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Abstract 

In the future, roads may not only serve for vehicles mobility but could 

also have the capability of enabling other functions, such as Car-to-Road 

communication, energy harvesting, autonomous driving or on-the-road 

charging. These new technologies are often referred to as making the 

physical road infrastructure multifunctional or ‘smart’, and their 

applications could promote the sustainable development of society as a 

whole. An important feature of these smart applications is that all require 

an intrinsic integration of technologies into the practical roads, and their 

successful implementation depends significantly on a collective (system) 

effort. However, our current engineering and research communities do 

not necessarily allow for an optimal development of such integrated 

systems. To fill some of the knowledge gaps, this Thesis is focusing on a 

specific case of the electrified road (also called ‘eRoad’) that allows for on-

the-road charging, in which the consequences and possible modifications 

of the road infrastructure are considered. 

Given the promise of the Inductive Power Transfer (IPT) technology 

for eRoad applications, the potential challenges for a successful 

integration of dynamic IPT technology into the physical road structure 

are explored extensively in this research work. The Finite Element 

Method (FEM) is selected for studying the structural performance of an 

eRoad under operational conditions. In this, an energy-based finite strain 

constitutive model for asphalt materials is developed and calibrated, to 

enable the detailed investigation of the structural response and 

optimization of the considered eRoad. In the context of enabling both 

dynamic charging and autonomous driving for future electric vehicles, the 

influences to the pavement (rutting) performance by the changed vehicle 

behaviour are investigated as well. Moreover, to study the effect on the 

IPT system by the integration, the potential power loss caused within 

eRoad pavement materials is further examined by a combined analytic 

and experimental analysis. 

The direct research goal of this Thesis is therefore to enhance the 

possibility of a sustainable implementation of the eRoad solutions into 

the real society. At the same time, it aims to demonstrate that the road 

structure itself is an important part of smart infrastructure systems that 
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can either become a bottleneck or a vessel of opportunities, supporting 

the successful integration of these complex systems. 
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Electrified road; Structural performance; Constitutive modelling; Asphalt; 

Dielectric loss. 
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Sammanfattning 

I framtiden kommer vägar inte enbart att nyttjas för rörligheten hos 

fordon utan kommer även att ha andra funktioner som biltillväg 

kommunikation, energiinsamling, automatisk körning eller batteri-

laddning under färd för eldrivna fordon. Dessa nya tekniker ses ofta som 

att man gör väginfrastrukturen ”smart” och att kopplade applikationer 

skulle stödja samhällsutvecklingen totalt sett. Dessa smarta applikationer 

kräver alla en reell integration av tekniker i praktiken när det gäller själva 

vägen och för att uppnå en framgångsrik implementation måste man ha 

ett djupgående gemensam (system)samarbete. Tyvärr tillåter inte dagens 

ingenjörs- och forskarstukturer en optimal utveckling av sådana 

integrerade system. För att brygga över kunskapsklyftan fokuserar denna 

avhandling på ett speciellt fall av elektrifierade vägar, (kallat ”eRoad”) 

som möjliggör laddning på vägen, i vilket konsekvenserna och möjliga 

anpassningar av väginfrastrukturen belyses. 

Givet de förutsättningar som induktiv energiöverföring (IPT 

Inductive Power Transfer) har för eRoad applikationerna, utforskas 

möjligheterna för en framgångsrik integration av dynamisk IPT i den 

fysiska vägkonstruktionen på en djupgående nivå i detta forskningsarbete. 

Speciellt har finita elementmetoden använts för att studera det 

strukturella beteendet hos en e-väg under driftsmässiga förhållanden. 

Inom detta har en energibaserad konstitutiv model för stora töjningar 

utvecklats och kalibrerats för att möjliggöra detaljerade undersökningar 

av strukturell respons och optimering av de föreslagna e-vägarna. I 

samband med att möjliggöra både dynamisk laddning och autonom 

körning för framtida elektriska fordon, har beläggningars 

(spårbildnings)egenskaper studerats utifrån de laddande fordonen 

beteende. Dessutom för att studera effekten av IPT-systemet har den 

potentiella energiförlusten inom e-vägars beläggningsmaterial undersökts 

genom en kombinerad analytisk och experimentell undersökning. 

Som sådant är det direkta forskningsmålet med denna avhandling att 

utöka möjligheterna för en hållbar implementering av eRoad systemet 

inom det verkliga samhället. Samtidigt är målet att visa att 

vägkonstruktionen i sig själv är en viktig del av det smarta 

infrastruktursystemet som antingen kan bli en flaskhals eller en bärare av 
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möjligheter, stödjande en framgångsrik implementering av dessa 

komplexa system 

 

Nyckelord 

Elektrifierade vägar; Strukturellt beteende; Konstruktivt modellerande; 

Asfalt; Dielektrisk förlust. 
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1. Introduction 

Research in road engineering has traditionally largely been focusing on: i) 

the development of more predictable and durable roads that can serve 

adequately for a long lifetime, resulting in less maintenance cost; and ii) 

environmentally friendly ways of carrying out the physical activities 

related to the design, construction, maintenance and operation phases. In 

recent decades, many innovative concepts  to make road infrastructure 

not only serve for the mobility of vehicles but also have the capability of 

adding other functions have become a new subject of research. These 

added functions are often referred to as making the road infrastructure 

multifunctional or ‘smart’. Specifically, a future smart road infrastructure 

may embrace some of the features listed below: 

 Intelligent communication: Sensing technology that enables better 

communication between the infrastructure and people or between 

infrastructure and vehicles. For instance, self-diagnosing sensors have 

the ability to monitor structural and climatic changes inside the road 

structure, so actions can be taken in advance before damages occur. 

Likewise, collecting information from V2I (Vehicle-to-Infrastructure, 

also referred to as Car2R, Car-to-Road) interaction could allow for 

dynamic, and more cost and energy efficient maintenance activities, as 

well assist in safety and traffic controls. 

 Energy harvesting: Technology embedded inside or on top of the road 

to collect solar energy, to be used for snow melting and de-icing in 

winter, lighting for the traffic at night and powering other different 

smart sensors in or around the roadway. Such integrated systems 

include, e.g., conductive pipes (Pan et al. 2015) or piezoelectric 

harvesting units (Jiang et al. 2014). 

 Autonomous driving: Vehicles move without the need of a driver. The 

suggested positioning principles for autonomous driving are currently 

based on detecting the existing physical landmarks (lane markings, 

road edges, barriers, traffic signs) or artificial road lane embedded 

landmarks (e.g., permanent magnets (Choi 2000)), using the 

combined sensing technologies such as GPS, camera, radar or laser 

(Ziegler et al. 2014).  

 On-the-Road charging: charging technology (either conductive or 

contactless) that is integrated into the existing physical road surfaces to 
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deliver electrical power to an Electric Vehicle (EV) dynamically, i.e. 

when EV moves along the roadway. The physical road infrastructure 

allowing for these charging actions is also known as an electrified road 

or so called ‘eRoad’ (Chen, Taylor and Kringos 2015).  

The successful integration of these smart advances into our future 

generation of physical roads could contribute to addressing many global 

challenges (e.g., climatic change, carbon reduction and renewable energy) 

and ultimately benefit the sustainable development of our society as a 

whole. 

1.1 Motivation 

From the road infrastructure’s point of view, the integration of innovative 

functions into the existing physical roads can be very promising. It would 

also enable many new developments regarding more advanced road 

structures and materials, which are currently not economically feasible. 

Having a higher value of the infrastructure would make a major shift in 

this balance, as now the road should not only provide mobility but would 

also enable many new functions. Nowadays, many different disciplines 

are pursuing the development of knowledge and technology needed to 

enable the multifunctional roads. These developments, supported by the 

state-of-the-art knowledge of the each discipline and supporting sector, 

can be expected to lead to individually optimized solutions. There is no 

guarantee, however, that the summation of these solutions will lead to an 

optimized system as a whole. Design and construction choices of the 

individual parts should, even at the earliest stages of their development, 

be considering the connectivity to the other components to ensure the 

long-term sustainability of the system. 

1.2 Goal and objectives 

With the aim to break through the batteries’ limitations that imposed on 

the electric vehicles, different on-the-road-charging solutions have 

recently become an active field of research, focusing not on the battery 

itself but on enabling increased recharging opportunities away from home. 

Within this context, the eRoad infrastructure, integrated with EV 

charging technologies, can be considered as a good case of a 

multifunctional road and has been chosen as the basis of this thesis 

research. The goal of the research is to achieve a sustainable 

implementation of the eRoad into society from the infrastructure’s 
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perspective, i.e. the integration of the dynamic charging technologies into 

the physical roads could lead to an optimized system as a whole. In this 

regard, the eRoad should fulfil the long term performance requirements 

on serving as an ordinary road for driving on and delivering electrical 

power to EVs efficiently at the same time. Having this goal in mind, this 

Thesis tries to pursue the following specific objectives: 1) State-of-the-art 

review of the existing charging technologies and their dynamic 

applications in an eRoad, with a special focus on the Inductive Power 

Transfer (IPT) technology (illustrated in Figure 1); 2) Analysis of the 

influences to the structural performance of the eRoad pavement, due to 

the embedment of the IPT equipment; 3) Investigation of wireless power 

loss within eRoad structure and the consequential effect on the efficiency 

of an IPT system; 4) Development of recommendations towards a new 

generation of tailor-made road structures and materials for eRoad 

applications.  

 

Figure 1 Dynamic application of the IPT technology in an electrified road 

1.3 Thesis outline 

To achieve the above objectives, an extensive study has been conducted in 

this Thesis, which is organized as follow (also illustrated in Figure 2): 

 In Chapter 1, the motivation, goal and objectives of this Thesis research 

are stated. 

 In Chapter 2 (Paper I), the background of this research topic is given. 

Specifically, the historical development of the electrification of road 

transportation sector is firstly reviewed, with a focus on the different 

EV charging technologies. Based on this, the dynamic application of 

the Inductive Power Transfer (IPT) technology in an eRoad is chosen 

as a technical base and the possible integration problems considered 

for further investigation are discussed.  

  

Magnetic fields 

⨂ ⨂ ⨂ ⨂         ⨀ ⨀ ⨀ ⨀ 

  

⨂ ⨂ ⨂ ⨂          ⨀ ⨀ ⨀ ⨀  
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 In Chapter 3, the theories behind the methodological approaches 

adopted for gaining insight into the concerned integration problems 

are discussed. In this, two individual research domains are involved: i) 

mechanistic-based pavement analysis and ii) near-field wireless power 

transfer in dielectric medium. 

 

Figure 2 Schematic of the organization of this Thesis 

 In Chapter 4, the structural analyses of the eRoad system are presented. 

In this, section 4.1 (Paper II) details a mechanistic approach with the 

capability of simulating the responses of complex road structures, 

based on the Finite Element Method (FEM) and an advanced 

Chapter 1 Introduction 

Chapter 5 Dielectric power 
loss analysis of eRoad system 
 5.1 Methodology 

 5.2 Prediction of wireless power 
loss in eRoad surfacing materials 
(Paper V & Paper VI) 

Chapter 2 Background 
Road electrification technologies and implementation challenges (Paper I) 

Chapter 6 Conclusions and recommendations 

Chapter 3 Theoretical review 
Mechanistic pavement analysis & wireless power loss in dielectric medium 

 

Chapter 4 Structural analysis 
of eRoad system 

 4.1 Methodology 

 4.2 Calibration and validation of 
the constitutive model (Paper II) 

 4.3 eRoad structural response 
and optimization (Paper III) 

 4.4 Influence of wheel wander on 
eRoad performance (Paper IV) 

Structural and material analyses  
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constitutive model for asphalt material. In section 4.2 (Paper II), 

parametric studies, in terms of calibration and validation of the 

proposed constitutive model for asphalt material, are presented. By 

employing the developed mechanistic approach, an extensive study on 

the structural response of the considered eRoad solution is carried out 

in section 4.3 (Paper III). Besides that, the effectiveness of some 

structural optimization solutions is further studied. In section 4.4 

(Paper IV), the potential influences to pavement rutting performance 

caused by the changed vehicle behavior (e.g., the reduced wheel 

wander distance) are examined separately. 

 In Chapter 5 (Papers V & VI), a further study is performed to inspect 

the potential wireless power loss caused within the eRoad structure 

from the pavement material’s point of view. Section 5.1 presents a 

combined analytical and experimental approach that allows for 

prediction of the wireless power loss within the IPT–based eRoad 

structure; by using this approach, section 5.2 further analyzes the 

predicted power loss and its effect on the charging efficiency of a 

current IPT system. 

 In Chapter 6, the main conclusions of this Thesis are summarized, 

along with some recommendations for possible future directions of the 

research on this topic. 
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2. Background 

The road transport sector is a major contributor to Europe's emissions of 

greenhouse gases (GHGs) and air pollutants. According to the statistics 

from European Energy Agency (EEA 2016), about 23 % of total CO2 

emissions and more than 30 % of total NOX emissions in the EU come 

from road transport. To gradually move improve towards the improved 

sustainability in the road transportation sector, the long-term goal is to 

transfer from a fossil-based energy source to other renewable resources, 

while short-term activities can promote improvement in fuel efficiency 

and vehicle emission controls. In this context, the Electric Vehicle (EV), 

also referred to as electric drive vehicle, has been given high expectation 

for enhancing the sustainability of our road transportation. However, the 

widespread use of EVs has been significantly restrained by the energy 

storage technologies and the electrification of road transportation is still 

in its early stages. In recent years, the development of different on-the-

road charging solutions has become an active research area, with the aim 

to support and encourage the use of EVs through increased recharging 

opportunities away from home. Therefore, the research background given 

in this Chapter will try to achieve two purposes: i) making a historical 

overview of the technology development towards the electrification of the 

road transport sector and ii) identifying the potential knowledge gaps that 

need to be filled for practical implementation of the on-the-road charging 

technologies.  

