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Abstract

The commercial application of automation technology in passenger and freight transport
will bring positive revolutionary changes in transportation mobility. Despite having more
advantages, automation in trucking technology has some detrimental effects on the
performance of asphalt pavement and highway safety. This study focuses on optimization
of asphalt pavement distresses and prediction of rutting induced traffic safety factors for
movement of autonomous trucks. This study optimizes the asphalt concrete (AC) pavement
distresses by devising traffic input in Mechanistic-Empirical Pavement Design Software,
AASHTOWare. An increase in pavement distresses was observed for a small increase in
the standard deviation of wheel wander, uniform distribution of truck traffic loading, and
equal distribution of vehicle positioning on the road lanes. Permanent deformation of the
asphalt concrete layer for roads (PEDRO) model was incorporated to predict AC pavement
rutting for a typical pavement section. Hydroplaning speed and skid resistance as traffic
safety factors were evaluated from widely accepted empirical equations for the induced
rutting. A standard tire rather than a truck tire was considered due to its high susceptibility
to traffic safety. A graphical relationship has been proposed to obtain a design threshold
value for hydroplaning speed, water film depth and autonomous truck speed. An attempt
was made to improve pavement performance by increasing frequency of truck load in low-

temperature period of a day.

Keywords: Autonomous Truck, Pavement Distresses, Optimization, Traffic Safety, Low-

Temperature Duration.
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Chapter 1 Introduction and Overview

1.1 Background

Rapid growth in information and communication technology is accelerating the
implementation of automation techniques in transportation mobility. Center for
Automotive Research predicted the increment of autonomous vehicles sales up to 55
percent of all vehicles by 2040 (Fee, 2020). Some places of the world witnessed the
successful application of autonomous vehicles in the time of Covid-19 to deliver necessary
foods and medical equipment to the infected people (Donelson, 2020). Automation in
transportation mobility has reached out to trucking sectors, crossing the border of the
passenger car (Noorvand et al., 2017). An autonomous truck was deployed to deliver butter
in California, making a country trip (Linder, 2019). Different organizations worldwide
announced schedules to perform field tests of autonomous trucks (Wanek-Libman, 2020).
Successful implementation of automation techniques in transportation sectors will bring

potential impacts on transportation planning and pavement design.

Autonomous vehicles, including trucks, significantly reduce crash rates due to
human error, relieving drivers stress, improved productivity, and mobility being used as
mobile office and bedrooms, minimizing traffic congestion, parking costs, pollution
emissions, etc. (Litman, 2020). Automatic braking configured in AV technologies will
increase the highway infrastructure capacity through the reduction of safe distance between
vehicles at an increased speed (Chen et al., 2016; Lu et al., 2020; Shladover et al., 2012;

Simko, 2016; Tientrakool et al., 2011). This automation will overcome the shortage of



truck drivers also (Gungor & Al-Qadi, 2020a). Despite having a lot of advantages,
pavement infrastructures will be negatively affected with the implementation of AV
technology. Researchers encountered the necessity to change the road markings, lane

width, roadway capacity, and pavement design for AV (Litman, 2020).

Pavement engineers and researchers are working on the structural performance of
AC pavement for minimization of additional distresses induced by AT. The influences of
AT on the performance of asphalt concrete (AC) pavement are induced from channelized
or less wander traffic loading, reduced inter-vehicle distances, and constant speeds and less
stop/start actions (Steyn & Maina, 2019). A very limited number of studies on the
optimization of pavement distresses for AT movement are observed. The optimization of
distress was introduced controlling wheel load distribution in a lane of pavement section
(Noorvand et al., 2017; Zhou et al., 2019; Chen et al., 2019, 2020) and changing the

positioning of vehicles on the different lane of a road section (Noorvand et al., 2017).

Noorvand et al. devised traffic input in the Mechanistic-Empirical Pavement
Design Guide (MEPDG) for the mixing of the human-driven truck and autonomous trucks
(ATs). The authors devised traffic input to control wheel loading distribution and vehicle
positioning on different lanes of a road section. They observed a significant reduction in
rutting and fatigue for the uniformly distributed wheel on a pavement lane compared with
AT (Noorvand et al., 2017). Chen et al. conducted finite element studies to observe zero-
wander, double peak gaussian and two-section uniform distribution of wheel load on
pavement fatigue and rutting. The authors found two-section uniform mode as efficient in

distress reduction mode (Chen et al., 2019). Chen et al. also introduced fatigue damage



growth mode to allow the movement of the vehicle on a pavement lane. The basis of this
technique is to allow vehicle movement in a controlled manner to induce equal fatigue on

the entire width of the lane (Chen et al., 2020).

1.2 Research Gap

The impact of autonomous trucks (AT) on pavement performance and their remediation
have not been extensively studied yet. Researchers have performed some studies to
estimate pavement distresses due to the movement of AT on asphalt concrete pavement.
Researchers found that the lane-centering tendency of AT affects pavement performance
significantly. This lane-centering tendency reduces the standard deviation of wheel
loading distribution (wheel wander) on pavement lane. Some of them introduced
techniques to minimize pavement distresses from AT (Noorvand et al., 2017; Chen et al.,
2019, 2020). Chen et al. (2019, 2020) performed finite element analysis to minimize
pavement distresses of AT movement through the control on wheel loading distribution
patterns. But, there is less possibility for AT to occupy the pavement lane very soon.
Noorvand et al. (2017) introduced mechanisms to improve pavement performance for
combination of AT and human-driven trucks. This analysis data was compared with fully
autonomous or zero wander trucks. Zhou et al. (2019) performed field tests on AT and
observed that AT could be modeled for loading distribution of standard deviation ranging
from 0.25 cm (1 inch) to 0.76 cm (3 inches). Pavement performance for the combination
of human-driven trucks and AT with a wide range of wheel wander has not been studied

yet.



A significant reduction in the road accident is encountered by Stakeholders through
the implementation of automation technology in the transportation sectors. Channelized
truck traffic seriously deteriorates asphalt pavement rutting. Increased rut depth are crucial
factors for traffic safety in wet weather conditions. The effects of AT implementation on
hydroplaning potential and skid resistance (traffic safety parameters) for different wheel

wanders have not been analyzed so far.

Climatic factors greatly affect asphalt pavement performance. Pavement
temperature changes with air temperature and other climatic factors. Resilient modulus, a
critical variable in asphalt pavement design, varies with pavement temperature. (Ghao et
al., 2019; Zhao et al., 2020). Asphalt mixtures are found to show higher resilient modulus
at low temperature. Pavement performance evaluation due to the movement of AT at the

low-temperature duration of a day has not been analyzed so far.

1.3 Objectives and Contribution

The objective of this research is to evaluate the effects of autonomous truck (AT) and their
optimization for asphalt concrete (AC) pavement performance and traffic safety factors.

More specifically, the goals of this thesis project are presented as follows:

e To optimize the additional distresses from AT through explicit control of i) wheel
load distribution in a lane and ii) vehicle positioning on different AC pavement

lanes.

e To evaluate the pavement rutting, leading to hydroplaning potential and skid

resistance for the movement of AT on AC pavement and establish a threshold value.



The first objective of this study is to evaluate the additional distress induced by
autonomous trucks and their optimization based on vehicle positioning in the lanes of a
road section and a wide range of truck wander within a lane. Based on traffic distribution,
baseline, separated and integrated scenarios were considered in this study. The baseline
scenario is designated for the movement of human-driven trucks. A dedicated lane was
allocated for AT and human-driven trucks separately in case of the separated scenario. The
integrated scenario was simulated to share the same lane by both AT and human-driven
trucks. Vehicle positioning on the lane along with the wander of AT was replicated for 24
simulations. Simulations were devised by equivalency factors (EF) obtained using
multilayer elastic theory for AC rutting and bottom-up fatigue (BU) cracking separately.
Adjusted traffic volume from EFs was inputted in AASHTOWare-a robust pavement
analysis software. Comparative studies were performed to obtain an optimized scenario
based on performance perspectives. Besides, an attempt has been made to minimize AT

impacts on AC pavement by scheduling AT traffic in a low-temperature period of the day.

The second objective of this study is to evaluate the pavement rutting for a wide
range of wheel wander for the movement of the autonomous truck on AC pavement. AT
was simulated by different standard deviation values of traffic distribution to estimate
rutting on the pavement. Each wander condition was replicated for different vehicle speeds.
Permanent Deformation of Asphalt Concrete Layer for Roads, PEDRO was employed to
assess the rutting of AC pavement due to the movement of AT. Additional rutting of AT
was measured compared to the human-driven truck. Hydroplaning potential and skid

resistance in wet weather conditions were evaluated in this study from the induced rutting



for all simulations. This research has developed threshold values for truck speed, WFD and
HPS parameters for a wide range of autonomous scenarios. An attempt was made to
minimize pavement rutting and traffic safety factors by adjusting the frequency of truck

traffic loading to get the benefit of the low-temperature duration of a day.

1.4 Thesis Framework

This thesis is written in manuscript format. The outcome of this thesis is presented in four
chapters. It includes three peer-reviewed journal manuscripts. One manuscript of chapter
1 is submitted to Construction and Building Materials and other two manuscripts of chapter

3 and chapter 4 are submitted to Road Materials and Pavement Design (RMPD) journal.

Chapter 1 introduces the background, previous research on autonomous vehicles focusing
on the evaluation of asphalt pavement performance and traffic safety factors, objectives

and contribution of the present study.

Chapter 2 provides a detailed literature review on connected and autonomous vehicles. It
describes the influence of connected and autonomous trucks on pavement design. This
chapter also explains the research gap for evaluating the effects of connected and
autonomous trucks on pavement performance and their optimization. This chapter is

submitted to the journal as a review paper.

Chapter 3 includes a journal manuscript submitted to the Road Materials and Pavement
Design (RMPD) journal in 2020. It evaluates the asphalt pavement distresses for the
movement of autonomous trucks and their optimization through the control of truck wheel

wander in a lane and vehicle positioning on lanes of the pavement section. It also studies



the minimization of pavement allowing autonomous trucks in the low-temperature duration

of a day.

Chapter 4 presents another manuscript which is also to the Road Materials and Pavement
Design (RMPD) recently. This paper predicts the rutting of asphalt pavement for a wide
range of wheel wander. Each wheel wander was simulated for different truck speeds. A
threshold value was developed among truck speed, hydroplaning speed and water film
depth. Optimization was made by increasing truck loading frequency on the low-

temperature duration of a day.

Chapter 5 summarizes the general conclusions, recommendations, and suggestions for

future works.
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Chapter 2 Literature Review

This chapter has been prepared for publication in a Journal as a review paper with the title
‘Connected & Autonomous Vehicles and Pavement Performance: A Literature Review’

The paper is presented in each chapter.

Abstract

The CAVs are becoming fruitful gradually as some technologies such as advance driver-
assist systems (ADAS) integrated into them can help control vehicles in a longitudinal and
transverse direction. The most available ADAS in current running vehicles and their
functions are summarized in this paper. There are a lot of uncertainties in harnessing the
benefits of CAV implementation. The advantages and the uncertainties of the CAVs are
presented. The lane-keeping algorithm in ADAS allows the vehicles to move in the reduced
width of the lane. Cooperative Adaptive Cruise Control (CACC) has increased in the
tendency of truck traffic platooning. The features of automation and connectivity are
improving the applicability of CAVs, however they are also posing potential negative
impacts on roadway infrastructures. The reduction of lane width and replacement of human
drivers by machine greatly impacts the various geometric elements of highways. The
reduction of the lane width and truck platooning affect the structural performance of the
pavements significantly. This paper presents the effects of connected and automated

driving on geometric elements and structural performance of the highway pavements. In

Rana, M., Hossain, K. (2020). Connected & Autonomous Vehicles and Pavement Performance: A Literature Review.
Submitted to journal.
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addition, various optimization techniques to minimize the additional distresses of

connected and automated driving are also explained in this paper.

Keywords: Connected and Autonomous Vehicles, Controls of Autonomous Vehicles,

Geometric Elements, Pavement Performance.
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2.1 Introduction

The commercial application of autonomous technology in passenger and freight transport
is growing at a fast pace due to tremendous development in Intelligent Transportation
Systems (ITS). The deployment of ITS in Connected Vehicle (CV) and Autonomous
Vehicle (AV) will bring revolutionary changes in transportation mobility in the near future.
CVs use communication technologies to establish connections with autonomous and non-
autonomous vehicles, roadside infrastructures, and other road participants to share the
driving information (Figure 2.1(a)). CVs help human or autonomous drivers to make a
better choice by supplying information collected by wireless technologies (Atkins, 2017).
AV, also known as driverless vehicles, can move from one place to another using sensors
and equipment (shown in Figure 2.1(b)) without any human intervention. AVs conduct
driving tasks relying on cameras, radar, GPS, LIDAR etc., and reduces human assistance
based on the level of autonomy (Presented in the next section). The existence of significant
overlapping between AVs and CVs creates difficulties in selecting specific infrastructure
requirements for each technology (Hallmark, 2019). There is a belief among transportation
stakeholders that CV is the enabler of AV (CAVita LLC, 2017) and CV has a significant
influence on AV (Shladover, 2018). Connected and Autonomous Vehicle (CAV)
incorporates both AV and CV technology and this combination has more benefits than
separated one.

This paper aims to provide a brief overview on features and control of CAVs on
the highway, the potential benefits and uncertainties of CAV implementation, the influence

of CAV on pavement infrastructures, and recommendations for future studies. The CAV

13



features and control are presented in the level of autonomy, advanced-driver assist system,
and progress in communication and path tracking technologies sections. The potential
benefits and associated uncertainties for CAV deployment are explained in terms of road
safety, traffic capacity, mobility, environmental effects and economic benefits. The
impacts of CAV on pavement infrastructures are presented in detail and divided in two
parts: geometric and structural performance. The impacts of CAVs on geometric design
mainly presents the change in geometric elements for CAV deployment. The effects of
connected and autonomous freight transport on pavement distress and different

optimization techniques and study gaps are presented in the last part of this paper.
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Figure 2.1 (a) Autonomous and (b) Connected Vehicles (Chong, 2016)

2.2 Level of Autonomy

Automation in driving requires the execution of dynamic driving functions related to

operational activities and tactical strategies. The steering, braking, accelerating, and
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monitoring are part of operational activities, and tactical strategy comprises different
decisions about the changing lane, avoiding traffic congestions and construction zones.
Society of Automotive Engineers (SAE), a global platform comprising scientists,
engineers, and practitioners, classify passenger, and freight transport automation into six
levels (SAE International, 2014).

e Level 0: No automation- All driving tasks are performed by a human.

Level 1: Driver assistance- Cruise control is incorporated in vehicle design.
e Level 2: Conditional automation- Steering and accelerating/decelerating are
controlled by the vehicle.
e Level 3: Partial automation- Steering, braking, acceleration, and navigation are
integrated into vehicles.
e Level 4: High automation- All operational and tactical decisions are included in
good weather conditions.
e Level 5: Full automation- All driving tasks are handled by vehicles. No driver is
required.
These automation levels have been adopted by the US Department of
Transportation and the United Nations (National Science and Technology Council & US
DOT, 2020). The progressive technological development over the last decades has brought

the full automation level to the implementation phase.
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2.3 Advanced Driver-Assist System

Advanced driver-assist system (ADAS) is an integrated part of ITS and assists the human-
driver in driving functions (Belmonte et al., 2020; L. Wang et al., 2020). The level of
automation is also characterized based on the relief of human tasks by ADAS. Different
ADAS are currently integrated into human-driven vehicles (Lengyel et al., 2020). The
common ADAS technologies integrated into current vehicles (Mitchell1, 2019) and their
functions (American Automobile Association, 2019) are presented in Table 2.1. The
analysis found that the vast majority of new vehicles in the USA in 2018 consist of at least
one ADAS function (American Automobile Association, 2019).

Table 2.1 Different ADAS systems and their functions

ADAS Functions

Adaptive Cruise Control | Accelerates or stops the vehicle along with many other
(ACC) functions

Back-Up Cameras/Sensors | Assists in parking and observe the backside

Adaptive Headlights Make the headlight adjustment to notice at bends and
corners in hill

Lane Departure Warning Warns the driver at the moment of leaving the lane

Lane Keeping System | Confines the vehicles in the lane width
(LKS)

Automatic Parking Parks the cars automatically without any assistance
Blind Spot Monitoring Alerts the drivers about objects in the blind spot
Emergency Braking Applies brakes to avoid the collision

Pedestrian Detection Differentiates between the pedestrians and objests
Drowsy Driver Detect Prevents accidents by sleeping drivers

Night Vision Sees clearly at night or adverse weather
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The ultimate goal of ADAS is to transform vehicles from human-driven to fully
autonomous conditions (Cheong et al., 2017) and increase traffic safety (Hagl &
Kouabenan, 2020). Transportation sectors have already entered into a new era of
automation technology by successfully transforming ADAS into fully automated driving
systems (ADS). The addition of cooperative adaptive cruise control (CACC) features
(connectivity with surroundings) with ADS has brought a new dimension to driverless

vehicles.

2.4 Current Scenario of CAV Deployment

The experimental program of CAV is growing tremendously, and the feasibility of
commercial deployment of AVs has been a reality from the technological point of view
(Bell, 2017). Beep and NAVY A partnered with the Jacksonville Transportation Authority,
Florida, and a Chinese company, Baidu, successfully deployed AV to control the spreading
of Covid-19. AVs successfully supplied necessary medical supplies and foods to the
infected areas at the peak period of Covid-19 (Baidu, 2020). Different cities across the U.S.
are planning to run the pilot program of AVs on different roads. National Highway Traffic
Safety Administration (NHTSA), USA recently published an online tool to track the AV
running in the streets (Associated Press, 2020). It is predicted that AVs will occupy 25%
of all miles driven in the U.S. by 2030. Estimation of the Center for Automotive Research
proclaims that new vehicle sales might get increased up to 55 percent by 2040 (Fee, 2020).
The application of automation techniques is not restrained to passenger cars only.
Combined efforts of scientists, engineers, and practitioners, to increase efficiency in the

shipment of people and goods, initiated to bring public transit and trucks under automation

17



technology (Andersson & lvehammar, 2019). In December 2019, an autonomous freight
truck made a cross country trip of 2800 mile in California to deliver butter commercially
(Linder, 2020). Connecticut Department of Transportation (CTDOT) declared the plan of

testing the full-size driverless transit bus by 2021 (Wanek-Libman, 2020)

2.5 Progress in Communication and Path Tracking Technologies

Despite having differences in the design of various manufacturers, CAVs move on the road
section based on (i) input devices or sensors to perceive the surrounding environment (ii)
control systems comprised of different computer programs to process the inputs and
commanding about the travel path and (iii) output devices or actuators for operating
steering, wheel, brakes, etc. (Wevolver, 2019). Input devices, control systems and output
devices are treated as eye, heart, and hands of the AVs, respectively (Skarbek-Zabkin &

Szczepanek, 2018). Figure 2.2 shows the functioning of CAVs for moving on the road.
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Figure 2.2 Positioning performance by AV (Hexagon, 2020)
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Longitudinal and lateral controller systems in AV ensure safe vehicles' movement
on a road lane (Filho et al., 2014). Longitudinal control, maintained by cruise controls,
works on the vehicle speeds using a brake or accelerator and maintains a safe distance
between two vehicles. ACC and CACC are part of the ADAS, and reduce the human
drivers' input in the driving of CAV (Mahdinia et al., 2020). ACC senses the surrounding
condition based on different sensors and operates in speed control and spacing control
modes. CACC integrates dedicated short-range communication (DSRC) technologies to
establish the vehicle to vehicle (V2V) and vehicle to infrastructure (V2I) communication
(Liu et al., 2020). The recently developed vehicle to everything (V2X) is gaining

momentum, being more advantages.

Lateral control bound the vehicles to be confined in the traveled lane (Belmonte et
al., 2020; Filho et al., 2014). The camera sensors in the moving vehicles and their
algorithms ensure to travel in the specified path (Chandni et al., 2017). The traveled path
of CAV can be off-line predefined or online to keep away from the obstacles, to change
the lanes, etc. (Dominguez et al., 2016). The dynamic lateral control significantly
influences the stability of the CAV. The yaw stability control in the vehicle dynamics
maintains the lateral stability of CAVs and this is performed by braking and steering
subsystems. The controller system in CAVs instantly controls yaw rate and sideslip angle
to allow the vehicles in a specified path by controller and braking (Aripin et al., 2014;

Norouzi et al., 2019).

