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A bituminous pavement is composed of several layers. The bonding of the interfaces between these layers is essential to ensure the durability of the pavement structure. Un-bonded interfaces can cause early deterioration of the surface courses due to the poor distribution of mechanical loads induce by the traffic onto the base-layers. The bonding between asphalt layers depends on several parameters such as the laying temperature, the use or not of bitumen emulsions to bond the interfaces. Bonding is usually characterized by shear, tensile or torsion tests. This paper focuses on the effects of loading rate, test temperature, specimens' size and emulsion content on the shear strength evaluated through the shear and tensile tests. In part 1, the shear bond test (SBT) and tensile adhesive test (TAT) were firstly performed on two-layered specimens bonded or not with emulsion. Their diameters were 100 or 150 mm. The tests were carried out at 50 mm.min -1 and 20 o C to evaluate the laying conditions (laying temperature, use or not of emulsion). These results were then compared to those of one-layer specimens without interface. The results of part 1 investigations showed that: i) the shear strengths of small samples are 1.3 times higher than that of big specimens, ii) the shear strength resulting from different laying conditions can be classified, from the highest to the lowest, as follows: hot on hot (H/H) bonding, hot on cold (H/C) bonding with emulsion C69B2 and hot on cold (H/C) bonding without emulsion, iii) the failure strengths of TAT are 2.2 times lower than those of SBT. In part 2, the SBT was performed on two-layered specimens of 100 mm in diameter at three loading rates (0.5, 5, 50 mm.min -1 ) and test temperatures (-10 o C, 5 o C, 20 o C). In this second test series, 250 and 500 g.m -2 of bitumen emulsion C69B2 and styrenebutadiene rubber (SBR) polymer emulsion were used to bond the interfaces. Based on these results the master curves of shear strength were built based on the frequency-temperature superposition principle (FTSP). Furthermore, an explanation of the interfaces bonding mechanism based on the bitumens' macromolecules chains mobility across the interface is proposed. This interpretation required the introduction of some interface bonding parameters: the degree of intimate D ic contact, the degree of healing D h and the degree of bonding D b . Finally, the master curves of the degree of healing and degree of bonding were also built based on the frequency-temperature superposition principle (FTSP).

Introduction

Asphalt pavement is a multi-layered structure lay down on top of each other. The layers can be made of different types of bituminous materials. The importance of interlayer bonding on the pavement durability has been demonstrated by many researchers based experiment and numerical studies [START_REF] Cho | A mechanistic approach to evaluate the potential of the debonding distress in asphalt pavements[END_REF], [START_REF] Chun | Evaluation of interlayer bonding condition on structural response characteristics of asphalt pavement using finite element analysis and full-scale field tests[END_REF]. A poor bonding of the layers can cause interface debonding during the service life of the pavement structure. According to the state-of-the-art reported in RILEM Technical Committee 206-ATB [3] and in [START_REF] Petit | Recommendation of RILEM TC 241-MCD on interface debonding testing in pavements[END_REF] the poor bonding can be related to:

• The weather when the pavement is constructed. Typically, the gradient between the laying temperature of the upper layer and the bottom layer;

• The contamination; presence of dirt (dust or oil from construction traffic or milling) on the top of the lower layer can result in reduced interlayer bonding [START_REF] Destrée | Impact of tack coat application conditions on the interlayer bond strength[END_REF] [4];

• The water flow between the layers; water flow in the pavement, due to surface cracking, produces a decrease in interlayer resistance compared to dry conditions [START_REF] Sholar | Preliminary investigation of a test method to evaluate bond strength of bituminous tack coats[END_REF] [7];

• The absence of bituminous emulsion [START_REF] Panda | Influence of setting time of tack coat on bond strength of bituminous paving layers[END_REF];

This list is not exhaustive and many more reasons and their combinations may contribute to poor bonding between pavement layers. Some innovative techniques such the use of glass grid reinforcement at the interface have been investigated. The results are still conflicting since some authors found a negative effect of geogrid on the fracture energy based on wedge split test [START_REF] Gharbi | Characterization of the bond between asphalt layers and glass grid layer with help of a Wedge Splitting Test[END_REF] while the others noted a positive effect on the shear strength for emulsified geogrid interfaces [START_REF] Zamora-Barraza | New procedure for measuring adherence between a geosynthetic material and a bituminous mixture[END_REF].