2.1 The historical development of road electrification 

The electrification of road transportation started long ago with the 

electrically powered public transportation vehicles in urban areas, such as 

the trolleybuses. The original prototype of the trolleybus dates back to the 

rail-less ‘electromote’ invented by Dr. Ernst Werner von Siemens, which 

was presented to the public in Halensee, Berlin in 1882 (Siemens 2016). 

Passengers liked its quiet, vibration-free operation, high performance and 

overload capacity, and operators welcomed its long life and low 

maintenance requirements (Brunton 1992). However, the operational 

inflexibility restraints, e.g. being tied to fixed routes, made trolleybuses 

difficult to integrate with motor buses. The demand for proliferation of 

road improvement and high cost of the energy and overhead lines made it 
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decline from fashion. A solution to improve the operational flexibility was 

found in the transfer of the physical contact between the vehicle and 

power source from the overhead to the road surface. This contact can be 

through a “collector” from electric power rails located in the slot of a 

conduit below the roadway (Berman 1978). It also can be the contact 

between the vehicle and a conductive strip mounted on the road surface, 

like the power take-off system (Rynbrandt 1984) and the mechanical 

pantograph brush (Hennessey and Donath 1994). However, electrical 

safety issues, reliability and costs have so far restrained the application of 

these technologies. In recent years, new pantograph types are active 

under investigation to power the heavy vehicles from conductors either 

overhead or on the road surface, such as the Siemens E-Highway concept 

(Siemens 2015) and Volvo’s Slide-in Electric Road System (Olsson 2013). 

The second method to power EVs is the use of onboard storage of 

energy, such as a battery, which can produce electricity for the EV’s power 

supply when needed. The idea to power a vehicle by a battery dates back 

to the early test performed by Robert Davidson in 1842 (Post 2007). He 

ran a locomotive with a small battery on the Edinburgh & Glasgow 

Railway, achieving a maximum speed of 4 miles per hour only. Noting 

that our predecessors were just trying to find a suitable automobile 

propulsion method, less attention was paid to electric propulsion after the 

advent of the internal combustion engine. It is due to the urgent concern 

over our sustainable development in recent decades that the public has 

been aroused to reconsider this green and renewable solution. Different 

types of batteries have been developed, driven by various important 

applications including EVs. However, the limitations from the battery 

technologies, such as range anxiety and high initial costs, still severely 

restrict the application potential of EVs. To develop EV technology 

further, focus has thus been given to the associated charging 

infrastructures, to provide quicker charging at stopping points, or even to 

provide external power when the vehicle is in motion. Currently, the 

conductive method and the contactless method are two main solutions 

pursued for charging an EV. 

2.1.1 Conductive charging solution 

The conductive charging solution usually uses a cable that is plugged into 

a car by hand. It is also often referred to as a ‘plug-in’ charging solution. 

These solutions have been implemented in society and can be mostly seen 
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at stations, parking lots and garages. Different models used for 

connectivity (Pistoia 2010) and various standards (Foley, Winning and 

Gallachóir 2010) have been developed to support the practical application 

of theses. The main drawbacks for conductive charging solutions are that 

i) they need to be operated by hand and ii) the recharging needs to occur 

quite frequently due to the low battery capacity. Additionally, safety 

issues also have to be considered at dirty contacts in wet weather 

conditions (Pistoia 2010). 

2.1.2 Contactless charging solutions 

The contactless charging solution is referred to as the use of a Wireless 

Power Transmission (WPT) system to charge an EV. Studies  (Brooker, 

Thornton and Rugh 2010, Wu et al. 2011) reported that the contactless 

charging solution is more convenient and possibly safer than the 

conductive solution. In very recent years, particular interest has arisen in 

a contactless charging solution using the inductive power transfer (IPT) 

technology (Covic and Boys 2013, Musavi, Edington and Eberle 2012). 

Actually, the IPT technology itself is not new and the principle can be 

similar to the well-known Tesla coil invented by Nikola Tesla one century 

ago (Tesla 1904). The two basic conditions for an IPT system to deliver 

electrical power efficiently and under a wide air gap distance are: i) a 

magnetic coupling between primary coils and secondary coils and ii) 

resonance in the system. This technology has already been put into 

commercial practice in home electronics devices and has recently 

received increased popularity for mobile phones chargers (Abe, Sakamoto 

and Harada 2000, Chawla and Tosunoglu 2012).  

Many attempts to power EVs by stationary IPT systems and even 

dynamically can be found in the past decades and with a significant 

increase in recent years. The technical challenge for this charging solution 

today lies mainly in the limited energy transfer distance and efficiency. A 

brief review is further presented in the following subsections. 

2.1.2.1 Stationary IPT charging solution 

Stationary IPT charging technology was developed in the 1990s. However, 

the harsh infrastructure requirements and high costs limited their 

application only to some specific cases such as captive fleets and 

automatic rent-a-car systems (Foley et al. 2010). Benefiting from the 

developments in technology and associated policy, in recent years, the 
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stationary IPT charging solution has been revisited for the application of 

charging EVs. For instance, an 5 kW IPT system with a large air gap 

distance of 20 cm and an efficiency up to 95% is demonstrated in (Villa et 

al. 2007). Another 5 kW IPT system having 90% efficiency with an air gap 

of 175 mm to 265 mm is shown in (Wu et al. 2012). The Oak Ridge 

National Laboratory demonstrated an IPT system with a 2 kW output 

power at a fixed 100 mm air gap (Onar et al. 2013).  

2.1.2.2 Dynamic IPT charging solution 

The theoretical principles of dynamic IPT charging solutions are similar 

to the stationary ones, and the charging equipment is normally placed 

along an extended distance inside the roadway. An EV can then be 

charged dynamically when moving along the road lane, without any 

physical contact with the infrastructure. A typical dynamic IPT charging 

system used for EVs can be found in the old patents (Zell and Bolger 1982, 

Tseng and Tseng 1994, Schwind 1998, Ross 2002), namely the ‘Road 

powered electric vehicles’ (RPEV). In their description, the EV onboard 

energy storage device can inductively receive electric power through coils 

in the roadway over which the vehicle travels. A systematic pilot test of 

dynamic IPT charging solution was performed by the California Partners 

for Advanced Transit and Highways throughout the 1980s and 1990s 

(Empey et al. 1994). In their test site, the track layout was 213 m long and 

with 134 m of buried inductor. The overall efficiency of the IPT system 

was reported to be 60% at a 100 kW peak input power. The Korean 

Advanced Institute of Science and Technology introduced the ‘On-line 

Electrical Vehicle’ (OLEV) concept in 2009 (Lee et al. 2010, Suh, Cho and 

Rim 2011). Their third-generation system could transfer 17 kW power at a 

17 cm air gap distance, and the energy efficiency was reported to go up to 

71%. The feasibility of dynamic IPT charging solutions is under active 

investigations nowadays and many pilot projects can be found, such as 

the Flanders’ DRIVE project in Belgium (Perik 2013), the Slide-in Electric 

Road System project in Sweden (Olsson 2013), and the FABRIC project 

within European Union (ICCS 2014). 

2.2 Challenges for eRoad implementation 

The dynamic application of the IPT technology in an eRoad can be one of 

the most promising on-the-road charging solutions that are currently 

under active investigation, it is thus taken as a technical basis of this 
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Thesis. From the road infrastructure’s perspective, the potential 

‘compatibility’ issues of integrating the IPT technology into the physical 

roads may come from two individual aspects: 1) the influences on the 

structural performance of the eRoad under operational conditions, 

because of the embedment of IPT-related charging components; 2) the 

effect on the charging efficiency of the IPT system by the integration, e.g., 

the power loss caused within eRoad structure when alternating magnetic 

fields pass through. These potential challenges are further discussed as 

follow, which can be taken as a starting point of the practical research in 

this work. 

2.2.1 Structural performance of the integrated eRoad system 

To build an IPT-based eRoad pavement, many physical components such 

as conductive coils, ferrite cores and other ICT (Information and 

Communication Technology) sensors need to be integrated into the 

existing pavement structures. From the charging system’s point of view 

(Covic and Boys 2013), an important problem that needs to be solved is 

the development of appropriate roadway infrastructure that can protect 

the fragile ferrite materials in such a way to give a long service life in a 

very hostile environment. In fact, not only the fragile IPT components 

need to be protected, the protection of the whole composite road 

structure is also essential. If an eRoad is damaged during its designed 

service lifetime, the IPT systems will be prevented from functioning 

properly, leaving the eRoad in an overall state of malfunction for charging 

EVs or even supporting the mobility of ‘normal’ traffic. Timely 

identification and addressing of these challenges are thus of paramount 

importance and failure to do so would render all efforts to optimize the 

IPT facilities useless in practice. 

Different construction technologies have been tested for embedding 

the IPT charging components into the physical pavement structures 

(Empey et al. 1994, Suh et al. 2011, Olsson 2013, ICCS 2014, Perik 2013), 

which can be classified into two main categories: 1) Prefabrication-based 

construction method: the Charging Units (CUs) are built in prefabricated 

modules in factory and then finishing the on-site embedment in a 

relatively short period; 2) In-situ construction method: this is to install 

all the facilities on site, i.e. the IPT facilities are fixed in excavated 

pavement as a skeleton structure, which is then sealed with extra cement 

concrete and protected by an asphalt overlay. For both methods, the 



2. Background│12 

 

practical constructions can be done either in a limited ploughed trench 

lane or even by making a replacement of the full lane. The prefabrication-

based installation method in a trench way can be more effective and 

reliable than other solutions at the moment, which can be taken as an 

important case for further discussions. The cross-sectional geometry of a 

potential eRoad structure following this construction method is shown in 

Figure 3 (a), where the CU slabs are successively embedded in the middle 

of the lane, within the asphalt layer. For illustration purpose the cross-

section of a possible CU is described in Figure 3 (b), which is based on a 

project performed during the 1990s (Empey et al. 1994).  

 

Figure 3 (a) Cross section profile of a potential eRoad structure and (b) prefabricated 

charging unit. 

2.2.1.1 Premature damage due to the complex integrated structure 

In view of the eRoad structure discussed above, the first major issue 

needs to be examined is the premature damage risk, e.g. cracking, during 

its early service life stage.  This concern mainly arises from the fact that 

the eRoad structure is not purely layered, but with rigid insets and 

discontinuous interfaces/joints. In other words, the eRoad structure may 

experience more complex and extreme stress states, making it hard to 

perform as an entirety and cracking damage may be induced prematurely 

if without enough protection measures. For instance, the reflective 

cracking phenomena observed commonly in composite road structures, 

like the Hot Mix Asphalt (HMA) overlay placed over existing Portland 

Concrete Cement (PCC) pavements (De Bondt 1999, Baek 2010), can be 

one of the possible consequences. It is foreseen that the expensive CUs 
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should be cautiously designed in advance, being able to have good 

resistance to traffic and thermal loading and relatively maintenance free 

over a long service period. Therefore, premature damage in an eRoad, if 

have, would initiate eariler in the surrounding pavement material 

sections, especially in the asphalt layer where the high stresses and 

discontinuities exist. But to what extent this needs to be mitigated or is a 

direct cause for a redesign of the eRoad is currently unknown and 

becomes thus the main subject of investigation in this Thesis.  

2.2.1.2 Common distresses due to the changed vehicle behaviours 

Common pavement distresses such as rutting and fatigue cracking can 

happen in an eRoad pavement during its service lifetime, and some 

related analyses have been found in a recent study (Ceravolo et al. 2016). 

By enabling the dynamic charging action from an eRoad, the vehicle 

behaviors (e.g., wheel wander, speed, safe distance) may change as well, 

whereas the consequential influences to the pavement service 

performance are currently ignored by the system developers. For instance, 

in order to ensure the charging efficiency, the lateral misalignment 

between the primary charging coils (inside CU) and the secondary 

receiving coils (on the vehicle) is required to be within a certain range, e.g. 

0.1 m is suggested in (Birrell et al. 2015). This requirement will lead to a 

reduction of the wheel wander distance, causing thus the probability 

distribution of the loading time in transverse direction to be more 

concentrated in the middle of the lane. A possible consequence of this can 

be an accelerated damaging risk in asphalt pavement, such as rutting. 

Meanwhile, a future vehicle will not only be electrically propelled but can 

also drive autonomously. In recent years, technologies allow for different 

levels of automation such as platooning and fully self-driving have been 

studied very actively, while the basic principle can normally include two 

processes (Ziegler et al. 2014): i) Precise environmental perception. 

Various sensing systems such as radar, optic camera, LIDAR and GPS 

that installed on the vehicles are applied to detect the surrounding 

landmarks such as lane markings, barriers, traffic signs, and other 

moving objects. ii) Motion planning and control. The perceived objects, 

information from the stored digital maps, give-way rules, etc. are 

translated into geometric constraints in the motion planning modules, 

based on which the desired trajectory for the vehicle can be subsequently 

determined. By knowing this, the steering control of automated vehicles 
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can be perceived as more accurate than that of the normal vehicles, which 

could affect the wheel wander behavior similarly like enabling the on-the-

road charging action.  

