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Experimental investigation of fracture and healing of bitumen at pseudo-contact of two aggregates

. It aims at understanding cohesive failure and healing phenomenon of binder. This article reports the analysis of the test results, regarding crack initiation and growth within the sample. Such events appear as steps in a load versus displacement curve. These observations are confirmed with the help of acoustic emission. Successive tests performed after different rest period duration show that binder healing depends on temperature and rest period duration. The developed test seems a very promising tool to study bitumen part in fracture and healing of bituminous mixtures.

INTRODUCTION

Fatigue of asphalt mixtures is one of the main failure mechanisms of flexible pavements and, as a consequence, the assessment of fatigue behaviour is at the basis of the pavement design methodology used in many countries.

Fatigue mechanism is usually considered as the progressive damage of the sub-base layer of the road (provided that all the layers are well bounded) under repeated heavy trucks loads. This progressive damage lead to the occurrence of a macro crack at the bottom of this sub-base layer that propagates throughout the asphalt layers up to the surface of the pavement (Figure 1). These cracks are very harmful because they constitute the favoured way for the infiltration of water in the lower layers. For the pavement, fracture affects the transfer of loads and the distribution of stresses and strains generated by the traffic. Therefore, it is important to limit the fatigue phenomenon and determine the conditions of appearance and propagation of cracks in bituminous mixes.

The observation of cores taken from damaged roads or inspection of laboratory samples tested in fatigue show that fracture mostly occurs within the bitumen (or mastic) film. As demonstrated by [Moutier et al., 1990], the nature and origin of bitumen for a given mix gradation and composition have an important effect on laboratory fatigue behaviour. It is therefore important evaluate the contribution of the bitumen itself to the fatigue phenomenon of bituminous mixes through its fracture behaviour and its healing capacity. This is part of an important research program on structural damage of bituminous mixes conducted since 1999 in the "Laboratoire Central des Ponts et Chaussées". This program addresses the fatigue phenomenon under its different aspects such as material laboratory characterisation, field investigation and structural effects. In order to evaluate contribution of bitumen to the mix fatigue phenomenon, the idea developed by [Stefani, 1987], was to simulate in laboratory the fracture and healing of thin films of bitumen under repeated loading as they are in reality between two aggregates inside the bituminous mix.

A "local fracture test on bitumen" has then been designed. The principle and operating process of this test is fully described in [de La [START_REF] De | Etude du comportement du bitume au pseudo-contact entre deux granulats -Description et premiers résultats de l'essai de rupture locale répétée du bitume[END_REF] as well as the first feasibility tests. The present paper focuses on an experimental campaign carried out with the test in order to better interpret the test results in terms of crack initiation and propagation through the use of acoustic emission technique. It also deals with the estimation of the test repeatability and the influence of the testing parameters on the tests results.

DESCRIPTION OF THE TEST

Principle

In order to simulate properly the bitumen state in a bituminous mix, a bitumen lens is placed between two steel convex protuberances, each formed of a truncated cone and a facing spherical cap of 6 mm radius which simulate the aggregate (figure 2). This sample is then submitted to repeated uniaxial tension, with imposed displacement, simulating what occurs between two aggreagates in bituminous mixtures.

The sample holder has been designed such has, when no loading is applied to the sample, the bitumen thickness in the centre of the specimen can be set from about 0.1 to 0.3 mm at the test temperature of 0°C. This thickness is of the order of magnitude of the bitumen film surrounding aggregates in bituminous mixes as detailed in [START_REF] Duriez | Traité de matériaux de construction[END_REF] and more recently in [START_REF] Kose | Distribution of strains within asphalt binders in HMA using imaging and finite element techniques[END_REF]. The geometry of the protuberance has been chosen to induce stress concentration in the centre of the specimen.

