
University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any 

accompanying data are retained by the author and/or other copyright 

owners. A copy can be downloaded for personal non-commercial research 

or study, without prior permission or charge. This thesis and the 

accompanying data cannot be reproduced or quoted extensively from 

without first obtaining permission in writing from the copyright holder/s. 

The content of the thesis and accompanying research data (where 

applicable) must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the copyright 

holder/s. 

When referring to this thesis and any accompanying data, full bibliographic 

details must be given, e.g. 

Thesis: Author (Year of Submission) "Full thesis title", University of 

Southampton, name of the University Faculty or School or Department, PhD 

Thesis, pagination. 

Data: Author (Year) Title. URI [dataset]





https://www.southampton.ac.uk/
https://orcid.org/0000-0001-9122-9297




i 



ii 

 
 
 
 
 
 
 
 

  
  

  
  

  
  
  
  

  
  

  
  

  
  
  

  

 
 

  
  
  
  
  

  
  
 

 
  

  
  
  
  
  
  
  



iii 

  
  

 
 

  
  

  
  
  

 
 

  
  
  
 

 
  
  

  
  
  

  
  
  

  
  
  
  

  

 
 

  
  

 
 

 
 

  
  

 
 

 
 

  
  



iv 

  
  
  

  
  
 

 
  

  
 

 
  

  

 

 
  

  
  

  
  
  

  
  
  
  
  

  
  

  
  
  
  
  
  
  
  
  

 
 

 
 

  
  
  



v 

  
  

  
 

 
 

 
 

 
  

  
  

  
  
  
  
  

  
 

 

 
 

  
 

 
 

 
  
 

 
  

  
  
  
  

  
  
  
  

 
 

 
 



vi 

 
 

 
 

 
 

  
  
  

  
  

  
  

  
  

  
  
 

 
 

 
 

 
 

 
 

 
  

  
 

 
  

  
 

 
  
  

 
  



vii 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 





ix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 

 
 
 
 
 



x 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 



xi 

 
 

 
 
 
 
 
 
 
 
 
 
 





xiii 





xv 





xvii 





xix 



xx 



xxi 



xxii 



xxiii 





1 



2 



3 



4 



5 



6 



7 



8 



9 



10 



11 



12 



13 





15 



16 



17 



18 



19 



20 



21 



22 



23 



24 



25 



26 



27 



28 



29 



30 



31 



32 



33 



34 



35 



36 



37 



38 



39 



40 



41 



42 



43 



44 



45 



46 



47 



48 



49 



50 



51 



52 



53 



54 



55 





57 



58 



59 



60 



61 



62 



63 



64 



65 



66 



67 



68 



69 



70 



71 



72 



73 



74 



75 



76 



77 



78 



79 



80 



81 



82 



83 



84 



85 



86 



87 



88 



89 



90 



91 





93 



94 



95 



96 



97 



98 



99 

 



100 



101 



102 



103 



104 



105

y = 1313.6x-0.881

R² = 0.932

0

200

400

600

800

1000

1200

0 50 100 150 200 250

Du
ra

tio
n 

to
 fa

ilu
re

 (m
on

th
s)

ESALMT (msa)

Manual truck lane loading and duration



106 



107

y = -0.0737x3 + 1.1001x2 - 5.5022x + 10.032
R² = 1

0%

50%

100%

150%

200%

250%

0 1 2 3 4 5 6 7

Tr
af

fic
 lo

ad
in

g 
co

ef
fic

ie
nt

Lane width (m)



108 



109 



110 



111 



112 



113 



114 



115

y = 0.262x3 - 2.0821x2 + 4.6272x - 0.8746
R² = 0.9831

0.00

0.50

1.00

1.50

2.00

2.50

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

No
rm

al
ise

d 
ac

ci
de

nt
 ra

te
 (p

er
 m

ill
io

n 
ve

h-
km

)

Lane width (m)



