Soufyane Benaboud 
email: soufyane.benaboud@unilim.fr
  
Mokhfi Takarli 
email: mokhfi.takarli@unilim.fr
  
Bertrand Pouteau 
email: bertrand.pouteau@eurovia.com
  
Fatima Allou 
email: fatima.allou@unilim.fr
  
Frédéric Dubois 
email: frederic.dubois@unilim.fr
  
Pierre Hornych 
email: pierre.hornych@univ-eiffel.fr
  
Mai Lan Nguyen 
email: mai-lan.nguyen@univ-eiffel.fr
  
  
A New Analysis of Fatigue Test for Bituminous Mixtures using Fourier Series Fitting and Acoustic Emission Measurements

Keywords: Bending fatigue test, Fatigue failure criterion, Fatigue life, Damage and failure behavior, Acoustic Emission (AE), Curve-fitting, Continuous Fourier series

This paper presents a new method for analysing of experimental data stemming from the Two-Point Bending (2PB) fatigue test conducted on French standardized trapezoidal specimens, in accordance with NF EN 12697-24. These tests were performed on an asphalt mix specimen sawn from an in-service road pavement, adopting a loading frequency of 25 Hz and a target temperature of 10°C. The Acoustic Emission (AE) technique was implemented to monitor the damage and failure processes during fatigue. The fatigue life, defined as the critical number of loading cycles inducing specimen failure, is investigated herein according to several methods, including normalized criterion, models proposed in the literature, experimental fitting and Acoustic Emission activity analysis. First, the mechanical behaviour is fitted, in terms of strain, force, stiffness modulus and phase angle obtained from the fatigue test, in accordance with four functions, namely: a polynomial function, a continuous Fourier series, a sum of sine functions, and a Gaussian function. In a second step, a new damage criterion is proposed and validated with AE results based on a Fourier series decomposition. Lastly, a phenomenological analysis is carried out in order to understand the damage and failure process stages.

Introduction

This study is a part of the French ANR project entitled MOVEDVDC "Modeling of aging and damage for pavement lifetime assessment", whereby the research consortium aims to propose new approaches to both assess residual performance of bituminous road materials and better construe the mechanism of aging and damage in old asphalt mixes.

Asphalt mixes are subjected to range of loading conditions (mechanical, thermal and chemical) which lead to pavement deterioration in addition to determining their service life. Fatigue damage is one of the major forms of distress in asphalt pavements; occurs under a repeated traffic loading and causes a loss of stiffness relative to the initial state. Various phenomena can appear during fatigue tests, including: damage initiation and propagation, and a coalescence of macrocracks inducing the specimen failure. This damage and failure process, which depends not only on the asphalt mix composition of the asphalt mix and paving conditions but also on its loading history, is therefore quite complex to characterize by conventional fatigue tests. A number of methods have been performed in the past to characterize the fatigue of bituminous mixes using both homogenous and non-homogeneous tests [START_REF] Di Benedetto | Stiffness testing for bituminous mixtures[END_REF], [START_REF] Medani | Estimation of fatigue characteristics of asphaltic mixes using simple tests[END_REF]. Many researchers have investigated the fatigue of asphalt mixes [START_REF] Baaj | Effect of Binder Characteristics on Fatigue of Asphalt Pavement Using an Intrinsic Damage Approach[END_REF] [START_REF] Tayebali | Fatigue Response of Asphalt-Aggregate Mixtures[END_REF]. The literature review reveals that the fatigue failure of asphalt mixes subjected to cyclic loading is currently analysed using criteria based on: energy approaches [START_REF] Ghuzlan | Fatigue damage analysis in asphalt concrete mixtures using the dissipated energy approach[END_REF], [START_REF] Modarres | Comparison between the fatigue response of hot and warm mix asphalts based on the dissipated energy approach[END_REF], the modulus decrease during testing [START_REF] Tapsoba | Analysis of Fatigue Test for Bituminous Mixtures[END_REF], phase angle evolution, and an analysis of specimen homogeneity [START_REF] Baaj | Comportement à la fatigue des matériaux granulaires traités aux liants hydrocarbonés SCIENCES APPLIQUEES[END_REF].