In order to confirm and quantify this assumption, a Finite Element calculation has been performed with the Cesar-LCPC code. The following data have been used for this simulation:

• Equivalent poroelastic behaviour representing an incompressible linear elastic behaviour for the bitumen (ν =0.5, E = 1 MPa)

• Unit displacement (1 mm)
The result obtained for a mesh describing one quarter of the sample is presented in figure 3. It can be seen that 99% of the stress is concentrated in the first 3-mm radius around the vertical symmetric axis. This allows assuming a crack appearance and propagation from the centre of the specimen, with cavitation and without pollution. 

Testing protocol

The local fracture test is performed on the electro-mechanical press of the LCPC (MAER). The high strength of the machine guarantees loading control with a great accuracy. Error on the relative strain is all the time lower than 1 %. In order to determine the fracture characteristics and the healing capacity in the brittle domain, the test is performed in a climatic chamber allowing to reach low temperatures of the order of -20 °C with an accuracy of 0.6 to 1°C. The testing protocol has been described in details in [de La [START_REF] De | Etude du comportement du bitume au pseudo-contact entre deux granulats -Description et premiers résultats de l'essai de rupture locale répétée du bitume[END_REF]. The loading of the sample is performed at a constant strain rate and the resulting force is measured. This type of loading has been chosen according to the viscous characteristic of materials. As the displacement applied can reach the order of magnitude of the bitumen film thickness, a constant strain rate is obtained with the following displacement law: For all the results presented hereafter, the loading duration has been chosen equal to 4s. After the displacement loading, the system returns to the initial gap between the spheres, which can allow the healing of the possible cracks which had occured during the first loading.

This sequence can be repeated several times.

EXPERIMENTAL RESULTS

Further to the first feasibility tests carried out with this equipment, an experimental campaign was engaged to estimate the reliability of the test.

First, the description of the state of the sample in term of fracture and capacity of healing from the response in strength has been made with the help of acoustic emission.

The repeatability of the test has also been assessed as well as the effect of the test parameters like temperature and strain rate and rest periods between two loadings on the response of material.

Material tested

As the aim of the undertaken investigation was to study the phenomenological response of bitumen during a local fracture test and not the influence of the material characteristics on this response, only one type of bitumen has been studied. The material used is a pure bitumen graded 50/70. Its main characteristics are reported in the table 1: Table 1. The response of the material can be separated into three steps:

OA : This part of the curve corresponds to a classical response of a visco-elastic material submitted to a constant strain rate. The curvature of the curve is due to the viscous behaviour of the material at the test temperature. It could also be due to the steady state propagation of a crack started at the beginning of the loading path.

AB :

The force value shows a sudden drop. This drop occurs whereas the imposed displacement continues to load the sample. This discontinuity can be explained by a crack occurring inside the sample and an unsteady propagation of this crack. The phenomenon could be sudden tear of the bitumen as the stress in the centre of the sample reaches the failure limit stress, which induces the drop of the force. BC : As in phase OA, the curve corresponds to a classical response of a viscoelastic material submitted to a constant strain rate, but with a lower slope corresponding to a drop a the sample global stiffness due to the opening of a crack in phase AB. As previously, curvature could be due to the combination of two phenomena: the progression of the crack initiated at step AB and the rheological characteristics of the bitumen.

According to the set of parameters chosen for the test, curves can present one or more discontinuities. The number of discontinuities seem to correspond to the numbers of concentric propagated cracks during the test. This can be illustrated by the fracture surfaces that can be observed after total separation of a sample at the end of the test (figures 5 and 6). 

Repeatability of the test

As usual in fracture tests, the achievement of a good repeatability is a great concern. The repeatability of the test has been assessed at 5, 0, -8 and -15 °C. Figure 7 presents the results obtained at 0°C, for a maximum displacement of 50 µm in 4 seconds and figure 8 presents the results obtained at -15 °C, for a maximum displacement of 25 µm in 4 seconds. These curves can be compared from different points of view: initial slope, force leading to the fist drop, number of sudden force drops. The force values leading to the first drop show some scatter, which can be related to the small differences than can exist inside the specimen and can initiate the crack (micro air bubbles for example). On the other hand, the initial slope, which is representative of the global stiffness of the sample, is quite repeatable for the different conditions tested as well as the number of sudden force drops. 