Traditionally, bitumen emulsion are used to bond the interfaces. The interface strength depends on the type and the amount of emulsion. The optimal residual binder content of the emulsion is between 250 and 500 g.m -2 depending on the type of emulsion [START_REF] Zamora-Barraza | New procedure for measuring adherence between a geosynthetic material and a bituminous mixture[END_REF], [START_REF] Raposeiras | Influence of surface macro-texture and binder dosage on the adhesion between bituminous pavement layers[END_REF], [START_REF] Panda | Influence of setting time of tack coat on bond strength of bituminous paving layers[END_REF], [START_REF] Zhao | Investigation of the interface bonding between concrete slab and asphalt overlay[END_REF] [13] , [START_REF] Zhang | Effect of tack coat application on interlayer shear strength of asphalt pavement: A state-of-the-art review based on application in the United States[END_REF], [START_REF] Collop | Development of an automatic torque test to measure the shear bond strength between asphalt[END_REF]. If the residual binder is lower than this specified range, the interface strength decreases. On the other hand, if the dosage exceeds the specified range, excess emulsion causes slippage between layers, reducing the resistance. Panda et al. [START_REF] Panda | Influence of setting time of tack coat on bond strength of bituminous paving layers[END_REF] showed that the optimal emulsion content depends on the type of emulsion. They showed that the shear strength increases significantly when the upper layer is lay down immediately after the emulsions breaking and decrease with time. 0, 0.5 and 1 hour durations were used in their investigation for emulsion VG10 and 6, 9 and 12 hours for emulsion CMS2. As for Zhao et al. [START_REF] Zhao | Investigation of the interface bonding between concrete slab and asphalt overlay[END_REF] investigations, they show that anionic emulsion and SBS-modified emulsion favor the bonding between the layers, while cutback bitumens are considered not suitable for tack coat.

In order to take into account the interfaces bonding quality in the pavement design, a new standardized test method (prEN 12697-48) was recently proposed. This test method provides seven methods to evaluate either the tensile, shear or torsion strengths. However, the relevance of these test methods have been questioned due to their poor repeatability [START_REF] Godard | Collage des couches d'enrobés bitumineux: Evaluation des méthodes d'essais du projet de norme européenne EN 12697-48[END_REF], [START_REF] Dony | Analysis of the Draft European Standard on Interlayer Bonding and Understanding of the Influencing Factors[END_REF] [START_REF] Collop | Development of an automatic torque test to measure the shear bond strength between asphalt[END_REF]. Raab et al. [START_REF] Raab | Effect of gap width on interlayer shear bond results[END_REF] investigated the effect of gap width (0, 2.5 and 5 mm) on the interlayer shear bond test. Their results shows that the influence of gap width depends on the type of mixes. Higher effect was found on SMA (stone mastic asphalt) compared to asphalt concrete (in the sens of EN 13108-1). The seven test methods described in prEN 12697-48 are widely used in the recent literature [START_REF] Raab | Interlayer bond testing using a model material[END_REF]. Although they do not provide similar results, each of them can be used to characterize the interface bonding. Some recommendations have been given by the RILEM sub-group [START_REF] Petit | Recommendation of RILEM TC 241-MCD on interface debonding testing in pavements[END_REF] to harmonize the practices.

Monotonic loading is generally performed to characterize the interface strength of asphalt mixes samples. Very few investigations are devoted to the fatigue of the interfaces. Tozzo et al. [START_REF] Tozzo | Dynamic shear tests for the evaluation of the effect of the normal load on the interface fatigue resistance[END_REF] investigated the fatigue under dynamic shear loading, while Diakaté et al. [START_REF] Diakaté | Shear Fatigue Behaviour of Tack Coats in Pavements[END_REF] and Rahman et al. [START_REF] Rahmana | Fatigue performance of interface bonding between asphalt pavement layers using four-point shear test set-up[END_REF] studied the fatigue of interfaces under dynamic torsion. Recently, Vu et al. [START_REF] Vu | Experimental study and modeling of the behavior of partially saturated asphalt concrete under freezing condition[END_REF] investigated the effect of freeze thaw cycles on the interface debonding of partially saturated asphalt concrete. Their paper deals with the characterization and modeling of the swelling strain effect induced by solidification of pore water at negative temperatures. Transposed to the case of a pavement, they believe that this effect can generate tensile stress at interfaces between AC layers and to generate delamination at short term, ending up into potholes.

In most of the existing studies, there is no clear link between the shear results of the mechanical tests and the microscopic phenomenon that occurs at the interface during the bonding. This is due to the lack of knowledge about the molecular structure of the bitumen and the roughness of the bonded interface. The influence of interface roughness on the shear bonding has been shortly investigated [START_REF] Ktari | Surface roughness: a key parameter in pavement interface design[END_REF], [START_REF] Zhao | Investigation of the interface bonding between concrete slab and asphalt overlay[END_REF], [START_REF] Raposeiras | Influence of surface macro-texture and binder dosage on the adhesion between bituminous pavement layers[END_REF]. In [START_REF] Zhao | Investigation of the interface bonding between concrete slab and asphalt overlay[END_REF] three surface textures were evaluated including smooth, galling and tinning surfaces. The last dealing method provides the highest interface shear strength. Raposeiras et al. [START_REF] Raposeiras | Influence of surface macro-texture and binder dosage on the adhesion between bituminous pavement layers[END_REF] found that the maximum values of shear strength are obtained for a rough texture of 0.17 mm and an emulsion content of 250 g.m -2 while the lower shear strength was obtained with sawn surface interface. Dong et al. [START_REF] Dong | Shear fracture energy of asphalt-aggregate systems and its application to predicting shear fatigue in asphalt mixtures[END_REF] used a thermodynamic and slip theory, energy of interaction between the adhesion and the cohesion within the asphalt-aggregate systems to analyze shear force-displacement curves during shear bond test. They considered the fracture energy as the sum of adhesive and cohesive failure energies minus the adhesion-cohesion interaction energy. They indicated that the fracture energy can be a significant parameter in the failure and healing analysis of asphalt pavements.