In civil engineering research, depending on the studied failure modes, several test methods and analytical tools have been developed, in particular Acoustic Emission (AE). AE is a passive Non-Destructive Testing (NDT) method that relies on the transient elastic waves generated by the rapid release of strain energy in a material. A number of micro and macro processes contribute to both the deformation and deterioration of a material under loading, resulting in a series of acoustic events. The events produced by the given material thus contain information regarding global deformation. This technique is widely used in civil engineering to monitor damage in materials such as rocks [START_REF] Takarli | Damage in granite under heating/cooling cycles and water freeze thaw condition[END_REF], concrete [START_REF] Lacidogna | Acoustic Emission and Modal Frequency Variation in Concrete Specimens under Four-Point Bending[END_REF] or wood [START_REF] Lamy | Acoustic emission technique for fracture analysis in wood materials[END_REF]. Despite widespread use of the AE technique to characterize and monitor damage evolution of construction materials (often with a brittle behavior at low temperatures), few studies have focused on use of this technique to characterize asphalt concrete behavior. A substantial amount of literature is available on acoustic emission studies on bitumen and asphalt materials featuring: low temperature cracking (embrittlement temperature and thermal fatigue) [START_REF] Behnia | Characterization of embrittlement temperature of asphalt materials through implementation of acoustic emission technique[END_REF], [START_REF] Sinha | Acoustic emissions in asphalt subjected to thermal cycling at low temperature -NRC Publications Archive -Canada[END_REF], and static and dynamic loadings (fracture process and fatigue behavior) [START_REF] Chang | Application of Acoustic Emission to Study the Cohesive And Adhesive Strength of Asphalt[END_REF] [START_REF] Li | Investigation of Low Temperature Cracking in Asphalt Mixtures by Acoustic Emission[END_REF]. Fatigue behavior has been much less investigated by means of AE techniques.

Uniaxial tensile fatigue tests were conducted by Seo and Kim [START_REF] Seo | Using Acoustic Emission to monitor fatigue damage and healing in Asphalt Concrete[END_REF] and showed the influence of rest periods between loading cycles on the mechanical behavior of AC. Both the cumulative AE energy and cumulative AE counts increase when the fatigue test includes rest periods between loading cycles. This finding is due to both internal friction in existing defects and the complex restacking that raises AC resistance to fatigue damage; it indicates that rest periods improve fatigue life due to the healing phenomenon [START_REF] Castro | Fatigue and Healing of Asphalt Mixtures: Discriminate Analysis of Fatigue Curves[END_REF]. Moreover, the Kaiser effect is commonly related to damage state in the material. However, fatigue tests without rest periods have not systematically exposed this effect. Results also revealed that the level of cumulative AE energy can be used as a viable AE parameter to detect fatigue damage and identify the Fracture Process Zone (FPZ) as well as healing phenomena in AC. Diakhaté et al. [START_REF] Diakhaté | Acoustic Techniques for Fatigue Cracking Mechanisms Characterization in Hot Mix Asphalt (HMA)[END_REF] reported an experimental study which the AE technique was used to characterize AC behavior under a double shear cyclic loading. The results showed that a critical threshold can be identified at a 49% drop in the initial value of specimen stiffness; this value corresponds to a significant increase in acoustic energy levels and number of located events. Moreover, this critical threshold also matches the conventional failure criterion for asphalt concrete mixes (i.e. a 50% decrease in the initial specimen stiffness modulus). Furthermore, by studying cumulative events, several stages could be defined in fatigue testing, corresponding to various mechanisms such as micro or macrocracking.

Recently, shear-torque tests were introduced for the first time to assess the fatigue behavior of asphalt pavement interlayers by using the AE technique to evaluate the damage process leading to failure. This AE analysis included the cumulative number of AE events and their localization [START_REF] Ragni | Use of acoustic techniques to analyse interlayer shear-torque fatigue test in asphalt mixtures[END_REF]. In comparing the results of both mechanical and AE analyses, the available data suggest that despite an AE activity (formation of cracks) mainly occurs during the final test stage. The abrupt rise in AE events starts when the corresponding decrease in the norm of the complex modulus equal 70-75%. The authors concluded that the classical failure criterion ( 50 f N ) for predicting asphalt pavement fatigue life, as typically proposed in the literature, does not seem to correspond to the critical damage condition of double layered specimens and therefore should be revised.

