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Abstract

This thesis investigates the future resilience of the UK Trunk Road network, with the primary
aim of determining the future impact of precipitation on the traffic flux. In order to make
future Trunk Road adaptation strategies to address future climatic changes it is important to
understand the resilience of the Trunk Road network to changing weather conditions and so
this thesis significantly addresses this issue by investigating the impact of future weather
conditions within the 2050s on traffic flux. The result and proposed methodology of this
thesis could be used alongside further impact assessments where other factors such as
changes in accident rate may be included to produce clearer impact projections. This thesis
demonstrates that without taking into consideration changes in the drivers’ behaviours
which may result in changes in accident rate, future weather conditions are expected to
improve traffic fluxes on the Trunk Road network during the summer and winter periods
compared to the baseline weather condition (i.e. an observed or simulated weather data
from 1961-1990). While most of the thesis is based on the conventional development
system for the UK (the CDSU), it also investigates the impact of future weather conditions
on traffic flux under other socio-economic scenarios. The investigation revealed that a more
consumeristic scenario would generally experience higher rises in traffic capacity compared
to the CDSU while a more community-oriented scenario would experience less rises in
traffic capacity. In a paper by KPMG (2015) it was indicated that by 2030 connected and
autonomous vehicles would be trending on the UK roads hence an investigation into the
potential impact of autonomous vehicles on future traffic flux was carried out in this thesis.
The investigation showed that the presence of autonomous vehicles would generally result
in rises in the traffic flux and these rises will increase with increasing percentage
composition of autonomous vehicles in the traffic stream. The sensitivity of the traffic
stream to weather conditions also dropped with increases in the number of autonomous
vehicles in the stream. The Northern and Southern parts of the UK have distinct weather
conditions, with the Northern areas being generally wetter and cooler compared to the
south. This resulted in both areas experiencing different weather conditions impact on
traffic flux as shown in the result of investigating the effect of geographical location on
future traffic performance. It was observed that during summer periods southern England
appeared to observe higher rises in traffic flux compared to Northern Scotland while during
the winter period Northern Scotland showed higher rises in traffic flux compared to
Southern England.
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Chapter 1 — Introduction

1.1. Introduction

Global warming currently has a huge influence in today’s environmental factors and this
would potentially be the case for the next few decades. It’s been known for a while now
that global warming is currently on the rise due to anthropogenic activities associated with
the emission of Greenhouse gases (GHG) hence various mitigation and adaptation strategies
are being put forward to curb its impact.

Global warming would generally have negative impacts on road transportation affecting the
behaviours of drivers through adverse weather conditions. For example weather conditions
such as snowfall that result in reduced visibility and slippery road surfaces would have an
impact on the acceleration, headway between vehicles, response time and speed of the
vehicle resulting in higher journey times and reduced traffic capacity (Asamer, 2011; Chung
et al., 2006; Amison-Agbolosu, 2004) and lower temperatures can result in higher traffic
demand as more vehicles tend to be used during this condition resulting in increased traffic
congestion. Slippery conditions and general increased hazardous conditions on the other
hand can result in drivers seeking alternative transportation means (such as mass transit) to
get to their destinations to avoid accidents (Maze et al., 2006; Asamer, 2011). Traffic safety
decreases under adverse weather conditions for example high temperatures have been
found to increase fatigue (Zohar, 1980) and affect the irritability (such as aggression) of
drivers (Anderson, 1989; Boyanowski et al., 1981). Weiner & Hutchinson (1945) suggested
an increase in drivers’ reaction time while Stern & Zehavi (1990) suggested a reduction due
to loss of concentration leading to crashes.

To make future Trunk Road adaptation strategies to address future climatic changes it is
important to understand the resilience of the Trunk Road network to changing weather
conditions. This thesis seeks to address the future impact of weather conditions on traffic
flux in the 2050s by investigating the impact on traffic flow based on the conventional
development system of the UK (the CDSU), how changes in the development system may
impact the flow, the impact of technological advancements on the flow as well as the
impact of geographical location on the flow.