2.2.2 Potential wireless power loss within eRoad structure 

From the system developers’ perspective, the power transfer efficiency 

can be one of the most important aspects needed to be considered for 

designing a practice IPT system. In this, the potential energy losses that 

may influence the power transferring efficiency include the conductive 

coils’ resistive loss, eddy current loss in ferrite cores and switching loss in 

high frequency power-electronics converters. After integrating the IPT 

technology into the real roads, another potential power loss source can be 

the electromagnetic (EM) power loss caused in the physical mediums that 

the high frequency magnetic fluxes pass through. This latter has received 

very little attention, but can possibly have an impact on the resulting 

functionality of the system.  

In fact, wireless power transfer technologies have been explored 

widely to recharge batteries of embedded sensors, with applications in 

such as structural health monitoring of civil infrastructures like bridges 

and roadways (Shams and Ali 2007, Sun and Akyildiz 2010, Jonah and 

Georgakopoulos 2011, Jiang 2011). In these applications, the dielectric 

mediums like concrete, soil and moistures could absorb some EM energy 

and reduce the wireless transfer efficiency. To enable the IPT charging 

action from an eRoad, such EM power loss can be potentially induced as 

well, since the power transfer medium will be not only the air but also the 

surfacing materials covered above the charging equipment. This fact has 

already been noticed by some direct power loss measurement laboratory 

studies, e.g. in (Onar et al. 2013). However, there is still a lack of 

systematic study over this potential power loss, especially its relation with 

the EM properties of the energy lossy medium i.e. pavement material. 
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3. Theoretical review 

It has been summarised in the previous Chapter that the considered 

eRoad challenges in this Thesis are: 1) the accelerated degradation of 

pavement performance by the modifications of road structure and 

changes of vehicle behaviour; 2) potential wireless power loss induced 

within pavement surfacing materials due to the integration of the CU into 

the road. Prior to presenting the detailed methodological approaches that 

have been developed for gaining insight into these specific problems, this 

Chapter provides a review of the underlying theoretical backgrounds. 

3.1 Mechanistic-based pavement performance analysis 

For a traditional  road (tRoad), complex compressive, tensile and shear 

stresses can be induced within the layered pavement structure when a 

vehicle is passing along (Ansell and Brown 1978). An illustration is shown 

in Figure4. The acutal performance of an asphalt pavement structure 

(most common pavement type), such as the resistance to rutting or 

fatigue cracking, is essentially governed by the amplitudes of these stress 

and strain fields caused by the repeated traffic and environmental 

loadings. Beside the geometry, there are many other factors that may 

influence the stress/strain responses of a pavement structure, including 

the mechanical properties of pavement materials in individual layers, 

characteristics of the traffic loading conditions such as vehicle type and 

speed, and environmental effects such as temperature fluctuations and 

moisture ingress (Nilsson 1999).  
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Figure4 In-situ stress distributions inside pavement strucure for an approaching and leaving 

wheel load, after (Ansell and Brown 1978)  

The practical methods used today for pavement performance analysis 

and structural design are still largely based on empirical principles, e.g., 

by limiting the horizontal tensile strain at the bottom of asphalt layer and 

vertical compressive strain on the surface of subgrade, based on 

Burmister’s elastic layered theory (Huang 1993). However, because of the 

embedment of new functional units, the mechanical characteristics of an 

eRoad structure can hardly be the same as a homogenous layered system 

like a tRoad. As a result, the traditional pavement analysis methods, 

empirical or semi-empirical, may not be suitable for analyzing an eRoad 

structure.  

In this Thesis, the FEM is chosen as an alternative approach to 

analyze the pavement structural performance and is purely based on 

mechanistic principles. FE modelling has been already used in earlier 

studies for predicting stress and strain fields within the pavement 

structure, with the advantage of extending the linear elastic layered 

system to include nonlinear, or stress-sensitive materials into 

consideration (Huang 1993). However, the numerical simulation of the 

deteriorations of a practical pavement structure by this method is still at 

the very early stage, while the main challenge lies in the lack of proper 

constitutive material models that could simulate the in-situ mechanical 

behaviors of road materials and their degradations. Following the 

prefabrication-based installation method in a trench way, the 

performance of an eRoad structure will depend strongly on the 
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performance of the asphalt layer. Therefore, a good constitutive model 

that can accurately predict the mechanistic behavior of typical asphalt 

material is a premise for a successful FE simulation in this study. In fact, 

during the past decades many constitutive studies have been performed 

for characterizing asphalt material’s behavior in a phenomenological way. 

These modelling efforts can be broadly classified into two main categories: 

micro-structural models and continuum models at macroscopic level. 

In micro-structural models, the constitutive relations are constructed 

from microscopic components of material with their individual and 

interactive behaviours. Being a complex (man-made) mixture, asphalt 

material possesses a heterogeneous structure consisting of graded 

aggregates, asphalt mastic (fine aggregates, mineral powders and 

bituminous binder), and a varying amount of air voids depending on the 

mixture design and in-situ compaction. Important micro phenomena 

include activities such as the interactions within the constituents or at the 

interfaces between them, which are expressed by e.g. loss of the cohesion 

and adhesion strengths or changes of air void content (Krishnan and 

Rajagopal 2003). In this regard, micro-structure modelling of asphalt 

material shows its attractive advantage of shedding the light on the 

linkage between the material macroscopic responses and micro-structural 

properties, which would actually promote the material design with 

improved performances. However, its application towards mechanistic 

simulation of an entire pavement structure is today still limited by finite 

computational resources. 

In continuum models, asphalt material is studied as a continuous 

medium and the average mechanical responses at the macroscopic level 

are focused, which factually reflect the micro-structural changes as well. 

In this sense, continuum modelling at macro level can be more efficient 

than micro-structural models in predicting performance degradations of 

an entire pavement structure, although it may not explain directly why 

different asphalt mixtures behave differently or how to develop the 

material towards improved performances. Progressive development of 

constitutive modelling of asphalt material in a phenomenological way can 

be found in the past decades; however, these studies show some common 

limitations (Paper II): 1) most viscoelastic-viscoplastic models can 

simulate only primary and/or secondary stages but not the important 

tertiary stage of the large creep deformation; 2) the mechanical responses 

in tension and compression are quite different for asphalt material, 

whereas this fact is not fully covered in most of the models; 3) many 
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research efforts did not pay enough attention on the implementation of 

the model into real case studies, making the work limiting in its practical 

application. In very recent years, a series of studies have been made on 

coupling different constitutive behaviours of asphalt material such as 

viscoelasticity, viscoplasitcity, viscodamge with healing into one complete 

model (Darabi et al. 2011, Darabi et al. 2012, Darabi et al. 2013). This 

model could reproduce many sophisticated responses at different loading 

pressures and varying temperatures, and seems to be able to capture the 

response differences between tensile and compressive loading. The model 

was numerically implemented into pavement rutting performance 

prediction (Abu Al-Rub et al. 2012) and was compared with several field 

tests (Rushing et al. 2015). This model was found possible for mechanical 

studies at micro-structural level as well (You et al. 2012), and was even 

coupled with environmental effects such as moisture damage (Shakiba et 

al. 2014). However, this model was developed within the context of small 

strain only; likewise, in the visco-damage model the damage density rate 

is a function of the total effective strain and this indicates that the damage 

starts even within the viscoelastic region, which is controversial.  

Overall, constitutive modelling at the macroscopic level that focuses 

on the average responses of the continuum in a phenomenological way 

can be one of the most effective approaches for simulating the mechanical 

characteristics of asphalt material, and thus predicting the performance 

degradations of a practical pavement structure. However, the current 

state-of-the-art shows that a complete finite strain model which can 

predict the coupled viscoelastic, viscoplastic and damage behaviours of 

asphalt material is still lacking. Motivated by this, a new thermodynamics 

based finite strain viscoelastic-viscoplastic model with damage coupled 

for asphalt material has been developed in this study, and will be 

presented in Chapter 4. 

3.2 Working mechanism of an IPT system and wireless 
power loss in dielectric medium 

3.2.1 Working mechanism of a IPT charging system 

A WPT system can be defined as “a system that can efficiently transmit 

electric power from one point to another through the vacuum of space or 

the earth’s atmosphere without the use of wires or any other substance” 

(Brown 1996). In a broader sense, WPT can be classified as Far-field 
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(radiative) transmission and Near-field (non-radiative) transmission. The 

Near-field WPT systems are more suited to transfer larger power via 

magnetic coupling mechanism, while the Far-field WPT systems are 

usually used to transmit signals to far distances for communication with 

low EM power. The IPT technology is a typical Near-field WPT 

technology and has been studied actively in the contactless charging 

solution for EVs.  

A typical IPT system usually consists of an on-board device installed 

under the vehicle’s chassis, and an off-board power delivery device 

embedded in the roadway. As illustrated in Figure 5, the off-board system 

mainly has three parts: i) the power supply that provides a suitably 

regulated direct current output voltage via a rectifier; ii) a converter to 

provide high output frequencies, combined with capacitance to achieve 

resonance with the transmitter and reduce the switching loss; iii) a 

transmitter that is mutually coupled with the pick-up device, mainly 

consisting of conductive coils, ferrite cores and a backing plate. The on-

board part can pick up high frequency alternating current through 

magnetic induction and change it into a direct current to charge the 

installed battery. 

 

Figure 5 Diagram of a typical IPT charging system 

The mechanism of magnetic induction relies on Ampere’s and 

Faraday’s laws. Ampere’s law states that an alternating current in the 

primary coil can create an alternating magnetic field around it, while 

Faraday’s law states that voltage can be induced in the secondary coil if it 

is exposed to this time-varying magnetic field. A simple explanation of the 

magnetic coupling and equivalent circuit of the IPT system is shown in 

Figure 6. 

Magnetic coupling 

On-board 

Off-board 
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Figure 6 (a) Closed coil inductances and (b) a simplified equivalent circuit of IPT model 

The self-inductance 1L  of the primary coil can be divided into a 

leakage part due to the magnetic flux that links only this coil, and a part 

due to magnetic flux that links both coils, illustrated in Figure 6 (a). In 

order to compensate the large leakage flux, capacitances 1C  and 2C are 

introduced into the circuits. They can be connected in series, shown in 

Figure 6 (b), but need not be limited to a series connection. Assuming 

that the voltages and currents are sinusoidal with angular frequency  , 

the equivalent circuits of the primary and secondary coil in Figure 6 (b) 

can be described by the following phasor equations, where 1R  and 2R  are 

the resistances of the coils: 
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When resonance occurs, the reactive part of both the primary and 

secondary impedances in the equivalent circuits comes to zero due to the 

compensations. Therefore, electrical energy losses due to the power 

electronics in the system can be minimized, such as switching and 

resistive losses. For instance, it has been demonstrated that the switch 

currents are in the order of hundreds of milliamps when the system is 

resonating with a track current of 23 A (Budhia, Covic and Boys 2010). 

The performance of a typical IPT system is influenced by many 

parameters, such as frequency, the distance and the lateral misalignments 
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between the coils, the load and the geometry of the magnetic field (Villa et 

al. 2009). 

Ferrite shaping materials and highly electrically conductive backing 

plates are commonly used in IPT transmitter structures to guide the 

magnetic fields and thus improve the performance of the transfer. Studies 

(Wu et al. 2012, Budhia, Covic and Boys 2011a, Budhia et al. 2011b, Covic 

et al. 2011, Budhia et al. 2013) show that the circular shaped structure is 

commonly used, while new polarized or double polarized structures 

appear to offer a better tolerance for gap distances and misalignments. 

Some available transmitter structures for stationary inductive charging 

are shown in Figure 7 (a), (b) and (c). For a dynamic off-board IPT system, 

possible geometries include a long or sectioned wire loop and ultra slim 

bone structure (in Figure 7 (d)) (Lee et al. 2010, Bolger, Kirsten and Ng 

1978, Shin et al. 2013, Zhang et al. 2011, Yilmaz, Buyukdegirmenci and 

Krein 2012). 

 

Figure 7 Different types of IPT charging transmitter: (a) circular structure; (b) polar structure 

and (c) bipolar structure; (d) bone structure of ultra slim W-type transmitter 

3.2.2 Wireless power loss in dielectric medium 

The wireless power transfer efficiency, one of the main considerations 

and challenges for an IPT system, normally ranges from 70% to 95%, and 

the practical performance depends on many factors. As explained earlier, 

one of the objectives in this research is to investigate an extra potential 

wireless power loss caused within pavement materials after the 

integration. This kind of power loss in a lossy medium should in principle 

include both the electrical loss and magnetic loss. As a preliminary probe 

into this problem, the electrical (dielectric) loss of the pavement materials 

can be firstly focused, i.e. assuming the pavement materials to be non-

magnetic. For a typical IPT system, strong time-varying magnetic fields 

will be excited by the primary conductive coils, inducing thus some 

electric fields surrounding them. It is these electric fields that could cause 
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some electrical energy loss within the dielectric pavement materials 

during the wireless power transferring process. A common way for 

assessing the power loss in a dielectric medium, caused by the presence of 

electric fields,  uses the following well-known equation (Sutton 1989) 

2

02loss rP f '' E   , (3) 

where, lossP  is the absorbed power per unit volume (W/m3) as an average 

value for the periodic excitation; r''  is the imaginary part of the complex 

relative permittivity r , i.e. dielectric loss factor; E  (V/m) and f  (Hz) 

are the magnitude and frequency of the electric fields; 0  is the free-

space permittivity, 8.854×10-12 F/m. 