Investigating the fatigue phenomenon is a critical field of research for enhancing the durability of pavement structures. In spite of the advances made in understanding the fatigue of Asphalt Concrete (AC), some outstanding questions remain, such as a proper evaluation and characterization of : wave velocity dispersions, and the attenuation factor for combined effects (viscosity, heterogeneity and damage) [START_REF] Larcher | Towards a viscoelastic mechanical characterization of asphalt materials by ultrasonic measurements[END_REF].

The work presented herein constitutes the first experimental attempt to apply AE in order to investigate the damage evolution in AC under a bending load. In addition, a new approach is proposed to analyse the mechanical data stemming from fatigue tests (strain, force, complex modulus, phase angle) by the use of curve-fitting with Fourier series.

Materials and experimental set-up 2.1 Material characteristics

The tested asphalt material was extracted from the subbase layer of an in-service highway pavement built in June 2002. The material formulation is provided in Table 1, in accordance with the grading curve plotted in Figure 1. 

Two-point bending fatigue test

The two-point bending fatigue test performed in this study adheres to the method described in Standard EN 12697-24:2018 (see appendix A). This test method aims to characterize the resistance to bituminous mixture fatigue.

A set of 18 specimens is subjected to elementary fatigue tests; each test allows determining the number of cycles f N at which the specimen reaches the failure criterion, when subjected to a cyclic sinusoidal loading at a given strain level with a determined frequency and temperature. The specimens shaped like an isosceles trapezoid, with a constant thickness (see Figure 2), whose The principle behind this unit test is illustrated in Figure 3. Specimen (3) is glued to a metal base

(2) to ensure a fixed specimen base. A metal cap (1), glued to the top of the specimen, allows applying a displacement along the x-axis. A displacement with a sinusoidal variation [START_REF] Tayebali | Fatigue Response of Asphalt-Aggregate Mixtures[END_REF], according to a time (6)-displacement (5) diagram, is imposed at the top of the specimen (1) and generates bending in the specimen. The strain amplitude is maximal at 1/3 the height of the specimen (4), with damage therefore starting in the vicinity of this point [START_REF] Ghuzlan | Fatigue damage analysis in asphalt concrete mixtures using the dissipated energy approach[END_REF]. The strain at point (4) can be calculated from the specimen geometry and displacement; it also displays a sinusoidal variation [START_REF] Modarres | Comparison between the fatigue response of hot and warm mix asphalts based on the dissipated energy approach[END_REF]. All tests presented in this study were performed at a strain amplitude of 175 µm/m, a frequency of 25 Hz and a temperature of 10°C. During all tests, the load and displacement applied at the top of the specimen were monitored. These measurements and the specimen characteristics (geometry, mass) were then used to determine the stresses and strains applied at point [START_REF] Ghuzlan | Fatigue damage analysis in asphalt concrete mixtures using the dissipated energy approach[END_REF]. From these stresses and strains, the apparent modulus of the specimen could be calculated at each cycle, and the evolution of the normalized apparent modulus of the specimen [START_REF] Baaj | Comportement à la fatigue des matériaux granulaires traités aux liants hydrocarbonés SCIENCES APPLIQUEES[END_REF] with the number of cycles [START_REF] Takarli | Damage in granite under heating/cooling cycles and water freeze thaw condition[END_REF] was plotted [START_REF] Lacidogna | Acoustic Emission and Modal Frequency Variation in Concrete Specimens under Four-Point Bending[END_REF]. The normalized apparent modulus is defined as the ratio of the current apparent modulus to the initial apparent modulus (determined as the mean modulus between cycles 100 and 500). 

Acoustic Emission instrumentation

During the fatigue test, acoustic emissions were recorded using a Euro Physical Acoustics (EPA) system. Eight piezoelectric transducers (miniature Nano30), with a frequency response range of 125-750 kHz and two resonant frequencies (140 and 300 kHz), were installed on the four lateral sides of the sample, as shown in Figure 5. The sensors are labelled from 1 to 8, according to the connected acquisition channel. The transducers were attached to the sample using silicon grease to enhance coupling and minimize acoustic signal attenuation at the transducer-sample interface.