This study has several objectives: -Firstly, it aims to investigate the influence of laying conditions such as compaction temperature, emulsion type and content on several interface strength parameters (strength, energy before and after failure, shear stiffness) contrary to many studies which focus only on the interface strength; -Secondly, it aims to validate previous knowledge by comparing the shear bond test and tensile adhesion test by investigating the effect of specimen size which affects interface strength parameters; -Finally, it aims to characterize the effect of emulsion content on the shear strength. This study also aims to provide an interpretation of the mechanical test results based on the molecular chains inter-diffusion phenomenon developed in polymer physic fields by De Gennes [START_REF] De Gennes | Reptation of a Polymer Chain in the Presence of Fixed Obstacles[END_REF], and Doi -Edwards [START_REF] Edwards | The Theory of Polymer Dynamics[END_REF]) taking into account the effect of roughness based on the Yang and Pitchumani [START_REF] Yang | Healing of thermoplastic polymers at an interface under nonisothermal conditions[END_REF] and Lee and Springer [START_REF] Lee | Optimization of the tape placement process parameters for carbon-PPS composites[END_REF] approach.

This paper is organized in two main parts:

• Part 1 presents a classical interlayer bond strength assessment approach based on shear and tensile tests.

• Part 2 provides an interpretation of the shear results in line with the interlayer healing process based on the theory of reptation of macromolecules Bitumen emulsions: A first emulsion which is a rapid breaking cationic emulsion was prepared with 70/100 pen grade bitumen. This emulsion is designated as C69B2 according to the standard EN 13808. Where C designates cationic emulsion, C69 designates the residual bitumen content (69 %) of the emulsion mass, B designates paving grade bitumen and B2 designates the rupture index of the emulsion. 0.5% emulsifier has been added into the emulsion.

The second emulsion was obtained by blending the first one with a PMB named Valoflex C1 which is an aqueous high solids dispersion of a styrene-butadiene rubber (SBR). The dispersion contains a cationic emulsifier and is free from solvents and plasticizers. The characteristics of the Valoflex C1 are given in Table 1. ValoFlex C1 is a cationic synthetic SBR latex, which is owing to its exceptionally high solids content and very low glass transition temperature especially suitable for the modification of cationic bitumen emulsions typically used in road maintenance. This modification broadens the plasticity range of appropriately modified bituminous systems, more especially their low-temperature flexibility and heat resistance.

Aggregates: Porphyry aggregates were used to produce the mixes. Their Los Angeles (L A ) and Microdeval (M DE ) properties are given in Table 1. The aggregates consist of several fractions (0/2, 2/6.3, 6.3/10 mm in diameter) and limestone filler (0/0.08 mm). The mixture composition is given in Table 2. The density of the aggregates and the mixture have been evaluated according to EN 1097-6 and EN 12697-5 method A respectively. The bitumen density was provided by the supplier. The asphalt concrete (AC 10 according to the EN 13108-1) slabs were manufactured in two layers' form in A 500 x 400 x 120 mm parallelepiped mold. The loose materials were compacted according to the standard EN 12697-33 using two wheels fitted with pneumatic tyres. Four bonding conditions were investigated:

• Reference slab without interface (named one -layer) has been compacted in one operation to obtain 120 mm thick slab.

• Two-layers slab named hot on hot bonding (and noted H/H) was compacted in two operations without emulsion. The first 6 cm layer was compacted, then, pushed onto the bottom surface of the mold and the second layer was compacted immediately over the first one without bitumen emulsion and before the cooling of the former. The aim of this procedure is to investigate the hot on hot interface bonding in laboratory, even if, this procedure cannot be reproduced in a job site.

• Two-layers slab named hot on cold bonding (and noted H/C) was compacted in two steps without emulsion. The first layer was compacted and pushed on the bottom surface of the mold, after 24 hours, the mean texture depth (MTD or PMT) was measured according to EN 13036-1. In addition, the mean σ rms roughness of cored specimens was measured with optical profilometer.

The second slab was compacted over the first one without emulsion application.

• Two-layers slab named hot on cold bonding with emulsion (and noted H/C with emulsion) was compacted in two steps using bitumen emulsion: the first layer was compacted and pushed onto the bottom surface of the mold, after 24 hours, the MTD and surface roughness were measured and the bitumen emulsion is lay down. The second slab was compacted one hours after the emulsion breaking. It was noted that one hour is enough to guarantee the emulsion breaking.

The MTD of the slabs varies between 1.2 and 1.3 mm and the corresponding mean quadratic roughness σ rms = 1.6 mm. Therefore, they were assumed homogeneous. 10 and 15 cm in diameter specimens' have been cored and those which have void content between 4.8 and 5.1 % have been selected for mechanical test. The procedure of specimens preparation is illustrated in Fig. 1.

Experimental study of the interlayer bonding

Experimental program

An experimental design has been built to investigate the effects several interface bonding parameters such as the bonding temperature, the presence or absence of emulsion, the test specimens size. This experimental program has been also built to compare shear bond (SBT) and tensile adhesion (TAT) tests. The tests were carried out in accordance to test conditions defined in prEN 12697-48 [START_REF]prEN 12697-48 Bituminous mixtures -Test methods for hot mix asphalt -Part 48 : interlayers bonding[END_REF] which means: a test temperature of 20 o C for both SBT and TAT and a loading rate of 50 mm.min -1 for the SBT and 200 N.s -1 for the TAT. For the emulsified specimens, the emulsion content was 250 g.m -2 .