The driving performance of the automated driving system is equipped with the

camera, light detection and ranging (LiDAR), millimeter-wave radar (MWR), and the
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global navigation satellite system (GNSS) or internal navigation system (INS) (Yoneda et
al., 2019). GNSS technology (Figure 3) has decimal level accuracy to keep CAV in its lane
and maintain a safe distance from other vehicles (Hexagon, 2020). The adverse weather
condition like sun glare, rain, fog and snow poses serious threats to the navigation and
traffic condition assessment process of AV (Neumeister & Pape, 2019; Yoneda et al.,
2019). The harsh weather (snow and rain) creates obstacles in AVS' movement by
confusing sensors, hiding the markings. GNSS also faces difficulties running on the road
section due to harsh weather conditions in space, not in the atmosphere (Zhang et al., 2020).
Researchers are studying to find out the probable strategies for AVs' movement in adverse

weather conditions.

2.6 Positive Effects and Uncertainties

Implementation of autonomous vehicle has potential benefits in various aspects. The
positive aspects of CAVs are presented in five major perspectives- road safety, traffic
efficiency, mobility, environmental, and economic. Despite having the noticeable progress
of automation technology, the implementation of CAVs is facing several issues. Many
CAV manufacturers are performing road tests to find out the problems associated with
automated driving. Researchers are working to solve the associated problems of CAV
deployment from their studies (Future Agenda, 2020; Lim & Taeihagh, 2018; Litman,

2020; Taeihagh & Lim, 2018).
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2.6.1 Road Safety

Road safety is a significant consideration for the transition of human drivers to connected
and autonomous drivers (European Commission, 2018; Maurer et al., 2015). Human
drivers and their driving habits are the most influential factors of the crash on the road
(Adanu & Jones, 2017; Bouchihati, 2020). USDOT surveyed national motor vehicle crash
causation and found that about 90% of car crashes are occurred due to human errors (US
DOT, 2015). USDOT fact sheet reported about 80% of the fatal crashes are due to the
impaired connectivity between vehicles. Autonomous driving with connectivity can
minimize the drivers’ stress (Litman, 2020), and it is expected that AVs will significantly
reduce road accidents related to human error (Fagnant & Kockelman, 2015). But, the
commercialization of AVs has a safety-related key challenge till now. European
Commission (2018) reported the declination of traffic safety in the mixed mode of non-
AVs vehicles and AVs. Wang et al. conducted a statistical survey on the testing of AVs by
different manufacturers. About 63% of accidents for a total of 3.7 million passing are found
to happen in autonomous mode (Wang et al., 2020). Fiber et al. found the truck platooning
using CACC has detrimental effects on traffic safety. The regulations for rolling out of
CAVs and liability related to road safety have not been addressed properly worldwide

(Faber et al., 2020).

2.6.2 Traffic Capacity

The automatic braking configured in the AV system will increase highway capacity along

with other advantages. This increased capacity may further induce an overuse of the
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practical roads, reducing the safe distance between vehicles and increasing vehicle speed
due to the incorporation of ACC and CACC (Simko, 2016; Tientrakool et al., 2011).
Commercially deployed AVs reduce traffic congestion delays and subsequently increase
traffic flow (Hoogendoorn et al., 2014; Milakis et al., 2017). Applications of ACC and
CACC systems in AVs increase highway capacity by 80% compared to human-driven
traffic (Shladover et al., 2012). Virginia DOT found the increment in highway capacity as
28% and 92% compared to legacy vehicles for fully AVs and CAVs, respectively.
Autonomous trucks in freight transportation systems might be beneficial for transportation
stakeholders (Heaslip et al., 2020). Autonomous trucks (ATs) will benefit the
transportation system through the improvement in operational frequency in moving goods
and overcoming the shortage of truck drivers (Gungor & Al-Qadi, 2020a). Calvert et al.
showed that low-level automation negatively affects traffic flow and road capacity from

the experimental analysis (Calvert et al., 2017).

2.6.3 Mobility

Improvement in mobility is the consequence of the CAV, leading to a reduction in traffic
congestion and emission (Pakusch et al., 2018). The movement of AVs on the road appears
to increase the mobility of elder or disabled people. This application will help the disabled
peoples for access to educational institutions and employment facilities (Litman, 2020).
The ride-sharing tendency of the passengers will be increased with the deployment of
CAVs (Narayanan et al., 2020; Thomas, 2018) and appear to be economically viable
(Gurumurthy & Kockelman, 2020; Meyer & Beiker, 2019). The users with disabilities are

still in doubt about the acceptance of this new technology. Bennet et al. conducted a
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questionary survey to know the concerning issue of the people with disabilities about the
AVs and found that two-thirds of them have negative views about the use of AVs (Bennett

etal., 2019).

2.6.4 Environmental Impacts

The beneficial and detrimental effects of CAVs on energy consumption and greenhouse
gas (GHG) emissions co-exist and are related to the occurring scenario (Greenwald &
Kornhauser, 2019). The environmental benefits are expected to increase in deploying
CAVs by reducing traffic congestion and smoothening traffic from minimizing stop-and-
go driving behavior (Kopelias et al., 2020). The use of the dampening function in place of
stop-and-go has the capability to reduce GHG. This percentage in GHG decrease was
observed to be in the range of 15%-73% (Stern et al., 2019). There is a lower possibility
to obtain the optimized GHG emission in the near future for the low CAV penetration rate
in the roadway (Liu et al., 2019). Patella et al. integrated traffic simulation and noise
assessment tools and observed a significant reduction in noise pollution for 100% AVs.
Authors found the deteriorated scenario at different links of the network systems (Patella

etal., 2019).

2.6.5 Economic Benefits

The incorporation of automation in driving sectors is beneficial from an economic point of
view. The economic benefits of the CAVs are associated with reduced congestion and
reduced travel time, and its reliability (Winston & Karpilow, 2020). The comparative cost

analysis between the truck platooning of human drivers and autonomous drivers showed
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the maximum cost reduction as 46% for 16-ton trucks (Engholm et al., 2020). There is a
significant reduction in fuel usage due to the platooning of autonomous trucks (AT) due to
the aerodynamic force (Gungor et al., 2020; Zhang et al., 2020). This platooning of AT can
significantly affect the pavement performance due to lane centering tendency (Gungor &
Al-Qadi, 2020a). AVs could be economically disadvantageous due to increased travel of
minors, elderly and disabled people, and avoiding public transport who do not like ride-

share.

2.7 Infrastructures for CAVs

Improvement in road infrastructures for the deployment of CAVs is crucial. The most
visible development in automated driving for passenger and freight transport is related to
digital infrastructure (Farah, 2016). The physical infrastructures as the facilitators of the
CAV driving are in the planning/study phase. Planners, designers, engineers, and other
road stakeholders continue their studies to obtain the probable impacts of CAV on physical

infrastructures and find the way out of these limitations.

The roadway traffic control devices are the essential physical infrastructures and
provide the regulatory, warning, and guidance information for driving safely on the road
(Boateng et al., 2019). Road signs and markings as the traffic control devices are the basic
infrastructure needs for the deployment of CAVs. The CAVs, equipped with cameras and
sensors, navigate the travel path with the assistance of pavement markings (Hallmark,
2019). The centerline and edge line markings are the indicators for AVs to confine the

vehicles within the lane (Garcia & Camacho-Torregrosa, 2020). The lane marking's
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inconsistency is the cause of declination in driving by AVs. The unreadable and non-
standardized signs create a confusing situation for road users (Liu et al., 2019). The
geometric design and structural design of pavement infrastructures are discussed in the

next section of this paper.

The The Transportation Research Board (TRB), USA arranged the National
Cooperative Highway Research Program [Project No. NCHRP 20-24(112)] for the
development of Connected Roadway Classification System (CRCS) for American
Association of State Highway and Transportation Officials (AASHTO). This research
program developed the framework with three approaches concerning infrastructure
readiness of CAVs for various departments of transportation (DOT), metropolitan planning
organizations, and infrastructure owners/operators. The concerning three approaches for

the development of the infrastructure facilities are-

e Talking with the road: The improvement in the roadway infrastructure (i.e. DSRC,
C-V2X) for the establishment of the communication of AVs with infrastructures

(\V2I) and other vehicles (V2V) on the road.

e Seeing the road: The enhancement of traffic signals and road markings to make it

visible to the eyes (i.e. video camera, optical sensors) of the AVs.

e Simplifying the road: The change in road geometry, the improved pavement
design, making the pavement free of defects, etc., to obtain operational design

domain (ODD) are the part of this approach.
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The CSRC recommended implementing these approaches in different stages over
the next 10 (ten) years for the safe operation of CAVs (Poe, 2020). European Union (EU)
published the European Technology Platform (ERTRAC) roadmap for the development of
roadway infrastructures to accommodate CAVs along with human-driven vehicles. The
ENTRAC roadmap introduced infrastructure support levels for automated driving (ISAD)
and exhibits infrastructure readiness by classifying it into five levels (A to E). Level E and
D are called conventional infrastructures and Level C-A are termed as digital

infrastructures (ENTRAC, 2019)..

2.8 Impacts of CAVs on Geometric Design

The geometric design is the controlling factor of operational efficiency and traffic safety
in the road transportation system. The geometric design deals with dimensions and layouts
of the visible features and the features generally considered are the alignment, sight
distance, cross-section and intersection. Washburn and Washburn explained vehicle
performance and sight distance as the significant influence factors on highway geometric
design (Washburn & Washburn, 2018). The adhesion between the rubber tire of AVs and
pavement surface affects the acceleration and deceleration rate, inducing lower vehicle
performance for on-ramp and off-ramp steepness. The improvements in braking, achieving
a higher coefficient of adhesion in the future, will increase the acceleration rate.

The LiDAR and vision sensors in AVs show lower performance than human eyes
in case of obstacles around the horizontal curve and the vertical curve. The Washburn and

Washburn (2018) mentioned that connectivity (V2X) integrated into AVs could solve sight
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distance problems, but not for the fallen boulder on the highway or vehicles with non-
operational V2X on the highways.

The roadway capacity increment is expected for autonomous vehicles by allowing
more lanes in the same carriageway through the narrowing down the lane width (National
Academies of Sciences, Engineering, 2015). Garcia et al. compared the influence of lane
width on the human-driven and semi-AVs’ performance and found semi-AV’s failure on
the narrower lane width. The authors concluded the 100% efficiency of human and semi-
AV for the lane width of 2.5 m and 2.75 m, respectively (Garcia & Camacho-Torregrosa,
2020). The lane-keeping system (LKS) was deployed in semi-AV for road testing in Spain
for this study and the technical reason for this disengagement was unknown. Binshuang et
al. observed that reduced lane width and limitation of vision sensors in downbhill or uphill
affect the safety of AVs. The reduced lane width causes a reduction in superelevation run-
off, and subsequent skid resistance is compromised. The sensors have limitations to capture
the road surface conditions in a hilly road. The authors recommended increasing skid
resistance to solve the issues and provided the modified braking distance formula to
improve traffic safety (Binshuang et al., 2019). The authors introduced Equation 2.1 from
the regression analysis of the field test data to obtain the side-force coefficient (SFC). SFC
is the measurement of the ability to control the vehicles in the curve (National Academies

of Sciences, Engineering, 2009). The obtained SFC is used in Equation 2.2.

SFC = —0.85t% + 3414t — (3X10°); R? =0.9919 2.1
@ (t) = 0.01(SFC) 2.2
Where,
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t =time in years

@ (t) = frictional coefficient of tire-pavement interface

The frictional coefficient is inputted in Equation 2.3 to determine stopping distance
(D). This equation was adopted from Chu and Fwa (Chu & Fwa, 2018).
D = vt —3Ggt? — [} | [, o(t)gdt|at 2.3

The American Association of State Highway and Transportation Officials
(Hancock & Wright, 2018) provided the design criteria for different geometric elements of
the highways. The guidelines introduced Equations 2.4 and 2.5 for stopping sight distance
(SSD) (i.e. the distance to stop the vehicle before the stationary object). All equations
presented here are valid for metric units only.

SSD on level roads:

VZ
SSD = 0.278Vt + 0.039 (=) 2.4
SSD on the sloping road:
SSD = 0.278Vt + — - 25
254{(557)%6]

Where,

IV = Design speed (km/hr)

t = Driver’s PRT (seconds)
a = Deceleration rate (m/s?)

G = Roadway grade (decimal)

AASHTO (2018) recommends the perception reaction time (PRT) and deceleration
rate as 2.5 seconds and 3.4 m/sec? to evaluate SSD. The PRT of full AVs was found to be

in the order of 0.5 sec from the extensive numerical study (Urmson, 2006).
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AASHTO adopts Equation 2.6-2.7 and Equation 2.8-2.9 for the length calculation
of the crest curve (L) and sag curve (L, 4) based on sight distance (S) and recommends
the height of the driver’s eye above the roadway surface as 1.08 m and headlight height as
0.6 m.

When S< Lcrest:

Lerest = As” 2.6
crest 100(\/2—’11+ th 2 .
When S>Lcrest:
2
Lerest = 28 — 200( Zh:- 2hz) 2.7

Figure 2.3 Inclined angle of the headlight beam (Khoury et al., 2019)

When S<Lsag:

AS?
Lsag = [200(H+StanB)] 2.8

When S>Lgag:

[200(H+Stanp)] 29

Loag = 25 — .

Where,
hy4, h,, H = The height of eye, object and headlight above the roadway surface

B = The angle of inclination of the headlight beam shown in Figure 2.3
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The AVs replace the human eyes with vision sensors such as LIiDAR. The h, of
AVs is obtained by summing the height of the Waymo driverless car (1.55 m) and the
height of LIDAR (0.28 m). Khoury et al. (2019) assume the minimum h;value as 1.7 m
keeping freight transport height in mind. Velodyne LIDAR Inc., the manufacturer of
LiDAR, has a total angle of view from the horizontal axis as 26.8°, as shown in Figure 2.4
(Velodyne LiDAR Inc., 2019). Khoury et al. (2019) consider half of the manufacturer’s

provided angle as the inclination angle (13.4°).

iI_iDAR \\\\ \
: '

Figure 2.4 Vertical field of view of LiDAR sensor (Velodyne LiDAR Inc., 2019)
Khoury et al. (2019) redesigned the roadway for the proposed values of AVs
mentioned in previous section. AASHTO recommendation for the minimum vertical curve
length was followed to ensure drivers’ comfort. The current geometric elements following
the AASHTO standard was compared with the redesigned values. The authors found a
significant reduction in SSD, Lyes: and Lgqg4, and improvement in economic perspectives

for less earthwork (lowering 7.67% filling and 47.22% cutting) shown in Figure 2.5.
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Figure 2.5 Profiles for different designs (Khoury et al., 2019)

Welde and Qiao also re-evaluated SSD, Lyes: and Ly, 4 for two AV scenario and
found a significant influence on geometric elements (Welde & Qiao, 2020). In addition to
all parameters of Kohury et al. (2019, the authors considered the deceleration rate as 4.5
m/s? in scenario 1 (A-1). In scenario 2 (A-2), PRT was assumed as 0.2 sec along with a
deceleration rate of 4.5 m/s?. The authors compared the geometric elements of two
scenarios (A-1 and A-2) with the AASHTO standard values for human-driven vehicles, as
shown in Figure 2.6. The author found autonomous driving as an economically efficient

option due to the decrease in SSD, Lyese and Lggg.
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Figure 2.6 Percentage decrease in geometric elements (Welde & Qiao, 2020)
2.9 Effects on Structural Performance

The deployment of CAVs will influence the structural performance of pavements due to
reduced wheel wander and platooning of truck traffic. The lane-keeping algorithm will
accomplish the wheel moving in a narrower path and platooning will reduce inter-vehicle
distance. Different aspects of the effects of CATs on pavement performance are described

below.

2.9.1 Human Driven vs Autonomous Vehicles

Human drivers almost always change the lateral positioning of vehicles on a lane of road
section during the traveling period. This lateral movement of the wheel along lane width is
referred to as wheel wander. Wheel wander is influenced by drivers' habits, wind effects,
and mechanical alignment (Buiter et al., 1989) and lane width, vehicle width, speed, and

rut depth (Blab & Litzka, 1995). Researchers found that wheel wander of vehicular
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movement could be modeled with probabilistic distribution (Gungor & Al-Qadi, 2020b;
Siddharthan et al., 2017). Lateral positioning of the wheel on the traveled lane is normally
distributed (ARA Inc., 2004; Erlingsson, 2012; Wu & Harvey, 2008) and is statistically
modeled with zero mean and known standard deviation following Equation 2.10 (Gungor,

2018)

(=)

202 2.10

_ 1
f) = Gz
Where,
u=mean of wheel wander distribution

o=standard deviation of wheel wander

Mechanistic-Empirical (ME) pavement design analyzes the pavement section for
the human-driven vehicle for wheel load normally distributed on a lane with zero mean
and standard deviation of 0.25 m (10 inches) (ARA Inc., 2004). This standard deviation
value differentiates human-driven vehicles from autonomous and semi-autonomous
vehicles concerning the loading distribution pattern. Autonomous vehicles are bound to
follow the centerline of pavement lanes due to the integrated dynamic control system
integrated (Hills & Lee, 2012). This lane-centering tendency compels the lateral
positioning of the wheel load to a narrower width, resulting in channelized traffic. This
type of channelization for autonomous vehicles is analyzed as zero wander distribution
(Noorvand et al., 2017). Zhou et al. quantified wheel wandering of AVs and the standard

deviation of wandering was found to range 3.0 (cm) to 7.5 (cm) (1.2" to 3.0") for AV. The
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author concluded with three times narrower standard deviation could be modeled for AVs

to analyze the pavement section (Zhou et al., 2019).

2.9.2 Wheel Wander in Pavement Analysis

Mechanistic-Empirical Pavement Design Guide (MEPDG) software, also known as
AASHTOWare, is widely accepted to predict pavement distresses. This robust pavement
analyses pavement performance based on four fundamental inputs. These inputs are
material properties for all the layers, traffic details, climate, and structural design. Wheel
wander, one of the traffic inputs controls the wheel loading distribution in the pavement
lane. The MEPDG approach evaluates the fatigue cracking in pavement by dividing the
width of the lane into five portions as shown in Figure 7. The center positioning of truck
traffic is fixed and calculated by multiplying standard deviation with standard deviates (0,
+0.5244, £1.28155). About 20% of all the wheel movement is addressed in predicting
fatigue for each segment. Damage accumulations from segments 1-5 are represented as D1,
D2, D3, D4, and D5. Cumulative fatigue damage is evaluated using Equation 2.11. No
explanation of modified rutting determination procedures is given in the MEPDG guide

(Gungor, 2018).
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Figure 2.7 MEPDG analytical approach for wheel wander (ARA Inc., 2004)

D = 0.2D, + 0.2D, + 0.2D5 + 0.2D, + 0.2D5 = 0.2 Y5 D, 2.11
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The permanent deformation of the asphalt concrete layer for roads (PEDRO) model
is a linear viscoelastic program. Said et al. developed the PEDRO model based on the
results of the shear box test of the AC mixture. This model is particularly used to evaluate
the rutting of AC layers (Said et al., 2011, 2013). The accumulated rutting in AC pavement
from the PEDRO model and field observations for different wheel wanders are in good

agreement (Jelagin et al., 2018).

2.9.3 Pavement Distresses and CAT

Many researchers reported that the structural performance of pavement is significantly
affected by the movement of heavy vehicles resulting in the reduction of pavement life
(Almeida et al., 2019; Pais et al., 2019). The channelized AT traffic as heavy traffic
increases the loading repetition on the narrower width of the lane compared to human-
driven vehicles (Noorvand et al.,, 2017). The increased load repetitions induce the
accumulation of pavement distresses (Litman, 2020). In-situ pavement tests showed
significantly higher responses for the reduction of wheel wandering on the pavement lane
(Shafiee et al., 2014). Said and Hakim found that rutting reduced about 38% for increasing
wheel wander from zero to 0.125 m. Multi-linear elastic analysis of a typical pavement
section showed similar rutting and fatigue cracking for 2.1 and 1.1 times lower load
repetitions, respectively, for zero wander vehicles compared to human-driven (Noorvand
etal., 2017). Wu and Harvey (2008) conducted heavy vehicle simulator tests and modeled
a testing system to estimate the effect of traffic wander on rutting. Traffic wander induced
56% more rutting in the pavement section than non-wander traffic. Zhou et al. (2019)

performed field tests to evaluate the impact of AT on fatigue and rutting of AC pavement.
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Predicted data showed that AT reduces fatigue and rutting life of AC pavement by 20%
and 32%, respectively, compared to the human-driven truck. The substantial increment in
rutting and fatigue crack is also observed from the simulation of AC pavement by Chen et

al. (Chen et al., 2019).

The number of connected trucks driving in the close distance is said to be truck
platooning. The trucks in a platoon can be connected in any of (i) longitudinal directions,
(ii) both longitudinal and transverse directions, (iii) coupled in longitudinal and transverse
direction using cruise control. The CACC is incorporated in the third scenario use and all
trucks follow the same track. Platooning in freight transport is gaining feasibility with the
introduction of connected and autonomous trucks (CAT). Despite increasing safety, fuel
savings, and emission control, truck platooning has a significant negative impact on
pavement performance (Ahmed & Yang, 2019; Gungor et al., 2020; Gungor & Al-Qadi,
2020a). The reduced healing time of asphalt concrete from the close inter-truck distance
and channelization of truck loading causes asphalt pavement deterioration for truck
platooning (Bouchihati, 2020; Gungor & Al-Qadi, 2020a). Bouchihati (2020) found that
rutting and fatigue cracking of AC pavement reaches to the limiting value for 50% of the

truck passing in a platoon.