INTERPRETATION OF THE TEST RESULT

In order to give substance to the assumptions made on events occurring inside the sample during the loading, just looking at the force/displacement curve, the acoustic emission (AE) has been used as a non destructive method during the test.

Principle of acoustic emission

The acoustic emission corresponds to the spontaneous production of elastic stress waves within a material submitted to a given load. Audible in certain cases, these signals can reach frequencies of several dozen of megahertz. They are used as a non-destructive control method to assess material damage in many fields. In the road domain, this technique has been already used by [START_REF] Jolivet | Apport de l'émission acoustique dans la simulation de l'endommagement de structures bitumineuses[END_REF] follow the damage of the bituminous mixes during Thermal Stress Restrained Test and by [START_REF] Chang | Application of acoustic emission to study the cohesive and adhesive strength of asphalt[END_REF] to study the cohesive and adhesive strength of asphalt. This technique allowed localising the beginning of the fracture in the material and to characterize the nature of the events occurring inside the simple through the analysis of the signals received.

The data recorded appear under the shape of weakened pseudo-sinusoidal signals. They are usually characterised by means of the two following parameters: i) the maximal amplitude expressed in dB ii)

the number of knocks N or the number of alternations which exceed a given threshold. The evolution of the acoustic activity according to the time allows following the state of fracture of the material. The opening of a sudden crack corresponding to a brittle behaviour results in an intense acoustic activity in a limited duration. On the other hand, a medium and prolonged activity corresponds to a progressive fracture due to the initiation and propagation of small cracks.

Experimental setting

The local fracture test on bitumen is the seat of a phenomenon of appearance and propagation of cracks in the heart of the sample. A first experiment with acoustic emission has then been made in laboratory in order to estimate its feasibility with the technical support of the Euro Physical Acoustics Limited Company.

Two sensors are fixed to the upper protuberance with an adhesive tape. They are coupled to the steel by a silicone grease to ensure an optimal transmission of transient wave (figure 9). The resonance frequencies of these two sensors are 60 and 150 kHz in order to sweep a wide wave band. The gain of the preamplifiers is adjusted to 40 dB and the set of events acquired during the test is stored in a computer and then analysed. The device used for this experiment doesn't allow to study the spatial distribution of the acoustic sources during loading. During the recording and as a safety precaution, the climatic chamber is switched off for a short moment to eliminate noise.

Experimental result

Different local fracture tests on bitumen have been performed at 0°C. For the test presented on figure 10, the procedure was the following: the tested bitumen is loaded up to 50 µm during 4 seconds and then returns to its initial thickness during a rest period lasting 35 s. It is then loaded again in the same conditions. The acoustic emission measurements allow obtaining the following results:

In every case, the first loading (up to 50 µm) generates a very small number of events with high energy and of very strong amplitude (100 dB) which corresponds to the sudden drop of the force and which is never reached again during the following loading. This result is in accordance with the assumptions made in § 3.2.

The following loading gives a more elevated number of events at the beginning of the loading but with a lower energy and smaller amplitudes.

The results obtained for one of the tests, in terms of amplitude of acoustic events are given in figure 10. Figure 10 a, corresponds to the first loading (up to 50 µm) and figure 10 b) corresponds to the second loading of the same sample after a rest period of 35 s, back to the initial thickness of the sample. The comparison of the results obtained for the first and the second loading allow to make some assumptions on the healing phenomenon in the bitumen.

Firstly the force displacement curve reveals that healing has occurred during the rest period as the force levels reached during the second loading are higher than the ones reached during the first loading after the sudden drop. This is in accordance to what was already obtained with this test.

Secondly the acoustic emission results seem to reveal that healing occurs through the formation of bitumen bridges between crack lips during the rest period which are partially broken during the second loading. This also allow to confirm interpretations made with the simple observation of the force -displacement curves.

Conclusion on acoustic emission

The use of acoustic emission technique seems very promising for the test interpretation. It could also be used to estimate the quality of the healing in bitumen from amplitudes of signals comparison.