The loading system consists of a SBT or TAT cell placed in UTICELL Type 650 mechanical testing equipment. This equipment can apply a static loads up to 50 kN. After the cores had been obtained, they have been conditioned in a temperature-controlled cabinet at the test temperature before testing. Four specimens have been used for each test.

Shear test

The core subjected to the shear bond test was then located in the Leutner testing frame, taking care to ensure that the interface was properly aligned with the shear axis. In the case of Leutner device, the sample is placed between a fixed and mobile ring while in the modified Leutner all the rings are mobile. In addition, there is a gap of 5 mm between the rings in the modified Leutner one, since the rings move in opposite direction, the specimen is subjected to a double shear effect. This gap induces eccentric loading, then creates a slight moment during shearing. Fig. 2(a) shows the shear test device located inside the testing equipment. The tests were then undertaken at 20 o C using the standard test loading rate (50 mm.min -1 ) rapidly after placing the sample. The shear force and displacement were recorded during the test. The specimens diameters were 100 or 150 mm and each layer had 6 cm thickness. Fig. 2(b) shows a typical force-displacement curve obtained with the Leutner device for a two-layered AC10 mix. The maximum shear strength τ SBT,max was calculated by dividing the shear force by the initial cross-sectional area of the cored specimen τ SBT,max = 4F SBT,max πφ 2

. Where φ is the specimen diameter and F SBT,max the maximum failure strength. It can be seen from this figure that, during the early stages of the test, the shear strength increases linearly with the displacement. The shear strength reaches a peak as the interface begins to fail, then decreases rapidly as the two halves of the core separate.

The interlayer bond parameters (energy E SBT , post failure energy E SBT,P P , shear strength τ SBT,max , stiffness k SBT,max ) can be calculated from Fig. 2(b). The shear stiffness is determined as follows:

k SBT,max = 4F SBT πφ 2 (1) 
Where F SBT is the slope of the linear part of the force-displacement curve.

Tensile test

The core subjected to the tensile test was firstly glued to a cast metal with high stiffness resin glue, then placed in the tensile testing frame. Fig. 3(a) shows the tensile test system located inside a testing equipment. Tensile testing was then undertaken at 20 o C using the standardized test loading rate 200 N.s -1 rapidly after placing the sample. The tensile force and loading time were measured during the test. The specimens diameter was 150 mm each layer had 6 cm thickness. . Where F T AT,max is the maximum failure strength. 

Results analysis

Influence of specimen diameter

The influence of specimens diameter is firstly investigated based on three interface bonding conditions described in section 2.1.2 : the hot on hot bonding H/H, the hot on cold binding H/C without emulsion and the hot on cold bonding H/C with emulsion. The results obtained are represented in Fig. 4. Fig. 4(a) shows that the shear strengths obtained from small specimens (φ=100 mm) are higher than those of bigger specimens (φ=150 mm). The relation of the shear strength between 100 mm and 150 mm diameter is given by Eq.2.

Type 

τ φ=100mm = a × τ φ=150mm (2) 
The values of the size factor a are given in Table 3. These values are higher than those obtained during the RILEM inter-laboratory campaign [3] recalled in Table 3. These differences may be due to compaction procedure as the specimens were cored on field in the RILEM investigation. In addition, the test were performed by 14 laboratories, this increases the reproducibility of the results. At first sight the decrease of the shear strength with the specimen diameter seems illogical because one can assumed that the coring operation should damage the small specimens more than the bigger ones. There is still no convincing explanation of this evolution in the literature. Numerical study could be performed to better understand the effect of specimens' sizes.

Fig. 4(b) also shows a decrease of the stiffness modulus k SBT,max when specimens size increases while Figs. 4(c) to 4(d) show an increase of the shear energy E SBT and post-peak shear energy E SBT,P P with specimen size. This evolution is consistent since the force and the displacement increase with the size of the test samples.

These results show that, even if, H/H bonding cannot be reproduces on site, it provides better bonding quality than H/C with emulsion. On the contrary, the poor bonding quality was obtained for H/C bonding without emulsion. The shear bond test SBT was performed with Leutner and modified Leutner devices as shown in Fig. 2(a) on the same three interlayer bonding conditions described previously: H/H, H/C and H/C with emulsion. The main difference between these devices lies in: i) the double shear effect induced by the opposite diplacement to the rings, ii) the existence of a gap between the fixed ring and the mobile one which applies the load on the specimen. This gap induces eccentric loading, then creates a slight moment during shearing. The shear results are represented in Fig. 5. The shear strengths obtained with the Leutner device are about 2 times higher than those of the modified device. In addition, very small values of the shear modulus were obtained with the modified device, this is mainly due to very high load displacement obtained with this latter. The energies (E SBT and E SBT,P P ) of the modified device are smaller than those of the Leutner device. A punching effect was observed at 20 o C with the classical Leutner device, this means a high compression of the layer subjected to the monotonic loading. This could explains the higher shear results obtained with this device. The decrease of the shear strength with the gap width observed in the current study is consistent with the previous works of Raab and Partl [START_REF] Raab | Effect of gap width on interlayer shear bond results[END_REF]. Their investigation showed a dependency of mix type (mixture type, maximum aggregate size, and binder content) to the gap distances between 0 and 5 mm. 