Using axes is a simplified way of having an insight into the relationship between the two
dimensions of change as various possible scenarios could be explored by adjusting the
proportion of contribution of each axis. The horizontal axis captures two different socio-
economic values which are consumerism where private consumption is primary and
community where everyone works together for a common goal. The vertical axis captures
two different government natures. One end of the spectrum captures an interdependent
government that is inclined towards local unions and the global society while the opposite
end captures an autonomous government where decision making depends entirely on its



own laws. An Interdependent government would be likely to show more sensitivity towards
global issues that have global impacts such as global warming while an autonomous
government would be less likely to show much sensitivity towards such issues. Although the
UK is currently part of the EU and some of its decisions are influenced by EU laws BREXIT
may not necessarily mean the government’s lower sensitivity towards global issues. Being a
technologically advanced country would also have an impact on issues such as sustainable
growth because a technologically advanced country would have better awareness about
global issues as opposed to a less technologically advanced country where sustainable
growth may not necessarily be much of a concern.

The CDSU favours more of consumerism than community meaning more private
consumption than public consumption. Generally, this means individuals would seek to
utilise privately owned properties rather than public properties meaning more privately-
owned vehicles are expected to be on the road. It was indicated on DFT (2016) that as of
2014 the ratio of cars to HGVs on the UK road was 16:1. For a more consumeristic oriented
scenario it was assumed that the ratio of cars to HGVs would be more in favour of the cars
while for a community-oriented scenario it was assumed that the ratio would be less than
the CDSU. The values in the ratio may vary but for this thesis a value of 24:1 and 8:1 were
used for the consumeristic and community-oriented scenarios respectively.

The result and proposed methodology of this thesis could be used alongside further impact
assessments where other factors such as changes in accident rate, demographic and
economic growth may be included to produce clearer impact projections.

Highways England, which was formerly referred to as the Highways Agency is the UK
government owned entity in charge of operating and improving the 4,300 miles of
motorway and major A-roads forming the strategic road network which is one of the
country’s most important infrastructure assets. A resilient and effective strategic road
network is an important aspect of a strong growing economy. Climate change poses a major
threat to the operation of the UK strategic road network which is why Highways England is
currently engaged in minimising the causes and managing the risks involved with it. Among
other activities, doing so involves carrying out research projects related to resilience,
adaptability and sustainability of the network. This thesis provides valuable knowledge in
these core areas to both Highways England and their partner stakeholders which include
owners of other UK infrastructure systems, freight organisations, local authorities,
technology and innovation partners, sustainability and environmental bodies and motorway
service operators.



1.2. Aim and Objectives

The aim of this thesis is to investigate how future weather conditions would affect traffic
capacity on the UK Trunk Road network. This work has been made possible by the
availability of UK Climate Projections tool which was produced in 2009 (UKCPQ9). It utilises
existing weather data and random number sampling to develop lengthy time series of
statistically credible daily and hourly weather data using the 5km daily observed or
simulated baseline weather condition of 1961-1990.

The Objectives of this thesis are:

e Toinvestigate the impact of projected future weather conditions on the UK road
network under the Current Development system of the UK.

How would changes in the weather conditions affect the traffic flux?

e To investigate the impact of changes in the Current Development System of the UK
on the future traffic flux

Would changes in the current government nature and socio-economic values
have an impact on the future traffic flux under future climate?

e Toinvestigate the impact of technological advancements in the UK on future traffic
flux

Would the introduction of autonomous vehicles on the UK road network have
a significant impact on the future traffic flux?

e To investigate how the traffic fluxes for different geographical locations of the UK
may be affected by future weather conditions

How would the future traffic flux of various geographical locations in the UK
respond to changes in the weather condition?

This paper structure is as follows:

Chapter 2 starts off by discussing the impact of weather conditions on road networks,
reviewing studies on various countries from various researchers and relating them to the UK
road network. It considers the major factors of extreme weather and their impact on road
networks. It then went on to discuss traffic flow modelling and various modelling tools that
were considered during the research as well as the fundamentals of traffic flow. The factors
affecting the future of road transport were then discussed, they were split into Independent
factors where the factors of change and their relationship to the Conventional Development



system of the UK was addressed and dependent factors where economic and demographic
growth as well as technological advancements and their potential impacts were discussed.