116 



117 



118 



119 



120 



121 



122 



123 



124

y = 15.333x - 1.2667

47
48
49
50
51
52
53
54
55
56

3.1 3.2 3.3 3.4 3.5 3.6 3.7

Sp
ee

d 
(m

ph
)

Lane width (m)

PCs speed-lane width regression



125

y = 6.6667x + 24.167

40
42
44
46
48
50
52
54
56
58

2.5 3 3.5 4 4.5 5

Sp
ee

d 
9m

ph
)

Lane width (m)

HGVs speed-lane width regression



126 



127 



128 



129 



130 



131 



132 



133 



134 



135 



136 



137 



138 

 



139 



140 



141 



142 



143 



144 



145 





147 



148 

  
 
 

 
 
 



149 



150 



151 



152 



153 



154 



155 



156 



157 



158 



159 



160 



161 



162 



163 



164 



165 



166 



167 



168 



169 



170 



171 

http://www.standardsforhighways.co.uk/ha/standards/mchw/index.htm
https://data.gov.uk/dataset/cb7ae6f0-4be6-4935-9277-47e5ce24a11f/road-safety-data
https://data.gov.uk/dataset/cb7ae6f0-4be6-4935-9277-47e5ce24a11f/road-safety-data
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/873929/road-traffic-forecasts-2018-document.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/873929/road-traffic-forecasts-2018-document.pdf
https://www.gov.uk/government/publications/tag-data-book
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/916749/road-traffic-estimates-in-great-britain-2019.pdf


172 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/916749/road-traffic-estimates-in-great-britain-2019.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/981972/tra0104.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/981972/tra0104.ods
https://primerhub.com/self-driving-cars/autonomous-vehicle-technology
https://primerhub.com/self-driving-cars/autonomous-vehicle-technology


173 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1107056/road-traffic-estimates-in-great-britain-2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1107056/road-traffic-estimates-in-great-britain-2021.pdf
https://commonslibrary.parliament.uk/research-briefings/sn02787/#:~:text=Services%20are%20the%20sector%20that,%25%20and%20agriculture%20for%201%25.&text=Construction%20sector%20output%20was%20down,up%208.2%25%20in%20May
https://commonslibrary.parliament.uk/research-briefings/sn02787/#:~:text=Services%20are%20the%20sector%20that,%25%20and%20agriculture%20for%201%25.&text=Construction%20sector%20output%20was%20down,up%208.2%25%20in%20May
https://commonslibrary.parliament.uk/research-briefings/sn02787/#:~:text=Services%20are%20the%20sector%20that,%25%20and%20agriculture%20for%201%25.&text=Construction%20sector%20output%20was%20down,up%208.2%25%20in%20May
https://commonslibrary.parliament.uk/research-briefings/sn02787/#:~:text=Services%20are%20the%20sector%20that,%25%20and%20agriculture%20for%201%25.&text=Construction%20sector%20output%20was%20down,up%208.2%25%20in%20May


174 

https://www.itf-oecd.org/sites/default/files/docs/decarbonisation-existing-eu-policy.pdf
https://www.itf-oecd.org/sites/default/files/docs/decarbonisation-existing-eu-policy.pdf


175 

https://www.bbc.co.uk/news/technology-46055595


176 



177 

https://doi/


178 



179 

https://www.smmt.co.uk/wp-content/uploads/sites/2/SMMT-CAV-position-paper-final.pdf
https://www.smmt.co.uk/wp-content/uploads/sites/2/SMMT-CAV-position-paper-final.pdf
https://www.smmt.co.uk/wp-content/uploads/sites/2/SMMT-Motor-Industry-Facts-June-2018.pdf
https://www.smmt.co.uk/wp-content/uploads/sites/2/SMMT-Motor-Industry-Facts-June-2018.pdf
https://the-contact-patch.com/book/road/c1602-the-pavement-structure
https://the-contact-patch.com/book/road/c1602-the-pavement-structure
https://www.gov.uk/government/publications/connected-and-autonomous-vehicles-market-forcecast
https://www.gov.uk/government/publications/connected-and-autonomous-vehicles-market-forcecast