Comparison between tensile and shear strengths

The primary interest of the standardized SBT and TAT tests is defining specifications for asphalt mix interlayer bonding. However, the equivalence between the SBT strengths measured and those of TAT can be questioned. The main objective of this section is to compare the shear bond strength τ SBT,max and the tensile adhesion resistances σ T AT,max respectively measured with the common SBT and TAT devices. The tests were performed at 20 o C. The force loading rate was 200 N.s -1 for TAT and the displacement loading rate was 50 mm.min -1 for the SBT. Only specimens whose failure occurs at the interface or partially were taken into account for the calculation of σ T AT,max . The results represented in Fig. 6 show that the shear strengths τ SBT,max are approximately 2.2 times higher than the tensile strengths σ T AT,max . Indeed, it is known that [START_REF] Molenaar | Prediction of Compressive and Tensile Strength of Asphalt Concrete[END_REF] the punching effect induced by the SBT implies a compression of the layer subjected to the monotonic loading increasing the shear strength contrary to the tensile test as shown in Fig. 6. Even for one-layered specimen without interface Fig. 6, the shear strength is 2 times higher than the tensile strength. Two parameters have been used to describe the interlayer bonding in this section: the degree of intimate contact D ic and the degree of healing.

Degree of intimate contact

During the compaction of the second layer (as shown in Fig. 7), air voids are entrapped between the interface roughness leading to an imperfect contact between the two layers. These lacks of contact can be accentuated by the laying and compaction temperature, the compaction energy or the material used (dense-graded or gap-graded). In order to evaluate the contact imperfection due to the macrotexture of the surface, we introduce the notion of degree of intimate contact (D ic ) between the layers. It is defined as the ratio of the real area of contact to the nominal area of contact [START_REF] Somé | Modeling of the thermal contact resistance time evolution at polymer-mold interface during injection molding: Effect of polymers' solidification[END_REF]. This parameter is widely used to describe the contact between rough surfaces [START_REF] Madhusudana | Thermal Contact Conductance[END_REF]. In this study, one assumed that the D ic depends on the interface voids content as follows : D ic = A real A ( %) ≈ (100 -V interf ace %). It is analogous to the compactness evaluated near the interface. The interface voids content was measured by gamma ray as shown in Fig. 8. The gamma ray measures were carried out on 3 mm on both sides of the interface. The void content varies from 9 to 17 % close to the interface, therefore, the mean D ic varies between 83 % and 91 % and the mean value is 88 % .

Furthermore, before the compaction of the second layer, the first one was equipped with thermal sensor to record the temperature kinetic during the compaction. The sensor was placed at 3 mm close to the interface to check if the increase in temperature is sufficient to melt locally the bitumen near the interface of the bottom layer, this could favor the bonding of the interface. The measurements show that the temperature raises up to more than 105 o C for H/C bonding and 137 o C for H/H bonding, e.g. the interface temperature is higher than the softening point of the bitumen (given in Table 1) inducing a local melting of the cold layer bitumen close to the interface which allows the bonding. This latter phenomenon can be described as an inter-diffusion of bitumen macromolecules across the interface of the two layers. Thus, the bonding of the interface of layers is governed by at least two parameters: the degree of intimate contact (D ic ) and the healing D h . The first parameter characterizes the real contact of asperities at the interface while the second accounts the macromolecules inter-diffusion through the interface.

Figure 7: Schematic illustration of the steps in an interlayer bonding process during asphalt specimen compaction

Macromolecules chains diffusion

Bitumen is considered as viscous viscoelastic liquid consisting essentially of hydrocarbons and their derivatives. It comprises a very great number of molecular species that vary widely in polarity and molecular weight. It is generally described in terms of SARA fractions (Saturates, Aromitcs, Asphaltenes, Resins) [START_REF] Porto | Bitumen and Bitumen Modification: A Review on Latest Advances[END_REF]. From a molecular point of view, it is composed of long cross-linked carbon chains that give it a similar behavior to that of a complex thermoplastic polymer. For this reason there is an analogy between adhesion of asphalt layers and that between composites materials. Healing at thermoplastics composites is widely studied [START_REF] Yang | Healing of thermoplastic polymers at an interface under nonisothermal conditions[END_REF], [START_REF] Kim | A theory of heailing at a polymer-polymer interface[END_REF] based on the theory of macromolecules' chains mobility developed by De Gennes [START_REF] De Gennes | Reptation of a Polymer Chain in the Presence of Fixed Obstacles[END_REF] and Doi and Edwards [START_REF] Edwards | The Theory of Polymer Dynamics[END_REF]. By analogy to this theory, bituminous binders can be considered as entangled chains where the movement of an individual macromolecule' chain is restricted by its neighbors. The lateral motion is restricted within a certain small distance represented by a constrain tube due as represented in Fig. 8. The reptation theory envisions the macromolecules chain to be confined by a tube in which the chain can only move along the curvilinear length. The chain ends can choose their direction randomly as it moves forward and backward in this virtual tube as shown in Fig. 8. The minor chain length l(t) is defined as the new path length in the new configuration due to the random motion of the chain. During the bonding process, at the areas where contacts are established, inter-diffusion of the bitumen macromolecules chains occurs, due to random motion. As time passes, some of these minor chains l(t) moves across the interface and entangle with the bitumen macromolecules' chains on the opposite side as represented in Fig. 8. The original interface gradually vanishes as the number of crossed chains increases until it cannot be distinguished from the bulk asphalt concrete. The time required for the chain to exit its original tube is defined as the reptation time τ R , which is also considered the characteristic time required to complete healing. The reptation time depends strongly on the molecular weight.