Chapter 3 then discusses the traffic flow algorithm used which was a microscopic traffic flow
model based on Paramics car following algorithm, the UK Highway Code, an innovated
collision detection algorithm, an innovated lane changing algorithm and Rakha et al.
(1999)’s vehicle dynamics model for estimating maximum truck acceleration levels. This
discussion also includes the traffic analysis as well as validation based on the fundamental
traffic flow diagram.

Chapter 4 examines the UKCP09 weather generator, its output weather data, the various
emissions scenarios, how the tool was effectively used to generate hourly weather data, the
limitation of the tool as well as suggestions to compliment the limitation. The weather data
was consistent with the general projection of future dryer summer months and wetter
winter months.

Chapter 5 then discussed the Integrated Weather Impact simulator (IWIS) which was used
to integrate the generated weather data and the traffic flow output data. It discusses the
variables of the weather data that were utilised as inputs, the user inputs, how the traffic
data was utilised and how the input data were synchronised to produce various simulation
output data in the form of distribution functions.

Chapter 6 looks at the effect of weather on traffic performance by examining the results of
the simulations carried out using the IWIS. It discusses the impact of the projected future
weather conditions on traffic flux under the CDSU, the potential impact on traffic flux if the
CDSU was altered, the impact of technological advancement on traffic flux and how the
traffic fluxes of different geographical locations of the UK may be affected.

Chapter 7 finally summarises the results of the research and concludes the thesis



Chapter 2 — The Literature Review

2.1. Weather and Road Transportation

Traffic flow and speed are affected by precipitation leading to increase in journey times
which would most likely be exacerbated in the future should there be rises in precipitation
levels. A study by Keay and Simmonds (2005) on Melbourne roads, Australia showed that
rainfall especially during winter and spring had the greatest impact on traffic volumes. A
similar study by Akin et al. (2011) on urban motorways in Istanbul showed a similar result.
These studies along with studies by Hooper et al. (2012) and El Faouzi et al. (2010) also
pointed out that inclement weather especially rainfall led to significant speed reductions
and increased traffic congestion while snow led to a significant reduction in the demand for
the road hence a reduction in traffic volume. Khattak and Knapp (2000) examined lowa
motorway data and discovered that traffic volumes on the motorway reduced by 30%
during snowy conditions compared to normal dry conditions and rainy conditions. This was
also discovered by ElDessouki et al (2004) during an examination on accident risk on
Connecticut motorways. While most studies were concentrated on motorways, Keay and
Simmonds (2005) study was focused on an urban area in Melbourne while Hooper et al.
(2012) study although it did include several sections which passed through urban areas, it
was more focused on a motorway between London and Glasgow in the UK. It was
discovered in both urban studies that increased rainfall led to reduction in speeds and
increased traffic congestion, this result is like the studies carried out on motorways, but the
speed reductions are less significant on the motorways as pointed out in a literature review
by Pisano and Goodwin (2004) regarding weather effects on urban arterials.

Studies from all over the world (lbrahim and Hall, 1994; Maze et al., 2006) including the UK
(Hooper, 2013; Smith K., 1982) have shown that inclement weather conditions have
negative effects on traffic flow. Their effects were split into two main categories by
Jaroszweski et al (2014) which are those effects that occur because of behavioural changes
to driver due to the stress induced by weather and those that are influenced by physical
failure of the infrastructure or by the set off of natural disasters such as low temperature
induced potholes. The behavioural changes may include reduced speed, acceleration, start-
up times and wider gaps between moving vehicles in a traffic stream (Amison-Agbolosu and
Sadek, 2004). These behaviours are due to factors that occur during inclement weather
conditions such as reduced traction and visibility.