AE signal amplification was provided by four (IL40S) preamplifiers with a gain factor set to 40 dB in order to reduce noise. The AE signals were sampled at a rate of 20 MHz, and a threshold was set at about 40 dB to remove background noise throughout the test. A single AE event is therefore defined as an AE signal that exceeds the threshold level; it can be detected by several sensors. The acquisition parameters and wave propagation velocity were calibrated using the Pencil Lead Breaking (PLB) protocol. 

Mechanical fatigue curve

The fatigue test was performed on five samples. The mechanical data sampling acquisition frequency was 0.5 Hz (which represents 1 point every 50 cycles at a 25Hz loading frequency). As shown in Figure 6, the modulus decrease curve presents three characteristic phases [START_REF] Moreno-Navarro | A review of fatigue damage in bituminous mixtures: Understanding the phenomenon from a new perspective[END_REF], [START_REF] Di Benedetto | Fatigue of bituminous mixtures[END_REF]. Observed first is a rapid decrease in the complex modulus, due to thixotropy and self-heating effects that can coexist with damage [START_REF] Di Benedetto | Nonlinearity, Heating, Fatigue and Thixotropy during Cyclic Loading of Asphalt Mixtures[END_REF]. During the second phase, the modulus decrease exhibits a linear trend; this phase is explained by fatigue damage initiation. The last phase leads to a rapid Figure 6 indicates that even with very small variations in the initial modulus |E*|0 (less than 1%), the fatigue curves display differences in both shape and number of cycles leading to failure. This outcome is likely due to the different levels and distributions of the preexisting damage.

To analyze these fatigue curves, let s consider the first derivative form, as defined in Equation 1, calculated for each successive data point. The objective here is to find a better way to represent the evolution observed during fatigue tests for a damaged AC:

( ) ( ) dx x N N x N dN N (1) 
Where N denotes the cycle number and N the range of the cycle number according to a discrete derivative process that . For four values of N , the evolution in loss rate for the complex modulus is presented in Figure 7 for 50, 100, 200 and 400 cycles, respectively. ). This technique therefore serves to delimit the stage when the slope

* | | d E
dN is constant, which corresponds to the fatigue damage phase (or Phase II). The transition between Phase II and III is also more visible for the lowest sampling frequency ( 400 N

), and appears at around 40,000 cycles.

Fitting of experimental data

Fitting functions

As demonstrated in the last section, extracting useful information from fatigue test results is challenging. For this reason, various functions were tested to fit the fatigue results, for purpose of reducing noise and smoothing data for subsequent processing. The functions tested included: polynomials [START_REF] Biligiri | DEVELOPMENT OF COMPUTATIONAL METHODS TO ESTIMATE PHASE ANGLE OF ASPHALT MIXTURES[END_REF], Fourier series [START_REF]A simple algorithm for fitting measured data to Fourier series models[END_REF], [28], and Gaussian and sine functions. They were first fitted 

n i i i p x p x (2) 
where i p represents the polynomial function coefficients and n the considered polynomial order.

Continuous Fourier series:

0 1 1 ( ) cos( ) sin( ) n n i i i i f x a a i x b i x (3) 
where 0 a , i a , i b are the Fourier series coefficients, is the pulsation, and n the Fourier series order.

Sum of sine functions:

n i i i i s x c d x e 1 ( ) sin( ) 
where i c , i d and i e are the fitting parameters of sine, and n the number of terms considered.

Gaussian function:

2 1 ( ) exp (( ) / ) n i i i i g x k x l m (5) 
where i k , i l and i m denote the fitting coefficients for the Gaussian function, and n the number of terms considered.

These functions were used to fit range of experimental data, such as force f , strain , complex modulus * | | E and phase angle .

Estimation of noise filtering characteristics

The difference between the experimental and fitted data is expressed point-by-point by the residual function f R i , defined for point i as follows:

exp exp erimental fitted i i f erimental i X X R i X (6)
To allow for a global comparison between the various fitting functions, a relative average residual error (µRf) is proposed (Equation 7):

exp exp 1 1 erimental fitted n i i Rf erimental i i X X n X (7) 
In this equations, exp erimental X denotes the experimental data under consideration, fitted X the fitted values, and n the signal length.