This phenomenon is modeled by the following diffusion of macromolecules chains equations:

∂P (s, t) ∂t = D ∂ 2 P ∂s 2
(3)

P (s, 0) = δ(0); t → 0 (4) P (s, t) = 0; |s| → ∞ (5) ∂P (s, t) ∂s = 0; |s| → ∞ (6) 
Where P(s, t) is a probability density function, defined as the probability of finding a particular chain segment at some position s at time t. s is the curvilinear coordinate along the encompassing tube (Fig. 8). D is the reptation diffusion coefficient corresponding to the back and forth movements of the macromolecules' chain in the confining tube.

The resolution of Eqs. 3 -6 through Fourier transform method, presented in the Appendix leads to the assessment of the mean minor chains lengths l. Yang and Pitchumani et al. [START_REF] Yang | Healing of thermoplastic polymers at an interface under nonisothermal conditions[END_REF] show that a proportionality between the square root of the ratio of minors chains l/L R , the inter-facial bond strength ratio τ /τ ∞ , the macormolecules' interpenetration depth ratio χ/χ R and the fourth root of the reptation time ratio t/τ R . They define the degree of healing as follows:

D h (t) = τ τ max = χ χ R ∝ l L R 1 2 ∝ t τ R 1 4 (7) 
Where L R is the ultimate minor chain length at the reptation time τ R ; τ max is the ultimate shear shear strength when t → ∞; τ is the shear strength at time t. The relaxation time τ R depends on the fluidity of the bitumen coating the aggregates during the bonding of the interface. The shorter the relaxation time τ R , the faster the bonding process. This reptation time τ R can be determined from complex modulus test.

Eq. 7 means that the D h is a function of time t. Indeed, this time dependence was observed by Panda et al. [START_REF] Panda | Influence of setting time of tack coat on bond strength of bituminous paving layers[END_REF] for different types of emulsions. They showed that the shear strength τ increases between 0 and 30 minutes, then decreases until 1 hour for emulsion VG10 and increases between 6 and 9 hours, then until 12 hours for emulsion CMS2.

When the degree of healing D h and the degree of intimate contact D ic are known, the degree of bonding D b can be approximated by the Pitchumani et al. simplified relation [START_REF] Pitchumani | Analysis of transport phenomena governing interfacial bonding and void dynamics during thermoplastic tow-placement[END_REF]:

D b (t) = τ R 0 D h (t h -t ). ∂D ic ∂t (t )dt ≈ D h (t) × D ic (t) (8) 
In the current study, the shear bond tests were performed several days after the specimens' preparation, therefore, one can assumed that D b , D h and D ic are time independent. Therefore, D b ≈ D h ×D ic . The maximum shear strength of on one-layer specimen without interface is noted τ ∞ with τ ∞ ≥ τ max . Where τ max is the maximum shear strength of bonded interface.

Estimation of reptation time τ R from rheological properties

A single bituminous mix layer was manufactured in one operation to determine its rheological properties. The mix complex modulus was carried out on a prismatic cantilever beam in accordance with the standard EN 12697-26. A sinusoidal strain load (50.10 -6 ) is applied to measure the complex modulus varying the temperature from -10 • C to 40 • C and the frequency from 3 Hz to 40 Hz. The schematic view of the device is given on Fig. 9(a). Moreover, the bitumen was recovered from the mixes according to EN 12697-3 and characterized. Two loading modes were used to perform the complex modulus test on this bitumen: annular shearing for temperatures between 20 • C and 80 • C and tension-compression test for temperatures between -20 • C and +20 • C. 1 Hz to 125 Hz frequencies range was considered for an applied strain of (50.10 -6 ). The shear modulus G* given by the annular shearing experiment is converted into tension-compression modulus E* using a Poisson' ratio ν = 0.5 (G * = E * 2(1+ν) ). The schematic view of the device is given on Fig. 9(b).

The bitumen and the mix master curves of complex modulus are represented in Fig. 10. These master curves were built at a reference temperature of 15 o C using the procedure described in [START_REF] Chailleux | A mathematical-based master-curve construction method applied to complex modulus of bituminous materials[END_REF]. In addition, the complex modulus was modeled by the well known 2S2P1D equation [START_REF] Olard | General "2S2P1D" Model and Relation Between the Linear Viscoelastic Behaviours of Bituminous Binders and Mixes[END_REF]. 