Several studies (Ibrahim and Hall, 1994, Agarwal et al., 2005, Kyte et al., 2001) have been
carried out to determine the degree of speed reductions under several inclement weather



conditions at various intensities. The study by lbrahim and Hall (1994) which was focused on
a motorway showed that there was a speed reduction of approximately 2km/hr when it
rained slightly and 3km/hr when it snowed slightly while when it rained heavily there was a
speed reduction of up to 10km/hr while heavy snow resulted in speed reduction up to
50km/hr. A summary of Ibrahim et al’s findings is shown in the table 2.1. The Federal
Highway Administration (FHWA, 1977) in the US offered a weather classification scheme to
the study of the impact of precipitation on motorway systems. The classification ranged
between dry roads with a percentage speed reduction of 0% and snow packed road with a
percentage speed reduction of 42%. Maze et al. (2006) discovered that when visibility was
less than 0.25 miles, a 12% reduction in speed was maintained in the Minneapolis / St. Paul
area for over a four-year study period. A summary of the FHWA data is shown in the table
2.2. Kyte et al. (2001) explicitly defined a critical visibility distance of 0.3 km (0.18 mile),
below which speed was reduced by 0.77 km/hr (0.48 mph) for every 0.01 km (0.0062 mile)
reduction in visibility.

Agarwal et al (2005) carried out a research on quantifying the impact of rain, snow and
pavement surface conditions on traffic flow. They estimated the relationship between
highway capacity and traffic speed on congested freeways in the Minneapolis/St. Paul (the
Twin Cities) metropolitan area where they utilised freeway traffic in-pavement system
detectors data collected from a four-year period, weather data from three Automated
Surface Observing Systems (ASOS) and five RWIS sensors. Results from this research
indicated that severe precipitation (mainly rain and snow) and visibility impairment resulted
in the most significant speed and capacity reductions (Agarwal et al., 2005). The findings are
summarised in the table 2.3.

Agbolosu-Amison and Sadek (2004) referred to a report by Bernardin Lochmueller and
Associates, Inc. (1995), the report was the result of an assessment on the speed variations
and saturation flows during inclement weather conditions on a network containing 24
signals. Measurements of several traffic parameters (such as startup lost times, speed and
saturation flow) were taken during average summer conditions and average winter
conditions. Their report showed that the signalling time used for summer conditions were
not satisfactory for winter conditions (inclement weather conditions). They suggested that
travel time during inclement weather conditions could be reduced by up to 13% and
average delay by up to 23% if purposely designed signalling times were used during
inclement weather conditions (Agbolosu-Amison and Sadek, 2004).



Weather Events Speed Reduction

1.2 mi/h (free-flow speeds)

- Light rain 10% at a flow rate of 2.400 veh/h
Rain 0
Heavy rain 3 to 4 mi/h (free-flow speeds)
i 16% at a flow rate of 2. 400 veh/h
Snow Light snow 0.6 mi/h (free-flow speeds)

Heavy snow 38%

Table 2.1: Speed reduction in inclement weather (Ibrahim and Hall, 1994)

Pavement Condition Speed Reduction (%)
Dry 0
Wet 0
Wet and snowing 13
Wet and slushy 22
Slushy in wheel paths 30
Snowy and sticking 35
Snowing and packed 42

Table 2.2: Speed reduction in inclement weather (FHWA, 1977)

Wizather varizble | Intensity Fercentage Feroentage
[irchy hour} reduction in reduction in
Capacity speed compared
compared to to Clear
Clear
Rain i} i} o
0-0.0.01 2% 2%
0.01-0.25 TH EL
=0.25 14% 5%
Snow [
<=0.05 4% 4%
0.05-0.1 o EH
0.11-0.5 11% o
=0.5 2% 13%

Table 2.3: Average impact of precipitation on speed and capacity (Agarwal et al., 2005)

2.1.1.2.  Precipitation and acceleration

In a paper by Asamer et al. (2011) it was pointed out that precipitated conditions (such as
rainfall and snow) result in slippery road surfaces which tends to reduce the friction
between road surfaces and tires hence drivers tend to decelerate or accelerate more slowly
compared to dry conditions specially to avoid skidding. It was also indicated that that lower
acceleration rates are expected of moving vehicles compared to vehicles accelerating from
the stop line. It is agreed that there is a relationship between maximum acceleration and
weather conditions (FHWA, 2004) although no paper has explicitly identified these
relationships. Hoogendoorn et al. (2011) identified a relationship between the speed of the



lead vehicle, the action point (i.e. response point of the following vehicle) of the following
vehicle and the acceleration of the following vehicle. He concluded that following vehicles
are less sensitive to speed changes of their lead vehicle under foggy conditions because of
low visibility affecting their perception of their lead vehicle.