It can be seen from Eq.(3) that this power loss is governed by: i) the 

frequency and amplitude of the electric fields and ii) the dielectric loss 

factor of the medium.  Therefore, for a given IPT system, the power loss 

will depend significantly on the system performance parameters and the 

dielectric properties of the lossy medium, i.e. pavement surfacing 

materials. This dielectric power loss analysis will be detailed in Chapter 5. 
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4. Structural analysis of the eRoad system 

This Chapter will focus on the structural aspect of the eRoad system. 

Specifically, a mechanistic pavement analysis approach will be developed 

and used to gain insights into the structural performance of the eRoad 

system due to the modifications of the road structure and the changed 

vehicle behaviours. These analyses are detailed in the following sections. 

4.1 Methodology 

In this section an advanced constitutive model for asphalt material is 

presented, the calibration of which will be focused in section 4.2. 

Meanwhile, the FE model for simulation of the eRoad structural response 

under typical traffic loading condition is described. 

4.1.1 A new energy-based constitutive model for asphalt material 

A new thermodynamics-based finite strain viscoelastic-viscoplastic model 

with damage coupled for asphalt material has been used in this Thesis 

work. By using this constitutive model, sophisticated mechanical 

responses of asphalt material in terms of both recoverable and 

irrecoverable deformations can be predicted, taking as well the time and 

temperature dependencies into account. For the sake of simplicity, only 

the evolution equations associated with viscoelasticity, viscoplasticity and 

damage are presented. Details of the rigorous finite strain framework, the 

restrictions imposed by the thermodynamics of the irreversible processes 

and the numeric implementations can be traced in appended paper II. 

4.1.1.1 Viscoelastic evaluation law 

The evolution law associated with the viscoelastic process is based on the 

Maxwell–Wiechert model where the viscoelastic part of the strain rate on 

each branch is defined such that 

   v 1 2
dev tr

9
L M M I

v v
i i id v

i i 
  , (4) 

with I the second order identity tensor, v
Li

 and v
iM  the strain rate and 

Mandel-like stress measure in the thi  branch of the Maxwell model. d
i
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and v
i  are temperature dependent material parameters controlling the 

evolution of the deviatoric and volumetric parts of the viscoelastic 

deformation, respectively given by 

0 0
0 0

exp 1 ; exp 1d d e v v e
i i i i

T T

T T
     

      
            

      
,       (5) 

with T  the temperature, and the material parameters 0
d
i  and 0

v
i are the 

viscosity parameters given at the reference temperature 0T . e  is a 

temperature sensitivity parameter. Following the standard Maxwell–

Wiechert viscoelastic model, the total Mandel-like stress measure may be 

expressed such that 
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where, 
M is the stress measure corresponding to the long term 

behaviour. By using a St Venant-Kirchhoff hyperelastic-type formulation, 

it can easily be shown that the Lamé constants used in the constitutive 

model can be written in the form of Prony series, i.e. 
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where  and  , i  and i  are the Lamé constants corresponding to 

the elastic and viscous parts, respectively, and i  is the relaxation time  

defined by 
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4.1.1.2 Viscoplastic evaluation law 

In the constitutive model, the viscoplastic strain rate takes the following 

form 
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where d
B  is the contravariant damage tensor, and M is the effective 

Mandel-type stress measure which is defined in the same way that in 

(Balieu and Kringos 2015).   is a material parameter controlling the 

volumetric part of the plastic deformation. A modified Perzyna’s type 

viscoplastic formulation is adopted, i.e. 

p
vp p

p p
0 0

exp 1

N

T f

T Y Y
 

  
        

, (10) 

in which, the notation  denotes the Macauley bracket, that is for any 

scalar  , given by   2/ . vp  and N  are strain rate dependent 

material parameters, p represents the temperature sensitivity on the 

viscoplasticity. 0
p

Y  is the static yield stress and pY is the thermodynamic 

force work-conjugated to the isotropic hardening variable r , which is 

expressed by 

  p
1 21 expY k k r   , (11) 

where, 1k  and 2k  are material hardening parameters controlling the size 

of the yield surface. pf  is a Drucker-Prager type yield surface that 

defined such as 

   
  pp p
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    , (12) 

where, 𝛼 is a material parameter controlling the hydrostatic pressure 

sensitivity of the viscoelastic domain. 

4.1.1.3 Damage evaluation law 

In order to simulate the large inelastic deformations, a specific damage 

evolution law has been developed and coupled to the viscoelastic-

viscoplastic model using the effective stress concept, based on the energy-
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equivalence principle. The formulation for the damage evolution is 

expressed as 
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where, M
d is an energetic-based measure work-conjugated to the 

contravariant damage tensor d
B , while  

  and  
  represent its 

positive and negative parts performed by spectral decompositions. 0S , s  

and m  are material parameters controlling the damage evolution in 

function of the thermodynamic force conjugated to the degradation. The 

parameters d
0Y  and q  represent the stress sensitivity on the damage 

evolution and d  is a temperature dependent parameter. The parameter 

h  is a material parameter controlling the stress state sensitivity on the 

damage, i.e. capturing the damage evolution difference caused by tensile 

and compressive loads. Since the trace of the second order tensors d
M

and d
B are scalars, d

L is therefore a spherical tensor, and an isotropic 

damage evolution is considered in this work. The contravariant damage 

tensor can thus be written such as 

d (1 )B ID  ,  (14) 

where, D  is the damage variable usually used in Continuum Damage 

Mechanics (CDM), which characterizes the extent of degradation within 

the material, varying from 0 to 1. Specifically, D  = 0 implies no damage 

in the continuum while D  = 1 implies fully damaged or fractured. 

4.1.2 FE simulation of eRoad structural performance 

The above asphalt constitutive model has been implemented into the FE 

code in Comsol Multiphysics 5.1, using the ‘Physics Builder’ module. 

Based on this, a FE model in 2D is further built for simulating the 

mechanistic responses of the considered IPT-based eRoad structure 

under the typical traffic loading condition. 

4.1.2.1 Geometry and material properties 

For the sake of simplicity, a pavement structure with only one asphalt 

layer is assumed, and using its symmetry, only half of the eRoad structure 
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is modelled for simulation. The cross-sectional geometry of the eRoad 

pavement structure is sketched in Figure 8 (a). In this, the prefabricated 

CU is assumed to have a height of 0.14 m and a width of 0.8 m, while the 

stiffness of 30 GPa and Poisson’s ratio of 0.2 (typical cement concrete) 

are used as the material inputs. The CU is embedded within the asphalt 

layer in the middle of the lane, with 5 cm underneath the pavement 

surface. The developed constitutive model for asphalt is used as material 

property inputs in pavement surfacing layer, the calibration of which will 

be given focus in section 4.2. The material properties and thicknesses of 

granular base, subbase and subgrade layers are given in Figure 8 (a) as 

well.  

4.1.2.2 Boundary conditions and mesh generation 

A single tire with a contact pressure of 800 kPa is used to represent the 

heavy vehicle loading, while the contact area between the tire and the 

pavement surface is assumed to be with 0.20 m width (Huang 1993). A 

wheel axis of 1.56 m length is assumed, and thus the central location of 

wheel without any wander (i.e. w  = 0.0 m) is 0.78 m laterally away from 

the symmetric centre of the lane. To save computational effort, the actual 

modelling is carried out in 2D and solved as a plain strain problem. The 

left boundary of the 2D model is assumed to be symmetric, and infinite 

elements are used on the right to stretch the simulation to the far-field 

region laterally. A very thick subgrade layer is used, at the bottom of 

which the degree of freedom in vertical direction is constrained. Shown in 

Figure 8 (b), a total number of 6756 quadratic integration elements are 

generated, and finer elements are used around the CU corners.  
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Figure 8 (a) Cross-sectional geometry of the simplified eRoad pavement structure in 2D and 

(b) FE mesh. 

All the simulation studies for eRoad structural analysis are carried out 

at a temperature of 20 oC and the detailed simulation results will be 

presented and discussed in section 4.3. 

4.2 Calibration and validation of the constitutive model 

In this section, the detailed procedure for calibration and validation of the 

material constitutive model proposed in section 4.1 is presented, using a 

set of experimental measurements performed on a Dense Bitumen 

Macadam (DBM) asphalt mixture. This experiment database was 

developed in collaboration between Nottingham Transportation 

Engineering Centre and Delft University of Technology, in which the 

DBM mixture comprises of continuously graded aggregates with 

maximum size of 10 mm, 5.5% of base bitumen with penetration grade of 

70/100, and a target air void content of 4%. Cylindrical specimens with 

100 mm in diameter and 100 mm in height are used for uniaxial 

compressive tests, while prismatic "dog-bone" shaped specimens with a 

minimum cross section of 50 mm by 50 mm and height of 150 mm are 

chosen for uniaxial tensile tests. Several tests, such as creep-recovery, 
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constant creep and repeated creep-recovery, are selected for identifying 

and validating the viscoelastic, viscoplastic, damage and temperature 

parameters of the model. Firstly, the separation of the total Almansi axial 

strain into recoverable (viscoelastic) and permanent (viscoplastic) 

components is performed on uniaxial creep-recovery tests in compression. 

Then, the viscoelastic and viscoplastic model parameters are calibrated 

separately using experimental data arising from creep-recovery tests at 

different compressive stress levels and varying temperatures. The damage 

model is subsequently calibrated using constant creep test measurements 

at different stress levels in tension and compression. Finally, the 

temperature sensitivity parameters in the viscoelastic, viscoplastic and 

damage equations are calibrated as well, by using the creep test 

measurements at different temperatures.  

4.2.1 Separation of viscoelastic and viscoplastic strains in a creep-

recovery test 

Based on the creep-recovery measurements, the method to separate the 

Almansi strain tensor into viscoelastic and viscoplastic parts is described 

in this section. This separation is further used to calibrate the viscoelastic 

and viscoplastic model parameters in the next subsections. Firstly, it is 

assumed that in the creep recovery tests used, the loads applied in a short 

period do not induce damage or induce an amount of damage sufficiently 

low to be neglected during the identification procedure. By using the 

multiplicative decomposition of the deformation gradient tensor into 

elastic at equilibrium and plastic parts, the Almansi strain tensor can be 

decomposed such that 

p
e=e + e

 ,  (15) 

where, e
 and p

e are the elastic at equilibrium and plastic parts of the 

Almansi strain tensor. 

Hence, at reference temperature the induced recoverable (viscoelastic) 

axial strain component xxe  (assuming x  the axial direction) during creep 

loading can be expressed as a function of the static loading Cauchy-type 

stress 0 and time dependent creep compliance  D t , such as 

  0 xxe  D t   . Assuming that the Prony series can be used to write the 

creep compliance, the viscoelastic axial strain component can be 

evaluated such as 
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 ,  (16) 

where, 0D  is the glassy compliance and iD  is the thi  coefficient of Prony 

series that associated to the thi  relaxation time i . As shown in Figure 9, 

the load is removed instantaneously at 0t , after which the viscoelastic 

strain recovers gradually while the viscoplastic strain remains constant. 

Based on this, the incremental form of the recovered part of the 

deformation xxe observed during the unloading, can be further calculated 

as (Schapery 1969) 

 0 0
0 0

1

1 exp 1 exp

n

xx i
i ii

t t t
D D 

 





      
               

      
 .   (17) 

By choosing the values of i covering a wide range of relaxation time, the 

parameters 0D  and iD  are deduced by minimizing the sum of squared 

differences between the measured and predicted increments of the 

recoverable strains. After obtaining the Prony series of creep compliance

 D t , the viscoelastic strain during the creep loading and unloading 

stages can be recalculated using Eqs.(16) and (17) respectively, while the 

viscoplastic strain can be obtained as well by using (15).  An example of 

the separation is shown in Figure 10, in which a static compressive load of 

1.0 MPa is applied continuously and then unloaded instantaneously at 

210 s at a temperature of 20 °C. 
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Figure 9 Schematic illustration of the creep-recovery test. 

 

Figure 10 Separation of the total strain into viscoelastic and viscoplastic components during 

a full creep-recovery test, T= 20 °C, σ0= 1.0 MPa.  

4.2.2 Identification of the viscoelastic model parameters 

The first step to identify the viscoelastic material parameters is to extract 

the relaxation modulus  E t  from the creep compliance arising from the 
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viscoelastic-viscoplastic separation. This is achieved by employing the 

interconversion method proposed by (Schapery and Park 1999), which 

expresses that within the linearly viscoelastic region, an interconversion 

relationship between creep compliance  D t  and relaxation modulus  

 E t  exists as 

       1 1D t E t n n     ,  (18) 

where    denotes the Gamma function and n  is the local log-log slope 

of the source function. In order to identify the viscoelastic model 

parameters on a relatively wide range of relaxation times, this method 

(separation of viscoelastic strain to obtain  D t  and interconversion to 

obtain  E t ) is applied with creep recovery measurements carried out at 

three different temperatures 10 °C, 20 °C and 40 °C. The Time-

Temperature-Superposition principle is employed to shift the resulting 

relaxation modulus to be at the reference temperature of 20 °C1 in the 

time domain, using the shift factors Ta  calculated by the well-known 

Arrhenius law 

 
0

1 1
Log

2 303

a
T

g

E
a

. R T T

 
  

 
 , (19) 

where, gR  is the universal gas constant, 8.314 J/mol/K; aE  is a material 

parameter called activation energy, 150 kJ/mol/K is chosen. The value of 

aE  has been identified by ensuring the continuity of the resulting master 

curve. Finally, the two master curves of the Lamé constants  t  and

 t  used in the St Venant-Kirchhoff hyperelastic-type formulation can 

be calculated according to 

 
 

 
 

 

  
and

2 1 1 1 2

E t E t v
t t

v v v
  

  
, (20) 

where, the parameter v  is the elastic Poisson ratio, which has a value of 

0.35 for asphalt material. The viscoeleastic material parameters included 

in Eq.(7) can then be identified by fitting the resulting master curves 

                                                             
1
 By identifying the viscoelastic model parameters at the reference temperature, 

the temperature parameter 
e  is not sensitive 
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(Eq.(20)) by means of a least square algorithm. The obtained master 

curves with their respective fits are shown in Figure 11. 