E * (ω) = E 0 + E ∞ -E 0 1 + δ(iωτ ) -k + (iωτ ) -h + (iωτ β) -1 (9) 
ω = 2πf , f : the load frequency; E ∞ : the glassy modulus when ω → ∞; E 0 the static modulus when ω → 0; η: Newtonian viscosity of the dashpot, η = (E ∞ -E 0 )βτ ; τ : characteristic times, whose value varies only with temperature

The parameters of the model are given in Figs. 10(a) and 10(b). The representation of the real and imaginary parts (E' and E") of the bitumen complex modulus allows to determine the reptation τ R time which is called terminal relaxation time of the bitumen macromolecules chains. From, E' and E" curves, τ R corresponds to the intersection of the slopes in the low frequency and high temperature domain [START_REF] Van Ruymbeke | Quantitative tube model predictions for the linear viscoelasticity of linear polymers[END_REF]. The shorter the relaxation time τ R , the faster the chain will go from one configuration to another. For the bitumen used, τ R ≈ 1/8 s. Since the second asphalt layer is compacted in more than 20 minutes, therefore, the bonding of the interface can be considered as time independent (τ R 20 minutes) as assumed in section 3.2. The high shear strength obtained for the H/H bonding in Fig. 6 compared to the H/C bonding can be due to the higher interface temperature in the first one which favors the bitumen macromolecules chains mobility across the interface, then, leading to higher bonding resistance. Similar investigations carried out on thermoplastic polymers showed that the macromolecules chains mobility decreases with the temperature from Newtonian to glassy state where they become motionless [START_REF] Jarrousse | Self adhesion of semi-crystalline polymers below their melting point[END_REF], [42] [43]. 

Application of time-temperature superposition principle

In this later stage a second experiment design is built to evaluate the applicability of the frequencytemperature superposition principle (FTSP) previously assumed [START_REF] Canestrari | Shear failure characterization of time-temperature sensitive interfaces[END_REF], [START_REF] Mateos | Mechanical characterisation of concrete-asphalt interface in bonded concrete overlays of asphalt pavements[END_REF] for interlayer SBT. For this objective, the tests were performed at -10 o C, 5 o C and 20 o C and loading rates of 0.5, 5 and 50 min.min -1 . The tests were carried out on:

-one-layer specimens without interface to obtained the maximum attainable shear strength τ ∞ , -H/C bonding without emulsion, -SBR emulsified specimens (H/C bonding with SBR emulsion). The polymer SBR emulsion content was 250 g.m -2 , -C69B2 emulsified specimens. The emulsion contents were 0, 250 and 500 g.m -2 . Based on these tests results, the master curves were built by shifting horizontally the isotherms of the shear strength τ SBT,max . The master curves were built at a reference temperature of 5 o C. Fig. 11(a) shows the master curves of τ SBT,max . They show that the shear strengths τ SBT,max can be ranked as follows from the highest to the lowest value: one-layer without interface, H/C bonding with 500 g.m -2 of C69B2 emulsion, H/C bonding with 250 g.m -2 of C69B2 emulsion, H/C bonding without emulsion. One can remind that Raposeiras [START_REF] Raposeiras | Influence of surface macro-texture and binder dosage on the adhesion between bituminous pavement layers[END_REF] and Panda [START_REF] Panda | Influence of setting time of tack coat on bond strength of bituminous paving layers[END_REF] already observed the increase of the shear strength with the emulsion content in similar conditions. Surprisingly, no improvement of the shear strength with SBR polymer compared to classical C69B2 was observed for emulsion content of 250 g.m -2 .. In addition, the degree of healing was estimated from the macroscopic shear resistances as follows: D h = τ SBT,max /τ ∞ . The results are represented in Fig. 11(b). It can be noted that the degree of healing D h increases with the loading rate instead of been constant, this can be due to the viscoelastic behavior of the interface and the layer induced by compression during the SBT with Leutner device as mentioned above in section 2.3.2. The evolution of the degree of bonding was reprensented in Fig. 11(c) based on Eq. 8 and a mean D ic of 88% as estimated in section 3.1.

Conclusion

The aim of this study was to evaluate shear bond test method described in the project standard prEN 12697-48. The influence of several parameters on the test results was analyzed. It was showed that the increase of specimens' size significantly increase both shear strength and shear stiffness and decreases the shear energies. Two SBT devices were also compared, a usual Leutner device and a modified version which allows double shearing and eccentric loading. A high decrease of the shear strength, shear modulus and hear energies were observed with the modified Leutner. It was noted that whatever the SBT device used, the shear strength values obtained are much higher than the German and Swiss specifications of 0.85 MPa (for specimens diameter of 150 mm). Moreover, the SBT and the TAT were also compared. The results obtained in the standardized conditions (loading rate of 50 mm.min -1 for SBT and 200 N.s -1 for TAT) at 20 o C show that the SBT results are at least two times higher than those of the TAT.

Several laying conditions were also investigated: H/H bonding, H/C bonding with and without emulsion and one-layer structure without interface. From this investigation the shear strength can be ranked as follows from the highest to the lowest: H/H bonding, H/C bonding with emulsion C69B2 and H/C bonding without emulsion. The good bonding quality obtained for H/H can be understood thank to inter-diffusion the macromolecules chains across the interface due to their high mobility with temperature.