Although explicit relationships between weather conditions and driver’s maximum
acceleration have not been identified by any author the relationship between start-up loss
time and weather conditions have been analysed. FHWA (2009) indicated that the start-up
loss time increases significantly with the severity of the road conditions with the highest
start-up loss times occurring when slush accumulates on the pavement surface. Increase in
start-up loss time has been known to occur during reduced visibility, and reduced pavement
friction. Lieu and Lin (2004) identified a 20% increase in start-up loss time during wet and
slushy weather conditions while Maki (1999) identified a start-up loss time increase of 2-
3sec under inclement weather conditions after an experiment.

An extensive review on the impact of weather on road transport was discussed in appendix
1.

2.2. Traffic flow modelling

Traffic flow models are tools often used in the study of real-world traffic systems. Given
certain demand levels they may be used to determine when queues will build up, the length
of the queues, the propagation of the queues in terms of time and space and the duration
of the congestion. Depending on the level of detailing traffic flow models may be classified
into macroscopic, mesoscopic and microscopic models. With macroscopic method, entities,
their activities and their interactions are described at a low level of detail (Mathew, 2014).
An aggregated measure is used to represent traffic stream in terms of characteristics such as
speed, flow and density. They are more suitable for short-term forecasting in the context of
network-wide coordinated traffic management. They are applicable in the development of
dynamic traffic management and control systems, designed to optimise the traffic system
and can be used to estimate and predict average traffic flow operations (Hoogendoorn and
Knoop, 2019).

With microscopic models’ entities, their activities and their interactions are described at a
higher level of detail (Mathew, 2014) while mesoscopic falls in between macroscopic and
mesoscopic models and views vehicles in groups. Unlike the macroscopic method, the
microscopic method attempts to analyse traffic flow by modelling the interaction between
drivers (driver-driver interaction) and the interaction between drivers and roads (driver-
road features (such as traffic light) interaction). They are suitable for Intelligent
Transportation Systems (ITS) applications, such as dynamic traffic management and route
guidance which are now seen as important tools for traffic management. These applications
involve the broadcasting of information from a traffic management centre to DVUs and
deployment of management and control schemes. The only realistic modelling approach for
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the impact of information and control strategies on the traffic flow is by considering the
response of the individual drivers to the information. An example is the modelling of drivers’
response signs and lane change behaviour to evaluate different response strategies that
require the use of lane use signs. Microscopic simulation models are often used in such
applications as they represent the behaviour of individual drivers in detail. The detailed level
of behaviour modelling in microscopic simulation models is particularly critical when
disaggregate relations between vehicles are more important than aggregate traffic flow
characteristics. An example is the study of safety impacts, for which headway distributions,
frequency of emergency braking and the number and locations of lane changes may provide
better indication of the impact on safety of different geometric design plans than aggregate
measures such as average speed, flow and density (Toledo et al, 2015).

Microscopic traffic flow models are generally split into two main components:

e The car following model
e The lane changing model

Car following models are used to represent how a following vehicle follows a lead vehicle in
an uninterrupted traffic stream. The reaction of drivers to changes in the position of the
lead vehicle have been formulated by various models such as Paramics, General Motors,
Forbes, Pipes, and Optimal velocity model (Matthew, 2019). Car following models are
generally classified into three main groups:

Car following models are generally grouped into classes depending on the logic they are
based on. Some of these classes include:

° : Models under this classification assume
that the acceleration of the following vehicle is proportional to its speed, the speed
difference between itself and its corresponding lead vehicle and the space headway
between them. An example is the Optimal Velocity model. MITSIM traffic flow model
software package uses a car following model in this class.

° : These models assume that the following vehicle always
keeps a safe distance from their lead vehicle. Examples include the Pipe’s model and
General motors’ model. AIMSUN traffic flow model software package uses a car
following model in this class.

° : These models use thresholds for various
parameters such as the minimum speed difference between follower and leader
perceived by the follower. Examples include the Fritzsche model and Forbes’ model.
VISSIM and Paramics traffic flow model software packages use a car following model
in this class.

A general limitation of the GHR and the Safety-distance models is that they both require the
following driver to always have an absolute knowledge of its lead vehicle speed and position



at any given time rather than a more realistic approach found in the psycho-physi