2.9.4 Optimization of Autonomous Vehicle Movements and Distresses

Few researchers have recently developed strategies to optimize the additional pavement
distresses accumulated for the movement of AT. Researchers mainly focused on

controlling the wheel loading distribution and vehicle positioning on the pavement lane
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explicitly. Noorvand et al. (2017) modified the traffic input in the Mechanistic-Empirical
Pavement Design Guide (MEPDG) software to incorporate AT in pavement design. Load
equivalency factors (LEF) for wheel loading distribution on a traffic lane and vehicle
positioning (combination of AT and non-AT in same lane) on different lanes of road
sections were calculated. LEF was evaluated for zero wander and uniform distribution of
wheel loading (shown in Figure 2.8) on the lane comparing with human-driven vehicles.
Analyzed data showed significantly reduced fatigue and rutting for uniform distribution of
wheel load covering the entire width of the lane. Zhou et al. (2019) also found improved
pavement performance for uniform wheel loading distribution on the pavement lane. The
authors observed from the field testing that the standard deviation for wheel loading

distribution of AT along the lane width is three times narrower than human-driven vehicles.
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Figure 2.8 Loading Distribution of a) human-driven b) autonomous and c) uniform

distributed vehicles (Regenerated from Noorvand et al., 2017)

Chen et al. (2019) predicted fatigue and rutting for zero-wander, uniform, double
peak Gaussian, and two-section uniform mode distribution of wheel load (distributions
shown in Figure 2.9) on the lane of pavement. The finite element analysis was deployed to

observe the effects of autonomous trucks' lateral distribution within the lane. The authors
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found that two-section uniform mode distribution of wheel loading distribution

significantly reduced rutting and fatigue of AC pavement.
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Figure 2.9 Modes of a) uniform b) double peak Gaussian c) two-section uniform loading
distribution (Regenerated from Chen et al., 2019)

In another study, Chen et al. proved fatigue growth mode as an efficient approach
to control AT laterally on the pavement lane. In this mode, the ATs are directed to move
in the different lateral positions of the road based on the fatigue damage. The sensors placed
on the pavement ensures the effect of ATs on the pavement and their position accordingly.
This lateral control mode minimizes fatigue damage growth by 28% for 100% of

autonomous vehicles (Chen et al., 2020).

Gungor and Al-Qadi (2020) introduced a centralized control strategy to control the
positioning of AT platoon on the pavement lane. This strategy explicitly controls the
positioning of the platoon using V2l communication (Figure 2.10) for the increase in the
wander of AC pavement. The authors found a significant minimization in pavement
damage and an increase in pavement life from the application of this strategy. The
application of this strategy showed a 50% reduction in life cycle cost in a case study.

Bouchihati (2020) suggested smart lanes equipped with sensors for distress optimization
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and these sensors will explicitly control the positioning of the platoon for improving
pavement performance. Marsac et al. performed a numerical study to increase the wheel
wander of truck platooning. Each truck in a platoon was placed in the different transverse
directions of a lane. The placement in that way increases the pavement performance
(Marsac et al., 2020). The authors Gungor and Al-Qadi (2020) did not provide any
performance improvement solution by increasing the resting period. Gungor et al. (2020)
introduced the platooning-control strategy to obtain the benefits of the increased resting
periods (i.e.improvement in self-healing capability) along with wander. This strategy
controls the position of the truck platoon (Figure 2.11) for distribution of load on the wider
lane and inter-vehicle positioning in each platoon to improve the healing period. This

strategy was found to reduce the total cost by 9%.

V2I
Platoon 1

Platoon 2

Figure 2.10 Optimization of the lateral position of truck platoons (Gungor and Al-Qadi, 2020)

Damage

Mitigation

Figure 2.11 Decentralized optimization of trucks in a platoon (Gungor et al., 2020)
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2.10 Future Study

The CAVs are in the development stage till now. The behavior of CAVs will depend on
how CAVs will mimic human drivers. Different countries are conducting road tests to
observe the applicability of the commercialization of CAVs. When the AVs commercially
move on the road, the performance issues associated with automation will be obvious. Zhou
et al. (2019) performed a field test and found the standard deviation ranging from 1 inch to
3 inches. The improvement in pavement performance can be studied by applying field
wheel wander. The CAVs significantly affect the geometric elements of the highway
(Welde & Qiao, 2020). It might be a good option for researchers to investigate the effects

and optimization of the changing geometric elements on pavement distress.

The movement of the CAVs on a narrower lane will increase the pavement rutting.
The water is accumulated in the rutted pavement portion in the rainy season. The
accumulated water causes the hydroplaning risk for various vehicles, especially for
passenger cars. The hydroplaning risk may interrupt to gain probable road safety in the wet
road, one of the major considerations for CAV deployment. The inter-connected study of
road safety and pavement design might provide a well-accepted solution for this

contradictory situation.

Full autonomous driving can run on the road without any human intervention.
Human fatigue, major causes of road accidents, will no more issue in the future. The
movement of AT at night time might be beneficial for pavement performance. The
additional asphalt pavement distress for CAVs can be minimized, allowing AT at night

time because asphalt pavement can perform better at the low temperature of the night time.
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In that case, there is a possibility of fatigue cracking and asphalt rutting to be contradictory.

The asphalt pavement performance can be studied to establish optimization for the

movement of vehicles at night time.

2.11 Concluding Remarks

The continuous technological developments are accelerating the commercial initialization

of connected and autonomous vehicles (CAVs) on the highway. The deployment of CAVs

will provide more benefits to the transportation sectors. A lot of uncertainties about the

benefits of CAVs and the potential impacts on pavement infrastructures are remarkable.

The summary from this review is presented below:

The introduction of the different advanced driver-assist systems (ADAS) is
transforming human-driving features to full automation.

The full automation of passenger cars along with freight transport are proved to be
advantageous for transportation sectors. The connectivity has added a new
dimension to the automation and also induces more benefits by truck platooning.
There are uncertainties about the gaining of benefits considered for CAVs.

The connected and automated driving has several adverse effects on pavement
infrastructures (digital and physical). The excessive studies on digital
infrastructures provided different logical solutions and advancing for more
advanced options.

The geometric elements (stopping sight distance, length of sag curve, length of crest

curve) for CAVs are beneficial economically due to reduction in earth work.
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e The significant pavement distresses are associated with reduced wheel wander for
excessive load repetition on the narrower width of the lane. The control of truck
movement in the transverse direction of the lane to induce uniform loading has been
proposed as a suitable solution for distress optimization. In addition, double peak
uniform distribution, loading distribution at field wander, etc., might improve the
pavement performance.

e The more load repetition on reduced lane width and decreased self-healing capacity
of asphalt pavement due to close inter-truck distance accelerates the pavement
distress for truck platooning. Researchers proposed strategies to control truck
platooning explicitly for transforming disadvantages into opportunities. The
explicit control by placing the truck platoons at the different transverse location or
truck in a platoon at a different location or combination of both can be beneficial
for pavement distress optimization.

e Extensive studies on pavement performance are required to be harmonious with

technological advancements.
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Abstract

In recent years progressive development in automation technology is accelerating the
commercial implementation of this technology in transportation sectors. This
implementation of automation technology is not only bounded to passenger cars but also
this technology has reached out to the trucking sector. Despite having more advantages,
automation in trucking technology has some detrimental effects on the performance of
asphalt pavement. Researchers are now studying to improve pavement performance by
different means for the smooth movement of autonomous trucks (AT). This study also
focuses on the optimization of pavement distresses by controlling vehicular loading
distribution patterns, traffic distribution on lanes of a road and limiting the running duration
of AT to low-temperature time only. Mechanistic-Empirical Pavement Design Software,
AASHTOWare was incorporated in this research to analyze and then optimize the
generation of asphalt pavement distresses from autonomous truck loading. Autonomous

trucks with loading patterns and traffic distribution on lanes have been devised to input in

Rana, M., Hossain, K. (2020). Simulation of Autonomous Truck for Optimization of Asphalt Pavement
Distresses. Submitted to Road Materials and Pavement Design.
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AASHTOWare by evaluating equivalency factor (EF) respective to the number of traffic
repetitions, and varying lane distribution factors. Using multi-layer elastic theory EFs were
calculated for fatigue cracking and rutting separately. The obtained EFs along with lane
distribution factors were inputted in AASHTOWare to evaluate pavement performance for
different loading distribution patterns and traffic distribution on travel lanes. The acquired
performances clearly showed significant improvement in pavement distresses for a small
increase of standard deviation of wheel wander and uniform distribution of traffic loading
and for equally distributed traffic on the road lanes. Besides, an attempt has been made to
decrease pavement distresses in putting all AT in low-temperature duration of a day.
Placing all ATs in a certain period of a day might be beneficial for reducing asphalt
pavement distresses and may bring a fruitful solution to prevent the early deterioration of

the pavement.

Keywords: Autonomous Trucks, Pavement Distresses, Traffic Load Distribution, Uniform

Distribution, Low-Temperature Period, Improvement of Pavement Performance.
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3.1 Introduction

Rapidly growing technological advancement in the field of automation industry are about
to launch connected and autonomous vehicle in road transport system commercially. Over
the last decades this technology has been progressively implemented for vehicles in
different stages from zero level to fully autonomous conditions. In the recent crisis of
COVID-19, fully autonomous vehicles are being used for supplying medical necessities in
some places in the U.S. and China (Donelson, 2020). It is predicted that autonomous
vehicles will occupy 25% of all miles driven in the U.S. by 2030. Estimation of the Center
for Automotive Research proclaims that new vehicle sales might get increased by up to 55
percent by 2040 (Fee, 2020). In early December 2019, Technology company, Waymo led
one pilot program for autonomous taxi service in Arizona. The number of rides in this

program reaches 100,000 (When Will Self-Driving Cars Be Available 2020?, 2020).

The application of automation techniques is not restrained to passenger cars only
(Noorvand et al., 2017). It has been initiated to bring trucks under automation technology
to increase efficiency in the shipment of goods (Andersson & Ivehammar, 2019). In
December 2019, an autonomous freight truck made a cross country trip of 2800 miles in
California to deliver butter commercially (Linder, 2020). The reasons behind the
initialization of autonomous vehicles including truck are a significant reduction in crash
rate occurs due to human error, relieving drivers stress, improved productivity and mobility
being used as mobile office and bedrooms, minimizing traffic congestion, parking costs,
and pollution emissions, etc. (Litman, 2020). The freight transportation system might get

more benefitted by autonomous trucks (AT) from improved operational efficiency in
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moving goods and overcoming shortages in the truck driver (Gungor & Al-Qadi, 2020a).
Despite having a lot of advantages, decision-makers and practitioners are concerned about
planning implications of AT associated with roadway design, transportation pricing, curb
management, parking planning, public transit needs and so on (Litman, 2020). With the
introduction of AT, pavement engineers are giving attention to the structural performance
of the pavement. The reason to get more attention is the effect of AT traffic on the long
term performance of asphalt concrete (AC) pavement. Implementation of AT will affect
the performance of AC pavement induced from channelized or less wander traffic loading,
reduced inter-vehicle distances and constant speeds and less stop/start actions (Steyn &

Maina, 2019).

3.2 Wheel Wander and Pavement Distresses

The wheel wander refers to the lateral positioning of the wheel at the time of vehicular
movement on the road section. Influencing factors for lateral wander are drivers’ habit,
wind effect, and mechanical alignment (Buiter et al., 1989). Lateral positioning of the
wheel for human-driven vehicles follows probabilistic distribution along the cross-section

of the lane (Gungor & Al-Qadi, 2020b; Siddharthan et al., 2017).

Researchers found wheel positioning as normally distributed within a lane (ARA
Inc., 2004b; Wu, 2014). This distribution is statistically modeled with zero mean and
known standard deviation following Equation 3.1 (Gungor, 2018). In the case of human
driving vehicles, Mechanistic-Empirical (ME) pavement design considers wheel load on

the pavement lane with a standard deviation of 10 inches and zero mean (ARA Inc., 2004b).
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1 _(x_ﬂ)z

f(x)=me 252 3.1

Where,
u=mean of wheel wander distribution

o=standard deviation of wander effect

The major difference between human-driven vehicles from autonomous vehicles
and the semi-autonomous vehicle comes from the distribution of wheel load in a pavement
lane. Dynamic control systems in autonomous vehicle and semi-autonomous vehicle
controls them to drive along the centerline of the lane (Hills and Lee, 2012). This lane-
centering tendency of AT distributes wheel load as a single point distribution, resulting in
channelized traffic. This type of channelization is also known as zero wander or less
wander distribution. Channelized or less wander traffic increases the repetition of load on
the narrower width of the lane (Noorvand et al., 2017) and eventually leads to pavement
damage in a faster rate (Litman, 2020). Shafiee et al. installed strain gauges and pressure
cells on the University of Alberta’s Integrated Road Research Facility (IRRF)’s test road
to evaluate the effects of wheel wander (Shafiee et al., 2014). Pavement responses were
measured for moving trucks. Due to insufficient truck load, this study determined the effect
of wander on induced stress instead of strain. This experiment concluded that zero wander
can significantly affect pavement responses. The effect of the wheel wander on rutting on
pavement structure was measured by Wu and Harvey (2008). This study used heavy
vehicles simulator at the University of California Pavement Research Center for two

scenarios: with wander and without wander. This field observation concluded that wheel
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significantly decreased magnitude of rutting and change the position of maximum rutting

(Wu, 2014).

3.3 Current Knowledge on Pavement Damage

Different authors recently developed various strategies to control the distribution of wheel
wander explicitly to reduce pavement distress for ATs. Most of the modifications have
been introduced considering the MEPDG approach as a basis. The approach followed for
fatigue cracking in MEPDG is dividing lane into equal five areas, each address 20% of
truck traffic positioning. The center positioning of truck traffic is fixed and calculated by
multiplying standard deviation with standard deviates (0, +0.5244, +1.28155). Total
damage at any location 3 is computed by adding contributions from each positioning of the
truck, following Equation 3.2. Damage accumulations are represented as D1, D2, D3, D4,
and D5 due to positioning of the truck at five different locations, respectively. No
explanation of modified rutting determination procedures is given in the MEPDG guide

(Gungor, 2018).
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Noorvand et al. systematically devised vehicle positioning in a lane of road section

to control wheel wander. AASHTOware was used in this study with proper modifications
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of traffic input to control vehicle positioning. The thickness for different positioning was
evaluated for three lanes highway (Noorvand et al., 2017). The authors assigned a
dedicated lane for more than 50% of AT volume. The observation from the analysis
showed reduced thickness in the asphalt concrete layer (AC) accounting for the uniform
distribution of traffic loading, covering the entire width. Gungor and Al-Qadi proposed the
Wander 2D approach for controlling the lateral position of ATs and evaluate cumulative
fatigue and rutting in asphalt pavement (Gungor & Al-Qadi, 2020b). This approach is an
entirely analytical solution. The authors recommend using the truncated normal
distribution for wheel wander modeling. Truncated normal distribution accounts for lane
width, and axle width for pavement performance. The mapping technique was incorporated

to transfer pavement damage of ATs for zero wander to wander of human-driven vehicles.

The centralized control strategy was introduced by Gungor and Al-Qadi in another
study (Gungor & Al-Qadi, 2020a). This strategy turns challenges of traffic platooning,
induced from the introduction of ATs, into opportunities. In this strategy, optimization of
the lateral position of the traffic platoon is employed to reduce pavement distresses. The
application of this strategy, in a case study by authors, significantly reduced the pavement
life cycle cost up to approximately 50%. Chen et al. performed a finite element analysis to
observe the effects of autonomous trucks’ lateral distribution within the lane. The effects
were analyzed concerning rutting depth and fatigue damage (Chen et al., 2019). Authors
considered vehicles with zero-wander, uniform, double peak Gaussian, and two-section

uniform mode. Five proportions of AT to non-AT were taken for every distribution mode.
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The authors observed two-section uniform distribution appeared to have a significant

decrease in rutting and fatigue damage.

Chen et al. proposed the techniques for the maximization of pavement fatigue
performance by different lateral control modes (Chen et al., 2020). Finite element analysis
was performed for normal distribution, uniform distribution, lane centering, and the fatigue
damage-oriented mode. Comparative analyses were performed for fatigue growth among
the lateral control modes of AVs. The fatigue damage-oriented study minimizes fatigue
damage growth by 28% for 100% of autonomous vehicles. Zhou et al. performed field tests
to quantify wheel wandering of AVs. These field tests were performed on the Texas A&M
RELLIS campus which was a World War Il base (Zhou et al., 2019). The obtained results
concluded that AV could be modeled with normal distribution having narrower lateral
wandering than human-driven vehicles. It concluded three times narrower standard
deviation 3.0 (cm) to 7.5 (cm) (1.2" to 3.0") for AVs. The narrower wandering of AVs
significantly shortens pavement fatigue life and increases pavement rutting when compared

with human-operated traffic.

In this study, pavement performance was simulated for separated scenario (SS) and
integrated scenario (IS) based on the distribution of ATs on the traveling lane of a road
section. Integrated scenarios were classified as equally distributed (ED) and
disproportionately distributed (DD) based on the nature of AT distribution on the lane.
Both scenarios were replicated for vehicular loading distribution patterns of zero wander,

wander with 7.5 (cm) standard deviation, and uniform distribution. Besides, the simulation
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was run by putting all ATs on the low-temperature span of a day. Optimization of pavement
distresses was adopted based on AC rutting and BU cracking in the following ways.

e The ratio of AT to non-AT was evaluated based on pavement distresses in the SS
scenario. This was done to assign a dedicated lane for ATs, ensuring equivalent
distresses on both lanes at the end of service life.

e Pavement performance was compared among simulations of different loading
distribution patterns. Improvement of performance with the incorporation of
different wanders was observed.

e A comparison was made between the distresses of ED and DD scenario to obtain
the optimized condition.

e Percentage change in pavement performance was comprehended by fabricating

climate input to put all ATs on the low-temperature span of a day.

3.4 Study Objective and Contribution

The objective of this study is to simulate autonomous trucks based on traffic distribution
in the lanes of a road section and loading distribution pattern of the truck and, then to select
the optimized simulation based on the least pavement distresses. AC rutting and bottom-
up fatigue (BU) cracking were considered as a basis for pavement distresses. Traffic
distribution on the lane along with the loading distribution pattern of AT was replicated for
24 simulations. Simulations were devised by equivalency factors obtained using multilayer
elastic theory. Adjusted traffic volume from EFs was inputted in AASHTOware-a robust

pavement analysis software. The equivalent percentage of non-AT to AT was estimated
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based on pavement distresses in this study. Loading distribution patterns were compared
to zero wander based on AC rutting and BU fatigue cracking. Pavement distresses were
compared between two scenarios, fabricated from traffic distribution on traveling lane.
Comparative studies were performed to obtain an optimized scenario based on performance
perspectives. Also, an attempt has been made to minimize AT impacts on AC pavement by

scheduling AT traffic in the low-temperature period of the day.

3.5 Methodology

The goal of this research is to simulate the implementation of AT in mechanistic-empirical
pavement design and its impacts on induced pavement performance. Based on traffic
distribution on the lane, AT was characterized as the baseline, separated and integrated
scenarios. Each scenario was simulated for different loading distribution patterns to obtain
optimized simulation for the movement of autonomous trucks. An attempt was made to
minimize pavement distresses by limiting the running duration of ATs also. The
methodology in this research mainly consists of four main phases. In the first phase, the
traffic details, material properties, structural design and climate inputs were collected from
different sources. In the second phase, load equivalency factors for a different distribution
of loadings were calculated using multi-layered elastic theory for fatigue and rutting
separately. In the third phase, traffic volume was adjusted using equivalency and lane
distribution factors for different simulations considered in this analysis. In the fourth phase,
the performance was predicted using AASHTOware for all simulations and compared to
select an optimized option. The general framework of the current study is presented in

Figure 3.2.
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Figure 3.2 Framework for performance evaluation to obtain an optimized scenario

3.5.1 Data Collection

In the first phase, the traffic details, material properties, and structural design were
collected from the Long Term Pavement Performance (LTPP) database for one road
section in Ontario, Canada. Collected data showed the road section as two-way with two-
lane per direction road section. This road section comprises asphalt, sub-base, base, and
subgrade layers. The asphalt layer thickness was considered as 16.50 cm (6.6 in). The
obtained AADTT was 1890 for the studied road section. But AADTT was taken as 2000
for the baseline scenario in this analysis. Climate data was selected from the AASHTOware

database for the co-ordinates of the road section. Local calibration factors used in this study
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were obtained from Ontario’s Default Parameters for AASHTOWare Pavement ME

Design Interim Report — 2019 (MTO, 2019).