 

Figure 11 Fitting of the viscoelastic parameters by using the Prony series at the reference 

temperature T= 20 °C. 

4.2.3 Identification of viscoplastic model parameters 

At the reference temperature, six parameters need to be determined in 

the viscoplastic model, which are  ,  , 0
pY , 1k , 2k ,   and N . The 

values of   and  , which represent the cohesion and dilation angles, 

have been chosen in the range of typical asphalt materials. Since the 

viscoelastic-viscoplastic separation has been carried out on the creep-

recovery test at different stress levels in compression, the viscoelastic 

strain and its rate can be extracted easily on the loading part of these tests. 

The determination of the left unknown viscoplastic parameters is thus 

performed by fitting the obtained viscoplastic strain rate through the 

proposed plastic strain evolution (Eq.(10)). The comparison between the 

experiments and the predicted engineering axial and radial strain 

responses are shown in Figure 12 (a) and (b), respectively. From the 

comparisons, it can be concluded that the model predictions match well 

with experimental measurements in both axial and radial directions, 

suggesting that the identified viscoelastic and viscoplastic model 

parameters can accurately predict the actual material responses. 
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Figure 12 Model predictions and experimental measurements for creep-recovery test at 

different stress levels in compression: (a) axial and (b) radial strains, T= 20 °C. 

4.2.4 Identification of the damage model parameters 

Assuming that the secondary and tertiary stages of the creep deformation 

are influenced by the damage process, a constant creep loading test is 

used for the calibration of the proposed damage model. Using the 

effective stress concept, the damage model coupled to the identified 

(a) 

(b) 
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viscoelastic-viscoplastic model can be calibrated by the creep tests at 

different stress levels in both tension and compression. Firstly, the 

uniaxial creep test in tension at the reference stress level 0.5 MPa is 

selected. This choice has been motivated by the fact that the damage 

parameter h  of Eq.(13) is not sensitive in pure tensile loading. 

Furthermore, by setting the parameter dY to the reference stress level 0
dY , 

i.e. 0.5 MPa, the stress sensitivity parameter q  does not influence the 

damage evolution and can then be evaluated afterwards. 

The Optimization module of Comsol Multiphysics is used to search 

the remaining unknown parameters 0S , s  and m  of the damage evolution 

(Eq.(13)) at the reference temperature 20 °C2. The optimization algorithm 

is based on the minimization of the sum of squared differences between 

model predictions and experimental measurements.  In a second step, the 

stress sensitivity parameter q  is further fitted in the same way with a 

tensile creep test performed at 0.7 MPa. Figure 13 (a) shows that the 

model can predict the experimental responses accurately by using the 

identified parameters in tension. 

The next step is calibration of the material parameter h , which leads 

to the prediction responses in compression distinguished from that in 

tension. Experimental measurement data at compressive stress level of 

1.0 MPa are used to search the parameter h ; the minimum error between 

model prediction and experimental measurement is found when h  = 0.25. 

Likewise, model predictions at higher stress levels i.e. 1.5 MPa and 2.0 

MPa are further carried out to validate the calibrated model, and good 

matches are observed as well in Figure 13 (b). Furthermore, the damage 

density evolutions (Eq.(14)) under different loading stress levels are 

plotted with respect to engineering axial stain in Figure 14, from which it 

can be clearly seen that the damage density scalar D  is stress dependent 

and develops much faster in tension than that in compression. 

                                                             
2
 By identifying the damage model parameters at the reference temperature, the 

temperature parameters 
d  is not sensitive. 
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Figure 13 Model predictions and experimental measurements for creep test: (a) in tension 

and (b) in compression, T= 20 °C. 

(a) 

(b) 
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Figure 14 Model predictions of the damage density D for creep test at different stress levels 

in tension and compression, T= 20 °C. 

The calibration of the viscoelastic-viscoplastic model coupled with 

damage is completed for the reference temperature i.e. 20 °C. In order to 

ensure that the calibrated model can predict the material responses 

effectively, a further validation study is carried out by using a new 

repeated creep-recovery test in compression. For this, a cyclic creep- 

recovery loading process is imposed on a cylindrical asphalt sample until 

the total failure, while within one cycle a creep loading pressure of 

1.5MPa is applied for 60 s and then followed by 100 s of recovery rest. 

Figure 15 shows that the model prediction coincides with the 

experimental measurement over a wide range of axial strain response, 

validating further that the proposed model can predict the mechanical 

responses of asphalt accurately. Moreover, the deviation from the 

measurement at very large strain region can be due to the lack of 

consideration of self-healing nature of the material, while in future a 

healing potential can be introduced into the thermodynamics framework 

to enhance the long-term pavement performance prediction under cyclic 

loading where significant rest periods are considered. 

 



4. Structural analysis of the eRoad system│38 

 

 

Figure 15 Model prediction and experimental measurement for repeated creep-recovery test 

at the stress level of 1.5 MPa in compression at T= 20 °C, with 60 s of creep loading and 

100 s of time recovery in one cycle. 

4.2.5 Identification of the temperature parameters 

Since the mechanical responses of asphalt material are very sensitive to 

temperature changes, the good calibration of the temperature sensitivity 

parameters is of great importance for numerical prediction of pavement 

structure over a wide range of environmental conditions. Given that the 

temperature may influence the viscoelastic, viscoplastic and damage 

behaviors, three different Arrhenius-type temperature sensitivity 

equations are introduced into the proposed model calibrated at the 

reference temperature 20 °C. Therefore, the sensitivity parameter e  is 

introduced on the relaxation time terms i  of the viscoelastic model in 

Eq.(8), while the temperature dependencies on the viscoplastic p  and 

damage d  processes are realized in Eq.(10) and (13). Noting that the 

relaxation times i  can be scaled by means of the shift factor Ta  and 

combining Eqs.(5) and (8), the relation between Ta  and e  may easily be 

extracted such that 

0

exp 1T
e T

a
T


  

    
  

,  (21) 
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Based on this, the shift factors calculated in Eq.(19) can be used directly 

to recalculate the sensitivity parameter e . Thereafter, using again the 

assumption that no damage occurs in the creep recovery test in 

compression for a relative short loading time, the sensitivity parameter 
p  in the viscoplastic model can be fitted using this test at different 

temperatures. For this, optimization based on the minimization of the 

sum of squared differences between model predictions and experimental 

measurements at 10 °C and 40 °C are used to identify p . Finally, 

optimization carried out on complete creep tests in compression at 10 °C 

and 40 °C are used to determine the damage sensitivity parameter d . 

Figure 16 shows the good correlation between the predictions of the 

model and the measurements at different temperatures.  

 

Figure 16 Model predictions and experimental measurements for creep test in compression 

at 10 °C, 20 °C and 40 °C. 

Until now, all the material parameters have been identified for the 

whole constitutive model for this DBM asphalt material and they are 

listed in the following Table 1. This calibrated asphalt model will be 

further used for the FE simulations of predicting the eRoad structural 

responses in section 4.3. 
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Table 1 Material parameters identified in the constitutive model 

Viscoelasticity 

 [MPa] 1 [MPa] 2 [MPa] 3 [MPa] 4 [MPa]  

1.58e2 1.51e2 3.46e2 1.44e2 3.23e1  

      

 [MPa] 1 [MPa] 2 [MPa] 3 [MPa] 4 [MPa]  

6.67e1 3.51e2 8.08e2 3.36e2 1.0e3  

      

 1 [s] 2 [s] 3 [s] 4 [s]  

 2e-3 2e-1 2e1 1e3  

Viscoplasticity 

      0
p

Y [MPa] 1k [MPa] 2k  K [s-1] N  

0.727 0.3 70e-3 0.48 98 2.2e-5 1.9 

Damage 

dS [MPa] s   0
dY [MPa] m  q  h   

0.12e-3 4.05 0.5 5.3 5.2 0.25  

Temperature 
e  p  d      

100 -65 26     

 

4.3 eRoad structural response and optimization 

By using the developed FE model, in this section a detailed simulation 

analysis is performed to investigate the structural response of the 

considered eRoad solution, including a comparison with the tRoad. 

Besides that, the effectiveness of a few structural optimization solutions is 

further investigated, aiming to provide some constructive advice for the 

practical eRoad design. 

4.3.1 Critical analysis of eRoad structural response 

4.3.1.1 Responses of a tRoad structure 

It is important to analyze first the structural response of a tRoad, which 

will provide the reference for the later studies on the eRoad structure. For 

this, a tRoad with the same geometry as the eRoad is assumed, except for 

the embedded CU. To study the stress responses of the assumed tRoad 
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structure, a single static load of 800 kPa is applied on tRoad pavement 

surface for a short period e.g. 0.1 s, representing the loading induced by 

one wheel pass of heavy vehicle. The load is applied at the original 

location, which is 0.78 m away from the symmetrical center of the half-

plane in Figure 8 (a). Some relevant stress fields inside the tRoad 

pavement structure after the simulation are plotted in Figure 17. It can be 

observed in Figure 17 (a) that the induced normal stress in the vertical 

direction on the pavement surface, i.e. σyy, is close to the applied load, i.e. 

800 kPa, which penetrates and vanishes gradually downwards. As shown 

in Figure 5 (b), significant horizontal stresses σxx in compression appear 

on the pavement surface and high σxx in tension concentrate at the 

bottom of asphalt layer. Shear stresses τxy mainly locate under the two 

ends of the wheel path, with higher amplitudes close to road surface, 

shown in Figure 17 (c). Moreover, the von Mises stresses, used extensively 

for characterizing the yielding of the materials and thus permanent 

damage initiation within the structure, distribute mainly within the top 

asphalt layer, which can be observed in Figure 17 (d).  

 

Figure 17 Distributions of different stress states within a tRoad: (a) vertical stress σyy and (b) 

horizontal stress σxx (c) shear stress τxy and (d) von Mises stress, induced by 800 kPa 

loading with 0.1 s. 

 

(a) σyy  (b) σxx 

(c) τxy  (d) Von Mises 

 

800 kPa, 0.1s 
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The advanced constitutive model for asphalt material provides the 

opportunity to further examine the potential permanent damages caused 

inside the pavement structure after continuous passes of heavy vehicle 

wheel loading. In reality, when a vehicle is passing along the longitudinal 

direction of the lane, the load of one tire print is more like a pulse with a 

triangular or sinusoidal shape, with a time interval between the 

consecutive passes. To save computational effort, the loading condition in 

this study is simplified into a rectangular shape load with half of the time 

for passing the length of one tire print, and all the loading times are 

superposed together as a creep-type loading without any interval, 

following elsewhere (Al-Qadi et al. 2009). A case study is conducted to 

simulate the permanent deformation damage caused by 1 × 106 passes of 

heavy vehicle wheel loading at a speed of 100 km/h, which is done 

through applying a load of 800 kPa on the tRoad surface for 5000 s. The 

simulation results in terms of plastic strain in vertical direction Eyy 

(Green-Lagrange type) and damage scalar D , which are the two 

important model variables for characterizing the permanent deformation 

and the degradation within the material, are presented in Figure 6. In this, 

the plastic strain Eyy indicates the permanent deformation caused in 

asphalt layer, also known as the ‘rutting’ phenomena in the field; the D  , 

as already indicated in Chapter 4, characterizes the extent of degradation 

within the material. 

 

Figure 18 Distributions of (a) plastic strain Eyy and (b) damage scalar D, after 1 × 10
6
 passes 

of 800kPa wheel loading, at a speed of 100 km/h. 

The distributions in Figure 18 (a) indicate that compressive plastic 

strains Eyy are concentrated in the middle of the asphalt layer, while 

tensile plastic strains are mainly distributed adjacent to the loaded area 

and with an increase closer to the wheel path. This implies that vertical 
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permanent deformations are developing downwards while upheavals can 

be induced by the tensile deformations, which is actually very similar to 

the rutting phenomena observed on real roads. The contour of the 

damage scalar D  distributions after the loading is shown in Figure 18 (b), 

from which it can be seen that damage is mainly concentrated in the 

middle of asphalt layer, beneath the loaded pavement surface. A higher 

value of D  can contribute to faster permanent deformation generation, 

which is actually already reflected by the previous observations in Figure 

18 (a). 

4.3.1.2 Responses of an eRoad structure 

(1) Critical stress analysis of eRoad structure 

For an eRoad, the stress responses cannot be the same as a tRoad, 

especially in the regions with the CU present. Therefore, in-depth analysis 

is performed by a parametric sweep consisting of moving the central 

location of the wheel laterally to the symmetrical center of the eRoad 

structure from distance. To do so, the wheel wander distances w  ranging 

from 0.0 m to -0.26 m are sequentially chosen in the parametric sweep, 

with a step of -0.01 m. Some results of the representative cases of von 

Mises stress fields of the simulation are plotted in Figure 19, under the 

loading condition of 800 kPa with 0.1 s. (Note: the two vertical lines in 

the middle were generated for meshing, and do not refer to any boundary 

conditions in the FE model.) 
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Figure 19 Distributions of von Mises stresses inside eRoad structure at different wheel 

wander locations (800 kPa, 0.1 s). 