180 



181 





183 



184 



185 



186 



187 



188 



189 



190 



191 



192 

 


	Abstract
	Table of Contents
	Table of Tables
	Table of Figures
	Research Thesis: Declaration of Authorship
	Scientific Contributions and Publications from PhD Research
	Acknowledgements
	Definitions and Abbreviations
	Chapter 1 INTRODUCTION
	1.1 Background
	1.1.1 The drive towards automation
	1.1.2 Public anxiety to new technology

	1.2 Managing risks to the highway network
	1.2.1 The economic importance of roads
	1.2.2 Disruption to highway engineering
	1.2.3 Reality and consequences of threats

	1.3 Engaging with national and international CAV study efforts
	1.4 Research motivation
	1.4.1 Analytical complexities of designing for CATs
	1.4.2 Knowledge gap

	1.5 Study aim and objectives
	1.5.1 Aim
	1.5.2 Objectives

	1.6 Structure of Thesis

	Chapter 2 OPERATIONAL BEHAVIOUR OF CONNECTED AUTONOMOUS VEHICLES: ASSUMPTIONS AND SUPPORTING EVIDENCE
	2.1 Technical concepts and market trends
	2.1.1 Technologies and terminologies
	2.1.2 Partial automation acceptance
	2.1.3 Composition of the Full autonomy (Level 5) system
	2.1.4 Achieved and projected progress to full automation

	2.2 Vehicle dynamics and control variability
	2.2.1 Vehicle modelling research
	2.2.2 Opportunities and limitations of vehicle dynamic simulations for autonomous vehicles – VIVUS Study
	2.2.3 Deductions from vehicle modelling research

	2.3 Traffic flow performance
	2.3.1 Network capacity parameters
	2.3.2 Effects of platoons on manual vehicles
	2.3.3 Impact of CAV penetration rates on traffic behaviour
	2.3.4 Traffic flows, connectivity, and headways in CAV scenarios
	2.3.5 Traffic delays and road configuration
	2.3.6 Derived traffic flow assumptions for PhD research.

	2.4 Collision reduction and safety benefits
	2.5 The contribution of road transport to climate change
	2.5.1 Identifying opportunities of self-driving trucks as game-changing solution to combating climate change
	2.5.2 Fuel efficiency and reduction in GHG emissions
	2.5.3 Follow-on assumptions and approach to fuel consumption analysis


	Chapter 3 CONVENTIONAL ROAD DESIGN APPROACHES
	3.1 Technical road design overview
	3.2 Historical development of highway design standards
	3.2.1 The advent of the automobile: from invention to mass production and distribution
	3.2.2 Evolution of cross-section geometric design standards
	3.2.2.1 Designing new cars to fit existing roads, and new roads to fit cars
	3.2.2.2 Original design standards
	3.2.2.3 Emergence of motorways and the lingering legacy of horse-drawn carts
	3.2.2.4 Adaptation of comprehensive design manuals
	3.2.2.5 Creation of the Design Manual for Roads and Bridges suite


	3.3 Pavement design methods
	3.3.1 Theoretical basis to structural pavement designs
	3.3.2 UK design standard
	3.3.2.1 Imposed load calculations
	3.3.2.2 Structural layers
	3.3.2.3 Foundations


	3.4 Limitations in current analytical basis for pavement design
	3.4.1 Wear factors
	3.4.2 HGV lane distribution model
	3.4.3 Lane width as an omitted pavement design parameter

	3.5 Summary on development and limitations of standards for CAVs

	Chapter 4 ASSESSING HIGHWAY ENGINEERING DESIGN FOR FULL AUTONOMY
	4.1 Existing research on pavement structural integrity under CAV loading
	4.1.1 Quantifying CAV pavement failure modes
	4.1.1.1 Development of novel methods for investigating correlation between pavements and connected autonomous vehicles
	4.1.1.2 Results of pioneering research into CAVs impact on pavement performances
	4.1.1.3 Limitations of the ground-breaking pavement-CAVs research