3.5.2 Equivalency Factors for Autonomous Trucks

Asphalt pavement performance was predicted in this analysis for four types of loading
distribution patterns. These distributions are loading distribution with zero wander, normal
distribution with a standard deviation of 7.5 cm (3") and 25.0 cm (10"), and uniform
distribution. These distributions were designated as W0, W3, W10, and WU respectively.
Default loading distribution with 25 cm (10") standard deviation incorporated in MEPDG
is regarded as baseline distribution. Zero wander demonstrates fully autonomous vehicles
for analysis. Field observation by Zhou et al. (Zhou et al., 2019) obtained AT loading
distribution as normally distributed with standard deviation ranging from 3.0 cm (1.2") to
7.5cm (3.0"). Few researchers (Noorvand et al., 2017; Zhou et al., 2019) suggested uniform
distribution of traffic load to reduce the effects of ATs on pavement distresses. The fatigue
and rutting being key distresses, influenced by vehicle distribution, are implemented in this
study for EFs evaluation separately. To instrument these distributions in AASHTOware,
equivalency factors of ATs for different distributions were evaluated compared to baseline
distribution. Application of load equivalency factor is a very common practice in the field
of pavement design. Kawa et al. described LEF for vehicle loading, the number of load
repetitions and so on (Kawa et al., 1998). This study incorporates LEF for the number of

load repetitions following Equation 3.3.

LEF =M 3.3
N

L
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Where,
N;g = Number of load repetition of standard axle load at specific pavement distress

N, = Number of load repetition of any load at specific pavement distress

Equivalency factors were evaluated by the application of multilayered elastic
theory for the studied road section. A standard single axle load (80 kN or 18000 Ib) was
applied for these analyses. Vertical compressive strain at the middle point of every sublayer
and tensile strain at bottom of the AC layer for different horizontal locations were obtained
from MLET. Horizontal positions and sub layering of the AC layers were implemented
following the MEPDG guide. The middle points of sub-layers within AC layer were 0.25
in. (0.625cm), 0.75in. (1.25cm), 1.5in. (3.75cm), 2.5 in. (6.25 cm), 3.5 in. (8.75 cm) and
5.3'in. (13.25 cm). Tensile strain at bottom of the AC layer and compressive strain at the

middle of the sixth sub-layer for single load repetition are presented in Figure 3.3.
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Figure 3.3 Tensile strain at bottom of AC layer and compressive strain at middle of sixth

sublayer
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The compressive strain and tensile strain presented in Figure 2 represents the strain
distribution for zero wander. Estimated horizontal and vertical strain were used in transfer
functions of mechanistic-empirical pavement design to obtain fatigue damage and
permanent plastic strain in each sub-layer of AC layer. The obtained fatigue and rutting
values represent distress for zero wander case. Fatigue damage evaluation, described in the
MEPDG approach, was applied to obtain fatigue damage for normal distribution of truck
loading with a standard deviation of 7.5 cm and 25.0 cm. This approach evaluated fatigue
damage for truck positioning in five places shown in Figure 2.1. The considerable quintile
positions for uniform distribution of autonomous vehicles were 0, £21.3 cm (8.5 in), and
+42.6 cm (17.0 in), covering the whole width of the lane (Chen et al., 2020; Noorvand et
al., 2017). It is noticed that maximum fatigue damage occurs under wheel load for zero and
7.5 cm standard distribution of loading and at the middle point of two-wheel loads for
baseline and uniform distribution. Fatigue damage of different loading distribution

concerning the different number of load repetitions is presented in Figure 3.4.
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Figure 3.4 Fatigue cracking for different loading distribution pattern

From fatigue cracking of asphalt pavement, the number of load repetitions at 20%
fatigue cracking are evaluated for W0, W3, W10, and WU cases. Equivalency factors for
ATs are determined from Equation 3.3, comparing to baseline distribution, W10. The

obtained EF for truck traffic are 1.17, 1.07, and 0.80 for W0, W3, and WU, respectively.

Erlingsson determined rutting in AC pavement from induced permanent plastic
strain for different loading distribution pattern, expressed as normal distribution with
different standard deviation. The following equation was developed by the author

(Erlingsson, 2012).

Rp(N) = [ fOD[ZI: Xt £, (v, N). Azy5] dy 3.4
Where,
&p=accumulated plastic strain at wander location y

f (y)=frequency of applied traffic load at y
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Az= thickness of sublayer
i = number of layers
Jj =number of sublayers in each layer
AC rutting was determined for W3, W10, and WU for placement of a group of load
on five locations. For the WU case, group load was applied at five quintiles of uniform

distribution. AC rutting for all the cases is presented in Figure 3.5.
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Figure 3.5 AC rutting for a different distribution of loading

LEFs for rutting was determined from Equation 3 to observe the effect of the same
load in different loading distribution. LEFs of rutting are 2.3, 2.1, and 0.60 for W0, W3,

and WU, respectively concerning W10. LEFs from fatigue and AC rutting was used in

traffic volume adjustment.



3.5.3 Traffic Volume Adjustment

The autonomous truck is now in the implementation stage. Commercial usage is not started
yet. It is not a feasible plan to provide a dedicated road section for AT in present or near
future. The current analysis investigates the performance of AC pavement for three
scenarios based on the dedicated lane for AT and sharing the same lane by AT and NAT.
Three scenarios were- Baseline, Separated, and Integrated scenario. The scenario when
only NAT will move on the road section will be regarded as the baseline scenario.
Separated scenario (SS) will refer to observed pavement distresses in case of placing ATs
in a dedicated lane. An integrated scenario (I1S) will refer to the scenarios when a single
lane of a road section is shared by AT and NATSs. The integrated scenario was divided into
two types based on distribution pattern- equally distributed (ED) and disproportionately
distributed (DD) over lanes. AT was considered as equally distributed over two lanes in a
distributed scenario. The non-distributed scenario demonstrated the disproportional
distribution of AT with NAT in one lane. AADTT input was modified to incorporate the
mentioned scenarios in ME pavement design. AADTT input was adjusted for SS scenario
with the following Equations 3.6 and 3.7 for autonomous and non-autonomous vehicles.
The same LD rules of (100%) were applied to calculate adjusted traffic volume for both
cases. Design traffic volume in a road section is estimated using Equation 3.5. This
estimation is based on the lane and directional distribution factors.

AADTTp = AADTTpp X DD X LD 3.5

Where,

AADTTp= Annual average truck traffic used in pavement design
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AADTT;p,,,.= Two-way annual average daily truck traffic

DD=Directional distribution factor usually ranges from 0.5 to 0.6.

LD= Lane distribution factor

Lane distribution factor is used as a criterion to position vehicles in a road section.
Asphalt pavement performance is greatly influenced by the positioning of vehicles.
MEPDG recommended values of lane distribution factor (LD) for a single lane, two-lane
and three-lane roadways per direction are 1.00, 0.90, and 0.60, respectively (ARA Inc.,
2004b). Load equivalency and lane distribution factors are the key components in
evaluating adjusted AADTT. Adjusted AADTT values of these scenarios were
implemented for the three lanes road section by the researcher (Noorvand et al., 2017). A
similar concept was modified for a two-lane road in this analysis. AADTT input was
adjusted for SS scenario with the following Equations 3.6 and 3.7 for autonomous and non-
autonomous vehicles. The same LD rules of (100%) were applied to calculate adjusted

traffic volume.

(AADTTadjusted)AT—S = AADTTinput X Pyr X LEF 3.6
(AADTTadjusted)NAT—S = AADTTinput X Pyar 3.7
Where,

P,r= Percentage of autonomous truck
Py ar= Percentage of non-autonomous truck

LEF= Load-equivalency factors for different distribution
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As both AT and NAT distributed over the lane, a single AADTTT value was used
as input for distributed and non-distributed scenarios. Both scenarios were devised using

Equation 3.8.

LD gt
LDnaT

(AADTTadjusted)% = (AADTTadjusted)NAT + X AADTTinput X PAT X LEF 3.8

Where,

LD,r=Lane distribution factors of autonomous truck

LDy 4r= Lane distribution factors of non-autonomous vehicle

In the case of disproportionately arranged AT, LEF values for AT and NAT were
considered as 0.90 for both conditions. In a distributed scenario, AT was distributed equally

over two lanes using LDF value as 0.5 for AT.

3.5.4 Performance Prediction and Comparison

The widely accepted Pavement ME software, AASHTOWare, was used for predicting the
pavement performance for baseline, separated, and integrated scenarios with different
loading distribution patterns. The traffic details including adjusted traffic, material
properties, structural design, and climate data, collected from different sources, were given
as input in MEPDG. Material properties, structural design, and climate data were kept
constant to evaluate the effect of AT’s implementation on the AC pavement performance.
Pavement performance data for separated and integrated scenarios with different loading
distributions patterns were compared with the baseline scenario. Performance of different
loading distribution was compared with each other within each scenario. AC rutting and

BU cracking values were compared between DD and ED. The aim of comparing
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performance was to select the optimized scenario with specific loading distribution for the

implementation of ATSs.

3.6 Results and Discussion

Three scenarios were considered in this analysis for attaining optimized pavement
distresses for the movement of autonomous trucks in the two-lane road section. The
scenarios were- baseline, separated, and integrated scenario. These scenarios were
characterized based on traffic distribution on lanes of the road section. Based on the nature
of the traffic distribution pattern, the integrated scenario was divided into two categories-
equally distributed and disproportionately distributed. All of the scenarios were simulated
for four different loading distributions patterns for fatigue and rutting separately. These
loading distribution patterns were- zero wander, normal distribution with a standard
deviation of 7.5 cm (3.0") and 25 cm (10.0"), and uniform distribution. Simulations of
fatigue criteria explored in this analysis are presented in Table 3.1 with nomenclature.
Simulations were designated by purpose to short the name for explaining efficiently in the
next sections. The first letter of the designated name indicates scenario, the second one for
distress, and the last portion for loading distribution. A similar pattern of designation has

been used for rutting in the description of the performance data.
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Table 3.1 Nomenclature of the scenarios for fatigue distress used in the analysis

Scenario Distress Loading Distribution Designation
) Fatigue/AC ~ Normal distribution with 25 cm standard )
Baseline ] o Baseline
Rutting deviation (W10)
Zero wander (WO0) SFWO0
_ Normal distribution with 7.5 cm standard SFW3
Separated  Fatigue o
deviation (W3)
Uniform distribution (WU) SFWU
Zero wander (WO0) EFWO
Equally Fat Normal distribution with 7.5 cm standard EFW3
atigue
distributed J deviation (W3)
Uniform distribution (WU) EFWU
_ Zero wander (WO0) DFWO
Disproport- o .
_ _ Normal distribution with 7.5 cm standard DFW3
ionately  Fatigue o
o deviation (W3)
distributed ) o
Uniform distribution (WU) DFWU

3.6.1 Adjusted Traffic Volume

Traffic volume was adjusted for separated and integrated scenarios from the baseline traffic

volume. This adjustment was made based on EFs, obtained from the calculation, and lane

distribution factors. Traffic volume was adjusted for load-related key distresses fatigue and

cracking individually. The number of simulations for fatigue distress was counted to be as

12 presented in Table 3.1. Presented data showed four simulations for each of SS, ED, and

DD scenario. The same number of simulations were fabricated for AC rutting also.

Baseline traffic volume considered to be as 2000 was adjusted for 24 simulations in this

study. Scenarios were simulated for ATs ranging from 0% to 100%, having a 10% interval.
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The evaluated traffic volume for all scenarios is presented in Figure 3.6. The figure
represented simulations of separated scenarios as SFWO0, SFW3, SFWU, SRW0, SRW3,
and SRWU. AT and NAT move on the separated lane in those scenarios. LDF was used as
1.0 for AT and NAT in separated scenario (ARA Inc., 2004b). AADTT for AT and NAT
was adjusted using Equation 3.5, and Equation 3.6, respectively for the SS scenario. At 0%
AT, truck volume for baseline and separated scenarios is found as O for all simulations.
When the lane is fully occupied by AT, AADTT reaches a maximum of 4600 for SRWO.
AT and NAT share two lanes in integrated scenarios. Single AADTT is inputted for various
simulations of ED and DD scenarios. In the figure, 10% AT indicates that 10% AT shares
lanes of the road section with 90% NAT. The same LDF 0.90 was used for AT and NAT
in the DD scenario. PDF for equally distributed AT was considered as 0.50. Equation 3.8
was used for the calculation of adjusted traffic for both integrated scenarios with different
LDF. Traffic volume for both integrated scenarios is 2000 at initial condition, regarded as
the baseline value. AADTT for DRWO and DRWS3 reaches about 4600 and 4300,
respectively at the fully autonomous condition. When AT is ensured to distribute equally,
AADTT decreases from 10% AT and reaches a minimum at 100% AT. Noorvand et al.
also observed a similar trend of truck traffic volume (Noorvand et al., 2017). Traffic

volume for uniform loading distribution is found to be lowest in both scenarios.
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Figure 3.6 Adjusted AADTT for all simulations

3.6.2 Pavement Performance

The robust Pavement ME design software, AASHTOWare, requires fundamental input
regarding the pavement section to predict the performance. In this study, the analysis period
was considered as 20 years for the studied road section. The limiting value for terminal
IRI, total rutting, AC rutting, BU fatigue cracking, and TD fatigue cracking were 2.7
(m/km) (172 in/mile), 18.75 (mm) (0.75 inch), 6.25 mm (0.25 inch), 25 (% lane area), and
380 (m/km) (2000 ft/mile), respectively. The distress data were targeted with a reliability
of 90%. Material properties and structural design data of the section, significant for

performance prediction, was collected from the LTPP database. Climate input of
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AASHTOWare consists of hourly temperature, wind speed, percent sunshine,
precipitation, and relative humidity. Climate data for the analyzed section was selected

from the AASHTOWare database for the co-ordinates of that section.

The pavement section was analyzed with constant material properties, structural
design data, climate data and traffic details, except traffic volume and lane distribution
factors, for all simulations of baseline, separated, and integrated scenarios. Pavement
distresses of separated scenarios for SFW0, SFW3, SFWU, SRW0, SRW3, and SRWU
simulations were compared with the baseline scenario for different percentages of traffic
volume. In this study, bottom-up (BU) fatigue cracking, and AC rutting was taken into
consideration for pavement distresses. A comparison of BU cracking and AC rutting

between baseline and separated scenarios are presented in Figure 3.7-3.8.

Predicted AC rutting of the baseline scenario and separated scenario for different
simulations of AT at the end of the pavement life is illustrated in Figure 3.7. The AC rutting
for all simulations is gradually increasing with the increment of AT. Based on induced AC
rutting, the simulations can be presented from highest to lowest order as:
SRW0>SRW3>SFW0>SFW3>SFWU>SRWU. AC rutting of NAT or baseline scenario is
presented in reverse order to obtain an equivalent percentage of AT to NAT. At equal
rutting point, NAT:AT for SRWO0, SRW3, SRWU, SFWO0, SFW3 and SFWU is 70%:30%,
67%:35%, 36%:64%, 54%:46%, 52%:48%, and 44%:56% respectively. AC rutting at
equivalent point of SRWO0, SRW3, SRWU, SFWO0, SFW3 and SFWU is 1.52 (mm), 1.50

(mm), 1.31 (mm), 1.44 (mm), 1.42 (mm), and 1.36 (mm) respectively. Simulations from

82



both EFs showed that the provision of uniform distribution of AT might provide significant

improvement in AC rutting.
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Figure 3.7 AC rutting of baseline and separated scenarios for different simulations

The representation of Figure 3.8 shows the BU cracking of baseline and separated
scenarios for different simulations of AT at the end of the pavement life. A significant
increase in fatigue cracking is observed for SRWO0 and SRW3 from 20% AT. The highest
to the lowest order of BU cracking is similar to AC rutting. NAT:AT for SRWO0, SRW3,
SRWU, SFWO0, SFW3 and SFWU is 70%:30%, 66%:34%, 37%:63%, 55%:45%,
51%:49%, and 56%:44% respectively. BU cracking at equivalent point of SRW0, SRW3,
SRWU, SFWO0, SFW3 and SFWU is found to be as about14.0%, 12.5%, 2.0%, 5.0%, 3.8%,
and 3.0%, respectively. From the observation of AC rutting and BU cracking, it can be
concluded that explicit control of autonomous vehicle moving on the road, to ensure

uniform distribution, could significantly improve the pavement performance. It is also
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noticeable that the incorporation of field wander might allow a certain additional

percentage of AT movement at specific pavement distresses.
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Figure 3.8 BU cracking of baseline and separated scenarios for different simulations

Figure 3.9 demonstrates the AC rutting of the disproportionately distributed
scenario for different simulations of AT at the end of the pavement life. It is observed that
AC rutting increases with an increased percentage of AT for DRWO0, DRW3, DFWO, and
DFW3. Simulations, DRWU and DFWU, accounted for uniform distribution of AT

exhibited lower rutting from partial to full engagement of autonomous vehicles.
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Figure 3.9 AC rutting of the disproportionately distributed scenario for different

simulations

Predicted BU cracking of AC pavement of disproportionately distributed scenarios
for different simulations of ATs at the end of the pavement life is illustrated in Figure 3.10.
Simulations of AT for both AC rutting and BU cracking distresses showed deterioration of
pavement for cracking in the case of WO and W3 wandering. The predicted maximum and
minimum BU cracking are found to be as 62.0% and 8.0% for DRWO and DRWU

simulations, respectively.
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Figure 3.10 BU cracking of disproportionately distributed scenario for different

simulations

Figure 3.11 demonstrates AC rutting of the equally distributed scenario for
different simulations of AT at the end of design life. The obtained data exhibited a
significant reduction in pavement distresses for equal distribution of AT in a lane. A
comparison of predicted AC rutting concerning baseline value indicated minimal
increment for ERWO0 and ERW3. AC rutting significantly reduced for EFWO0, EFWS3,
EFWU and ERWU. AC rutting for uniform distribution of loading, simulated by EFWU

and EFRU, is noticed to be decreased to 1.32 (mm) and 1.23 (mm), respectively.
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Figure 3.11 AC rutting of an equally distributed scenario for different simulations

Predicted BU cracking of AC pavement of equally distributed scenario, for
different simulations of ATSs, at the end of the pavement life is illustrated in Figure 3.12.
BU cracking changes from 24.0% to 27.0% and 31.0% for ERWO0 and ERW3, respectively.