It can be seen from the comparison between Figure 19 (a) and Figure 

19 (b) that, when the wheel load is away from the CU, the von Mises stress 

distributions inside the eRoad asphalt layer are very close to the 

observations in tRoad. Meanwhile, much higher von Mises stresses 

appear at the surface and bottom of the CU, due to the high bending 

moment. It is learned from the rest cases in Figure 19, when the wheel 

tire approaches the CU laterally, that the von Mises stresses in CU body 

increase in amplitude and concentrate around the surfaces and corners, 

but are still lower than the strength of typical cement concrete materials. 

In the asphalt section, high von Mises stresses appear firstly at the top 

and bottom of the asphalt layer, which increase and move to the regions 

around the up-corner of the CU. Likewise, it can be seen that the 

magnitude of von Mises stress in the asphalt region close to the CU up-

corner increases gradually from case (a) to case (e), whereas a decrease is 

found thereafter in case (f). To investigate this further, a point selection of 

von Mises stress in the asphalt material section that is close to the CU up-

corner (i.e. x = 0.408 m, y = -0. 052 m) are plotted with respect to the 

wander distance w in Figure 20 for all the parametric sweep cases, 

including as well a comparison with that of the tRoad. The most critical 

case, i.e. where the maximum von Mises stress arises, is found when the 

 

(a) w= 0.0 m, tRoad_reference  (b) w= 0.0 m, eRoad  (c) w= -0.12 m, eRoad   

(d) w= -0.18 m, eRoad  (e) w= -0.20 m, eRoad  (f) w= -0.24 m, eRoad  
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wheel tire just approaches the CU in the vertical direction, with a wander 

distance of w  = -0.2 m from the original central location. In this, the 

maximum von Mises stress at w  = -0.20 m is around 1.34 MPa, which is 

much higher than that in the tRoad (0.60 MPa). This entails that damage 

may initiate and evolve much easier over this region of the eRoad. 

 

Figure 20 Plot of von Mises stress inside the asphalt section close to the left corner of the 

CU, at varying wheel wander distances. 

(2) Damage analysis of eRoad structure 

In order to further investigate the premature damage risks within the 

eRoad structure, a load of 800 kPa is applied continuously on the eRoad 

surface for a time of 5000 s, representing 1 × 106 passes of a heavy vehicle 

wheel. The same loading scenarios that have been used above are used 

again for the parametric sweep in this analysis. The predicted 

distributions of plastic strain in the vertical direction Eyy and the damage 

scalar D  for some representative cases are plotted in Figure 21.  
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Figure 21 Distributions of vertical plastic strain (Eyy) and damage scalar D after 1 × 10
6
 

passes of heavy vehicle wheel loading (800 kPa, 5000 s) at different wheel locations: (a) w= 

-0.0 m,  (b) w= -0.12 m, (c) w= -0.18 m, (d) w= -0.20 m and (e) w= -0.24 m. 

Figure 21 (a) shows the distributions of plastic strain Eyy and damage 

scalar D  for the case when wheel tire is far away from the CU i.e. w= 0.0 

m, which are found to be very similar to those observed in the tRoad. 

However, when moving the wheel closer to the CU laterally, the 

permanent deformation in asphalt section increases, according to the rest 

cases in Figure 21. Specifically, significant plastic strain fields Eyy in 

compression are generated around the up-corner of the CU, replacing the 

tensile plastic deformations observed in the tRoad structure. Meanwhile, 

the magnitude of the damage D  increases drastically and with severe 

concentrations around the up-corner of the CU, which is maximally 0.16 

 

(a)w= 0.0m 

  

(b)w=-0.12m 

  

(c)w= -0.18m 

  

(d)w=-0.20m 

  

(e)w= -0.24m 
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for the case of w= -0.2 m. This result further confirms that compared to 

the tRoad, damage can be induced much easier in the asphalt-CU 

intersection regions of an eRoad without taking any protection measures, 

especially when the loading wheel approaches to the shoulder of the CU 

laterally.  

4.3.2 Optimization design of eRoad structures 

As indicated in section 4.3.1, the structural response under the traffic 

loading can be quite different from that of a tRoad, especially in the 

asphalt regions close to the CU. In this section, some structural 

optimization solutions are proposed and examined carefully, aiming to 

reduce the potential premature damage that an eRoad may experience in 

its early service life stage and with a special focus in asphalt layer. Given 

that von Mises stress and damage scalar D  can effectively reflect the 

critical stress state and extent of damage within asphalt material in a 

practical pavement structure, they are thus taken as important criteria for 

the eRoad structural optimizations proposed in this section. 

4.3.2.1 Geometry optimization of the CU 

As concluded in section 4.3.1, the intersection regions between CU and 

asphalt can be the weakest locations where stresses and permanent 

damages may concentrate and maximize. This can be potentially 

optimized by substituting the rectangular sharp corner of the CU by a 

fillet i.e. a rounding of exterior corner. A typical case of the new cross-

sectional geometry of eRoad structure is sketched in Figure 22 (a), while 

Figure 22 (b) shows the corresponding mesh generation. 

 

Figure 22 (a) Cross-sectional geometry of new eRoad structure with fillet optimization of CU 

and (b) FE mesh. 
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A parametric sweep study is carried out to investigate the 

effectiveness of using the fillet with varying radius r  of 3 cm, 6 cm, 9 cm 

and 12 cm respectively. A static load of 800 kPa is applied at a critical 

location with w  = -0.2 m on the eRoad surface, while the induced von 

Mises stress (800 kPa, 0.1 s) and the damage scalar D (800 kPa, 5000 s) 

distributions in the eRoad structure are shown in Figure 23.  

 

Figure 23 Distributions of von Mises stresses (800 kPa, 0.1 s) and damage scalar D (800 
kPa, 5000 s) within optimized eRoad structure, using circular fillet shape CU shoulder and 
with a radius of: (a) r= 3 cm, (b) r= 6 cm, (c) r= 9 cm, and (d) r= 12 cm. 

Figure 23 (a) (fillet r  = 3 cm) shows a significant reduction of the von 

Mises stress when compared to that before optimization in Figure 19 (e), 

reducing from the peak value of 1.34 MPa to 0.82 MPa. The rest cases in 

Figure 11 show that with an increase in the fillet radius, the amplitudes of 

von Mises stress and damage scalar D  further decrease. For the last case 

i.e. fillet r  = 12 cm in Figure 23 (d), the maximum values of von Mises 

stress and damage scalar D  are 0.69 MPa and 1.1 × 10-2 respectively, 

which are still higher than the observations in the tRoad but have been 

cut down significantly when compared to that before optimization. 

Therefore, it can be concluded that an introduction of the fillet shape of 

 

(a)r= 3cm 

  

(b)r= 6cm 

  

(c)r= 9cm 

  

(d)r= 12cm 
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CU shoulder can effectively reduce the damaging potential within the 

eRoad structure, which can be introduced relatively easily in a practical 

eRoad structural design. 

4.3.2.2 Stiffness optimization of the CU material 

Given that cement concrete is much stiffer than asphalt concrete material, 

alternative materials with relatively lower stiffness can be used in the 

prefabricated CU module in order to reduce the observed mechanical 

discontinuities. There is no standard regarding the suitable alternatives to 

be applied as module material, but can be such as high stiffness cement 

asphalt mortar (7 GPa ~ 10 GPa) (Wang et al. 2011) or custom-designed 

epoxy/sand mixtures mentioned previously in Figure 3 (b). To investigate 

the effectiveness, a parametric sweep study is performed over the 

optimized eRoad structure (fillet radius r  = 12 cm) by varying the 

stiffness modulus S  of CU from 30 GPa to 3 GPa and with the same 

Poisson’s ratio i.e. 0.2. The simulation results of von Mises stress fields 

(800 kPa, 0.1 s) and damage scalar D  (800 kPa, 5000 s) are plotted in 

Figure 24 (a) and (b) respectively. It can be seen in Figure 24 (a) that with 

decreasing the CU stiffness from 30 GPa to 3 GPa, the magnitude of von 

Mises stresses in asphalt layer close to the CU fillet decreases from 0.69 

MPa to 0.62 MPa, which is much closer to that in the tRoad. Reduction of 

the maximum damage scalar D  is also noted in Figure 24 (b), from 

1.1×10-2 to 0.9 × 10-2, which can be relevant with the stress observations 

in Figure 24 (a). Therefore, decreasing the stiffness of CU could further 

lower the amplitudes of critical stresses and permanent damages in 

asphalt layer. A premise of this solution should also be noted is that a 

reduction in stiffness of the CU would not influence the safety of the 

charging components within the CU. 
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Figure 24 Influences to the distributions of von Mises stresses (800 kPa, 0.1 s) and damage 

scalar D (800 kPa, 5000 s) by varying stiffness modulus of the CU: S1 =30 GPa, S2 = 1 GPa, 

S3 = 7 GPa and S4 = 3 GPa. 

4.3.2.3 Embedment depth optimization of the CU 

Another potential solution to reduce the concentrations of stresses or 

damages is to increase the distance between the wheel tire and the critical 

locations within the eRoad structure, which can be achieved by increasing 

the thickness of the asphalt layer. To evaluate this, a parametric sweep 

study is performed by increasing the gap distance d  between the CU 

(fillet radius r  = 12 cm) and pavement surface from 5 cm to 8 cm 

gradually, realized through changing the thickness of the asphalt layer 

from 19 cm to 22 cm, and with a stepwise of 1 cm. Using the same loading 

conditions, the results of the simulation for different eRoad 

configurations are presented in Figure 25. In this, a reduction of von 

Mises stress (800 kPa, 0.1 s) is observed from 0.69 MPa to 0.65 MPa by 

increasing the thickness of asphalt layer from 19 cm to 22 cm, which is a 

positive finding. However, the damage scalar D  distributions show an 

opposite trend, i.e. an increase in gap distance d  from 5 cm to 8 cm will 

 

(a) S=30 GPa 

  

(b) S=10 GPa 

  

(c) S=0.7 GPa 

  

(d) S=0.3 GPa 
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slightly increase the amplitude of damage D  (800 kPa, 5000 s) from 

1.08× 10-2 to 1.18 × 10-2 in asphalt close to the CU, as well as the area of 

the damage. This can be due to the changes in the plastic strain fields 

induced within this region, the amplitude of which goes up from 5.8 ×10-3 

to 6.6 × 10-3 when increasing d  from 5 cm to 8 cm. Therefore, an increase 

in gap distance d  will decrease the stress concentrations within the 

eRoad structure, but may increase the extent of permanent deformation 

and damage in asphalt section consisting of this specific type of asphalt 

material (it might be different for another type of asphalt). Moreover, an 

increase in depth of the embedment will increase the energy transfer 

distance between the CU and the receiving pad on the vehicle accordingly, 

which will adversely influence the performance of IPT charging system, 

e.g., power transfer efficiency (Musavi et al. 2012). Therefore, the 

effectiveness of increasing the thickness of asphalt layer to enhance the 

eRoad structural protection is unclear for the moment, and should be 

considered comprehensively in a practical eRoad design. 

 

Figure 25 Influences to the distributions of von Mises stresses (800 kPa, 0.1 s) and damage 

scalar D (800 kPa, 5000 s) by varying distance between the CU and pavement surface. 
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4.3.3 Some conclusions 

A series of simulations has been performed in this subsection to 

understand the structural responses of both traditional road (tRoad) and 

electrified road (eRoad) structures under traffic loading condition, in 

which the distributions of different stress, strain and damage fields are 

analysed meticulously. From these, it has been found that the critical 

locations inside the eRoad lie mainly in the asphalt regions close to the 

CU-asphalt intersections. Likewise, acceleration of damaging risk is 

observed as the vehicle wheel approaches the CU laterally, especially 

when the wheel tire edge arrives to the shoulder of the CU vertically. 

The simulations over the structural optimization solutions show: i) 

Using a fillet shape exterior corner for CU module design is very effective 

to reduce the stress and damage concentrations, while a larger fillet 

radius shows a higher reduction potential. ii) Using softer materials 

rather than rigid cement concrete can be another useful means to 

decrease the high stress fields induced within eRoad structure, and a 

reduction in permanent damage in asphalt layer is noted as well. iii) The 

effectiveness of increasing the gap distance between CU and pavement 

surface by means of increasing the thickness of asphalt layer is not very 

distinct and should be considered carefully from a more holistic point of 

view. 