Another way to interpret the test as regards fracture and healing is the use of viscoelastic modelling using rheological tests results, and interpretation in terms of fracture theory. This has been done in the framework of these tests results, but will be presented in another paper. An investigation on the fracture properties of bitumen and its healing capacity by using these two approaches: experimentation and modelling is an interesting way already followed by [START_REF] Richard | Chemical and mechanical evaluation on healing mechanism of asphalt concrete[END_REF] who studied the healing capacity of bituminous mixes with a uniaxial test and by [START_REF] Kausch | Fracture mechanics studies of crack healing[END_REF] who has used this double approach to understand the healing phenomena of polymers.

INFLUENCE OF TEST PARAMETERS

Temperature effect

Local fracture test has been realised with various temperatures at -15°C, -8°C, 0°C and +5°C in order to asses the temperature effect on the test result. The results obtained are presented in figure 11. It can be noted that the local fracture test well displays the dependence of bitumen stiffness with temperature. The slope of curve in the first step of material response decreases appreciably with the temperature. The force drop, which could be related to the crack opening is more important at low temperatures. It can disappear for the medium or relatively high temperatures in the test conditions used.

Similar observations can be made according to the loading rate. 

Effect of rest period on healing phenomena

In order to estimate the healing capacities of bitumen, several loadings have been applied to the same sample, spaced out by rest periods during which the sample returns to its initial thickness at the test temperature. Figure 12 give the examples of the curves obtained for a rest period of 4 hours (figure 12 The healing capacity of bitumen depends on the rest period duration. A rest period of 4 hours leads to a force/displacement curve rather comparable to one obtained for the first loading. The slope of the curve before the sudden drop is the same This can be interpreted as a nearly total healing of the crack initiated during the first loading. However, the slope of the curve after the first drop is a little slower, indicating that the second loading led to bigger crack opening than the first one.

A rest period of 2 minutes also allow some healing of the material and especially the crack opened at the end of the first loading corresponding to the second sudden drop of the force. However, the comparison of the initial slopes for the first and the second loading show that healing is only partial. It also seems to be less "solid" as the one obtained after 4 hours rest period.

The temperature effect on healing has also been investigated during this experimental campaign. An example of the results obtained at -15 °C and 0°C, after a rest period of 4 hours is given in figure 13. It can be noted that healing capacity is linked to the temperature: a more elevated temperature, like a longer rest period, increases the healing capacity oif the bitumen. 

CONCLUSIONS

Local fracture test is a practical and reliable method to study fracture and healing of bitumen. The contribution of non-destructive technique like acoustic emission allows to detect crack and to estimate the healing capacity. The first tests have permitted to understand fracture phenomena and to link them with fatigue of bituminous mixes. These results can be of qualitative help to propose macroscopic model of damage for bituminous mixes like in the recent work of [Lefeuvre, 2001].

The test give results logically dependant of temperature, loading rate and rest periods and allow to study the influence of these parameters on the healing capacities of bitumen.

In the future works, local fracture test results on bitumen will be related the observed phenomena on bituminous mixes during a fatigue test. It is also intended to study various pure bitumen and modified bitumen by polymer.
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 44 Figure4gives the force / displacement curve obtained for a test performed at 0°C, with an initial film thickness of 220 µm and a maximum displacement of 50 µm (which corresponds to a maximum possible strain of 23 %) reached in 4s. The force values are measured at the borders of the sample holder.
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 56 Figure 5. Fracture surface of a sample tested at 0°C, showing several discontinuities on the force/displacement curve
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 78 Figure 7. Repeatability of local fracture test: Response of a 50/70 bitumen at 0°C (initial thickness 220 µm, loading time 4 s, maximum displacement 50 µm)
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 10 Figure 10. Recording of events during a local fracture test by acoustic emission
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 11 Figure 11. Temperature effect on the response of a 50/70 bitumen (initial thickness 220µm,loading time 4s, maximum displacement 25µm)
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