The BU cracking reduces from 24.0% to 3.0% and 4.0% for ERWU and EFWU,

respectively.
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Figure 3.12 BU cracking of equally distributed scenario for different simulations

Percentage change in AC pavement distresses for different AT distribution pattern
compared to zero wander are represented in Figure 3.13. Percentage change in AC rutting
and BU cracking of AC pavement for both DD and ED scenarios. The percentage change
in distresses of different simulations was evaluated comparing to zero wander. Significant
improvement in AC rutting and BU cracking is observed for every simulation of W3 and
WU. The maximum reduction of AC rutting and BU cracking for uniform distribution of
ATs is found to be 30.7% and 93.9% for DRWU and ERWU. For the W3 pattern of AT
distribution, the maximum change in AC rutting and BU cracking is observed for DFW3
and ERWa3. The percentage change in AC rutting and BU cracking for DFW3 and ERW3
IS 2.62% and 10.8% respectively. The introduction of uniform distribution of AT improves
the pavement performance significantly for both ED and DD scenarios. There is the
pavement improvement distresses for normal distribution with 7.5 (cm) standard deviation

of AT. AADTT input in this study is not significant to induce AC rutting. Change in AC
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rutting for every scenario and loading distribution pattern changes insignificantly. The high

strength of material properties might provide significant resistance to AC rutting.
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Figure 3.13 Change in pavement distresses for different wanders compared to zero

wander

AC rutting and BU cracking of AC pavement for ED scenarios are compared with
the DD scenario for different simulations of ATs percentage change in distresses are
illustrated in Figure 3.14. The changes are evaluated for 10% to 100% of AT, shared lane
with NAT in the road section. The highest improvement in AC rutting and BU cracking is
noticed at 100% of AT. The change in AC rutting at the end of design life for the
implementation of fully AT is found to vary from 13.8% to 14.9%. The simulation, EFWU,

experienced a maximum reduction in AC rutting compared to DD scenario. Improvement
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of fatigue distress was also observed for ED scenario. Predicted data showed a maximum
reduction, 82%, for EFWU compared to DD scenario. It is noticeable that the movement
of zero wander AT with ED scenario significantly reduced AC rutting and BU cracking by
14.7% and 69.0%. It can be summarized as explicit control of AT on the road section to

distribute equally in lane might be beneficial for performance improvement in AC

pavement.
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Figure 3.14 Comparing pavement distresses between two integrated scenarios
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3.7 Scheduling Vehicle Movement Duration

The resilient modulus of asphalt material varies with pavement temperature and
significantly affect the asphalt pavement performance. Resilient modulus is the critical
variable in asphalt pavement design, increases at low temperatures (Gao et al., 2019; Zhao
et al., 2020b). An attempt has been made in this study to minimize the effects of
autonomous vehicles by scheduling vehicle movement in a period of the low temperature
of the day. Figure 3.15 represents the hourly temperature variation of the studied road
section area and the hourly distribution of traffic. Hourly temperature variation was shown
for a single day of February, July, and November, selected from three different seasons.
Temperature variation showed significantly reduced value from 11 AM to 7 AM of a day.
At the same duration of the day, traffic flow is in the minimal stage. Fully autonomous
trucks will be moving without the assistance of the driver, especially for the shipment of
goods. There is no possibility of mental stress for movement at night time. So, allowing
AT to move on low-temperature duration might be beneficial for the pavement

performance perspectives.
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Figure 3.15 Hourly temperature variation of a day and hourly distribution factor of traffic

To simulate AT in low-temperature duration in this study, climate input in
AASHTOWare was modified. The whole day was segmented into three parts of 8 hours.
The temperature of 8-hour duration from 11 AM to 7 AM was replaced with the other two
parts for each day. This change was made for two simulations. These simulations were
DFW3 (60%AT+40%NAT) from the integrated scenario and SRWO0 (100% AT) from the
separated scenario. Percentage change in AC rutting and BU cracking for modifying
climate input is presented in Figure 3.16. It was observed that the percentage decrease in
AC rutting for the integrated and separated scenario was found to be 23.9% and 23.8%,

respectively. The predicted BU cracking was significantly reduced by 30.7% and 24.1%

11PM 3 AM

7AM

11 AM

Time

3 PM

for integrated and separated scenarios, respectively.
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Figure 3.16 Change in pavement distress for scheduling vehicle movement duration
3.8 Concluding Remarks

This current study focuses on simulations of autonomous trucks (AT) to predict asphalt
pavement distresses and select the best suitable simulation based on optimized distresses.
Simulations were fabricated based on loading distribution patterns and traffic distribution
on lanes of the road section. Based on traffic distribution, baseline, separated and integrated
scenarios were considered in this study. The baseline scenario is designated for the
movement of non-autonomous trucks (NAT). Separated scenario assigns a dedicated lane
for AT and NAT separately on the pavement section. In the case of an integrated scenario,
both AT and NAT share the same lane of a road. When an integrated scenario distributes
AT equally on a lane of the road section is termed as equally distributed (ED) scenario and
disproportionately distributed AT is known as disproportionately distributed (DD)
scenario. Every traffic distribution scenario was simulated for different loading distribution

patterns. These loading patterns were- zero wander, normal distribution of truck loading
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with a standard deviation of 7.5 (cm) (3"), and 25.0 (cm)(10™) and uniform distribution of
loading. These distributions were named as W0, W3, W10, and WU. Loading pattern, W10

is incorporated in MEPDG and is considered as a baseline for all analyses in this study.

All the simulations were devised to input on Astaire by equivalency factors (EF).
EF of AT was evaluated using a multi-layered elastic theory. Fatigue and rutting were
evaluated for different numbers of load repetition from tensile and compressive strain
obtained from multi-layered elastic theory. EF was calculated for W0, W3, and WU
compared to the baseline loading pattern for the same fatigue and AC rutting. Fatigue and
AC rutting, being key distresses induced from AT, EFs were estimated individually for
both distresses. The number of simulations was replicated as 24 for different scenarios
combined with loading distribution patterns. Traffic volume was adjusted using EFs and
lane distribution factors for all the simulations. Material properties, structural design, and
climate input was kept constant for prediction of pavement performance for 24 simulations.
Also, the pavement section was simulated by scheduling AT in a low-temperature period
of all the days of the analysis period. The predicted distresses are compared between traffic
distribution scenarios and loading distribution patterns. The conclusions drawn from the
comparative pavement distresses are as presented below.

e Comparison of AC rutting and BU fatigue cracking between baseline and separated
scenarios showed the ratio NAT:AT to be as 36.0%:64.0% at the same distress. It
is also noticeable that the incorporation of W3 wander at separated scenarios might
allow a certain additional percentage of AT movement at specific pavement

distresses.
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The studied section had lower traffic volume with high strength of AC materials.
This might be the cause of an insignificant change in AC rutting for every traffic
scenario and loading distribution pattern.

The introduction of uniform distribution of AT improves the pavement
performance significantly compared to zero wanders. Reduction of AC rutting and
BU fatigue cracking, for uniform distribution of ATs is found to be by 30.7%, and
93.9%, respectively. The percentage change in AC rutting and BU cracking for W3
loading distribution is 2.62%, and 10.8%, respectively. The major limitation of the
uniform distribution of loading is covering the whole width of the lane.

A comparative study of AC rutting and BU fatigue cracking is performed between
ED and DD scenarios. It is noticeable that the movement of zero wander AT with
ED scenario significantly reduced AC rutting and BU cracking by 14.7%, and
69.0%., respectively.

Significant improvement in pavement distresses is found to occur for controlling
the movement of AT at the low-temperature period of each day. This control
reduces AC rutting of the integrated and segregated scenario by 23.9% and 23.8%,
respectively. BU cracking was significantly minimized by 30.7% and 24.1% for
integrated, and separated scenarios, respectively.

Explicit control of AT to specific loading pattern or distribution or low-temperature
period might bring remarkable minimization of the detrimental effects of AT on the

pavement section.
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Abstract

Fast emerging information and communication technology is accelerating the
implementation of automation techniques in transportation sectors. Full automation has
extended to the truck and public bus sectors. The commercial application of this technology
in passenger and freight transport will bring revolutionary positive changes in this sector.
Despite having more advantages, automation in trucking technology has some detrimental
effects on the performance of asphalt pavement and highway safety. This study focuses on
quantifying the impact of the autonomous truck on asphalt concrete pavement rutting and
subsequent safety factors. Hydroplaning potential and skid resistance have been
investigated as safety factors in this study. Two scenarios — the baseline and autonomous
scenarios — were simulated by the standard deviation of normally distributed truck traffic
loading. The permanent deformation of the asphalt concrete layer for roads (PEDRO)

model was incorporated in this research to predict AC pavement rutting. Asphalt properties

Rana, M., Hossain, K. (2020). Impact of Autonomous Trucks’ Implementation: Rutting and Highway Safety
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were processed by generating master curves for dynamic shear modulus and phase angle.
Then, material properties and climate data were inputted in PEDRO to analyze a typical
pavement section for different simulations with a wide range of truck loading conditions.
Each truck loading was also analyzed for different variations of autonomous truck speed.
The acquired performances clearly showed significant deterioration in asphalt rutting for
automation of trucks, and continuous improvement in rutting was observed with increasing
truck speed for each automation scenario. The obtained rutting data were implemented to
determine the skid resistance and hydroplaning potential of a standard tire. A standard tire
rather than a truck tire was considered due to its high susceptibility to traffic safety.
Increasing truck speeds for all autonomous simulations reduces hydroplaning risk up to
certain critical points. Beyond that critical point, increasing speed contributed to
hydroplaning risk through the lowering of hydroplaning speed to risk level. The continuous
decrease in rutting and induced hydroplaning potential with vehicle speed becomes
contradictory after a certain critical point. A graphical relationship has been proposed to
obtain a design threshold value for hydroplaning speed, water film depth and autonomous
truck speed. Also, an attempt has been made to decrease pavement rutting by increasing
the frequency of hourly traffic in the low-temperature duration of a day. Placing all ATs in
a certain period of a day might be beneficial for reducing asphalt pavement rutting and may
bring improvement in highway safety issues.

Keywords: Autonomous Trucks, Rutting, Skid Resistance, Hydroplaning Potential,

Improvement of Pavement Performance.
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4.1 Introduction

In the twenty-first century, Autonomous Vehicles (AV) are among the most exciting and
promising developments. The possibility that AVs will turn science fiction into reality. Fast
emerging information and communication technology is accelerating the implementation
of automation techniques in transportation sectors. It is predicted that AVs will occupy
25% of all miles driven in the U.S. by 2030. Estimation of the Center for Automotive
Research estimates that new vehicle sales might increase by up to 55 percent by 2040 (Fee,
2020). The application of automation techniques is not restrained to passenger cars only
(Noorvand et al., 2017). The combined efforts of scientists, engineers, and practitioners to
increase efficiency in the shipment of people and goods have been working to bring public
transit and trucks under automation technology (Andersson & lvehammar, 2019). The
Connecticut Department of Transportation (CTDOT) announced the plan of testing the
full-size driverless transit bus by 2021(Wanek-Libman, 2020). In December 2019, an
autonomous freight truck made a cross country trip of 2800 miles in California to deliver

butter commercially (Linder, 2019).

Researchers found the upcoming autonomous vehicles as beneficial options from
road safety, environmental, social and economic perspectives (Litman, 2020). Automated
public transport will assure the safe and sustainable mobility of people from one place to
another. The implementation of AV will increase highway infrastructure capacity along
with other advantages. This is due to the automatic braking configured in AV technologies.
This technology will allow the vehicle to reduce the safe distance between vehicles and

increase vehicle speed. This increased capacity may further induce an overuse of the
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practical roads (Chen et al., 2016; Simko, 2016). Tientrakool et al. estimated the highway
capacity for the movement of AV using assisted driving systems. An assisted driving
system was incorporated using sensors alone, and a combination of sensors and vehicle-to-
vehicle communication technology. Both technologies significantly increased highway
capacity (Tientrakool et al., 2011). The study by Shladover et al. estimated the highway
capacity for AV by equipping vehicles through adaptive cruise control and cooperative
adaptive cruise control systems. Authors found 80% more highway capacity for applying
the mentioned systems with increasing speed (Shladover et al., 2012). Lu et al. found that
universal use of AVS increased traffic capacity by 16.01%, compared to conventional
traffic (Lu et al., 2020). Transportation stakeholders might get benefit more from
autonomous trucks (AT) in the freight transportation system from improved operational
efficiency in moving goods. This automation will also overcome the shortage of truck

drivers (Gungor & Al-Qadi, 2020a).

Despite having many advantages, researchers and practitioners are not in ultimate
goals to minimize the infrastructure’s problems associated with the implementation of AV
technology. Researchers encountered the necessity to change the road markings, lane
width, roadway capacity, pavement design and so on for AVs (Litman, 2020).
Consequently, pavement engineers and researchers are working on the structural
performance of AC pavement to optimize additional distresses induced by AT. The
influences of AT on the performance of AC pavement are induced from channelized or less
wander traffic loading, reduced inter-vehicle distances and constant speeds and fewer

stop/start actions (Steyn & Maina, 2019).
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4.2 Autonomous Vehicles and Wheel Wander

At the time of vehicular movement on the road, lateral positioning of the wheel spreads
over a wide range of road width. This phenomenon is termed wheel wander. Drivers’
habits, wind effects, and mechanical alignments are the influencing factors for wheel
wander (Buiter et al., 1989). Another study showed lane width, vehicle width, speed, and
rut depth are factors for quantification of the wander (Blab & Litzka, 1995). Wheel wander
controls the loading distribution for human-driven vehicles along the cross-section of a
road. Researchers found the wheel wander as a significant phenomenon affecting pavement
performance. This wander follows a particular distribution, not being restrained to a unique
location (Blab & Litzka, 1995; Wu, 2008). Lateral positioning of the wheel for human-
driven vehicles follows probabilistic distribution along the cross-section of the lane

(Gungor & Al-Qadi, 2020b; Siddharthan et al., 2017).

Researchers performed extensive studies and found the lateral positioning of the
wheel to be normally distributed within a lane (ARA Inc., 2004; Wu, 2008). This normal
distribution is modeled with zero mean and known standard deviation following Equation
4.1 (Gungor, 2018). Mechanistic-Empirical (ME) pavement design predicts the pavement
distresses with a standard deviation of 25 cm (10 inches) and zero mean for the distribution
of wheel load on the pavement lane (ARA Inc., 2004). A similar observation is made

through the field measurements by Erlingsson et al. (Erlingsson, 2012).

1 _Gemw?

f(x)=me 202 4.1
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Where,
u=mean of wheel wander distribution

o=standard deviation of wander effect

Wheel wander, a controlling factor of loading distribution in a pavement lane,
differentiates between human-driven vehicles from autonomous and semi-autonomous
vehicles. AVs and semi-AVs, along with trucks, are instructed to drive along the centerline
of a lane through the dynamic control systems (Hills & Lee, 2012). This lane-centering
tendency of ATs distributes the wheel load as a single point distribution, resulting in
channelized traffic. This type of channelization is also known as zero wander or less
wander distribution. Channelized or less wander traffic increases the repetition of the load

on a narrower width of the lane (Noorvand et al., 2017).

4.3 Effect of Autonomous Vehicles on Rutting

The structural design of asphalt concrete (AC) pavement is carried out in terms of key
distress criteria. These distress criteria are: AC rutting, total rutting, fatigue cracking and
IRI. Traffic is one of the main components in the design of AC pavement. Mechanistic
empirical (ME) design considers only heavy vehicles as traffic input to predict AC
pavement distresses. FWHA signifies class 4-13 as heavy vehicles based on dimension.
The range of that vehicle is termed truck traffic. The pilot program of automation of trucks
is already started and going to be launched commercially very soon. The channelization of

ATs has significant effects on distress criteria due to traffic loading distribution on
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narrower width. Researchers conducted several studies to quantify the effects of AT on AC

pavement.

Wu and Harvey performed a heavy vehicle simulator at the University of California
Pavement Research Center to measure the effect of channelized traffic on AC rutting (Wu,
2008). The same scenario was modeled numerically by the authors. They found 56%
reduced rutting under the non-wander condition. Erlingsson et al. measured the lateral
positioning of the human-driven wheel using a VTI (The National Road and Transport
Research Institute) developed system and found it to be normally distributed with a
standard deviation of about 0.25 m. ME and visco-elastic approaches were employed to
compare rutting between normal and channelized traffic. They concluded that rutting is
about 20% faster rutting for wheel loading distribution with a standard deviation of less
than 10 cm (Erlingsson, 2012). Shafiee et al. installed strain gauges and pressure cells on
the University of Alberta’s Integrated Road Research Facility (IRRF)’s test road to
evaluate the effects of wheel wander. Pavement responses were measured for moving
trucks. Due to insufficient truck load, this study determined the effect of wander on induced
stress instead of strain. This experiment concluded that zero wander can significantly affect

pavement responses (Shafiee et al., 2014).

Noorvand et al. investigated the effect of AT on AC pavement and presented a
possible solution to nullify the effects of AT. The study concluded that, in order to produce
equivalent AC rutting, the ratio of passage of non-AT to AT ranges from 2.1 to 2.3. The
authors suggested devising a uniform distribution of truck movements to nullify the effects

of AT on AC pavement (Noorvand et al., 2017). Zhou et al. performed field tests to quantify
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wheel wandering of AVs. These field tests were performed on the Texas A&M RELLIS
campus, which was a World War 11 base. The results on the other hand demonstrate that
AVs could be modeled with normal distribution having narrower lateral wandering than
human-driven vehicles. The study concluded three times narrower standard deviation 3.0
(cm) to 7.5 (cm) (1.2” to 3.0”) for AV. The narrower wandering of AV significantly
shortens pavement fatigue life and increases pavement rutting when compared with human-
operated traffic (Zhou et al., 2019). Chen et al. performed a finite element analysis of
pavement structure to evaluate the impact of the lateral position of ATs on fatigue and AC
rutting. The incorporation of different percentages of AT has a potential influence in
deteriorating the AC pavement in terms of fatigue and AC rutting. The authors explored
through uniform, double peak Gaussian, and two-section uniform mode of loading

distribution to improve AC pavement performance (Chen et al., 2019).

4.4 Skid Resistance and Hydroplaning Potential

Statistics reveal that approximately 20% of road accident occurs in wet weather conditions.
Researchers believe that low skid resistance and hydroplaning (also known as aquaplaning)
potential are the major cause of these accidents (Chu & Ong, 2015; Ong & Fwa, 2010).
Skid resistance prevents vehicle tires from sliding on the surface of pavement in wet
weather conditions. Skid resistance decreases with the increment of Water Film Depth
(WFD) and increases with wheel load (Ong et al., 2005; Peng et al., 2020). Ong and Fwa
observed the significant influence of WFD, tire inflation pressure, truck load, and vehicle

speed on the skid resistance of trucks (Ong & Fwa, 2010). Fwa and Chu explained skid
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resistance as mechanistic interaction of tires, pavement surface and WFD on the pavement

surface.

Rutting on the pavement surface allows rainwater to be ponded on the rutted
channel. Accumulated water forms a water film between the wheel of the moving vehicle
and the pavement surface. This water film leads to a loss of traction force leading to a loss
of control in driving. This phenomenon is known as hydroplaning. Viscous, dynamic, and
reverted rubber are three kinds of hydroplaning found in highway pavement. Highway
agencies are especially concerned about viscous and dynamic hydroplaning. Viscous
hydroplaning originated for the low-speed vehicle with a very thin film of fluid (Gallaway
et al., 1979; Mounce & Bartoskewitz, 1993). Researchers focused mainly on dynamic
hydroplaning due to its high-risk factor. It happens when hydrodynamic pressure generated
from flooded AC pavement destroys the balance between the total downward force of the
tires and the bearing capacity of the pavement. Under the imbalanced condition, the vehicle
at critical speed becomes unstable when the tires completely float on the water. The vehicle
in this scenario is said to hydroplane and the critical speed of the vehicle is termed
hydroplaning speed (Agrawal & Henry, 1977; Mounce & Bartoskewitz, 1993; Ong & Fwa,
2007; S. Zhu et al., 2017). Hydroplaning speed (HPS) is the measuring factor of
hydroplaning potential. Hydroplaned vehicles face reduced traction force between tire and
pavement surface. Hydroplaning potential prevents the power of vehicles to control

steering, braking and acceleration (Sillem, 2008).

Gallaway et al extensively studied hydroplaning potential and introduced water

film depth (WFD) as a crucial factor for HPS (Gallaway et al., 1979). Ong and Fwa
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simulated hydroplaning potential on wet pavement, developing a finite volume model.
Computational fluid dynamics was used in the simulation to estimate the effect of micro-
texture and tire pressure on hydroplaning potential. It was observed that materials with
good micro-texture might reduce HPS significantly (Ong et al., 2005). Chu et al. found the
WEFD, tire properties and pavement surface properties to be influencing factors for
hydroplaning speed. The authors conducted a finite element analysis to evaluate the
hydroplaning potential of rutted pavement. The analysis was performed at hydroplaning
speed and revealed that rutted AC pavement significantly influences hydroplaning
potential (Chu et al., 2015). Zhu et al. also showed that thicker WFD accelerates HPS on
AC pavement (Zhu et al., 2017). Most of the researchers evaluated HPS based on the
assumed rut depth (Chu et al., 2015; Chu & Fwa, 2016; Chu & Ong, 2015; Ong & Fwa,
2006, 2010; Peng et al., 2020). Rutting developed due to the movement of the vehicle might
be a crucial factor in a road accident under wet weather conditions. The implementation of
AT will significantly increase rutting in AC pavement. An increment of rutting might lead
the vehicle to hydroplane and tend to low skid resistance. This will contradict with AV

implementation in the reduction of road accidents.

4.5 Permanent Deformation of Asphalt Concrete Layer for Roads (PEDRO)

The permanent deformation of the asphalt concrete layer for roads (PEDRQO) model is a
linear viscoelastic program used to evaluate the rutting of AC layers. Said et al. first
introduced a linear viscoelastic model based on the shear box test and developed the
PEDRO model (Said et al., 2011, 2013). The analytical approach to shear distortion enables

a linear viscoelastic model to predict upheaval and depression in the wheel moving path
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and this is the main advantage. The PEDRO model predicts permanent deformation in AC
pavement due to volume change and shear flow in AC mixtures (Jelagin et al., 2018). This
model predicts vertical permanent strain due to the movement of traffic using Equation 4.2,

as presented by Bjorklund (Ahmed et al., 2012; Andersson, 2017; Said et al., 2020).
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Where,
E,= permanent vertical strain (m/m)
0,= contact pressure (Pa)
v= Poisson’s ratio
V= vehicle speed (m/s)
1= Viscosity at peak phase angle (Pa s)
z= depth from road surface (m)
x= distance from loading center (m)
a= radius of contact area (m)
i=vV—1
The first portion of the presented equation is employed to predict the effect of post-
compaction and the last portion estimates shear deformation of AC mixtures (Oscarsson,
2011). The viscosity of AC layers at peak phase angle obtained from the dynamic shear
modulus test is the key material input in PEDRO (Jelagin et al., 2018; Said et al., 2020,

2016). The shear modulus (G*) and phase angle (8) of AC mixtures are used to generate

master curves for different temperatures. AC Mixture (G*) at peak phase angle is evaluated
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from the master curve and used to assess the viscosity following Equation 4.3. The
evaluated viscosities are plotted against temperatures to get the input parameters of

PEDRO following the second-degree polynomial and Equation 4.4.

