffic loads and maintenance regimes, as found by 
analysis along the case study corridor of the North-South transect in regional South Australia. 

 

 
Figure 3: The North-South transect in regional South Australia, showing main towns 
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Figure 4: AADT and annual daily average heavy vehicle traffic volumes along the transect 

Thus there is a strong case for considering the potential impacts of climate change in road network 
planning and management. There is a proviso however. The climate change scenarios only represent 
anticipated changes in average climate conditions. The impacts of extreme weather events are also 
important, and to date the available climate change forecasts do not include quantitative indications of 
the potential trends in the occurrence and severity of extreme weather events. What is suggested is 
that, for the case study corridor and especially at its northern end, a drier climate is likely to lead to 
increased occurrence or severity of thunderstorms and the potential for washouts at culverts, which 
then has impacts on road design, maintenance and management. The impact of extreme weather is 
another area requiring substantial future research. 
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Figure 5: Historical and projected Thornthwaite Moisture Index values along the transect 
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Figure 6: Difference in final values of International Roughness Index (∆R(50), m/km in Year 2049) 
between climate change scenarios (Low, Average, High) and Base scenario (no climate change after 

2007), for maintenance regime A (=systematic annual maintenance with reseal and reconstruction 
every 15 years) and regime C (= ‘patch and repair only’) 



 

6. CONCLUSIONS 

This paper has provided a brief introduction to the considerations of climate change adaptation in the 
planning, design and management of transport systems, and indicated some of the methods for use in 
those considerations. To consider climate change adaptation in the overall context of transport 
systems management, the OECD (ITF 2016) provided the following set of policy insights: 

• Act now to preserve the value of transport infrastructure and maintain network performance 
• Protect transport infrastructure against climate impacts through good maintenance 
• Prepare for more frequent and unexpected failure of transport infrastructure 
• Account for temporary unavailability of transport assets in in-service continuity plans 
• Assess vulnerability of transport assets and networks from climate change and extreme 

weather 
• Focus on transport system resilience, not just on designing robust infrastructure. 
• Re-evaluate thinking on redundant transport infrastructure 
• Do not rely solely on cost-benefit analysis for appraising the value of transport infrastructure 
• Develop new decision-support tools that incorporate deep uncertainty into asset appraisal. 

The guidance offered by these insights should be used by transport systems planners and managers. 
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