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ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Tested materials

The project aimed at maximising the use of RA with bio-based materials. For this purpose asphalt mixtures were made with 50 % of RA and three different, but complementary, innovative technologies [START_REF] Chailleux | BioRePavation: innovation in bio-recycling of old asphalt pavements, comparison between EU and US mix design specification systems[END_REF]):

 Mix1 was a bio-based rejuvenator, SYLVAROAD™ RP1000 Performance Additive, from Kraton Chemical used to treat the RA. It has been specifically designed to increase the RA content up to 100 % or reuse adverse, very hard, quality RA.  Mix 2 was a bio-binder, Biophalt®, from Eiffage Travaux Publics designed for a total replacement of bituminous binder in recycling technique.  Mix 3 was a bio-based additive from Iowa State University: an Epoxidized Soybean Soyate (EMS) aimed to compatibilise the virgin binder and aged binder from the RA.

A new type of base course mix (GB5® type) was used, based on aggregate packing optimization concept by maximizing their interlock [START_REF] Pouget | GB5® Mix Design: A New Approach for Aggregate Grading Optimization for Heavy Duty Flexible Pavements[END_REF]. The properties of the three GB5-type mixes were compared with a reference high modulus asphalt mix (EME2), commonly used in France for base layer.

Figure 1 presents the final grading curves of the four different materials (produced in plant), in comparison with the theoretical grading curve of the GB5® type material. The EME2 presented a coarser grading than the other materials.

Fig. 1 GB5® and EME 50% RA mixtures' gradation

Fatigue (standard EN 12967-22) and complex modulus characteristics of the mixes produced in plant are given in Table 1. All mixes exhibited high modulus values, exceeding 14 GPa. The fatigue performance of the tested mixes, measured in lab, was significantly below the reference mix. 

Characteristics of the IFSTTAR accelerated pavement testing facility

The fatigue carrousel of IFSTTAR is an outdoor road traffic simulator designed to study the behaviour of real scale pavements under accelerated heavy traffic. The fatigue carrousel has a diameter of 40 meters and four loading arms, which can each carry loads up to thirteen tons, at a speed reaching 100 km/h (Figure 2). Two months of testing can represent up to 20 years of moderate traffic (150 heavy trucks/day).

During loading, a lateral wandering of the loads can be applied to simulate the lateral distribution of loads of real traffic [START_REF] Nguyen | Review of glass fiber grid use for pavement reinforcement and APT experiments at IFSTTAR, International journal of road materials and pavement design[END_REF].

Fig. 2 The IFSTTAR accelerated pavement testing facility

Characteristics of the experimental structures

Four different pavement structures, built with the materials described above, Mix1, Mix2, Mix3 and EME2, were tested. The thicknesses of the bituminous layer for EME2, Mix1, Mix2 and Mix3 were respectively 102mm, 86mm, 95mm and 91mm, for a targeted nominal thickness of 90 mm. The subgrade includes a stone bed (50/120 mm), under an unbound granular (UGM) layer. The bearing capacity of the subgrade was measured at different positions on each structure by means of dynamic plate load test, which gave values between 63 and 86 MPa for the stone bed, and between 103 and 111 MPa on top of the UGM layers.

The bituminous mixes were produced and the pavements were built on the 30 th and 31 st of May 2017 by Eiffage.

The full scale experiment included two phases: The first phase was performed between July and September 2017, to evaluate rutting resistance under a 65 kN dual wheel load, with a speed of 43km/h and a narrow transversal wandering (+/-26 cm). This first phase is not detailed here, but is presented in [START_REF] Blanc | Full-scale validation of bio-recycled asphalt mixtures for road pavements[END_REF].

The second phase was performed between November 2017 and March 2018, to evaluate the fatigue resistance of the pavements, also under 65 kN load, with a speed of 70 km/h and a higher transversal wandering (+/-52 cm). Before the end of this phase, after the application of 1 million load cycles, no surface damage was observed on the four test sections. Therefore, it was decided to continue the experiment, and apply 400 000 additional load cycles, with a higher load (75 kN).

During the fatigue test, the pavement surface temperature were mainly comprised between 4 °C and 14°C. The mean surface temperature was 8.8°C, and the mean temperature in the middle of the bituminous layers was 9.0°C. These relatively low temperatures were adequate for testing fatigue resistance of the mixes.

Pavement instrumentation and monitoring

Each tested section was instrumented with strain gauges and temperature sensors:  2 longitudinal asphalt strain gauges (TML KM-100HAS) were placed at the bottom of the bituminous layer, in the middle of the wheel path.  8 Temperature sensors, placed at 4 different depths.

The following measurements were performed on each section throughout the experiment:

 Strain gauge measurements, performed approximately every 20 000 loads.  Temperature measurements, performed continuously during the experiment, at time intervals of 10 minutes.  FWD tests: at 0, 500 000 and 1 million loads, and then at 1.1, 1.2, 1.3 and 1.4 million loads).

 Visual crack monitoring (before loading, and every 100 000 loads)

3 Performance of the tested structures

Visual crack monitoring

During the experiment, pavement cracking was evaluated by visual inspection on all the sections, and cracks were marked with paint, to facilitate their identification.

On the APT, the extent of cracking is defined as the percentage of the length of the pavement affected by cracks. For longitudinal cracks, the "cracked length" corresponds to the measured length of the cracks. For transversal cracks, a length of 50 cm is conventionally attributed to each crack (Figure 3).