	4.1.2 Application of statistical distribution modelling
	4.1.2.1 Utilising probability distribution functions to predict lateral position of autonomous vehicles wheel loads
	4.1.2.1.1 Exploring the effects of wheel standard deviations from centre of traffic lane
	4.1.2.1.2 Limitations of probability distribution functional modelling of wheel lateral position

	4.1.2.2 Expanding wheel load lateral distribution mode alternatives for autonomous vehicles
	4.1.2.2.1 Background to the application of the finite element method
	4.1.2.2.2 Exploring lateral control distribution modes
	4.1.2.2.3 Finite element analysis approach to wheel load-induced stress-strain propagation through pavement structure
	4.1.2.2.4 Results of finite element analysis for multiple wheel lateral distribution options
	4.1.2.2.5 Conclusions and limitations of the FEA-based studies on CAV pavement performance

	4.1.2.3 Fixed-path effects on pavement
	4.1.2.4 Recovery time effects
	4.1.2.4.1 Underlying phenomenon for reduced self-healing time within asphalt under CAV loading
	4.1.2.4.2 Study design and execution
	4.1.2.4.3 Analyses of outputs from pavement recovery time impacts and study limitations



	4.2 Road geometrics
	4.2.1 Exploratory geometry investigations
	4.2.2 Innovative cross-sections

	4.3 Roadworks and temporary traffic management
	4.3.1 Understanding the effects of roadworks on traffic
	4.3.2 Scarcity and limitations of current studies investigating autonomous vehicles performance in roadworks situations

	4.4 Limitations in current research
	4.4.1 Dominance of traffic flow studies for connected and autonomous vehicles
	4.4.2 Technological infrastructure research and general scarcity of engineering studies
	4.4.3 Summary of limitations in existing research

	4.5 Developing whole-life costing methods to address research gap

	Chapter 5 EVALUATING ROAD DESIGN AND OPERATION OPTIONS FOR CONNECTED AUTONOMOUS VEHICLES USING MULTI-SCENARIO COMPARISONS
	5.1 Initial scoping and assessment of technical feasibility
	5.1.1 Defining research base case study section
	5.1.2 Engineering and designing geometric cross-section alternatives
	5.1.2.1 Standard D3M
	5.1.2.2 D3M with wide CAT lane
	5.1.2.3 D4M with narrow lanes


	5.2 Impact of CAVs on capital expenditure for highway schemes
	5.2.1 Developing a conversion pricing method for CAV-enabled roads
	5.2.2 Conversion works costs
	5.2.3 Cost of Preliminaries
	5.2.4 Results of conversion costings for modified highways

	5.3 Quantifying vehicle operation and maintenance costs
	5.3.1 Pavement failure analysis for shared CAT/MT carriageways
	5.3.1.1 Approach framework and justification
	5.3.1.2 Traffic assessment
	5.3.1.3 Wheel load analysis
	5.3.1.4 Design of test pavement structure and foundation
	5.3.1.5 CAT lane pavement failure
	5.3.1.6 MT lane pavement failure
	5.3.1.7 Accounting for the effect of manual truck lane width
	5.3.1.8 Pavement rehabilitation costs
	5.3.1.9 Pavement deterioration and maintenance thresholds

	5.3.2 Results and interpretations of pavement failure frequency/maintenance costs:

	5.4 Assessing safety implications of dedicated connected autonomous truck lanes
	5.4.1 Establishing base safety
	5.4.2 CAVs safety profile
	5.4.3 MVs accident rates
	5.4.4 Accidents rates and safety profile from introducing CAT lanes

	5.5 Fuel and energy consumption variability
	5.5.1 Overview of methods
	5.5.2 Consequences of CATs on carriageway aggregate fuel and energy costs