4.4 Influence of wheel wander on eRoad pavement 
performance 

As indicated in the studies (Buiter et al. 1989, Hua and White 2002, 

Erlingsson, Said and McGarvey 2012), the wheel wander tends to be 

normally distributed with a standard deviation  , the value of which 

depends on many factors such as road geometry, weather conditions, and 

vehicle type. As already discussed in Chapter 2, this standard deviation   

may be reduced notably by the requirement of charging system in an 

eRoad or the change of steering control from manual to automatic. Hence, 

in this section a FE simulation study is further carried out to investigate 

the potential effect to the pavement (rutting) performance by this 

changed vehicle behavior. 
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4.4.1 FE modelling and simulation 

A common flexible pavement structure with two asphalt layers is chosen 

for the study, which is subjected to the loading of a single axle with dual 

tires (typical heavy vehicle loading). Instead of using the complex finite 

strain model, a simple creep model (Al-Qadi et al. 2009, White 2002, Li 

and Li 2012, Olsson, Zeng and Wiberg 2000, Fang et al. 2004) is used for 

predicting the inelastic deformation of asphalt layers and significant 

computational effort have been saved. This model is suitable for modeling 

the primary and secondary creep stages of deformation, which is also 

called Norton–Bailey model and expressed as 

 
m

cr nA t   , (22) 

where, cr is uniaxial equivalent creep strain rate;   is uniaxial 

equivalent deviatoric stress; A , m , and n  are material constants that 

should be determined from experiments; and t  is loading time. 

The material constants in this nonlinear creep model are usually 
determined by creep tests in a laboratory with different load levels. For 
the sake of simplicity, all the material properties and thicknesses of 
individual layers for this simulation are chosen from literature and listed 
in Table 2.  
 
Table 2 Material properties defined in the FE Model 

Pavement 

layer 

Thickness 

[cm] 

Stiffness 

[MPa] 

Poisson’s 

ratio v 

Constants in creep 

model, at 40 °C. 

Surface 

course 
4 4000 0.35 

A = 1.446e-8,  

m = 0.792, n = -0.577 

Binder 

course  
15 5000 0.35 

A = 3.673e-8,  

m = 0.773, n = -0.570 

Base 10 300 0.35 - 

Subbase  50 160 0.35 - 

Subgrade  521 100 0.35 - 

 

An standard axial load of 100 kN with the tire contact pressure of 

700kPa was used, while the distance between the centres of the dual tires 

was 0.33 m. The lane width is assumed to be 3.25 m with a standard 

deviation   of 0.26 m, and the probability density P(x) within the range 

of x = ±2   is used, which accounts for more than 95% of the total loading 
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time. For dual-tire loading, the total loading times for the individual 

elements (segregated with 0.033 m width) on pavement surface are 

superposed using the method given in (Hua and White 2002), an 

illustration of which is shown in Figure 26. During the simulation, the 

loading condition is modelled as applying the loads simultaneously on the 

related elements with the corresponding loading times. Abaqus software 

is used for conducting the simulations and more detailed descriptions of 

the used FE model can be found in attached Paper IV. 

 

Figure 26 Superposition of loading time probability distribution P(x) for dual-tire loading 

4.4.2 Case studies and discussions 

To assess the consequential effect on the pavement rutting performance 

by reduced wheel wander, a parametric study is performed by specifying a 

wander distance of 0.26 m, 0.20 m, 0.10 m, 0.05 m, and 0 m for normal 

vehicles. The loading times on different elements after 5.0 × 105 passes of 

heavy vehicles with a speed of 100 km/h are calculated for different 

wander distance levels, using the superposition method aforementioned. 

The resulting loading time distributions are plotted in Figure 27. For 

example, a constant loading time of 1620 s on a total of 12 segregated 

elements was applied simultaneously at the wander distance of 0 m, 

suggesting there is no lateral movement of the tire in the transverse 

direction of the road lane. One must also keep in mind that the 

summation of the total loading time on all loaded elements should be 

equal for all the cases, since the number of passes is fixed. 

Transverse direction 

P(x)  
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Figure 27 Loading time distributions for different levels of wheel wander distance. 

The loading time distributions shown in Figure 27 are further 

imported into the FE model, and Figure 28 shows the simulation results 

of the accumulated creep strain (CE) distribution in the deformed 

pavement structure. The maximum rut depth is calculated for different 

levels of wander distance as well, which is determined by the sum of the 

accumulated creep strain in the sublayers multiplied by the 

corresponding thicknesses (Abu Al-Rub et al. 2012). 



4. Structural analysis of the eRoad system│56 

 

 

Figure 28 Profiles of the deformed pavement structure (with a scale factor of 10) and 

distributions of the accumulated creep strain (CE22) at different levels of wheel wander.  

The simulation results show that when the wander distance is 

decreased gradually, the most damaged area becomes more concentrated 

in the center of the lane and the accumulated maximum rut depth 

increases significantly as well. For instance, the maximum rut depth is 

0.43 mm for 0.26 m wander distance and it comes up to 1.19 mm for 0-m 

wander distance. In this sense, if an IPT system has strict lateral 

misalignment requirement for the receiving pad (on the vehicle) or a 

highly accurate steering control is achieved by autonomous driving, it 

may possibly  accelerate the pavement rutting damage significantly when 

compared to that of normal vehicles. However, this reduced wheel 

wander may require a reduced width of road lane, which can save space 

and infrastructure related economic and environmental costs on the other 

hand. Therefore, it’s important to make the final judgement of these 

influences by changed vehicle behaviors from a more holistic point of 

view. 
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5. Wireless power loss in eRoad pavement 
material 

This Chapter is focusing on the potential wireless power loss caused 

within eRoad structure after the embedment. As already discussed in 

Chapter 3, this (dielectric) power loss is governed by both the dielectric 

properties of the lossy medium and the excited electric fields. In this 

Chapter, an energy loss prediction method will be proposed firstly, 

together with an experimental method for the dielectric measurement of 

pavement materials. Thereafter, the dielectric measurement results of 

typical pavement materials and thus the predicted wireless power loss 

induced within the eRoad structure will be discussed. 

5.1 Prediction of power loss in eRoad surfacing layer 

5.1.1 A simplified power prediction model 

For a typical IPT system, time-varying magnetic fields are produced by 

the primary conductive coils and guided by the ferrite core materials 

during its working process, shown in Figure 29 (a). As illustrated in 

Figure 29 (b), in the simplified model the distributions of these magnetic 

fields in the region just above the coil are assumed to be a uniformed 

pattern. Specifically, this simple pattern assumes that the produced 

magnetic flux   is uniformly distributed at radius cr R  and oppositely 

directed at 0cR r R  . In order for all the magnetic field to flow and 

return within this area, one can expect 0 2 cR R . 



5. Wireless power loss in eRoad pavement material│58 

 

 

Figure 29 (a) Axisymmetric cross-section view of the simplified IPT system for eRoad 

application; (b) Top-view of field pattern, assuming uniform flux-density B throughout the 

plane, but reversed direction outside versus inside the coil’s radius. 

The magnetic flux density B  is assumed to be sinusoidal at angular 

frequency  . The magnitude of induced electric field E  at any point 

around a circle with radius r  can therefore be calculated as 

  21 1 1

2 2 2 2

d dB r dB
E r r r B

r dt r dt dt
 

 


    ,              (23) 

where,   is the total magnetic flux enclosed in the circle, which is the 

surface integral of the normal component of the magnetic flux density B  

i.e. 2r B  . When a simple dielectric material is exposed to a 

sinusoidal electric field  E r , at cr R  the power loss per unit volume 

can be expressed (see Eq.(3)) as 

   
2 2 3 2

0 0

1

4
v r rP r E r '' r B ''       . (24) 

For a given thickness z  of pavement surfacing layer over the coil unit, the 

total power loss within the disc of radius cR  is the integral over all this 

pavement volume 

2 3 2 3 2 4
0 0

0

1 1
2

4 8

Rc

r Rc r c rP z r B '' rdr z B R ''          .       (25) 
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A similar procedure can be used to calculate the power loss in the other 

region, i.e. 0cR r R  . Given that the total flux enclosed by a circle of 

radius decreases as r  increases and comes to zero when 0r R , the 

electric field magnitude at radius r  is thus 

      2 2 2 2 21 1
2

2 2 2
c c c

d d B
E r R B r R B R r

r dt r dt r


  

 


      . (26) 

The power loss over the volume of this annulus of pavement, i.e. 

0cR r R  , can be calculated as 

 
0

0

2
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2 2 4 3 2
0 02 2 ln256 -5

2 8

C

C
C

R R

R r R C r c r
R

B
P R r '' rdr ( )R z B ''

r

 
      



     .(27) 

The total power loss caused in the whole region of, 0r R , is then 

0 0

4 3 2
00 2

c cr R r R R r R c rP P P . R z B ''        . (28) 

5.1.2 Dielectric spectroscopy measurement method 

The proposed analytic solution for the power loss prediction indicates 

that the dielectric loss factor r''  of the medium is a direct factor for the 

assessment. However, the dielectric properties of common pavement 

materials in the working frequency range of typical IPT systems, normally 

from 10 kHz to 200 kHz, have not been well characterized in existing 

references. To solve this problem, a measurement study of the dielectric 

properties of typical pavement materials, i.e. asphalt concrete (AC) and 

Portland cement concrete (PCC), is further performed in this research. 

Details of the measurement method and the experimental results are 

presented in this section. 

5.1.2.1 Dielectric measurement method and equipment 

The parallel plate capacitor method is chosen to measure the dielectric 

properties of pavement materials for this study. The theoretical principle 

of this method is that when an electric field is applied across a parallel 

plate capacitor containing a dielectric, the atom and molecular charges in 

the dielectric are displaced from their equilibrium positions and the 

material is said to be polarized. This behavior can be characterized by the 

complex relative permittivity r  as 
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r r r' i ''    , (29) 

where, r' is the dielectric constant, a measurement of how much 

polarizability of a material in an electric field; r''  is dielectric loss factor, 

a measure of how dissipative a material is in an electric field. For many 

heterogeneous materials, the dielectric loss factor in radio frequency 

range normally consists of two parts: 1) the pure dielectric loss caused by 

dipoles’ localized movements; and 2) the ionic/electron conduction loss 

that is significant at low radio frequency level, especially in the presence 

of moisture. 

During a practical measurement using the parallel plate capacitor 

method, the capacitance C  and dissipation factor/loss tangent tan  are 

recorded at step-wise varied frequency, based on which the dielectric 

constant r'  and dielectric loss factor r''  can be calculated through the 

following equations (9) and (10): 

0r

A
C '

d
   , (30) 

tanr r'' '   ,  (31) 

where, C  is the measured capacitance; 0 is the free-space permittivity, 

8.85×10-12 F/m; A  is the cross section area of the specimen; and d  is the 

distance between the two parallel electrodes, i.e. the thickness of the 

specimen. 

As shown in the following Figure 30 (a), the measurement equipment 

is a HP 4284A Precision LCR Meter with a frequency range of 102 Hz ~ 

106 Hz, which covers the working frequencies of typical IPT systems. A 

custom-designed test cell has been developed for the measurement in this 

work, the main advantage of which is the introduction of a cylindrical 

electrode that is suitable for measurement of both liquids and solids. It is 

known that for parallel capacitor plate method, the measured permittivity 

is normally higher than the real permittivity of the material if not 

considering the influences from the fringing (stray) electric fields. An 

annular shape grounded electrode is thus introduced around the disc 

plate electrode on the top, causing the fringing electric fields to be largely 

shielded. Further calibration of the test cell has been performed as well to 

enhance the measurement accuracy, based on measurement with only air, 
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of well-known permittivity, present in the cell. More details about the test 

cell and its calibration can be found in Paper V.  

 

Figure 30 (a) Dielectric spectroscopy measurement device: LCR Meter and custom-

designed test cell; (b) AC (ABS, ABB and AG) materials and PCC material. 

5.1.2.2 Material and test preparations 

There is no standard or consensus regarding the suitable materials for 

eRoad surfacing layer. Typical asphalt concrete (AC) and Portland cement 

concrete (PCC) materials are thus selected as a first attempt for the 

dielectric measurement. Asphalt mixtures with three different aggregate 

gradations and one PCC mixture have been produced in the laboratory. 

The three types of AC mixtures, named ABS, ABB and AG, are compacted 

to meet the Swedish standards for asphalt surface course, binder course, 

and base layers respectively. The ABS has a maximum aggregate (granite) 

size of 16 mm while ABB and AG have the maximum size of 22 mm. The 

PCC mixtures are produced using aggregates with a maximum size of 16 

mm, with the water to cement ratio (w/c) of 0.4 ~ 0.5 and air void 

content in the range of 4.5% ~ 6%. The produced AC samples have a 

diameter of 100 mm and thickness of 15 mm, and the PCC samples have a 

size of 100 mm × 100 mm × 10 mm. Three replicate samples for each type 

of material are prepared for the measurement at room temperature i.e. 

20oC; these are shown in Figure 30 (b). Meanwhile, it is well-known that 

moisture could play a most significant role in increasing the dielectric loss 

of materials. Several studies (Jaselskis, Grigas and Brilingas 2003, Plati 

and Loizos 2013, Subeda and Chatterjee 1993) have observed that 

moisture could influence the permittivity behaviors of typical asphalt 

ABB ABS

  

AG PCC 

(a) (b) 
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materials in a wide frequency range. To include this moisture effect into 

the study, a simple water conditioning test was conducted in parallel with 

the dielectric measurement. All the AC and PCC samples were immersed 

in a water container at room temperature (i.e. 20 oC) and this 

environment was maintained to be constant. Given the fact that the 

moisture diffusion in asphalt mixture is a continuous and long process 

(Kringos et al. 2008, Varveri, Avgerinopoulos and Scarpas 2016), the 

specimens are conditioned in the water for a relatively long period of 35 

days. During this conditioning period, the weight changes were recorded 

four times at a saturated surface dry state, as well as for the dielectric 

measurement.  

