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network consists in prefabricated Charging Units (CU) embedded into the road pavement,
generating additional questions related to the structural life of the pavements in which the CU are
located. Moreover, even if in the available literature few studies describe the structural response
of e-road, the long-term performances of pavements are not fully investigated. This is the reason
why this research analyzes fatigue behavior of electrified road (e-road) in comparison with
traditional road (t-road). In particular, the study is devoted to identifying the number of critical
load cycles leading to failure an e-road pavement. As a second stage, the theoretical and numerical
results are verified applying the findings obtained during the first stage of the research to a real
case study: Viale Forlanini in Milan (Italy), which is an important two carriageway road con-
necting the city center to the Linate airport. As a result of these analyzes, interesting outcomes
were obtained regarding the fatigue effects of embedding CU into road pavement, estimating the
service life and demonstrating that CU seems to be compatible with the structural effectiveness of
the pavement, as also confirmed by the case study results.

1. Introduction

A potential solution to improving the environmental sustainability of the transportation systems over the incoming years is the use
of Battery Electric Vehicles (BEV), that are entirely powered by batteries. In order to charge BEV, on-the-road (dynamic) charging
appears to be a promising solution, that overcomes long waiting time and range anxiety [1]. This on-the-road charging system requires
anew charging infrastructure network. In other words, a change of roads paradigm is needed, therefore traditional roads (t-roads) have
to switch into electrified roads (e-roads). Regarding the charging systems, which are not the focus of this paper, the available literature
suggests that the Wireless Power Transmission systems (such as Inductive Power Transfer) are contactless charging technologies, that
deliver electrical energy to BEV at a gap distance [1]. From a road point of view, it implies that prefabricated Charging Units (CUs)
must be embedded into the road pavements with the goal of creating the aforementioned on-the-road charging system. Each CU is a
cement concrete box, in which the electric technologies are allocated, opened on the two sides close to the other CU [1].

In the available literature few studies describe the structural response of e-road, without considering long-term performances of
pavements. Therefore, based on previous research of the authors [1], the objective of this investigation is to analyze fatigue behavior of
e-road in comparison with t-road. Using a Finite Element Model (FEM), stresses and strains are determined for different cross-sectional
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geometries: t-road, e-road solid CU (CU as a solid box, according to the way in which it is simulated by the available literature [2]) and
e-road_void CU (having a void for allocating the electric technologies).

2. Literature review

Fatigue cracking is a structural distress that leads to a reduction in the serviceability of asphalt pavement, resulting from the
repeated application of traffic loads lower than the tensile strength of the materials [3].

Fatigue cracking simulation is based on the cumulative damage concept given by Miner’s approach [4]. The incremental Damage
Index (DI) is calculated as the ratio of the actual number of traffic repetitions to the allowable number of axle loads -Eq. (1)-. Ideally,
fatigue cracking should occur at DI equal to 1 [4].

T
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Where:

DI = Damage Index;

T = total number of periods;

n; = actual number of traffic repetitions in period i;

Nj; = allowable number of axle loads (that leads to failure) in period i.

The most used model to calculate the allowable number of axle loads Ny is a function of the tensile strain and mix stiffness, as the
one developed by the Asphalt Institute -Eq. (2)- [4].
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Where:

C = laboratory to field adjustment factor;

V), = effective binder content by volume(%);

V, = air voids in the HMA mixture(%);

& = horizontal tensile strain at the critical location;

E = stiffness of Hot Mix Asphalt (HMA) measured in [psil;

0.00432, 3.291 and 0.854 = laboratory regression coefficient.

The Asphalt Institute 9th Edition of the Design Manual introduced a field calibration factor for adjusting the laboratory results to
the field responses -Eq. (3)- [4]. In the following, this model will be the Standard Model.

N; =0.00432 +18.4+C- <l> 31 (1> 0854 3)
& E

Historically, fatigue cracking is considered to initiate at the bottom of the asphalt layer due to excessive tensile stresses/strains, and
then to propagate upwards to the surface (bottom-up or alligator cracking). However, many laboratory investigations and in-situ
studies have shown that fatigue cracking can also start at the surface of the pavements and then propagate downwards through the
asphalt layer (top-down or longitudinal cracking) [3,5]. Therefore, both cases may exist, depending on the location of the maximum
horizontal tensile strains in the asphalt layer. Several factors influence the tensile stress-strain fatigue behavior of pavements affecting
the mechanism of crack initiation, such as tire-pavement contact pressure, pavement structure and layers mechanical characteristics
[5]. In particular, some studies detect the critical location of top-down cracking near or within the tire-pavement contact area [5,6].

Therefore, a new formulation of the model to calculate Ny -Eq. (4)- was proposed by AASHTO in MEPDG [7] to predict both types of
load related cracks: bottom-up and top-down cracking.

1 1
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Where:
Cy = thickness correction term, dependent on type of cracking.
For bottom-up cracking -Eq. (5)-:

1

Cy = 5
" 0.000398 + R ©
For top-down cracking -Eq. (6)-:
1
Cy (6)
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Where:
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Solid CU

Fig. 1. Cross-sectional geometry (a) t-road (b) e-road_solid CU (c) e-road_void CU [1].

T1at=0.28m
0.24m x 0.03m

Lt Tuww-0.0im

Fig. 2. Void CU details [1].

1.56 m

0.8 N/mm?

Fig. 3. Load positions (a) centered on CU (b) CU edge (c) CU center [1].

Table 1
Layers and key material main characteristics [1].
Wearing Course Binder Course Cement stabilized subbase Subgrade Concrete CU
Thickness [m] 0.05 0.14 0.30 6.00 0.14
Bulk density [N/m?] 24,000 23,500 23,000 21,000 23,000
Young’s modulus [N/mm?] 5500 3500 2000 800 25,000
Poisson’s Ratio [-] 0.35 0.35 0.20 0.30 0.20

Hpua = total HMA thickness in [in].
3. Objectives

The present study is divided in two stages. The goal of the first one is to describe fatigue cracking from a general point of view.
Therefore, different cross-sectional geometries (t-road and e-road) are analyzed using three fatigue cracking models (standard, bottom-
up and top-down). In detail, the objectives of this first stage are: (i) the identification of the appropriate model, also verified by its
application on a real case-study (the second part of this research); (ii) the calculation of the number of the critical load cycles leading to
failure; (iii) the evaluation of CU effect on the pavement performances.

Based on these results, the second phase is devoted to validate the achievements of the first one by applying them to a real case
study carried out on Viale Forlanini in Milan (Italy), which is an important two carriageway road, connecting the city center to the
Linate airport. Therefore, the cross-sectional geometries are analyzed using real traffic loads and bituminous mixtures for wearing/
binder courses (previous studied in [8,9]). The actual traffic is compared with the critical load cycles of the first phase to evaluate the
long-term effects of CU into pavement as regard long-term (fatigue) performances.
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Table 2
Young’s modulus of asphalt layers at different seasons.

Young’s modulus [N/mm?]

E (spring/autumn) E + 50% (winter) E-50% (summer)
Asphalt layers Wearing course 5,500 8,250 2,750
Binder course 3,500 5,250 1,750
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Fig. 4. Distribution of horizontal strains e of e-road_void CU at different seasons and different load positions.

4. General assessment of fatigue cracking
4.1. Methodology

Three cross-sectional geometries are analyzed, as indicated in Fig. 1: t-road, e-road solid CU and e-road void CU, whose cavity
dimension is shown in Fig. 2. Moreover, different load positions are considered to explain cross wander distance compared to CU
(0.80 m in width and 0.14 m in height) location, as presented in Fig. 3. Table 1 summarized the main characteristics of each layer, in
terms of thickness and material properties. More details regarding geometry and materials, wheel pressure (0.8 N/mm?) and boundary
conditions are given in [1].

Since the characteristics of each layer are based on typical materials properties [1], to evaluate the asphalt layers behavior at low
(winter) and high (summer) temperatures, Young’s modulus at 20 °C was increased and decreased by 50% respectively, as reported in
Table 2.

Based on these conditions, 9 simulations are carried out using a Finite Element Model (FEM) software -COMSOL Multiphysics 5.5-
to calculate stresses and strains throughout the domain at each temperature (total of 27 simulations). Complete adherence between
superimposed layers was assumed.

As regard long-term performances of pavements, fatigue cracking prediction is based on Miner’s law -Eq. (1)-, that is made clear in
Eq. (7) considering the behavior in each season of the year.
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Table 3
Depth of €4y max @E-50% (summer).
Depth of exy max [m] Load positions
centered on CU CU edge CU center
cross-sectional geometries t-road -0.116 -0.104 -0.117
e-road_solid CU -0.109 -0.113 -0.106
e-road void CU -0.109 -0.19 (CU) -0.12 (CU)
FEM simulations o q
(3 geometries x 3 load positions x 3 temperatures) LEBIOGEE ABIIE
{ ! ! _ 1
@interface (@critical sections ‘ Standard ‘ Bottom-uﬂ
I Max horizontal tensile strains &, for each simulation | | Allowable number of axle loads Nf; |
Miner’s law
DI=Y =1
Nfi
| Critical load cycles n; |
Fig. 5. Experimental plan flow diagram of the general part.
DI — Z i Mty | MMy MMl 5oy, {5em n 15*Mp/a e

A Nf.i B Nf,winter Nf,summer Nf,:pring/aummn B Nf,wimer Nf.:ummcr Nf.spring/aurumn
Where:

DI = Damage Index;

n;= actual number of traffic repetitions in each season;

m; = number of months in each season;

Ng; = allowable number of axle loads (that leads to failure) in each season, calculated with the three models;

m,, = number of months in winter in one year, equal to 3;

ms = number of months in summer in one year, equal to 3;

mg, = number of months in spring and autumn in one year, equal to 6;

n = actual number of traffic repetitions, equally distributed in each season;

12 = number of months in one year.

As reported in Section 2, theoretically, fatigue cracking should occur at DI equal to 1. Therefore, the objective is the calculation of

the actual number of traffic repetitions n that leads to that damage value -Eq. (8)-.

n=12 'Nf,w[nter 'Nf,summer 'Nf,spring/aummn

my, 'Nf.summer 'Nf.spr[ng/m(mnm =+ my 'Nf,winter ‘Nf,spring/au&umn + Myp/a 'Nf,winter N summer

®

The allowable number of axle loads Ny, is calculated using the three models (standard, bottom-up and top-down) described in

Section 2. Recalling the expressions of the formulas of Ny; (Eq. (3) - Eq. (6)) the following data are used:

- &: horizontal tensile strains obtained as outputs of the FEM simulations, depending on cross sectional geometries, load positions

and seasons (an example is given in Fig. 4);
- E: stiffness of the HMA depending on seasons (as described in Table 2);

- Vp: effective binder content equal to 5% (in the recommended range of the Italian Specification for asphalt layer [10]);
- Vg air voids content equal to 4% (higher than the inferior limit defined in the Italian Specification for asphalt layer [10]);

- Hppa: total HMA thickness equal to 0.19 m (0.05 m of wearing course and 0.14 m of binder course [1]).

A representative case of strains is shown in Fig. 4, in which horizontal strains ey of e-road void CU are presented for different
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Fig. 6. Number of traffic repetitions n corresponding to DI = 1.

seasons according to the three load positions previously detailed. The FEM results reveal that the horizontal strains €4 is close to the
applied load. Strain distribution changes when load is on CU edge or on CU center due to the presence of the concrete CU.

Considering asphalt layers strains of all the cross-sectional geometries and load positions (that for the sake of simplicity are
omitted), it is possible to note that maximum values of ey are along binder course — cement stabilized subbase interface at intermediate
and low temperatures (E and E + 50% respectively). Instead, at high temperature (E-50%), maximum horizontal strains values are
concentrated at different depths, as reported in Table 3. The mean value is equal to — 0.11 m, approximately in the middle of the
binder layer.

To take into account what before described, Ny is, therefore, calculated along two sections: interface and critical sections. In the first
condition, strains are computed along binder course — cement stabilized subbase interface for each temperature. Instead, in the case of
critical sections, strains are determined: along interface for both intermediate and low temperatures; along section at —0.11 m for high
temperature.

The experimental plan of the first part of the research is summarized in Fig. 5.

4.2. Results and discussion

The results obtained from the use of Miner’s law are presented in Fig. 6, in which the number of traffic repetitions corresponding to
DI =1 is shown for both standard and bottom-up models according to different analysis sections. In each graph, the results are also
divided according to load positions and cross-sectional geometries.

The outcomes achieved using top-down models are not disclosed for the reasons listed below:

- Even if top-down cracks may occur earlier, they do not significantly reduce the structural integrity of the asphalt layer [3].
Therefore, bottom-up fractures are considered as more critical than the top-down ones.

- Asshown in Fig. 4, the maximum tensile horizontal strains do not appear along the surface of pavement (condition suggested by [5,
6]). Therefore, top-down cracks seem to be less probable than bottom-up phenomenon.

- Based on the study discussed in [3], in cement stabilized base pavement (like the one considered in the present research) cracks
develop initially at the bottom of asphalt layer. Therefore, again, top-down cracks seem to be less probable than bottom-up
phenomenon.

Despite both the fatigue cracking models and the analysis sections, all the graphs are characterized by the same trend of load cycles
number. For example, when load is on CU edge, the traffic repetitions of t-road are always higher than the ones of e-roads; opposite
behavior is evident when loads are centered on CU or in CU center.

Regardless of the models, when load is centered on CU and in CU center it is possible to note an increase of the number of traffic
repetitions of e-roads compared to t-road, that means an improvement in fatigue life. In particular, the number of load cycles grows
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(b)

Fig. 7. (a) Location of Milan into Italy; (b) location of Forlanini Avenue into Milan; (c) detail of Forlanini Avenue [12].

Table 4
Mean temperatures of both air and pavements for each season.
Tair [°C] Tpavement [°C]
Seasons Winter 4 8
Spring/Autumn 15 21
Summer 24 34

from 6% to 18% in the case of e-road_solid CU and from 3% to 16% for e-road_ void CU compared to the traditional pavement. Therefore,
the CU has a stiffening positive effect on the cross-sectional geometries. On the contrary, when load is on CU edge, the number of traffic
repetitions decreases of 27% and of 32% compared to t-road, respectively for e-road_solid CU and e-road void CU. Therefore, this load
position appears as the most critical. This behavior can be explained using results of Fig. 4, in which the strain distributions in binder
layer are strongly affected by the presence of the CU.

As regard analysis sections, the evaluation of the strains at the critical sections reveals that the number of traffic repetitions is lower
than the one calculated at the interface. Therefore, the critical section approach is more precautionary in terms of fatigue life.
However, the critical sections results grow from 6.37% to 18.49% compared to the ones at the interface. Consequently, due to these
small differences, it is possible to calculate strains only at the interface. The latter approach is faster than the determination of the
sections in which strain values are the highest.

Concerning the comparison between the two fatigue cracking models, bottom-up results are 42 times higher than the ones obtained
with standard model. Therefore, the basic approach seems to be more precautionary in terms of fatigue life. However, the formulation
of the standard model -Eq. (3)- does not consider the total thickness of asphalt layers. For this reason, the number of traffic repetitions
calculated with the bottom-up model is considered as more rigorous and representative of the pavement fatigue life.

Based on these results, the lowest number of load cycles is equal to 2.22+108. The value is obtained using bottom-up model,
calculating strains at the interface, considering load on CU edge and e-road void CU. This number is used as the highest number of
traffic repetitions acceptable on the pavement (DI = 1) in the second part of the research concerning real case study.

5. Fatigue assessment of a case study
5.1. Methodologies

As afore mentioned, Viale Forlanini in Milan (Italy) is chosen as case study. It is located in the east part of Milan (Fig. 7). This road,
that joins the city of Milan with Linate Airport, is a dual two/three-lane carriageway.
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Table 5
Number of traffic repetitions according to load conditions.

Number of traffic repetitions n

Traffic conditions One lane 5.75+107
Two lanes 2.884107

Table 6
Key characteristics of asphalt layers, derived from previous studies ([8,9]).
Bulk density [N/m?] Poisson’s Ratio [-] Young’s modulus [N/mm?] @ 2 Hz
@8°C @21°C @34°C
Wearing Course 24,240 0.35 17,502 8,092 2,822
Binder Course 23,970 0.35 17,242 8,610 3,363

Wearing course @8°C +++++ Wearing course @21°C = = Wearing course @34°C
Binder course @8°C Binder course @21°C Binder course @34°C
6.0E+04

— 4.0E+04

2.0E+04 /

smix [N/ mml

a— eeeee
0.0E+0() FFaeasssssssenenstsosent eess’ = - - =

0.000 0.001 0.010 0.100 1.000 2 10.000 100.000
Log £, [Hz]

Fig. 8. Master Curves of Wearing Course and Binder Course obtained with AASHTO TP-62 model.

In this part of the research, with the goal of validating the results of the first one, both temperatures and actual traffic repetitions are
defined. Based on the data collected on the Linate Airport weather station (very close to Viale Forlanini), monthly mean temperatures
of air of the last ten years are calculated. Starting from that, the temperatures into the pavement layers are estimated using an Italian
method [11] -Eq. (9)-, obtaining the results reported in Table 4.

Ty (2) = (1467 +0.0432) + (1.362 — 0.005+2) e Ty, ©)

Where:

Tpw(2) = pavement temperature at depth z;

z = pavement depth (measured form surface) at which temperature is calculated;

Tqir = mean air temperature.

The number of load repetitions during pavement service life (equal to 20 years) is calculated based on the rush hour traffic defined
in the Sustainable Urban Mobility Plan of the city of Milan [13] and on the traffic composition of “extra-urban roads characterized by
high traffic” [14]. Two load conditions are considered: (i) the vehicles travel on one lane only; (ii) the vehicles travel equally
distributed on two lanes. Table 5 shows the number of traffic repetitions used in Miner’s law to evaluate the fatigue life of pavements.

Both the cross-sectional geometries and the load positions are the same analyzed in the general part (Fig. 1 - Fig. 3).

Regarding materials, the differences concern the asphalt layers, whose characteristics are reported in Table 6. Young’s modulus
values are evaluated at the three temperatures of 8 °C (winter), 21 °C (spring/autumn) and 34 °C (summer), according to Table 4.
These moduli are obtained using Master Curves approach at a frequency of 2 Hz, based on the stiffness tests results presented in
previous studies ([8,9]). Fig. 8 shows Master Curves calculated with AASHTO TP-62 model.

Considering these conditions, 27 FEM simulations are performed to calculate stresses and strains throughout the domain. The
quantities of main interest are maximum horizontal tensile strains at binder course-cement stabilized subbase interface.

As regard pavements fatigue life, Miner’s law is used -Eq. (7)- considering the cumulative damage DI as unknown. In this case, n is
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Fig. 9. Experimental plan flow diagram of the case study.
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Fig. 10. Damage Index considering a) traffic on one lane; b) traffic on two lanes.

the actual number of traffic repetitions on one lane or on two lanes, according to the previous two load cycles conditions (Table 5). Ny;
is the allowable number of axle loads (that leads to failure) in each season calculated with bottom-up model.
Recalling the expressions of the formulas of Ny; (Eq. (3) - Eq. (6)) the following data are used:

- &: maximum horizontal tensile strain along interface obtained as outputs of the FEM simulations. It changes with cross sectional
geometries, load positions and seasons;

- E: binder layer stiffness that depends on seasons (as described in Table 6);

- Vp: effective binder content equal to 4.8% (Table 3 in [8]);

- Vg air voids content equal to 3.85% (Fig. 3 in [8]);

- Hpypa: total HMA thickness equal to 0.19 m (0.05 m of wearing course and 0.14 m of binder course [1]).

The experimental plan of the second part of the research herein described is shown in Fig. 9.

5.2. Results and discussion

The results obtained from the applications of the Miner’s law are given in Fig. 10, in which the Damage Index is shown for the two
traffic conditions according to load positions and cross-sectional geometries.

Comparing the two traffic conditions, it is possible to observe that when vehicles travel on one lane DI values are higher (about
double) than the results obtained for two lanes. This is predictable because the traffic on one lane is the double of the traffic on two
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lanes. Therefore, the greater the traffic, the greater the pavement damage.

Both graphs of Fig. 10 are characterized by the same trend of DI. When load is centered on CU, there is no difference in DI between
the cross-sectional geometry. When load is on CU center, the damage of e-roads is lower (about 14%) than the one obtained for t-road.
This means that CU has a stiffening positive effect on the cross-sectional geometries, according to the results obtained in the general
part (4.2). On the contrary, when load is on CU edge, DI of e-roads is higher (1.96% for e-road_solid CU and 19% for e-road void CU) than
the one of t-road. Once again, this load position appears as the most critical.

Despite the small differences among cross-sectional geometries and load positions, DI values are significantly lower than 1 (at
which theoretically fatigue cracking should occur) even in case of traffic on one lane (equal to 5.75+107). This result is in line with the
outcome of the first part, in which the number of traffic repetitions that lead to failure is 2.22+108.

6. Conclusions

Dynamic charging of Battery Electric Vehicles (BEV), which seems to be one of the most promising solutions to face of the new
challenges of transportation sustainability, requires a proper charging infrastructure network (made of a sequence of Charging Units -
CU) embedded into the road pavement. This means that huge investments are needed to convert the traditional roads (t-roads) to
electrified roads (e-roads). These investments have to be supported by engineering solutions for ensuring that the charging in-
frastructures not negatively affect the road pavement service life. This is the reason why the research described in this paper was
devoted to investigating the fatigue behavior of e-roads, also in comparison with t-roads, as a first stage. The assessment of the first-
stage results by applying them to a real case study, was the goal of the second stage of the research.

Regarding the first stage of the research, among the others discussed in the paper, the main finding is that the fatigue performances
of e-roads are strictly related to the load position. In fact, as shown in Fig. 6, when load is both centered on CU and on CU center,
satisfactory fatigue performances are obtained, even better of the results obtained for the traditional pavement. However, in the latter
case (load on CU center) battery charging efficiency problems can arise, even if such case appears to guarantee the best fatigue
performances. This is the reason why the load position centered on CU seems to be the best solution to combine the pavement fatigue
life expectations and the charging needs. Moreover, the results show a decreasing of fatigue performances in case of load on CU edge,
even if also in this case the pavement fatigue performances seem to be acceptable.

As regard the case study, the outcomes confirmed the results of the general stage of the research, also considering highly con-
servative traffic conditions.

It is opinion of the Authors that the results presented in this study can be considered just a step forward on the knowledge about the
structural effects of charging networks into e-road pavements. Other aspects need to be investigated, such as rutting effects and
structural optimization of CU shape from a laboratory and numerical point of view. Moreover, real scale tests are needed for both
validating the results herein presented and construction phases optimization purposes.
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