Figure 8 compares the relative residual errors of the various fitting functions of order 8. This figure shows that the largest errors are obtained for the phase angle ( ), which can be explained by the significant noise amplitude visible in Figure 9. On the whole, the Fourier series leads to the best fit of the various parameters and the most realistic shape of the experimental curves (Figure 9); it will be used to process the fatigue measurements. This section will present a parametric analysis of the Fourier series fitting method performance.

Error! Reference source not found.(a) shows the residual error of the fit of the complex modulus fatigue curve as a function of series order. Increasing the series order reduces the residual error, particularly during the last stage of the fatigue test. Similar results are observed for the strain, force and phase angle curves (Error! Reference source not found.(b)).The processing program used is limited to the eight order, but errors are already quite at this order. An asymptotic value could be attained for higher orders. to determine the fatigue life based on energy approaches, namely Black space, phase angle evolution and damage analysis [START_REF] Boussabnia | Comparison of Fatigue Law Parameters obtained from Two-Point Bending and Tension-Compression Tests[END_REF]. The fatigue criteria evaluated in this work are as follows:

1) Nf30% and Nf50% are the number of cycles corresponding to a complex modulus loss of 30 % and 50% [START_REF]Bituminous mixtures-Test methodsfatigue[END_REF], respectively. As shown in Figure 12, the Nf50% criterion is reached during the failure phase (Phase III). At this stage of the fatigue process, the modulus value decreases very rapidly until the sample fails; this phenomenon is caused by microcracks coalescence, leading to macrocrack emergence and propagation in the sample [START_REF] Boussabnia | Comparison of Fatigue Law Parameters obtained from Two-Point Bending and Tension-Compression Tests[END_REF]. For this reason, the Nf50% criterion is not really appropriate for quantifying the fatigue life of damaged AC. The Nf30% criterion, positioned at the end of the second phase and governed by fatigue phenomena, seems to be more relevant. 2) The Dissipated Energy (DE) criterion represents the viscous energy lost by the AC in each cycle. This energy dissipation induces specimen heating and causes a modulus decrease [START_REF] Riahi | Quantification of selfheating and its effects under cyclic tests on a bituminous binder[END_REF]; it is defined as follows: sin( )

i i i i w (8) 
The proposed f N DE criterion corresponds to the number of cycles at which the increase in dissipated energy related to the heating phenomenon reaches its maximum (Figure 13). The observed decrease in dissipated energy after this peak suggests the existence of additional processes affecting the energy equilibrium. This criterion coincides with the transition between Phases I and II of the fatigue process, thus corresponding to the damage initiation. 3) The Dissipated Energy Ratio (DER), introduced by Hopman et al., [START_REF] Hopman | A renewed interpretation method for fatigue measurements verif[END_REF], has been proposed with a modified expression adapted to controlled-strain tests in Equation 9.

0 0 0 0 [ sin( )] sin( ) i i i i i i w i DER w (9) 
where 0 w and i w are respectively the energy dissipated in the first cycle and at the i th cycle. , and represent respectively the strain, stress amplitude and phase angle. i denotes the number of load cycles.

When plotting DER versus load cycles, a peak can be clearly observed and easily identified. As a result, the fatigue life is defined as the number of load cycles corresponding to the peak value where cracks are assumed to initiate (Figure 14). As observed for the Nf50% criterion, this method is inappropriate for quantifying the fatigue life of a damaged AC. 4) The Cumulative Dissipated Energy Ratio (CDER) index, calculated according to Equation 10[33], [START_REF] Rowe | Improved Techniques To Evaluate The Fatigue Resistance Of Asphaltic mixtures[END_REF], is defined by:

1 n i i n n w CDER w (10) 
The fatigue life determined with this method corresponds to the intersection between two linear regression lines on the CDER versus load cycles curve (Figure 15). It should be noted that this criterion is highly dependent on the points selected for the regression procedure, particularly for the second line. Once again, the fatigue life determined with the CDER criterion is positioned in the third phase of the fatigue process. The last part of the curves in Figure 16 exhibits a transition zone, where variation rate starts to increase more rapidly. To identify this threshold, a new criterion (Cumulative Variation Ratio, or is proposed and expressed by Equation 11. The CVR values are plotted in Figure 17 