5.2 Dielectric measurement results of AC and PCC 
materials 

The dielectric loss factor r''  results for both AC and PCC materials are 

presented in Figure 31, which are based on the averaged measurement 

results of the three replicates for each type of material. In this, the results 

of AC materials in Figure 31 (a), (b) and (c) suggest: 1) all three types of 

AC materials possess a low dielectric loss factor when in their complete 

dry states, which are below 1 and show little dependence on frequency in 

the selected range; 2) The dielectric loss factor r''  for all AC materials 

increase notably when subjected to water infiltration, and a significant 

dependence on conditioning time i.e. moisture content is observed. Given 

that the moisture content in PCC material keeps almost constant with 

increasing the conditioning time, the dielectric loss factor results of PCC 

is given thus only for the dry state and final wet state after 35 days of 

water conditioning, shown in Figure 31 (d). It can be seen that the r''  of 

PCC material is higher than that of AC materials in dry state, which 

increases significantly as well after water conditioning.  

These measured dielectric loss factor results will serve as important 

inputs for the power loss assessment in the next section. 
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Figure 31 Experimental measurements of dielectric loss factor of road materials (a) ABS, (b) 

ABB, (c) AG and (d) PCC, at different levels of moisture conditioning. 

5.3 Predictions of the power loss caused by pavement 
materials 

During the wireless power transferring process of an IPT system, strong 

time-varying magnetic fluxes are excited by the high-frequency electric 

current 1I   carried by the conductive coils in the primary charging system 

that embedded within the eRoad. These magnetic fluxes pass through the 

pavement surfacing layer and open air mediums, and some proportion 

further passes through the inner circle of secondary coils, allowing a 

voltage sV  to be produced (Faraday’s law). This relation can be expressed 

as a function of the mutual inductance M   between the two sets of coils 

1

sV
M

i I
  , (32) 
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where, sV  is the induced voltage in the secondary coil,   is the angular 

frequency, 1I  is the current in primary coil, and i  is the imaginary unit.  

The output power of an IPT system can be qualified by open circuit 

voltage sV  and short circuit current sI  of the receiver pad i.e. secondary 

coil, as well as the quality factor Q   (Boys, Covic and Green 2000, Budhia 

et al. 2011a). This output power can be further rewritten as a function of 

power supply 2

1I , magnetic coupling 2

2M / L and the quality factor Q  

21
1

2
2

2
1s sout

MI
V I Q MI Q QLI M

L
P    ,  (33) 

where 2L  is the self-inductance of the secondary coil. 

It can be seen from the Eq.(33) that, the power transfer capability of 

an IPT system is very sensitive to the mutual inductance M , which is 

further depending on many other factors, such as the layout design of the 

conductive coils and ferrite shaping materials in the charging and 

receiving systems, as well as the spatial gap distance and misalignment 

between the primary charging pad and secondary receiving pad. The 

analytic model (Eq.(28)) shows that the power loss is a function of the 

size (radius) of the primary conductive coils, the amplitude of the 

‘uniform’ magnetic flux density B , and the dielectric loss factor of the 

medium. To be able to predict reasonably the power loss caused by 

dielectric pavement materials, a short survey is performed to review the 

typical IPT systems that have been developed as possible alternatives for 

eRoad applications. Some key performance parameters of these systems, 

especially the ones that are important for the dielectric loss prediction, 

are summarized in Table 3. 

Table 3 Survey of some available IPT charging systems with eRoad application potential 

Literature Frequency 
Output 
power 

Gap 
distance 

Max. B 
Pad size 
(diameter) 

(Kurschner and 
Rathge 2008) 

100 kHz 1 kW <13 cm 0.1 mT 100 mm 

(Nagatsuka et al. 
2010) 

20 kHz 1.5 kW < 7 cm 0.1 mT 250 mm 

(Huang et al. 2009, 
Budhia et al. 2011a) 

10~40 kHz 2 kW < 4 cm 0.3 mT 420 mm 

(Wu et al. 2012) 20 kHz 5 kW <20 cm 0.12mT 780 mm 
(Budhia et al. 
2011b) 

20 kHz 7 kW <12.5 cm ~2 mT 700 mm 

(Rim 2013)  ~20 kHz 25 kW < 20 cm ~1.8mT 
Not 
available 
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Based on the performance parameters of typical IPT systems 

summarized in Table 3, the following assumptions are made to assess the 

magnitude of the potential power loss caused within the eRoad in a 

reasonable way: 1) radius of the rounded conductive coils cR  = 400 mm; 

2) thickness of the covering overlay z  = 5 cm; 3) magnitude of the 

magnetic flux density B  = 1 mT (uniformly distributed).  According to 

Eq.(28), the power loss prediction is thereafter essentially governed by 

the dielectric loss factor of the pavement materials (AC and PCC), which 

are frequency and moisture dependent. By substituting the dielectric loss 

factor results presented in Figure 31 into Eq.(28), the wireless power loss 

caused by AC material (only ABS, typical pavement surfacing material) 

and PCC material are calculated and further plotted with respect to the 

frequency in Figure 32. 

 

Figure 32 Prediction results of power loss within dielectric eRoad materials under certain 

assumptions 

Figure 32 shows that the amplitudes of the power loss within AC and 

PCC materials (in both dry and wet states) are strongly frequency 

dependent, i.e. an increase in frequency will increase the power loss 

significantly. It is anticipated that the IPT charging system should be 
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designed to deliver large amounts of power, e.g. > 10 kW (Nagendra et al. 

2014), to be able to make it a very real candidate for dynamic applications 

in an eRoad. Therefore, this potential power loss is lower than 0.1 W 

when the frequency is below 200 kHz, which is actually very small when 

compared to the transferred power. Megahertz level frequency is found in 

newly developed IPT technology using strongly coupled magnetic 

resonances (Kurs et al. 2007), which has the advantage of the increased 

tolerance of wireless transfer distance. However, this technology is still in 

the early development stage (Wei, Wang and Dai 2014) and its 

application potential in an eRoad is unclear for the moment. Overall, it 

seems the potential power loss caused by dielectric pavement materials is 

very small and could hardly influence the transfer efficiency of current 

IPT systems for eRoad applications.  

Some further indications from the study include: i) The power loss is 

strongly sensitive to the amplitude of magnetic flux density B  , e.g. an 

increase in B  from 0.1 mT to 1 mT will increase the dielectric loss by 100 

times (Eq.(28)), if other parameters are fixed; ii) AC materials (e.g. ABS) 

induce much less power loss than that of PCC material in both dry and 

wet states; iii) moisture is a significant factor that contributes to the 

increase in dielectric loss for both AC and PCC materials.  

5.4 Some conclusions 

The dielectric power loss, in the tested pavement materials when time-

varying magnetic fluxes pass through, is very small when compared to the 

transferred power for a typical IPT system. In other words, this dielectric 

loss is unlikely to cause a substantial decrease of energy transfer 

efficiency of a current IPT system, which is actually a positive finding. 

Nevertheless, if large scale of deployment of dynamic wireless charging 

solutions becomes a reality in the future, it is still meaningful to try to 

minimize this energy loss. The following points could be considered: i) 

the power loss is strongly dependent on the working frequency of the 

system and the amplitude of magnetic flux density, an increase of which 

will significantly increase the power loss of this type; ii) moisture appears 

to be a significant influence factor that may increase dielectric loss, which 

means that waterproof consideration for an eRoad design can be useful at 

some point; and iii) AC materials induce less power loss than that of PCC 

material, under both dry and wet conditions. 
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6. Conclusions and recommendations 

In recent years, many new advances have been under investigation to 

make our physical roads not only serve for the mobility of vehicles but 

also be more functional or ‘smart’. To ensure the sustainable 

implementation of these advances, the consequences and possible 

modifications of the physical road infrastructure must also be taken into 

account. Having this concern in mind, this Thesis dealt with one 

representative case of a future smart road solution, which is the 

electrified road (called ‘eRoad’) that allows charging Electric Vehicles 

(EVs) dynamically, i.e. when they are moving along the roadway. The goal 

of the research was to achieve a sustainable implementation of the 

electrified roads (eRoads) into society from the infrastructure’s 

perspective. Given the promise of the dynamic Inductive Power Transfer 

(IPT) technology for eRoad applications, the potential knowledge gaps for 

a successful integration of this technology into the physical road structure 

have been identified and analysed, arising from two main aspects: i) the 

influences to the eRoad structural performance, because of the embedded 

IPT system equipment; and ii) the potential effect to the performance of 

the IPT system by the wireless power loss caused within eRoad structure 

after the integration. 

The conclusions of the analyses and some recommendations towards 

a possible continuation of the research are presented in this last Chapter. 

6.1 Conclusions 

To properly design an eRoad with good service performance in the future, 

it is important to understand firstly the mechanical response of the 

structure under typical operational conditions. Therefore, a mechanistic 

approach suitable for analyzing the composite road structure, like an 

eRoad, is first developed in this research. This approach mainly relies on 

numerical modeling via the Finite Element Method (FEM) and an 

advanced finite strain constitutive model for asphalt material.  

Thereafter, a series of simulation studies are performed to investigate 

the structural response of the considered eRoad structure that follows the 

prefabrication-based trench way of construction. From these analyses it 

has been found that the critical stress/strain locations inside the eRoad 

lie mainly in the asphalt regions close to the intersection with the 
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Charging Unit (CU); acceleration of damage risk is observed as the 

vehicle wheel approaches the CU laterally, especially when the wheel tire 

edge arrives to the shoulder of the CU vertically. Meanwhile, it is possible 

to reduce the damage concentrations within eRoad structure through 

optimizing the geometry and material properties of the CU properly.   

Influences to the eRoad pavement performance by the changed 

vehicle behavior are further explored. From this, the FE simulation 

results show that if an IPT system has strict lateral misalignment 

requirement for the receiving pad (on the vehicle) or a highly accurate 

steering control is achieved by autonomous driving, it may possibly 

accelerate the pavement rutting damage when compared to that of 

normal vehicles. Therefore, the changed vehicle behavior could affect the 

pavement performance, which should be given special attention before 

the advent of large scale deployment of automated and/or electrically 

propelled vehicles. 

Additionally, an assessment of the potential wireless power loss 

induced by pavement surfacing materials when time-varying magnetic 

fluxes pass through is further performed. The prediction results show that 

this power loss within the eRoad structure is actually very small when 

compared to the transferred power for a typical IPT system. In this regard, 

the integration is unlikely to cause a substantial decrease of the power 

transfer efficiency of a current IPT system, which is actually a positive 

finding. 

Overall, this Thesis provides some important insight and support for 

the eRoads’ implementation into the practice.  

6.2 Future recommendations 

To continue with the research that has been dealt with in this Thesis, the 

following aspects are worth further exploring. 

Firstly, the asphalt constitutive model that has been developed in the 

study can be improved to take other coupled environmental effects into 

account. Asphalt material normally possesses very complex mechanistic 

behaviour in its real service life, which is not only influenced by the traffic 

loading condition but also greatly by the physico-chemical changes within 

the material such as ageing (oxidation), healing or moisture induced 

damage. This has not been taken into consideration in this Thesis, yet the 

developed model is certainly suitable to include such phenomena. 
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Furthermore, more realistic numerical simulations can be explored 

for eRoad structural analyses: i) the CU-Asphalt interfaces have been 

assumed to be tied without sliding, which is not necessarily true and the 

bonding failure at the interfaces normally brings negative influences to 

the pavement performance; ii) the thermal loading due to the 

temperature gradients could also influence the pavement performance, 

which should be covered in future studies as well; iii) it is important to 

investigate more eRoad solutions to get a comprehensive overview of 

optimization and mitigation measures. 

Additionally, if the reduction in wheel wander distance is significant 

by enabling these new advances (on-the-road charging, autonomous 

driving), solutions for reducing the negative consequences to the 

pavement rutting performance should be considered. The influences by 

other vehicle behaviours can also be explored in the future, which are 

actually not necessarily negative. For instance, automatic speed control 

may smooth out the vehicle acceleration and deceleration profiles and 

thus reduce the pavement shoving or corrugation potential, especially 

near the intersections. 

Moreover, to gain further insight into the electromagnetic losses in an 

IPT-based eRoad, the following points are suggested: 1) The dielectric 

properties of other types of pavement materials can be further measured, 

such as porous asphalt mixtures which possess higher moisture ingress 

potential, as well as new asphalt mixtures with alternative aggregates (e.g., 

steel slag) that have unknown permittivity behaviors; 2) the dielectric 

properties of pavement materials may also be affected by temperature 

fluctuations throughout the year or the ingress of de-icing materials (e.g., 

Sodium chloride or Calcium chloride) in winter, which can be further 

measured; 3) if a road material possesses significant magnetic properties, 

it may have a direct magnetic polarization loss besides the electrical loss 

that was studied in this work. Therefore, a method can be developed to 

predict this magnetic loss, based on the known or measured magnetic 

properties of pavement materials. 

Finally, given the broadness of the topic, there are still many other 

cross-disciplinary areas that have not been covered in this Thesis but can 

be significant as well, such as maintenance strategies for the technology 

and the physical roads, Electromagnetic (EM) safety, as well as the life 

cycle performances of the system as a whole. The challenges related to a 

continuous electrified transportation network (i.e. between countries), 

which will certainly be decisive for the long term economic benefit of 
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electrified roads (e.g. for transportation companies) or the larger impact 

to the environment (due to the scaling effect), should also be addressed. 

Other matters, such as legal consideration when the system failed have 

also not been considered, but will certainly also be an import part of the 

puzzle that will decide if our future society will invest in eRoads on a 

larger scale. 
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