	5.6 Mitigating greenhouse gas emissions through connected autonomous trucks
	5.6.1 Approach to quantifying carbon dioxide emissions from CAT-enabled corridors
	5.6.2 Results of carbon dioxide emissions calculation

	5.7 Travel time costs, evaluating delays from CAT-induced disruptions
	5.7.1 Travel time during normal operations
	5.7.1.1 Effective free-flow speeds
	5.7.1.2 Demand distribution and capacity analysis
	5.7.1.3 Travel delay evaluation
	5.7.1.4 Value of time for normal operations
	5.7.1.5 Travel time during temporary traffic management (TTM)

	5.7.2 Travel time costs results and discussion

	5.8 Summary of whole-life costing approach to multi-scenario analysis for connected autonomous vehicles

	Chapter 6 WHOLE-LIFE COST ANALYSIS FOR AUTONOMOUS TRUCK-ENABLED HIGHWAYS
	6.1 Results analysis and discussion of whole-life cost variability
	6.2 Towards development and validation of a multiple linear regression model for whole-life cost prediction
	6.2.1 Application of statistical diagnostic test as assurance mechanism for regression model validity and reliability
	6.2.1.1 Justification and application of multicollinearity diagnostic test
	6.2.1.2 Multicollinearity results: correlation coefficients interpretation and analysis
	6.2.1.3 Selection of validated variables using multicollinearity

	6.2.2 Multiple linear regression modelling
	6.2.2.1 Background and general information
	6.2.2.2 Examination of the regressor-response variable relationship
	6.2.2.3 ANOVA, Coefficients and Statistical Significance


	6.3 Optimal solutions: mathematical model derivation and interpretation
	6.3.1 Low to mid-range MPR
	6.3.2 Very high MPR
	6.3.3 Evaluating highway design efficiency at varying MPRs


	Chapter 7 DEVELOPMENT OF DECISION MODEL TO SUPPORT OPTIMISED ROAD DESIGN IMPLEMENTATION
	7.1 Impact of vehicular traffic demand levels on performance metrics for road designs optimised for connected autonomous truck
	7.1.1 Establishing the role of traffic flows in assessment of highway engineering alternatives
	7.1.2 The case for optimal design solution validation against varying traffic flow impacts
	7.1.3 Exploring insufficiencies within previous studies on demand-CAV relationships: critical analysis of prior research
	7.1.4 Approach to scenarios generation and simulation

	7.2 Results of net benefits for variable vehicle demand and penetrations
	7.3 Analysis of aggregated net-benefit variability
	7.3.1 Predictive model derivation for net benefits
	7.3.2 Limitations of mathematical model


	Chapter 8 SUMMARY AND CONCLUSION
	8.1 General findings
	8.1.1 Whole-life cost approach to highway design assessment for CATs
	8.1.2 Variation of individual Cost components

	8.2 Optimal highway design solutions
	8.3 Impact of traffic volumes on net cost/benefits
	8.4 Accomplishment of the research goals and contributions to knowledge advancement
	8.4.1 Objective 1: Conduct exploratory study into highway designs parameters that require modifications for CAVs
	8.4.2 Objective 2: Develop methodologies for calculating new highway performance metrics for CAVs
	8.4.3 Objective 3: Produce whole-life cost optimisation model for highway design for CAVs
	8.4.4 Objective 4: Validate the performance of the optimised highway design model against a range of traffic flow conditions

	8.5 Practical applications of the research
	8.5.1 Cross-sections optimal designs and pavement re-analysis
	8.5.2 Application of model as a decision tool for autonomous vehicles implementation

	8.6 Areas requiring further research
	8.6.1 Expansion of the geometric design alternatives investigated
	8.6.2 Modifying and using the pavement structural attributes as predictor variable
	8.6.3 Basis and assumption for composition of traffic data used in analysis
	8.6.4 Exploring potential scope for research broadening


	REFERENCES
	Appendix A DETAILED SCENARIO COST DATA – TYPICAL FLOWS