Analysis of Acoustic Emission (AE) activity

A large amount of literature is available on AE studies of construction materials under a variety of loading conditions. Several approaches have been adapted to analyze the various aspects of microcracking and fracture processes, for example: (1) recording of events and expressing them in the form of event rate or cumulative events; (2) determination of source locations and study of individual events mechanisms; (3) study of amplitude distributions; and (4) the investigation of the frequency characteristics associated with emission events. However, the most widely used and simplest approach to quantifying AE activity remains counting each signal that exceeds a set threshold. The process of detecting and measuring an AE signal on a channel is referred to as

The number of AE-hits is then plotted as a function of time or load, either cumulatively (Cumulative AE-hits) or in the form of a count rate histogram (or scatter plot of AE-hits).

Figure 18 displays evolution in cumulative AE-hits, for each sensor, versus the number of load cycles. The shape of AE activity curves is similar; however, sensors located at the bottom of the sample do output greater numbers of AE-hits, thus indicating that the AE-sources generated by the fatigue loading lie closer to these sensors. This result is logical since like in 2PB tests, failure usually occurs at 1/3 of the specimen height, where the bending moment is maximum [START_REF] Harvey | Four Point Bending[END_REF], [START_REF] Maggiore | Evaluation of Stiffness and Fatigue Using 2 Point Bending and Indirect Tensile Fatigue Tests[END_REF]. AE-signal amplitudes depend on the distance between sensors and source event, as attenuation increases with propagation length. Localization of AE-sources requires additional signal processing since it is necessary account for the various wave propagation modes and effects of damage on velocities; future work will focus on this topic. The evolution in non-cumulative AE activity (Figure 19) allows identifying three main phases in the damage and failure process:

1) AE-Phase I: AE-activity is detected at the beginning of the test and is probably related to preexisting damage in the sample. The AE-source may be due to either friction between crack surfaces or reactivation of propagation of suitably-oriented cracks. The number of AE-hits then decreases gradually until reaching a minimum, at approx. 20,000 cycles.

Heating, which occurs during the first fatigue phase [START_REF] De La Roche | Evaluation thermographie infrarouge[END_REF], causes viscous wave attenuation and reduce AE-system capacity to detect and record acoustic activity.

2) AE-Phase II: After reaching a minimum, AE activity slowly increases with the number of load cycles, due to the microcracks induced stress. This phase corresponds to the beginning of crack initiation and the stable crack growth stage. 3) AE-Phase III: During third phase, the number of AE-hits starts to display irregular variations, with successive increases and decreases. This behavior implies the presence of obstacles to crack propagation, such as inter or intragranular fracture processes. This phase corresponds to crack coalescence and unstable crack growth; however, more analysis is required to define an objective criterion characterizing the beginning of this phase. In order to identify the onset of the third stage, the Akaike Information Criterion (AIC) [START_REF] Kurz | Strategies for reliable automatic onset time picking of acoustic emissions and of ultrasound signals in concrete[END_REF], [START_REF] Zhang | Automatic P-Wave Arrival Detection and Picking with Multiscale Wavelet Analysis for Single-Component Recordings[END_REF] is applied to the Non-Cumulative Hits Variation Rate (VR), i.e.: 

( 1) Hits i and ( ) Hits i respectively refer to the numbers of hits at the 1 i and i load cycles.

The AIC is based on the assumption that a time series (discrete signals) can be divided into locally stationary segments (each modelled as an autoregressive process). The point at which the AIC is minimized (Figure 20) represents the optimal separation between the two time series (noise and signal). The AIC function minimum corresponds herein to the onset of the third phase characterized by irregular and more significant AE activity variation in the material (Figure 19).

The AIC function can be computed using Equation13.

[ ] .log var [1,..., ] ( ).log var [ 1,..., ]

AIC k k x k N k x k N (13) 
where [ ]

x k is the signal value at index k , N the length of the signal and var the variance. 

Conclusion and Outlook

In this study, we have experimentally investigated the fatigue process of an aged asphalt concrete by combining fitting of the mechanical data with analysis of the AE generated during the test.

Below are the major conclusions drawn from this work: (1) The recorded (force f and strain or displacement) and calculated ( and * | | E ) mechanical data contain a very low noise level, which nevertheless remains sufficient to modify analysis of the fatigue process. The fitting using Fourier series allows filtering this noise and yields the lowest residual error.