=5 43
log(n*) = a;T? + a,T + a; 4.4
Where,

n*= Complex viscosity (Pa.s)
G*= Complex shear modulus in Pa

w = Angular frequency at peak phase angle (rad/s)

PEDRO also predicts the profile of the rutting along the cross-section of the road.
The PEDRO program directly considers the effect of traffic speed, rather than loading
frequency, on rutting evaluation. The software has another important feature to control the
lateral positioning of traffic loading by changing standard deviation values (Jelagin et al.,
2018; Said et al., 2011). The inability to integrate a multilayer pavement system is one of

the major limitations of the current PEDRO (Said et al., 2020).

4.6 Study Objective and Contribution

The objective of this study is to evaluate the effect of the autonomous trucks on distresses
of AC pavement and determine the influence of the induced distresses on traffic safety
factors in wet weather conditions. AC rutting was the basis for pavement distresses, and
skid number and hydroplaning potential were examined as traffic safety factors. Permanent

Deformation of Asphalt Concrete Layer for Roads, PEDRO, was employed to assess the
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rutting of AC pavement due to the movement of AT. The program, PEDRO, having special
features to incorporate lateral positioning of the vehicle on the lane of a road was engaged
in this study in rutting prediction. AT was simulated by different standard deviation values
of traffic distribution to estimate rutting on the pavement. Different vehicle speeds for each
standard deviation were replicated for rutting prediction. A comparative study was
performed with human-driven traffic to observe the effect of AT implementation on
predicted rutting of AC pavement. The effect of a wide range of AT was also studied for
all simulations. The predicted rutting was made use of to estimate skid resistance and
hydroplaning potential in wet weather conditions and the obtained results were also
compared with the baseline simulation. Also, an attempt has been made to minimize the
impacts of AT AC pavement by scheduling AT traffic in the low-temperature period of the

day.

4.7 Methodology

The goal of this research is to assess the impacts of AT’s implementation on pavement
rutting in asphalt pavement. Evaluation of traffic safety factors of a road section in wet
weather condition for the predicted rutting is another aim of this study. Based on truck
traffic loading distribution on the lane, traffic was divided into two scenarios: baseline and
autonomous. A baseline scenario was simulated for the human-driven vehicle. The
autonomous scenario was simulated based on different values of the standard deviation of
truck traffic in non-human-driven vehicles. All simulations of baseline and autonomous
scenarios were replicated for different speeds of the vehicles. The methodology in this

research mainly consists of four main phases. In the first phase, the material properties and
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climate inputs were collected from different sources. The collected data were processed for
inputting in the PEDRO program. In the second phase, rutting was predicted using PEDRO
for all replications and then compared in order to observe the effect of the autonomous
truck. In the third phase, traffic safety factors were estimated based on predicted rutting
and compared with the baseline. In the fourth phase, an attempt was made to minimize the
effects of AT on pavement performance by changing the hourly frequency of truck traffic
over the course of a day. The framework for the evaluation of rutting and traffic safety

factors is presented in Figure 4.1.
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Figure 4.1 Framework for rutting and traffic safety factors evaluation
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4.7.1 Data Collection and Processing

In the first phase, material properties, structural design and traffic data were collected from
the Ph.D. dissertation of Harran (2009) for one road section in Winnipeg, Manitoba
(Harran, 2009). Detail material properties were taken for two layers of AC layers of the
pavement section. This data set consists of volumetric properties and laboratory conducted
dynamic modulus (E*) of AC mixture. The collected material properties of both layers are
presented in Table 4.1.

Table 4.1 Material properties

Layer/Components Layer 1 | Layer 2
Asphalt Grade (PG) 58-28 58-28
Nominal size of aggregate (mm) 12.5 12.5
Asphalt content (%) 55 5.0
Effective binder content, Ppe (%) 4.8 4.2
Air voids, Va (%) 4.5 4.8
Voids in mineral aggregate, VMA (%) | 15.0 14.1
Voids filled with asphalt, VFA (%) 70.2 65.9

The dynamic modulus (E*) values of both AC mixtures are presented in Figure 4.2.
Figure 4.2 shows the laboratory-measured E* values for two layers of AC mixes conducted
at a frequency of 0.1, 0.5, 1, 5, 10 and 25 (Hz) for -10 (°C), 5 (°C), 10 (°C) and 25 (°C).
This E* of AC mixes is a Level-1 input for robust pavement Mechanistic-Empirical
Pavement Design Guide, AASHTOWare. Level 2 and level 3 input in AASHTOWare uses

the Witzack model to estimate E* of AC mixes.
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Figure 4.2 Dynamic modulus (E*) values for layer 1 and layer 2 of AC pavement

The viscosity of the AC layer is the key material input in the linear viscoelastic
program, PEDRO. This model evaluates the viscosity of AC mixes generating a master
curve for the dynamic shear modulus and phase angle. Zhu et al. suggested to use the Hirsch
model to evaluate G*mix from of G*binder (Zhu et al., 2020). To make use of E* of AC
mixes in the PEDRO material input, the dynamic shear moduli (G*) of asphalt binder was
evaluated using the Hirsch E* model. Moduli, G* of the binder was back-calculated using
the Equation 4.5-4.6.

0.58
VFAXG pinder
VMA

0.58
VFAXG"pinder
VMA

(20+

P. = 4.5
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Where,

E* ,ix = Dynamic modulus of AC mixes (psi)
G pinder= Dynamic modulus of binder (psi)
P, = contact factor (unitless)

VFA =voids fill with asphalt (%)

VMA = voids in mineral aggregates (%)

The obtained G* of the binder with other volumetric properties were inputted in the
Hirsch model of AC mixes to obtain G* of the mix (Christensen et al., 2004). The following

Equation 4.7-4.8 were used to calculate G* of AC mix.
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Christensen et al. developed two empirical relationships to estimate the phase angle
from volumetric properties (Christensen et al., 2004). The empirical relation presented in
Equation 4.9 was used for the phase angle estimation.

@ = —21(logP.)? — 55P. 4.9
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The dynamic shear modulus and phase angles calculated following the mentioned
procedures are used to generate master curves. Dynamic shear modulus and phase angles
were fitted using the sigmoidal function presented in Equation 10 and fitting functions
shown in Equation 11. Equations 4.12-4.13 were used to calculate the shifting function

(Jelagin et al., 2018).

a

log(G mix) =6 + 1+exp[B-vylog (f;)] 0
fr-—a
(p _ d (1 _ e er_a> + C_ 411
AR =g
log(ar) = R( T ) .
oglar) = K\ 573 Tref+273 .
—(

. (fT) 4.13
Where,

G mix = Dynamic shear modulus of AC mixes

¢@=Phase angle

a, b, c,d, e = Fitting parameters for phase angle

a, 5,y, 6 = Sigmoidal fitting parameters for dynamic shear modulus
ar = Shift factor

fr» fr = Frequency at reference and T temperature

Master curves for the dynamic shear modulus of two AC mixes at 10°C reference
temperature is presented in Figure 4.3. The dynamic shear modulus G* of the AC mixes at

the maximum phase angle is obtained from Figure 4.3.
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Figure 4.3 Master curves for dynamic shear modulus and phase angle at 10°C reference

temperature

Master curves at reference temperatures of 5°C, 10°C, 15°C and 25°C were
generated and viscosity at the specified temperatures are evaluated. The obtained viscosity
vs temperature was plotted in Figure 4.4 to determine the input for PEDRO. The co-
efficient of the AC mixes for layer 1 are 0.000428, -0.121 and 4.54 and for layer 2 are -
0.00074, -0.104 and 4.77. These coefficients were given as input in PEDRO for layers 1

and 2 with thicknesses of 65 mm and 90 mm, respectively.
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Figure 4.4 Dynamic Viscosity-Temperature curves

Climate data is collected from the Long-Term Pavement Performance (LTPP)
database for the studied road section in Winnipeg, Manitoba. Climate data in the PEDRO
model consists of an hourly average of monthly pavement temperature. The pavement
temperature of both AC layers is evaluated using the LTPP high pavement temperature
model from May to October and the LTPP low pavement temperature model from
November to April for the year 2019. The temperature for layer 1 as inputted in this study

is presented in Figure 4.5.
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Figure 4.5 Temperature distribution over 24 hours for this study

Traffic detail is another important parameter of asphalt pavement design. In this
study, annual average daily truck traffic (AADTT) was considered as 2000 with 3.5%
annual traffic growth rate. Standard axle load, 80 kN for dual wheel with tire pressure 0.8
MPa, was given as input in this study. The hourly distribution of traffic load was the default

value from PEDRO.

An attempt to simulate a similar section, analyzed by Harran, was made using
AASHTOWare. The author analyzed the pavement section mainly for Class 9 trucks.
ESAL was evaluated from AADTT by adopting the Ontario method (“Pavement Design
and Rehabilitation Manual,” 2013). Pavement temperature data was obtained using the
same technique mentioned in the climate data paragraph. The factors used in this analysis

were the same for all studies in this research. The comparison of the AC rutting between

120



both data is presented in Figure 4.6. There is a negligible difference observed from this
comparison. This might be due to differences in traffic loading and temperature input

between both analyses.

8| M Harran (2009)
7] W PEDRO

Rutting (mm)
'

0 2 4 6 8 10 12 14 16 18 20
Pavement Age (Years)

Figure 4.6 Comparison of AC rutting between PEDRO and Harran (2009)

4.7.2 Rutting Prediction and Comparison

PEDRO was used for predicting pavement rutting for different simulations of baseline and
autonomous scenarios. The autonomous scenario was characterized by reducing the
standard deviation of loading distribution, also known as traffic wandering. The effect of
the wide range of AT speed on rutting for every wander was also determined. The material
properties, traffic, structural design, and climate data, collected from different sources,
were given as inputs in PEDRO. Material properties, structural design, and climate data

were kept constant to evaluate the effect of wheel wandering and speed for the AT’s
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implementation on the AC rutting. AC rutting for the different wandering of traffic was
compared with data for the baseline scenario. The effect of speed variation was compared

within each wandering.

4.7.3 Evaluation of Traffic Safety Factors

The major traffic safety factors, hydroplaning potential speed and skid number were
estimated from the predicted rutting. Skid number (SN), the measuring unit of skid
resistance, was estimated using a well-established relationship proposed by Gallaway et al.
(Gallaway et al., 1974). The analytical approaches introduced by Gallaway et al.
(Gallaway et al., 1979) and Huebner et al. (Huebner et al., 1987) were implemented to
evaluate hydroplaning speed (HPS). HPS and SN were measured for all the predicted
rutting for different simulations. Comparative analyses were performed to observe the

effect of autonomous trucks on HPS and SN.

4.7.4 Optimization of AC Rutting and Traffic Safety Factors

An attempt was made to minimize the effect of AT implementation on AC rutting and
traffic safety factors by redistributing the hourly frequency of traffic loading. Traffic
loading frequency was adjusted to get the benefit of a low-temperature duration of a day
on rutting accumulation. AC rutting and traffic safety factors were reevaluated in this stage.

Comparative analyses were performed to quantify the optimized performance.
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4.8 Results and Discussions

The impact of autonomous trucks on AC rutting and subsequent traffic safety factors were
investigated in this study. AC rutting and traffic safety factors were quantified and
compared to human-driven truck traffic. Pavement performance prediction generally
considers the loading distribution of a human-driven truck as normally distributed with a
standard deviation of 25.0 cm (10 inches). AC rutting predicted for a standard deviation of
25.0 cm is considered a baseline scenario in this analysis. A different loading distribution
of AT was regarded as autonomous scenarios in this study. The autonomous scenario was
characterized by reducing the standard deviation of loading distribution to 0, 2.54 cm (1
inch), 5.1 cm (2 inches), 7.6 cm (3 inches), and 10.0 cm (4 inches). This lane-centering
tendency of AT with reduced standard deviation is also represented as traffic wander.
Baseline and simulations of the autonomous scenario were replicated for a wide range of
truck speeds, ranging from 60 km/hr. to 120 km/hr., at an interval of 10 km/hr. Skid
resistance and hydroplaning potential in wet conditions were also estimated for all
simulations of the baseline and autonomous scenarios. Simulations of distress and traffic
safety factors explored in this analysis are presented in Table 4.2 with nomenclature.
Simulations were designated by purpose to shorten the name and permit efficient

explanation in the next sections.
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Table 4.2 Nomenclature of the scenarios used in the analysis

_ Standard Deviation of Truck Deviation _ )
Scenario ) o Designation
of Truck Loading Distribution (cm)

Baseline 25.0 Baseline
0 SDO
2.5 SD2.5
Autonomous
5.1 SD5.1
7.6 SD7.6
10.2 SD10.2

4.8.1 AC Rutting Prediction

The linear viscoelastic program, PEDRO, requires fundamental input regarding the typical
pavement section to predict the AC rutting. Material properties and temperature data of the
typical sections, significant for rutting prediction, are described in detail in the data
collection and processing section and are given as input in this study. The default hourly
traffic loading distribution incorporated in PEDRO was selected for this analysis. The other
analysis parameters used in this study are presented in Table 4.3.

Table 4.3 Analysis parameters

AADTT 2000

Traffic growth rate (%) 35

Analysis period (years) 20

Axle load (kN) 80

Dual wheel (%) 100

Tyre pressure (kPa) 800

Standard deviation (cm) 25,0,2.5,5.1,7.6,10.2
Vehicle speed (km/hr) 60,70,80,90,100,110,120
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The pavement section was analyzed with constant material properties, structural
design data, climate data and traffic details, except traffic wander and vehicle speeds, for
all simulations of baseline and autonomous scenarios. AC rutting for SD0, SD2.5, SD5.1,
SD7.6, and SD10.2 simulations were compared with baseline scenarios for different speeds
of truck traffic. A comparison of the AC rutting between the baseline and autonomous

scenarios are presented in Figure 4.7.

Predicted AC rutting of the baseline and autonomous scenarios for different
simulations of AT over the pavement life is illustrated in Figure 4.7. The presented AC
rutting in Figure 4.7 was measured at a speed of 90 (km/hr) only. The AC rutting for all
simulations is in increasing trend with the increment of pavement life. Based on induced
AC rutting, the simulations can be presented from highest to lowest order as:
SD0>SD2.5>SD5.1>SD7.6>SD10.2>Baseline. AC rutting is increasing with the reduction
of the standard deviation of truck traffic distribution. At the end of the analysis period, AC
rutting of Baseline, SD10.2, SD7.6, SD5.1, SD2.5, and SDO was found to be as 6.01 (mm),
9.98 (mm), 13.09 (mm), 17.23 (mm), 20.69 (mm), and 21.85 (mm), respectively. The
maximum percentage increase of rutting, 263.6 (%), is observed for zero wander
conditions. It is perceptible that the lane-centering tendency of AT is a significant

contributor to the increment of AC rutting.
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Figure 4.7 Predicted Rutting for different simulations

Rutting profiles in the transverse direction of pavement for different simulations
are illustrated in Figure 4.8. Presented AC rutting in Figure 4.8 was measured at speed of
90 (km/hr). Maximum rutting is observed in the center of the dual wheel in the baseline
scenario. The maximum rutting point in autonomous scenarios moves under each wheel.
Upheaval in wheel path increases with decreasing standard distribution of the loading
distribution of AT. The upheaval has reached to about 21% compared to the highest rutting
at the baseline scenario. Jeginal et al. mentioned that upheaval might be developed by up
to 15% (Jelagin et al., 2018). Overestimation of upheaval is observed from PEDRO
analysis. Remarkably, the spreading of the rutting profile is becoming narrower with a
decreasing standard deviation of AT loading. Predicted rutting reached to zero value at the

distance of 0.46 (m), 0.26 (m), 0.28 (m), 0.29 (m), 0.30 (m), and 0.33 (m) from the center

for baseline, SDO, SD2.5, SD5.1, SD7.6, SD10.2 simulations, respectively.
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Figure 4.8 Rutting profile in transverse direction for different simulations

Compared to the baseline scenario, change in rutting due to variation of truck traffic
speed for different simulations is shown in Figure 4.9. It is found that the reduction of truck
traffic speed significantly increases the rutting accumulation in the pavement section.
Increase in rutting at zero wander is observed as 14.98 (mm), 12.84 (mm), 11.23 (mm),
8.98 (mm), 8.16 (mm), and 7.45 (mm) for speed of vehicle at 60 (km/hr), 70 (km/hr), 80
(km/hr), 90 (km/hr), 100 (km/hr), 110 (km/hr), and 120 (km/hr), respectively. It can be
summarized as increasing AT speed might be beneficial for pavement design due to a

significant reduction in rutting accumulation.
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Figure 4.9 Effect of vehicle speed on rutting accumulation of different simulations

4.8.2 Evaluation of Road Safety Factors

The analysis focused on the utilization of AT-induced rutting on the evaluation of two road
safety factors, hydroplaning potential and skid resistance, in wet weather conditions.
Before analysis, relevant literature has been consulted to obtain the susceptibility of HPS
and skid resistance to passenger car and truck traffic. Horne et al. performed a series of

research on the effect of truck tire on HPS and provided the following Equation 4.14 (Horne

etal., 1986).

o021 (14 0.5
HPS = 25(peire)*?* (5) 4.14
Where,

HPS=Hydroplaning speed
Prire = Tire inflation pressure

FAR= Footprint aspect ratio
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The author concluded with high hydroplaning speed and lower hydroplaning risk
of a truck tire having lower FAR value (Horne et al., 1986). Ong and Fwa investigated
truck hydroplaning and found a higher hydroplaning risk for an empty truck, rather than a
loaded truck (Ong & Fwa, 2007). Passenger cars also depicted lower hydroplaning speed
for normal operational traffic on the highway. Ong and Fwa studied skid resistance for
truck traffic on the highway and found reduced skid resistance for an empty truck (Ong &
Fwa, 2010). Changyong found that truck tire moving on normal highway speed
incorporates lower skid resistance than passenger cars (Changyong, 2010). From the above
discussion, it is noticeable that hydroplaning potential and skid resistance are more
susceptible to the passenger car. HPS and skid of resistance of passenger cars are

investigated in this study from the accumulated rutting from the AT.

Gallaway et al. developed an empirical relationship for evaluating skid number
(indicator for frictional resistance of pavements) from the experimental studies and
provided the following Equation 4.15 for ASTM standard tire with 165.5 kPa (24 psi)

inflation pressure (Gallaway et al., 1974).

SN = =22

~ yo.77

4.15

[TD0'05+ 4.71TXD%0° ]

(25.4WFD+2.5)0.09
Where,

SN = Skid number at the vehicle speed
V= Vehicle speed (mile/hr)

TD= Tyre thread depth (inch)

TX D= Pavement surface texture depth (inch)
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W F D= Water film thickness (inch)

Most of the asphalt pavement considers the typical TXD value as 0.91 mm (0.036
inches) (Zhou et al., 2019). Tire thread depth (TD) is regarded as 2.36 mm (2/32 inch) for
this analysis. Glennon provided Equation 4.16 to evaluate WFD considering the effect of
the cross slope of pavement (Glennon, 2015).

WFD = Rutting — CS X L 4.16

Where,
CS = Cross slope

L = Half-length of rutting zone

Most of the US Department of Transportation considers SN value measured at 65
km/hr (40 miles/hr) as a reference line and it is symbolized as SN4o. The acceptance limit
of SNa4o is 30 and it is necessary to apply corrective measures lower than the limiting value
(National Cooperative Highway Research Program, 1983; Oh et al., 2010). WFD is
calculated for a wide range of vehicle speeds for all simulations of baseline and
autonomous scenario using equation 16. CS is assumed as 0.5% for this analysis and half-
length of the rutting zone is taken from the predicted rutting profile. It is mentionable that
CS is not considered for rutting prediction in this study. SN4o values for all simulations
with different speeds are evaluated using the calculated WFD and presented in Table 4.4.
Presented SN4o values are within the acceptable range. Compared to baseline scenario,
percentage decrease in SNa4o is 8.6%, 8.3%, 7.2%, 5.6%, and 3.9% for SDO, SD2.5, SD5.1,
SD7.6, SD10.2 simulations, respectively. It can be concluded that the implementation of

AT has a negligible effect on the skid resistance of asphalt pavement.
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Table 4.4 SN4o of all simulations with different truck speed

Simulations Truck Speed (km/hr)

60 70 80 90 100 110 120

Baseline 33.7 34.1 34.4 34.6 34.9 35.1 35.3
SDO 30.9 31.2 314 317 31.9 32.1 32.3
SD2.5 31.0 31.3 31.6 31.8 32.0 32.2 32.4
SD5.1 31.3 31.7 31.9 32.2 324 32.6 32.8
SD7.6 319 32.2 325 32.7 33.0 33.2 33.3
SD10.2 325 32.8 33.1 33.3 33.6 33.8 33.9

Gallaway et al. conducted the extensive tests and using multilinear regression
analysis provided the following relationships presented in Equations 4.17-4.19 for

predicting HPS (Gallaway et al., 1979).