Fig. 3 Evaluation of the level of cracking

Figure 4 presents the evolution of the extent of cracking, as a function of the number of applied loads, on the four pavement sections. On the EME2 section, the first cracks appeared after 900 000 load cycles. Until 1.4 million loads, cracking increased regularly on this section, reaching 28 % at the end of the test.

On the Mix3 section, the first cracks were observed after 1 000 000 load cycles, and then cracking increased regularly, reaching 10 % at the end of the test. On the Mix1 and Mix2 sections, no cracks were visible until the end of the test.

Crack patterns observed on the EME2 and Mix3 sections at the end of the test are presented on Figure 5. On these sections, cracks developed as follows: first, very fine isolated transversal cracks appeared (marked in white on Figure 5). Then, under traffic, these cracks started to open, and fines started to come out. Other thin transversal cracks developed nearby. The cracks marked in blue appeared at 1.1 million loads, in orange, at 1.2 million loads and in pink at 1.3 million loads. It can be seen that most cracks are transversal. This type of fatigue cracking is frequently observed on the IFSTTAR APT, under dual wheel loading [START_REF] Hornych | The LCPC's ALT facility contribution to pavement cracking knowledge[END_REF]). The cracking was believed to be bottom-up. Loaded at 6.5 tons Loaded at 7.5 tons slightly higher thickness of the EME2 layer. These results differed from those obtained in the laboratory, which indicated that the EME2 material had the best fatigue resistance (Table 1).

Extent of cracking (%) = Li : lengths of zones with cracks

FWD measurements

FWD measurements were performed at 0, 500 000 loads, 1 million loads, and then every 100 000 loads, until the end of the experiment. The maximum deflections measured during each successive test campaign, on each pavement section are presented on figure 6. The temperature corresponding to each series of measurements is indicated, but no temperature correction was applied to the measurements. Figure 6 shows that:

 Between 0 and 500 000 loads, deflections decreased, probably due to post-compaction, and also to a decrease of temperature, and were quite similar on all pavement sections.  At 1 million loads, deflections started to increase significantly at some points, on the EME2 and Mix3 sections, indicating damaged zones. On the EME2 section, these high deflections coincided with the appearance of cracks. However, on the Mix3 section, high deflections were observed before the apparition of any cracks. 

Cracks

The first cracks appeared only at 1.1 million loads. Thus, the FWD measurements were able to detect damage, before the apparition of any surface cracks.  During the next measurements, deflections continued to increase in the damaged zones (EME2 and Mix3 sections) along with the cracks.  On the Mix1 and Mix2 sections, only a small increase of deflections was observed until the end of the experiment, but no important deflection peaks, and no cracking was observed on these sections.

Strain gauge measurements

Each section was instrumented with 2 longitudinal strain gauges, placed at the bottom of the bituminous layers during construction. For each section, measurements were made approximately every 20 000 loads. Maximum strains under the passage of the 4 arms of the APT were determined, and the mean of these four values was calculated. The evolution of the maximum longitudinal strains, for each section, is presented on Figure 7. At the beginning of the fatigue experiment, the longitudinal strains at the bottom of the asphalt layer were of the same level on the 4 pavement sections (between 100 and 130 strains, depending on temperature). On the Mix1 and Mix2 sections, the longitudinal strains presented no significant evolution until the end of the experiment. On the Mix3 and EME2 sections, however, longitudinal strains started to increase after about 250 000 loads, and then increased progressively until the end of the experiment, or until the gauges failed (with a higher increase on the EME2 section). This strain increase was probably linked with damage of the asphalt material. It is interesting to notice that the strains started to increase well before cracks appeared on the surface of the pavements, which tends to indicate a bottom-up crack propagation.

The strain measurements at the bottom of the asphalt layers were consistent with the other measurements, indicating that damage developed first on the EME2 section, then on the Mix3 sections, and that no significant damage affected the Mix1 and Mix2 sections. 

Conclusions

A full scale accelerated test were performed at IFSTTAR, to validate the performance of the three mixes tested in the project. These mixes were tested simultaneously with a reference EME2 material.

All the measurements made in the full scale test were very consistent. The test results lead to the conclusion that the 3 mixes with bio-materials present a better fatigue performance in situ than the reference EME2 mix, which is considered in France as a high performance base layer material. These results differ from those of laboratory fatigue tests, which indicated the best fatigue resistance for the EME2 material. This confirms that these innovative mixes, with bio binder or bioadditives and 50% of reclaimed asphalt, can be used successfully for pavement construction. 
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 45 Fig. 4 Extent of cracking, in percent, on the four sections
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 6 Fig. 6 Evolution of deflections on the four pavement sections (FWD measurements, central geophone, plate loaded at 65 kN).
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 7 Fig. 7 Evolution of maximum longitudinal strains during the fatigue test

Table 1

 1 Mechanical properties of the plant manufactured mixes (compacted in lab)

			Stiffness parameters at	Fatigue parameters
		Void (%)	(15°C, 10Hz)		
			E*(MPa)	 (°)	strain	b
	EME2	4.3	16 770	10.3	126	-0.178
	Mix1	2.9	14 540	15.8	115	-0.190
	Mix2	3.3	16 200	16.7	100	-0.176
	Mix3	4.5	16 360	12.2	109	-0.156
	2 Accelerated pavement test			
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