(2) Analyzing the first derivative of the fatigue curve highlights the existence of a Global Minimum of the First Derivative (GMFD) and variation rate (VR). The most significant change in VR can be observed as a peak of the Cumulative Variation Ratio (CVR).

(3) The acoustic measurements show a significant difference in AE-hits between top and bottom sensor groups. Furthermore, the sensor located nearest to the fracture initiation zone outputs the highest number of AE-hits throughout the test. In future work, AE analyses will be continued by considering wave form parameters such as: amplitude, rise time, duration, energy, and

The location of the AE-sources will also be considered. Regarding the damage and failure criteria stemming from the fitting process, the same approach will be applied to specimens with and without initial damage, and across different types of fatigue tests (Two-Point Bending, Four Point Bending, Tension-Compression and shear tests).
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 1 Figure 1 Grading curve of the aggregates in the studied asphalt mix

  dimensions are: B = 56 ± 1 mm, b = 25 ± 1 mm, e = 25 ± 1 mm and h = 250 ± 1 mm. In this study, the specimens have been sawn to the required dimensions from slabs removed from the road layers.
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 2 Figure 2 Specimen geometry (extract from Standard EN 12697-24, see Appendix A)
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 3 Figure 3 Principal behind the unit fatigue test
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 4 Figure 4 illustrates the sensor layout. Load is applied by an actuator (5) moving along the x-axis,

Figure 4

 4 Figure 4 Layout of the fatigue test sensors
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 5 Figure 5 Sample geometry and AE sensor locations

Figure 6

 6 Figure 6 Experimental fatigue curves (decrease in complex modulus)

  due to the formation and propagation of macrocracks resulting in the sample collapse.
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 7 Figure 7 First derivative of the complex modulus vs number of cycles with a 1 measurement for a) 50 N b) 100 N , c) 200 N , d) 400 N

  -F-107 to the experimental data to reproduce the overall shape of the fatigue curves and then used to analyze the slope on the first derivative of the fatigue curves.
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 89 Figure 8 Comparison of the average relative residual errors obtained with the various fitting functions
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 101133 Figure 10 a) Variation in residual error Rf vs number of load cycles for the modulus; b) relative average residual error µRf for various Fourier series orders
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 12 Figure 12 Complex modulus evolution vs the number of cycles and indication of the two considered criteria (Nf30% and Nf30%)
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 14 Figure 14 DER criterion and modulus loss curves
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 1516 Figure 15 Curves showing the CDER and modulus loss versus number of cycles
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 17 Figure 17 Representation of the CVR criterion applied to strain, force, |E*| and phase angle
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 18 Figure 18 Evolution in cumulative AE hits for the eight sensors
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 19 Figure 19 a) Evolution in non-cumulative AE hits for all sensors; b) AE phases sequencing for bottom sensors
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 20612 Figure 20 Third phase (EA_III) identification with the AIC criterion, for the average number of hits from all eight sensors
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 21 Figure 21 Curves showing the evolution in non-cumulative hits, first derivative of |E*| and modulus decrease
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 2223 Figure 22.a Comparison of fatigue life determined with the considered criteria

( 4 )

 4 According to the analysis of AE-activity, the fatigue process can be divided into three phases: AE-Phase I (activation of preexisting damage); AE-Phase II (initiation and propagation of fatigue damage); and AE-Phase III (crack coalescence and failure initiation).

( 5 )

 5 The thresholds, in terms of number of load cycles, characterizing the transition between AE-phases agree with the new failure criteria based on mechanical data fitting. For a strain-controlled test, the fGMFDf N and fDER N criteria agree well with the fatigue damage and failure thresholds, respectively. The fGMFD N criterion, corresponds approximately to the middle of the second phase of the fatigue process. However, the 50 f N criterion does appear to overestimate the fatigue life.

Table 1

 1 Formulation of the studied asphalt mix

	Component	Content (%)
	Sand 0/4	42
	Gravel 4/6	10
	Gravel 6/10	10
	Gravel 10/14	36
	Added filler	2
	Binder content (35/50 penetration)	4.6 ppc*
	*percent by weight of aggregates
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