HPS = SD%%4p%3 (TD + 1)%%4 N
A=2229  3507 -
WFD"-
- (Mf%:,ie - 7.817) (TXD)014 o
Where,

SD = Spin down (%)

It is recommended to choose a greater A value from Equations 3.18 and 3.19.
Authors found 10% spin down is the indicating point of HPS and this equation is valid for
WFD>2.54 mm (0.10 (inch) (Gallaway et al., 1979). Huebner et al. introduced a new
formula, presented in Equation 4.20, to estimate HPS for WFD<2.54 mm (0.10 inch)

(Huebner et al., 1987).
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HPS = 26.04WFT 9259 4. 20

HPS for different simulations with various speeds was evaluated using Equations
3.17-3.20 for ASTM standard tire considering inflation pressure, spin down, TXD, and TD
as 165.5 kPa (24 psi), 10%, 0.91 mm (0.036 inches), and 2.36 mm (2/32 inch),
respectively. The obtained WFD and HPS were evaluated for rutting predicted at the end

of the analysis period.

Predicted WFD and HPS for AC pavement, measured at the end of the pavement
life, of all simulations with various vehicle speeds, are illustrated in Figure 4.10. There is
decreasing WFD values with increasing AT speeds for all simulations. WFD varies from
6.7-2.2 (mm), 31.5-15.1 (mm), 29.6-14.1 (mm), 24.4-11.5 (mm), 18.1-8.3 (mm), and 13.3-
5.8 (mm) for AT speed ranging 60-120 (km/hr) for baseline, SDO, SD2.5, SD5.1, SD7.6,
and SD10.2, respectively. It can be concluded that the incorporation of AT by reduced
standard deviation has a significant influence on the HPS of passenger cars, compared to
the baseline scenario. Graphical representation of HPS using a multi-color single line
showed the increasing HPS with decreased WFD values for all simulations with different
AT speeds. Each color band of a single line is showing HPS for each vehicle simulations.
HPS is found to be maximum as 91 (km/hr) for 2.2 (mm) WFD and minimum as 74 (km/hr)
at 31.1 (mm) WFD. HPS is reduced to the range of 74-91 (km/hr) compared to AT speed
ranging from 60-120 (km/hr). Low hydroplaning potential (high HPS) is noticed up to 74

(km/hr) AT speed with SDO simulation.
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Figure 4.10 Predicted WFT and HPS for all simulations with various truck speeds

It is highly expected that the incorporation of AV, along with AT, will significantly
reduce road accidents and improve roadway capacity with higher speed. Analyzed data
depicted that increasing AT speed has a positive effect on rutting in AC pavement and a
negative effect on HPS after a certain limit. This reverse phenomenon was observed for the
implementation of AT. The critical point has been established among AT speed, HPS
(mainly car speed), and WFD (can be presented rutting also) to remove the contradictory
conclusion between pavement distress and traffic safety factor. HPS curve intersected the
individual graph of traffic simulation at different points and that is the critical point of AT
speed, HPS and rutting. For example, the HPS curve intersects the SD5.1 curve at one point

with about 80 (km/hr) AT speed and 13.2 (mm) WFD. An increment of AT speed beyond
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this point will reduce the rutting, but HPS will be lower and will be intending hydroplaning
risk. At this critical point, both HPS and AT speed are equal. The critical point in this study
indicates the speed of AT to induce optimum rutting with the safest HPS for passenger
cars. Critical points for all the simulations have been established and tabulated in Table
4.5.

Table 4.5 Critical WFD and HPS

Simulations HPS (km/hr) Optimum
Minimum Maximum | Critical | WFD (mm)

Baseline 84.1 91.8 88.1 3.7

SDO 74.2 78.8 75.6 25.1
SD2.5 74.5 79.2 76.0 23.2
SD5.1 15.7 80.5 77.5 18.4
SD7.6 77.6 82.7 79.6 13.2
SD10.2 79.6 85.0 81.9 9.2

4.9 Rescheduling Hourly Traffic Distribution

Climate factors have a significant influence on asphalt pavement performance. Pavement
temperature, induced from air temperature and other factors, significantly affects the AC
pavement performance by changing the resilient modulus of asphalt material. Resilient
modulus is the critical variable in asphalt pavement design, increases at low temperatures
(Ghao et al., 2019; Zhao et al., 2020a). An attempt has been made in this study to minimize
the effects of autonomous vehicles by scheduling vehicle movement in the period of low-
temperature duration of a day. The model, PEDRO, uses Equation 4.21-4.22 for the hourly

distribution of different vehicles.
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Where,

Y= Frequency of daily traffic distribution
x = tan (@)

t= O’clock in hours

B0, B1, B2, B4= Fitting functions

Fitting functions are adjusted to reschedule the frequency of hourly traffic
distribution shown in Figure 4.11. Figure 4.11 represents the average hourly pavement
temperature variation of 24 hours for the month of January and the hourly distribution of
normal traffic and adjusted traffic. Temperature variation showed significantly reduced
value from 11 PM to 8 AM of a day. At the same duration of the day, traffic flow is in the
minimal stage. The fully autonomous truck will be moving without the assistance of the
driver, especially for the shipment of goods. There is no possibility of mental stress for
movement at nighttime. So, allowing AT to move on low-temperature duration might be
beneficial for the pavement performance perspectives. The frequency of hourly traffic
distribution was adjusted by using equal frequency for all hours in adjusted-1 and high

frequency was used for the lower temperature zone in adjusted-2 condition.
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Figure 4.11 Hourly temperature variation of a day and frequency of traffic distribution

Compared to normal traffic distribution, the percentage decrease in rutting and
improvement in HPS for rescheduled hourly traffic distribution for 90 (km/hr) AT speed
are presented in Figures 4.12-4.13. Significant reduction in predicted rutting, 24.2% for
SDO of adjusted-1 and 44.1% for SDO of adjusted-2 traffic, was observed. Percentage
improvement in HPS for adjusted-1 and adjusted-2 traffic scenario was observed to be as
about 3.0%, and 5.1% for all autonomous simulations. It can be summarized that the
utilization of low-temperature duration for the movement of AT might be an option for

optimizing the effect of AT on pavement rutting and traffic safety factors.
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Figure 4.12 Percentage decrease in rutting for rescheduling hourly traffic distribution
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Figure 4.13 Percentage improvement in HPS for rescheduling hourly traffic distribution
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4.10 Concluding Remarks

This current study focuses on quantifying the impact of autonomous truck (AT)
implementation on asphalt pavement rutting and consequent traffic safety parameters in
wet weather conditions. Scenarios were fabricated based on the standard deviation of
normally distributed truck loading distribution or traffic wander on-road section. Based on
standard deviation, baseline, and autonomous scenarios were considered in this study. The
baseline scenario was designated for the movement of the non-autonomous or human-
driven truck. Human-driven vehicles were simulated as normally distributed with a
standard deviation of 25 cm (10™). Autonomous scenarios were simulated for truck loading
with standard deviation of 0, 0.25 cm (1"), 0.51 cm (2"), 0.76 cm (3"), and 1.02 cm (4")
and designated as SDO, SD2.5, SD5.1, SD7.6, and SD10.2, respectively. The typical
pavement section was considered to analyze for simulations of baseline and autonomous

scenarios.

Asphalt concrete mixtures volumetric and mechanical properties data were
collected from Harran (2009), which were then processed using Hirsch E* and G* models
to obtain dynamic shear modulus and phase angles. Masters curves of evaluated dynamic
shear modulus and phase angles were generated to compute the necessary parameters to
give input in PEDRO. Climate data was also processed for use in this analysis. Material,
structural design, and climate input was kept constant for prediction of pavement rutting
for all simulations. All traffic input details, except standard deviation and speed, were also
the same for these analyses. The predicted rutting of autonomous simulations was

compared with the baseline scenario to estimate the effect of AT. Traffic safety parameters,
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hydroplaning potential and skid resistance were evaluated for passenger car for AT induced
rutting. The passenger car, being more susceptible to hydroplaning and skid resistance, was
considered for this study. Also, the pavement section was analyzed by scheduling AT in
the low-temperature period of all the days of the analysis period. The conclusions drawn
from the comparative pavement analyses are as presented below.

e The AC rutting for all autonomous truck scenarios increased. Compared to the
baseline scenario, the maximum percentage increase of rutting is found to be 263.6
(%) for zero wander conditions. It is suspected that the lane centering tendency of
AT is a significant contributor to the increment of AC rutting from the increased
load repetition on a single point.

e From the analysis, it is remarkably discovered that the spread of the rutting profile
from autonomous trafficking becomes narrower with decreasing standard deviation
of AT loading. It is determined that rut width reduced to 0.52 m, 0.56 m, 0.58 m,
0.60 m, and 0.66 m for SDO, SD2.5, SD5.1, SD7.6, and SD10.2 for the applied
loadings on the wheel path, respectively.

e Overestimation of upheaval is observed from the Permanent Deformation of
Asphalt Concrete Layer for Roads (PEDRO) model analysis. Therefore, the model
developers are recommended to recalibrate their models.

e The analysis clearly shows that a reduction of truck traffic speed negatively affects
the rutting accumulation in the pavement section for all simulations. It suggests that

the decision-maker should consider an increased speed for autonomous traffic road
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or lane. This will be beneficial from a pavement durability perspective due to a
significant reduction in rutting accumulation.

Implementation of AT negligibly affects the skid resistance of asphalt pavement.
Skid number (SNa4o) decreases with decreasing standard deviation. But all the
values are within the limiting range.

Analyzed data clearly showed that hydroplaning speed (HPS) increases with AT
speed and is bound to be in a safe zone up to a certain limit. Beyond this point, HPS
intended to hydroplane with increased AT speed inducing lower rutting. These
contradictions of pavement performance and traffic safety have been attempted to
remove by presenting graphical relationships among AT speed, HPS (mainly car
speed) and WFD. Furthermore, this research has developed critical values
(threshold values) for truck speed, WFD and HPS parameters for a wide range of
autonomous scenarios and presented in Table 4.5. This might be useful to consider
traffic safety factors in pavement design.

A countermeasure, i.e., optimal scheduling of AT loading over a low-temperature
day, is introduced in this paper to reduce pavement rutting from autonomous traffic.
Significant improvement in pavement distresses is found to occur for controlling
the movement of AT at the low-temperature period of each day. Significant
reduction in predicted rutting, 24.2% for SDO of adjusted-1 and 44.1% for SDO of
adjusted-2 traffic, was observed. Percentage improvement in HPS for adjusted-1
and adjusted-2 traffic scenario was about 3.0%, and 5.1% for all autonomous

simulations.
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Chapter 5 Conclusions and Recommendations

5.1 Overview

The movement of autonomous trucks (AT) will bring potential improvements in
transportation sectors. Implementation of AT will reduce traffic deaths significantly and
maximize roadway capacity. AT has some negative impacts on the performance of asphalt
concrete (AC) pavement. along with many advantages. The lane-centering tendency of AT
channelizes the wheel loading distribution on narrower width reducing wander. Compared
to human-driven trucks, decreased wander of AT wheel induces more rutting and bottom-
up (BU) fatigue cracking in AC pavement. Accumulated rutting might also influence the

traffic safety factors in wet weather.

Evaluation of additional distresses from AT in AC pavement and their optimization
have been studied in this research and presented in Chapter 3. Distribution of wheel load
on traffic lane and positioning of trucks on different lanes of a road section was modified
to optimize pavement distresses. Distribution of wheel load was applied for a wide range
of wheel wander starting from zero. Performance has been studied for a dedicated lane for
AT and mixing of AT with human-driven trucks. Pavement distresses induced from AT
and their optimization were evaluated by devising traffic input in Mechanistic-Empirical
Pavement Design Guide software, AASHTOWare. The load equivalency factor (LEF) was
evaluated for different wheel loading distribution in a pavement lane. LEF for distribution
of loading and lane distribution factor for vehicle positioning on different lanes were used
to modify traffic inputs. Pavement performance was evaluated for modified traffic input

and constant structural design, material properties, climate factors to observe pavement
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distresses and their optimization. Besides, an attempt was made to allow the AT movement
on a lower temperature period only to minimize pavement distresses. Climate data was
modified in this study to get the benefit of lower temperature in predicting pavement

distresses. The major findings of these studies are presented in clause 5.2 of this chapter.

Presented in Chapter 4, the effect of AT on AC rutting for different wheel wander
was investigated using the permanent deformation of the asphalt concrete layer for roads
(PEDRO) program. This program can evaluate the AC rutting for a wide range of wheel
wander and vehicle speeds. Master curves of the dynamic shear modulus and phase angle
of asphalt mixtures were generated to obtain input in PEDRO. Rutting in AC pavement
was evaluated for a wide range of wheel wanders and vehicle speeds. Structural design,
material properties and climate data were kept constant to observe the effect of AT. AC
rutting was also predicted for different vehicle speeds for each wander condition to obtain
optimized distress. Traffic safety factors in wet weather conditions were evaluated for
predicted rutting of different simulations. An attempt was made to improve the pavement
distresses by placing all the ATs in the low-temperature duration of a day. The specific
findings of this study are summarized in clause 5.3 of this chapter. General conclusions
from the studies presented in this thesis are presented here. Besides, the limitations of this

research and the recommendations for future research are also presented.

5.2 Major Findings from the Optimization of AT Movement and Distress

e The explicit control of AT to follow the uniform distribution of the wheel load on

a pavement lane significantly reduces the pavement distresses. This reduction
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scenario is observed compared to zero wander (full autonomous condition). The
uniform distribution covers the full width of the lane and spreads loading repetition
in a wide range of areas. Reduction of AC rutting and BU fatigue cracking, for
uniform distribution of ATs is found to be by 30.7%, and 93.9%, respectively. The
coverage of the full width of a traffic lane might have negative effects. The negative
effects were not analyzed in this study.

Significant improvement in rutting and fatigue cracking was observed for equal
distribution of the full AT in different pavement lanes with human-driven trucks.
This equal distribution proportionately distributes the additional distress in
different lanes. AC rutting and BU cracking reduce by 14.7%, and 69.0%.,
respectively for equally distributed trucks compared to the disproportionately
distributed trucks.

It is also noticeable that the incorporation of field wander (0.76 cm) might allow a
certain additional percentage of AT movement at specific pavement distresses. The
increased wander prevents the single point distribution of the wheel load from AT.
The percentage decrease in AC rutting and BU cracking for 0.76 cm standard
deviation of wheel loading is 2.62%, and 10.8%, respectively.

Explicit control of AT to specific loading pattern or distribution or low-temperature
time might bring remarkable minimization of the detrimental effects of AT on the
pavement section. The control of AT at a low-temperature period is advantageous
due to having a higher modulus of AC mixtures at low temperatures. This control

reduces AC rutting for different scenarios up to 23.9%.
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5.3 Major Findings from Rutting and Traffic Safety Analysis

Predicted AC rutting was found to be increasing with decreasing wheel wander.
The highest percentage of 263.6 (%) was observed for fully AT loading with zero
wander conditions. The lane centering tendency of AT permits the vehicles to move
on a channelized path. This type of channelization increases the wheel load
repetition on a single point. Increased wheel load repetition is a significant
contributor to the increment of AC rutting.

Maximum rutting is observed in the center of the dual-wheel in the baseline
scenario. The maximum rutting point in autonomous scenarios moves under each
wheel. Upheaval in wheel path increases with decreasing standard distribution of
the loading distribution of AT. The upheaval has reached to about 21% compared
to the highest rutting at the baseline scenario. Overestimation of upheaval is
observed from PEDRO analysis. Remarkably, the spreading of the rutting profile
is becoming narrower with a decreasing standard deviation of AT loading.
Compared to the human-driven truck, rut width reduces by 0.26 m for AT.

The increasing truck speed is beneficial from a pavement durability perspective due
to a significant reduction in rutting accumulation. The predicted rutting at zero
wander condition is about 33 (mm) at a speed of 60 (km/hr) and about 19 mm at
the speed of 120 (km/hr). It suggests that the decision-maker should consider an
increased speed for autonomous traffic road or lane.

Increasing truck speed reduces rutting continuously and increases hydroplaning

speed up to a critical point. Beyond that critical point, hydroplaning speed and
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rutting accumulation becomes contradictory. These contradictions of pavement
performance and traffic safety have been attempted to remove by presenting
graphical relationships among AT speed, hydroplaning speed (HPS) (mainly car
speed) and water film depth (WFD). Furthermore, this research has developed
critical values (threshold values) for truck speed, WFD and HPS parameters for a
wide range of autonomous scenarios. This might be useful to consider traffic safety
factors in pavement design.

There is a remarkable reduction in AC rutting by scheduling all ATs in the low-
temperature duration of a day. This also reduces the hydroplaning risk of light-
weight vehicles, originated from rutting induced from AT traffic. Adjustment of
traffic loading frequency significantly reduces AC rutting and HPS for full
autonomous trucks up to 44.1% and 5.1%, respectively. The allocation of AT at

low temperatures is beneficial due to the improved properties of AC mixtures.

5.4 Recommendations for Future Works

The studies presented in this thesis is entirely based on simulation. Most pavement
design software can not predict pavement performance for autonomous vehicles. It
will be a good research option to modify pavement design software to incorporate
autonomous scenario. The uniform distribution of wheel loading on a road section
might have negative effects due to covering the whole width of the lane. It will be
a great contribution to pavement designers to study these effects.

Auto manufacturers are performing field experiments on autonomous vehicles to

observe the operational capability of autonomous vehicles. It might be a good
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option to observe the pavement performance for the movement of the autonomous
truck. Along with simulation or computer modeling, it could be better to develop
laboratory experimental procedures to determine the impact of the autonomous
truck on asphalt concrete pavement.

Different organizations are currently conducting field study for commercial
launching of autonomous passenger and freight transport. It will take longer to
occupy the road lane completely with fully autonomous vehicles. Numerical,
empirical, and experimental procedures to evaluate pavement performance directly
might be an important contribution in the field of pavement engineering.
Relaxation modulus is an essential parameter for the accumulation of asphalt
pavement distress. The higher relaxation ability of asphalt mixtures can easily
release the thermal stress without exceeding the allowable limit. Optimization of
pavement distress has been presented in this study by placing autonomous trucks
on the low-temperature period of a day. The effects of this placement on the
relaxation modulus and cracking in asphalt pavement need to investigate carefully.
The movement of autonomous trucks on a road is entirely dependent on the
marking, signals, or communication technology. In the lack of proper
infrastructures in the traveling lane, the behavior of autonomous vehicles can be
obtained from transportation sectors easily. The additional impact of this
misconduct of vehicles on pavement performance can be modeled.

There is more possibility to occur truck platooning for the movement of the

autonomous truck in the road. This truck platooning increases highway capacity.
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Increased highway capacity might have significant negative effects on asphalt

pavement. This can be studied in the future.
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Appendix

Table Al.1 Raw data from multi-linear elastic analysis for layer=1, z=0 (unit is in micro-

strain)
Y No'rmal No.rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012285 0.056139 -0.024037 -0.26833 -1.8131E-12 -1.8156E-11
-24 0.015843 0.036075 -0.026961 -0.32862 -3.2178E-13 1.5585E-11
-16 0.060013 -0.0054949 -0.0262 -0.36382 -6.7899E-14 -1.9478E-11
-8 0.11597 -0.068881 -0.017791 -0.34403 5.5697E-12 2.7644E-11
-4 0.13596 -0.11472 -0.026035 -0.30168 3.1488E-12 -1.7957E-11
0 0.12942 -0.14066 -0.037072 -0.24611 -3.6184E-12 -1.1345E-12
3.54 0.41548 -0.18454 0.2179 -0.17654 -0.014808 -0.014808
7.08 0.14936 -0.19681 -0.057047 -0.08494 -0.014808 -0.014808
8.95 0.18428 -0.19802 -0.023879 -0.037882 -1.8879E-12 2.9204E-11
10.8 0.18921 -0.19438 -0.015665 -0.00072169 -0.014808 -0.014808

Table Al1.2 Raw data from multi-linear elastic analysis for layer=1, z=0.25" (unit is in

micro-strain)

v No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012189 0.052232 -0.02185 -0.25023 0.0006783 -0.0037856
-24 0.012884 0.032577 -0.02391 -0.30552 0.00056009 -0.0040245
-16 0.052298 -0.0074641 -0.022279 -0.33717 -0.00047882 -0.0034903
-8 0.10119 -0.069001 -0.012843 -0.31733 -0.0035043 -0.002311
-4 0.13287 -0.098514 -0.027265 -0.28262 0.0027497 0.0082872
0 0.18001 -0.14846 -0.053014 -0.21861 0.039496 -0.012348
3.54 -0.035958 -0.16058 0.35938 -0.14806 -0.31478 -0.041897
7.08 0.21207 -0.16481 -0.081708 -0.080742 0.037604 -0.0074894
8.95 0.18723 -0.16603 -0.029973 -0.04061 0.011052 0.0061221
10.8 0.18421 -0.17032 -0.018415 0.0086299 -0.0085998 -0.034841
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Table A1.3 Raw data from multi-linear elastic analysis for layer=1, z=0.75" (unit is in

micro-strain)

Y No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012382 0.043892 -0.017111 -0.21241 0.0018311 -0.0027148
-24 0.0085586 0.027223 -0.019302 -0.2588 0.00098348 -0.001795
-16 0.0416 -0.0065184 -0.018774 -0.2851 -0.0012242 0.00037131
-8 0.08296 -0.057938 -0.013044 -0.26801 -0.0053615 0.0042415
-4 0.10522 -0.08702 -0.011179 -0.2368 -0.0065715 0.0080858
0 0.14164 -0.12167 -0.025738 -0.18971 0.010535 0.019469
3.54 0.029873 -0.13937 0.12184 -0.13224 -0.15108 -0.0129
7.08 0.15968 -0.14735 -0.020746 -0.065667 -0.0081998 -0.024715
8.95 0.14724 -0.14772 -0.0023599 -0.032977 -0.010049 0.00049483
10.8 0.14708 -0.14869 -0.00079932 0.0044194 -0.025698 -0.018448

Table Al.4 Raw data from multi-linear elastic analysis for layer=1, z=1.5" (unitis in

micro-strain)

v No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012469 0.031517 -0.010459 -0.15605 0.0028874 -0.0034038
-24 0.0019997 0.018998 -0.011598 -0.18901 0.0011974 -0.0015395
-16 0.025047 -0.0058126 -0.010793 -0.20714 -0.0027691 0.0023486
-8 0.054073 -0.043173 -0.0064996 -0.19379 -0.0096941 0.0090811
-4 0.068639 -0.065522 -0.0024257 -0.17041 -0.014315 0.013427
0 0.083666 -0.086838 -0.0036643 -0.13483 -0.017552 0.023703
3.54 0.079519 -0.098017 0.0062466 -0.095112 -0.051232 -0.0093139
7.08 0.097424 -0.10894 0.0021233 -0.048964 -0.037176 -0.024972
8.95 0.097316 -0.11059 0.0060868 -0.023558 -0.02373 -0.0028191
10.8 0.097712 -0.11059 0.0059498 0.0024596 -0.03851 -0.014641
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Table AL1.5 Raw data from multi-linear elastic analysis for layer=1, z=2.5" (unitis in

micro-strain)

Y No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012406 0.015105 -0.0018241 -0.081105 0.0030903 -0.0038399
-24 -0.0065391 0.0080565 -0.0014487 -0.096269 0.00045571 -0.001143
-16 0.0032298 -0.0049413 -0.00011548 -0.10363 -0.0053407 0.0042256
-8 0.015745 -0.02379 0.002752 -0.095407 -0.015172 0.01331
-4 0.022029 -0.035072 0.0051956 -0.083171 -0.02175 0.019521
0 0.027617 -0.043966 0.0037582 -0.064974 -0.029523 0.02701
3.54 0.031026 -0.047066 -0.00054966 -0.046231 -0.050301 -0.0075561
7.08 0.033848 -0.055222 0.0068811 -0.024602 -0.05028 -0.023817
8.95 0.034459 -0.057314 0.0096724 -0.011845 -0.035069 -0.0043151
10.8 0.034644 -0.057464 0.0098467 0.0011307 -0.049775 -0.01433

Table AL1.6 Raw data from multi-linear elastic analysis for layer=1, z=3.5" (unit is in

micro-strain)

v No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012253 -0.0012538 0.0066937 -0.0062904 0.0019594 -0.0029264
-24 -0.014907 -0.0028008 0.0084946 -0.003771 -0.0014323 0.0002378
-16 -0.018288 -0.0039497 0.010226 -0.00051338 -0.0083508 0.0061647
-8 -0.022114 -0.004235 0.011489 0.0024311 -0.019662 0.015864
-4 -0.023968 -0.0041529 0.011946 0.0034118 -0.027121 0.022735
0 -0.025608 -0.001592 0.0088293 0.0037001 -0.03578 0.027841
3.54 -0.026734 0.0019362 0.0045336 0.0020161 -0.056487 -0.0061236
7.08 -0.027386 -0.0017925 0.0097957 0.00024203 -0.057334 -0.022138
8.95 -0.027556 -0.0033473 0.012148 -4.6927E-05 -0.042146 -0.0044475
10.8 -0.027609 -0.003585 0.012503 -0.00017849 -0.056849 -0.014261
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Table A1.7 Raw data from multi-linear elastic analysis for layer=1, z=5.3" (unit is in

micro-strain)

Y No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012057 -0.030614 0.022026 0.12804 -0.0034097 0.0021565
-24 -0.030086 -0.022314 0.026473 0.16237 -0.0076796 0.0052389
-16 -0.057199 -0.0022549 0.029073 0.18477 -0.014813 0.0098407
-8 -0.090529 0.030695 0.027664 0.17836 -0.025147 0.016156
-4 -0.10708 0.051444 0.024492 0.15914 -0.03149 0.020473
0 -0.12165 0.074401 0.018494 0.12725 -0.038432 0.021918
3.54 -0.13163 0.090034 0.014181 0.088773 -0.057872 -0.0061601
7.08 -0.13793 0.093853 0.015985 0.044929 -0.059025 -0.017697
8.95 -0.1396 0.093585 0.017418 0.021209 -0.044088 -0.0023239
10.8 -0.14009 0.093443 0.017766 -0.0025398 -0.058872 -0.014445

Table A1.8 Raw data from multi-linear elastic analysis for layer=1, z=6.6" (unit is in

micro-strain)

v No_rmal No_rmal Normal Strain Shear Strain Shear Strain Shear Strain
Strain X-X Strain Y-Y Z-Z XY XZ YZ
-32 -0.012242 -0.051787 0.033348 0.22478 -0.010012 0.008652
-24 -0.041617 -0.036547 0.040045 0.28228 -0.014595 0.010997
-16 -0.086257 -0.0014575 0.04383 0.31889 -0.020546 0.01286
-8 -0.14143 0.055013 0.041323 0.3063 -0.027418 0.013201
-4 -0.1689 0.090437 0.036009 0.27289 -0.030846 0.012331
0 -0.19309 0.12984 0.026758 0.21792 -0.033926 0.010199
3.54 -0.20967 0.15633 0.020687 0.15194 -0.050835 -0.0080438
7.08 -0.22014 0.16277 0.022592 0.076912 -0.051998 -0.011717
8.95 -0.22291 0.16214 0.024465 0.036352 -0.037424 0.0014893
10.8 -0.22371 0.16179 0.02501 -0.004222 -0.052349 -0.014868
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Table A1.9 AADTT for integrated scenario with different simulations

AT (%)/ AADTT for Integrated Scenario
Simulations | EFWO0 EFW3 EFWU ERWO ERW3 ERWU

0 2000 2000 2000 2000 2000 2000
10 1930 1930 1889 2055 2033 1867
20 1860 1838 1778 2111 2066 1733
30 1790 1757 1667 2167 2100 1600
40 1720 1676 1556 2222 2133 1467
50 1650 1594 1445 2277 2166 1333
60 1580 1513 1333 2333 2200 1200
70 1510 1432 1222 2389 2233 1067
80 1440 1351 1111 2445 2266 933
90 1370 1270 1000 2500 2300 800
100 1300 1189 889 2556 2333 667

Table A1.10 AADTT for integrated scenario with different simulations (last part)

AT (%)/ AADTT for Integrated Scenario
Simulations | DFWO0 DFW3 DFWU DRWO DRWS3 DRWU

0 2000 2000 2000 2000 2000 2000
10 2034 2014 1960 2260 2220 1920
20 2068 2028 1920 2520 2440 1840
30 2102 2042 1880 2780 2660 1760
40 2136 2056 1840 3040 2880 1680
50 2170 2070 1800 3300 3100 1600
60 2204 2084 1760 3560 3320 1520
70 2238 2098 1720 3820 3540 1440
80 2272 2112 1680 4080 3760 1360
90 2306 2126 1640 4340 3980 1280
100 2340 2140 1600 4600 4200 1200
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Table A1.11 AADTT for separated scenario with different simulations

AV (%)/ AADTT for Separated Scenario
Simulations | Baseline | SFW0 | SFW3 | SFWU | SRW0 | SRW3 | SRWU
0 0 0 0 0 0 0 0
10 200 234 214 160 460 420 120
20 400 468 428 320 920 840 240
30 600 702 642 480 1380 1260 360
40 800 936 856 640 1840 1680 480
50 1000 1170 | 1070 800 2300 2100 600
60 1200 1404 | 1284 960 2760 2520 720
70 1400 1638 | 1498 1120 3220 2940 840
80 1600 1872 | 1712 1280 3680 3360 960
90 1800 2106 | 1926 1440 4140 3780 1080
100 2000 2340 | 2140 1600 4600 4200 1200
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Table A2.1 Collected properties for asphalt mixtures

Temp. Freq. Layer 1 Layer 2
(°C) (Hz) E* (ksi) Phase Angle (°) | E* (ksi) | Phase Angle (°)
-10 0.1 2598.4 16.1 1932.9 15.1
-10 0.5 3141.4 134 2597.2 10.9
-10 1 3263.5 12.1 2727.6 9.2
-10 5 4155.6 9.6 3166.8 7.1
-10 10 4268.6 8.3 3356.6 6.7
-10 25 4498.6 6.9 3575.5 3.5

5 0.1 720.8 27.4 839.5 24.6
5 0.5 1129.0 24.5 1206.6 21.6
5 1 1604.0 21.3 1408.3 19.8
5 5 2208.6 17.1 1948.9 16.2
5 10 2407.5 15.3 2062.4 15.1
5 25 3153.1 11.2 2339.3 13.1
25 0.1 86.7 32.7 112.7 30.0
25 0.5 169.0 34.4 198.0 324
25 1 245.1 31.8 271.8 31.3
25 5 449.3 29.9 478.0 29.9
25 10 577.7 29.2 615.0 29.3
25 25 778.6 26.4 814.2 26.9
40 0.1 24.8 24.8 335 27.9
40 0.5 39.2 29.4 57.7 31.2
40 1 52.6 29.6 79.0 30.7
40 5 111.8 30.1 147.9 32.8
40 10 164.2 30.1 208.7 32.7
40 25 235.0 314 305.2 315
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Table A2.2 Calculated properties for asphalt mixtures

Temp. | Freg. S Phase R Phase
(°C) | (Hz) | Pc G* (ksi) Angle (°) Pc G* (ksi) Angle (°)
-10 0.1 | 0.859 443.9 3.5 0.720 367.9 7.4
-10 | 0.5 | 0.935 492.0 1.6 0.859 443.8 35
-10 1 |0.948 502.6 1.3 0.880 456.2 3.0
-10 5 0.992 730.1 0.2 0.938 494.2 1.5
-10 10 | 0.993 774.5 0.2 0.957 511.4 1.0
-10 25 | 0.994 865.5 0.1 0.975 540.6 0.6

5 0.1 | 0.307 154.9 22.7 0.357 180.4 20.4
5 0.5 | 0471 238.5 15.7 0.499 253.0 14.7
5 1 0.630 320.5 10.2 0.568 288.7 12.2
5 5 0.784 402.3 5.6 0.724 370.0 7.3
5 10 | 0.825 424.5 4.5 0.751 384.6 6.5
5 25 | 0.937 493.0 15 0.811 417.1 4.8
25 0.1 | 0.027 13.6 34.6 0.038 18.9 35.7
25 0.5 | 0.061 30.8 35.8 0.074 37.1 35.3
25 1 | 0.095 A7.6 34.3 0.107 53.6 33.6
25 5 0.187 94.0 28.9 0.200 100.6 28.2
25 10 | 0.244 123.2 25.8 0.261 1315 24.9
25 25 | 0.332 167.4 21.5 0.347 175.0 20.9
40 0.1 | 0.005 2.7 16.5 0.006 3.1 19.3
40 0.5 | 0.009 4.3 23.9 0.016 7.9 30.9
40 1 0.014 6.9 29.7 0.024 12.1 34.0
40 5 |0.037 18.7 35.7 0.052 26.3 36.0
40 10 | 0.059 29.8 35.9 0.079 39.5 35.1
40 25 | 0.090 45.3 34.5 0.122 61.1 32.7
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Table A2.3 Pavement temperature data used in rutting prediction from PEDRO for layer

1 (January to June)

Month/Hour January February March April May June
0 -16.15 -18.17 -7.46 0.45 11.71 18.15
1 -16.27 -17.52 -7.78 0.18 11.32 17.72
2 -16.39 -17.09 -8.04 -0.06 10.96 17.33
3 -16.52 -16.94 -8.28 -0.29 10.5 16.92
4 -16.67 -16.8 -8.55 -0.44 10.01 16.67
5 -16.81 -16.58 -8.83 -0.5 10.41 17.81
6 -17.01 -16.58 -9 0.1 11.99 19.29
7 -17.27 -16.58 -8.76 1.12 13.7 21.02
8 -17.43 -15.86 -7.99 2.46 15.48 22.9
9 -16.84 -14.35 -6.87 3.81 17.05 24.24

10 -15.85 -12.69 -5.74 4.84 18.23 25.24
11 -14.82 -11.61 -4.84 5.55 19.01 25.94
12 -13.8 -11.04 -4.15 5.97 19.55 26.38
13 -13.04 -10.82 -3.67 6.15 19.78 26.63
14 -12.62 -10.89 -3.37 6.17 19.8 26.67
15 -12.62 -11.04 -3.26 6.09 19.64 26.39
16 -13.4 -11.25 -3.4 5.76 19.31 25.92
17 -14.3 -11.83 -3.85 5.05 18.73 25.29
18 -14.69 -12.69 -4.72 3.68 17.67 24.47
19 -14.88 -13.7 -5.42 2.2 15.75 22.86
20 -15.04 -15.07 -5.88 1.63 14.12 20.84
21 -15.22 -16.08 -6.19 1.28 13.27 20.05
22 -15.42 -16.94 -6.43 1 12.67 19.52
23 -15.69 -18.02 -6.64 0.77 12.23 18.91
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Table A2.4 Pavement temperature data used in rutting prediction from PEDRO for layer

1 (July to December)

Month/Hour July August | September | October | November | December
0 20.23 20.62 20.34 7.35 -1.08 -10.66
1 19.85 20.09 19.74 7.14 -1.21 -10.87
2 19.51 19.62 19.16 6.91 -1.32 -11.04
3 19.16 19.34 18.75 6.8 -1.47 -11.23
4 18.85 19.12 18.5 6.65 -1.67 -11.46
5 19.64 19.1 18.32 6.56 -1.81 -11.67
6 21.04 20.31 18.59 6.49 -1.93 -11.86
7 22.55 21.79 20.19 6.74 -2.02 -11.98
8 24.1 23.59 22.26 7.88 -1.75 -12.05
9 25.24 25.33 24.56 9.29 -0.77 -11.6
10 26.11 26.55 26.49 10.78 0.5 -10.78
11 26.8 27.43 27.89 11.94 1.88 -9.97
12 27.25 28.11 28.86 12.75 3.06 -9.26
13 27.53 28.52 29.48 13.17 3.78 -8.79
14 27.66 28.74 29.63 13.26 3.87 -8.58
15 27.64 28.58 29.42 12.95 3.07 -8.79
16 27.37 28.1 28.84 12.15 1.62 -9.48
17 26.77 27.3 27.34 10.54 0.62 -9.9
18 25.79 25.77 24.93 9.52 0.17 -10.14
19 24.04 23.85 23.59 8.99 -0.18 -10.36
20 22.26 22.96 22.89 8.53 -0.44 -10.55
21 21.55 22.4 22.16 8.04 -0.65 -10.68
22 21.07 21.87 21.43 7.59 -0.82 -10.82
23 20.64 21.28 20.76 7.31 -0.98 -11.02
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Table A2.5 Pavement temperature data used in rutting prediction from PEDRO for layer

2 (January to June)

Month/Hour January February March April May June
0 -13.91 -15.92 -5.22 2.69 9.71 16.15
1 -14.03 -15.28 -5.53 2.42 9.32 15.72
2 -14.15 -14.84 -5.8 2.18 8.96 15.33
3 -14.28 -14.7 -6.04 1.95 8.5 14.92
4 -14.42 -14.56 -6.31 181 8.01 14.67
5 -14.57 -14.34 -6.59 1.75 8.41 15.81
6 -14.77 -14.34 -6.76 2.34 9.99 17.29
7 -15.02 -14.34 -6.52 3.36 11.7 19.02
8 -15.18 -13.62 -5.75 4.7 13.48 20.9
9 -14.6 -12.11 -4.63 6.05 15.05 22.24

10 -13.61 -10.45 -3.5 7.08 16.23 23.24
11 -12.58 -9.37 -2.6 7.79 17.01 23.94
12 -11.56 -8.8 -1.91 8.21 17.55 24.38
13 -10.8 -8.58 -1.42 8.39 17.78 24.63
14 -10.38 -8.65 -1.13 8.42 17.8 24.67
15 -10.38 -8.8 -1.02 8.33 17.64 24.39
16 -11.16 -9.01 -1.16 8 17.31 23.92
17 -12.06 -9.59 -1.61 7.3 16.73 23.29
18 -12.45 -10.45 -2.48 5.92 15.67 22.47
19 -12.64 -11.46 -3.18 4.44 13.75 20.86
20 -12.8 -12.83 -3.64 3.87 12.12 18.84
21 -12.98 -13.84 -3.94 3.52 11.27 18.05
22 -13.18 -14.7 -4.19 3.24 10.67 17.52
23 -13.45 -15.78 -4.4 3.01 10.23 16.91
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Table A2.6 Pavement temperature data used in rutting prediction from PEDRO for layer

2 (July to December)

Month/Hour July August | September | October | November | December
0 18.23 18.62 18.34 5.35 1.16 -8.42
1 17.85 18.09 17.74 5.14 1.03 -8.63
2 17.51 17.62 17.16 491 0.92 -8.79
3 17.16 17.34 16.75 4.8 0.77 -8.99
4 16.85 17.12 16.5 4.65 0.57 -9.22
5 17.64 17.1 16.32 4.56 0.43 -9.43
6 19.04 18.31 16.59 4.49 0.31 -9.62
7 20.55 19.79 18.19 4.74 0.22 -9.74
8 22.1 21.59 20.26 5.88 0.49 -9.81
9 23.24 23.33 22.56 7.29 1.47 -9.36

10 24.11 24.55 24.49 8.78 2.74 -8.53
11 24.8 25.43 25.89 9.94 4.12 -1.72
12 25.25 26.11 26.86 10.75 5.31 -7.02
13 25.53 26.52 27.48 11.17 6.02 -6.54
14 25.66 26.74 27.63 11.26 6.11 -6.33
15 25.64 26.58 27.42 10.95 5.31 -6.55
16 25.37 26.1 26.84 10.15 3.86 -7.24
17 24.77 25.3 25.34 8.54 2.86 -7.66
18 23.79 23.77 22.93 7.52 2.41 -7.9
19 22.04 21.85 21.59 6.99 2.06 -8.12
20 20.26 20.96 20.89 6.53 1.81 -8.31
21 19.55 20.4 20.16 6.04 1.59 -8.43
22 19.07 19.87 19.43 5.59 1.42 -8.58
23 18.64 19.28 18.76 5.31 1.27 -8.78
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Table A2.7 Frequency of traffic loading distribution used in PEDRO

Frequency
Hour of a Day Normal Condition | Adjusted-01 | Adjusted-02
0 0.040 0.040 0.061
1 0.033 0.040 0.060
2 0.027 0.040 0.060
3 0.022 0.040 0.060
4 0.018 0.040 0.061
5 0.018 0.040 0.062
6 0.022 0.040 0.062
7 0.028 0.040 0.063
8 0.034 0.040 0.023
9 0.040 0.040 0.023
10 0.045 0.040 0.022
11 0.049 0.040 0.021
12 0.051 0.040 0.021
13 0.053 0.040 0.020
14 0.054 0.040 0.020
15 0.054 0.040 0.020
16 0.054 0.040 0.021
17 0.054 0.040 0.022
18 0.054 0.040 0.022
19 0.053 0.040 0.023
20 0.052 0.040 0.063
21 0.051 0.040 0.063
22 0.048 0.040 0.062
23 0.045 0.040 0.061
24 0.040 0.040 0.061
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