Furthermore, three parameters characterizing the interface bonding were introduced: the degree of intimate contact D ic , the degree of healing D h and the degree of bonding D b .

The master curves of shear strengths were built at a reference temperature of 5 o C based on the frequency-temperature superposition principle applies to different bonding conditions. These results showed that:

• whatever the loading rate and test temperature, the highest shear strength was obtained with one-layer specimen without interface,

• H/C without emulsion provides poor interface shear resistance

• no improvement of the shear strength of SBR polymer compared to classical C69B2 was observed for an emulsion content of 250 g.m -2 .

Further a thorough analysis of the effect of surface roughness could be performed. This would allow to decouple the effect of the adhesion and that of the friction induced by the roughness. Finally, a numerical simulation can be performed to clarify the effects of the gap on SBT devices. 

F (ω, 0) = 1 √ 2π (17) 
The resolution of Eqs.16 and 17 gives:

F (ω, t) = 1 √ 2π exp t 0 -D(t)ω 2 dt (18) 
The inverse Fourier transform of Eq.18 according to Eq. 15 yields the probability density function P(s, t) in the original domain:

P (s, t) = 1 √ 2π +∞ -∞ exp t 0 -D(t)ω 2 dt [cos(ωs) + i sin(ωs)] dω (19) 
In the above transformation, the imaginary term drops to zero because of the fact that an odd function, sin(ωs), is integrated over a symmetric interval ] -∞; +∞[, and the probability density function is obtained as:

P (s, t) = 1 √ 2π +∞ -∞ exp t 0 -D(t)ω 2 dt cos(ωs) dω (20) 
Considering )] and f (t) = t 0 1 2t R dt, Eq. 20 can be rewritten as follows:

D(t) = L 2 R 2t R [T (t
P (s, t) = 1 √ 2π +∞ -∞ exp [-f (t)L R dt] cos(ωs)dω (21) = 1 √ 4πf (t)L 2 R exp -s 2 4f (t)L 2 R (22) 
The mean-square displacement of the macromolecules' chains at time t corresponds to the square of the minor chain length l 2 (t) and may be evaluated as follows using the probability density function P(s, t):

l 2 (t) = +∞ -∞ s 2 4πf (t)L 2 R exp - s 2 4f (t) ds = 2f (t)L 2 R ( 23 
)
The degree of healing D h (t) after a time t is defined as the fraction of the maximum attainable weld strength, then, the evolution of the degree of healing yields:

D h (t) = τ τ max = l L R 1 2 = t 0 1 τ R (T ) dt 1 4 (24) 
Where L R is the minor chain length at the reptation time τ R which the maximum bond strength τ max is obtained. Generally, the reptation τ R is approximated by Arrhenius law.
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 2 b) shows a typical result of tensile test. The results are plotted in terms of measured force versus loading-time in accordance with the project standard prEN 12697-48. One can observed a brittle fracture contrary to the shear bond test. The maximum tensile strength σ T AT,max was calculated by dividing the tensile force by the initial cross-sectional area of the core specimen σ T AT,max = 4F T AT,max πφ 2

  (a) Experimental setup for SBT (b) Typical F-u curve

Figure 2 :

 2 Figure 2: Principle of mechanical shear test (SBT)
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 3 Figure 3: Principle of mechanical tensile test (TAT)
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 4 Figure 4: Influence of specimens' diameter
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 5 Figure 5: Comparison between Leutner and modified Leutner devices
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 6 Figure 6: Comparison of shear vs tensile strength for various types of interfaces for φ = 150 mm
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 8 Figure 8: Schematic illustration of the steps in a fusion-bonding process
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 9 Figure9: Experimental test principle[START_REF] Somé | Rheological behavior of fluxed asphalt binders and mixes[END_REF] [START_REF] Somé | Comportement thermomécanique des enrobés tièdes et de l'interface bitume-granulat[END_REF] 
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 10 Figure 10: Rheological property at a reference temperature of 15 o C

Figure 11 :

 11 Figure 11: Master curves of τ SBT,max (a) and estimated degree of healing (b) and degree of bonding (c)

  

Table 3 :

 3 Coefficient a between 100 mm and 150 mm

	of interface	a current study a from RILEM [3]
	No emulsion (H/H)	1.37	
	No emulsion (H/C)	1.28	1.07
	Conventional bituminous emulsion	1.29	1.16

Appendix: resolution of diffusion equation

Let's consider the diffusion Eqs. 3 -6:

Where D is the reptation (or curvilinear) diffusion coefficient corresponding to the back and forth movements of the polymer chain in the confining tube. At time t = 0, the chain segment considered is at the origin, s = 0, and the initial condition associated with Eq. 10 may be written as:

Where δ is the Dirac delta function. The diffusion domain is considered to be infinitely large |s| → 0, and since the chain segment will never be able to move across an infinite distance, the following natural boundary conditions must be automatically satisfied:

The set of partial differential Eqs. 10 -13 can be solved by Fourier transform method. Let's consider the Fourier transform formula:

Where F denotes the Fourier transformation of the probability density function P (s, t). ω is the transformed variable in the frequency domain. The Fourier transform of Eq.10 and Eq.11 yields: