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Introduction

Electric Road Systems (ERS) are mainly developed to decarbonize road freight transport on long distances. This is why this type of infrastructure will be installed on highways and main roads. The ERS developed by Alstom, a ground-based feeding system, is based on a technical solution used in railways, for power supply of catenaryless tramways. In the railway solution, the feeding rails are integrated inside the track slab.

In this project for road application, the goal is to adapt the ERS to heavy goods vehicles, by installing a mobile current collector underneath the vehicle, which will allow to collect the electric current from the feeding track while driving. The main challenge in this ERS development is the integration of the feeding track inside the road pavement. To accept this type of infrastructure, the road authorities want to be certain that it will not damage the road pavement, that it will be safe for the users and that it will not impact the maintenance works. The integration in the road pavement and the interface with the vehicle are shown on figure 1. The objectives of the study presented in this paper were to find the best solution for ERS integration in the road, and to validate that it will not affect the mechanical durability of the road structure. For this purpose, laboratory tests were first performed to select an appropriate joint material for integrating the ERS in a bituminous pavement, and to verify its bonding strength, and its resistance to mechanical and thermal loading. Then, a full-scale test was performed to validate the durability of the selected solution under wheel loading.

Laboratory testing

The installation of the electric rail system (ERS) in an asphalt pavement required to find appropriate solutions to ensure a good bonding between the asphalt materials and the rubber support of the steel rails. For that purpose, it was decided to assess several possible bonding materials. It was decided to test the resistance of the asphalt/bond/rubber assembly according to both mechanical and thermal loadings, in order to simulate pavement loading conditions. For that purpose, laboratory tests were first carried out on small slabs of asphalt concretes in which rubber blocks were incorporated, simulating the electric rail system. Two types of tests were performed : wheel tracking tests, which consisted in submitting the slab to bi-directional wheel loading, at controlled temperatures (20, 40, and 60 °C); thermal loading, which consisted in subjecting the slab to cyclic temperature variations, from +20 °C to + 60°C, and from -20°C to +20°C.

Wheel tracking tests

The wheel tracking tests were performed using the French large wheel tracking apparatus (standard NF-EN 12697-22). This apparatus allows to test simultaneously 2 samples, of 500 x180 x 100 mm, under the loading of a wheel with a contact pressure of 600 kPa, and a loading rate of 1 cycle/second. It should be noted that this test is a qualification test for materials, carried under very severe loading and temperature conditions, not meant to represent the effective field conditions. For the project, it was decided to perform the tests at 3 different temperatures, 20 °C, 40 °C, 60°C. The temperature of 60 °C, used in the standard, represents an extreme temperature seldom reached in pavement surface layers in Europe.

An asphalt concrete of AC10 type with a 30/50 pen grade bitumen, typical of wearing courses used on French highways, was chosen for the tests. The asphalt concrete slabs were manufactured, using a laboratory plate compactor. Then each slab was sawn, to incorporate the rubber elements, either in the center of the slab, or on one side, as shown on figure 2. This allowed to apply the wheel loads on the rubber rail, or on the joint between the rubber rail and the asphalt material. The interface between the asphalt concrete and the ERS support was filled with an elastomeric resin.

The wheel tracking test procedure included 3 load sequences, of 30000 load cycles each, at increasing temperatures (20 °C, 40°C and 60°C), during which the rutting of the specimens was measured. The tests presented here were performed with an elastomeric resin used for sealing of rail track joints, and with the two positions of the rubber element. Figure 3 shows the specimen with the rubber on the side. Rut depths were measured on each specimen at 15 different positions (see figure 3) The sample with the centered rubber element gave very good results. The rutting value did not exceed 0.5 mm at 60°C after 30 000 cycles, which is very low. Indeed, the maximum permissible rut depth for this asphalt concrete at 60 °C is 10 mm after 30 000 cycles. The sample with the rubber element on the side presented more rutting. Figure 4 presents rut depths measurements obtained on the slab with the rubber element on the side, during the test at 60 °C. The final average rut depths reached 3.4 mm on the joint, and 9,3 mm on the asphalt material (with a local maximum value of 12,7 mm). These results were considered good, as the average rutting didn't exceed the maximum permissible value of 10 mm. It should be mentioned again that this temperature of 60°C is extreme, and that the effective number of vehicles passing on the interface will in reality be very low. 

Thermal cycling tests

Another possible deterioration mechanism of the embedded ERS is thermal cracking, due to the different thermal expansion coefficients of the asphalt concrete and rubber. Firstly, in order to evaluate the risk of such thermal cracking, finite element simulations were carried out. A simplified, thermo-elastic behavior was considered, with an elastic modulus of 20 000 MPa for the asphalt material and 1000 MPa for the rubber, and thermal expansion coefficients of 30 µε/K and 110 µε/K respectively. A 600 mm x 200 mm x 120 mm slab, with an embedded rubber element (representing a laboratory specimen) was simulated and subjected to a temperature decrease of 40°C (from 20°C to -20°C).

Figure 5 present the results of the calculations. As shown on this figure, the different thermal properties of the rubber and asphalt concrete lead to a higher contraction of the rubber element, thus generating in particular compressive stresses under the groove inside the AC material, and tensile stresses at the corner of the groove. Such tensile stress in the AC material may cause cracking, especially under repeated thermal cycles. On figure 5, the maximum tensile stresses generated are of the order of 0.2 MPa. Although these simulations are very simplified, and do not describe correctly the long-term viscoelastic behavior of the asphalt mix, it was concluded that a significant risk of thermal cracking exists. It was decided to perform laboratory thermal cycling tests to investigate this phenomenon.

Several thermal tests were performed to assess different types of interface and climate conditions. Only the results obtained with the thick interface filled with elastomeric resin are presented here (figure 6). The sample was submitted to 88 temperature cycles between -20°C and 20°C, at a rate of 2 cycles per day. This simulates a very cold climate. After 88 cycles, the sample presented no crack (see figure 6), in contrary to previous samples with other interface materials, not presented here. This was attributed to the high elasticity, low stiffness and good adhesion of the resin, which was able to resist to the high strain levels generated by the temperature cycles. After these tests, it was decided to retain the resin for full scale testing. 

Experimental pavement section and test program

Due to the limitations of the laboratory tests, which cannot reproduce exactly field conditions, it was considered important to validate the behavior of electric road system by a full-scale test, carried out with the FABAC traffic simulator. This small linear traffic simulator has four wheel modules, driven by a chain and electric motor (see figures 7 and 8). Each wheel module can be equipped with single or dual wheels, and apply loads varying between 30 and 75 kN. The length of the loaded section is 2 m. The loading speed can vary between 1 and 5 km/h, and the maximum loading rate, under continuous operation, is 300 000 load cycles per week. The pavement section in which the electric supply rails were embedded was 20 m long and consisted of 3 asphalt layers: a 2.5 cm thin asphalt concrete wearing course, a 5 cm binder course and a 12 cm thick asphalt base course. It was built on a 30 cm thick granular subbase, with a bearing capacity of about 70 MPa.

The rails were placed at an angle of 7° with the wheel path of the FABAC machine, to simulate the loading of a vehicle crossing the rails when changing lane (see figure 9), which was considered as the worst loading situation. To install the electric supply rails in the pavement, a trench was first milled in the middle of the lane, then the bottom of the trench was filled with the elastomeric resin. The electric supply track was then put in place, and finally, the joints were filled with resin. The test program consisted in applying 500 000 load cycles, with dual wheels, loaded at 65 kN (French standard half-axle), and a loading speed of 3.6 km/h. This number of load cycles was selected to represent worst case conditions. On a road, loads will be applied on the rail only during overtaking or lane change maneuvers, and the number of loads applied at the same place will be much lower.

The test was performed in April 2019. Figure 10 shows the rails after installation in the pavement. The monitoring of the pavement included:

 Visual inspections of the pavement and rail system, to detect any deteriorations.  Measurements of transverse profile, before loading, and after 250 000 and 500 000 load cycles, at 3 different longitudinal positions.  Temperature measurements, at 4 different depths.  Benkelmann beam deflection measurements, at regular intervals, on the rails, at 3 different longitudinal positions. 

Temperature measurements

During the whole test, temperatures were measured continuously (at 10 minutes intervals) at 4 different depths in the pavement structure (see figure 11). The FABAC machine is an outdoor equipment, with no temperature control system, and hence the temperatures depend on the local climatic conditions. During the test, the temperatures were mild, varying between 5°C and 26 °C at the surface, and between 7 °C and 21 °C at a depth of 5 cm (close to the bottom of the ERS rail).

Transversal profile measurements and visual inspections

Transverse profile measurements were made before the start of the test, and then at 250 000 and 500 000 load cycles, with a profilometer equipped with a laser displacement sensor, with a measuring accuracy of 1 mm. The profiles measured at mid-length of the rail (profile P2) are presented on figure 12. The metallic conductive segments are clearly visible on these profiles. The maximum rut depth after 500 000 load cycles reached approximately 6 mm, which is a satisfactory value, given the high number of loads applied, which largely exceeds the number of loads expected on a real road. On national road in France, the permissible rut depth level is typically 10 mm. Visual inspections were also made regularly during the test, and figure 13 shows a view of the test section after 500 000 load cycles. The observations showed that rutting developed mainly during the first 100 000 load cycles, and was mainly due to permanent deformations of the asphalt material. They also indicated no deterioration of the electric supply track, a good adhesion of the elastomer joint on the asphalt and rubber, and no cracking of the joint.

Deflection measurements

Deflections were measured approximately every 100 000 load cycles, at 2 different longitudinal positions, on the rubber element. The measurements were made in the middle of the wheel path, using a Benkelman beam. The results, presented on figure 14, indicate a slight increase of deflections during the first 100 000 cycles, and then no significant evolution during the rest of the test, except some variations due to temperature changes (the measured temperatures are indicated on figure 14). The deflection levels varied between 20 and 40 mm/100. They were lower than the deflection estimated by linear elastic calculations for this structure (54 mm/100 at a temperature of 12°C), which indicates a good stiffness of the experimental structure A technical solution for the insertion of the ERS system in a bituminous pavement was developed and tested. Standard or traditional tools for assessing the mechanical behavior and durability of asphalt pavements were adapted and successfully applied to select and validate the technical solution satisfying our requirements. The next step is now to build a 50-meter long full-scale test track, to validate the safety of the solution using test vehicles. In case of success, the final step before large-scale deployment on roads will be to build a demonstrator of a few kilometers on a circulated road.
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 5 Fig. 5 On the left: Numerical model of the asphalt slab with the embedded rubber element. On the right: compressive/tensile stresses induced in the specimen by a temperature decrease of 40°C.
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